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Summary: The efficiency of industrially fabricated solar cells and hence the 
power of the solar modules is affected by the surface treatment of the Si-wafers 
during solar cell fabrication. Surface etching and formation of definite porous 
structure increase the effective photon flux absorption and lead to higher solar 
conversion efficiency. Metal-assisted etching of p-Si in aqueous hydrofluoric 
acid, HF, solutions containing oxidizing agents like potassium bromate, KBrO3, 
potassium iodate, KIO3, or potassium dichromate, K2Cr2O7, are used for the 
preparation of definite pore structures. The concentration of both HF and the 
oxidizing agent and also the time of etching have to be optimized. The 
electroless deposition of ideal metal nano particles like, Pt or Pd enhances pore 
formation.  The effect of oxidizing agent and its concentration on the main 
characteristics of the prepared solar cells was investigated and discussed. A 
comparison with alkali surface treatment with KOH/isopropanol aqueous 
solution was also considered. In this respect, the manufacturing processes and 
the tests of the cell were performed in the ARAB INTERNATIONAL 
OPTRONICS (EGYPT). The morphology of the wafer surfaces were 
investigated by scanning electron microscopy (SEM) and I-V characteristics of 
the fabricated cells were investigated by M54A solar tester..

Introduction
          Porous Si has interesting characteristics such as larger surface to volume ratio, 

highly nanoporous structure and low index of refraction which suggest other potential 

applications like filters, catalyst supports and anti-reflection coatings in solar cells(1-3). 

Porous semiconducting layers on semiconductors can be achieved by anodic chemical 

etching or metal-assisted etching(4-6). Generally, aqueous solutions containing HF are 

used as main etching medium. The etching rate remains low if only HF is used, but it 

is considerably increased by the addition of oxidizing agent, such as H2O2, HNO3 or 

others(5-7).
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         The silicon substrates are subjected to multiple and expensive steps to obtain 

high photoconversion efficiency in silicon-based solar cells(8). In the case of 

monocrystalline silicon solar cells, the surfaces are usually textured using alkaline 

solutions in order to reduce the reflectance and to obtain high conversion 

efficiencies(9). Anisotropic etching of silicon surface using carbonate-based solutions 

and optimization of the surface reflectance was reported to produce solar cell 

substrates with an efficiency of 15.8%(10).  

        The interest of the photovoltaic industry in porous silicon has grown over the last 

decade(11). The porous Si layers were found to be beneficial in the improvement of the 

solar conversion efficiency not only for photovoltaic but also for 

photoelectrochemical cells(3). The main advantages of the porous layer are reduction 

of reflection losses, large active area and the capability of light down-shifting in 

energy, which means that the porous silicon layers may act simultaneously as 

antireflection coating and as photo-converter. Although chemical etching is simple 

and does not require external bias, it is sluggish and does not produce uniform porous 

structures(12, 13). Metal-assisted chemical etching does not need an external bias and 

enables formation of uniform porous silicon layers, more rapidly than the 

conventional stain etching method(5, 14, 15). In this method, a metal film (e.g., Au, Pt, 

Ag, Pd, Bi) is electroless deposited on a silicon substrate prior to the etching process. 

The type of the deposited metal and the deposited particle size influences the formed 

porous layer. 

         The metal particles act as catalysts in the etchants which are composed of HF 

and oxidizing agents such as AgNO3, Fe(NO3)3, H2O2, Na2S2O8, KBrO3, KIO3, 

K2Cr2O7  or KMnO4
(5, 6, 16, 17).  Metal-assisted etching was carried out within only a 

few seconds and the time of etching represents a corner stone in the morphology of 

the porous structure(6). A front porous Si layer and Buried Metallic Contacts (BMCs) 

of multi-crystalline silicon (mc-Si) solar cells were reported to reduce the reflectivity 

to 8% in the 450–950 nm wavelength range and induced a simple low cost technology 

with 12% conversion efficiency(18).

