


ABSTRACT 

Synthesis of black silicon anti-reflection layers for  

silicon solar cells 

by 

Yen-Tien Lu 

 

Solar energy is one of the most important renewable energy resources in the world. 

Among all kinds of solar cells, the fabrication technology of silicon solar cells is relatively 

mature which makes them more popular in the solar cell market. However, in order to 

compete with the traditional energy sources, decreasing cost of per watt output seems 

necessary. Hence, increasing the energy conversion efficiency with an economical 

approach is an unavoidable issue. One solution is applying anti-reflection layers onto the 

silicon solar cells to maximize energy conversion efficiency. Recently, black silicon anti-

reflection layers have attracted attention because their anti-reflection ability is less confined 

by the incident light angle and wavelength. In this thesis, two methods, the metal-assisted 

chemical etching and the contact-assisted chemical etching method, which have potential 

to economically fabricate large-scale black silicon on silicon solar cells are systematically 

studied. The complete etching mechanisms of these two methods are also proposed to 

clearly describe the fabrication process of black silicon. 
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ñPluck flowers while theyôre still in bloom, or you'll carry empty branches in gloom.ò 

-Du Qiu Niang 
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sccm  standard cubic centimeters per minute 

SE selective emitter 

SEM scanning electron microscopy 

SiNW silicon nanowire 

T transmittance 
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Introduction  

 

Solar energy is considered the best potential energy source for the future and has 

been widely investigated because the solar energy absorbed by the earthôs atmosphere in 1 

hour, 4.3 Ĭ 1020 J, is more than all the energy consumed in a year by the world, 4.1 Ĭ 1020 

J.1 In order to more effectively capture the solar energy, all solar cells are designed to 

correspond to the properties of the solar radiation spectrum. The solar irradiance spectrum 

spans a wide range of 100 nm to 1 mm, but most irradiance occurs in the range of 250 to 

2500 nm, especially in the visible-light range (400 to 800 nm). This implies that the solar 

cells should be designed to absorb a certain wavelength range of sunlight to reach the best 

photoelectron efficiency. The solar irradiance spectrum for air mass 0 (AM 0) is shown in 

Figure I.1.2 

 

 

Figure I.1. Solar AM 0 irradiance spectrum. Adapted from: Solar Radiation Spectrum, 

http://en.wikipedia.org/wiki/Air_mass_(astronomy), (accessed November 7, 2014). 



2 
 

The definition of air mass (AM) is the relative path length of solar radiation as it 

passes through the Earthôs atmosphere compared to the radiation that passes through the 

zenith point which is defined as AM 1.0. When the sun is closer to the horizon, the solar 

radiation travels a longer distance through the atmosphere resulting in more absorption and 

scattering of the radiation, which decreases the power-output ability of solar cells. Figure 

I.2 shows the sun position for AM 0, 1.0, 1.5, and 2.0. One important point to note is that 

most solar cells are measured under condition AM 1.5. 

 

 

Figure I.2. The definition of various air mass (AM) conditions. (Image courtesy of 

LaserFocusWorld). 

 

In the solar cell industry, commercial solar cells are usually divided into three 

categories called generations according to materials and working principles. First 

generation solar cells, or silicon (Si) solar cells, based on crystalline Si wafers are currently 

the most well developed, widespread, and efficient commercial solar cells. However, due 
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to the expensive fabrication cost of Si wafers, research is also devoted to develop other 

cheaper substitutes. Hence, second and third generation solar cells mainly based on thin 

film semiconductor materials and organic/novel materials, respectively, are also widely 

studied in order to cut down the cost of per energy output. Unfortunately, the efficiency of 

current second and third generation solar cells are still not able to compete with the Si solar 

cells, limiting their popularity in the solar cell market. Figure I.3 shows the best research-

cell efficiency for all different kinds of solar cells.3 Although the best efficiency of different 

solar cells shown in Figure I.3 is on a lab-scale, it still suggests that the highest efficiency 

of Si solar cells, 25.6%, will not easily to be defeated by the other commercial solar cells 

in a short time, which allows the Si solar cells to dominate the solar cell industry. 

