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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 

Adv. Mater. 2015, 27, 555–561
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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 

Adv. Mater. 2015, 27, 555–561
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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 

Adv. Mater. 2015, 27, 555–561
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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, 

Adv. Mater. 2015, 27, 555–561
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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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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.

Simultaneous realization of excellent optical and electrical performanceZ. Huang et al.

967Prog. Photovolt: Res. Appl. 2015; 23:964–972 © 2014 John Wiley & Sons, Ltd.
DOI: 10.1002/pip

11



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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a b s t r a c t

We have employed a one-step (direct etching) metal-assisted chemical etching (MACE) technique to
grow large-area Si nanostructures with smoother surface morphology and much less porous Si (PS)
defects than those under the two-step (depositing and etching) MACE. A 17.63%-efficiency of the nano/
microstructures (N/M-Strus) based multicrystalline Si (mc-Si) solar cells has firstly surpassed that
(17.45%) of traditional-micro-textured one with a standard solar wafer size of 156�156 mm2. The key to
success lies in the reduction of electrical loss by removing PS defects and employing shorter one-step-
MACE-smoothened N/M-Strus, together with the optical gain from the combined antireflection of mc-Si
N/M-Strus and SiNx:H thin films. The present work opens a way to the mass production of high efficient
Si nanostructures based solar cells with a less-process-step and lower-cost approach.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Vertically aligned silicon (Si) nanostructure arrays have been
arising great interests in photovoltaic applications, due to the
excellent light-trapping features over a broad range of incident
angles [1–3], which may maximize the light absorption and
achieve improved efficiency (η) of solar cells. Considering the
remaining high reflectance of traditional-micro-textured multi-
crystalline Si (mc-Si) solar cells, the optical superiority of the Si
nanostructures provides an effective approach to obtaining high η
of mc-Si solar cells. However, the optical advantage of Si nanos-
tructures has not been facile to be fully converted into the η-gain
of solar cells [4–15], which is mainly ascribed to the poor electrical
properties, i.e., high recombination on the surface and in the bulk
of Si nanostructures. Over the past several years, substantial pro-
gresses in improvement of the electric performance have been
made by carrying out various process methods such as the surface
passivation [16–20], properly increasing sheet resistance [21,22]
and optimization of morphology of mc-Si nanostructures
[11,13,14,19]. Using the optimized textured structure, Zhong et al.,
[23] and Xiao et al., [24] have reported ηs of 15.99% and 17.46% for
),
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mc-Si nanostructures based solar cells with the standard solar
wafer size of 156�156 mm2 through reactive ion etching (RIE),
respectively. Liu et al., [22] have further improved the performance
of the mc-Si nanostructures based solar cells by employing acidic-
RIE textured technique and high sheet resistance.

As an morphology-easily-controlled method to prepare Si
nanostructures, the widely studied metal-assisted chemical etch-
ing (MACE) has demonstrated promising advantages for mass
productions due to its simplicity, room-temperature process, low
cost, and compatibility with current production lines [5,17,19,20].
Generally, MACE is divided into one-step (direct etching) and two-
step (depositing and etching) MACE, and the difference between
these two methods lies mainly in the less process step and the
absence of H2O2 (oxidant) for the one-step MACE. Up till now,
most of works have focused on two-step MACE, for example,
Huang et al., [25] and Lin et al., [26] have reported ηs of 11.86% and
15.58% for the mc-Si nanostructures based solar cells through the
two-step-MACE technique. Due to the existence of the oxidant
H2O2, the Si nanostructures synthetized by the two-step MACE
have a mass of porous Si (PS) defects, which is detrimental to the
electrical performance of the solar cells. Xie et al., [27] have shown
that the Si nanostructures grown by the two-step MACE with
lower H2O2 concentration have smoother morphology and less PS
defects. In short, compared with the two-step MACE, the one-step
technique without H2O2 is a simpler, less-process-step and lower-
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www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2015.07.017
http://dx.doi.org/10.1016/j.solmat.2015.07.017
http://dx.doi.org/10.1016/j.solmat.2015.07.017
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2015.07.017&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2015.07.017&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2015.07.017&domain=pdf
mailto:yuanxiao@ecust.edu.cn
mailto:wzshen@sjtu.edu.cn
http://dx.doi.org/10.1016/j.solmat.2015.07.017


Z.G. Huang et al. / Solar Energy Materials & Solar Cells 143 (2015) 302–310 303
cost approach to grow large-area Si nanostructures with smoother
surface morphology, and thus possesses more promising applica-
tions to the mass production of Si nanostructures based solar cells.
Using the one-step MACE, Liu et al., [28] have achieved an η of
15.8% on mc-Si nanostructures based 156�156 mm2 solar cells
with a stack passivation of SiO2/SiNx. Hsu et al., [29] have further
improved the η to 16.38% for the 6’’ one-step MACE mc-Si
nanostructures based solar cells. Nevertheless, the conversion
efficiencies of either the two-step or one-step MACE nanos-
tructured silicon solar cells are still far from satisfactory, especially
when compared to the efficiencies of the conventional
counterparts.

In this paper, we have successfully fabricated the mc-Si nano/
microstructures (N/M-Strus) based solar cells with the standard
solar wafer size of 156�156 mm2, by employing one-step MACE
technique. The η of 17.63% is firstly reported to be higher than the
traditional-micro-textured one of 17.45%. The shorter one-step-
MACE-smoothened N/M-Strus have been proved to play a key role
in reducing the electrical loss of N/M-Strus based solar cells, by
suppressing the surface recombination, Auger recombination and
Shockley–Read–Hall (SRH) recombination. Together with the
optical gain from the combined antireflection of the one-step-
MACE N/M-Strus and SiNx:H thin films, the reduced electrical loss
enables higher-than-traditional-micro-textured ηs to be realized.
The present achievement of the improved η displays promising
future for the mass production of the mc-Si nanostructures based
solar cells.
2. Experimental

2.1. Preparation of Si N/M-Strus

p-Type, 200710-mm-thick,�2-Ω cm-resistivity, mc-Si wafers
with the standard solar wafer size of 156�156 mm2 were used for
this work. The mc-Si N/M-Strus consisting of the traditional-
micro-textures and the nanowires were sequentially prepared in
mixed acid solution and MACE solution. The traditional-micro-
Fig. 1. Comparison between the one-step and two-step MACE. (a) Process flow of two-s
nanostructures by the two-step MACE. (d) Schematic morphology of the Si nanowires
tructures by the two-step MACE. (f) Oblique-view high-resolution SEM image of Si nanow
by the two-step MACE with different H2O2 concentrations of 0.1 M, 0.2 M, 0.4 M and
luminescence of Si nanowires by the one-step MACE without H2O2.
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textures were firstly prepared in the mixed acid solution
HF:HNO3:DIW¼1:3:2.5 (volume ratio) for �2.5 min at �8 °C.
Subsequently, the mc-Si N/M-Strus were synthetized through the
MACE including the one-step and two-step process as shown in
Fig. 1(a) and (b). For the one-step MACE, the cleaned as-tradi-
tional-micro-textured mc-Si wafers were directly etched to form
the nanostructures on the surface of the traditional-micro-textures
in the etching solution of 4.0 M HF/0.01 M AgNO3 for a certain
time at room temperature. For the two-step MACE, the cleaned as-
traditional-micro-textured mc-Si wafers were firstly dripped in
the aqueous solution of 5.0 M HF/0.02 M AgNO3 for 60–100 s to
obtain the Agþ-deposited layer, and then the Agþ-deposited
wafers were immediately immersed in the mixed solution of 5.0 M
HF and 0.1–1.0 M H2O2 for 60 s at room temperature, to form the
nanostructures. Finally, to wipe off the residual impurities, all the
mc-Si wafers with as-etched N/M-Strus were immersed in the
HNO3:DIW¼1:1 (volume ratio) solution for 20 min, followed by
rinsing with excess copious deionized water and drying with N2.

2.2. Fabrication of one-step-MACE N/M-Strus based mc-Si solar cells

After the standard RCA cleaning, the mc-Si wafers with one-
step-MACE N/M-Strus were placed in a tube furnace to carry out
the one-side (double-sides for some wafers) phosphorous diffu-
sion (Meridian, BTU) with POCl3 liquid source for about 40 min at
�800 °C. The phosphorous silicate glass (PSG) was removed by a
dilute HF solution (9% by volume). After that, the antireflection
and passivation layer of SiNx:H was deposited on the front surface
by plasma enhanced chemical vapor deposition (PECVD) (E2000
HT410-4, Centrotherm) for �40 min at 400 °C, meanwhile the
same SiNx:H layers were deposited on both sides of the double-
side diffused and no-diffused samples for the purpose of testing
the saturation current of the emitter and minority carriers lifetime,
respectively. Finally, a conventional front grid pattern and back
contacts as well as back surface aluminum were performed by the
screen-printing (LTCC, BACCINI), followed by a co-firing step at
750 °C for a short duration.
tep MACE. (b) Process flow of one-step MACE. (c) Schematic morphology of the PS
by the one-step MACE. (e) Oblique-view high-resolution SEM image of PS nanos-
ires by the one-step MACE. (g) Room-temperature PL spectra of PS nanostructures
1.0 M. The excitation wavelength is 325.0 nm. (h) Near zero room-temperature



Fig. 2. Smoothened morphology of mc-Si N/M-Strus by one-step-MACE. (a)–(c) Oblique-view SEM images of the one-step-MACE mc-Si N/M-Strus etched for 500, 700 and
900s, respectively, together with the corresponding high-resolution SEM images of the local mc-Si N/M-Strus in the insets. (d) Surface area enhancement factor β with
respect to the etching time.
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2.3. Characterization

The morphologies of the mc-Si N/M-Strus were investigated by
field emission scanning electron microscopy (SEM) (Sirion 200,
FEI). The photoluminescence (PL) measurements have been car-
ried out with a micro-Raman system (HR800 UV, Jobin Yvon
HORIBA) by using an exciting line of 325.0 nm from a He–Cd laser
(IK Series, KIMMON). The reflectance spectra as well as the inter-
nal quantum efficiency (IQE) and external quantum efficiency
(EQE) were measured on the platform of quantum efficiency
measurement (QEX10, PV MEASUREMENTS). The thickness and
refractive index of SiNx:H thin film were determined by spectro-
scopic ellipsometry (SE400, SENTECH). The effective minority
carrier lifetimes and the saturation current density of the emitter
were obtained by microwave photo-conductance decay method
and quasi-steady-state microwave photo-conductance decay
method, respectively (WT-1200A, SEMILAB). The electrical para-
meters of the solar cells were investigated by current–voltage (I–V)
measurement under the illumination of AM 1.5 at the Suntech
Power Co., Ltd. The performance of the N/M-Strus based mc-Si
solar cell with the highest η was independently certified by the
TÜV Rheinland (Shanghai) Co., Ltd.
3. Results and discussion

3.1. Smoothened morphology by one-step MACE

Fig. 1 contrastively shows the difference in morphology etched by
the one-step and two-step MACE. Fig. 1(c) schematically illustrates
that the PS nanostructures are irregularly formed on the surface of
the traditional-micro-textured mc-Si by the two-step MACE, while
the Si nanowires formed by one-step MACE display smooth and
orderly morphology (see Fig. 1(d)). It is worth pointing out that both
the nanowires and the traditional acidic texture contribute to the
final aspect of the texture. Based on the multi-scale texture (Si N/M-
Strus), the shorter nanowires can achieve the same low reflectance,
which benefits to the control of the recombination losses [11]. The
difference of the morphology is confirmed by the high-resolution
SEM images as shown in Fig. 1(e) and (f). From more SEM images of
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the PS nanostructures by the two-step MACE, we observe that the
thickness of PS layer is enlarged with the increase of the H2O2 con-
centration when the other etching parameters keep the same.
According to the fact proved in the Ref. [30], PS generated by ano-
dization or chemical etching in an oxidizing solution (HF/H2O2),
usually give rise to a visible emission. In Fig. 1(g), we present the PL
spectra of the PS nanostructures by the two-step MACE with 0.1, 0.2,
0.4 and 1.0 M H2O2. The PL spectra clearly show a broad band
emission of 550–850 nm with a peak around 670 nm, which is a
characteristic luminescence peak of the mc-Si PS structures [30].
Importantly, the relative PL intensity of PS nanostructures greatly
drops with the decrease of the H2O2 concentration, and for the 0.0 M
series, i.e., the one-step MACE (Fig. 1(h)), the luminescence intensity
approaches zero. That means that the nanostructures treated by
lower H2O2 concentration possess less PS defects, and particularly
there is no detectable PS for the 0.0 M H2O2 concentration, which is
consistent with the previous observation [27]. As we know, PS
defects are detrimental to the blue response IQE due to the serious
surface recombination [31], which leads to poor output performance
of solar cells, especially the open circuit voltage. Consequently, the
one-step MACE that produces smoother nanostructures without PS
defects is expected to be a more effective way to improve the output
performance of mc-Si nanostructures based solar cells.

Next, we focus on studying the influence of the one-step-MACE
time on the morphology of N/M-Strus. Fig. 2(a)–(c) shows the SEM
images of the one-step-MACE mc-Si N/M-Strus for three series
corresponding to 500, 700 and 900s etching time, respectively.
Also, the etching velocity at the junctures of micro-textures is
larger than that at the bottom of the micro-textures, and thus the
nanostructure is general higher at the top of micro-textures than
at the bottom. The high-resolution SEM images shown in the
insets of Fig. 2(a)–(c) display in detail the morphology of mc-Si
nanowires at the junctures of micro-textures: 200 nm-high
nanowires with the diameter of �68 nm, 500 nm-high nanowires
with the diameter of �60 nm and 670 nm-high nanowires with
the diameter of �55 nm, corresponds to the 500, 700 and 900 s
series, respectively. As a conclusion, the height of Si nanowires
greatly increases with the etching time, while the diameter
slightly declines. Since the nanowires on the surface of the tradi-
tional-micro-textures lead to a great enhancement of surface area,
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we introduce the surface area enhancement factor β to quantita-
tively characterize the surface area of the N/M-Strus, which is
defined as β¼AN/M/AM with AN/M being the surface area of the N/
M-Strus including the lateral area of all the nanowires and the
surface area of the mere traditional-micro-textures AM [21]. Note
that the β is determined by the height, diameter and areal density
of the nanowires. Based on the above definition, we have obtained
the β values of 2.06, 3.42 and 3.98 for the 500, 700 and 900s series
N/M-Strus, respectively, and the β value of the traditional-micro-
textures (as reference) is 1.0. Fig. 2(d) depicts the approximately
proportional increasing β of the one-step-MACE mc-Si N/M-Strus
with respect to the etching time.

3.2. Optical characteristics

Since the optical characteristics of the Si N/M-Strus can directly
affect the number of the photons entering into the solar cells
[11,20], a good optical performance is the prerequisite to gaining
the high η of solar cells. In this section, we lay emphasis on the
antireflection characteristics of the one-step-MACE-smoothened
N/M-Strus in various conditions including the as-etched, PSG-
removed, SiNx:H-coated and cell cases.

Fig. 3(a) illustrates the influence of the β on the solar averaged
reflectance for the one-step-MACE-smoothened N/M-Strus in as-
etched, PSG-removed and cell cases. Here, the solar averaged
reflectance Rave is calculated by averaging the reflectance over the
AM 1.5 spectrum in the wavelength range of 300–1100 nm as
follows

R
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where R(λ) and S(λ) denote the measured reflectance and AM
1.5 solar photon spectral distribution, respectively. Obviously, the
as-etched and PSG-removed cases show great drops of Rave with
increasing β, while the cell case exhibits slight decline and keeps
relatively low Raves, namely 8.47% (β¼1.0), 7.83% (β¼2.06), 6.40%
(β¼3.42) and 5.77% (β¼3.98). Moreover, for the same β, Raves of
Fig. 3. Reflectance characteristics of the one-step-MACE-smoothened mc-Si N/M-Strus. (
etched, PSG-removed and cell cases. (b) Reflectance spectra of the as-etched 500, 700 and
the reflectance spectrum of 500s series with that of reference for the as-etched and SiNx

case, together with the traditional-micro-textured reference.
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the PSG-removed case are larger than those of the as-etched ones
due to the height-reduction of Si nanowires from the alkali cor-
rosion in the PSG-removed process, while Raves of the cell case
have greatly decreased after depositing SiNx:H layers due to the
combined antireflection of one-step-MACE N/M-Strus and SiNx:H
thin films. Note that although the PSG etch affects the morphology
of the Si N/M-Stus slightly, the process stability of the Si N/M-Strus
based solar cells can be guaranteed due to the stable and fixed PSG
etching process.

Fig. 3(b) further manifests the reflectance spectra of the 500,
700 and 900s series for the as-etched case in the wavelength range
of 300–1100 nm, together with the traditional-micro-textured
series as a reference. It is clear that the reflectance in the whole
wavelength range decreases with the increase of the etching time,
which can be attributed to the light-trapping effect of the nanos-
tructures in the short wavelength range, and the optical antire-
flection of the formed density-graded layer in the medium and
long wavelength range [32–34].

In order to understand the superiority of the combined anti-
reflection of the N/M-Strus and SiNx:H, we compare in Fig. 3(c) the
reflectance of 500s series with that of the reference (traditional-
micro-textured) when the as-etched and the SiNx:H-coated cases
are considered. For the as-etched case, the reflectance of the 500s
series is slightly lower than that of reference in the whole range of
300–1100 nm, while for the SiNx:H-coated case the reflectance
difference between the two series has been enlarged in the
wavelength ranges of 300–600 nm and 900–1100 nm (highlighted
by dashed circles). The enhanced antireflection is attributed to the
complementary antireflection effect of the density-graded N/M-
Strus at short wavelength and the SiNx:H thin films at long
wavelength [20]. Fig. 3(d) displays the reflectance spectra of the
500, 700, 900s and reference series for the cell case, where the
same PECVD process recipe has been used for all cases. We can see
that the reflectance spectral curves of the cells with silver grid
lines basically keep a similar profile as those of the SiNx:H-coated
case in Fig. 3(c) which has no silver grid lines. Despite a slightly
higher reflectance in the medium wavelength range of 500–
900 nm, the improved antireflections in the wavelength ranges of
a) Solar averaged (300–1100 nm) reflectance with respect to the initial β for the as-
900s series, together with the traditional-micro-textured reference. (c) Comparing

:H-coated cases. (d) Reflectance spectra of the 500, 700 and 900s series for the cell
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300–600 nm and 900–1100 nm make the solar averaged reflec-
tance reduce with the increase of β, which is expect to benefit the
performance of the solar cells [32]. The relationship of the
reflectance and theoretical photocurrent is expressed as

I A
e
hc

S R d1 IQE 2sc, th ∫ λ λ λ λ λ= ( )( − ( )) ( ) ( )

where A and e/hc are the cell area and the charge constant,
respectively. Assuming no IQE losses i.e. IQE¼1, the suppression of
the reflectance R(λ) will be directly beneficial to the improvement
of the maximum photocurrent Isc, th.

3.3. Electrical analysis

As we know, SiNx:H thin film by PECVD possesses excellent
passivation capabilities, which provides both the good surface
passivation from the dangling-bond saturation and bulk passiva-
tion from the hydrogen modification [35]. In this section, based on
the one-step-MACE-smoothened mc-Si N/M-Strus, we investigate
the influence of the morphology on the electrical properties, to
deeply understand the electrical loss mechanism of the N/M-Strus
based solar cells.

Fig. 4(a) shows the one-step-MACE-smoothened morphology
of mc-Si N/M-Strus (500s series) after depositing the SiNx:H thin
film by PECVD, which demonstrates a homogeneous and con-
formal coating on the surface of the one-step-MACE N/M-Strus.
Also, the thickness of the SiNx:H thin film is estimated as 65.0 nm
from the SEM, which is smaller than the 80.0 nm thickness of the
traditional-micro-textured series. The reduced thickness of SiNx:H
thin film is due to the constant SiNx:H-depositing flow on the
enhanced surface area of the N/M-Strus, as compared with the
traditional-micro-textures. Note that a thin film thickness above
40–50 nm is sufficient to ensure a good surface passivation. In the
following, we discuss the recombination mechanisms of the
SiNx:H-passivated N/M-Strus for the doped Si, diffused Si (p–n
junction) and mc-Si cell, to understand the nature of the electrical
loss in the one-step-MACE N/M-Strus based mc-Si solar cells.

Surface recombination of the Si wafer (thickness d) is usually
represented by the effective minority carrier lifetime τeff, which
can be expressed as S S d1/ 1/ /eff bulk eff

F
eff
Bτ τ= + ( + ) , with τbulk, Seff

F

Fig. 4. Electrical characteristics of the one-step-MACE-smoothened mc-Si N/M-Strus pa
(b) Effective minority carrier lifetime τeff with respect to β for the as-etched (lower) and
excess carrier density Δn for the double-side-diffused and double-side-SiNx:H-passi
(d) Reverse saturation current Irev (left) and shunt resistance Rsh (right) of the mc-Si N/M
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and Seff
B being the bulk lifetime, the front and back surface

recombination velocity (SRV), respectively. To investigate the
effect of the large surface area of Si nanostructures on the SRV, the
as-etched nanostructured samples are double-side symmetrically
passivated and the SRV is extracted from the measured τeff based
on the following equation [21]

S
d

1 1 2
3eff bulk

effτ τ
= + ⋅

( )

where Seff¼ Seff
B ¼ Seff

F ¼ Sloc
Fβ⋅ . Here the constant Sloc

F denotes the
local SRV at the front surface of nanostructures (Auger recombi-
nation is neglected in the case of non-diffused samples). Fig. 4
(b) shows that τeff of the one-step-MACE-smoothened N/M-Strus
for both the as-etched and SiNx:H-passivated cases, slightly
decrease with increasing β, which is consistent with the previous
results [19–21]. Obviously, all the four series for the as-etched case
have low values of lifetime, while the SiNx:H-passivated counter-
parts possess a lifetime an order of magnitude higher due to the
good passivation effect from the SiNx:H layer. It is worth noting
that the SiNx:H-passivated case shows little lifetime difference
among the different series corresponding to β¼2.06, 3.42 and
3.98, indicating that the good SiNx:H passivation weakens the
adverse influence of the surface area enhancement.

Generally, the saturation current density J0e of the emitter for
diffused Si (p–n junction) can characterize the Auger recombina-
tion in the emitter and the surface recombination at the surface of
the emitter [36]

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟J J

N n

qn d
1 1 1

4eff Auger SRH
0e front 0e back

A

i
2τ τ τ

− = + +
+ Δ

( )
( ) ( )

where τAuger and τSRH are the Auger recombination and the bulk
lifetime considering only the SRH recombination, respectively, NA is
the doping concentration of the p-Si substrate, Δn is the excess
carrier density, q is the elementary charge, and ni is the intrinsic
carrier density. Fig. 4(c) shows 1/τeff�1/τAuger with respect to the
excess carrier density Δn for the double-side-diffused and
double-side-SiNx:H-passivated mc-Si N/M-Strus (J0e(front)¼ J0e(back)),
where Kerr Auger recombination model [37] is considered. Note that
these wafers are passivated by the same SiNx:H layer as that in
ssivated by SiNx:H thin film. (a) Morphology of the SiNx:H-coated mc-Si N/M-Strus.
SiNx:H-passivated (upper) mc-Si N/M-Strus. (c) 1/τeff�1/τAuger with respect to the
vated mc-Si N/M-Strus, together with the traditional-micro-textured reference.
-Strus based solar cells with respect to β. The reversed bias voltage is set as �12.0 V.
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Section 2.2. According to the extracted slopes, J0e of the 500, 700,
900s and reference (traditional-micro-textured) series are calculated
as 189.9, 253.0 and 301.7 and 173.6 fA/cm2, respectively, which
implies a growing recombination including surface and Auger
recombination in the emitter with increasing β.

In view of good passivation of the SiNx:H layer, J0e represents
the dominating Auger recombination and secondary SRH recom-
bination in the heavily doped emitter. Therefore, the larger J0e of
the emitter is mainly attributed to the higher Auger recombination
produced by the thicker “dead layer” of the heavily doped N/M-
Strus with larger β, which is consistent with Refs. [10,18]. Also, we
should note that the 500s series (β¼2.06) has almost identical J0e
with the reference, demonstrating that the electrical loss in the
emitter of 500s series keeps the same level with that of the
reference (β¼1), while the electrical performance of the 700s
(β¼3.42) and 900s (β¼3.98) series are far poorer than that of the
reference. It reveals that the Auger recombination rapidly aggra-
vates with the increase of β, and thus the careful control of the
morphology is an important factor to suppress the Auger recom-
bination of the one-step-MACE N/M-Strus based solar cells.

For the Si nanostructures based solar cells, Shen et al., [38] have
introduced a lateral electric field of the non-uniform p–n junction
to explain the enlarged leakage current and the reduced shunt
resistance. In fact, the lateral electric field of the non-uniform p–n
junction produces an extra SRH recombination by increasing the
capture probability of the electrons and holes, which results in the
worsened leakage current and shunt resistance. Therefore, it is
necessary to study the influence of the non-uniform morphology
of mc-Si N/M-Strus on the leakage current and shunt resistance of
the solar cells, which can provide a helpful guidance for the fab-
rication of the solar cells. Fig. 4(d) illustrates both the reverse
saturation current Irev (left) and the shunt resistance Rsh (right)
with respect to β for the one-step-MACE N/M-Strus based mc-Si
solar cells. With the increase of β, i.e., the increasing non-uni-
formity of the morphology, Irev evidently ascends from 0.165 A of
the 500s series to 0.451 A of the 900s series, meanwhile Rsh
reduces from 26575Ω cm2 of the 500s series to 8415Ω cm2 of
900s series. This shows that the one-step-MACE N/M-Strus based
solar cell with larger β possesses larger Irev and smaller Rsh, which
is partially ascribed to the stronger lateral electric field from the
non-uniform p–n junction [38]. Naturally, the worsened Irev and
Rsh caused by the growing SRH recombination reduce the open
circuit voltages of the solar cells, as can be clearly observed in
Table 1.

In summary, it is concluded from the above discussion that the
surface recombination, Auger recombination and extra SRH
recombination have simultaneously become higher with
Table 1
Experimental and simulated (PC1D) results of the one-step-MACE N/M-Strus based and t
size of 156�156 mm2. These ISO certified output parameters (AM 1.5 illumination) are m
as follows: background doping concentration, n-type emitter doping concentration, p-
8.23�1019 cm�3, 50.0 ms and 1.90�10�3 Ω, respectively. Note that all the basic paramete
reliability of the fitting results. The theoretical maximums of Isc,th and η are calculated b

Cell (156�156 mm2) Experimental

Isc (A) Voc (V) FF (%) η (%) Irev (A) Rser (Ω cm2) Rsh (Ω

500s N/M-Strus 8.5839 0.6258 79.59 17.57 0.165 0.4794 2657

700s N/M-Strus 8.5924 0.6244 79.62 17.45 0.227 0.4648 1626

900s N/M-Strus 8.5954 0.6223 79.07 17.22 0.451 0.4721 841

Reference 8.5526 0.6261 79.26 17.45 0.119 0.5037 3796
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increasing β, and can be suppressed by employing the shorter one-
step-MACE-smoothened N/M-Strus. However, as the discussion in
Section 2, the antireflection performance of the higher N/M-Strus
(larger β) is superior to that of the shorter ones (smaller β). In a
word, a careful tradeoff of the optical gain and electrical loss is the
most important step to achieve high η of one-step-MACE N/M-
Strus based mc-Si solar cells.

3.4. Cell performance

Measured output parameters of the one-step-MACE N/M-Strus
based and traditional-micro-textured (reference) mc-Si solar cells
are listed in Table 1. Obviously, the short circuit currents (Iscs) of
the one-step-MACE N/M-Strus based solar cells increase with
increasing of β, and all of them are higher than that of the refer-
ence, which benefits from the combined antireflection perfor-
mance of the N/M-Strus and SiNx:H thin films. On the contrary, the
open circuit voltages (Vocs) show a declining trend, and all of them
are lower than that of the reference, mainly due to the worsened
surface recombination and Auger recombination together with the
extra recombination from the lateral electric field of the non-
uniform p–n junction. Moreover, as discussed in Section 3.3, the
shunt resistances (Rshs) and reverse saturation currents (Irevs) are
greatly affected by the β, implying that a good electrical perfor-
mance cell requires shorter one-step-MACE-smoothened N/M-
Strus. The series resistances (Rsers) show low values (�0.5Ω cm2)
and no evidently changing with increasing β, manifesting a good
electrical contact between the front electrode and one-step-MACE
N/M-Strus emitter. The good contacts that are beneficial to the fill
factor (FF) profit from the enough contact area between the front
electrode and the compact Si nanostructures, which has been
proved in previous work [25]. In short, the optimal tradeoff
between the optical gain and electrical loss has resulted in the best
output cell performance in the 500s one-step-MACE N/M-Strus
based solar cells with an averaged η up to 17.57%, which is higher
by an absolute 0.12% compared with 17.45% of the traditional-
micro-textured reference. To illustrate the superiority of one-step-
MACE, the averaged performance of two-step-MACE N/M-Strus
based solar cells are obtained as follows: η¼16.85%, Isc¼8.610 A,
Voc¼0.6179 V, Rs¼0.7593Ω cm2, Irev¼0.5576 A. Compared with
non-optimized 900s one-step-MACE cells, the averaged η of two-
step-MACE cells declines by an absolute 0.4%, although both of
them have the similar optical performance. As is discussed in
Fig. (1), PS generated by two-step-MACE cause more electrical loss
including lower Voc, larger Irev and Rs, which is related to more
recombination loss and poorer electrical contact. Considering a
low additional cost of one-step-MACE method, we believe that the
raditional-micro-textured (reference) mc-Si solar cells with the standard solar wafer
easured at the Suntech Power Co., Ltd. Basic parameters of PC1D-simulation are set
type mc-Si bulk minority carrier lifetime and base contact are 2.65�1016 cm�3,
rs are experimental obtained from data of the production line which guarantees the
y the Eq. (2) and η¼ Isc,thVocFF/Pin.

Rave (%) Simulated Theoretical
maximum

cm2) Sheet Resistance
(Ω sq�1)

DL (nm) η (%) Isc,th (A) ηth (%)

5 81 7.83 120.0 17.65 9.715 19.84

9 75 6.40 152.0 17.38 9.807 20.03

5 70 5.77 170.0 17.23 9.856 20.13

4 85 8.47 101.0 17.47 9.644 19.70



Fig. 5. Cell performance of the one-step-MACE N/M-Strus based mc-Si solar cells. (a) Experimental (hollow symbols) and PC1D-fitting (solid curves) IQE, together with the
traditional-micro-textured reference. (b) Comparing IQE, EQE and reflectance of the 500s one-step-MACE N/M-Strus based solar cell with those of the traditional-micro-
textured reference. (c) Output parameters, current–voltage (blue curve) and power-voltage (green curve) characteristics of the highest-efficient one-step-MACE N/M-Strus
based mc-Si solar cell (500s series) independently certified by the TÜV Rheinland (Shanghai) Co., Ltd. (d) Photograph of the one-step-MACE N/M-Strus based and traditional-
micro-textured (reference) mc-Si solar cells with the standard solar wafer size of 156�156 mm2. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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one-step-MACE method is a cost-effective technique to promote
the η of multicrystalline solar cells and promising to be applied to
mass production.

To further understand the influence of the morphology on the
IQE, we have measured the IQEs (hollow symbols) of the one-step-
MACE N/M-Strus based and the reference mc-Si solar cells, and
simulated the corresponding ones (solid curves) by PC1D software
as shown in Fig. 5(a). Generally, the total IQE is regarded as the
sum of the following three contributions [39]:

IQE IQE IQE IQE 5ER SCR BSR= + + ( )

where IQEER, IQESCR and IQEBSR denote the IQE in the emitter
region (ER), space charge region (SCR) and back surface region
(BSR), respectively.
23
Different recombination mechanism dominates in different
regions, e.g., the surface and Auger recombination in ER, SRH
recombination in SCR, and back surface recombination in BSR. As
highlighted by dashed circles in the figure, the measured IQE in ER
(the short wavelength range) and SCR (the medium wavelength
range) decrease with the increasing β, while they exhibit similar
behaviors in BSR (the long wavelength range).

Firstly, the worsening IQE in ER with increasing β can be
regarded as the contribution of a “dead layer” (DL) from the
heavily doped Si emitter, which has been proved in Refs. [10,18].
To illustrate this, we have employed the PC1D software to simulate
the IQE with the detailed parameter setting listed in the caption of
Table 1. The reliability of the simulation is guaranteed by
extracting the basic input parameters from the actual production-
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line data and proved by the matching between the simulated η
(see simulated part of Table 1) and the experimental ones. To
match the fitting IQE curves with the experimental ones, the
values of the DL thickness should be set as 120.0, 152.0 and
170.0 nm corresponding to the reference, 500, 700 and 900s series,
respectively, which is consistent with the experimental result of
the lower sheet resistance with the larger β. That is to say, the
more electrical loss from the surface and Auger recombination at/
in ER can be attributed to the existence of a thicker DL (larger β).
Secondly, in SCR, the SRH recombination produced by the non-
uniform p–n junction enlarges with increasing β, which leads to
the declining IQE, in good agreement with the result of Section 3.3.
Finally, the IQE in BSR is kept in the same level for all the series
simply due to the same cell process in this region. In brief, the
shorter one-step-MACE N/M-Strus based solar cells possess better
IQE in ER and SCR due to the lower surface, Auger and SRH
recombination losses, while all the series basically keep the same
level of IQE in BSR. Assuming no IQE loss, the theoretical max-
imums of Isc,th and ηth are predicted in Table 1. With the increase
of the β, the experimental Isc shows the same increasing trend
with that of the theoretical Isc,th(ηth), while the experimental ηs
decrease due to the rapidly deteriorated IQEs.

From the measured IQE, EQE and reflectance, Fig. 5(b) clearly
illustrates the tradeoff between the optical gain and electrical loss by
comparing the 500s one-step-MACE N/M-Strus based solar cell with
the traditional-micro-textured reference. Although the 500s series
shows poorer IQE than the reference in ER and SCR, the EQE keeps the
same level in ER and better one in SCR, thanks to the excellent optical
gain in the corresponding wavelength range. Furthermore, the
superior optical performance of the 500s series in the long wave-
length range promotes the EQE in BSR, since the 500s series has the
same level IQE as the reference in this region. As a result, the 500s
series yield higher ηs than the traditional-micro-textured ones, ben-
efiting from the improvement of the EQE due to the optical gain from
the combined antireflection and the control of the electrical loss.
Among the optimal 500s one-step-MACE N/M-Strus based solar cells,
the highest η of 17.63%, as well as Isc¼8.6510 A (Jsc¼35.56 mA/cm2),
Voc¼0.6272 V and FF¼79.10%, has been independently confirmed by
TÜV Rheinland (Shanghai) Co., Ltd. (see Fig. 5(c)). Fig. 5(d) displays the
photograph of the one-step-MACE N/M-Strus based mc-Si solar cell
with black appearance and standard solar wafer size of
156�156mm2 (right), together with the traditional-micro-textured
reference cell (left). Although the process was performed on a stan-
dard solar wafer size of 156�156mm2, the appearance of the Si N/M-
Strus based solar cell looks uniform across the wafer.
4. Conclusions

In conclusion, we prepare the mc-Si nanostructures on the
acidic micro-texture by the one-step and two-step MACE, and
contrastively investigate the process flow, morphologies and PL
spectra of them. The room-temperature PL measurement proves
that the one-step MACE is superior to the two-step MACE, due to
smoother and more orderly mc-Si nanostructures without
detectable PS defects. Therefore, one-step-MACE N/M-Strus based
mc-Si solar cells are fabricated on the standard solar wafer size of
156�156 mm2 by using commercial screen-printed technique.
The study of the optical characteristics shows that with the
increase of the nanowire height (proportional to the etching time),
the averaged reflection Raves become lower, especially in the short
wavelength region. Although the Rave reduction of the higher N/M-
Strus implies the improvement of the photocurrent, the electrical
analysis manifests that the higher N/M-Strus based mc-Si solar cell
suffers from the larger electrical losses from the surface recom-
bination, Auger recombination and extra SRH recombination, and
24
thus the shorter one-step-MACE N/M-Strus is more beneficial to
controlling the electrical loss. Also, the worsening electrical per-
formances with the increase of the height are confirmed by the
experimental IQE and its simulation by PC1D. The trade-off of the
optical gain and the electrical loss is found in 500s case that
possesses higher Isc, similar Voc and FF (fill factor), comparing with
those of the traditional-micro-textured solar cell. Furthermore, the
EQEs improvements of 500s case in the short wavelength and long
wavelength region confirm the aforementioned optical and elec-
trical results. Finally, we successfully achieved the highest η of
17.63% (confirmed by the TÜV Rheinland Co., Ltd.) and the average
η of 17.57% for the mc-Si N/M-Strus based solar cell, surpassing
17.45% of the reference (traditional-micro-textured) counterparts.
By employing the simple and low-cost one-step MACE technique,
the realization of improved η on the mc-Si N/M-Strus based solar
cells with standard solar wafer size will strongly drive the research
development and mass production of high efficient Si nanos-
tructures based solar cells.
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Superior broadband antireflection from
buried Mie resonator arrays for
high-efficiency photovoltaics
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Establishing reliable and efficient antireflection structures is of crucial importance for realizing
high-performance optoelectronic devices such as solar cells. In this study, we provide a design guideline for
buried Mie resonator arrays, which is composed of silicon nanostructures atop a silicon substrate and buried
by a dielectric film, to attain a superior antireflection effect over a broadband spectral range by gaining
entirely new discoveries of their antireflection behaviors. We find that the buried Mie resonator arrays
mainly play a role as a transparent antireflection structure and their antireflection effect is insensitive to the
nanostructure height when higher than 150 nm, which are of prominent significance for photovoltaic
applications in the reduction of photoexcited carrier recombination. We further optimally combine the
buried Mie resonator arrays with micron-scale textures to maximize the utilization of photons, and thus
have successfully achieved an independently certified efficiency of 18.47% for the nanostructured silicon
solar cells on a large-size wafer (156 mm 3 156 mm).

L
ight reflection is undesirable for optoelectronic applications such as photodetectors, photodiodes and solar
cells, since reflection leads to the loss of incident photons and thus the low generation of photocarriers.
Various technologies based on different antireflection mechanisms have been developed to suppress the

surface reflection. Single quarter-wavelength dielectric coating is widely used to perfectly eliminate the reflectance
at a specific wavelength, the antireflection mechanism behind which is the destructive interference1–3. Micron-
scale textures with morphologies including pyramid4,5 and bowl-like6 are also commonly utilized to suppress the
surface reflectance by multiple reflections between structures. Recently, sub-wavelength structures have attracted
intensive attentions due to their outstanding antireflection characteristics7,8. Excellent antireflection effects over a
broad wavelength range and a wide incident angles can be achieved through appropriately designing the mor-
phology of nanostructures to produce a gradient refractive index change from air to the substrate9–11. Meanwhile,
short nanostructures8,12–14 as well as plasmonic nanoparticles tend to provide strong light scatterings from the
excitation of resonances15–17, which also play prominent roles in light management.

However, these antireflection techniques are not ideal choices for silicon photovoltaic applications due to either
the optical or electrical problems. There are still high photons loss for micron-scale textures whose surface
reflectance are often higher than 10% over the whole wavelength range from 400 to 1100 nm18. Though the
silicon nanostructures with an adiabatic refractive index change from air to substrate can effectively suppress the
refection over a broad wavelength, they require high-aspect-ratio structures and thus incur extremely severe
carrier recombination19,20. The antireflection mechanisms of the quarter-wavelength dielectric coatings deter-
mine that their antireflection effect depends strongly on the incident wavelength and thus the solar spectrum
averaged reflectance (Rave) is still relatively high7. The short silicon nanostructures and plasmonic nanoparticles
also only reduce the surface reflectance effectively in a narrow wavelength range17,21,22, indicating that they are not
perfect options for the silicon solar cells that work on a broad solar spectrum either.

In this study, we provide a design guideline for an antireflection structure constituted of buried Mie resonator
arrays to attain a superior broadband antireflection effect, where the role of Mie resonators is played by silicon
nanostructures standing on a silicon substrate and buried under a dielectric film (see Figure 1a,b). Spinelli et al.12,
have demonstrated the benefits of the buried Mie resonator arrays on antireflection, focusing on the contribution
of the strongly substrate-coupled Mie resonances. Here, we present entirely new discoveries of their antireflection
behaviors and give a comprehensive understanding of the antireflection structure. There are mainly two com-
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peting mechanisms contributing to the antireflection effects in the
buried Mie resonator arrays with a specific period: one is the strong
forward scattering from Mie resonances, which dominates at the
long wavelength; the other is the scattering modulated interference
antireflection that dominates at the short wavelength and with the
position of the reflectance minimum deviating from the ideal
destructive interference condition. We manipulate both antireflec-
tion effects by simply mediating the thickness of the dielectric cover
layer on the short silicon nanostructures to simultaneously realize an
excellent broadband antireflection and a low carrier recombination
for photovoltaic applications. We have further combined the dielec-
tric layers with an optimized multi-scale textures (nanostructures are
optimally formed on micron-scale pyramids) to minimize the reflec-
tance (the Rave reaches as low as 2.43% over the wavelength from 400
to 1100 nm) and the recombination, and hence have successfully
realized an independently certified conversion efficiency (g) of
18.47% for the nanostructured silicon solar cells on a large-size wafer
(156 mm 3 156 mm).

Results
Enhanced Mie resonances and interference effects from SiNx

layers. Figure 1c shows the forward scattering cross-sections for a
single silicon nanopillar (SiNP) without and with SiNx coatings
calculated by finite-difference time-domain (FDTD) method. The
forward scattering spectrum of the SiNP exhibits two scattering
peaks, which are similar to the previous study and are attributed to
the Mie resonances12. The lower-order Mie resonance mode shifts
from 582 to 691 nm and further to 754 nm, when the SiNP are
coated with 65 and 85 nm SiNx, respectively. Another prominent
feature for the SiNx-layer-coated SiNP is the dramatically
enhanced Mie scattering cross-section. And with the increase of
the SiNx layer thickness, the forward scattering is gradually
enhanced with the peak shifting to the longer wavelength. It is
obvious that the coated SiNP plays a role as Mie resonator and we
can manipulate its resonance properties (including resonance
wavelength and intensity) by simply regulating the thickness of the
SiNx covering layer, which is different from previous studies where
the SiNP diameter was adjusted13,22,23. Such core-shell structures are
also widely adopted in plasmon resonances due to the fact that they

provide more parameters to manipulate the light scattering24. It is
anticipated that the strong forward scattering light of the buried Mie
resonators, shown in Figure 1b, will greatly contribute to suppressing
the surface reflection when introduced to a silicon substrate.

Before confirming that, we present another antireflection effect in
the buried Mie resonator arrays. A buried Mie resonator array
reduces to a dielectric-covered planar surface when its period is
infinitely large, so we can anticipate that an array with a large period
may partly exhibit the well known interference antireflection effect of
a coated planar surface. To demonstrate this effect, we have carefully
studied the reflectance spectra of the buried SiNP arrays (SiNPs) with
a period of 1000 nm by varying the thickness of the SiNx layer, which
is plotted in Figure 1d. Remarkable reflectance dips occur around the
wavelengths satisfying the destructive interference formula: n*d 5

l/4, where n is the refractive index of the SiNx, d is the layer thickness
and l represents the incident wavelength. Therefore, these reflec-
tance dips should be attributed to the interference antireflection
effect from the SiNx layers. In the figure, we can also observe that
the minimal reflectance of the 75-nm-SiNx-layer-buried SiNPs is the
lowest as compared to those of the other three. On the one hand, it is
relative with the optimal matching of the refractive index which
enables to realize completely destructive interference (note that the
refractive index of silicon depends on the wavelength, and thereby it
is possible to make n 5 2 become the optimal refractive index value at
a certain wavelength, more detailed explanation see Figure S1); On
the other hand, as the thickness of the SiNx layer increasing to
.75 nm, the light scattering is enhanced and thus destroys the inter-
ference antireflection effect to some extent, resulting in the increased
minimal reflectance value. In fact, due to the enhanced scattering, the
minimal reflectance of a silicon wafer with 75-nm-SiNx-layer-buried
SiNPs on the top is indeed higher than that of a planar wafer only
with a 75 nm SiNx coating (see Figure S1).

Figure 2a further shows that the reflectance curves approximately
preserve the same shape when decreasing the periods of the buried
SiNPs from 1000 nm to 400 nm, indicating that the interference
antireflection effect is retained even in a rather dense SiNPs. The
reduction of reflectance in the long wavelength region with decreas-
ing SiNPs period originates from another antireflection mechanism,
which will be discussed below. Figure 2b exhibits the amplified reflec-

Figure 1 | Schematic diagram of (a) the buried Mie resonator arrays and (b) the composition of a single buried Mie resonator together with its interaction

with incident light. (c) Forward scattering cross-section for a single SiNP without SiNx layer and with 65 nm and 85 nm SiNx coating. The SiNP

has a radius of 75 nm and height of 100 nm. (d) Calculated reflectance of the 1000 nm periodic SiNPs buried by SiNx layers of varying thickness.
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tance curves in the destructive interference region (indicated by
dashed circle in Figure 2a) to obtain an insight into the influence
of array density on interference antireflection. We can observe that
the wavelength of the minimal reflectance gradually shifts to longer
wavelength when decreasing the period from 1000 to 600 nm due to
the increasing light scattering and interparticle interactions. When
the period of the SiNx-layer-buried SiNP array decreases to 550 nm,
the reflectance dip is changed dramatically with a relatively large red-
shift of the reflectance minimum, which may be attributed to the
strong interplay between the interference and the Rayleigh anomaly.
With the period further decreasing to 400 nm, the wavelength of the
minimal reflectance reaches 578 nm. Though it deviates from the
wavelength determined by destructive interference formula, it
should still be originated from the interference antireflection
mechanism but modulated by light scattering and interparticle
interactions.

Antireflection mechanisms in the buried Mie resonator arrays.
Now, we turn to investigate the reflectance spectra of the 400-nm-
periodic SiNPs standing on a silicon substrate and buried by the SiNx

layers with different thicknesses to comprehensively reveal the novel
antireflection behaviors of the typical buried Mie resonator
antireflection arrays. As guided by the dashed line in the region
from 680 to 1100 nm in Figure 3, broad reflectance dips are
evidently observed with their minimal values gradually declining,
when the thickness of the SiNx layer increases from 0 to 85 nm.
Furthermore, the red-shift of the dips with increasing the SiNx

layer thickness is also in agreement with that observed for the Mie
resonance in a single SiNx-layer-coated SiNP (see Figure 1c).
Therefore, we attribute the reflectance dip in the long wavelength
range to the forward Mie scattering, and its decline is caused by the
enhanced Mie resonance. In the previous studies, the Mie resonant
scattering is actually discerned as the reason for the reflectance dip of
the unburied SiNPs22. However, it should be noted that the resonant
properties are hard to be quantitatively analyzed by the classical Mie
theory due to the influence of the substrate and interparticle
interaction12,22,24,25. Figure 2c presents that the Mie resonance is
enhanced with the resonant wavelength red-shifting when
decreasing the buried SiNPs period. Hence, besides the SiNx

coating, the Mie resonant properties in buried SiNPs are also
affected by array density.

From Figure 3, we can observe another reflectance dips outside the
Mie resonance region at the wavelength around 600 nm, also guided
by a dashed line (It is worth mentioning that the sharp decreases of

reflectance around 400 nm are explained by the Rayleigh anomaly
from the periodic arrays). When increasing the SiNx layer thickness
from 55 to 85 nm, the reflectance dips rise and shift from 573 to
609 nm, similar to that observed in Figure 1d. Clearly, the interfer-
ence antireflection effect from the SiNx layer dominates other anti-
reflection mechanisms at this wavelength range, and results in these
reflectance dips. However, unlike that in the 1000-nm-periodic SiNx-
layer-buried SiNPs, the minimal reflectance does not happen at the
wavelength where the destructive interference condition is met,
because of the remarkably increased influence from light scattering
and interparticle interaction in the relatively dense buried SiNPs, as
discussed before. The increased minimal reflectance value with
increasing SiNx layer thickness also originates from both the
enhanced light scattering, which is the more important factor in
the case, and the deviation of the optimal refractive index matching.

From the discussion above, it is evident that there are two antire-
flection mechanisms for the SiNx-layer-buried SiNP Mie resonator
arrays with a given period: one is the enhanced Mie resonant scatter-
ing, which mainly dominates the antireflection mechanisms at the
long wavelength (.680 nm); the other is the scattering modulated
interference antireflection, which dominates the mechanisms at the
short wavelength (around 600 nm). And these two mechanisms are
competing: with increasing SiNx layer thickness (.55 nm), the inter-
ference antireflection weakens but the antireflection effect due to the
forward Mie scattering is enhanced. Therefore, an excellent antire-
flection effect over a broad wavelength, and thus the lowest Rave, can
be achieved in a relatively dense SiNP array by rationally designing
the thickness of the SiNx layer. Here, the optimal thickness of the
SiNx layer is 65 nm, and the Rave for the corresponding SiNx-layer-
buried SiNPs is 1.07% over the wavelength from 400 to 1100 nm,
much lower than that of the SiNPs without SiNx coating (19.49%).

The antireflection mechanisms of the SiNx layer buried SiNP Mie
resonator arrays have also been examined in experiments, exhibited
in Figure 4. The SiNPs are formed on the planar silicon surface by the
metal assisted chemical etching (MACE) method. An scanning elec-
tron microscopy (SEM) image shows that they are non-periodic with
a height of about 350 nm (Figure 4a). Their surfaces are conformally
coated with a SiNx layer via plasma enhanced chemical vapor depos-
ition (PECVD), as shown in the Figure 4b, from which the thickness
of the SiNx layer is also estimated. Figure 4c depicts the measured
reflectance of both the SiNx-layer-buried (with different thickness)
and the unburied SiNPs varying with the wavelength. Similar to the
results by the FDTD calculation, the reflectance of the SiNx-layer-
buried SiNPs is much lower than that of the pure SiNPs over a broad
wavelength. Also, there are two reflectance dips for the SiNx-layer-
buried SiNPs (guided by dashed lines), and the reflectance value of
the dip at the short wavelength increases, while that at the long
wavelength decreases as the thickness of the SiNx layer is increased
from 30 to 55 nm. Likewise, we attribute these two reflectance dips to

Figure 2 | (a) Calculated reflectance spectra of the SiNx-layer-buried SiNP

arrays, where the thickness of the SiNx layer is fixed at 65 nm and the

period of SiNP arrays varies from 1000 to 400 nm. The zoomed-in

reflectance spectra of (b) the interference and (c) the Mie scattering regions

indicated by two dashed circles in the Figure (a).

Figure 3 | Calculated reflectance of the unburied and SiNx film buried
SiNP Mie resonator arrays. The period of the SiNPs is 400 nm. The

thickness of the SiNx layer varies from 35 nm to 85 nm. The dashed lines

guide the reflectance dips for two different antireflection mechanisms.
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the modulated interference antireflection and the Mie resonance,
respectively. When the thickness of the SiNx layer is 55 nm, both
antireflection mechanisms function effectively, leading to a low
reflectance over a broad wavelength and thus the lowest Rave (the
Rave are 13.54%, 8.57%, 6.77%, 5.21% and 4.09% for the SiNPs with-
out SiNx and with 20, 30, 40, 55 nm SiNx coating over the wavelength
from 400 to 1100 nm, respectively). It should be noted that though
the SiNPs are random in the experiment and their dimensions are
not identical to that in the simulation, their antireflection behaviors
with respect to the thickness of the SiNx layer are quite similar to the
periodic arrays calculated by FDTD, demonstrating the validity of
the explanation and universality of the antireflection effects.

Benefits from the buried Mie resonator arrays. In order to provide
a further insight into the function of the buried Mie resonator arrays,
the light absorptions within a single SiNP are calculated by FDTD for
both the SiNx-layer-buried and the unburied SiNPs, illustrated in
Figure 5a. Also shown are the absorption spectra in the substrate,
which are calculated following the equation: aS 5 1 2 R 2 aNP,
where R is the surface reflectance, aS and aNP denote the
absorption ratio in the silicon substrate and SiNP, respectively.
There is an absorption peak in the single unburied SiNP in the
wavelength from 550 to 730 nm (see the inset in Figure 5a) due to
the strongly confined cavity mode in the single SiNP (shown in
Figure 5b). Nevertheless, no absorption peak is observed in a single
65-nm-SiNx-layer-buried SiNP because the cavity mode is
significantly attenuated, as exhibited in Figure 5c. In fact, even in
the wavelength where the strong Mie scattering happens, the cavity
mode in a single SiNx-layer-buried SiNP is also quite faint (see Figure
S2). As a result, the light absorption within a single SiNx-layer-buried
SiNP is almost identical to that in the single unburied SiNP except a
slight increase in the short wavelength, despite its remarkably
decreased surface reflectance. Regarding the absorption within the
substrate, it is distinctly higher for that with the 65-nm-SiNx-layer-
buried SiNPs as compared to that with pure SiNPs over a broad
wavelength from 450 to 1200 nm.

In the previous studies, the reflectance of silicon nanostructure
arrays has a substantial dependence on nanostructure height26,27.
Here, we experimentally compare the reflectance spectra of the
SiNx-layer-buried SiNPs with nanostructure height from 0 to
450 nm to reveal its influence on the antireflection properties. As
shown in Figure 6a, the antireflection effect of the planar sample (i.e.
the 0 nm case) depends strongly on the wavelength. In the destruct-
ive interference region (600–900 nm), the surface reflectance is sup-
pressed, while the reflectance increases drastically outside of this
region. On the contrary, when the nanostructure height is higher

than 150 nm, an excellent broadband antireflection is achieved due
to the combined antireflection from the destructive interference and
the Mie resonance as discussed above, leading to the much lower
Rave, shown in Figure 6b. In addition, the Rave of the 150 nm SiNx-
layer-buried SiNPs is comparable to that of the 450 nm SiNx-layer-
buried SiNPs, exhibiting a weak dependence on nanostructure
height, which is totally different from that of the unburied SiNPs.
Therefore, we can conclude that the reflectance of the buried Mie
resonator arrays is less sensitive to the nanostructure height when
higher than 150 nm.

The result is exciting for photovoltaic applications, since it enables
us to reduce the nanostructure height without sacrificing the optical
properties. As it is known, the entire silicon nanostructure layer is
heavily doped in a diffused nanostructured wafer. Therefore, with
respect to the electrical properties, the reduction of nanostructure
height will not only result in lower surface recombination due to the
lower surface area, but also prominently contribute to lowering the
Auger recombination due to the reduction of the heavily doped
emitter volume27. These results will further lead to higher internal
quantum efficiency (IQE) in the short wavelength, as shown in
Figure 5a, because the short-wavelength photons are mainly
absorbed near the wafer surface. Figure 6c presents the open circuit
voltage (VOC) and the short circuit current density (JSC) of the solar
cells with SiNx-layer-buried SiNPs on the surface. As the nanostruc-
ture height increases, the VOC declines due to the increased carrier
recombination, and the JSC increases first due to the dominance of
the reduced surface reflectance and then decreases owing to the
deterioration of IQE while the reflectance almost stays unchanged.
As a consequence, the solar cell with 150 nm SiNx-layer-buried
SiNPs atop the planar silicon surface has the highest g (the g are
17.9%, 18.0%, 18.1%, 17.2% and 16.2% for the solar cells with nanos-
tructure height of 0, 70, 150, 250 and 450 nm, respectively). Our
results demonstrate that a relatively low carrier recombination and
reflectance can be simultaneously achieved in the silicon solar cells
with dielectric-layer-buried Mie resonator arrays benefiting from the
weak dependence of the antireflection on nanostructure height (in a
certain range), thus resulting in a high g.

Combine dielectric layer with optimized multi-scale textures for
high-efficiency solar cells. Beside planar surface, we have also
studied the dielectric-layer-buried Mie resonator arrays on
micron-scale structures—for instance the SiNP Mie resonator
arrays in Figure 7 are formed on micron-scale pyramid surfaces

Figure 4 | (a) SEM image of the SiNPs fabricated by MACE method. (b)

SEM image of the SiNx-layer-buried SiNPs. (c) Experimental reflectance

for both the unburied and SiNx-layer-buried random SiNPs atop planar

silicon surfaces. The thickness of the SiNx layer varies from 20 nm to

55 nm.

Figure 5 | (a) Calculated absorption ratio within a single SiNP and the

substrate as a function of wavelength. The inset shows a schematic diagram

of a nanostructured silicon wafer as well as the magnified absorption

spectra within the single SiNP over the wavelength from 500 to 730 nm. (b)

Electric field distribution in a cross-section within a single unburied SiNP.

(c) Electric field distribution in a cross-section within a single 65-nm-SiNx-

film-buried SiNP. The dashed white lines outline the interfaces between

the substrate and the SiNP.
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forming multi-scale textures and then buried by dielectric layers
(buried multi-scale textures for short). It was reported that multi-
scale textures have the ability to significantly diminish the surface
recombination by reducing the nanostructure height, while an
ultra-low surface reflection is maintained due to the combined
antireflection effects from the silicon nanostructures and the
micron-scale pyramidal texture28,29. Hence the multi-scale textures
are believed to be an effective technique for realizing high-efficiency
solar cells30. Here, we focus on the influence of the surface
morphology of the multi-scale textures on the optical and electrical
properties of the solar cells (in this work, the surface morphology is
controlled by the concentration of H2O2 contained in the MACE
solution). Figure 7a,b contrastively shows two different morpho-
logies of multi-scale textures: one with rather dense SiNPs
uniformly distributed on the whole pyramids (the dense multi-
scale textures); the other one with the SiNPs only on the bottom
regions of the pyramids but bare at the top regions (the sparse
multi-scale textures). Figure 7c presents that the surface reflectance
of the dense multi-scale textures is comparable to that of the sparse
one over the whole wavelength, even if its nanostructure height is

much lower (the nanostructure heights are 150 and 600 nm for the
dense and sparse ones, respectively, see the inset of Figure 6).
Regarding the electrical properties, it is exciting to find that the
effective minority carrier lifetime of the dense multi-scale textures
is much higher than that of the sparse one, as illustrated in Figure 7d,
which can be attributed to its much lower surface area31. These results
demonstrate that both excellent antireflection and low carrier
recombination can be attained in the dense multi-scale textures.

Based on the optimized surface morphology, we have further
thoroughly investigated the reflectance properties of the SiNx-
layer-buried multi-scale textures in experiments (here, the nanos-
tructure height is controlled to be 100 nm). Just like the reflectance
behaviors on a planar surface, Figure 8a shows that the reflectance of
the SiNx-layer-buried multi-scale textures is remarkably reduced
relative to that of the multi-scale textures without SiNx coating,
which is ascribed to the enhanced antireflection effects from the
SiNx layer. When the multi-scale textures are buried by an 80 nm
SiNx film, an ultra-low reflectance over a broad wavelength (500–
1000 nm) is achieved due to the best compromise of both the strong
interference antireflection and forward scattering, resulting in the
lowest Rave of 2.43% over the wavelength from 400 to 1100 nm. It
is worth mentioning here that the ineffectiveness of the reflectance
reduction by the 110-nm-SiNx-layer-buried multi-scale textures for
wavelength larger than 1000 nm is probably due to the weak absorp-
tion of silicon in the wavelength range together with the thin wafer
thickness of only 180 mm (in this case, the reflectance has no much
relationship with the antireflection effects on the front surface, such
as the forward scattering, due to the fact that the incident light can be
easily reflected back from the back surface). Based on the optimized
SiNx-layer-buried multi-scale textures, we have successfully achieved
an g of 18.47% (equal to the maximum power of 4.414 W) for the
large-scale nanostructured silicon solar cells with an area of
238.95 cm2 (156 mm 3 156 mm), which is independently certified
by the TÜV Rheinland Co., Ltd. and exhibited in Figure 8b.
Comparing to the results in the Figure 5b, where the SiNPs are
fabricated on the planar surfaces, a dramatic improvement in effi-
ciency for the solar cells with the buried multi-scale textures benefits
from the much lower carrier recombination (owing to the shorter
silicon nanostructures), together with better antireflection effect.

Discussion
Figure 3 and 4c explicitly present two competing antireflection beha-
viors in the buried Mie resonator arrays, which are composed of
silicon nanostructures atop a silicon substrate and buried by dielec-
tric films. As the dielectric layer thickness increasing, the Mie res-

Figure 6 | (a) Experimental reflectance and IQEs of the buried SiNPs versus the wavelength, (b) Rave of the buried and unburied SiNPs over the
wavelength from 400 to 1100 nm, (c) VOC and JSC of the buried SiNPs. The nanostructure height varies from 0 to 450 nm.

Figure 7 | Plan-view SEM images of the (a) dense and (b) sparse multi-

scale textures. The insets are the cross-sectional SEM images of the

corresponding silicon nanostructures. Comparisons of (c) experimental

reflectance and (d) carrier lifetime between these two multi-scale textures.
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onant scattering that dominates the antireflection mechanisms at the
long wavelength is enhanced, while the interference antireflection
effect is attenuated, which is the dominant mechanism at the short
wavelength. The discovery of these two competing antireflection
mechanisms enables us to achieve a superior broadband antireflec-
tion effect by the rational design of the buried Mie resonator arrays.
Meanwhile, it should be noted that both the interference antireflec-
tion and the Mie resonance are influenced by array density. Figure 5
further demonstrates that the reduced reflection mainly contributes
to the absorption in the silicon substrate rather than in the silicon
nanostructures, indicating that the buried Mie resonator arrays
primarily act as a transparent antireflection layer. It should be poin-
ted out that this is beneficial for silicon solar cells since the SiNPs
layer often serves as a ‘‘dead layer’’ in terms of electrical properties32.
The design of the buried Mie resonator arrays enables us to loosen
the requirement on the nanostructure height to reduce significantly
the carrier recombination while retaining the optical properties. We
have also incorporated Mie resonator arrays into the multi-scale
textures, but focus on demonstrating the influence of their surface
morphology on both the optical and electrical properties. Figure 7
shows that the comparatively dense Mie resonator arrays are bene-
ficial to obtain a low reflectance and a low carrier recombination.
Through optimizing the buried multi-scale textures, the reflection is
largely suppressed, especially over the wavelength from 500 to1000
nm, and thus we have successfully obtained an independently cer-
tified g of 18.47% for nanostructured silicon solar cells on a large-size
wafer (156 mm 3 156 mm). It is worth mentioning that though
similar antireflection structures have been reported12,33, including
in our previous paper32, the overall understanding of the buried
Mie resonator arrays is still quite deficient (such as the antireflection
mechanism and influence of surface morphology), thus not achiev-
ing the best optical and electrical properties. Here, our presented
understanding of the buried Mie resonator arrays can be beneficial
for the development of high-performance optoelectronics such as
photovoltaics and photodetectors.

Methods
Numerical calculation. We employ the FDTD method to study the optical properties
of both a single SiNP with circular cross-section and periodic SiNPs covered by SiNx

layers with varing thicknesses (including the case without coating). The SiNP has a
radius of 75 nm and height of 100 nm. The light source is a plane wave with a
wavelength ranging from 300–1200 nm and normal incidence to the substrate
(Figure 1a) or axial incidence to the single SiNP (Figure 1b). For calculating the
forward scattering cross-section spectra of a single SiNP, the simulations are
performed in boxes of 5 mm 3 5 mm 3 1.2 mm with perfectly matched layer
boundaries and mesh grid of 2 nm. The scattering powers are obtained by means of
frequency-domain transmission monitors located in the scattered field region. In the
determination of the reflectance spectra of the periodic SiNPs atop a silicon substrate,
the simulation boxes are p 3 p 3 800 nm with periodic boundary conditions in the
in-plane directions, where p is the array pitch. The bottom sides of the substrates are
outside of the simulation region so that the substrate can be regarded as infinite thick.
The mesh grid is also set to be 2 nm. All the above simulations are performed using a

commercial software package (FDTD Solutions v8, Lumerical 2013), from which the
optical constants of Si are directly extracted. The refractive indexes of SiNx are set to
be a constant value of 2 without considering the extinction coefficient.

Experimental details. In the experiments, the used silicon wafers are pseudo-square
(156 mm 3 156 mm) p-type Czochralski crystalline silicon with a thickness of
180 mm and resistivity of 1–3 V?cm. SiNPs are formed on one side of either the
polished or the micron pyramidal textured Si wafers by MACE method26,32. After that,
these wafers are dipped into 40 vol% nitric acid aqueous solution to remove the metal
residuals, and then are immersed in the diluted HF solution to remove silicon oxide
layers. Subsequently, these cleaned nanostructured wafers undergo a standard solar
cell manufacturing process, namely n-type diffusions on the nanostructured sides
using POCl3 as the dopant source (the sheet resistances are 80 V/%), edge junction
isolation by ion etching, removal of the phosphosilicate glass through HF etching,
deposition of SiNx layers by PECVD as well as the fabrication of front and back
electrodes by screen printing technique. Note that for the experimental investigation
of the reflectance of the SiNx-layer-buried SiNPs, the thicknesses of the SiNx layers are
controlled by the deposition time.

Characterization. The microstructures of the SiNPs both with and without the SiNx

coatings are investigated by field emission scanning electron microscopy (FE-SEM,
FEI Sirion 200). The effective carrier lifetime of the nanostructured silicon wafers
(treated with nanostructure texture on double sides and symmetrical passivation by
SiNx:H layers) are measured using quasi-steady state photoconductance decay
method in WCT-120 instrument (Sinton). The IQEs together with the surface
reflectance as a function of wavelength are determined in the equipment of QEX10
(PV Measurements). The current-voltage tester is used to characterize the electrical
performances of the solar cells under AM1.5 spectrum at the temperature of 25uC.
Therein, the current-voltage characteristic of the highest nanostructured solar cell is
independently confirmed by the TÜV Rheinland Co., Ltd.
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Perovskite/c-Si tandem solar cell 
with inverted nanopyramids: 
realizing high efficiency by 
controllable light trapping
Dai Shi1, Yang Zeng1 & Wenzhong Shen1,2

Perovskite/c-Si tandem solar cells (TSCs) have become a promising candidate in recent years for 
achieving efficiency over 30%. Although general analysis has shown very high upper limits for such 
TSCs, it remains largely unclear what specific optical structures could best approach these limits. 
Here we propose the combination of perovskite/c-Si tandem structure with inverted nanopyramid 
morphology as a practical way of achieving efficiency above 31% based on realistic solar cell 
parameters. By full-field simulation, we have shown that an ultra-low surface reflectance can 
be achieved by tuning the pyramid geometry within the range of experimental feasibility. More 
importantly, we have demonstrated that the index-guided modes can be excited within the top cell 
layer by introducing a TCO interlayer that prevents coupling of guided light energy into the bottom 
cell. This light trapping scheme has shown superior performance over the Bragg stack intermediate 
reflector utilized in previous micropyramid-based TSCs. Finally, by controlling the coupling between 
the top and bottom cell through the thickness of the interlayer, current generation within the 
tandem can be optimized for both two- and four-terminal configurations, yielding efficiencies of 
31.9% and 32.0%, respectively. These results have provided useful guidelines for the fabrication of 
perovskite/c-Si TSCs.

Crystalline silicon (c-Si) solar cells have been dominating the photovoltaic market for years due to 
its high efficiency and mature industrialization. However, with its efficiency record approaching the 
Shockley-Queisser (S-Q) limit, further improvement becomes increasingly difficult. One potential solu-
tion is to introduce a wider-bandgap top cell and form a dual-junction tandem solar cell (TSC). In 
principle, such silicon-based TSC is able to selectively harvest different parts of the solar spectrum and 
surpass the 29.4% S-Q one junction limit. This notion has attracted great new interest following the 
recent discovery of a prominent candidate for the top cell material, namely the organometallic halide 
perovskite. Perovskite solar cells are of great photovoltaic potential with confirmed power conversion 
efficiency of 19.3% (for methylammonium lead iodide (CH3NH3PbI3))1 and 20.1% (for formamidinium 
lead iodide (FAPbI3))2. A typical CH3NH3PbI3 perovskite solar cell has high absorption coefficient3 and 
sharp absorption edge4, with a relatively large and tunable bandgap5, which makes it an ideal candidate 
to absorb the high-energy part of sunlight as a top cell.

To date, a few pioneering works have thoroughly assessed the efficiency upper limits of perovskite/c-Si 
TSC from a generalized point of view6–8. However, these investigations often overlook the specific struc-
ture of the TSC, and are based on simple assumptions including zero surface reflection, perfect inter-
mediate reflector, and Lambertian light trapping in the top cell, etc. It remains unclear what kind of 
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optical structure can fulfill all these criteria. Some other works have studied the performance of the 
perovskite/c-Si TSC with a micro-scale pyramidal surface the dimension of which is large enough to be 
treated by ray optics approximation9. Nevertheless, these micro-scale structures generally do not pro-
vide index-guided light trapping in the top cell, thus a complex Bragg stack intermediate reflector must 
be used to enhance the selective absorption of the tandem and maximize the efficiency9. It should be 
noted that one of the easiest ways of achieving selective absorption enhancement in a thin film solar cell 
(like a perovskite top cell) is to incorporate the incident light into the wave guided modes of the cell to 
increase its path length10–13, which could only be enabled by sub-micron periodicity. For this purpose, 
one possible choice is the inverted nanopyramids (with dimensions of 200 nm to 800 nm), which have 
recently been shown to provide excellent antireflection and light trapping for thin film c-Si solar cells14–

16. Compared to other nanostructures like nanowires or nanopores, such inverted nanopyramids have 
smoother surface and lower surface area enhancement ratio14, which are beneficial for better conformal 
surface coverage in the perovskite/c-Si TSC application15. More importantly, the geometric parameters 
of the nanopyramids are tunable with fabrication conditions16,17, allowing for optimization of the overall 
tandem performance.

In this work, we have thoroughly studied the combination of perovskite/c-Si TSC with the inverted 
nanopyramid surface morphology by means of full-field simulation, and demonstrated its potential in 
realizing high efficiency by controllable index-guided light trapping in the top cell. In Section A of the 
discussion, we have first optimized the geometric parameters of the inverted nanopyramids which result 
in an overall surface reflectance as low as 2%. Then in Section B, we have revealed the physical mecha-
nism that leads to the absence of light trapping in the top cell when the two cells are in direct contact. 
We have demonstrated the feasibility of restoring and controlling index-guided light trapping in the top 
cell by introducing a transparent conductive oxide interlayer (TCO IL), and shown its superiority over 
the traditional Bragg stack intermediate reflector. In Section C, we have demonstrated that the inverted 
nanopyramid tandem cell efficiency can be as high as 32% based on experimental cell parameters, and 
may reach over 35% with the development of perovskite material. These findings can serve as a practical 
guidance for the fabrication of high-efficiency perovskite/c-Si TSCs.

Methods
Figure 1(a) shows the schematic drawing of the inverted nanopyramid perovskite-on-silicon TSC. The 
compositions that conduct an optical effect in the tandem structure consist of a 100-nm-thick top TCO 
contact (the hole collecting electrode), a 300-nm-thick CH3NH3PbI3 top cell, an infinitely-thick c-Si bot-
tom cell, and an intermediate optical coupling layer the nature of which will be specified in the discussion 
(either none, a Bragg stack, or a TCO IL). Besides the aforementioned optical structures, real cells should 
also contain several electrical compositions that enable the transfer and collection of generated charges, 
which are: a 2,2′ ,7,7′ -tetrakis(N,N-di-p-methoxyphenylamine)-9,9′ -spirobifluorene (spiro-MeOTAD) 
layer and a compact TiO2 layer that sandwich the perovskite and act as the hole and electron transport 
material, respectively, and a metal (gold or silver) back contact under the silicon wafer18. Note that the 
hole transport layer is not an indispensable component for the perovskite cell19 and that TiO2 exhibits a 
refractive index (n) comparable with CH3NH3PbI3

20 and marginal absorption under the AM1.5G spec-
trum21, so these electrical structures are eliminated from our optical model for generality. Both the top 
cell and the bottom cell possess an inverted nanopyramid feature defined by the pyramid height H and 
its period P, with values chosen in accordance with experimental observations.

To assess the tandem cell efficiency, we first perform finite-difference time-domain (FDTD) simu-
lations to acquire the precise optical response of the cell. The incident light is set to be a plane wave 
propagating in the minus-z direction with a wavelength ranging from 300 nm to 1100 nm, covering the 
major AM1.5G solar spectrum. Periodic boundary conditions are used in the x-y directions and perfectly 

Figure 1. (a) Schematic 3D drawing of perovskite/c-Si TSC with inverted nanopyramid structure. The 
parameters H and P denote the pyramid height and its period, respectively. (b) Refractive index used in our 
simulation (nsim. and ksim.) and obtained by fitting experimental measurements (nexp. and kexp.), compared to 
the direct-bandgap fitting model (ncal. and kcal.).
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matched layer conditions are used in the z direction to simulate an infinite-area cell. The reflectance R(λ) 
normalized to the incident light power is obtained through the frequency-domain transmission monitor 
positioned at the top of the simulation region parallel to the cell surface. The absorptance of a specific 
layer (including top TCO, perovskite, or TCO IL, denoted by the form of Pabs

(layer)(λ)) can be obtained 
by the Analysis group “pabs” in the FDTD package.

To take into account the realistic absorption characteristics of the actual CH3NH3PbI3 material, we 
have taken the complex refractive indices (n, k) of the perovskite top cell from latest literature4,22 (shown 
in Fig. 1(b) by solid lines), instead of the direct-bandgap fitting model used in previous works9 that shows 
distinct differences (shown in Fig. 1(b) by dashed lines). For the same reason the bandgap of the top cell 
material is chosen as 1.55 eV instead of a wider one of 1.70 eV9 (note that 1.75 eV is the ideal bandgap 
for the top cell of a c-Si based TSC23). For the first section of discussion (Section A), parasitic optical 
loss in the TCO front layer is not considered to provide a more general idea of the optical properties 
of the nanopyramid structure (nTCO =  1.5, kTCO =  0 in this case). Whereas a realistic Indium-Tin Oxide 
(ITO)24 material is used as the TCO layers when discussing light trapping for the top cell in Sections 
B and C, since the increase of top cell absorption is achieved at the expense of parasitic loss caused by 
the conductive optical coupling layer. All other optical parameters are taken from literature25, and for 
simplicity, other parasitic losses are not considered.

