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High-Efficiency Nanostructured Silicon Solar Cells on
a Large Scale Realized Through the Suppression of

Recombination Channels

Sihua Zhong, Zengguang Huang, Xingxing Lin, Yang Zeng, Yechi Ma,

and Wenzhong Shen*

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 benefits 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-efficiency nanostructured

silicon solar cells on a large scale.

1. Introduction

Silicon nanostructures are believed to be prominent platforms
for the next generation of high-efficiency photovoltaic devices
due to their ideal antireflection characteristics.'>! Near-zero
reflection over a broad wavelength range can be achieved,®®l
resulting in the so-called “black silicon”. These silicon nano-
structures also have the ability to effectively suppress the sur-
face reflection over a wide range of incident angles, which is
extremely beneficial for solar-power applications.’'* Such
superior antireflection features are primarily attributed to
the subwavelength dimensions of the silicon nanostructures,
which form a gradient of refractive index and suppress Fresnel
reflection.'t13] Therefore, significant efforts have been devoted
to implementing silicon nanostructures into various solar cells,
including diffused p—n junction cells,['>2% photo-electrochem-
ical cells,?22l solid-state hybrid heterojunction cells,’?)! and
thin film cells.[*4

The conversion efficiencies (1) of nanostructured silicon
solar cells are still far from satisfactory, especially when
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compared to the records of the conven-
tional counterparts. The main obstacle
for achieving high n is that the degrada-
tion of the electrical properties caused
by the accelerated recombination of the
photogenerated carriers often outweighs
the benefit 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,2>2¢l
optimizing nanostructure density,””] novel silicon nanostruc-
tures with low surface area enhancement,??! control over
the nanostructure height,[1¢183% application of various dielec-
tric passivation coatings!!'®31734 and reducing emitter doping
concentration.® Figure 1a 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-efficiency 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
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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-efficiency nanostructured
silicon solar cells and their main recombination suppression techniques.
Here ¢-Si and mc-Si denote the crystalline and multicrystalline silicon,
respectively.

silicon nanostructures into the crystalline silicon (c-Si) micro-
meter-scale pyramid texture (see Figure 2a), has been proposed
to reduce the surface recombination.l*” It has been found that a
nanostructure height of only 100 nm is sufficient for obtaining
a solar-spectrum-weighted average reflectance below 2% based
on this multiscale texture technique, while a height of 250 nm
is needed to obtain such low reflectance for planar nanostruc-
tured samples. Obviously, multiscale-textured silicon can
retain an excellent surface antireflection 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
reflectance. As a result, the blue spectral response is substan-
tially improved from 57% to 71% at the wavelength of 450 nm,
and an n of 17.1% has been realized for nanostructured silicon
solar cells.””! Lee et al.”% have also adopted this multiscale tex-
ture technique and studied the influence of the nanostructure
height on the cell performance, demonstrating that a tradeoff
between surface reflection and carrier recombination is the key
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to obtaining an optimal 1. The idea of multiscale texture has
also been widely applied in enhancing the 1 of nanostructured
multicrystalline silicon (mc-Si) solar cells, where the micro-
meter-scale pyramids are replaced by micrometer-scale bowl-
like structures (see Figure 2b). Based on the multiscale surface
texture, Liu et al.’® have recently reported an 18.49%-efficient
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
1 of Si/polymer hybrid solar cells.?’]

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 reflectance and the minority carrier lifetime exhibit the
same variation trend versus the silicon nanostructure den-
sity;”) namely, as the silicon nanostructure density increases
to a certain value (such as 70%), both the surface reflectance
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 reflectance 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 significantly affect both the optical and the electrical
properties of the nanostructured silicon solar cells. In fact, the
behavior that the surface reflectance 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.?’l have demonstrated that a nanostructure height of
only 1.2 pm is required to obtain 99% absorption for a nano-
structure density of 38%, while a density of 12% requires a
height of 6 pm to obtain the same absorption, as illustrated in
Figure 2c. This results in a dramatic reduction of the surface
area and an improved blue spectral response; thus, a much
higher short-circuit current density (Jsc) and open-circuit
voltage (Voc) have been obtained for the cell with a nanostruc-
ture density of 38% (shown in Figure 2d). 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.?! have reported a low aspect ratio honeycomb
nanobowl structure (see Figure 2e), which is formed by firstly
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 significant
decrease in aspect ratio. Therefore, the surface area enhance-
ments of the honeycomb nanobowl structures (only 2 times
compared to the planar surface) are much lower than that of
their initial nanopore structures (5.8 times compared to the
planar surface), which exhibits a great potential for reducing
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than that of the nanopore or nanowire struc-
ture.l?!l 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.?8 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 S5-um-thick silicon wafer with such
inverted nanopyramids can absorb as much
light as a 300-pm-thick planar wafer does,
resulting in their comparable maximum effi-
ciencies, as shown in Figure 2f. Meanwhile
Shi et al.*® have reported a random inverted
nanopyramid structure formed by Ag-cata-
lyzed chemical etching followed by NaOH
modification 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 Vo and Jgc.1%®!

