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Abstract
The aim of this work is to improve the optical properties in the multi-crystalline silicon (mc-Si) by acid
texturization. Generally, HF and HNO3 are using the mc-Si wafer acid texturization process and it is toxic
chemical acids. In this work, H2O2 is used instead of HNO3 because of H2O2 less toxic chemical
compared to HNO3. In this work, we have used the different types of chemical acids in different ratios for
etching. Here, we have used HF: H2O2: CH3COOH=3:2:2, HF: H2O2: KMnO4 =3:2:0.2 M and HF: H2O2:
HNO3: KMnO4 =3:2:2:0.2M for etching with the etching time of 60 sec. The HF: H2O2: KMnO4 =3:2:0.2M
gives the better results as obtained from optical microscope, UV- Visible re�ectance studies and X-ray
diffraction (XRD) studies. The etched mc-Silicon wafer surface was analyzed by the optical microscope
and Scanning Electron Microscope (SEM). The FTIR results indicate the reduction of oxidation in the
etched samples. Moreover, the HF: H2O2: KMnO4 =3:2:0.2M textured wafers have the advantages of lower
re�ectance and increased etching of the mc-Silicon wafer.

Introduction
Surface re�ections are considered as a key process to achieve higher e�ciencies in solar cells. Mc-Silicon
has occupied larger percent of the silicon solar cell market due to its low cost. However, the effective
surface texturing in mc-Silicon is a challenging task for solar cell application. The different type of
chemical textures was used for the etching process. Acid mediated texture on etching is a key technology
to fabricate mc-Silicon for solar cell application. Because, it is a cost effective technique to get high
e�ciency. The different types of etching process were used to reduce the light re�ectance. Reactive Ion
Etching (RIE) [1], Metal-catalyzed chemical etching (MACE) [2], Plasma texturing, plasma-less
atmospheric pressure dry [3] and acidic texturing [4] were used to reduce the re�ectance in mc-Silicon
wafer. RIE and MACE methods give less than 5% re�ectance. But, these are inadmissible in the
photovoltaic �eld due to low throughput and process complexity [4]. These are also expensive etching
methods. The chemical etching is most widely used to remove unbounded molecule and impurities. In
general, alkaline solution based anisotropic etching was adopted for the single crystalline - silicon and in
the case of mc-silicon the acid solution based isotropic etching has been performed. Usually, random
sized pyramid structures are obtained in c-silicon and “worm like” structures are obtained in mc-Silicon.
More speci�cally, the texturization of the (100) oriented C- Silicon wafers have already been
commercialized based on alkali or isopropyl alcohol etching process [5].

Mc-Silicon is different from c-Silicon. Randomly oriented crystalline grains make the grain boundaries
and it is unavoidable in the mc-Silicon. Mechanical etching and laser etching textures gave regular
microstructure surface. But, it reduces photoelectric conversion. Further, it is highly expensive and not
suitable for mass production [8]. Acidic etching is a key technology on Texturing the mc-Silicon wafer to
reducing the re�ectance of the wafer. In addition, it gives higher e�ciency, increasing the optical path
length and it is least expensive method. Sheng et al., [9] have investigated the crystal orientation and
crystalline peak intensity of the etched silicon wafers. The X-ray diffractogram result indicates that the
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crystalline peak intensity of the etched silicon wafer is slightly shifted to lower 2θ compared to without
etched wafer. Shuai Z et al., [10] have optimized chemical etching (MCCE) of the mc-Silicon wafers with
different orientation with both alkali and metal-catalyzed chemical etching.

Gangopadhyay et al., [11] have analyzed the different ratios of sodium hydroxide–sodium hypochlorite
(NaOH–NaOCl) texturing solution with mc-Silicon. They have showed the formation of Si-Cl bonds
through the FTIR imaging and the bonds have improved the quality of the diffused junction.