After acquiring the reflectance and the absorptance in the top layers, we calculate maximum effi-
ciency for each sub cell and thus the tandem efficiency. This is done by assuming an IQE of unity in the 
simulated materials, so the short-circuit current density (JSC) then corresponds to the integrated photon 
flux of the AM1.5G solar spectrum with the respective absorptance. The top cell JSC

(top) is calculated by

∫ φ λ λ λ= ( ) ( ) , ( )
( )

.
( )J q P d 1absSC

top
AM1 5G

perovskite

where φAM1.5G(λ) is the incident photon flux, and q is the electron charge. The bottom cell JSC
(bottom) is 

calculated by subtracting the current loss caused by reflection (JSC
(R)) and parasitic absorption (JSC

(TCO)), 
as well as the top cell JSC

(top) from the AM1.5G full-spectrum current 43.5 mA/cm2
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The open-circuit voltage (VOC) is calculated from the short-circuit current density JSC by the one-diode 
equation
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where kB is the Boltzmann constant, and T is the room temperature 298 K. J0 in equation (5) is the 
diode saturation current density, which has been calculated from experimental results for both cells: for 
the top cell, J0

(top) =  1.76082 ×  10−17 mA/cm2 , derived from the illuminated I–V curve of the perovskite 
solar cell presented by Liu et al.26 with VOC =  1.07 V and JSC =  21.5 mA/cm2; while for the bottom cell, 
J0

(bottom) =  4.9 ×  10−11 mA/cm2 , derived from the world record c-Si solar cell reported by Zhao et al.27 
with VOC =  0.706 V and JSC =  42.7 mA/cm2 28. The fill factor FF is calculated using the well-established 
expression29
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With the maximum output power per unit area from the respective cell calculated by
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the overall efficiency of the simulated perovskite/c-Si TSC is finally obtained by
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where P(top) and P(bottom) are top and bottom cell output power calculated from equation (7).
All simulations in this work are performed using a commercial software package [FDTD Solutions 

v8, Lumerical 2013], the validity of which has been proven by numerous works regarding nano-scale 
optoelectronic devices.

Results and Discussion
With the model developed in the previous section, we are able to identify the performance of the per-
ovskite/c-Si TSC of variant parameter values and structure details. In Section A, we first consider the case 
where there is no optical coupling layer between the top and bottom cells, and focus on the dependence 
of overall reflectance on the structural parameters of the inverted nanopyramids. We have investigated 
into the reflection and top cell absorption within a large parameter space by simultaneously varying the 
values of P and H (from 200 nm to 800 nm). The optimum realizable dimension parameters are then 
decided according to the simulation results. Then in Section B, we establish further discussion concern-
ing the light trapping strategy of the top cell based on the previously determined P and H. We elucidate 
the difference on light trapping mechanism between a Bragg stack and a TCO IL in our tandem structure. 
At last, we calculate in Section C the tandem efficiency for two cell configurations: a mechanical stack 
of independently connected cells (four-terminal) and a monolithically integrated device (two-terminal).

Perovskite/c-Si TSC with varying inverted nanopyramid dimensions
As a general principle, the antireflection property determines the amount of sunlight that can be utilized 
in a solar cell and is thus a premise for achieving maximum efficiency, which makes it our first concern 
in designing the structure of the perovskite/c-Si TSC. In Fig. 2(a,b), the influence of the pyramid geomet-
ric parameters P and H on the AM1.5G-averaged reflection (Rave) of the tandem cell and the top cell 
absorption (Pave

(perovskite)) is shown as color contours (note that in this section, the top and bottom cells 
contact directly with no intermediate optical coupling layer, and the top TCO layer conducts no parasitic 
absorption). It should be pointed out that the common fabrication techniques of silicon nanopyramids 
over large surface area only allow base angle α (α =  arctan(H/ P1

2
)) in a limited range (from 45 to 56 

degrees17,30, shown by the region between the two dashed lines) around the 54.74 degree of {111} facet. 
Nevertheless, here we explore a relatively larger parameter space in order to reveal the underlying phys-
ical mechanisms more clearly and make the conclusions compatible with future progress of nanopyramid 
fabrication. The two figures show obvious dependence of Rave and Pave

(perovskite) on the inverted nanopyr-
amid dimensions. In general, higher H leads to lower reflection and larger absorption of light in the top 
cell, which is mainly attributed to a more gradual change of refractive index from air to the cell bulk. 
Increased scattering of incident light by pyramids with larger height may be another factor that contrib-
utes to the reduced reflection, nevertheless further investigation remains to be developed. The prominent 
antireflection property of inverted nanopyramid structure is clearly demonstrated by the fact that a 
majority of the area in Fig. 2(a) has a Rave lower than 2%, a promising value compared to other antire-
flection nanostructures13,31 or the conventional micrometer texture9. Although the choice of the geomet-
ric parameters indeed has a slight influence on the top cell absorption Pave

(perovskite), it can mostly be 
attributed to the change in total reflection as is revealed by referring to the same area in Fig.  2(a). 
Comparison of the two contours elucidates the marginal light trapping effect in this kind of preliminary 
inverted nanopyramid TSC structure. Similar conclusions have been drawn by other researchers for the 
cases of micropyramids as well9,31. The complete absence of light trapping in our nano-scale periodic 
structures may seem unexpected and will be explained later, however it allow us to focus only on reduc-
ing the overall reflection in this stage of optimization. Regarding this, we have chosen the optimum case 
with H =  500 nm and P =  700 nm to carry out further discussion, which is marked by the white asterisks. 
It should be noted that apart from the present experimental constrains, higher α is encouraged to obtain 
lower surface reflection and hence more absorption of incident light.

To further elucidate the antireflection mechanism, we have provided the wavelength dependence of 
overall reflection on the parameter P and H, respectively, at the previously chosen point H =  500 nm and 
P =  700 nm. Fig.  2(c,d) show the surface reflectance of varying P (from 200 nm to 800 nm) at fixed H 
(500 nm) and varying H (from 200 nm to 800 nm) at fixed P (700 nm), respectively. Reflectance of a pla-
nar TSC with TCO top contact of the same thickness and no optical interlayer is given for comparison. 
Both cases show dramatic reduction of reflectance compared to the planar cell (note that Fig. 2(c) has a 
logarithm y-axis). As a result, the Rave diminishes from ~18% for the planar cell to less than 2% for the 
inverted nanopyramid ones. Black dashed arrows on the figures indicate tendency of curves with increas-
ing P or H. Local minimums of reflectance in the visible-light region are marked by dashed lines in 
Fig. 2(c). While the minimum of the planar cell reflectance is determined by the destructive interference 
condition of the top TCO layer, the sharp drops of reflectance of the inverted nanopyramid ones are due 
to the Wood-Rayleigh (WR) anomaly effect caused by the periodic array32. The WR anomaly in inverted 
nanopyramid structure allows the regulation of lowest reflectivity at wished wavelength, which could be 
taken into consideration in the cell fabrication. While P has an influence on the position of reflectance 
minimum, H mainly influences the magnitude of reflectance. From Fig.  2(d) we see that planar cell 
suffers from significant reflection loss at short- (< 500 nm) and long- (~850 nm) wavelength, where the 
destructive interference condition is not met. This status could be distinctly improved by introducing the 
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inverted nanopyramid morphology. More importantly, we can see that the reflectance drops rapidly with 
increasing H, almost saturating for H values larger than 500 nm. Such weak dependence on excessive 
nanopyramid height may facilitate the design as well as the fabrication of the TSC in practice.

In Fig.  2(e), the absorptance of the top and bottom cell under the optimized pyramid parameters 
H =  500 nm/ P =  700 nm is shown as pink lines. Reduced reflection results in enhancement in absorption 
in both top and bottom cells compared to the planar TSC case (black lines), especially at the wavelengths 
where the reflection is remarkably diminished (< 500 nm and ~850 nm). With the inverted nanopyramid 
structure preventing light from reflecting, top cell absorptance at short-wavelength almost reaches 100%. 
However, the absorptance of the top cell at mid-wavelength (600 to 800 nm) remains at a relatively low 
level. Provided that CH3NH3PbI3 has a sharp absorbing edge at λ =  800 nm, it can be concluded that 
considerable amount of light has been transmitted to and absorbed by the bottom cell. If we exclude 
the difference in antireflection by dividing the absorptance of the planar TSC by (1 −  R(λ)), with R(λ) 
being the simulated reflectance from the cell, the resulted curves (lilac lines denote by “complete-AR”) 
represent a baseline of light trapping in the planar structure. Apparently, little difference could be seen 
between the inverted nanopyramid case and the planar complete-AR one, which again illustrates that the 
nanopyramid texture makes no contribution to the light trapping of the top cell. Similar phenomenon 

Figure 2. (a,b) Contour of AM1.5G-averaged reflection (Rave) and top cell absorption (Pave
(perovskite)), 

respectively. White dashed lines mark the experimental realizable base angle limits. (c,d) Reflectance of 
inverted nanopyramid TSC with H fixed at 500 nm and with P fixed at 700 nm, respectively. Black dashed 
arrows indicate tendency of curves with increasing P or H. The colored dashed lines in (c) mark the local 
minimums of reflectance caused by Wood-Rayleigh anomaly. (e) Top and bottom cell absorptance for 
nanopyramid structured TSC with the optimum parameters (H =  500 nm/P =  700 nm) and the planar TSC. 
A normalized AM1.5G solar spectrum is overlaid in gray for reference.
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occurs if we apply the same notion (complete-AR) onto the results of Li et al. for a-Si/c-Si TSC15. Besides, 
it can be seen that the nanopyramid texture even promotes the coupling of light from the top cell to 
the bottom cell for certain mid-wavelengths, embodied by a slight decrease of top cell absorption below 
the planar baseline. Thus, in order to approach an ideal selective absorption in the top and bottom cells, 
effective light trapping strategy in the top cell should be established.

Light trapping strategy: Index guiding enabled by TCO IL
The most common way of achieving light trapping in thin-film solar cells is to utilize the wave-guiding 
property of their component high-index material11. Such high-index material tend to support guided 
modes in which the electro-magnetic fields are localized in the vicinity of the cell, and the coupling of 
incident light into these modes will result in a significant enhancement of absorption. Two factors are 
crucial for realizing index-guided light trapping: first, the structure must provide phase-matching for the 
incident light to couple to the guided modes; second, a sufficiently large contrast in dielectric constant 
must exist to prevent the evanescent waves in the vertical direction from coupling to external material 
and causing a leakage. In our preliminary TSC structure, the first condition has been satisfied by the 
existence of periodic nanopyramids, however the second condition is not met due to the direct contact 
between the top and bottom cells. The similar dielectric constants of the top and bottom cells allow the 
confined light to propagate away into the tandem cell bulk, invalidating the index-guided light trapping. 
As an alternative, Bragg stacks have often been used in TSCs to enhance the absorption of the top cell33,34. 
A Bragg stack, which is essentially a 1-D photonic crystal, can act as a wavelength-selective interme-
diate reflector which reflects short-wavelength light back into the top cell and enhances its absorption. 
However, such multi-layer structure significantly augments the complexity of the fabrication process 
and affects the longitudinal electrical conductivity, therefore is of limited practical use in both two- and 
four-terminal tandem devices.

Here we investigate the possibility of restoring index-guided light trapping in the top cell by introduc-
ing a single TCO separation layer between the two cells. The distinctly smaller refractive index of TCO 
can provide a spatial detachment for the confined modes and enable wave-guiding by the perovskite 
material, while its excellent conductivity guarantees electrical contact in both two- or four-terminal 
tandem structures. To elucidate the feasibility of such method, we have simulated three different sce-
narios as are shown in Fig. 3: a freestanding perovskite top cell in air (left), a perovskite/c-Si TSC with-
out IL (middle), and a perovskite/c-Si TSC with 500-nm-thick ITO IL (right). All three cases have the 
same inverted nanopyramid parameters H =  500 nm/P =  700 nm, and their light distribution profiles for 
mid-wavelength light λ =  650 nm are shown below by color (each normalized separately to best show its 

Figure 3. Sketch (top) and light distribution profiles of λ = 650 nm (bottom) for three scenarios: 
freestanding perovskite top cell in air (left), perovskite/c-Si TSC without IL (middle), and perovskite/c-Si 
TSC with 500-nm-thick ITO IL (right). Orange arrows indicate the propagation path of light. The color 
scales at the bottom are normalized separately for each case.
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characteristic). For the freestanding perovskite top cell (left), we can clearly see that most light energy 
is confined within the vicinity of the cell material, showing effective excitation of the horizontal guided 
modes. Although a small portion of the electric field extend further below the pyramid vertex, the absence 
of any high-index material prevents the coupled light from escaping. As a result, a JSC of 25.3 mA/cm2 is 
generated within the perovskite top cell, approaching the 27.3 mA/cm2 JSC limit for complete conversion 
of solar radiation with a material bandgap of Eg =  1.55 eV, while a planar counterpart can only generate 
19.6 mA/cm2 (complete-AR). By sharp contrast, when the c-Si bottom cell is placed directly below the 
top cell (middle), a strong leaky path is observed that effectively channels light into the c-Si bulk, leaving 
only a weak concentration of light energy in the top cell. Such leaky paths for the confined light may 
facilitate the overall antireflection performance, as has been reported for other resonant structures on a 
substrate13,30, however it greatly diminishes the absorption of the top cell from 25.3 mA/cm2 in the free-
standing case to 19.2 mA/cm2 in the tandem structure. When we introduce an ITO IL between the top 
and bottom cells (right), pronounced index-guided modes can again be seen in the perovskite top cell, 
with a light distribution profile closely resembling that of the freestanding case. The suppression of the 
leaky channels of light leads to its confinement within the perovskite material, increasing the top cell JSC 
by 18.7% from 19.2 mA/cm2 to 22.8 mA/cm2. Thus, it is evident that index-guided light trapping can be 
restored in the tandem cell with the help of an optical detaching layer. Finally, it is worth pointing out 
that the extent to which mid-wavelength light couples and leaks into the bottom cell can be controlled 
through the thickness of the intermediate TCO, a feature that we will use to achieve current-matching 
for two-terminal tandem devices.

To further reveal the different mechanisms of light trapping enabled by a TCO IL and by a Bragg 
stack, we have simulated the reflection characteristics of the interfaces between perovskite/TCO and per-
ovskite/Bragg stack, as illustrated in Fig. 4(a,b), respectively. Fig. 4(c) shows the wavelength-dependent 
reflectance for both cases on infinitely-thick c-Si substrate. The simulated Bragg stack is composed of 
alternating TiO2 (nH =  2.4) and SiO2 (nL =  1.46) layers with relative thickness fixed to maintain an equal 
optical length in each material9. Additional λ0/8 TiO2 layers are placed on both sides of the stack to max-
imize the transmittance of long-wavelength light35. By carefully choosing the parameters for the Bragg 
stack, its reflecting peak is located above the absorption edge of the CH3NH3PbI3 material (λ =  800 nm) 
to maximize the selective absorption of the tandem cell. As can be seen in Fig. 4(c), the perovskite/Bragg 
stack interface shows total reflection of light in a certain wavelength range, proving that it enhances the 
top cell absorption by giving the non-absorbed (mid-wavelength) light a second chance to pass through 
the top cell. Meanwhile, the perovskite/ITO interface shows a broadband low reflectivity, indicating a 
light trapping mechanism distinctively different from selective reflection. Such difference is more directly 

Figure 4. (a,b) Sketch for reflection at the interface of perovskite/TCO and perovskite/Bragg stack, 
respectively. (c) Interface reflectance for perovskite/ITO and perovskite/Bragg stack on silicon substrate. 
(d) Top cell absorptance for different cell structures: planar cell with ITO IL, nanopyramid without IL, 
nanopyramid with ITO IL, and nanopyramid with a 7-layer Bragg stack reflector. The absorption of the 
planar cell without any texture or light coupling interlayer is overlaid in gray for reference.
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demonstrated in Fig. 4(d), where we have plotted the top cell absorptance for a planar TSC (gray shade), 
a planar TSC with ITO IL (dark gray line), an inverted nanopyramid TSC (pink line), an inverted nan-
opyramid TSC with ITO IL (blue line), and an inverted nanopyramid TSC with a Bragg stack of the same 
thickness (orange line), respectively. It should be noted that the slight difference of the top cell absorbing 
curves in Fig. 4(d) and Fig. 2(e) comes from the different dielectric constants used for the TCO layers 
in the two respective sections. ITO exhibits a refractive index of ~2.2 at wavelength of 300 nm, which 
satisfies the destructive interference condition for the 100 nm-thick top layer, resulting in an enhance-
ment of absorption at ~300 nm. Compared to the planar TSC, the introduction of an ITO IL only brings 
about a slight increase in absorption in the mid-wavelength range (gray shade to dark gray line). This 
is due to the fact that the planar structure cannot provide the essential in-plane wave vector for normal 
incident light to couple to the guided modes of the perovskite slab, so the only light trapping achievable 
is by the weak reflection of mid-wavelength light on the perovskite/ITO interface. As a result, a small 
relative increase of only 3.8% in top cell JSC is observed. However, for the inverted nanopyramid cases, the 
introduction of an ITO IL shows a significant enhancement in top cell absorption compared to the one 
with direct cell contact (pink line to blue line), leading to a relative increase of 18.7% in JSC. As has been 
discussed above, the excitation of index-guided modes is the dominant factor of light trapping in this 
case. It can also be seen that such index-guided light trapping even slightly out performs the optimized 
7-layer Bragg stack, with a top cell JSC comparison of 22.8 mA/cm2 to 22.4 mA/cm2. Finally, it is worth 
pointing out that the incomplete top cell absorption of short-wavelength light mainly results from the 
parasitic loss from the ITO top layer, which causes a JSC loss of 0.5 mA/cm2.

Tandem efficiency
So far we have optimized the inverted nanopyramid parameters to best suppress overall reflection, and 
established an index-guided light trapping strategy to maximize the selective absorption of the tandem 
device. In the following we will focus on the dependence of tandem efficiency on the thickness of the IL. 
As mentioned above, thicker ITO IL generally leads to more effective light trapping in the top cell, how-
ever usually at the expense of increases in reflectance and parasitic loss. In Fig. 5(a), we have plotted the 
dependence of top and bottom cell JSC and the overall reflectance on ITO IL thickness. With increasing 
ITO IL thickness, the top cell JSC rises rapidly from 19.2 mA/cm2 to a current-matching value of 20.8 mA/
cm2 at an ITO thickness of 70 nm, and further saturates around 22 mA/cm2 for ITO ILs thicker than 
200 nm. The JSC of the bottom cell shows the inverse trend, dropping from 23.4 mA/cm2 without ITO IL 
to 16.6 mA/cm2 at an ITO IL thickness of 200 nm. The larger change in bottom cell JSC is attributed to the 
increases in both reflectance and parasitic loss, with reflectance loss rising from 0.4 mA/cm2 to 2.3 mA/
cm2 at 200 nm, and ITO parasitic loss rising from 0.5 mA/cm2 to 2.0 mA/cm2.

With these JSC values, we can calculate the perovskite/c-Si TSC efficiency for two cell configurations: 
mechanical stack of independently connected cells (four-terminal) and monolithically integrated devices 
(two-terminal), as are shown in Fig. 5(b). For the four-terminal configuration, tandem efficiency remains 
at 31% to 32% for all ITO IL thicknesses, in contrast to the conclusions of previous theoretical investiga-
tions where the tandem efficiency is expected to increase monotonically with enhanced selective absorp-
tion7. This is due to the fact that in realistic cell structures, the trapping of short- and mid-wavelength 
light is inherently contradictory with the coupling requirement for maximizing the antireflection per-
formance, especially by applying an IL that induces additional parasitic loss. Thus a trade-off must be 
made between selective absorption and overall losses. Specifically in this case, with the augmentation 
of losses for large ITO IL thicknesses, the maximum of four-terminal tandem efficiency is found at the 
ITO IL thickness of 30 nm, with a value of 32.0%. For the two-terminal configuration, current-matching 
condition clearly plays the most important role in determining the tandem efficiency. Insufficient or 
excessive absorption in the top cell both result in a dramatic lowering of the tandem efficiency, as the 

Figure 5. (a) Short-circuit current density of the respective sub cells for varying ITO IL thicknesses. The JSC 
losses caused by tandem reflectance and parasitic ITO absorption are presented for reference. (b) Tandem 
efficiency for four-terminal and two-terminal TSCs, respectively.
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tandem current is determined by the lower one of the two sub cells. At the current-matching point (ITO 
thickness equals 70 nm), the top and bottom cells have equal JSC of 20.9 mA/cm2, leading to a tandem 
efficiency of 31.9%, which falls only slightly short of the highest four-terminal efficiency of 32.0%. These 
numbers clearly suggest the feasibility of the two-terminal tandem structure over the four-terminal one 
when applied to a practical TSC.

Finally, we extend our calculations to include the highest achievable tandem efficiency with the future 
development of the perovskite top cell. Latest researches have already shown extraordinary 0.55 lumi-
nescence efficiency for the perovskite material36, much higher than the one used above (~10−4) extracted 
from state-of-the-art perovskite solar cell. Assuming a luminescence efficiency φ of 0.55, the lowest limit 
(radiation limit) of diode saturation current density J0 of a perovskite solar cell is calculated by

φ
= ,

( )
J J
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is the background blackbody flux at ambient temperature37, Eϕ is the incident photon energy at wave-
length λ: Eϕ(λ) =  hc/λ, Eg =  1.55 eV is the bandgap of the CH3NH3PbI3 material, n is the refractive index 
of the ambient space, h is the planck constant, and c is the velocity of light. With the J0 calculated by 
equation (9), much higher tandem efficiencies can be obtained: 35.7% for the four-terminal TSC and 
35.6% for the two-terminal TSC, showing significant potential of the perovskite/c-Si TSC structure.

In summary, we have studied the combination of perovskite/c-Si TSC structure with the inverted 
nanopyramid morphology as a practical way of achieving high-efficiency tandem device. We have found 
an optimized set of pyramid parameters H =  500 nm/P =  700 nm that suppresses the overall reflectance 
to as low as 2%, serving as a premise for high efficiency. Then by introducing a TCO IL, we have further 
shown that the index-guided light trapping can be restored in the top cell to significantly enhance the 
selective absorption of the tandem. This effect also provides us with the means to control the current 
generated in each sub cell through the thickness of the IL. As a result, tandem efficiencies of 32.0% and 
31.9% have been demonstrated for four-terminal and two-terminal configurations, respectively, with the 
hope of reaching over 35% following future material development. These results have offered an applica-
ble way of fabricating high-efficiency perovskite/c-Si TSCs.
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Abstract
We report the realization of both excellent optical and electrical properties of nanostructured
multicrystalline silicon solar cells by a simple and industrially compatible technique of surface
morphology modification. The nanostructures are prepared by Ag-catalyzed chemical etching
and subsequent NaOH treatment with controllable geometrical parameters and surface area
enhancement ratio. We have examined in detail the influence of different surface area
enhancement ratios on reflectance, carrier recombination characteristics and cell performance.
By conducting a quantitative analysis of these factors, we have successfully demonstrated a
higher-than-traditional output performance of nanostructured multicrystalline silicon solar cells
with a low average reflectance of 4.93%, a low effective surface recombination velocity of
6.59 m s−1, and a certified conversion efficiency of 17.75% on large size (156 × 156 mm2) silicon
cells, which is ∼0.3% higher than the acid textured counterparts. The present work opens a
potential prospect for the mass production of nanostructured solar cells with improved
efficiencies.

Keywords: multicrystalline silicon solar cells, nanostructures, improved performance, large size,
morphology modification

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

1. Introduction

Multicrystalline silicon solar cells constitute the largest part of
the present photovoltaic market and are expected to stay
dominant in the near future, due to the low manufacturing
cost at the mass production level. However, effective light
trapping technique is still lacking for multicrystalline wafers
and the average reflectance (Rave) of multicrystalline silicon
solar cells with a quarter-wavelength antireflective coating is

about 10%. It is therefore of great interest to the industry to
further reduce the optical loss in order to increase the con-
version efficiency (EFF). Recently, silicon nanostructures
have attracted great attentions because of their excellent
antireflection and light trapping effect [1–4], which make
them promising candidates for reducing both the demand on
the quality factor and quantity of silicon material [5]. But
researchers have also encountered in these structures the
difficulties of enhanced surface and Auger recombination at
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the near surface [6, 7]. The degraded electrical properties
counteract the benefits of optical enhancement in most
attempts and lead to an inferior output performance of the
nanostructured silicon solar cells when compared to the
records of the conventional ones [6–20]. Therefore, the sup-
pression of the carrier recombination turns out to be the pri-
mary focus for the performance improvement of the
nanostructured multicrystalline silicon solar cells.

The usage of a passivation layer to saturate the surface
defects and dangling bonds [17–21], implementation of light
and shallow doping to lower the Auger recombination [7–9]
as well as modification of nanostructures’ morphology [9–16]
have been proven to be effective methods to suppress the
electrical loss. Among these three methods, surface mor-
phology modification, including the control of the major
structural parameters (filling ratio, periodicity, diameter, etc),
is a simple and adaptable way to adjust the light absorption
and surface area enhancement [22–25] in the present indus-
trial manufacturing processes. Many groups have investigated
surface morphology modification, providing valuable support
for further improvement [9–16]. The EFF of silicon nanowire
based solar cells has been optimized through controlling the
aspect ratio and surface coverage of the nanostructure [13].
With an additional etching process to remove defects and
regulate the density and height of nanohills, Xiao et al [16]
have reached EFF of 17.46% on multicrystalline black sili-
con. Very recently, Liu et al [9] have reported the improve-
ment of conversion EFF of multicrystalline silicon solar cells
by incorporating reactive ion etching and acidic etching.

In this study, we report the realization of nanostructured
multicrystalline silicon solar cells with 17.75% certified EFF
on large area (156 × 156 mm2) by a simple and industrially
compatible technique, which is about 0.3% higher in absolute
value than that of the conventional ones. The success lies in
the surface morphology regulation to achieve a low electrical
loss while keeping almost optimal optical performance. The
surface modification is realized by Ag-catalyzed chemical
etching [26–28] and subsequent NaOH modification to adjust
the geometrical parameters of the as-grown nanostructured
silicon wafers, i.e., the pore diameter, depth and the surface
area enhancement ratio (AF/A, where AF is the front surface
area of the nanostructured silicon wafer, and A is the surface
area of the HF–HNO3 textured wafer). We have found that
Rave decreases rapidly with increasing AF/A for small AF/A
values and saturates for large ones, while the surface and
Auger recombination increase linearly with the increase of
AF/A. The optimal value of AF/A provides a low reflectance
(4.93%) and low effective surface recombination velocity
(6.59 m s−1), and thus the highest output performance. Since
both the growth of silicon nanostructures and the fabrication
of nanostructured multicrystalline silicon solar cells have
been carried out in the present industrial manufacturing pro-
cesses, the present work opens a potential prospect for the
mass production of nanostructured solar cells with higher-
than-traditional conversion efficiencies.

2. Experimental details

Silicon nanopores were synthesized on one side of p-type
(1∼ 3Ω cm, B doped, 190 μm) solar-grade multicrystalline
silicon wafers with a large area of 156 × 156 mm2 by Ag-
catalyzed chemical etching and subsequent NaOH modifica-
tion [26–28]. The wafers were first cleaned under standard
RCA process and textured with hydrofluoric acid (HF) aqu-
eous and nitric acid (HNO3) solution. Then the acid textured
wafers were paired in a back-to-back manner and immersed in
a mixture of 0.005 mol L−1 HF aqueous and 0.001 mol L−1

silver nitrate (AgNO3) solution for 90 s to ensure that only
one side of each wafer was wrapped with silver nanoparticles.
Ag-catalyzed acid etching was carried out in a 1:5:10 mixture
of 40% HF: 30% hydrogen peroxide (H2O2): H2O at room
temperature for different etching times. Afterwards, in order
to totally remove a nanoporous silicon layer which was pro-
duced during Ag-catalyzed acid etching process, all the
wafers were immersed in 1 wt% NaOH solution for a certain
time to yield nanopore structures. Finally, these wafers were
dipped into HNO3 aqueous solution to remove silver nano-
particles and rinsed with deionized water for several times.

We divided the samples into five series A, B, C, D and E
corresponding to the different Ag-catalyzed chemical etching
times of 30, 60, 120, 240 and 360 s, respectively. Samples in
each series were further divided into subgroups by the dura-
tion ratio of their alkaline modification and the Ag-catalyzed
chemical etching. Each subgroup has eight samples for reli-
able statistics. For example, B1.0 denotes the eight samples
prepared by 60 s of Ag-catalyzed chemical etching followed
by 60 s of alkaline-solution modification.

For solar cell fabrication, all the wafers were subjected to
phosphorus diffusion using oxychloride (POCl3) as the
dopant source at 850 °C to form the p–n junction. Afterward
the wafer edges were etched and the phosphosilicate glass
was removed by 10% HF solution, resulting in a sheet
resistance around 85Ω sq−1. Then, a SiNx layer (with a
thickness of around 80 nm and a refractive index n of 2.15)
was grown by plasma-enhanced chemical vapor deposition
(PECVD). Finally, all the wafers went through the same
processes of Al back-surface-field formation, screen-printing
of front and back electrode, and electrode metallization.

The morphologies of the nanopore structures were
examined by field emission scanning electron microscopy
(FE-SEM, FEI SIRION 200). The effective minority carrier
lifetime of the nanostructured silicon wafers (with nanos-
tructure on one side and passivated by SiNx layers on both
sides) was acquired by using the quasi-steady state photo-
conductance decay method (WT1200A, Semilab). Both the
optical reflectance and the external quantum efficiency (EQE)
measurements were performed in the 300–1100 nm wave-
length range by QEX10 (PV Measurements). The current–
voltage characteristics of the nanostructure based silicon solar
cells were measured at standard test conditions (an irradiation
intensity of 1000Wm−2, AM 1.5G and a temperature of
25 ± 0.5 °C).
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Figure 1. (a)–(c) Cross-sectional SEM images of series A0, C0 and E0, respectively. (d)–(i) SEM images of series B0.5, B1.0, B1.5, A1.0,
C1.0 and E1.0 respectively, and the inset is the corresponding cross-sectional view. (j) Dependence of the measured average diameter Di
(green circles) and average depth MD (red triangles) of series A1.0, B1.0, C1.0, D1.0 and E1.0 on etching time, together with the dependence
of the measured average depth De (red squares) of series A0, B0, C0, D0 and E0. (k) Dependence of the measured average diameter Di
(green circles) and average depth MD (red triangles) of series B0, B0.5, B1.0, B1.5 on the alkaline modification time. The scatters refer to
experimental data and the lines denote the linear fit results.
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3. Controllable surface area enhancement

Figures 1(a)–(c) compare the typical cross-sectional SEM
images of the three representative series A0, C0, and E0,
respectively. Without the alkaline modification, it exhibits the
cone-shaped nanopores on the acid textured silicon wafer
surface surrounded with nanoporous silicon. Chartier et al
[26] have observed similar SEM images of samples fabricated
in a mixture of 1:4 (molar ratio) HF and H2O2 etching solu-
tion for 20 s. We have further found that the top diameter of
the cone-shaped nanopores is insensitive to the etching time
and is about 30 nm while the average nanopore depth De rises
linearly with the etching time at a rate of ∼3.32 nm s−1, as
shown by the plot of figure 1(j) (red squares).

Figures 1(d)–(f) show the effect of the alkaline mod-
ification time by the SEM images of series B0.5, B1.0, and
B1.5, respectively, and the inset is the corresponding cross-
sectional view. Nanoporous silicon is dissolved and the dia-
meter of the silicon nanopores enlarges while their depth
deceases with increasing alkaline modification time, which is
similar to previous results [12]. As plotted in figure 1(k), the
average diameter Di (green circles) and average depth MD
(red triangles) both exhibit excellent linear behaviors with the
modification time, giving etching rates of ∼1.55 and
1.34 nm s−1, respectively. It can be concluded that the role of
the alkaline solution includes: (1) dissolving the nanoporous
silicon to facilitate the formation of p–n junction in the
phosphorus diffusion process [27]; (2) controlling the mor-
phology of the silicon nanostructures through enlarging their
diameter and reducing their depth, thus decreasing the surface
area enhancement ratio AF/A.

Figures 1(g)–(i) further present the SEM images of
another three representative series A1.0, C1.0, and E1.0,
respectively, and the inset is the corresponding cross-sectional
view. As is shown in figure 1(j), under the same duration ratio
of the Ag-catalyzed chemical etching and alkaline modifica-
tion, the average diameter Di (green circles) and depth MD
(red triangles) change linearly with the etching time, giving
the etching rates of ∼1.20 and 2.43 nm s−1, respectively.

From figure 1, we demonstrate that the depth of the final
silicon nanopores is determined by both the Ag-catalyzed acid
and the alkaline treatment while their diameter is only related

to the alkaline modification time. Since the surface area
enhancement ratio AF/A is related to the diameter and the
depth of the nanopores, we can therefore tailor AF/A of the as-
grown nanostructured silicon wafer by controlling the two
kinds of etching time. We have estimated the enhancement
ratio AF/A by assuming the nanopore structures as equally
distributed vertical nanopores. Table 1 lists the average dia-
meter, depth and period of each sample from the SEM
observation, where the AF/A ratios for all the samples in the
present study have been deduced. As expected, AF/A is found
to decrease with the increase of the alkaline modification time
and increase with the prolonged Ag-catalyzed chemical
etching time. In short, we have realized the ability to regulate
AF/A of the as-grown nanostructured silicon wafer with dia-
meter and depth changing from tens to hundreds of
nanometers.

4. Reflectance characteristics

We start from the influence of the different surface area
enhancement ratio AF/A on the optical properties of nanopore
structured wafers. In figure 2(a) we show the reflectance
spectrum of each series over the wavelength range of
300–1100 nm, and the data of the acid textured wafer (AF/
A = 1.00) is also given for comparison. The as-grown silicon
nanopore structures apparently demonstrate better antireflec-
tion characteristics than the acid textured wafer over the entire
spectral range. This is due to the formation of a continuous
gradient of refractivity which is desirable for suppressing the
optical reflection [4]. Moreover, the reflectance is found to
decrease with increasing enhancement ratio AF/A (or
increasing diameter and depth). Our results are consistent
with that demonstrated by Sun et al [29], where lower
reflectance is observed on deeper subwavelength structures
due to the more gradual change of the refractive index
between air and the nanostructured silicon surface. We have
plotted in figure 2(c) (red squares) the average reflectance
(Rave) of each series weighted over the AM 1.5G solar
spectrum in the range of 300–1100 nm. The dependence of
Rave on the variation of the enhancement ratio AF/A is evident,
e.g., the difference of Rave between AF/A = 1.86 and AF/

Table 1. Average geometrical parameters deduced from SEM observations, i.e., diameter, depth and period, the calculated surface area
enhancement ratio AF/A by assuming the nanopore structures as equally distributed vertical nanopores, and average electrical parameters with
errors (standard deviations), i.e., the open circuit voltage (VOC), short circuit current (ISC), fill factor (FF), efficiency (EFF), and extracted
reverse saturation current (I0), of different series of nanostructured solar cells and the acid textured counterparts (Ref., AF/A= 1.00).

AF/A Diameter (nm) Depth (nm) Period (nm) VOC (mV) ISC (A) FF (%) EFF (%) I0 (pA)

Ref. 1.00 — — — 626.0 ± 1.0 8.65 ± 0.02 77.78 ± 0.35 17.30 ± 0.08 263
B1.5 1.86 171 75 216 622.0 ± 0.7 8.70 ± 0.02 77.96 ± 0.16 17.33 ± 0.08 309
A1.0 2.15 61 69 107 621.0 ± 0.7 8.71 ± 0.02 78.48 ± 0.27 17.38 ± 0.10 322
B1.0 2.30 133 104 183 621.0 ± 1.6 8.76 ± 0.02 78.10 ± 0.20 17.47 ± 0.13 324
B0.5 2.64 78 143 146 619.0 ± 1.2 8.70 ± 0.01 77.93 ± 0.05 17.28 ± 0.06 347
C1.0 3.43 176 243 235 617.0 ± 0.5 8.61 ± 0.01 78.58 ± 0.29 17.14 ± 0.07 371
D1.0 4.77 285 525 353 614.0 ± 0.6 8.58 ± 0.03 78.44 ± 0.15 16.98 ± 0.09 416
E1.0 5.17 486 867 563 612.0 ± 1.2 8.52 ± 0.02 78.53 ± 0.24 16.84 ± 0.08 446
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A= 5.17 is 10.47% (Rave of A
F/A = 1.86 and 5.17 are 23.13%

and 12.66%, respectively). Nevertheless, the average reflec-
tance Rave decreases rapidly with increasing AF/A for AF/A
values smaller than 2.64, while further increasing AF/A above
2.64 only shows little reduction in Rave.

We have also investigated the surface reflectance of both
the nanostructured and acid textured silicon wafers coated
with a SiNx passivation layer (∼80 nm with n of 2.15 by
PECVD), as shown in figure 2(b). Compared to the acid
textured wafer, the nanopore structured wafers exhibit lower
reflectance in the wavelength range of 300–600 nm. However,
the presented spectra of each series are quite similar to each
other in the wavelength range from 600 to 1100 nm and
notably decrease in comparison with the uncoated case in
figure 2(a) due to the additional antireflection effect offered
by the passivation layer. Obviously, the combination of the
nanopore structure and SiNx layer could provide excellent
light trapping over a wide wavelength range, e.g., Rave is
decreased from 23.13% to 5.92% for AF/A = 1.86 when the
SiNx layer is applied. In addition, the difference of Rave

between AF/A = 1.86 and AF/A = 5.17 is 2.01% (Rave of AF/
A= 1.86 and 5.17 are 5.92% and 3.91%, respectively). This

shows that the passivation layer greatly diminishes the dis-
crepancy of Rave amongst samples with different AF/As. Rave

of each series shown in figure 2(b) is also illustrated in
figure 2(c) (green circles), which shows similar trend as the
uncoated case discussed above, only with much smaller
values.

To deep understand the optical properties of this nano-
pore structure, we have performed finite-difference time-
domain (FDTD) simulations to acquire Rave of periodic
nanopore arrays (without SiNx passivation layers) on flat
surfaces, where the array dimensions (pore diameter and
depth, array period) are determined from their respective
linear relations with the etching time as observed in the
experiments (figure 1(j) and table 1). The simulated results in
figure 2(d) exhibit an approximate linear relation between
increasing AF/A and decreasing Rave, and Rave saturates for
higher AF/A values, which is consistent with the experimental
observations in figure 2(c). This correlation is attributed to
two physical origins: First, as AF/A increases from 2.7 to 5.5
in figure 2(d), the corresponding pore dimensions increase
from ∼100 to ∼500 nm, approaching that of the central
wavelength of the solar spectrum. The comparable structural

Figure 2. Experimental reflectance spectra of the different series of nanopore structured silicon wafers (a) without and (b) with a SiNx

passivation layer in the wavelength range of 300–1100 nm, together with the data of the acid textured wafer (AF/A= 1.00) for comparison. (c)
Relationship between the average reflectance Rave and the surface area enhancement ratio AF/A, obtained by weighting over the AM 1.5 G
solar spectrum in the range 300–1100 nm. (d) FDTD simulated Rave without SiNx passivation layer versus AF/A. The inset is the schematic
simulation diagram where the array dimensions (pore diameter and depth, array period) are determined from their respective linear relations
with the etching time as observed in the experiments (figure 1(j) and table 1).
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size to the incident wavelength induces stronger scattering of
light and thus provides better antireflection properties [30];
second, the factor AF/A is a direct indicator of the area per-
centage of the inner walls of the nanopores. As this factor
goes up, the multiple reflection by the nanopore walls is
enhanced, which further lowers the reflectance [31]. How-
ever, the most important discrepancy between the experi-
ments and the simulations is that the linear decreasing of Rave

in the experiments occurs at much smaller values of AF/A
compared to the simulated ones, e.g., the saturation point
moves from ∼5.3 in the simulations to ∼2.5 in the experi-
ments. Such difference is caused by the acid textured surfaces
of the silicon wafers in the experiments, which provide a
baseline of scattering of the incident light and thus allow a
comparable Rave to be achieved for smaller AF/As. This phe-
nomenon, together with the use of an antireflection coating,
significantly lowers the requirement of the surface roughness
(AF/A) for achieving an ideal optical performance, which is
extremely beneficial for maintaining a good electrical beha-
vior of the solar cells.

5. Carrier recombination

We now focus on the influence of the surface area enhance-
ment on charge collection EFF by investigating the internal
quantum efficiency (IQE) of the nanostructured silicon solar
cells. The IQE of these solar cells has been derived from the
EQE characteristics via IQE =EQE/(1 –R), where R is the
reflectance presented in figure 2(b). Figure 3(a) shows the
average IQE spectra in the range of 300–650 nm for the cell
series of A1.0, B0.5, B1.0, B1.5, C1.0, D1.0 and E1.0 and the
data of the acid textured wafer cells are also given for com-
parison (each subgroup has eight samples). Although the IQE
in the short wavelength range declines with the increase of the
enhancement ratio AF/A, an indication of an enhanced Auger

and surface recombination, it remains almost unchanged for
small AF/A values as embodied by samples B1.5

=A A( / 1.86),F A1.0 (AF/A= 2.15), and B1.0 (AF/A= 2.30), as
well as the acid textured ones (AF/A= 1.00).

We have measured the effective minority carrier lifetime
τ( ),eff in order to have a deep insight into the mechanism of
the IQE reduction. Generally, τeff could be expressed as [7]

τ τ
= + +( )S S d

1 1
, (1)

eff bulk
eff
F

eff
B

where τbulk is the bulk Shockley–Read–Hall lifetime (in our
case, τbulk = 24.52 μs), Seff

F and Seff
B are the effective surface

recombination velocities (including surface recombination
and near surface Auger recombination) at the front surface
and at the back surface, respectively, and d is the wafer
thickness (in our case, d = 190 μm). Seff

F and Seff
B are equal for

the acid textured wafer, since it is texturized and passivated
symmetrically. In addition, we assume a same Seff

B value for
all sample series since their back surfaces underwent the same
PECVD-SiNx passivation, and only the front surfaces are
processed differently. Therefore, we can yield Seff

F for each
series and the results are plotted in figure 3(c) (black squares),
where Seff

F rises nearly linearly with the surface area
enhancement ratio AF/A at a rate of ∼1.20 m s−1 and reaches
as high as 9.69 m s−1 for the nanostructured wafer of E1.0
(AF/A = 5.17). We can attribute the enhanced Seff

F to the
increasing surface area [6].

It has been noted that the Auger recombination channel is
the dominant contributor to Seff

F under high doping con-
centrations (sheet resistance below 90Ω sq−1) due to excess
doping through the nanostructured surface, which contributes
to the reduction of IQE in the short wavelength range [7].
Such dominance is confirmed by our simulations using the
one dimensional device program PC1D, where the IQE
curves of the nanostructured solar cells are unable to be
modeled by setting the surface recombination velocity and

Figure 3. (a) Experimental average IQE spectra of each series in the wavelength range of 300–650 nm. (b) Experimental average IQE spectra
(scatters) and the calculated IQE results from the PC1D simulations based on the ‘dead layer’ model (curves) of series B1.0 (AF/A= 2.30),
C1.0 (AF/A= 3.43) and E1.0 (AF/A= 5.17) in the wavelength range of 300–1100 nm, together with the data of the acid textured wafer (AF/
A= 1.00). (c) Measured effective surface recombination velocity Seff

F and (d) thickness of the ‘dead layer’ of each series versus AF/A, where
the scatters refer to (c) experimental and (d) simulated data, together with the linear fit results.
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bulk lifetime. Therefore, we analyze the mechanism of the
IQE reduction by the Auger recombination known as the
‘dead layer’ model [10]. Note that, though the actual nanos-
tructured silicon solar cells cannot be directly constructed by
PC1D, but it can be equivalently simulated by using planar
solar cell with ‘dead layer’ model, together with optical and
electrical parameters (surface reflectance, base doping con-
centration, series resistance and bulk lifetime, etc.) extracted
from the actual devices. We have treated the nanopore
structure as a low lifetime ‘dead layer’ by setting a doping
density of ∼2 × 1020 cm−3 in the PC1D simulations, and
varied the thickness of this layer to acquire the corresponding
IQE curves. The ‘dead layer’ thickness of the acid textured
wafer cells is also simulated by PC1D program.

Figure 3(b) exhibits the four representative simulations
(curves) for the dead layer thicknesses of 20, 90, 120 and
190 nm, which match well with the experimental data (scat-
ters) of samples with AF/A= 1.00, 2.30, 3.43 and 5.17,
respectively, in the wavelength range of 300–1100 nm. By
comparing the simulated IQE curves with the experimental
ones, we have found that the degrading performance of the
nanostructured samples with increasing AF/A values can be
approximated by a series of planar cells with increasing dead
layer thicknesses. It is shown in figure 3(d) (red circles) that
the ‘dead layer’ thickness rises linearly with increasing
enhancement ratio AF/A, indicating increasing Auger recom-
bination. Such behavior is due to the dependence of the Auger
recombination on the volume of the heavily doped emitter,
which is proportional to the surface area under the same
diffusion process. This result agrees well with our previous
work that the thickness of the nanowire ‘dead layer’ goes up
with increasing nanowire length (or enhancement ratio AF/
A) [17].

In short, our result shows that the Auger recombination
dominates in heavily doped nanostructures, and that it has a
linear relationship with AF/A. On the other hand, the surface
recombination is also proportional to the surface area,
although in our case its contribution is less pronounced.
Hence, AF/A has to be restricted to relatively small values, in
order to maintain a satisfactory electrical property of the
nanostructured cells with low Auger and surface
recombination.

6. Cell performance

We further show the output performance of the nanos-
tructured silicon solar cells to evaluate the comprehensive
impact of the surface area enhancement ratio AF/A discussed
above. The experimental average conversion EFF of each
series is illustrated in figure 4(a) by black circles with error
bars (standard deviations). From figure 4(a), we can see that
the average EFF grows with the increase of AF/A and reaches
its highest at AF/A= 2.30 with average EFF = 17.47%, i.e., an
absolute increase of 0.17% over that of the acid textured

=A A( / 1.00)F counterparts (17.30%), while further increas-
ing A A/F above 2.30 only leads to a rapid reduction in

average EFF. The superiority of the series B1.0 cells (AF/
A = 2.30) can be attributed to a trade-off between the antire-
flection gain and blue IQE loss, that is a low reflectance
(4.93%), together with a low effective surface recombination
velocity (6.59 m s−1) and a small ‘dead layer’ thickness
(90 nm). As mentioned above, each subgroup of cells has
eight samples, figure 4(b) exhibits the EFF distribution of the
four representative series of cells with AF/A= 1.00, 2.30, 3.43
and 5.17, respectively. We can see that the highest EFF of AF/
A = 2.30 cells is 17.76%, which has also been measured
independently by TÜV Corporation (TÜV Report No.
15067482.001) with open circuit voltage (VOC) of 0.6291 V,
short circuit current (ISC) of 8.667 A, fill factor (FF) of 79.2%
and EFF as high as 17.75% under AM 1.5G illumination, as
shown in figure 4(c). This indicates the potential for the
practical fabrication of large size nanostructured silicon solar
cells with satisfactory conversion EFF.

For a more detailed comparison, we have illustrated the
average electrical parameters for each series in table 1. We
notice that ISC increases with increasing AF/A for AF/A values
smaller than 2.30, while further increasing AF/A above 2.30
only shows rapid reduction in ISC. The variation of ISC with
AF/A shows a similar trend as that of the average EFF dis-
cussed above. For small values of AF/A, Rave decreases
rapidly which leads to the increase in ISC, indicating the vital
role of Rave on determining the EFF in these cases. The
highest ISC (AF/A = 2.30) is about 0.11 A larger than that of
the reference one, which guarantees the average EFF increase
by 0.17%. Moreover, although samples of series B0.5, C1.0,
D1.0 and E1.0 possess similar reflectance (∼4%), their ISCs
differ notably. ISC decreases with the increase of the
enhancement ratio AF/A, e.g., ISC of series C1.0, D1.0 and
E1.0 is even less than that of the acid textured ones, clearly
showing that the increasing surface and Auger recombination
have outweighed the benefit of optical absorption, leading to
the reduction in EFF. This demonstrates that for large AF/A
values, carrier recombination plays an important role on
determining the EFF. In addition, we have also calculated the
saturation current (I0) [32], which is listed in table 1. We
notice that I0 gradually increases with the enhancement ratio
AF/A, indicating an increasing recombination in the nanopore
structures. These results agree well with our discussion in
section 5 about the carrier recombination.

We have also shown the simulated EFF of the nanopore
structured silicon solar cells based on the ‘dead layer’ ana-
logy, as is shown in figure 4(a) (red curve), which is in good
accordance with the experimental results. The simulated
results exhibit that the EFF grows with the increase of AF/A
and reaches its highest at AF/A = 2.40 with EFF= 17.57%, i.e.,
an absolute increase of 0.27% over that of the acid textured
ones (17.30% as simulated by PC1D), while further increas-
ing AF/A above 2.40 only leads to a rapid reduction in EFF.
As is discussed above, there exists an optimal value of AF/A
that maximizes the EFF of the nanostructured cells due to the
competing influence of AF/A on the optical and the electrical
properties. It is therefore of paramount importance to choose
an appropriate AF/A in cell fabrication.
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Finally, it should be noted that in this investigation, all
the experiments were conducted in the actual production lines
of one of the largest solar cell producers (Suntech) with fully
mass-production-compatible technologies (e.g., we have
chosen SiNx passivation instead of more complicated ones).
The EFF of ∼17.5% directly represents the current conversion
efficiencies of real-life mass-produced mc-Si solar cells. The
resultant EFF improvement (∼0.3%) is not only industrially
significant, but also represents a turning point in the long
pursuit of nanostructure application in solar cells where most
previous attempts have only shown inferior cell performance
than the conventional counterparts. Furthermore, the average
output performance of our best nanostructured silicon solar
cells (AF/A= 2.30, average EFF= 17.47%) can still be
improved in certain aspects. The surface enhancement ratio
AF/A could be more elaborately regulated since Rave of the
highest EFF (AF/A = 2.30) is still a little high (4.93%). For
further promotion of EFF, a simple way is to adopt the light-
and-shallow doping together with a denser electrode grid to
avoid high sheet resistance [8], or to increase the character-
istic nanoscale dimension to adjust the phosphorous dis-
tribution in the nanostructures [8] and minimize the
unfavorable Auger recombination. Atomic-layer-deposited
Al2O3 can also be used to significantly suppress the Auger
and surface recombination via the field effect passivation
[17–21].

7. Conclusions

In summary, we have presented a simple method to modify
silicon nanostructures’ surface morphology and adjust the
surface area enhancement ratio AF/A by Ag-catalyzed che-
mical etching and subsequent NaOH modification, during
which the diameter and depth of the nanostructures can be
effectively changed from tens to hundreds of nanometers. We
have found that the average reflectance Raves of samples

without and with SiNx passivation layer both decline rapidly
with the increase of AF/A for small AF/A values and saturate
for large ones, and that the passivation layer greatly dimin-
ishes the discrepancy of Rave amongst samples with different
AF/As, which significantly lowers the requirement of the
surface roughness (AF/A) for achieving an ideal optical per-
formance. In addition, both the surface and Auger recombi-
nation have a linear relationship with AF/A while the Auger
recombination dominates in heavily doped nanostructures.
Through a detailed investigation of the competing influence
of AF/A on the optical and the electrical properties, we have
successfully achieved an EFF of 17.75% on nanostructured
multicrystalline solar cells, where the optimal value of AF/A
(AF/A = 2.30) provides a low reflectance of 4.93% and a low
effective surface recombination velocity of 6.59 m s−1. The
present work opens a potential prospect for the fabrication of
large size (156 × 156 mm2) nanostructured multicrystalline
solar cells with higher-than-traditional efficiencies in the
present industrial manufacturing processes. Further improve-
ment of the cell performance can be realized with the back
surface textured (i.e., double-side texture) so as to randomize
the directions of the reflected light, together with the doping
scenario optimized for the enhanced open-circuit voltage.
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Abstract
We propose a novel strategy to prepare highly luminescent carbon nanodots (C-dots) by
employing a hydrothermal method with citric acid as the carbon source and ethylenediamine as
the nitrogen source, together with adding moderate ammonia water (AW) to achieve both
appropriate inner structure and excellent N passivation. The effect of pH value and AW amount
on the luminescence properties has been thoroughly investigated. The photoluminescence
quantum yield of the resultant C-dots reaches as high as 84.8%, which is of 10.56% higher than
that of the C-dots synthesized in the absence of AW in the reaction precursors. We have further
combined the highest luminescent C-dots with polyvinyl alcohol to form luminescent down-
shifting layers on silicon nanowire solar cells. An effective enhancement of short-circuit current
density has been realized and the contribution of the down-shifting has been extracted
quantitatively from the deterioration of surface reflectance and the gain of the optical absorption
redistribution by means of a theoretical model on external quantum efficiency analysis.

S Online supplementary data available from stacks.iop.org/NANO/26/065402/mmedia

Keywords: carbon nanodots, high luminescence, down-shifting, ammonia water, silicon
nanowire solar cells

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

1. Introduction

During the past decade, luminescent down-shifting (LDS)
functional materials, such as rare earth ions [1–3], II–VI
semiconductor quantum dots (QDs) [4–7] and organic dyes
[8–11], have attracted considerable attention due to their
distinct large Stokes shifts that have been widely used on
optoelectronic devices. However, those LDS materials are
limited by their inherent deficiency, such as narrow absorp-
tion band, high toxicity and poor photostability for rare earth
ions (like Eu3+) [1], semiconductor QDs (like CdS) [6] and
organic dyes [12], respectively. It is thus of paramount

importance to develop other luminescent materials with
high performance and low environmental hazard. In
recent years, fluorescent carbon nanomaterials, especially
carbon nanodots (C-dots) and graphene QDs, have been
widely investigated and applied to bioimaging and sensing
because of their outstanding optical properties, low toxicity,
excellent biocompatibility and abundance of raw material in
nature [13–21]. Compared with graphene QDs, luminescent
C-dots, consisting of numerous functional groups on their
surface, usually possess higher photoluminescence quantum
yield (PLQY) and are particularly encouraging as an
alternative.
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However, the PLQY of early-stage luminescent C-dots
was less than 20% [14, 22], far lower than that of the com-
monly used LDS materials of more than 50% [3, 4]. Surface
passivation has been the key technique to enhance the PLQY
of luminescent C-dots [14, 20, 23]. It has been reported that
high PLQY of luminescent C-dots could be achieved by
modifying their surface states with different surface-passive
agents, such as N-(β-aminoethyl)-γ-aminopropyl methyldi-
methoxy silane (PLQY reaches 47%) [20], 1-hexadecylamine
(53%) [14] and PEG1500N together with TiO2 (70%) or ZnS
(78%) after a gel column fractionation [24]. Nevertheless, the
fabrications of C-dots treated by these materials often have
some drawbacks, such as rigorous conditions, high tempera-
ture and time-consuming processes, which restrict their
applications. The control of inner structure by atomic doping,
especially N doping, has shown the potential for widespread
adoption due to its efficient one-step strategy, numerously
alternative compounds and large-scale fabrication [18, 25],
although the exact mechanism of the high luminescence is
still unclear. Zhou et al [13], and Guo et al [26], have syn-
thesized N-doped C-dots by carbonizing sodium citrate at
180 °C in the presence of urea and ammonium bicarbonate as
N-doping sources to realize the PLQY of 42% and 68%,
respectively. Zhu et al [19], and Dong et al [27], have
employed citric acid (CA) as the carbon source to demon-
strate PLQY as high as 80% and 73% with ethylenediamine
(EDA) and L-cysteine as the atom-doping agents,
respectively.

In this work, we report on a new strategy for yielding
highly luminescent C-dots. On the basis of successful reali-
zation of PLQY of 76.7% C-dots with CA as the carbon
source and EDA as the nitrogen source, we propose for the
first time ammonia water (AW) as both the surface passivator
and the inner structure modifier to boost the PLQY of C-dots
up to 84.8%. The keys lie in the fact that AW can effectively
passivate the surface of C-dots through substituting amide
groups for carboxyl groups, and modify the inner structure of
C-dots by eliminating oxygen state. We have further com-
bined the highest luminescent C-dots with polyvinyl alcohol
(PVA) to form LDS layers on silicon nanowire (SiNW) solar
cells. A theoretical model on the external quantum efficiency
(EQE) analysis has also been set up to quantitatively measure
the contribution of down-shifting from the observed
enhancement in short-circuit current density (JSC).

2. Experimental section

2.1. C-dots synthesis

The C-dots were synthesized by using a hydrothermal
method. In brief, 0.787 g CA, 251 μL EDA and various
amount of AW (including 0M, i.e. without AW) were mixed
in 10 mL deionized water (DI-water), and then the reaction
precursors were transferred to a 30 mL Teflon-lined autoclave
and heated at 160 °C for 3 h. After quickly cooling the Teflon-
lined autoclave to room temperature by water, the well-dis-
persed C-dots aqueous solutions were obtained. The C-dots

were purified through a dialysis membrane (500 MWCO) for
24 h. Dialysis is used here mainly to remove the small
molecules in the as-prepared C-dots solutions. All the pro-
ducts were treated by ultrasonic oscillation before further use
and characterization.

2.2. SiNW solar cells and LDS layer fabrication

SiNW arrays (SiNWs) with a length of 400 nm were syn-
thesized on one side of p-type (∼2Ω cm, 200 ± 20 μm) silicon
(100) wafers using a two-step, metal-assisted chemical etch-
ing technique [28]. The SiNW solar cells were fabricated by a
standard solar cell manufacturing process, and the finished
solar cells were cut into 3 × 3 cm2 pieces to measure both
electrical and optical characteristics. To successfully apply the
resultant C-dots on the SiNW solar cells as an LDS layer, we
used PVA as the host material for the LDS layer, based on its
high transmittance and good compatibility with our C-dots.
The yielded highest luminescent C-dots aqueous solutions
were mixed with the PVA aqueous solutions (5 wt%) to
obtain the C-dots/PVA solutions. Next, we spin-coated the C-
dots/PVA solutions on the SiNW solar cells and heated at
80 °C for 20 mins to form the LDS layers, the thickness of
which is adjusted by the spin-coating times.

2.3. Characterization

The morphologies of the C-dots were characterized by a
JEOL (Japan) JEM-2100F transmission electron microscopy
(TEM). The Raman spectrum of the C-dots was examined at
room temperature by a Jobin Yvon (France) LabRam HR800
UV micro-Raman spectrometer using a He-Cd (325.0 nm)
laser. The UV-visible (UV–Vis) spectra were measured by a
Perkin-Elmer (USA) Lambda 20 spectrometer. The steady-
state PL spectra and fluorescence lifetimes were recorded
using a steady-state and time-resolved fluorescence spectro-
fluorometer (QM/TM/IM, PTI, USA). The x-ray photoelec-
tron spectroscopy (XPS) spectra of the products were carried
out with a Shimadzu (Japan) Kratos Axis Ultra DLD spec-
trometer using a monochromatic Al Kα x-ray source
(1486.6 eV). The Fourier transform infrared spectroscopy
(FTIR) spectra were taken with a Bruker (Germany) Vertex
70 spectrometer at room temperature from 400 to 4000 cm−1.
The samples, used for both the XPS and FTIR spectra mea-
surements, were prepared by repeatedly dropping the purified
C-dots solutions on silicon slices and then drying them in an
oven. The morphologies of the SiNW solar cells were
examined by a Philips (Netherlands) FEI Sirion 200 field
emission scanning electron microscopy (SEM). Both the
reflectance and the EQE spectra of the samples were per-
formed in the 300–1100 nm wavelength range by a PV
Measurements (USA) QEX10 system. The current–voltage
characteristics of the SiNW solar cells coated with and
without the LDS layer were measured at standard test con-
ditions (an irradiation intensity of 1000Wm−2, AM 1.5 G,
and a temperature of 25 ± 0.5 °C) using a Newport (USA)
Oriel Sol2A solar simulator with a Keithley 2400 source
meter. Five current–voltage measurements were taken for
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each case, and the standard deviation between measurements
was lower than 0.03%.

3. Results and discussion

3.1. Characterization of C-dots

The luminescent C-dots were hydrothermally synthesized by
using CA and EDA as reaction precursors. Figure 1(a) shows
the schematic of the synthetic process. First, CA and EDA
were mixed in DI-water, and then the mixture was transferred
to a Teflon-lined autoclave and heated at 160 °C for 3 h to
obtain the C-dots. The digital pictures of the C-dots aqueous
solutions, displayed in figure 1(a), clearly show that the
obtained C-dots exhibit bright blue fluorescence under the
illumination of a 365 nm UV light lamp. Figure 2(a) shows
the TEM image of the C-dots, revealing that the C-dots are
well dispersed with an average diameter of 3.7 nm (ranging
from 2 to 8 nm). The Raman spectrum has also been carried
out to feature the characteristic bands of the C-dots to a
certain extent, as shown in figure 2(b). It displays the G-band
at 1597 cm−1 relevant to sp2 carbon and the D-band at
1305 cm−1 relevant to sp3 carbon [29], indicating that the C-
dots are composed of sp2 domain embedded in sp3 matrix. We
have carried out a detailed study on the UV–Vis absorption
and PL spectra of the C-dots (figure 2(c)), which are of
paramount importance for its application in optoelectronic
devices as a down-shifting layer. The UV–vis spectrum evi-
dently indicates that the C-dots mainly absorb the light in the
wavelength below 400 nm with two characteristic absorption
peaks. It is believed that the absorption peak at 239 nm ori-
ginates from the π→ π* transition aromatic C=C bonds
[17, 29], and that centered at 348 nm is from the trapping of
excited-state energy by the surface N-state [27]. In the PL

spectrum, a strong luminescence centered at 439 nm with a
full width at half maximum of 70 nm is observed upon
excitation of the C-dots aqueous solutions at 360 nm,
demonstrating the feasibility of the C-dots as LDS materials.
As shown in figure 2(d), its emission peak has no obvious
shift as the excitation wavelength varies from 300 to 390 nm,
and the PL intensity reaches the maximum at the excitation
wavelength of 350 nm. This value is close to 348 nm
absorption peak, demonstrating that the PL is related to the
surface N-state.

3.2. The pH effect on the PL property of C-dots

In general, the luminescence and absorption features of
molecular fluorescent materials can be influenced by pH.
Here, we have further investigated the pH effect on the
luminescence property of the resultant C-dots. The pH value
of the above-yielded C-dots aqueous solutions is 5.64 and the
pH conditions of the C-dots, used for the pH effect investi-
gation, are regulated by sulfuric acid and sodium hydroxide.
Figure 2(e) displays the absorption spectra of C-dots aqueous
solutions with varied pH values of 1, 7 and 13, indicating that
absorption peak at 348 nm remains stable in both strong base
and neutral solutions, but redshifts to 366 nm when pH is 1.
Similarly, it is found from figure 2(f) that the PL peak is fixed
at 439 nm when the pH is higher than 4, and redshifts when
the pH is lower than 4. Figure 2(f) also shows the pH-
dependent integrated PL intensity, which remains almost
constant in a solution of pH 4–10, but decreases quickly in the
solution with a higher or lower pH value. This observation
can also be confirmed by the digital photos of the C-dots
aqueous solutions under the illumination of 365 nm UV light
(inset of figure 2(f)), with much brighter color of the pH= 7
sample as compared with its pH= 1 and 13 counterparts. The
effect of pH can be understood in terms of the change in the

Figure 1. (a) Schematic diagram for the synthesis of C-dots. (b) Schematic diagram of different C-dots synthesized with 0, 0.8, 1.6 and 3.2 M
ammonia water (AW) in the reaction precursors. The green area represents the N-state, and the blue one is O-state.
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surface functional groups owing to protonation/deprotona-
tion [26, 27].

3.3. Enhanced PL property of C-dots by AW

The PLQY is a widely used parameter for luminescent
materials. Excitingly, the PLQY of the resultant C-dots is
measured to be as high as 76.7% (excited at 360 nm) by using
quinine sulfate as a reference (see details in table S1), which
is similar to the result reported by Zhu et al [19], but much

higher than most of the previous reports [13, 20, 30]. The
high luminescence is probably related to the surface N-state,
which has been mentioned previously in section 3.1. To prove
this, we designed a control experiment to cap more N atoms
on the OR-C-dots surface, by using a very reactive reagent,
AW, to post-treat the resultant OR-C-dots at 100 °C for 1 h.
The much lower heating temperature and shorter reaction time
are controlled to avoid a change in the inner carbon backbone
structure of the OR-C-dots. Through this simple process, the
PLQY of the OR-C-dots is enhanced from 76.7% to 79.5%.

Figure 2. (a) TEM image of the C-dots. The inset shows the size distribution of the C-dots. (b) Raman spectrum of the C-dots. (c) UV–vis
absorption (black solid curve) and PL (red dot curve) spectra excited at 360 nm of the C-dots aqueous solutions. (d) PL spectra of the C-dots
excited by different wavelengths. The inset shows the corresponding normalized PL spectra. (e) Absorption spectra. (f) Effect of pH on the
integrated PL intensity and the PL peak position of the OR-C-dots excited at 360 nm. Inset shows the digital photos of the OR-C-dots
aqueous solutions illuminated by a 365 nm UV light lamp with the pH of 1, 7 and 13, respectively.
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FTIR spectra in figure S1 illustrate that amide groups replaced
the carboxyl groups capping on the surface of C-dots because
of the enhancement of the C–N bond at 1232 cm−1 and the
C=O bond (1655 cm−1) due to the amide group, as well as the
decrease of the C=O bond (1708 cm−1) due to the carboxyl
group. This surface treatment brought a 3.65% increase of
PLQY, showing that the PL is related to the surface N-state
induced by the amide groups.

Many research studies have pointed out that the fluor-
escence of carbon nanoparticles is related to the surface/edge
state induced by the surface functional groups [31–35].
Recent literature about the PL in C-dots and graphene
quantum dots [36] has illustrated that surface functional
groups can combine with several edge carbon atoms in carbon
backbone to form a molecule-like surface/edge state which
contributes to the luminescence. A similar conclusion has
reached from research on graphene oxide, which suggests that
fluorescence comes from the recombination of electron-hole
pairs localized in small sp2 carbon domains surrounded by a
carbon-oxygen sp3 matrix [37]. Therefore, there is an
expectation to obtain C-dots with a higher PLQY by effective
surface passivation with amide groups and precise control of
inner structure. To achieve this, we propose to add various
amount of AW to the precursor after considering its 1) high
reactivity [38] and 2) low viscosity (thus beneficial to prac-
tical application) [19]. For convenience, we name the C-dots
synthesized with 0, 0.8, 1.6 and 3.2 M AW as OR-C-dots,
AW-C-dots 0.8 M, AW-C-dots 1.6 M and AW-C-dots 3.2 M,
respectively.

Figure 3(a) displays the PL spectra (excited at 360 nm) of
OR-C-dots and AW-C-dots aqueous solutions, whose absor-
bance at 360 nm is controlled to be 0.03 by adjusting the
concentration. From this figure, it is clear that AW did not
change the emission wavelength, but the PL intensity and thus
the PLQY. The inset of figure 3(a) displays the different color
of C-dots synthesized with a different AW concentration.
Figure 3(b) shows the variation of PLQY with AW con-
centration, which increases at first and then decreases with the
increasing AW concentration. The PLQY reaches as high as
84.8% for the AW-C-dots 1.6 M—much higher than that of
the OR-C-dots. The enhancement factor is 10.56%—higher
than that of 3.65% resulted by post-treatment of OR-C-dots
with AW, suggesting that AW brings an extra enhancement of
PLQY induced by the change in inner structure.

To further explore the relationship between the PLQY
and structure of C-dots, we employed XPS and FTIR tech-
niques to reveal the chemical bonds and compositions in OR-
C-dots and AW-C-dots. XPS spectra in figure 4(a) indicate
that all the C-dots are mainly composed of carbon, nitrogen
and oxygen, where two extra peaks Si2p and Si2s come from
silicon substrate. The C1s spectra in figure 4(b) demonstrate
the existence of C=C (284.6 eV), C–N (286.0 eV), C–O
(286.8 eV) and C=O (288.4 eV) [21]. The O1s spectra in
figure 4(c) display the presence of C=O (531.3 eV) and C–
OH/C–O–C (532.4 eV) [16]. The N1s spectra in figure 4(d)
give the peaks of C–N–C (399.5 eV), N–(C)3 (400.5 eV) and
N–H (401.5 eV) [21, 39]. FTIR spectra in figure 4(e) also
illustrate that these C-dots are composed of aromatic CN

heterocycles [21] due to the existence of N–H (at 3187 cm−1),
C–H (2925 cm−1), C–N (1232 cm−1) stretching vibrations and
N–H (at 1559 cm−1), C–H (781 cm−1) bending vibrations.
Furthermore, from this figure, it is clear that compared to OR-
C-dots, more amide groups are bonded to the surface of AW-
C-dots because of the obvious weakening of C=O stretching
vibration (1708 cm−1) due to carboxyl groups and the increase
of C=O peaks (1655 cm−1) due to amide groups. The detailed
XPS data in table 1 further indicate that the use of AW in the
synthesis can increase the N–H bond, i.e., enhance the surface
passivation by amide groups, which can finally increase the
surface N-state. At the same time, AW has an obvious effect
on O and C contents in C-dots. Moderate AW decreases the O
content, which may decrease the O defect states in the C-dots,
while excess AW has an opposite effect.

It is worth noting that PLQY does not increase with the
increasing amide group (N−H bond). Actually, it increases
with the decreasing O-state, or with the increasing ratio of N-
state to O-state (RN/O), as shown in figure S2. This implies
that the key to enhancing PLQY is to enhance the N-state by
excellent N-passivation and to remove the O-state in the N-
doped C-dots by inner structure modification. A similar
viewpoint has been proposed by Dong et al [27]. They have
pointed out that a high PLQY and excitation-independent

Figure 3. (a) PL spectra of OR-C-dots and AW-C-dots when excited
at 360 nm. The inset shows their digital photos. (b) PLQY of the
resultant C-dots and pH of the reaction precursors with different AW
concentrations.
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Figure 4. (a) XPS survey scan, (b) C1s spectra, (c) O1s spectra, (d) N1s spectra, (e) FTIR spectra and (f) PL decay curves of OR-C-dots and
AW-C-dots detected at 439 nm with the excitation of 350 nm.
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emission can be obtained by eliminating the O-state and
enhancing the N-state in the N-doped C-dots. The removal of
O-state can reduce the recombination of surface defect states
with a wide distribution of energy levels. This conclusion is
further supported by the PL decay spectra in figure 4(f),
which are detected at 439 nm (PL peak) with an excitation of
350 nm. All the curves are well fitted with a biexponential
function, except for the AW-C-dots 1.6 M with a single
exponential function. The best-fit parameters are listed in
table 2, where the longer component (τ2) is assigned to the
radiative recombination of the electron-hole pairs and the
shorter one is attributed to the defect centers of the C-dots.
This table clearly shows that with the decrease of O-state, the
ratio of the longer component becomes larger, leading to a
higher PLQY.

The key role of AW on the structure and PLQY of C-dots
is summarized in figure 1(b). For OR-C-dots, the high surface
N-states are formed due to the effective passivation of amide
groups, which facilitates the radiative recombination and
leads to high PLQY, although there are still some O defect
states induced by the O-containing functional groups. The use
of moderate AW in reaction precursors helps to eliminate the
O-state and enhance the N-state, and finally leads to an
enhancement of PLQY from 76.7% (OR-C-dots) to 84.8%
(AW-C-dots). However, excessive AW would block the
removal of O-state, leading to fluorescence quenching to
some extent, although at the same time N-state is enhanced.
The above discussion could be a general way to achieve the
highly luminescent C-dots: first, the proper N-containing
reaction precursors (such as CA and EDA) should be chosen
to realize excellent surface N-state, and then some reagents
(like AW) should be used to effectively reduce oxygen inside
the C-dots.

3.4. Application

The highly luminescent C-dots exhibit great potential appli-
cations in optoelectronic devices as an LDS material. For
example, SiNW solar cells are one of the most ideal platforms
for the application of the C-dots LDS layer; they possess
excellent antireflection characteristics [40–42] but still have
much poor EQE in the UV region [43, 44]. It is anticipated
that the LDS layer can greatly enhance the EQE of the SiNW
solar cells in the UV region, since the resultant highly lumi-
nescent C-dots effectively down-shift the photons in the UV
region into photons with wavelengths of ∼439 nm, where the
EQE of the SiNW solar cells is much higher. We have
employed PVA as the host material for the LDS layer due to
its high transmittance and good compatibility with our yielded
C-dots (since the PLQY of the close-packed C-dots can be
dramatically decreased owing to the aggregation-caused
fluorescence quenching [8], and the C-dots aqueous solutions
should not be spread on the SiNW solar cells directly). The
AW-C-dots 1.6 M aqueous solutions and the PVA aqueous
solutions (5 wt%) are mixed with different volume ratios and
the LDS layers are fabricated on the surface of the SiNW
solar cells through a spin-coating method. Figure 5(a) dis-
plays a typical SEM image of the SiNW solar cells coated
with the C-dots/PVA films, which indicates that the film is
excellently embedded in the SiNWs. The corresponding
schematic diagram of the SiNW solar cells structure with the
LDS layer is shown in figure 5(b).

To obtain the optimum concentrations of the C-dots in
PVA as the best LDS layer, we have carefully investigated the
EQE of the SiNW solar cells coated with different LDS layers
fabricated by varying the volume ratios of the C-dots solu-
tions to PVA solutions (all the devices used are spin-coated
five times), as shown in figure 5(c). Obviously, the EQE of
the solar cells in the UV region gets the largest increase as the

Table 1. Atomic concentration and N bonds concentration of C-dots summarized from the XPS observation.

Atomic concentration (%)a N bonds concentration (%)

Samples C O N N–H N-(C)3 C-N-C

OR-C-dots 55.56 32.72 11.72 18.57 75.85 5.57
AW-C-dots 0.8 M 67.21 20.64 12.15 23.65 64.50 11.86
AW-C-dots 1.6 M 69.89 17.97 12.13 30.09 59.68 10.23
AW-C-dots 3.2 M 61.61 26.61 11.77 42.59 46.64 10.77

a

Hydrogen is not taken into account for the calculation of atomic concentration.

Table 2. Fitting parameters for the PL decay curves of the C-dotsa, together with their PLQY.

Samples A1 (%) τ1 (ns) A2 (%) τ2 (ns) PLQY (%)

OR-C-dots 13.0 10.2 87.0 22.8 76.7
AW-C-dots 0.8 M 0.3 6.3 99.7 22.5 82.1
AW-C-dots 1.6 M — — 100.0 20.9 84.8
AW-C-dots 3.2 M 4.7 8.9 95.3 21.9 80.1

a

A and τ correspond to the normalized amplitude and decay time constant,
respectively. The systematic error is approximately ± 0.5 ns for all lifetime values.
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volume ratio of the C-dots is 2.0%. When the volume ratio is
lower than this, the amount of the C-dots in the LDS layer is
insufficient, and, on the contrary, it will show some degree of
the aggregation-caused fluorescence quenching, both of
which can reduce the down-shifting efficiency. Meanwhile,
we have also optimized the thickness of the LDS layer,
embodied by spin-coating times. Figure 5(d) shows that the
EQE enhancement in the UV region increases with the spin-
coating times, but it hardly increases when the spin-coating
times are more than eight. From the above observation, we
can conclude that a volume ratio of 2.0% for the C-dots with
spin-coating times of eight is the best production process for
the LDS layer.

