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compared to the records of the conven-
tional counterparts. The main obstacle 
for achieving high  η  is that the degrada-
tion of the electrical properties caused 
by the accelerated recombination of the 
photogenerated carriers often outweighs 
the benefi t of the improved optical absorp-
tion. The severe carrier recombination 
comes from the enhanced surface and 
emitter bulk recombination in the silicon 
nanostructures, which are associated 
with the increased surface area and the 
enlarged volume of the heavily doped 
emitter, respectively. Thus, it has been 
widely accepted that the suppression of 
these recombination channels is of para-

mount importance to the performance enhancement of the 
nanostructured silicon solar cells. In the following, we review 
the recent progress in the suppression of carrier recombina-
tion in silicon nanostructures, including the optimization of 
surface morphology (such as multiscale surface texture, [ 25,26 ]  
optimizing nanostructure density, [ 27 ]  novel silicon nanostruc-
tures with low surface area enhancement, [ 28,29 ]  control over 
the nanostructure height, [ 16,18,30 ]  application of various dielec-
tric passivation coatings [ 16,31–34 ]  and reducing emitter doping 
concentration. [ 35 ]   Figure    1  a shows the multiscale surface tex-
ture containing micrometer scale pyramid-like structures and 
silicon nanostructures, together with countermeasures to sup-
press the recombination channels. This Research News article 
shows that, under present industrial manufacture processes, 
the successful suppression of carrier recombination and the 
realization of high-performance nanostructured silicon solar 
cells with a large size is acheived, which opens potential pros-
pects for the mass production of high-effi ciency nanostructured 
silicon solar cells.   

  2.     Control of Surface Recombination by 
Optimizing the Surface Morphology 

 Surface recombination in nanostructures is directly related to 
surface morphology. Considerable interest has been focused 
on the optimization of surface morphology (mainly including 
multiscale texture, silicon nanostructure density, and novel 
silicon nanostructures with low surface area enhancement) to 
reduce the surface area and hence surface recombination. A 
multiscale surface texture, which is realized by incorporating 

 Nanostructured silicon solar cells show great potential for new-generation 
photovoltaics due to their ability to approach ideal light-trapping. However, 
the nanofeatured morphology that brings about the optical benefi ts also 
introduces new recombination channels, and severe deterioration in the 
electrical performance even outweighs the gain in optics in most attempts. 
This Research News article aims to review the recent progress in the suppres-
sion of carrier recombination in silicon nanostructures, with the emphasis on 
the optimization of surface morphology and controllable nanostructure height 
and emitter doping concentration, as well as application of dielectric passiva-
tion coatings, providing design rules to realize high-effi ciency nanostructured 
silicon solar cells on a large scale. 

  1.     Introduction 

 Silicon nanostructures are believed to be prominent platforms 
for the next generation of high-effi ciency photovoltaic devices 
due to their ideal antirefl ection characteristics. [ 1–5 ]  Near-zero 
refl ection over a broad wavelength range can be achieved, [ 6–8 ]  
resulting in the so-called “black silicon”. These silicon nano-
structures also have the ability to effectively suppress the sur-
face refl ection over a wide range of incident angles, which is 
extremely benefi cial for solar-power applications. [ 9–14 ]  Such 
superior antirefl ection features are primarily attributed to 
the subwavelength dimensions of the silicon nanostructures, 
which form a gradient of refractive index and suppress Fresnel 
refl ection. [ 11,13 ]  Therefore, signifi cant efforts have been devoted 
to implementing silicon nanostructures into various solar cells, 
including diffused  p – n  junction cells, [ 15–20 ]  photo-electrochem-
ical cells, [ 21,22 ]  solid-state hybrid heterojunction cells, [ 23 ]  and 
thin fi lm cells. [ 24 ]  

 The conversion effi ciencies ( η ) of nanostructured silicon 
solar cells are still far from satisfactory, especially when 
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silicon nanostructures into the crystalline silicon (c-Si) micro-
meter-scale pyramid texture (see  Figure    2  a), has been proposed 
to reduce the surface recombination. [ 25 ]  It has been found that a 
nanostructure height of only 100 nm is suffi cient for obtaining 
a solar-spectrum-weighted average refl ectance below 2% based 
on this multiscale texture technique, while a height of 250 nm 
is needed to obtain such low refl ectance for planar nanostruc-
tured samples. Obviously, multiscale-textured silicon can 
retain an excellent surface antirefl ection property even when 
the nanostructures are much shorter than that on the planar 
surface due to the combined advantages of geometric optics 
from micrometer-scale pyramid and a graded effective refrac-
tive index from nanostructures. This indicates that the use of 
multiscale texture allows thinning the nanostructured layers 
to reduce surface recombination while maintaining ultra-low 
refl ectance. As a result, the blue spectral response is substan-
tially improved from 57% to 71% at the wavelength of 450 nm, 
and an  η  of 17.1% has been realized for nanostructured silicon 
solar cells. [ 25 ]  Lee et al. [ 26 ]  have also adopted this multiscale tex-
ture technique and studied the infl uence of the nanostructure 
height on the cell performance, demonstrating that a tradeoff 
between surface refl ection and carrier recombination is the key 

to obtaining an optimal  η . The idea of multiscale texture has 
also been widely applied in enhancing the  η  of nanostructured 
multicrystalline silicon (mc-Si) solar cells, where the micro-
meter-scale pyramids are replaced by micrometer-scale bowl-
like structures (see Figure  2 b). Based on the multiscale surface 
texture, Liu et al. [ 36 ]  have recently reported an 18.49%-effi cient 
large-scale nanostructured mc-Si solar cell. It is worth men-
tioning that the multiscale texture is also extremely effective in 
restraining the surface carrier recombination and enhance the 
 η  of Si/polymer hybrid solar cells. [ 23 ]   

 Optimization of the silicon nanostructure density is another 
important aspect in enhancing the performance of nanostruc-
tured silicon solar cells. It is interesting to note that the sur-
face refl ectance and the minority carrier lifetime exhibit the 
same variation trend versus the silicon nanostructure den-
sity; [ 37 ]  namely, as the silicon nanostructure density increases 
to a certain value (such as 70%), both the surface refl ectance 
and the minority carrier lifetime decrease due to the decreased 
effective refractive indices and increased effective surface area, 
respectively. When further increasing the silicon nanostructure 
density beyond this value, both the surface refl ectance and the 
minority carrier lifetime increase as the results of increased 
effective refractive indices and reduced effective surface area, 
respectively. Obviously, the density of the silicon nanostruc-
tures can signifi cantly affect both the optical and the electrical 
properties of the nanostructured silicon solar cells. In fact, the 
behavior that the surface refl ectance decreases with increasing 
silicon nanostructure density (in a certain range) also suggests 
that a shorter nanostructure height is required to obtain an 
excellent optical absorption for higher nanostructure density. 
Jung et al. [ 27 ]  have demonstrated that a nanostructure height of 
only 1.2 μm is required to obtain 99% absorption for a nano-
structure density of 38%, while a density of 12% requires a 
height of 6 μm to obtain the same absorption, as illustrated in 
Figure  2 c. This results in a dramatic reduction of the surface 
area and an improved blue spectral response; thus, a much 
higher short-circuit current density ( J  SC ) and open-circuit 
voltage ( V  OC ) have been obtained for the cell with a nanostruc-
ture density of 38% (shown in Figure  2 d). Therefore, one of 
the key factors for the optimal design of nanostructured silicon 
solar cells is the realization of relatively short and dense silicon 
nanostructures to obtain a superior light absorption while 
maintaining a low surface recombination rate. 

 Besides the multiscale surface texture and optimization of 
silicon nanostructure density, novel silicon nanostructures with 
low surface area enhancement have also been proposed and 
investigated in an attempt to restrain the surface recombina-
tion. Gao et al. [ 29 ]  have reported a low aspect ratio honeycomb 
nanobowl structure (see Figure  2 e), which is formed by fi rstly 
oxidizing silicon nanopores and then removing the oxide layer. 
During the etching process, the initial 450-nm-deep cylinder-
like pores with diameters ranging from 30 to 60 nm evolve 
into 200-nm-deep nanobowls with diameters of about 120 nm 
at the top and 70 nm at the bottom, indicating a signifi cant 
decrease in aspect ratio. Therefore, the surface area enhance-
ments of the honeycomb nanobowl structures (only 2 times 
compared to the planar surface) are much lower than that of 
their initial nanopore structures (5.8 times compared to the 
planar surface), which exhibits a great potential for reducing 
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 Figure 1.    a) Schematic of the multiscale surface texture containing 
micrometer scale pyramid-like structures and silicon nanostructures. 
The four countermeasures to suppress the two recombination channels 
are labeled. b) A summary of the latest high-effi ciency nanostructured 
silicon solar cells and their main recombination suppression techniques. 
Here c-Si and mc-Si denote the crystalline and multicrystalline silicon, 
respectively.
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surface recombination. Moreover, a lower surface refl ectance 
is achieved for the honeycomb nanobowl structures due to 
the more effective impedance matching and photonic light 
trapping, [ 29 ]  despite their lower aspect ratio. It has also been 
observed that nanocone solar cells possess superior external 
quantum effi ciency (EQE) due to their minimal increment of 
surface area. The surface area increment of the nanocone struc-
ture with a height of 400 nm and a diameter of 450 nm is only 
67% as compared with the planar surface, a value much lower 

than that of the nanopore or nanowire struc-
ture. [ 24 ]  Also, considerable interest is focused 
on the inverted nanopyramid structure due 
to its surface area enhancement ratio of only 
1.7-fold. With an attempt to enhance the per-
formance of the nanostructured silicon solar 
cells, Mavrokefalos et al. [ 28 ]  have fabricated 
a periodic inverted nanopyramid structure 
by standard scalable microfabrication tech-
niques based on interference lithography 
and wet Si etching to deeply investigate its 
optical properties. They have demonstrated 
that a 5-μm-thick silicon wafer with such 
inverted nanopyramids can absorb as much 
light as a 300-μm-thick planar wafer does, 
resulting in their comparable maximum effi -
ciencies, as shown in Figure  2 f. Meanwhile 
Shi et al. [ 38 ]  have reported a random inverted 
nanopyramid structure formed by Ag-cata-
lyzed chemical etching followed by NaOH 
modifi cation and shown its effectiveness 
in improving solar-cell performance. Com-
pared with nanoporous solar cells, inverted 
nanopyramid solar cells exhibit a remark-
ably improved blue spectral response and 
diode parameters (ideality factor and reverse 
saturated current density), indicating the 
decrease of surface recombination, which 
leads to a great increase in  V  OC  and  J  SC . [ 38 ]   

  3.     Reducing Emitter Recombination 
by Controlling Emitter Volume and 
Doping Concentration 

 Carrier recombination within the emitter is 
particularly severe for the nanostructured 
silicon solar cells due to its sensitivity on the 
emitter volume and doping concentration. 
For the purpose of determining the infl u-
ence of nanostructure height (thus emitter 
volume) on the carrier recombination, we 
have performed a thorough investigation of 
the nanostructured silicon solar cells (with 
silicon nanowire-like surface morphology) 
based on the internal quantum effi ciency 
(IQE), [ 16 ]  as shown in  Figure    3  a. The three 
samples labeled A3, A5, and A10 correspond 
to the nanostructure heights of 300, 500, 

and 1000 nm, respectively. It is found that the IQE decreases 
over the whole wavelength range with increasing nanostruc-
ture height, particularly in the short-wavelength range. On 
the one hand, this is a result of the enhanced surface recom-
bination caused by the increment of the surface area; on the 
other, the lateral feature size of the silicon nanostructures is 
around 50 nm, which is an order of magnitude smaller than 
the diffused junction depth in a polished wafer. Since the 
doping concentration approximately decreases in the form 
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 Figure 2.    Tilted top-view scanning electron microscope (SEM) images of the multiscale tex-
tured surface for: a) the crystalline silicon and b) multicrystalline silicon solar cells. The insets 
are the cross-sectional SEM images of the corresponding multi-sale structures. c) Average 
absorption of the silicon nanostructure samples with different fi lling ratios and nanostructure 
lengths. d) Typical  I – V  characteristics of the nanostructured silicon solar cells depending on the 
combination of fi lling ratio and nanostructure length. Note that all these cells have the same 
light absortion of 99%. e) 3D scanning probe microscopy image of the honeycomb nanobowl 
structure. f) SEM images of the inverted nanopyramid array with a period of 700 nm (top) and 
maximum effi ciency at normal incidence as a function of silicon wafer thickness for inverted 
nanopyramids and planar fi lms (bottom). a) Reproduced with permission. [ 25 ]  Copyright 2011, 
American Institute of Physics. b) Reproduced with permission. [ 36 ]  Copyright 2014, Elsevier B. V. 
c,d) Reproduced with permission. [ 27 ]  Copyright 2013, Elsevier B. V. e) Reproduced with permis-
sion. [ 29 ]  Copyright 2013, AIP Publishing LLC. f) Reproduced with permission. [ 28 ]  Copyright 2012, 
American Chemical Society.
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of a complementary error function from the surface to the 
depletion region, it can be readily concluded that the doping 
concentration within the whole nanostructure approaches the 
surface peak value, leading to both severe Auger and Shockley–
Read–Hall (SRH) recombination within the emitter bulk. These 
features make the nanostructured emitter behave as a “dead 
layer”. [ 39 ]  By employing PC1D software, the thicknesses of the 
“dead layers” are calculated to be 170, 250, and 350 nm for the 
A3, A5, and A10 silicon nanostructures, respectively. It can 
thus be concluded that higher nanostructures (larger emitter 
volume) produce thicker “dead layers” and more-severe carrier 

recombination, leading to a degraded cell 
performance (see Figure  3 b). [ 16 ]   

 Another signifi cant approach to suppress 
the emitter recombination is the control 
of the doping concentration, embodied by 
the change of the sheet resistance ( R  s ). Oh 
et al. [ 35 ]  have deeply investigated the infl u-
ence of  R  s  on carrier recombination and 
identifi ed the regimes of  R  s  in which the cell 
performance is primarily limited by surface 
recombination or Auger recombination. As 
shown in Figure  3 c, the effective minority 
carrier lifetimes ( τ  eff ) of all given nanostruc-
tured silicon wafers increase as  R  s  increases 
from 55 to 100 Ω � −1  (Region I) and then 
stay almost unchanged for  R  s  between 100 
and 200 Ω � −1  (Region II). When further 
increasing  R  s  (Region III),  τ  eff  decreases due 
to the weakening of the built-in electric fi eld. 
It is evident that the carrier recombination is 
strongly infl uenced by  R  s . To further identify 
the dominant carrier recombination mecha-
nism of the nanostructured silicon wafer in 
each doping region, they have deduced an 
equation to reveal the relationship between 

eff
FS  and  A  F / A  proj , namely: [ 35 ]  eff

F
loc
F

F

proj

S S
A

A
= , 

where eff
FS  denotes the effective surface recom-

bination velocity at the front surface, loc
FS  is 

the local effective surface recombination 
velocity at and very near the actual front sur-
face, and  A  F / A  proj  is the surface area enhance-
ment ratio. Obviously, eff

FS  should depend 
linearly on  A  F / A  proj  if surface recombination 
dominates among all carrier recombination 
mechanisms (thus loc

FS  is a constant value), 
which is true in the light doping region 
(Region III), as shown in Figure  3 d. How-
ever, in the heavy doping region (Region I), 

eff
FS  severely deviates from the linear depend-

ence on  A  F / A  proj , indicating the dominance 
of the Auger recombination; and in the mod-
erate doping region II, eff

FS  slightly deviates 
from the linear dependence on  A  F / A  proj , 
suggesting that the contribution from both 
mechanisms should be considered. 

 As is now widely acknowledged, the sup-
pression of Auger recombination through 

controlling the doping concentration is extremely important 
for the nanostructured silicon solar cell due to the high aspect 
ratio of its surface morphology. Oh et al. [ 35 ]  have achieved an 
18.2%-effi cient nanostructured c-Si solar cell with a size of 
0.8 cm 2  by adopting a high sheet resistance of 129 Ω � −1  (in 
Region II) and optimizing the surface morphology. In theory, 
the use of very light doping (such as in region III) may reduce 
signifi cantly Auger recombination; however, it is not adopted in 
nanostructured silicon solar cells with conventional front-back-
contact design because of the weakening of the built-in electric 
fi eld and the dramatic increase of series resistance. Recently, 
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 Figure 3.    a) Experimental IQE spectra (curves) and the calculated IQE results from PC1D 
simulations (scatter points) of the cells from different groups with the nanostructure heights 
of 300, 500 and 1000 nm. The numbers in the PC1D legend indicate the corresponding thick-
nesses of the “dead layers”. b) Current–voltage characteristics of these nanostructured silicon 
solar cells, which correspond to the electrical parameters in Table 1 of ref.  [ 16 ]  c)  τ  eff  of the 
nanostructured silicon wafers versus  R  s . The dashed lines are a guide to the eye. Regions I, II, 
and III delineate three different regimes of  τ  eff  determined by  R  s . d) eff

FS  in different  R  s  region 
as a function of  A  F / A  proj . e) Shematics of front-back-contact and all-back-contact silicon solar 
cells. f) Calculated EQE of four different nanostructured silicon solar cells with the front-back-
contact and all-back-contact design. a,b) Reproduced with permission. [ 16 ]  Copyright 2013, IOP 
Publishing, Ltd. c,d) Reproduced with permission. [ 35 ]  Copyright 2012, Macmillan Publishers 
Limited. [ 35 ]  e,f) Reproduced with permission. [ 24 ]  Copyright 2013, Macmillan Publishers Limited.
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Jeong et al. [ 24 ]  demonstrated that all-back-contact design can 
effectively solve this dilemma and improve the power conver-
sion effi ciency of nanostructured silicon solar cells. Compared 
with the front-back-contact design, the all-back-contact cells 
have no heavily doped region on the front surface where the 
nanostructures reside, instead, the emitter layer is designed at 
the back of the solar cells, as illustrated in Figure  3 e. Hence the 
Auger recombination in the silicon nanostructures is reduced, 
leading to a pronounced improvement of blue spectral response 
even if its surface recombination velocity ( S ) is 10 times that of 
the front-back-contact ones (see Figure  3 f). Due to the increased 
light absorption and the minimized loss of photogenerated car-
riers, the  J  SC  of the all-back-contact nanostructured silicon solar 
cell is 30.7% higher than that of the planar counterpart.  

  4.     Suppression of Carrier Recombination 
by Dielectric Passivation Coating 

 Various passivation layers such as thermally grown SiO 2 , [ 35,40 ]  
carbon thin fi lms, [ 33 ]  plasma-enhanced chemical vapor depos-
ited (PECVD) SiN  x   layers [ 32,41 ]  and atomic-layer-deposited 
(ALD) Al 2 O 3  coatings [ 34 ]  have been widely studied to improve 
the electrical characteristics of planar or nanostructured silicon 
solar cells. The passivation effect of the dielectric coatings are 
generally attributed to two mechanisms: chemical passivation 
by decreasing the interface defect density (such as by forming 
Si-O bonds in the case of SiO 2  coating and Si–H bonds in the 
case of hydrogen-containing PECVD SiN  x   coating) and fi eld-
effect passivation by repelling the electrons or holes away from 
the surface (such as by the negative fi xed charges in Al 2 O 3  and 
positive fi xed charges in SiN  x  ). Thermally grown SiO 2  is one 
of the most popular surface-passivation techniques used to 
reduce surface defect density owing to its excellent chemical 
passivation, and has been proved quite effective in suppressing 
the surface recombination of silicon solar cells (by using SiO 2  
as front and back passivation layers, an effi ciency of 24.7% 
has been achieved for the c-Si solar cells). [ 40 ]  A very low local 
effective surface recombination velocity of 56 cm s −1  on silicon 
nanostructured surfaces has been reported by using thermally 
grown SiO 2  as passivation coating, [ 35 ]  which is almost equal to 
that of a polished Si surface coated by SiO 2 , demonstrating its 
effectiveness on silicon nanostructures. Combining SiO 2  passi-
vation with light doping, the IQE of the nanostructured silicon 
solar cell reaches as high as 63.8% at 400 nm, despite a surface 
area enhancement of 5.2. In fact, in the work of Jeong et al., [ 24 ]  
the superior EQE in the short wavelength range of the nano-
structured ultra-thin silicon solar cell also stems, in part, from 
the contribution of SiO 2  passivation. Likewise, carbon thin fi lm 
has also been proven to be a good dielectric passivation layer 
which effectively prolongs the minority carrier lifetime from 
10 μs to 21 μs in silicon nanowires, exhibiting a much better 
chemical passivation effect than the H-passivation by HF solu-
tion. [ 33 ]  Another important passivation material is the PECVD 
SiN  x  , which has the ability to greatly reduce surface recombina-
tion with the additional advantage of easy implementation into 
the present production line. [ 41–43 ]  Liu et al. [ 32 ]  have thoroughly 
investigated the passivation effect of SiN  x   layer on silicon nano-
structures by varying the PECVD conditions, including the 

gas-fl ow ratio of NH 3  and SiH 4 , the deposition temperature, 
and the deposition time. It is found that a relatively high depo-
sition temperature (450 °C) facilitates the diffusion of hydrogen 
atoms into the silicon substrate and consequently reduces the 
number of the recombination centers. Under the optimized 
deposition temperature, together with the optimized gas-fl ow 
ratio (NH 3 /SiH 4  = 6) and deposition time (500 s), they success-
fully obtained an  η  of 16.25% for SiN  x  -passivated nanostruc-
tured mc-Si solar cells. Excitingly, Liu et al. [ 36 ]  and Yue et al. [ 44 ]  
have separately reported  η  values over 18% for large-scale 
nanostructured mc-Si solar cells by using SiN  x   fi lms depos-
ited in an industrial inline PECVD reactor as both a passiva-
tion layer and an antirefl ection layer, exhibiting the prospect of 
the mass production of nanostructured silicon solar cells. Our 
group has thoroughly studied the passivation effect on large-
scale (125 mm × 125 mm) nanostructured silicon solar cells 
with a nanostructure height of 300 nm and coated with SiN  x   
(D3), SiO 2  (B3), and SiN  x  /SiO 2  dual-layer coatings (C3), respec-
tively. [ 16 ]  We have found that the effective surface recombina-
tion velocities of B3, C3, and D3 solar cells are distinctly lower 
than that of the unpassivated one (A3), revealing the effective 
suppression of the SRH recombination by these dielectric 
passivation layers. Moreover, the C3 group shows the lowest 
effective surface recombination velocity, implying the best pas-
sivation effect of SiN  x  /SiO 2  dual-layer coating. We attributed its 
excellent passivation effect to the combined contribution from 
both the SiN  x   and SiO 2  passivation layers. On the one hand, 
SiO 2  coating provides effective chemical passivation; on the 
other, the SiN  x   coating can realize both a good hydrogen pas-
sivation and a fi eld-effect passivation. As a result, C3-group 
solar cells achieve the best output performance among the four 
nanostructured silicon solar cells with an open-circuit voltage 
of 0.620 V and a short-circuit current of 5.54 A, which is illus-
trated in  Figure    4  a.  

 Recently, the conformal ALD-Al 2 O 3  coating has attracted lots 
of interest as a passivation layer for planar and nanostructured 
silicon surfaces: it not only yields a good chemical passivation, 
but also results in a strong fi eld effect passivation due to the 
fi xed charges at the interface of Si/Al 2 O 3 . [ 45–48 ]  In ALD-Al 2 O 3 -
passivated black silicon, an ultra-low surface recombination 
velocity of 13 cm s −1  has been reported, which is similar to its 
planar counterpart, proving the excellent passivation effect on 
silicon nanostructures. [ 34 ]  Wang et al. [ 49 ]  compared the passiva-
tion effect of the as-deposited and forming-gas-annealing (FGA) 
(the forming gas is a mixture of nitrogen and hydrogen) treated 
ALD-Al 2 O 3  by high-frequency capacitance–voltage ( C–V ) meas-
urements. From the  C–V  curves in Figure  4 b, the fl atband 
voltages can be calculated, and thus the interfi cial defect den-
sity ( D  it ) can be aquired. The  D  it  of the FGA-treated Al 2 O 3  is 
1.37 × 10 11  cm −2 , almost an order of magnitude lower than that 
of the as-deposited Al 2 O 3  (1.2 × 10 12  cm −2 ), which is ascribed 
to the passivation of interfi cial states by molecular hydrogen 
contained in the forming gas. Due to the enhanced suppres-
sion of surface recombination by FGA-treated Al 2 O 3 , they have 
successfully realized a nanostructured c-Si solar cell with an 
 η  of 18.2%, a signifi cant improvement over those with no pas-
sivation ( η  = 16.5%) or with as-deposited Al 2 O 3  passivation 
( η  = 17.7%). Utilizing ALD-Al 2 O 3  as a passivation layer, Repo 
et al. [ 50 ]  also reported a high-effi ciency (18.7%) nanostructured 
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c-Si solar cell on an  n -type wafer (the others reported in this 
Research News article are all  p -type) with an area of 4 cm 2 , ben-
efi ting from the low surface recombination and good antire-
fl ection property. We have applied the ALD-Al 2 O 3  coating to 
large-scale (125 mm × 125 mm) silicon nanostructures on the 
pyramid texture and successfully obtained a highly conformal 
morphology of ALD-Al 2 O 3  coating as shown in Figure  4 c. [ 51 ]  
In order to study the fi eld effect passivation of ALD-Al 2 O 3  
coating, we have also examined the corona charge–voltage 
properties of ALD-Al 2 O 3 -passivated planar and nanostructured 
silicon surfaces, from which the fl at band voltages are deter-
mined and the fi x charge densities are calculated to be as high 
as −3.65 × 10 12  and −3.09 × 10 12  cm −2 , respectively, directly 
evidencing the strong fi eld-effect passivation. [ 51 ]  In general, 
higher silicon nanostructures result in lower refl ection but 
severer surface recombination. However, we have demon-
strated in the ALD-Al 2 O 3 -passivated silicon nanostructures 
that the solar averaged refl ectance decreases but the averaged 
effective minority carrier lifetime  τ  ave  increases with increasing 
silicon nanostructure height, as is illustrated in Figure  4 d. 
This novel property is attributed to the enhanced fi eld effect 
passivation in the higher-and-thinner silicon nanostructures, 
which suggests the possibility of achieving the simultaneous 

optimization of optical and electrical prop-
erties without having to make a trade-off. 
Therefore the ALD-Al 2 O 3 -passivation opens 
a new approach to realize high-effi ciency 
nanostructured silicon solar cells.  

  5.     Conclusion and Outlook 

 We have reviewed the recent progress in sup-
pressing carrier recombination to promote 
the conversion effi ciency of nanostructured 
silicon solar cells. The extremely severe car-
rier recombination comes from both the 
greatly increased surface area and the much 
enlarged volume of the heavily doped emitter 
in silicon nanostructures. Extensive studies 
have shown that optimal surface morpholo-
gies (including multiscale surface texture, 
relatively high nanostructure density and 
novel nanostructures with low surface area 
enhancement) and suitable dielectric passi-
vation layers (such as SiN  x  , SiO 2 , and Al 2 O 3 ) 
are the key to reducing the surface recombi-
nation of silicon nanostructures. Meanwhile, 
the solution to the emitter bulk recombina-
tion lies in reducing the emitter volume by 
decreasing the nanostructure height, as 
well as lowering the doping concentration. 
The all-back-contact structure has also been 
applied to nanostructured silicon solar cells 
recently, which is a better solution for mini-
mizing the emitter bulk recombination. It 
should be noted that some of these tech-
niques often reduce both the surface and 
emitter bulk recombination simultaneously. 

The surface morphology can infl uence the emitter bulk recom-
bination while the nanostructure height also affects the surface 
recombination. 

 In general, all these techniques should be adopted in a spe-
cifi c nanostructured silicon solar cell to minimize the carrier 
recombination, and thus realize high-effi ciency. Figure  1 b sum-
marizes some of the highest-effi cient nanostructured silicon 
solar cells to date, where the main techniques of recombination 
suppression in each case are labeled accordingly. It is worth 
mentioning that some of the nanostructured silicon solar cells 
(highlighted by asterisks) are fabricated on large scale wafers 
under the present industrial manufacture process and perform 
better than the conventional counterparts, showing the pros-
pect of mass production of nanostructured silicon solar cells. 
To further improve the conversion effi ciency of nanostructured 
silicon solar cells on large scale, efforts should be devoted to the 
application of ALD-Al 2 O 3  passivation coating to reduce the sur-
face recombination while maintaining excellent antirefl ection, 
together with adopting the all-back-contact structure to maxi-
mally suppress emitter bulk recombination. With these tech-
niques to restrain carrier recombination, silicon nanostructures 
will be a highly prominent platform for the mass production of 
high-effi ciency silicon solar cells.  
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 Figure 4.    a) Current–voltage curves of the A3, B3, C3, and D3 group nanostructured silicon 
solar cells under AM 1.5G illumination, together with an image of the C3 group cell shown in 
the inset. b) Normalized  C–V  curves of the Ni/Al 2 O 3 /Si capacitors with an 11 nm-thick ideal/
as-deposited/FGA-treated Al 2 O 3  layer, respectively. c) SEM image of the ALD-Al 2 O 3 -coated sil-
icon nanostructures on the pyramid texture. d) Dependence of the solar averaged refl ectance 
and averaged effective minority carrier lifetime  τ  ave  on nanostructure height in the ALD-Al 2 O 3 -
coated silicon multiscale surface texture. Note that the data are extracted from Table 1 of 
ref.  [ 51 ]  (the corresponding nanostructure heights can also be found in that text). a) Reproduced 
with permission. [ 16 ]  Copyright 2013, IOP Publishing, Ltd. b) Reproduced with permission. [ 49 ]  
Copyright 2013, American Chemical Society. c,d) Reproduced with permission. [ 51 ]  Copyright 
2014, John Wiley & Sons, Ltd.
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Tunable hot-carrier photodetection beyond
the bandgap spectral limit
Yan-Feng Lao1, A. G. Unil Perera1*, L. H. Li2, S. P. Khanna2, E. H. Linfield2 and H. C. Liu3

The spectral response of common optoelectronic photodetectors is restricted by a cutoff wavelength limit lc that is related
to the activation energy (or bandgap) of the semiconductor structure (or material) (D) through the relationship lc 5 hc/D.
This spectral rule dominates device design and intrinsically limits the long-wavelength response of a semiconductor
photodetector. Here, we report a new, long-wavelength photodetection principle based on a hot–cold hole energy transfer
mechanism that overcomes this spectral limit. Hot carriers injected into a semiconductor structure interact with cold
carriers and excite them to higher energy states. This enables a very long-wavelength infrared response. In our
experiments, we observe a response up to 55 mm, which is tunable by varying the degree of hot-hole injection, for a
GaAs/AlGaAs sample with D 5 0.32 eV (equivalent to 3.9 mm in wavelength).

R
ecently, there has been increasing interest in using hot-carrier-
driven effects for photodetection1–4. Historically, the investi-
gation of hot-carrier dynamics5–7 has underpinned a broad

range of studies into fundamental semiconductor physics and
device design. Hot carriers, injected electrically or optically, typically
relax through interactions with lattice vibrations, cold carriers and
impurities. Of these processes, inelastic scattering with the lattice
constitutes the major cooling path, and is predominantly
accompanied by emission of optical phonons8–10. The excess ener-
gies of the hot carriers are thus ultimately converted into heat,
which degrades the energy efficiency of devices. With sufficiently
high energy above a threshold, hot carriers can initiate a carrier mul-
tiplication process11,12. This effect has been used for devices such as
avalanche photodiodes to enhance optical gain13. Hot-carrier effects
have also been used extensively for photodetection1–4. The principle
is based on the transport of hot carriers under a built-in electric
field1, or a hot-carrier-induced temperature variation that either
gives rise to a thermoelectric current2,3 or alters the resistance of
the device4. Despite these studies, however, the interaction
between hot and cold carriers (and the use of this interaction to
realize novel device designs) has received little attention. The signifi-
cance of this approach is that it allows hot-carrier effects to be used
to design devices that operate principally based on cold carriers,
enabling traditional semiconductor bandstructure engineering
technology to be used.

Here, we report a new concept for photodetection based on a
hot–cold hole energy transfer mechanism. This enables a dramatic
spectral extension, surpassing the standard limit set by the spectral
rule lc¼ hc/D (ref. 14), where lc is the maximum wavelength limit
and D is the activation energy of the optical transition during oper-
ation. This spectral extension is interpreted to be a result of energy
transfer from injected hot holes to the cold holes in the absorber.
The cold holes are therefore excited into higher energy states and
are capable of responding to longer-wavelength infrared radiation
than would be possible without the hot-hole injection. This idea
also enables lc and D to be optimized individually in order to
achieve targeted wavelengths for detection while simultaneously
minimizing the detector noise and dark current. Moreover, as the

hot carriers divert their energy to cold carriers rather than heating
up the lattice, improvement in the energy efficiency of devices
is expected.

Device structure and characterization
Semiconductor heterostructures based on p-type GaAs/AlxGa1–xAs
were used to demonstrate this discovery. As shown in Fig. 1a, they
consist of three p-type GaAs regions ( p¼ 1 × 1019 cm23), that is,
an injector, absorber and collector (see Methods), for which the
valence-band alignment is schematically plotted in Fig. 1b (equili-
brium) and 1c (negative bias). The injector provides a hot-hole
reservoir upon photo-excitation. Holes surmounting the barrier
are ‘hot’ because of their excess energies relative to the band-edge
of the absorber12.

The photoresponse shown in Fig. 1d was measured at 5.3 K (for
details of the device structure, fabrication and characterization, see
Methods and Supplementary Sections I and II). The most striking
fact is that a very long-wavelength infrared (VLWIR) response is
seen up to 55 mm, while the conventional limit is only 3.9 mm
(shaded region) according to the internal workfunction (that is,
D)15 of the absorber/constant barrier junction (D¼ 0.32 eV, see
Supplementary Section II). The agreement between lc and D in
terms of lc ¼ hc/D is typically found to be good in a variety of
detectors16,17 and has been used as a guide to tune spectral response
by varying D (ref. 18) and to determine band offsets15. However,
there is clearly no agreement for the observed VLWIR response
in this case.

In general, the observed VLWIR response could be due to a bolo-
metric effect4 or an impurity-band/free-hole carrier16,18 based
response. Possible optical transitions contributing to photon
absorption by the p-type GaAs absorber in the infrared range
include the impurity-band to valence-band transition19 and
intra-/intervalence band transitions20, both of which are free-
carrier-type effects. Increasing the doping concentration shifts the
absorption peak and broadens the absorption width as a result of
enhanced carrier scatterings and the shifting/increasing Fermi-
level/free-carrier plasma frequency, respectively20,21. The absorber,
however, has a major effect on the bolometric response and
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impurity-band absorption. By measuring a control sample
(LH1002) containing the same GaAs absorber as samples
SP1005–1007 (SP1005–1007 display a VLWIR response; Fig. 1e),
we can exclude these two mechanisms as a cause of the VLWIR
response. LH1002 responds as expected, in accordance with the
lc¼ hc/D rule. Comparison of LH1002 (with a symmetric flat-
barrier configuration; see Methods) with SP1005–1007 (asymmetric
band alignment) shows that the VLWIR response is critically depen-
dent on the structure details. Furthermore, the bolometric response,
which is proportional to the temperature variation of the absorber
upon photon absorption and the corresponding resistance change,
increases monotonically with increasing bias. This effect contrasts
with the strongly non-monotonically bias-dependent VLWIR
response, as shown in the calculated spectral weight (SW)
(Fig. 2a,b), which is defined as

SW/
∫lmax

lmin

R(l)dl (1)

where R(l) is the spectral responsivity. The VLWIR response
reaches a maximum at about –0.1 V. For these reasons, a bolometric
effect cannot be considered to be contributing to the VLWIR
response. Also, the impurity-band to valence-band optical
transition can barely have any influence on the response, as
the impurity band is actually merged with the valence band15,19 at
p¼ 1 × 1019 cm23. Another possible doping-related effect is
dopant-correlated potential fluctuations and the relevant tailing
states at the band-edge; however, absorbing photons with energies

as high as the value of D are required to excite holes in these
band tailing states and allow them to escape over the barrier.
Instead, here, we discuss a two-phase hot-hole mechanism to
explain the VLWIR response: hot–cold hole energy transfer and
the response of high-energy cold holes to the VLWIR radiation.
The dominant absorbing mechanism will then be based on the
intraband free-hole absorption15. It should be noted that the free-
carrier-based VLWIR response in this work differs markedly from
the previous reported free-carrier response (see, for example,
ref. 17) in which a small value of D is required.

Hot–cold carrier interactions
The short-wavelength portion of light from a Fourier-transform
infrared (FTIR) spectrometer (its power spectrum is shown in
Fig. 1e), or more generally from an external optical excitation
source (denoted the ‘pump’), is essential to generate photoexcited
hot holes and establish the VLWIR response. The pump-excited
holes with energies higher than all of the barriers can be described
by a three-dimensional drift model22:

Ipump
ph = e · v(F)

∫+1

D

N(e) de (2)

where Ipump
ph is the pump current and N(e) is the concentration of

holes with energy e (ref. 23). The electric field F is evaluated
across the barrier regions. The drift velocity v(F) is associated
with an empirical fitting parameter—the mobility22—which is
dependent on both the doped GaAs absorber and undoped
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AlGaAs barrier. Despite its simplicity, equation (2) accounts for the
current–voltage characteristics reasonably well in most devices22.
Taking the derivative of Ipump

ph with respect to F gives

dIpump
ph

dF
= e · dv(F)

dF

∫+1

D

N(e) de− e · v(F) dD
dF

· N(D) (3)

where dD/dF is mainly determined by the image-force barrier low-
ering15 and tilting of the graded barrier by the applied bias. In the
high-field region, the first term of equation (3) vanishes because
v(F) approaches a constant saturation velocity. The energy distri-
bution of holes is thus proportional to the differential
Ipump

ph , which consists of photocarriers with different energies. Ipump
ph

can be evaluated by using equation (2) or directly measured in exper-
iments. As shown in Fig. 2c (top panel), the differential SW displays
three distribution peaks at 20.12, 20.40 and 0.10 V, which were
confirmed by photocurrent–voltage characteristics measured using
different optical excitation sources (bottom panel of Fig. 2c). In
terms of hot-carrier spectroscopy23,24, the occurrence of distribution
peaks is a sign of a hot–cold carrier interaction, which leads to the
excitation of cold carriers into higher energy states. Studies25 have
shown that under a low applied bias the electric field is non-uni-
formly distributed, mainly across the graded barrier region. With
increasing negative bias, the graded barrier is tilted towards a hori-
zontal shape (Fig. 1c). An increase in the injection of hot holes and
enhanced hot–cold interactions are then expected, which conse-
quently lead to an increase in cold holes occupying higher energy
states. This explains the distribution peak at 20.12 V. When the
bias is increased further, the electric field is distributed uniformly
throughout the structure25. The lowering of the constant barrier
by the image-force effect15 will facilitate the escape of higher-
energy cold holes over the barrier, which leads to another
distribution peak at higher negative bias (20.40 V).

The dynamics of the hot–cold hole interaction is also supported
by studies using picosecond infrared spectroscopy26,27. It has been
shown that carrier–phonon coupling plays an important role in
intervalence-band transitions28. Photoexcited holes in the light-
hole band or spin–orbit split-off band initially relax, mainly
through the emission of optical phonons and typically within a sub-
picosecond timescale. The subsequent relaxation proceeds through
the dominant hole–hole scattering mechanism, which causes a
redistribution of energies among the hot and cold holes5. As a con-
sequence, they reach a thermalized state at much higher energies
compared to their original states. Further relaxation then typically
takes relatively long times (tens of picoseconds)26,27. These ‘hot’
holes are thus able to be excited by absorbing VLWIR photons,
and escape over the barriers, contributing to the photocurrent.
This mechanism is believed to be the main cause of the VLWIR
response. To verify such a photoresponse picture we use an
escape-cone model29 (Supplementary Section II) to simulate the
response spectra. In this model, free-carrier absorption described
by Drude theory20 is used to produce the general spectral profile.
The threshold energy, which is a fitting parameter in the simulation,
determines the long-wavelength end of the response. Using a value
of 0.012 eV, the modelled response is in general agreement with the
experiment as shown in Fig. 1d. However, a sharp peak appears at
25.3 mm (or 395 cm21), which becomes stronger as the bias is
increased (Supplementary Section II). Another peak at 35.6 mm
(or 281 cm21) also appears at 20.08 V, and sharply increases
with negative bias. It was found that these two peaks are close to
the two plasmon–phonon coupling modes calculated for the equili-
brium (Supplementary Section II), that is, 23 and 42 mm (or 430
and 236 cm21) for a doping concentration of p¼ 1 × 1019 cm23.
The injection of hot holes is expected to disturb the distribution
of cold holes by exciting some of the cold holes up to higher
energy states, which should affect the coupling, as it is different
from the equilibrium. Despite this hot-hole effect, comparison
between the two sharp response peaks and the coupling modes
shows the important role of phonon–plasmon coupling in modify-
ing the response. In addition to this, the general spectral profile
of the VLWIR response agrees with the escape-cone model. In
particular, features associated with GaAs- and AlAs-like phonons
are well explained.
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It may be noted that observing a positive-bias hole distribution
peak (at 0.10 V, Fig. 2c) is uncommon. A possible reason for this
is the nonlinear increase of photocurrent with bias due to asym-
metric band alignment. Nevertheless, the negative-bias condition
leads to the optimum VLWIR response, which is much stronger
than that under positive bias, consistent with observations from
hot-carrier spectroscopy23,24,30.

Hot-hole-induced photoresponse and its tailorability
The proposed mechanism for the hot-hole response implies a need
for the injection of hot holes to trigger the VLWIR response. This
can be achieved through electrical and/or optical approaches. In
the electrical approach, to obtain a non-trivial current passing
through the graded barrier, a bias is required that is substantially
higher than that at which hole distribution peaks are observed.
Under such a high bias, the VLWIR response is no longer
present. An optimized solution is to separate the injection of hot
holes23,24 and the collection of photoexcited holes by altering the
device structure. Here, we show the optical approach. The advantage
of this is that it provides a convenient control of hot-hole injection
by varying the optical intensity. Figure 3a presents a schematic of

the experimental apparatus. A cut-on wavelength (lCO) is selected,
and a long-pass filter is used to block high-energy photons from the
FTIR spectrometer from being incident onto the sample. Figure 3b–d
maps the SW, which is measured using filters with different lCO (the
GaAs beam splitter and optical excitation source are not used in this
case). Increasing lCO reduces the energies of the injected hot holes,
thus reducing the VLWIR response. The use of lCO¼ 4.5 mm
(Fig. 3d) fully suppresses the VLWIR response because of the
absence of hot holes in the absorber. However, as shown in
Fig. 3e, the VLWIR response can be recovered by utilizing an
optical excitation source that induces hot-hole injection. These
results are in good agreement with the hot–cold hole energy
transfer mechanism.

To show the tunability of the VLWIR response, we carried out a
further detailed set of measurements using the optical excitation
source (Fig. 3a). A lCO¼ 4.5 mm long-pass filter is used throughout
so that light from the FTIR spectrometer solely acts as a probe to
detect the spectral response. Maps of SW at different excitation
levels are shown in Fig. 4a, and Fig. 4b shows the excitation
power spectra, which were tailored by a short-pass filter (quartz
glass, up to �4.8 mm). The variation of the VLWIR response (at
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20.1 V) with excitation power is plotted in Fig. 4c,d, showing fea-
tures associated with the cut-on wavelength of the filter and the
2 × TO(X) phonons of the GaAs beam splitter31. These results
demonstrate the dominant dependence of the VLWIR response
on excitation intensity. By increasing the excitation intensity, one
may expect to tune the energies of cold holes and thus reduce the
threshold energy of the VLWIR response from 0.32 eV (the original
value of cold holes) to 0 eV. However, such a characteristic was not
identified experimentally. We also tried very weak excitation, which
leads to a weak VLWIR response, but its threshold stays nearly the
same. This leads us to conclude that the dominant hot–cold hole
interaction and the energy transfer process take place through
single hole–hole scattering events, rather than multiple scattering.
This leads to cold holes being excited into states with nearly the
same energies, regardless of the intensity of the pump light incident
onto the sample; this process is independent of their original states
and the absorber thickness. Notice that samples SP1005–1007 have
similar spectral shapes (Fig. 1e). This also accounts for why the

strength of the VLWIR response, instead of its threshold, varies
with excitation level.

In view of the lack of VLWIR response in a symmetric flat-barrier
sample (LH1002), the barrier offset between the two barriers (lying
above and below the absorber) plays an important role in triggering
the VLWIR response (Supplementary Section II). Such an offset
causes the energies of holes to be higher on the injection side
than on the collection side (Fig. 1c)12. The threshold energy
(0.012 eV) obtained from the escape-cone model simulation indi-
cates that cold holes remain very close to the band-edge of the
barrier. This can be understood in terms of energy transfer
through single hole–hole scattering. To obtain a response at a
photon energy of 0.012 eV, the energy passed from a hot hole to a
cold hole is �0.27 eV (to excite a cold hole near the Fermi level),
which is less than the total excess energy of the hot hole
(�0.38 eV relative to the Fermi level). Notice that this result
allows us to exclude band filling effects as a cause of the VLWIR
response, as a large number of holes would be needed to fill up
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energy states spanning an energy range of 0.27 eV, which is imposs-
ible under our experimental conditions. Also, because a higher
capture probability is expected in the flat-barrier structure than in
the graded-barrier structure, a band filling effect would be expected
to lead to a higher VLWIR response in sample LH1002, which is the
opposite of our observations. A small value of threshold energy (for
example 0.012 eV, as simulated) will facilitate operation at a low bias
and suppress the current component associated with hot holes—the
hot-hole current increase with bias can overwhelm the photocurrent
(induced by the VLWIR radiation) at higher biases.

The responsivity of our samples is of the order of 10 mA W21,
which is relatively low compared to reported detectors17. The use
of a single-emitter structure with relatively low absorption is one
of the reasons. Also, the bulk semiconductor-based absorber leads
to a fast carrier lifetime (for example, �0.1 ps for p¼ 1 ×
1019 cm23). By using structures such as quantum dots, an increase
in the lifetime by a factor of 104–108 is possible32. Despite the low
responsivity, an advantage of our results is the negligible dark
current because of the high activation energy (0.32 eV), even
though a VLWIR response is obtained. This offers the possibility
of incorporating a long-wavelength response into a short-wave-
length detector. In fact, the noise current is far below the experimen-
tal sensitivity (�1 × 1015 A Hz21/2). Using this limit, a conservative
estimate of the specific detectivity is �1 × 109cm Hz1/2 W21 (using
the highest responsivity of up to 69 mA W21; Supplementary
Section II). In addition to the 5.3 K operation, we also measured
the VLWIR response up to 30 K, showing the possibility of
higher-temperature operation (Supplementary Section II).
Optimized quantum structures may lead to improvements in the
responsivity as well as the operating temperature.

The use of an external optical excitation source provides an opti-
mized solution for realizing a VLWIR detector, for example, by inte-
grating a VLWIR detector and a light-emitting diode (LED). The
resultant device will be compact, and can be monolithically grown
by traditional growth methods. The device scheme is similar to
the reported upconverter33 (Fig. 4e), where the output of a photode-
tector upon absorbing infrared radiation drives an LED to emit
visible light. In contrast to this, the hot-carrier detector utilizes
emission from the LED to initiate the injection of hot carriers and
trigger the VLWIR response, in analogy to the experiment shown
in Fig. 4a–d. Despite a more ‘compact’ realization being possible,
we note that we have demonstrated the discovery of a new
hot-hole principle, which is capable of surpassing the conventional
spectral limit of current optoelectronic devices.

Conclusions
Our findings open up many possibilities for new applications based
on traditional semiconductor technologies, such as the well-estab-
lished III–V semiconductor epitaxy and process technology.
Normally, applications of semiconductors are confined to specific
wavelength ranges in accordance with their bandgaps34. With the
additional degree of freedom enabled by tuning the energies of
cold carriers, it is now possible for a particular material to
respond beyond its standard spectral limit. In addition to photode-
tection, the hot-carrier concept can be applied to photovoltaic
devices, which, in addition to their original absorption band, will
have wavelength-extended absorbing capabilities, with a tunability
controlled by varying the degree of hot-hole injection in order to
meet the demands of specific applications. Moreover, the hot-
carrier effect is expected to improve the energy efficiency of photo-
detectors and photovoltaics, because the energies of hot carriers are
diverted from heating the lattice to heating cold carriers.

Methods
Device structure. The active regions of samples SP1005–1007 consist of (from top to
bottom) a 400-nm-thick undoped Al0.57Ga0.43As constant barrier, a p-type GaAs
layer (absorber) ( p¼ 1 × 1019 cm23) and an 80-nm-thick AlxGa1–xAs graded

barrier with x linearly varying from 0.75 (top) to 0.45 (bottom). The thicknesses of
the p-type GaAs absorbers are 20 nm, 50 nm and 80 nm for SP1005, 1006 and
1007, respectively. The absorber of sample LH1002 comprises 18.8-nm-thick p-type
( p¼ 1 × 1019cm23) GaAs, which is placed between AlxGa1–xAs barriers with
the same Al fraction (x¼ 0.57) and thickness (60 nm). All active regions are
sandwiched between two p-type ( p¼ 1 × 1019cm23) GaAs ohmic contact layers.
The activation energy (D) is associated with the p-type GaAs/AlxGa1–xAs junction,
defined as the energy difference between the Fermi level of p-type GaAs and the
AlxGa1–xAs barrier (valence-band edge). It is calculated to be 0.25 eV, 0.32 eV
and 0.42 eV for barriers with Al fractions of 0.45, 0.57 and 0.75, respectively, by
taking into account band offsets at the heterointerface and doping-induced
bandgap narrowing.

Fabrication. Detectors were processed by wet etching to produce square mesas,
followed by evaporation of Ti/Pt/Au ohmic contacts onto the top and bottom p-type
GaAs contact layers. A top ring contact with a window opened in the centre was
fabricated to allow front-side illumination. The experiments were carried out on
400 × 400 mm2 mesas with an open area of 260 × 260 mm2.

Characterization. The dark current–voltage–temperature characteristics were
measured by mounting the sample in a variable-temperature cryostat, and using a
Keithley 2400 source meter and a computer-controlled Keithley switch system to
select different mesas. For photoresponse measurements, samples were mounted in a
liquid-helium dewar, and measured by using a Perkin-Elmer system 2000 FTIR
spectrometer. The sample acted as a custom detector in place of the built-in detector
of the spectrometer. The photovoltage signal from the sample upon light
illumination was amplified by a low-noise preamplifier (Stanford Research Systems
SR560) and fed into the spectrometer. The spectral range of the photoresponse
covers a broad wavelength range from 1.5 to 55 mm, which falls into two
working ranges of the beam splitters for the FTIR spectrometer; KBr and 6 mm
Mylar beam splitters were used to measure the wavelength ranges of 1.5–23 mm
and 23–55 mm, respectively.
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Progress of Magnetic Confined Fusion Energy Research
Li Jiangang

(Institute of Plasma Physics, Chinese Academy of Sciences)

Fusion is the process that powers the sun and the stars． Magnetic Confined Fusion (MCF) research
offered developing a safe, abundant and environmentally responsible energy source． Fusion energy
application is very important for China． Significant progresses have been made in MCF for past 50
years． Tokamak is the leading configuration which will lead to future fusion reactor． ITER which designed to
demonstrate the scientific and technological feasibility of fusion power will be the world ' s largest
experimental fusion facility by seven party’s joint efforts． Efforts have been made for the past few years
within world fusion community for solve the scientific and technical problems to ITER construction and safe
operation． Successful control of edge localized mode instability (ELM) and adopt W as divertor material
are the key progresses． Chinese fusion scientists and engineers have contributed many efforts for ELM
control and W material on EAST superconducting tokamak and HL-2A tokamak． EAST also achieved world
records for the longest H-mode duration and over 400s divertor plasma discharge． Combining microwave
beams for ELMs suppression with the advanced lithium wall treatment on EAST could provide a fruitful new
direction for fusion-energy development． This combination of techniques offers an attractive regime for high-
performance, long-pulse operations for next generation device． By joining ITER project together with fast
domestic MCF program, Chinese MCF will be further enhance in near future for a goal to build Chinese
fusion engineering test reactor around 2020．

3． 4　 太阳能技术新进展

沈文忠　 王如竹
(上海交通大学)

太阳能技术主要是指人类主动利用太阳能资源, 并将其作为一种有效的能源形

式用于生活、 生产的技术方式。 根据原理与技术的不同, 太阳能技术可分为两大类,
即光热技术与光伏技术。 太阳能光热技术 (包括光热发电) 是将太阳辐射能转换为

热能并加以利用, 主要由光热转换和热能利用两个部分组成。 太阳能光伏技术的核
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心器件是太阳电池, 其主要原理是利用半导体材料的光伏效应与半导体器件工艺来

实现发电。 下文将重点介绍该两类技术的发展现状, 并展望其未来。

一、 国际重大研发进展

(一) 太阳能光热技术

世界各国, 特别是欧美等发达国家和地区纷纷制定政策规划, 以推进太阳能的

利用。 较为著名的有欧盟的 “2020 战略”, 即到 2020 年欧盟各国可再生能源占总能

耗的 20% , 其中太阳能热利用达到 12 兆吨油当量①, 2010 ~ 2020 年的年增长率为

23． 1% ; 太阳能热发电规模将达 15 吉瓦, 发电量为 43 太瓦时, 2010 ~ 2020 年的年

增长率为 31． 1% 。 近 3 年来, 欧盟还开始了太阳能中温集热技术的工业应用———太

阳能锅炉, 并通过一系列示范推进了太阳能空调的使用。 美国能源部于 2008 年启动

的 “太阳计划” (SunShot Initiative) [1], 连续多年为太阳能热发电技术的研发提供了

支持, 2013 年该计划资助了多个美国国家实验室承担热发电方面的研究项目。

1． 太阳能光热利用

太阳能光热利用是以热能转换为主的太阳能转换和利用过程, 主要涉及太阳能

中低温热利用, 如太阳能常规利用、 太阳能热利用与建筑一体化、 太阳能空调制冷、
太阳能海水淡化等。 近期, 国际上的主要进展包括太阳能中温集热技术、 太阳能空

调技术及与此相关的太阳能蓄热技术。
(1) 太阳能中温集热技术: 主要是利用太阳能获得 80 ~ 250℃范围的热能, 涉

及: ①真空管中温集热涂层技术。 涂层技术的突破, 可以使 150℃ 的集热效率达

45% ; ②采用菲涅耳透镜线聚焦技术, 可产生 200℃左右的热能; ③采用槽式集热

器线聚焦技术, 可产生 200℃以上的热能。 原来用于中高温热发电 (槽式和菲涅耳

式) 的太阳能集热器正通过降低集热管的成本来扩大其工业应用的范围。
(2) 太阳能空调技术。 主要有溴化锂-水吸收式制冷、 硅胶-水吸附式制冷、

氨-水吸收式制冷, 以及利用干燥剂除湿的除湿制冷[2]。 太阳能低温干燥储粮技术、
太阳能中央空调、 住宅用空调制冷 /供热系统已有应用。 德国 SolarNext 公司开发了

① 吨油当量 (ton of oil equivalent, toe) 是指量 1 吨原油所含的热量相当于某种能源品种多少所含热量,
约为 42 吉焦耳。

16



第三章　 能源技术新进展

-------------------------123　　

半效溴化锂-水吸收式制冷机和硅胶-水吸附制冷机, 可实现 75℃热水制冷①。 日本

矢崎 (Yazaki) 公司开发成功 10 ~ 30 千瓦低热水温度 (68℃) 驱动太阳能溴化锂吸

收式空调②。 随着太阳能热利用与常规化石能源 (天然气) 的结合, 单双效结合的

太阳能溴化锂-水吸收式空调应运而生。 由于太阳能中温集热技术的突破, 太阳能

驱动的可单-双效转化的溴化锂-水吸收式空调获得成功应用。
(3) 太阳能蓄热技术。 近年潜热蓄存材料已经商品化。 2011 年, 英国 PCMP 公

司推出的 A164 相变材料, 在相变温度为 164℃时蓄热密度达到 306 千焦 /千克[3]。
2012 年, 德国 Zschimmer & Schwarz 化学公司推出的 RT110 相变材料, 在相变温度

为 112℃时蓄热密度达到 213 千焦耳 /千克。 德国巴斯夫 (BASF) 公司 2011 年推出

的 Micronal 相变蓄存材料为封装型材料, 具有高传热率、 不腐蚀金属等特点, 可用

于太阳能空调的蓄冷, 寿命可达 30 年。 利用吸附和吸收过程储热的化学蓄热技术也

已经成为国际储热研究的热点。

2． 太阳能热发电技术

太阳能热发电主要采用聚焦集热技术, 以产生发电时驱动热力机所需要的高温

液体或蒸汽。 根据聚焦技术的不同, 聚光光热发电 (CSP) 可分为槽式、 塔式、 碟

式和菲涅耳式发电技术。 槽式发电已有多年商业运行的经验, 塔式发电已证明了商

业运行的可行性。 常规火力发电机组的技术已经成熟, 而太阳能热发电的热-功转

换部分与常规火力发电机组基本相同, 因此特别适宜于大规模使用。 2012 年全球

CSP 容量增长超过 60% , 其总规模达到了 2550 兆瓦电量[4]。
(1) 槽式热发电系统的结构相对简单, 采用串、 并联排列方式, 可构成较大容

量的热发电系统, 已较早实现了商业化。 随着技术的不断发展, 系统的效率已由初

始的 11． 5%提高到 13． 6% , 发电成本已由 26． 3 美分 /千瓦时降到 9． 1 美分 /千瓦时。
德国肖特公司研发的集热管涂层, 发射率≤9． 5% , 吸收率≥95． 5% ; 热损耗循环测

试证实, 其工作温度 400℃时热损小于 250 瓦 /米。 集热管利用太阳能辐射加热专用

的合成导热油, 可使最高温度达到 400℃; 直接采用水做传热介质, 可降低太阳能

热电站的建设和运营成本。 2010 年, Abengoa 公司在美国建设的直接蒸汽型槽式系

统的示范工程成功发电。 2011 年, 德国肖特公司生产的槽式系统采用熔盐作为导热

介质, 其最高工作温度可达 550℃ [5]。
(2) 塔式太阳能热发电可实现高聚光比, 使吸热器能够在 500 ~ 1500℃范围内

①
②

参见: http: / / www． solarnext． eu / eng / home / home_ eng． shtml．
参见: http: / / www． yazakienergy． com / products． htm．
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运行, 在提高发电效率方面具有很大的潜力。 塔式系统从光到电的年平均效率已提

高到 20% 。 传统的中央接收器温度低于 600℃, 热力循环效率约为 40% ; 在较高温

度下, 熔盐工质变得不稳定。 使用固体颗粒直接吸收, 接收器的最高温度可达到

1000℃以上, 循环效率达 50% 以上[6]。 美国桑迪亚国家实验室 ( Sandia National
Laboratories) 联合德国航天局太阳能研究所, 于 2012 年获得美国能源部的资助, 正

在合作进行相关的研究。

(二) 太阳能光伏技术

太阳能光伏产业主要涉及光伏材料、 太阳电池与组件、 光伏逆变器、 光伏系统

集成技术等[7]。 其核心器件是太阳电池, 目前已商业化的太阳电池主要是晶体硅太

阳电池与薄膜太阳电池两大类。 研发的热点是效率>20% 的高效晶体硅电池和先进

薄膜电池。

1． 效率超过 20%的高效晶体硅电池

在效率超过 20%的高效太阳电池研发方面, 美国与日本的企业走在了前面。 他

们所采用的技术是全背电极 (IBC) 和晶体硅-非晶硅异质结 (HIT) 两种技术; 美

国阳光电力 (SunPower) 公司和日本松下 (Panasonic) 公司都实现了 22% ~ 24%的

转换效率, 并先后实现了产业化。
2010 年, 美国阳光电力公司推出了其第三代 IBC 电池, 进一步改进了表面结区

掺杂和其他工艺, 减小了金属接触区域的复合; 同时还采用热加工工艺, 加强了对

氧化堆垛层错的控制, 在 n 型直拉 (CZ) 硅衬底上使电池达到了 24． 2%的光电转换

效率[8]。 最近几年, 除了美国阳光电力公司之外, 有许多研究机构和太阳电池公司

也开始研制 IBC 电池。 其中, 典型的有位于比利时的欧洲独立微电子研究中心

(IMEC) 研发的尺寸为 2 厘米×2 厘米的 IBC 电池, 其光电转换效率达到 23． 3% [9]。
它采用了美国阳光电力公司第一代和第二代 IBC 电池的 n+与 p+区域相连接的自对准

结构。
2013 年, 日本松下公司进一步提升了它的非晶硅膜生长工艺, 在一块面积为

101． 8 平方厘米、 厚度为 98 微米的硅片上创造了 n 型硅电池的最新世界纪录:
24． 7%的光电转换效率[10]。 由于近年来 HIT 的专利已过期, 国内外多家公司开始研

制异质结的电池。 如德国 Roth&Rau 公司的 HJT 电池, 效率已达到 21%以上。

2． 先进薄膜电池

碲化镉 (CdTe) 和铜铟镓硒 (CIGS) 薄膜太阳电池技术也是目前世界各国重
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点开发的光伏技术。 随着专业的光伏真空设备技术的发展, 近些年, 这两种薄膜电

池的研究发展非常迅速, 尤其是实验室太阳电池光电转换效率的提高[11]。 2013 年 6
月, 美国通用电气全球研发中心 (GE Global Research) 最新的 CdTe 太阳电池的光

电转换效率达到 19． 6% ; CIGS 太阳电池的最高转换效率是由德国太阳能和氢能研究

中心 (ZSW) 于 2013 年 10 月创造的 20． 8% 。 瑞士联邦材料科学与技术实验室

(EMPA) 2012 年 9 月在柔性衬底上也成功制备出光电转换效率达到 20． 4% 的 CIGS
太阳电池。

CdTe 薄膜电池目前真正实现大规模生产的只有美国第一太阳能 (First Solar)
公司。 2013 年, 第一太阳能公司的光伏组件的转换效率超过了 16% , 产能超过 2 吉

瓦, 在薄膜电池领域一家独大。 目前, CIGS 薄膜电池处于产业化的初级阶段, 主要

是美国、 德国和日本等发达国家的公司在进行这种电池的产业化。 其工艺各具特色,
但都采用真空溅射技术, 制备 CIGS 吸收层的部分工艺有差别。 2013 年 6 月, 日本

昭和壳牌石油公司旗下的 Solar Frontier 公司成功生产出组件面积为 1． 23 平方米、 光

电转换效率达 14． 7%的 CIGS 太阳电池组件, 使 CIS 薄膜太阳电池的转换效率达到

多晶硅电池的水平。 2013 年 11 月, 韩国三星 SDI 公司最新的大面积 (1． 44 平方米)
CIGS 薄膜太阳电池经过德国莱茵 TüV 认证, 其光电转换效率达到 15． 7% 。 美国

MiaSole 公司也实现了 15． 7%的转换效率。 从事 CIGS 太阳电池开发和生产的还有美

国的 Nanosolar (印刷技术)、 美国的 SoloPower (柔性技术)、 德国的 Avancis 和德国

Q-Cells 的子公司 Solibro 等公司。 但以上多数公司的产品还处在研发阶段, 少数能达

到数十到几百兆瓦的生产规模。 2010 年, CIGS 实际产量在 0． 5 吉瓦之内, 2012 年

为 2 吉瓦。

二、 国内同类研发的现状

(一) 太阳能光热技术

2012 年底, 全球热水集热器的产量已达到 255 吉瓦热量, 中国占 70% 以上。
2012 年中国累计热水器的安装已超过 2 亿平方米以上。 在太阳能中温集热器的研发

方面, 我国处于世界领先地位, 真空管集热器从质量到成本均领先世界, 已大量出

口国外。 力诺太阳能公司和皇明太阳能公司都开发了 10 吨以上的太阳能锅炉。 力诺

太阳能公司生产的用于驱动太阳能空调的太阳能中温集热器的集热效率已达到 40%
以上 (集热温度 150℃), 2013 年已有一批太阳能锅炉获得实际应用。 我国在利用

太阳能中温集热器驱动的太阳能空调技术已取得突破, 有可能初步实现商业化应用。
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上海交通大学积极推进太阳能建筑的一体化应用、 太阳能中温集热及其工业应

用, 以及与各类太阳能热源温度匹配的太阳能空调技术的研发, 并同时积极推动空

气源热泵热水系统、 空气源热泵热水、 空调和采暖的研发和应用。 上海交通大学与

国内企业合作开发了硅胶-水吸附式空调、 单-双效转化的溴化锂-水吸收式空调,
以及适用于变热源温度的 1． n 效溴化锂-水吸收式空调。

涉足太阳能光热发电的公司有皇明太阳能公司、 力诺太阳能公司、 浙江中控太

阳能公司、 浙江三花股份、 湘电集团有限公司和中航工业西安航空发动机 (集团)
有限公司等。 皇明太阳能公司开发了可用于热发电的太阳能槽式集热器, 其工作温

度可达 400℃, 效率高于 50% ; 还成功开发出塔式定日镜系统。 浙江中控太阳能公

司成功开发出基于智能小镜、 熔盐蓄热、 模块化等技术的塔式热发电系统。 2013 年

7 月, 该公司投资建设的中国第一座商业化 50 兆瓦电量塔式太阳能光热发电站一期

10 兆瓦电量顺利并网发电[12]。 湘电集团公司的碟式太阳能光热发电装置的研制已

取得突破性进展, 在布雷顿循环、 斯特林循环关键技术的研制上取得实质性成果,
整机效率提高到 38% , 适应了商业化发展的需求; 同时, 建成具有完全自主知识产

权的第二代 25 千瓦电量碟式太阳能光热发电装备系统[13]。
中国科学院电工研究所在槽式、 塔式、 碟式太阳能集热和热发电技术方面有较

强的研究基础。 该所研制的 1 兆瓦电量塔式太阳能热电站于 2012 年 8 月成功发电。

(二) 太阳能光伏技术

从 2005 年以来, 我国光伏产业发展迅猛, 近几年来世界 60% 以上太阳电池都

产自我国, 预计未来 10 年内我国作为太阳电池第一大国的地位不会改变。 目前, 我

国常规工艺单晶硅电池的光电转换效率可达 19%左右, 多晶硅电池的光电转换效率

可达 17%左右, 光伏企业几乎全部集中在常规工艺晶体硅电池领域, 这一领域的太

阳能光伏产业处在国际领先水平。 这使得太阳能光伏产业成为我国为数不多的具有

国际竞争优势的战略性新兴产业[7]。
目前, 我国一些骨干企业已经开始将效率为 20%的晶体硅太阳电池的规模化生

产作为重点突破方向。 金属贯孔 (metal-wrap-through, MWT) 电池具有减少前表面

遮光的优势。 采用 MWT 电池结构, 英利绿色能源控股有限公司与荷兰能源研究中

心 (ECN) 合作, 在 n 型 CZ 硅片上获得了 20%光电转换效率的太阳电池[14]; 阿特

斯阳光电力有限公司也在 n 型 CZ 硅片上实现了 21． 5%的光电转换效率。 杭州赛昂

电力有限公司生产的隧穿异质结电池, 结构与 HIT 电池类似, 其 5 英寸电池已达

729 毫伏的开路电压和 21． 4%的光电转换效率[15]。 IBC 和异质结电池的研发工作已

经成为国内热点。
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在先进薄膜电池的研发方面, 我国与国际先进水平的差距是巨大的。 国内许多

高校和科研机构很早就开展了 CdTe 薄膜太阳电池研究, 在材料物性和制作工艺方

面有较好的基础, 但目前唯一能规模生产 CdTe 组件产品的企业只有龙焱能源科技

(杭州) 有限公司。 该公司有一条年生产能力 30 兆瓦、 全国产化、 全自动化的 CdTe
薄膜太阳电池组件的生产线; 研制的 0． 72 平方米的 CdTe 薄膜光伏组件的光电转换

效率达到 12． 03% , 小面积单体电池和薄膜组件的转换效率达到 14% ~ 15% 。 高校

和科研院所也长期开展了 CIGS 薄膜太阳电池的基础物性和新材料新工艺的研发工

作。 目前, 国内 CIGS 太阳电池的转换效率最高的是中国科学院深圳先进产业技术

研究院的样品, 其小面积 CIGS 薄膜太阳电池的光电转换效率是 19． 06% , 大面积的

为 12． 6% 。 汉能控股集团于 2012 和 2013 年先后收购了德国 Q-Cells Solibro、 美国

MiaSole 和 Global Solar Energy 三家 CIGS 公司, 开始大举进军 CIGS 薄膜电池领域。

三、 发展趋势及前沿展望

太阳能热利用技术正向高效低成本的方向发展。 太阳能中温利用技术将在不同

的工业部门拓展其应用范围。 它可以为太阳能锅炉提供适当的解决方案, 以实现太

阳能的高效集热系统与化石燃料的一体化综合利用。 中温太阳能集热器和各类吸收

或吸附制冷机的有机组合是未来太阳能空调的一个发展方向。 太阳能热利用还需要

拓展到更多的领域 (如太阳能海水淡化)。 太阳能蓄热技术的突破有可能为太阳能

热利用带来新的商机。
太阳能热发电将朝着以下方向发展: ①高反射率、 高耐久性的反射材料; ②有

高性能涂层的反射器或接收器; ③高温、 高效率的太阳能接收器的材料和设计;
④新型高温传热流体; ⑤高温、 低成本储热材料和系统; ⑥高效率电力循环; ⑦新

型低耗水热电站的运行和维护技术; ⑧高度自动化的生产设施和设备; ⑨快速的现

场安装和最简单的整地技术; ⑩新型 CSP 元件及系统; 等等。 槽式集热器的成本近

期将下降至 235 美元 /米2。 通过场地、 集热系统、 蓄热、 发电循环等全方位的创新,
太阳能热发电的成本力争到 2020 年降到 6 美分 /千瓦时[16]。

目前, 光伏产业链的发展路线图已经比较清晰。 对于晶体硅电池来说, 大规模

生产的太阳电池的光电转换效率要求达到 20% ~ 25% , 甚至更高, 其开发热点是

IBC、 HIT 和双面电池。 这些高效电池都基于 n 型单晶硅片, n 型磷掺杂单晶硅片技

术的前景较为明朗; 多晶硅材料采用流化床反应器方法呈上升趋势, 多晶硅材料及

硅片将以更加集群的方式发展, 单个企业产能将达到每年 10 万吨或更大规模; 太阳

电池组件将出现规模化集群式的发展, 单个企业产能将达到 1 ~ 3 吉瓦甚至更高; 单
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个电站在沙漠地带可达到 1 ~ 10 吉瓦甚至更大规模; 光伏发电可以采用多种应用形

式来推广, 如屋顶电站、 地面电站以及分布式能源等。
薄膜太阳电池因为低材料消耗和不断提高的转换效率, 在未来光伏电池技术中

将占有重要的位置, 柔性薄膜是其最重要的特色之一。 柔性太阳电池一直是太阳电

池研发的一个热点, 可以利用塑料、 金属等柔性片材作为电池的衬底材料, 这也是

薄膜电池的优势。 可以设想, 在不久的将来, 薄膜电池目前面临的问题将逐一得到

解决, 其性能不断得到提高, 将满足未来消费者对能源的差异化需求。
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Recent Advancement in Solar Technologies
Shen Wenzhong, Wang Ruzhu

(Shanghai Jiao Tong University)

Solar technologies include conventional solar thermal applications, solar thermal power technologies
and photovoltaic technologies． In conventional solar thermal applications, medium temperature solar
collector (80-250℃), solar thermal energy storage technologies as well as solar air conditioning and
refrigeration technologies have achieved significant progress in recent years． United States and European
countries are leading countries in developing advanced solar thermal power technologies． The US DOE
programs SunShot Initiative has set a goal to achieve US ＄ 0． 06 / kW·h in concentrated solar power
through continuous efforts． Chinese researchers have worked actively and made great contributions in solar
air conditioning and refrigeration technologies, while Chinese companies have also made substantial
progress in developing cost-effective technologies on middle temperature solar boilers for industry uses． The
universal application of solar photovoltaic depends on the conversion efficiency of solar cells and the cost of
the required materials． The rapid progress of current photovoltaic R&D and material science greatly promote
the development of this cost-competitive renewable energy technology． Chinese photovoltaic industry has
shown great advantages on the traditional crystalline silicon solar cells, however, United States, Japan and
European countries dominate the recent achievements in novel solar cells and photovoltaic technologies, es-
pecially on the high efficiency (>20% ) crystalline silicon solar cells and advanced thin film solar cells．

23



 

 

 

 

 

 

 

 

 

 

 

 

二、太阳能光伏科学与技术 
(II. Solar Photovoltaic Science & Technology) 

 



RESEARCH ARTICLE

An effective way to simultaneous realization of
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ABSTRACT

Despite the optical advantage of near-zero reflection, the silicon nanowire arrays (SiNWs)-based solar cells cannot yet achieve
satisfactory high efficiency because of the serious surface recombination arising from the greatly enlarged surface area. The
trade-off between reflection and recombination fundamentally prevents the conventional SiNWs structure from having both
minimal optical and electrical losses. Here, we report the simultaneous realization of the best optical anti-reflection (the solar
averaged reflectance of 1.38%) and electrical passivation (the surface recombination velocity of 44.72 cm/s) by effectively
combining the Si nano/microstructures (N/M-Strus) with atomic-layer-deposition (ALD)-Al2O3 passivation. The composite
structures are prepared on the pyramid-textured Si wafers with large-scale 125×125mm2 by the two-step metal-assisted
chemical etching method and the thermal ALD-Al2O3 treatment. Although the excellent optical anti-reflection is observed
because of the complementary contribution of Si N/M-Strus at short wavelength and ALD-Al2O3 at long wavelength, the
low recombination has also been realized because the field effect passivation is enhanced for the longer and thinner SiNWs
through the more effective suppression of the minority carrier movement and the reduction of the pure-pyramid-textured
surface recombination. We have further numerically modeled the Al2O3-passivated Si N/M-Strus-based solar cell and obtain
the high conversion efficiency of 21.04%. The present work opens a new way to realize high-efficiency SiNWs-based solar
cells. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Over the past few years, vertically aligned silicon nanowire
arrays (SiNWs) have attracted substantial interests, because
of the ultralow reflection over a broad range of incident
angles [1,2] and a promising application to the high-
performance solar cells at low cost [3–8]. The excellent
anti-reflection of SiNWs is due to the formation of the den-
sity-graded layer with features smaller than the wavelength

of light or the increase of the path length for the surface
features larger than the wavelength of light [9–11]. Unfortu-
nately, despite the excellent optical advantages, the SiNWs-
based solar cells show yet unsatisfied energy conversion
efficiencies (η) because of the serious surface recombination
arising from the concomitant high surface–volume ration.
Many research groups have carried out many beneficial tries
to minimize the optical and electrical losses and have indeed
made great progresses in the performance of SiNWs-based
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solar cells [12–25]. Oh et al. [26] have reported an 18.2%
efficient nanostructure black Si solar cell through controlling
the front surface area and Auger recombination. However,
the improvement of these solar cells implies a fact that the
high η requires the short nanostructure length, because of
the careful balance between the reflection and the photo-
carrier recombination. In other words, the minimum optical
and electrical losses cannot be simultaneously achieved in
these Si-nanostructure-based solar cells.

It is well known that the surface passivation plays a
crucial role in improving cell performance by reducing
the surface recombination. Thermal oxidation, carbon thin
films, and chlorine dielectric treatments have been widely
studied in SiNWs-based solar cells [16,27,28]; however,
these processes offer limited improvement because they
merely provide the chemical passivation through saturating
the dangling bonds. Another treatment of atomic-layer-
deposition (ALD)-Al2O3 thin film not only yields the
excellent chemical passivation but also results in a strong
field effect passivation because of the fixed charges carried
by the interface of Si/Al2O3, which can substantially re-
duce the surface recombination velocity (SRV) [29–34].
In the ALD-Al2O3-passivated n-type planar Si, Wang
et al. [35] have reported a low density of the interface traps
of ~1.8 × 1011 cm�2/eV and a high fixed charge density of
approximately �3 × 1012 cm�2, which indicate the good
chemical and field effect passivation, respectively. Saint-
Cast et al. [36] achieved an η of 21.3% by applying the
ALD-Al2O3 thin film to the rear surface of the p-type
passivated emitter and rear cell (with the area 20× 20mm2).

In this paper, we report the realization of both
increasing effective minority carrier lifetime and reducing
reflectance with the increase of SiNWs length, which
guarantees the simultaneous achievement of the best opti-
cal (the lowest solar averaged reflectance of 1.38%) and
electrical (the lowest SRV of 44.72 cm/s) performance.
The success lies in a combination of the ALD-Al2O3 with
the compound Si nano/microstructures (N/M-Strus) con-
sisting of nanoscale SiNWs and microscale pyramid
texture. The composite structure exhibits the stronger field
effect passivation for the longer and thinner SiNWs and the
reduced pure-pyramid-textured surface recombination,
together with a complementary anti-reflection characteris-
tic of the Si N/M-Strus at the short wavelength and the
ALD-Al2O3 at the long wavelength. The output perfor-
mance of the Al2O3-passivated Si N/M-Strus-based solar
cells is simulated by PC1D software, and the highest η
reaches up to 21.04%.

2. EXPERIMENT AND STRUCTURE

Figure 1(a) presents the main synthesis process of Al2O3-
passivated Si N/M-Strus through the two-step metal-assisted
chemical etching (MACE) method and ALD-Al2O3 treat-
ment. First, the solar grade p-type (100) Czochralski-Si
(Cz-Si) wafers (resistivity ~2Ωcm, thickness ~180μm, and
a large-scale 125× 125mm2 with a pyramid texture) were
cleaned in acetone and alcohol by ultrasonic washing for
30min, respectively, and then immersed in 5% (volume

Figure 1. Process flow and SEM characterization of Si N/M-Strus. (a) The flow schematic diagram of the preparing process. (b) The
oblique-view SEM image of as-prepared Si N/M-Strus. Inset is the high magnitude SEM image of SiNWs on the facet of microscale
pyramid texture. (c) The oblique-view SEM image of the ALD-Al2O3-coated Si N/M-Strus. Inset c1 is high magnitude SEM image of

NWs conformal coated by Al2O3 thin film. Inset c2 is the EDS of the yellow elliptical area as shown in inset c1.
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ratio) HF for 1min to remove the natural oxide layer.
Second, the Si N/M-Strus were fabricated on these wafers
by the two-step MACE method [13] as follows: in the first
step, the assisted Ag+ particle clusters were deposited onto
the sample surface by immersing the cleaned wafers in the
5M HF/0.02M AgNO3 fixed solution for 90 s; in the second
step, the as-deposited samples with Ag+ particle clusters
were etched in the 5M HF/0.01M H2O2 fixed solution for
100–600 s to form the SiNWs with different lengths. After
the MACE treatment, the residual impurities were wiped
off from the surface of SiNWs by immersing the samples
in 1:1 HNO3/H2O (volume ratio) solution for 30min at
room temperature, followed by rinsing with excess copious
deionized water. Subsequently, the different thickness Al2O3

thin films were deposited on the surface of the as-prepared
N/M-Strus samples through the reaction of trimethyla-
luminum and ozone at 185 °C and 3mbar using the thermal
ALD method (TFS 200, Beneq, Finland). Finally, all samples
were annealed in the atmosphere ambient at 425 °C for 5min
[37] (Thermolyne, Thermo Scientific, Waltham, MA, USA),
in order to activate the optimal passivation effect of
ALD-Al2O3.

The morphologies of the Si N/M-Strus and element
distribution were investigated by field emission scanning
electron microscopy (SEM, FEI Sirion 200) and the energy
dispersive X-ray spectroscopy (EDS). The optical reflectance
spectra were obtained on the station of quantum efficiency
measurement (QEX10, PV Measurements, Boulder, Co,
USA). The effective minority carrier lifetimes were mea-
sured by using the mapping mode of microwave photo-
conductance method with a 904 nm wavelength laser and
an average injection concentration Δn=4.81 × 1014 cm�3

(WT-2000, Semilab, Billerica, MA, USA).
We divided the samples into four series (A, B, C, and

D) corresponding to the different etching times 100, 250,
400, and 600 s, respectively, which yielded the SiNWs
length ~180, 550, 870, and 1200 nm. Among each series,
we used the number of ALD cycles, that is, 100, 250,
400, 500, and 700, to characterize the different Al2O3

thickness on the Si N/M-Strus (note that one ALD cycle
can form ~0.1-nm-thick Al2O3 evaluated from the self-
limiting reaction characteristics of ALD method). Hence,
we could denote a sample of a certain series by combing
a capital letter with the number of ALD cycles, for exam-
ple, D-250 means series D (SiNWs length ~1200 nm) with
250 ALD cycles (Al2O3 thickness ~25 nm).

Figure 1(b) illustrates the oblique-view SEM image of
the Si N/M-Strus for series B consisting of the nanoscale
SiNWs along <100> crystal axis [38] and microscale
pyramid texture whose facets normal is along <111>
oriented direction, and the inset is the corresponding high
magnitude cross-sectional imagine of SiNWs. The average
length of NWs is ~550 nm, and the diameter is in the range
70–80 nm. Figure 1(c) shows an oblique-view SEM figure of
the Al2O3-coated (400 ALD cycles) surface of SiNWs for
series A. We can find that the ALD-Al2O3 thin film
(thickness ~40 nm) is homogeneous and conformal (see the
inset c1), which benefits from the self-limiting gas–solid

reaction between the precursors and substrate. We also
give out the EDS result of the yellow area in inset c1
(see inset c2), indicating that the atom percent content of
oxygen, aluminum, and Si are 67.65%, 10.61%, and
21.74%, respectively.

3. ANTI-REFLECTION
PERFORMANCE

Figure 2(a) shows the experimentally obtained reflectance
Rave of the naked N/M-Strus under different etching times
(i.e., A-0, B-0, C-0, and D-0). Note that the solar averaged
reflectance Rave here is calculated by averaging the reflec-
tance over the AM1.5 spectrum in the wavelength range
300–1100 nm as follows:

Rave ¼ ∫
1100 nm

300 nm R λð Þ�S λð Þ�dλ

∫
1100 nm

300 nm S λð Þ�dλ
(1)

where R(λ) and S(λ) denote the measured reflectance and
AM1.5 solar photon spectral distribution, respectively.
The SiNWs lengths obtained from SEM images are also
indicated, which show an approximate linear increase
with the etching time. We can see that the Rave of these
naked N/M-Strus illustrates a contrary trend compared
with the SiNWs length, implying that longer SiNWs
clearly offer better light trapping effect, which matches
well with the results in the literature [38]. Figure 2(b)
further presents the reflectance spectra of the four series
and the pure-pyramid-textured sample. Obviously, the
reflectance is greatly suppressed through the entire spectra
compared with that of the pyramid-textured surface, and
the anti-reflection performance is even better for longer
SiNWs. Actually, the reflectance in short wavelength range
300–600 nm shows much more significant improvement
than that in long wavelength 900–1100 nm, which can be
attributed to the fact that the sizes of the SiNWs are com-
parable with the short wavelengths [25].

Next, we turn to illustrate the anti-reflection effect
of the Al2O3-coated Si N/M-Strus through the reflectance
spectra of series D with different ALD cycles as
shown in Figure 2(c). The solar averaged reflectance Rave

of D-0, D-250, D-400, and D-500 are calculated as
6.49%, 2.63%, 1.74%, and 1.94%, respectively, presenting
that D-400 owns the best anti-reflection performance. It
should be noted that for the long wavelength (>600 nm),
the reflectance of D-250, D-400, and D-500 are greatly
reduced compared with the D-0. This is very important
because the excellent anti-reflection behavior of the
ALD-Al2O3 thin film can complement the drawback of
the naked SiNWs in the long wavelength range. As a
result, combining the SiNWs with the ALD-Al2O3 thin
film may be a promising design to realize excellent light
trapping because of the anti-reflection effect both for short
and long wavelength region.
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We further apply the best 400 ALD cycles as
discussed earlier to all four series (i.e., A-400, B-400,
C-400, and D-400) and present the reflectance spectra in
Figure 2(d). We can find that all series exhibit a substan-
tial decline of the reflectance compared with the SiNWs
without coating (Figure 2(b)), and the descending trend
with the increment of SiNWs lengths is very similar as
well. Among the four series, the D-400 possesses an
ultralow solar averaged reflectance of 1.38% in the most
important wavelength region 300–900 nm where c-Si
solar cells work effectively, which is mainly distributed
to the ultralow solar averaged reflectance of 1.64% in
the short wavelength range 300–450 nm and 0.85% in
long wavelength range 800–900 nm. It is worth noting,
comparing with the poor short-wavelength anti-reflection
of traditional c-Si solar cells, the D-400 has reduced
the absolute solar averaged reflectance by 7.86% in
the wavelength range 300–450 nm, which addresses great
potential for advanced photovoltaic devices. Finally,
we also give out in Figure 2(e) the photograph of black
D-400 and the pyramid-textured wafer for comparison
(with a large-scale 125 × 125mm2).

4. FIELD EFFECT PASSIVATION
AND APPLICATION

Although the ALD-Al2O3-coated Si N/M-Strus manifest an
excellent optical performance, a low surface recombination

is also necessarily required to achieve outstanding electrical
properties [19–24] for high-efficiency Si N/M-Strus-based
photovoltaic or photoelectric devices. Consequently, we
study the passivation effect of the ALD-Al2O3, which
indicates the ability to suppress the surface recombination
and can be characterized by the minority carrier lifetime.
Generally, the effective minority carrier lifetime τeff can be
expressed as

1
τeff
¼ 1

τbulk
þ SFeff þ SBeff

d
(2)

where τbulk is the bulk Shockley–Read–Hall lifetime,SFeff and
SBeff denote the effective SRV at the front and back surfaces,
respectively, and d is the wafer thickness (in our case,
d=180μm). To investigate the effect of the high surface area
on theSFeff of Si nanostructure, an expression for the measured
τeff is proposed [26] as

1
τeff
¼ 1

τbulk
þ AF

A
�SFloc�

1
d
þ SBeff

d
(3)

where SFloc� AF=A
� �

=SFloc�α=SFeff. Here, SFloc denotes the local
effective SRV at and very near the actual front surface of
Si nanostructure, and α=AF/A is the surface area enhance-
ment factor with AF being the N/M-Strus front surface area
including both the total lateral area of SiNWs and the pure-
pyramid-textured surface area A. By using the length,

Figure 2. (a) SiNWs length (right) and the solar averaged reflectance Rave (left) of naked Si N/M-Strus with respect to etching time. (b)
Reflectance spectra of series A (olive), B (magenta), C (blue), D (red), and pyramid-textured sample (black). (c) Reflectance spectra
of D-0 (olive), D-250 (blue), D-400 (red), and D-500 (violet). (d) Reflectance spectra of A-400 (magenta), B-400 (olive), C-400 (blue),

and D-400 (red). (e) Photograph of D-400 and pyramid-textured wafer.
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diameter, and the areal density of SiNWs obtained from the
SEM images, α of series A, B, C, and D can be evaluated
as 2.25, 4.31, 5.86, and 7.17, respectively. Figure 3(a) shows
that α keeps approximately proportional to the SiNWs length
(right) and the unpassivated Si N/M-Strus with the larger α
has the lower τave (the average value of τeff in mapping area,
left), suggesting a more serious surface recombination,
which matches well with our previous work [24].

Figure 3(b) demonstrates a systematic study on the τave
of all series with different ALD cycles, under the case of
one-side passivation. We can clearly find that the τave
of all passivated series greatly increase by at least one
order of magnitude compared with the corresponding
unpassivated counterparts (0 ALD cycles). Besides, the
τave shows a fluctuating trend with increasing ALD cycles
and reaches the best τave at 400 ALD cycles for all four
series, among which the D-400 has the highest value of
33.23μs. When the ALD cycles become 700, the τave of
all series is observed to substantially reduce because
of the blistering effect in an excess thick ALD-Al2O3

layer [39]. Moreover, it is of great significance that the τave
exhibits a notable increment with the increase of α
(corresponding to the increasing SiNWs length less than
1200 nm) for the fixed ALD cycles 100, 250, or 400
(framed by the dashed-line ellipse), which is a very novel
electrical characteristic and acts totally contrary to the
regular SiNWs [25,26]. This unique new finding indicates
that the longer SiNWs (less than 1200 nm) can support

lower surface recombination, opening a new way to simul-
taneously realize both the minimal optical and electrical
losses [22–26].