 

 

Figure I.3. Energy conversion efficiency of best research solar cell worldwide from 1975 

to 2014 for different technologies. Copyright: Best Research-Cell Efficiencies, 

http://www.nrel.gov/ncpv/, (accessed November 5, 2014). This plot is courtesy of the 

National Renewable Energy Laboratory, Golden, CO. 
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Another strategy to cut down the cost of energy output of Si solar cells is using 

economical approaches to maximize the energy conversion efficiency. In the industry, a 

semiconductor anti-reflection (AR) coating layer is an optical coating which has been 

widely applied to the Si solar cell surface. The AR coating layer possesses an intermediate 

refractive index between the air and the Si wafer surface which can effectively suppresses 

reflectivity on Si wafer surface to absorb more incident photons for improving solar cell 

efficiency.4ï10 However, the most significant limitation of the AR coating layer is that it 

only performs well with a narrow range of incident light angle and wavelength. The 

working principle of AR coating is based on the concept of quarter-wave coating; hence, 

once the incident light angle and wavelength change, the function of the AR coating will 

dramatically decrease. 

 

Working principle of AR coating layers. Refractive index and layer thickness of 

AR coating layer are the most two important factors of concern. For all materials, their 

refractive indexes usually vary with incident light wavelength, hence, it is difficult  to find 

a specific AR coating material which can match the whole solar spectrum perfectly. 

However, materials possessing refractive indexes which work well for a certain range of 

wavelength range for electricity generation still can be found. On the other hand, a quarter-

wave coating is commonly used to decide the thickness of AR coating layer. A proper 

thickness of AR coating layer allows the AR coating layer to produce a destructive 

interference for more effectively suppressing reflectivity on the Si wafer surfaces. In order 

to find the thickness of quarter-wave coating, the incident light wavelength and the 

refractive index value of AR coating layer must be specified in advance, but good 

performance can usually be achieved for a relatively wide range of wavelengths. 

As incident light travels from one medium to another one, a certain ratio of the light 

is reflected on the interface between two different media. The percentage of the reflected 

light to the total incident light, or reflectivity, depends on the refractive indexes of the two 
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media and the incident angle. The value of reflectivity could be calculated from the Fresnel 

equations. In the case of that the incident light is perpendicular to the interface of the two 

media, the reflectivity is 

 

Ὑ
ὲ ὲ

ὲ ὲ
 (I.1) 

where R is the reflectivity, n1 and n2 is the refractive index of the first and second medium, 

respectively.  

The R value should be 0% to 100%, and its corresponded transmittance, T, is (1īR) 

when the light absorption and scattering of the second medium are negligible. Thus, if an 

incident beam with luminance, I, vertically hits on the interface, luminance of the reflected 

beam is I Ā R, and luminance of the transmitted beam is I Ā T, or I Ā (1īR). 

For Si solar cells, there is an AR coating layer between the air and the Si wafer, 

therefore, the luminance of the transmitted beam which arrives the Si wafer is 

 

ὍϽὝ ϽὝ ὍϽρ Ὑ Ͻρ Ὑ  (I.2) 

where Tom and Rom represent the transmittance and reflectivity on the interface of the air 

and the AR coating layer, respectively; Tms and Rms represent the transmittance and 

reflectivity on the interface of the AR coating layer and the Si wafer, respectively. Figure 

I.4 shows a schematic of the interfaces of a Si solar cell system with an incident beam. 

As the optimum refractive index of the AR coating layer is applied, the total 

transmittance would be maximized which means the derivative of Eq. I.2 to nm should be 

zero, and the following equation will be obtained 

 

ὲ ὲϽὲ (I.3) 
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where nm, no, and ns represents the refractive index of the AR coating layer, the air, and the 

Si wafer, respectively. 

 

Figure I.4. A schematic of the interfaces of a Si solar cell system with an incident beam. 

