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 Nanoscale textured silicon and its passivation are explored by simple low-cost 
metal-assisted chemical etching and thermal oxidation, and large-area black silicon 
was fabricated both on single-crystalline Si and multicrystalline Si for solar cell 
applications. When the Si surface was etched by HF/AgNO 3  solution for 4 or 5 min, 
nanopores formed in the Si surface, 50–100 nm in diameter and 200–300 nm deep. 
The nanoscale textured silicon surface turns into an effective medium with a gradually 
varying refractive index, which leads to the low refl ectivity and black appearance of 
the samples. Mean refl ectance was reduced to as low as 2% for crystalline Si and 
4% for multicrystalline Si from 300 to 1000 nm, with no antirefl ective (AR) coating. 
A black-etched multicrystalline-Si of 156 mm  ×  156 mm was used to fabricate 
a primary solar cell with no surface passivation or AR coating. Its conversion 
effi ciency (  η  ) was 11.5%. The cell conversion effi ciency was increased greatly by 
using surface passivation process, which proved very useful in suppressing excess 
carrier recombination on the nanostructured surface. Finally, a black m-Si cell 
with effi ciency of 15.8% was achieved by using SiO 2  and SiN  X   bilayer passivation 
structure, indicating that passivation plays a key role in large-scale manufacture of 
black silicon solar cells. 
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  1. Introduction 

 In recent decades, nanostructured Si surfaces have been 

extensively explored for their prominent light-trapping fea-

tures, which may increase the effi ciency of Si solar cells by 

means of lowering their refl ectivity and maximizing the 

absorption of incident photons. Commonly, silicon (Si) sur-

faces have a naturally high refl ectivity with a strong spec-

tral dependence, [  1  ,  2  ]  and surface texturing has to be used 

to reduce the light loss, such as micron-size pyramidal dots 

formed by anisotropic etching on crystalline-Si (c-Si) solar 

cells. This technique cannot be applied to multicrystalline-Si 

(m-Si) wafers however, because they consist of crystallites 

with different orientations. [  3  ,  4  ]  In such cases very common 

acidic etchants enable isotropic fast etching of m-Si surface. 

Usually, the mean refl ectance ( R ) is greater than 10% for 

pyramid-textured c-Si surfaces and greater than 20% for 
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     Figure  1 .     Hemispheric total refl ectance of the p-Si (100) wafer, before 
and after being etched in HF/AgNO 3  solution from 30 s to 5 min.  
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textured m-Si, in the wavelength range 300 to 1000 nm. [  4  ]  The 

refl ectance can be further reduced by a quarter-wavelength 

antirefl ective (AR) coating applied to the top surface of Si. 

However, even with AR coating, chemically textured surfaces 

still show refl ection losses of about 5–10%, and they also 

demonstrate a strong angle dependence in a narrow spectral 

range. [  5  ]  

 Effi cient refl ection suppression across a broad spectral 

range and less angle dependence can be achieved when the tex-

tured scale is either nanoscale or smaller than the wavelength 

of incident light. [  6  ]  The most important reason is that the nano-

scale textured silicon surface has a gradually varying refractive 

index, resulting in low refl ectivity and a black appearance. [  1  ,  7  ]  

Various methods have been developed to texture the silicon 

surface at the nanometer scale, which is usually referred to 

as making “black silicon.” [  2  ,  8–13  ]  Both ultrafast-laser textured 

surfaces and reactive-ion-etched Si surfaces have very low 

refl ectance across a broad spectrum, but they are not suitable 

for commercial large-area “black silicon” solar cells because of 

their ineffi cient and complicated fabrication processes. 

 We adopted a simple chemical method to fabricate large-

area black silicon for solar cell applications. [  14  ]  First, noble 

metal nanoparticles (Pt, Au, Ag, Cu) are deposited on Si sub-

strate by thermal evaporation, then the Si wafer is immersed 

in an aqueous solution of HF and H 2 O 2  for several minutes. 

After the metal particles are removed, a black non-refl ecting 

Si wafer is obtained with very low refl ectivity across a broad 

spectral range and with evident applicability in solar cells. 