In this paper, the reaction behavior of the mc-Silicon in HF –H2O2– CH3COOH/ KMnO4/ HNO3–KMnO4

etching mixtures is studied and the appropriate composition of the texturing reaction mixture was found.
It is obtaining the effective isotropic surface texture of mc-Silicon solar cells in a short time of 60 secs
and it is helpful in improving the optical properties. The weight loss, reducing the re�ection, surface
morphology and crystal structure of the mc-Silicon wafer were determined by using the digital
micrometre, UV-Vis-NIR Spectrophotometer, optical microscope and X-Ray diffractometer (XRD),
respectively. The etching mechanism is studied for different grains of mc-Silicon wafers. The reduction of
the oxidation is also studied by using FTIR.

Experimental Section
The random small size mc-Silicon wafers are cut from the commercial P-type multi-crystalline silicon
wafers with 180-micron thickness. Before processing, the wafers were cleaned in RCA1 and the
experiment was carried out in HF –H2O2– CH3COOH/ KMnO4/ HNO3–KMnO4 solutions. After etching, the
mc-Silicon wafers are placed in deionized water for 1 minute. The weight of the wafer was taken before
and after etching process. The different type of chemical etching solutions and the result of improved
solar cell e�ciency are shown in Table.1. It is indicating that the texturization of mc-Silicon wafer is
leading to a signi�cant reduction in re�ectivity and gives high values of short circuit current [12]. The
surface morphology of the mc-Silicon wafers was studied using Scanning Electron Microscopy (SEM)
QUANTA 200 3D Dual Beam (FEI) and CMM-23 COSLAB Microscope. The crystal structure and
orientation were studied using Analytical Empyrean X-ray diffractometer (XRD) with CuKα radiation ((λ = 
1.5406 Å). UV-Vis-NIR spectrophotometer (Lamda 35, PerkinElmer) was used to measure the surface
re�ectivity.

Table. 1. Literature survey of few chemical etching rates, the steps of the chemical etching process and
the results of the e�ciency. 
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S.no Cleaning before
etching

Etchant
Name

Acid ratio Cleaning after
etching

Result

1 RCA1 cleaning 

Other method:

(Mechanical etching

Laser etching)

(2014)

Isotropic
Etching 

 

HF + HNO3 +
H2SO4         1: 1.6:
8.2 = 60 sec (Time)

HF + HNO3 +
CH3COOH    2: 3 : 6
= 60 sec (Time)

 

Double distilled
water

 

14.7 %
Conversion
e�ciency

 

2 HF + HNO3 + H2O    
     3: 1: 2 = 60 sec
(Time)                  
 (2017)

 

Isotropic
Etching

 

KMnO4 = 2.5 M        
      HF = 4.5 M          
          Time = 10
Minutes 

 

NH4OH and H2O2   
           Time = 90
sec After rinsed in
DI water

 

18.3%
Power
Conversion
e�ciency

 

3 Acetone                   &
HF = 7.5 M          
 (2010)

Isotropic
Etching

 

KMnO4 = 0.2 M        
      HF = 11.0 M        
        HNO3 = 0.2M

Different ratio
etching (Time = 1
min / 120 min /180
minutes)

Double distilled
water

 

Porous
silicon

 

4 KOH + IPA + H2O

80*C for 3 minutes

(2014)

Isotropic
Etching

 

HF + HNO3 +
CH3COOH/H2O
(7:1:2) Time one
minute 

(15:2.5:1) Time 60
sec

(10:1:1) Time 60
minutes 

Double distilled
water

 

 

22%
Conversion
e�ciency

 

2.1 Etching mechanism and Etching of mc-Silicon wafers

Mc-Silicon wafers with lower re�ectance and lower recombination defects enhances the solar cell
conversion e�ciency. This can be obtained by chemical etching process with low cost. The wet chemical
etching process is used for the removal of metal impurities from texturing of the silicon wafer and silicon
materials. Acid texturing in a mc-Silicon wafer has been performed using a Hydro�uoric (HF) and
Hydrogen peroxide (HNO3). The general etching mechanism is of two steps: (1) the SiO2 is formed by
nitric acid on the surface of the mc-Silicon wafer and then (2) SiO2 is removed from the wafer surface via
water-soluble complexes formed by HF [13].