 

According to Eq. I.3, the optimum value of refractive index for the AR coating layers 

on Si wafer surfaces should be 1.99 (ns = 3.95) under an incident light with wavelength of 

600 nm. However, a practical AR coating also relies on its destructive interference effect 

to further diminish the light reflectance. The minimum thickness of AR coating layer for 

occurring destructive interference follows the principle of quarter-wave coating 

 

Ὠ
‗

τ ὲ
 (I.4) 

where d is the optimum thickness of AR coating layer. For nm = 1.99, d is equal to 75 nm 

under the incident light with wavelength of 600 nm. 
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As previously mentioned, the real solar spectrum spans many wavelengths; therefore, 

a proper refractive index value and thickness of AR coating are necessary to fit within the 

main absorbed range of incident light to maximize the energy conversion efficiency of Si 

solar cells. 

 

Fabrication of b-Si by the metal-assisted chemical etching method. In order to 

overcome the limitation of conventional AR coating layers, a novel alternate called black 

silicon (b-Si) has been studied as an AR layer on the Si solar cells. B-Si is a type of porous 

Si material consisting of nanopores or nanowires on a Si wafer surface, and possesses low 

reflectivity and correspondingly high absorption of visible light regardless of the incident 

light angle and wavelength. The numbers or/and sizes of nanopores or nanowires gradually 

change with the depth on the wafer surface allowing the b-Si structure to possess a gradient 

change of refractive index between the air and the Si wafer which is more beneficial for 

suppressing reflectivity. Figure I.5 represents the refractive index of b-Si changing with the 

depth.  

B-Si can be prepared by several different methods mainly including a reactive ion 

etching method,11ï17 femtosecond pulse laser method,18ï23 and metal-catalyzed etching 

method.24ï49 The reactive ion etching method and femtosecond pulse laser method are 

utilized to fabricate needle-shaped and micron-cone structured b-Si, respectively. However, 

their threadlike structures are usually greater than 10 ɛm which causes the b-Si structures 

to be easily destroyed during assembly and limits b-Si applications. Fortunately, the 

nanopore-type b-Si synthesized by the metal-assisted chemical etching (MACE) method, 

which can endure higher stress has also been widely studied. This nanopore-type b-Si is 

easily fabricated on a large-scale since the fabrication process does not require high energy 

consumption or complicated instruments, making it a potential material for industrial 

applications.  
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Figure I.5. The morphology of b-Si consisting of nanopores with different sizes. n is the 

value of refractive index. 

 

A typical MACE method used to fabricate b-Si usually consists of two main reactions, 

which are metal deposition and electroless chemical etching. For the metal deposition, 

electroless metal deposition is the simplest approach to prepare metal catalysts on a Si 

wafer surface. It is usually described as a redox process involving spontaneous oxidation 

of Si atoms to SiO2 and reduction of novel metal ions, such as gold, silver, and platinum 

ions, to nanoparticles (NPs) or a nanofilm on the wafer surface. After the metal deposition, 

the Si wafer is immersed in a Si etchant consisting of hydrofluoric acid and other chemicals. 

The as-deposited metal catalysts on the Si wafer surfaces can accelerate the etching rate of 

SiO2 and dig numerous pits on the wafer surface. With longer etching time, the pits become 

deeper and larger and ultimately, connect with each other to form b-Si.  

The mechanism of the two-step MACE method consisting of electroless metal 

deposition and electroless chemical etching was first detailed by Peng et al.50 They used a 

HF/AgNO3 aqueous solution for the electroless Ag deposition and a HF/Fe(NO3)3 aqueous 

solution for the electroless chemical etching on the Si wafer surface, respectively. The 

fabricated b-Si structures consisted of well-arranged Si nanowires (SiNWs) and showed no 

significant dependence on the doping type and crystal orientation of the Si wafer. Figure 



9 
 

I.6 shows the morphology of b-Si fabricated by the two-step MACE method from Peng et 

al. 

 

 

Figure I.6. (a) SEM image of Ag NPs deposited onto a p-type Si wafer surface in the 

HF/AgNO3 solution for 1 min. (b) SEM image of well-aligned SiNW arrays prepared in 

HF/Fe(NO3)3 solution. (c) SEM cross-sectional image of the SiNW arrays shown in (b). 

Adapted from: Fabrication of Single-Crystalline Silicon Nanowires by Scratching a Silicon 

Surface with Catalytic Metal Particles, K. Q. Peng, J. J. Hu, Y. J. Yan, Y. Wu, H. Fang, Y. 

