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 Energy and environmental problems have raised great con-

cerns in recent years. The conversion of sunlight to electricity 

is one of the promising ways to solve the energy and envi-

ronmental problems. The most widely used devices for solar 

energy harvesting are single crystalline silicon (c-Si) solar 

cells, with a worldwide installed capacity of over 60 GW, [  1  ]  

which can convert solar energy directly into electricity. 

The conversion effi ciency of solar cells can be improved by 

boosting light trapping in the cell, and assuring a very high 

conductivity and transparency of the window electrodes. Sev-

eral approaches have been developed for improving light 

trapping: making pyramidal surface textures or other micro-/

nanostructures, [  2–6  ]  scattering light with metallic nanopar-

ticles, [  7–9  ]  depositing an anti-refl ection coating (ARC), [  10  ]  

and fabricating plasmonic metallic structures, [  11–16  ]  and for 

improving electrode conductivity: metallic grids or con-

ducting oxide fi lms are often applied. For example, com-

mercial c-Si solar cells often adopt a pyramidally textured 

Si surface covered by an ARC, displaying a high absorbance 

of  ∼ 95%; Ag fi nger electrodes by screen printing are used 

to get a good conductivity. Light absorbance often compro-

mises electrical conductivity in commercial c-Si solar cells. 

On a large area device, a screen printed solar cell may have 

shading losses as high as 10 to 15%. 
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 To solve this problem, some technologies were devel-

oped to minimize or even eliminate the shading losses of 

the metal electrodes. Back contact solar cells (e.g., emitter 

wrap-through solar cells) and buried contact solar cells were 

developed for this purpose. [  17  ,  18  ]  However, these technologies 

often involve quite complicated processes and hence the cost 

is higher. Here we report a novel c-Si structure with buried 

silver nanonetwork (SNN), exhibiting both low refl ectance 

( ∼ 3% in the range of 400–1000 nm, without ARC) and good 

surface electrical conductivity (with sheet resistance down to 

6  Ω /�). The SNN is made by a nonlithographic nanofabrica-

tion process, and it goes into Si by a simple chemical cata-

lytic etching, which creates low-refl ected submicron Si islands 

surrounded with the SNN. This work may offer a new way 

toward ARC-free c-Si (or other semiconductors like GaAs) 

solar cells, for which the absorbance does not confl ict with 

electrical conductivity. 

 The conductive black silicon surface (CBSS) with Si 

islands is made by a bilayer lift-off metallization technique. 

Here the bilayer consists of an In mask layer on a SiO  x   sac-

rifi cial layer for undercut formation.  Figure    1  (a) shows the 

route for the CBSS fabrication. We fi rst deposited a 65 nm 

thick SiO  x   layer on a fl at and clean silicon wafer, and sub-

sequently a 100 nm thick indium (In) monolayer made of 

closely packed islands. These islands are typically several 

hundreds to one micron in diameter, and gaps between 

islands are quite small. An isotropic etching of the In fi lm in 

20 wt% HNO 3  can widen the gaps lineally with the increasing 

of etching time. The as-etched indium island fi lm is then pas-

sivated by thermal oxidation at 400  ° C for 1 h. After that the 

sample is rinsed in 5% HF for 15 s; the limited rinse time 

guarantees that only the SiO  x   near the gaps gets dissolved, 

leading to the formation of undercuts. The passivation of the 

In fi lm is necessary because In is dissolvable in HF. And then 

3 nm Ti and 40 nm Ag are subsequently deposited on the 

bilayer-capped wafers, which are fi nally rinsed in preblended 

solution of 0.6% H 2 O 2  and 10% HF for catalytic etching. [  19  ]  

The In 2 O 3  grains are fi nally removed by either ultrasonica-

tion or uniform wiping with wet lens paper.  