This technique can be applied to various structural forms of 

single- or multi-crystalline bulk silicon, as well as to amor-

phous or microcrystalline thin Si fi lms. [  14  ,  15  ]  Because of the 

very thin and nearly uniform texture layer (only 200–300 nm 

on the top surface of the wafer), which is the reason for the 

very low refl ectivity, this chemical texturing method is very 

suitable for next-generation ultrathin (less than 100  μ m) 

wafers (c-Si and m-Si) and thin-fi lm (less than 5  μ m) silicon 

solar cells. [  5  ]  Unfortunately, an expensive vacuum evaporation 

system is indispensable for the deposition of metal nanopar-

ticles, and this is the main obstacle for fabricating large-area 

black silicon at low cost. 

 Very recently, a graded-index “black silicon” surface was 

obtained by cheap one-step nanoparticle-catalyzed liquid 

etching without using the expensive vacuum evaporation 

system for nanoparticle deposition. [  16  ]  Polished p-type Si 

(100) substrate with resistivity of 1–2  Ω  cm is immersed in 

0.4 m m  HAuCl 4  solution, an equal quantity of HF/H 2 O 2 /H 2 O 

1:5:2 mixture is added, and the combination is then sonicated 

for several minutes. After that, surface gold contamination 

can be removed in I 2 /KI or aqua regia. The HAuCl 4  black-

etching was found to reduce (100) silicon surface refl ectance 

to below 2% from 300 to 1000 nm, with no antirefl ective 

coating. [  16  ]  A crystalline black silicon solar cell with 16.8% 

effi ciency was obtained by incorporating a density-graded 

nanoporous surface layer made by one-step nanoparticle-

catalyzed etching. Its refl ectance was less than 3% within the 

solar spectrum, with no AR coating. [  17  ]  However, HAuCl 4  

is still too expensive to realize large-area black silicon fab-

rication for commercial products, and the excess surface 

recombination must be suppressed. In this letter, we report 
www.small-journal.com © 2012 Wiley-VCH V
an even cheaper method that uses AgNO 3  to fabricate large-

area black silicon on both non-polished commercial c-Si and 

m-Si, and several solar cells were also fabricated based on the 

black-etched 156 mm  ×  156 mm m-Si with surface passiva-

tion. The cost of AgNO 3  is only about 1% that of HAuCl 4,  

so AgNO 3  is more promising for commercial fabrication of 

black-silicon-based solar cells. 

 Both commercially used 125 mm  ×  125 mm c-Si and 

156 mm  ×  156 mm m-Si are p-type with resistivity of 1–3  Ω  

cm and thickness of 200  ±  20  μ m. Before the black-etching 

in a solution of AgNO 3  and HF, the c-Si and m-Si were 

immersed in 15% NaOH and then in HNO 3 /HF/CH 3 COOH, 

to remove the saw damage on the Si surface. [  2  ]  The black sil-

icon was obtained by stain etching in a polytetrafl uoroethene 

container which was fi lled with 4.0  m  HF and 0.01  m  AgNO 3  

solution at room temperature. The etching time ranged from 

30 s to 5 min. After etching, the surface silver contamination 

was removed by HNO 3  in a sonication bath, then the silicon 

wafers were rinsed with deionized water and dried by blowing 

nitrogen. Hemispheric total refl ectance for normal incidence 

was measured on a Varian Cary 5000 spectrophotometer with 

an integrating sphere. The morphology and structures of the 

samples were characterized with Hitachi S-4800 scanning 

electron microscopy (SEM). The cell effi ciency was measured 

by using Halm cetisPV-CT-L1. The EQE was measured by 

using PV Measurement System QEX7.   

 2. Results and Discussion   

 Figure 1   shows the hemispheric total refl ectance spectra of 

the p-Si (100) wafer, before and after being etched for dif-

ferent durations from 30 s to 5 min.The mean refl ectance of 

the non-etched p-Si (100) wafer is about 40% from 300 to 

1000 nm. Subsequently, the average refl ectance decreased to 

24% when the c-Si is etched in the HF/AgNO 3  solution for 

30 s. With increasing etching time the refl ectance decreases 

gradually. The lowest refl ectance is about 2% after the p-Si 

(100) wafer is etched in the HF/AgNO 3  solution for 5 min.    
erlag GmbH & Co. KGaA, Weinheim small 2012, 
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     Figure  2 .     a) SEM image of Ag particles on silicon etched by HF/AgNO 3  
solution for 30 s. b) Shallow nanopores formed in the top surface of Si 
substrate after the Ag is removed.  