Xu, S. T. Lee and J. Zhu, Adv. Funct. Mater., 2006, 16, 387. Copyright ©  2006 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.   

 

During the stage of electroless metal deposition, first, the Ag+ ions in the HF/AgNO3 

solution near the Si surface obtain electrons from the Si surface and nucleate on the Si 

surface. Since these Ag nuclei are more electronegative than Si, the Ag nuclei attract 

electrons from Si and become negatively charged. This results in other Ag+ ions in the 

solution attaching to the negatively-charged Ag nuclei to obtain electrons; therefore, the Ag 

nuclei can gradually grow into larger Ag NPs. At the same time, the Si under the Ag NPs 

also oxidizes to SiO2 since it releases electrons to the NPs. HF in the solution then 

immediately etches the as-formed SiO2 and produce shallow pits, which can fix Ag NPs on 

the Si wafer surface. Figure I.7 shows the mechanism of electroless Ag deposition on a Si 

substrate in a HF/AgNO3 solution.  
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Figure I.7. Mechanism of electroless Ag deposition on a Si substrate in the HF/AgNO3 

solution. Adapted from: Fabrication of Single-Crystalline Silicon Nanowires by Scratching 

a Silicon Surface with Catalytic Metal Particles, K. Q. Peng, J. J. Hu, Y. J. Yan, Y. Wu, H. 

Fang, Y. Xu, S. T. Lee and J. Zhu, Adv. Funct. Mater., 2006, 16, 387. Copyright ©  2006 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.  

 

While in the electroless chemical etching process, the as-deposited Ag NPs on the Si 

surface can effectively enhance the etching rate of Si in the HF/Fe(NO3)3 etchant because 

the Ag+/Ag couple has a more positive redox potential compared to the Fe3+/Fe2+ couple. 

The Fe3+ ions function as an oxidizing agent by obtaining electrons from the Ag NPs to be 

reduced to Fe2+ ions and then oxidizing the Si around the Ag NPs to SiO2. Meanwhile, the 

HF in the etchant continuously etches the as-formed SiO2 around the Ag NPs, making the 

pits deeper and larger. Finally, the collective sinking tracks of the NPs result in a b-Si 

structure consisting of freestanding SiNW arrays on the Si wafer surface. Figure I.8 shows 

a schematic illustration for the fabrication process of b-Si consisting of SiNW arrays in the 

HF/Fe(NO3)3 solution. In the two-step MACE method, both electroless metal deposition 

and electroless chemical etching rely on metal reductions to form Ag NPs on a Si wafer 

(Ag+ to Ag) and SiO2 around the Ag NPs (Fe3+ to Fe2+), respectively. 

In order to further simplify the fabrication process of b-Si, an one-step MACE 

method was first proposed by Branz et al.26 In fact, the one-step MACE method was based 

on the two-step MACE method; however, the electroless metal deposition and the  
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Figure I.8. Schematic of cross-sectional and top views of b-Si formation on a Ag-deposited 

Si wafer surface in the HF/Fe(NO3)3 solution. (a, b) Electrons transfer between Si atoms 

and Fe3+ ions via Ag nanoparticles inducing local oxidation of the Si substrate. (c, d) 

Etching of the SiO2 and simultaneous pitting at the same position causes the formation of 

interconnected Si. (e, f) Formation of b-Si consisting of SiNW arrays due to the further 

sinking of the Ag particles, and longitudinal and lateral etching of bulk Si. Adapted from: 

Fabrication of Single-Crystalline Silicon Nanowires by Scratching a Silicon Surface with 

Catalytic Metal Particles, K. Q. Peng, J. J. Hu, Y. J. Yan, Y. Wu, H. Fang, Y. Xu, S. T. Lee 

and J. Zhu, Adv. Funct. Mater., 2006, 16, 387. Copyright ©  2006 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim.   