In order to quantify the low surface recombination
brought by the novel electrical characteristic, we also
explore the minority carrier lifetimes of the both-side
passivated series (SFeff ¼ SBeff ) in Figure 3(c) with the same
400 ALD cycles. The τave of the both-side passivated series
arises along with the increase of α, which is consistent
with the one-side passivated case shown in Figure 3(b).
The D-400 yields the highest τave of 55.90μs, whereas
the τmax (the maximum value of τeff in mapping area) of
the D-400 even reaches up to 85.94μs. According to
Equation (3), the SRVs corresponding to the τmax of the
both-side passivated series are calculated to be 236.63,
118.43, 81.35, and 44.72 cm/s, respectively, as shown in
Figure 3(d) (τbulk = 150.0μs for our low-quality solar grade
p-type Cz-Si wafer with thickness ~180μm). We can see
that the SRVs of these series decline with the increase of
α, while the D-400 achieves the best SRV of 44.72 cm/s,
which is extremely low benefiting from the largest τeff
under longest SiNWs. With the help of the Corona
charge–voltage property (from Semilab PV-2000), we
obtain the flat band voltage of 2.153V for the optimal
ALD-Al2O3-passivated Si N/M-Strus (D-400). According
to the relationship between the fixed charge density and
the flat band voltage in the oxide/semiconductor
structure [40], the fixed charge density in the combined

Figure 3. (a) SiNWs length (red) and τave (olive) of unpassivated N/M-Strus with respect to surface area enhancement factor α. (b) The
effect of different ALD cycles on the average τeff for series A (olive), B (red), C (green), and D (blue). (c) Column diagram of τmax (green)
and τave (red) with respect to α (all series with the same 400 ALD cycles). (d) The SRV (corresponding to τmax) with respect to α (four

series with the same 400 ALD cycles).
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structure can be calculated to be �3.09 × 1012 cm�2, which
indicates a strong field effect passivation and is fully con-
sistent with the references [35,41].

In order to provide an insight into the relationship
between the field effect passivation and the novel
characteristic (the longer and thinner SiNWs possess the
lower SRV), we have further studied the influence of the
morphologic variation of the Si N/M-Strus on the field
effect passivation. Figure 4(a) reveals that the surface
morphology of the Si N/M-Strus varies with the etching
time. The corresponding cross-sectional schematic draw-
ings (series A, B, C, and D) are shown below to better under-
stand this evolution. We can see that with the increase of
etching time the SiNWs will be longer and thinner, while
the pure-pyramid-textured surfaces (framed by dashed-line

triangles) become smaller. As is discussed earlier, the
ALD-Al2O3 field effect passivation is determined by the
fixed charges that repel the minority carriers away from
the surface; thus, the level of the field effect passivation
can be described by the minority carrier density (MCD)
in the neighborhood of the surface. Figure 4(b) presents
the influence of SiNWs diameter on the distribution of
MCD simulated by PC1D software, which usually simu-
lates the semiconductor devices by solving the quasi-one-
dimensional transport equations of electrons and holes.
Note that the SiNW is equivalently simulated by setting
the layer as thick as the diameter of SiNW, and the
constant fixed charge density is set as �3.09 × 1012 cm�2
for the four series with 400 ALD cycles. We see that the
Gaussian distribution of MCDs in Al2O3-passivated

Figure 4. (a) SEM images and the corresponding schematics with increasing etching time 100 (series A), 250 (series B), 400 (series C),
and 600s (series D), together with the pure-pyramid-textured surface framed by dashed-line triangles. (b) Distribution of the MCD with
respect to the radial distance obtained by PC1D software (the fixed charge density �3.09×1012cm�2, the doping concentration of bulk
Si ~1×1016cm�3). X axis “radial distance” denotes the distance from one point on SiNWs surface to another point in SiNWs along with
the radial direction (see inset). (c) Schematic of the Si N/M-Strus-based solar cell. (d) Column diagram of η for the four series Si N/M-Strus-

based solar cells and the pure-pyramid-textured counterpart by PC1D software (see the detailed parameters in Table I).
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SiNWs with the diameter 100 nm (length ~180 nm), 76 nm
(length ~550 nm), 66 nm (length ~870 nm), and 50 nm
(length ~1200 nm) reaches the peak values of 2.6 × 103,
1.6 × 103, 1.2 × 103, and 0.7 × 103 cm�3 at the SiNWs
center, respectively. Clearly, the peak values of MCDs
rapidly decline with the decrease of SiNWs diameter
(corresponding to the increase of SiNWs length), and all
these peak values are far less than the uniform distribution
of 1.04 × 104 cm�3 (the doping concentration of bulk Si
~1 × 1016 cm�3) in the unpassivated SiNWs. The lower
MCD indicates that the thinner SiNWs (corresponding to
longer SiNWs) with the constant fixed charges can more
effectively prevent the minority carriers from bulk Si
moving into the SiNWs, that is, a better field effect passiv-
ation for the longer and thinner SiNWs. Moreover, the
pure-pyramid-textured surface area also decreases with
increasing etching time, and thus its surface recombination
lowers. As a result, the D-400 with the longest SiNWs
demonstrates the lowest SRV, because of the strongest
field effect passivation for the thinnest SiNWs and the
smallest pure-pyramid-textured surface recombination.

The novel characteristic of this composite structure
provides a feasible solution to simultaneously achieve both
the minimum optical and electrical losses, revealing great
potential applications to the high-performance solar cells,
photoelectric detectors, or other photoelectric devices.
Here, we design a Si N/M-Strus-based solar cell consisting
of the n-type base region, the p-type emitter, and a confor-
mal Al2O3 dielectric layer (Figure 4(c)). The upper
enlarged view shows the construction of Al2O3-passivated
p–n junction, especially the p-type emitter consisting of
the whole SiNWs and the thin layer of pyramid facets.
Figure 4(d) presents the output performance of the designed
solar cell simulated by the PC1D software. Although the
Si N/M-Strus-based solar cell cannot be constructed from
PC1D software, we obtain the cell performance by equiva-
lently simulating planar solar cells with the reflectance and
the SRV extracted from the Al2O3-passivated Si N/M-Strus.
Also, the detailed input parameters are obtained from actual
data of the production line (Table I), which further guaran-
tees the reliability and accuracy of the simulation. It is clear
that the η of the Si N/M-Strus-based solar cell manifests a
considerable increment with the increasing SiNWs, and the
D-400 solar cell possesses the highest η of 21.04% that has

increased by an absolute value of 1.95% more than that of
the traditional pyramid-textured counterpart. Particularly,
the D-400 solar cell yields an ultrahigh short-circuit current
density of 40.09mA/cm2 (short-circuit current 6.26A in
125× 125mm2), an open-circuit voltage of 0.659V, and a fill
factor of 0.796.

5. CONCLUSIONS

In conclusion, the ALD-Al2O3-passivated Si N/M-Strus
formed on large-scale Si wafer by the two-step MACE
method and ALD-Al2O3 treatment have been shown to
simultaneously realize the best optical anti-reflection and
electrical passivation for SiNWs-based solar cells. We find
that not only the optical reflection can be suppressed to
extremely low levels (the solar averaged reflectance of
1.38%) because of the complementary contribution of Si
N/M-Strus at short wavelength and ALD-Al2O3 at long
wavelength but also the electrical recombination can
remain at a very low level (the SRV of 44.72 cm/s)
because the longer and thinner SiNWs present lower
surface recombination. This unique abnormal decrease
of surface recombination with the increasing SiNWs
length can be attributed to the stronger field effect passiv-
ation for the longer and thinner SiNWs and the reduced
pure-pyramid-textured surface recombination and can
play a crucial role to achieve the excellent electrical
properties in addition to the ultralow reflection in SiNWs.
Furthermore, we have simulated the Al2O3-passivated Si
N/M-Strus-based solar cell and obtain the high conver-
sion efficiency of 21.04%. This work breaks the limits
of the trade-off between optical and electrical losses in
the SiNWs and opens a potential approach to realize
high-efficiency SiNWs-based solar cells.
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Table I. The detailed input parameters and simulation results for the Si N/M-Strus-based solar cells with the area of 125×125mm2,
together with the pyramid-textured solar cell as reference.

Voc (V) Isc (A) FF (%) η (%) Rave (%) SRV (cm/s) τave (μs)

Textured 0.650 5.912 77.61 19.09 12.71 4417.60 2.010
A-400 0.653 6.101 78.72 20.07 2.64 630.77 13.029
B-400 0.655 6.150 78.90 20.34 2.52 406.93 19.275
C-400 0.658 6.238 79.45 20.87 2.12 153.48 42.195
D-400 0.659 6.264 79.64 21.04 1.74 101.02 55.895

Rave, SRV and τave are extracted from experiments, and the other relevant input parameters for all series are the same and from actual data of the

production line: the sheet resistance of the emitter is about 80Ω/sq; the doping concentration of n-type base region and p-type emitter are 1.07× 10
16

and 2.79×10
20

cm
�3

, respectively; τbulk,n and τbulk,p are 1000 and 150μs, respectively; the series resistance is 1.5×10
�3

Ω; and the fixed charge density

is �3.09×10
12

cm
�2
.
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Abstract
Silicon nanowires (SiNWs) have long been considered a promising material due to their
extraordinary electrical and optical properties. As a simple, highly efficient fabrication method
for SiNWs, metal-assisted chemical etching (MACE) has been intensively studied over recent
years. However, effective control by modulation of simple parameters is still a challenging
topic and some key questions still remain in the mechanistic processes. In this work, a novel
method to manipulate SiNWs with a light-modulated MACE process has been systematically
investigated. Conic structures consisting of inclined and clustered SiNWs can be generated
and effectively modified by the incident light while new patterns such as ‘bamboo shoot’
arrays can also be formed under certain conditions. More importantly, detailed study has
revealed a new top-down ‘diverting etching’ model of the conic structures in this process,
different from the previously proposed ‘bending’ model. As a consequence of this mechanism,
preferential lateral mass transport of silver particles occurs. Evidence suggests a relationship
of this phenomenon to the inhomogeneous distribution of the light-induced electron–hole pairs
beneath the etching front. Study on the morphological change and related mechanism will
hopefully open new routes to understand and modulate the formation of SiNWs and other
nanostructures.

Keywords: light-modulated, inclined and clustered silicon nanowires, metal-assisted chemical
etching, formation process
S Online supplementary data available from stacks.iop.org/Nano/25/025602/mmedia

(Some figures may appear in colour only in the online journal)

1. Introduction

Nanostructures in silicon material have attracted intensive
research due to their academic and industrial importance.
Silicon nanowires (SiNWs), due to their natural semiconduct-
ing properties along with special nanoscale opto-electronic
effects, have become a promising material for application in
many areas, such as photovoltaics [1, 2], electronics [3, 4],
biology [5] and photocatalysis [6]. Various physical and
chemical methods have been investigated to fabricate SiNWs

during the recent decades, including vapor–liquid–solid
(VLS) growth, the supercritical fluid-phase approach, reactive
ion etching (RIE), metal-assisted chemical etching (MACE),
etc [7–11]. Amongst these, MACE has become one of the
most economical and convenient methods due to its feasi-
bility with low equipment requirement and adaptability for
industrial fabrication [12–14]. Compared with other routes,
for instance the commonly used VLS growth, the MACE
method has a higher production rate but poorer controllability.
Understanding and modulation of the formation process

10957-4484/14/025602+11$33.00 c© 2014 IOP Publishing Ltd Printed in the UK
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in this method have remained challenging topics for the
desired architecture modification, which is important for the
fabrication of new devices based on the SiNWs.

To date, ordered SiNWs by the MACE method are
normally realized with the involvement of templates [15–18],
and various slant directions have been obtained by taking
advantage of crystalline orientation [19, 20] or by modifying
the metal catalysts used [21]. Besides, the reactant ratios,
surface tension force and temperature have also been tuned in
order to further adjust the nanowire dimensions or to create
new structures such as inclined wires [22–24], hooked and
ground-collapsed shapes [25], curved forms with controlled
turning angles [26] and nanopillars with nanoporous
shells [27]. The control of MACE is normally investigated
with variation of the chemical factors of the system, which
is simple and direct, but its efficiency is often limited by
the interactions between different coexisting factors (etching
rate, etching direction, etc) in the reaction–diffusion process
[13, 28, 29]. Moreover, in previous research on morphology
control and mechanism, ordered nanostructure modification
has often relied on existing structures with similar symmetries
(patterned microstructure, anisotropic properties of crystal
orientation, etc). Therefore, in general, the routes to control
this method have often been complex, expensive and required
strong support from templates. Besides, many questions
also remain concerning the complicated mechanisms in the
morphological and structural change in efforts to control
MACE [8, 26, 27, 30]. Notably, the involvement of photons
can be quite an effective way to influence the MACE
process, since Si is a semiconducting material with a narrow
bandgap, and has exhibited a noticeable function in the
photocatalysis, as also revealed by Osgood et al [31] regarding
the photon effect on accelerating the etching rate of compound
semiconductors, with the same effect recently reported on
both N- and P-type silicon by Huang et al [8]. Nevertheless,
its character in the morphological evolution is still seldom
known, although it can be a very important key to morphology
control and mechanistic research.

Herein, we report a controllable light-modulated MACE
method to fabricate inclined and clustered SiNWs for the
first time. Systematic investigations have revealed that the
inclination angle, growth rate and cluster shape of the SiNWs
can be significantly influenced by the light parameters and
doping level. New structures such as a ‘bamboo shoot’ like
pattern could also be established with simple adjustment
of parameters. More importantly, we have found through
detailed in situ investigation that the formation of inclination
and clustering in this process is likely not through the
normally considered ‘bending’ model [25], but rather due to a
preferential lateral movement of reaction fronts (accompanied
by subsequent motion of silver particles) at the bottom of
the Si wires (here ‘lateral’ refers to the direction parallel
to the surface of the substrate while conventional ‘vertical’
etching is perpendicular to the surface). Evidently, significant
mass transport of the Ag results and can be detected by
energy-dispersive x-ray spectroscopy (EDX) measurement on
the surface of the Si substrate. We have proposed a possible
explanation for the origin of this phenomenon, namely that

it might have been induced by the anisotropic distribution of
the light-induced electron–hole pairs at the Si surface due to
an inhomogeneous initial light distribution, which was later
influenced by the morphological evolution of the SiNWs. This
can also well explain the effect of the light parameters and
doping level on the modification of the SiNW arrays. Based
on this model, more structural manipulation can be expected
if further modification of the light is applied, and a similar
mechanism exists in other nanostructure formation in SiNWs
or other materials.

2. Experimental section

In this work, the silicon samples were intrinsic (ρ >
5000� cm) and phosphorous doped N-type (with resistivities
of 1–10, 0.1 and 0.01 � cm) with crystal orientation of
(001) and size of 1 cm × 1 cm. These substrates were
washed by sonication in acetone and ethanol for 30 min each.
Then they were immersed in an aqueous solution of 0.04 M
silver nitrate (AgNO3) and 3.7 M hydrofluoric acid (HF) for
20 s to deposit silver nanoparticles (AgNPs) onto the surface
at room temperature (T = 20 ◦C). Subsequently, the silicon
pieces were washed with deionized water (DI water) and
immediately immersed in the etching solution composed of
4.6 M HF and 0.6 M hydrogen peroxide (H2O2) for 15 min.

The illumination was introduced during the etching
process, mostly provided by the applied light source from a
semiconductor laser device with power ranging from 10 to
85 mW and wavelengths of 405, 532, 650 and 980 nm. The
laser beam passed through a series of beam expanding lenses
and was expanded to 0.5 cm in diameter (spot size about
0.785 cm2). Other applied illumination devices were light
bulbs and an AM 1.5 light source from a solar simulator (Oriel
Sol 2 A). When the etching was over, the samples were dipped
into diluted nitric acid (HNO3, 1:1 v/v) to remove residual Ag
nanoparticles and then rinsed with DI water. The morphology
of the as-fabricated SiNWs was characterized by a scanning
electron microscope (SEM, FEI SIRION 200). The chemical
analysis was carried out by EDX in the same machine under
15 kV. The illumination power of the laser was measured by a
200–1100 nm Thorlabs optical power meter.

3. Results and discussion

3.1. Patterns with/without illumination

Prior to the introduction of light, vertically aligned SiNWs
were grown using the MACE method. As shown in figure 1(a),
the nanowires have characteristic lengths of about 4.8 µm and
widths of about 60–100 nm. After the introduction of light into
the MACE system, significant morphological change resulted,
in the form of spatial inhomogeneity (such as clustering
and etching) and morphological deformation (inclination and
curvature) in the nanowire arrays (figures 1(b)–(f)).

Specifically, the inclination and clustering of SiNWs is
an iconic phenomenon with the injection of light. It could
take place when a heavily doped Si wafer was illuminated
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Figure 1. SEM images (side view) of various morphologies
obtained under different illumination conditions. The insets are top
views. (a) Intrinsic SiNWs fabricated under dark conditions.
(b) SiNWs (substrate resistivity 0.01 � cm) fabricated under
illumination with a 20 W bulb. (c) SiNWs (substrate resistivity
0.01 � cm) fabricated under illumination with a 250 W bulb.
(d) SiNWs (substrate resistivity 0.01 � cm) fabricated under
illumination with a 10 mW illumination power laser. The
wavelength is 650 nm. (e) SiNWs (substrate resistivity 0.01 � cm)
fabricated under illumination with a 45 mW illumination power
laser. The wavelength is 650 nm. (f) Intrinsic SiNWs fabricated
under AM 1.5 illumination.

by a 20 W bulb (figure 1(b)). Moreover, this phenomenon
could also appear with a certain curvature of the SiNWs if
a higher power (250 W) bulb was applied, and the density of
the clustering became lower (figure 1(c)). This phenomenon
became more apparent when the light source was changed to
a 10 mW laser with a wavelength of 650 nm (figure 1(d)). The
density of the clustering became even lower if a stronger laser
(45 mW, 650 nm) was applied. Meanwhile, some ‘melt-down’
like phenomena emerged on top of the clustered SiNWs, as
shown in figure 1(e). However, under some special cases
(e.g., AM 1.5 illumination), the clustering can disappear
and a particular ‘bamboo shoot’ pattern can form, in which
thick (200–300 nm) columns with varying lengths develop
instead of thin (60–100 nm) SiNWs (figure 1(f)). For a
certain chemical condition, these different formations were in
general determined by the wavelength and power density of
the incident light, as well as the doping condition of the Si
substrate. We will demonstrate the systematic tunable nature
of these factors in the following sections.

3.2. Effect of illumination power

3.2.1. Substrate resistivity: 1–10 � cm, wavelength: 650 nm.
The first investigation was on the behavior of SiNW formation
under varying illumination power. For identical initial

conditions, the experiment was performed on a lightly doped
(1–10 � cm) N–Si substrate and the laser wavelength was
fixed at 650 nm (red), which is a common component in the
natural light spectrum. Generally, significant morphological
change took place in the as-grown SiNWs under illumination
compared to those without illumination, as demonstrated by
the SEM images in figure 2. The SiNWs have changed from an
almost vertical ordered array (figures 2(a) and (b)) to inclined
and clustered nanowire bunches (figures 2(c)–(h)). On one
hand, the deflection angle (whose definition can be seen in the
supporting information, figure S2 available at stacks.iop.org/
Nano/25/025602/mmedia) on top of the clustered nanowires
became gradually larger, as shown in figures 2(a)–(f). On the
other hand, the clustering density (its definition can also be
found in the supporting information, figure S3 available at
stacks.iop.org/Nano/25/025602/mmedia) became lower with
increasing illumination power.

Furthermore, to describe this morphological behavior in
a more quantitative way, we have measured two values at
each illumination power point (0, 10, 20, 35, 45, 70 and
85 mW). As shown in figures 2(i) and (j), the deflection angle
increased drastically when the illumination power increased
from 0 to 10 mW and then this increase slowed down
for illumination power higher than 10 mW. Finally, when
the power reached 85 mW, the deflection angle tended to
reach a certain saturation value. In contrast, the clustering
density showed an initially drastic decrease versus increasing
illumination power (less than 45 mW) and then this decrease
gradually slowed down. Moreover, the tendency to form a
‘melt-down’ type surface on top of the clustering can also be
observed as the incident power is increased, although not as
strong as the case shown in figure 1(e). Finally, the growth rate
of the SiNWs increases with increasing illumination power.
As shown in figure 2(i), the length of the SiNWs increased
from 4.04 to 5.84 µm when the power of the light increased
from 10 to 85 mW.

3.3. Effect of photon energy

3.3.1. Substrate resistivity: 1–10 � cm, illumination power:
20 mW. The previous experiment has shown a significant
influence of the light power (or photon number) on the
morphology of the SiNWs. This is then followed by the
question whether the photon energy has a significant influence
on the SiNW formation as well. For identical conditions,
lasers with various wavelengths were applied to illuminate the
reacting Si substrate with a fixed spot area (0.785 cm2) and
a typical power of 20 mW. Four wavelengths were chosen:
980 nm (infrared), 650 nm (red), 532 nm (green) and 405 nm
(violet). As shown in figure 3, varying the light wavelength (or
photon energy) also has a significant influence on the SiNW
formation. When the incident light was infrared (980 nm,
figures 3(a) and (b)), the as-formed SiNWs were only slightly
inclined and the clustering shape was not significant, similarly
to the situation without any illumination. When the photon
energy was higher (650 nm), the inclination of the SiNWs
and the clustering became stronger, together with a certain
curvature of the SiNWs (figures 3(c) and (d)). This trend
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Figure 2. Influence of illumination power on the formation of
SiNWs. (a)–(h) SEM images (side view and top view) of SiNWs
obtained under different illumination powers. (a), (b) No
illumination. (c), (d) 10 mW illumination power. (e), (f) 35 mW
illumination power. (g), (h) 85 mW illumination power. (i) Tangent
value of the deflection angle and length of SiNWs versus
illumination power. (j) Clustering density versus illumination power.

became even greater when green light (532 nm) was incident,
as shown in figures 3(e) and (f). In the meantime, the
clustering density decreased from 0.44 to 0.19 µm−2 when
the light wavelength changed from 980 to 532 nm.

Nevertheless, drastic change took place when the surface
was illuminated by violet light (405 nm). Under this condition
the SiNWs appeared as short and sharp columns with
reasonably different lengths, similar to the ‘bamboo shoot’
pattern obtained under AM 1.5 illumination but with smaller
column size. Finally, we have to consider the fact that
in this experiment an increase of the photon energy was

Figure 3. Influence of photon energy on the formation of SiNWs.
(a)–(h) SEM images (side view and top view) of SiNWs obtained
under different wavelengths. (a), (b) 980 nm. (c), (d) 650 nm. (e), (f)
532 nm. (g), (h) 405 nm. (i) Length, tangent value of the deflection
angle and clustering density of SiNWs under illumination with
different wavelengths, where non-dimensional relative units are
used for these values for easy comparison.

accompanied by a decrease of the photon number when we
kept the total light power fixed. If we consider the similar
morphological change with increasing photon number in the
previous experiment, we can draw a first conclusion that
increase of the photon energy has at least as strong an
effect as that of the photon number on the SiNWs. With
increasing photon energy, inclination and clustering appeared
and became stronger. However, as also shown in figure 3(i),
the length of the SiNWs decreased with increasing photon
energy, which is contradictory to the result with increasing
photon number. This contradiction might be due to reduced
photon number or enhanced etching on the top position of the
SiNWs with high-energy photons.

3.4. Influence of doping level

3.4.1. Wavelength: 650 nm, illumination power: 20 mW.
Apparently, the wavelength and power of the incident light
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can both significantly influence the formation of SiNWs.
Moreover, the results presented in figure 1 have also shown
variation of the SiNWs under different doping levels of
the Si substrate, which indicates the involvement of the
electronic properties of the silicon material. Therefore, it is
also necessary to study the influence of the doping level
and this can hopefully further aid in our understanding of
the mechanism of the structure formation under illumination.
According to the previous investigations, light with λ =

650 nm and a power of 20 mW was chosen as the constant
condition. As shown in figure 4, inclination and clustering
of the SiNWs took place for all doping levels of the Si
substrate with illumination, while detailed differences still
existed among the cases. When the substrate was intrinsic,
the Si wires were quite distinguishable and ordered. As the
doping level increased, the top of the clustering became
smoother, and the nanowires became ambiguous, until an
almost ‘melt-down’ like pattern appeared for the heaviest
doping (0.01 � cm). Meanwhile, the reaction fronts at the
bottom of the SiNWs became more and more irregular. For
the heaviest doping at 0.01 � cm, the reaction fronts had
an appearance similar to the ‘viscous fingering’ shape [32]
and went deeper through the substrate than the average depth
of the nanowire bottoms, which implies strong dissolving at
the reaction fronts. Furthermore, as the doping level increased
from intrinsic to 0.01 � cm, the clustering density in general
decreased from 0.34 to 0.14 µm−2, similarly to the trend as
the wavelength of the incident light decreased. Finally, the
growth rate of the SiNWs was not significantly changed for
different doping levels.

In terms of all the above results, it is clear that change
of the incident light can induce significant modification on the
formation of the SiNW arrays. Therefore, variation of the light
parameters apparently offers an effective means for the control
of MACE. Several key points can be herein addressed. First,
for a fixed light wavelength, the inclination and clustering
were both enhanced with increasing illumination power, i.e.,
increasing photon number. Meanwhile, a similar tendency
also appeared with increasing photon energy. Considering
that the photon number decreased with photon energy at
fixed power, the influence of higher photon energy on the
morphology of SiNWs for fixed photon number will be even
greater. Second, the net growth rate of SiNWs significantly
increased with increasing illumination power, while it showed
contradictory tendencies for SiNWs etched under varying
wavelength at fixed illumination power. This implies that the
photon number and energy might have influenced different
steps in the process. Noticeably, the inclination of SiNWs
by illumination was normally accompanied by a certain
curvature. Moreover, the ‘melt-down’ phenomenon (which
means a smoothed top surface of the clustering) occurred if
the illumination power was quite intense. Finally, excessive
illumination can deteriorate the inclination and clustering of
SiNWs and form a ‘bamboo shoot’ like pattern. To understand
the insight from these phenomena, more investigations would
be necessary prior to the modeling of this process.

Figure 4. SEM images (side view) of SiNWs obtained with
different doping levels. (a) Intrinsic substrate. (b) N-type substrate
with resistivity of 1–10 � cm. (c) N-type substrate with resistivity
of 0.1 � cm. (d) N-type substrate with resistivity of 0.01 � cm.
(e) Length, tangent value of the deflection angle and clustering
density of SiNWs for four doping levels, where for the length and
clustering density, non-dimensional relative units are used for easy
comparison.

3.5. Influence of other factors and study of the microporosity
change

In experiments with the involvement of a laser, a significant
parameter is the effect of the light-induced heat, which
might influence the chemical reactions during the etching
process [33]. Two experiments were carried out with respect
to this: (1) the local heat effect induced by the laser spot;
(2) the influence of temperature rise on the reaction in this
experiment. For the first experiment, a K-type thermocouple
was made in contact with the Si surface beside the illuminated
area, and no significant temperature rise was detected
within the experimental precision (1 ◦C) under different
illumination powers and different wavelengths (described
in sections 3.2 and 3.3). Secondly, a SiNW fabrication
process without illumination was carried out under a series
of different temperatures (19, 25, 35, 45 ◦C). However, no
significant size and morphology change emerged with these
various temperatures (details can be found in the supporting
information, figure S5 available at stacks.iop.org/Nano/25/
025602/mmedia). Therefore, the heat effect due to the laser
beam can be ruled out in this experiment.

Moreover, for various nanopillar structures, the capillary
force is often an important factor which induces significant
morphological changes [19, 34]. For instance, the work of
Berggren’s group has shown techniques to produce clustered
SiNWs by capillary forces [24]. To study its involvement
in the inclination and clustering phenomena here, we have
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Figure 5. SEM images (top view and side view) of SiNWs (N100
1–10 � cm) after immersion in aqua regia solution (1 min) followed
by HF solution. (a), (b) SiNWs fabricated without illumination.
(c), (d) SiNWs fabricated under 650 nm, 20 mW laser illumination.

carried out supercritical CO2 drying experiments which
eliminate possible capillary force by avoiding meniscus
formation. However, the inclination and clustering still
survived even after the application of the supercritical CO2
(see the supporting information, figure S6 available at stacks.
iop.org/Nano/25/025602/mmedia). Therefore, it seems that
the capillary force is not a dominant factor in the formation
of inclination and clustering of SiNWs.

Also, as porosity is an important parameter for both
understanding the reaction process and various applications,
it is worthwhile to obtain preliminary results on the effect
of illumination on the porosity of SiNWs. The nanoporosity
of the samples was studied by an oxidation/HF attacking
experiment [25]. Samples (with/without inclination and
clustering) were firstly exposed to aqua regia (HCl:HNO3
3:1 v/v) for 1 min, and then soaked in saturated HF
for 1 min. As shown in figure 5, two facts are worth
noting. On one hand, strong etching has taken place on
the sample with inclination and clustering by illumination,
indicating much enhanced porosity compared to the sample
without illumination (which can also be detected by the PL
measurement in the supplementary information, figure S7
available at stacks.iop.org/Nano/25/025602/mmedia). On the
other hand, the etching shown in figures 5(c) and (d) occurred
irregularly at different positions on the SiNWs. Therefore,
illumination during the etching process generally increases
the porosity of the top part of SiNWs, while the influential
depth seems to be inhomogeneous for different SiNWs.

4. Mechanism study

Apparently, the studies on the morphological change of
SiNWs with illumination in section 3.5 have ruled out
any dominant effect of the heat or capillary force, which
suggests other factors and related mechanisms. To understand
and possibly control this phenomenon, further in situ

investigations are then needed on the physical–chemical
processes that underlie it. For a typical MACE reaction, H2O2
and Ag+ cations are reduced at the cathode site (i.e. the Ag
nanoparticles), and Si is oxidized at the anode site (Si/Ag
interface) which would be subsequently dissolved by HF
[35, 36]. Besides, there also exists another reaction route, in
that H2O2 directly oxidizes the Si without the involvement
of Ag at a much slower rate. The main reactions in the
HF–H2O2–H2O system are as follows:

H2O2 + 2H+ + 2e−→ 2H2O (1)

Ag→ Ag+ + e− (2)

Ag+ + e−→ Ag (3)

Si+ 2H2O→ SiO2 + 4H+ + 4e− (4)

SiO2 + 6HF→ H2SiF6 + 2H2O. (5)

Considering this mechanism, SiNWs would result when the
Si substrate is only partly covered by metal particles, which
makes the etching process of Si beneath the particles much
faster than that in the area without them [8].

When light with energy higher than the Si bandgap
(1.12 eV) is incident, it can first excite electron–hole pairs
in the silicon (adjacent to the surface). This means that the
energy of the electrons in the Si becomes higher (excited
from the valence band to the conduction band) and can
be more easily released to the oxidizing species (Ag+ and
H2O2). Furthermore, the photo-generated holes enhance the
dissolution of silicon at the same time [37]. This can then
significantly accelerate the charge transfer from Si to Ag+,
and thus promotes the etching rate at the bottom of the
Si wires. Supposing that the top of the nanowires is not
significantly influenced, the net growth of the nanowires
can therefore be accelerated. It can be naturally speculated
that this process becomes stronger when more photons are
injected, which is also supported by figure 2(i). In the
experiment with varying photon energy, the illumination
power was fixed, so the photon number decreased as the
photon energy increased. Although increase of the photon
energy can probably generate more high-energy electrons,
apparently its influence on the enhancement of nanowire
growth is weaker than increase of photon number (figure 3(i)).

As indicated by the results discussed in section 3,
the most significant phenomenon is the variability of the
inclination and clustering of the SiNWs by incident light and
the preliminary doping level of the sample. Similar inclination
and clustering of SiNWs have been found in pure chemical
systems under different solution ratio or different substrate
type conditions [20, 22, 27], whose detailed establishment has
seldom been reported. A certain SiNW bending by a different
technique was studied in a recent paper [25], where it was
assigned to a mechanical deformation due to a drastic porosity
change at a certain height of the SiNWs. To investigate this, a
time evolution experiment is then proposed for SiNWs under
a certain illumination. Suppose the inclination of the SiNWs
in this experiments is a ‘bending’ process [25], then a time
point tc would exist at which the SiNWs began to bend and
before which the SiNWs were still straight. This time point is
measurable through a series of SEM images taken at different
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Figure 6. SEM images (side view) of SiNWs obtained at different
time points: (a) 5 s, (b) 15 s, (c) 30 s, (d) 1 min, (e) 2 min,
(f) 3.5 min, (g) 5 min, (h) 9 min, (i) 11 min, (j) 15 min. (k) Tangent
value of deflection angle versus time.

time stages, as at a certain stage we should see the morphology
of the SiNWs change from vertical to ‘bent’. Secondly, if the
curvature of the SiNWs is due to a ‘bending’ process, then
the SiNWs would appear to be still straight below the bending
point. Samples were fabricated under the same etching and
illumination conditions (650 nm wavelength with 20 mW
illumination power and resistivity of 1–10 � cm) at a set of
etching time points between 0 and 15 min (5 s, 15 s, 30 s,
1 min, 1 min and 30 s, 2 min, 2 min and 30 s, 3 min, 3 min
and 30 s, 4 min, 5 min, 7 min, 9 min, 11 min, 13 min, 15 min).
The morphology and dimension properties were characterized
and are shown in figures 6 and 7.

On one hand, the lateral view in figure 6 indicates that
inclination and clustering of SiNWs have taken place at the

Figure 7. SEM images (top view) of SiNWs obtained at different
time points: (a) 5 s, (b) 15 s, (c) 30 s, (d) 1 min, (e) 2 min (the inset
is a zoomed-in image), (f) 3 min and 30 s (the inset is a zoomed-in
image), (g) 5 min, (h) 9 min, (i) 11 min, (j) 15 min.

very beginning of the etching process. It can be also seen
that no significant time point can be found for a sudden
‘bending’ event throughout the experiment and the inclination
of the SiNWs gradually continued during the whole process.
This strongly indicates that the ‘bending’ model is not
likely to be applicable in this system, i.e., the inclination
under illumination is actually different from a ‘bending’
deformation due to a structural weakness at a certain height
of the nanowires in the middle of the reaction. On the other
hand, as shown by the top view in figure 7, the size of
the nanowire clustering became larger and more nanowires
aggregated in one cluster during the growth process, while
the clustering density continued to decrease (indicated by the
statistical graph in figure 8(a)). Therefore, it can be concluded
that a certain kind of ‘expansion’ process has seemingly taken
place at the bottom of the nanowires if one considers these
facts together with the invariability of the deflection angle
versus time and variation versus the light and doping level.
The slope of this expansion was not dependent on time or
crystallographic anisotropy, but was dependent on the light
and chemical parameters.

As evidence, in figure 6(e), some sort of spacing
expansion has taken place at the marked position. In other
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Figure 8. In situ analysis and schematic illustration of the SiNW clustering process. (a) Clustering density versus etching time. (b) Ag
relative atomic percentage (normalized) evolution with etching time for three regions. Rtotal, RI and RII stand for the concentrations on
average, at the cone center and in the inter-cone area, respectively, as marked in figure 7(h). The inset is an SEM image of SiNWs etched for
15 min with Ag particles. (c) The steps of the morphology change of the SiNWs under illumination: (1) the Ag deposition step before
etching; (2) at the very beginning of the reaction, with illumination; the number of electrons is higher where more light is absorbed;
(3) lateral movement of the etching front and disappearance of certain clustering SiNWs; (4) lateral movement of the etching front, with
mass transport of Ag; the dashed arrow indicates the Ag enrichment.

words, the inclination of the wires in the outer area of the
cones was more likely to be induced by the moving trace of the
reaction front, i.e., the etching fronts under illumination would
no longer move vertically as they do under dark conditions.
From the same aspect, the aggregation or ‘clustering of the
wires’ on top of the conic structures derives from this diverted
etching as well. This can also be seen from the closer top
view in figures 7(e) and (f), in which an inclination with
a certain curvature appeared as a ‘carving’ effect. More
important evidence has come from the measurement of the Ag
distribution during the reaction. As a normal assumption, the
initial distribution and average coverage of Ag are identical
for samples with the same conditions. A certain number of
Ag particles stay at the reaction fronts at the bottom of
the Si wires. If the above proposed process were true, then
due to the motion of the reaction front, a mass transport
of Ag should take place, i.e., the motion of Ag will not
only be vertical, but also lateral along the surface. Therefore,
as the reaction continues, a local enrichment of Ag should
be discovered between the two conic clustering structures,
where reaction fronts moving in opposite directions collide;
meanwhile, due to the same effect, a relative decrease of the
amount of Ag should take place in the central area of each
cone. In this experiment, we have verified this with EDX
measurements and the predicted mass redistribution of Ag

was confirmed. Since the average coverage of Ag decreased
as the reaction continued due to chemical dissolution, the
local Ag concentration was divided by the average value.
For instance, as the experiment was proceeding, the Ag in
region I (clustering center) decreased with the reaction and
that in region II (inter-clustering area) relatively increased
with the reaction (figure 8(b)). For reference, an SEM photo
is presented in the inset of figure 8(b), with the yellow and red
arrows indicating regions I and II, respectively. The detailed
data and calculation can be found in tables S1 and S2 in
the supporting information (available at stacks.iop.org/Nano/
25/025602/mmedia). However, if we consider the ‘bending’
model, this mass redistribution is not likely to take place. For
a similar reason, we can conclude that the reduction of the
clustering density in figure 7 is due to the etching effect on
some clustered silicon nanowires while others survived and
continued to grow. However, the origin of the initial lateral
movement of the outer reaction fronts still remains a question.
A sound explanation could be related to the influence of
photo-generated charge redistribution [38].

Therefore, a more likely picture than the ‘bending’
model can be drawn out in this experiment. Initially, very
short SiNWs were formed with the mechanism proposed at
the beginning of this section. When light illuminated this
surface, electrons were excited from the valence band to the
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Figure 9. (a) Morphology obtained under different illumination conditions: (1) dark conditions, (2) under low illumination power and long
wavelength, (3) under short wavelength, (4) under high illumination power and high doping level. (b)–(e) Hydrophobic and oleophilic
characterization of N100 1–10 � cm SiNWs with HF treatment. (b), (c) Hydrophobic characterization of SiNWs fabricated (b) without
illumination, θH2O = 137.2◦, (c) with illumination (20 mW, 650 nm), θH2O = 92.5◦. (d), (e) Oleophilic characterization of SiNWs
fabricated (d) without illumination, θOil (of silicone oil) = 16.4◦, (e) with illumination (20 mW, 650 nm), θOil = 11.3◦.

conduction band, and thus the driving force for reduction
of Ag+ became larger [37]. As there would normally be
a difference in the incident light in some neighboring
inter-column areas, a density gradient of light-induced
electron–hole pairs was created. Due to this lateral density
gradient at the Si surface, lateral etching could take place
at the reaction front (figure 8(c)) [13]. When this process
continued, an inclined nanowire was formed. Considering a
larger scale, in an area surrounded by several areas with higher
electron density, a cone like structure could be formed. In
the meantime, Ag was transported into the area with more
electrons and became enriched in the area between two cones
(indicated by the dashed arrow in step 4). As also depicted in
step 4, new SiNW could also develop where the expansions
were large enough.

Furthermore, in the area with higher electron densities
and more Ag content, the etching rate was relatively enhanced.
The enhanced etching process reduced the lengths of local
SiNWs and thus reduced their absorption of light energy
[1, 39, 40]. Hence, more electrons were created and this
process was self-promoted. Therefore, as the cone developed,
the column between the cones disappeared, as indicated by
the dashed circle in steps 1–3. When the reaction continued,
the inclination continued and more cones were destroyed.
Therefore, as a general result, we can see the growing size
of the clustering and reduced clustering density. Besides,
under fixed chemical conditions, this lateral effect is strongly
dependent on the photon energy, photon number and doping
level of the substrate [22, 41]. The light-induced potential
becomes larger if these factors are greater, which accelerates
the lateral etching. This can explain the behavior of the
deflection angle and the clustering density that we have
observed previously. As a general result, we can see that
the dimensional parameters of the SiNWs can be effectively
modulated by simple factors (figure 9(a)).

Additionally, if the photon energy of the incident light
is much higher than the Si bandgap so that it can provide
the electrons of the Si with extra energy to have a quick

reaction with the oxidative agent, then the Si can be directly
etched by the solution without contact with the silver particles.
Therefore the etching process will not only occur at the
bottom with the assistance of the Ag but also at the upper part
of the nanowires due to the strong etching at the top [31]; the
conic clustering cannot be formed and only columns can be
left (‘bamboo shoot’ like pattern). This is also one possible
factor that caused the contradictory behavior of the nanowire
growth when varying the photon number and energy. If only
the number of photons is increased and the energy remains
unchanged, then the direct H2O2 etching is weak while the
prominent parts of the nanowire bunches are easier to etch,
which leaves a smoothed or ‘melt-down’ like surface on top
of those clustered nanowires.

5. Potential applications and future work

As discussed above, interesting results have been found
from phenomenological and mechanistic studies on the
photo-induced morphological and structural change during
SiNW formation by light-modulated MACE. Although some
questions still remain, the results suggest their certain
involvement in current and future research in materials
science. Firstly, the morphological change of the nanopillar
type array would naturally suggest its relationship with
the amphiphilic (hydrophilicity as well as oleophilicity)
properties of material surfaces, which are related to
applications such as antifogging, self-cleaning and platforms
for chemical reactions [42–45]. As a preliminary study,
wettability characterization has been carried out in samples
(N100 1–10 � cm) etched without and with illumination
(650 nm, 20 mW). To see the difference more clearly,
these samples were dipped into HF solution to remove
the oxide layer before the characterization; otherwise the
contact angles would all be very close to 0 and be hard to
distinguish. As shown by figure 9, the light-modulated SiNWs
have significantly smaller contact angles for both water and
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silicone oil than the ones without illumination, indicating
an enhancement in amphiphilicity and potential amphiphilic
applications based on a SiNW substrate.

Moreover, the inclination and clustering in the nanowire
arrays have been proved to provide latent enhancement in
molecular sensing and light absorption and to possess special
mechanical properties [46–50]. For example, SiNWs with
orientations other than perpendicular have been reported
to be useful for light capture in electro-optic devices or
bio-molecule docking in biosensors due to their large sidewall
area against normal incidence [47]. Applications can also
be found for mechanical sensors [49], or in electro-optic
devices due to significant enhancement in the electromagnetic
field [46]. Based on the studies of porosity in section 3.5,
more detailed research on the porosity of SiNWs might
be worthwhile for potential applications as biosensors and
light-emitting devices. Finally, the mechanism presented in
this experiment under illumination might also offer new
comprehension of related processes and a novel structural
modification method in MACE. For other noble metals such
as Au and Pt, the etching in light-modulated MACE might
be stronger and weaker than Ag, respectively, due to the
difference in redox potential of these particles (RAu > RAg >

RPt) [8, 33, 51]. Similar mechanisms may also exist in other
etching systems [26, 27, 30], and investigation of the mass
transport of metals could help to explain and resolve the
coalescence of metal nuclei in the Au/Si system and random
movement of Pt particles in the Pt/Si system [8, 33, 51].

6. Conclusion

In this paper, we have demonstrated that it is possible
to realize morphology control in the formation of SiNWs
via modulation of the incident light. Concentric inclination
and clustering of SiNWs can be formed with adjustable
angle and density, respectively, by varying the illumination
power and photon energy. Regarding the origin of those
phenomena, detailed mechanistic studies have ruled out the
‘bending model’, in which the morphological change is
mainly due to mechanical deformation under the chemical
etching effect [25]. Strong evidence from the time evolution
experiments on the SiNWs has proved that the main origin
of the nanowire inclination and clustering is preferential
lateral movement of the reaction fronts at the bottom of the
SiNWs. A sound reason for the non-vertical movement of the
etching front might be the additional electric field from the
inhomogeneous distribution of photo-generated electron–hole
pairs at the Si surface in different areas, which is further
influenced by the morphological change itself. This study has
not only elucidated fundamental aspects of the mechanism of
SiNW formation, but also provided prospective applications
and new routes for modulation in other noble metal etching
systems and similar nanostructure fabrication processes.
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Abstract
We demonstrate improved short-wavelength internal quantum efficiency (IQE) of a-Si/c-Si
heterojunction (HJ) solar cells with a surface nanopillar (NP) array via simulation. The gain in
IQE is attributed to the light-field modulation caused by the cavity resonance inside the NPs,
in which the light energy is effectively localized within the c-Si bulk rather than the a-Si layer.
The average IQE in the short-wavelength range (330–450 nm) is enhanced from 43.94% to
62.88% by the optimal NP array, with a maximum IQE of 80.98% at λ= 400 nm. The
resulting current gain is over 38.25% compared to a planar HJ cell in this wavelength range,
showing a well suppressed recombination-induced current loss. This light-management
scheme may also find applications in other types of cells.

Keywords: carrier extraction, heterojunction solar cell, IQE, nanopillar array, optical
modulation, resonance

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, the application of nanostructures to a solar
cell’s surface has been extensively investigated as part of
the continuous effort to increase the cell’s absorption [1,
2]. However, this only focuses on one specific aspect of
maximizing the cell’s current, since for many cell constructs,
higher optical absorption alone does not guarantee higher
current [3, 4]. A more precise formula would take carrier
recombination into account, and the short-circuit current of
a solar cell is expressed as

Isc = e
∫ λmax

0
[1− R(λ)−T (λ)]× IQE(λ)× N (λ) dλ

where R and T denote the reflectance from and transmit-
tance through the solar cell, IQE (internal quantum efficiency)
denotes the proportion of photogenerated carriers that can
be effectively extracted and N denotes the photon flux per

wavelength. The first two terms on the right of the above
equation also represent the two most common approaches
for solar cell efficiency improvement: (1) improvement of
the optical absorption (A = 1− R − T ) by employing ratio-
nally designed surface structures and (2) improvement of the
electrical transport and carrier extraction (IQE) by optimizing
the properties of the cell’s materials. Nevertheless, these two
methods are both bounded by intrinsic limits. For optical
absorption, the highest possible absorption rate is unity. For
electrical transport, high recombination loss of the carriers
in the a-Si layer is inevitable. These issues seem to have set
an upper limit for solar cell efficiency which it is difficult to
overcome by the traditional use of surface nanostructures.

However, as we will show in this paper, the nanostructures
do have the potential to improve the cell efficiency beyond this
limit. Their ability to modulate the surface light field might be
a key factor in solving the second issue, i.e., the recombination
loss. This is due to the fact that the electrical loss is not only
influenced by the electrical property of the material, but also
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by the local-carrier-generation rate (due to the dependence
of the recombination rate on the density of the local excess
carriers), which can be modified by taking advantage of
the sub-wavelength feature of the nanostructures. In the
following, we will take the amorphous (a-) Si/crystalline (c-)
Si heterojunction (HJ) solar cell (which suffers significantly
from a low IQE (<50%) in the short-wavelength range
(λ∼ 400 nm) due to the severe recombination in the heavily
doped a-Si window layer [4], with a total current loss as high
as 2–4 mA cm−2) as an example and demonstrate this new
optical method to improve the spectral response (IQE) of
the cell. In the simulation, we will show that with carefully
tuned dimensions, a surface nanopillar (NP) array can not
only provide optical anti-reflection (AR) as commonly known,
but also strongly enhance the carrier extraction by shifting
the absorption front towards a c-Si-favoring paradigm. In
the discussion, we will illustrate the gain in both optics
(anti-reflection) and electrics (IQE) in a comparative way and
further reveal the physical link between them, i.e. the cavity
resonance. Finally, we demonstrate an IQE increase of 71%
at certain wavelengths and a current gain of over 38% for the
wavelength range of 330–450 nm, indicating a well suppressed
electrical loss by optical modulation. These results suggest a
new approach to improve the efficiencies of certain types of
cells.

2. Simulation

The schematic drawings of a simulated NP HJ cell and its
structural unit are shown in figures 1(a) and (b), respectively.
The cell consists of (from bottom to top) an 80 nm-thick
ITO rear contact (omitted from the figure for clarity), a
c-Si substrate with an NP pattern on the front surface, a
10 nm-thick a-Si layer deposited onto the c-Si substrate and
an 80 nm-thick ITO front contact coated around the a-Si
layer (omitted from the figure for clarity). We employ the
finite-difference time-domain (FDTD) method to obtain the
light absorption of the cells. The incident light is an infinite
plane wave directed to the minus Z -axis of the structural unit
and periodic boundary conditions are used in the in-plane
directions to simulate the whole cell. A mesh-refinement of
down to 1 nm was used to ensure the credibility of the simulated
optical fields. For electrical simulations, basic semiconductor
equations are solved on a tetragonal mesh with a fine mesh
size of 1 nm, where the photocarrier-generation rate at each
mesh point is determined by the optical profile from the FDTD
simulations (the parasitic absorption of the ITO is considered
by using a complex refractive index of the material while
setting an extraction efficiency of zero in these layers). For
simplicity, interface recombination is not considered and the
ITO contacts are assumed to be ohmic. All simulations are
performed using a commercial software package [5], which has
been proven by numerous works to give a precise simulation
of the device at the expense of a time-consuming process.
We use λ= 400 nm incident light for the simulations while
separately varying the period (P), the diameter (D) and the
height (H ) to reveal the underlying mechanism more clearly.
Then we make the calculation for the whole short-wavelength

Figure 1. (a) Schematic 3D drawing of the NP HJ cells (the front
and rear contacts are omitted). (b) The structural unit of the cells.
The parameters D and H denote the dimensions of the c-Si core and
P denotes the array period.

range (λ∼ 330–450 nm) while keeping P , D and H fixed at
a set of basic values depending on the former simulations. All
optical and electrical parameters used in the simulations are
taken from the literature [6, 7].

3. Results and discussion

3.1. NP arrays with varying period (P)

Firstly, the response of the a-Si/c-Si HJ cells versus vary-
ing NP-array period has been calculated, with fixed NP di-
ameter (D = 150 nm), height (H = 75 nm) and incident
light wavelength (λ= 400 nm). The optical (reflection) and
electrical (IQE, Jsc) results are shown in figures 2(a) and
(b), respectively. (Note that we have chosen IQE rather than
external quantum efficiency (EQE). While EQE represents the
combined influence of the optical and electrical properties,
IQE depends exclusively on the electrical properties of the
cell and thus functions as a more straightforward indicator
of this effect.) For the optics, the NP arrays show excellent
AR properties as compared to planar or textured surfaces [8],
given that P < λ is satisfied, as indicated in figure 2(a). A
common explanation is that the NP layer has an intermediate
effective refractive index which suppresses the reflection and
provides better impedance matching when P <λ [9]. Another
mechanism, which is unique in nano-scale structures, is that the
NPs serve as light-confining nano-cavities, and the substrate
beneath them provides a leaky channel and effectively couples
the light energy into the cell [9].

Then we turn to focus on the carrier-extraction capability
of the cells indicated by IQE in figure 2(b). The IQE of a planar
HJ cell is also shown for comparison. Notably, the IQE curve of
the NP cells exhibits a sharp peak at around P = 315 nm, with
a maximum value of 80.98%. This is over 71% higher than
that of a planar HJ cell (47.32%) and corresponds to a 3-fold
reduction in recombination-induced current loss. In order to
interpret the gain in IQE, we refer to the light distribution
profiles within these cells under λ= 400 nm illumination. As
depicted in figure 3, the electric field intensities are drawn with
logarithmic color scale for a planar cell and three NP cells with
P = 250 nm/315 nm/450 nm, respectively. The dotted white
lines indicate the a-Si/c-Si interfaces. Apparently, the light
energy is mostly concentrated in the surface a-Si layer for the
planar cell. In the meantime, a clear resonant-like pattern is
observed with the maximum point of electro-magnetic energy
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Figure 2. (a) Reflectance, (b) IQE and Jsc (normalized to the planar HJ cell) of the NP cells versus the NP-array period (P). The parameters
D, H and λ are fixed at 150 nm, 75 nm and 400 nm, respectively.

Figure 3. The light distribution profiles within the planar cell and
the NP cells (P = 250 nm, P = 315 nm and P = 450 nm). The
parameters D, H and λ are fixed at 150 nm, 75 nm and 400 nm,
respectively. The dotted white lines indicate the a-Si/c-Si interfaces.

located near the center of the pillars (i.e., the c-Si region) in the
NP cells. Moreover, while all three NP cells display enhanced
field intensity in the c-Si region over the planar one, the light
intensity inside the one with P = 315 nm distinctly exceeds
that for P = 250 nm or P = 450 nm.

The explanation for the light distribution profile within the
planar cell (or any traditionally textured cell with∼10µm fea-
ture size) is that the a-Si material possesses a large extinction-
coefficient in the short-wavelength range, and thus induces
strong parasitic absorption [4]. Since the carrier-generation
rate is proportional to local field intensity, most carriers in
the planar cell are generated in the a-Si layer. Neverthe-
less, the carrier-extraction probability within this layer is
approximately zero, due to the insufficient carrier diffusion
length caused by the defect-rich nature of the doped a-Si
material [4, 10]. This inability to extract the photogenerated
carriers severely deteriorates the Jsc of the planar cell and is
reflected by the low IQE, as shown in figure 2(b), consistent
with experimental observations. However, in the NP cells,
the light distribution profiles are greatly modulated by the
presence of the NP arrays. This is due to the fact that the
NPs act as nano-cavities for light, confining and localizing

light within the c-Si region [9, 11, 12]. The Q factor of this
structure is estimated to be ∼10, which explains the highly
amplified electric field intensity in the NPs [12]. As a result,
the light-absorption and carrier-generation front in the NP
cells is effectively shifted to the c-Si bulk region, where the
carrier-extraction probability is close to unity [4, 10]. This
tremendously improves the Jsc of the NP cells and is reflected
by the significant gain in IQE.

Besides, the stronger field intensity within the P = 315 nm
cell implies that a larger portion of light energy is absorbed by
the c-Si bulk than in the cases of P = 250 nm or P = 450 nm.
This is also evidenced by the strong peak at P = 315 nm in
figure 2(b), while at other positions the IQE curve shows only
moderate enhancement. This phenomenon can be explained by
the excitation of guided resonance modes with suitable lattice
period, in which the coupling of incident light into high-Q
leaky modes of the array leads to strongly amplified field
intensities inside the c-Si core of the NPs [12, 13]. Considering
this together with the behavior of the IQE curve, we conclude
that an array period of 315 nm best intensifies the cavity
resonance and is suitable for later investigations.

3.2. NP arrays with varying diameter (D)

Secondly, the response of the a-Si/c-Si HJ cells versus varying
NP diameter has been calculated, with fixed array period
(P = 315 nm), NP height (H = 75 nm), and incident light
wavelength (λ= 400 nm). The optical and electrical results
are shown in figures 4(a) and (b), respectively. For the optics,
the reflectance of the NP cells first decreases with increasing D,
reaching a minimum at D = 190 nm, and then begins to slightly
increase again, as shown in figure 4(a). The dependence of the
anti-reflection property on pillar diameter is dominated by
two physical factors. First, as mentioned above, an important
mechanism that provides anti-reflection in NP arrays is the
coupling of the resonantly confined light energy into the
substrate. This imposes a strong link between the AR property
and the NP diameter since only a large enough NP diameter
can support guided modes for λ= 400 nm and there exists
an optimal value of pillar diameter that best intensifies the
resonance [12, 13]. Second, the pillar diameter determines the
volume-percentage of the Si material in the NP layer. Thus, it
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Figure 4. (a) Reflectance, (b) IQE and Jsc (normalized to the planar HJ cell) of the NP cells versus NP diameter (D). The parameters P , H
and λ are fixed at 315 nm, 75 nm and 400 nm, respectively.

influences the effective refractive index of the layer and its AR
performance.

When we compare the cell’s optical performance with
its carrier-extraction capability characterized by IQE in fig-
ure 4(b), we find certain similarities between the behaviors of
these two distinct aspects. Generally, the IQE first increases
and then decreases with increasing diameter, a similar trend to
that of the AR performance. However, the IQE curve peaks
at D = 150 nm, slightly different from the optimal value
of D = 190 nm in anti-reflection. As discussed above, the
increasing part of the IQE curve indicates that a growing
proportion of carriers are generated within the c-Si region.
This is a direct consequence of the strengthened excitation
of wave-guiding modes [12, 13] with suitable cavity diameter,
which amplifies the field intensity inside the c-Si core and thus
promotes the carrier-extraction efficiency of the cell. Besides,
this same mechanism also contributes to anti-reflection, which
likely explains their similar dependence on pillar diameter. The
discrepancy in their respective optimal values is attributed to
the second factor that influences the AR performance, i.e. the
effective refractive index. For silicon material (n = 5.57 at λ=
400 nm), an NP array functions as an optimal anti-reflection
coating (n = 2.36) when D = 230 nm. This explains the peak
shifting (D = 190 nm) observed in figure 4(a). Finally, as a
product of optical absorption and electrical extraction, the Jsc
shows its peak position at an intermediate D value of 165 nm.

3.3. NP arrays with varying height (H)

Thirdly, the response of the a-Si/c-Si HJ cells versus varying
NP height has been calculated, with fixed array period (P =
315 nm), NP diameter (D = 150 nm) and incident light
wavelength (λ= 400 nm). The optical and electrical results
are shown in figures 5(a) and (b), respectively. Similarly to
figure 4(a), the reflectance first decreases and then increases
with increasing H . In this case, the behavior of the anti-
reflection property is apparently dominated by the intensity
of the cavity resonance, since the NP height no longer
influences the effective refractive index of the layer. It has
also been reported that excessive NP height weakens the
cavity-resonance effect [14], which could explain the increase
in reflectance for H > 85 nm.

In figure 5(b), substantial improvement in carrier-
extraction efficiency is observed for NP height between 60
and 100 nm, indicating an effective shifting of the absorption
zone with intensified resonance. This range of NP height
also coincides with that in figure 5(a), where the reflectance
is reduced below the texturing limit, further proving that
they have originated from the same physical mechanism. The
minimum in reflectance and the maximum in IQE are found
at very close values of H (75 nm and 82 nm, respectively),
suggesting an optimal cavity length for light resonance. This is
consistent with the conclusions made in previous works [14].
Finally, the Jsc peaks at H = 77 nm under the influence of
both the optical and the electrical factors.

3.4. Spectral responses in the short-wavelength range for
fixed array dimensions

So far we have shown that the carrier-extraction efficiency
of the a-Si/c-Si solar cell can be significantly enhanced by
modulating the surface light field with NP arrays. To fully
assess its capability in reducing current loss, we now calculate
the short-wavelength (λ ∼ 330–450 nm) spectral response
of the NP cell and compare it to that of traditional ones.
In these calculations we have chosen a set of parameters
P = 315 nm/D = 150 nm/H = 75 nm according to the
maxima in IQE (rather than in Jsc), since we want to emphasize
the reduction of the electrical loss that limits the performance
of a-Si/c-Si solar cells.

For the optics, the reflectance of the NP cell is shown
in figure 6(a). The NP array provides better anti-reflection as
compared to a textured surface in most parts of this spectral
range. However, when further incorporating AR coatings, both
techniques can result in a very low reflectance in a wide
wavelength range [9, 15]. Thus, in real practice the optical
loss is not the main source of current loss for this type of cell.
In figure 6(b), we have plotted the IQE of the NP cell and that
of the planar cell in the short-wavelength range. As shown by
the black line, the planar cell exhibits poor carrier-extraction
efficiency in this spectral range, indicating a large current loss
induced by carrier recombination. By contrast, a significant
gain in IQE is observed for the NP cell, as shown by the red line.
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Figure 5. (a) Reflectance, (b) IQE and Jsc (normalized to the planar HJ cell) of the NP cells versus NP height (H ). The parameters P , D and
λ are fixed at 315 nm, 150 nm and 400 nm, respectively.

Figure 6. (a) Reflectance and (b) IQE of the optimal NP cell (P = 315 nm/D = 150 nm/H = 75 nm) in the short-wavelength range. Inset:
IQE comparison for longer wavelengths (500–1100 nm) between the optimal NP cell and the planar cell. (c) The light distribution profiles
within the planar cell and the NP cell under different illumination: (i) planar, λ= 400 nm; (ii) NP, λ= 330 nm; (iii) NP, λ= 400 nm; (iv) NP,
λ= 450 nm.

Its average IQE has risen to 62.88% from the 43.94% of the
planar cell, with a maximum value exceeding 80%. To estimate
the gain in current, we integrate the IQE curves with the AM1.5
solar spectrum, and a total current gain of 38.25% results for
this wavelength range. Compared to common cases where the
Jsc increase comes from optical light-trapping, this 38.25%
gain in current is attributed to the substantially improved
carrier-extraction capability of the cell with modulated light
fields. For longer wavelengths (500–1100 nm), the IQEs of
both the NP cell and the planar cell rise rapidly with increasing
wavelength, taking almost identical values after 500 nm, as is
indicated by the inset of figure 6(b). This is due to the rapidly
decreasing absorptance of the a-Si material with increasing
wavelength, and apparently the absorption in the 10 nm a-Si
window layer becomes almost negligible in this spectral range.
(Note that at certain wavelengths around 460 and 490 nm, the
IQE of the NP cell is slightly less than the planar one by about
5%, which might have originated from the increased volume of
a-Si in the NP cell. However, integrating this with the AM1.5
spectrum shows little influence on the absolute gain in current.)
Finally, we should note that we have chosen λ= 400 nm when
optimizing the array dimensions, thus the IQE peak position
is found at λ= 400 nm where the cavity resonance is most
suitably intensified. Further choices of this central wavelength
may result in even higher overall gains.

More detailed properties related to the IQE are indicated
by the light distribution profiles versus the incident wavelength
(shown in figure 6(c)), corresponding to different positions
of the IQE curves in figure 6(b). Four examples are given,
namely (i) the planar cell at λ = 400 nm, (ii) the NP cell
at λ= 330 nm, (iii) the NP cell at λ= 400 nm and (iv) the
NP cell at λ = 450 nm. The electric field intensities are
drawn with logarithmic color scale, with dotted white lines
indicating the a-Si/c-Si interfaces. Example (i) represents the
general behavior of the planar cell under short-wavelength
illumination: carriers are mostly generated in the a-Si layer
and low IQE results, as shown in figure 6(b). However, for
the NP cell, the light distribution pattern strongly varies with
different incident wavelengths. For (ii), λ= 330 nm, the light
is off-resonance and its energy submits to a quasi-exponential
distribution, with most absorption taking place in the a-Si
region. Similarly to the planar case, low IQE results, as
indicated by the left end of the IQE curve. For (iii), λ =
400 nm, strong resonance occurs with the excitation of guided
resonance modes. The effective localization of light within
the c-Si region leads to the maximum IQE in figure 6(b). For
(iv), λ = 450 nm, some resonance still exists, nevertheless,
with a significantly weakened intensity. This corresponds to
the lowering of IQE in figure 6(b).
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4. Conclusion

In this work, we have demonstrated a significantly enhanced
carrier-extraction capability of the a-Si/c-Si HJ solar cell
with NP-induced optical modulation. This improvement is
attributed to the effective localization of the light energy
within the c-Si bulk, and is found to have originated from
a similar physical mechanism to the AR effect, i.e. the
cavity resonance. Consequently, the IQE of the NP cell
increases from below 50% to over 80% at certain wavelengths,
and the cell is able to collect 38.25% more current than a
planar HJ cell in the short-wavelength range of 330–450 nm.
These results have shown a new approach to suppressing
the recombination-induced current loss in certain types of
cells, without having to change the electrical properties of
the materials.
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We present a simple assembly strategy of single nanowires (NWs) to form half-coaxial nanowire

arrays (NWAs) which can be easily realized in large size by standard pattering and deposition

techniques. Through the finite-difference time-domain simulation, we show that the proposed

half-coaxial NWAs effectively preserve the leaky modes resonances within single NWs and

consequently achieve strong absorption enhancement under optimization of various structural

factors. The best half-coaxial NWAs with 100 nm thick absorbing shell offer equivalent light

absorption of more than 400 nm thick planar film. Benefiting from the >75% cut of the required

thickness of the absorbing layer, the performances of the demonstrated half-coaxial NWAs based

a-Si thin film solar cell also gain significant improvement. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4869915]

I. INTRODUCTION

Over the past decade, extensive studies of single semi-

conductor nanowires (NWs) have explored their great poten-

tial as a viable candidate platform for new generation

photovoltaic applications.1–5 The subwavelength dimension

of the single NWs allows unique optical properties such as

broad-band and angle-independent absorption as compared

to bulk materials, presenting exciting advantages like use

of less abundant materials or cheaper substrates.3,4

Nevertheless, the single NWs can only serve as the nanoscale

power sources,5 and one must consider the assembly and

scaling of these functional elements into arrays as required

for general purpose solar devices. Although several integra-

tion structures to form the basis of solar cells have been pro-

posed, such as the vertically stacked “multi-junction”1,6 and

parallelly integrated multi-NWs design,6–8 their absorption is

still much lower than the theoretical limits and can be

improved by further optimization. More importantly, these

advanced designs involve complex synthesis which is quite

expensive and difficult to utilize in large area. Consequently,

it would be of great importance to implement easy and con-

ventional fabrication while well preserving the excellent

absorption of single NWs, which addresses great prospects

for high-efficiency and low-cost nanostructured photovoltaic

applications.

In this paper, we present the half-coaxial nanowire

arrays (NWAs) as a simple and general assembly strategy for

large-area nanostructured photovoltaics through standard

thin film deposition and patterning technologies. We have

demonstrated that the half-coaxial structure of dielectric

core/absorbing shell on dielectric substrate can effectively

preserve the leaky modes resonances (LMRs) of single NWs,

yielding excellent absorption enhancement. We also funda-

mentally discuss the effects of various structural factors and

dielectric coatings for further improvement. As a result, a

100 nm thick absorbing shell of the optimized NWAs design

offers an equivalent absorption of more than 400 nm thick

planar film, reducing >75% absorbing layer thickness.

Moreover, we apply the NWAs structure to amorphous sili-

con (a-Si) thin film solar cells which dramatically declines

the thickness of the absorbing intrinsic layer, obtaining

13.5% and 1.79% absolute increase of fill factor FF and con-

version efficiency g compared to the planar structure a-Si

thin film solar cell.

II. MODELING DETAILS

We have performed the finite-difference time-domain

(FDTD) simulation9 to calculate the light absorption in all

structures throughout this paper. For the single SiO2

(core)/a-Si (shell) cylinder NWs, rectangular NW, and build-

ing block of half-coaxial NWAs on SiO2 substrate in Figure

1(a), the simulation box is set as 0.6(x)� 0.6(y)� 0.5(z) lm

(see the x, y, z axes in Fig. 1(a)). The periodic boundary con-

dition is used in z direction to treat the NWs as infinitely long,

which has been well applied to describing the light scattering

and absorption of various single NWs.7,10 The light source is

a broadband (300–1200 nm) plane wave perpendicular to

NWs axis (along in y-axis), covering the major solar spectrum

AM1.5. The mesh grid is set to 3 nm over the entire simula-

tion volume, with a refinement of 2 nm over the volume occu-

pied by the absorbing material. The absorbed and reflected

power is calculated by means of frequency-domain transmis-

sion monitors positioned around the material volume. A two

dimensional frequency-domain field monitor cross-cutting the

NWs in centre is utilized to obtain the electric field intensity

distribution (discussed later in Fig. 1(c)). The complex refrac-

tive indices n, k of a-Si shell are taken from literature11 and
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widely adopted in solar device modeling,10,12 while the dielec-

tric SiO2 core is considered as n¼ 1.5 and has no contribution

to absorption because of the large band gap.

For the NWAs structure in Figs. 2–4, the FDTD calcula-

tion utilizes a simulation box of p(x)� 2.1(y)� 0.7(z) lm

(p denotes the period of the NWAs, discussed later in Fig. 2)

with periodic boundary conditions in x and z direction and

perfectly matched layer condition in y direction. The

reflected power R and transmitted power T normalized to the

incident light power are obtained through the frequency-

domain transmission monitors positioned at the top and bot-

tom of simulation region in x-z plane, while the absorbed

power A is calculated as A¼ 1�R� T. The thickness of

SiO2 substrate is set as 0.1 lm for fast modeling. Other mod-

eling parameters follow the same as stated above.

III. RESULTS AND DISCUSSIONS

Fig. 1(a) shows the schematics of the dielectric SiO2

(core)/a-Si (shell) structures for a single typical cylinder NW,

rectangular NW, and building block of half-coaxial NWAs on

SiO2 substrate, respectively. The core/shell structure can be

characterized by the core diameter d and the absorbing shell

thickness t. Note that though we focus on a-Si here for dem-

onstration, many other absorbing semiconductor materials can

be applied in the structures. In Fig. 1(b), we illustrate the cal-

culated spectra of the absorption efficiency Qabs, i.e., the

absorption cross-section normalized to the geometrical

cross-section,10,13 for the three core/shell structures with

d¼ 100 nm and t¼ 100 nm. Here, the unpolarized sunlight

Qabs¼ (Qabs
TMþQabs

TE)/2, where Qabs
TM and Qabs

TE denote

absorption efficiencies for transverse-magnetic (TM, electric

field parallel to the NWs axis) and transverse-electric (TE,

electric field perpendicular to the NWs axis) illuminations,

respectively. In the single cylinder NWs, we can clearly

observe distinct resonant peaks corresponding to the LMRs

occurred in subwavelength structures.4,7 These LMRs remain

in the rectangular NWs, with the observed differences of Qabs

primarily due to the different volumes of absorbing material

in the structure. The excited resonances are of the same type

which can be evidenced from the internal electric field distri-

butions of a typical mode TM21 for the cylinder (at wave-

length k¼ 926 nm) and rectangular (at k¼ 972 nm) cases,4 as

shown in Fig. 1(c). This similarity indicates the well preserva-

tion of the LMRs in rectangular morphology.

However, practical solar devices should require the as-

sembly and scaling of these single cylinder and rectangular

elements into arrays, which always involve complex synthe-

sis. Here, we present a simple assembly strategy for high-

efficiency nanostructured photovoltaic application in large

size. We integrate the rectangular core/shell structures with a

dielectric substrate to form the half-coaxial NWAs (see Fig.

2(a)), which can be easily realized through standard technolo-

gies of thin film deposition of a-Si shell on patterned SiO2

substrate. Specifically, the nanoscale patterned substrate may

be prepared in centimeter scale by various conventional nano-

lithography methods such as near-field, two-photon, and nano-

imprint lithography with a resolution of <200 nm,14 and the

following depositing of the absorbing shell can be completed

through plasma enhanced chemical vapor deposition

(PECVD) and hot wire chemical vapor deposition (HWCVD).

It should be noted that the deposition of semiconductor layer

needs to be very carefully treated to be uniform and of high

material quality, since the patterned dielectric substrate makes

more difficulty on material growth compared to the planar

condition. The deposition process of the half-coaxial NWAs

fabrication can refer to the conventional deposition techniques

utilized in a-Si thin film solar cells15 and heterojunction with

intrinsic thin layer (HIT) solar cells,16 which are capable of

obtaining thin a-Si layer (<400 nm thick) with satisfactory

quality on surface textured substrate. We have also experi-

mentally succeeded in achieving uniformly coverage of SiNx

layer (�80 nm thick) upon SiO2 dielectric layer on vertically

oriented NWAs through PECVD to form SiO2/SiNx stack pas-

sivation,17 which supports the practicality of high quality dep-

osition on patterned dielectric substrate. Compared to those

complicated assembly strategies limited in few periods,1,6 the

NWAs are attainable on an area of several inches which is rel-

atively large size for the nanostructured photovoltaics17

because of the homogeneousness difficult to control.

Fig. 1(b) also presents the Qabs of the single building

block of the half-coaxial NWAs. Below the wavelength of

800 nm, we find similar resonant peaks to cylinder and rec-

tangular NWs though the building block actually has smaller

absorbing volume, implying the efficient preservation of the

LMRs in NWAs. On the other hand, the resonances broaden

FIG. 1. (a) Schematic dielectric SiO2 (core)/a-Si (shell) structures for single

cylinder NW (left), rectangular NW (middle), and building block of

half-coaxial NWAs on SiO2 substrate (right). (b) Calculated spectra of the

absorption efficiency Qabs versus wavelength k for the three structures

(d¼ 100 nm, t¼ 100 nm). (c) Cross-sectional electric field distributions of

TM21 mode for single cylinder NW at k¼ 926 nm, rectangular NW at

k¼ 972 nm, and building block of NWAs at k¼ 817 nm.
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and decrease in the wavelength range >800 nm, since the

low-order LMRs (TM21/TE11, TM11/TE01) are much sensi-

tive as they extend further out of NWs and into the underly-

ing substrate,4 as shown in the resonance pattern (at

k¼ 817 nm) in Fig. 1(c). Although for the demonstrated a-Si

shell, the absorption beyond the wavelength of 712 nm

(1.74 eV, the band gap of a-Si), which mainly comes from

defect states and interband absorption, has no contribution to

FIG. 3. (a) Cross-section drawn of the NWAs with dielectric coating.

(b)–(d) The JSC versus dielectric coating thickness td for SiO2 (orange),

Si3N4 (green), and Ta2O5 (violet). (e) Absorption spectra for SiO2, Si3N4,

Ta2O5 coated NWAs with the same td¼ 50 nm. Inset: Reflection spectra for

SiO2, Si3N4, and Ta2O5 coated NWAs with the same td¼ 50 nm.

FIG. 4. (a) JSC versus a-Si thickness t for flat films with Si3N4 coating, the

JSC of t¼ 100 nm NWAs and the theoretical limits are also indicated. (b)

The JSC of t¼ 400 nm, t¼ 1000 nm flat film, t¼ 100 nm NWAs, and the the-

oretical limits, for four absorbing materials a-Si, CdTe, GaAs, and Ge. (c)

The J-V curves of t¼ 400 nm flat structure and t¼ 100 nm NWAs structure

a-Si thin film solar cells under AM1.5 spectrum.

FIG. 2. (a) Schematic design of the

half-coaxial SiO2 (core)/a-Si (shell)

NWAs. (b) The integrated short-circuit

current density JSC versus core height

h. (c) The period p and core diameter d
dependences of JSC. (d) The p depend-

ence of JSC under d¼ 200 nm. (e) The

best period p0 under different d.
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photogenerated current, we can still see considerable light

trapping enhancement by LMRs in the long wavelength

region, showing greater potentials for semiconductors with

small band gap (discussed later in Fig. 4(b)).

Then, we assemble the single building blocks to form

the half-coaxial NWAs. The schematic design is shown in

Fig. 2(a) together with the influencing factors of light absorp-

tion in the structure, i.e., the core height h, period of arrays

p, and core diameter d, where the thickness of a-Si absorbing

shell is fixed at t¼ 100 nm. Fig. 2(b) gives out the h depend-

ence of the integrated short-circuit current density JSC of the

NWAs with d¼ 100 nm and p¼ 550 nm. Note that the JSC is

the total photogenerated current without any electrical loss,

which is integrated under AM1.5 spectrum (absorption

below the band gap of absorbing material is not included) as

JSC ¼ q
Ð

CðkÞAbsðkÞdk, where q is the elementary charge, C
is the photon flux density, and Abs(k) denotes the absorp-

tance of the structure as a function of wavelength k. We can

see that the JSC increases with h and reaches the maximal

JSC¼ 16.47 mA/cm2 at h¼ 400 nm, obtaining a 78.8%

enhancement compared to the flat condition of h¼ 0. With

the optimized h fixed at 400 nm, we calculate the p and d
dependences of JSC, as shown in Fig. 2(c). Clearly, the JSC

always climbs with increasing p until the peak value and

then declines sharply (see the demonstrated p-dependence of

JSC under d¼ 200 nm in Fig. 2(d)), which corresponds

closely to the results in literature.7 This behaviour comes

from the total light interaction effect of the periodic arrays,

which is to some extent similar to the light coupling and

propagations within the one-dimensional gratings based

structure.18,19 The Febry-P�erot phase-matching resonances

originated from the coupling of Bloch modes18,19 and

Rayleigh anomaly20 comprehensively determine the light

absorption. Besides, the d also plays the crucial role on

absorption properties because it dominates the LMRs in ev-

ery single block of NWAs.12 Normally, smaller d exhibits

stronger absorption since the absorbing shell occupies higher

volume proportion and the light primarily concentrates in the

centre part. However, large d also owns advantage due to the

more LMRs allowed in the structure. As a result, d¼ 100 nm

(with the highest JSC¼ 16.49 mA/cm2 at p¼ 560 nm) is a

balanced diameter to optimize the NWAs absorption which

is feasible for patterning technology. In addition, we show

the relationship of d and the best period p0 under different d
in Fig. 2(e), which is approximately linear and can be used

for rough evaluation.

Moreover, we introduce the dielectric coating upon a-Si

shell (see the cross-section drawn in Fig. 3(a)) to provide

excellent light trapping in the half-coaxial NWAs, which has

already been proved very effective for single NWs.12 Figs.

3(b)–3(d) present the JSC as a function of the thickness of the

dielectric coatings td for SiO2 (n¼ 1.5), Si3N4 (n¼ 2.0), and

Ta2O5 (n¼ 2.3), respectively, on the well-established configu-

ration presented above (t¼ 100, h¼ 400, p¼ 560, and

d¼ 100 nm). It is found that the dielectric coatings can sub-

stantially enhance the JSC by� 20% than the NWAs without

coating (td¼ 0). Among the three coating materials, the JSC

attains maximum at different td (for SiO2 80 nm, Si3N4 60 nm,

and Ta2O5 50 nm), while the Si3N4 seems to be the best choice,

achieving the extremely high JSC¼ 20.24 mA/cm2. In Fig.

3(e), we illustrate the detailed absorption spectra of the dielec-

tric coatings with the same td¼ 50 nm for SiO2, Si3N4, and

Ta2O5, respectively. The long wavelength absorptance below

a-Si band gap is also shown to better explain the light trapping

mechanism of dielectric coatings. Compared to the no dielec-

tric coating condition, the absorptance considerably enhances

below the wavelength of 800 nm, while little augment can be

found above the wavelength of 800 nm. Besides, the n-driven

red-shifts of resonance peaks become larger with increasing

wavelength as marked by dash boxes in Fig. 3(e). This absorp-

tion behavior matches well with the results of single NWs12

and therefore we believe that the enhancement arises from not

only antireflection coating, but also the Fano interference

effect21 in single NWs.12,22 For k> 800 nm, the dielectric coat-

ing does not play much role in the light absorption enhance-

ment compared to the strong LMRs which have not been

severely coupled into the substrate. Whereas, for weak LMRs

in k< 800 nm, the incident light is localized via constructive

interference with the reflected light, resulting in strong absorp-

tion enhancement. The enlarged n-driven red-shifts with

increasing wavelength are attributed to the increased phase

shifts of the interference between the incident light and the

reflected light. The reflection spectra of the three coatings are

also presented as a reference in the inset of Fig. 3(e), demon-

strating the simultaneous excellent antireflection performance

of the half-coaxial NWAs like other nanostructures.23,24

By synthetically combining all the effects of the light

interaction in periodic arrays, the LMRs of single blocks,

and the Fano interference effect introduced by dielectric

coatings, we can obtain the optimal JSC¼ 20.24 mA/cm2 for

the half-coaxial NWAs with only t¼ 100 nm a-Si absorbing

shell. For comparison, we demonstrate in Fig. 4(a) the t-de-

pendent JSC of a-Si flat film with the same Si3N4 coating

td¼ 60 nm. Critically, it requires more than 400 nm thick

a-Si (the typical thickness for a-Si thin film solar cells) to

produce a comparable JSC for the planar structure, indicating

a> 75% decline of the thickness of absorbing layer. In con-

sideration of the increased surface area of NWAs structure,

the volume of the absorbing material used can also be cut by

39%. Furthermore, the half-coaxial NWAs structure can gen-

erally apply to diverse kinds of materials to reduce the thick-

ness of absorbing layers. Fig. 4(b) shows the JSC of

t¼ 400 nm, t¼ 1000 nm flat films, t¼ 100 nm NWAs and the

theoretical limits, for different materials (a-Si, CdTe, GaAs,

and Ge)11 widely used in optoelectronic devices. Note that

all the structure parameters are fixed as the optimized config-

uration above (t¼ 100, h¼ 400, p¼ 560, and d¼ 100 nm)

except the dielectric coating to avoid its influence. We can

see that the proposed half-coaxial NWAs with 100 nm

absorbing shell yields higher JSC than those 1000 nm thick

planar films for all four materials, revealing its great pros-

pects in saving absorbing materials, especially for the rare

elements which cost rather high.

Finally, we extend the half-coaxial NWAs structure into

solar cells to see the advantages brought by thinner absorb-

ing layer. We again take a-Si thin film solar cells for demon-

stration. In Fig. 4(c), we calculate the J-V curves of

t¼ 400 nm (p(10 nm)/i(380 nm)/n(10 nm)) flat structure and

124309-4 Hua, Zeng, and Shen J. Appl. Phys. 115, 124309 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

202.120.52.96 On: Fri, 28 Mar 2014 03:54:17

53



t¼ 100 nm (p(10 nm)/i(80 nm)/n(10 nm)) half-coaxial NWAs

structure solar cells with both 60 nm Si3N4 coatings through

AFORS-HET (numerical simulator automat for simulations

of heterojunctions).25 We have set the illumination as

AM1.5 spectrum and the optical band gap of a-Si to be

1.74 eV. The n type and p type doping concentrations are

both 7� 1019 cm�3, and the electron mobility ln and hole

mobility lp are fixed as 5 and 1 cm2/V s, respectively. Other

required electrical parameters and the detailed a-Si defects

like bandtail and dangling-bonds defects are all picked

from the elaborate model in literature25 to ensure the reliabil-

ity, while the contacts are assumed as Ag contact and flat-

band. For the t¼ 400 nm flat structure a-Si thin film solar

cell, we obtain the open-circuit voltage VOC¼ 0.89 V,

JSC¼ 15.6 mA/cm2, FF¼ 65.0%, g¼ 9.45%. These results

are quite comparable to the performances of experimental

a-Si thin film solar cell (VOC¼ 0.89 V, JSC¼ 16.8 mA/cm2,

FF¼ 67.0%, and g¼ 10.1%),15 while the JSC exhibits

smaller since we have not considered additional light trap-

ping texture except the Si3N4 coating, which results in the

slightly lower FF and g. Thus, we believe that this electrical

solar cell model is proper and convincing to study the effects

of reducing a-Si layer thickness in thin film solar cell. Then

for t¼ 100 nm half-coaxial NWAs structure thin film solar

cell, we can find that the yielded FF¼ 78.5% and

g¼ 11.24% are improved by 21% and 19%, respectively,

compared to the above flat structure, while the VOC¼ 0.90 V

and JSC¼ 16.0 mA/cm2 show slender increment. The

improvement of solar cell performance can be interpreted by

the dramatic decline (300 nm) of the required thickness of

the absorbing intrinsic a-Si layer which severely limits FF
and therefore g due to its high resistivity and bulk recombi-

nation. The �75% cut of the a-Si intrinsic layer thickness

leads to much shorter collection distance for charge carriers

and lower resistance, which produce higher FF and compre-

hensively enhance the solar cell performances. Importantly,

it should be noted that although other resistance issues like

contact and shunting in realistic situation may affect the FF,

the proposed half-coaxial NWAs based solar cell provides a

novel approach to overcome the low FF problem in nano-

structured solar cells by reducing the necessary thickness of

the absorbing layer, showing great potential in realizing

breakthrough for high-efficiency nanostructured solar cells.

IV. CONCLUSIONS

We have proposed the half-coaxial NWAs as an easy

integration design of single NWs which is potentially scal-

able to large-area modules by standard patterning technology

and thin film deposition. From the FDTD simulation of the

structure of dielectric core/absorbing shell on dielectric sub-

strate, we have demonstrated that the light absorption can be

significantly enhanced by carefully optimizing the core

height, period, core diameter, and the influences of dielectric

coatings. This strong enhancement indicates that the half-

coaxial NWAs scheme effectively retains the high absorp-

tion of single elements, and allows us to obtain the JSC of up

to 20.24 mA/cm2 with only 100 nm thick a-Si absorbing shell

which would otherwise require more than 400 nm thick a-Si

for planar thin films, leading to a >75% cut of the absorbing

layer thickness. This structure can also generally apply to a

wide range of absorbing materials to save �40% semicon-

ductor volume. Moreover, this proposal serves as an effec-

tive solution for the low FF problem of the nanostructured

solar cells to make a breakthrough in high efficiency because

of the greatly reduced thickness of the absorbing layer. As a

result, we can achieve FF¼ 78.5% and g¼ 11.24% in the

half-coaxial NWAs based solar cell, which obtain 13.5% and

1.79% absolute increase compared to the planar structure

a-Si thin film solar cell.
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Light Absorption Mechanism of c-Si/a-Si Half-
Coaxial Nanowire Arrays for Nanostructured

Heterojunction Photovoltaics
Xia Hua, Yang Zeng, Weizhou Wang, and Wenzhong Shen

Abstract— We theoretically studied the assembly of horizontal
single crystalline-silicon (c-Si)/amorphous-silicon (a-Si) core/shell
nanowires (NWs) into c-Si/a-Si half-coaxial NW arrays
(NWAs), which can be realized in large size for c-Si/a-Si
heterojunction solar cells. Through the finite-difference time-
domain simulations, we investigated the absorption mechanism of
the half-coaxial scheme. The single building block of half-coaxial
NWAs owns strong leaky mode resonances, which are the key
for NWs to exceed the planar absorption limit. These resonances
can be well preserved in the NWAs, leading to an excellent
absorption enhancement. We further carefully studied the
influences of various structural factors, i.e., the light interaction
effect of periodic arrays, leaky mode resonances in single blocks,
and the effect of indium tin oxide coatings. The optimized
half-coaxial NWAs are capable of absorbing most of the incident
light with only 10-µm thick c-Si substrate. Thus, the half-coaxial
proposal can significantly cut the required c-Si wafer thickness
in heterojunction solar cells, which loosens the restriction on
material quality of the c-Si substrate. This half-coaxial NWAs
structure may serve as a new way to improve the efficiency and
reduce the cost of silicon heterojunction solar cells.

Index Terms— Light trapping, nanowires (NWs), photovoltaic
cells, semiconductor device modeling, semiconductor
nanostructures.

I. INTRODUCTION

OVER the past decade, silicon nanowires (NWs) have
emerged as one promising platform to explore the

high-efficiency and cost-effective solar cells due to their
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unique absorption properties resulted from the subwavelength
dimension [1]–[8]. The coaxial heterostructure NWs of a
crystalline-silicon (c-Si) core and an amorphous-silicon (a-Si)
shell have been proposed as potential photovoltaic building
blocks [2], [6], [9] as they combine the advantages of the long
charge carrier diffusion lengths of c-Si and the high absorption
coefficient of a-Si [6], [10], [11]. Meanwhile, the a-Si shell
is capable of simultaneously providing effective surface
passivation for c-Si and creating a p-n heterojunction
with better band structure to enhance the open-circuit
voltage (VOC) [12]. The charge separation along the radius
in the radial c-Si/a-Si junction also increases the defect
tolerance [13]. Researchers have both numerically and
experimentally exhibited the extremely high light absorption
and photocurrent density of the single c-Si/a-Si coaxial NWs
compared with c-Si NWs [6], [9].

Nevertheless, the single NWs can only serve as nanoscale
power sources [3], hence it is essential to consider the
assembling and scaling of these individual c-Si/a-Si NWs
into arrays for general purpose solar cells [1]. Several groups
have made beneficial attempts on the c-Si/a-Si core/shell
vertically oriented NW arrays (V-NWAs) [2], [10], [13]–[18],
which stand vertically with the axial direction perpendicular
to the substrate plane. This kind of integration produces
excellent antireflection and absorption properties due to the
resonator antenna effect. However, the performances of the
2-D V-NWAs-based solar cells are typically limited by a
fundamental tradeoff between the attainable optical absorption
and the concomitant severe electrical recombination, since
the surface area is unavoidably dramatically amplified by
very long NWs [13], [14]. Recently, the 1-D horizontally
oriented NWAs (H-NWAs) [1], [4], [15] have attracted much
interest as another prospective assembly strategy. Different
from the V-NWAs, the H-NWAs lie flat on the substrate with
the axial direction parallel to the substrate plane, in which the
resonance effect is much stronger than in the V-NWAs [13].
This is because the resonances in V-NWAs can be excited
only by scattered light, while the resonances in H-NWAs can
be excited directly by incident light. Cao et al. [3], [4] used
the leaky mode resonances (LMRs) to study the resonance
effect in H-NWAs, which resemble a whispering gallery
mode in a nanoscale cavity. The LMRs are the key for
H-NWAs to break the planar absorption limits, and are widely
adopted by many researchers to explore the diverse exciting
advantages of the horizontal design, such as enlarged optical

0018-9383 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. (a) Schematic c-Si (core)/a-Si (shell) half-coaxial NWAs (right) and
an enlarged single building block (left). (b) Calculated spectra of Qabs versus
wavelength under TM (TE) polarized illumination. Insets: distribution of the
electric filed intensity normalized to incident light for the corresponding peaks
indicated by arrows. (c) Absorption spectra for the half-coaxial H-NWAs and
single building block. (d) Distribution of the electric field intensity normalized
to incident light at wavelength λ = 694 nm under TE illumination.

cross section, broadband antireflection, angle-independence,
and material saving [1], [3]–[9], [15], [16]. Nonetheless, most
of these advanced designs involve complex and expensive
synthesis, which even offsets their optical superiorities and
can only be realized in a few periods [1], [7].