3.5. EQE spectra analysis

Figure 6(a) contrastively shows the EQE spectra of the SiNW
solar cells coated with and without the LDS layer prepared
under the optimal production process. The dotted boxes
demonstrate three EQE-changing regions after the LDS layer
coating: (i) LDS region; (ii) medium-wave band; and (iii)
long-wave band. In the LDS region, the EQE enhancement
profile is consistent with the C-dots absorption spectrum in
the UV region, which confirms the contribution of the down-
shifting effect to the EQE enhancement. The EQE changes in
the medium- and long-wave bands are zoomed-in in

figures 6(b) and (c), respectively, in order to better observe
the influence of the LDS layer on the EQE in these two
regions. The EQE is increased in the medium-wave band but
decreased in the long-wave band after the LDS layer coating,
and these features cannot simply be ascribed to photons
down-shifting, since there is almost no absorption for the C-
dots above 400 nm. In addition, the SiNWs are covered by a
SiNx layer, which effectively passivates the surface defect
states and isolates the LDS layer from the SiNWs; hence the
LDS layer hardly influences the electrical properties of the
SiNW solar cells. We therefore attribute the EQE changes in
the medium- as well as in the long-wave bands to the
alteration of the optical properties of the devices.

To clarify the origin of the EQE changes, the reflectance
spectra of the uncoated SiNW solar cells and cells with the
LDS layer or the PVA film are measured, as shown in
figure 6(d). In the UV region, the reflectance of the SiNW
solar cells coated with the LDS layer is higher than that of the
uncoated SiNW solar cells (resulting from the outward-run-
ning photons generated by the C-dots in the LDS layer, which
is evidenced by comparing the reflectance spectrum of the
SiNW solar cells coated with the pure PVA film). Above
400 nm, the reflectance of the SiNW solar cells coated with
the LDS layer is slightly higher than that of the uncoated
cells. For the LDS layer coated devices, the decreased EQE in
the long-wave band (shown in figure 6(c)) should be caused

Figure 5. (a) SEM image and (b) Schematic diagram of SiNW solar cells coated with C-dots/PVA films. (c) EQE spectra of SiNW solar cells
coated without (black curves) and with different volume ratios of the AW-C-dots 1.6 M doped PVA films (red curves): (i) 0%; (ii) 1.2%; (iii)
2.0%; (iv) 7.2% (spin-coating times are five). (d) EQE spectra of SiNW solar cells with different spin-coating times of PVA film with 2.0%
volume ratio of the AW-C-dots 1.6 M.
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by the increased reflectance property. However, the EQE in
the medium-wave band is still enhanced, even though the
reflectance gets worse, indicating the improved internal
quantum efficiency (IQE). We note that this phenomenon can
also be observed in the SiNW solar cells with pure PVA film,
which suggests that this feature is mainly due to the PVA film
rather than the luminescent C-dots. To explain the interesting
enhancement of the IQE in the medium-wave band, we
contrastively simulate the absorption spectra for the pure
PVA film coated and uncoated SiNW solar cells by the finite
difference time domain method. Figure 6(e) shows the
dependence of the AS-N factor (the ratio of light absorption in
silicon substrate to SiNWs) on the wavelengths. It is obvious
that the AS-N values increase in the medium-wave band
(400–600 nm) after coating the SiNW solar cells with PVA

film, demonstrating the enhanced optical field in the substrate
together with reduced optical field in the SiNWs, which is
intuitively confirmed by the optical field distribution profiles
(illuminated under λ= 530 nm), as shown in the inset of
figure 6(e). As we know, there is severe carrier recombination
in the SiNWs, which even acts as a ‘dead layer’ in terms of
electric properties [28]—thus higher AS-N leading to
higher IQE.

3.6. Extraction of the down-shifting contribution

We have calculated the increment of the short-circuit current
density (ΔJSC) based on the EQE curves of the SiNW solar
cells with and without the LDS layer under the AM 1.5G
spectrum between 300 and 1100 nm to evaluate the benefits

Figure 6. (a) EQE spectra of the SiNW solar cells coated with (blue dotted curve from experiment; orange solid curve from simulation) and
without (black solid curve) an LDS layer. Amplified EQE spectra measured from experiment in (b) medium-wave band (ii) and (c) long-wave
band (iii). (d) Reflectance spectra of SiNW solar cells uncoated (blue) and coated with PVA film (violet) and LDS layer (orange). (e)
Dependence of the AS-N factor on the wavelengths for the SiNW solar cells with (red) and without (black) PVA film. Inset: the light
absorption distribution profiles of the SiNW solar cells with and without PVA film under 530 nm illumination. The dotted white lines indicate
the profiles of the SiNWs and the substrates, and the color scale is normalized.
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of the LDS layer. The formula is presented as follows [1, 9]:
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R and IQEcoated are the reflectance and IQE of the SiNW
solar cells coated with pure PVA films, respectively, A is the
fraction of incident light absorbed in the LDS layer, EM(λ) is
the normalized emission profile of the C-dots, λ1 and λ2 are
the wavelengths of the two endpoints of the emission spec-
trum. The collection efficiency (η) factors losses induced by
reabsorption and light emitted away from the solar cells.

This model is used to fit the measured EQE spectrum of
the LDS layer coated SiNW solar cells, and a good fit for the
EQE enhancement is obtained by varying the magnitude of
the C-dots absorption and the collection efficiency, as shown
in figure 6(a). It should be noticed that the collection effi-
ciency used here is 68.0%, indicating that most of the iso-
tropically emitted photons enter the devices. The ΔJSC from
down-shifting (ΔJSC-DS) is calculated to be 0.13 mA cm−2 by
equation (5) below, which makes up 43.3% of the JSC
enhancement; the rest (56.7%) should be attributed to the
competing result of the reflectance and the optical absorption
redistribution (owing to the great contribution from the opti-
cal field redistribution, an increase in JSC can also be observed
for the solar cells with a lower PLQY C-dots but with a
smaller increment).

∫Δ Φ λ λ λ

λ λ λ λ

=

− − ⋅

− {

}

J q m n

R A IQE d

( ) ( ) ( )

[1 ( )] ( ) ( ) (5)

SC DS G

coated

300 nm

1100 nm

0

Finally, it is worth mentioning that the fluorescence is
very stable, discerning from the EQE spectra of the LDS layer
coated solar cells with different storage times (shown in figure
S3). Furthermore, the photovoltaic current–voltage

characteristics are measured at standard test conditions. The
JSC of the SiNW solar cells increases from 29.25 to
29.55 mA cm−2 and the ΔJSC is 0.30 mA cm−2

—a good
agreement with the calculated ΔJSC from the EQE. Its power
conversion efficiency increases from 10.85% to 10.96%,
corresponding to a 0.11% absolute enhancement, with
invariant open-circuit voltage (0.53 V) and fill-factor (70.0%).
It should be noted that the power conversion efficiency of
solar cells can be further improved by 1) widening the
absorption band of C-dots in the region where the spectral
response of the solar cells is poor and 2) making the emission
band of C-dots coincide with the best spectral response region
of solar cells, on the basis of a large Stokes shift and high
PLQY of C-dots.

4. Conclusions

In summary, a new strategy for synthesizing highly lumi-
nescent C-dots has been proposed and thoroughly investi-
gated. On the basis of successful realization of PLQY of
76.7% C-dots with CA as the carbon source and EDA as the
nitrogen source, we have added moderate AW to the reaction
precursors to achieve both appropriate inner structure and
excellent N passivation. The effect of pH value and AW
amount on the luminescence properties has been carefully
examined and the PLQY of the resultant C-dots reaches as
high as 84.8%, benefiting from the fact that the AW acts as
not only the surface-passive agent, but also the inner N-doped
O-containing structure modifier. An effective enhancement of
JSC has been observed when integrating the C-dots with the
highest PLQY into PVA to form LDS layers on the SiNW
solar cells. The underlying mechanism of the enhancement is
attributed to the competing result of the deterioration of sur-
face reflectance and the gains from the optical absorption
redistribution as well as the down-shifting; the down-shifting
contribution (43.3%) is accurately extracted by our proposed
theoretical model. We believe that the high-performance,
stable and low-toxic C-dots synthesized through our method
are promising LDS materials applied to optoelectronic
devices.
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Composite photoanode comprising nanoparticles and one-dimensional (1D) nanostructure is a

promising alternative to conventional photoanode for dye-sensitized solar cells (DSCs). Besides

fast electron transport channels, the 1D nanostructure also plays as light scattering centers. Here,

we theoretically investigate the light scattering properties of capsule-shaped 1D nanostructure and

their influence on the light collection of DSCs. It is found that the far-field light scattering of a sin-

gle capsule depends on its volume, shape, and orientation: capsules with bigger equivalent spheri-

cal diameter, smaller aspect ratio, and horizontal orientation demonstrate stronger light scattering

especially at large scattering angle. Using Monte Carlo approach, we simulated and optimized the

light harvesting efficiency of the cell. Two multilayer composite photoanodes containing orderly or

randomly oriented capsules are proposed. DSCs composed of these two photoanodes are promising

for higher efficiencies because of their efficient light collection and superior electron collection.

These results will provide practical guidance to the design and optimization of the photoanodes for

DSCs. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922413]

I. INTRODUCTION

Since the breakthrough work achieved by O’Regan and

Gr€atzel in 1991,1 dye-sensitized solar cells (DSCs) have

attracted substantial interest due to their low cost, high

energy conversion efficiency, and eco-friendly produc-

tion.2–4 In conventional DSCs, a 10–20 lm thick film with a

three-dimensional network of randomly dispersed, intercon-

nected, spherical TiO2 nanoparticles (NPs) 15–20 nm in di-

ameter is employed as the photoanode. The mesoporous

nanocrystalline film provides a large internal surface area for

adsorbing dyes and ensures strong light absorption. In addi-

tion, the TiO2 NP network also serves as an electron-

transport media. When current is drawn from the cell,

injected electrons transfer between TiO2 NPs and move to-

ward the anode contact. During their transport, electrons

may be lost via recombination with the redox couples in

electrolyte. The competition between electron transport and

recombination determines the electron collection efficiencies

(gcol).
5,6 Unfortunately, the electron transport in the TiO2 NP

network is slow due to the disordered geometrical structure

and lattice mismatches at the grain boundaries.7,8 Serious

charge recombination and inefficient charge collection

impede the further improvement of cell efficiency.

One strategy to overcome this problem is to fabricate the

photoanode film from one-dimensional (1D) nanostructure

TiO2, such as nanorods (NRs),9,10 nanowires (NWs),11 nano-

tubes (NTs),12 and nanofibers (NFs).13 In particular, ordered

1D NT/NW arrays aligned vertically to the electron-collecting

substrate have drawn extensive attention as an alternative to

conventional TiO2 NP network.14–17 The ordered 1D nano-

structure permits facile electron transfer along the long axis of

the NT/NW, thereby minimizing the number of detrimental

grain boundaries that one electron has to pass when traveling

to the substrate.18 Experimental measurements have shown

that the electron recombination lifetimes and/or electron diffu-

sion coefficients of 1D nanostructure were greater than those

of NP-based films, indicating that the gcol was markedly

enhanced.19,20 However, the 1D nanostructure is not able to

provide a high surface area for the anchoring of dye mole-

cules, thus leading to insufficient light collection. The energy

conversion efficiencies of 1D nanostructure-based DSCs

reported to date are still far below those of NP-based ones.

The tradeoff between superior light collection and

charge collection has became a bottleneck for DSCs.

Attempts to circumvent this tradeoff involve the combination

of high surface area NPs with highly conductive 1D nano-

structure. Various designs have been tried: double- or multi-

layer films with NPs and NRs in separated layers,21,22 NT

arrays attached to a NP layer,23 NT/NW arrays with NPs fill-

ing (deposing) the interstices,24,25 in situ-growth of NW net-

work within NP-based film,26 and so on. Recently, Yen

et al.27 reported a composite photoanode by blending NTs

with NPs. An optimized conversion efficiency of 10.27% has

been achieved which is one of the highest reported efficien-

cies employing 1D nanostructure. Adachi et al.28 fabricated

photoanodes by mixing TiO2 NWs of different concentra-

tions with P-25 NPs and elucidated the necessity of highly

crystallized 1D nanostructure for attainment of higher effi-

cient DSCs. Similar composites made of NPs and 1Da)Electronic mail: wzshen@sjtu.edu.cn.
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nanostructure have also been reported by other research-

ers.29–31 As a promising alternative to TiO2 NP network,

such composite photoanodes can maintain both a high sur-

face area and efficient electron transport.

The 1D nanostructure mixed in the composite photoano-

des is typically of submicron size with non-negligible light

scattering effect in the visible region. Consequently, this 1D

nanostructure will inevitably influence the light collection.

Previous studies based on conventional photoanodes showed

that the light scattering of spherical submicron particles has

both positive and negative effects:32,33 on one hand, the fore-

word light scattering can increase the optical path length of

photons and thus enhance the light harvesting efficiency

(gLHE) in red region; on the other hand, the light loss due to

backward scattering may result in lower gLHE. Presumably,

similar phenomena also exist in the composite photoanodes.

That means the negative effect will deteriorate the light col-

lection and thereby counteract the advantage on electron col-

lection if the film structure is not designed properly. Up to

now, little work has been done on the optimization of com-

posite photoanode from the perspective of light collection.

Poorer gLHE is possibly a main obstruction to increase the

cell efficiency using composite photoanodes.

In this paper, we theoretically investigated the light scat-

tering properties of 1D nanostructure and their influence on

the gLHE. The 1D nanoparticle mixed in the films is supposed

to be capsule-shaped. Effects of capsule’s size, shape, and

orientation on the far-field scattering and the light harvesting

are examined. Our goal is to optimize the film structure and

propose a composite photonanode whose light collection per-

formance is comparable to or better than that of conventional

photoanode.

II. THEORETICAL MODEL

The photoanode films studied are composed of 20 nm

spherical particles and submicron capsules. The capsules are

uniformly dispersed with random or orderly orientation in

each film layer. In our simulations, the total film thickness is

fixed as 20 lm, and N719 dye is chosen as the sensitizer.

The far-field scattering intensity (jE(h, u)j2) for a single

capsule is calculated by three-dimensional finite-difference

time-domain (FDTD) method using a commercial software

package (FDTD Solutions, Lumerical Solutions, Inc.). The h

and u are azimuth angles as shown in Fig. 1. Apparently, the

jE(h, u)j2 is dependent on the orientation of the capsule as

well as its equivalent spherical diameter (De, diameter of a

sphere having the same volume as the capsule) and aspect ra-

tio (AR). The orientation of a capsule is described by x
which is the angle between the capsule’s lengthwise orienta-

tion and the incident light direction (see Fig. 1).

The gLHE of composite photoanodes under considered is

calculated by simulating the trajectory of 106 photons based

on Monte Carlo method. Similar approaches have also been

used for conventional photoanodes consisting of spherical

scattering particles.33–36 The trace simulation of a photon is

carried out with the following steps. First, transmission

length l, the distance traveled before experiencing either

absorption or scattering, is calculated by the expression

l ¼ �ln½r�=ðaabs þ ascaÞ; (1)

where r is a random number comprised in the range

0< r� 1, aabs and asca are the light absorption and scattering

coefficient, respectively. Second, absorption or scattering is

determined by a second random number r0. If r0 � asca/

(aabsþ asca), the photon is scattered, and the scattering angle

is determined by a third random number r00. Then, the simu-

lation returns to the first step. If r0> asca/(aabsþ asca), the

photon is absorbed. The simulation is over when the incident

photon is absorbed or goes out of the film. In our simulation,

multiple light scattering of capsules is taken into account.

Since the light scattering is dependent on capsule’s orienta-

tion, the value of x should be calculated and reset at each

scattering step when the photoanode contains ordered capsu-

les. In the case that capsules are randomly oriented, a new

parameter, named equivalent far-field scattering intensity

(jEe(h)j2), is calculated as

jEe hð Þj2 ¼ 1

2p

ð2p

0

ðp=2

0

jE h;uð Þj2 sin xdxdu: (2)

Thus, the orientation of capsules no longer needs to be con-

sidered in the calculation.

III. RESULTS AND DISCUSSION

A. Randomly oriented capsules

Figure 2 displays the jEe(h)j2 of randomly oriented cap-

sules (De¼ 150 nm) at k¼ 700 nm. The incident light inten-

sity is 1 V2/m2. In the inset, the sum of jEe(h)j2 in all

directions is normalized so that the changes in angular distri-

bution can be seen more clearly. The jE(h)j2 of a single

spherical particle (AR¼ 1) is also drawn for comparison. As

the capsule AR increases, the jEe(h)j2 decreases significantly

in each direction and the proportion of scattered light at

h> 40� becomes smaller. Similar changes have also been

found at other wavelengths (not shown). In addition, the total

scattering intensity in all directions increases with the cap-

sule De when the AR is constant (Fig. S1).37 Studies based

on conventional photoanodes have confirmed that scattering

particles might “reflect” the incident photons out of the film

resulting in light loss. This light loss is proportionate to the
FIG. 1. Schematic diagram of scattering light’s azimuth angles and capsu-

le’s orientation. The incident light propagates along the Z axis.
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film’s light scattering coefficients asca at large angles. (The

asca is the fraction of light scattered per unit distance in the

film, and is determined by single particle’s scattering inten-

sity and particle concentration.) As shown in Fig. 2, the light

scattering of single capsules is weaker than that of spherical

particle especially at large angles. Consequently, it can be

inferred that the light loss arising from back scattering would

be effectively reduced by replacing the spherical scattering

particles with randomly oriented capsules.

Figure 3 shows the calculated gLHE of photoanodes with

randomly oriented capsules of different AR. The capsules are

embedded in the whole films uniformly with De¼ 150 nm and

WF (weight fraction)¼ 20%. The black and red lines repre-

sent, respectively, the gLHE of photoanodes without scattering

particles (S0) and with spherical scattering particles (S-150)

of the same De and WF. It can be seen that the gLHE at

k< 600 nm decreases dramatically when mixing submicron

particles, either spherical or capsule shaped, in the photoanode

film. This decrease is entirely a consequence of light loss

caused by back scattering. Consistent with our speculation,

the gLHE of photoanodes containing randomly oriented capsu-

les is higher than that of S-150 in short wavelength region,

and bigger AR corresponds to higher gLHE. By analyzing the

outgoing angles of photons at k¼ 500 nm, it is found that the

proportion of incident photons “reflect” out of the cell through

the front surface decreases from 15.9% to 0.8% as capsule

AR increases from 1 to 10. This result provides us direct evi-

dence of the back scattering suppression.

Although the embedded submicron particles cause back

scattering light loss, they increase the optical path lengths of

incident photons and so their probability of being absorbed.

Therefore, in the simulation model of Fig. 3, the gLHE at

k> 660 nm is improved. Compared with S-150, the improve-

ments of gLHE in long wavelength region are slightly smaller

when capsule AR> 1. This can be explained by the lower

jEe(h)j2 of the randomly oriented capsules. We have also

simulated photoanodes with capsules of different De, and

similar changes in gLHE were found (not shown).

B. Ordered capsules

The orientation of a capsule has an inevitable effect on

its light scattering. Both the total intensity and angular distri-

bution of scattered light change with the angle x (Fig. S2).37

Therefore, photoanodes with ordered capsules may present

different light collection performances depending on the cap-

sules’ orientation. In this paper, we only discuss two repre-

sentative cases, namely, the lengthwise orientation of

capsules parallel or perpendicular to the incident light direc-

tion. For conciseness, these two orientations are referred to

as vertical and horizontal, respectively.

Figure 4 depicts the distribution of far-field scattering

intensities (jE(h, u)j2) for single capsules (De¼ 150 nm) at

k¼ 700 nm. The lengthwise orientation of each capsule is

parallel to the incident light which propagates along the Z

axis, so the jE(h, u)j2 is axially symmetric about this axis.

Similar to the case of randomly oriented capsules, the jE(h,

u)j2 of a vertical capsule decreases with the increase in AR.

As a result, vertical capsules with larger AR tend to have

FIG. 2. Equivalent far-field scattering intensities (jEe(h)j2) of randomly ori-

ented capsules (De¼ 150 nm) in nanocrystalline films calculated at

k¼ 700 nm. In the inset, the total scattering intensity in all directions is

normalized.

FIG. 3. gLHE of photoanodes without scattering particles (S0), with spherical

scattering particles (S-150), and with randomly oriented capsules of different

AR.

FIG. 4. Distribution of far-field scattering intensities (jE(h, u)j2) for single

capsules (De¼ 150 nm) of different AR at k¼ 700 nm. The incident light

propagates along the Z axis, and x¼ 0�.
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weaker back scattering and bring about higher gLHE in short

wavelength region (see Fig. 5). In the same simulation condi-

tions (same De and WF), photoanodes with uniformly em-

bedded vertical capsules show even better light collection

than with randomly oriented ones at k< 650 nm, indicating

that vertical orientation is more capable of suppressing back

scattering. When the capsule AR¼ 2 or 3, the gLHE of photo-

anode is improved in the whole visible region compared

with that of S-150. Further increase in AR leads to a decline

of gLHE at k> 650 nm because of the shorter optical path

length of incident photons. When the capsule AR is larger

than 10, the jE(h, u)j2 is so small that the gLHE curve almost

overlaps with that of S0.

In the case that horizontal capsules uniformly embed-

ded in the films, no improvement in gLHE was found com-

pared with photoanodes containing spherical scattering

particles. Contrarily, the light collection performance

becomes worse when the capsule De> 200 nm. Figure 6

displays the gLHE of photoanodes with horizontal capsules

(De¼ 300 nm, WR¼ 20%) of different AR. An obvious

decrease in gLHE can be found in the whole visible region

as capsule AR increases from 2 to 6. As shown in Fig. 7,

the jE(h, u)j2 distribution of a single horizontal capsule is

non-axisymmetric. The light scattering on the directions,

where u¼ 90� and 270�, becomes relatively stronger and

such a directionality property of light scattering is more no-

ticeable for horizontal capsules with larger AR. In addition,

the jE(h, u)j2 at h> 90� increases with the capsule AR.

These light scattering characteristics of horizontal capsules

result in greater back scattering light loss and lower gLHE.

C. Film structure optimization

The previous simulations are based on simple film struc-

ture, namely, single-layer photoanode with fixed parameters

(De and WF) in the whole film. However, such a simple

structure cannot achieve optimal light collection in a wide

spectral range. Wang et al. have found that the light collec-

tion of DSCs depends strongly on the structure of photoa-

node film. They proposed a multilayer structure based on

approximately-spherical scattering particles and obtained

significant improvements in cell performance.32 Theoretical

simulations have also proved that such a multilayer structure

is superior to mono- and double-layer structures.33 Here, we

designed new multilayer structures by replacing the spherical

scattering particles with capsules. In order to achieve the

best light collection performance, we optimized the detailed

structure of composite photoanodes, including the layer

number, the thickness of each layer, and the De, AR, WF,

and orientation of capsules in each layer.

The design guidance of multilayer photoanodes is to

make the light scattering coefficient asca gradually increasing

with the depth in the film. Thus, no or little incident light will

be lost attributed to the weak scattering near substrate, and the

long-wave absorption can be improved by the strong scatter-

ing in deeper layers. We carried out the structure optimization

for two cases: in one case, the capsules are ordered in each

layer; in the other case, the capsules are randomly oriented.

Figure 8 demonstrates the optimal multilayer structures for

each case. The M_capsule_1 in Fig. 8(a) consists of five

layers. Both the De and WF increase gradually from the layer

closest to the substrate. In the lower three layers, vertical cap-

sules are employed, and the capsule AR is larger in the layer

closer to the substrate. Such a design can efficiently suppress

the back scattering light loss according to the results above.

Horizontal capsules are used in the upper two layers. With

larger back scattering intensities, these horizontal capsules

can confine the incident light within the photoanode film. In

M_capsule_2 [Fig. 8(b)], there are no scattering particles in

the lowest layer to avoid the back scattering light loss, which

is similar to Wang’s multilayer structure. The capsule WF in

the upper four layers is fixed as 30%. Such a high concentra-

tion of 1D nanoparticle is conducive to electron transport. The

light scattering intensity in each layer is adjusted by capsule

De and AR.

Figure 9 depicts the calculated gLHE of M_capsule_1 and

M_capsule_2. For comparison, we have also simulated conven-

tional multilayer photoanodes containing spherical scattering

particles. The best result, M_sphere, is also drawn in Fig. 9,

and its detailed structure is given in Table I. It can be seen that

gLHE, M_capsule_1� gLHE, M_sphere> gLHE, M_capsule_2> gLHE, S0.

The gLHE at k> 550 nm is dramatically improved, while the

gLHE at shorter wavelengths maintains �100%. The integral
FIG. 5. gLHE of photoanodes without scattering particles (S0), with spherical

scattering particles (S-150), and with vertical capsules of different AR.

FIG. 6. gLHE of photoanodes without scattering particles (S0), with spherical

scattering particles (S-300), and with horizontal capsules of different AR.
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results of gLHE show that the overall difference of the three

multilayer photoanodes in light collection is less than 1%.

In general, efficient light collection, electron injection,

and charge transport are the three key factors indispensa-

ble to a high-performance photoanode. Since the electron

injection process in TiO2/Ru-bipyridyl dye films is ultra-

fast, orders of magnitude faster than the competing pro-

cess of excited state decay to ground, the electron

injection efficiency is almost 100%.38 Then, the perform-

ance of a photoanode mainly depends on the other two

factors. With standard diffusion model and linear recombi-

nation assumption, the steady-state solution for electron

collection efficiency gcol at short-circuit condition can be

written as35

gcol kð Þ ¼ 1

cosh
d

L

� ��
Ð d

0
g x; kð Þcosh

d � x

L

� �
dx

Ð d
0

g x; kð Þdx
; (3)

where d is the photoelectrode film thickness, g is the local

electron generation rate, and L is the electron diffusion length.

The gLHE and g of the three multilayer photoanodes are simi-

lar, while the L of M_capsule_1 and M_capsule_2 are longer

attributed to the capsules mixed in the films. DSCs composed

of the two composite photoanodes would have higher gcol and

thus higher energy conversion efficiency. A longer L also

FIG. 7. Distribution of far-field scattering intensities (jE(h, u)j2) for single capsules (De¼ 300 nm) of different AR at k¼ 700 nm. The lengthwise orientation

of capsules is parallel to the X axis, and the incident light propagates along the Z axis.

FIG. 8. Schematic film structures of optimal multilayer photoelectrodes: (a)

M_capsule_1 and (b) M_capsule_2.

FIG. 9. gLHE of optimal multilayer photoanodes without scattering particles

(S0), with ordered capsules (M_capsule_1), randomly oriented capsules

(M_capsule_2), and spherical scattering particles (M_sphere).

TABLE I. The detailed structure of multilayer photoanode M_sphere.

Sample Layersa Thickness (lm) Db (nm) WFc (%)

M_sphere 1 5 … …

2 3 200 10

3 3 250 15

4 3 300 20

5 3 350 25

6 3 400 30

aLayers are arranged according to the sequence beginning from the conduct-

ing substrate.
bD is the diameter of scattering particles.
cWF is the weight fraction of scattering particles.
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means that the composite photoanodes can be thicker than the

conventional ones without increasing the charge recombina-

tion. The traditional preparation methods (screen printing and

doctor blade) are applicable to composite photoanodes con-

taining randomly oriented capsules, so it is entirely feasible to

further improve DSC’s efficiency using photoanodes similar

to M_capsule_2. Although there are no experimental reports

on composite photoanodes with ordered capsules, this type of

photoanode demonstrates better light collection performance

according to our simulations. Moreover, vertical capsules are

more conducive to electron transport. Consequently, such

type of composite photoanode should be encouraged to fabri-

cate in experiment. It should be pointed out that diffuse scat-

tering designs of simple spherical particles in DSC already

give rise to large boosts of efficiency, more sophisticated

designs like the composite photoanodes herein proposed

would only help to enhance it a little bit more.

IV. CONCLUSIONS

In summary, we theoretically investigated the light col-

lection of composite photoanodes comprising small NPs and

submicron capsules. The simulations indicate that capsules

with bigger De or smaller AR demonstrate stronger light scat-

tering. The large angle scattering intensity increases when the

capsule’s orientation changes from vertical to horizontal.

Since the light scattering of capsules has both positive and

negative impacts, the film structure should be carefully

designed for attainment of optimal light collection. Based on

the concept of multilayer structure, we proposed two compos-

ite photoanodes whose light collection performance is compa-

rable to that of conventional photoanodes. DSCs composed of

these two composite photoanodes are promising for higher

efficiencies by taking advantage of the superior electron trans-

port. It is believed that this work will provide practical guid-

ance to the design and optimization of photoanodes

employing 1D nanostructure, and will encourage the fabrica-

tion and application of DSCs with this kind of photoanodes.

In the future, a more comprehensive model, combining the

optical and electrical analysis,39,40 is needed to give a more

precise description on such composite photoanodes.

ACKNOWLEDGMENTS

This work was supported by National Major Basic

Research Project (2012CB934302), Natural Science Foundation

of China (11174202, 11204176, 61234005, and 11474201),

China Postdoctoral Science Foundation (2012M520889), and

Postdoctoral Research Program of Shanghai (13R21413500).

1B. O’Regan and M. Gr€atzel, Nature 353, 737 (1991).
2M. Gr€atzel, J. Photochem. Photobiol., A 164, 3 (2004).
3A. J. Frank, N. Kopidakis, and J. van de Lagemaat, Coord. Chem. Rev.

248, 1165 (2004).

4A. Hagfeldt, G. Boschloo, L. Sun, L. Kloo, and H. Pettersson, Chem. Rev.

110, 6595 (2010).
5G. Schlichth€orl, N. G. Park, and A. J. Frank, J. Phys. Chem. B 103, 782

(1999).
6H. K. Dunn and L. M. Peter, J. Phys. Chem. C 113, 4726 (2009).
7N. Kopidakis, E. A. Schiff, N. G. Park, J. van de Lagemaat, and A. J.

Frank, J. Phys. Chem. B 104, 3930 (2000).
8L. Forro, O. Chauvet, D. Emin, L. Zuppiroli, H. Berger, and F. Levy,

J. Appl. Phys. 75, 633 (1994).
9S. H. Kang, S. Choi, M. Kang, J. Kim, H. Kim, T. Hyeon, and Y. Sung,

Adv. Mater. 20, 54 (2008).
10P. Kuo, T. Jan, C. Liao, C. Chen, and K. Lee, J. Power Sources 235, 297

(2013).
11L. Wang, Z. Xue, X. Liu, and B. Liu, RSC Adv. 2, 7656 (2012).
12X. Wang, G. He, H. Fong, and Z. Zhu, J. Phys. Chem. C 117, 1641 (2013).
13E. Ghadiri, N. Taghavinia, S. M. Zakeeruddin, M. Gr€atzel, and J. Moser,

Nano Lett. 10, 1632 (2010).
14X. Feng, K. Shankar, O. K. Varghese, M. Paulose, T. J. Latempa, and C.

A. Grimes, Nano Lett. 8, 3781 (2008).
15D. Kim, A. Ghicov, S. P. Albu, and P. Schmuki, J. Am. Chem. Soc. 130,

16454 (2008).
16B. Lei, J. Liao, R. Zhang, J. Wang, C. Su, and D. Kuang, J. Phys. Chem. C

114, 15228 (2010).
17M. Yu, Y. Long, B. Sun, and Z. Fan, Nanoscale 4, 2783 (2012).
18J. Villanueva-Cab, S. Jang, A. F. Halverson, K. Zhu, and A. J. Frank,

Nano Lett. 14, 2305 (2014).
19X. Feng, K. Zhu, A. J. Frank, C. A. Grimes, and T. E. Mallouk, Angew.

Chem. Int. Ed. 51, 2727 (2012).
20J. R. Jennings, A. Ghicov, L. M. Peter, P. Schmuki, and A. B. Walker,

J. Am. Chem. Soc. 130, 13364 (2008).
21R. Gao, Z. Liang, J. Tian, Q. Zhang, L. Wang, and G. Cao, RSC Adv. 3,

18537 (2013).
22H. Wu, C. Lan, J. Hu, W. Huang, J. Shiu, Z. Lan, C. Tsai, C. Su, and E.

W. Diau, J. Phys. Chem. Lett. 4, 1570 (2013).
23X. Xin, J. Wang, W. Han, M. Ye, and Z. Lin, Nanoscale 4, 964 (2012).
24M. Ye, X. Xin, C. Lin, and Z. Lin, Nano Lett. 11, 3214 (2011).
25Z. Yang, D. Pan, C. Xi, J. Li, J. Shi, F. Xu, and Z. Ma, J. Power Sources

236, 10 (2013).
26Y. Bai, H. Yu, Z. Li, R. Amal, G. Q. Max Lu, and L. Wang, Adv. Mater.

24, 5850 (2012).
27Y. Yen, W. Ko, J. Chen, and K. Lin, Electrochim. Acta 105, 142 (2013).
28M. Adachi, R. Tanino, J. Adachi, Y. Mori, K. Tsuchiya, S. Isoda, and F.

Uchida, J. Power Sources 226, 94 (2013).
29P. Joshi, L. Zhang, D. Davoux, Z. Zhu, D. Galipeau, H. Fong, and Q.

Qiao, Energy Environ. Sci. 3, 1507 (2010).
30K. Fan, W. Zhang, T. Peng, J. Chen, and F. Yang, J. Phys. Chem. C 115,

17213 (2011).
31Q. Hu, C. Wu, L. Cao, B. Chi, J. Pu, and L. Jian, J. Power Sources 226, 8

(2013).
32Z. Wang, H. Kawauchi, T. Kashima, and H. Arakawa, Coord. Chem. Rev.

248, 1381 (2004).
33X. Z. Guo and W. Z. Shen, J. Appl. Phys. 114, 074310 (2013).
34A. Usami, Sol. Energy Mater. Sol. Cells 64, 73 (2000).
35F. E. G�alvez, E. Kemppainen, H. M�ıguez, and J. Halme, J. Phys. Chem. C

116, 11426 (2012).
36F. E. G�alvez, P. R. F. Barnes, J. Halme, and H. M�ıguez, Energy Environ.

Sci. 7, 689 (2014).
37See supplementary material at http://dx.doi.org/10.1063/1.4922413 for the

dependence of far-field scattering intensity on capsule De and orientation,

respectively.
38N. A. Anderson and T. Lian, Annu. Rev. Phys. Chem. 56, 491 (2005).
39A. B. Walker, L. M. Peter, M. J. Cass, P. J. Cameronb, and D. Mart�ıneza,

J. Mater. Chem. 15, 2253 (2005).
40K. D. Benkstein, N. Kopidakis, J. van de Lagemaat, and A. J. Frank,

J. Phys. Chem. B 107, 7759 (2003).

225103-6 X. Z. Guo and W. Z. Shen J. Appl. Phys. 117, 225103 (2015)

 [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, 12 Jun 2015 04:47:20

68

http://dx.doi.org/10.1038/353737a0
http://dx.doi.org/10.1016/j.jphotochem.2004.02.023
http://dx.doi.org/10.1016/j.ccr.2004.03.015
http://dx.doi.org/10.1021/cr900356p
http://dx.doi.org/10.1021/jp9831177
http://dx.doi.org/10.1021/jp810884q
http://dx.doi.org/10.1021/jp9936603
http://dx.doi.org/10.1063/1.355801
http://dx.doi.org/10.1002/adma.200701819
http://dx.doi.org/10.1016/j.jpowsour.2012.09.070
http://dx.doi.org/10.1039/c2ra20805a
http://dx.doi.org/10.1021/jp311725g
http://dx.doi.org/10.1021/nl904125q
http://dx.doi.org/10.1021/nl802096a
http://dx.doi.org/10.1021/ja805201v
http://dx.doi.org/10.1021/jp105780v
http://dx.doi.org/10.1039/c2nr30437f
http://dx.doi.org/10.1021/nl4046087
http://dx.doi.org/10.1002/anie.201108076
http://dx.doi.org/10.1002/anie.201108076
http://dx.doi.org/10.1021/ja804852z
http://dx.doi.org/10.1039/c3ra41827h
http://dx.doi.org/10.1021/jz400620q
http://dx.doi.org/10.1039/C2NR11617K
http://dx.doi.org/10.1021/nl2014845
http://dx.doi.org/10.1016/j.jpowsour.2013.02.037
http://dx.doi.org/10.1002/adma.201201992
http://dx.doi.org/10.1016/j.electacta.2013.04.128
http://dx.doi.org/10.1016/j.jpowsour.2012.10.024
http://dx.doi.org/10.1039/c0ee00068j
http://dx.doi.org/10.1021/jp204725f
http://dx.doi.org/10.1016/j.jpowsour.2012.10.066
http://dx.doi.org/10.1016/j.ccr.2004.03.006
http://dx.doi.org/10.1063/1.4818438
http://dx.doi.org/10.1016/S0927-0248(00)00049-0
http://dx.doi.org/10.1021/jp2092708
http://dx.doi.org/10.1039/c3ee42587h
http://dx.doi.org/10.1039/c3ee42587h
http://dx.doi.org/10.1063/1.4922413
http://dx.doi.org/10.1146/annurev.physchem.55.091602.094347
http://dx.doi.org/10.1039/b419094g
http://dx.doi.org/10.1021/jp022681l


Excimer Laser Crystallization of Nanocrystalline Silicon Thin Films 

Lijie DENGa, Wei HEb and Zhengping LIc
*

 

Laboratory of Condensed Matter Spectroscopy and Opto-Electronic Physics, Key Laboratory of 
Artificial Structures and Quantum Control (Ministry of Education), Institute of Solar Energy, 

Department of Physics and Astronomy, Shanghai Jiao Tong University, 800 Dong Chuan Road, 
Shanghai 200240, People’s Republic of China 

awjtdlj@sjtu.edu.cn, bhewei863@126.com, czpli@sjtu.edu.cn  

Keywords: Excimer laser crystallization; nanocrystalline silicon; thin film; Raman spectra; surface 
roughness 

Abstract. Nanocrystalline silicon (nc-Si) thin film on glass substrate is subjected to excimer laser 
crystallized by varying the laser energy density in the range of 50~600 mJ/cm2. The effect of 
excimer laser crystallization on the structure of silicon film is investigated using Raman 
spectroscopy, X-ray diffraction, atomic force microscopy and scanning electron microscopy. The 
results show that polycrystalline silicon thin films can be obtained by excimer laser crystallization 
of nc-Si films. A laser threshold energy density of 200 mJ/cm2 is estimated from the change of 
crystalline fraction and surface roughness of the treated films. The growth of grain is observed and 
the crystallization mechanism is discussed based on the super lateral growth model. The 
nanocrystalline silicon grains in the films act as seeds for lateral growth to large grains. 

Introduction 

The technology of low-temperature polycrystalline silicon (poly-Si) thin film transistors (TFTs) 
has been widely investigated for application in active matrix flat panel display[1-3]. Various 
methods for fabricating high-quality poly-Si films with large grain size, low defect density, and high 
carrier mobility have been reported. These include excimer laser crystallization (ELC)[3-7], 
solid-phase crystallization (SPC)[4,8], and metal-induced lateral crystallization (MILC)[2,8]. 
Among these technologies, ELC has been employed as a promising option in industries for 
preparing poly-Si thin films for TFTs. ELC is a rapid crystallization technique that is characterized 
by melting of thin films and following solidification within several tens of nanoseconds (ns), often 
without affecting the underlying substrate. This technique enables the use of inexpensive substrates, 
such as glass, which are highly preferable for low cost, large-area electronic devices. Although the 
application has primarily been focused on TFTs, its adaptability for photovoltaics (PV) has also 
attracted considerable interests[9-11]. 

The hydrogenated amorphous silicon (a-Si:H) is usually used as starting material for ELC. The 
ELC of a-Si:H films and the physics of ELC have been investigated extensively[12,13]. A laser 
threshold energy density exists for the conversion of a-Si:H to polycrystalline silicon, 
corresponding to the threshold for surface melting[1]. Films start to melt after this energy density, 
and the melt depth increasing with increase of energy density. Three basic transformation scenarios, 
partial melting, complete melting, and near complete melting regimes, have been reported which 
primarily depend on energy density and initial film thickness during ELC[12,13]. Partial melting 
occurs when the laser energy is low, but sufficient to melt a layer of the film leaving a continuous 
solid layer underneath. This regime results in a stratified structure with large crystallites at the 
irradiating surface, followed by a fine-grained silicon layer. In the complete melting regime, the 
deeply supercooled melt increases nucleation rate causing a spontaneous process. The resulting 
films have a fine-grained crystalline structure. Between the two major regimes, another regime 
called “near complete melting regime” exists. It was regarded that, just before the complete melt, 
the unmelted portion of the underlying silicon consists of islands of solids instead of a continuous 
layer. These unmelted solids separated by small local regions of completely melted silicon act as 
seed layers for lateral growth[13]. The lateral growth results in very large grain sizes, a few times 
that of the film thickness[13]. 
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However, a-Si:H film is with disordered structure, no crystallinity, and no silicon grains in its 
tissue. In the literature [14], the ELC of microcrystalline silicon (µc-Si:H) with grain diameter of 
20-30 nm was mentioned, and the stress in films was calculated. Microcrystalline silicon for TFTs 
on glass and plastics substrates were performed[15-17], the µc-Si:H was with 25-60 nm grain size, 
about 70% of crystalline fraction (Xc), and 200 nm of thickness. Crystallization of µc-Si process 
could be different as crystalline grains are presented in the starting material. Hydrogenated 
nanocrystalline silicon (nc-Si:H) thin film is a two-phase mixed material constituting of 
nanostructured crystalline silicon and amorphous silicon. The silicon grains are usually in several 
nanometer and are embedded in the Si:H amorphous tissues[18,19]. The research on ELC of 
nc-Si:H films has not been reported in the literatures. The effect of nanocrystalline silicon grains in 
nc-Si:H on the ELC of silicon thin films is not known. Here, in the present work, nc-Si:H films with 
a typical silicon grain size of several nanometer deposited on glass substrate were 
excimer-laser-crystallized by varying excimer laser energy density. The purpose of this work is to 
investigate the microstructure changes of nc-Si:H after ELC. 

Another problem is the thickness of deposited thin films. The ability of excimer laser to 
crystallize a very thin layer of a-Si:H in the order of 100 nm becomes a limitation for photovoltaics, 
since films of the order 1 µm are necessary for light absorption[20]. Larger thickness means higher 
laser fluence needed for the crystallization[21]. It is concluded that it is not possible to convert 
a-Si:H films thicker than 300 nm completely to polycrystalline silicon without utilizing laser energy 
densities in excess of 200 mJ/cm2[22]. The target of the work is to attempt the feasibility of nc-Si:H 
which is recrystallized by ELC in photovoltaics application. Consequently, the nc-Si:H films with 
about 1 µm thick, which is adequately thick for light absorption for photovoltaics application, are 
deposited and then subjected to ELC. 

Experiment 

The nc-Si:H thin films were prepared from highly hydrogen (H2) diluted silane (SiH4) in a 13.56 
MHz parallel plate plasma enhanced chemical vapor deposition (PECVD) system. The substrate 
chosen for the experimental study was inexpensive Corning 1737 glass and the substrate 
temperature was 250 oC. The as-deposited nc-Si:H films were placed in a 5×10-4 Pa vacuum 
chamber and were irradiated by an XeCl excimer laser (beam size around 1 cm ×1 cm) operating at 
308 nm with 20 ns full-width at half-maximum (FWHM) pulse duration at room temperature 
through a quartz window. The laser energy density was varied from 50 to 600 mJ/cm2. Due to the 
pulse-to-pulse variation of excimer laser energy, it is estimated that the measured energy densities 
have an error up to 10%[23]. The Raman spectra were performed on a Jobin Yvon LabRam 
HR800UV micro-Raman spectrometer to estimate the Xc of the samples. The X-ray diffraction 
(XRD) patterns of the resultant films were measured on a Bruker D-8 XRD system with a Cu Kα 
radiation (40 kV, 60 mA). The laser crystallized silicon surfaces were investigated by using atomic 
force microscopy (AFM) on a BIOSCOPETM instrument. The microstructural analyses of samples 
were performed by field emission scanning electron microscopy (FE-SEM) on a FEI Nova 
NanoSEM 230 system. 

Results and Discussion 

For the structural investigation of the nc-Si:H thin films treated with increasing laser energy 
density, we carried out micro-Raman and XRD measurements. The evolution of Raman spectra of 
samples treated with increasing laser energy density are presented in Fig. 1. In Fig. 1(a)，the 
experimental Raman spectrum can be decomposed into four Gaussian phonon bands  (dashed 
curves) by the strain-incorporated three-dimensional phonon confinement model, among which 
three peaks from the a-Si phase (longitudinal acoustic (LA) band centered at 300 cm-1, the 
longitudinal optical (LO) band at 380 cm-1, and the transverse optical (TO1) band at 480 cm-1) and 
one from the c-Si phase (asymmetric transverse optical (TO2) band at around 520 cm-1). In Fig. 1(b), 

362 Contemporary Approaches in Material Science and Materials Processing
Technologies

70



we show spectrum of the sample treated with laser energy density of 200 mJ/cm2. It can be found 
that there is no much difference with that of the nc-Si:H thin film. But the sample treated with laser 
energy density of 300 mJ/cm2 clearly has higher Xc, which can be seen from Fig. 1(c). In Fig. 1(d), 
the treated laser energy density is 600 mJ/cm2, Xc of the sample is approximately 100% because no 
transverse-optical photon is found in the spectrum[6]. 

 

In Fig. 2 we show Xc of the samples varying with laser energy density and the FWHM of the the 
Raman spectra for crystalline TO phonon band in detail. The Xc of samples is determined by using 
Xc = Ic / (Ic+ηIa), where Ic and Ia are the integrated intensities of TO2 and TO1 Raman modes, 
respectively, η is the ratio of the backscattering cross-sections amorphous and crystalline phases. 
The selection of a value for η is complex due to its dependency on absorption coefficient of 
amorphous and crystalline silicon. Here, η was taken to be 0.8[22]. It is observed that the Xc 
remains in the level of 43-48% but a bit increasing before 200 mJ/cm2, and an obvious trend of 
increasing Xc with increasing of laser energy density from 200 to 600 mJ/cm2. Similarly, for laser 
energy below 200 mJ/cm2, FWHM is relatively large, being attributed to the effect of microcrystals 
grains smaller than a few ten nm[4]. For the larger laser energy density region, FWHM is regarded 
to be dominated by defect density because grain size is sufficiently large to neglect the microcrystal 
effect[4]. When the laser energy density is 600mJ/cm2, the FWHM of Raman spectrum of 
approximately 5.4cm-1 is clearly observed, which indicates that the films are sufficiently 
crystallized[6].  

The re-crystallization process of nc-Si:H seems similar to those of amorphous silicon. It shows a 
threshold estimated from which the shape of Raman spectra change distinctly, the Xc increases and 
the FWHM decreases. The threshold of laser energy density is estimated to be 200 mJ/cm2 from the 
change of Xc in the present work. 

Fig. 3 shows the XRD patterns of samples crystallized with different laser energy densities. The 
as-deposited nc-Si:H film only show a weak and broad (111) diffraction peak. A clear trend of 
increasing crystallinity is observed as expected from ELC. After 50 mJ/cm2 EL crystallized, the 
(111) diffraction peak becomes more visible, and the (220) diffraction peak emerges. The situations 
for 100 and 200 mJ/cm2 are the same. When the energy density reaches to 300 mJ/cm2, the (111) 
and (220) diffraction peaks become prominent comparing with that of lower energy densities. This 
indicates that the crystallinity is much larger than that of lower energy densities. Furthermore, the 

Fig. 1. Raman spectra of as-deposited nc-Si thin 

film and the resulting films EL crystallized at 

different laser energy densities. (a) nc-Si film(b) 

200 mJ/cm2, (c) 300 mJ/cm2, and (d) 600 

mJ/cm2. 
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Fig. 2. Crystalline fraction Xc deduced from Raman spectra 

and FWHM of crystalline TO band as a function of laser 

energy density. 
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(111) and (220) diffraction peaks become very sharp when the laser energy densities reach to 500 
and 600 mJ/cm2, indicating that the crystallinity of these two samples is close to crystalline silicon. 

In the region of laser energy density from 50 to 200 mJ/cm2, the XRD patterns show that the 
crystallinity increase comparing with that of as-deposited nc-Si:H film. But the Raman results do 
not indicate the increase of crystallinity when the energy density in the range of 50 to 200 mJ/cm2, 
because the change in Raman spectra with increasing laser density is slow[16]. After a threshold of 
200 mJ/cm2, the increase of crystallinity because of ELC become prominent, evidenced by the 
sharpening of (111) and (222) diffraction peaks. 

The AFM observations of the surface of samples crystallized at increasing laser energy are 
shown in Fig. 4. The dense structure of islands is visible on the surface of the as-deposited film. 
With the increase of laser energy density, we observe smoothing out of the surface according to the 
surface morphology changes in samples treated with 50 and 100 mJ/cm2. This is the results of 
self-organization[24] of nc-Si introduced by laser beam. The samples show gradual grain growth 
with increasing laser energy density from 200 to 600 mJ/cm2. Grain size reaches nearly 700 nm for 
600 mJ/cm2. When the laser energy is high, the grain looks like a pyramid structure which always 
shows in monocrystalline silicon textured with alkali solution. The pyramid-like structure is highly 
desirable for light trapping in photovoltaic applications. This quality of EL crystallized silicon can 
be very advantageous if the process is tailored for solar cell application, yielding a surface texturing 
without additional cost[22]. 

Fig. 3. XRD patterns of samples EL crystallized at an increasing energy density, from bottom to up 

corresponding to nc-Si, 50, 100, 200, 300, 400, 500, and 600 mJ/cm2. 
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Surface roughnesses of the films are estimated by AFM over a 100 µm2 area. Fig. 5 shows RMS 
roughness variation with laser energy density. A RMS threshold is evidenced at 200 mJ/cm2. Before 

this threshold, the laser energy is not enough to melt a part of the film and then to change the 
as-deposited nanocrystalline structure. Therefore, RMS roughness is nearly constant. At this 
threshold, a sudden increase of roughness starts. Explosive evaporating of hydrogen is expected to 
be the principle reason for surface roughness to occur[25]. The behavior is different from what was 
observed for excimer laser crystallization of amorphous silicon. In the case of a-Si, the surface 
roughness gradually increases as the laser energy density increases. The difference is ascribed to the 
different absorption coefficient of a-Si and crystalline silicon [16], a-Si begins to crystallize at low 
laser energy whereas higher energy is needed to alter the crystalline structure of crystalline 
silicon[16]. In the present work, the crystalline silicon is nc-Si. 

Fig. 6 shows the SEM pictures of the film crystallized at various laser energy densities. As can 
be seen, the surface microstructures of the films irradiated at 50 and 100 mJ/cm2 become smoothing 
comparing with that of as-deposited film. It is clearly showed that the average grain size increases 
from tens of nm to hundreds of nm with the increase in excimer laser energy density from 200 to 
600 mJ/cm2.  

Fig. 5. RMS roughness of resulting silicon films versus laser energy density showing a threshold at 

200 mJ/cm2. 
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Fig. 4. AFM observation of the surface (10 µm × 10 µm) of different samples crystallize at various laser 

energy densities, (a) nc-Si film, (b) 50 mJ/cm2, (c) 100 mJ/cm2, (d) 200 mJ/cm2, (e) 300 mJ/cm2, (f) 400 
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The crystallization mechanism can be explained following the super lateral growth (SLG) 
model[12,13], especially the “controlled SLG (C-SLG)”[23,26]. In the present case, the 

as-deposited film contains nanocrystalline silicon and crystalline fractions. Initially, the film will 
not melt completely as the crystalline fractions have a higher melting temperature than the 
amorphous matrix in which they are embedded. At low energy, only an up part of the film is melted 
and crystallization starts from the grains of unmelted bottom part. When the fluence increases, the 
deep part of the nanocrystalline film is melted. It shows a threshold from the plot of surface 
roughness versus laser energy. The threshold value represents the energy density for which the 
nanocrystalline silicon grains reach the melting point. The increase of RMS roughness correlates 
with increasing grain size[16]. Lateral growth is more important, that leads to large grains. SLG 
occurs as a consequence of the lowering in the free energy of the solid-Si/molten-Si system, by the 
growth of the former (solid-Si) into the undercooled liquid (molten-Si) region[23]. When the laser 
energy density is more than 200 mJ/cm2, it is sufficient to completely melt the amorphous part of 
the films, while the nanocrystalline silicon grains in the films act as seeds for lateral growth of 
material into the undercooled liquid. The nanocrystalline silicon grains are not melted completely 
though the laser fluence has reached 600 mJ/cm2. The process window of SLG is widened because 
of the existence of nanocrystalline silicon grains in the films, i.e. the ELC of nc-Si:H films in the 
present case is followed the SLG in a wide range of laser energy density. 

ELC of a-Si usually shows the decreasing of grain size and crystalline fraction beyond a laser 
energy threshold corresponding to the full melting of film layer, the energy for complete melting of 
nc-Si should be high. However, even if the full melt threshold (FMT) is not reached, the obtained 
crystalline fraction (Fig. 2) is sufficiently high and much higher than its initial value.  

Conclusions 

The nc-Si:H thin film on glass substrate is crystallized by excimer laser with a laser energy 
density of 50-600 mJ/cm2. The crystallized thin films have been characterized by Raman spectra, 
XRD, AFM and SEM. Poly-Si films with higher crystallinity can be obtained by ELC method. A 
threshold value of 200 mJ/cm2 is estimated from plots of crystalline fraction and RMS surface 
roughness versus laser energy density. The amorphous part in the nc-Si:H film is partially melted 
before the threshold. While the nc-Si grains begin to melt after energy density passed threshold. The 
nc-Si grains in the films serve as seeds for lateral growth to large grains during the process of ELC. 
The existence of nc-Si grains in the films widens the process window of SLG. 

Fig. 6. SEM morphology (2 µm × 2 µm) of films irradiated at various laser energy densities, (a) nc-Si 

film, (b) 50 mJ/cm2, (c) 100 mJ/cm2, (d) 200 mJ/cm2, (e) 300 mJ/cm2, (f) 400 mJ/cm2, (g) 500 mJ/cm2, 

and (h) 600 mJ/cm2. 
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ABSTRACT: The incorporation of oxygen vacancies in hematite has been
investigated as a promising route to improve oxygen evolution reaction activity
of hematite photoanodes used in photoelectrochemical water oxidation.
However, introducing oxygen vacancies intentionally in α-Fe2O3 for active
solar water splitting through facile and effective methods remains a challenge.
Herein, air plasma treatment is shown to produce oxygen vacancies in α-Fe2O3,
and ultrathin α-Fe2O3 nanoflakes are used to investigate the effect of oxygen
vacancies on the performance of photoelectrochemical oxygen oxidation.
Increasing the plasma treatment duration and power is found to increase the
density of oxygen vacancies and leads to a significant enhancement of the
photocurrent response. The nanoflake photoanode with the optimized plasma
treatment yields an incident photo-to-current conversion efficiency of 35.4% at
350 nm under 1.6 V vs RHE without resorting to any other cocatalysts, an
efficiency far exceeding that of the pristine α-Fe2O3 nanoflakes (∼2.2%). Evidence for the presence of high density of oxygen
vacancies confined in nanoflakes is clarified by X-ray photoelectron spectroscopy. The increased number of oxygen vacancies
after plasma treatment resulting in an increased carrier density is interpreted as the main cause for the enhanced oxygen evolution
reaction activity.

KEYWORDS: hematite, nanoflakes, plasma treatment, oxygen vacancies, photoelectrochemical water oxidation

■ INTRODUCTION

Photoelectrochemical water splitting is a promising way to
convert solar energy into chemical energy in the form of
storable hydrogen.1−3 Using low-cost metal-oxide semiconduc-
tors to realize photoelectrochemical water splitting has attracted
much attention in recent years. Among possible semiconductor
materials for solar water splitting, hematite offers decisive
advantages such as a suitable band gap for sun light absorption
(∼2.2 eV) and being earth abundant, nontoxic, and chemically
stable under photoanodic conditions.4−6 Hematite theoretical
solar-to-hydrogen efficiency can be as large as 16.8% under
solar irradiation (AM 1.5G illumination, 100 mW/cm2) at 1.23
V vs RHE, generating a photocurrent density of 12.6 mA
cm−2.4,6

However, the performance of the produced hematite
photoanodes being limited by many factors remains low with
solar-to-hydrogen efficiency below 2%.7,8 The short hole
diffusion length (2−4 nm) and long photon penetration
depth in the visible wavelength range render hematite
particularly challenging to achieve a balance between efficient
carrier collection and light absorption.9 This serious drawback
may be addressed by using ultrathin structures or nanostruc-
tures,2,10 in which the thickness of hematite structures should
be restricted to less than 50 nm.10 Ultrathin hematite films can
be deposited by atomic layer deposition,11 spray pyrolysis,12,13

or other techniques. These ultrathin hematite films without

modification show low performance in photoelectrochemical
(PEC) water splitting, as the thin film thickness leads to small
light absorption. Besides, much effort from utilizing the micro-
and nanostructures has been used to decouple the directions of
light absorption and photoinduced carrier collection.2,14−16 For
hematite, various nanostructures have been prepared to realize
water splitting, including porous nanostructures, nanowires,
dendrites, and nanoflakes.17−20 The combination of nanostruc-
tures and doping such as Si,21,22 Sn,18,23 Al,23 Ti,24−26 Pt,7,27

Zn,28 and P6 was found to improve carrier collection and
conductivity and thus enhance the PEC activity of hematite.
However, most fabrication methods are based on the
combination of a hydrothermal method and a subsequent
annealing at high temperature, thus increasing the complexity
and cost of the fabrication process.
Recently, oxygen vacancies have been reported to improve

the activity of semiconductor photonaodes for water
oxidation.8,29−32 Oxygen vacancies in In2O3 porous sheets
were shown to increase solar light absorption through
narrowing the band gap and also serve as the active sites to
improve the carrier separation efficiency, thus finally achieving
improved water splitting efficiency.29 NiCo2O4 ultrathin
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nanosheets with high-density oxygen vacancies was also found
to exhibit a higher oxygen evolution reactivity, benefiting from
the lowered adsorption energy of H2O on the nanosheets.30

The incorporation of oxygen vacancies has also been shown to
be an effective approach to improve the activity of hematite
photoelectrodes.8,33 Through transient absorption spectroscopy
analysis, Cowan et al. suggested that the primary effect of
introducing oxygen vacancies is to block slow surface hole-bulk
electron recombination pathways.8 Ozin et al. investigated high-
temperature treatment of ultrathin film of hematite under an
atmosphere of H2 and Ar and suggested that the generated
oxygen vacancies upon high temperature treatment are
responsible for the activation of the photoanode by improving
the electron collection.33 Finally, thermal annealing under
oxygen-deficient atmosphere of hematite was reported as an
efficient means to control oxygen vacancy density, which was
used to increase the photocurrent of hematite photo-
anodes.34,35

Herein, we combine a low-temperature fabrication technique
of ultrathin hematite nanoflakes with a plasma post-treatment
to control the density of oxygen vacancies and investigate the
effect of oxygen vacancies on photocatalysis with the aim of
realizing high photoactivity for nanostructured hematite
photoanodes. The ultrathin nanoflakes provide a short path
length for hole diffusion, and the self-standing array of
nanoflake structures enhances light absorption due to light
scattering by the nanostructures. Thus, the pristine hematite
nanoflakes prepared with the low temperature process provide
an excellent two-dimensional nanostructure to decouple the
directions of light absorption and photogenerated carrier
collection. A relatively low power plasma treatment is used so
that surface activation of the nanoflakes is obtained while
maintaining the nanoflake morphology. Intentionally incorpo-
rated oxygen vacancies during the plasma treatment activate the

electrochemically active sites on the nanoflakes to promote the
photoactivity of the hematite photoanode.

■ EXPERIMENTAL SECTION
Preparation of Hematite Nanoflakes. For the preparation of the

hematite nanoflakes, high pure quality (99.99%) iron foils with a
thickness of 0.2 mm were obtained from Nilaco Corporation. The foil
surface was pretreated by mechanical polishing and then cut into 6 ×
10 mm2 pieces. For comparison purposes, foils without polishing were
also used. The foils were degreased by successively sonicating them for
10 min in acetone and ethanol. Then the foils were rinsed at least
three times in deionized water and dried by blowing dry air. The foils
were placed in the center of an alumina crucible and then sintered in a
muffle furnace (Yamato, FO100). The temperature was increased with
a rate of 10 °C per minute until it reached the sintering temperature of
400 °C and maintained at 400 °C for 1 h. After natural cooling of the
muffle furnace, the samples were treated in plasma. The plasma
treatment was performed using a plasma cleaner (Harrick PDC-32G)
equipped with a radio frequency coil with adjustable power. The
plasma treatment was performed for the two available plasma powers,
namely a medium power of 10.5 W (PM) and a high power of 18 W
(PH). The effect of the plasma treatment duration (4, 10, 15, 20, 25,
30 min for PM and 5, 15, 25, 35, 45 min for PH) was also investigated.
The samples are referred to “as-prepared” for the samples obtained
after the sintering process and “PM” and “PH” for the plasma treated
samples using the available medium power and high power,
respectively.

Additional deposition of Co-Pi on the surface of the PH sample was
performed using photoassisted electrodeposition.36,37 The Co-Pi
cocatalyst was deposited in a stirred solution of 0.5 mM Co(NO3)2
in 0.1 M KPi buffer at pH 7. A 500 W xenon lamp was used as the light
source (285 mW/cm2). Photoassisted electrodeposition was per-
formed at 0.1 V vs Ag/AgCl for 5 min. The Co-Pi modified sample
was finally washed in deionized water.

Structural Characterization. The sample morphology was
characterized using a field-emission scanning electron microscope
(JEOL JSM 7600FA). The X-ray diffraction (XRD) data was acquired
with a Rigaku Miniflex II-MW in both Bragg−Brentano (theta-2theta)

Figure 1. SEM images of the samples showing the nanoflake nanostructures: (a) as-prepared sample annealed at 400 °C for 1 h in air, (b) is a
magnified image of (a), (c) after medium power plasma treatment, and (d) after high power plasma treatment.
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and grazing incidence (detector scan) modes using the Cu Kα
radiation. The XRD spectra were acquired for the 2θ range of 25−65°
with a scan step of 0.02° and a scan speed of 1° per minute. Raman
spectra were recorded at room temperature on a Renishaw inVia
Raman Microscope system with a 488 nm excitation light (0.82 mW)
directed through a ×100 objective. The UV−vis diffuse reflectance
spectra were measured with a spectrophotometer equipped with an
integrating sphere (V-560 and DRS, JASCO). X-ray photoelectron
spectroscopy (XPS) spectra were collected with a PHI 5000
VersaProbe (ULVAC-PHI) using an Al Kα X-ray source (1486.6
eV). The electron analyzer was operated at pass energies of 117.4 eV
for the wide scans and 23.5 eV for the narrow scans.
Photoelectrochemical Measurement. Photoelectrochemical

water splitting performance of the fabricated photoelectrodes were
obtained using a three-electrode cell. The nanoflake structured
photoanodes were used as the working electrode, Pt wire as the
counter electrode, and Ag/AgCl electrode as the reference electrode.
The potential of the working electrode was controlled with a
potentiostat (VersaSTAT 4, Princeton Applied Research). The
measured potentials vs Ag/AgCl were converted to the reversible
hydrogen electrode (RHE) scale according to the relationship ERHE =
EAg/AgCl + 0.059 pH + E0Ag/AgCl, where EAg/AgCl is the measured
potential against the reference electrode and E0Ag/AgCl = 0.1976 V at 25
°C. An aqueous solution of 1 M NaOH (pH 13.6) was used as the
electrolyte. The electrolyte was stirred and purged with Ar gas for 15
min before the measurements. The fabricated hematite photoanodes
were illuminated with a 500 W xenon lamp delivering an irradiance of
285 mW/cm2 on the photoanodes. The scan rate was 10 mV/s for the
current−potential (J-E) curves, and the scans were performed from
negative to positive potentials. When the incident photon conversion
efficiency (IPCE) was measured, the photoanodes were illuminated
using the same light source, which was filtered using bandpass filters
(full width at half-maximum of 38 ± 2 nm) having center wavelengths
of 350, 400, 450, 500, and 550 nm. The IPCE measurements were
carried out at 1.23 and 1.6 V vs RHE. The IPCEs were calculated for
each center wavelength using the equation IPCE = [(1240/λ) × (Jlight
− Jdark)/Plight] × 100%, where Jlight is the steady-state photocurrent
density at a specific wavelength, Jdark is the dark current density, λ is
the wavelength of the incident light, and Plight is the light intensity at
the corresponding wavelength.
The Mott−Schottky and electrochemical impedance spectroscopy

(EIS) measurements were performed using the same electrochemical
measurement system as for the PEC measurements. Mott−Schottky
measurements were obtained under dark conditions at a frequency of
1000 Hz in 1 M NaOH (pH 13.6) solution with a scan rate of 10 mV/
s. EIS measurements were performed at an applied potential of 1.8 V
vs RHE in dark for a frequency range between 100,000 and 1 Hz using
10 mV amplitude sinusoidal perturbation.

■ RESULTS AND DISCUSSION

Figure 1 (a) shows the SEM image of the as-prepared sample
obtained by annealing the Fe foil in the muffle furnace at 400
°C for 1 h. A uniform coverage of nanoflakes was obtained
upon annealing of the Fe foil. Figure 1 (b) shows a high
magnification image of the nanoflakes on the as-prepared
sample. The nanoflakes have a thickness of approximately 20−
30 nm and a length of 1−2 μm. It should be noted that
prepolishing of the Fe foil annealing is necessary to obtain
uniformly distributed nanoflakes. Without polishing, the sample
observed after annealing exhibited a sparse distribution of
nanoflakes, as shown in Figure S1. This may be explained by
the presence of a passivation layer (native oxide layer) formed
on the surface of the as-received Fe foils and the removal of the
passivation layer by polishing, resulting in a uniform growth of
nanoflakes on the pure iron layer. The effect of the plasma
treatments on the sample morphology is examined using SEM
images of plasma treated samples for 25 min. Figure 1 (c) and

(d) displays the SEM images for the PM and PH samples.
When compared to the morphology of the as-prepared
nanoflakes, the PM and PH samples show no obvious change.
The plasma treatment used in this report did not deteriorate
the nanostructures of the as-prepared samples, thus providing a
method for surface treatment of low-dimensional nanostruc-
tures on a sample surface.
The XRD measurement in the Bragg−Brentano config-

uration for the as-prepared nanoflakes and the sample treated
with medium power plasma is shown in Figure S2. All XRD
peaks of Figure S2 were indexed to magnetite and iron. In the
case of Fe foil annealing under high temperatures, a
multilayered oxide coating is usually formed on the surface of
the iron foil, consisting of hematite as the outer layer, Fe3O4 as
the intermediate layer, and FeO as the inner layer in direct
contact with the iron substrate.38,39 The formation of hematite
and magnetite can be summarized as follows:40,41

+ →2Fe O 2FeO2

+ →6FeO O 2Fe O2 3 4

+ →4Fe O O 6Fe O3 4 2 2 3

The decreased oxygen content along the depth of the
multilayered oxide coating (from the oxide top surface to the
Fe substrate) may account for the formation of the Fe3O4 phase
during thermal oxidation.31,34,35,42 Additional information
about the phase of the nanostructures forming the sample
top surface is obtained using X-ray diffraction (XRD) patterns
performed with a grazing incidence angle of 0.5°. The XRD
spectra presented in Figure 2 (a) show that all samples contain

Figure 2. (a) XRD spectra performed with grazing angle incidence
collected for the as-prepared, medium power (PM) and high power
(PH) plasma treatments. (b) Raman spectra for the as-prepared, PM
and PH samples.
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hematite, magnetite, and iron, a result consistent with the
mixed iron oxides formed during thermal oxidization of iron
foils.38 However, the peaks belonging to the hematite phase,
indexed as (113), (024), and (300), have weak intensity. The
(110) peak of hematite superimposes with that of the (311)
magnetite peak. Thus, Raman spectroscopy with a probe light
of 488 nm was used to identify the hematite phase since this
technique is more sensitive to an absorbing surface phase such
as hematite than XRD analysis.38 Figure 2 (b) shows the
Raman spectroscopy measurements for the samples with and
without plasma treatments. All samples display the same
characteristic hematite peaks: the six peaks of hematite (D6

3d

space group) include 227 and 498 cm−1 corresponding to the
A1g mode and 247, 294, 411, and 611 cm−1 attributed to Eg
modes.31,43 From both XRD and Raman results, it is concluded
that all samples consist of a top surface layer made of hematite
stacked on a magnetite layer.
The Fe oxidation state of the sample surfaces was further

examined by XPS, which provides a depth analysis of a few

nanometers.33 Figure 3 summarizes the XPS results for the as-
prepared, PM and PH samples. The Fe 2p spectrum of the as-
prepared sample (Figure 3 (b)) reveals a typical Fe2O3

spectrum having the binding energies of 710.2 eV for Fe
2p3/2 and 723.6 eV for Fe 2p1/2, the shakeup satellite located at
718 eV, and the characteristic satellite peaks for the α-Fe2O3 or
γ-Fe2O3 phases.

44−47 Although γ-Fe2O3 is reported to exhibit
the same Fe 2p core-level spectra with α-Fe2O3,

46 the possible
presence of the γ-Fe2O3 is excluded by the Raman spectra
analysis, in which no vibration mode from γ-Fe2O3 was found.
As seen in Figure 3 (b), the plasma treatment shifts the peak
positions of the Fe 2p core levels to higher binding energy: the
Fe 2p3/2 and Fe 2p1/2 peak positions of the PM and PH samples
are 711 and 724 eV and 711.2 and 724.6 eV, respectively. The
shift to higher binding energy upon plasma treatment very
likely results from the appearance of the Fe(II) oxidation
state,47,48 resulting from the generation of oxygen vacancies.
The presence of oxygen vacancies is confirmed by analyzing the
O 1s peaks reported in Figure 3 (c), (d), and (e). The observed

Figure 3. X-ray photoelectron spectroscopy analysis: (a) survey spectra of the as-prepared, PM, and PH samples, (b) Fe 2p peaks of the as-prepared,
PM, and PH samples, (c,d,e) O 1s peaks of the as-prepared, PM, and PH samples.

Figure 4. (a) Diffuse reflectance spectra for the as-prepared, PM, and PH samples. (b) Kubelka−Munk plots used to estimate the band gap of the
samples.
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main peak at 529.9 eV (O 1s) is due to oxygen atoms bound to
metals,29,49,50 while the shoulder peak at approximately 532 eV
is attributed to the defect sites with a low oxygen coordination,
i.e. oxygen vacancies.29,30,33,51 Deconvolution of the O 1s
spectra shows that the intensity of the shoulder peak around
532 eV relative to that of the main oxide peak at 529.9 eV
increases from 0.46, 0.78, to 1.00 for the as-prepared, PM, and
PH samples, respectively. These results indicate that plasma
treatment introduces oxygen vacancies into the hematite
nanoflakes, and the increase in the plasma power results in a
higher density of oxygen vacancies. The vacancy formation
mechanism may involve direct removal of oxygen from the
hematite lattice by the plasma energetic species and also
removal of oxygen assisted by local heating under the oxygen-
deficient atmosphere. The oxygen vacancies ionized the
hematite lattice, thus generating electrons in the conduction
band:34,52

→ + + −O
1
2

O (g) V 2ex
O 2 O

..