 

electroless chemical etching occur simultaneously on the Si wafer surface, which allows 

the b-Si fabrication process to be completed in one batch. In the one-step MACE method, 

HAuCl4 was used as a precursor of Au NP catalysts and added to a HF/H2O2/H2O solution 

to form the Si etchant. The H2O2 in the etchant reduces Au3+ ions to Au NPs on the Si wafer 

surface and oxidize the Si around the Au NPs to SiO2. Meanwhile, the HF in the etchant 

etches away the as-formed SiO2 around the Au NPs and produce b-Si consisting of 

nanopores on the wafer surface. This one-step MACE method fabricates a nanopore-type 

b-Si structure on the Si wafer surface and successfully suppresses the Si wafer surface 
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reflectivity to below 2%. Figure I.9 shows a SEM image of the 80-second Si etching in the 

Si etchant consisting of HAuCl4/HF/H2O2/H2O which fabricated nanopores with diameter 

of 5-20 nm and length up to 200 nm. 

 

 

Figure I.9. Cross-sectional SEM image of the Si wafer surface etched in the Si etchant for 

80 seconds. The dashed lines indicate extrema of the density-grade depth found by 

computerized pixel correlation analysis. Inset is a dark-field TEM image of a nanopore and 

Au NP (indicated by arrow) produced by the HAuCl4 etchant with a 100 nm scale bar. 

Reprinted with permission from: H. M. Branz, V. E. Yost, S. Ward, K. M. Jones, B. To 

and P. Stradins, Appl. Phys. Lett., 2009, 94, 231121. Copyright 2009, AIP Publishing LLC. 

 

Selective emitters (SEs) in Si solar cells. In addition to b-Si AR layers, designs of 

selective emitters (SEs) also have been applied to the b-Si solar cells in order to further 

improve efficiency of the Si solar cells.51 Applying SEs in Si solar cells have two main 

advantages: an improved quantum response at short wavelengths and a better contact 

resistance.52 Consequently, SEs in the solar cells result in more electrons transported to the 

metal contacts which allows the Si solar cells to possess higher short-circuit current density 

(Jsc), higher open-circuit voltage (Voc), and better energy conversion efficiency.52 Basic 
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structural designs of a conventional Si solar cell and a SE Si solar cell are shown in Figure 

I.10. 

 

 

Figure I.10. Structural designs of a conventional Si solar sell (a) and a Si solar cell with 

SEs (b).  

 

A conventional Si solar cell uses a p-type Si wafer as a base and an n-type Si layer is 

later formed on the p-type Si wafer surfaces via phosphorous diffusion. These two different 

types of Si layers make up a p-n junction which allows electrons and holes to be generated 

within the junction under illumination. After coating an AR layer on the Si wafer surface, 

Ag metal contacts are then printed on the wafer surface and annealed under high 

temperature to penetrate through the AR layer and touch the Si wafer. The generated 

electrons from the p-n junction interface would transport through the n-type Si layer (the 

emitter) and are collected by the Ag contacts.  

The main difference between the conventional Si solar cells and Si solar cells with 

selective emitters (SE Si solar cells) is that in the SE Si solar cells, the n-type Si surface 

under the Ag contacts has a higher doping level compared to that not under the contacts. 

This situation results in the contact resistance between the wafer surface and the Ag 

contacts to be significantly reduced and allows electron collection to be more efficient. 

Besides, compared to the conventional Si solar cells, the doping level and doping depth of 
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the n-type Si surface which is not under the Ag contacts is lower and shallower. Since the 

short-wavelength light has lower penetration ability and is mainly absorbed on the top of 

the wafer surface, the shallower doping depth of n-type Si can reduce the combination of 

minority carriers generated by the short-wavelength light. This fact makes the minority 

carriers easier to arrive the p-n junction interface and improves the energy conversion 

efficiency of solar cell. 

A typical fabrication process of conventional Si solar cell basically consists of wafer 

texturization, phosphorus diffusion, phosphosilicate glass removal, coating of AR layers, 

metallization of front and rear contacts, and co-firing of metal contacts.53 First, a p-type Si 

wafer is texturized in alkaline solutions to form a micro-pyramid structure on the wafer 

surface which can increase areas of the Si wafer surface to absorb more incident light. The 

cleaned textured Si wafer is then transported to a furnace and treated with phosphorous 

diffusion where POCl3 is used as a phosphorus source. The phosphorus atoms diffuse into 

the p-type Si wafer and form an n-type Si layer within the top surface of Si wafer, which 

generates a p-n junction. The depth of p-n junction interface can be controlled by diffusion 

temperature, diffusion time, concentration of POCl3, and intrinsic dopant concentration of 

the Si wafer.  