 Figure  1 (b) and (c) show SEM images of an In island mon-

olayer on SiO  x  , before and after HNO 3  etching. The latter 

reveals a gap network with a quite uniform width of tens 

of nanometers. Figure  1 (d) and its inset are SEM images of 

the sample after undercut formation and metal deposition, 

showing that a metal nanomesh is formed in the gaps. And 
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     Figure  1 .     (a) Schematic illustration of the fabrication of CBSS. (1) Deposition of In/SiO  x   bilayer 
on a Si wafer. (2) Gap formation by etching in diluted HNO 3 . (3) Passivation of In islands. 
(4) Undercut formation by rinsing in diluted HF. (5) Deposition of Ag fi lm, leading to the formation 
of a Ag nanonetwork in the grooves. (6) Catalytic etching, during which the Ag nanonetwork 
digs into Si wafer and In 2 O 3  grains get removed. (b)-(e) SEM images corresponding to steps (1), 
(2), (5) and (6). The arrows in panels (d) and (e) indicate the Ag nanonetwork.  
Figure  1 (e) is a CBSS with Si islands surrounded by a well-

connected metal nanonetwork. The width and confi guration of 

the metal nanonetwork are determined by the gaps which are 

formed with HNO 3  etching. To our best knowledge, this is the 

fi rst report on nanofabrication by etching well-connected grain 

boundaries as the template for metallization, and the nanowire 

width can be controlled from tens of to more than 100 nm. 
16 www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA

     Figure  2 .     (a) Refl ectance spectra of different samples: (1) Ag network on fl at Si; (2) bare Si wa
Si; (4) Ag network embedded in Si; and (5) Ag network embedded in Si (with ARC). Insets are S
(4). (b) I-V characteristic of a CBSS sample with Ag nanowire width of  ∼ 80 nm and thickness o
 The CBSS samples are black, indi-

cating good light absorption. We measured 

refl ectance spectra of the samples both 

with and without ARC by an integrating 

sphere spectrometer (Ocean Optics, 

USB4000 VIS-NIR-ES).  Figure    2  (a) shows 

refl ectance spectra of a sample with a sil-

icon island size (or average Ag network 

mesh size) of 650 nm, Ag network depth 

of 600 nm and wire-width of 80 nm, before 

and after ARC deposition. In the wave-

length range of 400–1000 nm, the sam-

ples with and without ARC demonstrate 

average solar refl ectance 2.0 and 3.2%, 

respectively. In addition, refl ectance of 

three other samples: bare Si wafer, Ag net-

work on fl at Si, and Ag network on crest 

of inverted Si pyramids, are also shown for 

comparison. The Ag network on Si wafer 

reveals a refl ectance of  ∼ 40%, which is 

 ∼ 8% higher than that of a bare Si wafer. 

And the sample with Ag network on crest 

of textures reveals a refl ectance of  ∼ 10%. 

These results indicate that Ag network on 

a fl at surface or the top of textures (like 

inverted pyramids) is relatively refl ective; 

in comparison, the buried Ag network 

does not signifi cantly affect the refl ec-

tance. For the CBSS, light gets scattered 

by the grooves and absorbed in Si. As the 

grooves templated by the SNN are less 

than 100 nm wide, much smaller than the 

light wavelength, light cannot directly get 

into the grooves and hit the silver network. 

Therefore, the buried metal electrode 
should be a good structure for low refl ectance Si surface. We 

also fi nd that depth of SNN can dramatically infl uence the 

refl ectance of the samples. Silicon wafers with Ag network on 

the fl at surface (depth  =  0) have a high refl ectance of  ∼ 40%. 

But when the Ag nanonetwork depth increases to 200 nm or 

more, we could get a low refl ectance of smaller than 8.0% for 

samples without ARC, or smaller than 3.0% for samples with 
, Weinheim

fer; (3) Ag network on crest of pyramidally textured 
EM images of samples corresponding to (1), (3) and 
f 40 nm.  
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     Figure  3 .     Refl ectance of fi ve different structures by FDFD simulation. (a) c-Si (grey solid line), (b) c-Si with grooves (dot line), (c) c-Si topped with 
porous silicon (Maxwell-Garnett model, 60% air volume fraction) (red dash dot line), (d) c-Si grooves and topped with porous Si (blue broken line), 
and (e) c-Si with porous Si, grooves, and Ag nanomesh (black solid line).  
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 (a) c-Si
 (b) c-Si with grooves (400 nm deep, 75 nm wide, island side 650 nm)
 (c) c-Si with porous Si on top (50 nm thick)
 (d) c-Si with grooves and porous Si on top
 (e) c-Si with porous Si,  grooves, and silver nanomesh (50 nm thick)
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ARC. Further increase of the depth to more than 400 nm 