     Figure  3 .     Cross-sectional SEM images of the p-Si (100) surface etched 
in HF/AgNO 3  solution for: a) 4, and, b) 5 min after Ag is removed.  
 Figure 2  a shows an SEM image of the p-Si (100) surface 

after being etched in HF/AgNO 3  solution for 30 s before 

removing the silver by HNO 3 . Silver nanoparticles with sizes 

from 10 to 100 nm are deposited densely on the Si surface, and 

some of the smaller nanoparticles become embedded in the 

bulk silicon. After the silver is removed by HNO 3 , as shown 

in Figure  2 b, an abundance of nanopores can be observed on 

the Si surface. From previous reports and our own observa-

tions, discussed above, we conclude that the nanopore forma-

tion mechanism is Ag-catalyzed in the HF/AgNO 3  etchant 

solution. [  16  ,  18  ]  In this case, the Si/AgNO 3 /HF system is com-

posed of a corrosion-type redox couple: the cathodic reduc-

tion of Ag  +   ions, and its counterpart, the anodic oxidation and 

dissolution of silicon beneath the deposited Ag. [  18  ,  19  ]  At fi rst, 

the Ag  +   ions of the solution in the vicinity of the Si surface 

will capture electrons from the Si, and they are then adsorbed 

on the Si surface as Ag nanoparticles. Simultaneously, the Si 

underneath the Ag nanoparticles will be oxidized into SiO 2  

because the Si will release as many electrons as required by 

Ag  +   ions. Shallow nanopores immediately form underneath 

the Ag nanoparticles, due to the etching of SiO 2  by the HF 

solution. These nanopores become traps of small Ag particles 

because a particle will not move horizontally after it enters 

one of the forming pores due to the relatively low-energy 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
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barrier for holes in the Ag/Si interface, which is confi rmed by 

the SEM images of the etched Si surface before and after the 

silver was removed, as shown in Figure  2 a and b. [  17  ,  18  ]  With 

longer etching time in the HF/AgNO 3  solution, the Ag par-

ticles that do not enter the pores grow into branched silver 

dendrites, [  18  ]  and the Ag particles that enter the pores sink 

into the bulk silicon deeper and deeper. [  19  ]     

 Figures 3  a and b show cross-sectional SEM images of the 

p-Si (100) surface etched in HF/AgNO 3  solution for 4 and 

5 min after the deposited Ag is removed. The depth of the 

etched surface is about 200 nm after 4 min etching and about 

250 nm after 5 min. As suggested above, the Ag particles that 

enter the pores sink into the bulk silicon perpendicularly, so 

the axis of each nanopore is vertical to the Si surface. The 

morphology of the Si surface is nearly uniform and the nano-

pores’ diameters are sub-wavelength after etching for either 

4 or 5 min. The nanoscale textured silicon surface turns into 

an effective medium with a gradually varying refractive index, 

which leads to the low refl ectivity (approximately 2%) and 

black appearance of our samples. [  16  ]   

 For m-Si, it is diffi cult to get the pyramid-dotted surface 

by anisotropic etching because m-Si consists of crystallites 

with different orientations. [  3  ]  So it is more valuable for us to 

apply this low-cost technique to black-etch m-Si. As shown in 

 Figure    4  , the hemispheric total refl ectance of the m-Si wafer, 

unetching and after etching for 4 and 5 min is about 28%, 5% 

and 4%, respectively. This value is not only much lower than 
3www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  4 .     Hemispheric total refl ectance of the m-Si wafer, unetched and 
after etching in HF/AgNO 3  solution for 4 and 5 min.  
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that of the conventional textured samples, whose refl ectance 

is greater than 20%, but also lower than the value of 17.3% 

obtained by RIE etching for 5 min. [  12  ]     

 Figures 5  a and b show the SEM images of the m-Si 

after etching in HF/AgNO 3  solution for 5 min. Before 

immersing the m-Si into the HF/AgNO 3  solution, the m-Si 

is etched by HNO 3 /HF/CH 3 COOH (volume ratio 10:2:5) for 

90 s to remove saw damage on the m-Si surface. As shown 

in Figure  5 a, the nanopores form nearly uniformly over 

the whole area of the m-Si, and the axis of each nanopore 

is perpendicular to the m-Si surface morphology, but the 

nano pores near steps are a little broader and deeper than 

those in the fl at area, as shown in Figure  5 b. That is because 
4 www.small-journal.com © 2012 Wiley-VCH 