This result is important because it provides a means to
control the amount of oxygen vacancies, which have been
reported to play an important role in the oxygen evolution
reaction.29,30,33 In summary, a rational and effective introduc-
tion of oxygen vacancies into hematite nanoflakes using a
simple plasma treatment was demonstrated and has potential
contribution toward enhanced photo-electro-oxidation catalysis.
Figure 4 (a) shows the UV−vis diffuse reflectance spectra of

the samples. The α-Fe2O3 nanoflakes exhibited a clear
absorption edge around 600 nm, in agreement with the
characteristic absorption edge of hematite in the literature.9,33

All three samples showed similar optical properties from the
ultraviolet to the visible region. The reflectance spectra showed
a very low reflectance which may be attributed to the
nanostructured morphology enhancing light trapping. The
absorption of solar radiation with a wavelength smaller than
600 nm could be used to excite the photogenerated carriers,
enabling an effective utilization of visible solar radiation in PEC
water splitting reaction. In order to evaluate the band gap
energy of the samples, (F(R) × hν)1/2 values for an indirect
band gap material53 were plotted versus excitation energy as
shown in Figure 4 (b). The absorption coefficient F(R) was
calculated according to the Kubelka−Munk (K−M) equa-
tion54,55

= −
F R

R
R

( )
(1 )

2

2

(1)

where R is the sample reflectance. The band gaps are estimated
to be 2.13, 2.11, and 2.12 eV, for the as-prepared, PM, and PH
samples, respectively.
The linear scan voltammetry (LSV) results taken in 1 M

NaOH (pH 13.6) electrolyte at a scan rate of 10 mV/s under a
Xe lamp are presented in Figure 5. The as-prepared sample
yielded a relatively low photocurrent density of 0.17 mA/cm2 at
1.23 V vs RHE. After the medium power plasma treatment
(PM for a 25 min plasma treatment), the photocurrent density
was enhanced by a factor of ∼7.6, reaching 1.30 mA/cm2 at
1.23 V vs RHE. The photoactivity is found to increase with the
plasma treatment duration, and the photoactivity improvement
reached a plateau after 25 min of treatment (Figure S3), a
duration corresponding to the optimum performance. Increas-
ing the power of the plasma (PH for 25 min) resulted in further
improvement of the photoactivity. Indeed, the photocurrent

density reached 2.03 mA/cm2 at 1.23 V, achieving an
enhancement factor of ∼12 with respect to the as-prepared
sample. The high power plasma treatment is also found to be
more effective, as a 5 min PH treatment lead to a photocurrent
higher than that of the 25 min PM treatment. The PH
treatment improvement saturates at about 25 min (Figure S4)
and shows an increase in the photocurrent at more positive
applied voltages. Moreover, it is found that the plasma
enhanced photoactivity is strongly dependent on the sample
morphology, the best results being achieved for a high density
of nanoflakes. Samples prepared without prepolishing of the
iron foil lead to the formation of sparse distribution of
nanoflakes, whereas applying a prepolishing process results in a
uniform and dense distribution of nanoflakes in a reproducible
manner. The photocurrent comparison between the sparse and
dense nanoflake samples after PH treatment reveals a much
larger current for the dense nanoflake sample (Figure S5). This
result proves that the two-dimensional nanoflakes standing on
the sample surface provide a unique platform for PEC
performance enhancement due to the possible creation of a
large number of electrochemically active sites and the decrease
in the diffusion path length of the minority carriers.29,30

It is also noted that the plasma treatment shifts the onset
potential toward more positive potentials. The onset potential
for the as-prepared sample of 0.55 V increased to 0.65 and 0.7
V for the PM and PH treatments, respectively. The adverse
positive shift of the onset potential suggesting limited kinetics
for water oxidation likely originated in the increase in the
surface trapping states as a result of the plasma treatment.
Oxygen vacancies produced by the hydrogen treatment have
been reported to act as surface trapping states.33 Co-catalysts
are widely used for facilitating the interfacial water oxidation, so
that cocatalysts can remediate the overpotential resulting from
the plasma treatment. Co-Pi is one of the cocatalysts used in
combination with hematite. Co-Pi has a brownish color and an
absorption coefficient of ∼3 × 106 m−1.56 To ensure that more
than 90% of the incident light reaches the hematite layer, the
thickness of Co-Pi should be less than 35 nm.56 According to
Co-Pi composition (Co:K:P of 2.7:1:1) and mass density (3 g/
cm3), and assuming that all charges were used to oxidize Co2+

in the solution to Co3+ in Co-Pi,56,57 the Co-Pi deposited
thickness on the hematite photoanode was estimated to be less
than 20 nm (total charge density of 4.7 mC/cm2). For this
small thickness, no important change in the optical properties
of the samples coated with Co-Pi should be observed, as
evidenced by the reflectance spectra of the PH samples without

Figure 5. J-E curves for the as-prepared, PM and PH samples under
500 W Xe lamp (285 mW/cm2) illumination (solid lines) and dark
condition (dashed lines) in 1 M NaOH (pH 13.6).
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and with Co-Pi deposition (Figure S6). Thus, the Co-Pi coating
conditions should ensure that most incident light reaches the
hematite layer of the photoanode. As shown in Figure 5,
deposition of “Co-Pi” cocatalyst on the surface of the PH
sample drastically shifted the onset potential toward negative
values (0.55 V was achieved, corresponding to onset potential
before plasma treatment), indicating a decreased overpotential
and improved kinetics for water oxidation. At the same time,
the photocurrent showed a remarkable enhancement over a
large potential range (0.6−1.6 V). The photocurrent density
reached 1.29 mA/cm2 at 0.8 V, 3.02 mA/cm2 at 1.23 V, and the
highest photocurrent density of 4.1 mA/cm2 at 1.6 V vs RHE.
The sample IPCEs with and without plasma treatment

measured as a function of wavelength are presented in Figure 6.
In contrast to literature results for which high temperature
annealing (∼800 °C) or doping were used to activate the
hematite PEC performance, we show that nanoflakes
synthesized at low temperature (∼400 °C) can be activated
by introducing oxygen vacancies through a plasma treatment.
Under 1.23 V vs RHE (Figure 6(a)), the IPCE measured for
the as-prepared nanoflakes is 1.43% at λ = 350 nm. The IPCE
of PM sample increased to 12% at λ = 350 nm, providing an
8.4-fold increase compared to the as-prepared sample. This
result is also higher than the pristine hematite synthesized via
hydrothermal method and then annealed at 750 °C.6 The PH
plasma treatment further increases the IPCE to 15.6% at λ =
350 nm, a result comparable to that of the pristine hematite
nanowires prepared at 800 °C and even better than the Sn-
doped hematite nanocorals fabricated at 650 °C and Sn-doped
hematite nanowires.18,31 Under 1.6 V vs RHE, the highest IPCE

of the PH sample was achieved at λ = 350 nm reaching a value
of 35.4%, which is 1.6 times that of the PM sample (22% at λ =
350 nm) and 16 times that of the as-prepared sample, as shown
in Figure 6(b). At λ = 400 nm, the IPCE of the PH sample
(29.8%) is 1.5 times that of the PM sample (19.9%) under 1.6
V. As shown in Figure 6, the PH sample showed higher IPCE
values than those of the PM treated and as-prepared samples
over the whole region for light absorption. The wavelength
dependence of IPCE for the samples was consistent with the
absorbance spectrum (Figure 4) and photocurrent densities
(Figure 5). The observed enhanced IPCE and photocurrent
density for the PH sample could be ascribed to the high density
of oxygen vacancies introduced by the plasma treatment.29,30

Finally, the stability of the plasma treatment was checked by
measuring the photocurrent of the photoanodes treated with
PM and PH plasma at 1.5 V versus RHE for 20 min (Figures S7
and S8). The constant photocurrent for both PM and PH
photoanodes indicated that the incorporated oxygen vacancies
were stable.
The pronounced effect of the plasma treatment is further

examined with Mott−Schottky measurements. The Mott−
Schottky curves of the samples presented in Figure 7 (a)
revealed positive slopes, indicating that the samples are n-type
semiconductors having holes as minority carriers. In the
following, the flatband potential at the sample/solution
interface and the sample carrier density are estimated from
the Mott−Schottky equation18
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Figure 6. Comparison between the IPCEs of the as-prepared, PM, and PH samples measured at (a) 1.23 V vs RHE and (b) 1.6 V vs RHE. The
electrolyte was 1 M NaOH (pH 13.6).

Figure 7. Mott−Schottky plots (a) and Nyquist plots (b) for the as-prepared, PM, and PH samples obtained in 1 M NaOH electrolyte (pH 13.6)
under dark conditions. Inset (a): enlarged Mott−Schottky plot for the PH sample. Inset (b): the equivalent circuit used for fitting the experimental
data.
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where C is the specific capacitance (F cm−2), e is the electron
charge, ε0 is the permittivity of vacuum, ε is the dielectric
constant of hematite (ε = 80),58,59 Nd is the donor density, V is
the applied voltage, Vfb is the flatband potential, kB is the
Boltzmann constant, and T is the absolute temperature.
Extrapolating the linear region of the Mott−Schottky plots
and reading the intercept value on the x-axis give an estimate of
the flat band potential (Vfb). The Vfb of the as-prepared sample
was 0.48 V, a value close to another report.18 For the PM and
PH samples, Vfb was found to be 0.72 and 0.80 V, respectively.
The increase in Vfb with the plasma treatment is consistent with
the increase in the onset potential observed in LSV measure-
ments.
The donor density is estimated from the slope determined in

the Mott−Schottky plots:
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The donor densities of the samples increased from 6.44 × 1019

cm−3, 9.32 × 1019 cm−3, to 6.07 × 1020 cm−3 for the as-
prepared, PM, and PH samples, respectively (here a relative
comparison is provided to study the effect of the plasma
treatment at constant sample shape and no correction is made
to take into account the sample geometry, for example using
the roughness factor60). The increase in the carrier density
upon plasma treatment is thought to promote the sample
conductivity and therefore improve the PEC performance.6,29,33

In the following, electrochemical impedance spectroscopy
(EIS) under dark conditions is used to investigate the interfacial
electrical conductivity of hematite in the electrolyte solution.
Fitting the EIS data to equivalent circuits consisting of a
combination of resistances and capacitors offers a means to
discuss the charge transport. A typical set of data taken under
1.8 V is plotted in Figure 7 (b) in the form of a Nyquist plot.
The measured points (symbols) are used to fit curves (solid
lines) corresponding to the equivalent circuit (inset of Figure 7
(b)), which consists of a serial resistor (RS) and an RC circuit.
The RC circuit models the parallel combination of the
interfacial charge transfer resistance (RCT) and the constant
phase element (CPE), attributed to the interface between the
photoanode surface and the electrolyte. The charge transfer
resistance and double layer capacitance of the samples without
and with plasma treatment are listed in Table S1. Compared
with the as-prepared hematite nanoflake photoanode, the
charge transfer resistance of the samples treated with plasma
decreased and the corresponding capacitances increased,
indicating that the plasma treatment reduced the charge
transfer resistance and improved the capacitance at the
photoanode/electrolyte interface, thus enhancing the PEC
water splitting performance.
In summary, the improved PEC performance of the hematite

nanoflakes treated by plasma treatment is attributed to the
increase in the oxygen vacancy density produced during the
plasma treatment.29,33 The ultrathin nanoflake structures
developing a large surface area provide more electrochemically
active surface sites on the sample surface than flat films, leading
to efficient catalysis toward water oxidation. The two-
dimensional nanoflake structures with ultrathin thickness
(20−30 nm) also help to shorten minority carrier transport
length, which may decrease carrier recombination during the
water oxidation process.4 Moreover, it is reported that the

introduction of oxygen vacancies in the ultrathin structure can
decrease the energy required for the adsorption of water
molecules onto the sample surface and thus increase the oxygen
evolution reaction rate.30 Plasma treatment is found to increase
the number of oxygen vacancy sites on the surface of hematite
nanoflakes. The surface oxygen vacancy sites are favorable for
hydroxyl adsorption, thus increasing water adsorption.61,62

Measurement of the water contact angle of the hematite with
and without plasma treatment is discussed in the following.
Figure S9 (a) showed that the surface of an as-prepared sample
has a water contact angle of ∼118°. Modification of the
hematite surface by plasma treatment with medium and high
power plasma produced a highly hydrophilic surface with a
contact angle of ∼0°, as shown in Figure S9 (b) and (c). In
summary, the surface of hematite nanoflakes becomes hydro-
philic upon plasma treatment so that improved adsorption of
water molecules on the nanoflake surface may contribute to the
improvement of the oxygen evolution reaction efficiency.30 In
our results, the introduction of oxygen vacancies in nanoflakes
not only improves the water molecules adsorption ability on
the sample surface but also increases the carrier density of the
samples, resulting in intimate contact with the electrolyte and
enhanced PEC activity toward water splitting.

■ CONCLUSION
Ultrathin hematite nanoflakes forming a nanostructured
photoanode were used to investigate the effect of intentionally
incorporated oxygen vacancies on the PEC water splitting
activity. The nanoflakes were prepared by annealing iron foils at
400 °C in air and were activated using a plasma treatment that
generates oxygen vacancies in the hematite nanoflakes.
Combining XPS and Mott−Schottky analysis, it is concluded
that the increased density of the oxygen vacancies induced by
the plasma treatment are responsible for the increase in the
carrier density of the photoanode. The optimum plasma
treatment of the hematite photoanode resulting in high density
of oxygen vacancies exhibited high PEC water oxidation activity
reaching a photocurrent of 2.03 mA/cm2 at 1.23 V vs RHE
under a 500 W Xe lamp (285 mW/cm2) illumination. This
photocurrent is 12 times higher than that of the as-prepared
hematite without plasma treatment. The improved PEC
performance was attributed to the introduction of oxygen
vacancies, which lower the adsorption energy of H2O and
increase the carrier density. This work not only adopts low
temperature annealing to obtain hematite nanoflakes but also
develops a simple strategy to introduce oxygen vacancies for the
promotion of water splitting efficiency. The intentional control
of the oxygen vacancy density realized using a plasma treatment
is thought to be applicable to other hematite nanostructures
and metal oxide materials which could be used to improve PEC
performance.
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Abstract
Visible light photocatalytic H2 production from water splitting is considered an attractive way to
solve the increasing global energy crisis in modern life. In this study, a series of zinc sulfide
nanoparticles and graphene (GR) sheet composites were synthesized by a two-step hydrothermal
method, which used zinc chloride, sodium sulfide, and graphite oxide (GO) as the starting
materials. The as-prepared ZnS-GR showed highly efficient visible light photocatalytic activity
in hydrogen generation. The morphology and structure of the composites obtained by
transmission electron microscope and x-ray diffraction exhibited a small crystallite size and a
good interfacial contact between the ZnS nanoparticles and the two-dimensional (2D) GR sheet,
which were beneficial for the photocatalysis. When the content of the GR in the catalyst was
0.1%, the ZG0.1 sample exhibited the highest H2-production rate of 7.42 μmol h−1 g−1, eight
times more than the pure ZnS sample. This high visible-light photocatalytic H2 production
activity is attributed to the photosensitization of GR. Irradiated by visible light, the electrons
photogenerated from GR transfer to the conduction band of ZnS to participate in the
photocatalytic process. This study presents the visible-light photocatalytic activity of wide
bandgap ZnS and its application in H2 evolution.

Keywords: zinc sulfide, nanoparticles, graphene, visible light photocatalyticactivity, hydrogen
generation

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

1. Introduction

Nowadays, the environmental pollution caused by burning
fossil fuels and the global energy crisis have become more
and more serious. Photoelectrochemical (PEC) splitting of
water using solar energy for H2 has attracted considerable
attention, as H2 is a renewable and green energy carrier. Since
the pioneering report by Fujishima and Honda on PEC water
splitting on a TiO2 electrode [1], various active photocatalysts
such as oxide, sulfide, and oxynitride semiconductors have

been developed as photocatalysts for the water-splitting
reaction [2]. ZnS is a well-known photocatalyst among all
these material. It shows high activity for H2 evolution,
because it generates electron hole pairs under light irradiation
rapidly and has a high negative potential for exciting elec-
trons, even without the assistance of any noble metal coca-
talysts [3]. However, ZnS can solely absorb ultraviolet (UV)
light, which accounts for only 4% of total sunlight due to its
large bandgap of 3.66 eV. Numerous attempts such as doping
metal ions (Au [4], Cu [5, 6], Ni [7], Pb [8], and Sr [9]) and
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preparation of solid solutions have been applied to make ZnS
generate visible-light activity [10–16]. Unfortunately, heavy-
metal cadmium and lead are toxic and harmful to human
beings and the environment, which limits their wide appli-
cation. Hence, it is highly desirable to develop low-toxic and
cost-effective ZnS-based photocatalysts with high H2 pro-
duction activities under visible light.

Graphene, a two-dimensional (2D) network of carbon
materials, has been reported to as an efficient photocatalytic
H2 production cocatalyst [17–25]. Owing to the abundance of
delocalized electrons from the conjugated sp2-bonded carbon
network, graphene enhances the transportation of electrons
photogenerating in semiconductor particles. Some GR-based
semiconductors have been fabricated to enhance photo-
catalytic performance. Nevertheless, GR has been widely
considered as an electron reservoir and transfer and acts as an
electron transfer channel to reduce the recombination of
photogenerated electron holes, leading to improved photo-
conversion efficiency of photocatalytic materials [26].
Meanwhile, it has always been proposed that GR cannot
narrow the bandgap of a semiconductor to produce visible-
light photocatalytic activity. Zhang et al reported a visible-
light-response ZnS/reduced graphene oxide (RGO) photo-
catalyst recently and proved that RGO in the nanocomposites
acts as an organic dye-like macromolecular ‘photosensitizer’
[27]. The photogenerated electrons from GR upon visible-
light irradiation can transfer to the conduction band of ZnS,
while ZnS itself is not bandgap-photoexcited. Through the
photosensitization process of GR, the wide-bandgap ZnS
exhibits visible-light photoactivity toward the selective aero-
bic oxidation process. Herein, we prepared the ZnS-GR
nanocomposites, further expanded its application in hydrogen
generation, and investigated its visible-light, photoactive H2

production activity. The influences of GR content on the
photocatalytic activity of ZnS-GR composites were discussed.
Compared to that of pure ZnS, the optimal ZnS-GR sample
containing 0.1% GR exhibits a high rate of H2 production
under visible-light irradiation. The measurements of photo-
catalytic H2 production activity directly provide evidence that
GR can be a photosensitizer for semiconductors.

2. Experimental setup

2.1. Preparation of graphite oxide (GO) and ZnS-graphene
composites

Graphite oxide was synthesized from natural graphite by a
modified Hummer’s method [28]. Graphite powder (2 g) was
mixed with concentrated H2SO4 (12 mL), K2S2O8 (2.5 g), and
P2O5 (2.5 g). The reaction was heated to 80 °C in an oil bath.
After 24 h stirring, the mixture was filtered and dried under
ambient condition overnight. The pre-oxidized graphite was
then added to a mixture of concentrated H2SO4 (120 mL) and
HNO3 (30 mL), cooling in an ice-water bath. After strong
magnetic stirring for 30 min, 15 g KMnO4 was added gra-
dually and reacted for 2 h. Shortly afterwards, the mixture
was further diluted with 1 L of deionized (DI) water, 20 mL of

30% H2O2 was added to the mixture, and a brilliant yellow
product was formed along with bubbling, followed by
washing with a HCl (1:10) aqueous solution and DI water.
The solid obtained on the filter was dispersed in water under
sonication by an ultrasonic processor, giving a bright yellow
GO solution.

In a typical synthesis of the composite, 0.205 g ZnCl2
and GO were dispersed into distilled water (50 ml), and this
solution was heated to 60 °C in an oil bath with continuous
stirring for 2 h. Subsequently, 0.10 M Na2S (20 ml) solution
was added dropwise and kept stirring for 4 h. After that, the
suspension was transferred to a 100 mL Teflon-lined auto-
clave and maintained at 130 °C for 12 h. The final products
with different weight addition ratios of GO were rinsed three
times by distilled water and ethanol and dried at 60 °C in a
vacuum oven for 10 h.

2.2. Materials characterizations

Atomic force microscopic (AFM, Nanoscope III MultiMode
SPM) measurements were performed to characterize the GO
sheet thickness and dimensions. The crystalline structure of
the ZnS-GR powder products was determined by x-ray dif-
fraction (XRD, D8 DISCOVER x-ray diffractometer, Bruker,
Karlsruhe, Germany) with Cu Kα radiation (1.54 Å). The
surface composition of the sample was analyzed by x-ray
photoelectron spectroscopy (XPS, AXIS ULTRA DLD,
Kratos, Japan). Raman spectroscopy was recorded on
Renishaw in a Via-reflex system at room temperature. A laser
wavelength of 532 nm was used as the excitation source.

The photoluminescent (PL) spectra were measured by the
Jobin Yvon LabRam HR 800 UV system (Horiba, Kyoto,
Japan) at room temperature. A laser wavelength of 514.5 nm
was used as the excitation source. The morphology and
microscopic structure information were determined by trans-
mission electron microscopy (TEM, JEM-2100F, JEOL Ltd,
Japan). Absorption spectra of the samples were obtained by
using a UV/vis spectrometer (Lambda 950, Perkin Elmer,
Inc., USA) over a wavelength range of 250–600 nm. BaSO4

was employed as the internal reflectance standard.

2.3. Photocatalytic hydrogen evolution and electrochemical
measurements

The photocatalytic performance of the synthesized photo-
catalysts was investigated in a gas-closed circulation system
(Labsolar-III, Beijing Perfectlight Technology Co., Ltd,
Beijing, China) with a top-window Pyrex cell. A 300W Xe
lamp (SOLAREDGE700, Beijing Perfectlight Technology
Co., Ltd, Beijing, China) equipped with a UV cut off filter
(λ> 420 nm) was used as the light source. The amount of H2

evolved was analyzed by an online gas
chromatograph (GC7900, Techcomp Ltd, China; TCD, N2 as
a carrier gas and MS-5A column). In a typical photocatalytic
experiment, 50 mg of catalysts were dispersed in 50 mL of
mixed aqueous solution containing 0.35M Na2S and 0.25M
Na2SO3 with constant stirring. Before irradiation, the system
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was bubbled under vacuum condition to remove the dis-
solved air.

Photoelectrochemical measurements were performed
using a PARSTAT 4000 workstation with a standard three-
electrode system, using the prepared samples as the working
electrodes, Pt gauze as the counter electrode, and Ag/AgCl as
a reference electrode. The working electrode was prepared on
an F-doped SnO2-coated (FTO) conductor glass. 0.2 g of
ZnS-GR composite was ground with 0.06 g polyethylene
glycol (molecular weight: 20 000) and 0.5 mL of water to
make a slurry. The slurry was spread onto an FTO glass by
the doctor-blade method. The working electrode was dried in
a vacuum oven at 60 °C. The electrolyte was a mixture
solution of 0.35M Na2S and 0.25M Na2SO3 (pH= 13.5). A
300W Xe lamp system equipped with a UV cutoff filter
(λ> 420 nm) (SOLARDGE 700, Beijing Perfectlight Tech-
nology Co., Ltd, China) was used as the light source.

3. Results and discussion

The ZnS-GR composites were fabricated via a two-step pro-
cess in a solution phase. First, ZnCl2 was added into a single-
layer GO dispersed solution. During this step, the Zn2+ can be
adsorbed onto the negatively charged GO surface by elec-
trostatic attraction [29]. Subsequently, GO was reduced to GR
by a hydrothermal reduction treatment, and ZnS nanoparticles
were simultaneously formed on the GR sheets. The weight
ratios of GO to ZnS were 0, 0.05, 0.1, 0.25, 0.5, 1, and 3%,
and the corresponding samples were labeled as ZG0, ZG0.05,
ZG0.1, ZG0.25, ZG0.5, ZG1, and ZG3, respectively. GR was
prepared by the reduction of graphene oxide. Notably, after
strong ultrasonication for 15 min, monolayer graphene sheets
were peeled off from the GO and stably dispersed in the
bright yellow solution. The AFM images (figure 1) show the
thickness of the graphite oxide is about 0.8 nm, which is
comparable to the literature data (0.737 nm) of the single-
layer GO nanosheet as reported before, indicating that most of
the GO are flat and monolayer [30]. Figure 2(c) shows the
XRD patterns of as-prepared ZnS-GR composites. The peaks
at 28.5, 47.5, and 52.1 correspond to the diffractions of the
(111), (220), and (311) planes of cubic ZnS (JCPDS 05-0566)
[31]. For the photocatalysts with different weight addition
ratios of GR, they show similar XRD patterns with blank
ZnS, implying that GR does not have a significant influence
on the phase structure and crystallinity of ZnS-GR samples.
No characteristic diffraction peaks for GO and GR can be
observed on these patterns because of the low amount and
relatively low diffraction intensity.

The morphologies and microstructures of the samples
were examined by TEM. It can be seen from figure 2(a) that
nanosized ZnS particles spread uniformly on the surface of
the GR sheet support. The size of the ZnS nanocrystals is
around 5 nm. The high-resolution TEM (HR-TEM) image
(figure 2(b)) shows that the detail of the lattice of the nano-
crystals with an interplanar spacing is 0.31 nm, corresponding
to the (111) plane of cubic ZnS. Three distinct diffraction
rings are seen from the selected-area electron diffraction

(SAED) pattern in figure 2(b) and can be indexed to the (111),
(220), and (311) crystal lattice of ZnS, which is consistent
with the XRD results. The TEM characterization suggests that
a good interfacial contact is formed between the ZnS nano-
particles and the 2D GR sheet, which is helpful for improving
the charge separation and thus the photocatalytic activity.

After hydrothermal treatment, the efficient reduction of
GO to GR was also evidenced by high-resolution C1s x-ray
photoelectron spectra (XPS) of GO and ZG0.1. A signal
deconvolution with Gaussian-curve fitting points out chemi-
cally different C species. For the GO, two typical peaks are
located at 284.6 and 286.7 eV (figure 3(a)), which are usually
assigned to adventitious carbon and sp2-hybridized carbon
from the GO and the oxygen-containing carbonaceous bonds
(C–OH). The strong peak for C–OH bonds indicates an
efficient oxygenation of graphite by a modified Hummer’s
method. Such a surface functional group can provide more
active sites for connection with ZnS nanoparticles. For the
ZG0.1 nanocomposite, the spectrum is deconvoluted into four
peaks, and the significant loss of oxygen-containing func-
tional groups is observed in figure 3(b). The sharp peak for
C–O almost vanishes, and the peaks for C=O and O=C–O still
exist but have much lower intensities than those in GO, which
indicate the sufficient reduction of GO to GR after the
hydrothermal reduction treatment of Na2S. The hydrothermal
reaction process from GO to GR is also investigated in
Raman spectra. Figure 2(d) shows a comparison of the Raman
spectra of GO and the ZnS-GR composite (sample ZG0.1).
The D band at around 1355 cm−1 is common for disordered
sp2 carbon, while the G band at around 1600 cm−1 is usually
assigned to well-ordered graphite. After hydrothermal treat-
ment at 130 °C for 12 h, the ratio of the intensities of the D
and G bands (ID/IG) increases from 0.81 to 0.91. The change
in the ID/IG ratio suggests a decrease in the average size of
the re-established G network (sp2 carbon), further confirming
the reduction of GO [32–35].

Figure 4 shows the UV–vis absorption spectra of the
samples ZGx (x= 0, 0.1, 0.25, 0.5, 1, and 3). For all the
samples studied, a wide background absorption in the visible-
light region ranging from 400–800 nm is observed, and such
absorption gradually increases with the increasing of GO
content. It is in accordance with the powder color changing
from white to gray. The bandgap of ZnS-GR composites can
be acquired from plots of (αEphoton)

2 versus the energy
(Ephoton) of absorbed light (α and Ephoton are the absorption
coefficient and the discrete photon energy, respectively). The
extrapolated value (a straight line to the x-axis) of Ephoton at
α = 0 gives absorption edge energies corresponding to e.g.
from figure 4(b), the bandgap of the synthesized ZGx is
3.40 eV, 3.36 eV, 3.31 eV, and 3.27 eV, corresponding to
ZG0, ZG0.25, ZG1, and ZG3, respectively. This result shows
a bandgap narrowing of the semiconductor because of the
coupling in ZnS-GR nanocomposites. According to the
reported literature [36–40], this result can be attributed to the
hybridization of carbon materials. Due to the substitutional
nature of the incorporated carbon, carbon doping into the ZnS
lattice creates midgap energy levels with inducing a decrease
in bandgap energy.
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The photocatalytic H2 production activity of the ZnS-GR
nanocomposites from an aqueous solution containing 0.35M
Na2S and 0.25M Na2SO3 under visible-light irradiation
(λ> 420 nm) is given in figure 5. The sacrificial reagent may
decrease the rate of hole–electron recombination and increase
the active number of injected electrons. As can be seen from
this figure, the graphene content has a significant influence on
the photocatalytic activity of ZnS. After introducing only a
small amount of graphene, the activity of the ZGx sample is
remarkably enhanced. The rate of H2 evolution increases with
the increasing of GR content, achieving a maximum of
7.42 μmol h−1 g−1 at the GR content of 0.1 wt%. This value is
about eight times higher than pure ZnS. When graphene
content is higher than 0.1 wt%, a further increase in graphene
content leads to a reduction of the photocatalytic activity.
Especially, at a graphene content of 1 wt%, the photocatalytic
activity of the sample ZG1 has a drastic decrease. The reasons
may be that excessive GR lowers the intensity of incident
light and increases the opportunity for recombination of the
photo-generated electron–hole pairs. After 10 h light irradia-
tion, the sample of ZG0.1 does not exhibit any loss of
activity, indicating the better stability of this nanocomposite
for hydrogen generation. The high stability of the ZG0.1
catalyst is attributed to the finite-size effect that the high-
symmetry crystalline phase is more stable at a smaller size.

As mentioned above, the UV–vis absorption spectra
ZnS-GR indicates that the wide bandgap of ZnS is narrowed
to some degree. However, this bandgap is still so large that
ZnS-GR should not exhibit visible-light photoactivity. Nor-
mally, the VB electrons (e−) of ZnS cannot be excited to CB,
and the samples ZGx should have a very low photocatalytic
activity under visible irradiation. On the contrary, the ZnS-
GR composite photocatalyst shows high photocatalytic H2

production activity for the sample containing 0.1% GR. Thus,
a tentative mechanism of the photocatalytic reaction is
proposed that GR acts as an organic dye-like macromolecular
‘photosensitizer’. As illustrated in the figure 6, the electrons
on the highest occupied molecular orbital (HOMO) of
graphene were at first excited to the lowest unoccupied
molecular orbital (LUMO) of graphene under visible-light
irradiation, then the photoinduced electrons in graphene were
injected to the CB of ZnS, leading to the hole–electron
separation. The electrons transferred to the surface of the
semiconductor and reacted with the adsorbed H+ ions to form
H2, producing the visible-light activity [41–44]. Such a H2

production activity measurement is direct evidence of the
existence of injected electrons under visible irradiation and
proves GR acting as a photosensitizer. In addition, the PL
spectroscopy (figure 7) measurement of ZnS and ZnS-GR was
performed under visible-light irradiation. No PL emission is

Figure 1. AFM images and height profiles of a single layer of GO.
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Figure 2. TEM (a) and HR-TEM (b) images of ZG0.1 sample. Inset are the selected area electron diffraction (SAED) patterns corresponding
to the ZnS nanoparticles. (c) XRD patterns of the as-prepared ZGx photocatalysts with different x values. (d) Raman spectra of the GO and
ZG0.1 samples.

Figure 3. The peak deconvolution of the C (1 s) XPS core level of (a) GO and (b) GR.
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observed for blank ZnS. Thus, ZnS is not able to reach
excited states under visible-light irradiation. However, for
ZnS-GR, a peak ranging from 500–700 nm is observed. These
results suggest that under visible- light irradiation, the GR in

the ZnS-GR nanocomposite can be excited from ground state
GR to excited state GR*, and the photoinduced electrons can
be transferred to the CB of ZnS, leading to a charge injection
and separation. Thus, ZnS-GR is able to show visible-light
photoactivity toward hydrogen generation. The ZnS-GR
composites with a diameter of 5 nm (figure 8) also offer a
larger surface area, which can provide more surface active
sites for the adsorption of H+ ions, making the photocatalytic
process more efficient.

To provide additional evidence for the above-suggested
photocatalytic mechanism, PEC studies were carried out in a
0.35M Na2S and 0.25M Na2SO3 solution (pH= 13.35),
acting as both the supporting electrolyte medium and sacri-
ficial reagents. Figure 9 shows the chronoamperometry
measurement of ZG0.1 and pure ZnS. The transient photo-
current and responses of ZnS and ZG0.1 are recorded for
several on–off cycles of visible irradiation at a bias potential
of 0.5 V versus Ag/AgCl. As seen from figure 9, for blank
ZnS under visible- light irradiation, almost no photocurrent is

Figure 4. UV–vis absorption spectra (a) and bandgap evaluation (b) from the plots of (αEphoton)
2 versus Ephoton.

Figure 5. Photocatalytic H2 evolution of the obtained ZGx
composites with different GR content under visible light
(λ> 420 nm).

Figure 6. Schematic illustration of the charge separation and transfer
in the ZnS-GR composites under visible-light irradiation.

Figure 7. Photoluminescent (PL) spectra of ZnS and ZnS-GR excited
at 514.5 nm.
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observed within the switch-on and switch-off cycles, because
the bare ZnS cannot be photoexcited due to its wide bandgap.
For ZG0.1 an apparently boosted photocurrent response
appears, and the on–off cycles of the photocurrent are
reproducible. The enhancement of the photocurrent indicates
that the wide-bandgap ZnS exhibits excellent photocatalytic
activity in hydrogen generation under visible-light irradiation
owing to the introduction of GR. Moreover, the anodic
photocurrent spikes at the beginning of irradiation and the
cathodic spikes at the end of irradiation are not visible. The
transient photocurrent shows a relatively slow response when
the light is switched on and off. The delay is mainly due to the
traps of electrons on the surface of ZnS and graphene.
Therefore, upon continuous irradiation the further photo-
generated electrons from a small amount of graphene gradu-
ally fill the traps of ZnS, and only a part of the electrons are
transferred to the back of the electrode, which causes a
slow current response. Similarly, when the light is switched
off, due to the low Fermi level, graphene can store the

photogenerated electrons and delay the release of charge
carriers from ZnS.

4. Conclusion

In conclusion, the visible-light photocatalytic activity of ZnS-
GR composites for H2 evolution is demonstrated in this paper.
A series of ZGx composites with different GR content were
synthesized by a two-step hydrothermal method. For the
blank ZnS, almost no photocatalytic activity is observed
under visible light irradiation, because the wide-bandgap ZnS
cannot be photoexcited by visible-light irradiation. However,
the as-prepared sample ZnS-GR with 0.1% GR reaches a high
photocatalytic H2 production rate of 7.42 μmol h−1 g−1 under
the same conditions. The results indicate that the unique
features of GR make it behave like a photosensitizer rather
than an electron reservoir to capture or transfer photo-
generated electrons. This study not only demonstrates the
visible-light photocatalytic activity of ZnS-GR composites
but also further expands the application of a graphene-semi-
conductor in visible-light catalysis. Our findings could help to
design new graphene derivative photocatalysts with high
photocatalytic H2 production performance and stability.
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High-Temperature Photon-Noise-Limited
Performance Terahertz Quantum-Well

Photodetectors
J. Y. Jia, T. M. Wang, Y. H. Zhang, W. Z. Shen, and H. Schneider

Abstract—In this paper, we propose using a terahertz quantum-
well photodetector (THz QWP) in combination with a terahertz
source to realize a detection system with photon-noise limited per-
formance (PLIP) at high temperatures. Systematical investigations
on the high-temperature performances of THz QWPs, including
required signal power density for PLIP, detectivity, and the signal-
to-noise ratio, have been carried out by elaborating their dark cur-
rent mechanism and photocurrent response both experimentally
and theoretically. We also present the optimal doping concentra-
tion of THz QWPs designed for different peak wavelengths and
the resulting optimum performance regarding the above three key
parameters. Numerical results show that optimal designed QWP
with peak response frequency of 5.5 THz is expected to achieve
PLIP at 77 K at signal power density at 819 W/cm and above.
This work gives a precise description of PLIP performance of THz
QWPs and will open ways for new applications for high-tempera-
ture detection in the THz regime.
Index Terms—High temperature, optimal design, photon-noise-

limited, quantum-well photodetectors (QWPs), Terahertz (THz).

I. INTRODUCTION

T HE rapid development of terahertz (THz) quantum cas-
cade lasers (QCLs) as broadly tunable terahertz sources

and their continuous performance improvements [1]–[6] impose
urgent needs for high-performance THz detectors. Recently,
THz quantum-well photodetectors (QWPs) have emerged as
a promising candidate for compact detection systems in the
THz region originating from the characteristics of intersubband
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transition and unipolar transport. Compared with other THz
detectors, for example, Si bolometers, thermal detector Golay
cells, pyroelectric detectors made from LiTaO crystals [7],
nanometric FETs [8], or antenna-coupled field-effect transistors
for THz imaging [9], THz QWPs show their special features
in the detection performance: (i) THz QWPs are narrow band
and enable wide wavelength coverage by adjusting the inter-
subband transition energy. (ii) The intrinsic high speed due to
the inherent short carrier lifetime helps THz QWPs to realize
high-speed and high-frequency detection. (iii) The availability
of a mature material and processing technology based on
GaAs makes it possible to fabricate large-scale uniform and
long-term stable THz QWPs. THz QWPs are designed as a
natural extension of quantum well infrared (IR) photodetectors
[10] and extensive research has been conducted to achieve
better performance [11]–[14] after their first experimental
demonstration [15]–[17]. However, THz QWPs still have a
major limitation to their widespread use: they usually require
cooling to low temperatures to realize background-noise-lim-
ited performance (BLIP) detection due to its lower barrier
height in comparison with mid-IR QWP. The BLIP tempera-
tures for THz QWPs are generally lower than 20 K [15], [17].
It is therefore crucial to develop optimized THz QWPs that can
be operated at higher temperature. However, it seems not easy
to increase the operating temperature of THz QWPs due to the
resulting exponential increase of dark current and as a result,
there is no systematical investigation that has been reported
on high-temperature detection with THz QWPs. Fortunately,
the breakthrough of THz QCL makes it possible to realize
new applications (e.g., gas sensing and heterodyne detection)
which require the combined use of THz QWP and QCL. By
illumination with a QCL as the source or local oscillator in the
THz region, the signal current of QWP could be made larger
than the dark current at high operating temperature to realize
photon-noise-limited performance (PLIP) detection. In this
detection regime, the operation temperature can be increased
above 77 K and even 100 K for high frequency QWPs in the
THz region.
In this paper, we propose THzQWPs operated in PLIP regime

in combination with a source such as THz QCL for high-tem-
perature detection. In particular, we systematically investigate
the performance of THz QWPs operated in PLIP regime both
theoretically and experimentally by analyzing the dark current
and photocurrent response.We also demonstrate the relation be-
tween the performances [e.g., required power density for PLIP,

2156-342X © 2015 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.94
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detectivity and signal-to-noise ratio (SNR)] and doping den-
sity in quantum wells (QWs). Moreover, the optimized design
of THz QWPs for PLIP operation is presented and the perfor-
mances of these optimally designed QWPs are also given and
discussed in detail.

II. THEORY AND MODEL

A. Calculation of Band Structures
Unlike QWPs in the mid-IR region, THz QWPs have lower

barrier height and thus lower transition energy. Additional phys-
ical interactions such as exchange correlation and depolariza-
tion should be taken into account in designing the band struc-
ture of THz QWPs [12], [18], [19]. For electrons in quantum
well (QW) structures, the Schrödinger equation within the ef-
fective-mass approximation can be written as

(1)

Here is the coordinate in the QW growth direction, is the
reduced Planck constant, is the electron effective mass,

is the stepwise potential energy representing the periodic
conduction band offset profile of the multiple QW, is the
Hartree potential energy obtained from Poisson's equation,

is the exchange-correlation potential energy given by
the local-density approximation (LDA) based on the density
functional theory [20], [21], is the miniband index and is
the wavevector in the z-direction, i.e., ,
where . is the period length of the mul-
tiple QW structure and equals the sum of well and barrier

widths. is the number of QW periods. The boundary
condition is taken as . Concerning
the minibands and wavevectors, we approximate the continuum
by periodic states with respect to a large but finite .
Here, both for the test sample and for
the QWPs designed in Section IV give good approximations
for the continuum. and correspond to the -direc-
tion envelope function and the eigen-energy with miniband
index and wavevector . Schrödinger equation and Poisson
equation, along with the expression for exchange correlation
form a closed set which should be solved self-consistently. In
this paper, we numerically solve the above equations using a
plane-wave expansion method and use

as the criteria to check the convergence.
Here, is the Fermi energy at the th iterative step [19].
In the QWP structure, the number of electrons in the QWs

with miniband index and wavevector is given by

(2)

Through calculation, we find that the total electron densities in
the lowest two subbands are orders of magnitude higher than
the upper subbands. Therefore, we obtain the Fermi energy by
solving

(3)

Fig. 1. Signal photocurrent and background photocurrent.

Here, is the two-dimensional (2-D) doping concentra-
tion of each QW.
For a typical photodetector, the total current originates

from dark current generated by thermal activation, background
current from the background radiation through the field-of-view
(FOV) and signal current from the signal photon flux. Accord-
ingly, can, therefore, be expressed as a summation of the
above three contributions:

(4)

Here, is the detector responsivity, and are inci-
dent powers of background and signal radiation, respectively.
Comparing the relative magnitudes of three contributions, the
operating status of QWPs could be categorized into three per-
formance regimes: dark current limited performance in which

dominates, BLIP performance in which dominates
and PLIP performance for which dominates. It is always
desirable to operate QWPs under BLIP or PLIP regime for op-
timum sensitivity.
Fig. 1(a) is the schematic plot of combined use of THz QWP

and THz source, which is expected to realize high-temperature
detection. Fig. 1(b) shows the current transport mechanism of
THz QWP under illumination. Even though high operating tem-
perature results in large dark current, the signal photocurrent is
larger and can become dominant (i.e., achieving PLIP condi-
tion) with a THz source. In this case, background photocurrent
can always be neglected.

B. Dark Current
In standard theory of QWPs, three physical processes con-

tribute to dark current, interwell tunneling which can be ne-
glected due to the wide barrier, scattering-assisted tunneling
(SAT) and thermionic emission (TE) [10], [22]. For QWPs in the
THz region, the latter two processes are dominant accounting95
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for its low barrier height, operating temperature and bias. Ac-
cording to the emission-capture model, we give the dark current
by [10]

(5)

The drift velocity is taken of the usual form
. and are the saturation velocity and low

field mobility, respectively. is the scattering time of elec-
trons from the ground state into the continuum state and is the
capture time from the continuum back to the ground state. For
QWPs in the mid-infrared region, the life time of excited elec-
trons is mainly determined by optical phonon scattering and
electron-electron scattering. For QWPs in the THz region (espe-
cially with the frequency THz) with transition energies less
than the LO phonon energy of GaAs (36 meV), the phonon scat-
tering would be weakened and electron-electron scattering will
become dominant, which is expected to cause a reduced capture
probability and thus an increased . Also, in this model, and

just enter linearly and not in the exponent [see (5), (7a),
(17) and (18)]. As a result, a small deviation in the estimation of

and will have weak impact on the results of dark current
and performances. Here, the scattering time is set as
ps and the life time of excited electrons is set as ps
[12]. is the transmission coefficient calculated using
the Wentzel–Kramers–Brillouin approximation as [10]

for (6a)

for (6b)

where is the barrier height lowering by the
applied electric field, is defined as the clas-
sical tunneling point. is the ground state energy. For energy
higher than the barrier, the dark current obtained corresponds to
TE dark current which is always dominant for QWPs operating
at high temperature and small bias. Thus, for high-temperature
detection, (5) can be simplified to

(7a)

(7b)

where is the 2-D electron density only including electrons
on the upper part (with energy greater than the barrier height) of
the ground state subband. is the activation energy defined
as the difference between the barrier height and Fermi energy.
For energy lower than the barrier, the dark current obtained cor-
responds to tunneling current including SAT (for

) and interwell tunneling (for ).

C. Photoresponse
The photocurrent density generated by background radiation

or monochromatic light (e.g., a laser) can be expressed as

(8)

is the photon power density which can be categorized into
and according to the source. The responsivity is given by

(9)

where is the photon frequency. is the peak absorption effi-
ciency of the QWP in a 45 degree double pass geometry, which
can be expressed as [10]

(10)

where is the vacuum permittivity, the refractive index is
3.3 for GaAs, is the angle between THz radiation prop-
agating direction and QW's growth direction,

is the number of electrons in the ground state, is the energy
difference between the first excited state and the ground state.

is the oscillator strength, where
and are the envelope functions in the ground and first excited
states, respectively. is the Lorentzian linewidth
constant, is the cutoff frequency defined as the frequency
where is 50% of the maximum, which approximately equals

from the measured photocurrent spectra.
is the photoconductive gain, where is the

escape probability of photoexcited electrons from the emission
zone and is the capture probability for an electron (with en-
ergy larger than barrier height) traversing a well for photocon-
ductive QWP.

D. Noise and Detectivity
As a photoconductive device, the conductivity of QWP in-

creases with incident infrared power. Under normal circum-
stances, the photoconductivity of QWPs increases linearly with
power, which means that the responsivity
is constant. However, at high signal power [23], [24] nonlinear
photoconductivity effects can take place, giving rise to a de-
crease of responsivity. This effect can be important, especially
for gas sensing or heterodyne detection where high signal power
is needed. This nonlinearity effect takes place at signal power
much lower than that causing the saturation of intersubband ab-
sorption in QWs due to depletion of electrons in the ground state
[25], [26]. For PLIP detection using THz QWPs, the nonlin-
earity effect has also been taken in account and discussed in
detail.
In our calculation of the electric field distribution across the

QWs, we apply the model in [24]. As indicated in Fig. 2(a), the
total current inside the QWP is the injected current at the
first barrier adjacent to the emitter. At the remaining bar-
riers of the structure, it consists of a photocurrent and a ther-
mally induced dark current. In this model, is taken to be
the average field across the remaining barriers as an approxi-
mation, which is reasonable both in the mid-IR [23], [24] and
THz regions [27]. The total current of the device with
the incident signal power and the bias voltage

can, therefore, be expressed as

(11)96
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Fig. 2. (a) Schematic plot of conduction bandedge distribution of QWP under
illumination. (b) Responsivity vs incident signal power of the test THz QWP
sample (see detailed parameters in Section 3.1). V (1835.5 V/cm),

K, , 0.1, 10, 300, 1000 W/cm . (c) conduction band
diagrams at 0.5 V, K. For simplification, we only plot the first two
QWs.

is the injected current from the contact [28],
is the dark current including TE and SAT. is the respon-
sivity at local field , which could be thought as the signal
responsivity for QWP samples with large number of QWs [24].
The results of the simulation according to (11) are shown in

Fig. 2(b) and (c). The structure parameters of the tested QWP
sample are presented in the Section III-A. The applied voltage
is 0.5 V, i.e., average electric field of 1835.5 V/cm. The oper-
ation temperature used is 77 K, which corresponds to a PLIP
power of 407 W/cm . As indicated in Fig. 2(b), the respon-
sivity decreases slightly with the power. This can be explained
by Fig. 3(c), which displays the band diagrams. An increase of
excitation power results in redistribution of the potential. The
electric field in the emitter barrier increases to provide an en-
hanced electron injection, while the electric field in the QWs of
QWP decreases with power. Nevertheless, the responsivity does
not decrease significantly (just by less than 17.3%) even under
illumination densities of up to 1000 W/cm . This is because the
photon-induced voltage drop near the emitter is much smaller
than the applied voltage.
For practical applications, the dark current noise and the pho-

tocurrent noise often limit the ultimate detector performance in
photoconductive QWPs. Due to the escape and the trapping pro-
cesses controlling the dark current, the noise associated with
dark current is generation-recombination (g-r) in nature. The

dark current noise is therefore given by the standard expression
[29]

(12)

where is the device dark current and is the
dark current noise gain. By definition, the noise gain is
different from the photoconductive gain . For
THz QWPs, due to the bound-to-continuum transition case, the
escape process of excited electrons is very efficient, i.e., once an
electron is excited, it is already in the continuum. Also, the ap-
plied electric field could be increased to make the escape of elec-
trons easier. In this case, an escape probability equal to unity is
a good approximation for practical purposes and as a result, the
photoconductive gain is taken as

.
The detector noise associated with the background or signal

radiation is caused by fluctuations in the number of photons ab-
sorbed by a detector. For photoconductive QWPs, the noise cur-
rent could be given by [29]

(13)

The most important figure of merit is the detectivity , which
is given by

(14)

Generally, the SNR for QWPs can be expressed as

(15)

where is the area of the THz QWP device. By definition, the
PLIP regime is where the noise induced by in (14) and
(15) is larger than the dark current noise.

III. EXPERIMENT AND DISCUSSION

A. Device Structure
The THz QWP device structure is designed and grown on

a semi-insulating GaAs wafer by molecular beam epitaxy.
The structure consists of 35 GaAs/Al Ga as QWs sand-
wiched between top (400 nm) and bottom (800 nm) contact
layers, Si-doped to 10 cm . The well width (12 nm), Al
fraction (4%), doping density (10 cm ) and doping length
(7 nm) are optimally designed such that only one energy state

is bound in the QW and the excited state is close to
resonance with the bottom of the barrier conduction band. The
barrier width is designed thick enough to suppress the interwell
tunneling dark current. Square mesa devices of various sizes
(400 400 m 800 800 m , and 1000 1000 m ) were
fabricated using standard optical lithography and dry etching.
The mesa top was covered completely by a metal coating
(i.e., Pd/Ge/Ti/Pt/Au with 50/100/25/55/300 nm deposited by
electron-beam evaporation), which increased the electric field
at the semiconductor-metal interface. This configuration was
necessary for the combined use of THz sources to provide PLIP
regime considering the sample's large wavelength compared to97
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Fig. 3. (a) Measured dark current density of the test sample at different tem-
peratures. The inset shows the dark current density at 0.1 V as a function of
temperature. (b) Calculated and measured dark current at positive bias. Dotted,
dashed, and solid lines represent TE, SAT and total dark current, respectively.
(c) Arrhenius plots of the dark current at 0.01, 0.1 and 0.4 V. the activation en-
ergy estimated is 22.7 meV at 0.01 V.

the multiple QW thickness [30]. For optical characterization,
samples were polished to give rise to a 45 facet and packaged
into the standard double-pass back side illumination geometry
with an internal incident angle of 45 . It should be noted that
for some application such as real time imaging focal plane
arrays, optical grating couplers are often used to realize normal
incidence of the illumination [31]. Device characteristics were
performed in a temperature-controlled helium cryostat.

B. Dark Current
Fig. 3(a) depicts the measured current–voltage ( – ) curves

under dark condition for a set of temperatures from 14 to
70 K. As shown, the – curves show strong temperature
dependence. We also give the dark current density at fixed bias
(0.1 V) as a function of temperature as further described in the
inset of Fig. 3(a). The dark current increases exponentially with
temperature, which is consistent with previous investigations
[15]–[17]. The bias of 0.1 V is chosen such that it does not
appreciably alter the band structure when producing a measur-
able current through the THz QWP device. With increasing
bias, the dark current density increases but shows an abrupt
growth by nearly one order of magnitude when the bias reaches
about 0.6 V. This remarkable transition occurs especially at
low temperature since the extra electrons which are usually
confined in QW can leak across the barriers due to an efficient
ionization of the first QW, which has been discussed in detail
by Guo et al. [27], Gomez et al. [32], and Delga et al. [33].
However, when it comes to high temperature, most of the

confined electrons escape into the continuum already by TE
and SAT and the relative contribution by extra leakage due to
ionization becomes negligible. The increasing trend of dark
current density with bias is different at various temperatures
from 14 to 70 K which is caused by the different dominated
dark current mechanism.
To analyze the dark current mechanism at various temper-

atures in more detail, we show the calculated and measured
dark current in Fig. 3(b). Dotted and dashed lines represent TE
and SAT dark current, respectively. Solid lines indicate the total
dark current. In our calculation, the interwell tunneling dark cur-
rent was much smaller than TE and SAT, and thus could be ne-
glected. As shown, at low temperature, both TE and SAT are sig-
nificant contributions to the total dark current. At high bias, the
SAT dark current can be several orders of magnitude higher than
TE. As temperature rises, TE dark current plays more and more
important roles in the total dark current. Especially, when the
temperature reaches 50 and 70 K, the contribution of SAT can be
ignored and TE becomes the dominant dark current. Hence, the
dark current mechanism can be simplified into pure TE regime
when THz QWPs are operated in the high-temperature region.
So, for high-temperature PLIP detection, the dark current can
be expressed as (7a) and (7b). For further analysis, (7a) and (7b)
can be written as

(16)

By plotting the quantity against inverse tempera-
ture, we can deduce the value of . Fig. 3(c) shows the plot
of ln( as the function of at three different biases,
i.e., 0.01, 0.1 and 0.4 V. The straight lines give the values
of 22.7, 19.7 and 13.9 meV, respectively. Decreased is ob-
served with increasing of the bias, which is likely caused by the
electric field induced barrier lowering effect and the remaining
SAT process. The value of obtained at 0.01 V where TE is
considered to be dominant is in agreement with the activation
energy obtained via the calculation of the band structure of THz
QWPs (further details will be discussed later).
In summary, TE regime is dominant in total dark current when

THz QWPs are operated at high temperature, which is demon-
strated by theoretical calculation and the experimental measure-
ment, also by the evaluation of .

C. Photoresponse
Fig. 4 shows the response of our sample to THz radiation from

a Bruker IFS 66S/V FTIR spectrometer which is optically cou-
pled into the THz QWP active region using 45 facet. The de-
vice shows photodetector response up to 23 K (measured BLIP
temperature is 16 K). From the response spectra, the peak re-
sponse frequency is obtained at 226 cm (44 m, 28 meV,
6.78 THz). The main dark region from 256 to 292 cm in the
sample is due to GaAs optical phonon absorption in the sub-
strate, other small features such as the dips at 312 and 338 cm
are caused by two-phonon absorption. The dip at 362 cm in
both samples corresponds to the AlAs-like phonon absorption.
The inset shows the band structure obtained from the

Schrödinger equation (i.e., (1) taking into account the Hartree
potential and the exchange-correlation potential. The transition98
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Fig. 4. FTIR response of the test sample at different temperatures, FOV is 90 .
The inset depicts the band structure of the sample.

energy from the lowest subband to the first excited subband
is 26.3 meV. Further including dynamical many-particle ef-
fects, namely depolarization, the calculated peak response
is 27.5 meV which is in good agreement with the measured
28 meV considering the uncertainty in the aluminum fraction
and the well width during the wafer growth process. Theoreti-
cally the activation energy is meV,
which is in reasonable agreement but slightly larger than the
value of 22.6 meV deduced from the measured dark current
shown in Fig. 3(c). The small difference indicates that there
may be extra leakage currents due to the very low aluminum
fraction used, and perhaps random alloy fluctuations in the very
low aluminum regime results in a non-uniform barrier.

D. Performance
In this section, we investigate the key parameters that deter-

mine the performance of the detection unit (THz QWP com-
bined with THz QCL) including the signal power density re-
quired for PLIP , detectivity and the signal to
noise ratio (SNR) and point out the directions for possible im-
provement.
Equating (12) and (13), the required power for PLIP

for different temperatures can be obtained by

(17)

where is the absorption efficiency per QW.
Fig. 5(a) illustrates the relation between the minimum signal

power density required for PLIP regime and operation tempera-
tures. Once the signal power from the source equals , the
noise caused by dark current will equal the noise produced by
signal illumination and the PLIP condition is reached. The PLIP
detectivity can be expressed as

(18)

Fig. 5(b) shows the calculated PLIP detectivity of our test
sample at different PLIP temperatures. When working at 77 K,
the PLIP detectivity obtained is 1.39 10 cm Hz /W. When
reaching PLIP, we usually continue to increase the signal power
density to reach even better SNR practically. Therefore, SNR is

Fig. 5. Calculated (a) required power for PLIP and (b) PLIP detectivity
for test sample at different PLIP temperatures. (c) Calculated signal to

noise ratio SNR for increased signal power density at 77 K. Measurement band-
width is set to 10 Hz.

preferred to describe the detector performance and is given by
(15). For higher SNR in PLIP regime at fixed temperature, the
signal power density should be increased until the dark current
can be ignored with respect to the signal current. In this case,
the SNR can be simplified to

(19)

Fig. 5(c) gives the calculated SNR versus the signal power
density when the sample is operated in the PLIP regime at 77 K.
In this calculation, the measurement bandwidth is set as 10 Hz.
As shown, applying higher signal power density is an effective
way to increase SNR.

IV. DESIGN IMPROVEMENT

In the standard theory of QWP, the generally accepted op-
timum design is to ensure that the first excited state is in res-
onance with the top of the barrier. This configuration ensures
both large peak absorption and rapid escape of excited electrons
at the same time. Also, the barriers should be thick enough such
that interwell tunneling is negligible with respect to the current
flowing though the device.
To design an optimumQWP, we need to choose the following

parameters: well width , Al fraction Al , the doping density
, barrier width and the number of the wells .

Detailed research on THz QWPs design has been conducted
by Guo et al. [7] and Zhang et al. [12]. However, all the pa-
rameters chosen are focused on the best performance for THz
QWPs working in BLIP regime in the temperature range from
10 to 20 K. For high-temperature detection such as in the PLIP
regime, these parameters will not be the optimized ones any-
more. It is well known that the QW shape and the confined state
energy are determined by three parameters ( , Al N .99
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Fig. 6. Relation of (a) required power for PLIP , (b) signal to noise
ratio (SNR) and (c) PLIP detectivity as the function of . All
results are normalized.

According to the design rule, the three parameters are not inde-
pendent, but coupled to each other to ensure that the first excited
state is in resonance with the top of the barrier for THz QWPs
with fixed frequency. However, there are still many sets of pa-
rameters ( , Al N that meet the requirement above.
So, how to choose the best set of parameters that not only meet
the design rule, but also yield better performance? A key step
is to fix the doping density N because of its significant
effect on the QWP parameters including Fermi energy, absorp-
tion efficiency and dark current as well as the potential cor-
rection caused by many-particle effects. Increasing the doping
concentration N , on the one hand, will results in an en-
hanced absorption efficiency and signal current. On the other
hand, many-particle effects will become stronger and eigenen-
ergies fall more deeply. To satisfy this design rule, the aluminum
fraction has to be decreased, which will result in an exponential
increase of dark current. So there is a dilemma in the selection of
doping concentration: weighing the benefits of improving pho-
tocurrent against the unwanted enhancement of dark current.
Back to (17)–(19), the expressions for the three key factors

(i.e., required power density for PLIP operation, PLIP
detectivity , and signal-to-noise ratio (SNR) can be sim-
plified to

(20a)

(20b)

(20c)

Fig. 6 illustrates the relation of and SNR
with . As shown, there is a trade-off between
and SNR. Reducing is an efficient way to obtain
low , but this will also degrade the SNR. For PLIP
detectivity, increases with , then peaks at

and decreases as increases further.

Fig. 7. Optimized doping densities for PLIP performance at various tempera-
tures. The black line indicates the maximum temperatures for THz QWPs with
different peak response frequencies.

So, if , we obtain the highest and rela-
tively lower power density for PLIP (as is less sensitive
in the region of low , there is no need to further
decrease at the expense of decreasing and
SNR). Even though SNR is not high enough, we can also make
it higher by increasing the signal power density if higher SNR is
preferred at fixed PLIP temperature. Inserting
into (2), we obtain the optimum doping concentration for a
given operation temperature.
The bullets shown in Fig. 7 are the calculated optimized

doping density for different THz QWPs at various operation
temperatures. The black line indicates the maximum tempera-
tures for THz QWPs with different peaks, which are obtained
by the assumption that the electrons above the barriers should
be less than a certain percentage (we set 15% here) of the total
electrons to make sure there are enough confined electrons
in the ground state to generate photocurrent. As shown, the
maximum temperature grows almost linearly with detection
frequency. The optimized doping densities obtained by (2) for
different temperatures and detection frequencies are shown
with bullets. When the operation temperature is 14.2 K, all
QWPs from 1 to 10 THz are functional and the optimized
doping densities for all QWPs are almost identical. The value of
doping concentration 6 10 cm , is consistent with the THz
QWPs proposed experimentally [17]. When the temperature is
increased to 77 K, a lot of electrons originally confined in the
ground state escape above the barrier especially in the QWPs
with relatively small intersubband energies. To compensate for
the escaped electrons, additional Si should be doped to make
the electrons on bound state comply with .
Thus, at fixed operation temperature, the total doping densities
show an increased trend as the peak wavelength grows. Based
on the definition of maximum temperatures, only QWPs with
peaks at 5.5 THz and above can be operated at 77 K.
Fig. 8 gives the calculated QW widths and aluminum frac-

tions for different response frequencies with optimum doping
concentration at 10, 45, 77 and 100 K, respectively. These pa-
rameters ( , Al calculated for 10 K are the most
common parameters designed for THz QWPs. These parame-
ters are optimized for 10 K, but are no longer optimal at higher
temperature. Here, we give 45, 77, and 100 K which starts from100
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Fig. 8. (a) Calculated QW width and Al fraction for given response peaks at
10, 45, 77 and 100 K. The doping concentration is optimum designed as shown
in Fig. 7. The number of periods is 30. (b) Two-dimensional plot. We have in-
cluded Hartree potential, exchange-correlation and depolarization shift in the
calculation.

Fig. 9. Band structures of optimal designed THz QWPs with the same peak
response 6 THz at (a) 10 K, (b) 45 K and (c) 77 K. The dashed lines are the
Fermi levels. The optimal structure parameters are chosen from Fig. 8.

3.1, 5.5 and 7 THz respectively as an example. Clearly, though
the target frequency is the same, the set of three design param-
eters are strongly different at different operation temperature.
Fig. 9 shows the band structures of three optimally designed

THz QWPs with the same peak response 6 THz at 10 K, 45 K,
and 77 K, respectively. The black lines indicate the band dia-
grams, color lines are the ground subband plus five minibands

TABLE I
STRUCTURE PARAMETERS OF OPTIMAL DESIGNED 6 THZ QWPS AT 10 K,

45 K, AND 77 K

and the dashed lines are the Fermi levels. Detailed designed
parameters are illustrated in Table I. As shown, the optimal
doping concentration increases with the desired operation tem-
perature and as a result, the influence of many-particle effects
on the band structures becomesmore prominent.When operated
below 10 K, the QWP device of Fig. 9(a) is automatically in the
BLIP regime (i.e., one special case of PLIP where the signal
is the 300 K background). For fixed operation temperature, it
should be noted that in the high-frequency region, the trend of
the changing of design parameters are in accordance with the
previously proposed design rules [12], [16]. Generally, if a de-
sign for lower-frequency QWPs is needed, we could decrease
the Al fraction and increase the width of QW simultaneously.
However, in the low-frequency region, something different oc-
curs. Lowering the Al fraction will result in an exponentially
increasing escape probability of electrons originally confined in
QWs, especially at low Al fractions. Thus, many-particle effects
become much weaker and eigenenergies fall less deeply. The
QW width should be adjusted and even decreased to obtain the
target detection frequency and ensure the second subband to be
resonant with the top of the barrier.
To indicate their PLIP performances, the required power for

THz QWPs to realize PLIP detection is given in Fig. 10(a). The
black line represents the corresponding power density when
operated at the maximum temperatures. As shown, the required
power densities grow rapidly as the detection wavelength and
PLIP temperature increase, indicating that the PLIP operation
condition is more demanding at lower THz frequencies and
higher temperature, which is mainly caused by the higher dark
current generated in these parameter regimes. The required
power densities can easily be obtained by a high power laser
(such as THz QCL), since THz QCL can provide high power
up to hundreds of milliwatts. Note that presently THz QCLs
still need cooling, which makes them compatible with the
operation of THz QWPs. Thus, the combined operation of
THz QWP and QCL for gas sensing and other applications
is practical. For instance, to realize PLIP detection at 77 K,
the frequency of THz QWPs should be no less than 5.5 THz.
Taking 5.5 THz QWPs as an example, it needs a signal power
higher than 819 W/cm to achieve PLIP, which is far less than
the tolerable illumination density 10000W/cm reported by Liu
et al. on a 10 10 m QWP device [34]. The PLIP detectivity
and minimum signal to noise ratio for THz QWPs are also
presented in Figs. 10(b) and (c), respectively. Both are obtained101
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Fig. 10. Calculated (a) required power for PLIP , (b) PLIP detectivity
and (c) signal to noise ratio (SNR) as the function of response frequen-

cies at different PLIP temperatures. The THz QWPs' parameters are optimum
designed in Fig. 8. The black lines in (a), (b) and (c) represent the corresponding
power density, detectivity and signal to noise ratio for each QWP when works
at its maximum temperature.

when the QWPs are illuminated with required power to achieve
PLIP. Thus, the PLIP detectivity is the maximum while the
signal to noise ratio is the minimum. When the signal power
density increases at fixed temperature, on the one hand, signal
current will be enhanced and better signal to noise ratio will be
obtained. On the other hand, the enhanced signal current will
result in an increased signal noise current which will inevitably
deteriorates the detectivity. Thus, the signal power density
could be adjusted as needed for operation.

V. CONCLUSION

In conclusion, we have reported a systematic theoretical and
experimental investigation on the PLIP performances of THz
QWPs, which could be used in combination with a THz laser
for detection at high operation temperature, by analyzing its
dark current performance and photocurrent response. We also
give the optimal doping concentration for different operating
temperature considering its influences on required signal power
density for PLIP, detectivity and signal to noise ratio. Accord-
ingly, unlike in previous studies, the optimum doping concen-
tration is not fixed, but determined by the operation temperature.
We present optimized designs of THz QWPs for different PLIP
temperatures and specify their PLIP performances. Simulated
results indicate that a QWP with peak response frequency of

5.5 THz is expected to achieve PLIP at signal power density of
819 W/cm and above. Higher temperatures (e.g., even higher
than 100 K, but below their maximum temperatures) can also be
obtained by high-frequency THz QWPs under practical illumi-
nation density. In our calculations, many-particle effects have
been taken into consideration.
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�We demonstrate high quantum efficiency (17%) InAs/GaAs p-type quantum dot infrared photodetector.
� The p-type hole response displays a well-preserved spectral profile, independent of the applied bias.
� The p-type quantum dot photodetector exhibits a strong far-infrared response up to 70 lm.
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InAs/GaAs quantum dot (QD) and dots-in-well (DWELL) infrared photodetector (QDIP) based on p-type -
valence-band intersublevel hole transitions are reported. Two response bands observed at 1.5–3 and 3–
10 lm are due to optical transitions from the heavy-hole to spin–orbit split-off QD level and from the
heavy-hole to heavy-hole level, respectively. The p-type hole response displays a well-preserved spectral
profile (independent of the applied bias) observed in both QD and DWELL detectors. At elevated temper-
atures between 100 and 130 K, the DWELL detector exhibits a strong far-infrared responses up to 70 lm.
An external quantum efficiency of 17% is demonstrated. The studies show the promise of p-type QDs for
developing infrared photodetectors.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The quantum dot infrared photodetector (QDIP) has received
considerable attention, owing to the advantage of three-
dimensional confinement of carriers [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 opti-
mized bound-to-bound transitions in a GaAs-based n-type DWELL
structure has led to the achievement of 12% QE [4]. Most of studies
have focused on the operation based on n-type electrons [5,4].
Despite the promising characteristics, a major challenge associated
with QDIPs is the low quantum efficiency (QE) [6]. The relatively
low QE of QDIPs results in part from the large fluctuation of the
dot size in the Stranski–Krastanov growth mode. This, along with
the low QD density as compared to the density of dopants in quan-
tum-well infrared photodetectors (QWIPs), gives rise to the lower
absorption efficiency than expected. Photodetectors based on
p-type doping are not studied as widely as the n-type counterpart.
Room-temperature operation by utilizing p-type inter-valence-
band transitions [7–9] were recently demonstrated using bulk
heterojunctions. Aside from the high-temperature operation,
inter-valence-band transitions typically yield a broad-band
absorption and detection spanning from 1 lm up to beyond
10 lm [10]. This allows for a convenient tuning of the spectral
response by adjusting the heterojunction band offset. However,
an intrinsic drawback of using bulk semiconductors is the fast car-
rier relaxation time, which is, for example, about 0.1 ps for
1� 19 cm�3 p-type doped GaAs. In contrast, quantum structures
such as dots or dots-in-well are demonstrated to have longer life-
time of photocarriers (up to nanoseconds) [11]. As such, an integra-
tion of the QD structure and p-type hole transitions could offer an
alternative route to develop high performance QDIPs.

In this article, we discuss p-type InAs/GaAs QDIP [12] and
DWELL [13] detectors, operating based on the valence-band inter-
sublevel hole transitions. The use of p-type hole response shows
promising characteristics; for example, a quantum efficiency of

http://crossmark.crossref.org/dialog/?doi=10.1016/j.infrared.2014.10.016&domain=pdf
http://dx.doi.org/10.1016/j.infrared.2014.10.016
mailto:uperera@gsu.edu
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17% is demonstrated. Additionally, hole response has a well-pre-
served spectral profile, as opposed to conventional n-type electron
response strongly dependent on applied bias. Operation based on
holes involves optical transitions associated with three valence
bands (VBs) and higher effective mass of the holes. The former
leads to a broad response allowing for convenient tailoring of the
spectral response. The latter features increased density of states
and thus enhanced absorption, as a great number of holes are
allowed in QDs. Also, higher effective mass of holes means the
lower dark current compared to conduction through electrons.

2. Device structures

The p-type QDIP and DWELL structures are grown by molecular
beam epitaxy, as shown in Fig. 1(a) and (b), respectively [12,13].
The absorbing region consists of 10 periods of InAs QDs, between
which is an 80-nm thick undoped GaAs layer. For the DWELL struc-
ture, QD layers are embedded in a 6-nm thick In0.15Ga0.85As QWs.
The pyramidal shape of QDs has the height and base dimensions
of � 5 and �20–25 nm, respectively. The dot density is about
5� 1010 cm�2. Free holes are introduced by a d-doping technique.
A sheet density of 5� 1011 cm�2 p-type dopants is placed above
Fig. 1. Schematics of the p-type (a) QDIP and (b) DWELL structures. Free holes are introd
band structures of the QDIP and DWELL detectors, respectively, where solid horizontal l
lines are the band edges. The dashed lines are the calculated using an effective-mass
Indicated transitions agree with the experimental response.
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the QDs, with a 15-nm thick spacer (GaAs) in-between them,
which gives about 10 holes per dot.

The detectors were processed by wet etching to produce square
mesas, which was followed by evaporation of Ti/Pt/Au ohmic con-
tacts onto the top and bottom p-type GaAs contact layers. A top
ring contact with a window opened in the center was fabricated
to allow front-side illumination. The experiments were carried
out on 400� 400 lm2 mesas with an open area of 260� 260 lm2

in the center allowing for front-side illumination. A Perkin–Elmer
system 2000 Fourier transform infrared spectrometer is used to
measure the spectral response. A bolometer with known sensitiv-
ity is used for background measurements and calibration of the
responsivity.
3. Results and discussion

The electronic structures of QDIP and DWELL detectors are
shown in Fig. 1(c) and (d). In contrast to only one electron state
in the conduction band, many hole states are allowed in the dots.
From numerical computation point of view, this means a massive
number of eigenvalues to be solved simultaneously from the
uced into QDs by d-doping above the QD layer. (c) and (d) are the computed valence
ines represent for hole states obtained by using an 8� 8 k � p model [16]. The thick
method. The labeled HH1–HH3 are the levels of the In0.15Ga0.85As/GaAs QW [13].
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eight-band Hamiltonian, which becomes even difficult in the
higher hole energy range where dense states are included. To facil-
itate the computation, the spin–orbit split-off (SO) states were
obtained by treating the QD as a quantum well (QW) and using
an effective-mass method. The much wider in-plane dimension
of the dots than the height partially validates such a treatment.
We use the QW SO state to represent for the QD SO hole and
interpret the spectral response, which should be acceptable for
analysis on distinguishing respective contributions of VB hole
transitions to the response. The DWELL detector has two sets of
energy levels, corresponding to the QD and QW, respectively. The
In0.15Ga0.85As/GaAs QW contains three HH levels (dashed lines),
which are obtained using an effective-mass method [14].

The dominant response of the p-QDIP was observed at 1.5–3
and 3–10 lm, as shown in Fig. 2. The overall spectral profile is
analogy with that of the p-type GaAs heterojunction detector
(inset of Fig. 2). However, the responsivity of p-QDIP is about
10–20 times higher than that of the heterojunction detector,
despite that QDIP contains a much thinner absorbing region than
the heterojunction. This characteristic indicates that the origin of
response should be dominantly due to the QDs but not the
p-type GaAs contact layers, benefiting from the longer hole life-
time of QDs. As shown in the inset of Fig. 2, the response of QDIP
is also higher than that of the DWELL detector, owing to the less
hole escape probability in the DWELL structure.

The small spacing between hole states (< 30 meV) leads to
varying response with the photon energy in accordance with the
band structure of InAs/GaAs. For example, the two response bands
lie above and below the SO splitting energy of InAs (0.39 eV or
3.2 lm in wavelength) for the p-QDIP. The experimental short-
wavelength response peak at 0.552 eV corresponds to the hole
transition from the HH ground state to the SO state (transition I
of Fig. 1(c)), while the long-wavelength peak at 0.247 eV corre-
sponds to the hole transition from the HH ground state to the state
near the GaAs barrier (transition II). It was observed that a small
long-wavelength response tail rises at higher bias with its peak
at 0.148 eV (transition III).

The optical transitions ending up at the bound states (above the
GaAs heavy-hole/light-hole (HH/LH) band edge in the valance-
band diagram) do not contribute to the response unless photoex-
cited holes surpass the GaAs barrier. This is expected to be accom-
plished by a tunneling process, leading to bias-dependent
response. However, such a characteristic is not observed in our
p-type QDIP as well as the p-DWELL detector. For comparison at
different biases, response spectra are normalized by multiplying
a factor, as shown in Fig. 3(a) and (b) for the QDIP and DWELL
detectors, respectively, where the insets show two primary
Fig. 2. Spectral response of the p-type QDIP at 78 K. Inset: response spectra of the
p-type QDIP, DWELL and GaAs/AlGaAs heterojunction detectors [9] are compared.
The bias voltages are selected such that they lead to nearly the same electric field.
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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, respectively. It can
be seen that the spectral response is distinctly different from the
n-type DWELL detectors [2,4], where the wavelength range of the
response varies from the mid-wavelength infrared to long-wave-
length infrared. 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. The spectral response
of the p-type QDIP is dominated by a Gaussian peak at low bias.
An additional high-energy peak occurs at high negative bias and is
attributed to be due to the HH bound-to-LH bound transition (tran-
sition III in Fig. 1 (QDIP)). 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 depen-
dent as a consequence of the escape of photoexcited holes through
tunneling. Much reduced tunneling probability of holes allows an
explanation for this feature. Calculation of tunneling probability
based on the Wentzel-Kramers-Brillouin (WKB) approximation
shows that more than 103 � 105 higher tunneling probability of
electrons than that of the holes is the reason of bias-dependent
response in the n-type DWELL detectors, whereas the spectral range
of the p-type response remains stationary at different biases.

The hole transition which contributes to the primary response
peak of p-QDIP at 0.247 eV may end up to quasibound states. Hole
states becomes denser at the higher energy portion of the HH con-
finement potential, due in part to the larger hole effective mass and
to the LH confinement potential, which leads to a continuum of
tenuously bound states [15]. This characteristic is consistent with
the broad nature of the response peak with Dk=k ¼ 0:42, where k
and Dk are 5.2 lm and 2.2 lm, respectively. However, the HH
bound-to-HH quasibound transition may dominate over the HH
bound-to-LH continuum transition, as the bound-to-quasibound
transition has the higher absorption than the bound-to-continuum
transition. Compared to the HH to HH response, the short-wave-
length response peak contributed by the HH to SO transition is
not as strong as in the heterojunction case, as shown in Fig. 2. A
possible cause is the impact of strain on the local band edges, lead-
ing to a much shallower SO confinement potential than the HH
band and giving rise to continuum SO states.

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. 4(a)). The calculated gain is shown
in Fig. 4(b). The value of QE can be obtained using QE ¼ R� hm=eg,
as shown in Fig. 4(c), where R is the responsivity. The experimen-
tal dark current of DWELL is about 40 times less than that of QDIP.
The maxim QE of the QDIP and DWELL detector is obtained to be
17% and 9%, respectively. The specific detectivity is given by
D� ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A� Df

p
=in, where A is the device area and Df is the band-

width. The maximum values of detectivity at 78 K for the response
peak at 5 lm are 1:8� 109 and 1:4� 109 cm Hz1/2/W, respectively.

It was found that a strong far-infrared responses is observed at
higher temperatures (100–130 K), as shown in Fig. 5. As for the
normal response peak (<10 lm), its intensity decreases with
increasing temperature while the far-infrared response increases
with increasing temperature. Thermal excitation of carriers from
the ground state to excited states can increase the absorption of
the far-infrared radiation (low energy transition), and thus
enhance the response. It is confirmed that the far-infrared response
appears only at temperatures above � 100 K and increases as the
temperature rises from 100 K to 130 K. The calculated energy spac-
ing between the dot levels is about 5–28 meV. There is no peak
shift with either bias voltage or temperature. From 78 K to 130 K,
the peak responsivity of the 5.4 lm peak decreases by �65%, while



Fig. 3. Normalized spectral response of (a) QDIP and (b) DWELL detectors at 78 K, where the insets plot the whole spectral range including a higher-energy peak. (c) and (d)
are Gaussian fittings, where each dotted lines (Gaussian components) gives the observed spectra in (a) and (b). Insets show the summation of the Gaussian components, in
good agreement with the experimental spectra.