The HNO  produces an SiO2 layer



Page 5/14

3Si + 4HNO3 →3SiO2 + 4NO + 2H2O (1)

It is dissolved by HF

SiO2 + 6HF →H2SiF6 + 2H2O (2)

The overall reaction is:

3Si + 4HNO3 + 18HF → 3H2SiF6 + 4NO + 2H2O (3)

The described mechanism of silicon dissolution is an electrochemical process on the silicon surface. In
this process, holes (h+) were injected in the valence band of the semiconductor by HNO3 at local cathodic
sites, followed by the formation of a SiO2 layer which is dissolved by HF at local anodic sites. The
formation of SiO2 layers was con�rmed by the X-ray Photoelectron Spectroscopy studies [14]. M. Steinert
et al have [15] studied silicon etching process using HNO3-rich HF/HNO3 using XPS. The higher nitrite
concentration reduces the etching rate slightly and lower nitrite concentration increases the etching rate
linearly. Stirring is also increasing the etching rate. In this work, Hydrogen peroxide (H2O2) was used
instead of the nitric acid (HNO ) and etching mechanism of these combinations is as follows:

The H2O2 produces an SiO2 layer

3Si + 2H2O2 →SiO2 + 2H2O (4)

It is dissolved by HF

SiO2 + 6HF →H2SiF6 + 2H2O (5)

The overall reaction is:

Si + 2H2O2 + 6HF → H2SiF6 + 4H2O (6)

The electrochemical process works just like conventional operations. The mc-Silicon wafers were cleaned
in RCA-1 process at 10 minutes and the purpose of the cleaning was to remove the organic residue on the
silicon wafer surfaces. It is placed in deionized water for a few seconds. Three set of chemicals with
different volume and molar ratios were selected for etching process at room temperature and etching
duration was 60 sec. The �rst set of etching chemical solution is HF-H2O2-CH3COOH with volume ratio of
3:2:2, second set of chemical solution is HF-H2O2-KMnO4 with volume and mole ratio of 3:2:0.2M, third
set of chemical solution is HNO3-HF-H2O2-KMnO4 with volume and mole ratio of 3:2:2:0.2M. the
combination of the HF and HNO3 were optimized to remove residual surface strain.

Results And Discussion
3.1 Re�ectance of the mc-Silicon wafers
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The acid etching is su�cient to create isotropic surface texture of the wafer and to avoid the saw
damages. The re�ectance of the mc-Silicon textured surfaces are investigated from wavelength between
300–1000 nm and shown in Figure.1. Three set of etched samples and reference silicon sample
re�ectance results were compared and shown in Figure.1. It is clearly seen that Set-2 (HF-H2O2-KMnO4)
chemical ratio reduces the re�ectivity and the reduction up to 12.5 %. The Set- 2 chemical ratios in
etching process strongly in�uences the effective re�ectance. It has higher light absorbance compared to
other chemical textured wafers since, the higher light absorbance leads to increase the solar cell
e�ciency. Kulesza et al., have optimized [12] the time e�cient texturization of mc-Silicon in the HF/HNO3

solution and its effect on the optoelectonic parameters of the solar cells. The optimal chemical etching
ratio has increased the solar cell e�ciency up to 13.9 %.