     Figure  5 .     SEM images of m-Si after etching in HF/AgNO 3  solution for 5
b) detail, c) after etching in HF/AgNO 3  solution for 30s without removing 
black-etched m-Si oxidized at 800  ° C for 30 min.  
electron exchange between Ag  +   ions and Si is more likely to 

take place at kinks, steps, and other defects. The Ag nano-

particles tend to form at the kinks, steps, and other defects 

fi rst, and these initial nanoparticles become bigger than the 

others and catalyze the oxidation of Si more effectively, as 

shown in Figure  5 c. [  19  ]   

 For black-silicon-based solar cells, the surface recombi-

nation is very serious because of the presence of nanostruc-

tures. It is important, therefore, to realize effi cient passivation 

of the nanostructures, as mentioned above. It is well known 

that thermal oxidation is a very effi cient passivation method 

for silicon-based solar cells. In our study, we fi nd that the 

nanostructures of black silicon oxidize very much more easily 

and become covered with more silicon oxide than the bulk 

silicon. In Figure  5 d, we can see that the as-etched sharp 

nanostructures (in Figure  5 b) turn into a smoother mor-

phology after oxidation in oxygen atmosphere at 800  ° C for 

30 min, which is attributed to the formation of silicon oxide. 

This is confi rmed by the Fourier transform infrared (FTIR) 

spectra of a series of samples, as shown in  Figure    6  , where 

the absorption peak at approximately 1068 cm  − 1  is attributed 

to the asymmetric stretching mode of Si–O–Si. [  20  ]  For the as-

etched black silicon, a weak peak at approximately 1068 cm  − 1  

is observed, suggesting a very thin layer of silicon oxide. This 

thin layer forms during the chemical etching process, where 

the AgNO 3  is a weak oxidant. The peak at approximately 

1068 cm  − 1  of the oxidized bulk silicon at 800 ° C for 30 min is 

a little bit stronger than the as-etched sample, indicating that 

the thermal oxidation is not so effective under this condition. 

The peak at approximately 1068 cm  − 1  of the black silicon oxi-

dized under the same condition, however, is much bigger than 

that of the oxidized bulk silicon. This is attributed to the huge 

specifi c surface area of the nanostructures, which provides a 
Verlag GmbH & Co. KGaA

 min: a) large area, 
Ag, and, d) the 5 min 
tremendous number of absorbant sites for 

molecular oxygen. Therefore, much more 

oxygen will adsorb on and diffuse into the 

nanostructures’ surfaces than on the bulk 

silicon, forming a much thicker layer of 

silicon oxide.  

 Several solar cells were fabricated and 

tested based on the black-etched 156 mm  ×  

156 mm m-Si in Tianwei New Energy 

Holdings Co. At fi rst, the m-Si wafer is 

etched in HF/AgNO 3  solution for 3 min 

after removing the saw damage. Then 

standard processes are used to create 

front phosphorous-diffused emitter, Al 

back-surface fi eld and screen printed Ag-

based front grid on each black-etched 

wafer. Note that no AR coating or sur-

face passivation is performed during the 

fabrication of these solar cells. The result 

measured by using Halm cetisPV-CT-L1 

equipment with calibrated 1 Sun simula-

tors shows that conversion effi ciency (  η  ) 

of our solar cell is 11.5%, with open-cir-

cuit voltage ( V  oc ) of 575 mV, short-circuit 

current ( J  sc ) of 26.16 mA cm  − 2  and fi ll 

factor ( FF ) of 76.5%.The low open-circuit 
, Weinheim small 2012, 
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     Figure  6 .     FTIR spectra of the as-etched black silicon and after thermal 
oxidation.  
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     Figure  7 .     Cross-sectional SEM images of the m-Si coated with: a) 80 nm 
SiN  x  , and, b) 60 nm SiN  x   on 20 nm oxide.  

     Figure  8 .     Refl ectance of a conventional cell and our m-Si black cell. 
Inset is a photograph of a conventional cell and our m-Si black cell.  
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voltage ( V  oc ) and short-circuit current ( J  sc ) result from the 

excess carrier recombination at the nanostructured surface 

of our the solar cell due to the absence of surface passiva-

tion. Besides, electrode contact is quite poor between the 

black surface and the screen printed Ag-based front grid 

due to the reduced contact area between the nanostructures 

and the Ag metal. 