Fig. 4. (a) Dark current density of the p-type QDIP and DWELL at 80 K. (b) and (c)
(shown as insets) are the gain and QE, respectively.

Fig. 5. The far-infrared response observed at high temperatures in the DWELL
detector, as a consequence of increasing occupancy of carriers in the high-energy
level with increasing temperature.
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the far-infrared response around 32.6 lm increases by a factor of
�100.

The demonstrated p-type QD detectors do not employ a dark
current blocking layer. This causes the dark current more than
10
three orders of magnitudes higher than that of n-type QDIPs which
typically use a current-blocking layer [3]. Although the current
blocking layer also reduces the responsivity, the noise is sup-
pressed more effectively, leading to increased signal to noise ratio
and the detectivity [3]. Further improvement of the QE could be
accomplished through optimizing the optical transition type, for
example, by using bound-to-bound transitions, which should lead
to improvement in the absorption.

4. Conclusions

To conclude, we have demonstrated the promise of using p-
type hole transitions to develop QDIPs, with a higher QE of 17%
being demonstrated. Two response bands at 1.5–3 and 3–
10 lm were confirmed as being due to hole transitions from the
HH to SO level and from the HH to HH level, respectively. 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.
The well-preserved spectral response should benefit the optimiza-
tion of bias for optimum response and the control of spectral
response for the detector development. Furthermore, a far-infrared
response originating from high-temperature operation (100–
130 K) is observed in the DWELL detector, as a consequence of
transitions between excited QD levels. This allows for the p-
type QDs to be potentially used to develop high-temperature Ter-
ahertz detectors.
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Design of a novel low-background spectrometer for infrared sensitive detection
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Shanghai Jiao Tong University，Shanghai 200240，China)

Abstract: The design of a novel low-background spectrometer based on lamellar grating interferometer ( LGI) is
presented． Ｒeducing background noise helps to improve the spectrometer system detectivity for detectors operating
under background limited performance ( BLIP) regime，and then improve the signal to noise ratio ( SNＲ) of spec-
trometer． The principle is that perfect mirrors do not emit blackbody radiation since their emissivity equals zero．
Therefore，a lamellar grating interferometer based on a“cold”source and a“cold”detector becomes an extremely
sensitive instrument because of the reduction of background radiation． Theoretical analysis shows that the system
detectivity can be improved substantially with background radiation dropping． In ideal case，for a typical HgCdTe
detector，the real BLIP detectivity obtained and corresponding SNＲ can be improved by three orders of magnitudes
when background radiation is reduced from 300 K to 77 K． Besides，without cooling the interferometer，this con-
figuration is more compact and easier-to-build compared with previously reported low-background Michelson spec-
trometer． This design has important significance for infrared sensitive detection．

Key words: emissivity，background radiation，lamellar grating interferometer，detectivity，SNＲ
PACS: 33． 20． Ea，42． 79． -e

一种新型的用于红外灵敏探测的低背景光谱仪

高继红， 贾敬岳， 郝明瑞， 沈文忠， 张月蘅*

( 上海交通大学 物理与天文系 人工结构与量子调控重点实验室，上海 200240)

摘要: 提出了一种新型的基于反射光栅干涉仪的低背景光谱仪，当使用工作在背景限制条件下的探测器时，降

低背景噪声，有利于提高光谱仪系统的探测率，进而可提高光谱仪的信噪比． 由于理想反射镜发射率为零，故

其干涉仪组件无黑体辐射． 因此，基于低温光源、低温探测器和光栅干涉仪的光谱仪，其探测到的背景辐射大

幅降低． 进而得到低背景下的探测率实现灵敏探测． 理论分析表明随背景辐射的降低，背景限制条件下探测器

的探测率可大幅提高． 理想情况下，对工作在背景限制下的碲镉汞探测器，当由 300 K 的背景辐射降至 77 K
时，其探测率和相应光谱仪的信噪比可提高三个数量级． 另外，与之前报导的低温迈克尔逊光谱仪相比，它结

构紧凑且无需对干涉仪降温，易于搭建． 该设计对红外灵敏探测有重要意义．
关 键 词: 发射率; 背景辐射; 光栅干涉仪; 探测率; 信噪比

中图分类号: O469 文献标识码: A

Introduction

Fourier transform spectroscopy ( FTS ) has evolved
into a powerful and widely used research technique in
both laboratory and industry． However，in some applica-

tions，e． g． ，quantum information，atmospheric optics
and molecular dynamics，weak infrared signal calls for
highly sensitive detection． For an optimally designed
spectrometer，the detectivity of a detector is defined as
the normalized signal to noise performance，which deter-
mines the limit of weak signal detection［1］，and it is lim-
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ited by two factors，device noise and background noise．
To suppress device noise，cryogenic instruments are usu-
ally employed to cool the detector． Practically，it is al-
ways desirable to operate a detector under background
limited performance ( BLIP) for optimal detectivity［2-3］．
In such a case，background noise，other than the device
noise，is dominant to decide the detection capability． An
effective way to obtain higher BLIP detectivity of the sys-
tem is to reduce background noise via building a low-
background system．

Usually，there are two kinds of two-beam interfer-
ometers used in Fourier transform infrared spectroscopy
( FTIＲ) ，the conventional Michelson interferometer and
the compact lamellar grating interferometer ( LGI ) ［4］．
The schematic of a Michelson FTIＲ is shown in Fig． 1
which is composed of a Michelson interferometer，an in-
frared source，a detector and guiding lenses． The inter-
ferometer consists of a beamsplitter and two reference
mirrors ( fixed mirror and movable mirror) ． Using beam-
splitter，radiation is divided into two parts and then re-
combined after an optical path difference introduced． For
sensitive detection，McDonald et． al developed the first
low-background Michelson FTIＲ by placing the interfer-
ometer，detector and source in cryogenic shields［5］． Al-
though the signal to noise ratio ( SNＲ) of such spectrom-
eter can be improved obviously， the disadvantages of
bulky and expensive greatly restrict its widespread appli-
cation until now． For a LGI，the main feature is a mova-
ble binary grating，which acts as both beamsplitter and
components causing differential delay in Michelson inter-
ferometer． It was first demonstrated experimentally by
Strong and Vanasse in 1960［6］，and became more practi-
cal after the advancements in micro-fabrication and mi-
cro-electro-mechanical system ( MEMS ) technologies，
which enables the fabrication of precise diffraction grat-
ings and feasible actuations［7-8］． This instrument is com-
pact and robust． With comparable performance to Mich-
elson type，lamellar grating spectrometers have been de-
veloped in visible， infrared and terahertz region［9-12］．
However，LGI spectrometer introduced to achieve sensi-
tive detection has not been reported up to now． In this
paper，a novel low-background LGI spectrometer design
is proposed．

The paper is organized in the following structure．
First，we provide a simple analysis to prove that a low
background can improve the sensitivity of a spectrometer
and point out possible directions to reduce the back-
ground． Sources of background radiation in FTIＲ are dis-
cussed as well． In Sect． 2，the low-background LGI
spectrometer scheme is proposed． Both the configuration
design and operation principle are presented in detail．
Also，a comparison between the conventional spectrome-
ter and our design is given． In Sect． 3，theoretical cal-
culated BLIP detectivity of photoconductive HgCdTe de-
tectors is presented to discuss the performance of our de-
sign．

1 Analysis

Signal to noise ratio of a spectrometer system is the
key parameter to represent the sensitivity，which is deter-
mined by the comparison of signal and noise． Generally

Fig． 1 Schematic representation of a conventional Michelson FT-
IＲ
图 1 传统迈克尔逊傅利叶红外光谱仪示意图

speaking，the noise of a spectrometer mainly includes de-
tector noise，digitization noise，sampling noise，folding
noise，vibrations and microphonics noise［1］． For an opti-
mally designed spectrometer，each instrument should be
designed well enough so that detector noise is dominant
compared with noise from all other sources combined． In
such a case，the SNＲ of a two-beam spectrometer can be
calculated by the following expression［1］:

SNＲ =
UσΘΔσt

1 /2D* ξ
A1 /2

d
， ( 1)

where Uσ is the spectral energy density of a signal source
at wavenumber σ． △σ is the resolution，Θ is the optical
throughput，t is the measurement time，D* is the detec-
tor specific detectivity，ξ is the efficiency of the interfer-
ometer and Ad is the detection area． Considering a given
FTIＲ with fixed optimal △σ，measurement time t，and
Uσ，Θ，ξ are physical constants，then the SNＲ is deter-
mined only by detectivity: SNＲ∝D* ． Detectivity is gen-
erally given as［13］:

D* =
Ｒ Ad·Δ槡 f

in
， ( 2)

where Ｒ is the spectral current responsivity，△f is the
frequency band width and in is the total noise current．
According to the origins，noise of a photodetector is nor-
mally categorized into device noise，background noise
and signal noise． The device noise is induced by dark
current of the detector，which is closely dependent on the
device temperature． The background noise and signal
noise are produced by the background radiation and inci-
dent signal radiation，respectively． These three sources
of noise compete with each other and one of them domi-
nants depending on different operation condition． In gen-
eral，device noise is suppressed effectively and the de-
tectivity can be improved substantially when the detector
is cooled． However， the detectivity will be saturated
once the operation temperature is lower than the BLIP
temperature． In such a case，the only choice to get high-
er detectivity is to decrease the background noise．

As we know，when placing a detector at room tem-
perature，the detectivity is affected by radiation emitted
from its surrounding objects． The amount of radiation e-
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mitted by an object is governed by the Planck equation:

L( λ，TBB ) = ε 2c
λ4·

1
ehc /λkTBB － 1

， ( 3)

where L( λ，TBB ) is the spectral radiance，defined as the
photo flux per unit projected area per solid angle and per
unit wavelength． λ is the wavelength，h is the Planck’s
constant，c is the speed of light，k is the Boltzmann con-
stant，TBB and ε are the temperature and emissivity of the
object，respectively． Integration equation of Eq． ( 3) o-
ver the variable wavelength yields the Stefan-Boltzmann
equation:

P = εσT4
BB ， ( 4)

where P is the total emitted energy radiation power densi-
ty per area，σ is the Stefan-Boltzmann constant． Eq．
( 4) clearly shows that the temperature TBB and emissivity
ε of the object determine the radiation power density． As
P is proportional to T4，a low background can be ob-
tained by reducing the temperature of background ob-
jects． Therefore，placing all involved instruments in cry-
ogenic environment is a valid way to build the low-back-
ground spectrometer system．

According to Eq． ( 4) ，emissivity is the other deci-
sive parameter for radiation power density． It is a con-
stant between 0 and 1，and the value is affected by mate-
rial，surface condition，reflectivity，and opacity of the
object． In steady-state，the total energy acts on an ob-
jects satisfies: reflectivity + transmissivity + absorptivi-
ty = 1 and absorptivity = emissivity． If the object is o-
paque，the emissivity of a surface could be given as em-
issivity = 1 － reflectivity，which means that a high reflec-
tivity will results in low emissivity and low radiation．
Therefore，employing opaque instruments with high re-
flectivity in a FTIＲ can effectively cut down the radiation
emitted from the system itself．

For a detector equipped in FTIＲ，background radia-
tion originates from adjacent objects it can“see”inclu-
ding interferometer，source port and detector port． Ｒadi-
ation from the interferometer is easily collimated and fo-
cused onto the detector due to its specific location． Ｒadi-
ation from the source port，such as source package and
holder，is another important source of background． In
addition，radiation from the detector package and holder
can also enter the interferometer，then reflect back and
contribute to the background． Stray light from other sur-
rounding objects can be detected as well，but this contri-
bution is usually much smaller． Therefore，to achieve
weak signal detection，radiation from the interferometer，
detector and source should be suppressed．

In traditional Michelson FTIＲ，radiation from the
interferometer ( e． g． ，mainly from beamsplitter) and op-
tical lenses is an important part of background radiation．
Emissivity of these components can’t be made very low
across a broad wavelength range． Hence，besides the
source and detector，interferometer and optical lenses
have to be cooled down for a low-background Michelson
spectrometer， which requires complicated cryogenic
shields． This configuration is by no means easily a-
chieved． Therefore，it is critical to simplify the low-
background configuration by cutting down radiation from
the interferometer in a simple way．

2 Design

The schematic diagram of the low background LGI
spectrometer is shown in Fig． 2 ( a) ． Two parabolic mir-
rors ( the input and output mirrors ) are employed to
guide light beams． The source and detector are placed at
the focus of these two mirrors，respectively． At the input
mirror，radiation from the source is caught and converted
to be a diffraction limited parallel beam towards the grat-
ing fingers． After reflected by grating，the beams are col-
lected and focused onto detector by output mirror． La-
mellar grating is the main feature，which is a binary grat-
ing operating in the 0th order［14］． It is composed of two
sets of comb fingers，one set is fixed and the other is
movable，as illustrated in Fig． 2 ( b ) ． The incident
beams are partly reflected by the fixed parts and partly by
the movable parts，which creates the wavelength-depend-
ent diffraction pattern． LGI requires that geometry of
source is approximate to a point source and highly coher-
ent． So，for extended sources an entrance pupil should
be added to produce the well-defined incident beams［10］．
In addition，an exit slit should be added in the focal
plane of the output mirror and in front of the detector，
which can increase the bandwidth． The size of exit slit is
decided by the minimum wavelength to be measured，as
it should be designed small enough to cut off any first-or-
der diffracted beams for wavelength longer than the mini-
mum wavelength［10-11］．

In a lamellar grating spectrometer，background radi-
ation from the interferometer could be neglected when
parabolic mirrors and grating fingers are polished smooth-
ly and coated with metal e． g． ，golden is preferred． Be-
cause gold coated mirrors are near perfect，they have re-
flectivity close to 100% and almost zero emissivity．
Then，in a LGI FTIＲ the background is mainly induced
by radiation from the source port and detector part．
Therefore，a low-background lamellar grating spectrome-
ter could be obtained simply by placing only the source
and detector in cryogenic shields，as the shadow parts
shown in Fig． 2 ( a) ． One point worthy noting is that the
entrance pupil and exit slit should also be placed in cryo-
genic environment to prevent radiation of their own． The
cooled exit slit，which controls the throughput of spec-
trometer，can also prevent most stray light from the sur-
roundings at ambient temperature． The other point is that
windows used in cryogenic shields may have emission as
well． In such case，one possibility is to abandon windows
if the entire system under vacuum and the other choice is
to use windows with appropriate coating so that it has
close to 100% transmission in the relevant wavelength
region．

Compared to conventional Michelson spectrometer，
the lamellar grating spectrometer has several differences．
First，lamellar grating functions as both beamsplitter and
reference mirrors in Michelson interferometer， which
makes it compact and robust． Subsequently，LGI divides
the wavefront of incoming radiation by the grating，in-
stead of splitting radiation amplitude at a beamsplitter as
in Michelson interferometer． Then，the measured wave-
length range is determined by the operation range of
beamsplitter material or coatings in Michelson interferom-
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Fig． 2 ( a) Layout of the lamellar grating spectrometer，the
shadow parts represent instruments which should be cooled
down for building a low-background LGI spectrometer ( b)
Working principle of the LGI
图 2 ( a) 反射光栅型光谱仪示意图，阴影部分代表建立
一个低背景光栅型光谱仪需要降温的部分 ( b) 反射光栅
型干涉仪原理示意图

eter，which could be a limitation，especially in far-infra-
red spectrometry，as the conventionally used lenses and
beamsplitter ( e． g． ，Mylar beamsplitter or the wire-grid
polarizer) exhibit strong dispersion and then have low ef-
ficiency． However，in LGI，the range is decided by grat-
ing period． Gratings can have the optimal efficiency close
to 100% and can operate over a wide spectral range． Al-
so，without a beamsplitter，LGI is non-dispersive and in-
sensitive to vibration noise．

For sensitive detection，the main advantage of la-
mellar grating spectrometer compared to Michelson spec-
trometer is the elimination of beamsplitter and optical
lenses，which avoids the vast majority of radiation from
the interferometer， then the LGI spectrometer has no
need to cool the interferometer for building a low-back-
ground system，which is more refined and easier-to-
build．

3 Performances

As talked above，there is nearly no radiation emit-
ted from the interferometer in a lamellar grating spec-
trometer，therefore，a low

background is obtained when the source and detec-
tor devices are cooled by cryogenic shields． In order to
discuss the performance more intuitively，we took typical
HgCdTe detectors as example to analysis the performance
of such design theoretically． HgCdTe detectors are the
most commonly used cryogenic detectors for infrared ap-
plications［15-16］． Ｒogalski et． al has demonstrated that the
BLIP temperature of HgCdTe detectors ( λc ＜ 15 μm) is
not lower than 100 K facing 300 K background radiation
in 30° field of view ( FOV ) ［17］． So，the BLIP regime
can be always reached for cryogenic HgCdTe detector，e-
ven when background is suppressed． Actually，both pho-

Fig． 3 For a photoconductive HgCdTe detector，the dependence
of the BLIP detectivity on the wavelength for background tem-
perature is 300 K，200 K，100 K and 77 K，respectively
图 3 背景温度分别是 300 K、200 K、100 K 和 77 K 时，工作
在背景条件限制下的光导型碲镉汞探测器的探测率和波长的
关系

toconductive and photovoltaic HgCdTe detectors can
reach the performance described above and can be e-
quipped in the low background spectrometer［17，18］．
Here，we took photoconductive detector as example to il-
lustrate the performance of our design． The BLIP detec-
tivity for HgCdTe photoconductive detectors is expressed
as［17］

D*
BLIP ( λ) = λ η( λ槡 )

2hc sin2 ( θ /2) －1 /2 ×

∫ 2πcε
λ'4［exp( hc /λ'kBTBB ) － 1］

dλ( )' －1 /2

， ( 5)
where η ( λ) is the absorption at a given wavelength λ，
θ is the FOV angle． Typical parameters are used: FOV
angle θ = 30°，ε = 1 and η = 0． 7． In Fig． 3，the calcu-
lated BLIP detectivity at different background tempera-
ture is shown as a function of the wavelength． It shows
that with the background temperature dropping，the ob-
tained detectivity increases significantly，which is more
obvious for shorter wavelength． For example，for HgCdTe
detectors with cutoff wavelength at 9 μm，the detectivity
is 1． 27 × 1011 cmHz1 /2 /W facing 300 K background radi-
ation，while for 77 K ( liquid nitrogen temperature )
background radiation，the detectivity is 7． 11 × 1014 cm-
Hz1 /2 /W，which is improved by three orders of magni-
tudes． This calculation applies to photovoltaic HgCdTe
detectors as well， 槡only a coefficient of 2 should be add-
ed on the right of Eq． ( 5) ［18］． According to Eq． ( 1) ，
the SNＲ of lamellar grating spectrometer can be improved
three orders of magnitude as well，which has important
significance for weak infrared signal detection．

4 Conclusions

A novel low-background lamellar grating spectrome-
ter design is proposed． Without beamsplitter and lenses，
this design uses nearly perfect lamellar grating and mir-
rors to suppress the radiation from interferometer，then
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only the source and detector need to be placed in cryo-
genic environment． Due to the possible background radi-
ation suppressed greatly，this design provides a solution
of extremely sensitive detection． A simple estimation with
HgCdTe detector shows that in a wide wavelength range
( 3 ～ 12μm) ，the BLIP detectivity and the corresponding
SNＲ of spectrometer can be improved at least three or-
ders when the background radiation is reduced from 300
K to 77 K，and the improvement is especially obvious for
short wavelength． In contrast to the low-background
Michelson spectrometer available in literatures，the pro-
posed design does not need to cool the interferometer，
which is easier to implement and more beneficial to the
widespread use of cryogenic spectrometer．
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p-GaAs 同质结太赫兹探测器的优化与性能

钱 飞， 王天盟， 张月蘅* ， 沈文忠
( 上海交通大学 物理与天文系 人工结构及量子调控教育部重点实验室，上海 200240)

摘要: 从提高 p-GaAs 同质结太赫兹探测器量子效率出发，在考虑温度和偏压等参数的影响后，优化了谐振腔增强

的 p-GaAs 同质结太赫兹探测器的材料及结构参数，使探测器的量子效率提高到了 17% ． 并计算了探测器的响应

率、探测率和偏压、温度、光谱频率的关系，得到了最佳工作偏压( 10 ～ 40 mV)、最佳工作温度( ＜ 8 K) 和最大探测率
( 4． 1 × 1010 cm Hz1 /2 /W) ． 而通过施加一对匹配的反射镜来构造谐振腔的设计，所能获得的极限量子效率为 26%，

极限探测率和响应率分别为 5． 7 × 1010 cm Hz1 /2 /W、25． 9 A /W．
关 键 词: p-GaAs 同质结太赫兹探测器; 谐振器增强; 量子效率; 探测率
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Optimization and performance of p-GaAs homojunction THz detectors

QIAN Fei， WANG Tian-Meng， ZHANG Yue-Heng* ， SHEN Wen-Zhong
( Key Laboratory of Artificial Structures and Quantum Control，Ministry of Education，

Department of physics and astronomy，Shanghai Jiao Tong university，Shanghai 200240，China)

Abstract: In order to improve the quantum efficiency of THz detectors made of p-GaAs homojunction，the effects of
temperature and bias voltage were taken into account． By optimizing the materials and structure parameters of the reso-
nant cavity enhanced p-GaAs HIWIP detectors，its quantum efficiency was increased to 17% ． The relationships among
the responsivity and detectivity of the detector，bias voltage，temperature and spectral frequency were simulated，leading
to an optimized bias voltage range( 10 ～ 40 mV ) ，an optimal temperature( ＜ 8 K ) and a maximum detectivity ( 4． 1 ×
1010 cm Hz1 /2 /W) ． By applying a pair of matched mirror，the ultimate quantum efficiency，the detectivity and the re-
sponsivity are 26%，5． 7 × 1010 cm Hz1 /2 /W and 25． 9 A /W，respectively．
Key words: p-GaAs homojunction THz detectors，resonant cavity enhance，quantum efficiency，detectivity
PACS: 78． 20． -e

引言

高性能半导体太赫兹( THz) 探测器在物理学、
化学、医学、通信、检测、军事等不同领域有广阔的应

用前景，是太赫兹器件发展的重要方向［1-4］． 太赫兹

探测器发展的主要目标是拓展探测范围和提高器件

性 能． 基 于 同 质 结 内 光 发 射 功 函 数 红 外 探 测

( HIWIP，Homojunction Interfacial Workfunction Inter-
nal Photoemission) 概念的探测器，由于其结构简单、
探测的截止波长任意可调、材料和工艺成熟，已经成

为太赫兹探测器中的一个重要分支，受到了广泛关

注． 多周期的发射层 /本征层为这种同质结探测器的

基本结构． 其中发射层为重掺杂层，太赫兹吸收主要

发生在这一部分． 本征层为非掺杂层，主要负载偏置

电压． 其探测原理简单地说就是利用高掺杂和非掺

杂同质结界面上的功函数差异，通过内光发射实现

太赫兹探［5］． 从原理上讲，可以通过调节发射层的

掺杂浓度来获得任意的截止波长，并且探测器的截

止波长可以无限增大． 因此，高性能的 HIWIP THz
探测器的研究无疑具有重要的意义．

到目前为止，W． Z． Shen 等人已经研究了不同

结构参数的 GaAs HIWIP 探测器，量子效率普遍都
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比较低，因而响应率和探测率也不高［6-7］． 众所周知，

量子效率是衡量探测器性能的一个重要指标，其大

小将直接影响器件的响应率、探测率，提高量子效率

是探测器迈向实用的关键． 量子效率偏低的问题在

Si HIWIP 探测器和 n-GaAs HIWIP 探测器中也同样

存在． 为了解决这一矛盾，M． M． Zheng 以及 G． G．
Deng 等人提出用一对相互匹配的反射镜，从理论上

把 n-GaAs HIWIP 探测器的量子效率提高到了五倍，

显示出谐振腔结构在 THz 波段的有效实现［8-9］． 然

而，到目前为止，针对 p-GaAs HIWIP 探测器并没有

进行过 细 致 的 优 化 研 究． 尽 管 p-GaAs 和 n-GaAs
HIWIP探测器在研究方法上类似，但是由于两者载

流子有效质量存在较大的差异，因此性能上也存在

明显不同． 相比于 n-GaAs HIWIP，同样的截止波长

下 p-GaAs HIWIP 探测器对光的吸收效率更高，因此

更容易获得高的量子效率． 另外，以往关于 n-GaAs
HIWIP探测器优化过程中没有仔细地考虑过温度和

偏压的影响． 而对于 THz 探测器而言，忽略温度和

偏压的影响在很多情况下会造成一定的设计误差．
除此之外，设计谐振腔结构之后，p-GaAs HIWIP 探

测器的性能如何也无从得知．
本文从提高器件性能出发，在考虑温度和偏压

等参数的影响下，从理论上优化了谐振腔增强的 p-
GaAs HIWIP 探测器的材料及结构参数，并在 4 THz
下对 p-GaAs HIWIP 探测器进行了细致的研究． 首

先，采用菲涅尔系数矩阵法计算了 p-GaAs HIWIP 的

腔体结构对量子效率的影响，设计了底部金层反射

镜，把量子效率提高到 17% ; 然后计算了优化后器

件的暗电流和偏压、温度的关系; 最后，研究了探测

器的响应率、探测率和偏压、温度、光谱频率的关系，

得到了探测器的最佳工作偏压、最佳工作温度和最

大探测率． 此外，还计算了这种谐振腔增强的p-GaAs
探测器可能获得的极限量子效率和极限探测率．

1 腔体结构优化

p-GaAs HIWIP 探测器的结构示意图如图 1 所

示． 从上到下依次是顶部金属电极、顶部接触层、顶
部发射层、N 个周期的本征层和发射层、底部本征

层、底部金属电极、底部接触层、底部缓冲层和衬底．
其中从顶部发射层到底部本征层这部分我们称之为

探测器腔体． 当一束光入射到探测器光学窗口之后，

会在探测器内部产生光生载流子，探测器对光生载

流子的收集涉及到三个步骤: 首先光在重掺杂的发

射层中被吸收产生自由载流子，然后自由载流子被

输运到发射层和本征层之间的界面附近，最后载流

子在电场的作用下越过界面势垒被收集形成电流．
因此，探测器的量子效率 η 应该是光吸收率 A、内光

发射率 Vb 以及势垒收集率 ηc 三部分的乘积，即 η
= Aηbηc ． ηb = exp( － de /Lz ) ，其中 de 为发射层厚度，

Lz 为 非 弹 性 散 射 的 平 均 自 由 程，一 般 取 200 ～
300 ［10］． ηc = exp ( － xm /Ls ) ，xm = ( q /16π ε0 ·

εsF)
1
2 ，F = Vb /di 是本征区的电场，Vb 是偏压，q 是

电子电量，ε0 为真空介电常数，εs 是低频介电常数．
计算量子效率时，偏压 Vb 取 20 mV． di 是本征层的

厚度，Ls 为载流子在本征区的扩散长度，计算中取

276 ［11］． 于 是 量 子 效 率 η = Aexp ( － de /Lz ) exp
( － xm /Ls ) ． 响应率 Ｒ = qηλ /hc，探测率 D* = AD

1 /2Ｒ /
It，It 为总的噪声电流，h 是普朗克常数． 对于 HIWIP

探测器，总的噪声电流 It =［2q ( Ib + Id) ］1 /2 主要受

到背景光电流 Ib = qηQbAD 和暗电流 Id 的影响［12］．
我们假定入射光的场角( FOV) 为 180°，则背景光子

数通量 Qb = ∫πLB ( λ) δ( λ) dλ ，其中 LB ( λ) 是光子

幅度，δ( λ) 是吸收谱线型［13］，λ 是探测器的探测波

长，AD = 1 × 10 －3cm2 是探测器的面积．

图 1 p-GaAs HIWIP 探测器结构示意图． p + +、p + 和 i 分别
表示接触层、发射层和本征层，顶部开有光学窗口． Ert、Eit、
Erb 和 Eib 分别表示顶部反射镜和底部反射镜的反射、入射电

场矢量
Fig． 1 The schematic structure of p-GaAs HIWIP THz detec-
tor． p + + ，p + ，and i denote the contact layer，emitter layer，
and intrinsic layer，respectively． The optical window is opened
on the top． Ert、Eit、Erb and Eib are the internal incident and re-
flective electric field vector at the top mirror and bottom mirror

为了计算多层膜系中的光吸收，采用菲涅尔系
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数矩阵法，每层介质的复折射率 珘n =［ε∞ ( 1 － ωp
2 /

( ω2 + iω0ω ) ) + ωTO
2 ( εs － ε∞ ) / ( ωTO

2 － ω2 －
iγpω) ］1 /2，其中 ω = 2πc /λ 是入射光的频率． ωp =
( Ndq

2 /ε0εsm
* ) 1 /2为等离子激元的频率，Nd 是掺杂

浓度，m* 是 p-GaAs 中载流子的有效质量． ω0 = 1 /τ，

τ 是自由载流子的弛豫时间． ε∞ 是高频介电常数，γp

= 0． 25 × 10 －3q /h 是阻尼常数，ωTO是横光学声子的

圆频率，考虑温度 T 的影响后，εs = 12． 4 ( 1 + 1． 2 ×
10 －4T) ，ε∞ = 10． 60 ( 1 + 9 × 10 －5T) ，ωTO = 33． 81 ( 1
－ 5． 5 × 10 －5T) q /h［14］．

为了保证良好的欧姆接触，顶部接触层和底部

接触层的掺杂浓度取为 2 × 1019cm －3 ． 在优化探测器

结构参数时，假定工作温度是液氦温度 4． 2 K，偏压

是 20 mV，探测的是 4 THz 的入射光． 下面，首先从

提高量子效率为出发点来优化探测器的腔体结构参

数: 周期数 N，发射层掺杂浓度 Nd，发射层和本征层

的厚度 de、di ．
从量子效率的表达式中不难看出，提高 HIWIP

腔体内的光吸收率 A 是提高量子效率最有效的方

法． 提高光吸收率 A 的方法有两种: 一是增加掺杂

的发射层的数目，二是增加发射层的吸收系数 α［7］．
之前的研究表明，适当增加周期数 N 能够有效提高

量子效率，但是 N 受到碰撞离子化条件的约束，并

不是越大越好． 根据计算，必须小于 21［11］，故本文

计算中取 N = 20． 为了获得较高的吸收系数，发射层

的掺杂浓度 Nd 应较高． 但是 Nd 并不能过高，过高

的掺杂浓度会使器件的界面截断性变差，而且暗电

流也会增大，势必会严重影响探测器的性能． 因此，

在选择 Nd 时，必须同时考虑其与暗电流的关系． 在

无光照的情况下，探测器中的电子有可能会通过热

激发或者隧穿效应越过势垒，根据电子能量的不同，

可能有三种暗电流成分: 热发射暗电流( ITE ) 、热场

发射暗电流( ITFE ) 和场发射暗电流( IFE ) ． ITE的计算

可以利用理查森-杜什曼方程，ITFE和 IFE可以利用隧

穿理论来计算［12］．
图 2 给出了偏压 Vb = 20 mV、T = 4． 2 K 情况下，

暗电流随着掺杂浓度的变化曲线． ITFE远大于其他两

种暗电流，总的暗电流 ISUM 基本等于热场发射电流

ITFE ． 当 Nd = 1 × 1019 cm －3 时，暗电流 ISUM 还比较小，

之后开始迅速增大，因此 Nd 取 1 × 1019 cm －3 较为合

适，此时对应的截止波长( λc ～ 100 μm) 恰好包含

4 THz波段．
发射层的厚度 de 和本征层厚度 di 分别会影响

图 2 Vb = 20 mV、T = 4． 2 K 时，探测器腔体中三种暗电流

与掺杂浓度 Nd 的关系． 绿线表示总的暗电流
Fig． 2 The dependence of the three compositions of dark
current on the doping concentration with bias voltage Vb = 20
mV and temperature T = 4． 2 K． The green line is the total
dark current

内光发射率 ηb 以及势垒收集率 ηc，从而影响量子

效率． 图 3 表示的是量子效率 η 与 de、di 的关系． 当

di 一定时，η 总是随着 de 的增大，先增大后减小． 这

是因为当发射层的厚度增加时，虽然吸收率 A 增加

了，但是内光发射率 ηb = exp( － de /Lz ) 反而会下降．
同时我们还注意到，当 de 一定时，η 随着 di 的增大

上下起伏，这是因为 di 会影响光场分布，另外 di 的

增大还会严重影响势垒收集率，因而会影响量子效

率． 从图中可知，当 de = 20 nm，di = 233 nm 时，量子

效率达到最大值 6． 3% ． 至此，我们完成了探测器腔

体结构的优化: 周期数 N = 20，Nd = 1 × 1019 cm －3，de

= 20 nm，di = 233 nm．

图 3 4 THz 条件下，量子效率随发射层的厚度 de 和

本征层的厚度 di 的变化关系
Fig． 3 The dependence of the quantum efficiency on the
thicknesses of the undoped and doped GaAs layers in the
cavity under 4 THz

2 谐振腔

通过腔体结构的优化，腔体内的吸收率达到
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35%，量子效率仅为 6． 3% ． 为了详细了解器件中各

部分的光吸收情况，需要分析探测器中的能流分布

图，如图 4 中的红色曲线所示． 假定光线从探测器光

学窗口垂直入射，则有 80% 的能量进入探测器，经

过 100 nm 厚的顶部发射层时有 10% 被消耗，接着

经过 20 周期的发射层和本征层以及底部本征层后，

还剩下 45%的能量． 此后，这些能量进入到对光电

流没有贡献的底部接触层，并有 26% 的能量透射出

探测器． 不难看出，只有 35% 的能量被探测器腔体

吸收，其余的 65% 都对光电流没有贡献，因而探测

器量子效率并不高．

图 4 探测器内部从上到下各层的能流分布情况，0
nm 的位置代表空气与探测器界面． 绿线是加了底部金
层反射镜后的能流分布，红线是未加底部反射镜时的
能流分布
Fig． 4 The energy flux distribution in different layers of
the detector from top to bottom． The location at 0 nm
denotes the interface between the air and the detector．
The green and red lines show energy flux distribution of
device with and without bottom gold mirror，respectively

为了进一步提高量子效率，可以在探测器的上

下设计一对相互匹配的反射镜，让能量在腔体内形

成谐振，多次经过腔体的发射层而被多次吸收，从而

有效的提高量子效率． 在设计反射镜之前，先定义反

射镜的振幅反射率和相位． 定义顶部反射镜的振幅

反射率 rt = |Ert /Eit |，相位 φt = arg( Ert /Eit ) ，底部反

射镜的振幅反射率 rb = |Erb /Eib |，相位 φb = arg( Erb /
Eib ) ． 其中 Ert、Eit、Erb 和 Eib 是图 1 中顶部和底部反

射镜表面上的电场．
从上文可知，多达 26% 的能量透射出探测器，

底部反射镜的作用在于把这些能量尽可能多的反射

回探测器腔体内． 那么，底部反射镜的振幅反射率应

该尽可能高． M． M． Zheng 等已经研究过 GaAs 和金

层作为底部反射镜对提高探测器量子效率的作用，

研究结果表明，金因其高的反射率( ＞ 99% ) 而具有

很好的效果［7］． 这种结构同样也适用于本文所设计

的探测器． 因此，在图 1 中底部接触层之下加上一层

本征 GaAs 和一层金层( GaAs 在上，金层在下) ，与

底部接触层一起构成底部反射镜． 此时顶部发射层

和空气形成的自然界面相当于顶部反射镜( 称之为

自然界面镜) ，与底部反射镜构成了谐振腔．
图 5 给出了量子效率 η 与底部反射镜中本征层

厚度 dib、金层厚度 dgb 的关系． 当 dib 一定时，量子效

率 η 先随着 dgb的增大而迅速增大，dgb ＞ 75 nm 后就

几乎不变，这是因为金的穿透深度很小． 而当 dgb 一

定时，η 随着 dib的增大而小幅减小，因为 dib 会小幅

影响光场分布． 由图可知 dib = 0 nm，dgb ＞ 75 nm 时

量子效率 η 达到最大值 ～ 17%，为不加底部反射镜

的 2． 7 倍． 另外，从图中还可以看到，当 dgb 一定时，

量子效率对 dib 不敏感． 因此，只需在器件制备完成

之后，在本征 GaAs 衬底背面镀上金层即可． 制备工

艺简单，器件性能却得到很大提高． 加上底部金层反

射镜之后，探测器腔体内能流的分布情况，如图 4 中

绿线所示． 此时，探测器腔体内的吸收高达 95%，只

有 4%的能量被反射和 1% 能量消耗在底部接触层

中，导致了量子效率的大幅提高．

图 5 腔体结构优化后，探测器的量子效率和底部反
射镜的本征层厚度 dib 和金层厚度 dgb 的关系
Fig． 5 The dependence of the quantum efficiency on
the thicknesses of the undoped GaAs layer and Gold lay-
er in the bottom mirror after the optimization of the cav-
ity

底部反射镜对能量的利用率已经高达 95%，那

么顶部反射镜的设计是否能够进一步提高量子效

率? 为此，我们计算了顶部反射镜对量子效率的影

响． 根据菲涅尔系数矩阵法，在不考虑具体的顶部反

射镜材料和结构的情况下，可以把任意复杂结构的

顶部反射镜等效为振幅反射率为 rt、相位为 φt 的单

层界面． 图 6 是探测器的量子效率与顶部反射镜的
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rt 和 φt 的关系图． 从图中可以知道，当顶部反射镜

的相位 φt = － 0． 1π 时，量子效率总是取得极大值．
并且当顶部反射镜的振幅反射率 rt = 82% 时取得极

限值 26% ( 此时，对应腔体内的吸收率 ～ 99% ) ． 也

就是说，对于优化后的 p-GaAs HIWIP 探测器而言，

通过施加一对匹配的反射镜来构造谐振腔这种设

计，所能获得的极限量子效率为 26% ． 我们称 t =
－ 0． 1π，rt = 82%的界面为顶部理想反射界面．

图 6 加了顶部理想反射界面后，探测器的量子
效率随顶部反射镜的振幅反射率 r t 和相位 φt 的

变化关系
Fig． 6 The dependence of the quantum efficiency
on the reflectivity r t and phase shift φt with an ideal
top reflection interface

3 性能研究

针对优化好的谐振腔增强的 p-GaAs HIWIP 探

测器，进一步研究了各项性能． 由于暗电流的大小是

衡量器件性能的一个重要指标，因此，了解优化好的

p-GaAs HIWIP 探测器的暗电流特性很有必要． 图 7
给出了 T = 4． 2 K 下，暗电流 Id 和偏压 Vb 的关系． 偏

压不仅会影响探测器能带结构，而且会影响载流子

的漂移速度，所以当偏压 Vb 增大时，总的暗电流

ISUM增大． 当器件工作在很低的温度下，并且偏压较

小的情况下，暗电流以热场发射暗电流 ITFE为主． 随

着 Vb 逐渐增大，IFE会迅速增大，并在 Vb = 61 mV 时

超过 ITFE成为影响暗电流的主要因素． 因此，对于 Nd

= 1 × 1019 cm －3 的器件，若电压超过 61 mV，暗电流

将对电压的变化很敏感．
图 8 则给出了 Vb = 20 mV 时，暗电流 Id 和温度

T 的关系． 从图中可以看出，在偏压不太大的情况

下，温度 T 对热发射暗电流 ITE影响最大，热场发射

暗电流 ITFE次之，而场发射暗电流 IFE几乎不随温度

改变． 温度一旦超过 18 K，热发射电流将超过热场

发射暗电流，成为影响暗电流的主要因素． 图 8 中的

图 7 4． 2 K 下，三种暗电流和偏压 Vb 的关系． 插图

是 55 mV ～ 70 mV 时，热场发射电流 ITFE和场发射电

流 IFE的变化曲线的局部放大
Fig． 7 The dependence of the three compositions of
dark current on bias voltage with T = 4． 2 K． Shown in
the inset is the partly magnified ITFE and IFE

插图给出了温度在 4 K 到 12 K 之间时探测器的暗

电流 Id 和背景光电流 Ib ． 当温度高于 8 K 暗电流 Id
将超过背景光电流 Ib 并迅速增大，这说明只有当温

度低于 8 K 时，探测器才工作于背景光电流限制模

式，即探测器的 Tblip为 8 K．

图 8 20 mV 下，三种暗电流和温度 T 的关系． 插图
是 4 ～ 12 K 时，暗电流 Id 和背景光电流 Ib 随温度的

变化曲线． 两者在 8 K 附近相等
Fig． 8 The dependence of the three compositions of
dark current on bias voltage with Vb = 20 mV． Shown
in the inset is the temperature dependence of dark cur-
rent and background photocurrent，which equals to
each other at 8 K

响应率和探测率是表征探测器性能的最重要的

两个参数． 图 9 表示 T = 4． 2 K 时，优化后的 p-GaAs
HIWIP 探测器的探测率 D* 以及响应率 Ｒ 随偏压 Vb

的变化曲线． ( a) 、( b) 分别表示加了自然界面镜和

顶部理想反射界面时的情况． Vb 较小时，D* 比较小，

这是由于小偏压下探测器的量子效率、响应率 Ｒ 较

小( 如插图所示) ． 当 Vb 增大到一定数值后，探测率

又会因为噪声电流 It 的增大而减小． Vb 在 28 mV 左

右时，对于两种不同的顶部反射镜情况，探测器分别

达到最大探测率 3． 9 × 1010 cm Hz1 /2 /W 和 4． 9 ×
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1010cm Hz1 /2 /W． 当 Vb 超过 35 mV 后，由于噪声电流

It 迅速增大，D* 急剧降低，探测器性能显著恶化． 因

此，为保证足够高的探测率 D* ，探测器的最佳工作

偏压应该 10 ～ 40 mV．

图 9 4． 2 K 下，探测器的响应率和探测率和偏压
的关系． ( a) 、( b) 分别表示理想反射界面和顶部自
然界面镜的情况
Fig． 9 The dependence of responsivity and detectiv-
ity of detectors on bias voltage with T = 4． 2 K． ( a)
and ( b) correspond to the cases of native interface
top mirror and ideal top reflection interface，respec-
tively

图 10 是 Vb = 20 mV 时，自然界面镜和顶部理想

反射界面情况下，探测率 D* 随温度 T 的变化曲线．
插图是对应的响应率 Ｒ 和温度的关系，在所给的温

度区间内，Ｒ 几乎不变． 而温度对探测器暗电流的显

著影响已由图 8 给出，所以温度主要通过影响噪声

电流来影响探测率． 从图中可以看出，当温度超过

8 K时，探测器的 D* 开始迅速降低． 所以，探测器的

最佳工作温度应该在 8 K 以下，探测率分别为 3． 8
× 1010cm Hz1 /2 /W 和 4． 7 × 1010cm Hz1 /2 /W．

图 10 20 mV 下，探测器的响应率、探测率和温度
的关系． ( a) 、( b) 分别表示自然界面镜和顶部理想
反射界面优化的情况
Fig． 10 The dependence of responsivity and detectiv-
ity of detectors on temperature with Vb = 20 mV． ( a)

and ( b) correspond to the cases of native interface
top mirror and ideal top reflection interface，respec-
tively

图 11 给出了 T = 4． 2 K、Vb = 20 mV 时，探测器

对光谱的响应． ( a) 、( b) 分别表示加了自然界面镜

和顶部理想反射界面时的情况． 从图中可以看到，

D* 曲线的变化规律和 Ｒ 曲线基本一致，探测器对光

谱的峰值响应都在 4 THz 附近． 所设计的器件峰值

探测率为 4． 1 × 1010 cm Hz1 /2 /W，要优于 W． Z． Shen
等人得到的结果［5-6］． 而对于 4 THz 的 p-GaAs HI-
WIP 探测器而言，通过施加一堆匹配的反射镜来构

造谐振腔这种设计，所能获得的极限探测率和响应

率分别为 5． 7 × 1010cm Hz1 /2 /W、25． 9 A /W．

图 11 4． 2 K、20 mV 条件下，探测器的响应率、
探测率和频率的关系． ( a) 、( b) 分别表示自然界
面镜和顶部理想反射界面优化的情况
Fig． 11 The dependence of responsivity and de-
tectivity of detectors on spectral frequency with T
= 4． 2 K and Vb = 20 mV． ( a) and ( b) corre-
spond to the cases of native interface top mirror
and ideal top reflection interface，respectively

4 结论

通过优化谐振器增强的 p-GaAs HIWIP 探测器

的材料和结构参数，使量子效率提高到了 17%，为

施加底部反射镜之前的 2． 7 倍． 这种通过施加一堆

匹配的反射镜来构造谐振腔的设计，所能获得的极

限量子效率为 26% ． 优化后的谐振器增强的 p-GaAs
HIWIP 探 测 器 Tbilp = 8 K，最 佳 工 作 偏 压 在 10 ～
40 mV，所 能 获 得 的 极 限 探 测 器 和 响 应 率 分 别 为

5． 7 × 1010 cm Hz1 /2 /W、25． 9 A /W． 而设计的探测器

的探测率( 4． 1 × 1010 cm Hz1 /2 /W) 与极限探测率非

常接近．
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Electrical crosstalk in InGaAs focal plane array

LI Dong-Xue1，WANG Tian-Meng1，SHEN Wen-Zhong1，ZHANG Yue-Heng1* ，LI Xue2，LI Tao2

( 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． State Key Laboratories of Transducer Technology，Shanghai Institute of Technical Physics，
Chinese Academy of Sciences，Shanghai 200083，China)

Abstract: Crosstalk characteristic is closely correlated to higher sensitivity and higher resolution imaging of focal
plane array ( FPA) ． The electrical crosstalk of typical planar and mesa In0． 53Ga0． 47As / InP FPAs as a function of il-
lumination wavelength，incidence，as well as the etching depth in the mesa structures was investigated quantitative-
ly in detail by simulation． It was demonstrated that mesa structures possess better electrical crosstalk characteristics
compared with the planar designs． Significantly，the crosstalk is lower for shorter wavelength radiation while the
front-side illumination devices show better electrical crosstalk characteristics than do the back-side illuminated de-
vices． It is ascribed to the influence of material absorption depth and the p-i junction depletion width of such struc-
tures． It was also found that the electrical crosstalk appears to be greatly suppressed when the etching depth of the
mesa structure covers the entire absorption layer of the device． The results suggest design rules for InGaAs FPA
with low electrical crosstalk．

Key words: In0． 53Ga0． 47As / InP focal plane array，electrical crosstalk，planar structure，mesa structure
PACS: 42． 79． Pw

InGaAs 焦平面探测器电串音性能的研究

李冬雪1， 王天盟1， 沈文忠1， 张月蘅1* ， 李 雪2， 李 淘2

( 1． 上海交通大学 物理与天文系 人工结构及量子调控教育部重点实验室，上海 200240;

2． 中国科学院上海技术物理研究所 传感技术国家重点实验室，上海 200083)

摘要: 串音与焦平面阵列( FPA) 的灵敏度和分辨率密切相关． 用模拟的方法定量地计算了 In0． 53 Ga0． 47 As / InP
探测器焦平面阵列的电串音随光波波长、入射方向和台面的刻蚀深度的变化情况． 结果显示台面结构的器件

的串音抑制性能比平面结构的要好． 明显地发现短波长的光串音较小，正照射的串音比背照射要小，这是由材

料吸收深度和异质结耗尽层宽度的影响造成的． 另外，当台面的刻蚀深度穿透吸收层厚度时，其电串扰几乎完

全被抑制． 研究结果提出了相应的 InGaAs FPA 的低串音设计．
关 键 词: In0． 53Ga0． 47As / InP 焦平面阵列; 电串音; 平面结构; 台面结构

中图分类号: TN215 文献标识码: A

Introduction

Photodiode arrays are critically important to short-
wave infrared ( SWIＲ) light sensing applications in tele-
communication，defense，and industrial systems． Photo-

diode arrays made of lattice matched In0． 53 Ga0． 47 As / InP
materials，used for SWIＲ imaging，are particularly at-
tractive because they are relatively economical，respond
rapidly to light amplitude modulation，and are extremely
sensitive at common eye-safe illumination laser wave-
lengths［1-2］． In recent years，the format and demand for

127



红 外 与 毫 米 波 学 报 34 卷

such detector arrays have increased dramatically while
the pixel density increases and the pitch of these devices
has been dramatically reduced［3］．

Crosstalk between the individual elements of an in-
frared sensing array occurs when the absorbed photons in
a particular detector of the array generates a signal in an-
other detector element． Under the influence of crosstalk，
the array’s image resolution and light sensitivity become
worse as the pitch of the detector array is reduced［4］．
The question of how to mitigate crosstalk is significant in
modern In0． 53 Ga0． 47 As / InP FPA's imaging technologies．
However，to date，few investigations have been reported
on InGaAs FPA crosstalk analysis［4-5］．

Crosstalk is often differentiated by its electrical and
optical traits． Optical crosstalk is the result of photon re-
fraction，reflection，external and internal scattering in
the illuminated detector elements toward undesired neigh-
boring detector elements． Electrical crosstalk results from
carriers that are photons generated under one detector
diffuse towards the other detector element where they are
collected． The electrical crosstalk is influenced by device
structure parameters such as array pitch and device ge-
ometry． Moreover，it is usually the electrical crosstalk，
which can be influenced by modifying the array’s struc-
tural traits，that we can address readily with appropriate
device design［6］．

In this paper，we study the electrical crosstalk of
In0． 53 Ga0． 47 As / InP FPA with planar and mesa structures
by numerical simulation．

1 Simulation

There are two kinds of structures that are frequently
adopted in InGaAs FPAs: the planar and the mesa struc-
tures． The schematic diagrams of these structures are
shown in Fig． 1．

The planar structure detector is mainly made up of n-
InP / i-In0． 53Ga0． 47 As /n-InP ( cap /absorption /buffer) epi-
taxial materials． Then，the p-diffusion region is formed
through the n-InP cap layer to produce a p-i-n junction．
The n-InP cap layer in this design is 0． 5 μm thick with
the doping concentration target of 5 ×1016 cm －3 ．

The mesa structure detector is made up of p-InP / i-
In0． 53 Ga0． 47 As /n-InP ( cap /absorption /buffer ) epitaxial
materials that are cap and absorption layer etched． The
etching depth is the InGaAs absorption layer etching
depth excluding the prior etching of the cap p-layer as
shown in Fig． 1 ( b) ． The p-InP cap layer in this design
is 0． 5 μm thick with the doping concentration target of 1
× 1019 cm －3 ．

In order to simplify the simulations，only three In-
GaAs photodiode pixels are simulated which are labeled
as anodes 1，2，and 3． The width of the p-diffusion win-
dows is 15 μm． The buffer layers are 1 μm thick n-InP
with a donor concentration target of 2 × 1018 cm －3 ． The
absorption layers are all 2． 5 μm thick，lattice matched i-
In0． 53Ga0． 47As to InP with a target background donor con-
centration of 1 × 1015 cm －3 ．

To further simplify the simulations，we consider only
the electrical crosstalk when light is incident on the cen-
ter pixel． Therefore， for our purposes， we define

Fig． 1 Schematic diagrams of ( a) planar structure，and ( b)
mesa structure In0． 53Ga0． 47As / InP FPA．
图 1 ( a) In0． 53Ga0． 47As / InP FPA 的平面结构示意图，( b)

In0． 53Ga0． 47As / InP FPA 的台面结构示意图

crosstalk as:

Crosstalk = 10 log (
IAnode1 + IAnode3

IAnode2
) ， ( 1)

where IAnode1，IAnode2，and IAnode3 are the net photocurrents
measured at Anode1，Anode2，and Anode3，respective-
ly．

The current density can be written as the sum of e-
lectrons and holes current densities:

J
⊥

Total = J
⊥

n + J
⊥

p . ( 2)
Three kinds of recombination mechanisms，i． e． op-

tical radiative，shockley-read-hall( SＲH) and surface re-
combination are used in the simulation．

Table 1 Physical parameters used in the simulation
表 1 计算中使用的部分物理参数

Parameters In0． 53Ga0． 47As InP
Ｒadiative recombination co-
efficient 9． 6 × 10 － 11 cm3 /s 1． 2 × 10 － 10 cm3 /s

Minority carriers lifetime 10 μs 0． 2 ns
Mobility of electrons /holes 10 000 /200 cm2 / ( V·s) As a function of doping［7］

Saturation velocities of elec-
trons /holes 2 × 107 /7． 7 × 106 cm /s 2． 5 × 107 /1 × 106 cm /s

Some physical parameters used in the simulation are
shown in Table 1． In the following simulations，the elec-
trical crosstalk characteristics of In0． 53 Ga0． 47 As / InP FPA
are obtained at the reverse bias of 0． 3 V． The incident
light is monochromatic with a spot size of 5 μm and uni-
form intensity of 70 pW．

2 Ｒesults and discussion

In order to verify the reliability of the simulation，
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the internal quantum efficiency and response of In0． 53

Ga0． 47As / InP PIN photodiode were calculated at first，as
shown in Fig． 2． The IQE was calculated by:

IQE =
IAnode

IAvailable Photocurrent
， ( 3)

where IAnode is the generated photocurrent in anode，
IAvailable Photocurrent is a measure of the photo absorption in the
device expressed as a current． It is shown that the calcu-
lated In0． 53 Ga0． 47 As / InP photodiodes are responsive be-
tween 0． 9 and 1． 68 μm at room temperature． The simu-
lated results agree well with the experimental results of
Sensors Unlimited，Inc． ，Goodrich ISＲ Systems［8］，in-
dicating that the results of photocurrent and selection of
parameters are reasonable and correct． This ensures that
the resulting calculation of crosstalk is also reliable．

Fig． 2 ( a) The internal quantum efficiency ( IQE) as a func-
tion of wavelength，( b ) The spectral response of simulated
In0． 53Ga0． 47As / InP PIN photodiode
图 2 ( a) In0． 53Ga0． 47As / InP PIN 光电二极管的内量子效率
( IQE) 随波长的变化，( b) In0． 53 Ga0． 47 As / InP PIN 光电二极

管的光谱响应

Light at 1． 3 μm ( O band) and 1． 5 μm ( C band)

are important eye-safe infrared wavelengths for telecom-
munications，medicine，and laser ranging that achieve
near optimal sensitivity when using InGaAs detector tech-
nologies． Therefore，we calculate the electrical crosstalk
at 1． 3 μm and 1． 5 μm for the outlined planar and mesa
structures．

Figure 3 shows the electrical crosstalk of the simula-
ted devices as a function of pixel pitch． The mesa struc-
ture in these simulations has an InGaAs etching depth of
0． 8 μm． It is clear that the exponential trend of electri-
cal crosstalk changes with pixel pitch independently of
device structure and wavelength． In addition， the
crosstalk of the planar array simulations is higher than
that of the mesa array simulations for the same pitch in-
dependently of illumination wavelength． This is because
mesa array with appropriate etching depth could suppress
the generated carrier lateral diffusion effectively． Taking
1． 5 μm as an example，when the pitch is 20 μm，the e-
lectrical crosstalk of mesa structure InGaAs FPA is about
5dB lower than that of the planar structure． These
crosstalk results suggest that if pixel size of the planar
FPA is 15 μm and distance between pixels is 5 μm，only
about 0． 3% ( 0． 1% for mesa structure ) of the signal
current on the center pixel will be laterally diffused into
the neighbor pixels． Therefore，in order to reduce the e-
lectrical crosstalk of InGaAs FPAs，mesa structures are a
better choice when potential passivation difficulties are
ignored．

Fig． 3 The electrical crosstalk of planar and mesa structure
InGaAs FPA at 1． 5 μm and 1． 3 μm wavelength for front-
side illumination．
图 3 1． 5 μm 和 1． 3 μm 的光正面照在平面和台面结构
时的电串音比较

Similar conclusions that electrical crosstalk in mesa
structure HgCdTe( MCT) FPA is lower than that of pla-
nar FPA were shown previously［6］． Compared with
HgCdTe( MCT) FPAs，the lower electrical crosstalk of
an InGaAs FPA is often favorable． Typically，a MCT
FPA has a higher electrical crosstalk than an InGaAs
FPA because of its increased diffusion current associated
with the intrinsically lower resistance-area product
( Ｒ0A) of MCTs［9］．

It should be noted that for a given structure，the
crosstalk at 1． 5 μm is always higher than that at 1． 3 μm
illumination，suggesting the FPA electrical crosstalk of
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these devices also varies with illumination wavelength．
Our simulations show that the electrical crosstalk of pla-
nar and mesa structures at 1． 3 μm illumination is about
7dB lower than that at 1． 5 μm illumination． The photon
number of 1． 5 μm illumination is only 1． 15 times larger
than that of 1． 3 μm illumination． Therefore，the result-
ant difference of crosstalk，which is approximately 5
times larger，suggests photon number is not the reason
for the crosstalk difference between these wavelengths．
However，the absorption depths within the InGaAs layer
at 1． 5 μm and 1． 3 μm illuminations are 1． 49 μm and
0． 54 μm，respectively，while the depletion width in the
p-i junction is about 1． 3 μm at the voltage bias of -0．
3V． Thus for 1． 3 μm light，carriers are generated mostly
in the p-i junction depletion region and do not laterally
diffuse because of the built-in electric field． This results
in lower electrical crosstalk at lower wavelength illumina-
tions．

Fig． 4 The electrical crosstalk of planar InGaAs FPA illumi-
nated from front-side and back-side orientation at 1． 5 μm and
1． 3 μm wavelength．
图 4 InGaAs FPA 在正照射与背照射的电串音比较

To verify the above theory of the depletion width and
the absorption depth，we further compared the electrical
crosstalk of planar structures illuminated at 1． 5 μm and
1． 3 μm from front-side and back-side orientations．
Front-side illumination represents light incident through
the p-InP cap layer，while back-side illumination repre-
sents light incident through the n-InP buffer layer． The
results of those simulations are presented in Fig． 4． When
illuminated from the front-side，the electrical crosstalk of
1． 5 μm light is about 7dB ( 5 times) higher than that at
1． 3 μm light． However，when illuminated from back-
side，almost all of carriers are generated outside of the p-
i junction for 1． 3 μm light． In contrast，part of the carri-
ers are generated in the p-i junction for 1． 5 μm，leading
to slight difference of about 1dB ( 1． 3 times) between
the two wavelengths．

For 1． 5 μm illumination，there is about 4 dB ( 2． 5
times ) difference between front-side and back-side
crosstalk． In contrast，the difference is 11dB ( 12 times)
for 1． 3 μm light． The results indicate that back-side il-
lumination has a worse electrical crosstalk compared with
the case of the front-side illumination for all the absorbed
light wavelength． In addition，this crosstalk difference is

more pronounced for wavelengths with shorter absorption
depth．

Note that we did not consider the influence of the n-
i junction because that its effect can be ignored when
compared with that of the p-i junction． This is demon-
strated by the simulated built-in drift field of the planar
structure with and without bias as shown in Fig． 5． In the
junction between the high doping 1 × 1019cm －3 p-InP cap
layer and i-InGaAs absorption layer，the built-in electric
potential is 1． 05 V，whereas it is 0． 35 V between the n-
i junction when the bias is 0 V． When the device is re-
verse biased to 0． 3 V，the drift field is still concentrated
on the p-i junction side as shown in Fig． 5( b) ． In addi-
tion，the depletion width of the n-i junction is only about
0． 2 μm，which is small compared with that of the p-i
junction and is much smaller than the absorption depth at
both 1． 3 μm and 1． 5 μm illumination wavelengths．
These observations suggest that most of the light absorp-
tion happens outside of the n-i junction，which can
therefore be largely ignored in our analysis of these de-
vices．

Fig． 5 The band diagram of In0． 53 Ga0． 47 As / InP PIN ( a )

without bias，and ( b) with reverse bias of 0． 3 V． The corre-
sponding potentials of In0． 53Ga0． 47As / InP PIN are also shown．
图 5 ( a) In0． 53 Ga0． 47 As / InP PIN 在零电压时的能带图，

( b) In0． 53Ga0． 47As / InP PIN 在-0． 3 V 电压时的能带图

Modern commercial InGaAs FPA manufacturers typ-
ically adopt back-side illumination FPAs that are flip
chip interconnection bonded to readout integrated circuits
( ＲOIC ) ． In such devices，increasing the p-i junction
depletion depth by using higher purity InGaAs is an alter-
native way to reduce the electrical crosstalk of the tradi-
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tional back-side illumination modes．
In Fig． 6，the electrical crosstalk simulation results

of mesa structure InGaAs FPA structures are shown． We
studied the effect of different etching depths when the il-
lumination wavelength is 1． 5 μm，the device length is
15 μm，and the pixel pitch is 20 μm． As expected，the
electrical crosstalk of the mesa structure InGaAs FPA is
suppressed by increasing the etching depth through the
InGaAs layer．

There are several mechanisms we proposed to ex-
plain this result． First，with increasing InGaAs etching
depth，the interface recombination at the etched walls
increases． This means the recombination rate of photon
generated carriers increases and thus the effective mi-
nority carrier concentration is reduced． Second，with
increasing etching depth，the effective absorption vol-
ume of InGaAs becomes smaller，so that the number of
photon generated carriers is reduced． The above two
factors decrease of the concentration of photon generated
carriers，and in turn result in a decrease of electrical
crosstalk for mesa structure InGaAs FPAs． A third can-
didate mechanism is that as etching depth increases，
pixels become more isolated and photon generated carri-
ers have less opportunity to diffuse laterally． Thus the e-
lectrical crosstalk of mesa structure InGaAs FPAs is
suppressed by increasing its etching depth． Similarly，
deep trench isolation ( DTI ) structures in mature com-
plementary metal oxide silicon ( CMOS ) imaging de-
vices demonstrates that its electrical crosstalk is sup-
pressed by increasing trench depth［10］．

As shown in Fig． 6 ( b) ，when the etching depth is
equal to the InGaAs absorption layer thickness，the elec-
trical crosstalk of mesa structure InGaAs FPA is close to
nil． At this time，the optical crosstalk will be the major
component of the crosstalk． We should note that，the
deepest etching depth maybe not the best mesa structure
considering the optical crosstalk． The optimal etching
depth should be balanced between the electrical crosstalk
and the optical crosstalk．

3 Conclusions

The electrical crosstalk of typical planar and mesa
In0． 53 Ga0． 47 As / InP FPAs as a function of illumination
wavelength，incidence，as well as the etching depth in
the mesa structures was investigated quantitatively in de-
tail by simulation． The calculated internal quantum effi-
ciency and responsivity traits are consistent with practical
InGaAs devices． The simulations show the crosstalk at
eye-safety illumination wavelengths of 1． 5 μm is higher
than that at 1． 3 μm for both planar and mesa structures
due to the absorption depth differences between these
wavelengths． Compared with front-side illumination，
back-side illumination shows higher electrical crosstalk，
and exerts a greater influence for the monochromatic light
that has a shorter absorption depth． It was also found that
the electrical crosstalk characteristics of mesa structures
are better than that of planar ones at any wavelength，
provided that they demonstrate similar traits． And it can
be suppressed by increasing the etching depth through
the InGaAs layer． These results present a guidance for
low crosstalk design of InGaAs FPA．

Fig． 6 ( a) The dependence of electrical crosstalk on pixel
pitch at different etching depths for front-side illuminated
mesa structure InGaAs FPA，( b) The dependence of electri-
cal crosstalk on etching depth for front-side illuminated mesa
structure InGaAs FPA
图 6 ( a) 不同吸收层刻蚀深度的 InGaAs FPA 台面结构
的电串音随像元间距的变化，( b) InGaAs FPA 台面结构
的电串音随吸收层刻蚀深度的变化
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We present a detailed study on the optimization of rapid thermal annealing (RTA) on GaN-based light emitting
diodes (LEDs). 14 mil × 28 mil GaN-based LED chips are fabricated with indium tin oxide (ITO) layer treated by
RTA under various temperatures and times. Through the optical and electrical property analyses of ITO film, it is
found that the transmittance and sheet resistance are improved after RTA process due to the better ITO crystal-
lization and bigger grain size, comparedwith ITO treated by conventional furnace annealing. By employing elec-
troluminescence measurement for the LED chips with RTA treatment, the forward voltage is found to be low as a
result of low sheet resistance and contact resistance, and light output power (LOP) is high due to high ITO trans-
mittance and good current density uniformity. Under RTA temperature of 550 °C and time of 3min, the optimized
LOP and forward voltage at 60mA injection current are 71.2mWand 2.97 V, respectively. Moreover, the reliabil-
ity of the chips with RTA is better than those with furnace annealing.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

With the development of GaN-based light emitting diodes (LEDs),
more and more attentions have been focused on their use in backlights
for liquid–crystal displays and cell phones, exterior automotive lighting,
traffic signals, etc. [1,2]. Due to high acceptor activation energy, the free
hole concentration is low in p-GaN, indium tin oxide (ITO) is used as the
current spreading layer for its low optical absorption coefficient and
high electrical conductivity. However, although significant progress
has been made in the growth and processing technology of LEDs, poor
Ohmic contact at ITO/p-GaN interface is still a problem. Large contact
resistances result in high chip forward voltage, low light extraction effi-
ciency and increase LED junction temperature, which eventually lead to
the degradation of GaN-based LEDs [3,4]. In order to obtain optimum
performance of conventional GaN-based LED chips, it is important to re-
alize low resistance thermal stability and uniform Ohmic contact be-
tween ITO and p-GaN.

In the fabrication process of GaN-based LED chips, after ITO films are
deposited on top of p-GaNby evaporation in vacuumcircumstance, they
are usually treated by furnace annealing to formOhmic contact [5], dur-
ing which the heating rate is low and parasitic resistance induced by
poor contact at the ITO/p-GaN interface is high. In order to obtain
good electrical properties, other annealing methods should be consid-
ered to guarantee good contact. In the past few years, rapid thermal

annealing (RTA) has gained acceptance as themainstream thermal pro-
cess in semiconductor manufacturing industry. During RTA process, the
wafer could be heated up and cooled down quickly, thus reducing the
solid-state diffusion of dopants introduced in the previous fabrication
steps, leading to a low parasitic resistance. Some publications have re-
ported the application of RTA on LEDs [6,7], however the researchers
mainly focus on the device performance of LED chip with RTA treat-
ment. The mechanism of optical and electrical property improvement
due to RTA still needs to be further studied.

In this paper, we presented a detailed investigation on the RTA pro-
cess applied in the GaN-based LED chip fabrication, the mechanism of
RTA applied on LEDs was analyzed, and various temperatures and an-
nealing times were chosen to optimize RTA condition. In addition, de-
vices with furnace annealing were made for the sake of comparison.
After RTA treatment, the electrical and optical properties of ITO films
under various RTA conditions were studied.

2. Experimental details

The GaN epilayers used in this study were grown on (0001) sapphire
substrates bymetalorganic chemical vapor deposition using hydrogen as
the carrier gas, and trimethylgallium, trimethylindium, and ammonia
were used as Ga, In, and N sources, respectively. Silane and bis-
cyclopentadienyl magnesium were used as n-type and p-type dopants,
respectively. The LED epitaxial structure was as follows: GaN buffer
layerwas deposited on the sapphire at a temperature of 520 °C, followed
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by 2.5 μmthick undoped-GaN and2 μmthickSi-dopedn-GaN at 1150 °C;
the undoped InGaN/GaN multiquantum well (MQW) active region was
grown at 780 °C, and finally, a 150 nm thick Mg-doped p-GaN epilayer
was grown at 1050 °C; and the InGaN/GaNMQWactive region consisted
of 11 pairs of 3 nm thick InGaN well layer and 9 nm thick GaN barrier
layer. The as-grown LED wafers were subsequently annealed at 750 °C
in N2 ambient temperature to activate Mg in p-GaN.

To guarantee the performanceuniformity, LEDwafers from the same
epitaxial run were selected to perform the following chip processes,
whichwere implemented by using standard chip processing techniques
including photolithography, inductively coupled plasma (ICP) etching,
and electron-beam (E-beam) evaporation, etc. After photolithography,
these wafers were partly etched by ICP until the n-GaN layer was ex-
posed. Prior to ITO deposition, the samples were dipped into sulfuric
acid hydrogen peroxide solution (H2SO4:H2O2 = 3:1) for 2 min, and
rinsed in running deionized water to clean the p-GaN surface. After-
wards, the ITO film with a thickness of 110 nm was deposited on
these samples in E-beam evaporation chamber under a vacuum pres-
sure of 3 × 10−6 Torr, with processing temperature of 300 °C and depo-
sition rate of 1 Å/s. Then the wafers with the ITO film were rapidly
annealed at various temperatures (400–700 °C) and annealing times
(1–10min) in N2 atmosphere, while onewaferwas subjected to furnace
annealingunder standard industrial condition (500 °C, 10min,N2 atmo-
sphere). Finally, Cr/Au was evaporated to form p-type and n-type elec-
trodes. By utilizing grinding and polishing, thesewaferswere thinned to
120 μm thickness, then scribed and broken into 14 mil × 28 mil GaN-
based LED chips, thus the chip fabrication was finished. Fig. 1 gives the
real picture and schematic cross-section view of GaN-based LED chip.

3. Results and discussion

3.1. Characteristic of ITO film

During the deposition of ITOfilm, the glass substrateswere loaded in
the E-beam evaporation chamber accompanied with GaN-based LED
wafers to monitor the sheet resistance and transmittance of ITO film,
which are important electrical and optical parameters to characterize
ITO quality. After deposition, we tested the ITO film on glass substrate
by using standard four-point probe technique and spectrophotometer.
The sheet resistance (average of several measurements at different

positions on the sample) and transmittance of ITO film prior to anneal-
ing were measured as 9.2 Ω/□ and 91.2% (at 460 nm), respectively.
Transmittance was normalized with respect to the glass substrate.
Then, the glass substrates with the ITO films and other LED wafers
were rapidly thermally annealed at various temperatures and times in
N2 ambient temperature. Temperature ramping speed was 20 °C/s,
and N2 flow rate was 7 L/min. At the same time, in order to compare
the effect of furnace annealing to that of RTA, one piece of glass with
the ITO film and one LED wafer were annealed in conventional furnace
under standard industrial condition instead of RTA.

After annealing process finished, the parameters of ITO films at differ-
ent annealing conditions were measured again by testing ITO films on
glass substrates. Figs. 2 and 3 give the transmittance and sheet resistance
of ITO films under different RTA temperatures and annealing times, re-
spectively. It is seen that at a certain annealing time, the transmittance in-
creases slightly in low temperature range, and then decreases after the
temperature exceeds 550 °C. While the sheet resistance decreases firstly,
and then increases. In comparison, the transmittance and sheet resistance
of ITO film after furnace annealing are 98.3% and 12.5Ω/□, respectively.

The as-deposited ITO films are amorphous, and annealing can ar-
range atoms to form stable polycrystalline films. With the increase of
annealing temperature, the degree of ITO crystallization is enhanced
[8]. Moreover, the stress of ITO films formed during deposition process
is better released [9]. These lead to high Hall mobility, as well as im-
proved transmittance due to the reduced light absorption. At the same
time, the neutral tin atoms diffuse to occupy some host lattice sites.
This will increase the cations, and then oxygen vacancies increase. Due
to the high Hall mobility and increment of oxygen vacancies after an-
nealing, the conductivity of ITO film improves. When the annealing
temperature is over 550 °C, lattice distortionwill decrease Hall mobility,
which then plays a more important role in the variation of ITO conduc-
tivity than the increment of oxygen vacancies, thus the conductivity de-
creases [10]. Moreover, the lattice distortion reduces the transmittance
due to light absorption.

The sheet resistance determines the conductivity of ITO film, especial-
ly for the in-plane conductivity, which influences the current uniformity
in InGaN/GaNMQW. Sheet resistance is affected significantly by electron
mobility. To further understand sheet resistance variations, scanning elec-
tronmicroscope (SEM)measurements are carried out for all of these sam-
ples. Fig. 4 presents the SEM micrographs for ITO films with furnace
annealing, as well as with RTA under different temperatures at 3 min an-
nealing time. It can be seen that the grain size is smaller for ITO film
annealedby furnace than those byRTA.With increasingRTA temperature,
ITO grain evolves from small size to big one, then small size again. Since
the annealing temperature is from 400 °C to 700 °C (the time is from

Fig. 1. Optical micrograph (upper) and schematic cross-section view of GaN-based LED
chip (bottom).

Fig. 2. Transmittance of ITO films under various RTA temperatures at annealing times of
(a) 1 min, (b) 3 min, (c) 5 min and (d) 10 min.
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1 min to 10 min), under which the crystal grain has formed and grain
boundaries become apparent. Suppose that grain boundary scattering
functions as themain scattering mechanism for ITO films after RTA treat-
ment [11], sheet resistance Rs can be expressed as [12]:

Rs ¼ 1=nqμgt ð1Þ

where

μg ¼ δqð Þ= 2πm�nKT
� �1

2 exp −
ϕb

KT

� �
: ð2Þ

Here n is the free electron concentration, q is the electron charge, μg is
the electronmobility dictated by grain boundary, t is the film thickness, δ

is the grain size,mn⁎ is the electron effectivemass,ϕb is the grain boundary
potential barrier, K is the Boltzmann constant and T is the absolute tem-
perature. For the small grain size, electrons are frequently scattered by
the boundary when passing through ITO film, which results in the low
electron mobility. It is evident that the sheet resistance is approximately
inversely related to electron mobility, so the conductivity of ITO film is
better after RTA treatment than that after furnace annealing. For other an-
nealing times, ITO grain exhibits the same evolution with temperature,
and the lowest sheet resistance (7.6 Ω/□) and highest transmittance
(98.9%) can be obtained when RTA condition is 550 °C at 3 min.

3.2. Optical and electrical properties of LED chips

In order to investigate the optical and electrical properties of LED
chips, room-temperature electroluminescence characteristics were
measured by injecting 60 mA DC current into the fabricated LED chips
on wafers. Fig. 5(a) and (b) displays the light output power (LOP) and
forward voltage (VF) for LED chips on thewafers under different ITO an-
nealing conditions, respectively. Note that different wafers were sub-
jected to different annealing conditions. There were thousands of LED
chips on each wafer, and LOP and voltage values were the average
values for the chips on each wafer. From Fig. 5(a), it is found that
under fixed annealing time, LOP increases with temperature first, and
then decreases in high temperature range. However, LOP exhibits differ-
ent tendencies with time at different RTA temperatures. In total, LOP
varies from 68.8mW to 71.6mW (for the chip with ITO furnace anneal-
ing, LOP is 69.2mW), the variation of which is affected by ITO transmit-
tance and sheet resistance. High transmittance means low light loss
when the photons generated in InGaN/GaN MQW pass the ITO layer,
thus leading to high LOP. However, high sheet resistance indicates bad
in-plane conductivity of ITO, resulting in the insufficient current spread-
ing, which intensifies the current crowding [13,14]. As a result, non-
uniform current density occurs in InGaN/GaN MQW. The resulting
local device heating and low photon generation efficiency of active

Fig. 3. Sheet resistance of ITO films under various RTA temperatures at annealing times of
(a) 1 min, (b) 3 min, (c) 5 min and (d) 10 min.