So far, a few studies have referred to the horizontal assembly
of c-Si/a-Si coaxial NWs or their unique optical properties
due to the dissimilar materials of the core and shell. In this
paper, we try to find a feasible and potential assembly strategy
of c-Si/a-Si core/shell NWs. Based on the previous studies of
H-NWAs, we propose the c-Si/a-Si half-coaxial NWAs as a
simple and general integration strategy for the large-area high
performance solar devices, which can be realized by standard
patterning and deposition techniques. We have demonstrated
that the structure of c-Si (core)/a-Si (shell) NWs lying flat on
a c-Si substrate [Fig. 1(a)] can effectively preserve the LMRs
excited within single NW elements. Combining the LMRs and
total light interaction effect of periodic arrays, we obtain very
strong absorption enhancement in the half-coaxial NWAs.
We also give fundamental insights of the influences of
structural parameters and coatings for further optimization.
As a result, the best half-coaxial NWAs structure can absorb
most of the incident light with only 10-μm thick c-Si
substrate. Moreover, we apply the half-coaxial NWAs to the
heterojunction with intrinsic thin (HIT) layer solar cell and
cut the required substrate thickness to about 10 μm, which is
significantly thinner than the traditionally used wafers. The
reduction of c-Si substrate thickness makes cheap wafers of

low quality acceptable in the fabrication of high-efficiency
heterojunction solar cells.

II. MODELING DETAILS

We have performed the finite-difference time-
domain (FDTD) simulations [19] to obtain the light
absorption in all structures throughout this paper. Fig. 1(a)
shows the schematic plot of the c-Si (core)/a-Si (shell)
half-coaxial NWAs structure, with an enlarged sketch of the
single building block in the left dash box. The half-coaxial
NWs structure is formed by integrating the c-Si/a-Si coaxial
NWs onto the underneath c-Si substrate, which lies flat
on the substrate and turns the perfect coaxial structure
into half-coaxial. The half-coaxial NWAs can be prepared
by standard thin film deposition of the a-Si shell on the
patterned c-Si substrate, and are characterized by the c-Si
core diameter d , the core height h, the a-Si shell thickness t ,
and the period of arrays p, as marked in Fig. 1(a). For the
single NW building block of the half-coaxial NWAs, we have
employed a simulation box of 0.6(x) × 0.6(y) × 1(z) μm
with perfectly matched layer conditions in x-and y-direction,
and periodic boundary condition in z-direction [see the axis
in Fig. 1(a)]. Thus, we can treat the single building block as
infinitely long, which has been well applied to describing the
light scattering and absorbing of various single NWs [4], [5].
The incident light source is a broadband (300–1800 nm)
plane wave normal to the substrate (along the y-axis). The
mesh grid is set to be 2 nm over the entire simulation
region. The absorbed power is directly calculated using
frequency-domain transmission monitors positioned around
the absorbing volume. A 2-D frequency-domain field monitor
cross cutting the building block in its center in the xy plane
is used to calculate the electric field intensity distribution
[discussed later in the insets of Fig. 1(b)]. The complex
refractive indices n and k are picked from [11], which are
widely adopted in solar device modeling [5], [6], [20]. The
FDTD dispersion model is Lorentz–Drude model.

For the NWAs structures studied in Figs. 1(c) and (d)
and 2–4, the FDTD calculation utilize a simulation box of
p(x) × 2(y) × 0.7(z) μm with periodic boundary conditions
in x- and z-direction, and perfectly matched layer condition in
y-direction. The reflected power R and transmitted power T
normalized to the incident light power are obtained through
the frequency-domain transmission monitors positioned at the
bottom and top of simulation region in xz plane. The absorbed
power is calculated as A = 1 − R − T . Other modeling
parameters follow the same with single NW building blocks
as stated above.

III. RESULTS AND DISCUSSION

We show the schematic plot of the half-coaxial NWAs
in Fig. 1(a). The half-coaxial NWAs structure is very different
from the H-NWAs in [1]–[4], since it involves the
c-Si and a-Si core/shell structure and attaches to the under-
neath substrate. The proposed half-coaxial NWAs naturally
own unique optical properties because of the dissimilar absorb-
ing materials of the core and shell. We start from the optical
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Fig. 2. (a) Absorption spectra for the H-NWAs with h = 200 nm, V-NWAs
with h = 300 nm and planar structures with h = 200 nm. Inset: schematic
plot of the V-NWAs. (b) h dependence of JSC for the half-coaxial NWAs and
planar structures.

Fig. 3. (a) 2-D plot of JSC as a function of period p and diameter of single
building block D (D = d +2t). (b) p dependence of JSC under D = 210 nm.
(c) Best period p0 versus D. (d) Absorption spectra for varied D = 150, 180,
210, and 240 nm. Inset: 2-D plot of absorptance as a function of wavelength
λ and D ranging from 60 to 280 nm.

properties of the single building block of the half-coaxial
NWAs to give some fundamental insights. Since the single
building block is transformed from cylindrical NWs and is
attached to the c-Si substrate, the absorption performance

Fig. 4. (a) Cross section drawn of the half-coaxial NWAs with ITO coating
and c-Si substrate. (b) JSC versus ITO coating thickness tc . (c) Achievable JSC
with varied hs for the half-coaxial NWAs and flat structure. (d) J –V curves
of flat structure HIT solar cell with 98-μm thick c-Si wafer, flat structure
HIT solar cell with 10.3-μm thick c-Si wafer, and half-coaxial NWAs structure
HIT solar cell with 10.3-μm thick c-Si wafer, under AM1.5 solar spectrum.

may be different from that of traditional cylindrical NWs.
We demonstrate the changed absorption properties of this
single building block in Fig. 1(b) by calculating the spectra
of the absorption efficiency Qabs, i.e., the absorption cross
section normalized to the geometrical cross section [4]–[6].
The structural parameters of the half-coaxial building block
are d = h = 200 nm and t = 50 nm. Note that for unpolarized
sunlight Qabs = (QTM

abs + QTE
abs)/2, where QTM

abs and QTE
abs

denote absorption efficiencies for transverse magnetic [(TM),
electric field parallel to NWs axial direction] and transverse
electric [(TE), electric field perpendicular to axial direction]
illuminations, respectively. We can clearly observe the distinct
resonant peaks corresponding to the LMRs of different orders
as indicated to be TE/TMm,l in Fig. 1(b) [3]. Except the lowest
order mode TE01 and TM11, most of these resonances occur
in the wavelength range of 400–1000 nm, leading to great
potentials for photovoltaics since the wavelength region covers
the main part of the AM1.5 solar spectrum. We have also
presented the internal electric field distributions of the LMRs
in the insets of Fig. 1(b). These resonance patterns are very
similar to the typical TE/TM modes patterns demonstrated
in [3] and [6], with a small observed shift toward the
c-Si substrate. This can be interpreted as the break of the
perfect light confinement within NWs and the light coupling
into the substrate. Thus, we can confirm that the LMRs are also
the dominant light trapping in the half-coaxial single building
block morphology, which is the key for H-NWAs to obtain
strong absorption.

Then, we expand the single building block into arrays
to form the c-Si/a-Si half-coaxial NWAs. This proposed
structure serves as a simple and general assembly solution
of single NWs for practical solar devices, and can be
easily realized through standard technologies of thin film
deposition of the a-Si shell on the patterned c-Si substrate.
Specifically, the nanoscale patterned substrate may be
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prepared in centimeter scale by various conventional
nanolithography methods such as nanoimprint lithography
with a resolution of <200 nm [21]. The cost is lower than
that of the more advanced technologies that have higher
resolutions of <100 nm, and may be further cut down
with technology development. The following deposition of
the a-Si shell can be completed through plasma-enhanced
or hot wire chemical vapor deposition, both of which are
low-cost and proven techniques for large-size deposition. The
fabrication difficulty mainly lies in the surface control of the
patterned c-Si. The clean and even surface plays a crucial
role in uniform deposition of a-Si film, especially when the
a-Si film is ultrathin. Thus, the surface maintenance should
be very careful when moving samples to film deposition after
nanopatterning process. Compared with those complicated
assembly strategies limited to a few periods [1], [7], the NWAs
is attainable on an area of several inches, which is a relatively
large size for the nanostructure-based photovoltaics [22]
because of the homogeneousness issue.

In Fig. 1(c), we calculate the absorption spectrum of the
half-coaxial NWAs with the same parameters as that of the
single building block (d = h = 2004 nm and t = 50 nm).
The period of NWAs p is set as 600 nm without much
optimization. Note that here we treat the c-Si substrate as
infinitely thick without any back surface reflection and do
not consider the absorption of the substrate. The absorp-
tion spectrum of the single building block of the NWAs
under unpolarized illumination is also shown in Fig. 1(c)
for comparison. We can see that in short-wavelength region
(300–800 nm), the absorption of NWAs is quite comparable
with that of the single building block, while the absorption
resonant peaks are predictably merged because of the influence
of the light interaction effect in periodic arrays (discussed
later in Fig. 3). The observation that the absorption spectra of
NWAs become flat compared with that of the single building
block is consistent with the literature results [4], [9], primarily
due to the off-resonance absorption enhancement from light
dispersion and interaction in periodic arrays. On the other
hand, in long wavelength region (>800 nm), the absorption
of NWAs loses the resonant peaks because the lower order
LMRs (TM21/TE11 and TM11/TE01) are much more sensitive
to substrate coupling and extend further out of the NWs into
the underlying c-Si substrate [3]. Nevertheless, its influence is
limited since the AM1.5 spectrum declines to very weak in that
long wavelength region. We further demonstrate in Fig. 1(d)
the TE pattern at the wavelength λ = 694 nm to directly see
the remaining LMRs. The TE pattern corresponding to TE21
of the single building block [see the inset of Fig. 1(b)] appears
very similar to the original TE21 pattern, but with a shift to the
substrate below arisen from light coupling. From Fig. 1(d), we
can infer the preservation of the LMRs in the NWAs, which
play a crucial role in the absorption properties [as discussed
later in Fig. 3(d)].

To see the absorption superiority of the proposed half-
coaxial NWAs, we compare the absorption spectra between
the half-coaxial NWAs and the planar structure with the same
h = 200 nm and t = 50 nm in Fig. 2(a). We can find that
the absorption of the half-coaxial NWAs achieves significant

increment in the wavelength range of 300–800 nm, benefiting
from the well-preserved strong LMRs and light interaction
in periodic arrays. On the other hand, the absorption shows
little improvement (<10%) for long wavelengths because of
the strong coupling to the substrate, as shown in Fig. 1(c).
Next, we give out the comparable absorption spectrum of the
vertically oriented c-Si/a-Si NWAs [see the schematic plot
in the inset of Fig. 2(a), and the NWs are typical cylinders
as commonly prepared] with the same d = 200 nm and
t = 50 nm, but a higher h = 300 nm. Obviously, the
half-coaxial NWAs with smaller NW length exhibit very
close absorption spectrum compared with the V-NWAs and
even obtain ∼10% enhancement in the wavelength range
of 400–600 nm, which is the most important spectral range of
the AM1.5 spectrum. More importantly, the surface area of
the half-coaxial NWAs is only 5/9 of that of the V-NWAs,
implying a greatly reduced surface recombination for the
NWAs-based solar cells. Therefore, compared with the
vertically oriented designs, the horizontally oriented half-
coaxial NWAs own great prospects to realize high-efficiency
nanostructured photovoltaics, because of the achievable
excellent light absorption with substantially decreased
structure height and surface area.

The absorption of the half-coaxial NWAs can be engineered
by various structural factors. The higher h naturally leads
to enhanced light absorption, which has been commonly
observed in diverse nanostructures [10]. Fig. 2(b) shows out
the integrated short-circuit current density JSC of the half-
coaxial NWAs with varied h (d = 200 nm, t = 50 nm, and
p = 600 nm as figured above). Note that the JSC is calculated
over the AM1.5 spectrum (from 300 nm to the bandgap of the
absorbing materials, i.e., 1107 nm for c-Si and 712 nm for
a-Si) without any electrical loss as JSC = q

∫
�(λ)Abs(λ)dλ,

where q is the elementary charge, � is the photon flux
density, and Abs(λ) denotes the absorption of the structure
as a function of wavelength λ. This JSC of 100% internal
quantum efficiency is commonly used in nanostructured
photovoltaics to characterize the absorption ability of the
structure [4]–[6], [9], [11]. The h-dependent JSC of the
planar structure with the same t = 50 nm is also shown for
comparison. We can see that the JSC considerably increases
with increasing h because of the prolonged optical path length
and increased absorbing volume. The enhancement of JSC
compared with the planar structure also grows with increasing
h to 39.2% at h = 300 nm, and even reaches 60.8% at
h = 500 nm with the extremely high JSC = ∼20 mA/cm2.
Considering that h = 500 nm would result in greatly enlarged
surface area and subsequently severe surface recombination
loss, here we pick h = 300 nm as our best choice, which
already provides satisfactory optical absorption.

Fig. 3(a) shows the influences of other structural factors,
i.e., the period p, the c-Si core diameter d as well as the a-Si
thickness t , on the calculated JSC of the proposed half-coaxial
NWAs. It should be clarified that we have fixed d/t = 4/1 in all
our simulations to simplify the material proportion issue, and
have used the diameter of the single building block D = d+2t
to replace d for a clearer description on size impacts. First, it is
found that JSC always ascends with increasing p until the
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peak value and then declines sharply [see the p-dependence of
JSC under D = 210 nm in Fig. 3(b)], which corresponds
closely to the results in [4]. This behavior comes from the total
light interaction effect of the periodic arrays, which is to some
extent similar to the light coupling and propagations within
the 1-D gratings-based structures [23], [24]. The Rayleigh
anomaly [25] and Febry-Pérot phase-matching resonances
originated from the coupling of Bloch modes [23], [24], which
comprehensively determine the light absorption in the periodic
configuration. In addition, we also find that the best period
p0 under different D appears to be approximately linear to D
[as indicated in Fig. 3(c)], which can be used to roughly
evaluate the suitable values of p and D for reference.

On the other hand, different from the 1-D gratings, the
absorption enhancement of NWAs is not only determined
by the periodicity, but also the single building blocks with
core/shell structure. The D plays a crucial role in absorp-
tion properties because it dominates the LMRs in every
single building block of the half-coaxial NWAs. In Fig. 3(a),
the JSC shows a fluctuating trend with increasing D and
obtains the best values in the region of D = 150–240 nm.
We plot in Fig. 3(d) the absorption spectra of varied D from
150 to 240 nm to see the detailed change of the resonances in
the structure. We can observe three evident resonant peaks in
the wavelength range of 300–1200 nm corresponding to the
LMRs of single building block, as shown in Fig. 1(b). Clearly,
the resonances red-shift with increasing D as indicated by
dashed lines, and the D-driven red-shift substantially grows
larger for longer wavelength, which matches well with the
behavior of LMRs in single NWs [4]–[6]. The shift of the
resonant peak around the wavelength of 1000 nm can reach
up to 280 nm between D = 150 nm and D = 240 nm.
Moreover, we present the 2-D plot of absorptance in the inset
of Fig. 3(d) to see the change of absorption with different
wavelength for a larger range of D. It is found that the
three evident resonances red-shift with increasing D, and
the resonance intensities gradually shrink when the resonant
peaks red-shift to longer wavelength. This absorption behavior
is in good accordance with the calculated result in [3] on
single NWs, which also confirms the preservation of the LMRs
in the half-coaxial NWAs. Consequently, the D determines
not only the absorption peak position but also the resonance
intensity, leading to the optimal JSC = 15.88 mA/cm2 at
D = 210 nm (d = 140 nm, t = 35 nm, and p = 460 nm).
It should be noted that very large D (>300 nm) can support
more LMRs modes [5], [6], but the resonances may red-shift
beyond the wavelength of 1200 nm (1.03 eV that is lower
than the bandgap of c-Si), and have no contribution to the
photogenerated current.

On the basis of the above systematical investigation and
optimization of the light interaction in periodic arrays and the
LMRs in single building blocks, we further introduce the
indium tin oxides (ITOs) coating and c-Si substrate in the half-
coaxial NWAs, as schematically shown in Fig. 4(a), which are
generally adopted in realistic photovoltaics. The ITO coating is
an indispensable component of heterojunction solar cells both
for its high conductivity and optical benefits. The influence
of ITO coating thickness tc on the JSC of the half-coaxial

NWAs with the optimal configuration presented above
(D = 210 nm, p = 460 nm, and h = 300 nm) is shown
in Fig. 4(b). We have not considered the absorption of ITO in
the simulation because of its large bandgap (3.9 eV). Critically,
the absorption performance improves with increasing tc until
the peak JSC = 18.55 mA/cm2 at tc = 60 nm and then
degrades for thicker tc. This thickness dependence is similar
to the behavior of antireflection coating on traditional planar
structure, since the half-coaxial NWAs contain a large area of
flat part. However, it should be pointed out that the optimal
tc may vary with different D because the ITO coating also
perturbs the LMRs for the Fano interface effect in NWs [5] and
the change of effective refractive index of the environment.

With the optimal tc = 60-nm thick ITO coating, we
turn to calculate the attainable JSC with different substrate
thickness hs in Fig. 4(c) to explore the absorption ability of the
half-coaxial NWAs. Note that here the substrate is no longer
treated as infinitely thick and the absorption of the substrate is
included in the calculation, while no reflective back contact is
applied at the back surface. To compare with the conventional
c-Si/a−Si heterojunction solar cell such as HIT solar cell,
here we choose t = 25 nm [correspondingly, d = 100 nm,
D = 150 nm, and p = 390 nm, as obtained in Fig. 3(a)],
which is the generally adopted a-Si layer thickness. The JSC
of a flat structure with corresponding hs (the total thickness
is h + hs) under the same 60-nm thick ITO coating and
the theoretical limit are given as references. The JSC of the
half-coaxial NWAs appears dramatic increase between hs = 0
and 2 μm, and gradually grows after 2 μm until saturating
at 10 μm. Compared with the flat condition, the JSC of the
half-coaxial NWAs structure keeps substantial enhancement
for all hs . The NWAs structure with hs = 10 μm can
even provide much higher JSC than the flat structure with
hs = 20 μm, achieving an extremely high JSC of nearly
40 mA/cm2, which approaches closely to the theoretical limit.
Subsequently, we can tell that the half-coaxial NWAs structure
with only 10-μm thick substrate is capable of absorbing
most part of incident sun light. Actually, for Panasonic’s
HIT solar cell structure [26], a 98-μm thick c-Si substrate
with extra light trapping is necessary to absorb most of the
incident light and produce satisfactory current. Therefore, the
half-coaxial NWAs not only suppress the front surface reflec-
tion like other antireflection textures, but also significantly
reduce the required minimum thickness of c-Si substrate due
to the enhanced absorption, resulting in numerous benefits to
improve the performance of solar devices.

Finally, we extend the half-coaxial NWAs structure into
HIT solar cells to see the advantages brought by thinner c-Si
substrate. In Fig. 4(d), we employ the AFORS-HET (numerical
simulator automat for simulations of heterojunction) [27] to
calculate the J–V curves of three differently structured
HIT solar cells: p-a-Si (10 nm)/i-a-Si (15 nm)/
n-c-Si (98 μm) flat structure, p-a-Si (10 nm)/i-a-Si (15 nm)/
n-c-Si (10.3 μm) flat structure, and p-a-Si (10 nm)/i-a-Si
(15 nm)/n-c-Si (10.3 μm) NWAs-based structure.
The half-coaxial NWAs here use the same parameters
in Fig. 4(c) for comparison (D = 150 nm, p = 390 nm,
h = 300 nm, and hs = 10 μm). The incident illumination
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is set as AM1.5 spectrum and a 60-nm thick ITO coating is
applied in all three structures. The p-type doping concentration
is 7.5 × 1019 cm−3, while the contacts are assumed as
metal/semiconductor Schottky contact and flat-band. The
elaborate defect states distribution model of the c-Si and
a-Si bulk, c–Si/a–Si interface are picked from [27] and [28],
which is based on the reported experimental results. The
defect states in a-Si layer are exponential bandtail states and
Gaussian distributed deep dangling-bond states, while the
defects in c-Si wafer are acceptor-like oxidation vacancy. The
interface defect states are Gaussian distributed with the peak
located at midgap of c-Si, and do not result in modified band
bending. The defect states distribution model determines the
recombination of the solar cell simulation. All other required
electrical parameters are all referred to [27, Table I] to ensure
the reliability.

For the flat structure HIT solar cell with 98-μm thick
c-Si, we obtain the VOC = 0.753 V, JSC = 37.81 mA/cm2, fill
factor FF = 74.80%, and conversion efficiency η = 21.30%.
Comparing the simulated results with Panasonic’s reported
data of experimental HIT solar cell (VOC = 0.75 V,
JSC = 39.5 mA/cm2, FF = 83.2%, and η = 24.7%) [26],
we can see that the simulation is reasonable. Although
there are certain discrepancies between the exact numbers of
JSC and FF due to the usage of additional new technologies
and very high quality c-Si wafers in the experiment, this
simulation setup is sufficient to show the key concept in
the following, i.e., the gain in cell performance that comes
with a much thinner substrate. When we reduce the flat c-Si
substrate thickness to 10.3 μm (including h = 300 nm and
hs = 10 μm), the JSC and η dramatically decline, suffering
from the incomplete light absorbing, as shown in Fig. 4(c).
However, the VOC rises to 0.779 V because of ∼90% cut of
c-Si, which leads to a substantial decrease of bulk recombina-
tion. Note that in practice this rise in VOC may be compensated
by the increase in the surface recombination that comes with
the passivation and homogeneousness issues. Then, we replace
the flat c-Si substrate with the half-coaxial NWAs structure
of the same thickness 10.3 μm (with h = 300 nm and
hs = 10 μm). We can find that the yielded JSC grows
back to 35.34 mA/cm2, benefiting from the excellent light
absorption of the half-coaxial NWAs as discussed above. The
improvements of VOC and FF that come from the reduced bulk
recombination and resistance remain at the same level. As a
result, the half-coaxial NWAs-based HIT solar cell with only
10.3-μm thick c-Si wafer achieves an η = 21.65%, which
is 0.35% higher than that of the 98-μm thick simulated flat
structure HIT solar cell, showing a new way to realize ultrathin
high-efficiency solar cells (η > 20% with <50-μm thick
silicon absorbing layer [29]). More importantly, the largely
reduced substrate thickness requirement mkes cheaper silicon
wafers with lower qualities feasible in high-efficiency solar
devices, since the diffusion length of ∼10 μm is enough within
such a thin silicon layer.

IV. CONCLUSION

We have proposed the c-Si/a-Si half-coaxial NWAs as an
easy and general assembly strategy of single c-Si (core)/a-Si

(shell) NWs, which is potentially scalable to large-area
modules by standard patterning and deposition technologies.
We have employed the FDTD simulations to illustrate that the
half-coaxial scheme attached to a c-Si substrate effectively
retains the LMRs within the single elements, providing
satisfactory absorption with small structure height and surface
area. Detailed optimization has been achieved by carefully
tuning the influences of light interaction in periodic arrays
and the LMRs in single blocks as well as the ITO coating.
As a result, the half-coaxial NWAs structure is able to absorb
most of the incident light with only 10-μm c-Si substrate,
much thinner than the conventional thickness of ∼98 μm for
planar structured HIT solar cell. This reduction of necessary
substrate thickness of HIT solar cell yields improved solar cell
performance benefiting from the accompanying decline of the
bulk recombination and resistance. The thinner substrate may
also be a new method to cut the cost of silicon heterojunction
solar cells due to the loosened restrictions on material quality
of the c-Si substrate.
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Design principles for single standing
nanowire solar cells: going beyond the
planar efficiency limits
Yang Zeng, Qinghao Ye & Wenzhong Shen

Institute of Solar Energy, and Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), Department of
Physics, Shanghai Jiao Tong University, Shanghai 200240, People’s Republic of China.

Semiconductor nanowires (NWs) have long been used in photovoltaic applications but restricted to
approaching the fundamental efficiency limits of the planar devices with less material. However, recent
researches on standing NWs have started to reveal their potential of surpassing these limits when their
unique optical property is utilized in novel manners. Here, we present a theoretical guideline for maximizing
the conversion efficiency of a single standing NW cell based on a detailed study of its optical absorption
mechanism. Under normal incidence, a standing NW behaves as a dielectric resonator antenna, and its
optical cross-section shows its maximum when the lowest hybrid mode (HE11d) is excited along with the
presence of a back-reflector. The promotion of the cell efficiency beyond the planar limits is attributed to two
effects: the built-in concentration caused by the enlarged optical cross-section, and the shifting of the
absorption front resulted from the excited mode profile. By choosing an optimal NW radius to support the
HE11d mode within the main absorption spectrum, we demonstrate a relative conversion-efficiency
enhancement of 33% above the planar cell limit on the exemplary a-Si solar cells. This work has provided a
new basis for designing and analyzing standing NW based solar cells.

O
ver the past decade, semiconductor nanowires (NWs) have been actively investigated as building blocks
for third-generation photovoltaics1,2. Their remarkable advantages of reflection-reduction, light-trap-
ping, and material-saving have proved critical for achieving high-efficiency solar cells at low cost.

Despite all the merits, the existing NW-based solar cells are still restricted by the same fundamental efficiency
limits as are the planar devices. These limits originate from the basic processes of solar energy conversion and
have been concluded to be beyond the scope of the NW applications1. The conclusion, however, has been
challenged by a few latest researches based on standing NWs. Krogstrup et al.3 have reported an absorption
cross-section ,8 times larger than the geometrical cross-section on a single standing GaAs NW, which may
function as a built-in light concentration and increase the open-circuit voltage beyond the planar limit. Another
work by Wallentin et al.4 has indeed demonstrated a higher-than-planar Voc on a sparsely distributed InP NW
array, although its origin remains to be determined amongst several different possibilities.

Clearly, certain properties of the standing NW structure may hold the key to breaking the planar efficiency
limits when utilized in novel manners. In the above cases, the Shockley-Queisser limit5 of cell efficiency—a
fundamental limit imposed by the detailed balance condition of the cell-sun system—is notably breached by
the much enlarged optical cross-section of the standing NWs. This effect has not been proposed on the previously
well studied lying NWs because their optical cross-section is only about twice their geometrical ones6,7. Another
potential of the standing NWs is to resolve the intrinsic current-losses in the defect-rich regions of the cell by
utilizing its unique resonant features to shift the absorption front to a more ideal absorber within the cell. If
realized, such effect would not only promote the cell efficiency beyond the planar structure limit, but also loosen
the constraints on the critical parameters such as the doping concentration and the emitter thickness in cell
designs. At present, the biggest obstacle to the quantitative analysis of all these possibilities is the lack of a
theoretical description for the light-absorption mechanism within a single standing NW. Compared to the lying
NWs, a standing NW is essentially finite in length, and its resonant modes cannot be accurately predicted by the
previous methods based on infinite-waveguide analogies6,7.

In this work, we present a detailed investigation on the potential of the single standing NW structure to
go beyond the fundamental efficiency limits that confine a planar solar cell. As the core concept, the
optical absorption mechanism has been determined by employing the theories of finite-sized dielectric resonator
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antennas (DRAs)8,9, where we find that a single standing NW
behaves exactly as a DRA under normal incidence and the enlarge-
ment of its optical cross-section strongly depends on the excitation of
the lowest hybrid mode (HE11d) due to the optical antenna effect.
Based on this knowledge, we quantitatively examined the aforemen-
tioned effects for the exemplary a-Si solar cells. First, a Voc-increment
of 124 mV is achieved by choosing an optimal NW diameter that
supports the strongest HE11d resonant mode within the main absorp-
tion spectrum and leads to a maximal built-in concentration of 21-
fold. Second, a notable rise in the internal quantum efficiency
(IQE)—from 86% of the planar cell to 96% of the standing NW
one—is observed when the primary absorption region is shifted to
the intrinsic middle layer of the cell. This corresponds to a 3.5-fold
reduction in the recombination-induced current-loss and exhibits an
inherent tolerance to defects. Finally, a remarkably high conversion
efficiency of 17.67% is resulted for the a-Si standing NW cell, show-
ing a 33% relative increase over the planar cell limit. These observa-
tions have provided guidelines for designing and analyzing standing
NW based solar cells and inspire novel methods in improving the cell
efficiency beyond the planar efficiency limits.

Results
Open-circuit voltage beyond the planar limit. The most significant
difference between the optical property of a sub-wavelength
dielectric particle and that of a macro-scale one is that the former
possesses a scattering/absorption cross-section larger than its
geometrical one10. In the field of photovoltaics, such phenomenon
was first observed and analyzed on lying NWs6,7,11, but has recently
been demonstrated as even more pronounced on standing NWs3. In
the latter case, a standing NW has two sub-wavelength dimensions
parallel to the wavefront (whereas a lying NW has only one) and thus
behaves as a more effective scatterer to light. Its optical cross-sections
may extend to several times as large as its geometrical area3, which
leads to an effective built-in light concentration.

In Fig. 1(a), a schematic drawing illustrates the built-in concen-
tration effect. A standing NW can not only absorb incident light
within its geometrical boundary (indicated by straight arrows), but
also absorb light further away from its axis (indicated by curved
arrows). Thus it equals to a lens with a concentration factor C applied
to a planar cell. Since the photocurrent density Jsc is proportional to
the absorption cross-section while the saturation current density J0

remains constant, the Voc could be improved by a factor of nkTlnC
according to the formula Voc 5 (nkT/q)ln(Jsc/J0) (where n is the
diode quality factor, k is the Boltzmann constant, T is the absolute
temperature, and q is the elemental charge). In Fig. 1(b), we plot the
Jsc of a standing NW on a transparent substrate (without a back-
reflector) as a function of NW size for different NW morphologies
(assuming an IQE of unit, under AM1.5 solar spectrum). The Jsc

exhibits a significant enhancement over a wide range of NW size,
especially for radius R , 50 nm where a 10 fold increase over the
planar absorption limit is observed. The enlarged absorption cross-
section comes from the well-known optical antenna effect, where the
resonant modes supported by a sub-wavelength structure extend
noticeably outside of its geometrical boundary and thus become
easily exited by outer light-field6,7,12. A more intuitive image is shown
in Fig. 1(c). It shows the Poynting vector in the middle plane normal
to the NW axis, with the solid circle indicating the NW geometry and
the dashed circle indicating the approximate location where the
Poynting vector directs away from the NW. Apparently, external
light energy can couple into the leaky modes of the NW even at
places several radius away from the NW center, thus leading to an
effective built-in concentration.

From the above discussion, a clear understanding of the light-
absorption mechanism in a single standing NW is needed to make
full use of the built-in concentration effect and achieve the highest
Voc. For this purpose, we define the absorption efficiency Qabs as the

ratio of the absorption cross-section and the geometrical cross-sec-
tion of the NW. In Fig. 2(a) and (b), Qabs is displayed as a function of
the NW radius R and the incident wavelength l for a single standing
NW on a transparent substrate and on a perfectly reflecting back-
reflector, respectively. Several resonance peaks are clearly visible in
both cases, dominated by the one with the smallest radius. Compared
to the ones analyzed by Cao et al. for a lying NW6,7, the patterns of
Qabs are similar in shape. However, there are some crucial differ-
ences. First, Cao et al. employed the Lorentz-Mie scattering form-
alism, where the NW is treated as an infinitely long cylinder and the
absorption efficiency Qabs is expressed as the sum of an infinite series.
An nth-order leaky-mode-resonance (LMR) occurs when the
denominator Dn of the nth term goes to 013, i.e.

Dn~An eð ÞAn mð Þ{n2 sin2 a
1

u2
{

1
v2

� �2

~0, ð1Þ

where An jð Þ~ H’n vð Þ
vHn vð Þ
� �

{j
J ’n uð Þ

uJn uð Þ
� �

, and a denotes the incident

angle (see Ref. 18 for the definition of other parameters). The above
equation is equivalent to the one given by Cao et al., and determines

the LMR peak positions as discrete values of
2pR

l
for incident angle

0 , a ,
p

2
. However, for a standing NW where a 5

p

2
, this method

predicts the lowest order (n 5 1) resonance at
2pR

l
~0, which clearly

differs from the simulated results or experimental observations.
Since the condition Dn 5 0 also represents the cutoff frequency of
an infinitely long cylindrical dielectric waveguide (which is 0 for the
lowest mode HE11)12, it is most likely that the discrepancy arises from
viewing the standing NW as infinitely long. Second, any resonance
peak determined by equation (1) should show up as a straight line
through the origin in the Qabs(l,R) plot. While it is roughly true for a
lying NW, the peak positions in Fig. 2(a and (b)) deviate more not-
ably from this description. Third, a shift in peak position is observed

Figure 1 | (a) Schematic 3D drawings of the single standing NW cell (the

front and rear contacts are omitted) and the equivalent built-in

concentration effect. (b) Jsc versus NW radius R for different NW

morphologies under AM1.5 solar spectrum. The NWs are 500 nm in

length on a transparent substrate. (c) Poynting vector in the middle plane

normal to the NW axis. The solid and dashed white circles indicate the NW

geometry and the approximate location where the Poynting vector directs

away from the NW, respectively.
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for a standing NW on a back-reflector compared to that on a trans-
parent substrate (for instance, the maximum of Qabs is found at l 5

610 nm for a NW with R 5 50 nm, whereas it shifts to around l 5

630 nm for the same NW radius when a back-reflector is applied),
which can hardly be explained quantitatively or even qualitatively
under the Lorentz-Mie scattering formalism.

Here we present a thorough discussion on the absorption mech-
anism within a single standing NW. With a finite length, a standing
NW is essentially a DRA that supports a series of size-dependent
modes by trapping light within its boundaries through internal
reflection8,9. For a cylindrical DRA, these modes can be divided into
the transverse-electric modes (TE0mp 1 d), the transverse-magnetic
modes (TM0mp 1 d), and the hybrid modes (HEnmp 1 d/EHnmp 1 d),
where the subscripts n, m, and p denote the azimuthal variation of the
fields, the order of variation of the field along the radial direction, and
the order of variation of fields along the z-direction (d denotes an
incomplete period), respectively8,9. When illuminated by a plane
wave in the axial direction (which carries only an n 5 1 component),
only the n 5 1 HE modes are effectively excited in the DRA, with the
lowest-order one HE11d carrying most of the energy8,9. Systematic
studies have been done to determine the resonant frequencies of an
arbitrary DRA. For a cylindrical one, although a simple analytical
equation is not available (like equation (1)), there are closed-form

expressions for the resonant frequencies based on the numerical
results of rigorous methods. Mongia et al.9 have summarized such
expressions for the lowest modes that are widely used in the field of
DRA, namely (for the HE11d mode)

2pR
l

~
6:324
ffiffiffiffiffiffiffiffiffiffiffi
erz2
p 0:27z0:36

R
L

� �

z0:02
R
L

� �2
" #

, ð2Þ

where R denotes the DRA radius, l denotes the resonant wavelength,
er denotes the relative permittivity and L denotes the DRA length.
The resonant condition predicted by equation (2) is shown as the
dashed white line in Fig. 2(a), where we have taken er 5 11.9 (a-Si)
and L 5 500 nm. An excellent agreement is found between the
simulated peaks of Qabs and the predicted HE11d mode resonance.
This is a clear evidence that the absorption of a single standing NW is
dominated by the coupling of the incident light into the DRA modes,
and the NW functions as a most effective antenna (with a highest
Qabs) when the incident wavelength matches one of its supported
modes and causes a leaky-mode-resonance. The literature has not
provided an expression for the second lowest mode HE12d designated
in Fig. 2(a), since these higher-order modes are only weakly excited
and are less important for antenna applications8,9 (which is consist-
ent with the simulated results: when the HE11d mode is excited, the
optical cross-section is enlarged to over 17 times its geometrical
cross-section, whereas for the HE12d or higher-order modes, this
number is below 5). To further verify the validity of this interpreta-
tion, we have compared the simulated results in Ref. 3 for a 2.5 mm
long standing GaAs NW with the resonant condition given by equa-
tion (2) (where we have taken er 5 13.18 (GaAs), L 5 2.5 mm). A
remarkable match is also found between the HE11d mode and the
lowest-branch (left most) resonance in the absorption cross-section
(note that this paper presents the absorption cross-section, for which
the second branch HE12d dominates in magnitude. When normal-
ized to the geometrical cross-section, the lowest branch HE11d shows
the highest Qabs and thus the strongest antenna effect, in agreement
with our previous discussion). Since their simulated results have been
proven by experimental measurements, we believe the DRA model
describes the absorption mechanism of a single standing NW quite
accurately. It also suggests that the promotion of the open-circuit
voltage and the apparent efficiency beyond the Shockley-Queisser
limit would be more significant if the NW diameter can be further
reduced from ,425 nm to ,250 nm (to match the HE12d mode
within the main absorption spectrum) or eventually to ,100 nm
(to match the HE11d mode within the main absorption spectrum,
which would produce the highest built-in concentration).

Compared to the Lorentz-Mie scattering formalism, the DRA
model not only gives the right prediction of the dominant resonance
peak in a standing NW, it also well explains the influence of a back-
reflector. When a metallic plane is introduced below a DRA, this new
structure is equivalent to an isolated DRA of double the height under
the condition that the symmetric plane is an electric wall (Ez 5 0 on
this plane) for the specific mode9. This condition is satisfied for all
HE modes in a cylindrical DRA, so a standing NW of length L on a
perfect back-reflector is equivalent to an isolated NW of length 2 L
under axial illumination (where only the HE modes are excited). In
Fig. 2(b), we have plotted the HE11d mode as a dashed white line by
taking er 5 11.9 (a-Si) and L’ 5 2 L 5 1000 nm. A good agreement is
found between the Qabs of a 500 nm-long NW on a back-reflector
and the HE11d mode of a 1000 nm-long isolated NW, whereas the
HE11d mode of a 500 nm-long isolated NW shown in Fig. 2(a) dis-
tinctly deviate from the Qabs plot in Fig. 2(b). This precise prediction
of the peak-shifting in Qabs strongly suggests that a standing NW is
indeed a DRA that absorbs light energy by coupling the incident light
into its DRA modes. A similar phenomenon is also observed for the
HE12d mode, although further study is needed to quantitatively prove
its origin.

Figure 2 | (a) and (b) Absorption efficiency Qabs as a function of

wavelength l and radius R for NWs on a transparent substrate and on a

perfect back-reflector, respectively. The dashed white lines indicate the

calculated HE11d modes for isolated DRAs of length 500 nm and 1000 nm,

respectively. (c) Jsc versus R for NWs with and without a back-reflector

under AM1.5 solar spectrum. The color images show the amplitude of the

radial component of the Poynting vector in the middle plane normal to the

NW axis. Inset: spectral absorption enhancement by a back-reflector for

the planar cell and the R 5 50 nm NW cell.
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Another important effect of the back-reflector is revealed by com-
paring the Qabs magnitude in Fig. 2(a) and (b). When the HE11d mode
is excited, a NW with a back-reflector shows a Qabs of ,35, over twice
the value of the same NW on a transparent substrate. More generally,
Fig. 2(b) exhibits an approximately 2-fold increment in Qabs for all
NW radius and incident wavelength compared to Fig. 2(a). This
surprisingly high gain in the absorption of a nano-scale device with
a back-reflector has been experimentally demonstrated by Kempa et
al.2, where they observed an almost doubled Jsc of a coaxial NW when
a back-reflector is applied. This phenomenon is quite important for
our discussion since the additional 2-fold increment in Qabs would
lead to a more pronounced built-in concentration effect and a higher
Voc above the planar limit. In Fig. 2(c), we integrate the Qabs from
Fig. 2(a) and (b) with the AM1.5 solar spectrum and plot the result-
ing Jsc for the case without (solid blue line) and with (solid red line) a
back-reflector, respectively (assuming an IQE of unit). Apparently,
the back-reflector effectively promotes the absorption in a standing
NW, leading to the highest built-in concentration C 5 21 for a NW of
radius R 5 50 nm, whereas the same NW shows only C 5 10 on a
transparent substrate. The more than doubled built-in concentration
suggests a fundamental difference between the way a back-reflector
promotes the absorption in a planar cell and the way it does in a NW
cell. This is revealed in the inset of Fig. 2(c), where the absorption
enhancement ratio (defined as the ratio of Qabs with and without a
back-reflector for a NW cell of R 5 50 nm, and the ratio of Jsc with
and without a back-reflector for a planar cell) is plotted against the
incident wavelength. For a planar cell, the back-reflector promotes
the absorption by reflecting the transmitted light back into the cell
and prolongs its optical path, thus the promotion can only be seen for
longer wavelengths where the material is relatively weak-absorbing,
as indicated in the inset of Fig. 2(c). By sharp contrast, the NW cell
benefits from the back-reflector for all wavelengths. This originates
from the fact that LMR plays a crucial role in the absorption of a
nano-scale device6, and the effectiveness of the excitation of such
leaky modes strongly depends on the overlap between the source
field and the mode field. As evidenced in the above discussion, a
standing NW on a back-reflector is equivalent to an isolated NW
with double the length. Thus, the leaky modes in this new prolonged
antenna have a doubled space-overlap with the external driving field
and are more effectively excited. We have given an intuitive illustra-
tion in the color images where the amplitude of the radial component
of the Poynting vector is plotted for a NW of R 5 50 nm with and
without a back-reflector, respectively. This quantity is a straight-
forward measurement of the coupling efficiency, and it clearly shows
that a NW with a back-reflector is a much more effective antenna.

So far, we have thoroughly discussed the optical absorption of a
single standing NW. We will now determine its influence on the cell’s
open-circuit voltage. In the following, we will only consider the cases
with a back-reflector (corresponding to Fig. 2(b), or the red solid line
in Fig. 2(c)), since they generally have higher built-in concentrations.
In Fig. 3, the hollow triangles show the simulated Voc of a NW cell
with varying radius, while the dashed black line shows the Voc of the
planar counterpart under the total-absorption condition. The planar
cell exhibits a Voc of 882 mV, in close proximity to that of the world-
record a-Si solar cell (877 mV)14, proving the validity of the simu-
lation models. Compared to the planar limit, the NW cells show
substantially higher open-circuit voltages, with a maximum of
1.006 V observed for a NW cell with R 5 50 nm. The 124 mV
increment in Voc clearly proves that a NW cell is capable of operating
beyond the Shockley-Queisser limit. To quantitatively relate this
enhancement to the built-in concentration effect, we have taken
the general formula for concentrated photovoltaics: VNW 5 Vplanar

1 nkTlnC, and plotted three sets of estimated values of VNW for
different diode quality factors n 5 1.3/1.7/2.1, respectively (here
VNW and Vplanar denote the open-circuit voltages of the NW cell
and the planar cell, respectively. And C is the concentration factor

defined as the ratio of Jsc between the NW cell and the planar cell).
Apparently, there is a direct correlation between the extent to which
the Voc of the NW cell exceeds the planar limit and the logarithm of
the built-in concentration C, and the cell can be viewed as having a
quality factor n 5 1.5 , 2 under illumination, quite consistent with
the empirical values for a-Si solar cells15. Thus, it is evident that the
built-in concentration effect of a standing NW promotes its open-
circuit voltage beyond the one-sun planar limit in an almost identical
way as an external concentrator applied to a planar cell. Finally, we
should point out that a higher open-circuit voltage directly translates
to a higher energy-conversion efficiency of the NW cells. This extra
efficiency finds its origin in the fundamental process of energy-con-
version in a solar cell, where the solar radiation is converted in to an
electron-hole gas inside the cell with a chemical potential m given by

m~Eg 1{
T0

TS

� �

zkT0 ln
TS

T0
zkT0 ln

Vinc

4p
ð3Þ

here Eg, T0, TS, and Vinc denote the band gap of the cell material, the
temperature of the cell, the temperature of the sun, and the receiving
solid angle of the solar radiation, respectively16. Any macro-scale
solar cell without external concentration has an Vinc 5 Vs 5 6.8
3 1025 (the solid angle of the sun), resulting in the Shockley-Queisser
limit of conversion efficiency. However, a standing NW cell is able to
interact with the solar radiation in a solid angle much larger than Vs

owing to its optical antenna effect, thus the entropy loss in the energy
transfer is suppressed and the cell shows up as a more efficient
thermal electronic engine17.

Carrier-extraction capability beyond the planar limit. In the above
section, we have discussed the distinctively different optical-
absorption mechanisms in a planar cell and in a standing NW cell,
the latter of which is dominated by the coupling of light into the cell’s
DRA modes. In this section, we will show that such difference not
only results in an elevated chemical potential m of the electron-hole
gas generated within the cell (which translates to a higher Voc), but
also leads to a more effective extraction of these photocarriers,
embodied by a notable rise in the IQE. To begin with, we briefly go
through the carrier-extraction of a solar cell. When an electron-hole
pair is excited, they must be diverted to their respective contacts
before recombination to contribute to the current. The efficiency
of this process is measured by IQE, defined as the ratio of collected
carriers and generated carriers. In practice, IQE is less than unit to an
extent determined by the cell construct, the optical-absorption
profile, and the density of states of the material, etc. While the last
factor can be remedied by improving the quality of the material, there

Figure 3 | Simulated Voc versus R for NWs on a back-reflector. The

dashed color curves show the calculated results by using VNW 5 Vplanar 1

nkTlnC, for n 5 1.3, 1.7, and 2.1, respectively.
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is an inherent difficulty in coordinating the first two factors to
achieve an optimal cell performance4,15,18. This is reflected by the
fact that the optical-absorption in any macro-scale solar cell
submits to an exponential distribution, where most of the
photocarriers are generated near the front surface. Nevertheless,
the same region often resides the heavily-doped defect-rich
emitter, leading to an inevitable recombination loss. Such conflict
between the absorption region and the electrical structure accounts
for a critical part of current loss in many types of solar cells and puts
an extra constraint on cell designs. However, a standing NW cell is
not bound by this limit due to its distinct light-absorption
mechanism. In this case, the absorption region is primarily defined
by the field profile of the excited modes. Thus, it offers an additional
degree of freedom in cell designs and can potentially improve the cell
efficiency.

For consistency, we will illustrate this effect based on the cell
structure with the highest open-circuit voltage determined in the
previous section, namely the R 5 50 nm NW cell on a back-reflector.
We will see later that this choice is well-founded by the simultaneous
dependence of both the promotion in Voc and IQE on the excitation
of the HE11d mode. In the left part of Fig. 4(a), the optical-absorption
profile under AM1.5 illumination is plotted as color maps for the
planar cell and the R 5 50 nm NW cell on a back-reflector, respect-
ively (the numbers correspond to the carrier-generation rate). The
region of the heavily-doped p-type emitter is also labeled by dashed
frames in both cases for comparison with the optical profile.
Apparently, the absorption in the planar cell exhibits a rapid expo-
nential decay along the Z-minus axis due to the dominant role of the
middle-wavelength light in the AM1.5 solar spectrum, for which the
a-Si material is quite absorptive. As a result, a large overlap is found
between the place of generation of the photocarriers and the region of
the heavily-doped emitter, implying a considerable current loss (as
will be shown in the following). By contrast, the absorption pattern in
the NW cell is distinctively different. Its photocarriers are concen-
trated around specific locations along the axial direction, with a clear
azimuthal symmetry. According to the previous discussion, this is a
typical mode profile of the HE111 1 d mode excited by l 5 630 nm,
where the azimuthal variation of the fields is of the form sinQ (thus
n 5 1), the radial variation of the fields has one maximum (thus m 5

1), and the axial variation of the fields has one complete period (thus
p 5 1). Unlike the planar case, the optical profile in the NW cell
cannot simply be viewed as a superposition of the respective profiles
of different wavelengths weighted to their intensity in the AM1.5
solar spectrum (otherwise we should anticipate a much less charac-
terized optical pattern due to the contribution from the off-res-
onance wavelengths that dominate in intensity). Instead, the highly
characterized HE11d mode profile results predominantly from the
optical antenna effect, where the NW responds to the resonant wave-
length (l 5 630 nm) with a much larger cross-section than the off-
resonance ones and thus exhibits field patterns close to that of a
single mode. This is particularly beneficial to the cell designs since
it provides us with a simple and effective control over the absorption
profile within the cell. Finally, the shifting of the absorption region
from the heavily-doped surface layer to the intrinsic middle layer
clearly solves the dilemma faced by the planar cell, as is shown in the
following.

In the right part of Fig. 4(a), the color maps show the logarithmic
recombination rate within the planar cell and the R 5 50 nm NW cell
on a back-reflector, respectively, under AM1.5 solar spectrum. We
have used the exact same set of electrical parameters in these simula-
tions to reveal the exclusive influence of an altered absorption profile.
The resultant IQE (integrated value for the whole AM1.5 spectrum,
the same below) rise is remarkable: from 86% for the planar cell to an
extremely high value of 96% for the NW cell, which corresponds to a
3.5-fold reduction in recombination-induced current loss. The origin
of such enhancement is found by comparing the magnitude of the

recombination rate in these two cells. The recombination rate in the
heavily-doped emitter is one order of magnitude higher in the planar
cell than in the NW cell, despite the fact that the latter carries a
current density 20 times higher than the former (due to the built-
in concentration). This is a direct embodiment of the ineffectiveness
of the planar cell design regarding carrier-extraction. On the other
hand, the suppressed recombination in the emitter of the NW cell
comes at the expense of a 3 , 4 order-of-magnitude increase in the
recombination rate in the i-layer, due to both the localized maxi-
mums of the electrical field and the optical antenna effect. This,
however, proves to have little influence on the overall carrier-extrac-
tion of the NW cell since the intrinsic layer is in nature an ideal
absorber of light with a negligible base recombination rate. The
dominant recombination loss in the NW cell is still attributed to
the surface doped layers, as is evident in the figure. It should be noted
that there are several regions in the n-doped bottom layer of the NW

Figure 4 | (a) Carrier generation profile and logarithmic recombination

rate within the planar cell and the R 5 50 nm NW cell on a back-reflector.

The dashed frames show the region of the heavily-doped emitters. (b) IQE

of the planar cell and the R 5 50 nm NW cell on a back-reflector for

different diffusion lengths Ln in the doped layers. W is the thickness of the

doped layers and has a constant value of 20 nm.
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cell where the optical maximums partly overlap with the doped
region so the local recombination rate is relatively high.
Nevertheless, the impact of such overlap is limited by the sinusoidal
variation of the optical fields along the Z-minus axis in the HE11d

mode, where only a small proportion of light energy resides in the
surface doped layer, in contrast to the exponential case exhibited by
the planar cell9.

At last, we will give a more general demonstration of the advantage
of the standing NW structure in cell designs by comparing the car-
rier-extraction capability of the planar cell and the NW cell in dif-
ferent parameter ranges. The minority carrier diffusion lengths in the
doped layers, Ln(electrons) and Lp(holes), are critical indicators of
the cell performance and are given prior consideration during the
fabrication of the a-Si solar cells. We have varied their values from a
default Ln/Lp 5 6.3 nm/5.8 nm to a range of 1 nm , 600 nm by
changing the dopant concentration in the p-layer/n-layer simulta-
neously (Ln and Lp are kept proportional and in close values in all
cases and only Ln is later shown as the variable). In Fig. 4(b), the IQEs
of the planar cell and the NW cell are shown for two distinct regions:
(1) Ln . W (light green); and (2) Ln , W (light yellow), where W is
the thickness of the doped layers and has a constant value of 20 nm.
This division follows the approximate rule of solar cells that the
photocarriers can be effectively collected only when their diffusion
lengths are equal to or larger than the respective layer thicknesses. It
is apparent from the figure that both the planar structure and the
standing NW structure can efficiently extract the photocarriers when
the diffusion lengths in the doped layers are sufficiently long (Ln .

W), embodied by IQE values close to unity in the left region.
However, such a condition requires an excellent quality of the mater-
ial and puts a strict constraint on the doping concentrations, which is
of limited interest to practice use. The superiority of the standing NW
structure lies in the right region where Ln , W, corresponding to the
actual cases where the carrier diffusion lengths within the doped
layers are often limited to a few nanometers18,19. In this region, the
NW structure is able to maintain a relatively high carrier-collecting
efficiency (IQE . 90%) even for diffusion lengths small than 1 nm,
while the planar structure suffers dramatically with decreasing Ln,
showing an IQE of ,75% at Ln 5 1 nm. Such difference, as is dis-
cussed above, has arisen from the fact that the absorption front in the
NW cell is shifted from the doped emitter to the intrinsic middle
layer when its HE11d DRA mode is excited, which provides the NW
cell with inherent tolerance to doping-induced recombination. The
congruity between the electrical structure and the absorption profile
of the NW cell opens up many new potentials in cell designs: ultra-
high doping and much thicker emitters can be used to meet the
requirements for a strong built-in electric field or a high-quality
contact, the restriction on the deposition technique is loosen, and
the current loss in the intrinsically defect-rich materials can be sup-
pressed when applied to certain types of heterojunction solar cells,
etc. Finally, it is intriguing to compare these theoretical results to
those of the latest experimental investigations. In the work by
Wallentin et al.4, the EQE of the standing-NW-array InP solar cell
is found to sensitively depend on the thickness of the top n-segment,
in contrast to our previous findings. As an explanation, they showed
by optical simulation that most of the photocarriers are generated
near the top of the NWs under the chosen NW dimensions. This
discrepancy has most likely arisen from the fact that the NW dia-
meter in their work (180 nm) is too large to support the HE11d mode
resonance within the main absorption spectrum. In such a case, the
superposition of the optical profiles of the off-resonance wavelengths
would lead to a non-characteristic planar-like absorption pattern (as
is evidenced by their simulation) and diminishes its advantage in
quantum efficiency. It would be helpful to examine the cell perform-
ance based on standing NWs with smaller diameters (,100 nm), for
which the superior carrier-extraction capability should be clearly
demonstrable.

Discussion
The previous sections have assessed two different approaches in
efficiency improvement regarding open-circuit voltage and internal
quantum efficiency, respectively. The efficiency gain in both cases
relies directly on the excitation of the HE11d resonant mode, which
indicates that the NW diameter should be chosen according to the
resonant condition of the main absorption wavelength in order to
achieve maximal conversion efficiency. Experimentally, this choice
can be enabled by many techniques such as vapor–liquid–solid (VLS)
growth and metal-assisted chemical etching (MACE), which are
capable of fabricating NWs with diameters as small as 10 nm20.
Also, the use of a back-reflector can further promote the effects.
Here in the following, we give an overall comparison between the
performance of the planar cell and that of the optimal standing NW
cell. The simulated I–V curves of the planar cell (dark green, under
total-absorption condition) and the NW cell (light purple, R 5

50 nm with a back-reflector) are shown in Fig. 5 and their cell para-
meters are listed in the middle chart. The open-circuit voltage and
the short-circuit current density of the planar cell shows upper limits
of 882 mV and 18.84 mA/cm2, respectively, in good accordance with
the experimental records for a-Si solar cells14. By comparison, the
NW cell shows a Voc 124 mV beyond the planar limit due to the
built-in concentration, and exhibits an extremely high Jsc of
432.7 mA/cm2 under the combined influence of the built-in concen-
tration and the promoted carrier-extraction efficiency. When
calculated with the projected area of the cell (which is the horizontal
cross-section of the NW), the apparent efficiency (ga) of the NW cell
is 364.6%, several times higher than the ray-optics limit. Such a high
ga shows that the standing NW cell can generate a considerable
amount of electric work while occupying a very small footprint,
which makes it a perfect choice for nano-scale electric power sources
on a chip or for sensor applications3. Finally, and most importantly,
the energy conversion efficiency (gc, defined as the ratio of the output
electric energy and the absorbed photon energy) of the NW cell
reaches a high value of 17.67%, showing a 33% relative increase
compared to the planar cell limit (13.32%, which is close to the initial
efficiency of the record a-Si cell in experiments). This improvement
in energy-conversion efficiency is attributed to the fact that the NW
cell is able to convert the solar radiation into an electron-hole gas
with a higher chemical potential, and that it collects these photocar-
riers more effectively due to the congruity between its electrical
structure and optical profile. Therefore, the standing NW structure
could be a promising building block for ultrahigh-efficiency solar
cells or a platform for high efficiency nano-scale energy sources.

Methods
The left part of Fig. 1(a) shows the cell structure of the simulated single a-Si standing
NW solar cells. A typical p-i-n structure of the a-Si thin film solar cells is adopted,

Figure 5 | I–V characteristics and cell parameters of the planar cell and
the R 5 50 nm NW cell on a back-reflector. The apparent efficiency ga is

calculated with the projected area of the NW cell.
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namely (from top down): the front TCO contact (omitted in the figure), the p-doped
a-Si layer, the intrinsic a-Si layer, the n-doped a-Si layer, the rear TCO contact
(omitted in the figure), and the substrate (a transparent dielectric with a refractive
index n 5 1.5 for the cases without a back-reflector, or a perfectly reflecting metal for
the cases with a back-reflector). To highlight the potential of the single standing NW
cell to perform beyond the planar limits, both the planar cell thickness and the NW
length are kept constant at 500 nm, with a fixed configuration p 5 20 nm/i 5

460 nm/n 5 20 nm14,21 (the intrinsic layer thickness is relatively enlarged to ensure
comparable absorption without light-trapping structure). The NW radius R varies
from 10 nm to 200 nm.

We employ the finite-difference time-domain (FDTD) method to obtain the light
absorption of the cells. The incident light is an infinite plane wave directed to the
minus Z-axis (which is normal incidence for the planar cell and axial incidence for the
NW cell), with a wavelength l ranging from 300 nm–720 nm, covering the major
absorption spectrum of a-Si (Eg 5 1.72 eV). The simulations are performed in a
200 nm 3 200 nm 3 1 mm FDTD region with periodic boundary conditions in the
in-plane directions for the planar cell, and in a 4 mm 3 4 mm 3 1 mm region with
perfectly matched layer (PML) boundaries in the in-plane directions for the single
standing NW cells (further increasing the latter region size in the x-y plane results in
little change of the absorption within the NW, thus this setup offers a good
approximation of an isolated NW under infinite axial illumination). A mesh-
refinement of down to 1 nm is applied and the complex refractive indices n, k of the
material are taken from a widely used reference22 to ensure the credibility of the
simulated optical fields. To assess the upper limit of the planar cell performance, the
simulated planar absorption rate Abs(l) is artificially divided by a factor of [1-R(l)-
T(l)] prior to the subsequent electrical simulations, where R(l) and T(l) are the
reflectance from and the transmittance through the cell, respectively. This corre-
sponds to the total-absorption condition of the planar cell and gives an upper limit of
photocurrent.

For electrical simulations, basic semiconductor equations are solved on a tet-
ragonal mesh with a fine mesh-size of 1 nm. The photocarrier generation rate at each
mesh point is given by integrating Abs(l) with the AM1.5 solar spectrum in the
interval of 300 nm–720 nm. The top and rear contacts are assumed to be ohmic while
the a-Si is characterized as a semiconductor material with a band gap of 1.72 eV19.
Both the Shockley-Read-Hall (SRH) recombination and Auger recombination are
considered in each layer, giving an electron diffusion length of ,500 nm in the i-layer
and ,6 nm in the doped layers14,19,21. For simplicity, the influence of the interface/
surface recombination and the doping concentration on the NW cell23,24 is not dis-
cussed, which does not affect the main conclusions of this work. All the above
simulations are performed using a commercial software package [FDTD Solutions v8
& DEVICE v3, Lumerical 2013], the validity of which has been proven by numerous
works regarding nano-scale optoelectronic devices.
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Abstract

As a great promising material for third-generation thin-film photovoltaic cells, hydrogenated nanocrystalline silicon
(nc-Si:H) thin films have a complex mixed-phase structure, which determines its defectful nature and easy residing
of oxygen impurities. We have performed a detailed investigation on the microstructure properties and oxygen
impurities in the nc-Si:H thin films prepared under different hydrogen dilution ratio treatment by the plasma-enhanced
chemical vapor deposition (PECVD) process. X-ray diffraction, transmission electron microscopy, Raman spectroscopy,
and optical transmission spectroscopy have been utilized to fully characterize the microstructure properties of the nc-Si:
H films. The oxygen and hydrogen contents have been obtained from infrared absorption spectroscopy. And the
configuration state of oxygen impurities on the surface of the films has been confirmed by X-ray photoelectron
spectroscopy, indicating that the films were well oxidized in the form of SiO2. The correlation between the
hydrogen content and the volume fraction of grain boundaries derived from the Raman measurements shows
that the majority of the incorporated hydrogen is localized inside the grain boundaries. Furthermore, with the
detailed information on the bonding configurations acquired from the infrared absorption spectroscopy, a full
explanation has been provided for the mechanism of the varying microstructure evolution and oxygen impurities
based on the two models of ion bombardment effect and hydrogen-induced annealing effect.

Keywords: Nanocrystalline silicon; Hydrogen dilution; Oxygen impurities; Bonded hydrogen; Grain boundaries

Background
As a low-cost, high-efficiency thin-film material, hydro-
genated nanocrystalline silicon (nc-Si:H) has emerged as
a very attractive candidate for the application of next-
generation solar cells. Extensive optical and electrical in-
vestigations have been carried out to reveal the favorable
features of nc-Si:H thin films such as tunable bandgap,
strong optical absorption, high carrier mobility, and
great stability against light soaking [1-4]. High efficiency
and good stability of single-junction [5] and tandem [6,7]
third-generation nc-Si:H thin-film solar cells have been re-
alized based on the good properties of this material. The
initial active-area efficiency of a triple-junction structured
cell has been demonstrated to be 16.3% [8] by taking
advantage of the nc-Si:H material.

However, the nc-Si:H film is in nature a mixed-phase
structure consisting of nanometer-sized grains embed-
ded in an amorphous matrix [9], which determines that
the defect microstructures such as grain boundaries and
voids exist in the films with a large volume fraction. And
oxygen impurities from post-deposition oxidation can
easily diffuse into the film because of the porous defect
structure and induce additional defects [10] within
the nc-Si:H films as well. Furthermore, incorporation
of oxygen into the nc-Si:H films can lower the optical
absorption [11] of amorphous Si (a-Si)-based solar cells
when nc-Si:H films are used as a window layer or tunnel
junction [12]. It has also been found that nc-Si:H is
more sensitive to oxygen impurities than a-Si:H because
oxygen can form weak donors in nc-Si:H materials,
which raises the Fermi level towards the conduction
band [13]. Therefore, it is of significant importance to
regulate the defect structure and the oxygen impurities
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in the films in order to better the performance of nc-Si:H
material-based solar cells.
In this work, we have performed a detailed structural

and optical investigation on nc-Si:H thin films with hydro-
gen dilution profiling to analyze the structure evolution
and oxygen incorporation under the influence of hydro-
gen. The bonding configuration of surface oxygen has
been identified by the X-ray photoelectron spectroscopy
(XPS) spectra. Moreover, a detailed analysis on the infra-
red Si-H stretching mode has been given to reveal the tun-
ing mechanism of hydrogen on structure and oxygen
impurities during the growth process based on the two
models of ion bombardment effect and hydrogen-induced
annealing effect.

Methods
The nc-Si:H thin films were grown on both glass and
double-side-polished intrinsic single-crystalline silicon
(c-Si) (100) substrates by a capacitively coupled plasma-
enhanced chemical vapor deposition (PECVD) system
with the gases SiH4 and H2. The PECVD system was op-
erated at a radiofrequency (RF) of 13.56 MHz, an RF
power density of 0.4 W/cm2, a total gas flow rate of 120
sccm, a chamber pressure of 150 Pa, and a temperature of
250°C. The hydrogen dilution ratio RH [H2/(H2 + SiH4)]
varied from 97.5% to 99.2%. The detailed physical char-
acteristics of the nc-Si:H samples are summarized in
Table 1.
The film thicknesses were directly measured by a Dektak

6 M profilometer (Veeco Instruments Inc., Plainview,
NY, USA). The average grain size d was derived from
the (111) X-ray diffraction (XRD) peak, measured with
a Bruker D-8 XRD system (Cu Kα radiation, 40 kV and
60 mA, Madison, WI, USA) at room temperature, and
the grain size was also directly observed by high-
resolution transmission electron microscopy (HRTEM;
CM200, Philips, Amsterdam, The Netherlands). The
crystalline volume fraction XC was calculated from the
Raman spectra, measured with a Jobin Yvon LabRam
HR800 UV micro-Raman spectrometer (backscattering
configuration and Ar ion laser of 514.5 nm, Kyoto,
Japan). The laser power density is 1 mW/mm2 to avoid

any beam-induced crystallization. The long-wavelength
limit of the refractive index n∞ was deduced from optical
transmission spectra, measured with the double-beam
ultraviolet-visible-near-infrared spectrometer PerkinElmer
UV Lambda 35 (300- to 1,000-nm spectral range with
0.5-nm resolution, Waltham, MA, USA).
The hydrogen (oxygen) content bonded to silicon CH

(CO), and its bonding configurations were obtained from
infrared (IR) absorption spectra, measured with a Nicolet
Nexus 870 Fourier transform IR spectrometer (400 to
4,000 cm−1, Thermo Fisher Scientific Inc., Waltham, MA,
USA). XPS was used to study the silicon core energy level
of the nc-Si:H. All the spectra were obtained with an elec-
tron takeoff angle of 90° using an Al Kα source monochro-
matic X-ray radiation. The Kratos charge neutralizer
system (Kratos Analytical, Chestnut Ridge, NY, USA) was
used on all the samples to compensate the charging effect
of the sample surface. The narrow scan of the spectra was
collected at a high-resolution mode with a pass energy of
20 eV. The binding energy was calibrated to the C1s emis-
sion (284.8 eV) arising from surface contamination. The
background from each spectrum was subtracted using a
Shirley-type background to remove most of the extrinsic
loss structure. All the comparative data and spectra pre-
sented below are normalized with thickness.

Results and discussion
To investigate the structural properties of the nc-Si:H
thin films grown under various H dilution profiling,
micro-Raman and XRD measurements were carried out.
In Figure 1a, the XRD pattern for the sample with RH =
98.2% is presented, in which the three diffraction peaks
appearing at 2θ ~ 29.0°, 47.5°, and 57.0° correspond to
the (111), (220), and (311) planes of c-Si, respectively.
The presence of large diffraction peak broadening of
(111), (220), and (311) c-Si peaks indicates the appear-
ance of a silicon nanocrystalline phase in the film. The
strongest XRD peak intensity for the (111) plane indi-
cates that the nanocrystallites have preferentially grown
along the (111) direction. Based on the Scherrer formula
[14], the average grain size d in the (111) direction was
calculated to be approximately 5.8 nm, which is in good
agreement with the value directly observed from HRTEM
as shown in Figure 1b. The provided selected area electron
diffraction (SAED) pattern in the inset of Figure 1b shows
the diffraction rings of the (111), (220), and (311) planes of
silicon, which further ascertains the two-phase-mixture
nature of the nc-Si:H thin films. It can be clearly observed
from the inset of Figure 1a that with the increase of RH up
to 98.8%, the grain size d has a significant decrease from
the maximum value of 8.6 to 5.5 nm in the nc-Si:H thin
films. And further increasing the hydrogen dilution to
99.2% only leads to a slight increment of d. As we will

Table 1 Summary of physical parameters of the nc-Si:H
thin films prepared under various hydrogen dilution
ratios

RH (%) Rd (Å/s) d (nm) XC (%) n∞ CO (at.%) CH (at.%)

97.5 0.2895 8.6 76.83 2.980 5.73 34.19

98.0 0.2583 7.3 75.41 2.768 8.39 33.90

98.2 0.2540 6.3 73.15 2.744 8.80 32.46

98.6 0.1966 5.8 72.07 2.663 10.92 33.98

98.8 0.1830 5.5 74.69 2.650 9.34 33.66

99.2 0.1778 6.1 75.72 2.541 3.33 30.63
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discuss below, this can be, in principle, due to the deple-
tion of deposited SiHx radical molecules by the hydrogen
flux.
Figure 1c shows the typical experimental result of Raman

spectrum corresponding to the sample with RH = 98.2%.
The spectrum was decomposed into three satellite spectra,
namely a broad Gaussian distribution around 480 cm−1

resulting from the transverse optical (TO1) mode of
amorphous silicon, a Lorentzian peak near 520 cm−1

coming from the asymmetric TO2 vibrational mode of
crystalline silicon [15], and one peak around 506 cm−1

originating from the intermediate mode of crystal-like
phase at grain boundaries [16]. The crystalline volume
fraction XC of the nc-Si:H films can be estimated from
the relation XC = (IA + IGB)/(IC + IGB + IA), where IA, IGB,
and IC are the integrated peak intensity at 480, 506, and
520 cm−1, respectively. And the obtained crystalline vol-
ume fraction XC vs. hydrogen dilution ratio RH was plotted
in the inset of Figure 1c. According to both the surface
model [17] and the growth zone model [18], increasing RH
will result in an increase of XC. However, our experimental
results show that XC increases only when RH is higher
than 98.8%, and hence, the decrease of XC in the RH range
up to 98.6% cannot be fully explained by the mentioned

growth models. Therefore, additional discussion involving
the hydrogen ion bombardment [19] effect is necessary
to fully explain the film growth mechanism as well as to
understand the structure characterization.
Optical transmission measurements were performed at

room temperature to generate optical information on the
nc-Si:H thin-film samples. Figure 1d displays the experi-
mental (open circles) and fitted (solid curve) optical trans-
mission spectrum for the sample with RH = 98.2%. From
the fitting process conducted within the framework of a
modified four-layer-medium transmission model based on
the envelop method [20], both the film thickness (approxi-
mately 636.9 nm) and the long-wavelength limit of the re-
fractive index (n∞~ 2.663) were obtained. The thicknesses
of the films are in good agreement with the values directly
measured by the step profilometer as listed in Table 1.
And the long-wavelength limit of the refractive index n∞ is
an important optical parameter associated with the mass
density and atomic structure of nc-Si:H thin films, which
together with the XC obtained from the Raman measure-
ment can be used to calculate the respective volume frac-
tions of the three components, namely c-Si, a-Si, and voids
in the films. Table 1 summarizes the structural and optical
properties of the nc-Si:H thin films under various RH.

Figure 1 Structural and optical properties of a representative nc-Si:H sample with RH = 98.2%. (a) Experimental XRD spectrum showing
diffraction peaks (111), (220), and (311). The inset shows the average grain sizes of the films under different RH. (b) The image of HRTEM with an
inset of the SAED pattern. (c) Experimental (open circles) and fitted (solid curve) Raman spectrum with the inset presenting the crystalline volume
fractions within the films under different RH. (d) Experimental (open circles) and fitted (solid curve) optical transmission spectrum.
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Finally, room-temperature IR transmission measure-
ments were conducted to obtain both the oxygen content
and hydrogen content in these films. Figure 2a shows the
IR absorption spectra of the samples prepared under dif-
ferent RH, with four major absorption peaks appearing at
around 630 cm−1 (Si-H rocking-wagging mode), 880 cm−1

(Si-H bending mode), 1,030 cm−1 (Si-O stretching mode),
and 2,090 cm−1 (Si-H stretching mode) [21-24]. In the
calculation of the absorption coefficient, the transmit-
tance was normalized to eliminate the interference
fringes due to the small index of refraction difference
between the c-Si substrate and the films. The bonded
oxygen content CO can be yielded by numerical integra-
tion of the peak around 1,000 to 1,200 cm−1, which is
related to the Si-O-Si stretching mode through the
equation CO (at.%) = 1/NSi × AW × ∫(α(ν)/ν)dν, where
α(υ) is the absorption coefficient of the film at wave-
number υ, NSi = 5 × 1022 cm−3 is the atomic density of
pure silicon, and the proportionality constant AW is
fixed to be 2.8 × 1019 cm−2 [22,23]. The bonded hydro-
gen content CH can also be calculated from the Si-H
rocking mode at around 630 cm−1 with AW = 2.1 ×
1019 cm−2 [25]. The calculated CO and CH for all these
nc-Si:H films are listed in Table 1.
As a mixed-phase material with nanocrystallites embed-

ded in an amorphous matrix, nc-Si:H contains a certain
volume fraction of nanometer-sized voids, which should
not be neglected when characterizing the microstructure
of the films [26]. The volume fraction of voids PV in these
nc-Si:H thin films was calculated based on Bruggeman's
effective media approximation [27] using the crystalline
fraction XC from the Raman analysis and the refractive
index n∞ from the transmission calculation. As shown in
Figure 2b, PV increases monotonically with the increase of
RH, which indicates that the presence of microvoids in

these thin films is enhanced by hydrogen dilution and
that the compactness of the samples decreases with the
increase of RH.
As also shown in Figure 2b, the total oxygen content

CO for the samples initially has an increase from 3.33%
to 10.92% with the increase of RH up to 98.6%, and then
a downshift of CO occurs when further increasing RH.
Researchers have found that most of the oxygen atoms
were incorporated into the films through post-oxidation
[28]. Concerning the material structure, cavities and voids
in the material are probably crucial for accommodation of
oxygen molecules. Hence, the variation of CO along RH is
expected to be similar to that of PV. Nevertheless, our
experimental data show an interesting nonmonotonic
correlation that higher PV is associated with less oxygen
impurities when RH is above 98.6%, which deviates from
the above expectation. And the deviation indicates that
there should be some other type of defect structure
overwhelmingly affecting the incorporation of the oxygen
inside the films rather than voids.
To fully understand the relation between the defect

microstructure and the oxidation effects, it is quite ne-
cessary to investigate the structure evolution mechanism
and to elucidate the hydrogen behavior in the growth
process of the nc-Si:H thin film, which is a complex syn-
ergy between surface and bulk reactions of impinging
SiHx.
XPS measurements have been further employed to ac-

curately investigate the Si/O surface interaction. Figure 3
displays a representative high-resolution Si 2p spectrum
(from the sample with RH = 98.2%) to understand the
suboxide on the film surface. The synchrotron work of
Himpsel et al. [29] and Niwano et al. [30] afforded the in-
formation for all energy level fitting. The fitting compo-
nents generated from the decomposition of the measured

Figure 2 IR absorption spectra and oxygen content and volume fraction of voids. (a) IR absorption spectra of the nc-Si:H thin films prepared
under different RH. (b) Oxygen content and volume fraction of voids as a function of RH.
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spectrum correspond to different Si bonding states. For
the as-fabricated nc-Si:H materials, the Si 2p region has
been routinely fitted to Si 2p1/2 and Si 2p3/2 partner lines
for Si4+, Si0, and intermediate states such as Si1+ (Si2O),
Si2+ (SiO), and Si3+ (Si2O3). The additional component of
silicon oxide was referred as SiO2*, which is assigned to be
the regular crystalline-like phase produced at the interface
of SiO2-Si. This part mainly comes from the lattice
mismatch of the oxide and single-crystal Si29 with its
peak located at a binding energy of 0.35 eV, slightly
lower than that of SiO2. It can be confirmed from the
above data analysis that Si3+ does not exist in the sample,
while the existence of Si1+ and Si2+ species are supported
by the XPS observation.
Moreover, we can notice from peak 3 that the nc-Si:H

surface was well passivated with SiO2. Surface oxygen
content as a function of RH is presented in the inset of
Figure 3. From the inset, we notice that the sample with
RH = 99.2% has a very low value of surface oxygen con-
tent, demonstrating that high RH hydrogen effectively
limits the intermediate oxide formation by passivation at
the near surface. It can be clearly seen from the evolu-
tion of the surface oxygen content that the surface oxy-
gen content first shifts towards the highest value of
24.32% upon increasing RH up to 98.2%. But when RH is

further increased to 99.2%, the surface oxygen content
downshifts towards the lowest value of 13.56%. Besides,
RH = 98.2% gives rise to the highest peak intensity of sur-
face oxygen content while the oxygen content CO in the
bulk is not the highest. This may be related to the surface
smoothness at the atomic level of the sample, i.e., a rough
surface of the silicon material produces more intermediate
oxidation states. The oxygen content CO in the bulk is
mainly influenced by H and the H-related defect structure,
which we will discuss in the following part.
As we mentioned in Figure 2b, there is a deviation be-

tween the oxygen impurities and the volume fraction of
voids PV when RH is above 98.6%, which probably re-
sulted from another important defect structure, that is,
grain boundaries between the nanocrystallites and the
amorphous matrix of the nc-Si:H films. We can get the
information on grain boundaries from the Raman meas-
urement. The Raman spectra of the nc-Si:H films were
collected between 400 and 600 cm−1 using a confocal
microscope with a laser having an excitation wavelength
of 514 nm. The spectrum of a representative sample
with RH = 98.2% is shown in Figure 4a, which was
deconvoluted into three component peaks at 520, 480,
and 506 cm−1. These three deconvoluted peaks indicate
the presence of well-ordered, disordered, and quasior-
dered silicon phases, respectively. The last peak has been
taken by several authors to indicate the presence of grain
boundaries [16], whose volume fraction (CGB) in nc-Si:H
films can be estimated from the relation CGB = IGB/(IC +
IGB + IA), where IA, IGB, and IC are the integrated inten-
sities of the peaks observed at 480, 506, and 520 cm−1,
respectively.
We show in Figure 4b the variation of CGB and CH as

a function of RH. It can be clearly observed that CGB and
CH have the same variation behavior as a function of RH,
demonstrating that as an important defect microstruc-
ture, the volume fraction of grain boundaries in the nc-
Si:H films can be effectively regulated by the bonded H.
This positive correlation of CGB and CH also demon-
strates that most of the hydrogen atoms in the nc-Si:H
films are located in the grain boundaries, rather than
voids or other quasiordered phases, even though the
amorphous part accounts for most of the thin films.
Grain boundaries can probably offer location for most of
the oxygen impurities out of post-oxidization, where the
oxygen atoms can incorporate the dangling bonds along
the grain boundaries. On the other hand, the incorpor-
ation of oxygen impurities in the films is effectively in-
fluenced by H radicals. The mechanism is that H
radicals generated in the plasma during the growth
process of the films are accelerated by the RF power and
impinge onto the growing surface of the films with a
certain kinetic energy. Those H radicals with enough
kinetic energy can passivate the dangling bonds along

Figure 3 Typical XPS Si 2p spectrum of the nc-Si:H thin film
under RH = 98.2%. The splitting of 0.6 eV is shown with all the
intermediate oxidation states. The inset presents the surface oxygen
content as a function of RH.
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the grain boundaries and effectively prevent the oxygen
impurities from post-oxidization.
The bonded H located at grain boundaries can form

hydrides with a certain type of bonding configuration,
which can be identified from the deconvoluted peaks of
the Si-H stretching mode of the peak at 2,090 cm−1 as
mentioned in Figure 2a. These hydrides with different
types of bonding configurations were then investigated
in this part to help us accurately understand the spatial
correlation between the hydrogen-related microstruc-
tures and oxygen impurities.
The spectrum of a representative sample with RH =

98.2% was chosen to be deconvoluted into eight Gauss-
ian absorption peaks as presented in Figure 5a, standing
for several types of different bonding configurations. The
frequency position of the deconvoluted peaks depends

on the unscreened eigen-frequency of the hydride, bulk
screening, local hydride density, and possible mutual di-
pole interactions of the hydrogen incorporation config-
uration [31]. The low stretching mode (LSM; 1,980 to
2,010 cm−1) originating from the a-Si:H tissue is often in
an isolated Si-H form in the bulk. The middle stretching
mode (MSM; 2,024 to 2,041 cm−1) due to the Si-H
stretching vibrations is located at the platelet-like config-
uration of the amorphous-crystalline interface with
massive defect states. The high stretching mode (HSM;
2,086 to 2,094 cm−1) responsible for Si-H2 at the internal
surface of microvoids [32] is also related to a number of
unsaturated dangling bonds. The extreme HSM (EHSM;
2,140 to 2,150 cm−1) arises from the trihydrides in the
film prepared under high hydrogen dilution conditions.
Three narrow HSMs (NHSMs; at 2,097, 2,109, and

Figure 4 Experimental and fitted Raman spectrum and volume fraction of grain boundaries and hydrogen content. (a) Experimental
(open circles) and fitted (solid curve) Raman spectrum of a representative sample with RH = 98.2%. (b) Volume fraction of grain boundaries and
hydrogen content as a function of RH.

Figure 5 Deconvoluted Si-H stretching mode and correlation between the integrated intensity of MSM and oxygen content. (a) Typical
deconvoluted Si-H stretching mode of the nc-Si:H thin film under RH = 98.2%. The solid curves are the overall fitting results using eight Gaussian
peaks. (b) Correlation between the integrated intensity of the MSM and the oxygen content as a function of RH.
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2,137 cm−1) represent mono-, di-, and trihydrides, respect-
ively, on the crystalline surface. Lastly, the stretching
mode at approximately 2,250 cm−1 corresponds to the hy-
dride OxSi-Hy vibration with oxygen atoms back-bonded
to the silicon atoms [33].
Among the eight bonding configurations of hydrides,

the MSM corresponding to the bonding configuration of
the hydrides in the grain boundaries is the major mode
that determines the mechanism of hydrogen's influence
on oxygen impurities. We show in Figure 5b the inte-
grated intensity of the MSM and the bonded oxygen
content CO for all the samples with RH = 97.5% to 99.2%.
It is clear that the integrated intensity of the MSM de-
creases with RH increasing from 97.5% to 98.6% and
then increases when further increasing RH from 98.6%
to 99.2%. As also shown in Figure 5b, CO has an inverse
evolution compared with the integrated intensity of the
MSM, illustrating that the MSM is closely related to the
oxygen impurities. H atoms and ions incorporate the sil-
icon dangling bonds along the platelet-like configuration
of the amorphous-crystalline interface, that is, grain
boundaries, and form the hydride corresponding to the
MSM. These hydrides located in grain boundaries can
effectively passivate the nc-Si:H films by preventing the
oxygen incursions from inducing the increase of dan-
gling bonds (Pb center defects) [10]. And this inverse
correlation between the integrated intensity of the MSM
and CO further proves that the oxygen impurities mainly
reside at the grain boundaries of the nc-Si:H films.
Based on the above results and analysis, we can hereby

draw a clear physical picture of the structure evolution
mechanism and the effect of the hydrogen behavior on
the structure as well as the oxygen impurities in the
growth process of the nc-Si:H thin film. The growth of
the nc-Si:H thin film is the overall effect of two compet-
ing processes: the formation of radicals and the etching
of deposition. These two processes are significantly in-
fluenced by the proportions of the impinging SiHx radi-
cals and atomic hydrogen ions, which vary with different
hydrogen dilutions. During the initial stage, increasing
RH from 97.5% to 98.6% led to the decrease of the density
of the SiHx radicals, which together with the H etching
effect resulted in the decrease of the growth rate. Con-
sidering the high RF power density applied on the de-
positing substrate, the ion bombardment effect [19]
should be taken into account. The ion bombardment ef-
fect of the increasing H species on the SiHx radicals
during the growth process reduced the surface diffusion
length of film precursors, and these precursors could
not reach their favorable growing sites, leading to the
formation of more microvoids with amorphous compo-
nents in the nc-Si:H film. These subsequently formed
microvoids induced larger areas of internal surfaces
with dangling bonds and weaker Si-Si bonds in the

growing film. Therefore, through H ion implantation,
atomic hydrogen diffusion, and relevant chemical reac-
tions, more hydrogen would be bonded to silicon or
trapped in these microvoids, resulting in not only an in-
crease in the volume fraction of voids PV within the film
as shown in Figure 2b but also a decrease in both the
grain size d and the crystalline volume fraction XC, as
observed in both the XRD and Raman measurements
presented in Figure 1a,c. In the meanwhile, the en-
hanced H abstraction reaction [34,35] of the increasing
H atoms and ions took away a certain number of the
bonded H from the hydrides at grain boundaries, and
more oxygen impurities could incorporate the dangling
bonds at grain boundaries, giving rise to the decrease of
the integrated intensity of the MSM and the increase of
CO as shown in Figure 5b.
Further increasing RH from 98.6% to 99.2% led to a de-

clining growth rate due to the further decreasing density
of the SiHx radicals. At the same time, the PV of the
growing film was further enhanced (see Figure 2b) be-
cause of the ion bombardment effect of the excessive H
species. However, in this RH range, 98.6% to 99.2%, the
hydrogen-induced annealing effect [36] gradually became
dominant over the effect of the ion bombardment-
induced amorphization. The excessive H species present-
ing on the growing surface of the film could penetrate
into the subsurface and rearrange the Si-Si network
structure. These H atoms and ions saturated the present
dangling bonds at the interface between the amorphous
and crystalline regions and formed molecular hydrogen
through the reaction of adsorbed hydrogen with clus-
tered hydrogen in the subsurface, which was less mobile
than the atomic hydrogen. Further H insertion reaction
with the a-Si:H matrix destructed and perturbed the
strained Si-Si bonds, and the subsequent structural re-
laxation of the Si-Si bonds resulted in the transform-
ation of the film's structure from amorphous to
nanocrystalline. Therefore, as a general result, excessive
hydrogen presenting in the plasma could lead to a
greater probability of crystallization, supported by the
observation of XC in Figure 1c. The slight enhancement
of the grain size d from 5.5 to 6.1 nm as seen in
Figure 1a without any remarkable change can be attrib-
uted to the suppression of the growth by the excessive
H ion implantation on the nucleation site, as well as the
depletion of the SiHx radical by the hydrogen flux. On
the other hand, the results of the increasing integrated
intensity of the MSM and the decreasing CO as shown
in Figure 5b in this RH range illustrate that those H
atoms and ions penetrating into the subsurface could
saturate the dangling bonds along the grain boundaries,
and more hydrides were formed to effectively avoid the
post-oxidation effect by preventing the oxygen impur-
ities from incorporating the dangling bonds in the grain
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boundaries. Hence, compact-structure and well-passivated
grain boundaries are less susceptible to oxygen impurities.
Our previous work of applying an extra negative bias on
the substrate [37] offers an effective way to lower the defect
density and the oxygen impurities inside nc-Si:H films.

Conclusions
In summary, we have conducted a detailed investigation
on the mechanism of hydrogen's influence on structure
evolution and oxygen impurities from a series of nc-Si:H
thin films prepared under different hydrogen dilution ratio
treatment in PECVD. XRD, TEM, Raman, and optical
transmission techniques have been utilized to understand
the microstructure characterization of nc-Si:H thin films.
XPS results have confirmed that oxygen impurities on the
surface of the nc-Si:H films have the dominant formation
state of SiO2. The good agreement between the bonded
hydrogen content and the volume fraction of grain bound-
ary illustrates that as an important defect structure, the
volume fraction of grain boundary in nc-Si:H films can
be effectively regulated through hydrogen dilution. The
inverse relationship between the integrated intensity of
MSM and the oxygen content presents that the oxygen
incursions due to post-oxidation originate from the lo-
cation of grain boundaries inside nc-Si:H films. The
tuning mechanism of hydrogen on oxygen impurities is
that the hydrides corresponding to the MSM with a cer-
tain kind of bonding configuration are formed by the
incorporation of H atoms and ions with the silicon dan-
gling bonds located at grain boundaries, which can ef-
fectively prevent the oxygen incursions from residing
along grain boundaries and further forming the Si-O/Si
defects. Therefore, applying an extra negative bias on
the substrate during the growth process is proposed to
reduce the probability of oxygen contamination, which
can produce films with better light absorption proper-
ties in the solar cell application.
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the  isolation  effect.  Through  illuminated  current–voltage  characteristic  measurements,  the  improved
open  circuit  voltage,  fill  factor  and  efficiency  have  been  obtained.  These  results  demonstrate  that  this
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hemical etching

. Introduction

With the extensive application of solar power produced by crys-
alline silicon solar modules, a significant percentage of solar cells
re classified as off-spec or non-prime cells as a result of elec-
rical shunts. Usually, the electrical shunts will act to electrically
y-pass the devices internal p-n junction within the crystalline sil-

con solar cells. In this paper, all the bright features visible in liquid
rystal sheet (LC) or infrared (IR) camera measurement have been
alled “shunts”, which are caused by material or process. Several
ypes of shunts have been found and classified into the following
ypes: linear/nonlinear edge shunts, cracks and holes, Schottky-
ype shunts, etc. [1]. Shunts can be presented in different localized
egions in solar cells, which will decrease the cell conversion effi-
iency (�) under forward bias by decreasing short circuit current
nd fill factor (FF). Meanwhile, the shunt in a solar cell will result
n “hot spot” formation under reverse bias conditions, which is due
o the local dissipation of power through the shunt, and the hot
pot temperature relates to the local reverse current density [2]. If
he temperature generated by the shunt exceeds a critical value,

he solar module in which the cells are integrated can be damaged.
ccording to IEC qualification testing procedure for hot spot testing
t module level, a module should be maintained at a temperature

∗ Corresponding author. Tel.: +86 21 67791474.
E-mail  address: huilian.hao@sues.edu.cn (H.L. Hao).

ttp://dx.doi.org/10.1016/j.apsusc.2014.05.078
169-4332/© 2014 Elsevier B.V. All rights reserved.