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

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 filling ratios and nanostructure
lengths. d) Typical I-V characteristics of the nanostructured silicon solar cells depending on the
combination of filling 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 efficiency at normal incidence as a function of silicon wafer thickness for inverted
nanopyramids and planar films (bottom). a) Reproduced with permission.[?l Copyright 2011,
American Institute of Physics. b) Reproduced with permission.B¥ Copyright 2014, Elsevier B. V.
c,d) Reproduced with permission.?’] Copyright 2013, Elsevier B. V. e) Reproduced with permis-
sion.l?%l Copyright 2013, AIP Publishing LLC. f) Reproduced with permission.[?®l Copyright 2012,

American Chemical Society.

surface recombination. Moreover, a lower surface reflectance
is achieved for the honeycomb nanobowl structures due to
the more effective impedance matching and photonic light
trapping,!?! despite their lower aspect ratio. It has also been
observed that nanocone solar cells possess superior external
quantum efficiency (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
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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 influ-
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 efficiency
(IQE),1% as shown in Figure 3a. The three
samples labeled A3, A5, and A10 correspond
to the nanostructure heights of 300, 500,
and 1000 nm, respectively. It is found that the IQE decreases
over the whole wavelength range with increasing nanostruc-
ture height, particularly in the short-wavelength range. On
the one hand, this is a result of the enhanced surface recom-
bination caused by the increment of the surface area; on the
other, the lateral feature size of the silicon nanostructures is
around 50 nm, which is an order of magnitude smaller than
the diffused junction depth in a polished wafer. Since the
doping concentration approximately decreases in the form
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(b) performance (see Figure 3b).[1%!
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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] ¢) 7.¢ of the
nanostructured silicon wafers versus R,. The dashed lines are a guide to the eye. Regions |, I,
and 1| delineate three different regimes of 7. determined by R,. d) Sig in different R region
as a function of AF/A,;. €) 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.['®l Copyright 2013, IOP
Publishing, Ltd. ¢,d) Reproduced with permission.?®! Copyright 2012, Macmillan Publishers
Limited.* e,f) Reproduced with permission.?!l Copyright 2013, Macmillan Publishers Limited.

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”.3%] 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

Wavelength (nm)
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linearly on AF/A,, if surface recombination
dominates among all carrier recombination
mechanisms (thus Sf. is a constant value),
which is true in the light doping region
(Region III), as shown in Figure 3d. How-
ever, in the heavy doping region (Region I),
Sk severely deviates from the linear depend-
ence on AF/AProj, indicating the dominance
of the Auger recombination; and in the mod-
erate doping region II, Sk slightly deviates
from the linear dependence on AF/A,.;
suggesting that the contribution from both
mechanisms should be considered.

1,000

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.** have achieved an
18.2%-efficient nanostructured c-Si solar cell with a size of
0.8 cm? by adopting a high sheet resistance of 129 Q O (in
Region II) and optimizing the surface morphology. In theory,
the use of very light doping (such as in region III) may reduce
significantly 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
field and the dramatic increase of series resistance. Recently,
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Jeong et al.?l demonstrated that all-back-contact design can
effectively solve this dilemma and improve the power conver-
sion efficiency 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 3e. 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 3f). Due to the increased
light absorption and the minimized loss of photogenerated car-
riers, the Jsc 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,,3>4]

carbon thin films,33 plasma-enhanced chemical vapor depos-
ited (PECVD) SiN, layersB2* and atomic-layer-deposited
(ALD) Al,O; coatings®* 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, coating and Si—H bonds in the
case of hydrogen-containing PECVD SiN, coating) and field-
effect passivation by repelling the electrons or holes away from
the surface (such as by the negative fixed charges in Al,03 and
positive fixed charges in SiN,). Thermally grown SiO, 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,
as front and back passivation layers, an efficiency of 24.7%
has been achieved for the c-Si solar cells).*! A very low local
effective surface recombination velocity of 56 cm s™! on silicon
nanostructured surfaces has been reported by using thermally
grown SiO, as passivation coating,*! which is almost equal to
that of a polished Si surface coated by SiO,, demonstrating its
effectiveness on silicon nanostructures. Combining SiO, 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. 2
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, passivation. Likewise, carbon thin film
has also been proven to be a good dielectric passivation layer
which effectively prolongs the minority carrier lifetime from
10 ps to 21 ps 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,, which has the ability to greatly reduce surface recombina-
tion with the additional advantage of easy implementation into
the present production line.' 1= Liu et al.33 have thoroughly
investigated the passivation effect of SiN, layer on silicon nano-
structures by varying the PECVD conditions, including the
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gas-flow ratio of NH3 and SiH,, 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-flow
ratio (NH3/SiH, = 6) and deposition time (500 s), they success-
fully obtained an 1 of 16.25% for SiN,-passivated nanostruc-
tured mc-Si solar cells. Excitingly, Liu et al.?% and Yue et al.*4
have separately reported 7 values over 18% for large-scale
nanostructured mc-Si solar cells by using SiN, films depos-
ited in an industrial inline PECVD reactor as both a passiva-
tion layer and an antireflection 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 x 125 mm) nanostructured silicon solar cells
with a nanostructure height of 300 nm and coated with SiN,
(D3), SiO; (B3), and SiN,/SiO, dual-layer coatings (C3), respec-
tively.l'l 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,/SiO, dual-layer coating. We attributed its
excellent passivation effect to the combined contribution from
both the SiN, and SiO, passivation layers. On the one hand,
SiO, coating provides effective chemical passivation; on the
other, the SiN, coating can realize both a good hydrogen pas-
sivation and a field-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 4a.