Fig. 4. SEM micrographs for ITO films treated by (a) furnace annealing, (b) RTA-550 °C, 3 min, (c) RTA-400 °C, 3 min, and (d) RTA-700 °C, 3 min.
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region induce low LOP. Therefore, we can see that the variation of LOP
correlates to that of ITO transmittance and sheet resistance as shown
in Figs. 2 and 3.

It is seen from Fig. 5(b) that with increasing RTA temperature, VF de-
creases first and then increases. For comparison, the average VF of LED
chips on LED wafer with furnace annealing is 3.06 V. It is known that
VF is impacted by sheet resistance of ITO, as well as the interface status
between ITO layer and p-GaN. To further analyze VF variation under dif-
ferent annealing conditions, we employed the square transmission line
model (s-TLM) to study the specific contact resistance at the interface
between ITO layer and p-GaN. Fig. 6(a) shows the schematic view of
TLM array structure fabricated in LED wafers, the area of each TLM
pad is 200 μm (L) × 700 μm (w), the distance between two neighbor
TLM pads is marked as di (i = 1,2… 5), and the width of the outermost
square p-GaN is 720 μm (z). Due to that (z–w)≪w, according to s-TLM
model [15,16], the total resistance Ri between the contacts is expressed
as:

Ri ¼
Rsh

z

� �
� di þ 2 � Rc; i ¼ 1;2…5 ð3Þ

ρc ¼
R2
c � z
Rsh

: ð4Þ

Here, Rsh is the sheet resistance of p-GaN layer, Rc is the contact re-
sistance, and ρc is the specific contact resistance. To get the influence

of various RTA conditions on ρc, current–voltage measurements were
taken on TLM patterns. Through lineally fitting the experimental data,
Rsh and Rc can be obtained, and then ρc can be calculated for the chips
under different ITO annealing conditions, as shown in Fig. 6(b).

We find that ρc has a similar relationshipwith RTA conditions as that
of VF, indicating that besides ITO sheet resistance, ρc plays an important
role in forward voltage change after ITO annealing. During RTA process,
gallium atoms diffuse out from p-GaN to the ITO contact and create gal-
lium vacancies, and indium atoms diffuse from the ITO contact to galli-
um vacancy sites in addition to the diffusion of Sn and O to GaN,
therefore forming a mixed interfacial layer at the ITO/p-GaN interface
composed of InxGa1 − xN, InxGayOz, etc., which could reduce the barrier
height and decrease contact resistance [17]. For high annealing temper-
ature and long annealing time, the excessive intermixing of materials at
the interface due to excessive annealing will increase the barrier width,
resulting in high contact resistivity [18]. It is also seen that under long
annealing time, ρc is higher at most annealing temperatures than that
under short annealing time, indicating that good contact has already
been formed for short time annealing, while long annealing duration in-
duces the contact deterioration. In the case of furnace annealing, the in-
terface materials could not be intermixed ideally due to the low
temperature ramping rate, thus leads to a high ρc (7.5 mΩ cm−2).
Through the optical and electrical property investigations of the chips,
the highest LOP (71.2 mW) and lowest VF (2.97 V) can be obtained
when ITO is rapidly thermally annealed at 550 °C for 3 min.

To study the optical and electrical performances of LED chip at differ-
ent driving currents, we tested the LOP–current and VF–current relation-
ships for the chips with RTA under 550 °C at different annealing times,
accompanied with that of furnace annealing, as presented by Fig. 7. In
this measurement, unpackaged chips were used and all of these chips
weremeasured onwafers. It demonstrates from Fig. 7(a) that at different
currents, LOP for the chips with RTA annealing is higher than that of the
chips with furnace annealing, showing better optical characteristic of

Fig. 5. LOP (a) and VF (b) of LED chips treated with different RTA conditions.

Fig. 6. (a) Schematic view of processed TLM patterns; (b) specific contact resistance of the
ITO/p-GaN interface as functions of RTA temperatures and times.
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LED chip after RTA treatment. The inset shows the electroluminescence
emission image of LED chip at an injection current of 5 mA.
Fig. 7(b) exhibits that with the increase of injection current, the voltage
increases smoothly, furthermore, the turn-on voltage for the chips
under RTA treatment is a little lower than that of furnace annealing,
due to the lower series resistance resulting from good ITO/p-GaN contact.

3.3. Reliability of LED chips

After thesewafers were ground and polished, they were scribed and
broken into separate chips. To carry out the accelerated aging test, we
package the chips in the transmitter optical can-type to avoid the im-
pact induced by packaging process as much as possible. The perfor-
mance of light output was measured by calibrating an integrating
sphere with a Si photodiode on the package device, which can collect
the light emitted in any direction from the LED. Fig. 8 presents the LOP
and VF variations (normalized to the initial values) of the chips during
accelerated aging test under 90 mA driving current at 85 °C of ambient
temperature. It is found that after 168 h aging, LOP of the chipswith fur-
nace annealing decreases by ~2%, larger than the LOP decrement for the
chips with RTA. At the same time, for the chips with furnace annealing,
VF increases slightly with aging time due to the series resistance incre-
ment induced by degradation process. While for the chips with RTA
treatment, electrical worsening is less than that with furnace annealing
as a result of better contact property. Both optical decay and electrical

worseningmeasurements imply the thermal stability of ITOfilm treated
by RTA.

4. Conclusions

The mechanism and optimization of RTA process applied on GaN-
based LEDs have been studied. Employing the optical and electrical
measurements, we found that the transmittance and sheet resistance
of ITO films treated by RTA are better than those treated by furnace an-
nealing. The electroluminescence analysis for GaN-based LED chipswith
RTA demonstrates that under an annealing temperature of 550 °C at
3 min, the optimized light output power and forward voltage for the
fabricated 14 mil × 28 mil chips with 60 mA injection current are
71.2 mWand 2.97 V, respectively, due to that the current density is uni-
form and the specific contact resistances at the interface between ITO
layer and p-GaN are low. In addition, the reliability of the chips with
RTA is better than those with furnace annealing.
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Fig. 7. LOP–current (a) and VF–current (b) relationships for the chips with RTA under
550 °C at different annealing times. The inset shows the emission image of LED chip
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under 90 mA driving current at 85 °C of ambient temperature.
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Competitive adsorption of a binary CO2–CH4

mixture in nanoporous carbons: effects of
edge-functionalization†
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The effect of edge-functionalization on the competitive adsorption of a binary CO2–CH4 mixture in

nanoporous carbons (NPCs) has been investigated for the first time by combining density functional

theory (DFT) and grand canonical Monte Carlo (GCMC) simulation. Our results show that edge-

functionalization has a more positive effect on the single-component adsorption of CO2 than CH4, there-

fore significantly enhancing the selectivity of CO2 over CH4, in the order of NH2–NPC > COOH–NPC >

OH–NPC > H–NPC > NPC at low pressure. The enhanced adsorption originates essentially from the

effects of (1) the conducive environment with a large pore size and an effective accessible surface area,

(2) the high electronegativity/electropositivity, (3) the strong adsorption energy, and (4) the large electro-

static contribution, due to the inductive effect/direct interaction of the embedded edge-functionalized

groups. The larger difference from these effects results in the higher competitive adsorption advantage of

CO2 in the binary CO2–CH4 mixture. Temperature has a negative effect on the gas adsorption, but no

obvious influence on the electrostatic contribution on selectivity. With the increase of pressure, the

selectivity of CO2 over CH4 first decreases sharply and subsequently flattens out to a constant value. This

work highlights the potential of edge-functionalized NPCs in competitive adsorption, capture, and separ-

ation for the binary CO2–CH4 mixture, and provides an effective and superior alternative strategy in the

design and screening of adsorbent materials for carbon capture and storage.

1. Introduction

Carbon capture and storage (CCS), as a promising approach to
mitigate the greenhouse gas emission, has attracted consider-
able attention during the past several years.1 Adsorbent
materials with a high CO2 adsorption capacity and excellent
selectivity of CO2 over other gases are essential for CCS.
Through materials such as natural geological coal beds and
organic components of gas-shale, CO2-injection can effectively
replace or displace CH4 to enhance CH4 recovery and CO2

storage as a best-of-both-worlds solution.2–4 Experimentally, a
wide diversity of adsorbent materials, such as graphite/

graphene, carbon nanotubes (CNTs), porous organic polymers
(POPs), covalent organic frameworks (COFs), and metal
organic frameworks (MOFs), have been designed and syn-
thesized for potential use in the CCS process.5,6 Among these
materials, nanoporous carbons (NPCs) have been proven to
be competitive candidates by virtue of their effective
surface modification and functionalization,7–11 due to their
high specific surface area, moderate heat of adsorption,
low-cost preparation, relatively easy regeneration, and less
sensitivity to the humidity effect than the other CO2-philic
materials.

Research on the adsorption behavior of single-component
CO2–CH4 and their binary mixture in NPCs is conducted
continuously.12–22 Jain et al.15–17 developed a new molecular
modeling on NPCs using the reverse Monte Carlo (RMC)
method, and found that the calculated adsorption amount
and isosteric heat were in good agreement with the experi-
mental results. Brochard et al.18 studied the competitive
adsorption of a binary CO2–CH4 mixture in NPCs, and
described the desorption behavior of CH4 with the CO2-injec-
tion in detail. Tenney et al.19 performed structurally and
chemically heterogeneous modifications on the graphite

†Electronic supplementary information (ESI) available: Optimized CO2–CH4

structures. Validation of computational methodology. Computational method of
pore volume. Atomic partial charge. Stable adsorption configurations of CO2–

CH4 on coronene. Absolute adsorption isotherms of CO2–CH4 in their mixture.
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surface, and observed that CO2 adsorption generally increased
with the increase of the surface oxygen content because of the
enhanced adsorbate–adsorbent interactions. We20 investigated
the effect of surface-functionalization on CH4 adsorption in
graphitic pores, and found that the effect from electrostatic
interaction of a gas framework decreased the adsorption
capacity in the order of perfect > carbonyl > carbonyl–hydroxyl
> hydroxyl–hydroxyl > hydroxyl > carboxyl > epoxy at a pressure
range of 0.0–0.2 MPa. Wilcox et al.1,21,22 indicated that the
introduction of O-containing functional groups on the graph-
ite surface could enhance the adsorption capacity of CO2 and
the selectivity of CO2 over CH4 and N2. More interestingly, the
embedded positions of functional groups have a significant
effect on their gas adsorption behaviors. Kandagal et al.23

reported that functional groups embedded on the edge of gra-
phene nanoribbons would be preferable sites for CH4 adsorp-
tion. Furthermore, the competitive adsorption behavior of the
gas mixture is dependent on the surrounding or operational
conditions, such as temperature and pressure. Kurniawan
et al.8 explored the competitive adsorption of a binary CO2–

CH4 mixture in an idealized slit pore, and found that with the
increase of pressure, the selectivity of CO2 over CH4 initially
increased to a maximum value and then decreased to a con-
stant value. However, investigations on the effects of edge-
functionalization on the adsorption capacity and selectivity of
CO2 over CH4 in NPCs are still scarce, not to mention studies
under complicated surrounding conditions.

The present work investigates the effect of edge-functionali-
zation on the competitive adsorption of a binary CO2–CH4

mixture in NPCs at a wide range of pressures and tempera-
tures. DFT calculations are performed to optimize the geome-
tries of CO2–CH4 and edge-functionalized basic units. GCMC
simulations are carried out to predict the thermodynamic
equilibrium properties of single-component CO2–CH4 and
their binary mixture in edge-functionalized NPCs. The intrin-
sic enhancement mechanisms of the adsorption capacity
and selectivity of CO2 over CH4 are elucidated, including
the effect of edge-functionalization on (1) pore topology and
morphology, (2) atomic partial charge, (3) adsorption energy,
and (4) electrostatic interaction of the gas–framework. This
theoretical approach elucidates the intrinsic enhancement
mechanism, and highlights the potential use of edge-functio-
nalized NPCs in the competitive adsorption, capture, and sep-
aration of the binary CO2–CH4 mixture, and therefore offering
an effective and superior alternative approach in the design
and screening of adsorbent materials for CCS application.

2. Model and computing
methodology
2.1 Density functional theory (DFT)

Four functional groups were considered to improve the gas
adsorption capacity and selectivity performance of NPCs, i.e.,
hydrogen (H–), hydroxyl (OH–), amine (NH2–) and carboxyl
(COOH–). As shown in Fig. 1, a coronene-shaped graphitic

basis unit was chosen as the electron structure model for
quantum-chemistry calculations. Mulliken charge analysis was
performed to calculate the atomic partial charge as the basic
input parameters in molecular simulation to describe the
electrostatic interaction. The B3LYP functional in conjunction
with the 6-31+g(d,p) basis set in the Gaussian 09 package24

was adopted due to the good balance of accuracy and
efficiency on the atomic charge analysis.25–27

A single gas molecule adsorbed on the basis unit was
arranged as the gas–framework interaction model to investi-
gate the relative reactivity. Fig. 1 illustrates the possible adsorp-
tion sites, i.e., one side (S), four bridge (B), four top (T) and
four hcp (H) configurations (marked as 1, 2, 3 and 4, respecti-
vely). A single C–H bond of CH4 directly toward the basis unit
was chosen as the initial configuration based on previous
ab initio studies;28 and linear CO2 was perpendicular and par-
allel to the basal plane for S and other sites, respectively. The
minimum energy configurations of a single CO2–CH4 molecule
adsorbed on edge-functionalized basis units were calculated
using the Dmol3 program package.29,30 Generalized gradient
approximation (GGA) with the Perdew–Burke–Ernzerhof
(PBE)31 functional, which was widely adopted to describe
the gas–graphene interaction due to the high accuracy in
the description of a long-range distance force like the van der
Waals potential, was used for describing the exchange–corre-
lation interaction.32,33 The density functional semicore pseudo-
potential (DSPP)34 method in conjunction with the localized
double-numerical basis with a polarization (DNP) functional
was chosen for all the atoms.

2.2 Force fields

CH4 was modeled as a rigid regular tetrahedral molecule with
five charged Lennard–Jones (LJ) interaction sites, and CO2 was
modeled as a rigid linear molecule with three charged LJ inter-
action sites. The 5-site CH4 model is more accurate to describe

Fig. 1 Initial configurations of CO2–CH4 adsorption on the edge-func-
tionalized basis unit. Nomenclature: H, position above the center of a
benzene ring in the basis unit; T, position at the top of the C atom or the
atom connected to the functional group; B, position above the bond
center; and S, side position in the plane of the functional group.
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the absorbate–adsorbent interaction than the 1-site model
since the latter misses the atomic partial charge information.
For CO2 and CH4, the LJ potential parameters were taken from
the TraPPE model, which was developed by Potoff, Siepmann35

and Sun;36 and the atomic partial charge and geometrical con-
figuration were taken from our ab initio results, as shown in
Fig. S1 (see ESI†). For the NPC framework, the atomic LJ poten-
tial parameters were taken from the universal force field
(UFF),37 which was proven to be used successfully in metal
complexes,38 organic molecules,39 main groups,40 etc. The LJ
potential parameters and atomic partial charges used are pro-
vided in Table 1, and the atomic partial charges of the NPC
framework are provided in Table 2. All the interaction para-
meters conform to Lorentz–Berthelot mixing rules, i.e., εij =
(εii·εjj)

1/2, σij = (σii + σjj)/2. Physisorption processes of CO2–CH4

were predominantly associated with van der Waals interactions
(pairwise dispersion) and electrostatic interactions in mole-
cular simulations. Therefore, a combination of site–site LJ41,42

potentials and Coulombic potentials was used to calculate the
intermolecular interaction (including CH4–CH4, CH4–CO2 and
CO2–CO2) and the gas–framework interaction. The site–site LJ
potential was described using the LJ (12, 6) model, and the
electrostatic interaction was calculated via the Coulomb law.

2.3 Grand canonical Monte Carlo (GCMC) simulations

As shown in Fig. 2, hypothetical edge-functionalized NPCs
with periodic boundary conditions were assumed as the simu-
lation boxes.

The NPCs were constructed from a collection of flat coro-
nene-shaped graphitic basis units.12 The mass density of all
edge-functionalized NPCs was kept as 0.542 g cm−3.12 Five
NPC structures were considered, including (a) NPC, a collec-
tion of flat coronene-shaped graphitic basis units; (b) H–NPC,
a collection of flat coronene; (c–e) OH–NPC, NH2–NPC, and
COOH–NPC, a collection of basis units with hydroxyl, amino,

and carboxyl groups, respectively. The Peng–Robinson
equation of state was chosen to calculate the gas-phase density
and experimental fugacity.43,44 GCMC simulations were per-
formed to estimate the adsorption isotherms and the selec-
tivity consisting of 25 state points at temperatures of 298, 313
and 373 K and at pressures up to 20.00 MPa. For each state
point, the configuration number of 4 × 106 was chosen to guar-
antee the equilibration of the gas–framework system, followed
by 6 × 106 configurations sampled to analyze the thermo-
dynamic properties. All the molecular modeling was carried out
by an object-oriented multipurpose simulation code (MuSiC).45

The benchmark of the computational methodology, includ-
ing pore topology and morphology, DFT, Mulliken charge ana-
lysis, and GCMC simulation, is provided in ESI.† The
combination of DFT and GCMC was calibrated in detail in our
recent investigation.20

Table 1 Lennard–Jones parameters and atomic partial charges for CH4, CO2, and NPCs

Gas molecule models UFF force field

Atom C(CH4) H(CH4) C(CO2) O(CO2) C H O N He

σ (Å) 3.40 2.65 2.80 3.05 3.40 2.57 3.12 3.26 2.64
ε (K) 55.05 7.90 27.00 79.00 29.13 22.12 34.72 34.75 10.90
q (e) −0.612 0.153 0.748 −0.374 — — — — 0.000

Table 2 Atomic partial charges by Mulliken charge analysis

C of the basis unit Functional group

Functional group Direct-connected Peripheral Others C O H N

None −0.096–−0.095 0.223–0.224 −0.033–−0.030 — — — —
H– −0.244–−0.243 0.435–0.436 −0.206–−0.202 — — 0.127 —
OH– −0.228–0.175 0.650–0.967 −0.490–−0.449 — −0.739–−0.548 0.404–0.456 —
NH2– −0.790–−0.094 0.530–1.160 0.010–0.113 — — 0.267–0.367 −0.879–−0.577
COOH– −0.410–0.796 0.109–0.490 −0.298–0.246 −0.407–0.743 −0.455–−0.251 0.370–0.404 —

Fig. 2 Visualization of the unit cell of edge-functionalized NPCs: (a)
NPC; (b) H–NPC; (c) OH–NPC; (d) NH2–NPC; (e) COOH–NPC.
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3. Results

The adsorption capacity of single-component CO2–CH4 in
edge-functionalized NPCs was first estimated. Thereafter, the
competitive adsorption of the binary CO2–CH4 mixture was
determined using the selectivity analysis.

3.1 Single-component adsorption of CO2–CH4

Fig. 3 shows the absolute adsorption isotherms of the single-
component adsorption of CO2–CH4, which are modeled inde-
pendently using the GCMC simulation. The total uptake rep-
resents the total molar amount of gas per g (including both
condensed and gas phases). Fig. 3a–c show the absolute
adsorption isotherms of CO2 in edge-functionalized NPCs at
298, 313, and 373 K, respectively. The total CO2 uptake in
edge-functionalized NPCs is obviously higher than the corres-
ponding value in NPC, which indicates that edge-functionali-
zation can significantly enhance the CO2 adsorption capacity.
The total CO2 uptake follows the sequence of NH2–NPC > OH–

NPC > COOH–NPC > H–NPC > NPC at low pressure (0–5 MPa),
and follows the order of OH–NPC > NH2–NPC > COOH–NPC >
H–NPC > NPC at relatively high pressure (5–20 MPa). Obvious
intersections are observed between the adsorption isotherms
of NH2– and OH–NPCs, and the intersection appears near the
saturated adsorption pressures of 3, 4, and 16 MPa at 298, 313,
and 373 K, respectively. That is, the intersection shifts towards
a higher pressure (i.e. the increase of saturated adsorption
pressure) with the increase of temperature.

Fig. 3d–f illustrate the absolute adsorption isotherms of
CH4 in edge-functionalized NPCs at 298, 313, and 373 K,
respectively. With the exception of COOH–NPC, the introduc-
tion of functional groups can enhance the CH4 adsorption
capacity at whole pressure in the order of OH–NPC > H–NPC >
NH2–NPC > COOH–NPC/NPC. For COOH–NPC, two strong
electronegative O atoms slightly weaken the CH4 adsorption,
whereas for other NPCs, edge-functionalization has little

positive effect on the CH4 absolute adsorption capacity, which
is different from the negative effect of surface-functionali-
zation on CH4 adsorption density and excess adsorption
amount.1,20

Fig. 3 shows that the absolute adsorption isotherms of CH4

and CO2 exhibit type-I Langmuir adsorption behaviour, which
is a typical characteristic of nanoporous materials.46 Obviously,
the adsorption capacity of CO2 is significantly larger than that
of CH4. It is thus expected that the CO2 molecule is superior
relative to CH4 in adsorbing in all the edge-functionalized
NPCs, especially at low pressure (0–5 MPa). For the tempera-
ture effect, the gas adsorption capacity decreases along with
the increase of temperature as a result of the exothermic
nature of the adsorption process. For instance, at pressures
above 5 MPa, the total CO2 uptakes in edge-functionalized
NPCs are within the range of 20.4–30.9, 17.9–29.8 and
8.6–23.9 mmol g−1 at 298, 313, and 373 K, respectively (see
Fig. 3a–c), whereas the total CH4 uptakes are within the range
of 6.5–16.9, 5.7–15.8, and 3.7–12.0 mmol g−1 under the same
conditions (see Fig. 3d–f ). Note that the total CO2 uptake in
edge-functionalized NPCs can reach up to ∼10.0 mmol g−1 at
298 K and 0.1 MPa, which is comparable to the current state-
of-the-art MOFs (2–12 mmol g−1) and greater than other
porous carbons (4–8 mmol g−1) at similar temperatures and
pressures.47,48

3.2 Competitive adsorption of the binary CO2–CH4 mixture

Selectivity is a good indication for porous materials in the
capture and separation of certain species from mixed gas
systems in the CCS process.49 The selectivity of CO2 over CH4

is defined as follows:

SCO2=CH4 ¼
xCO2=xCH4

yCO2=yCH4

ð1Þ

where SCO2/CH4
denotes the selectivity of CO2 over CH4, xCO2

and xCH4
are the molar fractions of CO2 and CH4 in the

adsorbed phase, and yCO2
and yCH4

are the corresponding
molar fractions in the bulk gas phase. In the present study, the
molar fractions of CO2 and CH4 are both kept as 0.5, and thus,
selectivity larger than 1.0 indicates that CO2 preferentially
adsorbs over CH4 throughout the competitive adsorption
process.

Fig. 4 shows the adsorption selectivity of CO2 from an equi-
molar CO2–CH4 mixture in edge-functionalized NPCs at low
(0–5 MPa) and high (5–20 MPa) pressures at 298, 313, and
373 K. In Fig. 4, the selectivity of CO2 over CH4 in NPC is ∼2,
which is well consistent with that in the perfect graphite slit
pore as reported by Wilcox1 and that in mesoporous carbons
as reported by Lu.48 The introduction of functional groups sig-
nificantly increases the selectivity of CO2 over CH4, especially
at ultra-low pressure. At 0.05 MPa and 298 K, the selectivity of
CO2 over CH4 increases in the order of NPC (∼2) < H–NPC (∼7)
< OH–NPC (∼19) < COOH–NPC (∼26) < NH2–NPC (∼33) (see
Fig. 4a). This enhancement originates mainly from the
induced polarity of functional groups, which have a stronger

Fig. 3 Absolute adsorption isotherms of CO2 (a–c) and CH4 (d–f ) in
edge-functionalized NPCs.
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influence on CO2 with a quadrupole moment than on CH4

with a permanent octupole moment.1 The selectivity in low
pressure regions decreases sharply with the increase of
pressure, and the trend of selectivity at relatively high pressure
shows a small degree of difference with that at low pressure. In
addition, the gas adsorption behaviour is sensitive to tempera-
ture, and thus, temperature may have a significant influence
on the selectivity of CO2 over CH4 in edge-functionalized
NPCs. Fig. 4d–f shows that with the increase of temperature,
the selectivity of CO2 over CH4 in NPC decreases gradually
from ∼4 to ∼3 and ∼2. Moreover, temperature does not affect
the selectivity sequence in edge-functionalized NPCs, and
thus, NH2–NPC > COOH–NPC > OH–NPC > H–NPC. This effect
may be ascribed to the fact that the electrostatic interaction of
the gas–framework is independent of temperature. Similar
findings about the effects of functional groups in porous
carbons were also reported by Wilcox1 and Lu.48

To understand further the distribution of gases adsorbed
on edge-functionalized NPCs, snapshots of equilibrium con-
figurations of the binary CO2–CH4 mixture at low (0.05 MPa)
and high (12 MPa) pressures are provided in Fig. 5. At low
pressure, CO2 molecules adsorb on the pore surface prior to
CH4 molecules. As the pressure increases, CO2 starts to occupy
the pore space, and CH4 tends to fill the void space left by CO2

molecules. At high pressure, the selectivity of CO2 over CH4

flattens out to a constant value and keeps a relative balance.
To sum up, edge-functionalization would significantly

enhance the single-component adsorption of CO2–CH4, and
effectively improve the selectivity of CO2 over CH4, exhibiting
potential as an effective and superior alternative strategy in the
CCS process. The single-component adsorption capacity and
selectivity of CO2 over CH4 in edge-functionalized NPCs
decrease with the increase of temperature. The single-com-
ponent adsorption capacity increases, while the selectivity of
CO2 over CH4 decreases with the increase of pressure.

4. Discussion

To provide original insights into the intrinsic essence of edge-
functionalization on single-component adsorption and selec-
tivity, the effects on (1) pore topology and morphology, (2)
atomic partial charge, (3) adsorption energy, and (4) electro-
static contributions are discussed in this section.

4.1 Pore topology and morphology

Pore topology and morphology play a crucial role in the poros-
ity of the gas-accessible framework.50 How the functional
groups affect pore physical characteristics, such as the pore
shape, structure, and accessible surface area, was estimated by
the Sarkisov51 and Düren52 methods. These methods evaluate
(1) the available pore volume, Vp, (2) the pore limiting dia-
meter, DL, (3) the maximum pore diameter, DM, (4) porosity, Φ,
and (5) accessible surface area, A.53 Among these variables, Vp
is expressed in two terms, namely, available pore volume per
unit mass of the adsorbent or that in the unit cell. Porosity Φ

was estimated using Vp/VTotal, where VTotal is the total volume
of the edge-functionalized NPC unit cell. Physical characteriz-
ation of the pore topology and morphology is provided in
Table 3, and the relevant computational method of Vp is elabo-
rated in ESI.†

Table 3 indicates that OH– and COOH–NPC exhibit rela-
tively large pore spaces of 1.43 and 1.36 cm3 g−1 and
maximum pore diameters of 17.99 and 16.97 Å, respectively.
The available pore volume of NH2–NPC (1.35 cm3 g−1) is very
close to that of COOH–NPC, whereas its maximum pore dia-
meter is close to those of NPC (12.87 Å) and H–NPC (11.26 Å).
The available pore volumes for NPC and H–NPC are 1.25 and
1.28 cm3 g−1, respectively. The porosity of edge-functionalized
NPCs ranges from 57.5% to 76.5% (see Table 3), which is
slightly smaller than that of COFs.54,55 All the pore limiting
diameters of edge-functionalized NPCs are ∼8.00 Å (see
Table 3). Porous carbonaceous materials with a pore size of
∼8.00 Å are proven to possess the ability to gain the highest
gas adsorption density.56–58 Therefore, these structures may be
excellent candidates for CO2–CH4 adsorption and separation

Fig. 4 Selectivity of CO2 over CH4 in edge-functionalized NPCs at low
(a–c) and high (d–f ) pressures.

Fig. 5 Snapshots of an equimolar CO2–CH4 mixture in NPCs at 298 K
and P = 0.05 (a–e) and 12.00 (f–j) MPa.
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due to their superior adsorption capacity. The accessible
surface area of NPC by the CH4 probe molecule is 3580 m2 g−1,
well consistent with the previous result of ∼3610 m2 g−1.12 The
high degree of agreement of our result with previous findings
demonstrates the reliability of our model and the levels of
theory. The accessible surface area of edge-functionalized
NPCs as determined by the CH4 probe molecule ranges from
3184 to 3598 m2 g−1, which is significantly larger than the BET
surface areas of zeolites (260–590 m2 g−1) and mesoporous
silicas (450–1070 m2 g−1),59 within the range of activated and
hypothetical high-surface-area carbons (2000–4600 m2 g−1),60

but lower than those of the benzene and representative MOFs
and COFs (above 6000 m2 g−1).60 Note that minimal differ-
ences in the surface area are observed using the two probe
molecules because of the small differences in their kinetic
diameters (CH4, 3.73;

61 CO2, 3.72
62), as indicated by Table 3.

To further understand the aforementioned pore structures,
pore size distributions (PSDs)63 are analyzed as a function of
pore size in Fig. 6. All the PSDs start at a pore size of ∼3.52 Å,
and contain a few small ultramicropores (<7.00 Å) and large
micropores (within 7.00–20.00 Å) based on the IUPAC classifi-
cation.64 These results agree well with the single-component
adsorption isotherms. The PSDs of NPC, H–NPC, and NH2–

NPC, although estimated with different functional groups,
exhibit similar pore shapes and structures. Aside from the
similar narrow PSDs, OH– and COOH–NPCs also exhibit an
isolated large pore with broad PSDs (see Fig. 6). This result
demonstrates that OH– and COOH–NPCs possess large pore
structures. Particularly, OH–NPC falls within the range of
micropore size of 7.50–18.00 Å, exhibiting a fairly dense micro-
pore structure. In addition, the values of DM and DL of NPCs
are confirmed in Fig. 6.

In summary, the effect of edge-functionalization enhances
the effective accessible surface area and enlarges the pore
spaces and diameters, especially for the O-containing edge-
functionalization NPCs. It therefore creates a favorable
environment conducive to gas adsorption for gas–framework
systems.

4.2 Atomic partial charge

Atomic partial charges are required as input parameters,
which would determine the energy contributions in the stat-

istical molecular simulations. Mulliken charge analyses of
these edge-functionalized NPC surfaces are therefore taken
into account, as shown in Table 2 and Fig. 7 and S4 (see ESI†).
A negative value shows that the relevant atom gains partial
electron from the surrounding atoms, therefore exhibiting
electronegativity, whereas a positive value indicates the con-
trary. The distribution of atomic partial charge changes
immensely because of the strong potential of accepting/donat-
ing electrons for the functional groups. As shown in Fig. 7, the
O atom in the OH– group exhibits an electronegative potential
by accepting electrons of 0.548–0.739 e from the neighboring
and peripheral C and H atoms, while the outermost H atoms
in functional groups exhibit high electropositivity by donating

Fig. 7 Atomic partial charges for the OH– basis unit.

Fig. 6 Geometric PSDs as a function of pore diameter for edge-func-
tionalized NPCs.

Table 3 Physical characteristics of the edge-functionalized NPCsa

R None H– OH– NH2– COOH–

Number of basis units
(atoms) in the unit cell

60
(1440)

60
(2160)

60
(2880)

40
(2400)

40
(2880)

Dimensions (Å3) 37.563 38.073 44.893 38.903 46.653

VP
c (×104 Å3 per unit cell) 3.47 3.17 6.92 4.17 7.26

VP
c (cm3 g−1) 1.25 1.28 1.43 1.35 1.36

DL (Å) 7.06 8.33 11.90 8.19 8.52
Dm (Å) 12.87 11.26 17.99 12.44 16.97
Porosity, Φc (%) 65.5 57.5 76.5 70.8 71.5
Surface areaa (m2 g−1) 3580 3451 3184 3598 3548
Surface areab (m2 g−1) 3588 3459 3188 3600 3553

aGas probe molecules a, b, c = CH4, CO2, and He.
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electrons of 0.404–0.456 e. The inductive effect results in a dra-
matic electron transfer, and further affects the atomic partial
charge of the basal plane.20 Table 2 shows that some C atoms
in the basal plane nearly lose an electron and show an ultra-
strong electropositivity. Stronger electronegativity of the func-
tional group results in more influence on the atomic partial
charge of edge-functionalized basis units. The N and O atoms
in the functional groups exhibit strong electronegativity by
gaining extra electron densities, especially for N atoms,
whereas C and H in the functional groups exhibit opposite
effects.

Wilcox et al.1,21,22 have pointed out that an electronegative
atom has an increased potential to donate an electron to the
proximal adsorbate molecule in the pore space. The O-contain-
ing functional group enables strong electron donation, and
the transport process depends on the acid–base65,66 nature of
the adsorbate molecule. Fig. 8 illustrates the interaction
between the gas molecule and the charged atoms. As shown in
Fig. 8a, the electronegative O and N atoms in functional
groups serve as basic adsorption sites on the basal plane, and
function as Lewis bases by donating their electron to the
acidic C atom of the CO2 molecule. Therefore, the C atom is
attracted and rotates parallel to the functional groups, and the
strong Lewis basicity in O- and N-containing functional groups
significantly enhances the CO2 adsorption in edge-functiona-
lized NPCs. In contrast, the CH4 molecule is a regular tetra-
hedral molecule, and the central C atom exhibits high
electronegativity because it is surrounded by four electroposi-
tive H atoms. The electronegative N and O atoms donating
their electron to the acidic H atoms of CH4 would result in a
minor enhancement of CH4 adsorption. However, a strong
repulsive force is also observed between the C atom in the CH4

molecule and the electronegative atoms in the functional
groups, thereby offsetting the enhancement of CH4 adsorp-
tion. The electropositive H and C atoms in the functional
groups that act as Lewis acids also have a significant influence
on gas adsorption, as shown in Fig. 8b. One of the O atoms in
the CO2 molecule is attracted and rotates perpendicular to the
functional groups, therefore leading to CO2 adsorption
enhancement. For the CH4 molecule, the electropositive H
atom in the functional groups repels the electropositive H
atom, but attracts the C atom in CH4. More importantly,

surface C atoms on the basis unit would serve as basic adsorp-
tion sites because of the strong inductive effect caused by the
functional groups and play similar roles in gas adsorption be-
havior, as indicated in the cases of the functional groups.

Overall, the introduction of functional groups enhances
CO2 adsorption by changing the packing pattern of the
adsorbed linear CO2 molecule, whereas CH4 adsorption relies
on the competition between the attractive and repulsive
interactions.

4.3 Adsorption energy

To understand the interaction between CO2–CH4 and the edge-
functionalized NPC surface, the adsorption energy, Eads, is
obtained using eqn (2):

Eads ¼ Eadsorbate þ Esurf � Eadsorbateþsurf ð2Þ
where Eadsorbate is the energy of the gas species, Esurf is
the energy of the edge-functionalized NPC surface, and
Eadsorbate+surf is the total energy of the gas molecule adsorbed
on the edge-functionalized NPC surface. Based on the defi-
nition, a larger positive value implies more stable adsorption.
CO2–CH4 molecules can approach the edge-functionalized
NPC surface in every direction (T, B, and H). However, explor-
ing all possible stable adsorption structures is a tremendous
and unfeasible task. Herein, specific directions are selected by
optimizing a single CO2–CH4 molecule adsorbed on coronene,
as illustrated in Fig. S5 and S6 (see ESI†). Note that adsorption
energies and configurations may provide a basic insight into
the adsorbate–adsorbent interaction, like that in Jiang’s work.67

The B direction possesses the largest number of stable sites
for CH4–CO2 adsorption, and therefore, B1 is chosen first to
investigate the effect of edge-functionalization on adsorption
energy, as shown in Fig. 9. Results show that the introduction

Fig. 9 Stable adsorption configurations (side view (up) and top view
(down)) of CO2 (a–e) and CH4 (f–j) on the edge-functionalized basis
unit at the B1 site.

Fig. 8 Schematic illustration of the interaction between gas molecules
and charged atoms in the functional group or the basal plane.
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of functional groups has a significant influence, through the
inductive effect, on the gas adsorption on the basis unit
surface. For the basis unit, the adsorption energy of CO2 is
34.77 meV, which is slightly lower than 38.64 meV for CH4.
This difference indicates that the surface site is energetically
favorable for CH4 with respect to CO2, similar to CO2–CH4

adsorbed on the (10, 0) and (5, 5) single-walled carbon nano-
tubes (SWNTs).68 While the basis unit is saturated with H,
namely, coronene, the adsorption energy for both gas mole-
cules is enhanced by at least 29%, reaching 50.28 meV for CO2

and 49.90 meV for CH4. The OH– group increases the adsorp-
tion energy of CO2 to 56.14 meV and weakens that of CH4 to
42.56 meV. When comparing the adsorption energy for the
OH–basis unit with that of the basis unit, the enhancement
percentages of CO2 and CH4 are 61.46% and 10.14%, respecti-
vely. Therefore, the embedding of the OH– group could effec-
tively increase the discrimination between CO2 and CH4

adsorption. This contribution is clearly arising from the co-
operative effect of electronegative O atoms and electropositive
H atoms, as shown in Fig. 8. The introduction of the NH2–

group improves the adsorption energy of CO2 up to 73.57 meV,
but only has a slight influence on the adsorption energy of
CH4 to 41.69 meV. Compared with the OH–basis unit, two
strong electronegative O atoms in the COOH– group further
boost this trend, therefore increasing the adsorption energy of
CO2 on the COOH– basis unit to as high as 90.70 meV and
that of CH4 to 54.04 meV.

Along the S direction, the adsorption energy is directly
affected by the electrostatic interaction when the gas molecule
approaches the functional group, as shown in Fig. 10. Similar
to the cases at the B1 site, the adsorption energy of CH4 at the

S site is 16.71 meV, slightly larger than the 14.35 meV for CO2

on the basis unit. For coronene, the emergence of electroposi-
tive H atoms in functional groups decreases the adsorption
stability of CO2 to 5.57 meV and slightly increases the adsorp-
tion energy of CH4 to 17.40 meV. Compared with the
H– group, the OH– group significantly enhances the adsorp-
tion energy of CO2 to 47.39 meV, and slightly decreases
the value of CH4 to 14.29 meV. From another point of view, the
O atom in the OH– group significantly increases the CO2

adsorption energy by 750.81%, and slightly decreases that
of CH4 by 17.87% relative to the corresponding value on the
coronene. For the COOH– group, the emergence of two strong
electronegative O atoms in a functional group further increases
the adsorption energy of CO2 up to 142.43 meV, but slightly
increases that of CH4 to 24.08 meV. Hence, a stronger
group electronegativity indicates more stable adsorption for
CO2 at the S site. The electronegativity of the NH2– group falls
between those of the OH– and COOH– groups, and corres-
pondingly, the adsorption energy of CO2 (59.77 meV) and CH4

(18.70 meV) also fall between them.
In summary, the introduction of functional groups has a

more positive influence on CO2 than on CH4 for surface/edge
adsorption enhancement through inductive effect/direct
interaction. Combined with atomic charge analysis, stronger
electronegativity leads to more stable adsorption for CO2, but
has a slight influence on surface/edge adsorption for CH4.
Therefore, the stronger electronegative group embedded in
edge-functionalized NPCs would lead to the higher competitive
adsorption advantage of CO2 in the CO2–CH4 mixture.

4.4 Electrostatic contribution

To grasp the effect of electrostatic interaction on the adsorp-
tion selectivity of CO2 over CH4, GCMC simulations with or
without electrostatic interactions of the gas–framework are
performed. The corresponding absolute adsorption isotherms
of CO2–CH4 in edge-functionalized NPCs with or without
electrostatic interactions are presented in Fig. S7 and S8
(see ESI†), respectively. The electrostatic contribution can be
evaluated by applying eqn (3):69

Electrostatic contribution ¼ Swith � Swithout
Swith

� 100% ð3Þ

where Swith/Swithout is the selectivity with or without the gas–
framework electrostatic interaction. Fig. 11 shows the electro-
static contribution of the gas–framework on the selectivity of
CO2 over CH4 at three temperatures. Edge-functionalized NPCs
clearly show an extraordinarily large electrostatic contribution
at low pressure, reaching even up to 98% at the ultralow
pressure level, which indicates that electrostatic interaction
plays a more significant role in the selectivity at low pressure
than at high pressure. Subsequently, the electrostatic contri-
bution decreases with the increase of pressure, until reaching
a constant value after ∼5 MPa. The results are easy to under-
stand by analyzing the filling process. The gas molecules first
occupy the region close to the pore surface due to the strong
electrostatic interaction at low pressure. In this process, the

Fig. 10 Stable adsorption configurations (side view (up) and top view
(down)) of CO2 (a–e) and CH4 (f–j) on the edge-functionalized basis
unit from the initial S direction.
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functional groups exhibit stronger electrostatic interaction
because of their higher accepting/donating electron densities,
and therefore, enhance the total CO2 uptake. With the increase
of pressure, the gas molecules are gradually filled in the whole
pore space, and the gas–gas interaction becomes stronger and
stronger, thereby increasing the influence from PSDs at high
pressure. In general, larger pore spaces with higher atomic
partial charges show larger gas total uptake, as with NH2– and
OH–NPCs. These results originate from the synergistic effects
of PSDs and electrostatic interaction.

Atomic partial charge has a great effect on the electrostatic
contribution and the selectivity of CO2 over CH4. The higher
atomic partial charge in the specific functional group leads to
the stronger electronegativity/electropositivity, and generates a
larger electrostatic contribution on the selectivity of CO2 over
CH4. At the equilibrium level, the electrostatic contribution of
gas–framework systems follows the sequence of NH2–NPC
(∼50%) > COOH–NPC (∼42%) > OH–NPC (∼30%) > H–NPC/
NPC (∼12%) (see Fig. 11). This result is well consistent with
the analyses of the atomic partial charge and adsorption
energy: (1) the NH2– group with the highest atomic partial
charge has the largest electrostatic contribution; (2) the elec-
trostatic contribution of the COOH– group with two electro-
negative O atoms is obviously larger than that of the OH–

group with a single electronegative O atom; (3) the OH– group
has a larger electrostatic contribution than the H– group
because of the existence of a strong electronegative O atom; (4)
the electropositive H atom in functional groups has a positive

effect on the selectivity of CO2 over CH4, and therefore, H–NPC
exhibits a slightly larger electrostatic contribution relative to
NPC; and (5) NPC with only a small atomic partial charge has
little influence on the electrostatic contribution, and thus the
selectivity is kept almost a constant value in the whole pressure
region. In addition, temperature has no obvious influence on
the electrostatic contribution considering that electrostatic
interaction is independent of temperature.

These results clearly support that edge-functionalization
may be an effective and superior alternative strategy to
enhance CO2 adsorption and separation performance in the
CCS process. Edge-functionalized NPCs are comparable to
the most effective strategies of doping metal ions, such as
Li-modified MOFs (∼80%),48 in enhancing the gas–framework
interaction and selectivity.

5. Conclusions

The effects of edge-functionalization on the competitive
adsorption of a binary CO2–CH4 mixture in NPCs have been
systematically investigated by combining DFT and GCMC
simulations. The main points can be summarized as follows:

(1) Edge-functionalization significantly enhances CO2

adsorption but has less influence on CH4 adsorption for
single-component CO2–CH4 adsorption, therefore significantly
improving the selectivity of CO2 over CH4, in the order of NH2–

NPC > COOH–NPC > OH–NPC > H–NPC > NPC at low pressure.
(2) Edge-functionalization creates a conducive environment

with a large pore size and an effective accessible surface area.
Higher atomic partial charge in the functional groups leads to
stronger electronegativity/electropositivity, which generates a
larger electrostatic contribution on the selectivity of CO2 over
CH4. The N and O atoms in the functional groups exhibit
strong electronegativity by gaining electron densities, whereas
the C and H atoms in the functional groups show the opposite
effect.

(3) The edge-functionalized NPCs are energetically favorable
for CO2 adsorption due to the strong electronegative atoms
changing the packing pattern of the adsorbed linear CO2 mole-
cules, but have less effect on CH4 adsorption because of the
competition between the attractive and repulsive interactions
through the inductive effect/direct interaction on surface/edge
adsorption.

(4) Temperature has a negative influence on the gas adsorp-
tion because of the exothermic nature of the adsorption
process, but has no obvious influence on the electrostatic con-
tribution on selectivity. With the increase of pressure, the
selectivity of CO2 over CH4 first decreases sharply and sub-
sequently flattens out to a constant value, corresponding to
the influence of electrostatic contribution on selectivity.

This work not only highlights the potential of edge-functio-
nalized NPCs as excellent candidates for the competitive
adsorption, capture, and separation of a binary CO2–CH4

mixture, but also provides an effective and superior alternative

Fig. 11 Electrostatic contribution of edge-functionalized NPCs with
atomic partial charge on the selectivity of CO2 over CH4.
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strategy in the design and screening of adsorbent materials for
CCS applications.
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Dynamical effects of counter-rotating couplings on interference between driving and dissipation
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We use an analytical method to study the dissipative dynamics of a two-level system (TLS) under a harmonic
driving. The method is based on a combination of the unitary transformation and Born–Markov master-equation
approach. Our main aim is to clarify the effects of counter-rotating (CR) terms of both the driving and TLS-bath
(dissipative) coupling on the dynamics, in comparison with the rotating-wave results of different schemes, i.e.,
the well-known traditional rotating-wave approximation method, and two particular methods: one just takes
into account the effects of the driving CR terms and the other the effects of the dissipative CR terms, which
are derived from our general treatment. Our main results are as follows: (i) by calculating the time-dependent
population difference and coherence, in the case of resonant strong driving, we demonstrate that the CR terms of
both the driving and dissipative coupling play an important role in the relaxation and dephasing processes, and
also the properties of the steady state; (ii) in the case of largely detuned driving, we find that the CR terms of
the dissipative coupling become negligible while those of the driving contribute dominant modifications to the
time evolution and steady state. Moreover, we examine the influence of the dissipation on coherent destruction
of tunneling under a largely detuned strong driving. We show that an almost complete suppression of the tunneling
can be achieved for a relatively long time; (iii) under certain conditions, we find numerical equivalence between
one of two particular methods and the Floquet–Born–Markov approach based on exact numerical treatment of
the Floquet Hamiltonian. It turns out that our method is more simple and efficient than the Floquet–Born–Markov
approach for both analytical and numerical calculations. By the general comparison of different treatments we
demonstrate the dynamical effects of CR terms of both the driving and the dissipative coupling on the coherence
and population difference.

DOI: 10.1103/PhysRevA.90.053850 PACS number(s): 42.50.Ct, 05.30.Jp

I. INTRODUCTION

The driven spin-boson model (SBM) has been widely
studied in experiment and theory, which is related to various
physical and chemical processes [1–4]. The model describes
the physics of a two-level system (TLS) driven by an external
force and coupled to a dissipative bosonic bath. The main
interest of the study is to understand how the interplay between
the driving and the dissipation influences time evolution and
decoherence of the TLS. Theoretically, the Hamiltonian of the
model in the localized representation reads (� = 1)

H (t) = −1

2
[�σx + A cos(ωLt)σz]

+
∑

k

ωkb
†
kbk + 1

2

∑
k

gk(b†k + bk)σz

= −1

2
�σx − A

4
(eiωLtσ− + e−iωLtσ+) +

∑
k

ωkb
†
kbk

+ 1

2

∑
k

gk(b†kσ− + bkσ+) + HCR1(t) + HCR2, (1)

HCR1(t) = −A

4
(e−iωLtσ− + eiωLtσ+), (2)

HCR2 = 1

2

∑
k

gk(b†kσ+ + bkσ−), (3)

*yiyingyan@sjtu.edu.cn
†zglv@sjtu.edu.cn
‡hzheng@sjtu.edu.cn

where σμ(μ = x,y,z) is the μ-component Pauli matrix and
σ± = (σz ± iσy)/2. � is the bare tunneling and A cos(ωLt) is
a time-dependent driving force of amplitude A and frequency
ωL. bk (b†k) is the annihilation (creation) operator of the kth
boson mode with frequency ωk , and gk is the coupling strength
between the TLS and kth mode of the bath. Besides, we
consider that the effect of the bosonic bath is characterized
by the Ohmic spectral density G(ω) = ∑

k g2
k δ(ω − ωk) =

2αωθ(ωc − ω) in which α is the dimensionless coupling con-
stant, θ is the usual step function, and ωc is the cutoff frequency.
HCR1(t) and HCR2 are the counter-rotating (CR) terms of the
driving and dissipative coupling, respectively. When omitting
HCR1(t) + HCR2, one can transform the Hamiltonian into a
time-independent form, which can be treated based on the
Born–Markov master-equation approach [5,6]. Usually, the
neglect of CR terms is called the rotating-wave approximation
(RWA), which is valid in the regime of weak driving and weak
damping. The neglect of HCR1(t) is also called the Rabi-RWA.
In the present paper, we propose a novel unitary transformation
to transform the Hamiltonian with HCR1(t) + HCR2 into a
RWA-like form and at the same time physically take into
account the influence of the CR terms on the time evolution
of the system in a wide parameter space beyond weak driving
and weak damping.

In spite of the simple form of the SBM Hamiltonian
[Eq. (1)], it is a nontrivial task to obtain the analytical
solution concerning the dynamical evolution. Various ap-
proximate methods have been applied to study dissipative
dynamics in such a system; for instance, the traditional
quantum optics approach [6–8], the path integral approach
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http://dx.doi.org/10.1103/PhysRevA.90.053850
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[2,9–12], the noninteracting blip approximation (NIBA) [1,2],
the Born–Markov master-equation approach [12–15], the
nonperturbative stochastic method [16], etc. Within these
methods, the NIBA provides a good approximate description
for strong damping and intermediate-to-high bath tempera-
tures. In contrast, the approaches based on the Born–Markov
approximation are preferred for weak damping and low
temperature. It has been demonstrated that the time-local
Born–Markov master equation is numerically equivalent to the
path integral approach in the regime of weak damping and low
temperature [12]. In general, the time-local master equations
are not suited for analytical calculation and one usually uses
the stationary Born–Markov master equation such as the works
in Refs. [6,14,15], which can be conveniently derived.

To take into account the CR terms of the driving, one usually
combines the Floquet theory with the Born–Markov master-
equation approach, which leads to the so-called Floquet–
Born–Markov (FBM) master equation [3,14]. One can find
the general procedure of the approach and its applications in
Refs. [3,14,17–20]. This method requires diagonalizing the
Floquet Hamiltonian and invoking a moderate RWA (MRWA)
to remove the explicit time-dependence in the corresponding
master equation [3]. The Floquet Hamiltonian is usually
easily diagonalized by a numerically exact treatment but
hardly by an analytically exact calculation [3,14]. Therefore,
one usually applies the perturbation theory in the amplitude A

for weak driving [21] or in the tunneling � for strong driving
[14]. The perturbative method cannot uniformly treat the
driving from weak to strong strength. For instance, in the limit
A/ωL � 1, the validity of the FBM approach based on von
Vleck perturbation theory in the tunneling � requires A � �

[14]. Besides, the role of the MRWA should be carefully
examined.

In our previous work, we considered HCR2 and took into
account the CR terms of the dissipative coupling by a unitary
transformation [22]. The transformation allows us to keep
the same mathematical simplicity of the formalism as for
the traditional RWA approach with dropping HCR1(t) + HCR2.
Although we avoid neglecting HCR2 in Ref. [22], we have
employed the Rabi-RWA in which HCR1(t) is omitted. Thus,
the method in Ref. [22] is not suited for discussing moderately
strong driving situations. To overcome this limitation, here,
we develop an extended approach based on a novel unitary
transformation. The unitary transformation is applied to
generate an effective Hamiltonian involving the effects of
all CR terms, i.e., HCR1(t) + HCR2. More importantly, the
effective Hamiltonian keeps the RWA-like form with modified
parameters. In this sense, the mathematical structure of the
method is as simple as the traditional RWA approach. On the
other hand, our general treatment may lead to two particular
cases: one is the case of Ref. [22] which does not consider
the effects of the driving CR terms, the other is that which
does not take into account the effects of the dissipative CR
terms. Besides, we find that the treatment based on the second
particular case can reproduce numerical results obtained by
the FBM master equation under certain conditions, which
helps us see clearly the role of the MRWA. Moreover, our
method is analytically simple and enables us to uniformly
treat weak to moderately strong driving, as compared with the
FMB approach based on perturbation theory.

The structure of the paper is as follows: In Sec. II, we
mainly introduce our general treatment based on the unitary
transformation as well as two particular treatments derived
from the general one. Besides, we discuss the validity of our
general treatment. In Sec. III, we derive the master equation
for the reduced density matrix governed by the effective
Hamiltonian we constructed and give its analytical solutions.
In Sec. IV, by calculating population difference and coherence,
we examine numerically and analyze the effects of the CR
terms on the time evolution and steady state of the system. In
addition, we reveal the relation between analytical solutions
derived by a particular treatment and those of the FBM
approach based on the exact numerical treatment of the Floquet
Hamiltonian. In the last section, we give a summary.

II. UNITARY TRANSFORMATION FORMALISM

A. Traditional rotating-wave approximation approach

We first review briefly the method based on the RWA. In
the weak-damping and weak-driving regime, it is convenient to
treat the issue using the traditional RWA approach in quantum
optics, which is based on the neglect of HCR1(t) and HCR2.
After the approximation, the Hamiltonian possesses the form

H RWA(t) = −1

2

[
�σx + A

2
(eiωLtσ− + e−iωLtσ+)

]

+
∑

k

ωkb
†
kbk + 1

2

∑
k

gk(b†kσ− + bkσ+). (4)

To proceed, the usual way is to transform the explicitly time-
dependent Hamiltonian into a time-independent Hamiltonian
with the unitary rotating operation

R(t) = exp

[
iωLt

(
−1

2
σx +

∑
k

b
†
kbk

)]
, (5)

which leads to the time-independent form

H̃ RWA = −1

2

(
δ0σx + A

2
σz

)
+

∑
k

(ωk − ωL)b†kbk

+ 1

2

∑
k

gk(b†kσ− + bkσ+), (6)

where δ0 = � − ωL is the detuning. Starting from this Hamil-
tonian and using the Born–Markov approximation [4,23], one
can easily derive the master equation for the reduced density
matrix of the TLS. Although the approach is mathematically
simple, it is at the expense of dropping HCR1(t) + HCR2. Thus,
it is only valid to discuss on-resonance or near-resonance
physics in the regimes of weak driving and weak damping.
In the following, we introduce a method to derive an effective
Hamiltonian taking the same mathematical form as H̃ RWA and
properly involving the effects of the CR terms of both the
driving and dissipative coupling.

B. General formalism and particular cases

To study the driven SBM physics from weak to strong
driving strength and beyond the weak-damping limit, we
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propose a method based on the unitary transformation H ′(t) =
eS(t)H (t)e−S(t) − ieS(t) d

dt
e−S(t). The generator of the unitary

transformation is

S(t) =
[
−i

A

2ωL

ζ sin (ωLt) +
∑

k

gk

2ωk

ξk(b†k − bk)

]
σz, (7)

where the parameters ζ ∈ (0,1) and ξk ∈ (0,1) will be de-
termined later. This generator is a combination of the two
generators in Refs. [22,24]. When ξk = 0, it becomes the
generator used for taking account of the effects of the CR terms
of the driving [24]. When ζ = 0, the generator (7) changes into
the generator of treating the CR terms of dissipative coupling
[22,25,26]. Setting X1 = ∑

k
gk

ωk
ξk(b†k − bk), we perform the

unitary transformation and obtain the resulting Hamiltonian,

H ′(t) = H ′
0(t) + H ′

1 + H ′
2(t), (8)

H ′
0(t) = −1

2
J0

(
A

ωL

ζ

)
η�σx − J1

(
A

ωL

ζ

)
η� sin(ωLt)σy

− 1

2
A(1 − ζ ) cos(ωLt)σz

+
∑

k

ωkb
†
kbk +

∑
k

g2
k

4ωk

ξk(ξk − 2), (9)

H ′
1 = −1

2
J0

(
A

ωL

ζ

)
η�iσy

∑
k

gk

ωk

ξk(b†k − bk)

+ 1

2

∑
k

gk(1 − ξk)(b†k + bk)σz, (10)

H ′
2(t) = −1

2
J0

(
A

ωL

ζ

)
�(cosh X1 − η)σx

− 1

2
J0

(
A

ωL

ζ

)
�(sinh X1 − ηX1)iσy

− J1

(
A

ωL

ζ

)
�(cosh X1 − η) sin(ωLt)σy

+ iJ1

(
A

ωL

ζ

)
�σx sin(ωLt) sinh X1

−�

(
σx cosh X1 + iσy sinh X1

)

×
∞∑

n=1

J2n

(
A

ωL

ζ

)
cos(2nωLt)

−�(σy cosh X1 − iσx sinh X1)

×
∞∑

n=1

J2n+1

(
A

ωL

ζ

)
sin[(2n + 1)ωLt], (11)

where η is determined by

η = 〈{0k}| cosh X1|{0k}〉 = exp

[
−

∑
k

1

2

(
gk

ωk

ξk

)2]
, (12)

with |{0k}〉 being the vacuum state of the bosonic bath. Jn(z) is
the nth-order Bessel function of the first kind. When deriving

the above equations, we used the identity exp(iz sin α) =∑∞
n=−∞ Jn(z)einα [27].
As shown in Eq. (8), we divided the transformed Hamil-

tonian into three parts according to harmonic oscillation
frequency nωL and the order-of-coupling strength gk . Except
for the constant term, the first part H ′

0(t) consists of terms that
satisfy two conditions: harmonic oscillation frequency nωL

with n = 0,1 and zeroth order in gk . If ζ is determined by

J1

(
A

ωL

ζ

)
η� = 1

2
A(1 − ζ ) ≡ Ã

4
, (13)

H ′
0(t) can be rewritten as (the constant term is neglected)

H ′
0(t) = −1

2
J0

(
A

ωL

ζ

)
η�σx − Ã

4
(σ+e−iωLt + σ−eiωLt )

+
∑

k

ωkb
†
kbk. (14)

Obviously, H ′
0(t) can be solved exactly and serve as a free

Hamiltonian.
The second part H ′

1 consists of the terms of order gk and
harmonic oscillation frequency nωL = 0 and will serve as the
perturbation Hamiltonian in the following treatment. If ξk is
set by

ξk = ωk

ωk + J0
(

A
ωL

ζ
)
η�

, (15)

H ′
1 takes the RWA form

H ′
1 = 1

2

∑
k

g̃k(b†kσ− + bkσ+), (16)

with a modified coupling strength

g̃k = gk

2J0
(

A
ωL

ζ
)
η�

ωk + J0
(

A
ωL

ζ
)
η�

. (17)

The third part H ′
2(t) can be omitted under certain conditions

in spite of its complex form. Notice that the first two lines
of H ′

2(t) represents the processes related to the multiboson
nondiagonal transitions and their contributions to the physical
quantities are of order g4

k and higher, which are negligible
for low-temperature and moderately weak dissipative regimes.
On the other hand, the remaining time-dependent terms are
multiplied by J1( A

ωL
ζ )(cosh X1 − η), Jn( A

ωL
ζ ) sinh X1 (n � 1)

and by Jn( A
ωL

ζ ) cosh X1 (n � 2), the contributions of which
are negligible to the driven dynamics as compared with the
time-dependent terms in H ′

0(t) due to the mixing of the Bessel
functions and terms of order gk or higher. Generally, the
validity of the approximation of neglecting the higher-order
Bessel functions (n � 2) depends on the driving parameters
A and ωL. We will discuss the validity of our treatment in
Sec. II C.

After omitting H ′
2(t), we arrive at our effective Hamil-

tonian Hζ -ξk-TRWA(t) = H ′
0(t) + H ′

1, where the superscript
ζ -ξk-TRWA means that our effective Hamiltonian of the
RWA-like form is obtained through the unitary transformation
with the parameters ζ and ξk . Similarly, it is convenient to
rotate it into a time-independent form by the same unitary
rotating transformation R(t). After the rotating operation, we
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readily obtain a time-independent Hamiltonian

H̃ ζ -ξk -TRWA = −1

2

(
δ̃σx + Ã

2
σz

)
+

∑
k

(ωk − ωL)b†kbk

+ 1

2

∑
k

g̃k(b†kσ− + bkσ+), (18)

where δ̃ = J0( A
ωL

ζ )η� − ωL. Comparing with H̃ RWA, we find
that in the present formalism the CR terms influence on
the dynamics and stable properties through the modified
quantities, i.e., δ̃, Ã, and g̃k . Besides, these quantities are
determined by the driving parameters as well as the dissipative
parameters, which reflects the interference between driving
and dissipation. In particular, we find that the spectral density
in our effective system is renormalized due to the modified
dissipative coupling as

G̃(ω) =
∑

k

g̃2
k δ(ω − ωk) = G(ω)

[ 2J0
(

A
ωL

ζ
)
η�

ω + J0
(

A
ωL

ζ
)
η�

]2

.

(19)
The key point of our method is clear, i.e., the unitary trans-

formation is applied to construct an effective Hamiltonian that
reduces the contributions of the omitted H ′

2(t) to make them
as small as possible. Moreover, the effective Hamiltonian is
simple enough for analytical calculations within the formalism
of the Born–Markov master equation.

From our general treatment above, we give directly two
unequal treatments by setting either ξk or ζ to zero. After
the ξk = 0 (ζ = 0) related transformation, we omit the CR
terms of the dissipative coupling (the driving) to construct a
RWA-like Hamiltonian. When making ξk = 0 in the unitary
transformation, we obtain

H ′(t) = Hζ -TRWA(t) + H ′
2(t), (20)

Hζ -TRWA(t) = −1

2
J0

(
A

ωL

ζ

)
�σx− Ã

4
(eiωLtσ− + e−iωLtσ+)

+
∑

k

ωkb
†
kbk + 1

2

∑
k

gk(b†kσ− + bkσ+), (21)

H ′
2(t) = −�

∞∑
n=1

J2n

(
A

ωL

ζ

)
cos(2nωLt)σx

−�

∞∑
n=1

J2n+1

(
A

ωL

ζ

)
sin[(2n + 1)ωLt]σy

+ 1

2

∑
k

gk(b†kσ+ + bkσ−), (22)

where the superscript ζ -TRWA represents that the CR terms of
the driving is involved by the ζ -related unitary transformation
and those of the dissipative coupling are neglected. The
parameters ζ and Ã are obtained from Eq. (13) with η = 1.
Similarly, Hζ -TRWA(t) can serve as effective Hamiltonian and
H ′

2(t) will be omitted. Surprisingly, this resulting effective
Hamiltonian can reproduce certain numerical results obtained
by the FBM master equation based on exact numerical

treatment of the Floquet Hamiltonian. We come back to discuss
this in Sec. IV.

When ζ = 0, the unitary transformation leads to another
transformed Hamiltonian [22]

H ′(t) = Hξk-TRWA(t) + H ′
2(t), (23)

Hξk -TRWA(t) = −1

2
η�σx − A

4
(σ+e−iωLt + σ−eiωLt )

+
∑

k

ωkb
†
kbk + 1

2

∑
k

g̃k(b†kσ− + bkσ+),

(24)

H ′
2(t) = −1

2
�σx(cosh X1 − η) − 1

2
�iσy(sinh X1 − ηX1)

− A

4
(e−iωLtσ− + eiωLtσ+), (25)

where the superscript ξk-TRWA represents that only the CR
terms of the dissipative coupling are taken into account by
ξk-related unitary transformation and those of the driving are
not. Here, the parameters η, ξk , and g̃k for Hξk-TRWA(t) are
determined by the corresponding Eqs. (12), (15), and (17)
with J0( A

ωL
ζ ) being replaced by 1 in the equations. This

time the omitted term H ′
2(t) involves the CR terms of the

driving and the terms of order g2
k or higher [see first line in

Eq. (25)]. Comparing with H RWA(t), we notice that the
modifications resulting from the CR terms are included in the
renormalized tunneling η� and the modified coupling strength
g̃k . In particular, the modified coupling strength leads to a
renormalized spectral density

G̃ (ω) =
∑

k

g̃2
k δ(ω − ωk) = G(ω)

(
2η�

ω + η�

)2

. (26)

In order to show the intrinsic difference among the four
effective Hamiltonians given above, we should pay attentions
to the different approximations invoked in the four treatments.
For the standard quantum optics approach, the omitted terms
are HCR1(t) + HCR2. Therefore, the method is valid in the
weak-driving and weak-damping regimes. For the effective
Hamiltonian Hζ -TRWA(t), we have directly dropped the CR
terms 1

2

∑
k gk(b†kσ+ + bkσ−) in the transformed Hamiltonian

(20) and the terms with Bessel functions of second order
and higher, and thus it is reasonably applied for weak to
moderately strong driving in the weak dissipative regime,
which is proved by our calculation in the following sec-
tion. When deriving Hξk-TRWA(t), we neglect the CR terms
−A

4 (e−iωLtσ− + eiωLtσ+) and the terms of order g2
k and higher

instead of HCR2, which takes into account the CR terms of the
dissipative coupling but is not practicable for strong driving
since the Rabi-RWA used in this particular treatment is only
valid in the weak-driving regime. Finally, we would like to
demonstrate that the general treatment of Hζ -ξk-TRWA(t) takes
into account the CR terms of both the driving and dissipative
coupling on the same footing and the omitted H ′

2(t) does
contribute to physical quantities at O(g4

k ) or O(g2
k

A2

ω2
L

ζ 2). We
show the detailed comparison in Sec. IV.
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C. Valid parameter regime of our general treatment

In this section, we give a valid parameter space of our
general treatment. The main approximation we use is the
neglect of H ′

2(t) [Eq. (11)] in the transformed Hamiltonian.
In a moderately-weak-damping regime, the validity of the
neglect of H ′

2(t) depends on the effects of higher-frequency
driving-related terms (nωL,n � 2), i.e., the fast-oscillating
terms that are multiplied by the second- or higher-order
Bessel functions. In general, these terms can be safely dropped
under certain conditions, as discussed in Ref. [24]. The valid
parameter regime of our method depends on both of the
ratios A/ωL and �/ωL. Our method is fully justified when
A/ωL < 2. Especially, for �/ωL 	 1, our method works very
well even if A/ωL increases up to 6. Therefore, it is reasonable
for our method to study the physics of the driving-parameter
space, which is of primary interest to us. For instance, the
driving-parameter regime in quantum optics mainly focuses on
the resonant driving with the strength A/ωL < 2. On the other
hand, our method is practicable to study the ultrastrong driving
cases, such as ωL = 10� and A/ωL < 2.5. All in all, our
method can uniformly treat the weak to strong driving, which
is beyond the traditional perturbation theory in the amplitude
A or the tunneling �. Moreover, our treatment is analytically
more simple than the FBM approach.

III. MASTER EQUATION AND ITS SOLUTIONS

A. The master equation

Since the effective Hamiltonians in our three treatments
have the same mathematical form as H RWA(t), the derivation
of master equations for the effective Hamiltonians is similar.
In the following, we give the master equation for H̃ ζ -ξk -TRWA as
an instance. For the sake of simplicity, we omit the superscript
ζ -ξk-TRWA in the following derivation. We divide H̃ into two
parts, H̃ = H̃0 + H̃1, where

H̃0 = −1

2

(
δ̃σx + Ã

2
σz

)
+

∑
k

(ωk − ωL)b†kbk (27)

is the free Hamiltonian, and

H̃1 = 1

2

∑
k

g̃k(b†kσ− + bkσ+) (28)

is the interaction Hamiltonian. In the interaction picture, the
density matrix of the TLS and bath ρ̃I

SB(t) = eiH̃0t ρ̃SB(t)e−iH̃0t

satisfies the equation of motion,

d

dt
ρ̃I

SB(t) = −i
[
H̃ I

1(t),ρ̃I
SB(t)

]
, (29)

where superscript I indicates that the operator is in the
interaction picture, square brackets [,] is the usual commu-
tator operation, and H̃ I

1(t) = eiH̃0t H̃1e
−iH̃0t . The differential

equation (29) can be integrated formally, yielding the formal
solution

ρ̃I
SB (t) = ρ̃I

SB(0) − i

∫ t

0
dτ

[
H̃ I

1(τ ),ρ̃I
SB(τ )

]
. (30)

Substituting the formal solution (30) into Eq. (29) and taking
trace over the bath, we obtain an integrodifferential equation

for the reduced density matrix ρ̃I
S(t) = TrB[ρ̃I

SB(t)], which
reads

d

dt
ρ̃I

S(t) = −
∫ t

0
dτTrB

[
H̃ I

1(t),
[
H̃ I

1(τ ),ρ̃I
SB(τ )

]]
. (31)

To proceed, we can invoke Born–Markov approximation [4,23]
as usual. It is achieved by replacing ρ̃I

SB (τ ) and H̃ I
1(τ ) with

ρ̃I
S(t)ρB and H̃ I

1(t − τ ), respectively, where ρB is the density
matrix of the bath, and letting the upper limit of the integral
go to infinity, and then, we obtain that

d

dt
ρ̃I

S(t) = −
∫ ∞

0
dτTrB

[
H̃ I

1(t),
[
H̃ I

1(t − τ ),ρ̃I
S(t)ρB

]]
. (32)

After transforming the equation back into the Schrödinger
picture, we arrive at the desired master equation at zero
temperature,

d

dt
ρ̃S(t) = −i[H̃0S,ρ̃S(t)] −

∫ ∞

0
dτ

1

4

∑
k

g̃2
k

× {
e−i(ωk−ωL)τ

[
σ+,e−iH̃0Sτ σ−eiH̃0Sτ ρ̃S(t)

]
− ei(ωk−ωL)τ

[
σ−,ρ̃S(t)e−iH̃0Sτ σ+eiH̃0Sτ

]}
, (33)

where H̃0S = − 1
2 (δ̃σx + Ã

2 σz) and we have traced out the
degrees of freedom of the bath explicitly.

It is convenient to denote the mean value of the μ-
component Pauli operator averaged with respect to ρ̃S(t) by
〈σ̃μ(t)〉 = TrS[ρ̃S(t)σμ] and introduce the real Bloch vector
〈
̃σ (t)〉 = (〈σ̃x(t)〉,〈σ̃y(t)〉,〈σ̃z(t)〉). Using these notations, we
can easily derive the Bloch equations from the master equation,
which can be written in a matrix form,

d

dt
〈
̃σ (t)〉 = M〈
̃σ (t)〉 + 
I , (34)

where the matrix M is given by

M =
⎛
⎝−γx

Ã
2 γc

− Ã
2 −γy δ̃

0 −δ̃ −γz

⎞
⎠ , (35)

and 
I = (γx,0, − γc) is the column vector determining the
steady-state solutions of the equations. The parameters are
defined as

γx = γy + γz,

γy = [γ (ωL + �̃) cos2 φ − γ (ωL − �̃) sin2 φ] cos(2φ)

+ γ (ωL) sin2(2φ),

γz = γ (ωL + �̃) cos2 φ + γ (ωL − �̃) sin2 φ,

γc = [γ (ωL) cos(2φ) − γ (ωL + �̃) cos2 φ

+ γ (ωL − �̃) sin2 φ] sin(2φ), (36)

where

cos2 φ = 1

2

(
1 + δ̃

�̃

)
, (37)

and

�̃ =
√

δ̃2 + Ã2/4 (38)
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is the effective Rabi frequency. γ (ω) is the decay rate at
frequency ω and its functional form reads

γ (ω) = π

4

∑
k

g̃2
k δ(ω − ωk) = πG̃(ω)/4. (39)

In general, it is convenient to solve the Bloch equations (34)
with the aid of Laplace transform. However, for the steady-
state solutions, one just needs to perform following matrix
operation:

〈
̃σ 〉ss = −M−1 
I , (40)

which leads to

〈σ̃x〉ss = 4γy

(
γxγz − γ 2

c

) + 2δ̃
(
2δ̃γx − γcÃ

)
2δ̃

(
2δ̃γx − γcÃ

) + γz

(
Ã2 + 4γxγy

) , (41)

〈σ̃y〉ss = −2Ãγxγz − 2γc

(
2δ̃γx − γcÃ

)
2δ̃

(
2δ̃γx − γcÃ

) + γz(Ã2 + 4γxγy)
, (42)

〈σ̃z〉ss = −4γcγxγy + Ã
(
2δ̃γx − γcÃ

)
2δ̃

(
2δ̃γx − γcÃ

) + γz(Ã2 + 4γxγy)
. (43)

B. The secular approximation

Since we are interested in the physics in the strong-driving
and moderately-weak-damping regimes, it is convenient to
treat the problem in the dressed-state picture where one can
invoke the secular approximation to simplify the analytical
results. Thus, we can rewrite Eqs. (34) in terms of the
mean values of the dressed-state operators. The dressed-state
operators are related to the bare TLS operators by the relations

sx = cos(2φ)σz − sin(2φ)σx,

sy = σy, (44)

sz = − cos(2φ)σx − sin(2φ)σz.