During the phosphorus diffusion, a layer of phosphosilicate glass (PSG) is also 

formed on the Si wafer surface and can be easily etched by buffer oxide etch (BOE) or 

dilute HF solutions after the diffusion. The PSG layer needs to be removed since it would 

increase the contact resistance between the Si wafer and the Ag contacts fabricated in the 

following step. Next, a thin layer of SiNx with optimized thickness is coated on the wafer 

surface as AR coating by plasma-enhanced chemical vapor deposition. The AR coating 

provides an intermediate refractive index between the air and the Si wafer and generate 

destructive interference on the wafer surface to further suppress the reflection on the wafer 

surface. Sequentially, Ag paste and Al paste are screen-printed on the front side and back 

side of the Si wafer as metal contacts, respectively. Finally, the metal contacts are co-fired 
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in a furnace allowing the paste to penetrate through the AR coating layer on the wafer front 

side and the native oxide layer on the wafer back side.  

A good SE production process applied to Si solar cells usually need to take 

fabrication cost into account. Hence, additional process steps for SE fabrication have to be 

minimized and the whole SE fabrication process should be able to easily fit into the original 

production lines of Si solar cells.53 Recently, in order to fill the above requirements, several 

techniques of SE fabrication on Si solar cells have been developed including an etch-back 

emitter,54ï57 laser doped SE,58ï64 ion implantation process,65ï67 screen-printable 

phosphorous ink53,68,69 and silicon ink.70ï74 However, these methods still need at least 1-3 

extra main steps for fabricating SE Si solar cells compared to the conventional Si solar cell 

fabrication process. This fact definitely decreases the feasibility of applying SEs into the 

current fabrication process of Si solar cells and also limits the applications of SE in b-Si 

solar cells. Figure I.11 shows a process flow comparison of different SE formation 

approaches. 

My researches focus on improving the current fabrication process of b-Si AR layers 

and b-Si solar cells to further decrease their fabrication costs. I systematically studied 

utilizing cheaper metal catalysts to substitute Au NP catalysts for fabricating nanopore-

type b-Si structures. The work of fabricating b-Si AR layers on Si solar cells via one-step 

MACE with Ag NP catalysts is presented in Chapter 1, where AgNO3 was used as a 

precursor of Ag NP catalysts. In addition to Ag NPs, a more economical fabrication process 

of b-Si via one-step MACE with Cu NP catalysts is introduced in Chapter 2. The Si etchant 

consisting of Cu(NO3)2/HF/H3PO3/H2O was used to generate Cu NP catalysts and inverted 

pyramidal nanopores on Si wafer surfaces.  

A new fabrication approach of b-Si AR layers called contact-assisted chemical 

etching (CACE) method is integrated into the fabrication process of Si solar cells with SEs 

and presented in Chapter 3. The working principle of the CACE method is similar to the 

MACE method but relies on utilizing the Au contacts on the Si wafer surface to function 



16 
 

as catalysts for fabricating the b-Si AR layer. The CACE method is successfully integrated 

into the fabrication process of b-Si solar cells with SEs whose step number is comparable 

to that of the conventional Si solar cell without b-Si. In Chapter 4, a feasible method of 

liquid phase deposition is introduced to coat semiconductor AR coating layers consisting 

of SiO2, TiO2, and ZrO2 on a Si wafer surface. The correlation between the chemical 

concentrations, film thickness, and the refractive index of film are studied. 

 

 

Figure I.11. Process comparison of different formation approaches of SE Si solar cells. 

Columns filled with red represent new SE steps and columns filled with blue represent 

conventional solar cell steps. 
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Chapter 1 

Nanopore-type black silicon anti-reflection layers fabricated by  

a one-step silver-assisted chemical etching 

 

Portions of this Chapter are included in Y.-T. Lu and A. R. Barron, Chem. Phy. Phy. Chem., 

2013, 15, 9862. A reprint can be found in Appendix B. A full publication list can be found 

in Appendix A. 