could not signifi cantly decrease refl ectance. Removal of the 

Ag network from CBSS does not cause a signifi cant decrease 

of refl ectance ( ∼ 1%), implying that the Ag nanonetwork in 

the grooves does not obviously infl uence optical properties 

of the CBSS samples (Figure S1).  

 The measured refl ectance of the samples is lower than 

most light-harvesting devices such as commercial silicon solar 

cells, implying that it may have potential applications in high 

effi ciency light harvesting devices. Besides good light absorp-

tion, the CBSS also presents quite good surface electrical 

conductivity. For example, Figure  2 (b) demonstrates that the 

sample with a 97% absorbance presents a sheet resistance 

of 7  Ω /�, which is much better than ITO fi lms. The electrical 

conductivity can be further improved by decreasing mesh 

size, adding metal thickness and width. 

 The low refl ectance of CBSS stems from two levels of 

surface microstructures. The fi rst level is the obvious grooves 

and islands generated by the nanomesh assisted chemical 

etching, and the second level is the small porosity in each of 

the Si islands, formed by the catalytic etching with Ag frag-

ments/nanoparticles (Figure  1 (e)). It is a combined effect of 

the two levels of microstructures that reduces the refl ectance 

to  ∼ 3%. In addition, plasmonic effects of the SNN and small 

Ag nanoparticles in the pores may also cause light trap-

ping. [  15  ]  However, due to the fact that these Ag nanostruc-

tures are buried hundreds of nanometers deep, such effect 

should be very small. 

 Finite-difference-frequency-domain (FDFD) simulation 

(Computer Simulation Technology, Microwave Studio) is 

employed to capture the main physics of these microstructures 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 14, 2415–2419
( Figure    3  ). The Maxwell-Garnett model is applied to model 

the dielectric function of the porous surface. [  20  ]  Without 

grooves, the porous surface results in a refl ectance of  ∼ 10%. 

This agrees with the experimental results for Si wafers with 

a similar surface (obtained by catalytic etching of a fl at Si 

wafer with Ag nanoparticles on the surface, see Figure S2). 

When the grooves are added (modeled as a perfectly periodic 

mesh), the simulation shows that the refl ectance decreases 

further to below 10%, and remains essentially unchanged 

when the silver nanomesh is placed into the grooves (CBSS 

structure), even though more than 20% of the surface area is 

shaded by the metal mesh. This is due to the deep embedding 

mechanism, which we have discussed. If there is no porous Si 

layer, then the refl ectance will be much higher. These simu-

lation results are at least in a qualitative agreement with the 

experiments. The slightly larger refl ectance in the simulation 

is the result of the model assumptions. Firstly, the effective 

medium theory is strictly valid only in long wavelength limit, 

and thus a discrepancy between the simulation and experi-

ment is expected on the short wavelength side of the visible 

range. Secondly, the irregularity of the island shapes and the 

aperiodicity is ignored. In the experiments, this irregularity 

contributes to light scattering within and between the grooves, 

leading to a reduced refl ectance.  

 For most light-trapping structures, it is diffi cult to keep 

both high absorption and good electrical conductivity. 

Metallic electrodes are often used to achieve good elec-

trical conductivity. But since metal is refl ective, it compro-

mises the light absorption. For example, in monocrystalline 

silicon solar cells, Ag fi nger electrodes are used to improve 

electrical conductivity, but those fi ngers also lead to a light 
2417www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  4 .     In/SiO  x   bilayer on a non-polished Si wafer before (a) and after (b) HNO 3  etching. 
(c) and (d) Low and medium magnifi cation image of the CBSS, corresponding Ag nanonetwork 
depth is 400 nm. (e) Cross section SEM image of the SBSS corresponding to panel (d). 
(f) A sample with Ag network depth of 150 nm.  
shading effect over the underlying silicon, resulting in a lower 