Denoting the mean values of dressed-state operators by

〈s̃μ(t)〉 = Tr[sμρ̃S(t)], (45)

and introducing the raising and lowering operators s± =
1
2 (sx ± isy) for the dressed states, we can show the following
relations:

〈s̃+(t)〉 = 〈s̃−(t)〉∗ = 1
2 [cos(2φ)〈σ̃z(t)〉

− sin(2φ)〈σ̃x(t)〉 + i〈σ̃y(t)〉], (46)

〈s̃z(t)〉 = − cos(2φ)〈σ̃x(t)〉 − sin(2φ)〈σ̃z(t)〉. (47)

Using Eqs. (46) and (47), we are able to rewrite the Bloch
equations in a new form:

d

dt

⎛
⎝〈s̃+(t)〉

〈s̃−(t)〉
〈s̃z(t)〉

⎞
⎠ = M ′

⎛
⎝〈s̃+(t)〉

〈s̃−(t)〉
〈s̃z(t)〉

⎞
⎠ − 
I ′, (48)

where the elements of matrix M ′ are given by

M ′
11 = M ′∗

22 = i�̃ − �deph,

M ′
33 = −�rel,

M ′
12 = M ′

21 = − 1
4 [γ (ωL − �̃) + γ (ωL + �̃)] sin2(2φ),

M ′
13 = M ′

23 = − 1
2 [γ (ωL + �̃) cos2 φ − γ (ωL − �̃) sin2 φ]

× sin(2φ),

M ′
31 = M ′

32 = − 1
2γ (ωL) sin(4φ). (49)

Here,

�deph = γ (ωL + �̃) cos4 φ + γ (ωL − �̃) sin4 φ

+ γ (ωL) sin2(2φ), (50)

�rel = 2γ (ωL + �̃) cos4 φ + 2γ (ωL − �̃) sin4 φ, (51)

are the dephasing and relaxation rate, respectively. The
inhomogeneous column vector is 
I ′ = (�c,�c,�p) with

�c = 1
2 [γ (ωL) + γ (ωL + �̃) cos2 φ

+ γ (ωL − �̃) sin2 φ] sin(2φ), (52)

�p = 2γ (ωL + �̃) cos4 φ − 2γ (ωL − �̃) sin4 φ. (53)

Up until now, we just change the representation without
any approximation. To proceed the treatment analytically, we
invoke the secular approximation; namely, the neglect of the
nondiagonal elements of M ′ and �c of the inhomogeneous
part 
I ′, which is justified when the driving is strong enough
or largely detuned [�̃ � γ (ωL),γ (ωL ± �̃)]. By the secular
approximation, Eqs. (48) gives the decoupled equations

d

dt
〈s̃+(t)〉 = (−�deph + i�̃)〈s̃+(t)〉, (54)

d

dt
〈s̃z(t)〉 = −�rel〈s̃z(t)〉 − �p, (55)

which lead to the solutions of the simple form

〈s̃+(t)〉 = 〈s̃−(t)〉∗ = − 1
2 cos(2φ)e(−�deph+i�̃)t , (56)

〈s̃z(t)〉 = − �p

�rel
(1 − e−�relt ) + sin(2φ)e−�relt , (57)

where we have used the initial condition 〈σz(0)〉 = −1.
By using the inverse relations of Eqs. (44), we can derive

the explicit form of 〈σ̃μ(t)〉, which reads

〈σ̃x(t)〉 = cos(�̃t)e−�depht sin(2φ) cos(2φ)

+
[

�p

�rel
(1 − e−�relt ) − sin(2φ)e−�relt

]
cos(2φ), (58)

〈σ̃y(t)〉 = − sin(�̃t)e−�depht cos(2φ), (59)

〈σ̃z(t)〉 = − cos(�̃t)e−�depht cos2(2φ)

+
[

�p

�rel
(1 − e−�relt ) − e−�relt sin(2φ)

]
sin(2φ). (60)

Similarly, the master equations and solutions for the other
three Hamiltonians can be obtained by the same procedure
for Hζ -ξk -TRWA(t). Alternatively, one can directly obtain the
corresponding results for the other Hamiltonians from those for
Hζ -ξk -TRWA(t) by replacing the quantities of the same position
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in the effective Hamiltonian. For instance, when the parameters
in above equations are replaced as follows:

Ã → A, δ̃ → δ0, G̃(ω) → G(ω), (61)

we obtain the results for the traditional RWA approach.

IV. DYNAMICS OF POPULATION DIFFERENCE
AND COHERENCE

In this section, we start to identify the relation between
our method and FBM approach and demonstrate the physical
effects induced by the CR terms by comparing the results
of the three RWA-like and RWA methods. In the following,
because we consider the weak-dissipative-coupling case, the
renormalization of the tunneling can be well approximated
as η ≈ 1 for Hζ -ξk -TRWA(t) and Hξk -TRWA(t). Therefore, in
the weak-driving limit, the resonance condition ωL = η�

for Hζ -ξk -TRWA(t) and Hξk-TRWA(t) is nearly the same as the
resonant condition ωL = � for H RWA(t).

Henceforth, for the sake of simplicity, we use the dif-
ferent superscript of the effective Hamiltonian to denote
the four methods of the RWA form and their results, e.g.,
the ζ -ξk-TRWA represents the results calculated by exactly
solving the master equation for Hζ -ξk-TRWA(t) while the
ζ -ξk-TRWA + SA stands for the analytical results calculated
within the secular approximation (SA) for Hζ -ξk-TRWA(t).

We now introduce how to calculate the physical quantities
of primary interest within our formalism. In general, it is
convenient to calculate the physical quantities by using the
reduced density matrix governed by the effective Hamiltonian,
which is obtained by ρ̃S(t) = TrB[ρ̃SB (t)]. Notice that ρ̃SB(t)
is related to the density matrix of the total system ρSB (t) in the
original frame by ρ̃SB (t) = R(t)eS(t)ρSB (t)e−S(t)R†(t). Thus,
we can give the population difference for the ζ -ξk-TRWA as
follows:

〈σz(t)〉 = TrSB[σzρSB (t)]

= TrSB[R(t)eS(t)σze
−S(t)R†(t)ρ̃SB(t)]

= TrSB[R(t)σzR
†(t)ρ̃SB(t)]

= TrS[(σ+eiωLt + σ−e−iωLt )ρ̃S(t)]

= 〈σ̃z(t)〉 cos(ωLt) − 〈σ̃y(t)〉 sin(ωLt). (62)

When the Bloch equations (34) are exactly solved, the
population difference can be completely determined. In
addition, we can give simple analytical solutions by using the
approximate results for 〈σ̃μ(t)〉 given in Eqs. (58)–(60), which
lead to the analytical expression

〈σz(t)〉 = cos(ωLt)e−�relt

[
�p

�rel
(e�relt−1)− sin(2φ)

]
sin(2φ)

− cos(ωLt) cos(�̃t)e−�depht cos2(2φ)

+ sin(ωLt) sin(�̃t)e−�depht cos(2φ). (63)

Note that the approximate solutions are derived with the aid
of the secular approximation in the dressed-state picture,
which means that the solutions are valid for a sufficiently
strong driving or a largely detuned driving. In addition, when
replacing the involved physical quantities (Ã, �̃, �̃, and g̃k) of
the general treatment by the corresponding bare or modified

quantities of the other three effective Hamiltonians (H RWA,
Hξk -TRWA, and Hζ -TRWA), respectively, one immediately
obtain the corresponding population difference with the same
mathematical forms as the formulas (62) and (63) for the
ζ -ξk-TRWA method.

Similarly, the coherence for the ζ -ξk-TRWA method can be
evaluated as the population difference,

〈σx(t)〉 = TrSB [σxρSB(t)]

= TrSB [R(t)eS(t)σxe
−S(t)R†(t)ρ̃SB(t)]

= η{cos X2〈σ̃x(t)〉 + sin X2[〈σ̃z(t)〉 sin(ωLt)

+〈σ̃y(t)〉 cos(ωLt)]}, (64)

where X2 = A
ωL

ζ sin(ωLt). The formula shows that the CR
terms of the driving lead to a multifrequency dependence
of the coherence because of the time factors cos X2 and
sin X2. However, within the Rabi-RWA, cos X2 and sin X2

are replaced with 1 and 0, respectively, and the coherence is
simply determined by the mean value of σx with respect to the
reduced density matrix for the Hamiltonian H RWA.

Before discussing the strongly driven dynamics, we show
the relations between the RWA method and the other three
RWA-like methods in the weak-driving and weak-damping
limit. It is well known that the RWA is reasonably used to
describe the physics of interest when both the driving and
damping are weak enough. In the following we demonstrate
that our methods agree with the RWA one in the weak-
driving and weak-damping limit by the asymptotic behavior
of the modified quantities of the ζ -ξk-TRWA. In the weak-
damping limit, η = 1. On the other hand, in the weak-driving
limit A/ωL 	 1, we expand J1( A

ωL
ζ ) as J1( A

ωL
ζ ) ≈ A

2ωL
ζ +

O(A3ζ 3

ω3
L

), and substituting it into Eq. (13) we obtain ζ = 1
2 ,

and Ã = A. Moreover, we have J0( A
ωL

ζ ) ≈ 1 and then, δ̃ ≈
� − ωL. Therefore, the modified physical quantities recover
the bare ones of the RWA. Besides, all decay rates of the
ζ -ξk-TRWA (39) at the three transition frequencies ωL and
ωL ± �̃ tend to the same value of πG(�)/4 when ωL = � and
A/ωL 	 1. Thus, it turns out that the RWA result is the limit
of the three methods (the ζ -TRWA, ξk-TRWA and ζ -ξk-TRWA
methods) in the weak-driving and weak-damping limit. In
the following, we study the strongly driven dynamics by
comparing the results of these methods and the FBM approach.

A. Comparison of our method and
Floquet–Born–Markov approach

In this section, we reveal the relation between the ζ -TRWA
method and the FBM approach (whose results will be
denoted by FBM in plots). The Floquet Hamiltonian and
the corresponding master equation used for evaluating the
dynamics in this work are referred to as Eqs. (4) and (38) in
Ref. [14], where the general time-dependent Bloch–Redfield
tensor in the master equation (38) is replaced by Eq. (47)
in Ref. [14] (this is the so-called moderate rotating-wave
approximation—MRWA).

We first compare the population difference predicted by
the ζ -TRWA, ζ -TRWA + SA, and FBM approaches. We plot
the population difference as a function of time t for the three
methods with A/ωL = 0.1 in Fig. 1 and A/ωL = 1 in Fig. 2.
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FIG. 1. (Color online) 〈σz(t)〉 as a function of t is shown for A/ωL = 0.1, α = 0.01, and (a) ωL = � and (b) ωL = 4�.

We find that, when A/ωL = 0.1 or 1, the ζ -TRWA + SA
and FBM approaches give almost the same results. In fact,
we verify numerically that, in the region of A/ωL < 2, the
ζ -TRWA + SA approach gives almost the same dissipative
dynamics (α �= 0) and nondissipative dynamics (α = 0) as
that of the FBM approach. It means that, in some senses,
the approximation used in ζ -TRWA + SA is equivalent to
those used in the FBM approach. In other words, the role
of MRWA of treating the dissipation in the FBM approach is
approximately equivalent to that of the two approximations
in our treatment: (i) the neglect of 1

2

∑
k gk(bkσ− + b

†
kσ+) in

the transformed Hamiltonian; (ii) the secular approximation.
Although the results of the ζ -TRWA + SA agrees quite well
with those of the FBM approach in the certain parameter
region, they may not coincide with those of the ζ -TRWA
because the secular approximation used can be invalid for
moderately weak driving, such as the case in Fig. 1(a).

In Figs. 3(a)–3(d), we plot the population difference
and coherence for the ratio A/ωL = 2.5, which is beyond
the region A/ωL < 2. It is found that ζ -TRWA and
ζ -TRWA + SA give the same results and their time evolution
differs from that of the FBM approach in particular when
ωL = � even though the oscillatory frequency of their
stable states is the same. The difference can be understood
by recalling the approximation invoked in H̃ ζ -TRWA. When
deriving H̃ ζ -TRWA, we neglect the second- and higher-order
Bessel functions of the first kind, whose influence depends
on the ratios A/ωL and �/ωL. This approximation can be
justified in the region of A/ωL < 2. Therefore, we see the
excellent agreement of the results given by the ζ -TRWA + SA

and FBM approaches. However, when A/ωL is out of the
region, the approximation of H̃ ζ -TRWA might not be well
justified and it arises that the difference between our method
and FBM approach. Nevertheless, Figs. 3(c) and 3(d) show
that, when A/ωL = 2.5 and ω � �, the ζ -TRWA can also
provide a good description compared with the FBM approach.

To end this section, we give some remarks on the com-
parison of the ζ -TRWA and FBM approaches. First, from
the above comparisons, we verify the valid driving-parameter
space of our method given in Sec. II C and clarify the relation
between the ζ -TRWA and FBM approaches. It is obvious that
our method is analytically more simple and numerically more
efficient than the FBM approach. Second, in some senses, the
MRWA’s role invoked in the FBM approach is equivalent to
the two specific approximations in the ζ -TRWA treatment:
(i) the neglect of the CR terms 1

2

∑
k gk(b†kσ+ + bkσ−) in the

transformed Hamiltonian and (ii) the secular approximation.
We should point out that, although the secular approximation is
generally valid in the strong driving regimes, the neglect of the
CR terms 1

2

∑
k gk(b†kσ+ + bkσ−) may not be justified since the

CR terms of the dissipative coupling lead to the renormaliza-
tion of the spectral density [see Eq. (26)]. In the following, we
discuss how the effects of the renormalized spectrum modify
significantly the time evolution under certain conditions.

B. Reduction of dephasing and relaxation rates

In this section, we examine the role of the CR terms of the
driving and dissipative coupling in the interference between
driving and dissipation. To begin with, we compare the time

FIG. 2. (Color online) 〈σz(t)〉 as a function of t is shown for A/ωL = 1, α = 0.01, and (a) ωL = � and (b) ωL = 4�.
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FIG. 3. (Color online) [(a), (c)] 〈σz(t)〉 and [(b), (d)] 〈σx(t)〉 as functions of t are shown for A/ωL = 2.5, α = 0.01, and driving frequencies
[(a), (b)] ωL = � and [(c), (d)] ωL = 4�.

evolution of the population difference and coherence, which
is shown in Figs. 4(a)–4(d) and obtained by the ζ -TRWA,
ξk-TRWA, and ζ -ξk-TRWA for A/ωL = 1. It is obvious that
the results of the ξk-TRWA method differ from those of
the other two methods for both on-resonance driving and
off-resonance driving, which results from the break-down
of the Rabi-RWA used in the ξk-TRWA approach. On the
other hand, when comparing the results of the ζ -TRWA
and ζ -ξk-TRWA approaches, one finds that those of the two
treatments coincide for the off-resonance case but differ from
each other for the on-resonance case. It indicates that the
CR terms 1

2

∑
k gk(b†kσ+ + bkσ−) omitted in ζ -TRWA indeed

have significant effects on the dynamics because the driving
is strong enough for the on-resonance case. To understand the
phenomenon, we use the analytical results obtained by the
secular approximation (Sec. III B) to analyze the relaxation
and dephasing processes.

In order to demonstrate the difference of the time evolution,
we check the behaviors of the dephasing rate [Eq. (50)]
and the relaxation rate [Eq. (51)], which characterize the
dephasing and relaxation processes of the dressed states. We
show the comparison of the relaxation rates in Fig. 5(a)
and dephasing rates in Fig. 5(b) given by the four methods
(the RWA, ζ -TRWA, ξk-TRWA, and ζ -ξk-TRWA methods)
for ωL = �. In comparison with the RWA results, the three
TRWA methods predict that both kinds of rates decrease
as A increases. Besides, one finds that the ζ -ξk-TRWA
method predicts the smallest both kinds of rates than the
other three methods. In the following, we take the relaxation
rate as an instance to show how the CR terms modify its

value (the behavior of the dephasing rate can be understood
similarly).

First, we show the effects of the driving CR terms on the
relaxation rate of the ζ -TRWA method as compared with those
of the RWA method since the ζ -ξk-TRWA method has the same
treatment of the driving CR terms as the ζ -TRWA method.
When ωL = �, the relaxation rate has the form

�
ζ -TRWA
rel ≈ π

4
G(�) + παδ̃ + O(δ̃2). (65)

However, the RWA method gives a constant decay rate π
4 G(�)

since δ0 = 0. As the effective detuning δ̃ = J0( A
ωL

ζ )� − � <

0 decreases with increasing A, one can see that the relaxation
rate decreases accordingly. Physically, the nonzero effective
detuning is related to the Bloch–Siegert-type correction [28].
As is shown in Ref. [24], by the effective Rabi frequency
(δ̃2 + Ã2/4)1/2, we have calculated the Bloch–Siegert shift up
to fourth order in A, which is consistent with Floquet theory
[21]. In fact, the Bloch–Siegert shift has been embodied in
both the effective detuning δ̃ and the modified driving strength
Ã in our formalism.

Second, we show the role of the dissipative CR terms
of the dissipative interaction of the ξk-TRWA as compared
to the RWA results since the ζ -ξk-TRWA method has the
same treatment of the dissipative CR terms as the ξk-TRWA
method. In our formalism, the dissipative CR terms lead to the
renormalized spectral density given by Eq. (26). For A � �

and ωL = η�, the relaxation rate for the ξk-TRWA is given
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FIG. 4. (Color online) [(a), (c)] 〈σz(t)〉 and [(b), (d)] 〈σx(t)〉 as functions of t are shown for A/ωL = 1, α = 0.01, and driving frequencies
[(a), (b)] ωL = � and [(c), (d)] ωL = 4�.

as [22]

�
ξk-TRWA
rel = π

4
G(η�)

[
1 − 3

16

(
A

η�

)2]

×
[

1 − 1

16

(
A

η�

)2]−2

. (66)

It shows that the rate reduces as A increases, which results
from the modified factor (2η�)2/(ω + η�)2 of the spectral
density G̃(ω). Furthermore, the modified factor arises from
the parameter ξk of the generator with the form ξk = ωk/(ωk +
η�), which depends on the boson frequency [26]. Physically,
ξk ≈ 1 when ωk � η�, which means that the bath modes can
follow the motion of the system. When ωk 	 η�, ξk becomes

very small, which means that the corresponding bath modes
are too slow to follow the motion. However, the RWA method
does not capture this nature of the bath modes.

Last not the least, we show the feature of the interference
between driving and dissipation in the presence of two types
of the CR terms. It is obvious that the ζ -ξk-TRWA takes into
account the effects of two types of CR terms, which can be
represented by the renormalized physical quantities δ̃, Ã, g̃k ,
etc. Moreover, the effects of the renormalized coupling g̃k can
be described by G̃(ω), which possesses the factor

F =
[ 2J0

(
A
ωL

ζ
)
η�

ω + J0
(

A
ωL

ζ
)
η�

]2

.

FIG. 5. (Color online) (a) The relaxation rate and (b) the dephasing rate as functions of A are shown for α = 0.01 and ωL = �. γ0 =
πG(�)/4 is set as units.
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The factor is related to the renormalized tunneling J0( A
ωL

ζ )η�,

in which the renormalized factor J0( A
ωL

ζ ) comes from the
driving CR interactions and the other factor η results from the
dissipation-CR couplings. In addition, when ω → J0( A

ωL
ζ )η�,

F tends to 1, and then G̃(ω) → G(ω). In other words, in
some senses, the modification of the spectral density becomes
unobservable. However, when ω �= J0( A

ωL
ζ )η�, G̃(ω) is dif-

ferent from G(ω), which contributes to the distinct dynamic
characters of the ζ -ξk-TRWA treatment in comparison with
the time evolution of the ζ -TRWA [see Figs. 4(a) and 4(b)].

From the above discussion, we conclude that the CR
terms lead to the corrections of physical quantities and the
renormalization of the spectral density, which contribute
important influence to the relaxation and dephasing processes.
Moreover, in strong-driving regimes and for the on-resonance
driving ωL = �, the effects of the driving CR and dissipative
CR terms cause the reduction in the the relaxation and
dephasing rates. For the properly off-resonance driving, the
renormalization of the spectral density becomes unobservable
and the effect of the CR terms of the driving dominates the
difference between RWA and non-RWA results.

C. Effects of counter-rotating terms on steady-state properties

We now discuss the effects of the CR terms on the properties
of the steady state of the TLS, i.e., 〈σz(t → ∞)〉 and 〈σx(t →
∞)〉. We first consider the behavior of 〈σz(t)〉 in the long-time
limit, which is a periodic oscillation with the driving frequency
ωL,

〈σz(t → ∞)〉 = 〈σ̃z〉ss cos(ωLt) − 〈σ̃y〉ss sin(ωLt)

= P∞ cos(ωLt + ϕ), (67)

where

P∞ =
√

〈σ̃z〉2
ss + 〈σ̃y〉2

ss (68)

is the steady oscillation amplitude and the phase ϕ satisfies
tan ϕ = 〈σ̃y〉ss/〈σ̃z〉ss . The formula (67) is derived without the
secular approximation. In Fig. 6(a), we show the amplitude
P∞ given by the four methods as a function of A under
the resonance condition ωL = �. We note that, in the weak-
driving limit, the oscillation amplitudes given by the four
methods agree with each other. However, they are different
in the strong-driving limit, which indicates that the CR terms

can significantly modify the steady state. The influence of
the CR terms on P∞ can be revealed by the similar analysis
as the former subsection. In the strong-driving case, P∞ is
determined by the behavior of 〈σ̃z〉ss since 〈σ̃y〉ss becomes
very small when the driving amplitude A is large enough. For
ωL = �, it is easy to derive explicit forms of 〈σ̃z〉ss for the
three methods,

〈σ̃z〉RWA
ss = A

2�
, (69)

〈σ̃z〉ζ -TRWA
ss ≈ Ã

2�
+

(
4�2 − Ã2

Ã�2

)
δ̃, (70)

〈σ̃z〉ξk -TRWA
ss = A3

2�(16�2 − 3A2)
. (71)

It is the driving CR terms that induce the corrections to
〈σ̃z〉ζ -TRWA

ss and lead to the difference between 〈σ̃z〉ζ -TRWA
ss

and 〈σ̃z〉RWA
ss , while the difference between 〈σ̃z〉ξk-TRWA

ss and
〈σ̃z〉RWA

ss results from the renormalization of the spectral density
included in 〈σ̃z〉ξk-TRWA

ss . 〈σ̃z〉ζ -ξk -TRWA
ss , which is different from

those of the other three methods, includes the effects of both
the driving and dissipative CR terms. In Fig. 6(b), we show
〈σ̃z〉ss of the four methods for comparison. It is interesting to
find that either the driving CR terms or the dissipative CR terms
reduce the values of 〈σ̃z〉ss . Especially, when the two types of
CR terms are taken into account, ζ -ξk-TRWA predicts negative
values of 〈σ̃z〉ss in strong contrast to the positive values given
by the other three methods.

We show how the CR terms modify P∞ upon variation of
ωL for a fixed A. Figure 7(a) shows P∞ as a function of ωL for
a finite driving A = 0.5�. It is notable that when ωL < 0.75�

or ωL > 1.25�, the ζ -ξk-TRWA result is in good agreement
with the ζ -TRWA result, and the ξk-TRWA result is consistent
with the RWA one. This indicates that, for the large-detuning
case, the renormalized effects of the spectral density in the
ζ -ξk-TRWA (ξk-TRWA) treatment becomes unobservable by
comparison with the ζ -TRWA (RWA) results. However, the
effect of the driving CR terms gives rise to the difference
between the ζ -TRWA (ζ -ξk-TRWA) and RWA (ξk-TRWA)
results. The phenomenon can be understood analytically. For
|ωL − �| � 0 and moderate strong-driving case, we have

FIG. 6. (Color online) (a) The steady oscillation amplitude P∞ and (b) 〈σ̃z〉ss as functions of A are shown for α = 0.01 and driving
frequency ωL = �.
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FIG. 7. (Color online) (a) The steady oscillation amplitude P∞ and (b) the modified driving strength Ã as functions of ωL are shown for
A = 0.5� and α = 0.01.

�p/�rel � 1, which is independent of the spectral density.
Therefore, 〈σ̃z〉ss takes the following simple form:

〈σ̃z〉ζ -ξk-TRWA
ss = 〈σ̃z〉ζ -TRWA

ss = Ã

2
√

δ̃2 + Ã2/4
, (72)

〈σ̃z〉ξk -TRWA
ss = 〈σ̃z〉RWA

ss = A

2
√

δ2
0 + A2/4

. (73)

Since the modified quantities (Ã and δ̃) induced by the driving
CR terms are different from the bare ones (A and �), they
determine the difference between the two types of stable states.
We show Ã as a function of ωL in Fig. 7(b), which indicates
that this difference can be enhanced for large detuning.

We discuss the steady-state behavior of the coherence in
the following. For the ζ -ξk-TRWA method (the ζ -TRWA case
is similar), we have

〈σx(t → ∞)〉 = 〈σx〉sv +
∞∑

n=1

Qn,∞ cos(2nωLt − ϕn), (74)

where

〈σx〉sv = ηJ0

(
A

ωL

ζ

)
〈σ̃x〉ss + ηJ1

(
A

ωL

ζ

)
〈σ̃z〉ss (75)

is the static value of the coherence,

Qn,∞ = η

√
N2

n + M2
n (76)

is the amplitude of the oscillation with frequency 2nωL, and
the phase is given by ϕn = arctan(Mn/Nn). The parameters
Nn and Mn read

Nn = 2J2n

(
A

ωL

ζ

)
〈σ̃x〉ss

+
[
J2n+1

(
A

ωL

ζ

)
− J2n−1

(
A

ωL

ζ

)]
〈σ̃z〉ss , (77)

Mn =
[
J2n+1

(
A

ωL

ζ

)
+ J2n−1

(
A

ωL

ζ

)]
〈σ̃y〉ss . (78)

We note that, in the long-time limit, the coherence oscillates
around its static value with even multiples of driving frequency
2nωL. However, when the driving CR terms are neglected, the
coherence remains constant after a sufficiently long time. No-
tice that the static value of the coherence is mainly determined
by 〈σ̃x〉ss . In the strong-driving limit, 〈σ̃x〉ss = �p

�rel
cos(2φ).

We verify that the four methods give little difference in the
static values of the coherence [see Figs. 8(a) and 8(b)]. On
the other hand, we consider the higher-frequency oscillation
induced by the driving CR terms. In Figs. 9(a) and 9(b), we
show the steady oscillation amplitudes Q1,∞ of the frequency
2ωL for the four methods. It is notable that the amplitudes
for the ζ -ξk-TRWA and ζ -TRWA method can be enhanced
significantly as the driving strength increases, while those of
the other methods, which do not take into account the driving
CR terms, are zero. Thus, we point out that the even-frequency

FIG. 8. (Color online) (a) The static value of coherence in the long-time limit as a function of A is shown for α = 0.01 and ωL = �.
(b) The static value of coherence as a function of ωL is shown for α = 0.01 and A = 0.5�.
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FIG. 9. (Color online) (a) The steady oscillation amplitude of the coherence as a function of A is shown for α = 0.01 and ωL = �. (b) The
steady oscillation amplitude of the coherence as a function of ωL is shown for α = 0.01 and A = 0.5�.

oscillation is a pure character induced by the driving CR
terms. In addition, in Fig. 9(b), the renormalization of the
spectral density results in the difference between ζ -ξk-TRWA
and ξk-TRWA for near-resonance cases.

D. Coherent destruction of tunneling

In this section, we apply the ζ -TRWA and ζ -ξk-TRWA
methods to study how the dissipative environment affects
the intriguing phenomenon known as coherent destruction
of tunneling (CDT) [29–31]. As discussed in our previous
work, the Rabi-RWA method cannot give the CDT under the
condition, i.e., ωL = 10� and A = 24.0483� [24]. Therefore,
the RWA and ξk-TRWA methods based on Rabi-RWA cannot
give CDT. In Fig. 10, we show the probability of the TLS
to remain in its initial state for the CDT condition with
dimensionless coupling constant α = 0.01. The results of both
the ζ -ξk-TRWA and ζ -TRWA methods show that the tunneling
of the TLS is effectively suppressed. However, the ζ -ξk-TRWA
method gives a slower dissipative process than that of the
ζ -TRWA, which can be understood by analyzing the decay
rate γ (ω). Within the description of the ζ -ξk-TRWA, we find
that the decay rate γ (ω) depends on the renormalized spectral
density G̃(ω), which has the renormalized factor

F =
[ 2J0

(
A
ωL

ζ
)
η�

ω + J0
(

A
ωL

ζ
)
η�

]2

FIG. 10. (Color online) The probability of the TLS remains in its
initial state as a function of t is shown for α = 0.01, ωL = 10�, and
A = 24.0483�.

[see Eq. (19)]. Notice that, under the CDT condition, J0( A
ωL

ζ )
tends to zero (not exactly zero) and, thus, the decay rate of
the ζ -ξk-TRWA method can be significantly reduced, which
in turn makes the dissipation effect weaker than that of the
ζ -TRWA. Our result indicates that, in spite of the dissipation,
it is possible to achieve the CDT and keep the initial state for a
relatively long time owing to the interference between driving
and dissipation.

V. CONCLUSION

To summarize, we proposed a method based on the
unitary transformation to study the dissipative dynamics of
the driven spin-boson model. The unitary transformation is
applied to construct an effective Hamiltonian, which possesses
modifications to the driving- and dissipative-related quantities
induced by the effects of the CR terms. Besides, the effective
Hamiltonian takes a simple RWA-like form. Starting from the
effective Hamiltonian, we are able to derive Born–Markov
master equation in the transformed rotating frame, which can
be exactly solved without difficulty. The general procedure
of the method is simple and clear. Moreover, there are two
particular treatments derived from the general treatment based
on the generator (7) by setting either ζ = 0 or ξk = 0 and
invoking further the approximation of neglecting the CR
terms of the driving or the dissipative coupling, respectively.
Including the treatment of neglecting all the CR terms, there
are four methods with the effective Hamiltonians of the
same mathematical form and corresponding master equations.
We systematically examine the results of the four methods
from weak to strong driving in the weak-damping regime
in order to clarify the effects of the CR terms on the
population difference and coherence. We find that the CR
terms of the dissipative coupling contribute their influence
by renormalizing the spectral density, which characterizes the
dissipative property of the bath, and the CR terms of the
driving cause the modifications to the detuning and driving
strength. In the limit of weak driving and weak damping, we
analytically show the asymptotic behavior of the modified
quantities, which naturally tend to the bare ones and, thus,
the four methods give consistent results. In the regime of
strong driving and weak damping, the four methods generally
give different results owing to the effects of CR terms. In the
case of resonant strong driving, we demonstrated that the CR
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terms of both the driving and dissipative coupling prolong the
relaxation and dephasing processes and significantly influence
the steady state of the TLS. In the case of largely detuned
driving, it turned out that the influence of the CR terms of the
dissipative coupling becomes negligible while the CR terms
of the driving contribute the dominant modifications to the
steady-state solutions. In addition, we applied the methods of
taking account of the CR terms of the driving to study how the
dissipation influences the CDT. The general ζ -ξk-TRWA
treatment illustrates that, in the presence of the CR terms of
both the driving and dissipative coupling, the system is able
to survive in its initial state under the CDT condition for a
relatively long time without obvious decay.

We identify the relation between our method and the
FBM approach by the comparison of the results of the
ζ -TRWA + SA method with those of the FBM approach. In
the valid parameter space of our method for nondissipative
driven dynamics, it is interesting to find the numerical equiv-
alence between the FBM approach and the ζ -TRWA + SA
solution. The equivalence reflects that the role of MRWA
invoked in the FBM approach is approximately equivalent
to two approximations in our treatment: (i) the neglect of
1
2

∑
k gk(b†kσ+ + bkσ−) in the transformed Hamiltonian and

(ii) the secular approximation. To our knowledge, the FBM and
the ζ -TRWA approaches properly take into account the effects
of the driving CR terms but do not consider the contributions of
the dissipative CR terms because of the use of the MRWA in the
FBM approach and the neglect of 1

2

∑
k gk(b†kσ+ + bkσ−) in the

ζ -TRWA treatment, respectively. In the Born–Markov formal-
ism, these method are sufficient to describe the issue when the
driving is largely detuned in which case the renormalization
of the spectral density becomes unobservable. However, in
the case of the resonant strong driving, we must take into
account the effects of the dissipative CR terms, which causes
the renormalization of the spectral density in comparison with
those of the RWA by using the bare spectral density and leads
to a different dynamical evolution of the system.

ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (Grants No. 11174198, No. 11374208,
No. 91221201, and No. 11491240168) and the National Basic
Research Program of China (Grant No. 2011CB922202). The
work was partially supported by the Shanghai Jiao Tong
University SMC-Youth Foundation.

[1] A. J. Leggett, S. Chakravarty, A. T. Dorsey, M. P. A. Fisher, A.
Garg, and W. Zwerger, Rev. Mod. Phys. 59, 1 (1987).

[2] U. Weiss, Quantum Dissipative Systems (World Scientific,
Singapore, 1999).

[3] M. Grifoni and P. Hänggi, Phys. Rep. 304, 229 (1998).
[4] H. P. Breuer and F. Petruccione, The Theory of Open Quantum

Systems (Oxford University Press, New York, 2006).
[5] M. O. Scully and M. S. Zubairy, Quantum Optics (Cambridge

University Press, Cambridge, 1997).
[6] Anna Kowalewska-Kudlaszyk and Ryszard Tanaé, J. Mod. Opt.
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[24] Z. G. Lü and H. Zheng, Phys. Rev. A 86, 023831 (2012); Y. Y.
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We apply a simple analytical method based on a unitary transformation to calculate the Bloch-Siegert (BS)
shift over the entire driving-strength range. In quantitative comparison with the numerically exact BS shift
obtained by Floquet formalism as well as the previous BS results, we confirm that our calculated results are
not only accurate in the weak-driving regime but also correct in the strong-driving limit. In the intermediate
strong-driving regime, the calculated values of the BS shift are nearly the same as the exact ones. It turns out
that our calculation for the BS shift is beyond perturbation. Meanwhile, we demonstrate the signatures caused
by the BS shift by monitoring the excited-state population and the probe-pump spectrum under the experiment
accessible conditions. In particular, we find that when the driving frequency is fixed at the transition frequency
of the system, the line shape of the probe-pump spectrum becomes asymmetric with the increase of the driving
strength, which may be verified experimentally.
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I. INTRODUCTION

The physics of driven quantum systems, an attractive topic
in quantum physics, has been widely studied for several
decades [1–6]. At present, the study of such systems is
significant for quantum information processing [7–12] and
also pertinent in the context of artificial atoms such as
superconducting circuits [13–16]. The prototype of driven
quantum systems is the Rabi model describing a two-level
system (TLS) driven by a harmonic driving (we set � = 1),

H (t) = 1

2
ω0σz + A

2
cos(ωt)σx

= 1

2
ω0σz + A

4
(eiωtσ− + e−iωtσ+)

+ A

4
(e−iωtσ− + eiωtσ+), (1)

where σx,y,z is the usual Pauli matrix and σ± = (σx ± iσy)/2.
ω0 is the transition frequency of the TLS. A and ω are the
amplitude and frequency of the harmonic driving, respec-
tively. Usually one invokes the rotating-wave approximation
(RWA), i.e., the omission of the counterrotating (CR) terms
A
4 (e−iωtσ− + eiωtσ+) [17]. The RWA is valid in the weak
driving and resonance cases but breaks down in the strong
driving regimes [2]. It has been recognized that the CR terms
lead to the shift of resonance position and additional beats in
the time evolution [1,2]. In particular, the shift of resonance
position from the resonance frequency of the RWA case is
called the Bloch-Siegert (BS) shift: δωBS [1,2]. We focus on
the BS shift in the present work.

The BS shift has been considered extensively in the cases
of both classical and quantized fields [1,2,18–20]. For the
classical field, it is convenient to give the BS shift by the

*yiyingyan@sjtu.edu.cn
†zglv@sjtu.edu.cn
‡hzheng@sjtu.edu.cn

Floquet formalism developed by Shirley [2]. For the quantized
field, a fully quantum mechanical description was provided in
the so-called dressed-atom model that combines the atom and
driving field [20]. All in all, most previous research, based on
perturbation calculation, gives the well-known BS shift in the
sixth order of A [2]. Hence, there is not yet a simple analytical
method to produce the BS shift across the entire range of the
driving strength.

Apart from the theoretical calculation of the BS shift, the
effect of the BS shift has been studied before, such as an
asymmetric Autler-Townes profile in a driven three-level sys-
tem [21], the shift of the sidebands of resonance fluorescence
[22,23], application to the astrophysical determination of the
fundamental constants variation [24], etc. More recently we
showed that the BS-type correction plays an important role in
the relaxation and dephasing processes [25]. In addition, the
BS shift has also been experimentally observed in strongly
driven artificial atoms [15,16].

In this paper we calculate the BS shift over the entire
driving-strength regime (0 < A/ω0 < ∞) by a simple analyti-
cal method based on a unitary transformation [5]. The approach
has been used to study the driven tunneling dynamics of the
TLS in our previous work [5]. It turned out that our method
provides almost the same description as the numerically exact
treatment over a wide parameter regime of interest. Moreover,
we prove that the BS shift up to the fourth order in A given
by our method is the same as that obtained by the Floquet
approach [2]. In this work, we show that both small and
large BS shifts can be uniformly and correctly evaluated from
the derivative of the effective Rabi frequency we derived,
in comparison with numerically exact results and previous
analytical results. Moreover, we illustrate that the signatures
of the BS shift can be monitored in the emission process
and probe-pump spectrum under the experiment accessible
conditions. When ω = ω0, we show that the sidebands of the
non-RWA probe-pump spectrum are generally asymmetric.
The asymmetry results from the BS shift and can be enhanced
with increasing the driving strength. On the other hand, the
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non-RWA probe-pump spectra become symmetric only when
ω = ω0 + δωBS. According to these properties, one can check
the signatures of the BS shift experimentally.

II. UNITARY TRANSFORMATION

The wave function |�(t)〉 of the TLS satisfies the
Schrödinger equation[

H (t) − i
d

dt

]
|�(t)〉 = 0. (2)

We transform the above equation as follows:

eS(t)

[
H (t) − i

d

dt

]
[e−S(t)eS(t)|�(t)〉]

≡
[
H ′(t) − i

d

dt

]
|� ′(t)〉 = 0, (3)

where |� ′(t)〉 = eS(t)|�(t)〉 and

H ′(t) = eS(t)H (t)e−S(t) − ieS(t) d

dt
e−S(t). (4)

Here we give the time-dependent generator S(t) of the
transformation

S(t) = i
A

2ω
ξ sin(ωt)σx, (5)

with parameter ξ ∈ [0,1] to be determined later [5]. Thus, we
obtain the transformed Hamiltonian

H ′(t) = 1

2
ω0

{
cos

[
A

ω
ξ sin(ωt)

]
σz + sin

[
A

ω
ξ sin(ωt)

]
σy

}

+ A

2
(1 − ξ ) cos(ωt)σx. (6)

We make use of the identity exp[i A
ω
ξ sin(ωt)] =∑∞

n=−∞ Jn(A
ω
ξ ) exp(inωt), in which Jn(·) is the nth-order

Bessel function of the first kind, and divide the Hamiltonian
into three parts H ′(t) = H ′

0 + H ′
1(t) + H ′

2(t),

H ′
0 = 1

2
ω0J0

(
A

ω
ξ

)
σz, (7)

H ′
1(t) = A

2
(1 − ξ ) cos(ωt)σx + ω0J1

(
A

ω
ξ

)
sin(ωt)σy, (8)

H ′
2(t) = ω0

∞∑
n=1

J2n

(
A

ω
ξ

)
cos(2nωt)σz

+ω0

∞∑
n=1

J2n+1

(
A

ω
ξ

)
sin[(2n + 1)ωt]σy, (9)

where H ′
2(t) includes all higher-order harmonic terms (n � 2).

Up till now, the treatment has been exact. To proceed, we
neglect the part H ′

2(t) since the higher-order harmonic terms
with the higher-order Bessel functions are reasonably negligi-
ble over a wide range of parameters space [5]. Therefore, we
arrive at the Hamiltonian H ′(t) � H ′

0 + H ′
1(t). We verify that

this treatment is beyond perturbation by the correct prediction
of the BS shift for A/ω0 ∈ [0,∞).

To proceed, we determine ξ by

J1

(
A

ω
ξ

)
ω0 = A

2
(1 − ξ ) ≡ Ã

4
. (10)

Consequently we rewrite the Hamiltonian H ′(t) as

H ′(t) = 1

2
J0

(
A

ω
ξ

)
ω0σz + Ã

4
(e−iωtσ+ + eiωtσ−). (11)

This is the counterrotating hybridized rotating wave (CHRW)
Hamiltonian [5]. Note that the CHRW Hamiltonian possesses
a RWA-like form with a renormalized transition frequency
J0(A

ω
ξ )ω0 and a renormalized driving strength Ã. The renor-

malized quantities in the transformed Hamiltonian results
explicitly from the effects of CR interactions [5].

We apply a rotating operation R(t) = exp( i
2ωtσz) to the

Hamiltonian (11) and get

H̃ = �̃

2
σz + Ã

4
σx, (12)

where �̃ = J0(A
ω
ξ )ω0 − ω is the effective detuning. The

Hamiltonian H̃ can be readily diagonalized. Its eigenenergies
are

ε± = ± 1
2 	̃R, (13)

with 	̃R =
√

�̃2 + Ã2/4 being the effective Rabi frequency.
The corresponding eigenstates, i.e., dressed states, are

|±̃〉 = sin θ |∓〉 ± cos θ |±〉, (14)

with θ = arctan[(	̃R − �̃)/(Ã/2)] and |±〉 being the bare
bases: σz|±〉 = ±|±〉.

III. BLOCH-SIEGERT SHIFT

A. Evaluation of the Bloch-Siegert shift

We calculate the BS shift by using the effective Rabi
frequency obtained in the former section. The BS shift
measures the deviation of resonance frequency ωres of the
original Hamiltonian from that of the RWA:

δωBS = ωres − ω0, (15)

where ω0 is the resonance frequency of the RWA case. In
general, the resonance frequency ωres can be determined
from the time-averaged transition probability in Ref. [2],
P = [1 − 4(∂qα/∂ω0)2]/2, where qα is the quasienergy of the
Floquet Hamiltonian. In principle, on solving the equation
∂qα/∂ω0 = 0 for driving frequency ω, we determine the
position of the resonant transitions. Alternatively, we can also
use ∂q2

α/∂ω0 = 0 as the resonance condition in the analytical
calculation instead of ∂qα/∂ω0 = 0.

Similar to Shirley’s method, the resonance condition in
our formalism is ∂	̃2

R/∂ω0 = 0 since qα is related to 	̃R by
the relation q± = (ω ± 	̃R)/2. By solving the equation for
variable ω, we get the resonance frequency ωres. We can readily
derive the explicit form for the derivative ∂	̃2

R/∂ω0, which
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reads

∂	̃2
R

∂ω0
= 2

[
ω0J0

(
A

ω
ξ

)
− ω

] [
J0

(
A

ω
ξ

)
− ω0

A

ω

×J1

(
A

ω
ξ

)
∂ξ

∂ω0

]
− 2A2(1 − ξ )

∂ξ

∂ω0
, (16)

where ∂ξ/∂ω0 is determined from Eq. (10) and takes the
form

∂ξ

∂ω0
= − 2ωJ1

(
A
ω
ξ
)

A
{
ω + ω0

[
J0

(
A
ω
ξ
) − J2

(
A
ω
ξ
)]} . (17)

Using Eqs. (10), (16), and (17), we can self-consistently
determine ξ and ω. The obtained ω is actually the desired
resonance frequency ωres of the Rabi Hamiltonian. Therefore,
it is straightforward to obtain the BS shift by Eq. (15). On the
one hand, in the weak driving case, we have correctly given
the power series expansion of the BS shift in previous work
[5]. On the other hand, it is easy to solve a large BS shift
in the strong-driving limit. When A/ω0 → ∞, ξ → 1, and
∂ξ/∂ω0 → 0. Thus, the solution to Eq. (16) for ω is determined
by J0(A

ω
ξ ) = 0. Therefore, the first zero of J0(A

ω
ξ ) gives the

resonance frequency in the strong-driving limit:

ωres = A/2.404826. (18)

This result is the same as that obtained in Ref. [2].
An interesting phenomenon, coherent destruction of tunnel-

ing (CDT), occurs at A/ω = 2.404826 [5,26]. Surprisingly, we
immediately recognize that the CDT condition coincides with
the resonance condition Eq.(18). Hence, it means that the CDT
is actually a resonantly driven phenomenon. In other words,

it indicates that the large BS shift plays an important role in
this unique phenomenon.

B. Numerical validation and comparison

In order to illustrate the validity of our method and the
accuracy of the calculated BS shift, we compare our results
with the numerically exact and previous analytical results
given by the methods based on Floquet theory. We show
the approach of calculating the exact numerical BS shift by
Floquet formalism. As shown in Ref. [2], the derivative ∂qα

∂ω0
can

be evaluated from the eigenstates of the Floquet Hamiltonian

∂qα

∂ω0
=

∑
γ l

aγ |〈γ l|λα0〉|2, (19)

where the notations are the same as Shirley’s. The index
γ represents states of the TLS, and l denotes an integer
representing the Fourier component. Here |λα0〉 is the
eigenstate of the Floquet Hamiltonian associated with
quasienergy qα . The coefficient aγ = −(+) 1

2 if γ represents
the ground state (excited state). For a fixed A and given ω,
we first numerically diagonalize the Floquet Hamiltonian (9)
in Ref. [2] with an appropriate truncation and then get the
eigenstate |λα0〉. Using Eq. (19) we can numerically obtain
the value of derivative ∂qα

∂ω0
with the fixed A and ω. It is

therefore possible to determine the resonance frequency by
numerically searching the solution to the equation ∂qα

∂ω0
= 0 or

the minimum position of ( ∂q

∂ω0
)2. The BS shift obtained in this

way is referred to as a numerically exact result.
We introduce two approximate methods for comparison by

the analytical result of the q obtained by Shirley [2,19]. First,
in terms of the analytical result ∂q2

∂ω0
= 0, we obtain

ω = ω0 + ωA2

4(ω + ω0)2
+ (2ω0 − ω)A4

64(ω + ω0)4
+

(
9ω5 − 126ω4ω0 + 82ω3ω2

0 + 42ω2ω3
0 − 23ωω4

0 − 8ω5
0

)
A6

256 (ω + ω0)6
(
9ω2 − ω2

0

)2 (20)

and calculate the BS shift for comparison. On the one hand,
we can iteratively solve Eq. (20) for the resonance frequency ω

and get the BS shift. It has been pointed out that this equation
can be used to calculate the whole range of the shift from 0
to 100% [19]. On the other hand, carrying out a perturbation
calculation, we can derive the BS shift up to sixth order in A,
which reads [2]

δω
(6th)
BS = (A/4)2

ω0
+ (A/4)4

4ω3
0

− 35(A/4)6

32ω5
0

. (21)

In what follows, we show the comparison among various
results.

In Figs. 1(a)–1(b), we make a quantitative comparison
between the values of the BS shift obtained from our method
and those given by the other approaches mentioned above
over a wide driving strength range. From a weak-driving to
a moderately strong-driving regime, we notice that our result
is in good agreement with the numerically exact result and
that of Eq. (20). At the same time, it is obvious to see that
the results of both fourth-order and sixth-order BS shifts differ

from those of the other methods when A/ω0 > 2. It means
that the BS shift up to the sixth order of A is not adequate for
moderately strong driving case and higher-order terms need to
be considered when A increases. In addition, in Fig. 1(b), we
find that our result is almost the same as the numerically exact
result when A/ω0 > 5 but slightly differs from Eq. (20) when
the driving is sufficiently strong [see the inset in Fig. 1(b)].
Moreover, it is obvious to see that the results given by Eq. (18)
provide a better description of the position of the resonance
than that of Eq. (20) because the result given by Eq. (18)
becomes more and more accurate as A → ∞.

In order to show the accuracy of our method in detail, we
illustrate the quantitative difference of the BS shift among
analytical and numerical approaches. First, we show the
values of the BS shift calculated by the four methods in
Table I for comparison. Second, in Fig. 2 we show the
deviation |δω(i)

BS − δω
(num)
BS |/δω(num)

BS , in which δω
(num)
BS denotes

the numerically exact BS shift and δω
(i)
BS represents the BS shift

obtained by one of the three analytical methods: our method
and Eqs. (20) and (18). We find that when 2.5 < A/ω0 < 4.5,

053834-3166
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FIG. 1. (Color online) The BS shift as a function of driving strength A for various methods. The precision of numerical method is defined
by the deviation of P from the maximum 1/2, which is about 10−15 for given A and ωres in this work.

the deviation of our result from the numerically exact result
is less than 1.2%, whereas the deviation of Eq. (20) is less
than 1%. Nevertheless, when A < 2.5ω0 or A > 4.5ω0, the
deviation of our result is less than 1%. In particular, when
A/ω0 > 9, our method becomes the most accurate among
the three analytical methods, with the deviation being less
than 0.02%. In addition, Eq. (18) becomes more accurate than
Eq. (20) only for A/ω0 > 17.

To sum up, the BS shift given by our method is in
quantitatively good agreement with the numerical result over
the entire range 0 < A/ω0 < ∞. Thus, it turns out that our
calculation for the BS shift is beyond perturbation, and the
higher-order corrections involved in the BS shift have been
correctly taken into account in our method. Moreover, our
method is applicable to solve the dynamics of the TLS in the
presence of the dissipation. As a result, we could demonstrate
the measurable signatures of the BS shift in the excited-state
population and the probe-pump spectrum.

IV. SIGNATURES OF THE BLOCH-SIEGERT SHIFT

In general, the signature of the BS shift can be measured in
either the emission or absorption process. In order to correctly
discuss the observable signatures indicating the resonance,
we should take into account the dissipation induced by the
coupling to the environment in the Rabi model. We consider
that the radiation of the TLS is described by the following

TABLE I. The comparison of the BS shift obtained by various
methods.

A/ω0 Numerical Present Paper Eq. (20) Eq. (18)

1.0 0.063224 0.063268 0.063228
3.5 0.707959 0.716200 0.712320 0.455407
6.0 1.641809 1.649924 1.650482 1.494983
8.5 2.637787 2.640075 2.639255 2.534559
11.0 3.653740 3.652351 3.641373 3.574136
13.5 4.678502 4.675271 4.650384 4.613712
16.0 5.707919 5.703825 5.664602 5.653289
18.5 6.740093 6.735637 6.683190 6.692864
21.0 7.774035 7.769474 7.705492 7.732441

master equation:

d

dt
ρ(t) = −i[H (t),ρ(t)] − κ

2
[σ+σ−ρ(t)

+ρ(t)σ+σ− − 2σ−ρ(t)σ+], (22)

where ρ(t) is the reduced density matrix of the TLS and κ

is the decay rate. The solution of the master equation has
been obtained as a continued fraction in Ref. [18]. Here we
apply the unitary transformation to the master equation so as
to transform it into a feasible form.

By employing the relation between the transformed density
matrix ρ̃(t) and the original density matrix ρ(t),

ρ̃(t) = R(t)eS(t)ρ(t)e−S(t)R†(t),

we derive the equation of motion for the element on the basis
of |±̃〉, ρ̃αβ(t) = 〈̃α|ρ̃(t)|β̃〉:

d

dt
ρ̃αβ(t) = −i(εα − εβ)ρ̃αβ(t) −

∑
μ,ν

Lαβ,μνρ̃μν(t), (23)

where a Greek index denotes ± and

Lαβ,μν = κ

2

∑
n, λ

{δν,βX+
αλ,nX

−
λμ,−n + δμ,αX+

νλ,nX
−
λβ,−n

− 2X−
αμ,nX

+
νβ,−n}, (24)

FIG. 2. (Color online) The deviation between analytical results
and numerical results.
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with n taking on an integer. The derivation of Eq. (23)
is given in Appendix A, and the explicit expressions for
X±

αβ,k can be found therein. Moreover, the solutions to the
equation used in the following are given in Appendix B.
Interestingly, we find that the derived master equation takes
the similar structure as the Floquet-Born-Markov master
equation given in Ref. [27], which is derived from the
total Hamiltonian consisting of the TLS, the reservoir,
and their interaction. In the following, we calculate time-
averaged population of TLS and the probe-pump spec-
trum based on the time-independent master equation we

derived so as to show the detectable signals caused by the BS
shift.

A. The population of the TLS excited state

Since the emission process is related to the steady-state
population of excited state of the TLS, we attempt to find
the signature of the BS shift by monitoring the population
[18]. Moreover, the total intensity of resonance fluorescence is
proportional to this population in the steady state [28]. In terms
of the dressed-state population difference 〈s̃z〉ss = ρ̃++(∞) −
ρ̃−−(∞), we give the expression for the steady-state population
of TLS by ρ̃(t),

ρ++(∞) = lim
t→∞ Tr[|+〉〈+|ρ(t)]

= lim
t→∞ Tr[R(t)eS(t)|+〉〈+|e−S(t)R†(t)ρ̃(t)]

= 1

2
+ 1

2
〈s̃z〉ss

{
cos(2θ ) cos

[
A

ω
ξ sin(ωt)

]
+ sin(2θ) sin(ωt) sin

[
A

ω
ξ sin(ωt)

]}

= 1

2

{
1 + 〈s̃z〉ss

[
cos(2θ )J0

(
A

ω
ξ

)
+ sin(2θ)J1

(
A

ω
ξ

)]}

+ 1

2
〈s̃z〉ss

∞∑
n=1

{
2 cos(2θ )J2n

(
A

ω
ξ

)
+ sin(2θ )

[
J2n+1

(
A

ω
ξ

)
− J2n−1

(
A

ω
ξ

)]}
cos(2nωt). (25)

When deriving the expression above, we have neglected the
terms proportional to 〈s̃±〉ss, which are of order κ/	̃R . We find
that the even multiple frequencies appear resulting from the
unitary transformation. This property of the diagonal elements
is similar to that of the ansatz used in Ref. [18].

Recalling that normal measurement of the experiment takes
a time average, we concentrate on the interested quantity, the
time-averaged population ρ++ from ρ++(∞), which reads

ρ++ = 1

2

{
1 + 〈s̃z〉ss

[
cos(2θ )J0

(
A

ω
ξ

)
+ sin(2θ )J1

(
A

ω
ξ

)]}

= 1

2
− γ 2

0

2κγz

, (26)

where we used γ0 � κ[cos(2θ )J0(A
ω
ξ ) + sin(2θ)J1(A

ω
ξ )] and

〈s̃z〉ss � −γ0/γz.
In Fig. 3 we show the time-averaged population ρ++

as a function of driving frequency ω for various driving
strengths A. The results show that the resonance is not only
shifted but also broadened as A increases. These results are
consistent with those of the previous work based on a continued
fraction technique [18]. However, we point out that ρ++ is
physically related to the dressed-state population difference in
our formalism, which is clearer than that in Ref. [18]. More
importantly, Eq. (26) indicates that the BS shift influences the
dressed-state population difference. It means that probe-pump
spectra may exhibit the effects of BS shift. In addition,
according to these results, it is reasonable to predict that
for the non-RWA case, the maximum intensity of resonance
fluorescence can be achieved only when ω = ω0 + δωBS for a
fixed A.

B. The probe-pump spectrum

In this section, we show the signature of BS shifts from the
probe-pump spectrum. It is well known that the probe-pump
spectrum is sensitive to the dressed-state population difference.
A nonzero population difference of dressed states can cause the
line shape of the spectrum to be asymmetric, which has two
unequal sidebands [29,30]. In consequence of this property
of the spectrum, we can expect that the spectrum may be
sensitive to the BS shift because the BS shift can modify
the dressed-state population. According to the linear response
theory, the steady-state response of driven TLS to a weak probe

FIG. 3. (Color online) The time-averaged population ρ++ as a
function of driving frequency ω for κ = 2 × 10−3ω0 and various
driving strength A.
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field

Hp(t) = 	p(σ+e−iυt + σ−eiυt ),

in which 	p and υ are the amplitude and frequency of the
probe field, is given by the Fourier transform of the two-time
commutator [30]

S(υ) ∝ Re lim
t→∞

∫ ∞

0
〈[σ−(t + τ ),σ+(t)]〉 eiυτ dτ, (27)

where σ±(t) ≡ U †(t)σ±U (t) are the operators in the Heisen-
berg picture with U (t) being the evolution operator for the

total system consisting of the TLS, driving field and reservoir
causing the relaxation (in the absence of the probe field).
We now apply our unitary transformation to the two-time
commutator so that it can be related to the solution to
Eq. (23).

We first consider how to evaluate the two-time correlation
function 〈σ−(t + τ )σ+(t)〉 by making use of the unitary
transformation and rotation operation because the other func-
tion 〈σ+(t)σ−(t + τ )〉 can be treated similarly. The two-time
correlation function is evaluated in the original frame as
follows [30]:

〈σ−(t + τ )σ+(t)〉 = TrSR[U †(t + τ )σ−U (t + τ )U †(t)σ+U (t)ρ(0)ρR]

= TrSR[U (t)U †(t + τ )σ−U (t + τ )U †(t)σ+ρ(t)ρR], (28)

where ρ(0) is the initial state of the TLS and ρR is the state of the reservoir. By employing Ũ (τ ) = R(t + τ )eS(t+τ )U (t +
τ )U †(t)e−S(t)R†(t) (we assume that the evolution is τ -dependent in the transformed frame) and with the aid of identities (A15),
we have

〈σ−(t + τ )σ+(t)〉 = TrSR[Ũ †(τ )R(t + τ )eS(t+τ )σ−e−S(t+τ )R†(t + τ )Ũ (τ )R(t)eS(t)σ+e−S(t)R†(t)ρ̃(t)ρR]

= 1

4

∑
n,l odd

TrSR[Ũ †(τ )(Ĉ†
ne

−inω(t+τ ) + D̂†
ne

inω(t+τ ))Ũ (τ )(Ĉle
ilωt + D̂le

−ilωt )ρ̃(t)ρR], (29)

where the summation is taken over all positive odd integers, and Ĉn and D̂n are defined in Eqs. (A16) and (A17).
To proceed, we take the long-time limit (t → ∞) and neglect the t-dependent terms in Eq. (29) because their contributions

are negligible to a long-time observation. In addition, one can verify that the terms with the factor einωτ contribute a finite value
to the spectrum only when υ < 0. It is therefore reasonable to omit these terms when one considers the probe-pump spectrum.
Consequently we arrive at the following form of the two-time correlation function:

lim
t→∞ 〈σ−(t + τ )σ+(t)〉 = 1

4

∑
n odd

TrSR[Ũ †(τ )Ĉ†
nŨ (τ )Ĉnρ̃(∞)ρR]e−inωτ

= 1

4

∑
n odd

TrS{Ĉ†
nTrR[Ũ (τ )Ĉnρ̃(∞)ρRŨ †(τ )]}e−inωτ

= 1

4

∑
n odd

TrSe
−inωτ [Ĉ†

nρ̃(τ )]|ρ̃(0)=Ĉnρ̃(∞)

≡ 1

4

∑
n odd

e−inωτ 〈Ĉ†
n(τ )〉|ρ̃(0)=Ĉnρ̃(∞), (30)

where ρ̃(τ ) is the solution of Eq. (23) with initial condition ρ̃(0) = Ĉnρ̃(∞). When deriving the third line in Eq. (30), we used
quantum regression theory [31]. Similarly the other two-time correlation function takes the same form as the last line in Eq. (30)
but with initial condition ρ̃(0) = ρ̃(∞)Ĉn.

Finally, we find that the two-time commutator is connected with the quantities in the transformed frame as follows:

lim
t→∞〈[σ−(t + τ ),σ+(t)]〉 = 1

4

∑
n odd

e−inωτ [〈Ĉ†
n(τ )〉|ρ̃(0)=Ĉnρ̃(∞) − 〈Ĉ†

n(τ )〉|ρ̃(0)=ρ̃(∞)Ĉn
]

= 1

4

∑
n odd

e−inωτ 〈〈Ĉ†
n(τ )〉〉|ρ̃(0)=Ĉnρ̃(∞)−ρ̃(∞)Ĉn

, (31)

where 〈〈Ĉ†
n(τ )〉〉 denotes mean value of Ĉ

†
n averaged over the solution to the homogeneous part of master equation (23) with initial

condition ρ̃(0) = Ĉnρ̃(∞) − ρ̃(∞)Ĉn. Substituting this expression into Eq. (27) and letting p = −i(υ − nω), we can express the
spectrum function in terms of the Laplace transform of 〈〈Ĉ†

n(τ )〉〉. Since 〈〈Ĉ†
n(τ )〉〉 = f +

+,n〈〈s̃−(τ )〉〉 + f +
−,n〈〈s̃+(τ )〉〉 + f +

z,n〈〈s̃z(τ )〉〉,
the spectrum function can be expressed as follows:

S(υ) ∝ 1

4
Re

∑
n odd

[f +
+,ng−(p) + f +

−,ng+(p) + f +
z,ng(p)]|p=−i(υ−nω), (32)
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FIG. 4. (Color online) The probe-pump spectrum S(υ) as a function of probe frequency υ for κ = 2×10−3ω0.

where gj (p) (j = ±,z) are given in Eqs. (B7)–(B9), and their
initial conditions are given by

x0 = Tr{[s+,Ĉn]ρ̃(∞)}
= f +

−,n〈s̃z〉ss − 2f +
z,n〈s̃+〉ss, (33)

y0 = Tr{[s−,Ĉn]ρ̃(∞)}
= −f +

+,n〈s̃z〉ss + 2f +
z,n〈s̃−〉ss, (34)

z0 = Tr{[sz,Ĉn]ρ̃(∞)}
= 2f +

+,n〈s̃+〉ss − 2f +
−,n〈s̃−〉ss. (35)

Now we illustrate the role of BS shift in the probe-pump
spectrum calculated without the RWA. In Figs. 4(a) and 4(c)
we show the comparison between the non-RWA and RWA
spectra for a fixed driving strength under the resonant condition
ω = ω0 of the RWA. We notice that the RWA spectra are
always symmetric with respect to the line ω = ω0 while
the non-RWA spectra are asymmetric and distinguish clearly
from the RWA cases when A increases. In this case the line
shapes for the non-RWA resemble those of the RWA at a
detuning case [see Figs. 4(b) and 4(d)]. In fact, this asymmetric
behavior results from the BS shift. In Figs. 4(b) and 4(d)
we show that symmetric non-RWA spectra appear for ω =
ω0 + δωBS ≡ ωres in comparison with the RWA asymmetric
line shapes. These results indicate that when the BS shift is
correctly compensated for driving frequency, the probe-pump
spectra become symmetric and are similar to the RWA ones
for ω = ω0.

In Fig. 5 we show the non-RWA spectra for A = 0.1ω0 with
three different pump frequencies. Although the detunings of

the pump field are very small, one can observe difference
in the line shapes of the spectra. We notice that for ω =
ωres = ω0 + δωBS(δωBS = 0.000625ω0), the curve exhibits
two equally symmetric sidebands in the wing. However, for
ω �= ωres, the line shapes are clearly asymmetric (the spectra of
ω = ωres ± δωBS are shown in the red-dashed line and the blue
dotted-dashed line, respectively). Therefore, the probe-pump
spectrum provides a way to sense the roles of the BS shift by
two properties: (i) for ω = ω0, the line shape of the spectrum
changes from nearly symmetric to asymmetric as A increases,
while that of the RWA are always symmetric, and (ii) the
non-RWA line shape becomes symmetric only under the exact-
resonance condition, i.e., ω = ω0 + δωBS. One expects that

FIG. 5. (Color online) The probe-pump spectrum S(υ) as a func-
tion of probe frequency υ for κ = 2×10−3ω0 with A = 0.1ω0.
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the two properties can be checked in superconducting-circuit
qubits under the moderately strong driving field.

V. CONCLUSION

In summary, we have calculated the BS shift over the entire
driving-strength range using the derivative of the effective Rabi
frequency and demonstrated detectable signatures induced by
the BS shift. It turned out that our method can be correctly
applied to study the small shift case when the driving strength
is moderately weak but also accurately solve the large shift
case when the driving strength is sufficiently strong, which is
beyond the perturbation theory. Moreover, our method allows
us to examine the role of the BS shift in the emission and
absorption processes from the open driven TLS. We showed
that it is easy to obtain the time evolution of excited-state
population of the TLS as well as its steady-state behavior,
which indicates the emergence of resonance. We illustrated
that the time-averaged population of TLS provides a direct
measurement of the BS shift, which is consistent with previous
work. Furthermore, we found that in experiment accessible
parameters regimes, the non-RWA spectrum becomes symmet-
ric only for ω = ω0 + δωBS, i.e., for the resonance condition
correctly taking into account the BS shift. Otherwise, the line
shape of the spectrum is generally asymmetric. While for
ω = ω0, the non-RWA spectrum becomes asymmetric with the
increase of the driving strength, the RWA spectrum is always
symmetric.
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APPENDIX A: THE DERIVATION OF THE MASTER
EQUATION IN THE TRANSFORMED FRAME

We show the derivation of the master equation [Eq. (23)].
After the unitary transformation and rotating transformation,
we obtain the transformed equation as follows:

d

dt
ρ̃(t) = −i[H̃ ,ρ̃(t)] − κ

2
[σ̃+(t)σ̃−(t)ρ̃(t)

+ ρ̃(t)σ̃+(t)σ̃−(t) − 2σ̃−(t)ρ̃(t)σ̃+(t)], (A1)

where σ̃±(t) = R(t)eS(t)σ±e−S(t)R†(t). Employing the eigen-
states of H̃ as the basis, we can obtain the equation of the
elements of the density matrix:

d

dt
ρ̃αβ(t) = −i(εα − εβ)ρ̃αβ(t) − κ

2
〈̃α|[σ̃+(t)σ̃−(t)ρ̃(t)

+ ρ̃(t)σ̃+(t)σ̃−(t) − 2σ̃−(t)ρ̃(t)σ̃+(t)]|β̃〉. (A2)

To obtain the explicit form of the dissipation part of the
equation, we insert the identity matrix such as

∑
μ |̃ν〉〈̃ν| = 1

between the operators, which leads to

〈α̃|σ̃+(t)σ̃−(t)ρ̃(t)|β̃〉=
∑
μ,ν

〈α̃|σ̃+(t)|ν̃〉〈ν̃|σ̃−(t)|μ̃〉〈μ̃|ρ̃(t)|β̃〉

=
∑
μ,ν

∑
n,n′

X+
αν,nX

−
νμ,n′e

i(n+n′)ωt ρ̃μβ(t),

(A3)

〈α̃|ρ̃(t)σ̃+(t)σ̃−(t)|β̃〉 =
∑
μ,ν

∑
n,n′

X+
νμ,nX

−
μβ,n′e

i(n+n′)ωt ρ̃αν(t),

(A4)

〈α̃|σ̃−(t)ρ̃(t)σ̃+(t)|β̃〉 =
∑
μ,ν

∑
n,n′

X+
νβ,nX

−
αμ,n′e

i(n+n′)ωt ρ̃μν(t),

(A5)

where X±
αβ,n are the Fourier coefficients from the expansions

〈̃α|σ̃±(t)|β̃〉 = ∑
n einωtX±

αβ,n. To proceed, we need to give
the explicit forms for X±

αβ,n, which can be evaluated by the
following integral:

X±
αβ,n = ω

2π

∫ 2π/ω

0
dt〈uα(t)|σ±|uβ(t)〉e−inωt . (A6)

It is straightforward to calculate the expressions for X+
αβ,n,

which are given by

X+
++,n = 1

2

∑
l odd

(f +
z,lδl,n + f −

z,lδl,−n), (A7)

X+
+−,n = 1

2

∑
l odd

(f +
+,lδl,n + f −

−,lδl,−n), (A8)

X+
−+,n = 1

2

∑
l odd

(f +
−,lδl,n + f −

+,lδl,−n), (A9)

X+
−−,n = −1

2

∑
l odd

(f +
z,lδl,n + f −

z,lδl,−n), (A10)

where the summation is taken over all positive odd integers,
and

f ±
+,l = −

[
δl,1 ± Jl−1

(
A

ω
ξ

)]
cos2 θ

∓ Jl+1

(
A

ω
ξ

)
sin2 θ ∓ Jl

(
A

ω
ξ

)
sin(2θ), (A11)

f ±
−,l =

[
δl,1 ± Jl−1

(
A

ω
ξ

)]
sin2 θ

± Jl+1

(
A

ω
ξ

)
cos2 θ ∓ Jl

(
A

ω
ξ

)
sin(2θ), (A12)

f ±
z,l = 1

2

[
δl,1 ± Jl−1

(
A

ω
ξ

)
∓ Jl+1

(
A

ω
ξ

)]
sin(2θ)

∓ Jl

(
A

ω
ξ

)
cos(2θ ). (A13)
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The explicit expressions for X−
αβ,n can be directly obtained by

the relation

X−
αβ,n = (X+

βα,−n)∗. (A14)

When calculating X+
αβ,n, we used the identities

R(t)eS(t)σ+e−S(t)R†(t) = 1

2

∑
n odd

(Ĉne
inωt + D̂ne

−inωt ),

(A15)
where

Ĉn = f +
+,ns+ + f +

−,ns− + f +
z,nsz, (A16)

D̂n = f −
−,ns+ + f −

+,ns− + f −
z,nsz. (A17)

Here we introduced a set of dressed-state operators:

s+ = s
†
− = |+̃〉〈−̃|, sz = |+̃〉〈+̃| − |−̃〉〈−̃|. (A18)

It turns out that the master equation in the new represen-
tation still possesses explicit time dependence. However, in
the strong-driving regime, it is feasible to remove the explicit
time dependence by invoking the partial secular approximation
(Moderate RWA) [3,27]. In other words, we keep only
the terms satisfying n + n′ = 0 in Eqs. (A3)–(A5). This
approximation can be justified when 	̃R � κ . Consequently
we arrive at the time-independent master equation in Eq. (23).
One can verify that the time-independent master equation (23)
can predict almost the same dynamics as that given by Eq. (22)
when 	̃R � κ .

APPENDIX B: THE SOLUTIONS TO THE MASTER
EQUATION IN THE TRANSFORMED FRAME

The master equation can be rewritten in terms of the mean
value of dressed-state operators by the following relations:

〈s̃z(t)〉 = ρ̃++(t) − ρ̃−−(t), 〈s̃+(t)〉 = 〈s̃−(t)〉∗ = ρ̃−+(t),

(B1)

d

dt
〈s̃z(t)〉 = −γz 〈s̃z(t)〉 − 2γ1(〈s̃+(t)〉 + 〈s̃−(t)〉) − γ0,

(B2)

d

dt
〈s̃+(t)〉 = d

dt
〈s̃−(t)〉∗

= i	̃R〈s̃+(t)〉 − γ1〈s̃z(t)〉 − γ−〈s̃−(t)〉
− γ+〈s̃+(t)〉 − γ2, (B3)

where

γz = L++,++ − L++,−−,

γ0 = L++,++ + L++,−−,

γ1 = L++,+−,

γ2 = (L−+,++ + L−+,−−)/2,

γ− = L−+,+−,

γ+ = L−+,−+. (B4)

On solving the equations, we can fully determine the evolution
of the TLS. In particular, the steady-state solutions can be
easily found as follows:

〈s̃z〉ss = −	̃2
Rγ0 − 4γ1γ2(γ− − γ+) + γ0(γ 2

− − γ 2
+)

4γ 2
1 (γ− − γ+) + (

	̃2
R − γ 2− + γ 2+

)
γz

, (B5)

〈s̃+〉ss = 〈s̃−〉∗ss = (i	̃R − γ− + γ+)(γ0γ1 − γ2γz)

4γ 2
1 (γ− − γ+) + (

	̃2
R − γ 2− + γ 2+

)
γz

.

(B6)

When calculating the probe-pump spectrum, we need the
solutions to homogeneous parts of Eqs. (23). The corre-
sponding homogeneous differential equations can be solved
by a Laplace transform. Denoting the solutions as 〈〈s̃j (t)〉〉
(j = ±,z), we can obtain their Laplace transforms,

g+(p) =
∫ ∞

0
e−pt 〈〈s̃+(t)〉〉 dt

= 1

F (p)

{
x0

[
(p + γ+ + i	̃R)(p + γz) − 2γ 2

1

]
+ y0

[
2γ 2

1 − γ−(p + γz)
]

− γ1z0(p + i	̃R − γ− + γ+)
}
, (B7)

g−(p) =
∫ ∞

0
e−pt 〈〈s̃−(t)〉〉 dt

= 1

F (p)

{
y0

[
(p + γ+ − i	̃R)(p + γz) − 2γ 2

1

]
+ x0

[
2γ 2

1 − γ−(p + γz)
]

− γ1z0
(
p − i	̃R − γ− + γ+

)}
, (B8)

gz(p) =
∫ ∞

0
e−pt 〈〈s̃z(t)〉〉 dt

= 1

F (p)

{
z0

[
(p + γ+)2 + 	̃2

R − γ 2
−
]

− 2γ1x0(p + i	̃R − γ− + γ+)

− 2γ1y0(p − i	̃R − γ− + γ+)
}
, (B9)

where the initial conditions are x0 = Tr[s+ρ̃(0)], y0 =
Tr[s−ρ̃(0)], and z0 = Tr[szρ̃(0)], and the polynomial F (p) is
given by

F (p) = p3 + 4γ 2
1 (γ− − γ+) + (

	̃2
R − γ 2

− + γ 2
+
)
γz

+p2(γz + 2γ+)

+p
(
	̃2

R − 4γ 2
1 − γ 2

− + γ 2
+ + 2γ+γz

)
. (B10)
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By means of a unitary transformation, we propose an ansatz to study quantum phase transitions in the ground
state of a two-qubit system interacting with a dissipative reservoir. First, the ground-state phase diagram is
analyzed in the presence of the Ohmic and sub-Ohmic bath using an analytic ground-state wave function that
takes into account the competition between intrasite tunneling and intersite correlation. The quantum critical
point is determined as the transition point from a nondegenerate to a degenerate ground state, and our calculated
critical coupling strength αc agrees with that from the numerical renormalization-group method. Moreover, by
computing the entanglement entropy between the qubits and the bath as well as the qubit-qubit correlation
function in the ground state, we explore the nature of the quantum phase transition between the delocalized and
localized states.
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I. INTRODUCTION

Quantum phase transitions (QPTs) in impurity models with
competing interactions have been a subject of great interest in
recent years. In this work, we consider a two-qubit system
coupled with a dissipative bath, in which the competing
interactions are the intrasite tunneling, the qubit-bath coupling,
and the intersite qubit-qubit interaction. The Hamiltonian for
the interacting system and environment reads [1]

H =
∑
i=1,2

{
−�

2
σx

i − ε

2
σ z

i +
∑

k

gk

2
(b†k + bk)σ z

i

}

+Kσz
1 σ z

2 +
∑

k

ωkb
†
kbk, (1)

where b
†
k (bk) is the creation (annihilation) operator of boson

mode with frequency ωk , and σx and σ z are the Pauli
matrices, where the subscripts denote qubits 1 and 2. �

is the intrasite tunneling, ε is the bias on each qubit, and
K is the Ising-type qubit-qubit interaction. Throughout this
paper we set � = 1. The qubit-bath coupling is denoted by
gk , and the effect of the bath is characterized by a spectral
density J (ω) = ∑

k g2
k δ(ω − ωk) = 2αωsω1−s

c θ (ωc − ω) with
the dimensionless coupling strength α and the high-frequency
cutoff at ωc. The index s accounts for various physical
situations [2,3]: Ohmic s = 1, sub-Ohmic s < 1, and super-
Ohmic s > 1 baths. In this paper, we use a very small bias
ε/ωc � 10−5 to trigger the QPT [1].