      The aim of this work is the improvement of the power and stabilization of the I-V 

characteristics and hence the solar conversion efficiency of industrially fabricated 

solar cells produced by the ARAB INTERNATIONAL OPTRONICS (EGYPT). In this 
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respect, the effect of surface morphology changes by different etching procedures was 

investigated and the etching conditions were optimized for the production of efficient 

solar modules. The produced improved surfaces will be also used in 

photoelectrochemical cells in due course. 

Experimental 
       Single crystalline p-Si (100) wafers of 230 µm thickness and resistivity of 0.5 – 

3.0 Ω cm with area of 148.6 cm2 purchased from the ARAB INTERNATIONAL 

OPTRONICS (EGYPT) were used.

      The surface of the Si specimens was etched for 5.0 min in an aqueous 7.5 M HF 

solution to remove the native oxide film. Some of the silicon wafer surfaces were 

etched chemically in the most appropriate etching solution which consists of 22.0 M 

HF and 0.05 M of KBrO3, KIO3 or K2Cr2O7. Other silicon wafer surfaces were then 

immersed into solution containing 0.15 M HF and 0.5 x 10-3 M potassium hexachloro 

palatinate (K2PtCl6) or palladium chloride (PdCl2�) for 1 min. After the electroless Pt 

or Pd deposition, the silicon surface was then subjected to the etching solution. The 

appropriate etching solution was chosen after a large number of experiments in which 

both the concentration of the oxidizing agent and the HF solution were changed, 

separately(5, 6). After the etching process has been completed, the Si specimens were 

washed thoroughly with triple distilled water to remove any deposited Pt or Pd that is 

not involved in the electroless etching process. Si-wafers were subjected to an alkali 

pre-etching step for 10 min in 10% NaOH aqueous solution at 25oC and/or in 3 M 

KOH + 2 M isopropyl alcohol (IPA) for 30 min at 70oC. In some experiments the Si-

wafers were subjected to the alkali etching only.   

        The etched silicon wafers were passed by the different manufacturing steps in the 

ARAB INTERNATIONAL OPTRONICS company. The manufacturing steps can be 

summarized in the following scheme:

1. The first step is damaging and texture etching which is a wet chemical process 

for thinning the wafers and removing the slicing damage as well as 

texturization of the surface.

2.  The second step is doping and diffusion process in which phosphorus doping 

and formation of emitter or p-n junction of the solar cell is carried out.
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3.  The third step is the edge isolation (edge removal) process in which dry 

etching in plasma is carried out to remove diffused oxides and diffusion layer 

from the edge of wafer. 

4. The fourth step is a glass etching step, which is a chemical process to remove 

any diffused glass resulting from the diffusion process. 

5. The wafers are then subjected to anti-reflection coating by the application of 

silicon nitride layer to the front side of the solar cell using a low pressure 

plasma enhanced chemical vapor deposition.

6. A back silver contact print process which provides an area where interconnect 

tabs can be soldered during module construction is carried out. 

7. A back aluminum contact print process in which the back aluminum print 

alloys with silicon was carried out to remove impurities from the silicon and 

create a back silver field (BSF) that makes the solar cell more efficient. 

8. The last step is the formation of a front silver contact print which is very 

important to the quality of the solar cell. 

Particular care must be taken in the set-up and operation of the printer to make 

sure that the printed pattern is completed. These steps are automated and there is no 

possibility for error or to forget any of the different steps(19). 

      After the completion of the solar cell fabrication, the morphology of the cell was 

investigated by Leica DFC320 microscope and the scanning electron microscope 

using a JEOL JXA-840A Electron Probe Microanalyzer attached with EDX unit. The 

I-V characteristics were recorded by M54A solar tester under the standard conditions 

of 1000 Wm-2 at 25oC and AM 1.5. To achieve reproducibility, each experiment was 

carried out at least twice. All experiments were carried out at 251C. More details of 

the experimental etching procedures were described elsewhere(5, 6).

Results and discussion
Stain etching

       The surface of the Si-wafers provided from the ARAB INTERNATIONAL 

OPTRONICS (EGYPT), were etched in aqueous solution of 22.0 M HF containing 

different oxidizing agents of constant concentration of 0.05 M(5, 6). The effect of 

oxidizing agent, time of etching and pre-etching treatments on the I-V characteristics 

of the solar cell was investigated.