light absorption. However, our conductive black silicon sur-

face (CBSS) presents both high electrical conductivity and 

good light absorbance, and the two are almost mutually inde-

pendent. With a 45 nm thick Ag nanonetwork (wire-width 

 ∼ 90 nm), the CBSS can present a sheet resistance close to 

6  Ω /�, while keep a high absorbance of larger than 95%. The 

absorbance can be further increased to 98% by depositing an 

ARC. Although the Ag network shades 20 ∼ 30% of the sil-

icon, it does not proportionally increase refl ectance because 

the network is buried several hundred nanometers deep 

from the silicon surface (Figure  3 ). Even when the Ag net-

work is removed from the grooves, the refl ectance only has 

a small decrease of  ∼ 1%. Of course, some of the light energy 

is absorbed by the silver network. This, however, is a small 

effect, even in the ultra-thin absorber cells. [  21  ,  22  ]  

 In order to show that the technique can be applied to 

other cases, we have also successfully made such structures 

on non-polished Si wafers. Here the non-polished Si surface is 

made up of many crystallographically fl at planes.  Figure    4  (a) 

and (b) show In grain fi lms on a SiO  x  /Si structure, before 

and after etching in HNO 3 , respectively. The only difference 
418 www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, 
between In grains on horizontal planes 

and those on tilted planes is that the ones 

in the latter are smaller. And we notice 

that since the gaps of the tilted planes are 

partially shaded by the In grains, we have 

to use magnetron sputtering, which can 

deposit Ag into shaded gaps to make Ag 

networks. Figure  4 (c) and (d) are SEM 

images of the CBSS (Ag network depth: 

400 nm) taken at different magnifi cations, 

showing that Ag nanowires in both hori-

zontal and tilted planes are well connected. 

Figure  4 (e) is the corresponding cross sec-

tion image, and we could see the surface of 

Si islands is porous. This sample presents a 

high absorption of 97.0%. Figure  4 (f) is a 

sample with Ag network shallowly buried, 

with a depth 150 nm. Compared with the 

counterpart in Figure  4 (e), surface of Si 

islands here is much smoother and the 

corresponding absorption is  ∼ 90%. This is 

evidence that long time catalytic etching 

results in a deeper Ag network and a more 

porous Si surface and hence leads to a 

higher absorption.  

 In conclusion, we have successfully 

developed a scalable and cost-effec-

tive way to fabricate Ag nanonetwork 

embedded in silicon to form conductive 

black silicon surface (CBSS), by using 

In/SiO  x   bilayer lift-off metallization and 

catalytic etching. HNO 3  etched In island 

fi lm after oxidation serves as a mask for 

the follow-up deposition and etching. The 

CBSS possesses a high light absorption up 

to 97% (without ARC) and a low sheet 

resistance close to 6  Ω /�. Our simulation 
suggests that the high absorption stems from the two kinds 

of surface microstructures: the islands/grooves structure and 

the porous surface of the Si islands. The CBSS might fi nd 

applications where high light absorption and high electrical 

conductivity are required simultaneously. However, carrier 

recombination at the Si/metal interface should be a further 

concern for the application of CBSS.  

 Experimental Section 

  Fabrication of Ag Nanonetworks and CBSSs : The SiO  x   fi lm 
(65 nm) and In fi lms (100 nm) were deposited by using a magne-
tron sputter (AJA International Inc., ORION-8 magnetron sputtering 
system), and the Ag fi lms were deposited by using an electron 
beam evaporation system (Sharon). The CBSSs were simply made 
by rinsing the Ag network in step (5) in blended solution of HF 
(10%) and H 2 O 2  (0.6%) for 20–40 s under ultrasonication. 

  Characterization : Morphology of the samples was taken by 
using a JEOL 6340F scanning electron microscope. Refl ectance 
spectrum was recorded with a spectrometer (Ocean Optics, 
USB4000 VIS-NIR-ES, ISP-REF) in the wavelength range from 
Weinheim small 2013, 9, No. 14, 2415–2419
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