The QPT is a ground-state transition when the parameter
of the Hamiltonian changes across some critical point. If the
qubits and bath are decoupled, gk = 0, Hamiltonian (1) can
be diagonalized easily and there is no QPT if we keep a very
small bias ε/ωc � 10−5. The QPT is triggered by competing
interactions: The intrasite tunneling � favors the delocalized
state with 〈σ z

i 〉G ≈ 0, where i = 1,2 and 〈· · · 〉G denotes the
ground-state average. The role of a finite qubit-bath coupling
strength (gk �= 0, or finite α) is to ensure dissipation in the
qubits [2,3], which competes with the tunneling effect and
leads to the possibility of localization with a finite value

of 〈σ z
i 〉G. The QPT in the single-qubit spin-boson model

(SBM) was studied by many authors, and its properties are
well-understood. Various numerical methods were used for
this purpose, such as the numerical renormalization group
(NRG) [4–6], the quantum Monte Carlo (QMC) [7], the
method of sparse polynomial space representation [8], the
extended coherent state approach [9], and the variational
matrix product state approach [10]. In addition, an extension of
the Silbey-Harris [11] ground state has been recently employed
by us [12] to study the QPT of the single-qubit SBM with
Ohmic (s = 1) and sub-Ohmic (s < 1) bath.

For the two-qubit SBM described by Eq. (1), where the
qubits interact with a common bath, the QPT may differ
significantly from that of the single-qubit SBM because the
qubit-bath interaction may induce an effective Ising-type
ferromagnetic coupling between qubits which is superposed
on the original Ising coupling K and leads to a renormalized
Ising coupling (K − V )σ z

1 σ z
2 , where −V is the induced

coupling strength [1]. For the two-qubit SBM with the Ohmic
bath (s = 1), McCutcheon et al. predicted variationally the
quantum critical point (QCP) at αc = 0.5 in the absence of both
bias (ε = 0) and direct Ising coupling (K = 0) [13]. Using
the numerical renormalization group, however, Orth et al. [1]
arrived at αc ≈ 0.15. Recently, Winter and Rieger studied the
quantum phase transition of a multiqubit SBM for K = 0 with
the help of extensive quantum Monte Carlo simulations [14].
They found αc ≈ 0.2 for �/ωc = 0.1 in the presence of an
Ohmic bath.

In this work, we extend the unitary-transformation ap-
proach, which was employed in the single-qubit SBM [15],
to study quantum phase transitions in the two-qubit SBM.
We will show that due to the renormalized Ising coupling,
the QCP of the two-qubit SBM acquires a substantial shift
relative to that of the single-qubit case. In addition, the
qubit-bath entanglement entropy will be calculated to see how
the parameters in Eq. (1)—�, α, and K—compete with each
other and lead to the delocalization-localization transition.

The remainder of the paper is organized as follows. In
Sec. II, the unitary transformation of the Hamiltonian is
introduced, and the ground-state properties are discussed.
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Implications of our results to the quantum phase transition are
elaborated in Sec. III. The entanglement entropy between the
qubits and the bath and the qubit-qubit correlation function are
studied in Secs. IV and V, respectively. Finally, conclusions
are drawn in Sec. VI.

II. UNITARY TRANSFORMATION

To find the ground state, we apply a unitary transformation
to Hamiltonian (1), i.e., H ′ = exp(S)H exp(−S), with the
generator S given by

S =
∑

k

gk

2ωk

(b†k − bk)
[
ξk

(
σ z

1 + σ z
2

) + (1 − ξk)σ0
]
, (2)

where σ0 is a number and ξk is a function of ωk . Compared with
the ground state of Ref. [13], a finite number σ0 is introduced
to take into account the modified bias ε → ε′ (when ε �= 0)
because of the qubit-bath interaction [15–17]. The form of σ0

and ξk will be determined later. After the transformation, we
obtain

H ′ = H ′
0 + Uε + H ′

1 + H ′
2, (3)

H ′
0 = −η�

(
σx

1 + σx
2

)
/2 + (K − V )σ z

1 σ z
2

+
∑

k

ωkb
†
kbk − V + Fσ 2

0 /4, (4)

Uε = −ε′(σ z
1 + σ z

2

)
/2, ε′ = ε + Fσ0, (5)

H ′
1 =

∑
k

gk(b†k + bk)(1 − ξk)
(
σ z

1 + σ z
2 − σ0

)
/2

− η�
∑

k

gk

2ωk

ξk(b†k − bk)
(
iσ

y

1 + iσ
y

2

)
, (6)

H ′
2 = −�

2

(
σx

1 + σx
2

) {cosh(Y ) − η}

− �

2

(
iσ

y

1 + iσ
y

2

) {sinh(Y ) − ηY } , (7)

where F = ∑
k g2

k (1 − ξk)2/ωk and Y = ∑
k gkξk(b†k −

bk)/ωk . In the zeroth-order transformed Hamiltonian H ′
0,

η = exp

{
−

∑
k

g2
k

2ω2
k

ξ 2
k

}
(8)

is the environment dressing of the bare tunneling �, and

V =
∑

k

g2
k

2ωk

ξk(2 − ξk) (9)

is the bath-induced Ising-type interaction. Note that in H ′
0 the

Ising-type interaction is modified by the qubit-bath coupling:
K ′ = K − V . Besides, ε′ in Eq. (5) is the modified bias, which
is related to the number σ0 introduced in our transformation.

With only the Ising-type interaction, the zeroth-order
Hamiltonian H ′

0 may be diagonalized by the following

two-qubit states:

|A〉 = [(u + v)|11〉 + (u − v)|22〉] /
√

2, (10)

|B〉 = [|12〉 + |21〉] /
√

2, (11)

|C〉 = [|12〉 − |21〉] /
√

2, (12)

|D〉 = [(v − u)|11〉 + (v + u)|22〉] /
√

2, (13)

where |1〉 and |2〉 are eigenstates of σx : σx |1〉 = |1〉 and
σx |2〉 = −|2〉, and |12〉 denotes that the state of the first qubit
is |1〉 and that of the second one is |2〉. The parameters u and
v are given by

u = 1√
2

√
1 + (V − K)/W,

(14)
v = 1√

2

√
1 − (V − K)/W,

where W =
√

η2�2 + (V − K)2. Thus, the qubit-dependent
part of H ′

0 may be diagonalized as

H ′
0 = −W (|A〉〈A| − |D〉〈D|)

− (V − K) (|B〉〈B| − |C〉〈C|)
+

∑
k

ωkb
†
kbk − V + Fσ 2

0 /4, (15)

and Uε in Eq. (5) becomes

Uε = −ε′ {(u|A〉 + v|D〉)〈B| + |B〉(u〈A| + v〈D|)} . (16)

In this work, we consider only the case of weak bias with
ε/ωc � 10−5 [1]. At the lowest order of ε, we can diagonalize
H ′

0 + Uε in the space expanded by |A〉 and |B〉,
|A〉 = cos θ |G〉 − sin θ |X〉, |B〉 = sin θ |G〉 + cos θ |X〉,

(17)

where

cos θ = 1√
2

(
1 + W − V + K

�

)1/2

,

sin θ = 1√
2

(
1 − W − V + K

�

)1/2

, (18)

� =
√

(W − V + K)2 + 4ε′2u2.

Then we have

H ′
0 + Uε = −1

2
[W + V − K + �]|G〉〈G|

− 1

2
[W + V − K − �]|X〉〈X|

+ (V − K)|C〉〈C| + W |D〉〈D|
+

∑
k

ωkb
†
kbk − V + Fσ 2

0 /4

−ε′v {(sin θ |G〉 + cos θ |X〉)〈D| + H.c.} . (19)

It is easy to see that if the last term in Eq. (19) is neglected,
the ground state of H ′

0 + Uε is |G〉, and in this work we are
mainly concerned with the ground-state properties. In Eq. (19),
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the coefficient of the transition term |G〉〈D| + |D〉〈G| is
ε′v sin θ ∝ ε′2. In numerical calculations, we use a very small
bias ε/ωc � 10−5 to trigger the QPT [1] while staying in
the range of ε′/ωc � 0.05, and consequently, the transition

term |G〉〈D| + |D〉〈G| can be dropped safely. Fortunately,
the QCP at α ∼ αc falls within this range, and our numerical
calculations are carried out in the range of 0 � α � 1.1αc.

The first-order Hamiltonian H ′
1 can be recast as

H ′
1 =

∑
k

gkb
†
k

{
(1 − ξk)

[
u(cos θ |G〉 − sin θ |X〉)(sin θ〈G| + cos θ〈X|) + H.c. − σ0

2

]

+ η�

ωk

ξk [v(cos θ |G〉 − sin θ |X〉)(sin θ〈G| + cos θ〈X|) − H.c.]

}
+ H.c.

=
∑

k

gk(b†k + bk)(1 − ξk)
[
u sin(2θ )(|G〉〈G| − |X〉〈X|) − σ0

2

]
(20)

+
∑

k

gkb
†
k

[
u(1 − ξk) cos(2θ )(|G〉〈X| + |X〉〈G|) + v

η�

ωk

ξk(|G〉〈X| − |X〉〈G|)
]

+ H.c.,

where H.c. is short for the Hermitian conjugate. Then, if we
choose

σ0 = 2u sin(2θ ) = 4u2ε′

�
, ξk = ωk

ωk + �
, (21)

we have H ′
1|G〉|{0k}〉 = 0, where |{0k}〉 is the vacuum state

of the environment. Now we can see clearly the reason why
we introduce the term (1 − ξk)σ0 in Eq. (2) for the generator
S. Note that the term ξk(σ z

1 + σ z
2 ) in S comes from the

Silbey-Harris-type ansatz where ξk = ωk/(ωk + �) ≈ 1 for
the high-frequency oscillators. However, 1 − ξk = �/(ωk +
�) ≈ 1 for the lower-frequency oscillators, i.e., when σ0 �= 0
the lower-frequency oscillators may play an important role.
We will see in the next section that away from the QPT
(α < αc), we have σ0 ≈ 0, and the dynamic displacement in S,
ξk(σ z

1 + σ z
2 ), dominates; but around the QCP α ∼ αc, σ0 �= 0

and the static displacement (1 − ξk)σ0 comes into play.
Since H ′

1|G〉|{0k}〉 = 0, the ground state of H ′
0 + Uε + H ′

1
is |G〉|{0k}〉 with the ground-state energy,

Eg = −1

2
[W + V − K + �] − V +

∑
k

g2
k

4ωk

(1 − ξk)2σ 2
0 .

(22)

This ground-state energy can also be derived from the
variational principle. Our theory is intended to introduce a
trial ground state of the original Hamiltonian H [Eq. (1)],

|g.s.〉 = exp(−S)|G〉|{0k}〉. (23)

The ground-state energy is given by Eq. (22),

Eg = 〈g.s.|H |g.s.〉 = 〈{0k}|〈G| exp(S)H exp(−S)|G〉|{0k}〉
where it is noted that 〈{0k}|〈G|H ′

2|G〉|{0k}〉 = 0. If σ0 = 0,
our ground state is the same as the variational ground state of
Ref. [13]. But for α � αc, we introduce a finite σ0 that can
be determined by the ground-state variation: ∂Eg/∂σ0 = 0. It
is easy to prove that ∂Eg/∂σ0 = 0 leads to Eq. (21) for σ0.
We will show in the next section that a nonzero σ0 leads to
〈σz〉 �= 0, which determines the QCP.

Furthermore, the ground-state average of σx is

〈
σx

1

〉
G

= 〈
σx

2

〉
G

= 1

2
〈g.s.|(σx

1 + σx
2

)|g.s.〉 = η2�

W
cos2 θ.

(24)

The numerical results of Eg and 〈σx〉G will be shown in the
next section.

III. QUANTUM PHASE TRANSITION

We use the same criterion as used in Ref. [1] to determine
the critical coupling in this work, that is, the emergence of
a nonzero ground-state expectation of σ z as the coupling
strength α exceeds the critical value αc. We note that this
criterion is different from that of Ref. [13], where the vanishing
of the renormalized tunneling η → 0 is used as the criterion.
Since ε′ = ε + Fσ0, Eq. (21) leads to

σ0 = 4u2ε

�

/(
1 − 4u2F

�

)
. (25)

The ground-state average of σ z is

〈
σ z

1

〉
G

= 〈
σ z

2

〉
G

= 1

2
〈G|(σ z

1 + σ z
2

)|G〉
(26)

= u sin(2θ ) = 2ε′u2

�
= σ0

2
.

As ε/ωc < 10−5, Eq. (18) leads to � ≈ W − V + K for the
delocalized phase. In this phase, σ0 ∼ ε is also very small until

1 − 4u2F

W − V + K
= 0, (27)

where a quantum phase transition occurs, and a finite average
〈σ z

1 〉 = 〈σ z
2 〉 emerges. That is, the two-qubit SBM exhibits

two ground-state phases [1]: a delocalized phase in which
〈σ z

1,2〉 → 0 in the limit of ε → 0, and a localized phase with
〈σ z

1,2〉 �= 0 even in the presence of an infinitesimal bias ε = 0+.
Note that σ0 [Eq. (25)] is not divergent at the transition point
and in the localized phase because 1 − 4u2F/� > 0 [� is
defined in Eq. (18)] and ε′ > 0 even if ε = 0+.
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FIG. 1. (Color online) α vs � phase diagram for various bath
types with K = 0 and very weak bias ε/ωc = 10−5. The five curves
from the top down are for s = 1, 0.9, 0.75, 0.5, and 0.25, respectively.
The blue dots indicate the positions where we cross the phase
boundary for calculating the critical exponents β ′ in the fifth column
of Table I.

The critical coupling strength at the QCP αc can be deter-
mined by Eq. (27) because F ∝ α. For effectively ferromag-
netic coupling (K − V < 0) in the zeroth-order Hamiltonian
H ′

0 of Eq. 4, it is found that W − V + K ≈ 0.5η2�2/(V − K)
in the scaling limit of � � ωc, and to the lowest order of �/ωc,
we have

F = 2αω1−s
c

∫ ωc

0

(W − V + K)2ωs−1dω

(ω + W − V + K)2

∼ 2παωc(1 − s)

sin[π (1 − s)]

{
W − V + K

ωc

}s

. (28)

Then, Eq. (27) becomes

1 − 4παc(1 − s)(W + V − K)

sin[π (1 − s)]W

(
W − V + K

ωc

)s−1

= 0.

(29)

When K < V and � � ωc, W − V + K ≈ 0.5η2�2/(V −
K) and (W + V − K)/W ≈ 2. Then, it is easily seen that
αc = 1/8 + O(�/ωc) for s = 1, and αc = 0 + O(�/ωc) for
s < 1. In the super-Ohmic regime of s > 1, αc → ∞, and
the system is always in the delocalized state in the limit of
ε → 0. Our estimation is comparable to those of Ref. [1]:
αc = 0.15 + O(�/ωc) for s = 1 and αc = 0 + O(�/ωc) for
s < 1. Moreover, it is also interesting to list the prediction of
Ref. [13]: αc = 0.5 for s = 1.

For finite values of �/ωc, the QCP can be determined by
Eq. (27). Figure 1 is the α-versus-� phase diagram for various
values of s with K = 0 and very weak bias ε/ωc = 10−5. One
can see that in the scaling limit of �/ωc → 0, αc → 0.125
for the Ohmic bath s = 1, and αc → 0 for the sub-Ohmic bath
s < 1. Meanwhile, αc increases with tunneling � because a
larger tunneling strength favors the delocalized state.

Figure 2 is the α-versus-K phase diagram for various
values of s with �/ωc = 0.1 and very weak bias ε/ωc =

(a)

(b)

(c)

FIG. 2. (Color online) (a) α vs K phase diagram for various bath
types with �/ωc = 0.1 and very weak bias ε/ωc = 10−5. The five
curves from the top down are for s = 1, 0.9, 0.75, 0.5, and 0.25,
respectively. The blue dots indicate the positions where we cross the
phase boundary for calculating the critical exponents in the second (δ),
third (γ ), and fourth (β) columns of Table I. The red circles indicate
the positions where we cross the phase boundary for calculating the
critical exponents in the sixth column (ζ ) of Table I. The comparisons
of our result and the NRG one for s = 1 and 1/2 are shown in (b)
and (c), respectively. Different red symbols stand for the NRG data
in Ref. [1]. The black curves correspond to our calculated data by our
ansatz. The short-dash-dotted lines in (b) and (c) indicate Kr = 0.
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FIG. 3. (Color online) (a) The solid line is the difference between
our calculation of the ground-state energy and that of Ref. [13] for
s = 1, K = 0, �/ωc = 0.1, and ε/ωc = 10−5. The dash-dotted line is
the calculated value of the parameter σ0. The arrow in the bottom right
corner indicates the transition point αc ≈ 0.1338. (b) The ground-
state averaged 〈σ x〉 and the renormalized bias ε ′ as functions of α for
s = 1, with K = 0, �/ωc = 0.1, and ε/ωc = 10−5. The solid line is
our result for 〈σ x〉 and the dashed line is that of Ref. [13]. The arrow
in the bottom right corner indicates the transition point αc ≈ 0.1338.

10−5, which is similar to Figs. 2 and 3 in Ref. [1]. As the
effective Ising interaction in H ′

0 is (K − V )σ z
1 σ z

2 , a positive
(antiferromagnetic) K reduces the bath-induced interaction
−V , while a negative (ferromagnetic) K enhances it. This
explains that in the phase diagram, a positive K favors the
delocalized phase while a negative K discourages it. One can
see that the phase boundary depends on K very weakly for the
ferromagnetic case (K < 0), while for the antiferromagnetic
case (K > 0) the delocalized region extends to a larger αc, and
the asymptotic line of the phase boundary for a larger K > 0 is
given by Kr = K − α�c/s = 0 (Kr is the renormalized Ising
coupling defined by Ref. [1]). We present a comparison of
the NRG results and ours in Figs. 2(b) (Ohmic bath) and 2(c)
(sub-Ohmic bath). For K < 0, the phase boundary of αc for
the Ohmic bath is weakly dependent on K , which is the same
as the NRG results. However, the boundary, located at αc =
1/8 + O(�/ωc), is also weakly dependent on �, a result at
variance with the NRG counterpart of αc = 0.15 + O(�/ωc).
For the sub-Ohmic bath, our calculated αc is in good agreement
with that of the NRG approach for the whole range of K values.

FIG. 4. The log-log plot of the relation between 〈σ z〉 and ε/ωc

for various bath types with fixed �/ωc = 0.1, K = 0 at their
corresponding critical coupling strengths αc. s = 1, 0.9, 0.75, 0.5,
and 0.25 (from top to bottom).

Figure 3(a) shows the difference in the ground-state energy
between our calculation and that in [13] in the presence of an
Ohmic bath (s = 1). For the delocalized phase α < αc, our Eg

is the same as that of Ref. [13]. However, above the transition
point α � αc, the lower ground-state energy indicates that the
ansatz of this work is a better one for the real ground state. As
shown in the figure, the calculated value of the parameter σ0 is
nearly zero for the delocalized phase (α < αc), but it increases
quickly above the transition point.

Figure 3(b) shows the ground-state averaged 〈σx〉 and the
renormalized bias ε′ as functions of α for an Ohmic bath.
One can see that our calculated average 〈σx〉 [see Eq. (24)] is
the same as that of Ref. [13] for α < αc, and in this regime,
the renormalized bias ε′ ≈ ε is very small, while for α � αc,
ε′ increases quickly. Since we are mainly interested in the
QCP, our calculation is restricted to the parameter regime of
0 < α � 1.1αc, where ε′/ωc < 0.05 and the transition term
|G〉〈D| + |D〉〈G| in Eq. (19) can be safely neglected.

Equations (25) and (26) are used to get the ground-state
averaged 〈σ z〉 = 〈σ z

1 〉 = 〈σ z
2 〉 as a function of ε, α, �, or K .

As critical exponents are the most interesting QPT properties,
we first consider a critical exponent δ defined by

〈σ z〉 ∼ ε1/δ, (30)

where α, �, and K are kept fixed at their critical values.
Figure 4 shows a log-log plot of the relation between 〈σ z〉
and ε/ωc for �/ωc = 0.1, K = 0, and α = αc. A series of
s values are taken. The filled blue dots in Fig. 2(a) indicate
the transition points in the phase diagram where we cross
the phase boundary to calculate the curves in Fig. 4. One
can see the power-law scaling over more than two orders of
magnitude, and the critical exponent δ can be determined from
simply fitting the slope. The fitting results are listed in the
second column of Table I, and they are in the close vicinity of
δ = 3.
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TABLE I. Critical exponents of different bath types s.

s δ γ β β ′ ζ

0.25 3.0009 0.99999 0.49695 0.49988 0.49981
0.5 3.0015 1.00009 0.49848 0.49981 0.49979
0.75 3.0036 1.00041 0.49882 0.49971 0.49980
0.9 3.0088 1.00004 0.49864 0.49960 0.49979
1 3.0396 0.99999 0.49538 0.49912 0.49965

Second, the static susceptibility is related to the critical
exponent γ ,

χ = 〈σ z〉
ε

∣∣∣∣
ε→0

∼ 1

(αc − α)γ
, (31)

where � and K are kept fixed. Figure 5 shows a log-log plot
of the relation between χ and αc − α for various values of s

(the transition points are again the filled blue dots in Fig. 2(a)).
There is a power-law scaling, and the critical exponent γ can
be determined from simply fitting the slope. The fitting results,
which are listed in the third column of Table I, are found to be
quite close to the value of γ = 1.

Another three critical exponents are defined as follows:

〈σ z〉 ∼ (α − αc)β, (32)

〈σ z〉 ∼ (�c − �)β
′
, (33)

〈σ z〉 ∼ (Kc − K)ζ . (34)

They can be determined in a similar way, that is, by simply
fitting the slope in a log-log plot, and the results are listed in
the fourth (transition points are filled blue dots in Fig. 2(a)),
fifth (transition points are filled blue dots in Fig. 1), and
sixth (transition points are red circles in Fig. 2(a)) columns of
Table I. All these fitted exponents are found to be close to 1/2.

FIG. 5. The log-log plot of the relation between χ and 1/(αc −
α)γ for various bath types with fixed �/ωc = 0.1 and K = 0. Five
values of the bath spectral exponent is chosen: s = 1, 0.9, 0.75, 0.5,
and 0.25 (from top to bottom).

We have checked that these extracted exponents are
independent of the position in the phase diagram where the
phase boundaries are crossed. We note that our transformed
Hamiltonian H ′

0 + Uε is a two-site Ising model in both the
transverse (η�) and longitudinal (ε′) field. For the lattice Ising
model (one-, two-, and three-dimensional) in a transverse field,
it is well known that there is a quantum phase transition at some
critical value of the transverse field [18]. It was proved that
the critical exponents of the d-dimensional Ising model in a
transverse field are the same as those of the classical Ising
model (without the transverse field) in (d + 1) dimension. In
the mean-field approximation, the critical exponents of the
quantum Ising model (in a transverse field) are δ = 3, γ = 1,
and β = 1/2, which are independent of the lattice dimension
and the coordination number, and at variance with those from
the exact analytic solution (for one dimension) and numerical
exact solutions (Monte Carlo, renormalization group, etc.).
Note that these mean-field critical exponents are the same as
our values for the two-qubit SBM. This is an indication that
our theory for the QPT of the two-qubit SBM is a mean-field
theory, that is, the effect of quantum fluctuations has been
taken into account by a self-consistent mean field.

Here we explain briefly how our mean-field approximation
works. The two-qubit system and the heat bath are decoupled
by the unitary transformation, and in the generator S of the
transformation we introduce two “mean-field” displacement
of oscillators: (i) the dynamic displacement ξk(σ z

1 + σ z
2 )

related to the high-frequency oscillators since ξk ≈ 1 for
large ωk , which modifies the original tunneling � → η�

[Eq. 8] and renormalizes the Ising coupling K → K − V

[Eq. 9]; (ii) the static displacement (1 − ξk)σ0 related to the
lower-frequency oscillators as 1 − ξk ≈ 1 for ωk → 0, which
leads to the modified bias ε → ε′ [Eq. 5]. As shown above,
self-consistent calculations have been carried out to determine
these modified parameters and to include the effect of the
quantum fluctuations.

Moreover, all the critical exponents listed in Table I are
independent of the bath index s, and this is a feature similar to
the mean-field exponents of the quantum Ising model, which
are independent of the dimension and the coordination number.
We note that, for s = 1/2, our critical exponents are the same
as the scaling analysis result of Ref. [1].

As for the critical exponents, our results come from a self-
consistent mean-field ground state. It leads reasonably to s-
independent plain mean-field critical exponents. In contrast,
the critical exponents of the mean-field analysis in Ref. [1]
are based on the quantum to classical mapping of the spin-
boson model to the one-dimensional classical Ising model with
long-range interaction Jij = J/|i − j |1+s , which results in the
s-dependent critical exponents. On the other hand, as pointed
out in Ref. [1], the NRG is not well suited to describe the
system close to the transition for s < 1/2, and the calculation
is therefore restricted to s � 1/2. It is our belief that it is
not accidental that the critical exponents ζ (s = 1/2) = 1/2
and β(s = 1/2) = 0.5 of the NRG are equivalent to those of
our theory. Recent quantum Monte Carlo simulation yielded
classical exponents of γ = 1 and β = 0.5 for s < 1/2 in a
multiqubit SBM [14], but for s > 1/2 their critical exponents
are dependent on s while ours are independent of s.
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IV. THE ENTANGLEMENT ENTROPY

The reduced system density matrix ρS is given by tracing
the total (system + bath) density operator over the boson
bath: ρS = TrB[ρSB ]. If the ground-state reduced density
matrix of the two-qubit system ρS is known, the von
Neumann entanglement entropy can be calculated from ρS :
E = −Tr[ρS log2 ρS] [1,19]. From the trial ground state (23),
we have

ρSB = |g.s.〉〈g.s.| = exp(−S)|G〉|{0k}〉〈{0k}|〈G| exp(S).

(35)

Thus,

ρS = TrB{exp(−S)|G〉|{0k}〉〈{0k}|〈G| exp(S)}. (36)

Note that there are both spin operators σ z and bosonic
operators b

†
k − bk in S. For the trace operation over the

bath (TrB), we use Eqs. (17), (18), (10), (11), and |1〉 =
(|↑〉 + |↓〉)/√2, |2〉 = (|↑〉 − |↓〉)/√2 [where the state |↑(↓)〉
is the eigenstate of σ z: σ z|↑(↓)〉 = +(−)|↑(↓)〉] to express |G〉
as

|G〉 = cos θ |A〉 + sin θ |B〉 = 1√
2
{(u cos θ + sin θ )|↑↑〉 + (u cos θ − sin θ )|↓↓〉 + v cos θ [|↑↓〉 + |↓↑〉]}. (37)

Then,

exp(−S)|G〉 = 1√
2

(u cos θ + sin θ ) exp(−S+)|↑↑〉

+ 1√
2

(u cos θ − sin θ ) exp(−S−)|↓↓〉 + v cos θ exp(−S0)
1√
2

[|↑↓〉 + |↓↑〉], (38)

where

S+ =
∑

k

(
fk + gkξk

ωk

)
(b†k − bk), S− =

∑
k

(
fk − gkξk

ωk

)
(b†k − bk), S0 =

∑
k

fk(b†k − bk),

(39)

and fk = gk(1 − ξk)σ0/2ωk . Now there are no system operators in S+, S−, and S0 so that the cyclic properties of the trace can be
used for trace operation in Eq. (36),

ρS =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎝

1
2 (u cos θ + sin θ )2 vη√

2
cos θ (u cos θ + sin θ ) 1

2 (u2 cos2 θ − sin2 θ )η4 0

vη√
2

cos θ (u cos θ + sin θ ) v2 cos2 θ
vη√

2
cos θ (u cos θ − sin θ ) 0

1
2 (u2 cos2 θ − sin2 θ )η4 vη√

2
cos θ (u cos θ − sin θ ) 1

2 (u cos θ − sin θ )2 0

0 0 0 0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (40)

Because of the decoupling of the “dark” state 1√
2
[|↑↓〉 −

|↓↑〉], all elements of the density operator ρS in the bottom
row and the right column are equal to 0. If we know the
three eigenvalues of the upper left 3 × 3 submatrix, then the
entanglement entropy is

E = −
3∑

i=1

λi log2 λi, (41)

where λi (i = 1,2,3) are the eigenvalues of the 3 × 3 subma-
trix. As the trace of the density operator is TrSρS = 1, it is
easy to prove that 0 � E � 2 [1]. E = 0 indicates the absence
of entanglement between the qubits and the bath.

The eigenvalues of ρS can be calculated numerically. The
entanglement entropy E for the Ohmic case of s = 1 is shown
in Fig. 6(a) as a function of the coupling strength α for
three values of tunneling � (we set K = 0 and ε/ωc = 10−6).
When α = 0, there is no entanglement between qubits and the
environment and E = 0. The entanglement entropy increases

with increasing α in the delocalized phase, reaches a plateau,
and then drops quickly to zero at the transition point α = αc.
[Here and in the following figures, our calculation is restricted
to the range 0 < α � 1.1αc, because in this range ε′/ωc <

0.05 and the transition term |G〉〈D| + |D〉〈G| in Eq. (19) can
be safely dropped.] As pointed out in Ref. [1], the plateau
indicates that coherence is lost prior to localization, that is, it
shows that the system is in the coherent to incoherent crossover
before final trapping in the localized phase.

Figure 6(b) displays the entanglement entropy E for the sub-
Ohmic case of s = 1/2 and three values of tunneling � (we
set K = 0 and ε/ωc = 10−6). Obviously, for the sub-Ohmic
bath the entanglement entropy reaches a sharp peak right at
the transition point, and there is no plateau corresponding to
the coherent to incoherent crossover.

Figure 6(a) corresponds to the case of K = 0, so the
renormalized Ising coupling is −V σz

1 σ z
2 . In Fig. 7, we

check the E versus α relation for finite values of the Ising
coupling K (s = 1, � = 0.1, ε/ωc = 10−6). From Fig. 7(a),
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FIG. 6. (Color online) (a) The entanglement entropy E as a
function of the coupling strength α for the Ohmic case of s = 1 with
different tunneling � (K = 0, ε/ωc = 10−6). (b) The entanglement
entropy E as a function of the coupling strength α for the sub-Ohmic
case of s = 1/2 with different tunneling � (K = 0, ε/ωc = 10−5).

we observe that as K changes from ferromagnetic (K < 0) to
antiferromagnetic (K > 0, note that the renormalized Ising
coupling is K − V ), the width of the plateau is reduced
considerably, and a spike emerges instead for large positive
values for K � 0.25ωc. This indicates that the delocalized-
to-localized phase transition occurs right next to the regime
where spin dynamics is coherent [1], and coherence is lost
in a manner similar to the sub-Ohmic case of Fig. 6(b). In
Figs. 7(b) and 7(c), we show the comparison of the NRG
results with ours. For several values of K , the slopes of our
scaled data are similar to those of the NRG approach.

Figure 8 shows the entanglement entropy E as a function
of α for various values of Ising coupling K in the sub-Ohmic
regime of s = 1/2 (we set � = 0.1 and ε/ωc = 10−6). There is
a sharp peak at the transition point for both the ferromagnetic
(K < 0) and the antiferromagnetic (K > 0) Ising coupling,
but the width of the peak of the ferromagnetic coupling
is much smaller than that of the antiferromagnetic one. In
Figs. 8(b), 8(c), and 8(d), we show the comparison of the
NRG results with ours. For several values of K , it is found that

(b)

(c)

FIG. 7. (Color online) (a) The entanglement entropy E as a
function of α for various Ising coupling strengths K in the Ohmic
bath s = 1 (� = 0.1, ε/ωc = 10−5). The comparisons of the scaled
entanglement entropy vs (α − αc)/αc for K = 0 and 4K = ωc are
shown in (b) and (c), respectively.

the slopes of our scaled data agree well with those of the NRG
approach.

In Fig. 9, we show the E versus α relations for s = 1/4,
1/2, 3/4, 9/10, and 1 (from left to right). Here we set the Ising
coupling K = 0. One can see that with increasing index s, a
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(b)(a)

(d)
(c)

FIG. 8. (Color online) (a) The entanglement entropy E as a function of α for various Ising coupling strengths K in a sub-Ohmic bath
s = 1/2 (� = 0.1, ε/ωc = 10−5). The comparisons of the scaled entanglement entropy vs (α − αc)/αc for 4K/ωc = −0.5, 0, and 0.5 are
shown in (b), (c), and (d), respectively.

sharp peak (s = 1/4) at the transition point changes gradually
(with s = 1/2, 3/4, 9/10) to a plateau (s = 1) on the left side
of the peak.

V. QUBIT-QUBIT CORRELATION

In this section, in order to investigate the correlation
between the two qubits mediated by the common bath and the

FIG. 9. The entanglement entropy E as a function of α for
different bath indices s = 1/4, 1/2, 3/4, 9/10, and 1 (from left to
right).

effects of direct Ising coupling, we calculate the qubit-qubit
correlation function of the ground state. It is defined as

C12 = 〈
σ z

1 σ z
2

〉 − 〈
σ z

1

〉〈
σ z

2

〉
, (42)

where 〈•〉 = 〈g.s.| • |g.s.〉. By the reduced density matrix
Eq. (40), we immediately arrive at

C12 = (u2 − v2) cos2 θ + sin2 θ − 1
4σ 2

0 . (43)

In Fig. 10, we show the correlation function C12 for different
bath indices s. In Figs. 10(a) and 10(b), we show our calculated
results and the data of the QMC simulations for K = 0 [14].
Due to the coupling of the qubits and bath, there is an indirect
Ising coupling −V . The function 〈σ z

1 σ z
2 〉 is nonzero even

in the delocalized phase due to the effective ferromagnetic
interaction mediated by the common bath. It is obvious that
the fluctuation increases with an increase in the dissipative
coupling strength prior to the onset of the QPT. At the critical
point αc, C12 reaches the maximum value, which means that
the QPT occurs. After the coupling strength exceeds αc, C12

decreases rapidly. By comparison, our results are in good
agreement with the QMC results, especially for the deep
sub-Ohmic bath s � 1/2. In Fig. 10(a), for the Ohmic bath,
our results of the delocalized phase agree well with the QMC
data [14]. In Fig. 10(b), it is found that the transition in our
results occurs at αc = 0.133 while that of the QMC happens
at α ≈ 0.175.

In Figs. 10(c) and 10(d), we show the effects of direct Ising
coupling K on the correlation function for s = 1 and 1/2,
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(a) (b)

(d)(c)

FIG. 10. (Color online) (a) The qubit-qubit correlation function C12 as a function of α for Ising coupling K = 0 with different bath indexes
s = 0.25, 0.5, 0.75, and 1 (� = 0.1, ε/ωc = 10−5). The quantum Monte Carlo data in Ref. [14] are shown for comparison. (b) C12 vs α for
K = 0 in the Ohmic case. (c) C12 as a function of α with different values of the Ising coupling K for s = 1 . (d) C12 as a function of α with
different values of the Ising coupling K for s = 1/2. The critical value αc corresponding to the peak of the curves will rise with increasing K .

respectively. For the Ohmic case, the C12 has the character of
a plateau at a weaker coupling strength in the ferromagnetic
case K < 0, while for larger values of K the plateau shrinks to
a peaklike structure. It is clearly seen that the peak value of C12

for the antiferromagnetic situation is much higher than those
for the ferromagnetic case. For the sub-Ohmic case s = 1/2,
the C12 exhibits the character of a cusp for any K , similar to
the entanglement entropy in Fig. 8(a).

VI. DISCUSSION AND CONCLUSION

We have proposed an ansatz to study a two-qubit system
interacting with a dissipative environment in the ground state,
and it is shown that, as a result of the competition between
the intrasite tunneling and the intersite correlation, a quantum
phase transition separating the delocalized phase from the
localized one may occur at some critical coupling constant αc.
By calculating the ground-state entanglement entropy between
the qubits and the bath as well as the qubit-qubit correlation
function, we have explored the nature of the QPT between the
delocalized and localized state.

The same criterion as that used in Ref. [1] is used to deter-
mine the critical coupling in this work, that is, the emergence
of a nonzero ground-state expectation of 〈σ z〉 as the coupling

α increases across some critical point αc. For the two-qubit
system in an Ohmic bath, we get αc = 1/8 + O(�/ωc), which
is quite close to the NRG result αc = 0.15 + O(�/ωc) [1]. In
contrast, the criterion used in Ref. [13] is the vanishing of
the renormalized tunneling η → 0, which leads to αc = 0.5
for the two-qubit system in an Ohmic bath. However, for the
single-qubit system in an Ohmic bath, both the criteria η → 0
and 〈σ z〉 �= 0 give the same critical value αc = 1, at least in
the scaling limit �/ωc → 0 (Refs. [2–12]). This difference
comes from the two-qubit correlation and the renormalized
Ising coupling V [Eq. 9], which shift the QCP of the two-qubit
SBM substantially as compared to that of the single-qubit
case.

An alternative unitary transformation has been utilized, in
which a ωk-dependent function ξk is introduced and its func-
tional form is determined by setting to zero the matrix element
of H ′

1 between the ground state and the lowest-lying excited
state of H ′

0 + Uε . Then we get the ground state |G〉|{0k}〉 for the
transformed Hamiltonian H ′

0 + Uε + H ′
1 (H ′

1|G〉|{0k}〉 = 0)
with the ground-state energy Eq. (22). Generally speaking,
our approach is to decouple the two-qubit system from the
heat bath by the unitary transformation with the generator S

[Eq. 2]. In S we introduce two “mean-field” displacements
of oscillators: (i) The dynamic displacement ξk(σ z

1 + σ z
2 )
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related to the high-frequency oscillators since ξk ≈ 1 for
large ωk , which modifies the original tunneling � → η�

[Eq. 8] and renormalizes the Ising coupling K → K − V

[Eq. 9]. (ii) The static displacement (1 − ξk)σ0 related to the
lower-frequency oscillators as 1 − ξk ≈ 1 for ωk → 0, which
leads to the modified bias ε → ε′ [Eq. 5]. Self-consistent
mean-field calculations have been carried out to determine
these modified parameters, and the effect of the quantum
fluctuations is included. Our calculated critical exponents are
the same as the mean-field critical exponents of the Ising model
in a transverse field.

In our work, the unperturbed part of the transformed Hamil-
tonian H ′

0 + Uε can be diagonalized exactly, but nonetheless
it contains the essential physics of the two-qubit SBM. For the
ground state, the first-order Hamiltonian H ′

1 can be neglected
because H ′

1|G〉|{0k}〉 = 0. The main approximation in our
treatment is the omission of H ′

2 [Eq. 7]. The reason to justify
this approximation is that, since 〈{0k}|〈G|H ′

2|G〉|{0k}〉 = 0

(because of the definition for η) [Eq. 8], the terms in H ′
2

are related to the multiboson nondiagonal transitions (such
as bkbk′ and b

†
kb

†
k′). The contributions of these nondiagonal

terms to the ground-state energy are O(g2
kg

2
k′) and higher.

For the ground state, the contribution from these multiboson
nondiagonal transitions may be dropped safely. We have made
substantial arguments in our previous publication [15] that this
omission is justified.
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a b s t r a c t

We have systematically assessed the influence of oxygen vacancy defects on the structural, electronic and
magnetic properties of La2/3Sr1/3MnO3 via first-principles calculations using the bare GGA as well as the
GGA þ U formalism. The on-site Coulombic repulsion parameter U for Mn 3d orbital in the latter has
been determined by the linear response theory. It is revealed that the introduction of the vacancy defects
causes prominent structural changes in the microenvironment of a defect including the distortions of
MnO6 octahedra. In contrast to the general notion, the GGA þ U formalism is found to yield significantly
more prominent structural changes than the bare GGA method. The octahedral distortion leads to a
strengthening or weakening of the hybridization between Mn 3d and O 2p orbitals depending upon an
increase or decrease, respectively, in the MneO distances as compared to the pristine system. The
magnetic moments of the Mn atoms located in three typical sites of the vacancy-containing supercell are
all larger than those in the pristine system. This enhancement for the Mn atoms located in the first- and
third-nearest neighboring MnO6 octahedra of the vacancy defect originates from the electron transfer
from 4s/3p to 3d orbitals. On the other hand, for the Mn atom located in the first-nearest neighboring site
of the vacancy it is attributed to the increased total number of electrons in 3d orbitals due to the absence
of one MneO bond. Furthermore, we have characterized the O-vacancy defect as a hole-type defect that
forms a negative charge center, attracting electrons.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The perovskite manganese oxides La1�xAxMnO3 (A ¼ Ca, Ba, Sr)
have attracted extensive research attention thanks to their special
electronic and magnetic properties as well as their potential ap-
plications [1e3]. Among this group of the materials, La1�xSrxMnO3
(LSMO) exhibits exotic properties such as colossal magnetoresis-
tance (CMR) and metal-insulator transition [4], which originate
from a delicate coupling between charge, spin, orbital and lattice
degrees of freedom. Heterostructures based on LSMO also possess
exciting physical properties such as a large magnetoresistivity in
LSMO sandwiched by carbon nanotubes [5], magnetoelectric effects
in LSMO/piezoelectric and LSMO/ferroelectric interfaces [6], and
proximity effects in ferromagnetic/superconducting
185
heterostructures [7]. The optimally doped La0.66A0.33MnO3 exhibits
half-metallic behavior and ferromagnetism, rendering it one of the
most technologically attractive classes of materials in the context of
spin injection, given the high Curie temperature and large spin
polarization at the Fermi level reaching nearly 100% below the
Curie ordering temperature. For example, La0.66A0.33MnO3 based
LSMO/SrTiO3/LSMO magnetic tunneling junctions were found to
exhibit a tunnel magnetoresistance ratio larger than 1800% [8].

Oxygen vacancy defects are believed to play an important role in
giving rise to the unique properties of perovskite manganese ox-
ides. In an important work, a two-dimensional electron gas has
been found at the interface between SrTiO3 and LaAlO3 and the
origin of the charge in heterostructures comprised of these two
materials is attributed to the oxygen vacancies [9,10]. It is also
found recently that oxygen vacancy defects can be rather easily
formed on the (001) surface of NdAlO3, resulting in surface
reconstruction and the formation of a zigzag -AleOeAl- chain,
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which quenches the built-in potential and significantly enhances
the carrier density [11]. Picozzi et al. reported that the oxygen va-
cancies cause prominent changes in the electronic and magnetic
structures of La0.66Sr0.33MnO3 [12]. While it was found that the
valence band features shift toward higher binding energies and the
degree of covalency of Mn bonding increases, it should be noted
that their results focusing on the unrelaxed structure do not take
into account the tilting of MnO6 octahedra. From the crystallo-
graphic perspective, the MnO6 octahedra are important features of
the perovskite manganese oxides, and the existence of an oxygen
vacancy in an octahedron may lead to a change in its structure via
correlated deformation and rotation of neighboring octahedra.
Such vacancy induced structural changes in MnO6 octahedra may
play an important role in influencing the electronic and magnetic
properties, yet, have not been studied previously to the best of our
knowledge. As a result, there exists a pressing need to address the
issue of the influence of oxygen vacancies on the properties of
LSMO.

In this study, we have carried out the density functional theory
(DFT) -based first-principles calculations by using the generalized
gradient approximation (GGA) formalism as well as its modified
form GGA þ U to investigate the oxygen vacancy induced changes
in the structural, electronic and magnetic properties of La2/3Sr1/
3MnO3. In addition, the formation energy of an oxygen vacancy
with different charge states is calculated, leading to assessment of
their stability as well. The rest of the paper is organized as follows.
Section 2 presents computational and theoretical details. In Section
3, results obtained on structural, electronic and magnetic proper-
ties of oxygen vacancy-containing LSMO systems as well as a
comparison with the pristine system are presented and discussed
in detail. Conclusions are drawn in the final Section 4.
2. Computational and theoretical details

To investigate the properties of LSMO, we employ a perovskite
unit cell La2/3Sr1/3MnO3 with lattice parameters a¼ b¼ c¼ 3.876 Å
[13,14]. In order to avoid interactions between the defects, we
choose a sufficiently large 3 � 3 � 4 supercell, which contains 180
atoms. The choice of 4 unit cells along the c axis is dictated by the
requirement of setting the antiferromagnetic ordering. An oxygen
vacancy is introduced by removing the O atom located at the center
of the supercell. In our simulations, therefore, the concentration of
oxygen vacancies is about 0.9%. We consider three supercells with
Fig. 1. Three configurations of 3 � 3 � 4 supercell forLa0.66Sr0.33MnO3 containing one
oxygen vacancy at the center denoted by a hollow circle. The number of Sr atoms
(green spheres) as first-nearest neighbors of the vacancy in the ab-plane is (a) zero (b)
two and (c) three. The blue, pink and red spheres correspond to La, Mn and O atoms,
respectively. Mn Atoms labeled as 1 (Mn1) and 2 (Mn2) reside in the first-nearest
neighboring and the third-nearest neighboring MnO6 octahedron of the vacancy,
respectively, while 3 (Mn3) is a first-nearest neighbor of the vacancy. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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different Sr substitutional sites as shown in Fig. 1. The number of Sr
atoms located at the first nearest neighbor sites of the vacancy
defect in the ab-plane is zero in Fig. 1(a), two in Fig. 1(b) and four in
Fig. 1(c). The most energetically favorable configuration is then
determined via the calculation of the total energy, and used for all
the subsequent calculations. In addition, we calculate the total
energy of LSMO in three different magnetic ordering states, i.e. A-
type antiferromagnetic, G-type antiferromagnetic and ferromag-
netic ordering, to determine the most stable configuration. The
initial structure is then subjected to geometry optimization during
which the lattice parameters and symmetry of supercell are con-
strained, and atomic positions are relaxed until the forces are
quenched to the desired convergence criterion.

It is well known that first-principles calculations based on DFT
for the strongly correlated systems such as LSMO, need to adopt
formalisms going beyond the bare local density approximation
(LDA) or GGA formalisms. Such formalisms include GGA (LDA) þ U
(U is the on-site Coulombic repulsion potential), GW and hybrid
functionals, which yield band gaps in a better agreement with the
experimental values [15,16]]. The GGA þ U approach is useful in
treating systems containing transition metals in a much more
computationally efficient manner than the GW and hybrid func-
tionals approaches. Our first-principles calculations are carried out
by using both the standard GGA and the GGAþU energy functional,
in the latter of which, the value of U for Mn d electrons is calculated
with the linear response theory. All the calculations in this work are
carried out with the Vienna ab initio simulation package (VASP)
[17,18]. The coreeelectron interactions are modeled by the
projector-augmented wave potentials [19] and the Per-
deweBurkeeErnzerhof-correlation functional is adopted [20,21].
We have adopted the valence electrons configuration as
5s25p65d16s2 for La, 3s23p64s2 for Sr,3d64s1 for Mn and 2s22p4 for O
atoms, respectively. In performing energy minimization and sub-
sequent electronic properties calculations, the plane-wave cutoff
energy was chosen as 400 eV, and the Brillouin zone was sampled
by using 5 � 5 � 3 Gamma centered Monkhorst-Pack k-points grid.
The convergence criterion for energy and force was set to 10�5 eV
per unit cell and 0.01 eV/Å, respectively.

Within the GGA þ U formalism, the value of the on-site
Coulombic repulsion parameter U depends upon which com-
pound the transition metal is a constituent of. For example,
U ¼ 3 eV was employed in modeling the magnetic properties of
La0.625Sr0.375MnO3 under high pressure [22], whereas for LaMnO3
the value of U was chosen to be 4 eV [23]. Previous studies based on
first-principles calculations using GGA (LDA) þ U approach for
perovskites containing Mn provide no consensus on the appro-
priate value of U. The Hubbard parameter U can, in fact, be calcu-
lated by the linear response theory (LRT) proposed by Cococcioni
and Gironcoli et al. [24], who have demonstrated the accuracy of
this method by computing structural and electronic properties of
various systems including transition metals, rare-earth correlated
metals and transition metal monoxides. We have thus calculated
the effective on-site Coulomb repulsion parameter Ueff for La2/3Sr1/
3MnO3 by using the LRT that is internally consistent with the
chosen definition for the occupation matrix of the relevant local-
ized orbitals [24,25]. According to the LRT, the effective interaction
parameter Ueff associated to site I can be written as

Ueff ¼
�
c�10 � c�1

�

II
; (1)

where c�1 and c�10 are the interacting and noninteracting
KohneSham density response functions of the system, respectively.
They can be calculated by vnI=vaI and vnI=vaKSI , respectively, where
nI is the atomic orbital occupation for the atom I, and aI (aKSI ) denote
6
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the interacting (noninteracting) KohneSham localized perturba-
tion potential. Using this method, we have calculated the response
function of Mn and the resulting plot of d orbital occupation versus
a is shown in Fig. 2. By changing the rigid potential shifts a, we
obtain the bare and self-consistent occupation regression response
functions. The interacting c�1 and the Kohn textminus Sham c�10
inverse matrices are the slopes of bare and self-consistent regres-
sion response functions, respectively. The resulting value of the
Hubbard parameter U for Mn atom calculated from eq. (1) is 5.9 eV.
The reliability of this calculated value of U can be further exem-
plified by noting that it is close to the value employed in our pre-
vious first-principles calculations (U ¼ 6.0 eV) which yielded
electronic structure results consistent with the X-ray absorption
spectroscopic data [26].

The relative stability of defective LSMO with various charge
states is determined by the formation energy. The formation energy
of an oxygen vacancy in LSMO can be calculated from the total
energy of the supercell using the Zhang-Northrup formalism [27].
According to this standard formalism, the formation energy of an
oxygen vacancy with a charge state q (Ef(OV,q)) is dependent on
atomic and electronic chemical potentials, and is given by

Ef ðOV;qÞ ¼ ET ðOV;qÞ � EidealT þ EðOÞ þ mO þ qme (2)

where ET(OV,q) (EidealT ) is the total energy of the supercells with
(without) oxygen vacancy and E(O) denotes the energy of an oxy-
gen atom taken to be equal to half of that of an oxygen molecule
EðO2Þ[28]. The chemical potential of an oxygen atom is denoted by
mO and we set mO ¼ 0 in this work, which corresponds to the typical
experimental condition of extreme O-rich limit. me is the chemical
potential of electron, i.e. the Fermi level. Two energy corrections are
generally needed to take into account the interactions between the
charged defect and the compensating background as well as its
periodic images. One is the correction of valence band maximum
considering that its value is different for supercell with andwithout
a defect, owing to the defect-induced distortion of the band
structure near the band edges [29e31]. In this paper, we apply this
correction to Fermi level me, the value of which is referenced to the
valence band maximum. We first assume the potentials in the
pristine system to be similar to those in the defective system at a far
enough distance from a defect. We determined the average po-
tential of the most distant plane from the defect in the defect-
containing supercell (Pdefectav ) and the average potential of the
Fig. 2. Linear response of d orbital occupations to the change of potential shift a. The
red and blue lines represent the Kohn-Sham and the noninteracting inverse density
response functions, respectively. (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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corresponding plane in the pristine system (Pperfectav ). The difference
in the two averaged potentials can then be used to correct me as
follows

m
0
e ¼ me þ Pdefectav � Pidealav (3)

The second necessary correction term is known as the Makov-
Payne (M�P) correction, q2a=2εL, where ε is the static dielectric
constant, L is the linear dimension of the supercell, and a is the
Madelung constant [32]. This term describes the electrostatic en-
ergy of the point charge array in a uniform background in the
presence of a screening medium described by the static dielectric
constant [33]. For simplicity, we employ the value of Madelung
constant as 2.8373, which corresponds to a simple cubic lattice [33].
3. Results and discussions

3.1. Structural comparison between vacancy-containing and ideal
LSMO systems

First, we have carried out geometry optimization on the three
supercell configurations shown in Fig. 1 using the GGA þ U
formalism, followed by calculations of their total energies. The
calculated energy difference da�b between cases (a) and (b) in Fig. 1
is�0.19 eV, and the energy difference da�c between cases (a) and (c)
in Fig. 1 is�0.20 eV. Therefore, the structure shown in Fig. 1(a) with
no Sr atoms present at the first-nearest neighbor sites of vacancy in
the ab-plane, is the most stable among the three cases. We chose
the ferromagnetic ordering as the base of our calculations for the
defective system since measurements based on X-ray absorption
spectra and X-ray magnetic circular dichroism experiments [14],
together with a theoretical phase diagram put forth by Fanget al.
[34], have shown that the LSMO with the current set of lattice
parameters exhibits ferromagnetic ordering.

It is generally believed that the inclusion of a Hubbard-like
contribution to the Mn d states yields prominent changes in the
electronic and magnetic properties but exerts insignificant influ-
ence on the structural properties as compared to bare DFT ap-
proaches [35]. In order to assess the influence of Hubbard U on the
resultant optimized structure, we have carried out geometry opti-
mization on the aforementioned configuration using both the
GGAþU and the GGA formalisms. The profiles of the corresponding
relaxed supercells in the bc-plane as well as the profile of the ideal
system as a reference are depicted in Fig. 3. It can be readily
observed that all the MnO6 octahedra show various degrees of
rotation with respect to the c-axis and the ab-plane. More impor-
tantly, the GGA þ U formalism results in a larger angle of rotation
than the GGA formalism. For example, the maximum angle of
rotation with respect to the c-axis is 8.9� and 11.5� for the GGA and
the GGA þUmethod, respectively. The MneOeMn bond angles get
reduced, due to such rotation of the octahedra, to as low as 162.3�

with the GGA method and 157.1� for the GGA þ U method. The
MnO6 rotation in the ab-plane is 13.6� for GGAþU and 5.5� for GGA
formalism, respectively, which are not shown in this Figure. It thus
becomes apparent that the GGA þ U approach leads to a stronger
modification in structural parameters.

Various structural parameters characterizing the relaxed sys-
tems are listed in Table 1. We first focus on the local structure
surrounding the oxygen vacancy. The oxygen vacancy has two Mn
atoms as the first-nearest neighbors, four La atoms as the second-
nearest neighbors, and eight O atoms as the third-nearest neigh-
bors. Compared with the ideal system, the two Mn atoms in the
vacancy system move closer to each other by about 0.14 Å (0.11 Å)
with the GGA þ U (GGA) method. Similarly, the third-nearest
neighboring oxygen atoms exhibit a tendency of moving closer



Fig. 3. The profile of the LSMO supercell in the bc-plane after structural relaxation
with the (a) GGA formalism and (b) GGA þ U formalism showing MnO6 octahedral
rotation. (c) the profile of ideal system as a reference. The upper and lower oblique
lines point towards the maximum angle of rotation with respect to the c axis and the
minimum MneOeMn bond angle, respectively. The solid black line is added as visual
aid to indicate the vertical direction. A and B label the first- and third-nearest neighbor
MnO6 octahedron of the oxygen vacancy, respectively.
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toward the oxygen vacancy through a distance of nearly 0.56 Å
(0.55 Å) with the GGA þ U (GGA) method. However, the second-
nearest neighboring La atoms move away from each other by
nearly 0.21 Å and 0.18 Å for the GGA þ U and the GGA method,
respectively. The modifications in micro-environment of the oxy-
gen vacancy are attributed to the rotation and deformation of MnO6
octahedra and this modification is stronger for GGA þ U than GGA
results due to the more prominent octahedral modifications in the
prior.

The oxygen-vacancy shortening of the MneMn distance
observed here is similar to the case of SrTiO3, in which reduced
TieTi distancewas found after the relaxation of vacancy-containing
system using the HSE method [9]. In order to characterize the
deformation of MnO6 octahedra, we have listed in Table 1 the OeO
Table 1
Comparison of the structural parameters between the relaxed vacancy-containing superce
atoms diametrically opposite to the oxygen vacancy. NN denotes nearest neighbors. For th
(B).

Atomeatom distance (Å) First NN (2 M

Ideal 3.876
Vacancy (GGA) 3.764
Vacancy (GGA þ U) 3.741

MneOeMn bond angle (�) a-axis

Ideal 180.0�

Vacancy (GGA) 163.3�

Vacancy (GGA þ U) 157.3�

OeO distance in MnO6 octahedron A (B) (Å) a-axis

Ideal 3.876
Vacancy (GGA) 3.965 (3.892)
Vacancy (GGA þ U) 4.003 (3.893)
Maximum angle of rotation with respect to c-axis 8.9� (GGA)
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distances in the octahedron A and B (c.f. Fig. 3) which is the first-
nearest neighbor and third-nearest neighbor of the oxygen va-
cancy in bc-plane, respectively. For the octahedron B, the OeO
distances slightly increase along all the three axes as compared to
the ideal system, except for its value along the c-axis given by the
GGA method which remains nearly the same. For octahedron A, on
the other hand, the OeO distances along the a- and c-axes increase
while those along b-axis show slight decrease. In summary, the
GGAþU approach leads to more prominent changes in interatomic
distances.
3.2. Electronic structure changes induced by the inclusion of
Hubbard U

The introduction of Hubbard parameter U in the GGA þ U
method yields structural changes in the defect-containing LSMO
system as compared to the ideal system which are appreciably
different than those obtained with the GGA method. Unsurpris-
ingly, therefore, the electronic structure calculated by the two
methods can also be expected to show important differences. In
order to explore such differences, especially in the Mn 3d orbital
electronic structure, we have plotted the density of states (DOS) of
eg and t2g orbitals for Mn1(located in MnO6 octahedron A) and Mn3

(located at the first-nearest neighbor site of oxygen vacancy) in
Fig. 4. The introduction of Hubbard U can be readily seen to give rise
to a prominent change in the 3d orbitals electronic structures in
both Mn1 and Mn3. The GGA þ U DOS of eg orbital does not exhibit
any marked changes in the features as compared to the GGA DOS,
especially in the low energy region. However, the DOS for the t2g
orbital by GGA þ U method shows localized splitting of majority
and minority spin peaks that lie farther apart from the Fermi level
due to the strong Coulomb repulsion. For Mn1, the exchange
splitting of t2g is about 2.84 eVwith GGA, but 6.25 eVwith GGAþU.
Similarly, for Mn3, its value increases from about 3.05 eV with GGA
to about 5.94 eV with GGA þ U. Therefore, the correlation between
lattice and orbital has been magnified by including the on-site
Coulombic repulsion parameter U for Mn 3d orbital, and this is
just the reason why GGA þ U leads to more prominent change of
lattice structure which is different from the ideal system compared
with GGA.

The calculated total DOS for LSMO is plotted in Fig. 5. The results
obtained with the bare GGA method point to a behavior very close
to, but not the true half-metallicity considering that the Fermi level
exhibits a marginal shift into the conduction band of the minority
spin states. The GGA þ U derived results, on the other hand, clearly
exhibit a gap in the minority spin states leading to a 100% spin
ll and the ideal supercell of the same size. The interatomic distances correspond two
e OeO distances, the values outside (inside) the bracket correspond to octahedron A

n) Second NN (4 La) Third NN (8 O)

5.481 5.481
5.660 4.932
5.690 4.923

b-axis c-axis

180.0� 180.0�

166.1� 162.3�

161.3� 157.1�

b-axis c-axis

3.876 3.876
3.827 (3.893) 3.888 (3.875)
3.839 (3.903) 3.915 (3.883)
11.5� (GGA þ U)
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Fig. 4. The calculated 3d orbital DOS calculated with the GGA and GGA þ U methods
for Mn1 (top panel) and Mn3 (bottom panel) that are located in octahedron A and B,
respectively. The eg DOS is shown in (a) for Mn1 and (c) for Mn3. The t2g DOS is shown
in (b) for Mn1 and (d) for Mn3.

Table 2
The calculated formation energy (Ef(OV,q)(eV)) of oxygen vacancy in charge states
q ¼ �2, �1, þ2, þ1 as well as neutral state q ¼ 0.

Charge state q ¼ �1 q ¼ �2 q ¼ 0 q ¼ þ1 q ¼ þ2
Ef(OV,q)(eV) �5.86 �11.34 0.04 6.35 13.07
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polarization of electrons at the Fermi level. Furthermore, calcula-
tions show that the total magnetic moment is 127.4mB with the GGA
method and 132.0 mB with the Hubbard-correction. The integer
value obtained with the latter also points towards the true half-
metallicity and is in agreement with the nearly 100% spin polari-
zation observed experimentally in this system [36]. These results
establish the accuracy and reliability of the results obtained with
the GGAþU formalism for the defect-containing LSMO system, and
we thus chose this method for the further detailed analysis pre-
sented in this paper.
3.3. Formation energy of the oxygen vacancy with different charge
states in LSMO

We have calculated the formation energy of the oxygen vacancy
in LSMO at different charge states q ¼ 1, �2, þ1 and þ 2 as well as
the neutral state q¼ 0. As shown in Table 2, the systemwith q¼�2
has the lowest vacancy-formation energy, indicating it to be the
most stable among the different charge states. It can be noted that
the formation energy of the defect in neutral state is relatively small
at 0.04 eV. Such oxygen vacancy defect can thus easily form in
Fig. 5. The total DOS for the vacancy-containing LSMO supercells using GGA (blue
curve) and GGA þ U (red curve) formalisms. The vertical dotted line denotes the Fermi
level. (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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LSMO under O-rich conditions. The negative formation energies for
q ¼ �1 and q ¼ �2 imply that they can be spontaneously formed
under O-rich conditions. The lowest formation energy is found for
q¼�2 indicating that the oxygen vacancy is a hole-type defect that
tends to attract electrons. In order to examine this feature further,
we have calculated the difference between the electron density in
the system in q ¼ �2 and in the neutral state q ¼ 0. The resulting
contour plot shown in Fig. 6 gives a clear picture of the electron
density distribution of the net�2 charge. The oxygen vacancy at the
center is surrounded by six red regions which represent the elec-
tron density concentration, indicating that it leads to a local
negative charge concentration. This charge character of the oxygen
vacancy may be expected to exert appreciable influence on the
conductivity of this material.

3.4. Comparison of DOS in the oxygen-vacancy-containing and
ideal LSMO

The calculated total DOS of LSMO in both the oxygen-vacancy-
containing and the ideal system are depicted in Fig. 7. The results
readily show that in both the ideal as well as defective systems, the
characteristics of minority spin states correspond to those of an
insulator or a semiconductor, whereas the majority spin states
exhibit metallic characteristics. This indicates the half-metallic
nature in this material resulting from the 100% spin polarization
at the Fermi level. The half-metallicity of ideal LSMO system has
been characterized in previous magnetotransport measurement
[8,37] and also supported by theoretical studies [35]. Our results,
importantly demonstrate that such half-metallic behavior is pre-
served in LSMO even in the presence of oxygen vacancy defects. In
addition, the shape of the DOS in the vacancy-containing system is
very similar to that in the ideal system.

For a deeper insight to the electronic structure, we have also
calculated the partial DOS at different typical sites for Mn and O
atoms. The octahedra A and B as shown in Fig. 3 correspond to the
first-nearest neighbor and the third-nearest neighbor of the oxygen
vacancy, respectively. As shown in Fig. 8, an O atom bonded to Mn
atom in the ab-plane is denoted by O1, whereas that bonded along
the c-axis is denoted by O2. In fact, there are two equivalent O1
Fig. 6. Difference in the electron density between systems with the vacancy (black
circle) in charge state q ¼ �2 and q ¼ 0. The electron density ranges from �0.04 e/Å3 to
0.08 e/Å3.



Fig. 7. The calculated total DOS of vacancy-containing and ideal LSMO. The vertical
dotted line denotes the Fermi level.

Fig. 9. The calculated orbital DOS for Mn, O1 along y direction and O2 atoms from the
MnO6 octahedron A for vacancy-containing (right panel) and ideal (left panel) LSMO.
(a)e(c) correspond to Mn1 3d orbitals, O1 2p orbitals and O2 2p orbitals of the ideal
LSMO. (d)e(f) correspond similarly to vacancy-containing system.
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atoms in ab-plane along the x and y directions, respectively. Fig. 9
presents the orbital DOS for Mn and O atoms of octahedron A for
the ideal system and the vacancy-containing system. For the ideal
as well as the defective system, the DOS corresponding to two eg
orbitals 3d3z2�r2 and 3dx2�y2 , occupy the high energy regime
whereas the t2g DOS occupies the low energy regime, consistent
with the general characteristics of electronic structure of LSMO
[38]. Moreover, it can be inferred that O1 and O2 hybridizewithMn1
3d orbital by the ligand orbital 2py and 2pz, respectively, as the
finite DOS at the Fermi level appears only for these ligand orbitals.
The Fermi level in the vacancy-containing system can also be noted
to exhibit a shift toward the high energy regime as compared to
that in the ideal system.

The calculated orbital DOS of Mn2 and Mn3 as well as the cor-
responding O1 and O2 are shown in Fig. 10 and Fig. 11, respectively.
Similar to that noted for Mn1 DOS, the Fermi level is found to shift
to high energy regime for both of the partial DOS of all the atoms
considered here. Such a Fermi level displacement may lead to an
enhancement of the atomic magnetic moment of the three Mn
atoms due to the lack of DOS for the minority spin states around the
Fermi level, which will be discussed in further detail in the next
subsection. In addition, one can note that the vacancy induced
structural changes in MnO6 octahedron result in a corresponding
change in the ligand orbital DOS of oxygen atoms. In the results
shown in Fig. 9 for octahedron A, as a result of Fermi level shift, the
2py DOS of O1 and the 2pz DOS of O2 at the Fermi level show a slight
enhancement and reduction, respectively, when compared with
Fig. 8. Schematic of an MnO6 octahedron denoting O1 that bonds to the Mn atom in
ab-plane and O2 that bonds in c direction.
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the ideal system. This effect originates from the variations in the
MneO distances discussed previously. The reduction of MneO
distance along the b-axis leads to a stronger hybridization between
theMn 3d orbital and the O 2p orbital, leading to enhanced 2py DOS
of O1. The elongation of MneO separation along the c-axis, on the
other hand, results in a weaker hybridization between Mn 3d
orbital and O 2p orbital. For octahedron B, as the MneO distance
has increased for the a- and c-axis both, the 2px DOS of O1 and 2pz
DOS of O2 at the Fermi level are both suppressed, indicating
weakening of the hybridization between Mn 3d orbital and O 2p
orbital. The case of Mn3 is special as it is located in an octahedron
containing the oxygen vacancy, which leads to a missing MneO
bond along the c-axis. Compared to the MneO bond length of
1.938 Å in both the a- and c-axes in the ideal system, Mn3 in the
defective system is separated from O atoms by 1.933 Å and 2.048 Å
along the a- and c-axis (not shown in Table 1), respectively.
Fig. 10. The calculated orbital DOS for (a) Mn2 � 3d3z2�r2 and Mn2 � 3dx2�y2 , (b)
O1(x � direction) � 2p, and (c) O2 � 2p for ideal system; and (d) Mn2 � 3d3z2�r2 and
Mn2 � 3dx2�y2 , (e) O1(x � direction) � 2p, and (f) O2 � 2p for vacancy system.

0



Fig. 11. The calculated orbital DOS for (a) Mn3 � 3d3z2�r2 and Mn3 � 3dx2�y2 , (b)
O1(x � direction) � 2p, and (c) O2 � 2p for ideal system; and (d) Mn3 � 3d3z2�r2 and
Mn3 � 3dx2�y2 , (e) O1(x � direction) � 2p, and (f) O2 � 2p for vacancy system.

Fig. 12. The calculated bonding electron density in the bc-plane with the oxygen va-
cancy (black circle) is at the center. The site of Mn3 which is the first-nearest neighbor
of vacancy is also denoted. The maximum and minimum value plotted is 0.3040 e/Å3

and �0.5300 e/Å3, respectively, with a contour step size of 0.0834 e/Å3.
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Considering little deviation in the bond length along the a-axis and
a slight increase along the c-axis, 2px DOS of O1 at the Fermi level is
nearly unmodified but the 2pz DOS of O2 at the Fermi level shows a
decrease. This suppression of the 2pz DOS of O2 at the Fermi level
may thus be attributed to the significant weakening of the hy-
bridization between Mn 3d and O 2p orbitals due to one missing
bond.

To explore detailed characteristics of MneO bonding, we
investigate the bonding electron density in the bc-plane with the
oxygen vacancy located at the center. The bonding electron density
is defined as the difference between the total electron density in a
solid and the superposition of neutral atomic electron densities at
the same atomic sites. It thus represents the net electron redistri-
bution as atoms are brought together to form the crystal. The
positive and negative values in such plots represent gain and loss of
electrons, respectively. The bonding electron density plotted in
Fig. 12 shows an accumulation of electrons around the O atoms and
loss aroundMn atoms, pointing to the ionic properties of theMneO
bonds. In addition, the distribution of the electron density at all the
Mn and O sites exhibits in-planar rotation in accordance with the
structural distortion ofMnO6 octahedra. It can be further found that
the two Mn3 atoms residing at the first-nearest neighbor sites of
the oxygen vacancy exhibit different contour profiles than those in
other sites. The electron density distribution recedes along the c-
axis and extends along the b-axis. This remarkable change in the
electron density distribution for Mn3 atoms indicates that the
MneO bonding weakens in the c-direction, but at the same time,
gets strengthened in the ab-plane due to the introduction of the
oxygen vacancy.
Table 3
The calculated atomic moment, total valence electron number (VEN) and valence
electron configuration (‘4s/3p/3d’) corresponding to the Bader charge analysis of
Mn1, Mn2 and Mn3 for defective and ideal systems. Total moments of 3 � 3 � 4
supercell for vacancy and ideal systems are also listed for comparison.

Atom Moment (mB) VEN 4s/3p/3d

Ideal Vacancy Ideal Vacancy Ideal Vacancy

Mn1 3.96 4.02 5.06 5.06 0.26/0.47/4.33 0.26/0.39/4.41
Mn2 3.83 3.91 5.02 5.02 0.31/0.45/4.26 0.27/0.40/4.35
Mn3 3.96 4.04 5.10 5.17 0.25/0.44/4.41 0.28/0.41/4.49
Total 130 132
3.5. Comparison of magnetic properties of the vacancy-containing
and ideal systems

The calculatedmagneticmoment, total valence electron number
(VEN) and valence electron configuration of Mn1, Mn2 and Mn3 are
presented in Table 3. The moments of La, Sr and O atoms have not
been listed as their contribution to the total magnetism is negli-
gible. The total magnetic moment of the 3 � 3 � 4 supercell is an
integer number, and is found to be 130 mB for the ideal system and
132 mB for the vacancy system. It points towards the half-metallicity
191
of this material which is in agreement with the characteristics of
the total DOS as discussed before. The enhancement in the total
magnetic moment by introduction of the vacancy defect originates
from the enhanced magnetic moments of Mn. In the perfect
supercell, the magnetic moments of Mn1 and Mn3, which are
located in LaeO surroundings are identical at 3.96mB, while that of
Mn2 located in LaeSreO surroundings has a relatively smaller value
of 3.83 mB. These results are in agreement with the fact that the
magnetic moment of Mn in LaMnO3 is smaller that in SrMnO3 [35].
Furthermore, these calculated values are larger than those (3.2 ~
3.6 mB) reported in earlier theoretical studies, which adopt a value
of the Hubbard U in a range from 0 to 3 [12,35], much smaller than
that used in this work. It is known that the an increase in U value
leads to a corresponding increase in the magnetic moment [12].
More importantly, our results are in a superior agreement with the
experimentally measured value of ~ 3.7mB for LSMO grown on
SrTiO3 [35].

With the introduction of the vacancy defect, the magnetic mo-
ments of the three Mn atoms are enhanced by (0.06mB for Mn1,
0.08 mB for Mn2 and 0.08 mB for Mn3). To understand the electronic
origin of the modulation of magnetism, we have calculated the
valence electron configuration using the Bader charge analysis
[39,40] for both the defective and the ideal systems, the results of
which are shown in Table 3. The total VENs are found to be identical
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between the systems with and without the defect, for Mn1 (5.06)
and Mn2 (5.02). However, the VEN in Mn3 of the defective system is
greater than that in the ideal system by 0.07. This increase in the
total VEN for vacancy-containing system can be is directly related
to the vacant oxygen site. Comparing the valance electron config-
uration of the defective system with the ideal system shows that
the excess 0.08 electrons in the 3d orbital of Mn1 come from the 3p
orbital, whereas the excess of 0.09 electrons in the 3d orbital of Mn2
come from both the 4s and 3p orbitals. Accordingly, such electron
transfer leads to an enhancement of the magnetic moment since
the five 3d orbitals tend to accommodate five electrons with par-
allel spins according to the Hund's Rule. Unlike Mn1 and Mn2, the
increase of 0.08 3d electrons in Mn3 is ascribed to the increased
VEN rather than a transfer from the 3p orbital. Through a system-
atic analysis, we have thus resolved the correlations between the
changes in the magnetic properties and the structure induced
modification of bonding properties upon introduction of oxygen
vacancy defects in LSMO.

4. Conclusions

In summary, we have elucidated the influence of oxygen va-
cancies on the structural, electronic and magnetic properties of La2/
3Sr1/3MnO3 by using the first-principles calculations with the
Hubbard-corrected GGA þ U formalism. The crucial parameter U
representing the on-site Coulombic repulsion potential has been
calculated to be 5.9 eV for Mn 3d orbital by employing the linear
response theory. In the optimized geometry of the supercell of the
vacancy-containing system, rotation as well as deformation of
MnO6 octahedra has been identified and such structural changes
have been found to be more prominent with the GGA þ U
formalism than the bare GGA formalism. The oxygen vacancy alters
its microenvironment such that its the first-nearest neighboring
Mn atoms and the third-nearest neighboring O atoms move closer
to each other, while the second-nearest neighboring La atomsmove
apart from each other when compared with the ideal system. Via
calculation of the orbital DOS of Mn and O atoms occupying three
typical sites in the supercell, we find that the distortions of MnO6
octahedra exert a direct effect on the corresponding hybridization
between the Mn 3d and the O 2p orbitals. While for Mn1 located in
MnO6 A, the 3d orbital hybridizationwith 2py orbital of O1 becomes
stronger due to the reduced MneO bond length, that with the 2pz
orbital of O2 weakens in accordance with the higher MneO sepa-
ration. For Mn2 located in MnO6 B, the 3d orbital hybridizationwith
both the 2px orbital of O1 and the 2pz orbital of O2 weakens owing
to MneO elongation along the a- and c-axes. The Mn atom (Mn3)
located at the first-nearest neighboring site of the defect also shows
weakened hybridization between the Mn 3d and the 2pz of O2
orbitals.

It is further revealed that the magnetic moments of Mn1, Mn2
and Mn3 show significant enhancement upon the introduction of
the vacancy defect which originates in the increased number of
valence electrons in the 3d orbitals as compared to those in the
ideal system. Mn1 and Mn2 show a charge transfer from 4s and 3p
to 3d while conserving the total number of valence electrons. On
the other hand, Mn3 also shows an increased total number of
valence electron number owing to the loss of one bond with oxy-
gen. Finally, calculations of the formation energy of an oxygen va-
cancy with different charge states, reveal rather small values
suggestive of easy formation of the defective system under O-rich
conditions. In addition, the oxygen vacancy in state q ¼ �1 and
q ¼ �2 can be spontaneously formed owing to the negative for-
mation energies. The lower formation energy of q ¼ �2 compared
with q ¼ �1 indicates that the vacancy has the attributes of a hole-
19
type defect showing a tendency to form a negative charge center.
Our work thus sheds light on the strong influence exerted by ox-
ygen vacancies on the structural properties of LSMO, which in turn
govern its electronic and magnetic properties.
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