101

ُ   Egypt. J. Anal. Chem., Vol 22(2013)

Effect of oxidizing agent

Different oxidizing agents, such as KBrO3, KIO3 or K2Cr2O7 were used. A 

constant concentration of 0.05 M in aqueous solution of 22.0 M HF was used as 

etching medium for a constant time of etching of 1.0 h at 25oC. In this series of 

experiments, no alkali pre-etching steps were carried out. The best results were 

obtained with KIO3, where the short circuit current, ISC, was 3.965 A, the open circuit 

potential, VOC, was 0.597 V, the fill factor, F.F. was 0.69 and the solar conversion 

efficiency, , was 10.99%. Figure (1) shows a Typical I-V curve of a silicon solar cell 

after etching of the wafer in 22.0 M HF-0.05 M KIO3. The solar cell efficiency 

calculated for the different cells etched in HF/KIO3 solutions was in the range of 11 to 

12%. The efficiency was obtained by extrapolating the values of the maximum power 

current, im, and maximum power potential, Vm and applying the equation:                      

                     = im   x Vm / 100 

where 100 mW cm-2 is the input power of the solar flux at 1.5 AM.

Figure (1) I-V characteristics of a silicon solar cell after 1 h etching of the Si wafer in 22.0 M 

HF-0.05M KIO3 at 25oC before fabrication.
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Before solar cell fabrication the etched surface was investigated by the scanning 

electron microscope. Figure (2 a) presents the scanning electron micrograph of the Si 

wafer after 1.0 h etching in the 22.0 M HF containing 0.05 M KIO3. It is clear that the 

surface is covered by a layer of nano and micro pores which increases the actual 

absorbing area of the photon flux. Using K2Cr2O7 as oxidizing agent produced a 

precipitate on the Si surface, which is responsible for the decrease of the solar 

conversion efficiency (5.72 %) of the cell. This precipitate is most likely nucleation 

centers of K2SiF6 which blocks the pore formation as reported earlier(5). Iodates and 

bromates gave almost similar results, but iodates in general lead to reproducible 

porous structures.  

Figure (2a) Scanning electron micrograph of the etched Si wafer used in the 

fabrication of the solar cell of Fig.1 (after 1 h etching of the Si wafer in 22.0 M HF-

0.05 M KIO3 at 25oC).

The mechanism of porous film formation with iodate can be summarized by the 

following equations:

IO3
− +7 H+→ HI + 3 H2O + 6 h+

The holes, h+, produced in this strong acid medium are capable of oxidizing the Si 

surface, according to:
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Sio + 4 h+→ Si4+

The formed Si4+ ions react with HF to produce a soluble SiF4 compound leaving a 

porous structure on the surface.

Si4+ + 4HF → SiF4 + 4 H+

Effect of etching time

       The etching time was found to influence the I-V characteristics of the fabricated 

solar cells. A group of Si wafers were etched under the same conditions at a constant 

concentration of 0.05 M KBrO3 in aqueous solution of 22.0 M HF for different 

intervals at 25oC. The results have shown that longer etching times are not suitable for 

the solar cells. The best results were obtained for 1.0 h etching time, and Table (1) 

presents the I-V parameters calculated for solar cells after 1.0 h and 3.0 h etching 

time. It is clear that the longer etching time decreases the solar conversion efficiency 

from ≈11% to ≈ 7% under the same conditions. Longer etching time leads to the 

disappearance of the well defined porous structures recorded on figure (2 a) and the 

formation of precipitating islands on the surface as shown on the SE micrograph of 

figure (2 b). This means that a well defined porous structure is essential for higher 

solar conversion efficiency. 

Figure (2 b): Scanning electron micrograph of the Si wafer after 3 h etching in 22.0 

M HF-0.05M KIO3   at 25oC.
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Table (1): I-V characteristics of solar cells after 1 h etching of the Si-wafers in 

aqueous solution of 22.0 M HF containing 0.05 M KBrO3 at 25oC for different etching 

times.