78
of 50 ± 10 ◦C during a five hours exposure in simulated or nature
sunlight with an irradiance of 1000 W/cm2 ± 10% [3]. Therefore, it
is a major challenge facing PV manufactures to minimize the shunt
influence on silicon solar cells.

Traditionally, the shunted silicon-based cells are discarded, or
disposed by chemical solutions and then re-undergo the fabrica-
tion process, during which metal contamination is hard to get rid
of, and the reprocessed wafers become very thin, thus making
handling operation and screen-printing difficult. As a result, more
effective methods are needed to repair shunted areas. By isolating
the shunted regions from the active areas, a non-prime cell will
be possibly up-graded, which can be accomplished by either phys-
ically removing the shunt itself or by eliminating the conductive
paths connecting the shunt to the rest of the cell [2,4–9].

Up  to now, laser scribing is widely used to isolate shunts, it is
perfectly suitable for inline processing and the solar cells needs
not to be touched, which is an important to handle thin wafers.
However, due to the recast of molten or new shunts induced by the
laser scribing, the reported results cannot be satisfied. In this paper,
by adopting chemical etching after laser scribing, we can further
improve the laser scribing isolation effect, and the enhanced cell
efficiency could be expected.
2.  Experimental details

The  studied multi-crystalline solar cells with dimension of
156 × 156 mm2 were named by Sx (x = 1, 2, 3, 4), all of them were
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ig. 1. Liquid crystal images (a), (b), (c), (d) under reverse bias 10 V, corresponding 

n  text, the reader is referred to the web version of the article.)

abricated from p-type wafers with conventional structure of front
unction and back surface fields: Ag/n+–Si/p–Si/P+–Si/Al. Due to the
ower efficiencies than those of the normal products, all of them

ere rejected by the manufacture. LC measurement was performed
nder reverse bias to detect the shunts in the samples. The 1064 nm
-switched Nd:YAG pulsed laser was used to isolate shunted areas
ithin the cells. Profiler meter (NT9080) measurement with 20×

bjective was carried out to characterize the depth and width
f the scribing groove. After laser scribing, the electrochemical
tching was implemented with 12% NaOH solution. An IR camera
ith FLIR systems was used to measure the hot spot temperature

Th) at reverse bias of 10 V. Finally, illuminated current–voltage
I–V) characterization was carried out under standard conditions
under AM 1.5 G illumination at 25 ◦C) with a Gsolar XJCM-

 I–V tester to characterize the electrical properties of all the
amples.

. Results and discussion

We  firstly employ LC sheets measurement to detect the shunts

n the samples. The LC sheet containing a thermo chromic LC layer
lm is about 160 �m thick with the sensitive temperature range
f 25–30 ◦C, the color of which will change when the temperature
ises in shunt positions under a reverse bias. Note that the visual

79
 samples of S1, S2, S3, S4, respectively. (For interpretation of the references to color

appearance  of hot spots in LC sheet imaging strongly depends on
the heating power and measuring time on the solar cells. Fig. 1
gives the LC imaging of the samples under reverse bias 10 V. During
the LC measurement, the temperature of shunt increases with test
time under a certain voltage, thus the color scale of LC sheet around
shunt region goes from black across red, yellow, green to blue. The
blue color represents the highest temperature, and then instantly
dark dip appears inside the blue region, which displays the shunt
position [10]. We  can see from Fig. 1 that the shunts are lying in
different positions in different samples, three of them locate on the
edge of the solar cells, indicating that the edge of the solar cells
were not well-passivated. It is clear that the color regions are much
larger in S1 and S2 than those in S3 and S4, which means that shunts
in S1 and S2 are much stronger than those in S3 and S4.

In  order to upgrade these samples, the shunt isolation was
performed by laser scribing to eliminate the conductive paths con-
necting the shunt to the rest of the solar cell. Incorrect laser settings
can result in the metal residues or other dirty stains going into the
scribing grooves, especially when the laser scribes cross a contact
finger. As a result, these residues will produce very low resistive

paths that easily cause shunts across the junction. To identify the
suitable laser parameters for good shunt isolation, laser scribing
was first performed on several non-shunted solar cells to obtain
the optimized laser parameter. As confirmed by LC sheet and IR
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ig. 2. Plan and corresponding 3-D profiles of the laser grooves by profiler meter m

amera measurements, the non-shunted solar cells before scrib-
ng had no localized shunts. Under reverse bias 10 V, the reverse
urrent (Irev) of all the cells was below 0.1 A. The deduced shunt
esistances Rsh, which are referred as the leakage path of the cur-
ent in a solar cell and represented in parallel with the current
ource in equivalent circuit model [11], were larger than 100 �.
he scribing processes were done with Q-switched (nanoseconds)
d:YAG pulsed laser pumped by the krypton light. The effects of

aser parameters (laser average power-Paverage, repetition rate-Rrep,
canning speed-Vscanning, pulse duration-Wpulse, spot size-Dsize and
oop count number) on the processed samples were evaluated by
omparing the changes of shunt resistance and Isc before and after
aser scribing. The I–V testing was performed under standard condi-
ion for all the samples to get Rsh and Isc. During the laser process on
on-shunted cells, a square with size of 5 mm × 5 mm was  scribed,
hich includes the contact finger. In the area of SiN-coated silicon,

he laser groove width and depth are 50 and 32 �m,  respectively.
hile in the area of gridlines, the laser groove width and depth

re 35 and 26 �m,  respectively. The Rsh for all non-shunted cells
efore and after laser scribing is 135.0–266.3 � and 128.6–251.3 �,
espectively.

Note that the laser scribing groove depth should be much
eeper than the thickness of gridlines to guarantee proper scribing
hrough the gridlines, which is a balance between good isolation
nd strength properties. During our experiments, we found that
he depth of the laser groove mainly depended on the scanning
peed and pulse duration. A trade-off between the new shunts pro-
uced by the laser scribing and the suitable groove depth should be
aken into account to obtain the smallest changes of Rsh and Isc. For

cribing in the middle and at the edge of the samples, we  got the
mallest Isc loss around 1.4% and 0.6%, with Rsh decrement 15 � and

 �, respectively. Then the above optimized corresponding laser
ettings were used to isolate the shunts. For the samples S1–S3, the

80
ments: in the areas of SiN-coated silicon (a) and (b), as well as gridlines (c) and (d).

laser  parameters used are: Paverage (20 W),  Rrep (30 KHz), Vscanning
(400 mm/s), Wpulse (175 ns) and Dsize (20 �m).  While for the sam-
ple S4, the laser parameters used are: Paverage (50 W),  Rrep (50 KHz),
Vscanning (600 mm/s), Wpulse (256 ns) and Dsize (30 �m).  When scrib-
ing the shunted cells, the laser light firstly focused on the emitter
surfaces and then scribed with double laser passes. The shunted
areas were scribed by a square shape, until the shunted areas were
electrically isolated from the rest of the cells. The square size is
5 mm × 5 mm,  which can surround the shunted areas completely,
the laser groove crosses through the contact fingers. The isolation
grooves through emitter and through metal grid lines were formed
by overlapping these pulses to produce a continuous groove, and
the start-end point overlap is 65%. Finally, the depth and width
measurements of the laser grooves were carried out at different
locations.

Fig. 2 presents the plan and corresponding 3-D profiles of the
laser grooves in the areas of SiN-coated silicon and gridlines by
profiler meter measurements. Both the scribing depth and width
were measured in 10 different places away from the gridlines and
in 5 places where the scribe crossed a gridline. The laser groove
width is ∼48 �m in the area of SiN-coated silicon and 35 �m in that
of gridlines, the corresponding groove depth is 32 �m and 25 �m,
respectively. The ridges on each side of the scribe rose to a height
about 10 �m above the mean surface level of the cell. The height of
ridge can influence the scribing effect, low ridge will decrease the
debris collapsing probability to form new shunts when handling the
cells. Usually, the height of the gridlines was  found to be 10–15 �m,
so the laser scribing can completely disconnect the metal connect-
ing the shunted area to the rest of the solar cells. We  can see that all

the laser grooves are quite clean, which indicates that laser scribing
has been well implemented.

To  further improve the isolation effect, electrochemical etching
was carried out to etch print paste stains or other dirties induced
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Fig. 3. IR images under reverse bias 10 V of all the samples: (a1)–(a4) before 

y the laser scribing with 12% NaOH solution. The cell was laid on
 copper plate and connected to a power supply by means of two
andheld electrodes. Then, 12% NaOH was dropped inside the laser
rooves. Under a bias voltage, the current started running through
he cell, and some bubbles can be seen in the grooves during etch-
ng process, which indicates that some reactive chemical reactions

ccur there.

During the chemical etching, the print paste stains or other dirt-
es (e.g. Al, SiO2, SiC, etc.) induced by the laser scribing can be got

Fig. 4. Illuminated I–V characteristic curves of all the sam

81
 isolation, (b1)–(b4) after laser scribing, and (c1)–(c4) after chemical etching.

rid  of. The following electrochemical reactions can be expected to
occur:

2Al + 2OH− + 2H2O → 2AlO−
2 + 3H2 ↑

− 2−
SiC + 2OH + H2O → SiO3 + CH4 ↑

SiO2 + 2OH− → SiO2−
3 + H2O

ples: (a) after laser scribing and (b) after etching.



874 H.L. Hao et al. / Applied Surface Science 311 (2014) 870–875

Table  1
The  hot spot temperature and reverse current at −10 V for all the samples before isolation, after laser scribing, and after etching.

Samples Before  isolation After laser scribing After etching

T (oC) Irev (A) T (oC) Irev (A) T (oC) Irev (A)

S1 167 7.50 45.4 0.46 30.2 0.37
S2  132 6.48 46.3 0.33 27.1 0.27
S3  76.9 4.33 36.0 0.26 26.5 0.02
S4  53.5 2.56 28.7 0.15 22.1 0.007

Table 2
Comparison of the electrical performance of all samples at various processing stages.

Samples Before  isolation After  laser scribing After etching

Voc(mV) Isc(A) FF(%) �(%) Voc(mV) Isc(A) FF(%) �(%) Voc(mV) Isc(A) FF(%) �(%)

S1 542.1 5.29 50.8 6.9 580.7 7.32 75.9 11.8 606.2 7.55 78.1 12.3
S2  554.9 5.71 55.2 7.5 602.9 7.55 78.4 13.8 606.1 7.70 80.8 14.1
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S3  587.4 6.12 61.3 9.4 608.5 

S4  591.1 7.25 68.5 10.4 612.9 

he etching process was kept 5 min, and then the etch paste and
eaction products were removed by rinsing the cell with deionized
ater. Finally, the ethanol was sprayed on the cells to avoid marks.

Through LC sheet experiment, the position of the shunts can be
dentified on the solar cells, while the temperature of hot spot can-
ot be determined under a reverse bias. The hot spots temperature

s related to the local reverse current density, if the temperature
enerated by shunt is too high, the solar module in which the cell
s integrated can be damaged. The temperature under a reverse
ias can be determined by an IR measurement, which was carried
ut to obtain Th under a reverse bias. Fig. 3 shows IR images under
everse bias 10 V of all the samples before isolation (a1–a4), after
aser scribing (b1–b4), and after etching (c1–c4). It can be seen that
he shunted areas (bright zones) lie on the edge and in the middle
f the samples for S1–S3 and S4, respectively, which are consistent
ith those in Fig. 1. From IR images, Th and Irev at reverse bias 10 V

an be read for all the samples at different process stages, all the
easurements were under the same condition. For clarity, Th and

rev obtained from IR measurement under −10 V were summarized
n Table 1. It is obvious that Th and Irev decrease significantly after
aser scribing, moreover, further decrement can be still observed
fter electrochemical etching treatment, due to that the possible
etal or small quantity of drains driven into the junction by laser
ere peeled off during the etching. The final Irev is below 0.5 A for

ll the samples, and the deduced Rsh is larger than 20 �, which can
ompletely meet the hot spot test that is routinely carried out on
very cell by the manufactures.

Fig.  4 shows the illuminated I–V characteristic curves for the
amples after laser scribing (Fig. 4(a)) and after etching (Fig. 4(b)),
espectively. Some electrical data of all the samples determined
rom the illuminated I–V measurements are summarized in Table 2.
he significant improvement in the electrical properties of the
amples after etching demonstrates the potential of the proposed
echnique. The improvement in the electrical properties can be
xplained as the follows: the laser scribing removes shunted
egions electrically from the main part of cell, thus the direct
onductive paths from the emitter at shunted regions to the rear p-
ontact are eliminated. Therefore, a portion of the photo-generated
urrent cannot directly flow through the emitter to the back con-
act but flow through the external circuit. According to two-diode
quivalent circuit model [5], Rsh will increase due to the para-
itic current path interrupted by the shunt isolation process, thus

educes the influence of the shunt on FF and open circuit voltage
Voc), which also results in the isolated area no longer being able
o contribute to the current [12]. Therefore, the increment in effi-
iency for all the samples can be obtained due to the increase of Isc,

82
87 81.6 15.5 615.7 8.06 82.5 15.7
04 82.1 16.1 615.9 8.17 82.8 16.3

Voc and FF. After etching processes, the electrical properties are sus-
tainably improved for all the samples, indicating that the etching
can further optimize isolation effect through chemically treating
the scribing grooves. All these results confirm that the localized
shunts can be well isolated by a combination of laser scribing and
chemical etching technique.

4.  Conclusion

In summary, we employed LC sheet and IR camera to reveal
the existence of the localized shunts, reverse current and hot spot
temperature under a reverse bias. The optimized laser settings and
chemical etching were applied to isolate the shunted regions in
industrial off-spec solar cells. After shunts isolation, the electrical
parameters (FF, Isc, Voc, �) of these samples obtained from illumi-
nated I–V characteristic curves were recovered to the acceptable
levels by the manufactures. It is shown that the localized shunt
isolation through laser scribing combined with chemical etching
can yield functional solar cells in terms of thermal and electrical
properties, demonstrating the application prospect of the proposed
isolation technique.
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利用电致发光技术快速测定晶硅太阳电池少子寿命
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摘 要：结合理论分析，讨论太阳电池电致发光的影响因素，提出利用电致发光技术来测定晶硅太阳电池的少子寿

命。在完成测试定标后，对比目前普遍使用的微波光电导衰退法，对电致发光法测定单晶和多晶硅少子寿命进行

实验验证。结果表明，电致发光测试方法能快速、稳定、准确地测定晶硅太阳电池的少子寿命。

关键词：晶硅太阳电池；电致发光；少子寿命

中图分类号：TN307 文献标识码：A

0 引 言

晶硅太阳电池的少子寿命是评估太阳电池的

重要参数之一［1］，少子寿命反映了太阳电池表面和

基体对光生载流子的复合速度，即反映了光生载流

子的利用程度。通过对少子寿命的测量，可明确知

道晶硅电池的质量情况，从而作为质量监控和工艺

调整的依据，所以少子寿命的准确测量具有重要的

实际意义。目前普遍应用的少子寿命测试方法有

微波光电导衰退法（μ-PCD）、准稳态光电导法（QSS-

PC）等［2］，这些方法可以非接触地无损测量电池片的

少子寿命，但其设备昂贵，测量时间较长（单片电池

面扫描时间>3 min），无法满足大规模太阳电池生产

快速准确测量的要求。电致发光［3］（EL）成像具有成

像时间短（<10 s），分辨率高（300万像素以上），设备

简便等优点，非常适应生产过程中快速检验和测量

的需要。

本文借助相关理论分析影响太阳电池 EL的因

素，通过定标电池片发光强度与少子寿命关系，成

功实现利用 EL强度来测定晶硅太阳电池的少子寿

命，为在实际工程应用中快速测定少子寿命提供一

种新方法。

1 EL测定少子寿命的理论分析

当太阳电池加正向偏压时，在 P-N 结势垒区和

扩散区注入了少数载流子，这些非平衡少数载流子

不断地与多数载流子复合而发光［4］。将晶硅太阳电

池片简化为厚度为 d的理想 P-N 结，在小注入和突

变耗尽层条件下，忽略辐射复合生成光子的重吸

收。此时，光子能量E依赖的P-N结不同位置 x处的

EL强度 IL（E，x）［5，6］如式（1）。

IL(E,x) = 2π
h3c2

α(E)E2 exp(- E
kT

)exp(qV f
kT

)∙
é

ë

ê

ê
êêê
ê

ù

û

ú

ú
úúú
ú

exp(- x
Ln

)
1 - exp(- 2d

Ln
) +

exp( x
Ln

)
1 - exp( 2d

Ln
) （1）

式 中 ，h—— 普 朗 克 常 数 ；c—— 真 空 中 光 速 ；

α（E）——光子的吸收系数；E——辐射复合产生光

子的能量；q——单位电荷；Vf—在电池片上所加的

正向偏压；k——玻尔兹曼常数；T——绝对温度；

Ln——电子（P型硅片）扩散长度。

将电子扩散长度 Ln = Dnτn（其中 Dn为扩散系

数，τn为少子寿命）代入式（1）并对光子能量E以及 x

求积分，令积分结果为 IL，如式（2）。
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IL = ∫
E
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)dE∙

∫0d
é

ë

ê

ê
êêê
ê

ù

û

ú

ú
úúú
ú

exp(- x
Dnτn

)
1 - exp(- 2d

Dnτn
) +

exp( x
Dnτn

)
1 - exp( 2d

Dnτn
) dx∙ exp( qV f

kT
)

=C Dnτn

é

ë
êê

ù

û
úúexp( d
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exp( 2d
Dnτn

) - 1 exp(qV f /kT) （2）

式中，C——常数。从式（2）可知，室温下影响晶硅

太阳电池片 EL强度的因素有外加正向偏压以及扩

散长度（主要是少子寿命，见下面讨论）。

一般情况下，太阳电池用的晶体硅材料扩散系

数 Dn 为 30~40 cm2/s，而 当 硅 片 厚 度 d 为 160 ~
300μm，少子寿命低于 10 ms 时，d≫（Dnτn）1/2，式（2）
可以简化为式（3）。

IL =C Dnτn exp(qV f /kT) （3）
经过相同工艺处理制成的太阳电池P-N结具有相同

的掺杂浓度，其载流子迁移率也为常数，少子扩散

系数满足爱因斯坦关系式［7］，如式（4）。

Dn
μn

= kT
q

（4）
式中，μn——电子迁移率。由式（4）可知，室温下其

少子扩散系数Dn为常数。所以，在某一固定正向偏

压下，式（3）可进一步简化为式（5）。

IL = A τn （5）
式 中 ， A—— 恒 定 偏 压 下 为 常 数 ，

A =C Dn exp(qV f /kT) 。式（5）说明晶硅太阳电池的

EL强度与少子寿命平方根的线性关系，通过对式（5）
中斜率A的标定，可利用EL方法计算得出太阳电池

的少子寿命。

2 EL测定少子寿命实验及定标

2.1 晶硅太阳电池EL能力与强度

为研究晶硅太阳电池 EL 能力，选取 156 mm ×
78 mm，厚度为 200 μm 的多晶硅太阳电池片，利用

上海欧普泰科技创业公司研发的电池片EL检测设

备，在室温，正向偏压 5 V，曝光时间为 8 s的条件下

由红外CCD镜头成像，并对图像进行灰度变换分析

处理得到灰度值分布，灰度值显示的是图像中像素

点的亮暗级别，即发光强度。将图像中每像素点灰

度值相加之和为 EL 图像的相对发光强度值。图 1
给出了 3 块典型多晶硅电池片 EL 图像及其灰度值

曲线，横坐标为灰度值，纵坐标为每种灰度值的像

素点数量，反映图像中每种灰度出现的次数，灰度

值为 0~25的区间为低效率区，此区间内的像素点发

光强度低于最高发光强度的 10%。通过计算，3 块

电池片的发光强度值分别为 4.86×107，6.67× 107，

8.15× 107。其中样品1存在大面积的工艺污染，杂质

原子在晶体中形成少数载流子的复合中心，降低少

子寿命，电池片效率较低，在外加偏压下P-N结由于

注入而产生的电子-空穴辐射复合发光的几率变小，

使电致发光亮度减弱，在电致发光图像上污染的部

位以暗斑显示出来，在灰度曲线上灰度值处于 0~25
的低效率区内像素点较多，其发光强度值较低。样

品 2和样品 3电池片无明显的缺陷，效率较高，像素

点主要分布在灰度值较大的正常工作区，其中样品

3的效率最高，EL信号也最强，其发光强度值最高。

由此可见，在相同的测试条件下，电池片的缺陷越

少，效率越高，其EL能力越强。
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图1 多晶硅太阳电池EL图像及灰度值分布曲线

Fig. 1 EL images and gray value distribution of
multi-crystalline Si solar cells

2.2 EL强度与正向偏压的关系

由式（2）可知EL强度的对数与正向偏压成线性

关系。实验选取单块单晶和多晶硅太阳电池在室

温，8 s曝光时间下，改变正向偏压的大小测量电池

片的EL强度。从图 2的实验结果可知，单晶和多晶

硅太阳电池 EL强度对数与正向偏压均满足理论上

的线性关系。
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图2 晶硅电池电致发光强度与正向偏压的关系

Fig. 2 EL intensity of Si solar cells under different forward
applied voltages

2.3 EL强度测量定标少子寿命

取电池片厚度 d=200 mm，Vf=5 V，Dn=35 cm2/s［8］，

用Matlab进行数值模拟式（2）中电池片EL强度与少

子寿命的关系，结果如图 3中插图所示。随着少子

寿命的增大，电池片 P-N结内辐射复合的光子生成

几率增加，EL 强度增强。少子寿命较低时 EL 强度

与少子寿命的平方根满足式（5）所示的线性关系，

但随着少子寿命的增大，增强幅度减小，不再满足

线性关系。
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图3 单晶硅电池电致发光强度与少子寿命的关系

Fig. 3 EL intensity versus minority carrier lifetime in
mono-crystalline Si solar cells

为验证晶体硅电池中 EL强度与少子寿命的关

系，实验采用经过相同工艺制成的 5块单晶硅电池

片。首先利用WT-2000型少子寿命测试仪的μ-PCD
法测得每块电池片的少子寿命，然后在室温，正向

偏压 5 V，曝光 8 s的条件下测量其 EL强度，与少子

寿命进行对比，得到图 3。EL强度与少子寿命的平

方根确实满足式（5）的线性关系，经线性拟合计算

出直线斜率，即式（5）中常数A单晶=4.418。

另外，在与测试单晶硅EL图像相同的条件下拍

摄 5块多晶硅电池片的EL图像，采用上述定标方法

对多晶硅太阳电池的电致发光强度与少子寿命进

行定标，得到图 4，经线性拟合计算后得出 A 多 晶=
3.416。由于多晶硅材料中位错和晶界对载流子复

合的影响［9］，在加正向偏压下，多晶硅太阳电池中

光子生成率比单晶硅太阳电池低，使得定标得到的

A多晶比A单晶低。
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图4 多晶硅电池电致发光强度与少子寿命的关系

Fig. 4 EL intensity versus minority carrier lifetime in
multi-crystalline Si solar cells

通过以上方法，完成EL强度测量少子寿命的定

标，即可以利用EL强度来测定单晶硅以及多晶硅电

池片的少子寿命。

3 EL测定少子寿命方法验证

作为验证，再任取另外 5 块单晶硅片，经过制

绒、清洗、磷扩散、刻蚀、镀氮化硅减反膜、印刷、烧

结等步骤制成太阳电池，利用电池片EL检测设备，

在室温，正向偏压 5 V，曝光时间为 8 s 条件下拍摄

EL 图像得到发光强度值，根据式（5）和 A 单晶=4.418
计算出电池片的少子寿命，与直接利用μ-PCD测得

少子寿命进行对比，如表1所示。

从表1和表2可知EL方法对于单晶与多晶硅太

阳电池均有很好的适用性，利用EL测定的少子寿命

与利用微波光电导衰退法测量出的少子寿命误差

在 0.05 μs（2%）之内，但由于单晶硅与多晶硅太阳

电池中光子生成率不同，在测试之前需要对两种晶
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体硅太阳电池分别定标。

表1 电致发光法和微波光电导衰退法测量单晶硅少子

寿命实验数据

Table 1 Minority carrier lifetime of mono-crystalline Si solar
cells measured from EL and μ-PCD techniques

编号

1
2
3
4
5

τEL/μs
7.304
7.255
7.575
6.499
7.179

τμ-PCD/μs
7.228
7.288
7.411
6.695
7.393

再任取 9块多晶硅片制成太阳电池片，利用EL
方法（A 多 晶=3.416）和μ-PCD 法分别测试其少子寿

命，得到如表2的结果。

表2 电致发光法和微波光电导衰退法测量多晶硅

太阳电池少子寿命实验数据

Table 2 Minority carrier lifetime of multi-crystalline Si solar
cells measured from EL and μ-PCD techniques

编号

1
2
3
4
5
6
7
8
9

τEL/μs
3.6389
3.5322
3.4961
3.3637
2.7746
2.7142
2.6305
2.5623
2.4394

τPCD/μs
3.6124
3.5656
3.5506
3.3229
2.8106
2.7305
2.7007
2.6560
2.3566

同时，这种利用EL技术测定太阳电池少子寿命

新方法不仅适用于太阳电池的整体发光强度和平

均少子寿命，而且适用于电池片上每个位置的局部

发光强度和少子寿命。图 5为其中一块多晶硅电池

片利用 WT-2000 型少子寿命测试仪测试出的少子

寿命面分布图与EL图像的对比。比较图 5，无论是

图像总体分布还是其中低少子寿命区域（如图中黑

斑），EL强度分布与少子寿命的分布都有清楚的对

应关系。将太阳电池片任意位置的EL发光强度值

利用式（5）进行计算，即可在 EL测试系统上得到该

位置的少子寿命数值；而EL方法的曝光成像时间为

8 s，与μ-PCD法的面扫描时间（约 5 min）相比，可显

著缩短测试时间。说明无论是太阳电池片的整体

少子寿命还是其少子寿命分布情况均可利用EL技

术简便快速地测定。

a.少子寿命面分布图 b. EL图像

图5 微波光电导衰退法测量多晶硅电池少子寿命分布图与

EL图像的对比

Fig. 5 Comparison between the minority carrier lifetime
distributions in multi-crystalline Si solar cells measured from

μ-PCD and EL techniques

4 结 论

结合半导体 PN 结发光相关理论，提出一种利

用电致发光技术来测量晶硅太阳电池少子寿命的

新方法。在定标EL发光强度与少子寿命的关系后，

对单晶和多晶硅太阳电池片的少子寿命进行验证

实验，实验结果与μ-PCD 法有良好的可重复性，证

明了该方法的可靠性。同时利用 EL图像既可测量

电池少子寿命的面分布，也可计算其统计分布，用

来快速测试电池的局部以及整体性能。当然 EL方

法只能对晶硅太阳电池片的少子寿命进行测试，无

法测量原硅片的少子寿命，其应用范围有一定的局

限性，但可配合EL的缺陷检测功能共同使用，为准

确测量太阳电池质量提供有力支持。
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FAST DETERMINATION OF MINORITY CARRIER LIFETIME IN
CRYSTALLINE SILICON SOLAR CELLS FROM

ELECTROLUMINESCENCE TECHNIQUE

Liu Xiao1，Shen Wenzhong1，Wang Zhen2

（1. Institute of Solar Energy，Shanghai Jiao Tong University，Shanghai 200240，China；

2. Shanghai Optech Science and Technology Corporation，Shanghai 200333，China）

Abstract: By the aid of detailed theoretical analysis，the factors affecting the solar cell electroluminescence（EL）
intensity were investigated. A new EL technique has been proposed to measure the minority carrier lifetime of crystalline
silicon solar cells through comparing with the results from the traditional μ-PCD method. It is demonstrated that the EL
technique is able to achieve fast，stable and accurate minority carrier lifetime of both mono-and multi-crystalline silicon
solar cells.
Keywords: crystalline silicon solar cells；electroluminescence；minority carrier lifetime
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High performance PbS quantum dot sensitized
solar cells via electric field assisted in situ chemical
deposition on modulated TiO2 nanotube arrays†

Liang Tao,a Yan Xiong,b Hong Liu*ab and Wenzhong Shen*ab

Quantum dot sensitized solar cells (QDSSCs) are attractive photovoltaic devices due to their simplicity and

lowmaterial requirements. However, efforts to realize high efficiencies in QDSSCs have often been offset by

complicated processes and expensive or toxic materials, significantly limiting their useful application. In this

work, we have realized for the first time, high performance PbS QDSSCs based on TiO2 nanotube arrays

(NTAs) via an in situ chemical deposition method controlled by a low electric field. An efficiency, h, of

�3.41% under full sun illumination has been achieved, which is 133.6% higher than the best result

previously reported for a simple system without doping or co-sensitizing, and comparable to systems

with additional chemicals. Furthermore, a high open-circuit voltage (0.64 V), short-circuit current (8.48

mA cm�2) and fill factor (0.63) have been achieved. A great increase in the quantity of the loaded

quantum dots (QDs) in the NTAs was obtained from the in situ electric field assisted chemical bath

deposition (EACBD) process, which was the most significant contributing factor with respect to the high

JSC. The high VOC and FF have been attributed to a much shorter electron path, less structural and

electronic defects, and lower recombination in the ordered TiO2 NTAs produced by oscillating anodic

voltage. Besides, the optimal film thickness (�4 mm) based on the NTAs was much thinner than that of

the control cell based on nanoporous film (�30.0 mm). This investigation can hopefully offer an effective

way of realizing high performance QDSSCs and QD growth/installation in other nanostructures as well.
Introduction

Quantum dots (QDs) have received tremendous attention due to
their attractive optical and electronic properties,1–3 and have
been integrated into different opto-electronic devices, e.g.,
quantum dot sensitized solar cells (QDSSCs).4 Although the
conversion efficiency of QDSSCs has still not caught up with
those of dye-sensitized solar cells (DSSCs)5 or quantum dot
heterojunction solar cells,6 their relatively lower material
requirements still make them competitive subjects for further
development. For instance, successful photovoltaic (PV) effects
in QDSSCs have been reported using materials such as InP,7

InAs,8 CdS,9–11 CdSe,12 CdTe,13 Ag2S (ref. 14) and PbS.15–17 Among
these materials, PbS has emerged as a promising material due
to its high light absorption coefficient18,19 and easily adjustable
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ESI) available: Fig. 1S to 4S and Tables
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energy gaps with a large exciton Bohr radius of 20 nm. More-
over, according to research on the multiple exciton generation
(MEG) effect, the use of PbS is a suitable basis for the realization
of the MEG effect, due to its narrow bandgap (Eg).20 With a view
to application, the features of PbS QDs such as their non-toxicity
throughout the fabrication process and their ease of accessi-
bility, endow this material with a huge potential for mass
production.

Generally, there are two routes to improve the performance
of sensitized solar cells based on QDs: (1) morphological and
nanostructural modication of the photosensitive and
substrate materials; (2) componential modication of the
photosensitive and substrate materials with chemical doping or
the addition of other chemical compounds. In an example of
the rst route, the Grätzel research group took the lead making
a PbS QDDSC of measurable efficiency using a TiO2 nanoporous
electrode.21 Initially achieving a conversion efficiency of 0.49%
under 0.1 sun, the efficiency of this cell was enhanced to 1.46%
by the same group using comprehensive methods.22 The second
route, which has drawn more attention in previous studies, has
resulted in more signicant advantages in recent years. By
means of co-sensitization, an efficiency of the fabricated cells of
2.21% was achieved (with CdS coating layer)23 and >4.0% (with
CdS QDs).24 By means of material doping, an efficiency of 2.01%
has been reached with Cu (ref. 25) and 5.6% with Hg (ref. 26,27)
Nanoscale, 2014, 6, 931–938 | 931
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(the records were 3.6% for PbS/TiO2 (ref. 28) and 4.0% for PbS/
PbSe (ref. 29) in heterojunction solar cells). Recently, through a
combined structural and chemical development from the
QDSSC concept, e.g., perovskite-sensitized solar cells, a
remarkable efficiency of 15.0% has been achieved for a
CH3NH3PbI3 system.30

However, despite these signicant achievements of higher
cell efficiencies, they have oen been at the expense of complex
fabrication methods or the necessity of toxic materials. There-
fore we have turned our attention to seeking cheaper and
simpler methods. Until now, the most typical investigations on
QDSSCs incorporating PbS have been carried out on porous
nanocrystalline TiO2 layers by a soaking process. However, this
classical cell style has led to signicant problems in key
processes such as carrier transport and the effective loading of
sensitizers. These problems can be much more serious for QDs,
which are normally larger than dye molecules and also exhibit
poorer contact with the substrate. Moreover, the random
connections in the porous lm can also inuence the carrier
transport in the substrate.

With respect to electron transport in the substrate, oriented
anodic TiO2 nanotube arrays (NTAs) have offered an alternative
to porous lms for use in DSSCs.31,32 In terms of QDSSCs, some
reports have indicated that the vertical geometry of the NTAs
appeared to be more suitable than the conventional random
pore network for the fabrication of solid-state cells utilizing
polymeric sensitizer materials.33,34 Studies on DSSCs have also
shown that NTA-based cells normally require a lower thickness
to achieve the same efficiency,35 which indirectly proves the
faster transport of electrons in the straight tube structure.
Moreover, anodic NTAs are uniformly organized and easy to
control and modify. However, some difficulty has been met
when attempting to utilize NTAs in QDSSCs with a view to
achieving high conversion efficiencies. One key problem is that
most anodic NTAs have not demonstrated as good electron
transport properties as expected when incorporated into prac-
tical devices.36,37

More importantly, another key problem is the loading of
sensitizers onto the substrate, which can inuence both the
photo-carrier generation and the transport in the sensitizer/
substrate interface. The shortage of deposition quantity was
partly resolved with the use of certain fabrication processes,
such as the successive ionic layer adsorption and reaction
(SILAR) method.23,24 Nevertheless, the size of the sensitizers has
still remained an essential limiting factor for them to enter deep
into the substrate, which has an adverse effect on the effort to
increase the effective surface area of the substrate. The chemical
bath deposition (CBD) method has helped to resolve this
problem, in which QDs are formed directly on the substrate by
ionic species from precursor solutions. However, most CBD
experiments for QD fabrication require high temperatures for
the reactions to be successful.38 Considering the ionic reaction
mechanism of these systems, more effective methods for the
QD loading process would be possible based on a combination
of CBD and the application of an electric eld. Consequently,
the key point to solving this problem in a simple way, would lie
in the simultaneous design of new innovative TiO2
932 | Nanoscale, 2014, 6, 931–938
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nanostructures with reliable transport pathways, and a suitable
QDs loading method for effective light capture.

In this work, we have successfully realized high perfor-
mance PbS QDSSCs based on TiO2 NTAs for the rst time, by
means of a novel and effective QDs growth method aided by
physical modulation of the NTAs. QDs have been directly
manufactured inside ordered TiO2 NTAs with the application
of a low cathodic bias. Using this method, it is possible to
achieve an increase of sensitizer loading, the restriction of
recombination and the improvement of carrier transport at the
same time. NTAs fabricated using oscillating anodic voltages
have been applied as substrates with better ordering and
enhanced carrier transport abilities.37 Finally, the presented
QDSSC has nally achieved a conversion efficiency of 3.41%
under AM1.5, which is 133.6% higher than the previous
maximum record (1.46%), with no chemical doping or
co-sensitizing,22 which is comparable to those records for cells
with additional chemical involvement or in heterojunction
cells.23,24,28,29 The eld strength and surface modication39 of
the NTAs have been explored in order to increase the surface
area available for adsorption. Other parameters such as the
bandgap of PbS QDs, the thickness of the NTA lm, and the
amplitude of the modulated voltage have also been investi-
gated to identify the suitable initial conditions. For compar-
ison, samples with ex situ QD loading by direct soaking were
also investigated under the above conditions. In general, a new
and simple way to promote anodic NTAs to be a very suitable
substrate with high sensitizer adsorption and carrier transport
ability, has been established and studied. Notably, high
performance QDSSCs based on NTAs have been achieved for
the rst time. Finally, the electric-eld-assisted in situ chemical
deposition used in this experiment has been proved as an
effective tool for the growth of quantum dots inside tubular
structures.

Experimental section
Fabrication and modication of porous lms and TiO2 NTAs

The nanoporous TiO2 lms were fabricated from TiO2 powder
(Degussa P25). 2.4 g P25 powder was mixed with 0.75 g ethyl
cellulose (46 cp, Sigma-Aldrich) in 9 ml terpineol (99.5% purity,
Sigma-Aldrich), coated onto the FTO substrate and then
annealed at 500 �C for 1 h in air. The Ti sheets (0.25 mm thick,
99.7% purity, Sigma-Aldrich) were cleaned with methanol, ethyl
alcohol, acetone, and isopropyl alcohol in sequence in an
ultrasonic bath to remove any impurities. Highly ordered TiO2

NTAs were prepared by a second anodization of the Ti sheet in a
two-electrode cell. The rst anodization was performed at 5 �C
in a solution of 0.5 wt% of NH4F and 2.0 wt% of H2O in ethylene
glycol (E.G.). The growth time depends on the oxidation voltage
and the expected lm thickness. The second anodization was
performed at constant voltage or modulated voltage at 5 �C in
the same solution. All of the nanoporous lms and NTAs were
treated with 0.3% HF for 30 min and 0.2 M TiCl4 before the
installation of the QDs. The treated samples were then rinsed
with deionized water and ethanol, followed by annealing in air
at 500 �C for 1 h at a heating rate of 2 �C per min.
This journal is © The Royal Society of Chemistry 2014
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Ex and in situ growth of PbS QDs

In the ex situ QD loading by direct soaking, the QDs were
prepared by the reaction of two precursors. The lead oleate was
prepared by dissolving PbO in oleic acid (OA) at different
concentrations (molar ratio of PbO and OA ranged from 1 : 2 to
1 : 16) at 120 �C under an Ar atmosphere for 1 h. Then a solution
of bis(trimethylsilyl)sulde (TMS) in octadecene (ODE) was
injected into the stirring lead oleate solution at 120 �C. The
molar ratio of S and Pb was kept at 1 : 2, while the amount of
ODE was varied so that the total mixture volume was the same.
Smaller particle sizes were obtained when the amount of OA was
reduced by diluting with ODE. The PbS QDs were stored in
toluene under an Ar atmosphere.

For the in situ growth of QDs on the substrate with electric-
eld-assistance, the experiment was carried out in a sealed and
oxygen-free container with electrodes (detailed setup is
described by Fig. 4S in the ESI†). Two precursor solutions with
much lower concentrations (molar ratio of PbO, TMS, OA and
ODE was 2 : 1 : 80 : 240) were mixed and introduced into the
container. The initial temperature of the precursors was 120 �C.
The mixed solution was then kept at room temperature for 24 h.
The substrate was xed in the container, with different bias
voltages from 0 V to �5 V (detailed illustration of the device can
be found in Fig. 4S in the ESI†). The bias was set to negative to
prevent possible damage of the TiO2 substrate and to ensure an
excess of Pb2+ cations.
Fabrication of QDSSCs

The effective area of all of the TiO2 NTA lms for solar cells was
0.25 cm2, which is the typical size in related research. In the
soaking process, the samples were immersed in PbS QDs
toluene solution for 24 h under an Ar atmosphere. For the in situ
growth process, the annealed Ti sheet was used as the low
potential electrode as well. Aer sensitizing, these lms were
mounted together with a counter electrode with a platinum
black (prepared by coating FTO glass with a 0.004 M H2PtCl6
solution in ethanol and then heating in air at 200 �C for 1 h) to
form the QDSSCs. The liquid electrolyte was injected into the
cells with a syringe, which consisted of 0.1 M iodine (I2), 0.1 M
lithium iodide (LiI), 0.6 M tetra-butylammonium iodide, and
0.5 M 4-tert-butyl pyridine in acetonitrile (CH3CN, 99.9%).
Fig. 1 Control cell with porous substrate: (a) schematic illustration of
the cell structure with the porous film and the electron transport
pathway (arrows) from the top TiO2 film to the bottom FTO; (b) top
view SEM image of the TiO2 porous film grown from Degussa P25; (c)
absorption spectra of the TiO2 porous film and the PbS QDs toluene
solution; (d) energy band diagram of the PbS QDs and the TiO2

substrate (top), and the relationship between QDs particle size and
bandgap Eg (bottom); (f) J–V characteristics of the PbS QDSSC on the
porous TiO2 layer.
Characterization of the materials and devices

The morphology and distribution of the PbS QDs were charac-
terized by eld emission transmission electron microscopy
(TEM, JEM-2100F, JEOL USA Inc.). The same technique was also
employed to investigate the detailed structural information of
the TiO2 NTA materials. The surface morphology of samples
was characterized by eld emission scanning electron micros-
copy (FE-SEM, JEOL JSM). The elemental analysis was per-
formed by energy dispersive X-ray (EDX) during the FE-SEM
observation. Detailed microstructures were investigated by
selected area electron diffraction (SAED) during the high-reso-
lution (HR)-TEM measurements. Absorption spectra were
recorded by Fourier transform infrared spectroscopy (FTIR,
This journal is © The Royal Society of Chemistry 2014
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Nexus870, Nicolet) and Ultraviolet Spectroscopy (UV, THR1000,
Jobin Yvon). The photocurrent density–photovoltage (J–V)
characteristics of the QDSSCs were measured under AM1.5 (100
mW cm�2) illumination provided by a solar simulator (Oriel Sol
2A) with a Keithley 2400 source meter.
Results and discussion

Nanoporous lms, as shown in Fig. 1a and b, have long been a
focus for particle loading and have shown good efficiency in
solar cells. Therefore it was chosen for the control sample for
the whole experiment. As is well known for this kind of struc-
ture, photogenerated electrons need to pass through a tortuous
and complex path, as also shown by Fig. 1a. PbS QDs of various
sizes (central size ranging from 3 nm to 12 nm, details can be
found in Fig. 1S in the ESI†) were synthesized according to the
method reported by Hines et al.40 for the fabrication of QDSSCs.
Aerwards, the absorption spectra of the TiO2 porous lm and
the PbS QDs toluene solution were measured to further char-
acterize the as-fabricated QDs. For the TiO2 substrate, the
absorption edge appears at �390 nm corresponding to the 3.2
eV Eg; for the PbS QDs, corresponding to four scales of particle
sizes, the location of the absorption valley ranges from 744 nm,
1086 nm, 1344 nm to 1754 nm, covering the most valuable
portion of the visible and infrared light spectrum.

The relevant energy levels of the PbS QDs in Fig. 1d are taken
from the results of cyclic voltammetry (CV) measurements from
Nanoscale, 2014, 6, 931–938 | 933
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the paper of Hyun's group.41 According to the Brus theory, the
bandgap (Eg) of the QDs depends on the band gap of the bulk
material, the quantum size effect (QDs radius, R), and the
Coulomb effect.42 We calculate the bandgap from the equation:

Eg ¼ Eg0 + h2(1/m*
n + 1/m*

p)/8R
2 � 1.78e2/3R,

where Eg0 and 3 are the band gap and the dielectric constant of
the bulk materials, respectively, m*

n,p are the effective masses of
the electron and hole, respectively, and e is the electron charge.
Calculated values are given in Fig. 1d, which shows the energy
band diagram and the relationship information between the
particle size and the energy bandgap of the PbS QDs.
Comparing the Brus theory with the result from our PbS QDs
used in this work and in that of other research groups,16,40 it is
clear that the absorption bands of PbS QDs can be easily tuned
from narrow to wide bandgap by controlling the particle size.
Aer decoration of the TiO2 nanotubes with PbS QDs (Eg ¼ 1.14
eV), the cell offered a conversion efficiency (h) of 1.38%, with JSC
¼ 4.60 mA cm�2, VOC ¼ 0.53 V, FF ¼ 0.57 (see Fig. 1e), and
thickness ¼ 30 mm. This result is just a little lower than the
previous record,22 which offers a good basis for comparisons of
PbS QDSSCs on NTAs.

Nevertheless, 1.38% is still a low value, which is strongly
inuenced by the signicant probability of the electrons to
change their direction during transport in the porous
substrate. Therefore, TiO2 NTAs were chosen as the substrate
for further investigation in this experiment, which were simply
prepared by a second anodization of the Ti sheet. Their elec-
tron pathway (normally considered to be straighter than that of
a porous lm) and the corresponding SEM image are shown in
Fig. 2 QDSSCs with normal NTAs: (a) schematic illustration of the cell
structure with normal TiO2 NTAs and the transport pathway (arrows)
from the top TiO2 film to the bottom Ti sheet; (b) lateral view SEM
image of normal TiO2 NTAs; (c) HR-TEM image of nanotubes filled with
PbS QDs. (d) J–V characteristics of our solar cells with different
bandgaps (Eg) of PbS QDs on TiO2 NTAs; (e and f) the Pb concentration
in different selected areas of TiO2 NTAs after soaking PbS QDs for (e)
short and (f) long tubes.

934 | Nanoscale, 2014, 6, 931–938
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Fig. 2a and b. Notably, certain defects around the surface would
induce some relative resistive effects in the electron pathway.
The corresponding HR-TEM image in Fig. 2c demonstrates that
PbS QDs (tiny black spots) exist in the tubes, which indicates
the successful incorporation of QDs into the TiO2 NTAs.
Sensitized by four different sizes of QDs respectively, the cor-
responding h of the QDSSCs were 0.32%, 0.65%, 0.41%, and
0.17% (J–V curves can be found in Fig. 2d). The different effi-
ciencies can be attributed to two factors: (1) the light absorp-
tion ability of the QDs due to quantum size effect; (2) the
loading ability of the QDs into the tubes inuenced by the
particle size. It can be observed that the QDs with the size
5.47 nm (Eg ¼ 1.14 eV) showed relatively optimal behaviour
aer being loaded in QDSSCs.

However, it can be seen that even the optimal efficiency in
the PbS QDSSCs with normal TiO2 NTAs is signicantly lower
than that with porous TiO2 substrates. The lower efficiency can
be caused by the unfavourable QDs absorption and the
morphological defects. As can be seen in Fig. 2e and f, the
average Pb concentration in the long tubes is signicantly lower
than that in the short ones, revealing the remarkable impact of
lm thickness on the loading efficiency. With respect to the
defects, multiple scattering would take place for each electron
during the transport process owing to the surface disconti-
nuity.43 Furthermore, certain trapping effects can also arise due
to the presence of oxygen defects in the anodic NTAs, according
to the research from Schmuttenmaer’s research group.36

Therefore, the key to solving the low h problem is to increase the
absorption and improve the tube quality. According to our
recent research, simple physical and chemical modulation can
contribute greatly to meeting the desired efficiencies similar to
those of DSSCs,34 thus we carried out a series of experiments on
NTAs with different layer thicknesses using a periodically
modulated voltage (related information can be found in Fig. 3S
in the ESI†) and controlled mechanical stirring with in the
presence of HF. Fig. 3a shows the schematic illustration of the
cell with TiO2 NTAs prepared by the phys-chem modulation,
with the corresponding morphology shown by Fig. 3b and c. It
can be clearly seen that more straight tubes have been formed
with secondary structures and fewer defects, which allowed
higher electron transport, better absorption of QDs, and a lower
probability of recombination.

As a result, the relationship between the lm thickness, the
corresponding cell efficiency (with PbS QDs of Eg ¼ 1.14 eV
chosen as the sensitizer), and the growth time is demonstrated
in Fig. 3d. It was observed that the efficiency reached the
maximum (�1.40%) at the thickness of �5.4 mm (correspond-
ing growth time of 300 s). In DSSCs, the optimum thickness of
TiO2 NTAs was generally reported to be about 20 mm,44 which is
still much thicker than the 5.4 mm in the present PbS QDSSCs.
Fig. 3e–j show the further investigation of modulated NTAs with
different oscillation voltages, from 180� 0 V to 180� 10 V. All of
the images were taken at the same height of the tubes. The
inner diameter became larger while the outer diameter
remained about the same. As shown in Fig. 3k, a maximum
efficiency (h) of about 1.62% was achieved at 180 � 5 V with JSC
¼ 4.63 mA cm�2, VOC ¼ 0.64 V, and FF ¼ 0.55, which is
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 NTAs modulated by oscillating voltage and chemical treatment,
and the corresponding cell characteristics: (a) schematic illustration of
the cell structure with modulated TiO2 NTAs and the electro-pathway
(arrows) from the top TiO2 film to the bottom Ti sheet; (b and c) NTAs
by 180 � 5 V; (d) film thickness and corresponding cell efficiency
versus growth time of the modulated TiO2 NTAs photoanode; (e–i)
lateral view TEM image of modulated TiO2 NTAs with different oscil-
lation voltages, from �0 V to �10 V; (j) top view SEM image of
modulated TiO2 NTAs with 180 � 5 V for 300 s; (k) J–V characteristics
of our solar cells under different oscillation voltages.

Fig. 4 Optimization of NTA size: (a–g) SEM images of TiO2 NTAs
under different oxidation voltages from 10 V to 180 V: (a) 10 V, (b) 30 V,
(c) 30 V, lateral view, (d) 50 V, (e) 80 V, (f) 110 V, (g) 180 V; (h) outer
diameter of the modulated TiO2 NTAs and corresponding cell effi-
ciency versus oxidation voltage; (i) the J–V characteristic of the
optimal condition (anodization voltage 50 V) with h ¼ 2.08% and
thickness¼ 4.4 mm; (j and k) the Pb concentration in different selected
areas of TiO2 NTAs after soaking PbS QDs: (j) without and (k) with
voltage modulation (50 � 1.4 V).
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signicantly higher than the corresponding results of the
porous substrate.

Though the efficiency of NTA-based PbS QDSSCs has reached
a new record in comparison to previous results, it is still quite
low compared to the highest value of QDSSCs in general, i.e.,
4.92% for a CdS/CdSe co-sensitized solar cell.12 According to
calculations based on a hexagonal close packed model, the area
available for adsorption increases rapidly as the diameter
decreases under the same tube spacing and arrangement. For
example, the TiO2 NTAs fabricated under a high electric eld
with a large outer diameter (such as 210 nm) have an absorbable
area of 8.23 cm2 mm�1, while those tubes fabricated under a low
eld with a small outer diameter (such as 70 nm) have an
absorbable area of 22.21 cm2 mm�1. To study the inuence of
the NTA diameter on the cell efficiency, a series of TiO2 NTAs
were simply fabricated without any treatment, as shown in
Fig. 4a–g. They had identical lengths (�5 mm), wall to diameter
ratio (1 : 5) and tube spacing (10 nm), while their diameters
ranged from 75 nm to 205 nm. As can be seen from Fig. 4a, too
low an anodic voltage led to the formation of a porous structure
in this case. This limited the smallest obtainable diameter to
75 nm (at 30 V as shown in Fig. 4b and c) where a tubular
structure could be formed.
This journal is © The Royal Society of Chemistry 2014
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Aerwards, those tubes were installed into QDSSCs. The
relationship of outer diameter, corresponding cell efficiency,
and oxidation voltage is revealed in Fig. 4h. Within the pro-
bed values, the optimum voltage is 50 V, where the cell had a
maximum efficiency of 1.10% without any treatments
(therefore we chose 50 V as the standard voltage in the
following experiments). The result under a higher eld (50–
180 V) show that h was reduced along with a decrease of the
absorbable area, consistent with our expectations. A series of
tubes with different thicknesses were then assembled into
cells adding physical modulation (details can be found in
Table 1S in ESI†). The corresponding J–V curve is shown in
Fig. 4i, and the optimal h of 2.08% can be obtained, where the
h was 50.7% higher and the lm thickness was 18.5% less in
comparison to the previous results with 180 V through the
same treatment as shown in Fig. 3g. The lower requirement
of NTA thickness results in signicant advantages in terms of
cost and stability for possible future mass production and
practical application. To elucidate the contribution of the
loading ability of the sensitizers in this experiment, we have
further investigated the adsorption of PbS QDs in TiO2 NTAs.
EDX measurements shown in Fig. 4j and k clearly show that
the absorption of PbS QDs was signicantly higher in
smaller tubes than in the larger diameter tubes shown in
Fig. 2e.
Nanoscale, 2014, 6, 931–938 | 935
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Fig. 5 In situ EACBD growth of QDs in NTAs and the corresponding
cell performance: (a–f) TEM images of PbS QDs loaded TiO2 NTAs
(anodization voltage: 50 � 1.4 V, bias voltage during growth: �2 V)
at different positions in a tube: (a and b) top; (c and d) middle; (e and
f) bottom. (g) J–V characteristics of our solar cells after the
modulation and in situ growth under different applied voltages. (h)
The corresponding Pb concentration in different positions of TiO2

NTAs. (i) Absorption spectra of EACBD sample with the maximum
efficiency.

Nanoscale Paper

Pu
bl

is
he

d 
on

 1
8 

O
ct

ob
er

 2
01

3.
 D

ow
nl

oa
de

d 
by

 S
ha

ng
ha

i J
ia

ot
on

g 
U

ni
ve

rs
ity

 o
n 

16
/0

1/
20

14
 0

2:
05

:1
8.

 
View Article Online
Despite the increase of the QD loading shown in Fig. 3g, 4h
and i, these experiments have all been performed with ex situ
treatment by direct soaking of NTAs in QD dispersions. Though
the size of the QDs (normally below 10 nm) is much lower than
the inner diameter of the tubes, possible clustering of QDs may
still take place, preventing further loading into deeper positions
within the tubes. Therefore we turned to the direct growth of
QDs on the inner surfaces of the NTAs, in which ions instead of
QDs will be the entities entering the tubes. The normal CBD
method in nanostructures oen requires high temperatures
(normally >50 �C).45,46 Since the reactants were mostly ionic
species, we tried to apply an external outer electric eld to the
TiO2 anodes to encourage the dispersion of more ions onto the
entire effective surface of the tubes and accelerate the reaction.
We call this method “electric-eld assisted chemical bath
deposition” (EACBD) due to this difference from the conven-
tional CBD method. It has been found by many groups that at
high temperature, the nucleation has been completed as soon
as the precursors come into contact with each other.47,48

Therefore the experiment was carried out at room temperature.
Pt was used as the counter electrode, and two heated precursor
solutions were blended in a container under an Ar atmosphere
(more detailed information can be found in Fig. 4S in the ESI†).
The concentration of precursor solutions was controlled at a low
level to avoid reactions proceeding too quickly before the ions
had adsorbed onto the surface of the TiO2 tubes. The TiO2 NTAs
were negatively biased in order to prevent possible damage to
the TiO2 NTAs due to anodization.

Fig. 5a–f are the corresponding TEM images showing the
morphologies and absorption situations of the PbS QDs at
different positions of the TiO2 NTAs. Apparently, a large quantity
of as-formed PbS QDs was formed at the tube surface. However,
the QDs formed by the EACBD method seemed to have signi-
cant size distribution depending upon their depths within the
tubes. As illustrated by the HR-TEM images in Fig. 5b, d and f,
the QDs had a larger average size (�6 nm) at the top and a
smaller size at the bottom (�2.5 nm). This is understandable if
considering the concentration gradient of the reaction species
due to diffusion processes inside the NTAs, which can signi-
cantly inuence the core growth of the QDs. To quantitatively
describe the loading efficiency, the Pb distribution was exam-
ined by EDX (Fig. 5h). The results show that the overall Pb
concentration was signicantly higher than the result obtained
from ex situ fabrication (shown by Fig. 2 and 4). Moreover, the
distribution of the Pb QDs was also more homogeneous than
that in the ex situ soaking experiment. The as-fabricated samples
were installed into QDSSCs and their corresponding J–V char-
acteristics displayed in Fig. 5d. The corresponding J–V charac-
teristic is indicated in the blue curve of Fig. 5g. An efficiency h of
�3.15% has been achieved, together with JSC ¼ 7.69 mA cm�2,
VOC ¼ 0.65 V, FF ¼ 0.63 and lm thickness ¼ 4.4 mm. This
enhancement of efficiency was a result of the higher ll factor,
while the JSC and VOC are almost the same.

As shown by this experiment, driven by the electric eld,
higher yields of QDs can be achieved at the low potential elec-
trode at low temperature, compared to conventional thermo
chemical processes. To investigate the effect of different eld
936 | Nanoscale, 2014, 6, 931–938
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intensities, further experiments were carried out under various
voltages from 0 (which corresponds to a pure CBD experiment
without an applied electric eld) to �5 V. When no voltage was
applied, an efficiency of only 0.36% was achieved. As the
modulus of the voltage was increased, the conversion efficiency
rst increased, reaching a maximum of 3.41% at �2.5 V, and
then decreased again at higher voltages (e.g., h was only 0.72%
at �5 V; detailed J–V characteristics at different stages are
summarized in Table 2S in the ESI†). Compared to the control
sample fabricated from a porous substrate and the soaking
method, the efficiency and short-circuit current were improved
by 147.1% and 84.3%, respectively. The relatively low efficiency
at zero or low voltages can be explained by low PbS production
under these conditions. When the electric eld was increased,
more Pb2+ could reach the inner surface of the TiO2 tubes and
therefore more PbS could form. However, when the eld
intensity in the reaction pool was too high (<�2.5 V), the reac-
tion was accelerated so that PbS could form even at the top of
This journal is © The Royal Society of Chemistry 2014
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Table 1 Photovoltaic characteristic information of the PbS QDSSCs at different stages

Construction and method Film thickness (mm) h (%) JSC (mA) VOC (V) FF

Porous lm soaking 30 1.38 4.60 0.53 0.57
180 V NTAs soaking 5.3 0.65 1.92 0.64 0.53
50 V NTAs soaking 4.3 1.10 2.88 0.64 0.60
180 � 5 V NTAs, soaking 5.4 1.62 4.63 0.64 0.55
50 � 1.4 V NTAs, soaking 4.4 2.08 5.25 0.64 0.62
50 � 1.4 V NTAs, EACBD: �2 V 4.4 3.15 7.69 0.65 0.63
50 � 1.4 V NTAs, EACBD: �2.5 V 4.2 3.41 8.48 0.64 0.63
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the tubes, which would inhibit the formation of PbS inside the
tubes and reduce the nal conversion efficiency of the cells.

We have clearly demonstrated that the in situ grown QDs by
EACBD can easily achieve signicantly higher efficiencies just
by virtue of the PbS QDs, in comparison to the control samples
with optimized ex situ loading on both porous and tubular
substrates. To further correlate the changes in current density
and voltage with the EACBD process, the absorption spectra of
the highest h sample and the TiO2 NTAs substrate were
measured. The results shown in Fig. 5i show no signicant
absorption peak like the absorption peaks of the QDs shown in
Fig. 1. Instead, compared to the absorption spectrum of the
NTAs substrate, a signicant increase of absorption has taken
place in a wide range of wavelengths from 300–1100 nm. This
broad absorption is likely attributed to the size variation shown
by TEM images in Fig. 5e and f, which has consequently
resulted in a higher conversion efficiency compared to the cells
fabricated from the ex situ fabricated QDs with a single average
size. The QD growth and size variation were realized by the one-
step growth via chemical deposition under an applied electric
eld. Therefore, more generally the EACBD method we have
applied here has shown its efficiency in improving the forma-
tion of materials which can be fabricated via ionic reactions
from two precursors. It can be further improved by simple
optimization of the reactant concentrations, or be alternated by
changing the polarity of the electric eld to adapted it to other
reaction systems.

Conclusions

In this work, we have fabricated PbS QDSSCs based on TiO2

NTAs for the rst time, achieving the highest efficiency of 3.41%
with an innovative in situ growth process and some simple
treatments, 133.6% higher than the previously reported record
on a porous photoanode which was fabricated by more
complicated and expensive methods. The size of those well
dispersed QDs can be in the range of 3 nm to 12 nm, while the
optimal central size for use in a solar cell was found to be 5.47
nm, with Eg � 1.14 eV. The best cell had a short-circuit current
density of 8.48 mA cm�2 and a high open-circuit voltage of 0.64
V with a ll factor of 0.63, beneting from the carrier transport
ability of the modulated NTAs and more importantly the high
sensitizer loading efficiency resulting from the EACBD method.
The optimized efficiency (3.41%) is signicantly higher than the
previous record with no introduction of new chemicals,22 and is
This journal is © The Royal Society of Chemistry 2014
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also comparable with those higher records with the involve-
ment of chemical doping or co-sensitizing.24–29 This in situ
growth method can effectively promote TiO2 NTAs as excellent
substrates for high efficiency QDSSCs by signicantly negating
their shortcomings. For a clearer comparison, the key cell
characteristics are illustrated in Table 1. In general, this work
might have introduced an effective route for not only the
improvement of the present QDSSCs, but also in the future
developments and considerable latent advances in other similar
structures and devices.
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A composite CdS thin film/TiO2 nanotube
structure by ultrafast successive electrochemical
deposition toward photovoltaic application
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Abstract

Fabricating functional compounds on substrates with complicated morphology has been an important topic in
material science and technology, which remains a challenging issue to simultaneously achieve a high growth rate
for a complex nanostructure with simple controlling factors. Here, we present a novel simple and successive
method based on chemical reactions in an open reaction system manipulated by an electric field. A uniform CdS/
TiO2 composite tubular structure has been fabricated in highly ordered TiO2 nanotube arrays in a very short time
period (~90 s) under room temperature (RT). The content of CdS in the resultant and its crystalline structure was
tuned by the form and magnitude of external voltage. The as-formed structure has shown a quite broad and
bulk-like light absorption spectrum with the absorption of photon energy even below that of the bulk CdS. The
as-fabricated-sensitized solar cell based on this composite structure has achieved an efficiency of 1.43% without any
chemical doping or co-sensitizing, 210% higher than quantum dot-sensitized solar cell (QDSSC) under a similar
condition. Hopefully, this method can also easily grow nanostructures based on a wide range of compound
materials for energy science and electronic technologies, especially for fast-deploying devices.

Keywords: Composite tubular structure; CdS thin film; TiO2 nanotube; Ultrafast; Successive electrochemical
deposition; Solar cell
Background
Nanostructure-based semiconductors have attracted con-
tinuous attention and inspired numerous novel results on
material and structure studies. On the one hand, com-
pound semiconductors such as CdS [1-3], CdSe [4-6],
CdTe [7,8], and PbS [9] have been extensively studied as
photon absorbers due to their excellent performance in
solar energy conversion, photodetectors, and photocataly-
sis [10-13]. On the other hand, nanostructure like nano-
tube arrays, nanoporous films, and nanorods (mostly by
semiconducting oxides, TiO2, ZnO, etc.) have also become
promising materials for their unique optoelectronic char-
acteristics [14,15] and advantage to load various objects
(molecules, quantum dots, etc.) [16,17]. Among them,
TiO2 nanotube arrays (NTAs) have shown their potential
advantages on better electron transport ability and feasibil-
ity for morphology control. Combining them, quantum
* Correspondence: liuhong@sjtu.edu.cn; wzshen@sjtu.edu.cn
Department of Physics, Shanghai Jiao Tong University, 800 Dong Chuan
Road, Shanghai 200240, People’s Republic of China
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dot-sensitized solar cells (QDSSCs) have been developed
and continuously improved due to their low cost, low ma-
terial requirement, and convenience for fabrication in
photovoltaic application and scientific research [18,19].
Nevertheless, it still remains a challenging question to de-
velop novel functional nanostructures to significantly im-
prove the photovoltaic devices or other optoelectronic
devices without complicated procedures or expensive and
toxic materials. Taking example on the CdS QDSSCs on
TiO2 NTA structure, one possibility is to replace the
quantum dots (QDs) with a coaxial tubular structure of
CdS, which can hopefully increase the amount of photo
absorber and diminish the size effect of quantum dots [20]
and, thus, significantly increase its conversion efficiency.
For this purpose, the primary task is to seek for the

suitable growth method. Currently, the main methods to
fabricate complex structures include atomic layer depos-
ition (ALD) [21-23], chemical bath deposition (CBD)
[24,25], successive ionic layer adsorption and reaction
(SILAR) [26-28], and electrochemical deposition (ECD)
pen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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[29-31]. In spite of their own advantages, they have also
met limitations in small sample size (ALD), slow growth
rate (ALD, CBD, ECD), and complicated procedures
(SILAR), which have limited their adaptability in real ap-
plications. Moreover, when trying to grow compound
semiconductors in situ on nanostructured substrate, more
challenges would emerge [22,32-35], including the control
of material quality (chemical composition, morphology,
and microstructure) and the combination of deposited
material and targeted substrate. For instance, in CdS de-
position on nanotube structures like TiO2 NTAs [2], the
inhomogeneity and discontinuity of the material amount
along the depth of the tubes [36] have often appeared,
while the sensitivity of the deposition condition may also
lead to unwilled island formation and defects [37], over-
abundance of components, and possible etching effect on
the TiO2 NTA substrate [38,39].
To increase the deposition rate, some comprehensive

ways might be normally considered, including the increase
of precursor concentration [40], applying fast reaction sys-
tems [32], and increasing the reaction temperature [41].
However, those means would meet significant difficulties
when trying to effectively a grow material inside nano-
structures, e.g., nanotubes [4]. As mentioned before, the
influence of viscosity, concentration gradient of reaction
species, and blocking effect by early grown particles in the
solution or on tube openings would significantly deterior-
ate the amount, homogeneity, and quality of the material
grown inside the nanostructures. Moreover, to enhance
the combination of the deposited material, the choice of
suitable deposition medium (gas or liquid phase) and
the addition of surfactant were also carefully considered,
though they would further increase the complexity of the
fabrication [42]. Therefore, a method would be needed for
functional nanostructure fabrication which combines high
efficiency, simplicity, and adequate freedoms of growth
manipulations. Taking example on CdS growth in TiO2

NTAs, a possible highly efficient but simple system would
be in solution via a chemical reaction among simple pre-
cursors. It is also better to use a simple solution as possible
and exclude or reduce the use of surfactant. Furthermore,
a modulated external electric field would be useful to ma-
nipulate the reaction without the involvement of new com-
plicated factors. Finally, to annihilate the influence of early
reactions, the simultaneous introduction of precursors can
possibly be replaced by subsequent introduction. In previ-
ous works, we have studied the reaction-diffusion system
in the TiO2 NTAs formation and, later, the in situ growth
of PbS quantum dot in them, which has offered prelimin-
ary basis for this purpose [43].
In this work, we represent a uniform and ordered CdS

thin film (CTF)/TiO2 nanotube (TNT) structure by an in
situ successive electric-field-assisted chemical deposition
method in an aqueous solution under room temperature
98
(RT). CdS film with 18 to 28 nm thickness was grown in
NTAs in about 90 s, more than two orders of magnitude
faster than the normal method. Only simple precursors
(Cd(NO3)2 and Na2S) were applied and successively sup-
ported (Cd(NO3)2) from injectors. The as-grown film has
good homogeneity and continuity inside the NTAs as well
as chemical purity (almost 1:1 component ratio of Cd and
S in the as-formed layer). This was aided by the applica-
tion of AC voltage instead of constant voltage. Further-
more, we have discovered that the microstructure of the
CdS film can be changed by adjusting the applied voltage
magnitude. The as-formed CTF/TNT complex structure
was then installed into a sensitized solar cell to characterize
its optoelectronic properties. It has shown relatively strong
conversion in a wide range of 500 to 600 nm (corresponds
to photon energy 2.4 to 2.0 eV), which could be an advan-
tage for matching the solar spectrum. The CTF/TNT-
based back-side-illuminated sensitized solar cells (without
post chemical treatment) have shown conversion efficiency
up to 1.43%, 210% higher than that of the QDSSC based
on the same system, together with a short circuit current
increase of 135%. Continuous growth system could be fur-
ther improved if feedback flow control devices and micro-
pumps are applied in the injection site. Hopefully, this
method would introduce a new low cost and controllable
way to fabricate not only CdS but also many new nano-
structured materials and devices based on them with rapid
deployment.
Methods
Fabrication of TiO2 nanoporous (NP) films and NTAs
For TiO2 NP films, 2.4 g P25 powder (Degussa P25, Evo-
nik Industries, Essen, Germany) was mixed with 0.75 g
ethylcellulose (46 cp, Sigma-Aldrich, St. Louis, MO,
USA) in 9 ml terpineol (99.5% purity, Sigma-Aldrich),
and then coated onto the fluorine-doped tin oxide
(FTO) substrate. Afterwards, it was annealed for 1 h at
500°C in air. For TiO2 NTAs, a two-step anodization
process was applied on thin Ti sheets (0.25 mm thick,
99.7% purity, Sigma-Aldrich). The Ti sheets were
cleaned with ethanol, acetone, and isopropanol in se-
quence for 30 min each. All the processes were carried
out under an ultrasonic bath to remove possible con-
tamination. The first anodization was carried out at
constant voltage (60.0 V) in the solution of 0.35 wt% of
NH4F and 3.00 wt% of H2O in ethylene glycol (E.G.) at
5°C for 4 h. The second anodization was performed at
60.0 ± 1.7 V at 5°C for 30 min in the same solution. The
as-formed TiO2 NTAs were annealed in air at 500°C
after being rinsed with deionized water and ethanol. It
will serve as principal substrates for the following ex-
periments, while the NP films will be used for prelimin-
ary research.
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In situ growth of CdS on substrates
For the preliminary experiments of CdS deposition on
NP films and NTAs, the substrates were immersed verti-
cally into the electrolyzing cell containing 0.3 M of
CdCl2 and 0.06 M of Na2S2O3. A standard Pt electrode
was applied as the counter electrode. The substrate was
negatively biased by constant DC voltage ranged from 1.5
to 2.5 V. Experiments were carried out in 200-ml deionized
water at 50°C for 2 h. The pH of the solution was main-
tained at 3.0 during the reaction by the titration of vitriol
and monitored by a pH meter (SevenMulti S40, Mettler-
Toledo International Inc., Schwerzenbach, Switzerland).
For the successive deposition of CdS thin film in

NTAs with manipulated voltage, NTAs were immersed
vertically into the electrolyzing cell containing 200 ml
aqueous solution of Na2S (0.001, 0.003, 0.005 M). Three
types of bias voltage were applied on the substrate: con-
stant, impulse (T = 4 s, can be found in the Additional
file 1), and AC (T = 4 s, square wave, with an equal height
of the cathodic and anodic pulses, can be found in the
Additional file 1), with an absolute magnitude from 2.0 to
10.0 V. During the experiment, 100 ml aqueous solution
of Cd(NO3)2 (0.001, 0.003, 0.005 M, kept the same with
Na2S) was slowly injected into the electrolyzing cell by a
syringe at the rate of 1.0 ml/s. The reaction temperature
was at RT and time ranged from 1 to 1,800 s.

Composing of solar cells
The configuration of the PV test in this work was based
on back-side-illuminated sensitized solar cells. The as-
fabricated CdS-coated TiO2 NTAs (with area of 0.25 cm2)
was mounted together with a CuS counter electrode,
which is suitable for polysulfide electrolyte in back-side il-
lumination mode [44]. To prepare the counter electrode,
the FTO glass was firstly coated with Cu from a Cu source
(99.9%) by magnetron sputtering (with a pressure of 1 Pa
and a power of 60 W) at RT for 10 min and then loaded
into a 100-ml Teflon-lined autoclave with 50 ml ethanol
and 0.03 g excessive sulfur powder. The autoclave was
kept at 60°C for 12 h and then the as-formed CuS elec-
trode was cleaned by ethanol and dried in air. The polysul-
fide electrolyte contained 1 M Na2S and 1 M sulfur in a
mixed solution of methanol and water with the volume
ratio of 7:3.

Characterization of as-fabricated materials and solar cells
The morphology and distribution of CdS thin film into
TiO2 NTAs were characterized by field emission trans-
mission electron microscopy (TEM, JEM-2100F, JEOL
Ltd., Tokyo, Japan). The surface morphology of samples
was characterized by field emission scanning electron mi-
croscopy (FE-SEM, JEOL JSM). The element analysis was
carried out by energy dispersive X-ray (EDX) during the
FE-SEM observation. Reflection spectra and quantum
99
efficiency were recorded by Solar Cell Quantum Efficiency
Measurement System (QEX10, PV Measurements, Inc.,
Boulder, CO, USA). The photocurrent density - photovol-
tage (J-V) characteristics of the as-fabricated solar cell was
measured under AM1.5 (100 mW cm−2) illumination pro-
vided by a solar simulator (Oriel Sol-2A, Newport, Irvine,
CA, USA) with a Keithley 2400 source meter (Keithley
Instruments Inc., Cleveland, OH, USA).

Results and discussion
First of all, conventional electrochemical deposition method
was applied to preliminarily investigate the CdS growth on
TiO2 NP films and in NTAs. The precursors (CdCl2 and
Na2S2O3) were introduced into the reaction system under
potentiostatic condition and other parameters (precursor
type, solution, and temperature) similar to the conventional
method at 50°C [45,46]. Due to the reaction mechanism,
the substrate was negatively biased by a voltage from −1.5
to 2.5 V. As a result, the significant deposition of material
took place in the experimental range (the detailed condi-
tions of deposition can be found in Table 1 at the end of
this article). As shown in Figure 1a,b, as-deposited material
has the form of loosely packed round particles (size of
about 50 to 250 nm) at −1.9 V and more continuous film
composed of anisotropic grains at −2.1 V, respectively. It in-
dicates that the morphology of the as-formed deposited
material is very sensitive to the voltage magnitude. Based
on that, similar processes were conducted on TiO2 NTA
substrate at −2.1 V, as shown in Figure 1c,d. The particles
of a smaller size have been formed on top as well as inside
the tubes. Figure 1e displays the XRD patterns of the CdS/
TiO2 NTAs. Subsequent XRD measurement in Figure 1e
has shown characteristic peaks at 26.4°, 43.9°, and 52.0°,
corresponding to the (111), (220), and (311) crystallo-
graphic planes of CdS nanocrystals, respectively. According
to EDX measurement, the contents of Cd and S on the NP
substrate were Cd 1.83% and S 0.45%, while the ones on
the NTAs were Cd 13.19% and S 1.98%, respectively. It
implied that only a part of the as-formed material in the
NTAs was CdS (detailed values can be found in Additional
file 1: Table S1). This is understandable considering the re-
pulsing and attracting effect of the electric field on the
main reacting anions and cations (Cd2+ and S2O3

2−),
respectively [31].
Generally, the results proved that the effective growth

of CdS can take place on the inner surface of the TiO2

NTAs. In this system, multiple procedures are involved
due to possible reaction paths of ionic S2O3

2− anions [31]
with other species, which makes it more complicated for
the attempt to control the reaction. Furthermore, though
assisted by electric field, the reaction rate is still in the
time scale of hours. Simply reducing the reaction time
only led to less deposition near the open end of the tubes
but in the meantime even less inside the tubes. Besides,



Table 1 Conditions of deposition in different experiments

Experiment Precursors (M) Overvoltage (V) Current density (A cm-2) Period (s) Group

Method and substrates Na2S2O3(0.3) Na2S2O3(0.06)

−1.9 −5.66182*10−2 Inf.a 1

−2.1 −7.56863*10−2 Inf.a 2

−2.1 −9.06196*10−2 Inf.a 3

Forms of voltages (injection) CdS (0.001) Na2S (0.001)

−5.0 −4.42343*10−3 Inf.a 4

−5.0 −2.94895*10−3 2 5

0 −7.62940*10−7 2

−5.0 −1.31268*10−3 2 6

+5.0 1.18708*10−3 2

Morphology and structure
versus voltage amplitude

CdS (0.001) Na2S (0.001)

−2.5 −5.81360*10−4 2 7

+2.5 2.34985*10−4 2

−5.0 −1.30234*10−3 2 8

+5.0 1.20498*10−3 2

−6.0 −2.07529*10−3 2 9

+6.0 1.54178*10−3 2

−7.0 −3.50537*10−3 2 10

+7.0 2.50537*10−3 2

−9.0 −5.00245*10−3 2 11

+9.0 3.23547*10−3 2

−10.0 −6.65894*10−3 2 12

+10.0 5.85234*10−3 2

Different concentration
with voltage modulation

CdS (0.003) Na2S (0.003)

−2.5 −2.36574*10−3 2 13

+2.5 1.78911*10−3 2

−5.0 −3.95514*10−3 2 14

+5.0 4.87913*10−3 2

−6.0 −6.93433*10−3 2 15

+6.0 4.98143*10−3 2

−7.0 −7.68741*10−3 2 16

+7.0 5.35164*10−3 2

−9.0 −8.09984*10−3 2 17

+9.0 6.15614*10−3 2

−10.0 −9.88776*10−3 2 18

+10.0 8.00364*10−3 2

CdS (0.003) Na2S (0.005)

−2.5 −4.06871*10−3 2 19

+2.5 3.99878*10−3 2

−5.0 −6.79454*10−3 2 20

+5.0 5.51788*10−3 2

−6.0 −8.23256*10−3 2 21

+6.0 6.84196*10−3 2

−7.0 −9.94613*10−3 2 22

+7.0 9.21516*10−3 2

−9.0 −1.36516*10−2 2 23

+9.0 1.24556*10−2 2

−10.0 −2.31949*10−2 2 24

+10.0 1.93546*10−2 2
a“Inf.” in the voltage column means potentiostatic condition.
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Figure 1 CdS deposition by EACBD on TiO2 NP film and on NTA substrates. (a) CdS deposition on TiO2 NP at −1.9 V. (b) CdS deposition on
TiO2 NP film at −2.1 V. (c) (d) CdS deposition on TiO2 NTAs at −2.1 V: (c) top view and (d) sectional view, from the same angle. (e) XRD pattern
of the CdS-coated TiO2 NTAs.
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pH control is also important here since the material qual-
ity can be influenced even by a small change in pH value
[30,47]. Therefore, we have firstly replaced the precursors
with Na2S and Cd(NO3)2 instead of Na2S2O3 and CdCl2,
in order to accelerate the releasing of S2− and the process
of CdS formation with the introduction of the NO3− an-
ions [31,48]. To prevent the formation of CdS in the solu-
tion due to the fast reaction between Na2S and Cd(NO3)2,
Cd(NO3)2 was very slowly injected by a syringe connected
with the electrolyzing cell, and the voltage was set higher.
To further simplify the process, the reaction was in neutral
solution and under RT.
In the new system, as shown in Figure 2a,b, small

grains with the size of about 5 to 6 nm were formed in-
side and outside the TiO2 NTAs at bias of −5.0 V (the
detailed conditions of deposition can be found in
Table 1). Though the blocking effect is less compared to
the situation of Figure 1c,d, the amount of the deposited
material at the open end of the NTAs was still significantly
101
much more than that inside the tubes. This has been
comprehended to be related to the repulsing effect of
the negative bias on the substrate to the reacting anions
(here is S2−). To try to reduce that, we have firstly tried to
apply impulse voltage by which the anions have more
chance to move into the tubes by diffusion between two
negative pulses. As shown in Figure 2c,d, with the same
voltage magnitude, unlike the significant grains in poten-
tiostatic condition, the deposited material at the top of
NTAs became much more deformed, while it tended to
form larger grains inside the tubes, though the top surface
of NTAs was still covered by a large amount of deposited
material. Hence, alternative voltage (±5.0 V, square wave)
was applied, which would hopefully offer extra drifting
force for the motion of anions (S2−) toward reaction site in
the tubes. Due to the fast reaction between Cd2+ and S2−,
the repulsing effect of the positive half-wave on the Cd2+

can be little. As illustrated by Figure 2e,f, a significantly
uniform thin film has been formed inside the TiO2 NTAs,



Figure 2 CdS deposition under different applied voltages. (a-f)
Samples under different types of voltage: (a) (b) constant voltage, −5.0 V,
SEM (top view) and TEM (lateral). (c) (d) impulse voltage, −5.0 V, 0.25 Hz,
SEM (top view) and TEM (lateral). (e) (f) AC voltage, ±5.0 V, 0.25 Hz, SEM
(top view) and TEM (lateral). (g) The content and ratio of Cd and S versus
different voltages, with a growth time of 1 h.
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though the surface at the open end of the NTAs was still
covered by a certain amount of deposited material. Further
analysis was done by EDX measurement, in which the
amount of Cd and S was detected on the same sample.
The signal intensity of Cd and S was measured and com-
pared by the ratio between them, as demonstrated in
Figure 2g. Under constant bias at −5.0 V, the contents of
Cd and S on the sample surface were 3.1% and 2.2%, re-
spectively, with a molar ratio of 1.4:1. When impulse volt-
age was applied, the Cd and S contents are 2.96% and
2.43%, respectively, with a molar ratio of 1.2:1. This is
likely due to the diffusion process of S in between each
pulse. Further experiment on AC voltage has shown that
102
this tendency can be more enhanced. As shown in the
third group of data in Figure 2g, the content of Cd and
S were reduced and increased, respectively, so that their
ratio has reached approximately 1 to 1.03. Combined
with the morphological studies in Figure 2a,b,c,d,e,f, it
can be concluded that the alternative voltage can be
suitable to grow CdS thin film with good quality inside
the TiO2 NTAs.
Furthermore, during the previous reactions with an elec-

tric field assistance of a 1-h reaction period, it is note-
worthy that there was significant color changing soon
after the experiments started, and it remained almost un-
changed during the rest of the time. It indicates that the
real deposition may have lasted in a much shorter period.
To test that, we carried out experiments of the CdS for-
mation versus time under AC voltages with equally
heighted cathodic and anodic pulses. Results and detailed
conditions can be found in Figure 3 and Table 1, respect-
ively. Figure 3a,b,c,d,e,f is the SEM images of the samples
formed at different time points, and Figure 3g is the EDX
intensity versus time. According to the result shown in
Figure 2, under AC voltage condition (±5 V), the content
of Cd was used to represent the amount of the CdS depos-
ition (by EDX signal). In the beginning, the growth mainly
took place inside the tubes (when t < 60 s, as shown in
Figure 3a,b). After 60 s, the growth started at the top sur-
face and continued to cover it, as shown in Figure 3c,d,f.
The top surface of the NTAs was almost entirely covered
by CdS at about 500 s. In the meantime, the EDX meas-
urement in Figure 3g has shown that the content of CdS
rapidly increased in the beginning, until it reached the
value of 2.0% at 90 s. Afterwards, the increase of the gen-
eral amount of CdS significantly slowed down, although
the surface of the top of NTAs was still continuously cov-
ered by CdS. Therefore, we can draw two conclusions
here: 1) The reaction took place very quickly in the begin-
ning 90 s; 2) fast growth of CdS stopped at about 90 s, and
after then, the surface opening continue to reduce signifi-
cantly, but the content of CdS increased very slowly. This
suggests that effective CdS growth achieved two magni-
tudes faster than the previous works [22,27]. Furthermore,
it suggests too long growth time may not be suitable for
the application requiring adequate surface openings.
In previous experiments, we have found that CdS nano-

material can be successfully grown into TiO2 NTAs in a
very short time scale with the application of AC voltage-
assisted chemical deposition. In TiO2 NTAs, it is still un-
known how the voltage magnitude would influence the
as-grown material. Therefore, we have carried out experi-
ments under AC voltage with different absolute magni-
tudes. Figure 4a,b,c,d,e,f has presented results with the
magnitude (all with equal height in cathodic and anodic
pulses) from 2.5 to 10.0 V. At a magnitude of 2.5 V, a sig-
nificant continuous film was grown inside the tubes, while



Figure 4 Evolution of morphology and microstructure of CdS
deposition in TiO2 NTAs under AC conditions. (a-f) SEM images
(top view) of CdS-coated TiO2 NTAs (insets are corresponding TEM
images) with different bias magnitudes: (a) |U| = 2.5 V, (b) |U| = 5.0 V,
(c) |U| = 6.0 V, (d) |U| = 7.0 V, (e) |U| = 9.0 V, and (f) |U| = 10.0 V.
(g) XRD patterns, with curves (a’-f’) for corresponding samples,
concentration of Na2S was 0.001 M. Detailed conditions of
deposition can be found in Table 1.Figure 3 Rapid growth of CdS into TiO2 NTAs. (a-d) SEM image

(top view) of CdS-coated TiO2 NTAs under different reaction times:
(a) t = 1 s, (b) t = 60 s, (c) t = 75 s, (d) t = 90 s, (e) t = 600 s, and
(f) t = 1,800 s. (g) Growth curve of CdS content based on EDX data
versus different reaction times.
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only little deposition as island formation can be observed
at the tube openings, and it remained clean on top of the
NTAs. This has significantly differed from the previous re-
sults shown in Figure 1c using a conventional method.
The average thickness was about 15 nm at 2.5 V. As the
magnitude of voltage increased to 5.0 and 7.0 V, the con-
tinuous film became slightly thicker inside the tubes, while
more islands developed at the inner surface of the TiO2

NTAs. The upper end of the tube arrays remained open,
and no top cover appeared above the NTAs, although
more islands have formed there. When a magnitude of the
voltage rose to 9.0 V, the film inside the tubes became sig-
nificantly thicker (~24 nm) while the islands became stuck
together at the upper end of the tubes. Finally, at 10.0 V,
103
the tubes were almost totally filled with deposited mate-
rials, and certain cover began to appear above the top of
the tubes. It can be concluded that as the magnitude of
the field intensity increased, more deposition has taken
place in the inner surface of the tubes; in the meantime,
significant deposition on top of the tube openings (as
shown in Figure 1c,d) was avoided.
Moreover, we have noticed a certain color change with

the voltage increase during the whole process, that the
color of the sample gradually changed from lemon yel-
low (2.5 and 5.0 V), to jacinth (6.0, 7.0, and 9.0 V), and
finally to light black (10.0 V) (corresponding pictures of
samples can be found in Additional file 1: Figure S3). As
we know, yellow and red are typical colors of the α-
hexagonal and β-cubic phase CdS crystalline structures,
respectively. Therefore, this result has implied that cer-
tain structural change might have taken place with the



Figure 5 Influence of precursor concentration on the formation
of CdS. (a) (b) SEM and TEM images of samples with precursor
concentration (Na2S and Cd(NO3)2) of 0.003 M, at voltage magnitudes
of (a) 7.0 V and (b) 9.0 V, respectively. (c) (d) SEM and TEM images of
samples with precursor concentration (Na2S and Cd(NO3)2) of
0.005 M; at voltage magnitudes of (c) 7.0 V and (d) 9.0 V,
respectively. (e) Growth curve of as-deposited CdS content based
on EDX data versus different applied bias voltage and different
concentration of precursors. Detailed conditions of deposition can
be found in Table 1.
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increase of voltage magnitude. To verify that, we charac-
terized the samples with XRD measurement, with the re-
sults shown in Figure 4g. Curves a’-f ’ are XRDs of
samples under corresponding conditions presented in
Figure 4a,b,c,d,e,f, respectively. The JPDS 41-1049 Hex-
agonal (H) and JCPDS 10-0454 Cubic (C) reference pat-
terns are used to identify the observed diffraction
patterns. With a magnitude of voltage of 2.5 V, the XRD
of the sample has characteristic peaks at 44.6° and 77.8°
that are corresponding to (110) and (204) face of hex-
agonal structure of CdS, respectively. When the magni-
tude of voltage rose to 5.0 and 6.0 V, the XRD peaks
were similar. At 7.0 V, a weak peak at 35.5° appeared,
which is corresponding to (102) of the hexagonal struc-
ture. At 9.0 V, a peak appeared at 26.8° and 52.3°, indi-
cating (111) and (311) faces of the cubic structure of
CdS, respectively. When the voltage magnitude was fur-
ther increased to 10.0 V, the peak at 26.8° became stron-
ger. In the meantime, the peaks at 55.5° in curves e’ and
f ’ indicate the possible existence of CdO material under
9.0 and 10.0 V [49], which was further supported by
EDX measurement (the more quantitative estimation is
given in Additional file 1: Table S2) and may partly explain
the color change at 9.0 and 10.0 V. Apparently, this result
suggested certain transformation of the crystallization
structure of the as-deposited CdS material as the voltage
magnitude increased. What’s more, with higher voltage
magnitude, the CdS nanomaterial tends to form a rigid
film rather than simply packed CdS particles at the inner
surface of NTAs.
Till now, we can see that tuning the applied AC volt-

age in the chemical deposition system can effectively
change not only the chemical content of the as-
deposited materials in the NTAs but also their micro-
structures. Furthermore, with the increasing voltage
magnitude, the thickness of the deposited inner layer
continued to increase as well (Figure 4). Apparently, it
contributes to a rigid inner layer inside the TiO2 nano-
tubes. However, when voltage was too high, the as-
formed film would turn to black color; other contents
like CdO appeared to form, i.e., simply increasing volt-
age to enhance the deposition has a certain limitation.
Therefore, we applied a similar experiment with differ-
ent precursor (Na2S/Cd(NO3)2 = 1:1) concentrations at
0.003 and 0.005 M. The comparison of interested condi-
tions is shown in Figure 5 for samples under a bias mag-
nitude of 7.0 and 9.0 V. Under 0.003 M concentration,
the tubes can be identified with thicker films at 7.0 V
than that under 0.001 M and became filled up at 9.0 V.
Moreover, the top of NTAs was almost blocked by a
thick cover, with only small holes left. Under 0.005 M
concentration, the tubes tend to be filled up already at
7.0 V, and at a magnitude of 9.0 V, the top of them was
totally covered.
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To get more quantitative information about the content
variation versus the voltage magnitude and precursor con-
centration, EDX measurements were carried out for all
samples, as shown in Figure 5e. First of all, the contents of
Cd and S were very close in the whole experimental range
(with the detailed value shown in Additional file 1: Table
S3). It has further proved that AC voltage has a significant
contribution to form the CdS material with a quite high
purity in this electric-field-assisted chemical deposition.
This enables us to simplify the discussion of the amount
of as-formed CdS with the Cd signal intensity. Secondly,
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the amount of as-formed CdS increased monotonously
with increasing voltage under the same precursor concen-
tration. It also significantly increased with higher precur-
sor concentration at the same voltage magnitude. This is
more obvious in the low voltage region (2.5 to 5.0 V). The
ratio of the amount of as-formed CdS among different
concentrations was close to 1:3:5, which was the ratio of
the precursor concentrations. Finally, the Cd/S ratio was
almost independent on the increasing voltage. Hence,
the thickness of the CdS film can be effectively con-
trolled by the precursor concentration and voltage mag-
nitude (detailed relationship can be found in Additional
file 1: Figure S4). Consider the CdS thickness, opening of the
as-formed structures, and continuity of the film, a moderate
experiment condition (6.0 to 7.0 V, 0.003 M precursor con-
centration) was seemly a suitable condition for application.
Previous results have revealed a significant fast growth of

CdS material in a few minutes with controlled applied AC
voltage and without any surfactant at a low temperature
(20°C). The results can be attributed from several points.
First, it is well known that Na2S and Cd(NO3)2 react almost
immediately when they coexist in solution:

Cd2þ þ S2−→CdS ð1Þ
It significantly differs from the conventional method

by Na2S2O3 and CdCl2, which has normally the follow-
ing major processes [50]:

S2O3
2− þHþ→SþH2SO3 þ 2H2O ð2Þ

Sþ 2Hþ þ 2e−→H2S ð3Þ
H2Sþ Cd2þ→CdSþ 2Hþ ð4Þ

This enables the very fast development of CdS forma-
tion. It is sure that simply introducing them simultan-
eously would result to the formation of CdS particles in
the solution even at a concentration much lower than
the lowest value applied in this experiment. Moreover,
the distribution of as-deposited material would be higher
near the tube opening but less in the inside due to the
influence of the concentration gradient on the reaction
of the ions (Cd2+ and S2− in this system) in the tubes.
If taking a closer look at the reaction in a deposition

system, the ionic reactions at any substrate would nor-
mally contains following procedures: the diffusion of dis-
solved species in the solution, reaction of ionic species
in the solution (possible drifting effect by electric or
mechanical force), adsorption of ions at the substrate,
and reaction of them with each other. According to our
results, suitably introduced electric field would signifi-
cantly enhance the drifting process and, thus, the CdS for-
mation at the substrate. Because Cd(NO3)2 was injected
into the system with a very small flux (1 ml/s) compared
to the amount of the Na2S (200 ml), the enhancement of
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the reaction at the substrate would have effectively weaken
the reaction in the solution, and almost a clean solution can
be left even after the whole deposition was accomplished.
What’s more, though the application of DC electric field

can increase the distribution of deposited material inside
the tubes, the ratio of Cd and S content in the as-
fabricated can be far from 1:1, and thus, the purity of CdS
was actually small due to a repulsing effect on anions
while attracting the cations. This cannot be simply com-
pensated by changing the ratio of Cd and S precursors
without influencing the other factors (e.g., the voltage
magnitude). This problem was resolved by the introduc-
tion of AC voltage (square wave). The independence of
the Cd:S ratio (which means high content of CdS in the
as-fabricated materials) with the voltage magnitude can be
due to the faster reaction of the adsorbed Cd2+ and S2−

ions near the tube inner surface compared to their motion
in- and outward the tubes.
Furthermore, the as-fabricated material has certain

structure dependence on the voltage magnitude. Accord-
ing to Jun-Heng Xing’s result, electric field can offer
extra energy for the activation energy of crystallization
process [51]. For α-hexagonal and β-cubic, its bond en-
ergy are 229.4 and 187.6 D°298/kJ mol−1, respectively
[52]. Therefore, if gradually increasing the external volt-
age, crystalline structures related to hexagonal and cubic
can appear in sequence. However, this process might not
be complete due to the randomization of the current,
and ordering in certain directions could be missing. This
could hopefully be improved by varying the external en-
ergy with the manipulation of other conditions (light
field) or the aid of post treatment.
Finally, the as-fabricated material was integrated into

TiO2 NTAs and form sensitized solar cell (back-side illu-
mined) to make further characterizations. Figure 6a
shows the quantum efficiency of the as-fabricated device.
According to previous discussions, the deposition was
carried out with a precursor concentration of 0.003 M
and voltage magnitude of 7.0 V. Different from typical
quantum dots, the sample has shown a broad peak be-
tween 500 and 600 nm, corresponding to photon energy
from 2.48 to 2.07 eV. For reference, the band gap of CdS
bulk is 2.4 eV, corresponding to the wavelength of about
518 nm, while this value was measured to about 2.8 eV
for CdS quantum dots sized 5 ~ 7 nm, corresponding to
wavelength of about 443 nm by other groups [53]. This
result has shown a similar behavior of deposited CdS by
SILAR method in the work of other groups [53], whose
origin was related to a high degree of disorder in the
CdS film and the nonuniform absorption of UV-vis light
of different wavelengths within the film [2]. The broad ab-
sorption from 500 to 600 nm would hopefully result better
light absorption and carrier excitation for the photon en-
ergy lower than the 2.4 eV. It is further supported by the



Figure 6 Optoelectronic properties of as-fabricated CTF/TNT
structure-based solar cell (precursor concentration 0.003 M, voltage
magnitude 7.0 V). (a) Quantum Efficiency. (b) Reflectance spectrum.