3.2 Crystalline structure of the grain orientation

Figure. 2 shows the XRD pattern before and after chemically etching the samples. The crystalline
structure of the wafers is investigated by using Analytical Empyrean X-ray diffractometer (XRD) with
CuKα radiation ((λ = 1.5406 Å). The XRD pattern of silicon wafer shows the characteristic peak 28.40 and
56.10 (JCPDS �le 271402) which correspond to (111) and (311). From the Fig. 2(a), HF: H2O2: CH3COOH
etched wafer gives slight peak shift to a lower value of 2θ in the (311) orientations. Sheng et al., [18] have
optimized the mixture solution of HF: HNO3: CH3COOH with different time and concentration. From the
Fig. 2(b), HF: H2O2: KMnO4 etched wafer gives higher intensity in the (111) orientations and lower light
re�ection. Zou et al., [17] have done the alkali and Ag- MCCE etching of the (111) orientated mc-Silicon
wafers expose dark appearance owing to the excellent light-trapping ability with Pyramid structure. From
the Fig. 2(c), HF: H2O2:HNO3: KMnO4 etched wafer gives higher intensity in the (311) orientations and
appear shiny. This refers to the higher inter planer spacing values of the atomic layers in silicon. In XRD
results, the etched silicon wafers have given the higher intensity with slight peak shift in lower 2θ angle
side. The X-ray diffraction (XRD) result of HF: H2O2:KMnO4 indicates that the crystalline peak intensity of
the etched mc-Silicon is higher than non- etched wafer and HF: H2O2: CH3COOH = 3:2:2 etched results
indicates the peak shift slightly to lower 2θ. Moreover, the HF: H2O2:KMnO4 = 3:2:0.2M textured wafers
have the advantages of lower re�ectance and increased etching of the mc-Silicon wafer.

3.3 Surface morphology of the mc-Silicon wafers:

The surface structures of the etched mc-Silicon wafers were investigated by using an optical microscope
and SEM. Figure. 3, shows the changes occurred on the mc-Silicon wafers after etching by using an
optical microscope at a resolution of 500X. Different etched patterns were produced by using three
different chemical etching solution in the silicon surface. The comparison in results, the surface
structures are considerably changed by using HF:H2O2: KMnO4 chemical solution. This chemical solution
induces the small size uneven worm-like trenches and it has given lower re�ectance compared to other
two chemical solutions etched samples. The HF: H2O2:HNO3: KMnO4 chemical solution induces the
medium size worm-like trenches structures. The HF: H2O2: CH3COOH chemical solution gives very small
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size worm-like trenches structures and it has given slightly lower re�ectance compared to non-etched
wafer.

An optimization of the three different textured solutions were helpful to achieving lower re�ectance. The
SEM images of silicon wafer surface are shown in Figure.4. The saw damage has been removed and the
mc-Silicon defects have disappeared by the etching process. Images show the formation of oval pits
smoothened surface after etching the wafers at in HF/ H2O2/CH3COOH and HF/H2O2/ KMnO4 textured
solutions. HF/ H2O2/CH3COOH gives 3–6 µm size oval pits and HF/H2O2/ KMnO4 textured solutions
gives 2–4 µm size oval pits which are shown in �gure.5. HF/H2O2/ KMnO4 results is reduced loss of
weight compared to HF/ H2O2/CH3COOH textured solution and it is shown in Table.2.

Kulesza et al have performed [12] the time e�cient texturization process with HF/HNO3 solutions. They
reported that this etching process is improving the optoelectronic parameters of the solar cell. Higher
concentration of HF/ HNO3 results in the formation of round pits with varying diameters. Optimized
etching solution gives lower re�ectance and higher e�ciency. HF/H2O2/ KMnO4 textured solution led to
formation of round pits in some places and MnO4 is glazed. The solution HF/H2O2/ KMnO4/ HNO3 is
causing more corrosion and it is shown in Figure.6. It reduces more weight and it is shown in Table.2. The
HF/H2O2/ KMnO4 solution is showing the optimal oval pit structure with the lowest re�ectance.