 

Introduction 

Solar cells need low surface reflectance to maximize the amount of incident photons 

absorbed by the semiconductor to convert incident light into electrical energy. In the solar 

cell industry, the use of an anti-reflection (AR) coating is a popular method to suppress the 

reflection of solar cell surface by forming destructive interference of incident light. Typical 

AR coating for silicon (Si) solar cells are SiNx produced by chemical vapour deposition 

have a reflectance of about 6% as compared to 40% for a polished Si wafer. However, AR 

coating are limited in use because it only reduces the reflection for a narrow range of light 

wavelength and incident angle since its functionality is based on a quarter-wavelength 

coating.1-4 Thus, the lowest reflectivity (and hence highest photon to electron efficiency) 

of a solar cell will only occur when the incident sunlight is at a particular angle.  

A potential replacement for the conventional AR coating, so-called ñblack siliconò 

(b-Si), first reported by Jansen et al,5 has attracted attention for Si solar cells.6-8 B-Si is a 

type of porous Si material whose surface morphology provides a graded refractive index 

between the Si surface of the device and air, that results in a low reflectivity and a 

correspondingly high absorption of visible light.9 B-Si has been successfully fabricated by 

several different methods including reactive ion etching,5,10,11 laser chemical etching,12-14 

pulsed electrochemical etching,4,15 and fast atom beam etching.16 However, these 
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techniques need either expensive instruments and high energy consumption or complicated 

fabricating processes, making them unfavorable for industrial applications. 

Recently, an economical and efficient approach for industrial b-Si manufacturing 

called metal-assisted chemical etching (MACE) method has been developed to avoid the 

above disadvantages.8,17-20 The MACE method includes two steps: metal deposition and 

electroless chemical etching. In the metal deposition step, a novel metal, such as gold, 

silver, and platinum is deposited on the Si surface usually as nanoparticles (NPs).21,22 The 

metal NPs attract electrons from the Si surface promoting the oxidation to SiO2 in the 

presence of an appropriate oxidant. In the electroless chemical etching step, the as-formed 

SiO2 is etched away by HF (as H2SiF6) and a pit is produced under each NP. As these 

reactions occur in a continuous process the pits become deeper and ultimately connect with 

each other, and remaining Si substrate forms b-Si that consists of a Si nanowire (SiNW) 

structure. Unfortunately, this nanowire structure is very fragile making the incorporation 

of b-Si into typical fab processes difficult.20 

A proposed mechanism based on the working principle of galvanic cells thoroughly 

explains the electroless chemical etching with metal NP deposition on the Si material 

surface.23 The mechanism consists of two half-cell reactions: a cathode reaction at the 

metal NP surface (Eq. 1.1) and an anode reaction occurring at the contact point between 

the Si and metal NP (Eq. 1.2 and 1.3).19,22-25 The overall reaction is thus as shown in Eq. 

1.4. The potential difference between the cathode sites and the anode sites results a net flux 

of electrons through the metal NPs and accumulation of electrons on the cathode sites. 

Since the cathode sites can provide more electrons for the reduction of H2O2, the overall 

reaction (Eq. 1.4) continues resulting in etching of Si under the Ag NPs.23 

 

H2O2 + 2H
+ + 2e-  2H2O (1.1) 

Si + 2H2O  SiO2 + 4H
+ + 4e- (1.2) 

SiO2 + 6HF  H2SiF6 + 2H2O (1.3) 
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Si + 2H2O2 + 6HF  H2SiF6 + 4H2O (1.4) 

 

Branz et al. developed a one-step Au-assisted chemical etching method based on the 

two-step MACE to fabricate nanopore-type b-Si.26 During the process of the one-step 

MACE method, the deposition of Au NPs and the chemical etching of Si occurred 

simultaneously on the Si wafer surface within the system consisting of 

HAuCl4:HF:H2O2:H2O, where Au3+ ions were reduced to Au NPs on the Si wafer surface. 

The fabricated nanopore structure possessed diameter of 5-20 nm and length of 200 nm on 

the wafer surface and suppressed the reflectance of the wafer to below 2% across a 

wavelength range of 300-1000 nm.  