Etching time ISC/A VOC/V F.F Efficiency%

1 h 3.965  0.598  0.69 11.01 

3 h 3.455  0.577  0.52 6.98

Effect of alkali pre-treatment

According to the recommendations of solar cell producers, it was essential to 

investigate an alkali pre-treatment step before the main etching procedure. For this 

purpose, the Si wafers were pretreated in 10% NaOH solution for 10.0 min then 

washed and subjected to the normal etching procedure for 1.0 h at constant 

concentration of 0.05 M KBrO3 or 0.05 M KIO3 in aqueous solution of 22.0 M HF at 

25oC. The etched wafers were then used in the fabrication of the solar cells as usual 

and the I-V characteristics were recorded. The obtained results have shown that the 

conversion efficiency was decreased after the 10.0 min pre-treatment in 10% NaOH 

solution and reached ≈ 9% only.  

It was reported that KOH/isopropyl (IPA) etching  with changing content of 

isopropyl alcohol ensures a good quality of etched (100) and (110) Si surfaces. The 

changes in etching rates and morphologies of the etched surfaces were explained 

based on surface tension measurements and estimation of surface excess function. The 

smoothest (100) surfaces were obtained in the solutions saturated with alcohol after 

removal of adsorption layer.  The range of alcohol concentrations in KOH solutions 

assuring better (100) surface was determined based on adsorption isotherm, obtained 

from the measurements of surface tension of the solution versus alcohol 

concentration. The best morphologies of (100) surfaces were achieved in the saturated 

solutions, i.e. in 3 M KOH + 2 M IPA or 5 M KOH + 1 M IPA(20). For this reason 

some solar cells were fabricated after pre-etching in KOH/IPA mixture. In this respect 
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a mixture of 3 M KOH with 2 M IPA was used to etch the Si-wafer for 30 min at 

70oC before the regular HF/oxidizing agent procedure. The etched wafers were then 

fabricated as usual and the I-V parameters of the solar cells were recorded. The 

obtained results have shown that the solar conversion efficiency increased on using 

the KOH/IPA etching to ≈ 13% (cf. Table 2).  

The use of KIO3 as oxidizing agent in the main etching step after the pre-

etching in KOH/IPA solution has led to better surface morphology and higher solar 

conversion efficiency. Although the 10% NaOH pre-treatment for 10 min at 25oC has 

decreased the solar cell efficiency from 11.01% (cf. Table 1) to 8.99%, the KOH/IPA 

pre-etching for 30 min at 70oC has led to about 20% increase in the solar cell 

efficiency (cf. Table 2). 

Table (2): I-V characteristics of solar cells after 1 h Si-wafer etching in aqueous 
solution of 22.0 M HF containing 0.05 M KIO3 at 25oC with and without pre-etching 

in different alkali solutions.

Specimen ISC/A VOC/V F.F Efficiency%

Without pre-etching 3.965 0.598 0.69 11.01 

With pre-etching in 

10% NaOH for 10 

min at 25oC. 

3.161 0.579 0.73 8.99 

With pre-etching in 

3 M KOH+2 M IPA 

for 30 min at 70oC.   

4.221 0.611 0.75 13.02 

Metal-assisted stain etching

       In this series of experiments, the etching process was carried out by metal assisted 

stain etching. The effect of nature of the electroless deposited metal on the 

morphology of the silicon surface was investigated. In this respect, Pt or Pd was 

deposited on the p-Si wafers of area 148.6 cm2. Pt was electroless deposited by 

immersion in a solution containing 0.15 M HF and 5 x 10-4 M potassium hexachloro 

palatinate, K2PtCl6, for 1.0 min, whereas Pd was deposited by immersion in 0.15 M 

HF and 5x10-4 M palladium chloride, PdCl2. After the electroless metal deposition, the 
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surface was etched as described previously in aqueous solution of 22.0 M HF 

containing different oxidizing agents (0.05 M KIO3, KBrO3 and K2Cr2O7) for 1.0 h.