Figure 7 Configuration and characteristics of CdS QDSSC and
thin film solar cell. (a) Structure diagram of QDSSC and the inset is
the TEM image of QDs in TiO2 NTAs. (b) Structure diagram of thin
film solar cell and the inset is the TEM image of the complex tubular
structure. (c) J-V characteristics of sensitized solar cells based on CdS
QDs and thin films of different thicknesses.
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comparison of the reflection spectra between the depos-
ited sample and bare TiO2 NTAs.
Considering the shape and range of AM1.5 spectrum

[54], this characteristic quantum efficiency curve of this
sample has a potential advantage for matching the solar
spectrum.
To further investigate the performance of those CTF/

TNT structures in the sensitized cells, CdS films with
different thicknesses were fabricated at a voltage from
2.5 to 10.0 V with a precursor concentration of 0.003 M.
Furthermore, J-V characteristics of the cells have been
measured together with QDSSC fabricated with the
same method (QDs of size about 3 to 7 nm were fabri-
cated in situ in the NTAs by simply shortening the
growth time to 40 s, as shown in Figure 7a). Firstly, all
cells with CdS films had significantly higher JSC, VOC,
and η than the QDSSC. Secondly, as shown in Figure 7c,
the JSC, VOC, and η first increased with increasing CdS
film thickness and then began to drop when thickness
was higher than 25 nm (with detailed values given in
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Additional file 1: Table S4). The cell with CdS thickness
of 25 nm had the highest η of 1.43% (with JSC =
7.40 mA cm−2, VOC = 0.55 V, and FF = 0.35), 210%
higher than the value of QDSSC with a similar condi-
tion (η = 0.46%, JSC = 3.15 mA cm−2,VOC = 0.44 V, and
FF = 0.33).
It could be expected that the initial increase of the cell

performance with the thickness increase below 25 nm
can be related to more photo-induced carrier generation
by the more amount of CdS or thicker CTF in this ex-
periment. However, the decrease of η and JSC for a thick-
ness above 25 nm cannot simply be explained by this.
Therefore, we have to look more deeply into some cell
properties concerning the carrier transport in a CdS
layer. We have measured the absolute values of the
slopes near JSC and VOC (kSH and kS, indicated by dashed
tangents in Figure 7), which are proportional to the
series and shunt resistances, respectively [55]. On the
one hand, kS was 1.29 × 10−2 Ω−1 cm−2 for the QDSSC.
For the CdS thin film-sensitized cell, this value was 1.35,
1.71, 2.99, and 2.28 × 10−2 Ω−1 cm−2 for the film thick-
ness 18 (2.5 V), 19 (5.0 V), 25 (7.0 V), and 28 nm
(9.0 V), respectively. Apparently, the series resistance of
the cell based on CdS film was much lower than that of
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the simple QDSSC, which was likely due to a larger con-
tact area than that of the QDs. Moreover, interestingly,
there was an initial decrease of this value when film
thickness increased from 18 to 25 nm, on the contrary
to normal positively proportional relationship of material
series resistance and its thickness (which would be de-
tected later for thickness higher than 25 nm). It might
be due to the better crystallization of the deposited CdS
at a higher voltage if thickness was not too high. After
25 nm (corresponding to the voltage magnitude of
7.0 V), the influence from this factor was weak, and the
normal rule again dominant the whole process.
On the other hand, kSH of QDSSC was about 5.29 × 10−3

Ω−1 cm−2. Of the thin CdS film-sensitized cell was 4.16,
4.15, 4.10, and 4.38 × 10−3 Ω−1 cm−2 for the film thickness
18, 19, 25, and 28 nm, respectively. Compared to QDSSC,
the thin film-sensitized cell had generally less shunt resist-
ance, which might be due to its lower probability of re-
combination with better electron transport within the
CTF structure. However, when film thickness increased,
the shunt resistance would firstly increase and then de-
crease (thickness >25 nm) again. Similar to the discussion
on series resistance, the initial increase of shunt resistance
would have been resulted from the less recombination of
electrons due to the better crystallization of deposited film
with a higher voltage magnitude. While for higher thick-
ness (>25 nm), the influence of the material thickness
seemed to be a dominant factor that increased the chance
for the recombination of carriers during their transport in
a thicker film. Generally speaking, this behavior is consist-
ent with the previously described nonmonotonous evolu-
tion of J-V characteristics, and we can hereby conclude
that a medium thickness would be the optimum condition
that balances carrier generation and transport processes.
In future development, the cell performance could still be
improved with alternations such as the application of
more suitable electrolyte/counter electrode system and
the flux control of the precursors by mass flow controllers.
Beside photovoltaic devices, the broad band distribu-

tion of the CTF/TNT structure can also be useful for
broad-spectrum light emission [56]. It would also effect-
ively suppress the retard of the electron flow and reduce
the thickness for super-capacitors [57], and have high
sensitivity, good temporal, and spatial control in elec-
trochemiluminescence (ECL) detection of biological
recognition [58]. It is also noticeable that the whole fab-
rication process has taken place in an open system if
considering the similar time scale of the precursor in-
jection (100 s) and reaction period (1 to 2 min). With
potential modifications (i.e., continuous precursor injec-
tion by micropumps and control by mass flow control-
ler) of the growth method, more effective designing and
manipulation of nanostructure formation process would
hopefully be expected.
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Conclusions
In general, this experiment has investigated a composite
CdS/TiO2 structure (TiO2 nanotubes with homogeneous
CdS coating inside) by a new ultrafast growth method
with the growth time (~90 s) two orders of magnitude
shorter than similar methods [27] at RT. The thickness
of the as-formed film inside the tubes can be monoton-
ously tuned by the voltage magnitude and precursor
concentrations. The quality of deposition like the con-
tent ratio can be greatly improved by suitable voltage
control. Furthermore, the crystalline structures of the
as-formed CdS can be changed versus the different mag-
nitude of voltage. The sensitized solar cells composed of
as-fabricated complex structures on TiO2 NTA substrate
have quite a wide distribution of energy band gap, which
indicates potential possibility in spectrum matching with
band manipulation. As a result, the as-formed sample has
shown a significant advantage than conventional struc-
tures in several aspects. We name the growth method
“successive electrochemical deposition (SECD)” since its
reactions took place in an open system. This work would
not only be useful for CdS into TiO2 NTAs but also the
trend to rapidly grow other material into different nano-
structures and for a wide range of device applications.
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solar cells.
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A versatile chemical conversion synthesis of Cu2S
nanotubes and the photovoltaic activities for
dye-sensitized solar cell
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Abstract

A versatile, low-temperature, and low-cost chemical conversion synthesis has been developed to prepare copper
sulfide (Cu2S) nanotubes. The successful chemical conversion from ZnS nanotubes to Cu2S ones profits by the large
difference in solubility between ZnS and Cu2S. The morphology, structure, and composition of the yielded products
have been examined by field-emission scanning electron microscopy, transmission electron microscopy, and X-ray
diffraction measurements. We have further successfully employed the obtained Cu2S nanotubes as counter
electrodes in dye-sensitized solar cells. The light-to-electricity conversion results show that the Cu2S nanostructures
exhibit high photovoltaic conversion efficiency due to the increased surface area and the good electrocatalytical
activity of Cu2S. The present chemical route provides a simple way to synthesize Cu2S nanotubes with a high
surface area for nanodevice applications.

Keywords: Nanotubes; Chemical transformation; Cation exchange; Growth mechanism; Optical and photovoltaic
properties
Background
Since the discovery of carbon nanotubes in 1991 by
Iijima [1], nanotubes have become a symbol of the new
and fast-developing research area of nanotechnology due
to their significant potential applications in optoelectro-
nics, advanced catalysis, biotechnology, separation, me-
mory devices, and so on [2-8]. A variety of nanotubes,
such as metals and semiconductors [5,9], the so-called
functional materials, have so far been prepared by vari-
ous approaches including hydrothermal method, sol-gel
technique [10], template-assisted method [11,12], elec-
troless deposition [13], surfactant intercalation method,
microwave-enhanced synthesis [14], and thermal evapo-
ration method [15]. At present, template-based tech-
niques turn out to be particularly effective for growth of
nanotubes in spite of complicated processes involved
[16,17]. However, the template removal process after
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nanotube formation inevitably affects the purity of the
materials and may also cause the partial loss of nanotube
orientation [18]. Hence, it is necessary to explore a sim-
ple and efficient synthesis method for preparing one-
dimensional tubular nanostructures in large quantities
without additional surfactants or templates.
Copper sulfide (Cu2S), an indirect semiconductor with

a bulk bandgap of 1.21 eV [19,20], has extensively been
investigated and is widely used in field emission [21],
switching [22], sensing devices [23], and solar cells in
virtue of its relatively high electrocatalytic activity [24,25].
The availability of Cu2S nanostructures with well-defined
morphologies and dimensions should enable bringing new
types of applications or enhancing the performance of cur-
rently existing photoelectric devices due to the quantum
size effects. Therefore, the synthesis of Cu2S materials
with well-controlled size and shape is of great significance
for their applications. Until now, a variety of nanostruc-
tures of Cu2S such as nanowires [26,27], nanoparticles
[28], nanodisks [29], nanocrystals [30,31], and nanoplates
[32] have already been synthesized by various methods.
Nevertheless, little has been devoted to the development
of a general and low-cost synthetic method to fabricate
Open Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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Cu2S nanotubes without using any templates or crystal
seeds. Considering that size and morphology are crucial
factors in determining the properties of nanomaterials, the
control over them is of great interest with regard to spe-
cific applications of such materials as nanodevices.
In this article, we describe a novel route for the syn-

thesis of Cu2S nanotubes by conversion from ZnS nano-
tubes via a chemical conversion and cation exchange
process at a low temperature of 90°C. Our previous stu-
dies on the transformation of composition have indi-
cated the significance of chemical conversion and cation
exchange [33-36]. The basic idea behind this route is to
take advantage of the large difference in solubility be-
tween ZnS and Cu2S for effective transformation. More-
over, we have shown high photovoltaic performances
of Cu2S nanotubes as the counter electrodes in dye-
sensitized solar cells (DSSCs), due to the enormous sur-
face area and good electrocatalytical activity of Cu2S
[25,37]. The present technique is very convenient and
versatile with the advantages of simplicity (free of any
special equipment or templates), mild condition (low
growth temperature), and high yield (near 100% mor-
phological yield) and has been demonstrated to control
and manipulate effectively the chemical compositions
and structures of nanotubes.

Methods
Synthesis of ZnS nanotubes
The preparation details for ZnS nanotubes can be found
in our recently published papers [35,36]. Briefly, ZnO
nanowires were first prepared by a hydrothermal pro-
cess. As a typical synthesis process, 0.2 g ZnCl2 and
20.0 g Na2CO3 were added into a 50-mL Telfon-lined
stainless steel autoclave and filled with distilled water up
to 90% of its volume. After vigorous stirring for 30 min,
the autoclave was maintained at 140°C for 12 h, followed
by cooling down naturally to room temperature. The
synthesis of ZnO nanowires could be realized after the
product was washed and dried. Subsequently, the as-
prepared ZnO nanowires on substrates (silicon or glass
slides) were transferred to a Pyrex glass bottle containing
40 mL 0.2 M thioacetamide (TAA). The sealed bottle was
then heated to 90°C for 9 h in a conventional laboratory
oven to synthesize ZnS nanotubes. The final products on
the substrates were washed repeatedly with deionized
water and then dried at 60°C before being used for the
next step in the reaction and further characterization.

Synthesis of Cu2S nanotubes
The synthesis of Cu2S nanotubes was realized by trans-
ferring the silicon or glass slides with ZnS nanotubes on
them to a Pyrex glass bottle containing 20 mM CuCl
and 70 mM tartaric acid. During the reaction process,
the solution temperature was kept at 90°C. The final
111
products on the substrates were washed thoroughly using
deionized water to remove any co-precipitated salts and
then dried at air at 60°C. For better crystal quality and sta-
bility, the as-prepared Cu2S nanotubes were annealed at
200°C for 10 min under argon atmosphere.

Morphological and structural characterization
The morphology and structure of the samples were cha-
racterized using a field-emission scanning electron mi-
croscope (FE-SEM; Philips XL30FEG, FEI Co., Hillsboro,
OR, USA) with an accelerating voltage of 5 kV and a high-
resolution transmission electron microscope (HRTEM;
JEOL JEM-2100 F, JEOL Ltd., Akishima, Tokyo, Japan).
Selected area electron diffraction (SAED) and energy-
dispersive X-ray (EDX) microanalysis were also performed
during the transmission electron microscopy (TEM)
and scanning electron microscopy (SEM) observations.
X-ray diffraction (XRD) was carried out on a diffrac-
tometer (D/max-2200/PC, Rigaku Corporation, Tokyo,
Japan) equipped with a high-intensity Cu Kα radiation
(λ = 1.5418 Å). Raman spectra were measured at room
temperature on a Jobin Yvon LabRAM HR 800UV micro-
Raman/PL system (HORIBA Jobin Yvon Inc., Edison, NJ,
USA) at the backscattering configuration under the excita-
tion of a He-Cd laser (325.0 nm) for ZnS nanotubes but
Ar+ laser (514.5 nm) for Cu2S nanotubes.

Fabrication of DSSCs
The TiO2 nanoporous films with an area of 0.25 cm2

were sintered in air for 1 h at 500°C and then immersed
in 0.5 mM N719 dye (Ruthenium 535-bisTBA, Solaronix,
Aubonne, Switzerland) solution in ethanol for 12 h. These
films were used as the photoanodes and mounted together
with a counter electrode with Cu2S nanotubes (prepared
by coating on fluorine-doped tin oxide (FTO) glass) to
form backside illuminated cells. The Cu2S-coated FTO
glass was prepared by drop-casting Cu2S solution on
the clean FTO glass and subsequently waiting until all
solvent evaporates. The liquid electrolyte was injected
into the cells by a syringe, which consisted of 0.1 M
iodine (I2), 0.1 M lithium iodide (LiI), 0.6 M tetra-
butylammonium iodide, and 0.5 M 4-tert-butyl pyri-
dine in acetonitrile (CH3CN, 99.9%).

Results and discussion
In our experiments, ZnO nanowires were first prepared
by a hydrothermal process. Conversion to ZnS nano-
tubes was then obtained by transferring ZnO nanowires
into TAA solution. Typically, samples were heated at
90°C for 9 h [35]. We believe that this result may be ex-
plained by a fast out-diffusion of Zn ions and a less effi-
cient in-diffusion of S [38]. Figure 1a shows the FE-SEM
image of the obtained ZnS nanotubes. The irregular
open tips on some of the shells authenticate the hollow
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Figure 1 FE-SEM, TEM, and HRTEM images and EDX, XRD, and Raman spectra of ZnS nanotubes. (a) FE-SEM and (b) TEM images of ZnS
nanotubes. (c) HRTEM image of a ZnS nanotube shell, together with the corresponding SAED pattern shown in the inset. The corresponding
(d) EDX, (e) XRD, and (f) room-temperature Raman spectra of ZnS nanotubes.
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nature of the prepared nanotubes. TEM image (Figure 1b)
gives further evidence for the hollow structure of ZnS
nanotubes. The diameters of ZnO nanowires and ZnS
nanotubes are about 70 nm. Figure 1c presents a HRTEM
image taken on the edge of the ZnS nanotube, which ex-
hibits clear crystal lattice fringes without noticeable struc-
tural defects. The corresponding ringlike SAED pattern
(inset of Figure 1c) also provides evidence for the poly-
crystalline nature of ZnS nanotubes. The composition of
the ZnS nanotubes can be easily identified by the EDX
spectrum (Figure 1d). Measurements of the XRD pattern
(Figure 1e) and the room-temperature Raman spectrum
(Figure 1f) also confirm that the reaction product is ZnS.
The observation of multiple resonant Raman peaks indi-
cates that the yielded ZnS nanotubes possess good optical
quality [39].
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The main attempt in the present work is to synthesize
Cu2S nanotubes and to investigate their optical pro-
perties and photovoltaic conversion efficiency when used
as a counter electrode. To make the conversion of ZnS
nanotubes to Cu2S ones, we transfer the substrates with
ZnS nanotubes on them into 40 mL of 20 mM CuCl and
70 mM tartaric acid aqueous solution. When immersed
into the abovementioned solutions, the ZnS surface
turned dark red immediately, and then shinning cyan
and gray in a short time. After 1 h’s reaction, the product
surface became black and fluffy, manifesting the formation
of dense Cu2S nanotubes. A series of time-dependent ex-
periments were conducted to track the formation process
of Cu2S tubular structures, as shown in Figure 2. Under
the reaction time of 10 min, some Cu2S nanoparticles on
the ZnS nanotubes were observed because ion exchange
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Figure 3 TEM and HRTEM images and SAED pattern of the
Cu2S nanotubes. TEM images of the Cu2S nanotubes with different
reaction times: (a) 10 min, (b) 20 min, (c) 40 min, and (d) 1 h.
(e) HRTEM image of the Cu2S-1 h nanotubes, together with the
corresponding SAED pattern shown in the inset.
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happens as Cu+ reacts with S2− slowly dissolved from the
surface of ZnS nanotubes to form initial Cu2S shells, as
depicted in Figure 2a. After another 10 min’s reaction,
more Cu2S nanoparticles piled up on the initial Cu2S
shells (Figure 2b). When the reaction time reached to
40 min, large numbers of Cu2S nanoparticles were pro-
duced (Figure 2c). When further prolonging the reaction
time to 1 h, uniform Cu2S nanotubes of large quan-
tities with diameters of about 70 nm and lengths of
about 300 to 500 nm were fully converted from ZnS
ones (Figure 2d).
The corresponding EDX spectra in Figure 2a’,b’,c’,d’ give

clear evidence for the FE-SEM observation of the samples
obtained through various reaction times. From Figure 2a’,
we can observe the successful incorporation of Cu elem-
ent into the ZnS nanotubes in the compositional infor-
mation, and the Cu/Zn stoichiometric ratio is 0.47. The
signal of Si originates from the substrate. With the in-
crease of the reaction time, the Cu/Zn stoichiometric ratio
becomes higher and higher (from 1.21 to 2.82) due to
the fact that more and more Zn atoms were replaced
by Cu atoms with the reaction processing, as shown
in Figure 2b’,c’. Further chemical reaction will yield pure
Cu2S nanotubes, which can be unambiguously confirmed
by the EDX spectrum in Figure 2d’. There are only Cu, S,
and Si elements without any Zn element, and the Cu/S
stoichiometric ratio is 2.0. This result confirms the total
exchange of cations during the transformation process
from ZnS to Cu2S.
According to the experimental observation described

above, the whole process can be described as follows.
Once the obtained ZnS nanotubes were transferred into
CuCl solution, cation exchange began at the interfaces
between the ZnS nanotube surfaces and solution. With
the increase in the reaction time, Zn2+ was gradually
substituted by Cu+, resulting in the synthesis of Cu2S
nanotubes. The driving force for the cation exchange is
provided by the large difference in solubility between
ZnS and Cu2S (solubility product constant (Ksp) of ZnS
is 2.93 × 10−25, whereas Ksp of Cu2S is 2.5 × 10−48) [40].
The above conversion mechanism reveals that the ZnS
nanotubes can act as both reactants and templates dur-
ing the cation-exchange process.
Samples were analyzed by TEM to determine the mor-

phology of the cation-exchanged products. Figure 3a
shows the TEM image of the as-prepared Cu2S nano-
tubes obtained at 10 min. One can notice that bits of
Cu2S nanoparticles with an average size of 18 nm were
formed on the outer layers of ZnS nanotubes. As the re-
action time reached 20 min, the Cu2S nanoparticles on
the surface of nanotubes became a bit more, as seen
in Figure 3b. With the reaction time increased to 40 min,
the TEM in Figure 3c reveals that the outer layers
were composed of numerous Cu2S nanoparticles. Further
113
prolonging the chemical reaction time to 1 h, we were
able to realize uniform and pure Cu2S nanotubes with
about 70 nm in diameter and 18 to 22 nm in shell thick-
ness (Figure 3d).
HRTEM analyses were performed on Cu2S-1 h na-

notubes to obtain detailed information regarding the
structure of the nanotubes. Figure 3e is a representative
HRTEM image taken on the edge of the obtained Cu2S-
1 h nanotube (Figure 3d). Only the polycrystalline nature
of Cu2S nanotubes can be observed. The clearly ob-
served crystal lattice fringes demonstrate that the nano-
tubes are highly crystallized and free from dislocation
and stacking faults. The corresponding SAED pattern
with characteristic ring diffractions shown in the inset of
Figure 3e also confirms the polycrystalline feature of the
Cu2S nanotubes.
The XRD pattern of the samples prepared by chemical

conversion and cation exchange is shown in Figure 4a.
The diffraction peaks of Cu2S-1 h nanotubes can be in-
dexed to a single phase of cubic Cu2S (JCPDS File No.
53-0522). The shape of the diffraction peaks demonstrates
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that the products should be well crystallized. No other im-
purities were found in the samples, indicating that the
products are pure cubic Cu2S.
Raman spectroscopy is an effective tool for the study

of the molecular structure within nanostructures. Up to
now, there is little research work on the Raman cha-
racterization of Cu2S nanostructures. Figure 4b shows
the room-temperature Raman spectrum of the Cu2S-1 h
nanotubes. The excitation wavelength is 514.5 nm from
an Ar ion laser. A strong and sharp band at 472 cm−1

probably originates from the lattice vibration, which is
consistent with the results reported for Cu2S films [41,42]
and Cu2S nanotree arrays [43].
To characterize the influence of Cu2S on the perfor-

mance of counter electrodes, a series of time-dependent
J-V curves are shown in Figure 5 and the photovoltaic
parameters of the tested DSSCs are listed in Table 1.
When the Cu2S nanotubes processed by various reaction
times were applied into DSSCs, the cell performance
was increased significantly as the reaction time increa-
ses from 10 min to 1 h. Both the photocurrent and
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Figure 5 Photovoltaic behavior of dye-sensitized solar cells
with counter electrodes of Cu2S nanotubes at different reaction
times. Under illumination of 100 mW cm−2.
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photovoltage increased with reaction time, and they
reached the peak value when the reaction time reached
1 h. The improved efficiency can be attributed to the lar-
ger specific surface area of the produced Cu2S nanopar-
ticles since the enlarged surface helps to increase the
photovoltaic reaction sites and promote the efficiency of
the electron-hole separation [37], and the composition of
the nanotubes gradually changing from ZnS through
mixed ZnCuS to Cu2S. Furthermore, the best photovoltaic
conversion efficiency (η) up to 2.88% was achieved at 1 h’s
reaction time with the parameters of 6.715 mA cm−2 in
short-circuit current density (Jsc), 0.70 V in open-circuit
voltage (Voc), and 0.62 in fill factor (FF), which indicates
the high electrocatalytical activity of Cu2S reported by
Hodes et al. [25]. Therefore, the large surface area of the
Cu2S nanotubes was not the only factor responsible for
the high photovoltaic performance, and the good electro-
catalytical activity could also be critical.
For comparison, the photovoltaic performance of DSSC

with Pt counter electrode is shown in Figure 5 and the
photovoltaic parameters are listed in Table 1 while keep-
ing other factors unchanged. Although the performances
of Cu2S counter electrode DSSCs are slightly inefficient
in photovoltaic conversion efficiency (η), it is notewor-
thy that the cost reduction is crucial for future develop-
ment all the time for all kinds of solar cells, which
means our Cu2S counter electrodes are completely com-
petent for application in high-efficiency dye-sensitized
solar cells.
Table 1 Photovoltaic parameters of tested DSSCs using Pt
and Cu2S nanotubes of different reaction times as
counter electrodes

Jsc (mA cm−2) Voc (V) FF η (%)

Cu2S-10 min 2.99 0.52 0.43 0.67

Cu2S-20 min 4.86 0.53 0.37 0.95

Cu2S-40 min 7.55 0.64 0.36 1.72

Cu2S-1 h 6.72 0.70 0.62 2.88

Pt 11.50 0.68 0.44 3.50
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Conclusions
In summary, we have developed a versatile chemical con-
version synthesis of Cu2S nanotubes at a low temperature
of 90°C. The conversion mechanism of the Cu2S nano-
tubes from ZnS nanotubes is due to the large difference in
solubility between ZnS and Cu2S. The morphological,
structural, and optical characteristics of the yielded Cu2S
nanotubes were characterized by SEM, TEM, XRD, and
Raman spectra in detail. Furthermore, the prepared Cu2S
nanostructures have been successfully used as the counter
electrodes in dye-sensitized solar cells. Compared to
all those Cu2S nanotubes produced at different reac-
tion times, the photovoltaic efficiency was enhanced sig-
nificantly as the reaction time increases from 10 min to
1 h, and also a photovoltaic conversion efficiency up to
2.88% was obtained. We attribute the improved perform-
ance to the increased surface area and the good electroca-
talytical activity of Cu2S. An optimized process to prepare
the Cu2S DSSCs is expected to further promote the
overall efficiency. Although the current work focuses on
the synthesis and application of Cu2S nanotubes in dye-
sensitized solar cells, this kind of nanostructures is also
expected to be used in other nanodevices such as gas sen-
sors, photocatalyzers, quantum dot-sensitized solar cells,
and so on, in which a high surface area is preferred. The
present strategy is a very convenient and efficient method
to control and manipulate effectively the chemical com-
position and structure of nanomaterials. This simple che-
mical method opens up possibilities to the synthesis of
various nanostructures with high surface area for exten-
sive study of the physical and chemical properties of the
obtained nanostructures, broadening their potential nano-
device applications.
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Synthesis of ZnO nanoplates decorated rhombus-shaped ZnO nanorods
and their application in solar cells
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H I G H L I G H T S

� Novel nanostructures of ZnF(OH)
nanoplates decorated ZnF(OH) nanor-
ods were fabricated.

� The above mentioned novel architec-
tures have never been reported.

� Porous ZnO nanostructures were
obtained by calcining the obtained
ZnF(OH) ones.

� Rhombus-shaped ZnO nanorods and
complex ZnO nanostructures were
used in solar cells.

� The complex ZnO nanostructures
show superior photoelectric conver-
sion performance.

G R A P H I C A L A B S T R A C T

ZnF(OH) nanoplates decorated ZnF(OH) nanorods were fabricated. Hierarchical porous ZnO were
obtained by calcining the obtained nanostructures. The yielded ZnO shows superior photoelectric
conversion performance.
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a b s t r a c t

Novel nanostructures of ZnF(OH) nanoplates decorated rhombus-shaped ZnF(OH) nanorods were
fabricated. The obtained precursors were transformed by calcination to porous hierarchical ZnO
nanostructures with the original morphologies retained. Field emission scanning electron microscope
images exhibit that the nanoplates are grown in the interstices between the nanorods and on the top of
the nanorods. The structure and composition of the obtained products have been confirmed by
transmission electron microscope and X-ray diffraction measurements. The obtained ZnO nanostructures
have been successfully used in solar cells. The light-to-electricity conversion results show that the
complex nanostructures exhibit a power conversion efficiency of 1.36% with a photoelectrode thickness
of 4.2 mm, which is comparable to those based on 40 mm vertically aligned hexagonal-shaped ZnO
nanowire array photoelectrodes. These results indicate that the synthesized ZnO nanoplate decorated
rhombus-shaped ZnO nanorod nanostructures are more suitable for application as a photoelectrode in
solar cells.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Development and utilization of new energy is an important
approach to cope with energy shortage. As a new generation solar

cell, dye-sensitized solar cells (DSCs) have aroused more and more
interest for its advantages of non-toxicity, ease of fabrication and
cost-effectiveness. However, the overall efficiency of DSCs has
been lower than silicon-based solar cells. More research is being
done to improve the efficiency of DSCs [1–18]. Among the variety
of photoelectrode materials used in DSCs, the synthesis and
application of ZnO nanostructures in solar cells have attracted
much attention due to their abundance on earth, eco-friendliness
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and feasibility for fabrication [1–8]. As we all know, the morphol-
ogy and surface area of nanostructure play an important role in
determining the efficiency of the solar cells. Therefore, much effort
has been directed toward the design and synthesis of novel ZnO
nanostructures with high surface area for improving the perfor-
mance of solar cells.

Upto now, ZnO nanostructures with various morphologies includ-
ing nanowires [9–13], nanorods [14], nanotubes [15], nanosheets
[16], nanoflowers [17] and nanotetrapods [18] have been synthesized
and applied in DSCs. Among the above mentioned various nanos-
tructures, the synthesis and application of ZnO nanowires in solar
cells are of great interest due to the fact that the nanowire has been
shown to provide a direct conduction pathway for the photogener-
ated electrons [9–13]. Recently, the synthesis of rhombus-shaped
porous ZnO nanorods has been realized [19–22]. The rhombus-
shaped nanorod based DSCs have demonstrated improved photo-
electric conversion performance compared with the conventional
hexagonal-shaped ZnO nanowire counterpart [21,22]. Actually, the
efficiency of the solar cells based on rhombus-shaped nanorods can
be further improved if the synthesis of more complex nanostructures
can be realized. Thus, it still remains a significant challenge to
optimize the structural design that may greatly improve the overall
efficiency of the solar cells.

In this paper, a novel porous structure of ZnO nanoplates
decorated rhombus-shaped ZnO nanorods has been synthesized by
a facile hydrothermal method combined with subsequent calcina-
tions. The unique morphology of the novel nanostructures has the
advantage of possessing large surface area. For potential applications,
such hierarchical nanostructures should exhibit excellent perfor-
mance in solar cells, photocatalysis, and gas sensors. To the best of
our knowledge, such a novel ZnO architecture obtained via a simple
and low-cost chemical method used in developing solar cells has
never been reported. During the synthesis process, hierarchical
nanostructures consisting of rhombus-shaped ZnF(OH) nanorods
and ZnF(OH) nanoplates were firstly synthesized. After calcination,
the synthesis of hierarchical porous ZnO nanostructures consisting of
rhombus-shaped ZnO nanorods and ZnO nanoplates can be realized.
Interestingly, the novel architecture consists of mesoporous ZnO
nanoplates which are interconnected with each other to form a
macro-porous network. Benefiting from the porous structures as well
as enhanced dye loading of the photoelectrodes, DSC based on such
photoelectrode exhibits a power conversion efficiency (PCE) of 1.36%
with a photoelectrode thickness of 4.2 mm, which is comparable to
those based on 40 mm vertically aligned hexagonal-shaped ZnO
nanowire array photoelectrode, as previously reported in Ref. [11].

2. Experimental details

2.1. Synthesis of ZnO nanostructures with various morphologies

FTO glass substrates were alternately cleaned ultrasonically in
deionized water and absolute ethanol for 10 min each. The total
cleaning process was repeated two times. A layer of ZnO seed was
formed on the substrate using a sol–gel dip coating method,
followed by thermal decomposition at 500 1C for 60 min. The
ZnO sol used here was Zn(CH3COO)2 (0.3 M) in a mixed solvent of
ethanol and ethanolamine. The seeded substrate was placed in an
aqueous solution containing 0.03 M Zn(NO3)2 �6H2O and 0.3 M
NH4F, which was sealed in a Teflon-lined stainless steel autoclave
and maintained at 120 1C. The detailed synthesis conditions for
nanostructures of various morphologies (film nos. 1–4) were
described in Table 1.

In order to clearly demonstrate the growth process of the nano-
structures, similar growth conditions were adopted except for that
the growth time was set as 2, 5 and 8 h (film nos. 1–3 in Table 1).

In order to increase the thickness of the nanostructures grown on
FTO substrate, a two-step growth process was also used. Step one,
ZnF(OH) nanorod arrays on FTO substrate was synthesized by
immersing the seeded FTO substrate in the above mentioned
solution for 2 h (film no. 1). Step two, the step-one prepared sample
was immersed in a fresh growth solution for another 14 h (film no.
4). After the reaction, the FTO substrates with nanostructures grown
on them were taken out and rinsed with deionized water for several
times to remove any residual chemicals absorbed on the surfaces of
the nanostructures. Finally, all the obtained products were calcinated
at 500 1C for 2 h in a furnace to transform the obtained products to
ZnO. During the calcination process, the furnace should be put in a
high efficient fume hood because poisonous HF will be produced
during this process.

2.2. Structural characterization

During the morphology characterization, a focused ion beam
(FIB; Auriga 60) was used for cross-sectional sample preparation.
The morphology and structure of the obtained nanostructures
were characterized using a Field emission scanning electron
microscope (FESEM; JEOL JSM-7400F OR Auriga 60) and a trans-
mission electron microscope (TEM; JEOL JEM-2010F). X-ray dif-
fraction (XRD) was carried out on a Rigaku D-Max B diffractometer
equipped with a Cu Kα source (λ¼1.5406 Å).

2.3. Fabrication and photovoltaic measurement of DSCs

Before being assembled into DSCs, the FTO substrates with ZnO
nanostructures grown on themwere transferred into a 0.5 mM N719
dye solution in anhydrous ethanol for 2.5 h for dye loading. FTO with
a layer of sputtered Pt was used as the counter-electrodes. The dye-
sensitized photoelectrodes and counter-electrodes were then sepa-
rated by a spacer (25 μm in thickness) and pressed with clamps. The
electrolyte of 0.6 M tetra-butylammonium iodide, 0.1 M lithium
iodide, 0.1 M iodine, and 0.5 M 4-tert-butylpyridine in acetonitrile
was introduced into the two electrodes by a plastic dropper and
capillary action. An oriel solar simulator was used as a white light
source. The intensity of the incident light was calibrated to be
100 mW cm�2 by a S1787 Hamamatsu silicon cell. The photocur-
rent–photovoltage curves were measured using a computer-
controlled Keithley 2400 source meter by varying the external load
voltage. A mask with an aperture area of 0.125 cm2 was employed
during the measurements for the calibration of the cell area.

3. Results and discussion

3.1. Morphology and structure of the as-grown Zn(OH)F nanorod
arrays

Fig. 1(a) shows the XRD patterns of the 2 h grown nanostruc-
tures on the FTO substrate (the detailed growth conditions were
described in the film no. 1 in Table 1). The peaks marked with solid

Table 1
Preparation conditions for various nanostructure films 1–4.

Films Substrates used for
nanostructure growth

Zn
(NO3)2 �6H2O
(M)

NH4F
(M)

Temperature
(1C)

Time
(hr)

No. 1 ZnO seeded FTO 0.03 0.3 120 2
No. 2 ZnO seeded FTO 0.03 0.3 120 5
No. 3 ZnO seeded FTO 0.03 0.3 120 8
No. 4 Film no. 1 0.03 0.3 120 14
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circles are consistent with those of orthorhombic Zn(OH)F [Joint
Committee for Powder Diffraction Standards (JCPDS) no. 32-1469].
The other peaks marked with solid triangle are arising from the
FTO substrate. No other peaks were detected, implying the
absence of any impurities in the ZnF(OH) nanorod array film.

Fig. 1(b)–(d) shows the typical morphology of the as-
synthesized ZnF(OH) nanorod arrays on FTO substrate. As can be
seen in Fig. 1(b), a high density of ZnF(OH) nanorods were grown
on the FTO substrate. A high-magnification SEM image of the
nanorod array demonstrated in Fig. 1(c) clearly shows that the
obtained nanorods have a clear-cut rhombic contour with edge
lengths ranging from tens of nanometers to hundreds of nan-
ometers. The cross-sectional SEM image of the Zn(OH)F nanorods
array grown on FTO in Fig. 1(d) reveals good alignment of the
nanorod array with a thickness of about 2 μm. The following
reactions are involved during the formation of the preferentially
oriented Zn(OH)F nanorod array:

Zn2þþF�2ZnFþ (1)

ZnFþþOH�2Zn(OH)F (2)

As described in Table 1, ZnO seeded FTO was used for Zn(OH)F
nanorod array growth. The ZnO seed layer used here will facilitate
the growth of Zn(OH)F nanorod on FTO substrate. During the
experimental process, we found that there was no Zn(OH)F
nanorod array growth on FTO if bare FTO substrates were used
for nanostructure deposition.

Although the density of the nanorods is very high, there are
large interstices between the nanorods, as demonstrated by the
arrows shown in Fig. 1(c) and (d). If the interstices between the
ZnF(OH) nanorods can be filled by the other nanostructures, the
surface area of this kind of nanostructure would be increased. As
we all know, large surface area of a photoelectrode is one of the
critical factors and plays a pivotal role in determining the photo-
voltaic performance of DSCs. It is therefore interesting to synthe-
size complex nanostructures made of rhombus-shaped nanorods

and the other nanostructures. Recently, there are some reports on
the synthesis and application of Zn(OH)F nanostructures or ZnO
nanostructures transformed from Zn(OH)F [19–32]. However, to
best of our knowledge, the synthesis of nanostructures composed
by Zn(OH)F nanorods and nanoplates has never been reported. The
synthesized Zn(OH)F nanostructures can be transformed into
porous ZnO nanostructures by heat treatment. The obtained ZnO
nanostructures should have improved performance when used in
DSCs due to the porosity of the yielded nanostructures.

3.2. Morphology and structure of the Zn(OH)F nanoplates decorated
Zn(OH)F nanorod nanostructures

Fig. 2(a) and (b) shows the FESEM images of the products
grown for 5 h on the FTO substrate. It clearly shows that except for
some plate-like nanostructures grown on the surfaces of the
nanorods, the morphology of Zn(OH)F nanorods does not change
too much. This may be due the lack of Zn2þ ions in the solution. It
is reported that the synthesis of Zn(OH)F nanorods can be finished
within 1 h in a mixed solution consisting of 0.05 M Zn(NO3)2 and
0.2 M NH4F [22]. In our experiment, a lower concentration of Zn
(NO3)2 and a higher concentration of NH4F was used (the detailed
growth condition was described in the film no. 2 in Table 1).
During the nanorod growth process, the concentration of the Zn2þ

ions will decrease rapidly due to the low concentration of Zn
(NO3)2 in the solution (Eqs. (1) and (2)). The lower concentration
of Zn2þ ions in the solution can not provide enough Zn2þ ions for
Zn(OH)F nanorod growth. As a result, the synthesis of Zn(OH)F
nanoplate on the surfaces of the nanorods was realized, as
represented in Fig. 2(a) and (b).

As the reaction time goes on (8 h as shown in the film no. 3 in
Table 1), more and more nanoplates will grow on the surfaces of
the nanorods, as shown in Fig. 3(a) and (b). Interestingly, the
nanoplates are interconnected with each other to form a macro-
porous network. Benefiting from the favorable porous structure as
well as the large surface area of the synthesized nanostructures,
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Fig. 1. (a) XRD pattern, (b) low- (c) high-magnification top-view SEM image and (d) cross-section SEM image of the Zn(OH)F nanorod arrays. This sample is corresponding to
the film no. 1 described in Table 1.
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the obtained nanostructures may have potential applications in
DSCs, gas sensors, and photocatalysis. The XRD pattern of the
novel nanostructure is shown in Fig. 3(c), which is very similar to
that demonstrated in Fig. 1(a), indicating the synthesized novel
nanostructures are pure Zn(OH)F.

In order to further investigate the microstructures of the
hierarchical nanostructures, the FIB technique was used for
cross-sectional sample preparation. As we all know, FIB sample
preparation can provide a smooth cross-sectional surface particu-
larly at the interface of different materials. The SEM image of

200nm 200nm 

Fig. 2. (a) Low- and (b) high-magnification SEM images of the obtained rhombus-shaped Zn(OH)F nanorods with nanoplates grown on their surfaces. This sample is
corresponding to the film no. 2 described in Table 1.
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Fig. 3. (a) Top-view, (b) cross-section SEM images and (c) XRD pattern of Zn(OH)F nanoplates decorated rhombus-shaped Zn(OH)F nanorods which are corresponding to the
film no. 3 described in Table 1. (d)–(f) Cross-section SEM images of the FIB-prepared sample. (g) STEM image, (h) TEM image and (i) HRTEM image of the nanoplates
decorated nanorods.
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the cross-sectional surface is shown in Fig. 3(d). The results clearly
demonstrate three discrete regions: glass, FTO layer, and the Zn
(OH)F nanostructure layer. From the Zn(OH)F nanostructure layer,
one can see that Zn(OH)F nanoplates were grown in the interstices
among the nanorods forming a porous nanostructure. In order to
reveal the morphologies of nanorods and nanoplates clearly, a
probe was used to destroy the smooth cross-sectional surface. The
broken area is indicated by an arrow shown in Fig. 3(e). From the
high-magnification SEM image of the area represented in Fig. 3(f),
one can clearly see that the complex nanostructure layer is
composed of nanorods and nanoplates. Compared with the nanos-
tructure shown in Fig. 1(d), the surface area of the complex
nanostructure demonstrated in Fig. 3(f) should be increased due
to the growth of nanoplate on the surface of the nanorod.

In order to investigate the microstructures of obtained pro-
ducts, TEM analysis was carried out. Fig. 3(g) and (h) shows the
STEM and TEM image of a Zn(OH)F nanorod with the nanoplate
grown on its surface, respectively. From these figures, one can
clearly see that nanoplates grow on the surface of the nanorod.
Fig. 3(i) shows the high-resolution TEM (HRTEM) image of the
nanoplate indicated by the rectangle in Fig. 3(h). From this figure,
it clearly exhibits that the nanoplate is composed of nanocrystal-
line grains with different orientations, indicating the polycrystal-
line nature of the nanoplate.

3.3. Morphology and structure of the calcinated products

The main attempt in the present work is to synthesize ZnO
complex nanostructures with a large surface area for solar cell
application. By calcining the obtained Zn(OH)F nanostructure
precursor, ZnO nanoplates decorated rhombus-shaped ZnO nanor-
ods can be obtained. The XRD pattern of the calcined film was
shown in Fig. 4(a). It can be seen that all the diffraction peaks can
be assigned to the hexagonal wurtzite structure of ZnO [JCPDS no.
36-1451]. This indicates that the as-grown Zn(OH)F nanorods and

nanoplates can be transformed into a pure ZnO phase by subse-
quent calcining. The following chemical reaction takes place
during this process:

Zn(OH)F-ZnOþHF (3)

Fig. 4(b) and (c) represents the FESEM images of the calcined
products with different magnification. From the low magnification
image of Fig. 4(b), it can be seen that the film has a similar
thickness compared with that shown in Fig. 3(b). From the high
magnification image of Fig. 4(c) and the top view SEM image
shown in the inset of Fig. 4(b), one can see that no significant
morphology changes can be observed after calcination.

Further structural information of the calcinated products is
given by TEM analyses. The TEM images under different magnifi-
cations are shown in Fig. 4(d)–(f). The HRTEM image in Fig. 4
(f) and its corresponding fast Fourier transform (FFT) pattern
shown in the inset confirm there are some misorientations and
defects in the porous nanostructure. From the high magnification
TEM images of Fig. 4(e) and (f), one can see that some pores are
embedded in the calcinated nanostructures, as indicated by the
arrows shown in the two images. The porous morphology of the
obtained products should originate from the release of HF during
the decomposition of ZnF(OH), as expressed in Eq. (3). This
interesting morphology is favorable for DSC applications. The
obtained novel structure may also find potential applications in
photocatalysis and gas sensors due to the fact that the existence of
a porous surface enhances the photocatalytic activity and sensi-
tivity of gas sensor [23].

3.4. Solar cell applications of the obtained ZnO nanostructures

The ZnO nanoplate decorated rhombus-shaped ZnO nanorod
nanostructures (Fig. 4(b)) was introduced to DSC application and
its performance was compared with that of the rhombus-shaped
ZnO nanorod (calcining the products shown in Fig. 1(b)) based
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Fig. 4. (a) XRD pattern, (b) Low- and (c) high-magnification cross-section SEM image of the calcined products. The inset in Fig. (b) shows the top view SEM image of the
calcined sample. (d) Low- and (e) high-magnification TEM images of the calcined sample. (f) HRTEM image of the calcined sample with the FFT pattern shown in the inset.

Y. Zhu, W. Shen / Physica E 59 (2014) 110–116114

121



DSC. Fig. 5 shows the photocurrent density (J)-voltage (V) char-
acteristics of the DSCs. The corresponding physical values includ-
ing short circuit current (JSC), open circuit voltage (VOC), fill factor
(FF) and light to electricity conversion efficiency (η), are

summarized in Table 2. From Fig. 5 and Table 2, it is obvious that
the solar cell constructed with the photoelectrode of ZnO nano-
plate decorated rhombus-shaped ZnO nanorod exhibited a con-
version efficiency of 0.85%, which is 77% higher than that of the
nanorod-based DSC (0.48%). Comparing the parameters shown in
Table 2 carefully, one can easily realize that the value of JSC has an
obvious increase, while VOC and FF show little change. The increase
in the short-circuit current density (from 2.16 to 3.83 mA cm�2) is
mainly due to the increase in the surface area of the photoelec-
trode by depositing nanoplates in the interstices between the
nanorods and on the top of the nanorods (Fig. 3(a) and (f)).

It is noteworthy that the film thickness of the photoelectrode
used here is only 2 μm. It is reported that the efficiency of the DSC
composed of hexagonal-shaped ZnO nanowire arrays increases
with increasing the length of nanowires [10,11]. Qiu et al. reported
that an overall efficiency as high as 1.3% was achieved with a
nanowire array length of 40 μm [11]. In order to increase the
length of the nanostructures on FTO substrates, a two-step growth
process was adopted in our experimental process. The detailed
growth condition of the step-one prepared sample has been listed
in Table 1. In this step, the synthesis of highly ordered Zn(OH)F
nanowire arrays on FTO substrate can be realized, as demonstrated
in Fig. 1(c) and (d). In the second step, the step-one prepared
sample was immersed in a fresh solution containing 0.03 M Zn
(NO3)2 �6H2O and 0.3 M NH4F, which was sealed in a Teflon-lined
stainless steel autoclave and maintained at 120 1C for 14 h. During
this process, the synthesis of nanoplate decorated nanorod nanos-
tructures with increased thickness can be obtained.

Fig. 6(a)–(c) shows the SEM images of the obtained nanostruc-
tures. From the cross-sectional SEM image demonstrated in Fig. 6(a),
one can see that nanorods are decorated by nanoplates and the
thickness of the nanostructures on FTO is about 4.2 μm. Fig. 6(b) and
(c) shows the top-view SEM images of the obtained nanostructures.
It is obvious that large-area and high density of nanoplates have been
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Fig. 6. (a) Cross-section SEM image, (b) low- and (c) high-magnification top-view SEM images of Zn(OH)F nanoplates decorated rhombus-shaped Zn(OH)F nanorods. This
sample is corresponding to the film no. 4 described in Table 1. (d) Photocurrent-photovoltage characteristics of DSCs based on ZnO nanoplates decorated rhombus-shaped
ZnO nanorods with a film thickness of 4.2 μm.

Table 2
Photovoltaic parameters of the DSCs using rhombus-shaped ZnO nanorod arrays
(photoelectrode no.1), ZnO nanoplates decorated rhombus-shaped ZnO nanorods
with a film thickness of 2 μm (photoelectrode no.2) and 4.2 μm (photoelectrode
no.3).

Photoelectrodes Calcining the film shown
in Table 1

JSC
(mA cm�2)

VOC

(mV)
Fill
factor

η

(%)

No. 1 Film No. 1 2.16 0.60 0.37 0.48
No. 2 Film No. 3 3.83 0.58 0.38 0.85
No. 3 Film No. 4 5.43 0.60 0.42 1.36
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Fig. 5. Photocurrent–photovoltage characteristics of DSCs based on rhombus-
shaped ZnO nanorod arrays (Photoelectrode no. 1) and ZnO nanoplates decorated
rhombus-shaped ZnO nanorods (Photoelectrode no. 2).
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grown on the top of the nanorods. According to the above discussion,
ZnO nanoplate decorated nanorods can be obtained by calcinations.
After calcining, the yielded nanostructures were also used in solar
cells. The resulting J–V curve is provided in Fig. 6(d). In order to
facilitate the comparison and analysis, the corresponding physical
values, such as JSC, VOC, FF and η have also been summarized in
Table 2. From Table 2, one can see that increasing the thickness of the
nanostructures on FTO leads to a significant increase in JSC compared
with photoelectrode no. 2. When the thickness of the nanostructure
increases from 2 to 4.2 mm, JSC increases from 3.83 to 5.43 mA cm�2.
The increase in the JSC comes from the enlarged surface area in the
thickened nanostructures on FTO. The increased surface area of the
photoelectrode would result in enhanced dye loading. As a result, the
light harvesting in the thickened nanostructure would increase, so
would, the short-circuit current density and overall efficiency of the
solar cell.

4. Conclusions

In conclusion, rhombus-shaped ZnO nanorod arrays and a
novel porous structure of ZnO nanoplates decorated rhombus-
shaped ZnO nanorods have been synthesized by a facile hydro-
thermal method combined with subsequent calcinations. The
growth of nanoplates in the interstices between the nanorods
and on the top of nanorods is considered for surface area
enhancement. A preliminarily conversion efficiency of 1.36% is
achieved with a 4.2 μm thick photoelectrode of ZnO nanoplate
decorated rhombus-shaped ZnO nanorod array, which is compar-
able to those based on 40 mm vertically aligned hexagonal-shaped
ZnO nanowire array counterpart, indicating the synthesized
nanostructures are more suitable for application as photoelectrode
in DSCs. By optimizing the thickness and architecture of nanos-
tructures, higher conversion efficiency could be expected in the
future. More importantly, the synthesized nanostructures are also
expected to be used in gas sensors and photocatalysis for
improved performance where a large surface area is required.
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Abstract Novel ZnO core/shell nanostructures were

constructed by depositing a porous ZnO layer directly on

the surfaces of pre-fabricated ZnO nanowires through a

facile chemical method. The morphology and structure of

the obtained products have been investigated by field-

emission scanning electron microscopy, high-resolution

transmission electron microscopy and X-ray diffraction

analysis. In these unique nanostructures, the porous over-

layer exhibits a large surface area for sufficient dye loading

to enhance light harvesting and the ZnO nanowire cores

provide direct conduction pathways for the photogenerated

electron transport to diminish the chance of electron

recombination. The obtained ZnO nanostructures were

used as photoanode material in dye-sensitized solar cell

which showed an increase in performance of 141 % com-

pared with an equivalent solar cell employing ZnO nano-

wire arrays as photoanode. This result was achieved mainly

due to an increase in photogenerated current density

directly resulting from improved light harvesting of the

porous layer.

1 Introduction

In the past two decades, dye-sensitized solar cells (DSCs)

have attracted considerable attention due to their advanta-

ges of cost-effectiveness, ease of fabrication and environ-

mental friendliness [1–10]. In order to fabricate DSCs with

high performance, a large surface area and fast electron

transport of the photoanode material is required. It is

widely accepted that the performance of DSC is closely

related to the morphologies of the photoanode films.

Therefore, rational synthesis of nanostructures with unique

morphologies would be very important for DSC

applications.

Up to now, metal oxide nanostructures, especially TiO2

and ZnO, have been widely used in DSCs [4–10]. Com-

pared with TiO2, ZnO has higher electron mobility [8]. The

high mobility of ZnO should result in a rapid electron

transfer and a reduced probability of electron recombina-

tion. Therefore, the application of ZnO nanowires in DSCs

is of great interest. However, reported efficiencies of ZnO

nanowire solar cells are very low at present [5, 11–14]. One

possible reason for the low efficiency may be that the

surface area of the nanowire photoanode is not large

enough. As we all know, photoanode films with porous

frameworks have also been widely used in DSCs due to

their large specific surface area [4, 15, 16]. Although the

porous film can provide a large specific surface area, the

photogenerated electrons will interact with a lot of traps

when they transport in the porous film. In order to keep the

merits and avoid the demerits of the photoanode films at

the same time, we were motivated to develop a novel core/

shell structural film with ZnO nanowires as cores and a

porous ZnO overlayer as shells. The porous ZnO shells

exhibit a large surface area for dye loading and the ZnO

nanowire cores provide direct conduction pathways for the
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photogenerated electron transport. Therefore, the overall

efficiency of DSC based on the unique nanostructures is

expected to be increased and it is quite necessary to syn-

thesize the unique nanostructures for DSC application.

In this paper, a two-step chemical method was devel-

oped for the synthesis of novel nanostructures composed of

ZnO nanowire cores and porous ZnO shells. In step-one,

highly-ordered ZnO nanowire arrays were deposited on

FTO (fluorine doped tin oxide, SnO2:F) substrates. In step-

two, porous ZnO was synthesized on the surfaces of the

step-one prepared nanowires. It was found that the com-

position of the solvent used in step-two played an impor-

tant role in determining the final product morphology. The

obtained nanostructures were successfully used as pho-

toanode material in DSCs and it was revealed that the DSC

based on ZnO nanowires with porous surfaces showed an

increase in performance of 141 % compared with an

equivalent solar cell employing ZnO nanowire arrays with

smooth surface.

2 Experimental details

2.1 Synthesis of ZnO nanostructures and fabrication

of DSCs

Details of the process for the synthesis of ZnO nanowire

arrays on FTO substrates can be found in Table 1 (Pho-

toanode No. 1) and Ref. [17]. The FTO substrates with

ZnO nanowire arrays grown on them were then transferred

into a glass bottle consisting 60 mM anhydrous zinc ace-

tate [Zn(CH3COO)2] and 30 mM hexamethylenetetramine

(HMT). The solution used here was prepared with a mixed

solvent of methanol and water. The covered bottle was then

heated at 62 �C for 15 h. The detailed preparation condi-

tions were shown in Table 1 (Photoanode Nos. 2 and 3).

After deposition, the yielded product was finally washed,

dried, and calcinated at 500 �C for 60 min. The obtained

ZnO nanostructures were all sensitized in a 0.5 mM of the

N719 dye and used as photoanode in DSCs. An FTO

substrate with a layer of sputtered Pt film was used as

counter-electrode. The liquid electrolyte used in the DSCs

was a 0.6 M tetra-butylammonium iodide, 0.1 M iodine,

0.1 M lithium iodide, and 0.5 M 4-tert-butylpyridine in

acetonitrile.

2.2 Characterizations

The morphology and structure of products were charac-

terized by field-emission scanning electron microscope

(FESEM; JEOL JSM-7400F), high-resolution transmission

electron microscope (HRTEM; JEOL JEM-2010F) and

X-ray diffraction (XRD; Rigaku D-Max) analysis. The

photocurrent-photovoltage characteristics of the fabricated

DSCs were measured by means of a computer-controlled

Keithley 2400 source-meter under an oriel solar simulator

(100 mW/cm2).

3 Results and discussion

3.1 Morphology and structure of the obtained ZnO

nanorod arrays

Figure 1a shows cross-sectional SEM image of the yielded

ZnO nanowire arrays. It is obvious that high density arrays

of ZnO nanowires have been synthesized on the FTO

substrate. The length of the ZnO nanowires is about 11 lm.

From the top-view SEM image of the obtained ZnO

nanowire arrays shown in Fig. 1b, one can easily find out

that the diameters of the nanowires are not uniform. The

XRD pattern of the product is demonstrated in Fig. 1c.

Except for those coming from the FTO substrate, all the

diffraction peaks can be well indexed as the wurtzite phase

ZnO [Joint Committee for Powder Diffraction Standards

(JCPDS) no. 36–1451]. It is noted that the intensity of the

XRD pattern has been normalized to facilitate compari-

sons. The measured intensities of other peaks were nor-

malized to that of the (002) peak. From Fig. 1c, one can

easily obtain that the (002) peak is very strong, which is

due to the preferred orientation of the ZnO nanowire

arrays, as displayed in Fig. 1a.

Table 1 Preparation conditions for photoanode Nos. 1–3 (HMT and PEI are the abbreviation for ‘‘hexamethylenetetramine’’ and ‘‘polyethyl-

eneimine’’, respectively)

Photoanodes Substrates Zinc nitrate

(mM)

Zinc

acetate

(mM)

HMT

(mM)

PEI (mM) Ammonium

hydroxide

(mL)

Solvent Temperature (oC)

No. 1 FTO with ZnO seeds 25 0 25 5 1.2 Pure water 88

No. 2 Photoanode No. 1 0 60 30 0 0 1 mL deionized water

and 49 mL methanol

62

No. 3 Photoanode No. 1 0 60 30 0 0 4 mL deionized water

and 46 mL methanol

62
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3.2 Morphology and structure of the obtained ZnO

nanorod arrays with porous surfaces

As demonstrated in both Fig. 1a, b, the surfaces of the nano-

wires are very smooth. The smooth surface of the obtained

nanowire array is disadvantageous for dye loading and light

harvesting. In order to increase the surface area of the pho-

toanode film, the above synthesized nanowire arrays were

used as substrates for coating a layer of porous structures. The

cross-sectional SEM image of the final product was displayed
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Fig. 1 a Cross-sectional SEM image, b top-view SEM image, and c XRD pattern of the synthesized ZnO nanowire arrays. This sample is

denoted as photoanode No. 1
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in Fig. 2a. From which one can see that the porous nano-

structure uniformly cover the surfaces of the step-one pre-

pared nanowires. The broken nanowires presented in Fig. 2b,

c clearly demonstrate that the prepared nanostructures are

composed of ZnO nanowire cores and porous shells forming

the core/shell structures. The corresponding TEM image

depicted in Fig. 2d also indicates the porous surface structure

of the yielded product. The XRD pattern of the core/shell

nanostructures demonstrated in Fig. 2e is very similar to that

of the ZnO nanowire arrays shown in Fig. 1c. No other

impurity diffraction peaks were detected, indicating the por-

ous layer has the same structure as the ZnO nanowire array.

During the porous layer formation process, we believe

the following chemical reactions are involved.

5Zn CH3COOð Þ2 + 10H2O

! Zn5 OHð Þ8 CH3COOð Þ2�2H2O + 8CH3COOH ð1Þ
Zn5 OHð Þ8 CH3COOð Þ2�2H2O! 5ZnOþ 2CH3COOH

þ 7H2O ð2Þ
The evidence for the above chemical reactions can be

found in the previously reported work [18]. According to

the time-dependent experiment results described in Ref.

[18], Zn5(OH)8(CH3COO)2�2H2O was formed in the early

stage [Eq. (1)] and the synthesis of ZnO was finally real-

ized, as shown in Eq. (2). During the experimental process,

the addition of HMT in the chemical solution will accel-

erate the chemical reactions described in Eqs. (1) and (2)

by slowly releasing OH- ions. The corresponding chemical

reactions can be described as follows:

C6H12N4 + 6H2O! 6HCHO + 4NH3 ð3Þ
NH3 þ H2O $ NHþ4 þ OH� ð4Þ

Because of the additional OH- ions as expressed in

Eq. (4), the addition of HMT in the solution will promote

the nucleation and coarsening of ZnO, forming the porous

layer on the nanowire surface. However, it is worth noting

that the concentration of ZnO formed in the solution should

not be too high because the quantity of deionized water

added in the methanolic solution also controls the reaction

velocity, as described in Eq. (1). The solvent used for the

synthesis of porous shell (Fig. 2a) is composed of 1 mL

deionized water and 49 mL methanol.

The critical role of water was further investigated by

performing reactions with different concentrations of

water. To demonstrate the importance of water for the

synthesis of porous shell, a chemical solution without

water was also used during the experimental process. It

was found that a methanolic solution of Zn(CH3COO)2 and

HMT did not lead to the formation of any solid phases on

the surfaces of nanowires.

A solution with a high concentration of water (4 mL

deionized water and 46 mL methanol) was also used to

fabricate nanostructures with the other conditions kept the

same. Figure 3a shows the oblique-view SEM image of the

final products. It is clear that there are a lot of nanoparticles

and microspheres deposited on the top of the nanowire

arrays. To display the nanostructures clearly, the top-view

SEM image of the yielded products is displayed in Fig. 3b.

Figure 3c demonstrates the high-magnification SEM image

of the area indicated by the rectangle in Fig. 3a. It is

obvious that the surfaces of nanowires are also covered by

porous nanostructures and those porous nanostructures are

jointed together.

As mentioned above, the quantity of deionized water

added in the methanolic solution controls the reaction

velocity. Because 4 mL of deionized water was added in

the growth solution, the formation of the Zn5(OH)8(CH3

COO)2�2H2O would develop faster, as expressed in Eq. (1).

The formed Zn5(OH)8(CH3COO)2�2H2O will fill the space

among the nanowires and deposit on the top of the nano-

wire arrays. With the reaction time increasing, ZnO phases

will be obtained [Eq. (2)]. After ZnO building blocks

coalesced via the oriented attachment mechanism, the

formation of porous layer on the surfaces of nanowires and

the synthesis of microspheres on the top of the nanowire

array will be realized. From Figs. 2a and 3a, it can be

concluded that the concentration of water in the growth

solution plays an important role in determining the mor-

phologies of the final products.

A typical XRD pattern of the yielded product is shown

in Fig. 3d. Compared with the XRD result shown in

Fig. 1c, one can see that in addition to the strong (002)

peak, the other diffraction peaks corresponding to the

wurtzite phase ZnO become strong, which should be

originated from the newly deposited ZnO nanostructures on

nanowire arrays.

The synthesized ZnO nanostructures were all employed

to fabricate DSCs. The photocurrent density (J)–voltage

(V) characteristics and the corresponding physical values of

the DSCs are respectively displayed in Fig. 4 and Table 2.

It is clear that after coating a porous layer on ZnO nanowire

arrays (Fig. 2a), the short-circuit current density of DSC

increases from 4.27 to 7.0 mA/cm2. The increment in the

short-circuit current density is mainly due to the fact that the

surface area of the ZnO nanowire photoanode is increased

after a layer of porous shell formed on nanowire surfaces.

The large surface area increases dye loading and light

harvesting. On the other hand, the nanowire cores provide

direct conduction pathways for the photogenerated electron

transport, leading to the suppressed electron recombination.

Therefore, the obtained novel nanostructures are advanta-

geous for DSC application.

4550 J Mater Sci: Mater Electron (2014) 25:4547–4552

123

127



Additional nanoparticles and microspheres deposited on

the top of the nanowire arrays (Fig. 3a) should increase the

surface area of the photoanode. However, the short-circuit

current density of DSC based on photoanode No.3 is

6.85 mA/cm2, which shows a small decrease compared

with photoanode No. 2. This may be due to the fact that the

porous nanostructures are jointed together (Fig. 3c), which

is disadvantageous for dye loading. Therefore, the con-

centration of water in the growth solution plays a pivotal

role in determining the morphologies of the photoanodes

and the performances of the resulting DSCs.

4 Conclusions

In summary, a novel ZnO core/shell nanostructure was

successfully synthesized via a facile chemical method. A

141 % increase in energy conversion efficiency was

achieved compared with ZnO nanowire array DSC.

Although the current work focuses on controllable syn-

thesis and application of the obtained nanostructure in

DSCs, the yielded nanostructures are also expected to be

used in gas sensors and photocatalysis for improved per-

formance where a large surface area is required.
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Fig. 4 Photocurrent-photovoltage characteristics of DSCs based on

the fabricated nanostructures

Table 2 Photovoltaic parameters of the DSCs using the obtained ZnO nanostructures as photoanodes (JSC, VOC and g are the abbreviation for

‘‘short circuit current’’, ‘‘open circuit voltage’’ and ‘‘light to electricity conversion efficiency’’, respectively)

Photoanode The morphologies of the Photoanodes JSC (mA�cm-2) VOC (mV) Fill factor g (%)

No. 1 Fig. 1 (a, b) 4.27 0.55 0.36 0.85

No. 2 Fig. 2 (a–c) 7.00 0.61 0.48 2.05

No. 3 Fig. 3 (a–c) 6.85 0.60 0.50 2.06
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Abstract With the modern development of infrared laser
sources such as broadly tunable quantum cascade lasers and
frequency combs, applications of infrared laser spectroscopy
are expected to become widespread. Consequently, convenient
infrared detectors are needed, having properties such as fast re-
sponse, high efficiency, and room-temperature operation. This
work investigated conditions to achieve near-room-temperature
photon-noise-limited performance of quantum well infrared pho-
todetectors (QWIPs), in particular the laser power requirement.
Both model simulation and experimental verification were car-
ried out. At 300 K, it is shown that the ideal performance can be
reached for typical QWIP designs up to a detection wavelength
of 10 μm. At 250 K, which is easily reachable with a thermo-
electric Peltier cooler, the ideal performance can be reached
up to 12 μm. QWIPs are therefore suitable for detection and
sensing applications with devices operating up to or near room
temperature.

Near-room-temperature photon-noise-limited quantum well
infrared photodetector

Ming Rui Hao1,∗, Yao Yang1, Shuai Zhang1, Wen Zhong Shen1,∗, Harald Schneider1,2,∗,
and Hui Chun Liu1

1. Introduction

Quantum well infrared photodetectors (QWIPs) [1] have
been applied to focal plane arrays (FPAs) for thermal imag-
ing [2, 3] and high-speed and high-frequency detectors
in the mid- and long-wavelength infrared spectral ranges
[4,5]. New applications, such as trace-gas sensing based on
quantum cascade lasers (QCLs) have drawn wide attention
[6, 7].

Infrared photodetectors generally work at low tem-
peratures to minimize the dark current and dark current
noise. Some new designs, such as photovoltaic [8] or quan-
tum cascade detectors [9], are investigated to improve the
signal-to-noise ratio. For weak signals, it is usually desir-
able that photodetectors operate under background-limited
performance (BLIP) condition. The BLIP temperature of
mid-infrared photodetectors is around the liquid nitrogen
temperature range, which is also reached by using closed-
cycle coolers. One way to optimize the detectors for high-
temperature operation is using efficient resonant cavities
[10]. However, for some applications (e.g., gas sensing
[11–13] and heterodyne detection [14, 15]) involving a
strong light source, the photocurrent can be made larger

1 Key Laboratory of Artificial Structures and Quantum Control (Ministry of Education), Department of Physics and Astronomy, Shanghai Jiao Tong
University, Shanghai 200240, China
2 Institute of Ion-Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf 01314, Dresden, Germany
∗Corresponding authors: e-mail: mrhao@sjtu.edu.cn; wzshen@sjtu.edu.cn; h.schneider@hzdr.de

than the dark current, such that the photodetector would
then still have a good signal-to-noise ratio (SNR) at high
operating temperatures. State-of-the-art QCLs for 4–14 μm
wavelength coverage provide single-mode light emission
with high power up to hundreds of milliwatts [16]. Illu-
minated by such a QCL, the signal photocurrent can be
higher than the dark current, as well as the background
photocurrent, even for room- or near-room-temperature
operation.

In this work, we use the three-dimensional carrier drift
model to simulate the dark current of QWIPs at high oper-
ating temperatures. The temperature effect on Fermi energy
is taken into consideration, which is essential in this high-
temperature region. Based on simulation results, we predict
the laser power requirement to reach photon-noise-limited
performance for QWIPs peaked at different wavelengths
for near-room-temperature operation. At 250 K, ideal per-
formance can be reached for typical QWIPs up to a detec-
tion wavelength of 12 μm, under a laser power density of
0.1 mW/μm2. To validate the predictions, we measured the
dark currents of QWIP samples at high operating temper-
atures. Theoretical results are in good agreement with the
experimental data.
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Figure 1 The schematic shows the photon-
noise-limited performance of the QWIP. Un-
der laser light illumination, the current flow-
ing above the barrier is dominated by the
photocurrent.

2. Discussion

QWIP noise is caused by carrier density fluctuations orig-
inating from random thermal and photon excitation. Ac-
cording to the origins, it is normally categorized into three
types, device noise from dark current, background noise
from background radiation, and signal noise from incident
signal light. Signal noise is typically much smaller than
the other two for usual applications such as infrared ther-
mal imaging. To achieve high performance, infrared pho-
todetectors are typically cryogenically cooled to suppress
thermal generation and thus dark current noise. When the
operating temperature is low enough, background noise
dominates over the device noise, and background-limited
performance is achieved.

However, the signal photocurrent can become much
larger than the dark current and the background photocur-
rent when the photodetector is illuminated by a strong in-
frared laser source (e.g., a QCL or a CO2 laser), and the
signal noise becomes the major noise source. In such a
case, the performance of the device is determined by the
signal radiation and we call this photon-noise-limited per-
formance (PLIP). Under this condition, the signal-to-noise
ratio of the detector is optimum in the sense that it cannot be
improved any more by reducing the operating temperature.
Figure 1 shows the principal processes of the PLIP regime
in a QW structure. Within this model for QWIPs, the total
current Itot is composed of three parts, dark current Idark
generated from thermal activation, background current IB
from background radiation in the detector field of view, and
signal current IS from signal photon flux. The total current
can therefore be expressed as

Itot = Idark + R PB + R PS. (1)

Here, R is the detector responsivity. PB and PS are the
incident powers of background radiation and signal, respec-
tively.

We consider a typical QWIP with a bound-to-
quasibound intersubband transition scheme. Here, electrons
are photoexcited from a confined state with energy E1, into
an excited state E2, which is in resonance with the barrier
Vb (E2 ≈ Vb). The barriers are assumed to be sufficiently
thick and the number of quantum well (QW) repeats suf-
ficiently large to allow us to neglect interwell tunneling
and contact effects. All carriers in the QW structure origi-
nate from doping assuming complete ionization. Electrons
distribute according to Fermi–Dirac statistics involving a
two-dimensional (2D) density of states ρ2D in the well and
an unbound three-dimensional (3D) density of states ρ3D
above the barrier. Thus, the Fermi level dependence of the
sheet doping level and temperature is determined by

Nd =
∫ ∞

0
ρ2D(ε) f (ε) dε+Lp

∫ ∞

Vb−E1

ρ3D(ε) f (ε) dε,

(2)

where Nd is the sheet doping density in each quantum well,
Lp is the quantum well period (sum of well width Lw and
barrier width Lb). The energy distribution f(ε) is given
by the Fermi–Dirac distribution f (ε) = 1/1+ exp( ε−EF

kBT ),
where EF is the Fermi level referenced to the ground-state
energy E1, kB is the Boltzmann constant and T is the tem-
perature.

For QWIPs operated close to room temperature, only a
small bias voltage is required. Thermionic emission current
is the major dark current component, neglecting resonant,
interwell and thermally assisted tunnelings. The dark cur-
rent density Jdark is estimated using the 3D carrier drift
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model [1] by accounting for the carriers thermally excited
out of the well and flowing above the barriers. Therefore,
Jdark is given by

Jdark = eN3DVdrift(F), (3)

where e is electron charge and Vdrift(F) is the average drift
velocity in the barrier as a function of electric field F. Ne-
glecting diffusion processes, the average drift velocity takes
the usual form Vdrift(F) = μF/[1+(μF/vsat)2]1/2, where μ

is the low-field mobility and υsat is the saturated drift veloc-
ity. The 3D mobile electron density on top of the barriers
N3D is calculated by

N3D = 2

(
m∗

bkBT

2π�2

) 3
2

exp

(
− Eact

kBT

)
, (4)

where ћ is the reduced Planck constant, mb* is the bar-
rier effective mass, Eact is the thermal activation energy
that equals the energy difference between the barrier height
and the Fermi level in the well. Neglecting the bias-field-
induced barrier lowering effect, we have Eact = Vb − EF.

The signal current density Jphoto is given by the standard
expression

Jphoto = eηg�s, (5)

where η is the absorption quantum efficiency, �s is photon
number flux density of the signal, g is photoconductive gain
that equals the ratio of the photoelectron capture lifetime
to the transit time across the device. The transit time can
be estimated by τ trans ≈ NLp/Vdrift(F). The photoconductive
gain is then given by

g = τcapVdrift(F)

N Lp
, (6)

where τ cap is the electron capture time into the well, and N
is the number of QWs.

The electron capture time at liquid-nitrogen tempera-
ture is determined by the LO phonon scattering and an
expression has been given in Ref. [17],

τcap = 4hεp EcLp

e2 Ephonon I1
, (7)

where Ec is the cutoff energy, Ephonon is the optical phonon
energy, εp

−1 = ε(∞)−1 − ε(0) −1, ε(0) and ε(∞) is the static
and high-frequency dielectric permittivity, respectively. I1
is a dimensionless integral whose value is close to 2 in the
3–19 μm cutoff wavelength range. The temperature depen-
dence of the LO phonon scattering rate is predicted by the
phonon occupation number factor. In the range close to
room temperature, a good approximation for the capture
time is

τcap(T )−1 = τ−1
cap

[
1 + 2

exp(Ephonon
/

kBT ) − 1

]
. (8)

1/f noise, is observed in the low-frequency range for most
detector technologies, but it is especially weak for QWIPs
and does not play any role in practical systems. There-
fore, we neglected the influence of 1/f noise here. The
generation–recombination noise is described as i2noise,dark =
4egJdarkA	f, where 	f is the measurement bandwidth and
A is detector area. The noise-equivalent power (NEP) is the
signal power needed to produce the same signal strength
as produced by a noise source. According to the above
analysis, the dark current noise-limited (NEP)dark is

(NEP)dark = 2hc

λsη(1)(T )

√
N3DLp

τcap(T )N

√
A	 f , (9)

where λs is the signal wavelength and η(1)(T) is the
temperature-dependent peak absorption quantum efficiency
for one well. The dark current noise-limited detectivity is

D∗
dark = λsη

(1)(T )

2hc

√
τcap(T )N

N3DLp
. (10)

Close to room temperature, PLIP operation requires
that Jphoto is larger than Jdark, such that the minimum signal
power PPLIP is given by

PPLIP = hc

λs

N3D

τcap(T )

Lp

η(1)(T )
A, (11)

For PLIP operation, the total noise is i2noise =
i2noise,dark + i2noise,photon, where the photocurrent noise
i2noise, photon = 4egJphotoA	f. Assuming Jphoto = nJdark, n ≥
1, the near-PLIP detectivity is given by

D∗
near−PLIP = λsη

(1)(T )

2
√

1 + n2hc

√
τcap(T )N

N3D Lp
. (12)

If the photocurrent is much larger than the dark current,
the total noise is dominated by the photon noise so that the
square noise level is (4eg	f) times the signal power. So,
the NEPPLIP = 4hc	 f /λsη as a figure of merit is not appli-
cable. Therefore, SNR is preferred to describe the detector
performance and is given by

S

N
= Jphoto A√

A	 f (4eg Jdark + 4eg Jphoto)

=
√

n

n + 1

√
η(T )φs A

4	 f
. (13)

If the signal power satisfies Eq. (11), i.e. Jphoto = Jdark,
the corresponding SNR is

√
η(T )φs A/8	 f . If Jphoto � Jdark,

the SNR is
√

η(T )φs A/4	 f . For the ideal case η(T) = 1,
the SNR is limited to a value of

√
φs A/4	 f , which is

determined by the signal flux density, detector area and the
measurement bandwidth.

The temperature-dependent absorption of a single QW
is proportional to the occupation density of the ground state,
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Figure 2 Calculated minimum signal power density for QWIPs
with different peak wavelengths achieve photon-noise limited per-
formance at 200, 250 and 300 K.

taking into account the impact of the spectral broadening
[18]

η(1)(T ) = κ

δE

m∗
bkBT

π�2
ln

[
exp

(
EF

kBT

)
+ 1

]
, (14)

where κ represents the proportionality coefficient that is
related to the QW structure parameters, δE is the half-
width at half-maximum of the absorption lineshape. Com-
bining Eq. (14) with Eqs. (4) and (11), the doping-density-
dependent minimum signal power PPLIP is a function of
EF/kBT and proportional to

PPLIP ∝
exp

(
EF

kBT

)
ln

[
exp

(
EF

kBT

)
+ 1

] . (15)

This expression shows that the way of obtaining low
PLIP signal power is to reduce EF/kBT. However, low dop-
ing will also degrade the absorption and signal-to-noise
ratio. If we replace the signal radiation by background ra-
diation, the derivation of the minimum PPLIP is essentially
equivalent to the maximum ratio of photocurrent to dark
current, which is similar to the discussion on the maximum
BLIP temperature in Ref. [19]. The optimal doping was not
predicted from our calculation if the photons are efficiently
absorbed. Therefore, we face a trade-off between the PLIP
signal power and signal-to-noise ratio. The doping density
should be low enough to get a moderate PLIP signal power,
but high enough to get a good signal-to-noise ratio.

Following Refs. [1] and [20], we take the room-
temperature absorption per quantum well per pass to be
about 0.54% for polarized light for a 2D electron den-
sity of 5 × 1011 cm−2. Considering typical QWIP designs
with different peak response wavelengths, the minimum
signal power for near-room-temperature operation is ob-
tained from Eq. (11). Figure 2 shows the calculated signal
power densities for detection peak wavelength in the 3–
16 μm band.

In practice, and according to our previous experiments,
QWIPs can easily withstand a cw laser power of 10 mW
[20]. The smallest device in our past experiments had an
area of 10 μm × 10 μm (for ultrahigh-speed operation)
[20]. However, in practice the detector size does not need
to be that small for other wavelengths. As long as the sig-
nal radiation power density reaches the threshold value,
the PLIP condition will be satisfied. Using a high-power
quantum cascade laser (QCL) as the source, in a limit-
ing case of having 10 mW power coupled to a 10 μm ×
10 μm-area QWIP, the signal power density is 0.1 mW/μm2.
A sensing system as described here works in pulsed
mode or with infrared signals modulated at relatively high
frequencies, for which the bolometric response can be ne-
glected [15].

Figure 2 therefore predicts that up to a peak wavelength
of 10 μm QWIPs can work at signal-limited performance at
300 K, which is consistent with our previous experiments
[20]. At 250 K, a temperature easily reachable with a ther-
moelectric Peltier cooler (TEC), this ideal performance can
be achieved for QWIPs below 12 μm peak wavelength. At
200 K, the lowest temperature a TEC can reach, QWIPs
can operate in the PLIP regime for the whole 3–15 μm
peak wavelength band. From our calculation the minimum
signal power density decreases rapidly when the detection
wavelength becomes shorter, since an increase in activation
energy exponentially decreases the dark current. At 250 K,
the signal power density to achieve PLIP is two orders of
magnitude larger for QWIPs with 10 μm detection wave-
length than for QWIPs operating at 5 μm. PLIP is much
easier to achieve for peak wavelengths in the 3–5 μm range
than in the 8–14 μm range.

QWIPs have advantages in their wide dynamic range
and stability, as compared to other types of mid-infrared
photodetectors [21]. The saturation signal intensity is esti-
mated to be over 300 kW/cm2 [22], and nonlinearity can be
decreased or completely suppressed in QWIPs with a large
number of QWs [23].

3. Experimental

We use the 3D carrier drift model to estimate the dark-
current level in QWIPs, assuming that thermionic emis-
sion is the major dark-current contribution. In the calcu-
lation, the Fermi level is a function of both temperature
and doping density instead of simply being proportional to
the 2D doping density of the well. To validate our anal-
ysis, we have measured the dark currents of a series of
QWIPs at different temperatures ranging from 150 K to
room temperature, and compared the results with model
calculations.

The QWIPs under study were fabricated by molecu-
lar beam epitaxy on semi-insulating GaAs substrates. All
QWIPs have the same structural parameters except for the
Si doping densities in the quantum wells. The QWIPs with
bound-to-quasibound design are peaked at a wavelength of
9 μm. The QWIPs consist of 100 periods of 54 Å thick GaAs
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Figure 3 Calculated Fermi energy versus temperature for vari-
ous QWIP samples. The sample structure parameters were se-
lected for a peak absorption wavelength near 9 μm. The 2D dop-
ing densities are 2 × 1011, 4 × 1011, 6 × 1011 and 8 × 1011

cm−2 for samples S1, S2, S3 and S4, respectively. The Fermi
energy value is referenced to the ground-state energy in the
well.

wells and 300 Å thick Al0.24Ga0.76As barriers sandwiched
between an 8000-Å thick GaAs bottom contact and a
4000-Å thick GaAs top contact, Samples S1, S2, S3, and
S4 were delta doped in the GaAs well with Si to 2D concen-
trations of 2 × 1011, 4 × 1011, 6 × 1011 and 8 × 1011 cm−2,
respectively. The experiments were performed on 240 μm ×
240 μm mesas formed by standard photolithography with
wet chemical etching and ohmic contact metallization.
Temperature-dependent dark-current measurements were
carried out in a closed-cycle refrigerator using a Keithley
2400 source meter. More details about other measurements
can be found in Ref. [24].

Here, we analyze the temperature dependence of the
dark currents for samples with different doping densities to
validate our dark-current model close to room temperature.
The number of electrons above the barriers is determined by
thermally generated carriers and depends exponentially on
the distance above the Fermi energy. According to Eq. (2)
we numerically calculate the Fermi energy for our sam-
ples with different 2D doping densities. Figure 3 shows
the temperature dependence of the Fermi energy for Sam-
ples S1, S2, S3 and S4. It is seen that the Fermi energy
remains nearly unchanged at low temperature (<77 K) and
decreases significantly with increasing temperature up to
room temperature. We take the 3D carrier drift model to
calculate thermionic emission processes that dominate the
dark current. Equations (3) and (4) give the theoretical pre-
dictions of the dark current for our samples. Figure 4 shows
representative dark-current measurement results and simu-
lations of Sample S2 at different temperatures. It is evident
that experimental data (dots) are in good agreement with the
model results (lines) from 150 to 300 K. The good agree-
ment is seen for all four samples, thus indicating that our
dark current model is valid for QWIPs in this temperature

Figure 4 Dark current density versus bias voltage of sample S2
from 150 to 300 K. Experimental data are shown as dots and
theoretical values are shown as lines.

region. Both the photocurrent and the photon noise current
are proportional to the photoconductive gain. Since the gain
cancels out in the expression for SNR, the responsivity will
not change too much the PLIP condition. Therefore, using
the 3D carrier drift model based on thermal excitation, we
can reliably determine the laser power requirement to reach
PLIP for QWIPs.

4. Conclusion

We have presented a theoretical and experimental analysis
to investigate the laser power requirement for achieving the
photon-noise-limited performance of QWIPs with differ-
ent peak response wavelengths close to room temperature.
Comparing these calculations with experimental dark cur-
rent data, we demonstrate that the model is valid in this
temperature region. Based on our analysis, this ideal per-
formance can be reached for QWIPs with peak wavelength
below 12 μm up to 250 K, which is easily reachable with a
thermoelectric Peltier cooler. Therefore, QWIPs are suited
for compact detection systems operating up to or near room
temperature.
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Abstract— This paper investigates the dependence of background
limited performance (BLIP) temperature of quantum well infrared
photodetectors (QWIPs) on doping density. In contrast to the generally
accepted optimal doping condition EF = kB TBLIP, our theoretical
prediction shows that lower doping densities should slightly increase
the BLIP temperature TBLIP taking into account the temperature
dependence of the Fermi energy EF , a factor neglected in the previous
analyses. Numerical modeling results are used to reinterpret the reported
TBLIP measurements for a series of QWIPs of typical design for
9 µm peak wavelength with different doping values. In addition, based
on the same general expression for the Fermi energy, the optimized
sheet doping concentration to achieve maximum detectivity is given by
EF = 1.37 kBT , a revision to the previous EF = 2 kBT condition.