Unfortunately, some porous Si structures possessing low reflectivity lead to failure 

in improving energy conversion efficiency of the Si solar cells because their surface area 

is too high resulting in high charge recombination. To overcome this problem Branz and 

co-workers demonstrated that a two-step Ag-assisted chemical etching to fabricate 

nanopores could be followed by a third step, which involves etching using 

tetramethylammonium hydroxide (TMAH) to shorten the nanopore length.27 However, the 

concentration of Ag is relatively high (1 mM) for Ag deposition and the process takes three 

distinct steps to accomplish the desired structure. Based on this result we are interested in 

two challenges: what is the effect of Ag concentration and can the reaction be formed in a 

one-step process?  

Herein, our research focuses on the one-step Ag-assisted chemical etching to 

fabricate b-Si, since the Ag precursor has lower cost than the Au equivalent and recycling 

of the Ag is well understood in the (now defunct) film industry. In our study, AgNO3 was 

utilized as an Ag NP precursor in a HF:H2O2:H2O solution to compose of a Si etchant. The 

H2O2 not only facilitates the Si etching (Eq. 1.4) but also reduces Ag+ ions to Ag NPs on 

the Si wafer (Eq. 1.5). 
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2Ag+ + H2O2  O2 + 2H
+ + 2Ag (1.5) 

 

We are interested in the effects of the Ag ion concentration and the volume ratio of 

HF:H2O2:H2O on the morphology and reflectivity of the b-Si surface. Compared to other 

methods, the one-step Ag-assisted chemical etching simplifies the b-Si fabrication process 

and may cut down the cost of the facilities and energy expenditures, which is beneficial for 

industrial applications. In addition, unlike SiNW arrays, the nanopore-type b-Si possesses 

no high-aspect-ratio needle-liked structure and is not as fragile as SiNW arrays and can 

thus better endure the stress during the solar cell assembly. 

 

Results and Discussion 

Ag ion concentration of 500 ɛM. Using a high Ag ion concentration (500 ɛM) 

results in only Ag NPs and shallow pits being formed. However, no nanopores can be 

observed on the Si wafer surface. Figure 1.1 shows SEM images of Ag NPs formed on the 

Si wafer surfaces with different HF:H2O2:H2O volume ratios. We propose that no 

nanopores appear on the wafer surfaces due to the fact that the majority of the surface is 

covered by the Ag NPs under the high [Ag+] etching conditions. In the Ag-assisted 

chemical etching method, the HF etches away not only the areas underneath the Ag NPs 

but also the areas adjacent to the Ag NPs, as may be seen by the images of the Ag NP 

sitting inside larger pits (Figure 1.1b and c). As the majority of the wafer surface is covered 

by Ag NPs, a near isotropic oxidation of Si occurs. This causes different regions of the Si 

wafer to be subject a similar etching level and no nanopores can be observed on the Si 

wafers. 

It was also observed that the average diameters of the Ag NPs prepared in solutions 

of different HF:H2O2:H2O ratios increase with time even at the earliest stages of the etch 

process. After reaching a maximum size at 5 min, the NPs gradually decrease in size. Figure 

1.2 shows the average diameters of Ag NPs for different etching time and HF:H2O2:H2O 
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volume ratios. A reasonable explanation for this effect is that the H2O2 in the Si etchant not 

only assists the Ag NP formation but also dissolves the as-formed Ag NPs into Ag ions 

(Eq. 1.6). As the H2O2 has been consumed and its concentration is no longer high enough, 

the equilibrium is shifted; resulting in the dissolution of the Ag NPs dominates and 

decreases the average size of Ag NPs.  

 

2Ag + H2O2 + 2H
+  2Ag+ + 2H2O (1.6) 

 

 

 
Figure 1.1. SEM images of the Ag NPs on the Si wafer surfaces synthesized by the Si 

etchant containing 500 ɛM [Ag+] with 10 minutes etching and various HF:H2O2:H2O ratios 

as (a) 1:5:2 (b) 1:5:5 (c) 1:5:10 (d) 1:5:20. 
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