Pt-assisted etching

Effect of different oxidizing agents

       The mechanism of the metal-assisted etching process can be described as a 

localized electrochemical process in which the electroless deposited metal particles in 

a nano scale range act as local cathodes. The adjacent Si acts as local anode, and a 

local corrosion cell with appreciable local cell current flowing between the different 

sites during the etching process initiates(21). In HF/oxidizing agent/H2O electrolyte, 

etching occurs as a multistep process and pore size is dependent on the time of 

etching, type of oxidizing agent and its concentration(22). 

         The mechanism of pore formation and the effect of etching time and oxidizing 

agent on the surface properties of the Si-wafers were discussed previously(5). The 

measurements of the I-V characteristics have shown clearly that the wafers etched in 

solutions containing K2Cr2O7 gave low solar conversion efficiencies (5.72%) 

compared to those obtained by wafers etched in the presence of KBrO3 (≈11%) or 

KIO3 (≈13%). Such low performance of K2Cr2O7 with its high oxidation potential can 

be attributed to the formation of K2SiO6 on the Si surface which leads to the 

deterioration of the pore structures and formation of islands of passive precipitate(5, 6). 

During the etching process SiF4 species are formed which are capable of hydrolysis to 

form SiF6
2− which can be easily deposited as K2SiF6 passive salt on the Si surface 

and/or in the pores blocking the porous structure. The deposition of the passive salt 

requires definite conditions in which the concentration of the hydrolyzed species, 

SiF6
2−, should be sufficient to exceed the solubility product of K2SiF6 (6.3x10-7mol 

dm−9(23)). This condition seems to be satisfied at definite concentrations of some 

oxidizing agents like K2Cr2O7.  This process inhibits the hole injection and prevents 

the pore formation.

       The Si-wafers were pre-etched in the KOH/IPA solution; electroless Pt deposition 

was carried out after which the main etching step in the HF/oxidizing agent was 

taking place. The wafers were then used for solar cell fabrication and the I-V 

characteristics were recorded. The parameters obtained with KBrO3 and KIO3 as 

oxidizing agents are presented in Table (3). The I-V characteristics curve of the solar 
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cell after electroless deposition of platinum then etching in 22.0 M HF-0.05 M KIO3 

is presented in figure (3). The formation of porous and pyramidal structure on the 

wafer surface used for this solar cell was confirmed by SEM as presented in figure 

(4).

Figure (3): I-V characteristics of a silicon solar cell after 30 min pre-etching of the Si 

wafer in 3 M KOH + 2 M IPA solution at 70oC then, electroless deposition of 

platinum and etching in 22.0 M HF-0.05 M KIO3 for 1h at 25oC.

Table (3): I-V characteristics of solar cells after Si-wafer pre-etching for 30 min in (3 

M KOH + 2 M IPA) solution at 70oC, then electroless deposition of Pt and etching in 

22.0 M HF containing 0.05 M of KIO3 (a) or 0.05 M KBrO3 (b) for 1 h at 25oC

Specimen ISC/A VOC/V F.F Efficiency%

KIO3 (a)         3.374  0.575 0.73 9.53

KBrO3 (b) 3.162 0.513 0.52 5.68

Pd-assisted etching

In this series of experiments, the effect of Pd as noble metal in assisting the 

etching process was investigated. The obtained results have shown that no remarkable 
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improvement in the conversion efficiency could be obtained by using Pd instead of Pt. 

For comparison, I-V parameters of cells obtained by etched wafers in solutions with 

KBrO3 and KIO3 oxidizing agents are presented in Table (4). The solar conversion 

efficiency of the fabricated solar cells did not reach 10%. To understand what is 

happening, the surface morphology of the silicon wafer was investigated by SEM. 

The SE micrograph presented in figure (5) shows clearly that the pore and pyramidal 

structures are no longer present and an island like precipitate is formed. This leads to 

the deterioration of the solar cell quality. 