Table. 2 Weight of wafer before and after chemical etching

Chemical Etchant Before etching (g) After etching for 60 sec (g) Loss of Weight (g)

HF + H2O2 + CH3COOH

 

0.14708

 

0.14675 0.00033

HF + H2O2 + KMnO4

 

0.14903

 

 

0.14890

 

0.00013

HF + H2O2 + HNO3 + KMnO4 0.22467

 

0.22420

 

0.00040

3.4 FTIR Studies for Analysing impurities:

Wet etching of the mc- Silicon wafers is a critical step in the solar cell making process. Optimized wet
etching process improves the optical properties [19, 20]. The recombination properties of mc-Silicon solar
cells are more complex owing to the structural defects, point defects and interaction among defects.
Oxygen segregation in structural defects affects electrical activity and further complicates it. Pizzini et al.,
[21] con�rmed an oxygen segregation in the structural defects and they showed its in�uence on
dislocation electrical activity. IR absorption spectroscopy is an important tool to study the nature of HF
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etched silicon. Reduction of oxidation is con�rmed in three different textured solutions and it is shown in
the IR spectrum of Figure.7. The peak position of Si–O–Si bonds at 1107 cm− 1 and its re�ectance are
decreased in Figure.7. The combination of HF/ H2O2/CH3COOH etching solution signi�cantly decreases
the Si–O–Si re�ectance. The combination of HF/H2O2/ KMnO4 reduces the Si–O–Si re�ectance and C-H
re�ectance. The combination of HF/H2O2/ KMnO4/ HNO3 greatly decreases the Si–O–Si re�ectance and
C-H re�ectance compared to the combination of HF/H2O2/ KMnO4. But, the combination of HF/H2O2/
KMnO4/ HNO3 is causing more corrosion and it is more re�ecting the light source.

Conclusion
Acid texturization based on HF: H2O2: (CH3COOH or KMnO4 or KMnO4:HNO3) mixture was demonstrated.
The result of the two mixtures solutions HF: H2O2: (CH3COOH or KMnO4) were led to formation of round
pits with different diameter in the single step and HF: H2O2: KMnO4:HNO3 texturization solution has given
uneven surface. Silicon wafers engraved with HF: H2O2: KMnO4 have high optoelectronic parameters. HF:
H2O2: KMnO4 solution gives high intensity in the (111) orientations and lower re�ectance compared to
other two solutions. It reduced the oxidation (Si–O–Si) re�ectance and improved the electrical activity.
The reduced surface re�ectance and reduced oxidation were reducing the surface recombination loss and
increasing the short circuit current (Jsc). In solar cell making process, HF: H2O2: KMnO4 based textured
wafer can give higher conversion e�ciency.
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Figures

Figure 1

Comparison of the measured re�ectance for the non- etching wafer (Reference) and etched wafers with
60 secs.
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Figure 2

XRD pattern comparison of before and after etched wafers: (a) HF + H2O2 + CH3COOH, (b) HF + H2O2 +
KMnO4 and (c) HF + H2O2 + HNO3 + KMnO4.

Figure 3
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Optical microscopic images for reference wafer and etched wafers: (a) Reference wafer, (b) HF + H2O2 +
CH3COOH, (c) HF + H2O2 + KMnO4, and (d) HF + H2O2 + HNO3 + KMnO4 etched wafers.

Figure 4

SEM images for reference wafer and etched wafers: (a) Reference wafer, (b) HF + H2O2 + CH3COOH, (c)
HF + H2O2 + KMnO4, and (d) HF + H2O2 + HNO3 + KMnO4 etched wafers.
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Figure 5

SEM images for etched wafers: (a) HF + H2O2 + CH3COOH and (b) HF + H2O2 + KMnO4 etched wafers.

Figure 6

SEM images for reference wafer and etched wafer: (a) Reference wafer and (b) HF + H2O2 + HNO3 +
KMnO4 etched wafer.

Figure 7

FTIR spectrum comparison of before and after etched wafers: (a) HF + H2O2 + CH3COOH, (b) HF + H2O2
+ KMnO4 and (c) HF + H2O2 + HNO3 + KMnO4.