Index Terms— Quantum well infrared photodetectors (QWIPs),
background limited performance (BLIP) temperature, doping density,
detectivity.

I. INTRODUCTION

Quantum well infrared photodetectors (QWIPs) [1], [2] have been
applied to focal plane arrays (FPA) for thermal imaging [3], [4] and
high speed detectors [5], [6] in the mid- and long-wavelength infrared
spectral range. To characterize the performance of QWIPs, systematic
studies have been performed on the doping density dependence of the
absorption coefficient α, quantum efficiency η, optical gain g, dark
current Idark , detectivity D* and background limited performance
(BLIP) temperature [1], [2], [7], [8]. The following statement is
generally accepted: to achieve highest BLIP temperature (TBLIP)

and maximum D*, the optimum Fermi energy EF and hence the
doping density is given by the conditions EF = kBTBLIP and EF =
2kBT , respectively [1], [2], [7], [8]. However, the approximation of
T -independent EF is no longer valid for elevated temperatures even
in the cryogenic temperature regime. To analyze the TBLIP depen-
dence on EF, we present here a numerical calculation using typical
QWIP designs parameters and reinterpret the previous experimental
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results. The theoretical prediction does not support the existence of
an “optimal doping” for maximum TBLIP and implies that TBLIP
will increase slightly with decreasing doping density. The reported
experimental results are consistent with our calculated TBLIP values.
In addition, based on the same general expression of the Fermi energy,
we predict the optimum sheet doping concentration at EF =1.37 kBT
to achieve maximum detectivity.

II. ANALYSIS

The total current through a photodetector is composed of dark cur-
rent Idark and photocurrent Iph. Both signal and background radiation
can excite photocurrent and the latter is usually relatively high for
infrared detection. The BLIP temperature TBLIP is the characteristic
temperature at which the background photocurrent equals the dark
current. Under background limited performance, the intrinsic noise
of the detector is negligible in comparison with the noise from the
fluctuation of the background photon flux. The dark current of typical
QWIP structures, described by the three-dimensional (3D) carrier
drift model [2] accounting for the thermally excited carriers from
the well and flowing above the barriers, is given by

Idark = 2

(
m∗

bkBT

2π�2

) 3
2

exp

(

− Eact

kBT

)

eVdrift(F)A (1)

where e is electron charge and A is detector area, h̄ is the reduced
Planck constant, kB is the Boltzmann constant, Vdrift(F) is the
electron average drift velocity in the barrier region which depends on
electric field F, m∗

b is the barrier effective mass, T is temperature,
Eact is the thermal activation energy which equals the energy
difference between the barrier height and the Fermi level in the well.
Neglecting the bias field-induced barrier lowering effect, we have
Eact = Vb−EF. The background photocurrent Iph,bg is given by the
standard expression

Iph,bg = eAη
τcapVdrift(F)

N L p
φbg (2)

where η is the absorption quantum efficiency, �bg is the photon
number flux of background radiation, N is the number of quantum
wells (QWs), τcap is the electron capture time into the well and Lp is
the QW period width which equals the sum of the well width and the
barrier width. Since the capture process is determined by LO phonon
scattering, we use the approximation given in Ref. [9] as an estimate
for τcap.

Using the 3D carrier drift dark current model, TBLIP is obtained
from the following relationship [2] by equating (1) and (2),

η(1)τcapφbg = 2L P

(
m∗

bkBT

2π�2

) 3
2

exp

(
EF

kBT
− hc

λkBT

)

(3)

where c is the light speed, h is the Planck constant, η(1) is the
absorption quantum efficiency for one well and λ is the cutoff
wavelength of detector. EF depends on both the temperature and
the 2D carrier concentration [8], [10] in the well N2D

N2D = m

π�2 kBT ln

[

1 + exp

(
EF

kBT

)]

(4)
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Fig. 1. Different approaches for calculating the Fermi energy as a function
of the 2D carrier concentration in the QW. The EF ignoring temperature
effect is plotted using a dashed line, while the EF values which account
for temperature effect are plotted for 70 K (triangles) and 80 K (circles),
respectively. The Fermi energy value is referenced to the ground state energy
in the well.

where m is the QW effective mass. EF is referenced to the ground
state energy E1. If EF / kBT >>1 is valid, we get the approximation

EF = π�
2

m
N2D (5)

in which the temperature variation is ignored for simplicity. η(1) is
proportional to N2D taking into account the impact of the spectral
broadening [7], [10], η(1) = κ N2D /δE , where κ represents the pro-
portionality coefficient which is related to QW structure parameters,
δE is the half width at half maximum of the absorption lineshape.
Based on this approach, the absorption for one well and thus the
Fermi energy are proportional to N2D, which thus yields η(1) ∼ EF.

In previous analyses, combining Eq. (3) with Eq. (5), TBLIP is
determined by solving the following transcendental equation

EF

kBT
exp

(

− EF

kBT

)

= (δE)LP(m∗
b)

3
2

τcapφbgmκ

(
kBT

2π�2

) 1
2

exp

(

− hc

λkBT

)

(6)
One can adjust the ratio EF /kBT to maximize the left-hand side of
Eq. (6), so that the trend of TBLIP is related to a function of the
ratio EF /kBT . Under this approximation, the ratioEF /kBT can be
used as an adjustable parameter, TBLIP reaches its maximum value
at EF /kBT = 1. From the above discussion the generally accepted
conclusion is that EF = kBTBLIP is the optimal doping for maximum
TBLIP.

The optimal doping is characterized in terms of the ratio
EF /kBT , based on the assumption that EF is proportional to N2D
for simplicity. However, is the assumption of temperature independent
EF a good approximation for realistic QWIPs? Considering n-doped
GaAs/AlxGa1−xAs quantum well structures, Fig. 1 compares the
temperature dependent and independent Fermi energy approaches as
a function of the 2D carrier concentration. The EF which ignored
the temperature effect is plotted using a dashed line, while the EF
values obtained from Eq. (4), which account for the temperature
effect are plotted for 70 K (triangles) and 80 K (circles), respectively.
The Fermi energy value is referenced to the ground state energy
in the well. As seen in Fig. 1, at carrier concentrations below
N2D < 4 × 1011 cm−2, EF values become temperature dependent
and show significant nonlinear dependence on N2D. The nonlin-
earity is even more pronounced for decreasing carrier concentra-

tion. Only in the regime N2D > 5 × 1011 cm−2, the difference
between the EF values raised by the T -independent model can be
neglected. The approximation of T -independent EF is not satisfied
for realistic carrier concentrations in cryogenic temperature regime.
Therefore, the previous characterization on T -independent EF cannot
accurately reflect the relationship between the TBLIP and the carrier
concentration.

Assuming a complete ionization of the donors, the nonlinear
dependence of EF on doping density cannot be ignored in the
operation temperature regime of QWIPs. In order to derive a more
general and precise TBLIP dependence involving temperature effects
on EF, Eq. (6) should be replaced by

ln

[

1 + exp

(
EF

kBT

)]

exp

(

− EF

kB
T

)

= (δE)L P (m∗
b)

3
2

τcapφbgmκ

(
kBT

2π�2

) 1
2

exp

(

− hc

λkBT

)

(7)

in which the right-hand side is the same. The trend of TBLIP
is determined by the competition between photocurrent and dark
current. The ratio EF/kBT is associated with the doping level, larger
positive ratio represents higher doping density, while negative ratio
corresponds to relatively low doping such that the Fermi energy is
below the ground state. The left-hand side of Eq. (7) approaches
1−0.5 × exp (EF /kBT ) in the region of “low” EF /kBT , i.e.,
EF /kBT << −1. This implies that TBLIP will slightly increase
with decreasing carrier concentration. However, reducing the doping
level to achieve higher TBLIP leads to reduced absorption, which is
undesirable for the detector performance.

III. RESULTS AND DISCUSSION

We present a numerical calculation to reinterpret the previous
experimental results. For a typical QWIP, accounting for the carriers
distributed above the barrier, EF is determined by the following

Ndope =
∫ ∞

0
ρ2D(ε) f (ε)dε + Lp

∫ ∞
Vb−E1

ρ3D(ε) f (ε)dε (8)

where Ndope is the equivalent sheet doping density in the well,
Vb is the barrier height, f (ε) is the Fermi-Dirac distribution function,
ρ2D = m/(π h̄2) is the 2D density of states in the well and ρ3D is
the 3D density of states above the barrier. For the Fermi energy
calculation, we used the QWIP parameters taken from Ref. [8].
This QWIP series designed for about 9.5 μm cutoff wavelength
had a measured peak wavelength of about 8.9 μm. The samples
had nominally identical QW parameters but different doping den-
sities in the well with 2D equivalent doping densities ranging from
2 × 1011 to 8 × 1011 cm−2. The calculation shows that the 3D states
carriers make up very little proportion in total carriers in cryogenic
temperature regime, so that Eq. (4) should be a good approximation.

The T -dependent EF are calculated from Eq. (7). Assuming Ndope
ranges from 5 × 1010 cm−2 to 1 × 1012 cm−2, for 9 μm peak wave-
length QWIPs with π /2 FOV and for 300 K background radiation,
the numerically modeled TBLIP are shown as a function of the ratio
EF/kBT and the sheet doping density in Figs. 2(a) and 2(b), respec-
tively. TBLIP values as obtained using a T -independent EF are shown
in Fig. 2(b) for comparison. The TBLIP values predicted by the two
models differ by 1.2 K at 2 × 1011 cm−2 and by as much as 2.7 K
at 1 × 1011 cm−2. The experimental TBLIP results from Ref. [8] are
also plotted in Figs. 2(a) and 2(b) as a function of the corresponding
ratio EF/kBT and doping density, respectively. The theoretical
values of TBLIP using T -dependent EF are in good agreement
with the experimental results. Both the theoretical modeling with
T -dependent EF and the measurements show that TBLIP will increase
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Fig. 2. Calculated TBLIP for 9 μm QWIPs as a function of (a) ratio
EF /kB T using T -dependent EF (up triangles) and (b) sheet doping density
using T -independent EF (circles) and T -dependent EF (down triangles),
with π /2 FOV and for 300 K background radiation. The measured TBLIP
(solid squares) are taken from Ref. [8].

with decreasing doping. The present theory contradicts the previous
prediction EF/kBT = 1 (in this case equivalent doping density
2.3 × 1011 cm−2) for the optimal condition to achieve the highest
TBLIP.

In addition, we extend the analysis to detectivity D∗ as a function
of the doping density. D∗ is defined as the signal to noise ratio
normalized by the incident power, detector area A and electrical
bandwidth  f of the measurement, i.e., D∗ = R(A f )1/2/inoise,
where R is the responsivity and inoise is the current noise of
the detector. Using the expressions inoise = (4eIdarkg f ) 1/2 and
R = e(λ/hc)ηg, where g is the gain, D∗ is written as

D∗ = λη(1)

2hc

(
τcap N

Lp

) 1
2

⎡

⎣2

(
m∗

bkBT

2π�2

) 3
2

exp

(

− Eact

kBT

)
⎤

⎦

− 1
2

(9)

It is proportional to

D∗ ∝ ln

[

1 + exp

(
EF

kBT

)]

exp

(

− EF

2kBT

)

(10)

which is consistent with the result of Gunapala et al [7]. As a
consequence, the numerical calculation predicts that the maximum
D∗ exists at EF/ kBT = ln{exp[W (−2/e2)+2]−1} ≈ 1.37, where
W denotes Lambert W function [11].

In addition to the doping level, the doping profile also has impact
on the device performance [12]–[14]. A different doping profile
affects the ionized impurity scattering and involves an electrostatic
reconfiguration. Solving the self-consistent Poisson equation, we can
get a more accurate energy band profile. However, the condition
EF = 1.37 kBT should still remain valid.

The theoretically predicted dependence of D∗ on the ratio
EF/ kBT for the 9 μm QWIPs at 80 and 85 K is shown in Fig. 3.
Compared with the experimental results [8], both imply that there
is indeed an optimal doping to achieve the highest D∗ if dark
current noise dominates. Our prediction EF/kBT = 1.37 is somewhat
different from the generally accepted relation EF/kBT = 2. The
amount of peak D∗ is expected to decrease by 2.8% when the ratio
EF/kBT changes from 1.37 to 2. Using the new optimal condition
and Eq. (4), to achieve the maximum D∗, the desired sheet doping
concentration is Ndope = 3.84 × 109 (cm−2K−1) × T (K) for the
GaAs/AlxGa1−xAs system, where T is the operating temperature of
QWIPs.

Fig. 3. Theoretically predicted detectivity dependence of the ratio
EF /kB T for a typical 9 μm QWIP at 80 K (empty triangles) and 85 K
(empty squares), respectively. The experimental data at 80 K (solid triangles)
and 85 K (solid squares) taken from Ref. [8] are reproduced.

The condition for optimum D∗ derived here is relevant for QWIP
single detectors and FPAs which are limited by the noise arising
from dark (i.e. thermally induced) conductivity. This limitation is a
practical issue since low operation temperature usually has the penalty
of increased power consumption and reduced lifetime of the cryo-
cooler. Optimizing this “dark-limited” D∗ is crucial in particular
for long detection wavelengths where the cooling system has to
operate close to its limits. In order to achieve good noise equivalent
temperature difference (NETD), devices with high quantum efficiency
are generally desirable, in particular if short integration times are
needed. If high quantum efficiency is considered more important than
high TBLIP, then the doping density should be increased [15].

IV. CONCLUSION

In conclusion, by analyzing the influence of doping concentration
on background limited performance temperature of QWIPs, our
theory prediction shows that TBLIP increases monotonously with
decreasing carrier density, which is inconsistent with the gener-
ally accepted condition EF = kBTBLIP for maximum TBLIP. We
also find the optimal sheet concentration for maximum detectivity
at EF = 1.37kBT .
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Dark current mechanisms of terahertz quantum-well photodetectors (THz QWPs) are systematically

investigated experimentally and theoretically by measuring two newly designed structures combined

with samples reported previously. In contrast to previous investigations, scattering-assisted

tunneling dark current is found to cause significant contributions to total dark current. A criterion

is also proposed to determine the major dark current mechanism at different peak response

frequencies. We further determine background limited performance (BLIP) temperatures, which

decrease both experimentally and theoretically as the electric field increases. This work gives good

description of dark current mechanism for QWPs in the THz region and is extended to determine

the transition fields and BLIP temperatures with response peaks from 3 to 12 THz. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898036]

I. INTRODUCTION

Presently, terahertz quantum-well photodetectors (THz

QWPs) have emerged as one promising candidate to realize

compact, high speed, and high frequency detectors for the

THz region due to the characteristics of intersubband transi-

tions and unipolar transport properties. Compared with other

detectors in THz region, such as Si bolometers, pyroelectric

detectors made from LiTaO3 crystals and heterodyne detec-

tors made from low temperature superconductor films,1,2

THz QWPs have their own advantages. The first and

foremost important advantage relates to the availability of a

mature material and processing technology for QWPs based

on GaAs, which makes it possible to fabricate large-scale

uniform, high resolution, and long-term stable THz QWP

focal plane arrays. Second, they are narrow band and enable

wide wavelength coverage by adjusting the intersubband

transition energy. The other distinct advantage of THz

QWPs is their intrinsic high speed due to the inherent short

carrier lifetime, which helps to create new applications in,

for example, environmental remote sensing of molecules and

long-wavelength laser-based communication.3 THz QWPs

are designed as a natural extension of quantum well infrared

(IR) photodetectors4 and many researchers have been

conducted to achieve better performance5–7 after their first

experimental demonstration.8–10 Dark current, which has

been investigated extensively in mid-infrared QWPs,4 is a

key parameter to determine the performance of QWPs.

Different from mid-IR QWPs, QWPs in THz region have

lower barrier height, lower working temperature, and bias.

Additional physical effects including exchange-correlation

and depolarization, which could be ignored in mid-IR QWPs

must be included. However, only limited investigations have

been carried out on dark current mechanisms of THz QWPs.

Recently, Ferr�e et al. exploited many-body effects to

improve the design of THz QWPs for lower dark current.11

Tan et al. have simulated the dark current of a 3.2 THz QWP

and got the conclusion that the thermionic emission mecha-

nism is the major mechanism to dark current.12 But previous

investigations have only been conducted on the basis of one

specific sample and detailed dark current mechanisms of

THz QWPs have not been elaborated.

In this paper, we systematically investigate the dark cur-

rent mechanism of THz QWPs ranging from 3 to 12 THz

experimentally and theoretically by using newly designed

QWP structures (L924, L925) combined with other samples

(v265, v266, v267) initially proposed by Liu.8 We also pro-

pose the transition fields at different peak frequencies for

THz QWPs as a criterion to determine the dominant dark

current mechanism. Moreover, experimental and theoretical

results on background limited performance (BLIP) tempera-

ture considering different dark current mechanisms are given

and discussed in detail.

II. THEORY AND MODEL

Fig. 1 shows the schematic plot of the physical proc-

esses contributing to dark current of THz QWPs. First,

interwell tunneling, which could be neglected due to the

designed wide barriers, involves electrons scattering from

the ground state in one quantum well (QW) into the next.

Second, thermionic emission (TE) refers to thermal excita-

tion of electrons from the upper part (with energy greater

than the barrier height) of the ground state to the noncon-

fined continuum on the top of the barrier. Finally,

scattering-assisted Fowler-Nordheim tunneling (SAT)

a)Electronic mail: yuehzhang@sjtu.edu.cn.
b)Electronic mail: h.schneider@hzdr.de
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means confined electrons of the ground state slightly below

the barrier height could be scattered by either phonons or

electrons from QWs into the continuum through the tip of

the barriers. Lw and Lb are the QW width and barrier width,

respectively. F is the electric field applied to the THz QWP

samples. Vb is the original barrier height, while

V¼Vb� eFLw/2 is the barrier height lowering by applied

electric field. According to the emission-capture model, we

give the dark current by4

Jdark ¼ ev Fð Þsc

sscatt

ð1

E1

m

p�h2Lp

T E;Fð Þ 1þ exp
E� Ef

kBT

� �� ��1

dE:

(1)

The drift velocity is taken of the usual form v(F)¼lF/
[1þ (lF/vsat)

2]1/2. Values of l¼ 5000 cm2/Vs for the

excited-electron mobility and vsat ¼ 107 cms�1 for the satu-

rated velocity were used in calculation. sscatt is the scattering

time of electrons from the ground state into the continuum

state and sc is the capture time from the continuum back to

the ground state. For sample L925 with transition energy

�47 meV, the life time of excited electron sc is mainly deter-

mined by optical phonon scattering and electron-electron

scattering, which is expected to have similar value as in mid-

infrared QWPs. However, for L924 whose transition energy

(28 meV) is smaller than the LO phonon energy of GaAs

(36 meV), electron-electron scattering becomes the dominant

mechanism, which is expected to cause a reduced capture

probability and, thus, an increased sc. In this model, sc and

sscatt just enter linearly and not in the exponent (see Eq. (1)

and Eqs. (4) and (5) below). As a result, a small deviation in

the estimation of sc and sscatt will have weak impact on the

results of dark current and BLIP temperature. So, the scatter-

ing time is set as sscatt ¼ 5 ps, the values of life time of

excited electrons are set as sc¼ 8 ps for sample L925 and

sc¼ 10 ps for L924.7 Lp is the period length of the multiple

quantum-well structure and equals the sum of QW and bar-

rier widths. Ef is the temperature dependent Fermi level in

the QWs given by13

Ef Tð Þ ¼ kBTln exp
p�h2LdopeN3Ddope

m�kBT

 !

� 1

" #

; (2)

where N3Ddope is the 3D doping density in the center of

GaAs QWs and Ldope is the doping length. T(E,F) is the

transmission coefficient calculated using Wentzel-Kramers-

Brillouin (WKB) approximation. For energy higher than the

barrier (for E>V), T(E,F)¼ 1. Equation (1) could be simpli-

fied in pure TE regime and the dark current obtained corre-

sponds to TE dark current as marked in Fig. 1. For energy

less than the barrier height, T(E,F) could be given as4

TðE;FÞ ¼ exp �2

ðzc

0

dz
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mbðV � E� eFzÞ

p
=�h

� �

; (3)

where mb is the barrier mass, zc¼ (V�E)/eF is defined

as the classical tunneling point. As shown in Fig. 1, when

V� eFLb < E < V, the dark current obtained corresponds to

SAT dark current. When E1 < E < V�eFLb, the dark current

obtained corresponds to interwell tunneling dark current,

which is far less than TE and SAT dark current in operation

temperatures and biases.

III. EXPERIMENT AND DISCUSSION

A. Devices, fabrication, and measuring

We have designed two THz QWP structures, which

were grown on semi-insulating GaAs wafers by molecular

beam epitaxy. Both samples (samples L924 and L925)

consist of a number of GaAs/AlGaAs QWs sandwiched

between 400 nm and 800 nm thick n-type contact layers on

the top and bottom sides, respectively, with doping density

of 1017 cm�3 in the contact layers. Detailed design parame-

ters are listed in Table I. The well width, Al fraction, and

doping density are optimally designed such that only one

energy state E1 is bound in the QW and the excited state E2

is close to resonance with the bottom of the barrier conduc-

tion band. Also, many-body effects including: Hartree

potential energy, exchange-correlation potential energy, and

depolarization energy have been taken into consideration in

the design.7,14–16 The barrier width was chosen nearly five

times of the well width to suppress the interwell tunneling

dark current. Mesa devices with different sizes were fabri-

cated using standard GaAs processing techniques with

metal top contacts. For optical characterization, samples

were polished to give rise to a 45� facet and packaged into

the standard double-pass back side illumination geometry

FIG. 1. Schematic plot of physical regimes contributing to the dark current

of THz QWPs. Interwell tunneling dark current is neglected due to our

designed wide barriers.

TABLE I. Structure parameters of THz QWPs. Lw is the well width, Lb is

the barrier width, Alx is the barrier aluminum fraction, N3Ddope is 3D doping

concentration in the center of the well. Ldope is the doping region width. N is

the number of QWs, �p is the measured response peak. The GaAs/AlGaAs

MQWs are sandwiched between 400 nm top and 800 nm bottom GaAs

contact layer doped with Si to 1017 cm�3.

Sample

Lw

(nm)

Lb

(nm) Alx (%)

N3Ddope

(cm�3)

Ldope

(nm) N
�p

(THz)

L924 12 64 4 1� 1017 7 35 6.78

L925 9.6 50 7 1� 1017 9.6 40 � 11.37
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with an internal incident angle of 45�. All samples’ charac-

teristics were performed in a helium cryostat and the photo-

current spectra were measured with a Fourier transform

infrared spectrometer (Bruker IFS 66 S/V) with glowbar

source and a Mylar 6u beam splitter.

B. Dark current mechanisms

Figs. 2(a) and 2(b) show the calculated and measured

dark current of samples L924 and L925 at various tempera-

tures. As shown, the calculated dark currents (solid lines),

which equal the sum of TE dark current (dotted lines) and

SAT dark current (dashed lines), agree well with the experi-

mental measurements (bullets) at different bias voltages and

temperatures for both samples. The deviation in the low

temperature region (14 K for L924 and 22.5 K for L925) sug-

gests that the measured dark current decreases more slowly

than expected below 16 K for L924 and 25 K for L925. This

behavior is likely caused by tunneling such as direct inter-

well and hopping-like via deep-impurity levels in the barrier.

The tunneling is much less than TE and SAT at higher tem-

peratures, but makes non-negligible contribution to the dark

current in the low temperature region. For sample L924 in

Fig. 2(a), SAT dark current is an important part of the dark

current at its normal working bias voltages as well as TE

dark current. The transition field, defined as the electric field

at which SAT dark current equals TE dark current, show an

upward trend as 459, 538, 650, 744, 994, and 1298 V/cm

with the temperatures of 14, 16, 18, 20, 25, and 30 K, respec-

tively. The reason is that TE dark current increases more

quickly than SAT dark current as the temperatures rise, such

that bigger transition fields are reached.

In addition, it is interesting to note that the measured

dark current becomes larger than the calculated one, when

the sample is biased near the breakdown field of 2203 V/cm

(0.6 V bias). This breakdown occurs since the extra elec-

trons, which are usually confined in QW can leak across the

barriers due to an efficient ionization of the first QW, as has

been discussed in more detail by Gomez et al.,17 Delga

et al.,18 and Guo et al.19 However, when it comes to high

temperature, most of the confined electrons escape into the

continuum already by TE and SAT and the relative contribu-

tion by extra leakage due to ionization becomes negligible.

For sample L925 shown in Fig. 2(b), the measurement and

theoretical calculations are carried out up to 4100 V/cm (1 V

bias) and temperatures from 22.5 to 32.5 K. The transition

fields are 848, 993, 1143, 1277, and 1440 V/cm for tempera-

tures of 22.5, 25, 27.5, 30, and 32.5 V, which are far below

the breakdown field of 4108 V/cm. Moreover, the dark cur-

rent simulations are also performed for the samples reported

in Ref. 8. For sample v267 with peak response frequency of

3.2 THz, we reach the same conclusion as Tan,12 i.e. that the

TE contribution is dominant in dark current. The main rea-

son is that the maximum breakdown field (107 V/cm) that

could be applied at the operation temperature is much

smaller than the transition fields, such that the SAT regime

could never be reached for this sample. For sample v266

with response peak position of 5.4 THz, both TE dark current

and SAT dark current are significant parts in its working

electric fields and temperatures.

To provide a fundamental criterion to determine which

mechanism is dominant in total dark current for THz QWPs

with different peak response frequencies, we give the calcu-

lated transition fields in Fig. 3. The temperatures used are the

BLIP temperatures when TE dark current dominates and the

structure parameters used are optimally designed in Ref. 7.

As shown, if the THz QWP device is operated at a bias

below the transition field, TE process is the major contribu-

tion for the dark current. Otherwise, the SAT dark current is

dominant. Measured breakdown fields and calculated transi-

tion fields for samples v265, v266, v267, L924, and L925 are

also presented in Fig. 3. The little difference in structure

FIG. 2. Experimental (bullets) and calculated (dotted, dashed, and solid

lines) dark current of samples (a) L924 and (b) L925 at various tempera-

tures. The dashed and dotted lines represent TE dark current and SAT dark

current, respectively. The solid lines are the total dark current.

FIG. 3. Calculated transition fields for THz QWPs with different response

peak frequencies. Structure parameters used are designed in Ref. 7.

Temperatures used are the BLIP temperatures when TE dark current is the

dominant. Measured breakdown fields (solid squares) and calculated transi-

tion fields (solid circles) are also presented for samples v265, v266, v267,

L924, and L925.
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parameters of experimental samples and designed ones may

account for the small deviation in the transition fields.

Except v267, whose dark current mechanism is always TE

dominant due to its breakdown field less than transition field,

SAT dark current could be the major mechanism for all other

samples in normal operation bias. From the breakdown fields

and transition fields shown, we can conclude that TE is the

major dark current mechanism for THz QWPs with very low

peak response frequencies (below about 4 THz) in their

working biases, while SAT dark current can be much larger

than TE for higher frequency THz QWPs in their normal

operation biases. As a summary, the SAT process is a very

significant dark current regime for THz QWPs since higher

bias leads to increased responsivity, which helps to realize

the stable operation of THz QWP devices by reducing the

influence of unwanted noise sources (e.g., amplifier noise).

C. BLIP temperature

On the basis of the above systematical investigation on

dark current mechanisms of THz QWPs, we further intro-

duce the BLIP temperature taken as the temperature at

which background photocurrent equals the dark current,

which is a significant parameter reflecting the performance

of QWPs. BLIP temperatures were measured by comparing

current-voltage (I-V) curves under dark condition (Id) and

under a 300 K background (Ibg) with 90� field of view

(FOV) at different temperatures. Measured I-V curves are

shown in Figs. 4(a) and 4(b) for samples L924 and L925,

respectively. As is shown in Fig. 4(a) for L924, when the

bias is increased to a threshold value of 0.6 V, the currents

show an abrupt increase of more than one order of magni-

tude, which is due to barrier breakdown caused by ioniza-

tion of the first QW.17 For L925 in Fig. 4(b), when

temperature dropped below 20 K, the dark currents stop

decreasing and remain constant. This behavior is partly due

to the remaining tunneling. The tunneling dark current is so

low as compared to the background photocurrent that it

could be ignored when the device works in BLIP regime. To

theoretically investigate the BLIP temperatures, we first

give the photocurrent by

Jphoton ¼ e/B;phggphoto; (4)

where /B;ph is incident photon flux number given by

/B;ph ¼
Ð

d�ðp sin2 h
2
Þgð�ÞLBð�Þ. LBð�Þ is the photon irradi-

ance, which can be written as LBð�Þ ¼ 2�2

c2
1

eh�=kBTB�1
, TB is

background temperature. The spectral lineshape gð�Þ ¼
C2

ðh��h�pÞ2þC2 with the peak response frequency �p, the cut-off

response frequency �c ¼ 1:1� �p, and the Lorentzian line-

width constant C ¼ h�c � h�p matches well with the shapes

of measured photocurrent spectra for both samples shown in

Fig. 3(c). The main dark region from 256 to 292 cm�1 in

sample L924 is due to GaAs optical phonon absorption in

the substrate, other small features such as the dips at 312 and

338 cm�1 are caused by two-phonon absorption. The dip at

362 cm�1 in both samples corresponds to the AlAs-like

phonon absorption.

The quite broad photoresponse spectra for both samples

indicate that the intersubband transitions are of bound-to-

continuum type. For this bound-to-continuum case, the

escape process of excited electrons takes little time, i.e.,

once an electron is excited, it is already in the continuum. In

this case, an escape probability equal to one is a good

approximation for practical proposes and as a result, the

photoconductive gain is taken as gphoto � scv=NLp. The

absorption efficiency is given by g ¼ e2h
4e0nrm�wc

sin2h
cos h N3Ddopef

1
p

C
ðht�E21Þ2þC2, h ¼ 45� is the angle between THz radiation

propagating direction and QW’s growth direction, and

f ¼ 4pm�wt
�h jhu2jzju1ij2 is the oscillator strength. From Eqs. (1)

to (4), the BLIP temperature is determined by the following

equation:

/B;phg
1ð Þsscatt ¼ m

p�h2

ð1

E1

T E;Fð Þ 1þ exp
E� Ef

kBT

� �� ��1

dE;

(5)

where gð1Þ is the absorption efficiency per QW.

In Fig. 5(a), measured BLIP temperatures under differ-

ent electric fields are shown (symbols) for samples v265,

v266, L924, and L925. Calculated BLIP temperatures versus

bias voltages are also presented with solid lines, which agree

FIG. 4. Current-voltage curves under dark condition (solid lines) and under

90� FOV 300 K background (dashed lines) for samples (a) L924 and (b)

L925 at various temperatures. (c) Measured photocurrent spectra (solid

lines) and fitted ones (dashed lines) for samples L924 and L925.

154501-4 Jia et al. J. Appl. Phys. 116, 154501 (2014)
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reasonably well with the experimental data. As shown, an

obvious decrease of BLIP temperatures with increasing elec-

tric field is found due to the sharp increase of SAT dark cur-

rent. For samples L925 and v265, measured BLIP

temperatures are lower than the calculated ones. This may

partly be caused by the decrease of the photon flux by pho-

non absorption, which could be seen from the photocurrent

spectra in Fig. 4(c). In addition, it is hard to determine the

real intersubband transition frequencies of these two samples

due to the phonon absorptions, which will also be responsi-

ble for the deviation of the calculated BLIP temperature. In

particular, it should be noted that for a THz QWP working

under a certain bias in BLIP regime, it is usually not appro-

priate to increase the applied electric field for larger output

signals since the signal to noise ratio of the detector will be

sacrificed due to the dramatically rising SAT dark current.

However, if larger signal is preferred and the increase of the

bias is inevitable, the operation temperature of the device

should be lowered to reduce the dark current for reaching

new BLIP regime.

Fig. 5(b) illustrates the calculated BLIP temperature for

THz QWPs with different peak detection frequencies consid-

ering the effect of applied electric field on the dark current.

As shown, when the sample is operated at small bias, i.e., TE

is the dominant dark current, the calculated BLIP tempera-

ture obtained is consistent with calculated and experimental

results reported before.8,9 When the applied electric field

increases towards the transition field such that TE dark cur-

rent equals the SAT dark current, the BLIP temperatures

obtained are slightly lower than BLIP temperatures when TE

dominates. When the electric field approaches the break-

down field, SAT is always the major dark current process for

QWP samples with higher peak response frequencies in the

THz region, which will further decrease the BLIP tempera-

ture. Experimental measured BLIP temperatures for samples

v266, L924, v265, and L925 are presented and show a

decrease trend with bias increasing. In particular, the BLIP

temperatures for sample L924 (6.78 THz peak frequency)

and L925 (11.37 THz) are about 20% lower at high bias

close to the breakdown field(2203 and 4108 V/cm, respec-

tively) than at low bias.

IV. CONCLUSION

In conclusion, we have investigated the dark current

mechanism of THz QWPs experimentally and theoretically

using two newly designed THz QWPs in combination with

existing samples. By comparison of the calculated dark

current with experiments, we illustrate that the SAT dark

current is a significant part of the total dark current as well as

the TE dark current under normal working bias. In the opera-

tion of THz QWPs, high working bias is always preferred for

increased responsivity, such that SAT dark current will occur

and should be taken into account in analysis of THz QWPs’

performance. We also proposed the transition fields for THz

QWPs with different response peaks as a criterion to deter-

mine the main mechanism of dark current. Moreover, con-

sidering the sharp increase of SAT dark current with bias

voltage, calculated BLIP temperatures show a downward

trend, which was confirmed by the experiments. For further

description, we give the BLIP temperatures for THz QWPs

with different peak response frequencies accounting for the

contribution of SAT dark current. Our theoretical and experi-

mental results show that SAT, which is well known for

mid-infrared QWPs but has been ignored in previous investi-

gations for QWPs in THz region,5,7,12,14,16–18 should be

noted to play a key role in total dark current, and its further

effect on the performance such as BLIP temperature has to

be taken into consideration.
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Abstract Compact laser sources operating in mid infrared
spectral region with stable emission are important for appli-
cations in spectroscopy and wireless communication. Quantum
cascade lasers (QCL) are unique semiconductor sources cover-
ing mid infrared frequency range. Based on intersubband tran-
sitions, the carrier lifetime of these sources is in the ps range.
For this reason their frequency response to direct modulation
is expected to overcome the limits of standard semiconductor
lasers. In this work injection locking of the roundtrip frequency
of a QCL emitting at 9 μm is reported. Inter modes laser fre-
quency separation is stabilized and controlled by an external
microwave source. Designing an optical waveguide embedded
in a microstrip line a flat frequency response to direct modu-
lation up to 14 GHz is presented. Injection locking over MHz
frequency range at 13.7 GHz is demonstrated. Numerical so-
lutions of injection locking theory are discussed and presented
as tool to describe experimental results.

Injection locking of mid-infrared quantum cascade laser
at 14 GHz, by direct microwave modulation

Margaux Renaudat St-Jean1, Maria Ines Amanti1,∗, Alice Bernard1, Ariane Calvar1,
Alfredo Bismuto2, Emilio Gini2, Mattias Beck2, Jerome Faist2, H. C. Liu3, and Carlo Sirtori1

1. Introduction

Injection locking is an experimental technique of synchro-
nization of two coupled oscillators where one of the two is
introduced as control signal for the second one. When the
two oscillators work at a nearby frequency and their cou-
pling is sufficiently strong, the control signal can capture,
or lock, the second oscillator imposing its oscillation fre-
quency. This concept is valid for any kind of self-sustained
periodic oscillators such as clocks, electric circuits and
lasers [1, 2]. Injection locking has been extensively ex-
ploited in laser diodes to either stabilize their emission
frequency or the laser cavity modes separation. The latter
corresponds to the stabilization of the round-trip frequency
and it is normally achieved by injection of an external mi-
crowave signal directly on the driving current or through a
small control in the cavity [3–5]. Tuning of the cavity modes
separation in a specific frequency range around the free run-
ning value using this approach has also been reported [6].
However the ultimate frequency for direct modulation of in-
terband laser is limited by relaxation oscillation dynamics
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Cedex 13, France
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[7]. To overcome this limitation optical injection locking is
extensively exploited. This technique enables the improve-
ment of the mode structure and noise behavior of a laser,
by injection of the light of another laser with high stability
[8].

Quantum cascade lasers (QCL) are unipolar sources
based on intersubband transition with an ultrafast carrier
lifetime (in the ps range). Predicted frequency bandwidths
for these sources are in excess of tens of GHz, neglect-
ing parasitic effects due to device packaging [9,10]. Direct
modulation of QCL is then a valid compact solution to gain
the control of their round trip frequency. Moreover, the sta-
bilization of the laser longitudinal modes is an enabling
function with direct applications in wireless communica-
tion, metrology and active mode locking.

For THz QCL Gellie et al. [11] demonstrated injection
locking of the inter mode frequency difference over hun-
dreds of MHz by driving the laser bias with a microwave
signal close to this frequency. Baryshev et al. [12] achieved
the stabilization of the frequency difference between two
lateral modes of a THz QCL by locking it to a microwave

C© 2014 The Authors. Laser & Photonics Reviews published by Wiley-VCH Verlag GmbH & Co. KGaA Weinheim
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reference; frequency locked linewidth of ≤10 Hz with neg-
ligible drift has been reported.

In the mid infrared, the spectral region of interest of
this work, Paiella et al. [13] demonstrated broadening of
the laser spectrum for a device emitting at 8 μm by di-
rect modulation at the round trip frequency (11.7 GHz) but
no stabilization of the cavity modes separation has been
reported. More recently Hugi et al. [14] by direct modu-
lation at 7.5 GHz of a broad band laser emitting at 7 μm
demonstrate the tuning of the round-trip frequency over
65 kHz.

In this work we present the experimental and theoretical
study of the direct modulation of a QCL emitting at 9 μm
operating at nitrogen temperature. By employing a laser
waveguide embedded in a microwave microstrip, injection
locking of the round trip frequency of 13.7 GHz over MHz
range is demonstrated. Experimental results are compared
with the theory of injection locked systems.

2. Experimental results

2.1. Methods

The active region used for our experiments is an In-
GaAs/AlInAs QCL based on a two phonons design emit-
ting around 9 μm [15, 16]. The device has been processed
in a specific architecture for high frequency modulation
[17]. The laser waveguide consists in a microstrip line. The
optical mode is confined in a standard buried heterostruc-
ture [15], where the active region, etched in narrow ridges
(8 μm), is embedded in two thick InP claddings (5 μm).
Two gold layers are placed on the top and on the bottom of
this waveguide. In this configuration the microwave signal
propagates between two metal plates, along the dielectric
stacks of the optical guide, enabling a good overlap of the
modulation signal with the active region. On the other hand
the thick InP layers enable negligible losses from the over-
lap of the optical mode with the metal layers. In Ref. [17]
this device geometry demonstrated improved frequency re-
sponse respect to standard lasers. In this work we exploit
this property to injection lock the round trip frequency of
the laser to a stable external RF source by direct modulation.
To perform our experimental study the laser is mounted at
the end of a 50 microstrip line and connected to it by short
bonding wires. The modulation signal is supplied by a RF
synthesizer (Anritsu MG3693B) through a Bias-T (SHF
Communication Technologies BT45 B) and the optical sig-
nal is detected with an ultrafast QWIP of 65 GHz band pass
[18]. The frequency response of the microstrip laser mea-
sured with this experimental set up is reported in Fig. 1.
A flat response to direct modulation is demonstrated up to
14 GHz. Measurements at higher frequencies are limited
by the circuit of our experimental set up. In the inset of
the Fig. 1 is shown the light-current-voltage characteris-
tic of the microstrip laser at 77 K in cw; the shaded area
corresponds to the operating point of the laser for the mea-
surement of the modulation response. The stability of the

Figure 1 High frequency modulation response of a microstrip
laser operating at 77 K, measured with a QWIP detector of 65 GHz
band pass. Inset : Light current voltage characteristic of the mi-
crostrip laser operating at 77 K in cw. The shaded area corre-
sponds to the operating point of the laser for the measurement of
the modulation response.

laser inter mode separation is estimated measuring the spec-
trum of the detected photocurrent in the microwave range,
around the round-trip frequency. This signal is the beat note
spectrum. The shape of this spectrum gives a direct access
to the frequency and phase fluctuation of the modes sepa-
ration due to the laser noise. Sharp single peak in the beat
note spectrum proves a stable phase and frequency rela-
tion between neighboring laser modes. However it is not
a conclusive proof of the generation of light pulses. Fur-
ther investigation performing second order autocorrelation
measurements is needed for this aim [19]. Deeper insight on
the number of modes contributing to the beat note spectrum
can be obtained from beat note spectroscopy measurements
[14].

2.2. Results

In Fig. 2a we present the beat note spectra measured
for different operating currents of the microstrip laser. A
sharp single peak is observed at the round trip frequency
(13.7324 GHz) in the all laser dynamic range (J/Jth = 1.64
corresponds to the maximum of the light output power,
see inset Fig. 1). The peak width decreases from 200 kHz
down to 100 kHz with increasing injected current. Com-
paring these results with standard buried heterostructures
emitting at comparable wavelength (∼9 μm), we find that
the beat note of the microstrip laser is narrower than for
standard devices [20]. As in laser diodes, stabilization of
the laser modes could be related to saturable absorption
effect present in our cavity [21]. However the relative large
width of the microstrip waveguide excludes the effect of
lossy sidewalls and Kerr lensing as locking mechanisms.
In addition in Ref. [20] is demonstrated that saturable ab-
sorbers give characteristic laser spectra split in two groups,
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Figure 2 a) Measured RF spectra for different operating currents
J/Jth; Jth is the threshold current. The frequency span is 2 MHz,
the frequency resolution is 3 kHz. Each curve corresponds to an
average over 100 measurements. b) Measured optical spectra for
different operating currents with a resolution of 0.07 cm−1.

whose frequency distance increases with the injected cur-
rent. The optical spectra of the microstrip device are re-
ported in Fig. 2b: the frequency emission has not a defined
splitting and it slightly red-shifts with the increasing oper-
ating current. Measured narrow beat note spectra are related
to the microstrip design of our device. Indeed, optical non
linearities occurring within the QCL cavity can generate
a microwave field that acts as a self-sustained modulation
and couples the adjacent Fabry Perot modes. The origin of
these non linearities is not evident yet, but we assume that
they could be related to optical rectification in intersubbad
transitions [22]. Therefore the reduced microwave losses as
well as the increased overlap between the optical and RF
modes favor the self-modulation and finally stabilize the
inter-mode beating, as observed from experimental results.

In Fig. 3a we report the beat note spectra measured when
the laser is directly modulated at a frequency 0.9 MHz apart
from the round-trip frequency and operating at J/Jth = 1.64.
Microwave spectra are presented in color scale (logarithmic
scale) for different injected powers (corresponding to the y
axis). Each single scan corresponds to an average over 100
measurements with a resolution bandwidth of 10 kHz; the
signal has been normalized for the background noise mea-
sured blocking the laser light with a cardboard. The same
experimental conditions have been used for all the beat note
spectra measurements presented in this work. From these
results we see that when the microwave injected power P
is low (–5 dBm <P< 0 dBm) the spectral position of the
beat note stays constant. Most of signal intensity is con-
centrated on the beat note with a small part at the injected
frequency. For 0 dBm < P < 7 dBm the intensity of the
beat note starts to decrease and its central frequency moves
toward the injected RF frequency, until it reaches an insta-
bility region. At the same time a clear sideband appears on
the right side of the spectrum. By further increase of the
injected power, the beat note becomes a single narrow peak.

Figure 3 a) Measurement of the beat note spectra of the mi-
crostrip QCL for different RF injected powers. The RF frequency
is set 0.9 MHz apart from the cavity round trip frequency and
the laser is operating at the maximum of the light current curve
(J/Jth = 1.64). On the Y-axis is reported the RF injected power
delivered by the external synthesizer (power step of 0.25 dBm)
and on the X-axis the frequency of the signal on the spectrum an-
alyzer, renormalized with an offset at the round trip frequency. In
color scale is the intensity of the measured RF signal (dBm). Each
single scan corresponds to an average over 100 measurements;
the resolution bandwidth is 10 kHz. (b) Optical spectrum as func-
tion of the RF injected power and without injection measured with
a resolution of 0.07 cm−1.

Tuning of the beating frequency of ∼1 MHz with 7 dBm
(5 mW) of injected power (all the set up losses are ne-
glected) is reported. In Fig. 3b the optical spectra for differ-
ent RF injected power, measured in the same condition of
Fig. 3a are presented. A broadening of the optical spectrum
of 13 cm−1 (40% increase) is demonstrated. This is related
to the microwave injection that generates side bands of the
free running modes, and an increased number of frequen-
cies is brought above threshold within the gain curve.
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Figure 4 Measurement of the RF spectra for the microstrip QCL
for different RF injected powers. The laser is operating at the max-
imum of the light current curve (J/Jth = 1.64). The RF frequency
is set 1.8 MHz (a) 1.2 MHz (b) and 0.6 MHz (c) apart from the
cavity round trip frequency. Each single scan corresponds to an
average over 100 measurements with a resolution bandwidth of
10 kHz.

As systematic study of the injection locking dynamics,
different measurements of the beat note spectra as function
of the injected RF power have been performed; results are
reported in Fig. 4. The frequency distance between the
beat note and the driving signal is 1.8 MHz, 1.2 MHz and
0.6 MHz respectively for panel a, b and c. From these results
we see that the general behavior of the injection is the same
as discussed above, regardless of the frequency distance.
However, the further the frequency separation, the higher is
the power needed to reach locking and to see the sidebands
appearing. Instability regions are visible in the three sets of
measurements.

In order to have a deeper insight on the frequency lock-
ing range and on the unlocking processes, we performed
a second set of measurements and results are presented in
Fig. 5. The RF spectra (color scale) in this case have been
measured for different injected frequencies (reported on
the y axis) and fixed value of the power: 10 dBm, 5 dBm,
0 dBm and –5 dBm respectively for panel a,b,c,d. Mea-
surements have been performed by changing the injected
frequency from lower to higher values. As the driving fre-
quency approaches the free running beat note, the spectra
move toward this value until the whole intensity is con-
centrated in a single narrow peak. Locking is reached and
the spectra are controlled by the external injected signal.
By further increasing the RF frequency the spectra start to
broaden and split in two separate peaks, coming back to the
same shape and position measured at the beginning of expe-
rience (bottom part of the graph). The region where a single
narrow peak is measured corresponds to the measured lock-
ing range. All the results presented are in agreement with

Figure 5 Measurement of the RF spectra for the microstrip QCL
for different RF injected frequencies. The laser is operating at the
maximum of the light current curve (J/Jth = 1.64). The RF power
is set to 10 dBm (a), 5 dBm (b), 0 dBm (c) and –5 dBm (d). The
experimental conditions are the same of Fig. 3a. On the Y-axis
is reported the RF injected frequency and on the X-axis the fre-
quency of the signal on the spectrum analyzer, renormalized with
an offset at the round trip frequency. In color scale is the intensity
of the measured RF signal (dBm). Each single scan corresponds
to an average over 100 measurements; the resolution bandwidth
is 10 kHz.

the classical theory of injection locking, as we will show in
more details in the following section.

3. Theory and comparison with
experimental results

As proposed in Ref. [11] for THz QCL and as widely used
for conventional laser system [1], stabilization of the laser
oscillation through the injection of an external stable sig-
nal, can be studied using the formalism of injection locked
coupled oscillators. This approach describes the interaction
of two oscillators where one is a self-sustained system and
the other is a weak perturbation signal. It has been success-
fully implemented for electrical and optical systems, giving
similar results [1, 2].

Considering the optical case, injection locking model
depicts a scheme where a master laser oscillating at a fre-
quency ω1 is injected in a slave laser oscillating at a free-
running frequency ω0, close to ω1. The signal at ω1, circu-
lating in the cavity, can be regeneratively amplified by the
gain, which is clamped for ω0 but not for ω1. At a certain
point the amplified intensity at ω1 begins to approach the
value of the initial optical intensity at ω0 and it can begin
to saturate the laser gain to suppress the oscillation at ω0.

In more details, following the formalism of Ref. [1],
if a field E1e[iω1t] is injected in the laser, where the cavity
mode is E0ei[ω1t+ϕ(t)], the equations describing radiation
matter interaction can be written in the phase-amplitude
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Figure 6 Schematic of the direct microwave modulation of a
laser. Injected microwave frequency outside the locking range
(a), close to the locking range (b) and in the locking range (c).

form and, in the approximation of weak injection, only the
phase equation can be considered:

dϕ

dt
= ω0 − ω1 − ω0

Q

E1

E0
sin ϕ (1)

where Q is the cavity quality factor.
Analytic solutions can be found for two limiting cases.

When ω1 belongs to a specific frequency range, defined as
locking range, the injected signal locks the cavity mode: ω0
is suppressed and time varying component of the phase ϕ

is zero. By setting dϕ

dt = 0 in Eq. (1) and imposing −1 <

sin ϕ < 1 the locking range ωm can be written as:

ωm = ω0

Q

√
I1

I0
(2)

where I1 and I0 are the injected signal and the cavity signal
intensities, respectively. With this definition the full fre-
quency range in which the system is locked by ω1 is 2ωm.

In the case of ω1 close, but not in the locking range,
the oscillating frequency in the cavity moves from ω0 to a
close frequency ωosc, pulled toward the injection.

ωosc = ω0 + ω2
0

2Q2(ω1 − ω0)

I1

I0
(3)

In this work we have adapted these results to the direct
modulation of a QCL by interpreting the system according
to the following scheme (See Fig. 6). In a Fabry-Perot cav-
ity, laser modes oscillate at frequencies ωn, separated by the
round-trip frequency ωB, within the width δω, representing
their frequency and phase noise. In the steady state situ-
ation, before the injection of the external signal, the laser
gain is clamped at the losses value. When an external mod-
ulation at ωinj is applied to the laser, lateral sidebands at
frequencies ωn ± ωinj are created.

Starting from two neighbor modes the sideband of the
mode ωn-1 at the frequency ωn-1 + ωinj can be regeneratively
amplified and take over the mode at ωn.

Two modes are locked together within a noise width
given by the external source and �δω. Starting from these
modes the same process can repeat all along the gain curve
until the system reaches a stable configuration. In this pic-
ture the cavity field E0 is the field at ωn and the injected

electric field E1 is the field at ωn-1 + ωinj. The last term is
Einj/

√
a where Einj is the injected microwave signal and a

is a constant taking in account the losses of the modulation
signal coming from the impedance mismatch at the laser
input and from the cavity. Within this picture, Eqs. (1) and
(2) can be written as:

dϕ

dt
= ωB − ωinj − ωn

Q

Einj

E0
√

a
sin ϕ (4)

ωm = ωn

Q

√
Iinj

aI0
(5)

When the modulation frequency is outside the locking
range, but close to it, the separation between the longitu-
dinal modes of the laser is not anymore ωB but ωpull (See
Fig. 6b) and Eq. (3) is written as:

ωpull − ωB = ω2
n

2Q2(ωinj − ωB)

Iinj

aI0
(6)

In this work we found numeric solution of Eq. (4) for
different locking ranges and frequencies of the injected
signal. From these solutions the spectrum of the cavity
field has been found by Fourier transform of the expression
E0ei[ω1t+ϕ(t)] presented above. In Fig. 7a we present the
calculated spectra of the cavity field for a fixed injected
frequency and increasing value of the locking range.

From Eq. (5), this is equivalent to increase of the modu-
lation signal intensity; these theoretical results can then be
compared to experimental spectra presented in Figs. 3a–4.
While ωinj approaches the locking range the intensity at ωB
decreases and an increasing number of more intense side-
bands is visible. When ωinj is extremely close to the locking
range an instability region is observed; further increase of
the locking range brings all emission spectrum to the in-
jected frequency. All these features are in good agreement
with experimental results. Only a limited number of side-
bands is however visible in Figs. 3a–4; this is probably due
to the limited signal to noise value of our set up.

The injection locking model has been further proved
by comparison of the experimental results on the beat note
spectra for different injected power (Figs. 3a–4) with their
expected central frequency predicted in Eq. (6). Gaussian
fits of the experimental spectra presented in Figs. 3a and
4 were performed to estimate the frequency position of
the beat note (ωpull). Plotting these values as function of
the injected power (Fig. 7b) we find a linear relation, as
predicted from Eq. (6). Values of the slope of each linear
fit are then displayed as function of 1/(ωB – ωinj); good
agreement with the expected linear relation is demonstrated
in Fig. 7c.

Similar results are obtained for the numerical calcu-
lation of the spectra of the cavity field calculated fixing
the locking range and changing the injection frequency
(Fig. 8a); these results are in good agreement with exper-
iments (Fig. 5). In addition an estimate of the measured
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Figure 7 a) Results of numerical calculation of the injection lock-
ing equation. The system is supposed to oscillate at the initial
frequency ωB and to be perturbed by a signal at ωinj. The locking
range frequency of the system is varied and reported on the Y
axis. On the X axis is reported the frequency of the calculated
spectra ωpull – ωinj /ωB. In Figure b) and c) the comparison of the
experimental results with the injection locking theory is reported.
b) Study of the beat note peak position for different values of ωB –
ωinj. Values of the peak position are estimated from experimental
data reported in Figs. 3a–4b,c and they are reported as function
of the injected microwave power with an offset and the frequency
of the unperturbed beat note ωB. Lines correspond to separate
linear fit of each data set. c) The slope of the linear fit presented in
b) are reported as function of 1/ωB – ωinj. Dotted line corresponds
to a linear fit of the data

locking range from data in Fig. 5 has been done and results
are reported as function of the injected power in Fig. 8b.
As predicted from Eq. (5) the experimental results follow a
square root fit as function of the injected power.

4. Conclusions

In this work direct modulation of a QCL laser emitting
at 9 μm is studied. Designing a device architecture where
the laser cavity is embedded in a microstrip line, injection

Figure 8 a) Results of numerical calculation of the injection lock-
ing equation. The system is supposed to have a fixed locking
range, to oscillate at the initial frequency ωB and to be perturbed
by a signal at ωinj. The frequency ωinj of the external signal is
varied and reported on the Y axis with an offset at ωB and nor-
malized by the given locking range. On the X axis is reported
the frequency of the calculated spectra ωpull – ωinj/Locking range.
b) Measured locking range for different injected modulation power
intensities. These values are estimated from the experimen-
tal data of Fig. 5 and are reported as function of the injected
power. Line corresponds to a square root fit of the experimental
data.

locking to a stable microwave source at 13.7 GHz over
∼2 MHz is demonstrated. A good agreement with the the-
ory of locking for two coupled oscillators is demonstrated.
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We report planar integration of tapered terahertz (THz) frequency quantum cascade lasers (QCLs) with
metasurface waveguides that are designed to be spoof surface plasmon (SSP) out-couplers by introducing
periodically arranged SSP scatterers. The resulting surface-emitting THz beam profile is highly collimated
with a divergence as narrow as ,46 3 106, which indicates a good waveguiding property of the metasurface
waveguide. In addition, the low background THz power implies a high coupling efficiency for the THz
radiation from the laser cavity to the metasurface structure. Furthermore, since all the structures are
in-plane, this scheme provides a promising platform where well-established surface plasmon/metasurface
techniques can be employed to engineer the emitted beam of THz QCLs controllably and flexibly. More
importantly, an integrated active THz photonic circuit for sensing and communication applications could
be constructed by incorporating other optoelectronic devices such as Schottky diode THz mixers, and
graphene modulators and photodetectors.

S
urface plasmons (SPs) are surface electromagnetic waves bound at the interface between metallic and
dielectric materials. A flexible means of confining or manipulating optical waves at a subwavelength level
can thus be achieved by patterning the metallic surface, and as such SPs have underpinned numerous

studies on compact photonic circuits1, enhanced light-matter interactions2, near-field imaging systems3,4, and
beam shaping5–7, inter alia. Conventionally, operation of these plasmonic devices relies on external illumination
of a properly polarized laser beam on an input coupler (such as a prism or grating), where the SPs are generated.
However, these methods often require meticulous alignment of the external optical components, which are bulky
and inconvenient for compact integration. Therefore, efforts have been made to integrate plasmonic structures
monolithically with semiconductor lasers, resulting in integrated active plasmonic devices. As a straightforward
implementation, various kinds of plasmonic structures have been integrated directly onto semiconductor laser
facets for beam shaping, such as generating deep-subwavelength laser spots8,9, reducing beam divergence6,10,
producing multi-beam emissions11,12, and controlling the polarization state13. Moreover, integration of a passive
SP waveguide into a semiconductor laser has also been recently demonstrated14,15.

Although the use of SPs in these types of devices has proven successful in the visible to mid-infrared regions of
the spectrum, the SP concept cannot be easily translated into the terahertz (THz) region. This is because the metal
behaves more like a perfect conductor at such frequencies, and hence the penetration depth of the THz field into
the metal is negligible (three orders of magnitude shorter than the wavelength in free space); this leaves the
electromagnetic field only loosely bound to the flat surface. However, it was found that artificial metallic struc-
tures at a deep-subwavelength scale can mimic the optical response of the metal atoms to visible and near-infrared
light in the longer wavelength region. Metasurface made from such ‘artificial atoms’ (meta-atoms) can thus been
designed to support tightly confined THz surface waves16–19 in a way just like the SP behavior of metal at shorter
wavelengths. Moreover, the dispersion relation of these THz surface waves, usually referred to as ‘spoof ’ surface
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plasmons (SSPs), can be geometrically tailored, providing additional
freedom in the design of THz plasmonic devices.

The invention of the THz frequency quantum cascade laser
(QCL)20 in 2002 opened up a number of possibilities for THz photo-
nics21–23. THz QCLs are electrically pumped compact semiconductor
lasers based on the electronic transitions between subbands in the
conduction band, which can be flexibly engineered. As such, the light
in the active region is intrinsically TM-polarized, matching the polar-
ization of SPs. Therefore, QCLs are potentially ideal sources for
integrated THz active plasmonic system. For example, using a pla-
nar-integrated metasurface waveguide, it is possible to couple the
THz radiation directly and efficiently out of the laser cavity as SSP
waves, which can then be fed into a SSP device or circuit. Although an
integrated THz metasurface collimator has been demonstrated on a
QCL facet itself23, the fabrication was difficult, requiring use of
focused ion beam technology, and the small facet area also limits
its adoption for practical applications. Planar integration of metasur-
face components to a THz source for active plasmonic systems has
yet to be demonstrated.

In this letter, we report the planar integration of tapered THz
QCLs with metasurface structures, which are processed into SSP
out-couplers by introducing periodically arranged scatterers. The
resulting surface-emitting THz beam is highly collimated with a
beam divergence as narrow as ,4u 3 10u. This low divergence indi-
cates a good waveguiding property of the metasurface waveguide,
and the low background THz power, away from the surface-emitting
beam, implies a high coupling efficiency of the THz radiation from
the laser cavity to the metasurface. Moreover, since the whole struc-
ture is in-plane, this scheme provides a promising platform where
well-established surface plasmon techniques can be employed to
engineer an emitted THz QCL beam controllably and flexibly.
Furthermore, an integrated active THz photonic circuit may be con-
structed by guiding and coupling the SSP to other optoelectronic
devices such as a Schottky diode THz mixer21,22, or graphene mod-
ulators24 and photodetectors25.

Results and discussion
Figure 1(a) shows a scanning electron microscope image of a fabri-
cated device, where the tapered THz QCL is shown on the left and the

metasurface structure on the right. The laser cavity is formed
between the curved facet of the tapered structure and a back distrib-
uted Bragg reflector (DBR) towards the left of the ridge region (inset
of Figure 1(a)). The metasurface structure consists of a SSP wave-
guide (periodic narrow and shallow gold-coated grooves, each of
which functions as a simple one-dimensional meta-atom) and SSP
scatterers (wide and deep gold-coated grooves), as illustrated in
Figure 1(b), which is a 3D schematic cross-sectional view of the
device along the white dashed line in Figure 1(a). Figure 1(c) then
presents an enlarged top view of the central region of Figure 1(a),
showing details of the fabricated device.

Design of the tapered laser cavity. The tapered THz QCL used in
this work comprises a 10-mm-thick active region design, labeled as
V775 with a gain peak at ,3 THz (,100 mm)26; this is confined by a
double-metal waveguide structure in the vertical (z-) direction. The
QCL is patterned with a tapered structure, first to collimate the
emission in the lateral direction as the ideal input for the one-
dimensional SSP waveguide is a parallel beam (the beam divergence
in the lateral direction is inversely proportional to the facet width)
and, second, to increase the THz emission amplification in the laser
cavity. Figure 2(a) shows a numerical simulation of the electric field
(Ez) distribution of the tapered THz QCL calculated using COMSOL
Multiphysics, a commercial finite-element-method solver. The taper
section has a tapering angle of ,36u and a length of 800 mm, which
increases the width of the output facet from 50 mm to 500 mm. The
shape of the taper facet is designed to be an arc centered 20 mm to
the left of the ridge-taper interface to collimate the output beam
(Figure 2(a)). A flat taper facet27 is not appropriate for such a large
tapering angle because it significantly distorts the optical field owing
to the large mismatch between the shape of the facet and the
wavefront of the radiation emitted from the laser ridge, which
would lead to an uncollimated emitted beam (Figure 2(b)). The
rear DBR (Figure 2(a)) is simply formed by a metal grating
patterned on top of the active region. Finally, to suppress higher-
order lateral modes, side-absorbers (black regions in Figures 2(a) and
(b)) are created by leaving the active region uncovered by the metal;
the exposed upper n1-GaAs contact layer of the active region acts as
an efficient absorber with which the higher-order lateral modes have

Figure 1 | (a) Scanning electron microscope (SEM) image of a fabricated device. The tapered THz QCL consists of DBR, ridge and taper sections. The

inset shows the details of the DBR structure, which is formed simply by gold patterning on top of the active region. The markers by the side of the laser are

used for mask alignment during the fabrication. (b) 3D schematic cross-sectional view of the device along the white dashed line in (a). (c) Enlarged

top view of the central region of the device.
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larger overlaps than the fundamental lateral mode28. Figure 2(c)
shows the electric field distribution of a second-order lateral mode
of the structure.

Design of the metasurface collimator. Figure 3(a) shows a 2D
simulation of the electric field distribution of the whole device
performed in the y-z plane along the symmetric line of the
structure (white dashed line in Figure 1(a)), with the metasurface
collimator geometry presented in Figure 3(b). The excitation and
scattering of the SSPs can be clearly observed. The SSP wavelength
varies from 89.4 mm to 92.7 mm as the wave propagates away from
the laser facet, compared to a 96 mm value in free space. The shorter
SSP wavelength in the vicinity of the laser facet is explained by a
larger wavevector of the orange region than that of the yellow region
in Figure 3(b), as reflected in the dispersion diagram (Figure 3(c)),
which was obtained by a finite-difference time-domain (FDTD)

method with the commercial Lumerical software. The SSP disper-
sions show strong similarities with the dispersion of the SP mode on a
flat metal surface. However, while the asymptotic frequency fc of the
SP mode is fixed as vp=2

ffiffiffi
2
p

p (vp is the bulk plasma frequency of the
metal), fc of this groove-type metasurface and thus the behavior of the
SSP mode, can be controlled by the groove depth h: fc < c0/4h,19

where c0 is the velocity of light in vacuum. For a given frequency, a
smaller asymptotic frequency means a larger SSP wavevector, which
implies a better confinement of the surface wave. Nevertheless, a
stronger confinement of wave on metal surface comes with a larger
ohmic loss in the metal. Therefore, tradeoff should be made between
the confinement and propagation length in practice.

In Figure 3(a), the 1/e evanescent tail of the SSP wave is around

50 mm, in agreement well with the value calculated by 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

ssp{k2
0

q
,

with kssp being the SSP wave vector and k0 the free-space wave vector.

Figure 2 | (a) Electric field (Ez) distribution of the tapered THz QCL with a curved front facet; magnified views show the details of the DBR region, and

the taper. The black regions represent the active regions without metal coverage, which are highly absorbing. (b) Ez distribution of a tapered structure with

a flat facet. The electric field in the laser cavity is distorted, resulting in uncollimated emission. (c) Ez distribution of a second-order lateral

mode which is suppressed due to a larger overlap of the mode with the side absorbers.
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The corresponding ohmic loss of the metal is 1–2 cm21. With respect
to the emission power, it is dependent on the intensity transmission
at the laser output facet, which can be expressed as T~1{
ZF{ZMM

ZFzZMM

�
�
�
�

�
�
�
�

2

, where ZMM and ZF are the impedance of the QCL’s

metal-metal waveguide and that of the outer space seen from the
laser facet, respectively. Usually, ZF is much larger than ZMM (large
impedance mismatch), resulting in an insufficient output efficiency
of the THz power. However, ZF is affected by the surrounding envir-
onment of the laser facet. In our case here, the metasurface varies ZF

in such a way as to reduce the mismatch between ZF and ZMM,
leading to a higher output power. With this in mind, it is logical that
the width of the metasurface might have effect on the facet transmis-
sion. However, if the grooves of the metasurface is wide enough to
cover the entire width of the laser facet (500 mm), the transmissions
through the laser facet are almost the same with an enhancement
factor of ,1.2 compared to the case without metasurface

(Figure 3(d)). In terms of coupling efficiency, it is estimated that
40% of the laser output power is coupled into the SSPs, with the
remaining radiated directly into free space. Most of the power in
the SSPs is then scattered out perpendicular to the device surface
(z-direction) by the 25 SSP scatterers, which are grooved on the
waveguide with a periodicity of 78 mm so that the scattered SSP light
and the uncoupled light interfere constructively, resulting in a nar-
row (,3u) single lobe in the far field (Figure 3(d)). As a comparison,
the laser without the metasurface structure emits uniformly in all
directions, as shown in Figure 3(e).

Light-current-voltage and far-field characterization. Devices with
two different groove widths were fabricated, labeled as A and B. The
groove widths of device A were 600 mm, whilst device B had a wider
groove width of 1000 mm. Both devices show similar light-current-
voltage (LIV) characteristics. Figure 4 shows the LIV curves of a
typical device as a function of temperature; the insets show the

Figure 3 | (a) Simulated 2D light intensity distribution of a metasurface collimator. The simulation was performed in the (y-z) plane along the symmetric

line (white dashed line in Figure 1(a)) of the device. (b) Cross-section of the metasurface collimator design. The narrow grooves have a width of 5 mm and

a period of 10 mm. The narrow grooves are 9 mm deep in the orange region and 7 mm deep in the yellow region (which is repeated 25 times). The narrow

grooves in the orange region are deeper to enhance coupling from the laser into the SSPs. The 25 mm grooves, which scatter out the SSPs, are 9 mm in

depth. (c) Dispersion diagrams of the metasurface with grooves of 5 mm width and 10 mm period, but different depths. The black dotted curve, red

curve and the blue dashed curve correspond to h 5 0 mm (flat surface), 7 mm and 9 mm, respectively. The h 5 0 mm curve almost coincides with the light

line in vacuum in the THz frequency range. The lower inset presents a zoom-in view of the region marked by a green box. (d) Dependence of the

transmission through the laser facet on the width of the metasurface. (e) Calculated far-field intensity profile along the metasurface waveguide direction.

The enlarged view of the central lobe in the inset shows that the beam divergence is as narrow as 2.7u. (f) Simulated 2D light intensity of a laser without the

metasurface structure. The inset shows that the light emission is relatively uniform in all directions.
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lasing spectra of devices A and B at 4.3 A and a 9 K heat sink
temperature, the conditions at which their far field emission
profiles were measured. The maximum operating temperature was
found to be around 118 K under pulse mode operation with a 500 ns
pulse width and 10 kHz repetition rate, comparable with that of a
ridge laser (100 mm wide and 1500 mm long) fabricated from the
same QCL active region, which operated up to 136 K under the
same pulsing conditions.

2D far-field emission patterns of the devices were measured by
scanning a pyroelectric detector on a spherical surface centered on
the curved laser facet. 3D simulations were also performed using
Lumerical FDTD. Figure 5(c) shows the measured far-field pattern
of device A, with Figure 5(b) showing the line scans through the peak
value. This reveals that the beam divergence in the Q direction is as
low as ,4u, while it is ,10u in the h direction. Moreover, the back-
ground intensity is less than 10% of the peak value, indicating a high
coupling efficiency of the THz radiation into the SSPs. Note that the
measured beam divergence in the Q direction is larger than the simu-
lated results at a wavelength of 94 mm (Figure 5(e)). This is due to the
multi-mode emission of the devices (inset of Figure 4) – the position
of the radiation lobe shifts in the Q direction in the far-field as the
laser wavelength changes. Simulations show that a change of 1 mm in
the wavelength leads to ,1u shift in the far-field pattern. Therefore,
the measured far-field pattern is actually the superimposition of
several slightly shifted far-field patterns if the device is not operating
single-mode. This effect is more apparent for device B, which has a
wider emission spectrum (inset of Figure 4). The measured and
simulated far-field patterns of device B are shown in Figures 5(d)
and (f), respectively. Here, the simulation considered the emission
bandwidth from 92 mm to 98 mm, and closer agreement is obtained.

Influence of the groove width on the far fields. In contrast to our
original expectation that device B would gives a narrower beam
divergence in the h direction as it is with a wider groove width, it
actually has a larger beam divergence in the h direction than device A.
To understand this phenomenon, we investigated the near-field
distributions of the two devices (Figure 6(a) and (b)). The SP is
found to spread in the lateral direction so that device B indeed
provides a broader laser emission width compared with device A.
However, the spread of the SSP in the lateral direction induces phase
delays of the electric field. Figures 6(c) and (d) plot the amplitude and
phase distributions of the radiative electric field (Ey) along the white

Figure 4 | Pulsed light-current-voltage (LIV) characteristics of device
A (see Figure 5(a)) at different heat sink temperatures. Inset: Lasing

spectra of devices A and B at 4.3 A and 9 K – conditions under which their

far-field emission profiles were measured.

Figure 5 | (a) SEM images of device A and B with groove widths of 600 mm and 1000 mm, respectively. (b)Q and h direction line scans through the peak in

the measured far-field radiation pattern in (c) for device A. (c) and (d) Measured far-field patterns of devices A and B, respectively. (e) Simulated

far-field pattern of device A at the wavelength of 94 mm. (f) Simulated far-field patterns of device B taking into consideration the multi-mode emission

from the active region at wavelengths between 92 mm and 98 mm.
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dashed lines in Figures 6(a) and (b). As shown in Figure 6(c) and (d),
the phase of Ey of device B varies greatly in the lateral (x-) direction,
whereas it is almost uniform for device A. The large phase difference
(.180u) of the electric field between the central region and the lateral
boundary region in device B leads to destructive interference in the
far field, thereby giving a larger beam divergence.

Summary. In conclusion, we have demonstrated in-plane integration
of THz tapered QCLs with metasurface waveguides. As an illustrative
example, the metasurface waveguides were made into a plasmonic
directional out-coupler for beam collimation of the generated THz
wave from QCLs. The output beam is highly collimated with a beam
divergence as narrow as ,4u 3 10u. Moreover, low background THz
power (less than 10% of the peak value) indicates a high coupling
efficiency of the light from the laser facet to the metasurface. We note
that not only can the metasurface waveguides be processed into
various geometries to shape the output emission profile, but they
can also serve as a platform for integrated THz circuits for appli-
cations in sensing, spectroscopy, and communications.

Methods
Devices fabrication. Fabrication of the tapered THz QCLs with metasurface
waveguides began with Au-Au thermocompression bonding of the QCL active region

to an n1 GaAs receptor wafer. The original QCL substrate was then removed by a
combination of lapping and selective chemical etching. A top contact metal (Ti/Au
15/350 nm) was next defined by conventional optical lithography and lift-off, the
DBR section was also formed in the same process. The laser mesa and deep grooves
(SPP scatterers) were first etched down ,3 mm by reactive ion etching (RIE) using a
SiO2 mask. Another lithography process was then performed to define additional
patterns for the shallow grooves (SSP waveguide) on the same SiO2 mask. The sample
was subsequently etched again by RIE until the depth of the shallow grooves reached
7 mm. At this point, the 10-mm active region around the laser mesa and outside the
metasurface was total removed while there remained 1 mm on the bottoms of the deep
grooves. This was followed by (and without removing the SiO2 mask) multiple-angle
Ti/Au electron-beam evaporation to ensure full coverage of metal on the whole
structure. The Ti/Au layer on the laser top and sidewalls was then removed by a gold
etchant and a dilute HF solution with a thick AZ4620 photoresist covering the
metasurface region. The SiO2 mask on top of the laser was then removed by RIE using
a mixture of HF4 and O2 gases. The substrate was thinned to 120 mm and a 20/300 nm
Ti/Au layer deposited to form the bottom contact. The samples were cleaved, indium-
mounted on Cu submounts, wire-bonded, and finally attached to the cold finger of a
cryostat for measurement.
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The n-type quantum dot (QD) and dots-in-well (DWELL) infrared photodetectors, in general,

display bias-dependent multiple-band response as a result of optical transitions between different

quantum levels. Here, we present a unique characteristic of the p-type hole response, a well-

preserved spectral profile, due to the much reduced tunneling probability of holes compared to

electrons. This feature remains in a DWELL detector, with the dominant transition contributing to

the response occurring between the QD ground state and the quantum-well states. The bias-

independent response will benefit applications where single-color detection is desired and also

allows achieving optimum performance by optimizing the bias. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4875239]

A recent report of p-type quantum dot infrared photode-

tector (QDIP) has shown promising results for using hole

transitions to develop photodetectors, with the external quan-

tum efficiency (QE) of 17% being demonstrated.1 Widely

studied n-type QDIPs and dots-in-well (DWELL) detectors

are featured with the characteristics of multicolor and bias

selectivity.2,3 The optimized bound-to-bound transitions in a

GaAs-based n-type DWELL structure have led to the

achievement of 12% QE.4 A basic question regarding the

p-type hole response is to confirm the similar features of mul-

ticolor and bias selectivity or to understand the operating

mechanism in p-type QDIPs and DWELL detectors.

Understanding this is of paramount importance to applica-

tions, for example, in order to design desired wavelength of

detection by employing the DWELL architecture2 as well as

developing QD-based optoelectronic devices.5 In contrast to

a variety of reports on n-type electron response, only limited

studies using p-type optical transitions have been reported.6–8

Major differences of the hole states from the electron

counterparts originate from the heavier effective mass of

holes and three sets of QD states, associated with three

branches of the valence bands, i.e., the heavy-hole (HH),

light-hole (LH), and spin-orbit split-off (SO) bands. This

essentially results in much denser hole levels compared to

electrons1 and the possibility of many optical transitions

between them. One may expect a spectral response consist-

ing of multiple bands, each of which becomes active under

bias.3 However, in a recent demonstration of the p-type

InAs/GaAs QDIP,1 the dominant response is due to one of

the transitions throughout the electric field ranging from 0

to 30 kV/cm, specifically due to the transition taking place

between the QD bound state and the quasibound state. Only

a weak response shoulder at the high-energy end of the

spectrum was observed at a higher electric field. It should be

noted that hole levels become denser at the high energy

region of the QD potential well. In this Letter, we present a

detailed study of the p-type valence-band intersublevel tran-

sitions. In addition to the QDIP, a DWELL structure is used

in order to investigate the effect of QW levels on the p-type

hole response and its bias dependency. In contrast to n-type

DWELLs in which different response peaks rise when the

applied bias is increased, the spectral range of the response

in the p-type detector is stationary. Gaussian fittings reveal

three individual peaks, corresponding to transitions from

QD bound states to the near-barrier QW state. No QD-

bound-to-QW-bound transitions can be identified up to the

electric field of 54.5 kV/cm. Calculations show that the tun-

neling probability of holes is less than that of electrons by a

factor of more than 103–105. Because of this, the contribu-

tion of QD-bound-to-QW-bound transitions to response is

disabled. Although bias-selectable response is enabled in

n-type DWELLs, this leads to undesired bias-dependent

switch from one spectral range to another. Optimum per-

formance of response in a specific wavelength range is

therefore unlikely to be achieved by optimizing the bias.

Selecting the desired response can be achieved by designing

the structures, for examples, using a double-barrier resonant

tunneling structure adjacent to the DWELL absorber to filter

out unnecessary transitions.9 In contrast, the p-type response

naturally displays the single-color characteristic.

The p-type hole response spectra of both QDIP and

DWELL detectors are analyzed. A schematic of the DWELL

structure grown by molecular beam epitaxy is shown in Fig.

1(a). The QDIP used in this study has been reported else-

where.1 Figure 1(b) plots the electronic structures of the

QDIP and DWELL detector. The DWELL has the same de-

vice architecture as the QDIP, except that its absorber con-

sists of 10 periods of InAs QDs, embedded in a 6-nm thick

In0.15Ga0.85As QW. The pyramidal shaped QDs have

the height and base dimensions of �5 and �20–25 nm,a)uperera@gsu.edu
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respectively. The dot density is about 5� 1010 cm�2. Free

holes are introduced into QDs by using a d-doping tech-

nique.1 A sheet density of 5� 1011 cm�2 p-type dopants is

placed above the QDs, with a 15-nm thick spacer in-between

them, which gives about 10 holes per dot.10 A Perkin-Elmer

system 2000 Fourier transform infrared spectrometer is used

to measure spectral response of 400� 400 lm2 mesas, which

have a 260 � 260 lm2 open area in the center allowing for

front-side illumination. A bolometer with known sensitivity

is used for background measurements and calibration of the

responsivity.

The DWELL detector has two sets of energy levels, cor-

responding to the QD and QW, respectively. As shown in

Fig. 1(b), the In0.15Ga0.85As/GaAs QW contains three HH

levels (dashed lines), which are obtained using an

effective-mass method.11 It may be noted that the wavefunc-

tion of the QW state is influenced by the QD.12 A simplified

model is based on the QW potential embedded with the QD

potential (considered as a QW1). As can be seen from Fig.

1(b) (dashed-dotted lines), the near-barrier level is not much

altered for the computations with and without the QD poten-

tial considered. This confirms that photoexcitation from the

bound state to the near-barrier state has the dominant contri-

bution to photocurrents. Hence, our simplified computation

for the QW is valid for explaining the results. A further study

will be needed to fully understand the effect of the QW-QD

coupling on the spectral response where bound-to-bound tran-

sitions should have distinct contributions to the response. QD

levels are also shown (solid lines), calculated using an 8� 8

k � p model described in Ref. 13. It can be seen that the transi-

tions ending up at the bound states (above the GaAs HH band

edge in the valance-band diagram) do not contribute to the

response unless photoexcited holes surpass the GaAs barrier.

This can be accomplished by a tunneling process, leading to

bias-dependent response. For comparison at different biases,

response spectra are normalized by multiplying a factor, as

shown in Figs. 2(a) and 2(b) for the QDIP and DWELL de-

tector, respectively, where the insets show two primary

response peaks at 0.1–0.4 eV (3–12 lm) and 0.4–0.8 eV

(1–3 lm) due to HH-HH and SO-HH hole transitions, respec-

tively.1 It can be seen that the spectral response is distinctly

different from the n-type DWELL detectors,2,3 where

the wavelength range of the response varies from the

mid-wavelength infrared to long-wavelength infrared. The

emergence of the long-wavelength shoulder (6–12 lm) at

higher negative biases in the QDIP could be associated with

the LH-HH transition.1 For the DWELL detector, no apparent

change in the spectral profile of the response is observed.

To identify individual transitions contributing to the

spectral response, Gaussian fittings were carried out, using

the following formulation:

RðEÞ ¼
X

i

Aiffiffiffiffiffiffi
2p
p

ri

exp �ðE� EpiÞ2
2r2

i

" #

; (1)

where R represents for responsivity. Epi, Ai and ri are fitting

parameters, denoting the peak energy, amplitude, and

the line width, respectively. The full width at half

maximum (FWHM) can be calculated from r by 2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2
p � r.

Representative fittings are shown in Figs. 2(c)–2(f), in which

a background signal is deducted from the spectra before the

fitting. Figures 3(a)–3(e) summarize the fitting results.

The spectral response of the p-type QDIP is dominated

by a Gaussian peak at low bias, originating from the HH

bound-to-HH quasibound transition.1 An additional high-

energy peak occurs at high negative bias and is attributed to

be due to the HH bound-to-LH bound transition.1 For the

DWELL detector, three peaks can be resolved. Neither of

them can be induced or annihilated by changing the bias.

This characteristic indicates the trivial influence of the QD

bound-to-QW bound transition on the response, as response

based on the bound-to-bound transition should be strongly

bias dependent as a consequence of the escape of photoex-

cited holes through tunneling. Much reduced tunneling prob-

ability of holes allows an explanation for this feature. Figure

4 shows calculated tunneling probability based on the

Wentzel-Kramers-Brillouin (WKB) approximation, i.e.,

T ’ exp �2

ðz2

z1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m�

�h2
½VðzÞ � E�

r

dz

" #

; (2)

where m* is the effective mass, V(z) is the potential of the

barrier, E is the energy of carriers, and z1 and z2 are the turn-

ing points. Calculations indicate that the tunneling probabil-

ity of LH in QDIP and HH in DWELL (through the HH2

FIG. 1. (a) Schematic of the p-type

DWELL structure. Free holes are intro-

duced into QDs by d-doping above the

QD layer. (b) Computed valence band

structures of the QDIP and DWELL de-

tector, where solid horizontal lines rep-

resent for hole states obtained by using

an 8� 8 k � p model.13 The thick lines

are the band edges. The dashed lines are

the calculated HH states of the In0.15

Ga0.85As/GaAs QW. The dashed-dotted

lines are the calculated levels of the

DWELL structure where QD is simpli-

fied to be a one-dimensional QW.1

Indicated transitions (I and II for QDIP

and I, II, and III for DWELL) agree

with the experimental response.

171113-2 Lao et al. Appl. Phys. Lett. 104, 171113 (2014)
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level, see Fig. 1(b)) are nearly the same. Considering the

weak response of the LH-HH transition in QDIP and reduced

strength of the 0D QD level-to-1D QW level transition

compared to that of the 0D QD level-to-0D QD level transi-

tion, the response due to the 0D QD level-to-1D QW level

(HH2) could be even weaker hence not observable

FIG. 2. Normalized spectral response

of (a) QDIP and (b) DWELL detector

at 78 K, where the insets plot the whole

spectral range including a higher-

energy peak. (c)–(f) are Gaussian fit-

tings, where each dotted line is the

Gaussian components. Insets show the

summation of the Gaussian compo-

nents, in good agreement with the ex-

perimental spectra.

FIG. 3. Fitting results for (a)–(c)

QDIP, and (d)–(f) DWELL, where the

peak energy, A/r (see Eq. (1)) and

FWHM are plotted as a function of

bias.

171113-3 Lao et al. Appl. Phys. Lett. 104, 171113 (2014)
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experimentally. As a comparison, Fig. 4 also shows the cal-

culation for electrons in a dots-in-a-double-well detector

reported by Barve et al.9 This n-type DWELL structure con-

sists of InAs QDs embedded in a double QW formed by

Al0.1Ga0.9As/GaAs/In0.15Ga0.85As/GaAs/Al0.1Ga0.9As layers.

The tunneling of electrons starting at the energy level of

�43 meV from the Al0.1Ga0.9As conduction band edge is

evaluated. The corresponding response peak is at 7 lm.

More than 103–105 tunneling probability of electrons greater

than that of the holes is the reason of bias-dependent

response in the n-type DWELL detectors, whereas the spec-

tral range of the p-type response remains stationary at differ-

ent biases.

It can be seen from the fitting parameters [Figs.

3(a)–3(e)] that the response behavior is different for forward

and reverse biases. Similar observation was obtained in the n-

type detector.9 This may be a result of the geometry of the

QDs. Further theoretical study will be needed to understand

this. By excluding the bound-to-bound transitions, we attrib-

ute the three fitted Gaussian peaks for the DWELL detector

to be associated with the transitions from the QD ground, first

and second excited states to the HH3 QW level, as shown in

Fig. 1(b) (I, II, and III). The corresponding transition energies

from calculation are 0.215, 0.224, and 0.253 eV, in agreement

with the fitting energies, i.e., 0.195–0.214 (I), 0.224 (II), and

0.247–0.250 eV (III) (around 0 V), respectively.

DWELL and QDIP have the similar band profile and

hole concentration in the absorber; therefore, their dark cur-

rents, which originates from thermionic emission, should be

comparable. However, the experimental dark current of

DWELL is about 40 times less than that of QDIP, as shown

in Fig. 5(a). It can thus be inferred that the distribution of

holes in DWELL is sharply different from QDIP. A possible

reason is due to the interaction between QD and QW.2 This

may partially explains the lack of the HH bound-to-LH

bound transition caused response in the DWELL detector,

even at the very high electric field (up to 54.5 kV/cm), as can

be seen from the comparison between Figs. 2(a) and 2(b).

By using experimentally measured noise current (in), the

noise gain (g) can be calculated through the expression:

g ¼ i2
n=4eId , where Id is the dark current [Fig. 5(a)].

Assuming that the photoconductive gain equals the noise

gain,14,15 the value of external QE can be obtained using

QE ¼ R=g k� hc=e, as shown in Fig. 5(b). As a result of dif-

ferent bias-dependence of R and g, a maximum QE of the

DWELL is obtained to be 9% at –1.6 V. The specific detectiv-

ity is given by D� ¼ R
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� Df

p
=in, where A is the device

area, and Df is the bandwidth. The detectivity at 78 K for the

response peak at 5 lm as a function of bias is shown in Fig.

5(c), with the maximum value at 1.4� 109 cm�Hz1/2/W,

which is close to that of the QDIP, as a consequence of the

low dark current of the DWELL detector. The improvement

of the performance can be achieved by enhancing the absorp-

tion. One of the possibilities is to utilize transitions between

the bound and bound states, which have the stronger

wave-function overlapping than the transitions between the

bound and the quasibound/continuum states.

One of the advantages using p-type response is its station-

ary spectral response without showing the bias selectivity.

This allows for optimizing the bias for optimum performance

at specific wavelengths. The need of tailoring spectral

response can be achieved by designing the QW. It is expected

that bias dependency can be obtained by moving the HH level

closer to the potential barrier in order to increase the tunneling

probability. The well-preserved hole response will facilitate

the control of the response. Designing multicolor response is

also possible by integrating different DWELL structures.

To conclude, we have studied the valence-band intersu-

blevel hole transitions in the p-type InAs/GaAs QDIP and

DWELL detectors. The DWELL detector displays constant

wavelength ranges of response independent of applied

biases. Its spectral response results from transitions between

QD bound states and near-barrier QW states. This study indi-

cates that the p-type QDIP has a well-preserved spectral

response, which should benefit the optimization of bias for

optimum response and the control of spectral response for

the detector development.
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FIG. 4. Comparison of calculated tunneling probability of hole and electron.

The calculation of the electron tunneling probability is based on Ref. 9

(dots-in-a-double-well detector). The calculation of LH corresponds to the

HH bound-to-LH bound transition, as described in Ref. 1.

FIG. 5. (a) Dark current density of the p-type QDIP and DWELL at 80 K.

(b) and (c) (shown as insets) are the QE and specific detectivity (at 5 lm),

respectively. The QE is obtained by assuming that the photoconductive gain

equals the noise gain. The results of DWELL are more asymmetric com-

pared to QDIP probably due to the asymmetry induced by the d-doping.14,15
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Terahertz (THz) response observed in a p-type InAs/In0.15Ga0.85As/GaAs quantum dots-in-a-well

(DWELL) photodetector is reported. This detector displays expected mid-infrared response (from

�3 to �10 lm) at temperatures below �100 K, while strong THz responses up to �4.28 THz is

observed at higher temperatures (�100–130 K). Responsivity and specific detectivity at 9.2 THz

(32.6 lm) under applied bias of �0.4 V at 130 K are �0.3 mA/W and �1.4 � 106 Jones, respec-

tively. Our results demonstrate the potential use of p-type DWELL in developing high operating

temperature THz devices. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898088]

The advances of research and technology in the quantum

dot infrared photodetector (QDIP) have attracted much atten-

tion for the mid-wave and long-wave infrared applications.1,2

A variety of studies have reported that QDIPs are capable of

operating at elevated temperatures,2–4 which, however, typi-

cally leads to device operation responding in the mid-wave

infrared regime. The development of Terahertz (THz)

sources5 and progress required terahertz detectors. One of

the difficulties lies in the absorption of THz radiation corre-

sponding to very small energy, which is typically about

4.1–41 meV (1–10 THz), below the range of thermal energy

for temperatures �300 K (25.8 meV). The dark current at the

temperature, as high as 77 K is dominant over the photocur-

rent in the lower energy range of THz detection. As a conse-

quence, THz devices are very sensitive to temperature

variation and are usually unable to operate at high tempera-

tures. For instance, most of the terahertz detectors in the

range of �3–10 THz operate at low temperatures (4.6 K to

80 K).6–8 In this letter, we report a p-type THz dot-in-well

(DWELL) detector with a response up to �4.28 THz

(�70 lm) operating at 130 K.