Figure (4): Scanning electron micrograph of Si wafer after 30 min pre-etching of the Si wafer 
in 3 M KOH + 2 M IPA solution at 70oC then, electroless deposition of platinum and etching 

in 22.0 M HF-0.05 M KIO3 for 1h at 25oC

Table (4): I-V characteristics of solar cells after Si-wafer pre-etching for 30 min in (3 
M KOH + 2 M IPA) solution at 70oC, then electroless deposition of Pd and etching in 

22.0 M HF containing 0.05 M of KIO3 (a) or 0.05 M KBrO3 (b) for 1 h at 25oC.

Specimen ISC/A VOC/V F.F Efficiency%
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 KIO3 (a)         4.240 0.597 0.76 12.98

KBrO3 (b) 3.938 0.586 0.68 11.49

Figure (5): Scanning electron micrograph of Si wafer after 30 min pre-etching of the Si wafer 

in 3 M KOH + 2 M IPA solution at 70oC then, electroless deposition of palladium and etching 

in 22.0 M HF-0.05 M KIO3 for 1h at 25oC.

Alkali treatment without HF/oxidizing agent etching:
       
          It was important to carry out the experimental procedure using alkali etching 

only as was recommended by different authors for other applications(19, 20). In this 

respect the Si-wafers were subjected to a pre-treatment step in 10% NaOH for 10.0 

min at 25oC. The alkali washed wafers were then left to etch in 3 M KOH + 2 M IPA 

solution for 30 min at 70oC. After this step and without any complementary etching in 

HF/oxidizing agent solutions, the wafers were introduced to the production line to 

fabricate the photovoltaic cells. The I-V characteristics of the cells were recorded and 

the cell parameters are calculated to be:

i) a short circuit current,  ISC, of 4.747 A, 

ii) an open-circuit potential, VOC, of 0.611 V and

iii) Fill factor, F.F., of 0.77. 

The practical solar conversion efficiency of the produced cells was in the range of 

15.0 to 16.0%, which represents the highest conversion efficiency of the investigated 

cells. A typical I-V characteristics curve of the alkali etched solar cells is presented in 



110

ُ   Egypt. J. Anal. Chem., Vol 22(2013)

figure (6). The investigation of the wafer surface after the alkali treatment by SEM 

shows a regular surface texture creating microscopic pyramids on the wafer surface, a 

morphology which leads to a reduction in the total reflection and hence to a higher 

solar conversion efficiency (cf. Figure (7)).

Figure (6): I-V characteristics of a silicon solar cell after 10 min pre-etching the Si-wafer in 

10% NaOH for 10 min at 25oC, and then etching in 3 M KOH + 2 M IPA aqueous solution 

for 30 min at 70oC.

Figure (7): SE micrograph of the Si-wafer after 10 min pre-etching in 10% NaOH for 10 min 

at 25oC, then etching in 3 M KOH + 2 M IPA aqueous solution for 30 min at 70oC.

Conclusions and recommendations
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          After several experiments to investigate the effect of surface etching on the 

efficiency and I-V characteristics of the fabricated solar cells according to the 

manufacturing processes at ARAB INTERNATIONAL OPTRONICS Company, it can 

be concluded that Pt-assisted etched Si-wafers produce more efficient solar cells than 

those obtained with Pd-assisted or by chemical etching only in the HF/oxidizing agent 

etching solutions.

A pre-etching step in 3 M KOH + 2 M IPA for 30.0 min at 70oC then etching 

in 22.0 M HF-0.05 M KIO3 for 1.0 h at 250C before the solar cell fabrication produces 

more efficient and reproducible solar cells with average I-V parameter of ISC = 4.221 

A, VOC = 0.611V, and F.F= 0.75. The average efficiency was 13.02%. 

The use of other oxidizing agents or longer etching times has led to the 

deterioration of the solar cell characteristics.

The morphology of the etched surface plays the main role in the formed solar 

cell quality. The highest solar conversion efficiency was obtained with 10.0 min pre-

treatment in 10% NaOH at 25oC then etching in 3 M KOH + 2 M IPA solution for 

30.0 min at 70oC without stain or metal assisted etchings. An average conversion 

efficiency of 15 to 16% was obtained.
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