Recently, the conformal ALD-Al,O; 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 field effect passivation due to the
fixed charges at the interface of Si/Al,03.%*8 In ALD-AL,O;-
passivated black silicon, an ultra-low surface recombination
velocity of 13 cm s7! has been reported, which is similar to its
planar counterpart, proving the excellent passivation effect on
silicon nanostructures.?* Wang et al.*)] 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-AlL,O; by high-frequency capacitance—voltage (C-V) meas-
urements. From the C-V curves in Figure 4b, the flatband
voltages can be calculated, and thus the interficial defect den-
sity (Dy,) can be aquired. The Dj of the FGA-treated Al,O; is
1.37 x 10'* cm™2, almost an order of magnitude lower than that
of the as-deposited Al,0; (1.2 x 102 cm™2), which is ascribed
to the passivation of interficial states by molecular hydrogen
contained in the forming gas. Due to the enhanced suppres-
sion of surface recombination by FGA-treated Al,O;, they have
successfully realized a nanostructured c-Si solar cell with an
7N of 18.2%, a significant improvement over those with no pas-
sivation (n = 16.5%) or with as-deposited Al,O; passivation
(n = 17.7%). Utilizing ALD-Al,O; as a passivation layer, Repo
et al.P% also reported a high-efficiency (18.7%) nanostructured
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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

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,05/Si capacitors with an 11 nm-thick ideal/
as-deposited/FGA-treated Al,O; layer, respectively. ) SEM image of the ALD-Al,O3-coated sil-
icon nanostructures on the pyramid texture. d) Dependence of the solar averaged reflectance
and averaged effective minority carrier lifetime 7,,. on nanostructure height in the ALD-Al,O3-
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.'®l Copyright 2013, IOP Publishing, Ltd. b) Reproduced with permission.*’]
Copyright 2013, American Chemical Society. ¢,d) Reproduced with permission.Pl Copyright

2014, John Wiley & Sons, Ltd.

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?, ben-
efiting from the low surface recombination and good antire-
flection property. We have applied the ALD-Al,03 coating to
large-scale (125 mm x 125 mm) silicon nanostructures on the
pyramid texture and successfully obtained a highly conformal
morphology of ALD-Al,O;3 coating as shown in Figure 4c.>!
In order to study the field effect passivation of ALD-Al,0;
coating, we have also examined the corona charge-voltage
properties of ALD-Al,O5-passivated planar and nanostructured
silicon surfaces, from which the flat band voltages are deter-
mined and the fix charge densities are calculated to be as high
as —3.65 x 10'2 and —3.09 x 10'> cm™2, respectively, directly
evidencing the strong field-effect passivation.”’ In general,
higher silicon nanostructures result in lower reflection but
severer surface recombination. However, we have demon-
strated in the ALD-Al,O;-passivated silicon nanostructures
that the solar averaged reflectance decreases but the averaged
effective minority carrier lifetime 7, increases with increasing
silicon nanostructure height, as is illustrated in Figure 4d.
This novel property is attributed to the enhanced field effect
passivation in the higher-and-thinner silicon nanostructures,
which suggests the possibility of achieving the simultaneous
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enhancement) and suitable dielectric passi-
vation layers (such as SiN,, SiO,, and Al,0;)
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 influence 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-
cific nanostructured silicon solar cell to minimize the carrier
recombination, and thus realize high-efficiency. Figure 1b sum-
marizes some of the highest-efficient 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 efficiency of nanostructured
silicon solar cells on large scale, efforts should be devoted to the
application of ALD-Al,O; passivation coating to reduce the sur-
face recombination while maintaining excellent antireflection,
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-efficiency silicon solar cells.
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