 In order to suppress the surface recombination and obtain 

good electrode contact, different passivation processes were 

performed on the black-etched m-Si solar cells. First, 80 nm 

SiN  x   is directly deposited on the phosphorous-diffused m-Si 

wafer emitter (with square resistivity of 65  Ω /sq), then the 

standard Al back-surface fi eld and screen printed Ag-based 

front grid are applied to the m-Si wafer. The conversion effi -

ciency (  η  ) of the cell increased to 14.9% (in comparison with 

11.5% for the black silicon cell with no passivation layer), 

with an open-circuit voltage ( V  oc ) of 596 mV, short-circuit cur-

rent ( J  sc ) of 32.42 mA cm  − 2  and fi ll factor ( FF ) of 77.1%. In 

order to investigate the passivation effects of the SiN  x   layer, 

the cross-sectional SEM image of the sample was obtained as 

shown in  Figure    7  a. We can see that the SiN  x   particles cannot 

be deposited into the deep and narrow holes or nanopores, 

indicating that the passivation of nanostructures is not effi -

ient when using SiN  x   only.  

 Our further study reveals that the thermal oxidation fol-

lowed with deposition of SiN  x   is very effective to passivate 

the nanostructures of black silicon. The thermal oxidation 

is performed on the 3 min black-etched m-Si wafer under 

oxygen atmosphere at 800  ° C for 20 min. Then 60 nm SiN  x   

is deposited on this oxidized surface. In Figure  7 b, we can see 

that about an approximately 20 nm thick oxide layer coves 

the nanostructures, even in the deep and narrow holes. The 

conversion effi ciency (  η  ) of the cell fabricated from this 

sample is increased to 15.8%, with open-circuit voltage ( V  oc ) 

of 604 mV, short-circuit current ( J  sc ) of 33.89 mA cm  − 2  and fi ll 

factor ( FF ) of 77.3%. The increase of   η  ,  V  oc , and  J  sc  is attrib-

uted to the effi cient oxidation passivation of the nanostruc-

ture; therefore we conclude that the passivation plays a key 

role in the fabrication of black silicon solar cells with high 

conversion effi ciency. 
© 2012 Wiley-VCH Verlag Gmbsmall 2012, 
DOI: 10.1002/smll.201101792
 More characterization of the black solar cells was carried 

out to better understand the existing problems for further 

optimization.  Figure    8   shows the refl ection of the black cell 

with oxide and SiN  x   layers in comparison with a conventional 

m-Si cell. The refl ection of the black cell is lower, especially 
5www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  9 .     External quantum effi ciency (EQE) of 3 min black-etched 
m-Si solar cells with no passivation, with thermal oxidation and SiN  x   
passivation, and a conventional cell with SiN  x   passivation.  
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in the short wavelength range. However, the conversion effi -

ciency (  η  ) and other performance of this cell is not as good 

as the conventional one (16.3%). Here, we attributed this to: 

i) the defi ciency of the current passivation method, and, ii) for-

mation of an excess dead layer during the process of P diffu-

sion in the nanostructure surface, which will affect the short 

wave response. This is confi rmed by the external quantum effi -

ciency (EQE) measurements of cells, as shown in  Figure    9  . The 

black cell with no passivation layer has a very low EQE. This 

is because light scattering on the sharp nanostructured layer 

increases photon path lengths inside the dead layer, worsening 

EQE loss. [  17  ]  This EQE loss is partly reduced after the thermal 

oxidation because the sharp nanostructures assume a smoother 

morphology covered with silicon oxide, as shown in Figure  5 d.     

 3. Conclusion 

 In conclusion, we have demonstrated a promising technique 

for large-area black silicon fabrication with a low-cost single-

step process, both on c-Si and m-Si. When the Si surface is 

etched by HF/AgNO 3  solution for 4 or 5 min, nanopores form 

in the Si surface with diameters of 50 to 100 nm and depths 

of 200 to 300 nm. The nanoscale-textured silicon surface turns 

into an effective medium with a gradually varying refractive 

index, which leads to the low refl ectivity and black appear-

ance of our samples. Surface refl ectance was reduced to as 

low as 2% for c-Si and 4% for m-Si from 300 to 1000 nm, 

with no antirefl ective coating. Thermal oxidation passivation 

is applied to the black silicon nanostructures. Several solar 

cells were also fabricated based on the 3 min black-etched 

156 mm  ×  156 mm m-Si, and after thermal oxidation and 

SiN  x   passivation, their conversion effi ciency (  η  ) increased to 

15.8%. For further improvement of the performance of black 
6 www.small-journal.com © 2012 Wiley-VCH Ve
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cells, we suggest that the depth of the nanopores be chosen 

carefully based on a balance between low refl ection and 

excessive surface recombination due to the formation of the 

nanostructured layer. [  21  ]   
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