Most detectors with DWELL structures are based on the

intersubband transitions from ground state of the QD to an

excited state close to the barrier or GaAs band edge.7,9 The

bound to continuum transitions have an escape probability of

�100% for photoexcited carriers and leads to a high photo-

current at lower bias. On the other hand, due to better wave

function overlap between the two states, the bound to bound

transitions have better absorption coefficients, but lower

escape probability at lower biases. For any THz detector, the

transition energy between the two states should fall in

the THz energy range of 4.1–41 meV (1–10 THz). To match

the excited state with the continuum and having the energy

spacing between the states in the terahertz region, the width

and height of the well, and the size and shape of the QD

have to be adjusted. The ground and excited state energies

can be tuned by changing width and height of the well.

However, in practice, size of QD is very limited due to the

inability to make the dot size as desired in Stranski-

Krastanov (SK) growth mode.10 An alternative approach for

small energy spacing in terahertz QD based detector is p-

type-doped structure, which has higher density of states as

compared to its n-type counterpart. Moreover, at a given

temperature, the higher effective mass of holes in the

valence-band will result in lower holes transport as com-

pared to the electrons in conduction band and, consequently,

a reduction in dark current.11,12

Most of the THz investigations thus far have been with

n-type QDIP and used resonant tunneling13 or dark current

blocking layers.10 Using dark current blocking layers, an n-

type Tunneling quantum dot photodetector (T-QDIP) operat-

ing at 150 K with spectral response up to �55 lm (Ref. 13)

and a Quantum ring detector operating at 120 K with spectral

responses up to �30 lm have been reported.8 So far, little or

no attention has been paid to p-type DWELL structures

responding in the THz region. Therefore, the motivation of

this work is to achieve THz p-type DWELL detection up to

�4.28 THz (�70 lm) at operating temperature of 130 K or

higher.

In this study, we report a THz DWELL detectors based

on p-type intersubband transition, where the InAs dots are

placed in In0.15Ga0.85As, which in turn is positioned in a

GaAs matrix as shown in Fig. 1(a). The measured responsiv-

ity shows that as the temperature changes from �100 K to

130 K, the longer wavelength (>14 lm) responses increase,

while mid-infrared (MIR) responses decrease. Comparison

of the calculated hole energy levels in QD as shown in

Fig. 1(b) with the measured spectral response shows that the

MIR response peak at �5.4 lm corresponds to transition of

holes from the ground state to the continuum. The THz

response at high temperature is attributed to the transitions

from the excited state to quasi-bound state or continuum.

The probability of occupying exciting states increases with

increasing temperature. The excited states have a highera)uperera@phy-astr.gsu.edu
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APPLIED PHYSICS LETTERS 105, 151107 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

111.186.1.185 On: Mon, 20 Oct 2014 02:32:36

165

http://dx.doi.org/10.1063/1.4898088
http://dx.doi.org/10.1063/1.4898088
http://dx.doi.org/10.1063/1.4898088
mailto:uperera@phy-astr.gsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4898088&domain=pdf&date_stamp=2014-10-14


degeneracy than the ground state. Hence, despite the low

occupation probability, the total number of carriers in

excited states is comparable to that of the ground states at

higher temperatures.14 Furthermore, for the same incident

power, there are more photons at 32.6 lm than at 5.4 lm.

Therefore, as the temperature increases from �100 K to

130 K, due to broadening of Fermi-Dirac distribution,

carriers will have appreciable concentrations at higher

energy levels and result in the THz response.

The detector structure shown in Fig. 1(a) is grown by

molecular beam epitaxy (MBE), consists of 10 stacks of

DWELL structures sandwiched between two highly doped

pþ-GaAs contact layers, grown on a semi-insulating GaAs

substrate. The active region contains InAs QDs placed in

6 nm thick In0.15Ga0.85As quantum well (QW), which in turn

is surrounded by GaAs barrier layers. The dot density is

about 5 � 1010 cm�2. A d-doping technique is used, with a

sheet density of 5 � 1011 cm�2 p-type dopants placed above

the QWs (with a 13 nm thick GaAs spacer), which introduces

about 10 free holes in each QD. The QDs have nearly

pyramidal shape with the average base widths of �20–25 nm

and height of �5 nm.7 The devices were fabricated into

square mesas of 400 � 400 lm2 with an optical window of

260 � 260 lm2, which allows front-side illumination. In

order to characterize the device, the square mesas and the

ohmic contacts on the top and bottom layers were fabricated

using standard wet chemical etching. Then, the device was

mounted on the cold head of the liquid nitrogen-cooled

dewar and liquid helium-cooled cryostat to allow measure-

ments of spectral response, noise, and dark current. The

normal incidence spectral response was measured using a

Perkin-Elmer system 2000 Fourier transform infrared spec-

trometer. A bolometer with known sensitivity was used for

background measurements and measured data were corrected

by the background spectra.

An eight-band k�p model was used to calculate QD hole

states with the effects of strain included with the valence

force field model,15 whereas the QW levels were calculated

using the effective-mass method.16 As shown in Figure 1(b),

the QW was designed to have two heavy holes (HH) with

almost continuous set of QD HH and light hole (LH) levels.

Therefore, DWELL detectors represent a hybrid of quantum

well infrared photodetector (QWIP) and QDIP.17 Hole tran-

sitions can be either from bound to bound or from bound to

quasi-bound (or to the continuum).

The spectral responses were measured over temperature

range from 78 K to 130 K. The 5.4 lm (0.230 eV) peak corre-

sponds to hole transition from the ground state of QD to

states near the GaAs barrier.18 At 78 K, holes lie in the

ground states which lead to the main response peak in the

MIR range. The elevated temperature results in the broaden-

ing of Fermi distribution function and more carriers occupy-

ing the upper energy states where the energy spacing is in

the order of THz energy range. Hence, the corresponding

bound-to-continuum or quasi bound transition results in THz

response and increases with temperature. Figure 2(a) shows

clearly the comparison of MIR and THz responses at three

different bias values. The THz response spectra start to

appear for temperatures higher than �100 K, which is fea-

tured with a broad spectral range over �70 lm. Although

detection of terahertz radiation up to 1 THz could be

expected due to closely spaced upper energy states, the back-

ground noise level due to high dark current dominates the

FIG. 1. (a) Schematic diagram for p-type DWELL structure of InAs QDs

embedded in In0.15Ga0.85As QW. (b) QD valence band structure calculated

with an eight-band k�p model15 and the QW states are computed using effec-

tive mass method.16 The spin orbital split-off energy (SO) levels are inten-

tionally omitted for the reason that transitions to SO levels fall in short

wavelength region, which are not our primary focus. The dashed lines are

the two HH and LH states for In0.15Ga0.85As QW. Transitions can be either

from bound to bound or from bound to quasi-bound (or continuum) energy

level. The MIR absorption in Fig. 1(b) is due to transition from ground state

to continuum state, while the THz transitions are possibly from bound to

quasi-bound or continuum states.

FIG. 2. (a) Responsivity versus wavelength measured at T¼ 120 K for three

different bias values. (b) Response versus wavelength measured at T¼ 78 K.

This response is due to the transitions from ground state of QD to states near

the GaAs band edge. Unlike the response spectra of (a), (b) has only one

peak in MIR region. There are no low energy transitions or THz response at

78 K. (c) Comparison of raw data of THz response and background noise

level. The THz response spectra are broad and extend beyond �70 lm. The

lower energy response (lower than 17.7 meV or �70 lm) is below back

ground noise level.

151107-2 Wolde et al. Appl. Phys. Lett. 105, 151107 (2014)
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photocurrent at wavelength higher than 70 lm as shown in

Figure 2(c).

Variation of MIR and THz response spectra with tem-

perature at a fixed applied bias of �0.4 V (or field of

�1.89 kV/cm) is shown in Figure 3. The THz response

increases with increasing temperature, which contrasts with

decreasing MIR peak at higher temperatures. For a tempera-

ture increase from 80 K to �90 K, the response increases

reaching the highest response at �90 K. In QD holes are con-

fined due to energy quantization in all three dimensions and

electron-hole scattering is greatly reduced.19 Since the inter-

subband energy between ground state and continuum is

larger than phonon energy, the optical phonon emission is

not allowed. As a result, the hole relaxation time from the

continuum states increases due to phonon bottle neck.19 This

increase in response with the temperature may be related to

reduced relaxation of carriers back to QD from the contin-

uum states4 and to enhanced escape of excited carriers. As

the temperature is further increased, due to decrease in car-

rier concentration of ground state and increase carrier popu-

lation in excited states, MIR response starts to decrease and

THz response starts to appear. In the temperature ranges

(�100 to 130 K) where we see the THz response, MIR

response decreases with increasing temperature.

Furthermore, it is experimentally confirmed that the THz

region (or the broad response peak) starts to appear only for

temperatures beyond �100 K and increases as the tempera-

ture rises from 100 K to 130 K. The calculated energy spacing

between the dot levels varies from �5 meV to 28 meV. There

is no peak shift with either bias voltage or temperature. The

dark current increases from 2.4 � 10�3 A/cm2 to 0.12 A/cm2,

which is about 50 times increase for temperature changes

from 100 to 130 K. At 130 K and �0.6 V bias, the thermal

noise calculated from equation Ith ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4KT=R

p
, where K is

Boltzmann constant, T is temperature, and R is differential re-

sistance of device is 1.18 � 10�12A/
ffiffiffiffiffiffi
Hz
p

and the correspond-

ing shot noise In
d ¼

ffiffiffiffiffiffiffiffiffi
2eId

p
is 7.1 � 10�12 A/

ffiffiffiffiffiffi
Hz
p

, which is

close to the measured noise current of 7.5 � 10�12A/
ffiffiffiffiffiffi
Hz
p

indicating the dominant role of dark current noise at a temper-

ature of 130 K. From 78 K to 130 K, the peak responsivity of

the 5.4 lm absorption peak decreases by �65%, while the

responsivity of much longer wavelengths around the

�32.6 lm absorption peak increases by a factor of �100 as

the temperature changes from 100 K to 130 K. Hence, it can

be said that the THz response possibly originates from ther-

mal excitation of carriers in QD states and is strongly temper-

ature dependent. The longer wavelength (�32.6 lm) response

was measured at the highest temperature of 130 K with peak

responsivity of �0.54 mA/W (at an applied bias of �0.6 V),

which is a very high operating temperature as compared to

THz QW and QD detectors.7,20 Moreover, using a high-speed

mid-IR photoconductivity technique, long carrier lifetimes

3–600 ns in an InAs/ In0.15Ga0.85As DWELL heterostructures

have been observed suggesting their potential for high tem-

perature operation21 and have promise for fabrication of long

wave-length infrared (LWIR) imaging focal plane arrays

(FPA).22 DWELL structure can also reduce the thermionic

emission by lowering the ground state of the dot with respect

to the GaAs band edge, and enables the detector to operate on

transitions from the ground state of InAs QD to a state in the

InGaAs QW.9 Hence, by optimizing the doping level and

well width of DWELL for longer carrier life time or higher

escape probability, detector responses and detectivity can be

improved and extend the THz detection with operating

temperature up to 130 K or higher.

Figure 4(a) shows the dark current density versus volt-

age characteristics for temperature in the range of 80–130 K.

As the temperature increases from 70 K to 150 K, the dark

current density increased sharply from 7.8 � 10�7 A/cm2 to

0.26 A/cm2 at �0.2 V and from 6.34 � 10�6 to 0.62 A/cm2 at

�0.6 V, which are still lower than the dark current values of

other IR device operating at lower or the same temperature

in a comparable wavelength region.8,13,23 At lower tempera-

tures, the increase in dark current density with applied bias

was due mainly to the lowering of the potential barriers. In

the Arrhenius plot shown in Figure 4(b), the dark current to

FIG. 3. The variation of MIR and THz response spectra with temperature at

a fixed applied bias of �0.4 V. As the temperature increases, carriers are

excited to higher levels reducing the rate of transitions that give rise to MIR

response, whereas it enhances lower energy transitions or THz responses.

The inset shows comparison of MIR and THz responses variation with

temperature.

FIG. 4. (a) Variation of dark current density as a function of bias at different

temperatures. (b) The Arrhenius plot of dark current to temperature ratio

versus inverse temperature (100/T) for bias voltages of �0.2 V, �0.4 V, and

�0.6 V. (c) Temperature variations of specific detectivity at 5.4 lm and

32.6 lm.
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temperature (Id/T) ratio versus inverse temperature (100/T)

plot was found to be linear for the temperature range from

�60 K to �130 K. At the bias voltage range from �0.2 V to

�0.6 V, nearly the same activation energy as determined from

the Arrhenius plot is �108 meV. The exponential behavior

observed in dark current indicates that carrier thermal excita-

tion to higher energy states is possible and confirms the domi-

nant role of thermionic emission in THz response.

The specific detectivity (D*) is calculated from the

measured peak responsivity Rp and the noise density spectra

in at different temperature and bias voltage using the relation

D� ¼ Rp

ffiffiffiffiffiffiffiffiffiffiffi
AxDf

p
=in, where A is the detector area and Df is

the frequency band width. The dark current noise density in
was measured with low-noise voltage preamplifiers and a

SRS 760 fast Fourier transform spectrum analyzer. The value

of D* calculated for 5.4 lm absorption peak is 1.3 � 109

Jones at 78 K (�0.8 V bias) and 2.7 � 105 Jones at 130 K

(�0.4 V bias). As shown in Figure 4(c), at 9.2 THz absorp-

tion peak, 130 K, and �0.4 V, the D* value is 1.4 � 106

Jones. Significant improvement can be achieved by using a

double barrier resonant tunneling heterostructure, which sup-

presses most of the dark current without blocking the photo-

current.13 The low dark current enhances detectivity and

operates at high temperatures. Optimization of the number

and density of QDs will also enhance the absorption. The

other concern regarding p-type carriers is lower mobility as

compared to electrons. Since the dot layer is thinner, the

hole mobility mainly depends on the GaAs barrier.

Optimizing thickness of the GaAs barrier between the dot

layers can prevent multiple defects throughout the structure

and enhances the photocurrent.

In conclusion, in addition to p-type MIR (kp� 5.4 lm)

detector at 78 K, we report a p-type THz (broad response with

a peak response at �9.2 THz) detector based on intersubband

transitions in InAs/InGaAs DWELL structures. MIR peaks

are associated with transitions from ground state of QD to

continuum states, whereas the THz responses are originated

due to higher temperatures (�100 K–130 K) and possibly to

transitions between excited QD levels, bound-to-quasi-bound

or continuum states. Therefore, detector response was

extended to THz range up to �4.28 THz (�70 lm) at a high-

est operating temperature of 130 K. Further optimization, such

as doping level, width of the well, barrier thickness, using

double barrier tunneling heterostructure or a thin dark current

blocking layer reduces dark current, could enhance and extend

the response of terahertz detection at temperature higher than

130 K, and improves detectivity.
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Uncooled split-off band infrared detectors have been demonstrated with an operational device

response in the 3–5 lm range. We have shown that it is possible to enhance this device response

through reducing the recapture rate by replacing one of the commonly used flat barriers in the

device with a graded barrier, which was grown using a “digital alloying” approach. Responsivity

of approximately 80 lA/W (D*¼ 1.4� 108 Jones) were observed at 78 K under a 1 V applied

bias, with a peak response at 2.8 lm. This is an improvement by a factor of �25 times compared

to an equivalent device with a flat barrier. This enhancement is due to improved carrier transport

resulting from the superlattice structure, and a low recapture rate enabled by a reduced distance

to the image force potential peak in the graded barrier. The device performance can be

further improved by growing a structure with repeats of the single emitter layer reported here.
VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865501]

I. INTRODUCTION

The development of infrared (IR) detectors operating at

or around room temperature would be of great benefit for

many practical applications, reducing the weight and power

requirements of cooling systems. Different types of semicon-

ductor structure, including those based on bulk HgCdTe,1,2

quantum well,3–6 quantum dot,7,8 and type-II strained super-

lattices,9 have been studied and tested in an attempt to

achieve this aim. In addition, theoretical studies have been

undertaken to understand and try to solve the problems asso-

ciated with achieving uncooled IR detection.10,11 Recently, a

split-off band detector with a 4 lm threshold wavelength,

was successfully demonstrated operating up to room temper-

ature.12 However, the performance was low owing to exces-

sive carrier recapture in the emitters.

Split-off band detectors consist of highly p-doped emit-

ters separated by undoped barriers. The photo-absorption in

the emitter excites carriers from the light/heavy hole bands

into the split-off band. These excited carriers then escape into

the barrier region, typically after scattering back into the

light/heavy hole band at the emitter-barrier interface, and are

collected at the contact regions using an applied electric field.

The IR response arising from split off band transitions

in a p-doped GaAs/Al0.12Ga0.88As heterostructure was ini-

tially reported by Perera et al. at 77 K.13 Thereafter, higher

operating temperature split-off band IR detectors were dem-

onstrated by Jayaweera et al.12 using high aluminum mole

fractions (x), where x¼ 0.28, 0.38, and 0.57, in the

AlxGa(1�x)As barriers; this led to devices operating uncooled

with x¼ 0.57. Subsequently, Matsik et al.14 theoretically

predicted a two orders in magnitude improvement in the de-

vice response, and a three orders in magnitude increase in

the detectivity (D*), by introducing graded and resonant tun-

neling barriers into the split-off band device architecture.

Furthermore, a theoretical study on dark current mechanisms

in split-off band devices conducted by Lao et al.15 suggested

that use of small mesas and high doping can result in sup-

pression of the 2-D carrier transport, which leads to high

dark currents.

As Matsik et al.14 proposed, one possible approach to

improve the performance of detectors is to use a graded bar-

rier for the injection. The extra kinetic energy of carriers

entering over the high-sided barrier should reduce the excess

trapping leading to photoconductive gain through a mecha-

nism similar to that observed in QWIPs.16 Furthermore, if

the graded barrier on the injection side is higher than that on

the escape side, artificially heated carriers will enter the

emitter. Providing that there is a sufficiently large potential

difference between the two edges of the barrier, excited car-

riers will then be able to escape after scattering; hence, the

trapping rate will be reduced. Additionally, the gradient in

the barrier will allow the thermal escape carriers from the

contact and the carriers in the emitter to be in equilibrium,

resulting in reduced space charge buildup.14 In such struc-

tures, the graded barriers can be grown using two different

approaches that can be categorized as (1) “digital alloy,”17

where the structure consists of short-period superlattices of

GaAs/AlAs binary layers with periods of a few monolayers

thickness, and (2) “non-digital alloy,” where the structure

does not have any short-period superlattices.

Our study here reports experimental results for a split-

off band detector with a graded barrier. The effects on device

performance of using different techniques to grow the graded

barrier will also be discussed. These results provide valuable

information on the strategies that can be adopted to increase

further the performance of uncooled split off band devices,

and we will show, through comparison of results with simu-

lation,14 that further improvements are possible.

a)Author to whom correspondence should be addressed. Electronic mail:

uperera@gsu.edu.

0021-8979/2014/115(6)/063105/7/$30.00 VC 2014 AIP Publishing LLC115, 063105-1

JOURNAL OF APPLIED PHYSICS 115, 063105 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

202.120.52.96 On: Sat, 13 Sep 2014 06:47:49

169

http://dx.doi.org/10.1063/1.4865501
http://dx.doi.org/10.1063/1.4865501
http://dx.doi.org/10.1063/1.4865501
mailto:uperera@gsu.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4865501&domain=pdf&date_stamp=2014-02-12


II. EXPERIMENTAL PROCEDURE

A. Device structures

Three devices, identified as 0906, 1001, and 1007 (pa-

rameters given in Table I), with a single emitter sandwiched

between two barriers were studied to understand: (1) the

effects of a graded barrier, and (2) the effects of the use of

“digital alloying” during barrier growth on device perform-

ance. In all structures one of the two barriers (h3) was kept

flat as shown in Fig. 1, at a barrier height 240 meV. The sec-

ond barrier in 0906 and 1007 has a gradient, where the low-

est end (h1) is adjacent to the bottom contact and the highest

end (h2) is adjacent to the emitter side. The valance band dia-

gram of the graded barrier devices is shown in Fig. 1(a) and

the barrier heights at the two ends (h1 and h2) are listed in

Table I. In the third device, 1001, the second barrier is kept

flat, as shown in the band diagram in Fig. 1(b), with a barrier

height 390 meV.

Both barriers in samples 1001 and 1007 were grown

using “non-digital alloying” and these are used to compare

the performance of the graded barrier structure with flat bar-

rier structures. In 0906 the graded barrier is grown with a

“digital alloying” approach and this is compared with 1007

to correlate device performance with the use of “digital-

alloying” and “non-digital alloying” approaches.

B. Digital alloying and non-digital alloying approaches
of growth

The “digital alloying” formula used in the graded barrier

growth of 0906 is as follows: 31 periods of GaAs and AlAs

with thicknesses (0.45þ 0.01N)L/31 and (0.55� 0.01N)

L/31, respectively, where N is the number of the period and

L is the total thickness of the graded barrier. This gives a

total single period thickness of �2.6 nm, and a minimum

AlAs layer thickness of �0.6 nm, for L¼ 80 nm. The number

of periods chosen for the superlattice is a compromise. If N

is reduced (increased), the individual layers become wider

(narrower) and quantum states are likely to appear within the

barrier region, resulting in the structure no longer behaving

like a graded alloy. Furthermore, if the number of periods is

increased, it will be difficult to grow reproducibly the thin-

nest layers in the structure. Approximate GaAs and AlAs

layer thicknesses, and a schematic diagram of the layer

arrangement in the graded barrier region, are shown in

Fig. 2. The final five periods were grown by dividing the

layers into four sub periods using the same total barrier and

emitter thickness as determined from the above formula to

prevent the thickness of the GaAs layers becoming thicker

FIG. 1. Schematic diagram of the band alignment in the structures: (a) the

graded barrier structure, (b) the flat barrier structure. The device parameters are

tabulated in Table I. All samples have contact regions doped to 1� 1019 cm�3,

an 80 nm wide graded barrier (h1-h2), an 80 nm wide emitter p-doped to

1� 1019 cm�3, and a 400 nm wide flat barrier (h3) with height 240 meV.

TABLE I. Sample parameters and activation energies calculated from

Arrhenius plot for the tested devices. The graded barrier heights at the two

ends of the detector structures are 240 meV at the contact end (h1) and

390 meV at the emitter end (h2), as shown in the band diagram (Fig. 1). All

samples have contact regions doped to 1� 1019 cm�3, an 80 nm wide graded

barrier, an 80 nm wide emitter p-doped to 1� 1019 cm�3, and a 400 nm wide

flat barrier with a height (h3) of 240 meV. Acronyms used for the alloying

method used in the graded barrier are: Dig.: Digital alloying approach; and

Non-Dig.: non-digital alloying approach. The expected value of the activa-

tion energy is �390 6 5 meV for the devices.

Sample

Alloying

method

Barrier height (meV) Activation

energy

(meV)h1 h2 h3

0906 Dig. 240 390 240 470 6 10

1007 Non-Dig. 240 390 240 380 6 10

1001 Non-Dig. 390 390 240 280 6 10

FIG. 2. Graphical representation of the GaAs and AlAs layer thicknesses in

the “averaging” approach, and a schematic of the layer arrangement. The

histogram shows the variation of the GaAs and AlAs layer thicknesses at

each layer number in the digital alloyed graded barrier.

063105-2 Pitigala et al. J. Appl. Phys. 115, 063105 (2014)
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than the AlAs layers. In this structure, carriers only see an

average aluminum fraction for several adjacent layers,17 i.e.,

when layers are in the range of an atomic layer thickness,

one layer of GaAs and two layers of AlAs would affect a car-

rier like a bulk Al0.67Ga0.33As layer. Additionally, the rough

and partial AlAs/GaAs interfaces will break up any miniband

formation, and hence improve the averaging behavior.

The flat barrier device (1001) and the graded barrier de-

vice (1007) were grown using a non-digital alloying

approach, where the changing aluminum fraction (the gradi-

ent) is obtained by gradually changing the temperature, and

hence deposition rate, of the aluminum cell.

C. Measurements and characterization

The current-voltage-temperature (IVT) measurements

on the devices were carried out by mounting the devices on a

closed cycle refrigerator, connected to a Lake Shore 330

temperature controller. A Keithley 2400 source meter was

used to apply the bias voltage and measure the current flow

in the device. IVT measurements are used to estimate the

dark current and hence determine the barrier height using

Arrhenius plots.

The spectral measurements of the devices were con-

ducted by mounting the device in a liquid helium cooled

dewar and scanning the device response using a Perkin

Elmer system 2000 Fourier transform infrared (FTIR) spec-

trophotometer. The device was biased using an external DC

power supply, and temperature was controlled by a Lake

Shore 330 temperature controller. The device spectral

response is calibrated using a silicon bolometer mounted in

the same dewar and operated under similar conditions.

The specific detectivity (D*) is a figure of merit used to

calculate performance of photo-detectors. Higher D* implies

better performance in the device. D* can be given as:

D� ¼
ffiffiffiffiffi
Af
p
NEP

; (1)

where A is the photosensitive area of the device, f is the fre-

quency bandwidth and NEP is the noise equivalent power.

The NEP can be written as a ratio of the responsivity (R) to

the noise spectral density (S(f)) of the device. Therefore, the

specific detectivity (D*) of the device can be given as

D� ¼ <
ffiffiffi
A
p
ffiffiffiffiffiffiffiffiffi
Sðf Þp : (2)

In this case S(f) is the shot noise in the device calculated

by S(f)¼ 4qI, where q and I are the electron charge, and dark

current of the device, respectively. D* is then the shot noise

limited detectivity.

III. RESULTS AND ANALYSIS

A. Comparison of results for graded and flat barriers

The current-voltage (IV), responsivity and detectivity

(D*) of the graded barrier structure (1007) and the flat barrier

structure (1001), grown with a “Non-Digital Alloying”

approach, were compared at 78 K for devices with similar

dimensions (including the emitter thickness of 80 nm). The

asymmetry in the I-V characteristics (Fig. 3) is due to the

asymmetric barriers in the structures. As the bias voltages

increase, 1007 shows a higher dark current compared to

1001. Decrease in the effective barrier height under negative

bias and a decrease of the effective barrier width as the gra-

dient increases under positive bias assist the carrier tunneling

through the graded barrier. As a result, the breakdown volt-

age is reached at a lower bias voltage in 1007, compared to

the 1001. Furthermore, the shoulder like feature in the I-V

curves at around a þ10 V bias confirms the excess tunneling

of carriers in the graded barrier device.

Table I shows that the activation energies calculated

from Arrhenius plots are approximately 470 and 380 meV

for 1001 and 1007, respectively. Structure 1007 has its acti-

vation energy close to the expected barrier height of

390 meV, whilst in 1001 there is a higher activation energy

than expected. The reason for this high activation energy in

1001 is not fully understood.

The responsivities for 1001 and 1007 at 78 K, at þ1 V

and �1 V biases, are shown in Figs. 4(a) and 4(b), respec-

tively. The peak values, at a wavelength of 2.8 lm, for each

device are listed in Table II. Even though the activation ener-

gies are different in structures 1001 and 1007, the response

thresholds do not show a significant shift between the two

devices, except for the �0.1 lm red shift in 1007 at positive

bias. At negative bias, threshold wavelengths are �6.5 lm in

both cases. Structure 1007 has a higher responsivity of

2� 10�5 A/W and 4.2� 10�5 A/W, under 1 V and �1 V

biases, compared to 1001, where the responsivities are

1.9� 10�6 A/W and 6.2� 10�6 A/W, respectively.

In summary, device 1007 has a high responsivity and

D* compared to 1001 under both negative and positive bias,

indicating that the integration of a graded barrier is enhanc-

ing the device performance.

B. Comparison of digital alloying and non-digital
alloying approaches

The effect of using a digital alloying approach for the

graded barrier (0906), compared with a non-digital alloying

FIG. 3. IV characteristics of the devices 0906, 1001, 1007 at 78 K. The

asymmetry in the IV is due to the asymmetry in the structure. The change in

the gradient at around 8 V and 10 V for 0906 and 1007, respectively, are due

to tunneling in the graded barrier structures.
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approach (1007), was investigated, with all other aspects of

the devices remaining identical. Fig. 3 shows the IV charac-

teristics of 0906, where the dark current at higher biases

increases rapidly compared to 1007. In addition, the IV curve

of 0906 shows a shoulder like feature due to tunneling,

which is observed at a lower bias voltage compared to the

1007, indicating dominant tunneling paths in 0906 compared

to the 1007. Furthermore, the activation energy calculated

for 0906 is �280 meV which is smaller than the expected

value for the barrier height (390 meV) in the device. This

low activation energy can be caused by tunneling paths in

the barrier.

A TEM image of the graded barrier region for the wafer

grown with a “digital alloying” approach is shown in Fig. 5.

The layer separation is not clearly visible in the topmost

region of the barrier (periods 25 to 31), where a finer mesh

digital grading was used in the last five of the 31 periods.

Here, the thinner layers of the sub-periods are below the re-

solution limits. In the first 25 periods, however, the TEM

image shows an uneven layer separation between the GaAs

and AlAs layers in some areas of the structure. These uneven

areas, with thicker GaAs and thinner AlAs layers, can pro-

vide a tunneling path for carriers through the barrier.

The responsivity of 0906 under þ1 V and �1 V biases is

shown in Figs. 4(a) and 4(b). The response threshold of 0906

is red shifted compared to the response threshold of 1007

due to the reduced barrier height in the 0906, as indicated by

the lower activation energy. The responsivity at a wave-

length of 2.8 lm is shown in Table II for each bias, with

0906 having the highest responsivities of all three structures,

with values of 7.8� 10�5 A/W and 4.9� 10�5 A/W at �1 V

and 1 V biases, respectively. This is approximately a factor

of two improvement compared to 1007. The shot noise lim-

ited detectivity (D*) for 0906 at 78 K is given in the Table II,

and the D* values are evaluated as 3.4� 108 Jones and

8.2� 108 Jones at �1 V and 1 V biases, respectively.

C. Room temperature performance of the devices

IV characteristics of 0906, 1007 and 1001 at room tem-

perature (300 K) are shown in the Fig. 6. A very large dark

current was observed in 0906 compared to 1007 and 1001,

both under positive and negative bias. Additionally, the

asymmetry observed in the IV curves at 78 K is not promi-

nent at 300 K. This indicates that the 80 nm thin barriers,

which created the asymmetry in the devices, are depleted,

and only the thick 400 nm barrier (h3) is effectively active in

FIG. 4. The responsivity of the devices 0906, 1001, 1007 at 78 K: (a) under

positive bias, and (b) negative bias. At positive bias all three devices have

shown a peak response around 2.7 lm, whilst under negative bias all three

devices have additional response peaks around 4.9 lm. 0906 gave the high-

est responsivity among the devices.

TABLE II. The shot noise density, calculated by S(f)¼ 4qI, the responsivity and the D* of devices at 78 K under þ 1 V and �1 V bias.

Shot noise (A2/Hz) Responsivity (A/W) Detectivity (D*) Jones

1 V �1 V 1 V �1 V 1 V �1 V

1001 1.0� 10�30 2.2� 10�30 1.9� 10�06 6.2� 10�06 5.0� 10þ07 1.1� 10þ08

1007 2.4� 10�30 1.2� 10�29 2.0� 10�05 4.2� 10�05 3.3� 10þ08 3.1� 10þ08

0906 2.4� 10�30 3.5� 10�29 4.8� 10�05 7.8� 10�05 8.2� 10þ08 3.4� 10þ08

FIG. 5. TEM image of the graded barrier showing the layer separation in the

“digital alloyed” graded barrier. A clear layer separation between GaAs and

AlAs layers are visible in the structure except for the topmost region of the

barrier, where a finer mesh digital grading was used.
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these devices. This leads to the observed symmetry in dark

current flow under positive and negative bias. The response

of all three devices was very weak at 300 K because of the

very high dark current.

IV. DISCUSSION

A. Response and carrier transport in the structures
and the effects of the graded barrier

The observed device responses originate from split-off

and heavy hole/light hole (hh/lh) transitions in p-doped

GaAs.18 The extended wavelength response beyond the bar-

rier height (activation energy) is a result of hh/lh transi-

tions.18 Therefore, the two peaks observed in the response

spectrum arise from split-off transitions (wavelength

<3.5 lm) and hh/lh transitions which enable the long wave-

length response (>3.5 lm). Long wavelength response

thresholds are shifted between devices because of differences

in the effective barrier heights.

The higher photoresponsivity and longer wavelength

response thresholds observed in the devices at negative

bias, compared to positive bias, can be explained by ana-

lyzing the possible carrier transport paths of the devices,

as illustrated in Fig. 7. Fig. 7(a) shows, under negative

bias, that carriers will be excited from both the bottom

contact (BC) layer and the emitter. A portion of the

excited carriers from the BC will transport over the emit-

ter region without trapping. These carriers will combine

with the stream of carriers excited from the emitter result-

ing in a higher photocurrent at negative bias. Furthermore,

the carriers excited from the emitter under negative bias

only encounter the low barrier (h3) resulting in the long

wavelength response threshold. In contrast, under positive

bias, carriers excited from the top contact (TC) will be

trapped at the emitter, and only the carriers excited from

the emitter will contribute to the photocurrent; hence, the

photocurrent is lower. In addition, these carriers have to

overcome the highest barrier edge (h2) resulting in a

shorter wavelength response threshold compared to that

seen under negative bias.

Under similar external conditions (such as temperature

and bias), there can be a higher depletion in the graded bar-

rier devices (1007 and 0906) compared to 1001. Therefore,

the carrier transport across the graded barrier can be affected

adversely by increased tunneling, which depends on the

extent of the depletion in the device as shown in Figs. 7(b)

and 7(c). In this case, owing to the higher depletion, the dark

current increases and the response weakens as the tempera-

ture increases in the graded barrier. In contrast, at 78 K, the

emitter of 0906 may be only partially depleted, but not to a

sufficient level to eliminate the response. This implies that it

may be possible to achieve further improvements in respon-

sivity using “digital alloy” graded barrier structures by

adopting structural modifications that reduce the depletion.

B. Causes of enhanced performance in the graded
barrier devices

One of the influences on responsivity is the carrier

recapture rate resulting from image charges. Image charges

cause the barriers to bend and form a peak at a distance xm

from the barrier edge, as given by

xm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

q

16peE

r

; (3)

where q is the charge, e the permittivity, and E the electric

field.

The value of xm is �44 nm for 1001 for an applied elec-

tric field of �20 kVcm�1, and this is reduced to �24 nm in

the graded barriers because of the additional potential gradi-

ent induced by the graded barrier. Therefore, carriers in 1001

have a higher probability of recapture compared to carriers

in the graded barrier structures, as illustrated in Figs. 8(a)

and 8(b). Furthermore, the quantum well like structure

formed in 0906, due to the alternating GaAs/AlAs thin

layers, can trap photoexcited carriers in the recapture path.

FIG. 6. IV characteristics of the devices 0906, 1001, 1007 at 300 K. the de-

vice 0906 with the digital alloyed graded barrier had the highest dark current

among the three devices. The barrier depletion has resulted in the high dark

and a reduction in the asymmetry observed at 78 K.

FIG. 7. Carrier transport processes observed in the graded barrier structures:

(a) under negative bias, showing two excited carrier streams originating

from the top contact and emitter, resulting in two response peaks; (b) Under

positive bias without the emitter being fully depleted; carriers excited from

the emitter will contribute to the device response but the carriers excited

from the top contact will be trapped at the emitter; and, (c) Under positive

bias when the emitter is fully depleted at high temperatures, and hence car-

riers can tunnel through the graded barrier.
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These trapped carriers can escape through the non-uniform

GaAs/AlAs layer structure in the barrier with the assistance

of the external electric field (Fig. 8(c)). This may be the

cause of the improvement in performance achieved in 0906,

compared to 1007. Additionally, as stated by Matsik et al.,14

artificial heating and increased kinetic energy of the carriers,

due to the graded barrier will also contribute to the enhanced

response.

Since the responsivity is enhanced in both negative and

positive biases, the suppression of recapture will not be the

sole cause of this effect. One other possibility is the distri-

bution of the electric fields in the structures. Even though

the barrier widths are the same in each structure, 1001 has a

higher effective barrier with 75% aluminum compared to

an average of 60% aluminum in the graded barriers (both

1007 and 0906). Therefore, the electric field across the h3

barrier can be larger in the graded barrier structures com-

pared to 1001. Thus, under positive bias, the combined

effects of low recapture rate and high refilling of the emitter

produce an �10 (25) times enhancement in response in

1007 (0906) compared to 1001, but in contrast only an

�6 (12) times improvement under negative bias when

recapture is not suppressed and only the collection effi-

ciency at the top contact is enhanced. Furthermore, the

reduced space charge build up14 will also contribute to the

response enhancement.

C. Possible strategies to improve device performance

The major obstacle in demonstrating room temperature

operation of the present devices is the high dark current and

barrier depletion in the graded barrier structures. The low

dark current observed in 1007 compared to 0906 at 300 K

implies that integrating both the “digital alloying” and “non-

digital alloying” approach may result in improvement in the

performance of split-off band infrared detectors operating at

room temperature. One possible implementation is to reduce

the number of periods below the 31 used in the graded bar-

rier through the “digital alloying” approach in the present

structure. This will result in thicker GaAs and AlAs layers,

and hence assist the reduction of dark current and depletion

in the barrier. Further studies of GaAs/AlAs layer thick-

nesses will be needed to understand the averaging effect on

carrier transport in digital alloyed structures.

Further improvements in the device performance can be

expected by improving the layer separation in the digital

alloying approach so that it can also attain a low dark cur-

rent. However, the tunneling paths can support responsivity

enhancements by improving the collection efficiency, as has

been suggested for 0906. Therefore, improved layer quality

may reduce the photoexcited carrier collection. So, further

studies, and improvement in layer quality through the digital

alloying approach, will be needed to achieve optimum

enhancement in photocurrent, and D*. In addition, having

multiple emitter/barrier periods in the structure, instead of

the single period demonstrated in this paper, will increase

the photon absorption and increase the response; further-

more, a multi-period structure will also reduce the dark cur-

rent and improve the detectivity.

V. CONCLUSION

We have demonstrated enhanced responsivity and detec-

tivity in graded barrier structures. Suppressed recapture due

to the graded barrier, and enhanced carrier transport facili-

tated by the digital alloy approach, has resulted in increased

responsivity. At high operating temperatures, the signal to

noise ratio (SNR) of the graded barrier structures degrade

due to increased dark current caused by barrier depletion.

Therefore, the graded barrier structure did not perform well

at 300 K. Nevertheless, the device performances can be

improved by further modifications to the present structure,

such as increasing the number of emitters, and altering the

digital alloying formula to reduce depletion and dark

currents.
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Large-scale, triangular pore arrays on GaP were successfully prepared via a simple and

high-efficient approach of electrochemical etching under high field. The obtained ordered

porous GaP exhibited high performance in the photoelectrochemical (PEC) properties

compared with bulk GaP. The photocurrent of the porous GaP exceeded one order of

magnitude higher than that of bulk material under 0.1 V compared to the reversible

hydrogen electrode (RHE), which indicated the porous structure could enhance photo-

response and facilitate the separation of photo-induced carrier charges and their collec-

tion. The structure of triangular pore arrays cooperated with its depth determined the PEC

performance of GaP. The optimal etching depth was obtained via testing the PEC perfor-

mance. The hydrogen production from bulk GaP and its porous structure material were

also tested from water splitting. Upon the porous structure, significantly enhanced

hydrogen production has also been observed, which indicated that the porous GaP should

have important potential in photocatalytic water splitting.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Energy harvested from sunlight offers a reliable approach to

solve the energy crisis. As the largest renewable energy

source, the solar energy would provide a great possibility to

solve the terawatt energy challenge. However, the sunlight is

daily and seasonal variability in nature. In order to obtain a

stable, constant energy flux, solar energy should be converted

into chemical energy that can be efficiently used, stored, and

transported upon the demand. An attractive approach is
02791.
. Zheng).
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converting solar energy into high-energy chemical bonds,

such as splitting water into hydrogen by sunlight [1e4].

Theoretically, the efficiency of a single band gap system could

reach up to 17%, which was assumed a 0.8 V overpotential [5].

A higher theoretical efficiency has been predicted when two

semiconductors are coupled as the photoanode and photo-

cathode to minic natural photosynthesis [5,6].

The free energy change for the conversion of H2O molec-

ulars to H2 and O2 is 237.2 kJ/mol. According to the Nernst

equation, it corresponds to dE ¼ 1.23 V per electron trans-

ferred. Therefore, the theoretical minimum band gap for the
ished by Elsevier Ltd. All rights reserved.
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water splitting is 1.23 eV [1e4]. Compared to other available

semiconductors, GaP is a promising photoelectrode material

for the water splitting since its conduction band edge is higher

than the redox potential of Hþ/H2 [7e10]. However, the short

carrier diffusion length in GaP leads to excessive minority

carrier recombination, which limits the utilization of GaP as a

photoelectrode. In order to solve this problem, several groups

investigated nonplanar semiconductor heterojunction

[11e16]. Moreover, much interest has been focus on the uti-

lization of nanoarchitecture to solve this issue [17e19]. It has

been reported that the photogenerated charge collection effi-

ciencies of GaP photoelectrodes can be improved by adjusting

the nonplanar photoelectrode containing nanowire, macro-

pore, etc. [6,9,16]. Although the preparation of porous GaP has

been studied extensively [20e27], the application of porous

GaP onwater splitting is scarce. Price et al. pointed out that the

macroporous n-type GaP photoelectrodes could support both

large photovoltages and photocurrents [16].

In this report, high-field electrochemical etching (i.e. high

current density, 1400 mA cm�2) has been used to obtain

porous GaP with regular triangular pores in our system.

Through the photoelectrochemical test, including photo-

voltage, photocurrent and IeV curves, one can find that the

porous structure obviously improves the photo-

electrochemical performance, in comparison with the bulk

GaP. In addition, the porous GaP is much more productive

than bulk GaP for the light-induced water splitting process.
Experimental sections

Preparation of ordered porous GaP and characterization

Single crystalline n-GaP (111) wafer (300 mm thick) doped with

sulfur at concentration of 4 � 1017 cm�3 was obtained from

GRIM Electro-optic Materials Co., Ltd. Wafer was cut into

8 mm � 8 mm and degreased by successively sonicating in

acetone and ethanol. And then they were rinsed with the

deionized water and dried in a nitrogen stream. Indium films

were deposited on the sample back surface by direct current

magnetron sputtering for Ohmic contacts. Then high purity

silver paint was smeared on the In films in order to establish

an electric contact with a copper plate. The copper plate

except the samplewas paintedwith inert epoxy to ensure only

the sample contact with the electrolyte. Then the copper plate

with the sample was pressed in an O-ring of an electro-

chemical cell leaving the sample exposed to the electrolyte. A

two-electrode set-up was used for electrochemical etching.

The sample was used as the working electrode. The counter

electrode was graphite electrode. Etching of planar GaP was

performed in a mixture solution of 0.5 M HBr and 0.309 M

oxalic acid. Prior to etching, the solution was put into water

bath under 4 �C for 30 min. In order to explore the optimiza-

tion of the depth of the porous structure, the etching was

performed galvanostatically at 0.9 A for 15 s, 30 s, 45 s, and

60 s, with vigorous stirring.

The etched GaP samples exhibited dark yellow and there

was a compact irregular layer on the surfaces of them. The

next step was to remove the irregular layer. The etched GaP

samples were immersed in aqua regia (3:1 HCl/HNO3 by
177
volume) for 180 s. As a result, the porous GaP samples

were obtained and appeared bright yellow. Scanning elec-

tron microscopic analysis of these materials was conducted

with an FEI Sirion 200 scanning electron microscope (SEM).

The crystal structure and phase of the samples before and

after etching were determined by X-ray diffraction (XRD: D8

ADVANCE X-ray diffractometer, Bruker, Germany) with

Cu Ka radiation (1.54 Å). The reflectance spectrum of

porous GaP was measured by using a Lambda 750S

spectrometer (PerkineElmer) consisting of a deuterium and

tungsten-halogen lamp, photomultiplier, and integrating

sphere with 60 mm. The samples were placed at the end of

the sphere at normal incidence. The reflection measure-

ments on the triangular pore arrays are normalized by the

reflection of the bulk GaP to obtain the relative reflectance of

the porous GaP.

Photoelectrochemical tests

Photoelectrochemical analyses under white light illumina-

tion were conducted using an online acquisition system.

Photovoltage measurements of bulk GaP and porous GaP

electrodes were performed using a three-electrode

configuration, with GaP materials as the working electrode,

platinum gauze as the counter electrode, and saturated Ag/

AgCl as the reference electrode. A mixture solution of 0.35 M

Na2S and 0.25 M Na2SO3 was used as the electrolyte, and it

played a role of the photo-induced hole scavenger and its

pH was 13.35. An electrochemical workstation (PARSTAT

4000) instrument was used to measure open-circuit photo-

voltage characteristics of the electrode. The illuminated area

of the working electrode was 0.64 cm2. A 300 W Xe lamp

(SOLARDGE 700, Beijing Perfectlight Technology Co. Ltd,

China) was used as the light source. The power intensity of

the light was 400 mW cm�2, which was measured by Solar

Simulator Spectroradiometer (LS-100, EKO Instruments Co.,

Ltd, Japan).

The chronoamperometry measurement of Iet photo-

response was evaluated under the same illumination at an

applied potential of 0.1 V contrast to the RHE. The cur-

rentevoltage (IeV curves) was also obtained to indicate the

characteristics of the electrode with a scan rate of 0.1 V/s. The

measured potentials versus the Ag/AgCl reference electrode

were converted to the RHE scale through the following

calculation ERHE¼ EAg/AgClþ 0.059pHþ E0Ag/AgCl [28], E
0
Ag/AgCl is

the standard potential of Ag/AgCl at 25 �C (0.1976 V). For

incident photon to current efficiency (IPCE) measurement, the

monochromatic irradiation from a Xe lamp equipped with

bandpass filters (central wavelengths: 450 nm and 550 nm),

and the photocurrent was recorded at a constant bias 0.1 V vs.

RHE.

The apparatus for water splitting was a gas-closed circu-

lation system (Beijing Perfectlight Technology Co. Ltd,

LabSolar-IIIAG) including a vacuum line and a reaction cell

with a topwindow Pyrex cell and this system connectwith the

gas chromatograph (GC). The amount of evolved H2 was

analysed at the online gas chromatograph (Shanghai Tech-

comp Scientific Instrument Co. Ltd., D7900P) included MS-5A

column and a thermal conductivity detector (TCD), and N2

was the carrier gas.
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Fig. 1 e Triangular porous arrays of GaP with different etching time. (a) SEM image of the porous structure under the etching

time 15 s. (b) The morphology of porous GaP with the etching time 30 s. The inset was its corresponding cross section. (c)

Under the etching time 45 s, the pore size was increasing over time. (d) The pore began to be destroyed under the etching

time 60 s.

Fig. 2 e The variation of pore size with etching time.
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Results and discussions

Themorphology of the porous GaP with different etching time

was shown in Fig. 1. When the etching time was 15 s, there

were lots of triangle pore arrays and the average pore size was

about 215 nm as illustrated in Fig. 1a. In Fig. 1b, large area

triangle pore arrays appeared and the average pore size was

about 300 nm. During the 30 s etching time, the depth of pores

can reach to 35 mm. The etching velocity is about 1.2 mm s�1.
The cross section of the triangular pores can be seen in the

inset of Fig. 1b. Under the etching time of 45 s and 60 s, the

morphology of porous GaP was given in Fig. 1c and d,

respectively. One can identify that the porous GaP own the

triangular pore and straight pores with regular distribution.

Thus, the large scale of ordered porous GaP has been

completed by high-efficient process under high field. In

addition, one can find that the average pore size will be larger

as the etching time increases. Fig. 2 showed the variation

between pore size and etching time. It is worth noting that

when the etching time exceeds 60 s, parts of the pore wall

began to vanish, namely, the triangular pore arrays have been

destroyed.

XRD patterns obtained from the GaP material before and

after etching (Fig. 3) matched that of zinc blend GaP (JCPDS

Card 32-0397). The position of each peak was the same for all

samples, indicating no change of lattice constant for the GaP

before and after etching.

The mechanism of the ordered porous GaP can be

explained based on the control of defect and crystal
178
orientation. During the electrochemical etching, an irregular

layer formed on the top of ordered porous arrays, which could

be contributed to the defect control. The further etching

originated from the initial pore and propagated in all direction

radially away from the primary surface imperfection

[20,29e31]. When the irregular layer was completed, the reg-

ular triangle began to form under the mutual effect of crystal

orientation and high current density. The sidewalls of ordered

porous GaP are parallel to the <111> crystal orientation. The

triangular symmetry suggested that the sidewall is (110) sur-

face, which is the most stable crystallographic plane in the

zinc blende structure. The stability of crystal orientation

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 3 e X-ray diffraction pattern for bulk GaP and porous GaP with different etching time. (a) The XRD pattern of porous GaP

with etching time 15 s. The inset corresponded to the XRD pattern of bulk GaP. (b), (c) and (d) were XRD patterns of porous

GaP with etching time of 30 s, 45 s, and 60 s, respectively.
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played an important role during the formation of pores. The

growth mechanism of porous structure was investigated in

view of crystal orientation [25,31e34]. The formation of

triangular pores has been studied by Müller et al in detail. For

the bulk GaP, the crystal planes (100) and (111), as there exist

dipole moments to be perpendicular the surfaces, are less

stable than the surface (110) [24]. Thus during the electro-

chemical etching, the (100) and (111) surfaces are easier to be

etched.

The photovoltage was measured as the difference of open-

circuit potential between dark and illumination. Fig. 4a

showed the open-circuit photovoltage of the porous GaP and

bulk GaP. On average, the photovoltage of ordered porous GaP

(140 mV) was twice as large as that of bulk GaP (70 mV), which

may be attributed to the decrease of carrier charge recombi-

nation or the geometry that significantly enhanced light ab-

sorption in the ordered porous structure because of the

photovoltage formed between the semiconductor/liquid

junction [1,6,35]. Fig. 4b showed the total reflectance spectra of

the ordered porous GaP compared with the bulk GaP material,

it can be seen that the porous GaP possessed more light ab-

sorption than the bulk material in the range of 300e500 nm,

which was mainly to absorb photon to promote the electron

from the valence band to conduction band. This further

confirmed the above speculation. Another noticeable feature

in Fig. 4b was that the 45 s etched sample possessed lower

reflectance than other time etched samples in 300e450 nm,

therefore it trapped much light absorption in this range.

Fig. 5 showed the energy band schematic of the contact

between the semiconductor and solution. When the contact

reached balance in the dark, qVb is the barrier height as shown

in Fig. 5b, which determines the theoretical limitation of the

photovoltage. Introducing the light in this system, the band
179
bending will vary along with the various concentrations of

electron and hole producing the corresponding Fermi level.

The difference between the Fermi level of dark and illumina-

tion determines the photovoltage. The light intensity will

affect the width of band bending to change the magnitude of

the photovoltage. The magnitude of photovoltage determines

the reactions of a PEC system and its analytical equation for

the photovoltage formed at the contact of semiconductor/

liquid is given by [15,16]

VOC ¼ n
kBT
q

ln

�
Jph
cJs

�
(1)

where n, kB and T are the diode quality factor, Boltzmann's
constant and temperature, respectively. Jph is the photocur-

rent density, which is produced under illumination. c repre-

sents the ratio of the actual area of junction to the geometric

surface of the electrode. JS is the saturation current density.

The open-circuit voltage will reduce along with increasing

the junction surface area of a semiconductor photoelectrode

through nano-structuring, which has been demonstrated.

However, this reduction can be compensated under the case

that much more light was absorbed [15,36]. Compared with

both photovoltage of the porous and planar electrode, there

was much higher photocurrent in the porous than the bulk

material, which indicated the effect of photocurrent is larger

than the impact of the c in the photovoltagemeasurement. As

for the ordered porous GaP, besides the enhanced light ab-

sorption, these could also be contributed that the porous

structure owned smaller depletion and larger band bending

than the bulk materials [35]. As the photovoltage is the po-

tential at which the net collected current is zero, the recom-

binationwill lower the photovoltage [37e42]. In contrast to the

bulk material, the porous structure can enhance the

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 4 e (a) Photoelectrochemical open-circuit photovoltage

of porous GaP and the corresponding bulk material. The

illumination was turned on and off with a period of 100 s.

(b) The relative reflectance spectrum of the porous GaP

compared with the bulk material. The inset was the

reflectance spectrum of the bulk GaP.

Fig. 5 e The formation process of the photovoltage between

semiconductor and electrolyte. (a) The energetic band

schematic before the contact. (b) The case of after contact,

but in the dark. (c) Under illumination, the band bending

decrease and the Fermi level moved to the flat-band

potential.
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photocarrier collection and reduce the carrier charge recom-

bination, which can also be demonstrated in the measure-

ment of photocurrent.

Fig. 6a showed the chronoamperometry measurement of

bulk GaP and porous GaP with different etching time under

0.1 V in contrast to VRHE. The bulk GaP was marked as 0 s. The

photocurrent density of the porous structure photoelectrode

was over one order of magnitude higher than that of the bulk

photoelectrode. This indicated that the porous GaP structure

is much more beneficial for the charge carrier transportation

than the bulk GaP. On one hand, a narrower band-bending

region represents a stronger electric field close to the inter-

face of semiconductor/liquid, producing higher charge sepa-

ration efficiency and photocurrent density. The photocurrent

of porous GaP would be improved with increasing the etching

time as shown in Fig. 6a about curves marked 0 s, 15 s, 30 s,

and 45 s. However, when the etching time was 60 s, there was

a reduction. Under the observation of SEM, it was found that

the partial walls of triangular pores etched with 60 s began to

vanish, which results in the formation of larger pores, and the

walls of pores were much thinner than the sample with

etching time 45 s. Fig. 6b showed the correlation of depth and
180
photoresponse with the etching time. One can find that the

optimal etching time is 45 s, which corresponds to the

maximum photocurrent, which demonstrates that the trian-

gular pore structures and etching depth both enhance the

photoresponse for indirect semiconductors [43]. In the bulk

photoelectrode, the thickness of the bulk material should be

large enough to ensure efficient light absorption. While the

minority carriers have to travel a long distance before reach-

ing the surface to complete the water oxidation, which results

in the low efficiency of the photoelectrode. In contrast, the

porous structure allows the light to be absorbed efficiently

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 6 e (a) Chronoamperometry measurement (at 0.1 V vs. RHE) of porous GaP and the bulk material. The illumination was

turned on and off with a period of 60 s. The inset was the corresponding photoresponse of bulk GaP. (b) The correlation of

photocurrent (blue) and pore depth (yellow) with different etching time. The photocurrent data was measured at 0.1 V

versus RHE. (c) Time courses for the photocurrent of porous GaP etched time with 45 s. (d) Linear scan voltammetry

measurements of porous GaP and the corresponding bulk GaP. All experiments were performedwith themixture electrolyte

solution of 0.25 M Na2SO3 and 0.35 M Na2S (pH [ 13.35). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)
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along their entire length, while holes can diffuse to the surface

over a short distance along the pore path. Large surface area

and efficient carrier collection is promoted to complete the

water splitting. Therefore, the ability to decouple the light

absorption length from theminority carrier diffusion length in

porous structure makes it potentially more efficient. As a

result, the porous GaP photoelectrode can be provided with

high performance for photoelectrochemical water splitting. At

the same time, the stability of porous structure was also

illustrated in Fig. 6c, and the sample with etching time 45 s as

an instance. The measurement condition of stability is the

same as in the photocurrent measurement as shown in

Fig. 6a. There is no obvious decrease of photocurrent, which

indicates that the triangular pore arrays are stable in the PEC

system.

In PECwater splitting, thewater oxidation involving a four-

electron transfer is normally more challenging than water

reduction. The water oxidation performance of n-GaP under

light irradiation was exhibited via photocurrent in Fig. 6d. The

enhancement factor, which was defined as the photocurrent

density of porous GaP over that of the bulk GaP [44], was over

10 under the 0.1 V compared to the RHE. It was noted that the

enhancement factor was also exceeded 10 in range of �1.0 to

�0.5 V compared to the Ag/AgCl reference electrode, as shown

in Fig. 6d. In the bulk n-GaP, holes, as the minority carriers,

have to traverse a long distance before reaching the bulk
181
surface to finish water oxidation, and most carriers have

finished recombination during this process, which attributes

the low efficiency of the photoelectrode. In comparison, the

porous structure can capture the light to absorb efficiently

along their entire depth, and holes can be effectively to collect

over a short distance to promote water oxidation. Therefore,

the porous photoelectrode displayed a much higher PEC ac-

tivity than the bulk photoelectrode. Moreover, the onset po-

tential of porous GaP is averagely less 50 mV than the bulk

material as shown in Fig. 6d inset. The IeV characteristics of

porous GaP and bulk GaP electrode exhibited similar behavior

as shown in Fig. 6a. The PEC performance of GaP improved as

the etching time increased, and it reached the optimal ca-

pacity under the etching time of 45 s. In order to further prove

this, IPCE was given in Fig. 7. The result suggested that the

porous structure was more effectively in enhancing the effi-

ciency. Optimizing the structure of the porous GaP could

further improve the efficiency of the porous electrode.

The capability of the pore arrays on GaP to drive hydrogen

production from water splitting under illumination at the

solution with hole scavenger was demonstrated. We choose

the sample etched with 30 s as an instance to compare with

bulk material in the hydrogen production from photocatalytic

water splitting. The mixture solution of 0.35 M Na2S and

0.25 M Na2SO3 was the sacrificial reagents in the hydrogen

production of photocatalyst. The mechanism of hydrogen

http://dx.doi.org/10.1016/j.ijhydene.2014.05.022
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Fig. 7 e IPCE plot of GaP with different etching time at 0.1 V

vs RHE. The black and red curves are the corresponding

wavelength of 450 nm and 550 nm. (For interpretation of

the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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production can be explained through the following equations

(Eqs. (2)e(7)) [4,45]:

photocatalystþ hn/hþ þ e� (2)

2e� þ 2H2O/H2 þ 2OH� (3)

SO3 þ 2OH� þ 2hþ/SO2�
4 þ 2Hþ (4)

2S2� þ 2hþ/S2�
2 (5)

S2�
2 þ SO2�

3 /S2O
2�
3 þ S2� (6)

SO2�
3 þ S2� þ 2hþ/S2O

2�
3 (7)

The mixture of S2�/SO3
2� has been used as electron donors

and set to the water/semiconductor solution to enhance the
Fig. 8 e Under illumination, the amount of evolved H2 for

the GaP with the triangular pores and bulk material,

respectively.
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photocatalytic activity and stability for the production of

hydrogen from water [46e51].

Fig. 8 showed that the hydrogen production of ordered

porous GaP etched with 30 s was almost one order of magni-

tude higher than that of the bulk material in unit square.

These results indicated the etched triangular pore arrays on

GaP exhibitedmore photocatalytic activity. The enhancement

of hydrogen production can be attributed to two effects

related to the nature of the porous structure just like in the

photocurrent measurement. In a control experiment con-

ducted in the absence of GaP, hydrogen was not detected.
Conclusions

In summary, triangular pore arrays on GaP have been ob-

tained by electrochemical etching under high field. In com-

parison with bulk material, the photoresponse of this ordered

porous GaP is enhanced. The PEC activity of the porous GaP

can be further improved by optimizing the depth of pores,

which is easily achieved by controlling the etching time. Due

to this enhancement effect, the ordered porous GaP is higher

efficient in absorbing light for driving water splitting. The

significant improvement of hydrogen production indicates

that the porous structure can decouple the light absorption

length and increase the charge carrier collection. Therefore,

we conclude that the application of the porous structure

photoelectrode is an effective strategy for solving the carrier

collection limitation of GaP in PEC performance. Moreover,

ordered porous GaP can be used as a promising photocatalyst

to drive water splitting.
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Abstract
Quaternary nanostructured Cu(In1− xGax)Se2 (CIGS) arrays were successfully fabricated via a
novel and simple solution-based protocol on the electroless deposition method, using a flexible,
highly ordered anodic aluminium oxide (AAO) substrate. This method does not require electric
power, complicated sensitization processes, or complexing agents, but provides nearly 100%
pore fill factor to AAO templates. The field emission scanning electron microscopy (FE-SEM)
images show that we obtained uniformly three-dimensional nanostructured CIGS arrays, and we
can tailor the diameter and wall thicknesses of the nanostructure by adjusting the pore diameter
of the AAO and metal Mo layer. Their chemical composition was determined by energy-
dispersive spectroscopy analysis, which is very close to the stoichiometric value. The Raman
spectroscopy, x-ray diffraction (XRD) pattern, and transmission electron microscopy (TEM)
further confirm the formation of nanostructured CIGS with prominent chalcopyrite structure. The
nanostructured CIGS arrays can support the design of low-cost, highlight-trapping, and enhanced
carrier collection nanostructured solar cells.

Keywords: CIGS, nanostructure arrays, galvanic displacement method, self-assembly

(Some figures may appear in colour only in the online journal)

1. Introduction

Chalcopyrite quaternary Cu(In1 − xGax)Se2 (CIGS) com-
pound semiconductors are considered to the most promis-
ing absorber materials for thin film photovoltaic
applications because they have high absorption coefficients
of visible light up to about 105 cm−1, the ability to undergo
band gap engineering through alloy formation, and long-
term reliable optoelectronic stability [1–3]. To date, thin
film photovoltaic devices based on chalcopyrite CIGS

absorber layers show excellent light-to-power conversion
efficiencies of about 20.4% [4]. However, the best perfor-
mance of CIGS absorber film was produced by a three-
stage co-evaporation process, which can severely hinder
the diffusion of this device because of the high-cost
vacuum deposition techniques and low material utilization.
Therefore, these factors have led to the continued devel-
opment and investigation of wide novel materials proces-
sing and device structures for enabling acceptable
efficiencies [5–7].

Nanotechnology

Nanotechnology 25 (2014) 295601 (8pp) doi:10.1088/0957-4484/25/29/295601

0957-4484/14/295601+08$33.00 © 2014 IOP Publishing Ltd Printed in the UK1

185

mailto:taozhou@shiep.edu.cn
mailto:mjzheng@sjtu.edu.cn
http://dx.doi.org/10.1088/0957-4484/25/29/295601


On the one hand, the low-cost and convenient non-
vacuum-based approaches, such as chalcogenide-hydrazine
complex precursors [8, 9], sol-gel spin coating process [10],
electrodeposition [11–15], and nanoparticle-based inks
[16–19], generate significant research interest as potential
alternatives. Among the different non-vacuum-based meth-
ods, the most intensely investigated and striking strategy may
be the solution-based methods. Compared with vacuum-based
deposition techniques, the solution-based methods have many
advantages, such as low instrumental and material costs, high
throughput, controllability of chemical composition, efficient
utilization of raw materials, and feasibility in making large-
area film [20, 21]. The hydrazine solution processed solar
cells have achieved, to date, 15.2% power-conversion effi-
ciency [22]. However, hydrazine is highly toxic and must be
handled with appropriate protective equipment to prevent
contact with either the vapors or liquid.

On the other hand, nanostructure materials have received
ever-increasing interest over the past several decades owing to
their remarkable properties and intriguing applications in
many areas such as catalysis [23], superhydrophobic surfaces
[24], semiconductors [25], biosensors [26], and solar cells
[27–29]. Additionally, diverse parameters of nanoporous
anodic aluminium oxide (AAO) can be easily prepared by
adjusting anodizing potential and electrolytes. Accordingly,
high-ordered AAO is considered to be one of the most sui-
table host or template materials for nanomaterial fabrica-
tion [30, 31].

In recent years, we have also made many efforts to
synthesize nanostructured absorber materials by simple,
solution-based methods. In previous works, we have reported
self- and directed-assembly of CuInSe2 nanotubes and CIGS
nanopores by highly ordered AAO templates [32, 33]. In the
present work, we report a novel nonhydrazine solution pro-
cess employing a direct electroless deposition to prepare
CIGS nanostructured arrays. It is important that we can tailor
the morphology of the nanostructure arrays by adjusting some
physical parameters, including the pore diameter size of the
AAO template and the metal Mo layer.

2. Experimental setup

2.1. Preparation of anodic aluminum oxide template

It is widely recognized that ideally ordered AAO can be
prepared through mild anodization and hard anodization
[34, 35]. In this work, AAO was fabricated using two pre-
viously published procedures [36, 37]. First, high-purity cir-
cular aluminum sheets (99.999%, 2.5 cm in diameter,
0.25 mm thick) were used as starting specimens. Then, the
specimens were degreased in acetone, washed by deionized
water, and electropolished at a constant voltage, 10 V, in a 1:4
volume mixture of perchloric acid and ethanol at room tem-
perature. The first-step anodization was performed in a
0.25M phosphoric acid electrolyte solution at the potential
195 V for 100 s and −4 °C (or 0.3 M oxalic acid, 40 V, 2 h,
10 °C), with vigorous magnetic stirring. A power cooling

system and a large electrolysis cell (2 L) were used to main-
tain the low temperature required for high-field anodization.
Then, the first anodization specimens were immersed in a
mixture of 6.0 wt% phosphoric acid and 1.8 wt% chromic
acid at 60 °C for 4 h to remove the alumina layers with an
orderless surface. The well-ordered concave patterns on the
aluminum foil acted as self-assembled masks for the second
anodization. The second anodization was performed under the
same conditions as the first. Finally, after removing the
remaining aluminum on the back side in a 1:3 volume mixture
of hydrochloric acid and saturated copper sulfate solution at
room temperature, pore openings were created in a 5 wt%
phosphoric acid solution at 45 °C for 60 min Most impor-
tantly, it should be noted that a fraction of Al foil surrounding
the fabrication of the porous AAO template was not anodized.
Moreover, the remaining Al played a key role in the
deposition process. The morphology of the specimens was
investigated by a field-emission scanning electron microscope
(FE-SEM; FEI Sirion 200).

2.2. Sputtering molybdenum back electrode

A Mo layer was deposited on the back side of the AAO by
magnetron sputtering in Ar gas at a pressure of 8 mTorr at
room temperature. The Mo films were sputtered from a
molybdenum target foil (diameter: 75 mm, thickness: 5 cm,
purity: 99.999%). First, the vacuum chamber was evacuated
to a base pressure of 10−4 pa. Then the power supply was
turned on and the sputtering power adjusted to 50 w. Through
changing the sputtering time, we can obtain diverse pore
diameters in the nanopore Mo films on the AAO in order to
control the wall thickness of the nanostructures.

2.3. Electroless deposition CIGS

The nonhydrazine solution for synthesis of CIGS nanos-
tructured arrays was a mixture. The molar concentrations of
the individual salts in the deposition solution were as follows:
2.5 mM CuCl2, 7.5 mM InCl3, 10 mM GaCl3, and 5 mM
H2SeO3. The pH value of the mixture solution was adjusted to
2.2 by 5M NaOH buffer solution. The electroless deposition
time was precisely controlled to obtain 1–2 μm high arrays.
Following electroless deposition, the samples were soaked in
deionized water and dried under a steady stream of nitrogen.
Then, the as-prepared samples were annealed at 550 °C
temperature with the heat in rate of 10 °C per min in a
vacuum tube furnace for 30 min.

2.4. Characterization

The morphology of the as-prepared and annealed CIGS
nanostructured arrays were observed by FE-SEM (FEI Sirion
200). The composition was investigated by an energy-dis-
persive x-ray spectrometer (EDS) system (Inca Oxford)
attached to the FE-SEM. The Raman spectra were measured
by an InVia-Reflex Micro-Raman spectroscopy system
(Renishaw, English). A laser wavelength of 532 nm was used
as the excitation source. The crystallographic structure was
determined by x-ray diffraction (XRD; D8 DISCOVER x-ray
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diffractometer, Bruker, Germany) with Cu K α radiation
(λ= 1.54 Å). Transmission electron microscopy (TEM) ima-
ges, and the corresponding selected area electron diffraction
patterns, were taken on a JEOL JEM2100F.

3. Results and discussion

Figure 1 shows a schematic diagram of the fabrication process
of CIGS nanostratured arrays. After Al wafers were
degreased, washed, and electropolished, a through-hole AAO
template with a narrow, ring-shaped Al foil was fabricated via
two-step anodization and hole-opening. Then the Mo-coated
AAO template prepared via sputtering was put into the mixed
solution consisting of 2.5 mM CuCl2, 7.5 mM InCl3, 10 mM
GaCl3, and 5 mM H2SeO3, in which a galvanic displacement
reaction occurred. The formation process of CIGS nanos-
tructured arrays can be explained by galvanic displacement
method. The growth mechanism was reported in detail in our
previous work [32]. When the pH value of the solution is
about 2.2, the following galvanic displacement reaction will
occur:

+ − +
+ + +
→ + +

+ + +

+ +

−
+

3Cu (aq) 3(1 x)In (aq) 3xGa (aq)

6SeO (aq) 13Al (s) 36H (aq)

3CuIn Ga Se (s) 13Al (aq) 18H O.

2 3 3

3
2 0

1 x x 2
3

2

The morphology of the as-prepared CIGS nanostructured
arrays depends on the AAO and the Mo layer, as the CIGS
was grown on the Mo layer and confined in channels of the

AAO template. On one hand, we used high-field and low-field
to obtain different AAO pore diameters. Figure 2 presents the
SEM pictures of the as-prepared highly ordered AAO tem-
plate. Figures 2(a) and (b) are the FE-SEM images of the top
view and the cross-sectional view of the AAO template pre-
pared by high-field anodization method; figures 2(c) and (d)
were prepared by the low-field anodization method. The pore
diameters of the AAO are about 200–275 nm and 75–120 nm,
respectively, in images (b) and (d). By using the high-field
and the low-field AAO, we can obtain different outside dia-
meter CIGS arrays. On the other hand, we can control the
sputtering time to obtain different pore diameter metal Mo
layers, in order to gain various inside diameter CIGS arrays.
The surface morphology of the deposition metal Mo layers on
AAO with different sputtering times was displayed in
figure 3. In figures 3(a)–(c), the sputtering time was 2 min,
4 min, and 12 min, respectively, on high-field AAO; the pore
diameters of the obtained corresponding porous Mo layers
were about 135 nm, 110 nm, and 57 nm on average. In
figure 3(d), the deposition time was 5 min on the low-field
AAO, and the Mo layer pore diameter was 19 nm.

Figure 4 presents the SEM images of the as-synthetized
CIGS arrays with different morphology grown on different
AAO templates (figures 4(a)–(d) are high-field AAOs, (e) and
(f) are low-field AAOs) with different sputtering times of the
Mo layer (figure 4(a) 2 min, (b) 4 min, (c) 12 min, (d) 18 min,
(e) and (f) 5 min). Importantly, these CIGS arrays have nearly
100% pore-fill factor of the AAO templates. Figures 4(a)–(d)
confirm that we have obtained different inside-pore-diameter
CIGS arrays, ranging from 160 nm to 0 nm (in other words,

Figure 1. Schematic illustration of the fabrication process of the CIGS nanostructured arrays: (a) AI wafer, (b) through-hole AAO template
with a narrow ring-shaped Al foil fabricated via two-step anodization and hole-opening, (c) Mo layer deposited on AAO template via
sputtering and its cross section, and (d) as-prepared CIGS nanostructured arrays after removing the AAO template.
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Figure 2. (a) FE-SEM images of highly ordered AAO template. (a) Top view and (b) cross-sectional view of the AAO template prepared by
high-field anodization method. (c) Top view and (d) cross-sectional view of the AAO template prepared by low-field anodization method.

Figure 3. The surface morphology of the sputtering Mo layer with different sputtering times: (a) 2 min, (b) 4 min, (c) 12 min, (d) 5 min.
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Figure 4. SEM images of the as-synthetized CIGS samples with different morphology grown on different AAO templates: (a)–(d) high-field
template, (e) and (f) low-field template. The sputtering time of the MO layer: (a) 2 min, (b) 4 min, (c) 12 min, (d) 18 min, (e) and (f) 5 min.

Figure 5. The cross-sectional picture of CIGS arrays grown for (a) 30 min and (b) 60 min.
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different wall thicknesses) by controlling the sputtering time
of the metal Mo layer. Figures 4(d) and (e) illustrate that the
outside pore diameter of CIGS arrays depended on whether
the as-prepared AAO was high-field or low-field.

In addition, the length of the CIGS arrays can be changed
by adjusting the growth time. The images in figures 5(a) and
(b) were grown for 30 min and 60 min, respectively. Finally,
we removed the AAO template using 5 wt% phosphoric acid
solution. The different removing time can change the sur-
rounding condition of the arrays (figures 6(a) and (b)
embedding, (c) freestanding, and (d) separating). The images
in figures 6(a)–(d) show the AAO with removing times at
0 min, 40 min, 45 min, and 50 min, respectively.

Their chemical compositions, which were very close to
the stoichiometric value, were determined by energy-dis-
persive spectroscopy analysis. Figure 7 shows that the com-
position of the CIGS nanostructure arrays is
28.41:17.54:9.86:44.18. The controllability of composition is
an important advantage in the fabrication of CIGS by solution
process. This EDS mapping analysis displays a homogeneous
distribution of the four elements Cu, In, Ga, and Se on the
2D-projected chemical maps of the nanostructure.

The Raman spectroscopy, XRD patterns, and TEM were
further used to confirm the formation of nanostructured CIGS
with a prominent expected chalcopyrite structure. Figure 8(a)
presents the Raman spectrum of the as-synthesized CIGS.
The strong peak centered at 170 cm−1 corresponds to the A1

mode of the chalcopyrite CIGS. As figure 8(b) depicts, the

XRD pattern of the CIGS array demonstrates (112), (220),
(312), (400), (332), (424), and (512) diffraction peaks corre-
sponding to expected 2θ positions, which indicate the for-
mation of single-phase chalcopyrite CIGS without other

Figure 6. SEM images of the as-synthetized CIGS arrays with different removing template times: (a) 0 min, (b) 40 min, (c) 45 min, and (d)
50 min.

Figure 7. EDS mapping and EDS results of the CIGS nanostructure
arrays.
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impurity phases, according to the standard bulk crystal
structure pattern of CuIn0.7Ga0.3Se2(PDF 35–1102). In addi-
tion, figures 8(c) and (d) show TEM images of nanostructured
CIGS. The chalcopyrite characteristic peaks such as (112),
(220), and (312) show good agreement with the results of the
XRD pattern. Therefore, the as-synthesized CIGS nanos-
tructure array is qualified and available for absorber-layer
fabrication.

4. Conclusions

In summary, a simple nonhydrazine solution-based electroless
chemical deposition method has been developed for fabri-
cating CIGS nanostructure arrays for the absorber layer of
nanostructure solar cells. Compared with conventional elec-
trodeposition techniques, this method does not require electric
power, complicated sensitization processes, or complexing
agents, but provides a nearly 100% pore-fill factor for AAO
templates. Moreover, the AAO template and the Mo layer
provide CIGS nanostructured arrays that are nanochannel-
confined for growth. We demonstrated the fabrication of
nanostructured CIGS arrays with diverse diameters and wall
thicknesses by using different pore diameter AAO templates
and metal Mo layers. The controllability and tunability of
composition is an important advantage in the fabrication of

CIGS by this solution process. The nanostructured CIGS
arrays can support the design of low-cost, highlight-trapping,
and enhanced carrier collection nanostructured solar cells.
Moreover, we are using this method to fabricate nanos-
tructured solar cells and synthesize other material nanos-
tructured arrays, such as Cu2ZnSnS4.
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Nonlinear refraction (NLR) of hydrogenated nanocrystalline silicon (nc-Si:H) has been

investigated through the close aperture Z-scan method. We demonstrate a significant NLR and a

unique feature of controllable NLR characteristics between saturable and Kerr NLR with the

incident photon energy. We numerically evaluate the proportion of these two mechanisms in

different wavelengths by a modified NLR equation. The band tail of nc-Si:H appears to play a

crucial role in such NLR responses. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864132]

Nonlinear optical devices are gaining an increasing im-

portance, thanks to their faster response, wider bandwidths,

less transmission loss, etc., compared with electronic devi-

ces. A great number of studies focusing on the nonlinear

optical devices1–5 have been conducted over the past deca-

des, among which most are still in the research stage though.

Past researches mostly focus on the organic1,2 or multiple-

component materials,3–5 which either have too short usable

life or too complex and expensive to allow mass production.

Furthermore, the nonlinear property of the conventional

material, which is always limited to one particular type, i.e.,

saturable nonlinear refraction (SNLR),6,7 reverse SNLR,8

Kerr nonlinear refraction (KNLR),9,10 or other nonlinear

refraction (NLR) mechanisms, heavily restricts its applica-

tion. In order to promote the use of nonlinear optical devices,

we need to not only reduce the material cost but also develop

the material with tunable NLR behavior for wider

applications.

Here, we present the highly sensitive transition of NLR

mechanisms between SNLR and KNLR in the cheap mate-

rial of hydrogenated nanocrystalline silicon (nc-Si:H) thin

film. As an interesting semiconductor, nc-Si:H exhibits great

advantages benefiting from its compatibility with the current

semiconductor manufacturing process. Since it can be grown

by plasma-enhanced chemical vapor deposition (PECVD) at

low temperature and on large area, nc-Si:H is easily to be

integrated with most devices.11,12 Through the detailed

investigation of the NLR of nc-Si:H by close aperture (CA)

Z-scan measurements,13 we have observed a unique feature

of transition between SNLR and KNLR with incident photon

energy slightly less than the bandgap of the sample. We

attribute this controllable NLR behavior of nc-Si:H to band

tail states and quantify the contribution of these two NLR

mechanisms at different wavelengths by a modified NLR

equation. This significant finding breaks the restriction of the

particular one nonlinear refraction mechanism in the tradi-

tional materials and devices, and will have a great potential

to boost nonlinear refraction applications.

The nc-Si:H thin films were grown on glass substrates by

PECVD system. Detailed growth conditions can be readily

found in our previous works.14,15 The physical characteriza-

tions were measured with x-ray diffraction and high-

resolution transmission electron microscopy (nanocrystalline

size d), Raman spectroscopy (crystalline volume fraction Xc),

optical transmission measurements (film thickness L and lin-

ear absorption coefficient a0). We exploited a Tauc plot, i.e.,

(a0h�)1/2 versus the photon energy hv to determine the optical

bandgap Eg.16 The physical parameters of nc-Si:H in this

work are summed as d � 6.0 nm; Xc � 40%; L � 1.0 lm; a0

� 1150 cm�1 at k¼ 800 nm and Eg¼ 1.56 eV from the linear

Tauc plot at the absorption edge.

We have employed the Z-scan technique to investigate

the NLR properties of nc-Si:H thin films. We used a mode-

locked Ti:sapphire laser (Spectra-Physics 3960 d-X3S), gener-

ating Gaussian-shaped pulses of TEM00 spatial mode, 100 fs

duration, 82 MHz repetition rate, and tunable wavelength

(k¼ 760–840 nm). The pulses were focused with a lens of

75 mm focal length, and the beam waist was �25.5 lm. A

lock-in amplifier (PerkinElmer 7265) was used to regulate

both the light chopper (1 kHz) and the signal detector

(New Focus 2031) for high signal-to-noise ratio. An aperture

with the radius of 0.75 mm and placing at z¼ 300 mm was

used in the CA Z-scan measurement, which met the condition

of the finite aperture at the far field. Note that the carrier diffu-

sion length of nc-Si:H is about hundreds of nanometers,17

which is two orders of magnitudes smaller than the size of

beam waist. So we can consider that the carriers are trapped

in where they are generated.

The pure NLR Z-scan curves after excluding nonlinear

absorption effects can be yielded through dividing the CA

Z-scan data by the corresponding open aperture (OA) data

(i.e., CA/OA).18 All the Z-scan measurements have been

done by changing the sample position from z¼�20 to

a)Author to whom correspondence should be addressed. Electronic mail:

wzshen@sjtu.edu.cn
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20 mm, and the y-axis in the CA/OA Z-scan curves repre-

sents the transmittance normalized to that at z¼ 0 mm (the

beam waist point). The experiments were also performed on

the pure glass substrate and no significant contribution from

the substrate was found.

Fig. 1(a) shows the k-dependent CA/OA Z-scan trans-

mittance spectra of the sample at I0¼ 0.36 GW/cm2, where

I0 is the irradiance of incident laser pulses at focus (i.e.,

z¼ 0) excluding the Fresnel reflection loss.13 We can find

that all the spectra display the valley-peak pattern, indicating

a positive NLR index (i.e., self-focusing), which is consistent

with other experiments on silicon nanostructures.19,20

However, as the photon energy of the incident irradiance

slightly changes from 1.49 to 1.55 eV (i.e., k from 830 to

800 nm), the difference between the normalized peak (Tp)

and valley (Tv) transmittance DTp-v (¼Tp � Tv) exhibits a

significant reduction from 0.13 to 0.03. In order to reveal the

physical nature of the high sensitivity of the nonlinear behav-

ior to the incident wavelength, we present in Fig. 1(b)

I0-dependent Z-scan curves at two typical k of 830 and

800 nm. Interestingly, different NLR behaviors have clearly

been observed. At a long k¼ 830 nm, DTp-v remains almost

unchanged as I0 varies from 1.41 to 0.24 GW/cm2. In con-

trast, at a short k¼ 800 nm, DTp-v decreases significantly

with the incident intensity, showing a strong I0 dependence,

which is totally different from that at k¼ 830 nm.

These unique NLR behaviors of our sample can be inter-

preted by means of the influences of SNLR and KNLR.

Detailed physics picture can be found in Fig. 2(a). Since the

incident photon energy ranging from 1.49 to 1.55 eV (i.e., k
varies from 830 to 800 nm) is slightly less than the bandgap

of the nc-Si (Eg¼ 1.56 eV), the excited electrons upon the

below-bandgap incident irradiance may transit from the

valence band to the exponential band tail with a width of

tens of meV21,22 through a phonon-assisted one-photon

absorption process. For the long k (i.e., 830 nm), the excited

electrons can just get to the bottom of the band tail, which

indicates that it is easy to reach the absorption saturation due

to the low density of states there, leading to the saturation

of the carrier density. This saturable absorption has been

confirmed by the observed peak pattern of the OA Z-scan

curve (at k¼ 830 nm and I0¼ 1.67 GW/cm2) in Fig. 2(b).

Since silicon has the significant carrier dispersion effect,23

which relates the variation in the density of carriers to the

changes in the refraction index, the NLR saturation (i.e., the

SNLR) arises.

When the energy of the incident irradiance increases to

be very close to the bandgap (i.e., for a short k¼ 800 nm), it

needs much higher incident intensity to reach that absorption

saturation owning to the increased density of the band tail

states. At the same time, the one-photon induced free carrier

absorption (FCA) begins to emerge since more electrons are

allowed in the conduction band tail. Subsequently, the

absorption coefficient increases with the incident irradiance

density, which can be evidenced through the valley pattern

of OA Z-scan curve in Fig. 2(c) (at k¼ 800 nm and

I0¼ 1.67 GW/cm2). The refraction index demonstrates an

increment with the incident irradiance via carrier dispersion

(i.e., the KNLR).

From the discussion above, we can come to the conclu-

sion that the k-driven SNLR and KNLR both exist in the

wavelength range of 830–800 nm. The SNLR appears to be

the main NLR behavior in long k, while the KNLR gradually

begins to dominate the processes in short k. To further quan-

tify the contribution of the SNLR and KNLR in different k,

we dive into the data of Fig. 1. As we know, the normalized

transmittance T(z) of typical CA (finite aperture at the far

field) Z-scan is given by13

TðzÞ ¼ 1þ 4xD/
ðx2 þ 9Þðx2 þ 1Þ ; (1)

where x ¼ z/z0 with z0 ¼ px0
2/k the Rayleigh range of the

lens (x0 the beam waist), and D/ ¼ kntotalI0Leff is the nonlin-

ear phase change with k¼ 2p/k the wave vector, ntotal the

NLR index defined as n ¼ n0 þ ntotalI (n the whole refrac-

tion, including both linear and nonlinear contributions, n0 the

FIG. 1. Measured and calculated (a) k-dependent CA/OA Z-scan curves at

I0¼ 0.36 GW/cm2 and (b) I0-dependent CA/OA Z-scan curves at k¼ 830 nm

and 800 nm.

FIG. 2. (a) Schematic bandgap diagram showing feasible NLR mechanisms.

(b) and (c) OA Z-scan curves at k¼ 830 and 800 nm, respectively.
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linear refraction and I the beam irradiance), and Leff

¼ (1� exp(�a0 L))/a0 the effective sample length. As clearly

seen in Fig. 1, the calculated transmittance (red curves)

excellently fits the experimental Z-scan results (black open

circles), where we can obtain ntotal from the best fits.

The yielded I0-dependent ntotal at various k are presented

as open circles in Figs. 3(a)–3(d). On one hand, we can see

that the magnitude of ntotal achieves 10�2–10�1 cm2/GW,

which is several orders of magnitudes larger than the conven-

tional nonlinear material, such as LiNbO3 (Ref. 24) and

BaMgF4 (Ref. 25). On the other hand, ntotal shows different

I0-dependent behavior at different k. At k¼ 830 nm (Fig. 3(a)),

ntotal decreases rapidly from 0.22 to 0.05 cm2/GW as the inci-

dent intensity increases. As k gets shorter, the diminution of

ntotal becomes slower (Figs. 3(b) and 3(c)). When k decreases

to 800 nm, ntotal keeps a consistent �0.07 over various I0

(Fig. 3(d)).

A simple model based on the carrier dispersion effect is

presented to quantify the interesting ntotal behavior and

numerically evaluate the proportion of SNLR and KNLR.

Taking the contribution of the carriers in each energy level

into account, the refraction index n of the sample can be

expressed as26

n ¼ 1þ
X

gN; (2)

where the constant 1 is the refraction index of vacuum, g and

N are the refraction volume and the carrier density of each

energy level. For SNLR, the electrons transfer from valence

band to the band tail through one-photon absorption process.

N of the valence band (NVB) and the band tail (NBT) can be

solved through the rate equation26

@NBT

@t
¼ aI

h�
� NBT

s1

NW ¼ NBT þ NVB;

8
<

:
(3)

where a ¼ a0/(1 þ I/IS) is the absorption efficient14 with IS

the saturation irradiance, ht the photon energy, s1 the recom-

bination lifetime from band tail to valence band, and NW the

carrier density of the whole system. Therefore, we can obtain

n of the sample at a steady state as

n¼ n0þa0s1ðgBT�gVBÞ
h�

I

1þ I=IS

¼ n0þnSR

I

1þ I=IS

; (4)

where gVB and gBT are the refraction volume of valence

band and conduction band tail, respectively, n0¼ 1þ gVBNW

the linear refraction index when all the electrons are in the

valence band, and nSR ¼ a0s1(gBT – gVB)/ht the saturable

NLR index.

While for KNLR, the electrons can further transfer from

the band tail to the excited states in the conduction band

through FCA. Only consider the contribution of the carriers

in the band tail and excited states, NBT and N of the excited

states (NES) can be solved by26

@NES

@t
¼ rBT

h�
INBT � NES

s2

N0W ¼ NBT þ NES;

8
><

>:
(5)

where rBT is the absorption cross section of conduction band

tail, s2 the recombination lifetime from excited states to

band tail, and N0W the sum carrier density of band tail and

excited states. With h�/rBTs2 � I, we can get n at a steady

state as follows:

n � n00 þ ðgES � gBTÞ
rBTs2N0W

h�
I ¼ n00 þ nKRI (6)

with nKR ¼ (gES – gBT)rBTs2N0W/ht the Kerr NLR index,

gES the refraction volume of excited states, and n00 ¼ 1

þ gBTN0W the refraction index without FCA.

Taking these two NLR contributions together, we can

get ntotal expressed as follows:

ntotalðIÞ ¼ nSR

1þ I=IS

þ nKR; (7)

where the NLR index consists of the SNLR term

nSR/(1þ I/IS) and the KNLR term nKR. The value of nSR is

�0.69 cm2/GW calculated from the best fits in Figs. 3(a)–3(d)

(red curves). IS and nKR are sensitive to k and dominate the

SNLR to KNLR switching. The k-dependent IS and nKR

are presented in Figs. 3(e) and 3(f). At k¼ 830 nm, IS is

0.11 GW/cm2 and nKR is nearly 0, indicating a nearly pure

SNLR. As k decreases, both IS and |nKR| overall increase,

implying that SNLR becomes weakened, while KNLR gets

enhanced. Finally, at k¼ 800 nm, IS is �500 GW/cm2 (� I0)

and nKR is �0.62 cm2/GW, indicating a nearly pure KNLR.

As a consequence of the significant NLR and highly sen-

sitive k-driven SNLR to KNLR switching, nc-Si:H shows

great potential in the nonlinear photonic applications. Firstly,

we can take advantage of either SNLR or KNLR of nc-Si:H

individually to realize the corresponding devices. Secondly,

we may combine these two NLR mechanisms to achieve

application, such as the adjustable device, which can be

modulated between step-type (at I¼ 0 for “0” and at I > IS

for “1” realized by SNLR) and gradient-type (refraction

index gradient changes with incident irradiance realized by

FIG. 3. (a)–(d) I0-dependent nonlinear refraction index ntotal at various inci-

dent wavelengths. Both experimental data (open circles) and best fit (red

curves) are shown. (e) and (f) k-dependent IS and nKR.
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KNLR) by the incident wavelength for different require-

ments. Moreover, as the bandgap of nc-Si:H can be easily

tuned during the growth process, and an increase in bandgap

at a fixed k is effectively the same as a decrease in k at a

fixed bandgap, we may fabricate the construction with the

gradient or periodic bandgap to realize gradient or periodic

refraction index for waveguide, photonic crystal, and many

other applications.

In summary, we have used the CA Z-scan technique to

observe NLR responses of nc-Si:H greatly tunable with the

incident wavelength. We demonstrate the significant NLR

and highly sensitive k-driven SNLR to KNLR switching in

this cheap material. These NLR responses have turned out to

be well-described by the modified NLR equation, suggesting

that the NLR mechanism of nc-Si:H may rely on its band tail

states. The present work proves the feasibility of the applica-

tion of nc-Si:H to various nonlinear optical devices via the

sensitive controllable NLR behavior.

This work was supported by National Major Basic

Research Project (2012CB934302) and Natural Science

Foundation of China (11174202 and 61234005).
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We report a facile hydrothermal synthesis of intrinsic fluorescent graphene quantum dots (GQDs)

with two-dimensional morphology. This synthesis uses glucose, concentrate sulfuric acid, and

deionized water as reagents. Concentrated sulfuric acid is found to play a key role in controlling

the transformation of as-prepared hydrothermal products from amorphous carbon nanodots to well-

crystallized GQDs. These GQDs show typical absorption characteristic for graphene, and have

nearly excitation-independent ultraviolet and blue intrinsic emissions. Temperature-dependent PL

measurements have demonstrated strong electron-electron scattering and electron-phonon interac-

tions, suggesting a similar temperature behavior of GQDs to inorganic semiconductor quantum

dots. According to optical studies, the ultraviolet emission is found to originate from the recombi-

nation of electron-hole pairs localized in the C¼C bonds, while the blue emission is from the elec-

tron transition of sp2 domains. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4904958]

I. INTRODUCTION

Graphene, a monolayer of sp2-bonded carbon atoms, has

attracted great attention due to its distinctive properties,1–4

such as superior mechanical flexibility, high intrinsic mobil-

ity, excellent thermal/chemical stability, and environmen-

tally friendly nature, leading to wide applications on

electronic devices. Despite the above-mentioned unique

properties, as intrinsic graphene is a zero-bandgap material,

the observation of its luminescence is almost impossible,

which impedes its application in optoelectronics.5,6

Theoretical studies have predicted that graphene has pro-

nounced quantum confinement effect and its bandgap can be

tuned from 0 eV to that of benzene by varying the size.7–10

Consequently, to expand the application area of graphene to

optical-related field, one promising approach is to convert

the graphene into graphene quantum dots (GQDs).11

In the past few years, many efforts have been paid in the

synthesis and fabrication of fluorescent GQDs by organic syn-

thesis starting from small molecules and approaches ranging

from simple oxidation to cutting carbon sources.11–27 These

GQDs by various methods can emit luminescence with differ-

ent colors from deep ultraviolet to near-infrared region.

However, most GQDs were partially oxidized quantum dots,

and the oxygen-containing functional groups on the surfaces

introduce a series of emissive traps into the p-p* gap.12–15

The couple of defect state emission to intrinsic state emission

from differently sized GQDs makes GQDs prepared by vari-

ous methods exhibit different photoluminescence (PL) mecha-

nisms,12 including quantum confinement effect,16,17 zigzag

edge sites,18–20 or recombination of localized electron-hole

pairs.21,22 Recent experimental studies13–15 have pointed out

that the green emission in graphene oxide quantum dots

(GOQDs) is closely related to O functional groups, while the

blue luminescence in reduced GOQDs and pure GQDs is

derived from intrinsic state emission. However, the detailed

PL mechanism inside the pure GQDs is still unclear. Further

studies should be carried out to explore it because PL mecha-

nism is crucial to the understanding and modulation of GQDs

in opto-electronic properties.

Here, we use a facile hydrothermal method to synthesize

intrinsic fluorescent GQDs by using glucose, concentrate sul-

furic acid, and deionized water as reagents. The well-

crystallized intrinsic GQDs with a quantum yield (QY) of

17% were obtained by controlling the sulfuric acid and reac-

tion temperature. These GQDs with high quality exhibit sharp

band-edge absorption, typical excitonic absorption peak, and

nearly excitation-independent ultraviolet and blue intrinsic

emissions. Optical characterization indicates the ultraviolet

emission is from the recombination of electron-hole pairs

localized in the C¼C bonds, while the blue originates from

electron transition of sp2 domains. Temperature-dependent

photoluminescence measurements further demonstrate the

existence of strong electron-phonon and electron-electron

interaction, suggesting a similar temperature behavior of

GQDs to inorganic semiconductor quantum dots. The results

provide a further understanding of PL mechanism in GQDs,

and are helpful to promote their applications on optoelec-

tronic devices, such as solar cell and photodetector.

II. EXPERIMENTAL DETAILS

The GQDs were prepared by a hydrothermal method by

using glucose, concentrate sulfuric acid (H2SO4), and deion-

ized water as precursors. In a typical synthesis, 1.5 g of

a)E-mail: sjtushelwill@sjtu.edu.cn
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glucose was dissolved in 10 ml of deionized water, followed

by the introduction of 10 ml of H2SO4. The mixture was then

treated by a one-step hydrothermal method in Teflon-lined

stainless-steel autoclave (50 ml) at 200 �C for 3 h, producing

GQDs dispersions with good solubility in water after filtra-

tion with the qualitative filter paper (15–20 lm particle reten-

tion). The samples were neutralized with sodium hydroxide

for further characterization.

The morphologies and dimensions of GQDs were

revealed by using a Titan 80–300 transmission electron mi-

croscopy (TEM) with an accelerating voltage of 200 kV.

Atomic force microscope (AFM) images were measured by

using a Seiko Nanonavi E-Sweep AFM. X-ray diffraction

(XRD) patterns were recorded by a Rigaku SmartLab X-ray

diffractometer with a Cu Ka radiation source. X-ray photo-

electron spectroscopy (XPS) experiments were performed

using a PHI Quantum 2000 XPS system with a monochro-

matic Al Ka X-ray source. Fourier transform infrared

(FT-IR) spectra were performed by using a Bruker Vertex 70

FT-IR spectrometer. Raman and temperature-dependent PL

spectra were obtained by a Jobin Yvon LabRAM HR 800

UV micro-Raman spectrometer system. UV-vis absorption

and excitation-dependent PL spectra were measured on a

Perkin-Elmer Lambda 20 UV/Vis spectrometer and a Perkin

Elmer LS 50B luminescence spectrometer, respectively. The

QY of GQDs was obtained in reference to quinine sulfate.

III. RESULTS AND DISCUSSIONS

In the early stages, the hydrothermal treatment of carbo-

hydrates generally produces the amorphous carbon nanodots.

Tang et al.23 have realized the synthesis of spherical GQDs

by combining the microwave technique and hydrothermal

method. Recently, Li et al.24 have reported the hydrothermal

synthesis of S-doped spherical GQDs in H2SO4 environment

and studied the effect of sulphur doping on the electronic

FIG. 1. (a) TEM image of the GQDs on copper grid coated with ultrathin amorphous carbon film; (b) size distribution of GQDs with the Gaussian fitting (red

curve); (c) HRTEM image of a typical GQD. The inset is the corresponding selected area FFT image; (d) XRD spectrum of GQDs assembled on the silicon

substrate; (e) AFM image of GQDs; (f) height profile of the GQDs; (g) the full-scan XPS spectrum of GQDs; (h) the C1s XPS; and (i) the S2p XPS spectra of

the GQDs.
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structure and optical properties. Here, we have realized the

hydrothermal synthesis of intrinsic and highly crystallized

fluorescent GQDs with 2D morphology in ionic solutions

(with water existence).

Fig. 1(a) displays the TEM of GQDs synthesized at

200 �C with 10 ml of H2SO4 and 10 ml of deionized water.

Statistical analysis of TEM image gives a Gaussian size dis-

tribution in Fig. 1(b), which locates at 3.35 nm with a full

width at half maximum (FWHM) of 1.08 nm, representing a

narrow size distribution. The typical high-resolution TEM

(HRTEM) image shown in Fig. 1(c) exhibits the high crystal-

linity of GQDs. The in-plane lattice spacing of GQDs (yel-

low circle) is 0.244 nm, calculated from the corresponding

selected area of fast Fourier transform image [see inset of

Fig. 1(c)]. This value is very close to that (0.250 nm) of gra-

phene,9,28 indicating the graphitic structure of the GQDs.

The average distance between the C�C bonds is

1.408 6 0.012 Å, in good agreement with numerical values29

and other experimental results of GQDs.30 XRD spectrum in

Fig. 1(d) shows a wide (002) diffraction peak at 24.80�, cor-

responding to a graphitic structure.19,20 The interlayer spac-

ing of 0.359 nm calculated from XRD agrees well with

previously reported values (0.340–0.403 nm) of GQDs,12 and

slightly higher than the value (0.34 nm) of bulk graphite.

Both the in-plane and basal lattice parameters indicate that

the GQDs exhibit the graphitic structure, not the diamond

one. AFM image in Fig. 1(e) and the height profile in

Fig. 1(f) display the height distribution of GQDs, which dem-

onstrate that most of the GQDs are composed of two

graphene layers, indicating GQDs have a disk shape, not a

spherical one. XPSs in Figs. 1(g)–1(i) are performed to deter-

mine the composition of the GQDs. The full-scan XPS spec-

trum in Fig. 1(g) clearly displays the C1s (�284 eV) and O1s

(�532 eV) signals. The high-resolution C1s XPS spectrum in

Fig. 1(h) reflects the existence of C¼C (284.0 eV), C�C/

C�H (285.0 eV), and C�O�C (287.4 eV). The dominant

C¼C component suggests that C¼C bonds is the elementary

unit in the GQDs. The high-resolution S2p XPS spectrum in

Fig. 1(i) shows the weak and random signal, suggesting no

detectable presence of C�S bond in the GQDs. It indicates

our GQDs are actually intrinsic, not as S-doped GQDs fabri-

cated by Li et al.24 The composition of the GQDs is also con-

firmed by FTIR spectrum (see Fig. S1 in Ref. 31), which

displays the presence of C¼C (�1550 cm�1), C�H

(�1431 cm�1), the C�O (�1130 cm�1), and O�H (band at

�3400 cm�1) peaks of H2O.

The above observation exhibits the good crystallinity of

our GQDs, which is probably induced by H2SO4 ionic solu-

tion. To clarify it, we investigate the structural characteristics

of B0–200, B2–200, B5–200, and B10–200, which are syn-

thesized at a fixed temperature of 200 �C, with different

H2O:H2SO4 (vol:vol) of 20:0 ml,18:2 ml, 15:5 ml, and

10:10 ml, respectively. HRTEM images in Figs. 2(a)–2(d)

demonstrate that the as-products (B0–200) synthesized with-

out H2SO4 is amorphous. The addition of H2SO4 realizes the

amorphous-to-crystalline transformation. With the increase

of H2SO4, the crystallinity of nanoparticles is obviously

improved, as shown in Figs. 2(d) and S2.31 Fig. 2(e) displays

FIG. 2. HRTEM images of (a) B0-200, (b) B2-200, (c) B5-200, and (d) B10-200; (e) Raman spectra, (f) FT-IR spectra, and (g) XRD spectra of B0-200 (up),

B2-200 (second), B5-200 (third), and B10-200 (bottom).
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the Raman spectra of B0–200, B2–200, B5–200, and

B10–200, with an excitation wavelength of 325 nm after

baseline correction to exclude the influence of fluorescence.

Typical D-(�1380 cm�1) and G-band (�1600 cm�1) are

observed in all of the four samples. The G-band is related to

the E2g mode of all pairs of sp2 atoms both in rings and

chains, corresponding to the in-plane vibrations of the gra-

phitic structure, while the D-band comes from the transverse

optical (TO) phonon around K-point of the Brillouin zone

and requires a defect for its activation.32,33 The intensity ra-

tio of D-band to G-band (ID/IG) in Fig. 2(e) is found to

decrease with the increasing H2SO4, proving the fact that

H2SO4 can decrease the defects in the GQDs and improve

their quality.

Fig. 2(f) presents the FT-IR spectra of B0–200, B2–200,

B5–200, and B10–200, from which we can investigate the

bonding composition and functional groups. The FT-IR

spectrum of B0–200 shows a strong absorption band at

3400 cm�1 due to O�H, and absorption peaks at 1678 cm�1

due to C¼O and around �1639 cm�1 induced by aromatic

C¼C stretching. Considering the random dehydration of glu-

cose without H2SO4, disordered arrangement of carbon

structure may probably be formed in the B0–200. With

H2SO4, besides the aromatic C¼C stretching band

(�1630 cm�1), a new absorption peak at 1550 cm�1 is

observed, which reflects the C¼C conjugation vibration fre-

quently observed in graphene.19,34 With the increase of

H2SO4, the C¼C conjugation vibration is obviously

enhanced, while the bands due to aromatic C¼C

(�1630 cm�1), C¼O (�1715 cm�1), and C�H (�2925,

�2807, and 2700 cm�1) groups are gradually weakened. The

existence of C¼C conjugated vibration rather than aromatic

C¼C vibration (generally located at �1630 cm�1) indicates

the formation of ordered carbon backbone structure. The

weakening of the vibration due to C¼O, O�H, and C�H

groups illustrates the decrease of O functional groups deco-

rated on the carbon backbone structure. Apparently, due to

the existence of H2SO4, the O and H atoms are gradually

stripped off from the C�OH, C�H, and C¼O groups, form-

ing the carbon backbone with a non-uniform coverage of O

functional groups. These groups will remain in the GQDs

unless there is enough H2SO4 to completely remove them

from the carbon backbone. The role of H2SO4 on removing

O functional groups can be observed from XRD spectra of

B0–200, B2–200, B5–200, and B10–200 shown in Fig. 2(g).

It clearly demonstrates the decrease of interlayer spacing

with the increase of the H2SO4.

Since the O functional groups in the GQDs generally

result in the defect states,12–15 the elimination of O func-

tional groups reduces the defect states and then weakens the

corresponding band-tail absorption (see Fig. S3 in Ref. 31).

Furthermore, with the decrease of defects states and the

improvement of crystallinity, the QY increases from 0.99%

to 14.3%, and PL spectra exhibit different dependence on ex-

citation wavelength (kex) (see Fig. S4 in Ref. 31). The PL

spectra of B0–200, B2–200, and B5–200 samples show the

obvious kex-dependent green emission over a wide range of

kex, which demonstrate the dominant contribution of defect

state emission due to the wide distributed defect energy

levels.12,13 With the enhancement of crystallinity, defect

state emission becomes weak and intrinsic state emission

increases, so that nearly kex-independent blue emission is

observed in B10–200 with kex of 320–400 nm. Similar

results were also observed from the GQDs grown with 10 ml

of H2SO4 and 10 ml of deionized water at different reaction

temperatures (160, 180, 200, and 220 �C). These GQDs can

emit brightly nearly kex-independent blue fluorescence with

QYs of 8%–17% (see Figs. S5 and S6 in Ref. 31). FT-IR

spectra (see Fig. S5(a) in Ref. 31) clearly display the conju-

gated C¼C vibration peak at �1550 cm�1, indicating the for-

mation of ordered carbon backbone in GQDs. The gradually

weakened C¼O vibration peaks, as well as the decreasing

band-tail absorption (see Fig. S5 in Ref. 31), illustrate that

the crystallinity of GQDs is enhanced with the increase of

reaction temperature. Moreover, their QYs are enhanced

with the increasing reaction temperature (see Fig. S5 in

Ref. 31). The variation of QY with crystallinity indicates

that the blue emission of GQDs probably comes from the

intrinsic state emission, not the defect state one.

To explore the PL origin of GQDs in details, we chose

the best GQDs (B10–220) synthesized at 220 �C with 10 ml

of H2SO4 and 10 ml of deionized water as a platform to

investigate their optical properties. Fig. 3(a) displays the

UV-vis absorption, PL, and PL excitation (PLE) spectra of

GQDs aqueous solution measured with Xenon and

Deuterium lamps. The absorption spectrum of GQDs (red

line) displays a significant absorption edge and two absorp-

tion peaks at 275 and 205 nm, respectively. The distinct

absorption peak at 275 nm is attributed to the electron transi-

tion of sp2 carbon domains, for its transition energy

(4.51 eV) is consistent with that of 4.59 eV in the graphene

sheets from UV-vis absorption spectra 30 and that of 4.50 eV

in bilayer graphene structure from first-principles calcula-

tion.35 The existence of this peak suggests the formation of

delocalized p states on the basal plane like those in graphene.

The peak at 205 nm is assigned to the p!p* transition of

C–C bonds after considering that the p!p* transition of aro-

matic C–C bonds in GQDs is commonly located at a wave-

length between 200–270 nm.12

On excitation at 205 nm, GQDs exhibit dual emissions

[green line in Fig. 3(a)], a strong blue emission (�419 nm),

and a weak ultraviolet one (�311 nm). The PLE spectrum

detected at 420 nm [blue line in Fig. 3(a)] shows a distinct

peak at 357 nm and a small peak at 240 nm, corresponding to

the absorption peaks at 275 and 205 nm, respectively. Due to

the experimental limit, it is hard to identify the peak position

of PLE spectrum detected at 311 nm. However, from the kex-

dependent PL spectra in Fig. 3(b), it is found that the PLE

peak is probably around 210 nm, which corresponds to the

absorption peak at 205 nm. Therefore, this ultraviolet emis-

sion is assigned to the transition of p electrons localized in

C–C bonds, in consistence with the previous reports.23,36

The simultaneously observed blue fluorescence in our GQDs

[Fig. 3(c)] is found to be nearly irrespective of kex when

excited by a series of monochromatic light with kex of

300–360 nm, opposite to the kex-dependent characteristics

of defect state emission. Here, using kex of 300–360 nm to

emit blue fluorescence is to eliminate the interference of
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second-order diffraction light of excitation source (see Fig.

S7 in Ref. 31). Furthermore, the blue emission is stable

against the pH variation of the solutions from strong acid to

base [Fig. 3(d)] in contrast to the strongly pH-dependent PL

of free zigzag edge sites.18,19 Considering the above optical

properties, the blue fluorescence is temporarily assigned to

the p electron transition of sp2 carbon domains.

To get an insight of the PL mechanism of GQDs, we

have also carried out the temperature-dependent PL meas-

urements from 80 to 300 K. Compared with the room tem-

perature PL measurements, the temperature-dependent PL

may offer more useful information about the PL mechanism.

The temperature-dependent peak energy, linewidth, and in-

tensity are helpful to understand the nature of radiative tran-

sition.37–44 To perform the measurements, concentrated

GQDs dispersions are drop-casted on the intrinsic silicon wa-

fer, followed by heating at 120 �C for 10 min to dry it in

nitrogen atmosphere.

Fig. 4(a) shows the PL spectra of GQDs thin film

excited by 325 nm laser at five typical temperatures of 83,

133, 183, 233, and 293 K. Similar to those observed in the

GQDs aqueous solution, each PL spectrum of GQDs thin

film displays two PL peaks, located at �3.25 eV (peak A)

and �2.54 eV (peak B), respectively. The variation of PL

peaks with temperature is given in Fig. 4(b). As shown in

this figure, with the increasing temperature, peak A displays

a blueshift of �80 meV, but peak B exhibits a redshift of

�100 meV. This blueshift behavior is commonly observed

from the temperature-dependent radiative transition of p
electrons localized at C–C bonds in conjugated polymer with

a distribution of chain lengths.38–40 With the increasing tem-

perature, the created excitons produced by localized p elec-

trons transition do not easily migrate to the low energy

segments, and remain localized on the shorter chain seg-

ments with higher energies,40 finally leading to the blueshift

of PL peak with the increasing temperature. Therefore, the

peak A is thought to be from the transition of p electrons

localized at C–C bonds, in agreement with the former con-

clusion. The redshift phenomenon of peak B is similar to the

bandgap shrinkage of inorganic semiconductors,40–42

FIG. 3. (a) UV-vis absorption (Abs,

red), PL (at 205 nm excitation, green),

PLE (at 420 nm emission, blue) and

PLE (at 310 nm emission, magenta)

spectra of GQDs; (b) PL spectra

excited at 205–250 nm excitation; (c)

PL spectra excited at 300–360 nm ex-

citation; (d) PL intensity at different

pH.

FIG. 4. (a) PL spectra of GQDs at five typical temperatures. Two emissions

around 3.25 eV and 2.54 eV are denoted as peak A (magenta) and peak B

(green), respectively. Temperature-dependent (b) emission peak, (c)

FWHM, and (d) integrated PL intensity. The inset of (d) is histogram of

temperature-dependent intensity weight of peaks A and B.
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suggesting the interband-like transition of peak B.

Consequently, an expression proposed by O’Donnell and

Chen43 is used to fit the experimental results, which is based

on the analysis of the electron-phonon coupling mechanism

responsible for the band gap shift

EgðTÞ ¼ Egð0Þ � 2SEph=½expðEph=kBTÞ � 1�; (1)

where Eg(0) is the transition energy at 0 K, S is the Huang-

Rhys factor, representing the strength of the electron-phonon

coupling, and Eph is the average phonon energy. The best fit

for peak B yields the parameters Eg(0)¼ 2.544 6 0.008 eV,

Eph¼ 32.56 6 1.16 meV, and S¼ 3.67 6 0.87. The S is larger

than not only [(3.98 6 0.37)� 10�4] in carbon nanodots,44

but also those in CdSe/CdS dot-in-rods nanocrystals (1.57)41

and InP/ZnS core-shell quantum dots (1.64–3.02),42 repre-

senting a stronger electron-phonon coupling.

Fig. 4(c) shows the relationship between FWHM and

temperature. From this figure, it is found that the FWHM of

peak A almost remains constant and that of peak B increases

with the temperature. Previous studies41,42,44 have shown

that the total FWHM can be described by a temperature-

independent intrinsic term C0(0) (dominantly electron-

electron scattering), temperature-dependent electron-acoustic

phonon scattering cACT, and electron-LO phonon scattering

CLO/[exp(ELO/kBT)–1] term. The large FWHMs of peak A

(400 meV) and peak B (550 meV) at low temperature (83 K)

indicate the existence of strong electron-electron interaction.

The variation of bandwidth of peak B suggests the existence

of electron-phonon interaction, so that we use the formula

C0(0)þ cACTþCLO/[exp(ELO/kBT)–1] to fit it. A good

agreement between the experimental data and the best-fit

curve is obtained for C0(0)¼ 0.562 eV, cAC¼ 0.427 meV

K�1, ELO¼ 32.56 meV, and CLO¼ 127 meV. These relative

large coefficients suggest the existence of strong electron-

electron scattering and electron-phonon interaction, in con-

sistence with the above conclusion from the variation of

peak energy with temperature. It is worth noting that in gra-

phene, the electron-phonon coupling is so strong that results

in the renormalization of electron bands.45 This implies that

the blue emission in GQDs indeed comes from electron tran-

sition of sp2 domains, and the distinct redshift of PL peak

with increasing temperature is from the electron bands

renormalization induced by strong electron-phonon

interactions.

Fig. 4(d) shows the temperature-dependent integrated

PL intensity of peaks A and B. From this figure, it is

observed that below 240 K the PL intensity of these two

peaks simultaneously decreases with the increasing tempera-

ture, indicating a thermally activated process is involved in

the carrier relaxation. At low temperatures, the nonradiative

channel is not thermally activated, and become thermally

activated once the temperature increases, as expressed by

snr¼ s0exp(Ea/kBT), where Ea is the activation energy. The

nonradiative lifetime snr decreases with the increasing tem-

perature, leading to a decrease of PL intensity, which can be

described as the following equation:41,44

IðTÞ ¼ I0=½1þ ðsr=s0Þ � expð�Ea=kBTÞ�; (2)

where I0 and I(T) are the PL intensity at 0 K and any given

temperature, sr and s0 are the radiative and nonradiative life-

time, respectively. Fig. 4(d) also displays the best fitting

results for peak A and peak B. The activation energy is 45.4

(peak A) and 34.5 meV (peak B), while lifetime ratio (sr/s0)

is 20.2 (peak A) and 11.3 (peak B). These relatively higher

activation energies suggest a low density of defect states,

which are probably induced by the inevitable vacancy and

interstitial atoms. Moreover, based on the values of sr/s0 and

Ea, the quantum efficiency of GQDs can be estimated from

the formula g¼ 1/[1þ sr/s0exp(�Ea/kBT)]. The quantum ef-

ficiency of blue emission at room temperature is calculated

to be 22%, close to the result of 17% directly measured with

quinine sulfate as standard. In addition, it is found that the

PL intensity ratio of peak A to peak B remains constant at

various temperatures [inset of Fig. 4(d)], indicating the two

radiative transitions are not competitive with each other.

Actually, the photoexcited electrons would be either relaxed

into sp2 domains or localized at C–C bonds accompanied

with the vibration relaxation, and produce excitation-

independent blue and ultraviolet emissions, respectively.

IV. CONCLUSIONS

In summary, we have used a facile hydrothermal method

to synthesize intrinsic fluorescent GQDs with QY of 17%.

By using the glucose, sulfuric acid, and deionized water, it is

easy to obtain the well-crystallized GQDs with 2D morphol-

ogy. Further control of reaction temperature improves the

crystal quality and QY of GQDs. These GQDs with

high quality exhibit typical absorption peak for graphene

and have intrinsic ultraviolet and blue emissions.

Temperature-dependent PL measurements illustrate strong

electron-electron scattering and electron-phonon interac-

tions, suggesting a similar temperature behavior of GQDs as

inorganic semiconductor quantum dots. By careful analysis

of optical properties, we have presented that ultraviolet emis-

sion is from the recombination of electron-hole pairs local-

ized in the C–C bonds while the blue one originates from the

electron transition of sp2 domains.
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Fast anodization fabrication of AAO and
barrier perforation process on ITO glass
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Abstract

Thin films of porous anodic aluminum oxide (AAO) on tin-doped indium oxide (ITO) substrates were fabricated through
evaporation of a 1,000- to 2,000-nm-thick Al, followed by anodization with different durations, electrolytes, and pore
widening. A faster method to obtain AAO on ITO substrates has been developed, which with 2.5 vol.% phosphoric
acid at a voltage of 195 V at 269 K. It was found that the height of AAO films increased initially and then decreased with
the increase of the anodizing time. Especially, the barrier layers can be removed by extending the anodizing duration,
which is very useful for obtaining perforation AAO and will broaden the application of AAO on ITO substrates.

Keywords: Fast anodization; AAO; Barrier layer; ITO glass

Background
Nanostructures with monodisperse arrangement nano-
pores have been used widely as template to fabricate
various functional nanomaterials [1-4]. One of such
nanostructures is well-known porous anodic aluminum
oxide (AAO), which is considered as one of the most
prominent template owing to its advantages of control-
lable diameter, high aspect ratio, and economical way
in producing [1,5-7]. To this day, a variety of synthetic
methods have been developed to fabricate porous AAO,
typically fabricated from anodizing bulk aluminum foils
or plates at constant voltage or current density in various
electrolytes such as sulfuric redacid, oxalic acid, phospho-
ric acid, etc [8-11]. However, it needs great care in the
process of preparation of the aluminum substrate and the
manipulation of the anodic film since the AAO is a brittle
ceramic film grown on soft aluminum metal [12]. Thus,
direct fabricating AAO onto rigid substrates become a
more convenient and important technique to prepare
vertical nanostructures. The fabrication of AAO on Si
substrates has been well established [12-17], while many
photonic applications call for nanowire structures on
transparent conductive substrates. The tin-doped indium

*Correspondence: mjzheng@sjtu.edu.cn
1Key Laboratory of Artificial Structures and Quantum Control (Ministry of
Education), Department of Physics and Astronomy, Shanghai Jiao Tong
University, 800 DongChuan Road, 200240 Shanghai, China
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oxide (ITO) glass is a good choice to satisfy this demand
[18-20].

Recently, several articles have reported the fabrication
and application of AAO in phosphoric acid [21-23]. Chu
et al. [23] reported the successful fabrication of AAO
is in phosphoric acid, from 2-μm thick aluminum films
deposited by radio frequency (rf ) sputtering, resulting in
large-diameter AAO pores. An anodization duration of
more than 40 min was observed in 10 vol.% phospho-
ric acid at a voltage of 130 V at 280 K. Small transverse
holes appear regularly in the anodized films, which arose
from the fact that the aluminum was deposited in two-
step sputtering. The current density rapidly decreased to
0, indicating a loss of electrical conductivity. Moreover,
the barrier layer still exists, preventing the physical and
electrical contact between the pore and the substrate.

The barrier layer of AAO arouse many people’s atten-
tion since it makes the bottom of the AAO electrically
isolated from the substrate. The method to get rid of
the barrier layer has been proved to be the key to make
electrical contact at the bottom. A current technology
that removes the barrier layer is through immersion in
dilute acid during which time the pores are also widened
[12,24-26]. Oh et al. [22] had an innovative method
through selectively etching the penetrating metal oxide
WO3, which was formed from the metal underlayer W, to
open the base of the alumina pores. However, it calls for a
more simple method to remove the barrier layer.

© 2014 Liu et al.; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.
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In this article, fast growth of the AAO film on ITO
glass was successfully realized by employing high-field
anodization technology of our group [10] and a distinct
‘Y’ branch morphology was observed. The evolution pro-
cess of the AAO film on ITO glass has been explored by
using current-time curves under high-field anodization.
Furthermore, we find a friendly and simple method to
remove the barrier layer.

Methods
Deposition of aluminum thin films
Thin films of aluminum on tin-doped indium oxide (ITO)
glass were formed via radio frequency (rf ) sputtering pro-
cess. After, that AAO layer was fabricated via anodization
of the rf-sputtered aluminum films. The transparent sub-
strate of ITO glass has a sheet resistance < 7�/�. Before
magnetron sputtering, the ITO glass were degreased in
acetone and alcohol, and then washed in deionized water.
The substrates were first vacuumed to 4 × 10−5 Pa and
then inlet argon gas to the pressure of 2.2×10−2 Torr , the
highly pure aluminum (99.99%) was deposited with the
power of 200 W at room temperature. The mainly sputter-
ing process was sputtered in one step for 1 h, as a contrast,
the rest was sputtered in two steps, each step for 30 min.

Anodization process
After deposition, the glass was cut to the dimensions of
1 × 1 cm2. Then, the samples were put into a Teflon
holder with a certain contact surface exposed to the elec-
trolyte solution. All anodization processes were carried
out in an electrochemical cell equipped with a cooling
system. At the same time, a DC digital controlled stirrer

with a stirring rate of 400 rpm was employed to keep the
temperature stable.

For the samples anodized at target voltages of 195 V,
the electrolyte was the mixture of ethanol and water with
a ratio of 1:4 in volume, in which the concentrations
of phosphoric acid were 2.5 wt.% and the temperature
was −4°C; the sample was anodized for an ultrashort time
(30 to 150 s). To enlarge the holes, a phosphoric solution
with the concentrations of 5 wt.% was employed at 45°C,
with the time of 20 min and 30 min.

As for the rest of the samples, the target voltage was 40
V and the anodization process was performed in an elec-
trolyte of water in which the concentrations of oxalic acid
were 0.3 M. The temperature was 4°C, and the anodizing
time range was 15 to 105 min.

Characterization
The current-time transients of the anodization were
record by a programmed power source (Agilent, N5752,
Santa Clara, CA, USA) linked to a computer. Field emis-
sion scanning electron microscopy (FESEM) micrographs
were obtained by FE-SEM Philips Sirion 200 (Amsterdam,
The Netherlands) to analyse the structure of the AAO
films.

Results and discussion
Fast anodization process in phosphoric acid
Raising the current density, the AAO film can be formed
efficiently, as shown in Figure 1, in which curves of the
current density were recorded during the anodization of
bare ITO and thin Al films (2 μm) in 5 wt.% phospho-
ric acid solution at 195 V. The anodic current density of

Figure 1 Current-time curves of high-field anodization of bare ITO glass and sputtered aluminum. Bare ITO glass (120 s) and sputtered
aluminum for different times (30, 40, 60, 90, and 150 s).
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bare ITO glass surged first, and after the initial stage, it
decreased rapidly to a steady value of 100 mA/cm2. Other
lines are the anodization curves of the sputtered alu-
minum with the anodizing time of 30, 40, 60, 90, and 150 s.
Apparently, the anodization curves of these sputtered alu-
minum has a similar process, indicating that the process
has an excellent repetition. At the first stage, which hap-
pens at 0 to 2 s, the curves show a dramatic decrease in
current density. As Hill et al. have reported [21], this is
owing to the formation of planar surface oxide on the alu-
minum film, and the resistance of the electrode increases
as the surface oxide layer continues to grow. The second
stage happens at 2 to 6 s [27], when the oxide changed
to a dimpled array under the force of interfacial electric
field. In this stage (2 to 6 s), in spite of the change in
surface morphology, the surface oxide thickness at the
bottom of the pores remains relatively constant. The oxy-
gen through the oxide layer can be driven by the electric
field as before, so the electrochemical oxidation of alu-
minum continues. When the surface layer had dimples,
electrochemical reaction occurs at these dimple sites pref-
erentially. With the dimples continuing to bore into the
aluminum and grow into fully formed pores, the active
surface area increases substantially. This increase in elec-
trode surface area leads to the increase in current density
since it is relative to the initial planar electrode surface
area. Shortly after this process, the continued growth of
the pores does not cause any increase in active electrode
surface, so is the next stage (6 to 30 s). During this stage,
just as Guo et al. observed [28], the pores grow toward

the substrate and the current remains constant, which is
similar to the pore growth stage in Al foils since there is
no change in electrode surface area. And then comes the
next stage (30 to 40 s), as anodization is about to be com-
pleted, the current falls off rapidly. This drop is due to
the increase in sheet resistance owing to the diminishing
amount of aluminum remaining in the film. The remain-
ing aluminum is oxidized, leaving behind a barrier layer.
And finally, in the last stage (after 40 s), the current den-
sity increases slowly and slightly and then is kept to a
fixed value. However, the fixed value is lower than the cur-
rent density of bare ITO, indicating that AAO is stuck to
the ITO substrate. The tiny increase in this stage may be
due to the upturned and broken barrier layer, as shown
in Figure 2c,d, in which the holes open up a little and
the exposed area of the ITO substrate to the electrolyte
is increased. Chemical dissolution and field-assisted dis-
solution of the barrier layer can also happen during this
stage; however, the process is too slow to be observed.

Figure 3 shows SEM images of the cross-sectional mor-
phology of the AAO films formed from the anodiza-
tion of aluminum samples at 195 V for different times.
Barrier layers could be observed clearly in each image.
Figure 3a,b,c has anodizing times of 30, 90, and 150 s, sep-
arately, and from these three images, we can see that the
barrier layer became thinner with the increase of anodiza-
tion time. This may be generated by the chemical disso-
lution and field-assisted dissolution of the barrier layer.
The same phenomenon has been observed in the AAO
walls. Figure 3d shows the anodization of the specimen

Figure 2 Schematic diagram illustrating the pore formation mechanism in anodic alumina. (a) Original aluminum sputtered on ITO glass;
(b) the pore progress through the aluminum film and their tending towards an ordered hexagonal arrangement; (c) barrier layer reaching the
substrate, (d) fully formed AAO film with barrier layer; and (e) the disappearance of the barrier layer.
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Figure 3 Cross-sectional images of sample and high-field anodic alumina films with different anodizing times. High-field anodic alumina
films: (a) t = 30 s, (b) t = 90 s, and (c) t = 150 s. Sample: (d) t = 40; this sample is sputtered in two steps.

sputtered in two steps and the ‘Y’ branches are obtained
in the middle of the AAO walls. It can be seen clearly
that the pores from the underlayer are denser than that
of the upper layer. It is obvious that this phenomenon is
quite different from the above three specimens whose alu-
minum were sputtered only in one step and shows that
the ‘Y’ branches could only be developed from specimens
sputtered in more than one step under high current den-
sity. Moreover, as observed by Chu et al. [23], the samples
sputtered in multi-cycles and anodized under 130 V have
transverse holes, which is also quite different from what
we have observed in our study. The difference in mor-
phology may be caused by the increase in anodization
voltage. For the growth of the AAO film, we face a differ-
ent situation when we reach the interface of the two-step
sputtering process. There are defects and little voids at the
interface layer. Owing to the high current density, a new
growth point is formed and new branches stretch out. As a
result, ‘Y’ branches appear in the middle of the specimens.

Figure 4 shows the top and bottom views of AAO
after the pore widening process. In this process, a further
attempt to broaden the range of pore diameters and
lengths was obtained for AAO films on ITO. The FESEM
images of Figure 4a,b show the aluminum films anodized
in phosphoric acid and pore widening for 20 min. And
the FESEM images of Figure 4c,d show the aluminum
films anodized in phosphoric acid and pore widening for

30 min. Figure 4a,c shows top views, while Figure 4b,d
shows bottom views. All samples showed randomly dis-
tributed nanopores with irregular shapes and sizes. After
pore widening, the pores can be observed more clearly.
The pores in Figure 4a are smaller than those in Figure 4c.
A barrier layer still exists in Figure 4b, while in Figure 4d,
the barrier layer has been removed. This illustrates that as
pore widening time increases, the pores are enlarged and
opened.

Anodization in oxalic acid
Current density as a function of anodizing time is shown
in Figure 5. The five curves are specimens anodized for
different times and the specimens are Al sputtered on ITO
glass for 1 h in one step and all the five curves share the
same characteristics. It decreased rapidly first and then
rose to the value ca. 4 mA/cm2. After keeping to this value
for a long time, the current density had swings. Finally,
the current densities drop to a fixed value of about 3
mA/cm2, till the process ended. The process before 2,000
s can be explained as Figure 1. It is the swings that makes
it different from the former process. These swings gener-
ated when the barrier layer reach the bottom of Al and
touch the glass, which can be determined from cross-
sectional images shown in Figure 6. As the top of the
barrier layer reached the ITO glass substrate, the continu-
ous Al film transformed into the Al pyramids between the
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Figure 4 SEM images of AAO films anodized in high field after pore widening. Pore widening for 20 min: (a) top and (b) bottom views. Pore
widening for 30 min: (c) top and (d) bottom views.

pores. Different from the conditions of the high electric
field, the low electric field would demand much more
time in consuming the remaining Al pyramids. Therefore,
there would be some inhomogeneity regions since the ini-
tial surface of Al was uneven. When the barrier layer in
some regions opened up, the current density surged. The
increase of this value appears distinct owing to the low
value of the overall current density. The ITO layers in

Figure 5 Current-time curves of low-field anodization of
sputtered aluminum for different times (15, 30, 75, 90, 105 min).

some parts of this region were broken then and the cur-
rent density reduced. This is the reason why the swings
were generated. After the fluctuation period, current den-
sities decreased and maintained to the value of about 3
mA/cm2, which is lower than the initial fixed value of
about 4 mA/cm2. This is also similar to the curves in
Figure 1.

Figure 6 is the FESEM images anodized in oxalic acid
for different times. The thickness of AAO films increased
and the thickness of aluminum layers decreased with the
anodization process going on. Figure 6a is the specimen
anodized for 15 min, in which the thickness of Al is
equal to the thickness of AAO. The specimen in Figure 6b
is anodized for 30 min with the AAO almost formed
and a thin Al layer remaining. However, the specimen in
Figure 6c has very few Al and the anodizing time reaches
75 min. In Figure 6d, whose anodizing time reaches 90
min, the AAO layer gets even thicker and the barrier layer
is upturned. What is interesting is that as the time reaches
105 min, the AAO layer gets thinner and there are some
tips without barrier layers, which is shown in Figure 6e.
What is more, in this kind of process, is that ‘Y’ branches
would not appear with specimens sputtered in two steps,
as shown in Figure 6f. There may be two reasons for this
phenomenon. One reason is that, with slower anodization,
the AAO films become more compact. The other rea-
son may be that the acidity of phosphoric acid is stronger
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Figure 6 Cross-sectional images and top and bottom views of AAO and cross-sectional image of Al. AAO is anodized in oxalic acid for
different times: (a) 15, (b) 30, (c) 75, (d) 90, and (e) 105 min. (f) Al sputtered in two steps anodized for 75 min. AAO afer pore widening: (g) top and
(h) bottom views.

than oxalic acid. Irregular shapes and sizes are randomly
distributed in Figure 6g,h, which are the top and bottom
views of AAO anodized in oxalic acid after pore widen-
ing process. The change of thickness can be seen clearly
from Figure 7. The red line is the thickness curve of AAO
and the black line is that of Al. It can be seen clearly

that the AAO layer got thicker at first and then decreased
while the Al layer gets thinner with the progress of
anodization.

Figure 2 is the anodizing schematic of the former pro-
cess. Figure 2a shows Al film sputtered on ITO glass.
When immerged in electrolyte, the AAO layer is formed,
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Figure 7 Changes of film thickness with anodizing time. The red
line is the change in aluminum thickness and black line is the change
in porous alumina thickness.

Figure 8 SEM image of AAO without barrier layer by anodizing in
oxalic acid at 40 V for 2 h. (a) bottom view, (b) cross-sectional view.

as shown in Figure 2b. After anodizing for a long time, the
barrier layer touches the bottom, reaching the ITO glass
which can be seen in Figure 2c. As the anodizing time goes
on, the barrier layer upturned and there is no aluminum
left as Figure 2d shows. And the remaining barrier layer
can be removed as this process goes on, leaving an AAO
template without barrier layer, as shown in Figure 2e.

Figure 8 shows the bottom of AAO anodized in oxalic
acid at 40 V for 2 h, twice the time for the Al layer to
run out as shown in Figure 6c. These images indicate that
the barrier layers are totally opened. Figure 8a is the bot-
tom view of AAO. In this image, we can see that there are
no barrier layers left in the template. The holes are dis-
tributed randomly. Figure 8b is the cross-sectional image
of AAO; the side view of the bottom can be seen and the
bottom is apparently open. This phenomenon can provide
a powerful evidence that the barrier layer can be removed
as shown in Figure 2e.

Conclusion
In this study, an efficient way to form AAO film on ITO
glass is performed, reducing the anodizing time to about
30 s. The forming process of AAO on ITO has been
explained based on the current-time curves. The thick-
ness of the AAO film anodized in oxalic acid increased
first and then decreased with the progress of the anodiza-
tion process. Getting rid of barrier layer has been proved
to be the key to make electrical contact at the bottom,
which helps to assemble nanowire structures on ITO glass
directly. Having enough anodizating time, the barrier layer
could be eliminated. This method will be highly advanta-
geous to form nanostructured photoelectric devices.
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Energy band engineering by indium pretreatment of the bottom GaN barriers and control of the

growth temperature profile for the InGaN active layers were employed to improve the green-

yellow emitting InGaN/GaN quantum well (QW). The modified InGaN/GaN QWs were

investigated by various characterization techniques and demonstrated to be of good interface

abruptness and well-defined indium concentration profile, composed of 0.52 nm In0.35Ga0.65N

“wetting layer,” 1.56 nm In0.35-0.22Ga0.65-0.78N graded layers, and 1.56 nm In0.22Ga0.78N layer along

the growth direction. Broad-band dual-wavelength green-yellow emission at about 497 and 568 nm

was observed and attributed to the major contribution of enhanced interband transitions from the

first and second quantized electron states “e1” and “e2” to the first quantized hole state “h1.” With

the modified QW structure, electron overflow loss would be suppressed by filling of the excited

electron state with electrons at high carrier injection density and reduction in polarization-induced

band bending. APSYS simulation shows efficiency and droop improvements due to the enhanced

overlapping of electron and hole wave functions inside the modified InGaN active layers, and the

enhanced interband transitions involving the excited electron state. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4863208]

I. INTRODUCTION

In the past decades, great efforts have been made to

improve the materials and structural properties as well as

surface/interface qualities, and optical properties of the

group-III nitrides.1–4 With increase of indium content in

InGaN active layers for long-wavelength emission, the crys-

talline quality deteriorates quickly leading to increase of

nonradiative recombination rate; moreover, strong strain-

induced piezoelectric polarization fields (PFs) enhance the

space separation of electrons and holes resulting in decrease

of radiative recombination rate. As a result, the internal

quantum efficiency (IQE) of green InGaN-based light emit-

ting diodes (LEDs) dramatically drops.5–8 Furthermore, the

IQE decreases with increase of injection current (namely ef-

ficiency droop),9,10 caused by electron overflow loss or car-

rier leakage due to the PF-induced band bending,11–14

nonradiative recombination loss including Auger loss and

nonradiative recombination at defects,15,16 and low effi-

ciency of hole injection.17 Low IQE and efficiency droop for

the InGaN-based green LEDs have become great obstacles

for commercial applications of red-green-blue (RGB) color-

mixed LEDs in solid state lighting.5

Various methods have been employed to improve the

crystalline qualities as well as to overcome the negative

effects of PFs on the IQE and efficiency droop of the InGaN-

based materials and devices.18–34 For instance, surface

modification of GaN films has been applied to improve the

interface quality, growth behavior, and luminescence proper-

ties of InGaN/GaN quantum wells (QWs).18,19 Si-doped

GaN barriers are usually employed for PF screening but with

blocking effect on hole transport.20 PF reduction has also

been realized by using ternary InGaN barriers or quaternary

AlGaInN barriers with appropriate chemical compo-

nents.21,22 Growth on nonpolar and semipolar planes has

been carried out for reducing the PF within the InGaN QWs

along the growth direction.23–27 Recently, energy band engi-

neering by growth of complex active layer structures has

attracted intense research interest and was employed to

reduce the PF-induced band bending for enhancement of the

overlapping of electron and hole wave functions.28–34 In this

study, a novel modified InGaN active layer structure com-

posed of high indium content InGaN “wetting layers,”

graded InGaN layers (so-called triangular QW with a gradual

decrease of indium content, as distinct from the rectangular

QW of constant indium content in the InGaN active layers),

and relatively low indium content InGaN layers was grown

and investigated in detail. The luminescence properties and

mechanism were characterized and analyzed experimentally

and theoretically. With the modified active layer structure, a

decrease in PF-induced band bending and enhanced inter-

band transitions are expected. Green-yellow emission effi-

ciency and droop improvements may be achieved for the

modified InGaN/GaN QWs. Details are discussed as follows.

II. EXPERIMENTAL AND THEORETICAL METHODS

A. Epitaxy

The metalorganic vapor phase epitaxy of GaN films and

InGaN/GaN QWs was carried out on c-sapphire substrates.

Trimethylgallium (TMGa), Trimethylindium (TMIn), and

high-purity ammonia were used as the source precursors and

silane as the n-type dopant. First, the sapphire substrates were

cleaned at 1060 �C and 100 Torr for 15 min in H2 ambienta)Electronic mail: zhilaifang@hotmail.com
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followed by nitridation at 550 �C for 4 min. A conventional

25 nm low-temperature GaN nucleation layer was grown at

535 �C and 500 Torr followed by a high-temperature annealing

process.35 The subsequent growth of �1.6 lm thick GaN epi-

layers was carried out at 1035 �C and 100 Torr with

TMGa/NH3 ratio gradually increasing from low to high.

During the growth of wells and barriers, nitrogen was used as

the carrier gas, whereas hydrogen was used as the carrier gas

in the other growth stages. Slightly Si-doped (�1� 1018 cm�2)

GaN barriers were grown at 786 �C. The barrier surface was

pretreated by a TMIn flow (200 sccm) over the surface at

670 �C for 10 s. A high indium content InGaN “wetting layer”

would be formed by the pretreatment. This was followed by

the growth of a graded InGaN layer at temperature ramping

from 670 to 697 �C. After then a relatively low indium content

InGaN layer was continuously grown at 697 �C. Before tem-

perature ramping for the growth of high-temperature barrier

layers at 786 �C, a very thin low-temperature GaN layer as a

“well protection layer” was grown at 697 �C for suppressing

the indium outdiffusion to the barrier layers.36 The AlGaN

electron blocking layer, which was found to reduce the hole

injection efficiency at high carrier injection density,37 was not

employed in this study. The indium content and thickness of

the InGaN active layers were determined by various character-

ization techniques and will be addressed later. Bare InGaN

layers, GaN capped InGaN layers, and five-period multiple

QWs were prepared for studies.

B. Simulation

Crosslight’s APSYS, advanced physical models of semi-

conductor devices, was employed to simulate the physical

parameters of the InGaN/GaN QWs.38 The APSYS simula-

tion software package is based on 2D/3D finite element anal-

ysis of electrical, optical, and thermal properties of

compound semiconductor devices. The APSYS can deal

with optical and electrical properties of the LED devices by

solving the Poisson’s equation, current continuity equations,

carrier transport equation, quantum mechanical wave equa-

tion, and photon rate equation. Here, the energy band struc-

ture, radiative recombination, and luminescence properties

were numerically studied.

C. Characterization

Cross-sectional bright-field transmission electron micros-

copy (TEM) was employed to characterize the microstructures

of the InGaN/GaN QWs. High-resolution X-ray diffraction

(HR-XRD) was used to analyze the interface quality, average

indium content, and period thickness of the modified

InGaN/GaN QWs. X-ray photoelectron spectroscopy (XPS)

with an Al Ka X-ray excitation source (h�¼ 1486.6 eV) was

used to analyze the average indium content of the InGaN

active layers. High-angle annular dark field scanning TEM

(HAADF-STEM) was applied to further investigate the micro-

structures of the InGaN/GaN QWs as well as the integrated in-

dium distribution within the InGaN layers. The integrated

indium concentration profile along the growth direction for the

InGaN active layers was evaluated by the HAADF-STEM

analysis combined with the XPS and HR-XRD analysis of the

indium content. The photoluminescence (PL) excited by a

325 nm He-Cd laser was measured at 300 K for the modified

InGaN/GaN QWs.

III. RESULTS AND DISCUSSION

A. Microstructures and indium concentration profile
of the modified InGaN/GaN QWs

Figure 1 shows the cross-sectional bright-field TEM

images of the modified InGaN/GaN QWs. The white arrow

indicates the growth direction. As shown in Fig. 1(a), abrupt

interfaces between the dark-contrast stripes (InGaN) and

bright-contrast regions (GaN) were observed. The thickness

of the GaN barriers and InGaN QWs is estimated to be about

10.5 nm and 3.5 nm, respectively. Figure 1(b) shows the

HR-TEM image of the InGaN QW. Relatively dark contrast

was observed at the lower interface (the interface between

bottom GaN barrier and InGaN QW) of the modified InGaN

layers indicating the formation of relatively high indium con-

tent InGaN layers there.

HR-XRD was employed to further investigate the

microstructure, interface quality, and average indium content

of the InGaN/GaN QWs. Figure 2 shows the XRD x-2h scan

profile of the (0002) reflection of the modified InGaN/GaN

QWs. Well-resolved high order satellite peaks were observed

indicating high-quality interfaces between GaN barriers and

InGaN QWs achieved. Theoretical fitting of the spectrum

was performed by the Panalytical’s Epitaxy 4.3a software. In

the simulation, the layer structure is composed of 1.60 lm

bottom GaN buffer layer, 10.5 nm GaN barrier layers,

3.50 nm In0.26Ga0.74N QW layers, and 50.0 nm GaN cap at

top. The simulation curve (red) fits well with the XRD x-2h
scan profile (black curve) of the modified InGaN/GaN QWs.

Accordingly, the average indium content of the InGaN active

layers was evaluated to be about 26% with a QW thickness

of about 3.5 nm, as consistent with the HR-TEM results.

FIG. 1. (a) Cross-sectional bright-field TEM and (b) HR-TEM images of the

modified InGaN/GaN QWs. The arrow indicates the growth direction. The

bottom QW is numbered as “QW1,” whereas the top QW as “QW5.”
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XPS, an appropriate technique for investigating the

3.5 nm InGaN active layers due to the detection of photo-

electrons arising from within 4 nm of the surface, was

employed to analyze the surface chemical compositions of

the bare InGaN active layers. The XPS spectra of the Ga2p3

and In3d photoelectron peaks are shown in Figs. 3(a) and

3(b). The Ga2p3 peak locates at �1117.0 eV, whereas the

In3d5 peak at �444.2 eV. The percentage of the indium

composition in the sum of indium and gallium can be esti-

mated by XIn¼ IIn3d5=FIn3d5

ðIIn3d5=FIn3d5þIGa2p3=FGa2p3Þ, where I denotes the

integrated intensity of the XPS photoelectron peaks and F

the sensitivity factors (FGa2p3¼ 2.75 and FIn3d5¼ 4.53). The

average indium content in the InGaN layers is estimated to

be about 25%, which is consistent with the XRD analysis.

HAADF-STEM was employed to further investigate the

modified InGaN layers and to estimate the indium distribu-

tion along the growth direction. Figure 4(a) shows an inte-

grated typical HAADF-STEM image of the InGaN/GaN

multiple QWs. Due to the higher atomic mass of indium

compared with that of gallium, the InGaN layers have a

higher intensity and thus depicted brighter than the GaN

layers. Accordingly, the narrow bright contrast stripes corre-

spond to the InGaN layers, whereas the wide dark contrast

stripes to the GaN barrier layers. Figure 4(b) shows an in-

dium line profile crossing over the InGaN/GaN multiple

QWs along the growth direction. Stronger intensity was

observed at the lower interface (GaN-to-InGaN) of each

modified InGaN QW indicating the incorporation of higher

indium content there. At the upper interface (InGaN-to-

GaN), there is a tail with weaker intensity compared with

that at the lower interface, i.e., the upper interface is of lower

indium content and not as abrupt as the lower interface of

the InGaN layers. To further investigate the indium concen-

tration profile inside InGaN active layers along the growth

direction, high-resolution HAADF-STEM of the modified

InGaN/GaN QW was characterized and shown in Fig. 4(c).

Atomic rows of the GaN and InGaN layers were observed.

The integrated indium concentration profile (after integration

of the indium concentration laterally along the InGaN layers)

of the InGaN active layers along the growth direction is

drawn in Fig. 4(d). The InGaN active layers are composed of

FIG. 2. Experimental and simulated XRD x-2h scan profile of the (0002)

reflection of the modified InGaN/GaN QWs.

FIG. 3. XPS spectra of the modified InGaN active layers: (a) the Ga2p3 and

(b) In3d photoelectron peaks.

FIG. 4. (a) HAADF-STEM image of

the modified InGaN/GaN QWs. The

arrow indicates the growth direction.

The bottom QW is numbered as

“QW1,” whereas the top QW as

“QW5.” (b) Indium line profile of the

five-period QWs. (c) HR-STEM image

of the modified InGaN/GaN QWs. (d)

Integrated indium concentration profile

showing the evaluated indium content

along the growth direction. The evalu-

ation of the integrated indium concen-

tration profile is based on the average

indium content of the InGaN layers as

derived from XRD and XPS, and the

normalized HAADF-STEM intensity

profile after subtraction of the back-

ground signal (intensity of the GaN

barriers).
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relatively high indium content InGaN layers at the lower

interface and relatively low indium content InGaN layers

(shoulder) at the upper interface. To evaluate the distribution

of indium content in the InGaN layers, we assume the

HAADF-STEM intensity of the GaN barrier layers (where

the indium content is zero) as the background signal, and the

calibrated HAADF-STEM intensity (calibration by subtrac-

tion of the background signal) linearly dependent on the in-

dium content. Considering that the average indium content

of about 26% for the modified InGaN layers as derived from

the XRD and XPS analyses, the HAADF-STEM intensity

(left axis) in Fig. 4(d) can be converted to the estimated in-

dium content (right axis). As a result, the integrated indium

concentration profile of the modified InGaN active layers

along the growth direction can be depicted as 0.52 nm high

indium content (�35%) InGaN “wetting layer,” 1.56 nm

graded InGaN layers (decrease of indium content from

�35% to �22%), and 1.56 nm relatively low indium content

(�22%) InGaN layers, which is consistent with the experi-

mental design of the active layer structure by indium pre-

treatment and control of the InGaN growth temperature

profile. Modified InGaN/GaN QW structure of well-defined

indium distribution profile and GaN-InGaN interface abrupt-

ness has been demonstrated.

B. Luminescence properties and energy band
structures

Figure 5(a) shows the PL spectrum of the modified

InGaN/GaN QWs measured at 300 K. Broad-band dual-

wavelength green-yellow emission was observed, which may

be applicable for monolithic or RGB white light sources.

The emission spectrum can be fitted by two peaks at 568 nm

(“P1,” 2.18 eV) and 497 nm (“P2,” 2.49 eV). Dual-

wavelength emission was previously observed in thick

InGaN layers (>60 nm) and attributed to the significant

strain relaxation.39,40 Without significant strain relaxation for

thin InGaN layers, the additional peak disappeared.39 In this

study, thin InGaN layers (3.64 nm) were grown with the lack

of significant strain relaxation, as demonstrated by the TEM

and XRD investigations. Therefore, the emergence of the

additional emission peak was not caused by strain relaxation.

Strong lateral fluctuation of indium content in InGaN layers,

which was considered as one of the origins for the broad-

band emission, would not result in a specific dual-

wavelength emission. Furthermore, as investigated by

STEM, lateral fluctuation of indium content was not evident

for the modified InGaN/GaN QW structure. The vertical var-

iation of indium content along the growth direction was

intentionally controlled for energy band engineering and

enhanced emission. The origin of the dual-wavelength emis-

sion will be further discussed later.

To investigate the evolution of the emission spectra with

injection carrier density, electroluminescence (EL) of the

modified InGaN/GaN QWs at various injection currents (20,

30, 50, 100, and 200 mA) was numerically studied by

APSYS and shown in Fig. 5(b). The simulated InGaN active

layer structure is the same as the modified active layer

structure, which is composed of 0.52 nm In0.35Ga0.65N

“wetting layer,” 1.56 nm In0.35-0.22Ga0.65-0.78N graded layer,

and 1.56 nm In0.22Ga0.78N layer along the growth direction.

Similar to the PL spectrum, dual-wavelength emission

was observed in the EL spectrum with a relatively narrow

full-width-at-half-maximum (FWHM). In the APSYS simu-

lation, the EL spectra were computed on the assumption of a

uniform broadening parameter C¼ 20 meV typical for the

conventional III-V compounds,41 i.e., with a FWHM of

about 4-5 nm for the green-yellow emission in the wave-

length range of about 500–570 nm. It was reported in the

literature that the broadening parameter C may increase to as

large as about 50–70 meV for the long-wavelength emis-

sion,41 i.e., with a FWHM of about 10–17 nm for the

green-yellow emission. Accordingly, it is reasonable that the

FWHM of the simulated EL emission peaks is narrower than

that of the PL emission peaks in Fig. 5. With the increase of

injection current, the luminescence intensity of the emission

peak “p1” at about 550 nm (2.25 eV) increases slowly,

whereas the luminescence intensity of “p2” at about 502 nm

(2.47 eV) increases greatly. Considering that broad-band

dual-wavelength emission is not (usually) observed in the PL

and EL spectra of the conventional InGaN/GaN QWs of thin

InGaN active layer (with significant efficiency droop),42 the

emergence of the additional peak “p2” in EL of the modified

InGaN/GaN QWs with significant increase of emission in-

tensity at high carrier concentration suggests an alternative

to suppress the efficiency droop.

To further explore the origin of the broad-band dual-

wavelength green-yellow emission for the modified

InGaN/GaN QWs, APSYS was employed to simulate the

physical parameters of the InGaN/GaN QWs. Figure 6(a)

shows the energy band diagram and wave functions of the

modified QW structure, which is composed of 0.52 nm

In0.35Ga0.65N “wetting layer,” 1.56 nm In0.35-0.22Ga0.65-0.78N

graded layer, and 1.56 nm In0.22Ga0.78N layer along the

growth direction. For comparisons, a conventional 3.64 nm

In0.33-0.23Ga0.67-0.77N/GaN triangular QW structure (gradual

decrease of indium content from 33% to 23% within the

FIG. 5. (a) PL spectrum of the modified QWs measured at 300 K. The QW

emission spectrum can be fitted by two peaks at 568 nm (“P1,” 2.18 eV) and

497 nm (“P2,” 2.49 eV). (b) The simulated EL spectra of the modified

QWs under various injection currents. The emission peaks are labeled as

“p1” and “p2.”
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InGaN active layers along the growth direction) with inter-

band transition energies close to that of the modified

InGaN/GaN QWs was simulated and shown in Fig. 6(b).

Compared with that of the rectangular InGaN/GaN QW

structure (3.64 nm In0.30Ga0.70N, see the yellow curve), the

PF-induced band bending for the triangular QWs (black

curve) is reduced. The electron and hole states are marked

by “e” and “h,” i.e., “e2” the second quantized electron state

and “h1” indicating the first quantized hole state (energy lev-

els of heavy holes “hh” and light holes “lh” are indistinguish-

able with a graphical accuracy). Note that only the wave

functions of e and h states providing contributions to the

emission spectra are shown in the diagrams. The emission

energy of the interband transitions from “e1” to “h1” and

“e1” to “h2” are 2.23 eV (556 nm) and 2.43 eV (510 nm),

respectively. According to the PL and EL spectra of the con-

ventional triangular QWs, broad-band dual-wavelength

emission was not observed.42 Therefore, the minor contribu-

tion from the interband transition between “e1” and “h2”

would not likely result in the dual-wavelength emission and

spectral broadening in the emission spectra. The interband

transition between “e1” and “h1” dominated in the emission

spectrum of the conventional triangular QW structures.

For the modified InGaN/GaN QWs in Fig. 6(a), the PF-

induced band bending is further reduced, leading to

enhanced overlapping of the electron and hole wave func-

tions for the first and second quantized carrier states. The

involvement of the second quantized electron state “e2” in

the interband transitions becomes possible due to the reduc-

tion in band bending and slight raise of the relative potential

barrier at top of the QW. Since the situation of the modified

InGaN QW is far from square QW, the selection rule of the

interband transition between “e2” and “h1” being forbidden

does not apply. The emission energy of the interband transi-

tions from “e1” to “h1,” “e2” to “h1,” and “e1” to “h2” are

2.23 eV (556 nm), 2.46 eV (504 nm), and 2.50 eV (496 nm),

respectively. Accordingly, the emission peak “P1” (and

“p1”) may be attributed to the interband transition from “e1”

to “h1,” whereas “P2” (and “p2”) likely from “e2” to “h1” or

from “e1” to “h2.” As shown in Fig. 6(b) and the supplemen-

tary material,42 contribution from the interband transition

between “e1” and “h2” would not result in an extra peak in

the PL and EL emission spectra. Consequently, in Fig. 5 for

the PL and EL spectra of the modified InGaN/GaN QWs the

emergence of the additional peak at higher emission energy

is due to the major contribution from the enhanced interband

transition between the excited electron state “e2” and the

first quantized hole state “h1” to the emission spectra.

As shown in Fig. 6(a), the interband transition between

“e2” and “h1” has stronger wave function overlap than that

between “e1” and “h1.” With the increase of injection cur-

rent, the filling of excited electron state “e2” with electrons

at high nonequilibrium carrier concentration in the well pro-

vides a major rise to the emission peak “p2,” which inter-

prets the evolution of the EL spectra with injection current

and the emergence of the additional peak “p2” (and “P2”)

originating from the interband transition between “e2” and

“h1.” The decrease in the energy barriers on the p-side of

each QW caused by the PF-induced band bending has been

considered as one of the main reasons for the electron leak-

age (electrons overflow from the QW without being

captured).9–13 With the modified QW structure in this study,

the band bending was further reduced by the energy band en-

gineering as shown in Fig. 6(a); moreover, the involvement

of the excited electron state “e2” provides more electron cap-

ture centers for radiative recombination at high carrier injec-

tion density; as a result, the carrier leakage or electron

overflow loss from the InGaN active layers may be

suppressed.

Figure 7 shows the simulated IQE as a function of injec-

tion current for the green-yellow LEDs with the conventional

InGaN/GaN triangular QW structure and modified

InGaN/GaN QW structure (see Fig. 6). The IQE is defined as

the ratio of photons generated inside the QWs to the total

electrons injected into the LED, which can be expressed as

gIQE¼ Irad

ðIradþIlostÞ, where Irad denotes the carriers generating

photons in the QW and Ilost the carriers lost to other proc-

esses without generating photons.9 Great efforts were made

to suppress the carrier loss in order to overcome the effi-

ciency droop problem in nitride LEDs. As shown in Fig. 7,

the maximum IQE for the conventional triangular QW struc-

ture and the modified QW structure is 0.60 and 0.91, respec-

tively. With the increase of injection current to 20, 30, 50,

and 100 mA, the IQE for the conventional triangular QWs

drops to 0.26, 0.22, 0.17, and 0.12, respectively. In compari-

son, the IQE for the modified QWs is 0.82, 0.75, 0.60, and

0.41 for injection current at 20, 30, 50, and 100 mA, respec-

tively. Obviously, the IQE for the modified InGaN/GaN

QWs is much higher than that of the conventional triangular

QWs due to the improvement in overlapping of the electron

and hole wave functions by the energy band engineering

using the modified active layer structure. Moreover, the

FIG. 6. (a) The energy band diagram and wave functions of the modified

InGaN/GaN QWs. The modified QW structure is composed of 0.52 nm

In0.35Ga0.65N “wetting layer,” 1.56 nm In0.35-0.22Ga0.65-0.78N graded layers,

and 1.56 nm In0.22Ga0.78N layer along the growth direction. (b) The energy

band diagram and wave functions of a 3.64 nm triangular QW with an

In0.33-0.23Ga0.67-0.77N graded layer. The energy band diagram of 3.64 nm

In0.30Ga0.70N rectangular QWs (yellow curve) is drawn for comparison. The

carrier states are marked by “e” and “h,” i.e., “e2” indicating the second

quantized electron state and “h1” the first quantized hole state. Only the

wave functions of e and h states providing contributions to the emission

spectra are shown in the diagrams.
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efficiency droop for the conventional InGaN/GaN triangular

QWs is 57% (20 mA), 63% (30 mA), 72% (50 mA), and 80%

(100 mA), whereas the efficiency droop for the modified

InGaN/GaN QWs is 10% (20 mA), 18% (30 mA), 34%

(50 mA), and 55% (100 mA). Therefore, the luminous effi-

ciency was improved and the efficiency droop was sup-

pressed for the green-yellow LEDs using the modified

InGaN/GaN QW structure. With increase of injection cur-

rent, the EL intensity of the additional peak “p2” in Fig. 5(b)

increases greatly, which interprets the suppression of the effi-

ciency droop for the modified InGaN/GaN QWs. The effi-

ciency and droop improvement, as discussed previously, are

attributed to the enhanced overlapping of the electron and

hole wave functions, reduction in PF-induced band bending,

and enhanced interband transitions involving the excited

quantized electron state by the energy band engineering.

IV. CONCLUSION

In summary, a modified InGaN active layer structure

was proposed and achieved by indium pretreatment of the

bottom GaN barriers and control of the growth temperature

profile of the InGaN active layers. Various characterization

techniques such as HR-TEM, HAADF-STEM, HR-XRD,

XPS and PL combined with APSYS simulation were

employed to investigate the modified InGaN/GaN QWs and

to explore the origin of the luminescence properties experi-

mentally and theoretically. The modified InGaN active layers

were demonstrated to be of well defined profile and good

interface abruptness, composed of 0.52 nm In0.35Ga0.65N

“wetting layer,” 1.56 nm In0.35-0.22Ga0.65-0.78N graded layers,

and 1.56 nm In0.22Ga0.78N layer along the growth direction.

Broad-band dual-wavelength green-yellow emission at about

497 and 568 nm was observed, which may be applicable for

monolithic or RGB white light sources. Energy band struc-

tures showed enhanced overlap of electron and hole wave

functions, and enhanced interband transitions involving the

excited electron state “e2” for the modified InGaN/GaN

QWs compared with that of the conventional triangular

QWs. With increase of injection current, major contribution

of the interband transition between the excited electron state

“e2” and the first quantized hole state “h1” to the emission

spectra leads to the spectral broadening and broad-band

dual-wavelength green-yellow emission. Further, the filling

of excited electron state with electrons at high carrier injec-

tion density and the reduction in PF-induced band bending

suppress the carrier leakage or electron overflow loss.

APSYS simulation shows efficiency and droop improve-

ments, which are attributed to the improvement in overlap-

ping of electron and hole wave functions and the enhanced

interband transitions involving the excited electron state for

the modified InGaN active layers.
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Abstract
Single crystalline (0 0 0 1) ZnO films were grown by pulsed-laser deposition on (1 1 1) Si
substrates containing thin Sc2O3 buffer layers (1 and 5 nm) which were prepared by
molecular-beam epitaxy at 700 ◦C. Both x-ray diffraction and transmission electron
microscopy reveal that the ZnO films grown at 240 and 400 ◦C are highly crystalline with good
epitaxy. The commonly seen amorphous SiOx layer has been successfully eliminated from the
interface between the ZnO/Sc2O3 film and (1 1 1) Si substrate, resulting in improved electrical
properties. Rectifying effects are observed in the heterojunction exhibiting a turn-on voltage of
1.08 V and an ideality factor of 17.7. The room temperature mobility is 65 cm2 V−1 s−1.
A donor binding energy of 46.7 meV is determined by temperature-dependent
photoluminescence measurements.

Keywords: ZnO, epitaxial growth, STEM, amorphous interlayer, Si

(Some figures may appear in colour only in the online journal)

1. Introduction

As a wide band gap II–VI semiconductor which mainly
crystallizes in the hexagonal wurtzite phase, ZnO has a direct
band gap of 3.37 and 3.44 eV at room temperature (RT)
and 2 K [1], respectively. Its large exciton binding energy
(∼60 meV) provides an obvious advantage over GaN, ensuring
significant excitonic emission at RT. Besides extensive interest
in optoelectronic applications over the past years including
RT lasing effects from both ZnO thin films [2] and nanowire
arrays [3], much attention has also been drawn to carrier
transport properties of ZnO [4–6]. Ultraviolet and visible
electroluminescence (EL) was demonstrated in a ZnO-based
heterostructure at RT [7], and electron dephasing effects have
been reported in ZnO at low temperatures, similar to what
has been observed in nanocrystalline silicon [8, 9]. Interest in
the electrical characteristics of ZnO contributes to the recent
5 Author to whom any correspondence should be addressed.

rise in activity directed toward growing ZnO on conductive
substrates, including the epitaxial growth of ZnO on Si. The
latter is also desirable due to the possibility of integrating the
promising optoelectronic properties of ZnO with the mature Si
industry for multi-functional device applications.

In addition to the obstacles of lattice and thermal
expansion, mismatches between ZnO and Si which often lead
to polycrystalline or textured ZnO films if directly grown on
Si [10], the oxidation of the Si surface into a thin amorphous
SiOx layer is generally seen in most attempts to grow oxides on
Si [11]. The mismatch issue can be satisfactorily overcome by
intervening buffer materials, including the use of a 30–100 nm
thick Sc2O3 layer to enable the epitaxial growth of ZnO on
(1 1 1) Si [10]. Unfortunately despite the Sc2O3 buffer layer
the SiOx layer was still observed [10, figure 2]. Both the buffer
layer and this amorphous layer are irrelevant if a device is built
on top of the ZnO film. Nevertheless, if the Si substrate is to
be utilized as a back contact to form heterojunctions, which is

0022-3727/14/105302+06$33.00 1 © 2014 IOP Publishing Ltd Printed in the UK
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Figure 1. (a) Typical θ–2θ XRD pattern of a ∼200 nm thick ZnO film grown on a 1 nm Sc2O3 buffer layer on a (1 1 1) Si substrate. A weak
Sc2O3 peak is seen. The Si peaks originate from the (1 1 1) Si substrate. (b) XRD φ scan of six-fold ZnO 1 1 2̄ 4 (black) and reference Si 440
(blue) peaks.

one of the original intents of growing ZnO on Si, such a thick
buffer layer greatly hinders the electronic transport across the
junction (as Sc2O3 is highly resistive). On the other hand,
although a thick insulating SiOx layer may be desired for some
applications, both its thickness and conductivity are harder to
control than crystalline buffer layers which can be grown with
monolayer precision. A recent study showed that the existence
of an amorphous interface layer in a junction structure may give
rise to I–V curves with large ideality factors (n � 2.0) [12],
which are frequently observed in ZnO/Si structures. Examples
include n = 32.9 in a ZnO nanowires/n-Si heterojunction [13],
n = 76.9 in a ZnO nanorods/p-Si heterojunction [14], and
n = 48.8 in a ZnO thin film/n-Si LED [7]. While a high ideality
factor is usually associated with a high turn-on voltage and a
low conduction current, the ability to lower and control this
parameter may be vital to designing many practical devices.

In light of the above facts, it is of great importance to
minimize the thickness of the insulating buffer layer without
jeopardizing the film quality, and to remove the amorphous
SiOx layer. In this paper, we report high quality ZnO films
grown at low temperatures (240–400 ◦C) on Si substrates
with very thin Sc2O3 buffer layers where the formation of
an amorphous SiOx layer has been successfully avoided, thus
realizing a crystalline interface between ZnO and Si. The
growth temperature for the ZnO films studied was as low as
240 ◦C, which is much lower than commonly used growth
temperatures (600–900 ◦C).

2. Experimental

1 and 5 nm thick Sc2O3 buffer layers were first grown on (1 1 1)
Si substrates by reactive molecular-beam epitaxy (MBE) at
700 ◦C [10]. Since Sc2O3 is thermodynamically stable in
contact with Si, the Sc2O3/Si interface was abrupt without
any reaction phases or amorphous SiOx layer at this point
[11]. A 248 nm KrF excimer laser with a pulse duration
of 22 ns and a fluence of ∼1.7 J cm−2 was then used for

pulsed-laser deposition (PLD) to grow a ZnO nucleation
layer approximately 10 nm thick on the buffer material at RT.
The temperature of the substrate was subsequently raised to
240 and 400 ◦C for the growth of ∼200 nm ZnO films in
an oxygen ambient of 5 × 10−3 Torr. The substrate-target
distance was set to 6.35 cm. The properties of the ZnO films
produced in this manner were investigated by x-ray diffraction
(XRD) using a Rigaku rotating anode diffractometer with
Cu Kα radiation, transmission electron microscopy (TEM),
temperature-dependent photoluminescence (PL) excited by
a 325 nm Kimmon He–Cd laser and dispersed by a 1 m
Jobin-Yvon spectrometer with a photomultiplier tube, and
current–voltage (I–V ) characterization on a HP 4156 precision
semiconductor parameter analyser. Hall effect measurements
were performed in Van der Pauw configuration.

3. Results and discussion

3.1. Structural characterization

Figures 1(a) and (b) are XRD θ–2θ and φ scans of a ZnO
film grown on 1 nm thick (1 1 1) Sc2O3 buffered (1 1 1) Si
substrate at 240 ◦C. These scans reveal the epitaxial growth
of Sc2O3 on (1 1 1) Si with a B-type orientation relationship.
The overall out-of-plane and in-plane orientation relationships
are determined as (0 0 0 1)[1 2̄ 1 0]ZnO ‖ (1 1 1)[1̄ 1 0]Sc2O3 ‖
(1 1 1)[1 1̄ 0]Si without any impurity or polycrystalline ZnO
peaks detected. The Sc2O3 layer was too thin for its diffraction
peak to fully emerge in the θ–2θ scan. The six narrow 1 1 2̄ 4-
type peaks seen in the φ-scan (figure 1(b)) show that the ZnO
film is epitaxial and free of rotation twins. Table 1 lists the full
width at half maximum (FWHM) of the 0 0 0 2 ZnO ω-rocking
curve measured by high-resolution XRD. A comparison is
shown between ∼200 nm thick ZnO samples grown on 1
and 5 nm thick Sc2O3 buffer layers on (1 1 1) Si substrates
for growth temperatures of 240 and 400 ◦C. All of these
samples have very similar diffraction patterns to those shown in
figures 1(a) and (b). The c-type (Nc, mostly dislocations with

2
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Table 1. Comparison of FWHM values of ω-rocking curves and dislocation densities of ZnO films grown at 240 and 400 ◦C with 1 and 5 nm
thick Sc2O3 buffer layers.

Substrate with ZnO growth 0 0 0 2 FWHM Nc Na

buffer layer Temperature(◦C) (degrees) (cm−2) (cm−2)

1 nm Sc2O3/Si 240 0.56 4.9 × 109 3.4 × 1010

5 nm Sc2O3/Si 240 0.47 3.0 × 109 2.0 × 1010

1 nm Sc2O3/Si 400 0.34 7.8 × 108 5.4 × 109

5 nm Sc2O3/Si 400 0.33 5.6 × 108 3.8 × 109

Figure 2. (a) Cross-sectional weak-beam dark-field TEM image and (b) CS-corrected HAADF image of a ZnO/Sc2O3(1 nm)/Si sample
grown at 240 ◦C. (c) HAADF image of a ZnO/Sc2O3(1 nm)/Si sample grown at 400 ◦C. (d) Cross-sectional dark-field TEM image and
(e) HAADF image of a ZnO/Sc2O3(5 nm)/Si structure grown at 240 ◦C.

a screw component) and a-type (Na, mostly edge dislocations)
dislocation densities estimated by Hall–Williamson [15] and
Srikant off-axis reflection [16] analyses are included in the
table, where we see that although lower growth temperature
gives rise to increased dislocation densities, the FWHMs have
not increased as much. The fact that dislocation densities in
films on 5 nm thick Sc2O3 buffer layers are generally smaller
is easily understood because a thicker buffer layer better
mitigates the lattice mismatch and relaxes the strain effects.

Direct characterization of the interfaces in the ZnO/Sc2O3/
Si multilayer structure was performed by spherical aberration
(Cs)-corrected scanning transmission electron microscopy
(STEM). Figure 2(b) shows a high-angle annular dark-field
(HAADF) image taken from the interface between ZnO and
Si, revealing good epitaxy of ZnO on Si even though the
Sc2O3 buffer layer was only 1 nm thick and the growth

temperature was merely 240 ◦C. An amorphous SiOx layer
∼0.9 nm thick exists at the interface of Sc2O3 and Si. A
cross-sectional weak-beam dark-field TEM image of this
sample in figure 2(a) reveals a smooth film surface and
sharp interface with the substrate. Threading dislocations
originating from the interface propagate into ZnO; some of
these dislocations extend to the film surface, while several
threading dislocations react and terminate within the film. For
comparison, figure 2(d) shows the cross-sectional TEM image
of a ZnO film grown on (1 1 1) Si with a 5 nm thick Sc2O3

buffer layer under the same growth conditions; significantly
fewer threading dislocations are observed. The dislocation
densities calculated from these images are in agreement with
those obtained by XRD as listed in table 1. The HAADF
image of this ZnO/Sc2O3(5 nm)/Si heterostructure is shown
in figure 2(e), which clearly illustrates the epitaxial growth of

3
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both Sc2O3 and ZnO. Most importantly, the Sc2O3/Si interface
is crystalline and free of an amorphous SiOx layer. Although a
short-range (1–2 atomic layers) reaction is seen between ZnO
and Sc2O3, this structure presents an extraordinary crystalline
interface between ZnO and Si. This is the first epitaxial growth
of ZnO on Si that is shown to be free of an amorphous layer.

The elimination of amorphous SiOx relies on a
combination of the growth temperature and the thickness of
the buffer layer. High-resolution TEM (HRTEM) images in
previous studies showed a Sc2O3/Si interface free of SiOx

prior to the film growth, suggesting that the formation of
the amorphous layer occurred during the ZnO growth when
oxygen from the ambient diffused through Sc2O3 and reacted
with Si at the interface [10]. At lower growth temperatures
the oxygen diffusion coefficient is strongly reduced; similarly
a longer diffusion length is needed for oxygen to diffuse
through a thicker Sc2O3 buffer layer. These concepts are
reflected in the results shown in figure 2. A STEM Z-contrast
image of a ZnO/Sc2O3(1 nm)/Si sample grown at a higher
temperature (400 ◦C, other conditions fixed) in figure 2(c)
shows the SiOx layer to be 67% thicker than the sample
grown at 240 ◦C in figure 2(b). While further reducing the
temperature might lead to a compromise of the crystallization
quality, increasing the thickness of the buffer layer is another
approach according to the above diffusion model. In this work,
240 ◦C and 5 nm buffer were the proper combination to get rid
of amorphous SiOx . It is foreseeable that other combinations
of growth temperature and Sc2O3 buffer layer thickness may
also preclude the formation of interfacial SiOx .

3.2. Optical properties

In addition to structural investigation, the optical properties of
the ZnO/Sc2O3(5 nm)/Si heterostructure grown at 240 ◦C were
examined by temperature-dependent PL measurements. The
excitation intensity was set to 5×10−2 W cm−2. Figure 3(a)
shows the near-band-edge (NBE) spectra from 11 to 300 K,
where eleven peaks and shoulders are distinguishable on the
spectra. Lines at 3.375 and 3.385 eV were identified as the
ground state emissions of A and B free excitons (FXn=1

A and
FXn=1

B ), respectively, and the first excited state of the B free
exciton (FXn=2

B ) was observed at 3.453 eV [17]. The strongest
peak at 3.360 eV and an accompanying shoulder at 3.366 eV
were assigned to neutral donor bound exciton recombination
(D0XA and D0XB). FXn=1

A has two longitudinal optical phonon
replicas at 3.309 and 3.235 eV, and similarly for D0XA its
two phonon replicas are located at 3.288 and 3.216 eV. As is
frequently seen for ZnO, the donor bound DX lines gradually
disappear with increasing temperature, while the FX lines
become significant. The two-electron satellite (TES) transition
of D0X, where the donor final state during the recombination
of an exciton bound to a neutral donor is the 2s, 2p state, was
determined to be 3.325 eV. Therefore the donor binding energy
(ED) is 4/3 of the energetic distance between D0X (1s state) and
its TES [18], which was precisely calculated to be 46.7 meV.
A faint peak at 3.528 eV that is identified as the H-ZnO bond
energy [19] denoted by ‘H’ in figure 3(a) has been observed in
multiple samples grown under the same conditions, consistent

Figure 3. (a) Temperature-dependent PL spectra of NBE emissions
from a ZnO/Sc2O3(5 nm)/Si sample grown at 240 ◦C. Spectra are
vertically displaced for clarity. (b) Comparison of 11 K PL spectra
of the ZnO film in (a) and the other sample grown at 400 ◦C with
other conditions fixed.

with the neutral hydrogen donor as a common trace impurity
in ZnO.

Most of the peak positions discussed above exhibit a
blueshift of 1–3 meV from their corresponding lines in a ZnO
film grown on Sc2O3/Si substrate at 600 ◦C [10], yet there still
is a 2–4 meV redshift from those of a ZnO bulk single crystal.
Since the redshift in PL spectra is caused by the residual tensile
strain [20] induced during the post-growth cooling process
due to a mismatch of thermal expansion coefficients between
ZnO (6.5 × 10−6 K−1) [21] and Sc2O3 (5.2 × 10−6 K−1) [22],
the lowered growth temperature has resulted in less strain
and hence less redshift. A comparison of this sample with
the other ZnO film grown at 400 ◦C is shown in figure 3(b).
The higher growth temperature has improved crystallinity and
thus the peak resolution; the FXn=2

A line appears at 3.417 eV
and more phonon replicas of D0XA are visible at 3.146 and
3.075 eV. Note that a slight redshift is present in the 400 ◦C
curve compared with the 240 ◦C curve, caused by the strain
effect.

3.3. Electrical properties

The current-voltage behaviour of the same samples discussed
above was examined at RT using indium as a contact material,
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Figure 4. (a) Room temperature I–V characteristics of ZnO/Sc2O3/Si heterostructures grown at 240 ◦C, where the buffer layer thicknesses
are 1 nm (square) and 5 nm (circle), respectively, and at 400 ◦C with 1 nm buffer (triangle). The ideality factors calculated for each sample
are shown. (b),(c) Schematic structure and the equivalent circuit in the interim bias range of the device studied.

to which gold wires were attached on both the ZnO surface and
the back of the Si substrate. Si substrates were p-doped with
a resistivity of ∼0.02 � cm, so they constitute p–n junctions
together with the undoped intrinsically n-type ZnO films.
Rectifying effects were observed in all samples tested as shown
in figure 4(a). According to Shockley’s ideal diode equation

I = IS(e
qV/nkBT − 1), (1)

where IS is the reverse saturation current and V is the voltage
across the junction, the ideality factor n can be written as

n = q

kBT

dV

d ln I
(2)

and is usually calculated in the interim bias range on the I–V

curve. As marked in figure 4(a), in both samples with 1 nm
thick Sc2O3 buffer layers, the ideality factor dropped greatly
from 34.6 to 5.7 when the growth temperature was decreased
from 400 to 240 ◦C, owing to the reduced thickness of the SiOx

layer (see figure 2). Directly linked to the change in ideality
factor, the more sensitive 240 ◦C sample has a turn-on voltage
of 0.45 V, much lower than the value of 2.14 V in the 400 ◦C
sample. The structure also grown at 240 ◦C that is free of
the amorphous SiOx layer has a thicker insulating layer (5 nm
Sc2O3) than the other two (Sc2O3 + SiOx), but still exhibits a
turn-on voltage of 1.08 V and an ideality factor of 17.7, which
is lower than most reports on ZnO/Si structures. Because of the
apparent advantage of a thin epitaxial Sc2O3 crystalline buffer
layer over an amorphous SiOx reaction layer in both structural
and electrical qualities, this heterojunction provides among
our samples the lowest reverse current, decent sensitivity and
forward current, and the best mobility of ∼65 cm2 V−1 s−1

from RT Hall measurements, which also show that the ZnO film
is n-type with an electron concentration of 6.5 × 1017 cm−3.

An ideality factor much higher than 2 in the Shockley
theory can be explained by an equivalent circuit model
proposed by Shah et al [23] schematically shown in figures 4(b)
and (c). Considering the Schottky contact at In/ZnO and In/Si

interfaces, the overall I–V characteristic of the structure can
be expressed as

V =
∑

i
Vi =

∑
i
[ni(kBT/q) ln I − ni(kBT/q) ln ISi ].

(3)

Regrouping the expression to get

ln I = q/kBT∑
i ni

V +

∑
i ni ln ISi∑

i ni

(4)

one can see that the externally calculated ideality factor n

of equation (2) is actually the sum of a series of rectifying
junctions: n = ∑

i ni , so measuring n � 2.0 is possible. For
future investigation, the junction marked as V2 in figure 4(c)
may be resolved into several junctions at each interface.
By growing a series of ZnO/Sc2O3/(p- and n-)Si multilayer
structures with different intervening layer thicknesses, a
systematic study can be conducted to decompose the interfacial
effects and further improve the electrical performance.

It should be noted that during experiments on the
ZnO/Sc2O3 (5 nm)/Si sample, currents up to 500 mA flowed
through the junction under forward bias, imposing electrical
power larger than 2.3 W on a 20 mm2 cross section, for
over 10 min. Surprisingly neither the thin buffer layer,
which endured most of the applied voltage, nor the ZnO
crystalline film was damaged by such a high current density,
and all measurements were repeatable without degradation,
suggesting that the device heating is significantly suppressed
compared to structures with oxidized Si layers. Taking the
low temperature treatment in PL tests (11 K) into account, this
SiOx-free structure displays excellent stability. Based on the
findings in this report, one could design and fabricate more
ZnO/Sc2O3/Si structures under different conditions to suit the
needs of optical or electrical applications.

4. Conclusion

The epitaxial growth of ZnO on (1 1 1) Si, free of an amorphous
SiOx interlayer, has been realized utilizing a 5 nm thick

5
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Sc2O3 buffer layer by PLD at a growth temperature of
240 ◦C. The films grown at such a low temperature maintained
high structural and optical quality with superior electrical
properties. Rectifying behaviour was observed in the p–n
junction with a turn-on voltage of 1.08 V and an ideality factor
of 17.7, which may be manipulated by adjusting the growth
conditions and Sc2O3 buffer layer thickness. It was also
demonstrated that a 1 nm Sc2O3 buffer layer can already lead
to good ZnO epitaxy.
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