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This paper presents the results of an experimental study of the effects of surface

texture on the optical and light trapping properties of silicon wafers. Surface

texture is controlled by anisotropic etching with potassium hydroxide (KOH) and

isopropyl alcohol (IPA) solutions. The anisotropic etching of (001) crystalline

silicon wafers is shown to result in the formation of {111} pyramidal facets on the

surfaces of the wafers. A combination of profilometry, optical microscopy,

scanning electron microscopy, and atomic force microscopy is used to study the

effects of KOH/IPA etching on the morphology and roughness of the textured

surfaces. The results show that IPA concentration has the strongest effect on the

surface roughness of (001)-single crystal crystals at temperatures up to 80 �C.

Above this value, evidence of temperature-induced cracking was revealed on the

silicon substrate. The best volume concentration ratio of KOH:IPA is also found to

be 2:4. The implications of the study are discussed for the design of light trapping

in silicon solar cells. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4937117]

I. INTRODUCTION

The interest in the application of solar photovoltaic (PV) cells has led to the introduction

of a variety of solar panels for commercial purposes.1,2 These include the solar powered traffic

lights and closed-circuit television (CCTV) cameras, solar water pumps, solar street lighting

systems, and mini-grid solar PV panels for rural electrification. However, in such panels, partic-

ularly the silicon-based solar panel, the absorption of sunlight is relatively weak.3 This is partly

because of the optical losses that occur due to the high refractive index (�3.5) of crystalline sil-

icon at solar wavelengths.3 This reduces the efficiencies of crystalline silicon solar cells to lev-

els between �12% and 20%.4

Hence, in order to increase the efficiencies of the silicon-based cells, there is a need to

reduce the optical reflectance of silicon wafers. This is especially important for wavelengths in
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the visible and near-IR spectrum.5 The need has also stimulated significant research efforts in

the silicon solar research community to explore a number of approaches to the reduction of the

optical reflectance of silicon solar cells over the past 45 years.4–8 Within this context, surface

texturing represents a promising approach that can be used to engineer surface reflection and

light absorption on the surfaces of the silicon solar cells.

Surface texturing involves the control of surface morphology by etching,9 photolithogra-

phy,10 or laser-based11 techniques that can be used to control the interactions of light with sili-

con surfaces. Solutions of potassium hydroxide (KOH) and isopropyl alcohol (IPA) are the two

most common alkaline etchants that are used for the anisotropic etching of silicon surfaces.

These etchants are used due to their relatively low cost and high capacity for anisotropic etch-

ing of silicon surfaces with improved light trapping characteristics.12–18 However, the effects of

anisotropic etching (on the morphology of silicon surfaces) also depend strongly on wafer ori-

entation.19 Consequently, (001) substrates are textured to form square-based pyramids for the

effective trapping of light in crystalline-silicon (c-Si) solar cells.17 Such pyramidal structures

are formed as a result of interactions between the alkaline solutions and silicon surfaces along

{111} planes.18

The pyramids that are produced are with apex angles of 70.6� and facet tilt angles of 54.7�

for an ideal process20,21 or 45�–52� for non-ideal process.22,23 Furthermore, the pyramidal sizes,

heights, and base widths are usually on the order of several microns.24,25 Consequently, the sur-

face texturing of (100)-oriented silicon substrates can be used to improve the absorption of light

within the silicon substrates.8 This can be achieved by using the reflections from micro-

pyramids to redirect light to produce multiple reflections that increase the possibility of light

absorption by silicon substrates (Figure 1(b)). However, for effective light absorption or multi-

ple reflections, there must be uniformity in the sizes of the pyramids, similar to those of regular

inverted pyramidal structures.26,27

In a recent work, Xun et al.28 suggested that sizes and uniformities of pyramidal structures

are traceable to the amount of IPA that is often added to KOH as a wetting agent, during the

surface texturing process. However, the role of IPA (in the alkaline texturing process) is not

fully understood,29 although prior work has explored the effects of KOH and IPA etching on

the surface morphology of silicon wafers.13,14,28–34 There is, therefore, a need for further studies

to determine the ratios of IPA to KOH that are needed for the control of silicon surface textures

to minimize the reflection of incident sunlight, while trapping the light for photoelectric

conversion.

This paper presents the results of an experimental study of the effects of KOH/IPA etch-

ing on the stability of pyramidal textures on the (001)-oriented silicon wafers. The effects of

etchant concentration and KOH/IPA ratio are explored, along with the effects of etching du-

ration and temperature. The resulting surface morphologies are characterized with atomic

force microscopy (AFM), scanning electron microscopy (SEM), and surface profilometry

(SP). The optical reflectance associated with the different surface textures is also determined

using Ultra-Violet (UV)-visible (VIS) Spectroscopy. The implications of the results are then

FIG. 1. Schematic of light interactions with silicon surfaces: (a) reflection loss on polished, silicon surface and (b) minimiz-

ing reflection loss on textured silicon surface.
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discussed for the development of silicon solar cells with improved photo-conversion

efficiencies.

II. EXPERIMENTAL PROCEDURES

A. Substrate preparation

The (001)-oriented p-type silicon wafers that were used in this study were obtained from

Semiconductor Wafer, Inc., Hsinchu, Taiwan. The wafers had square dimensions of

1 cm� 1 cm, a thickness of 275 lm, and a resistivity of 1 X cm. Prior to the texturing process,

the wafers were dipped in 0.5% HF for 100 s, before rinsing them in distilled deionized (DI)

water and drying in nitrogen gas. The texturing process was done in a GFL-1083 thermo-

coupled water bath (Gesellschaft f€ur Labortechnik (GFL), Burgwedel, Hanover, Germany). The

studies explored the effects of: (i) etchant concentration; (ii) process temperature; and (iii) pro-

cess duration. For each set of experiments, one parameter was varied, while keeping the other

two variables constant.

The process parameters are in summarized in Table I. This shows that the etching times

were varied between 30 and 60 min, in steps of 10 min, while keeping the temperature and

concentration constant. Similarly, the etching temperatures were varied between 50 �C and

90 �C. This was done in steps of 10 �C, while maintaining the etching time and concentration

constant.

Finally, the texturing process was performed at different concentrations (g/ml) and volume

ratios of KOH and IPA, respectively, while keeping the etching time and etching temperature

constant. The textured samples were then rinsed in distilled deionized water and dried in dry

nitrogen gas, after each texturing process.

B. Optical characterization and surface morphology

The optical reflectance of the textured samples was measured using an Avantes Optics UV-

VIS spectrometer (ULS2048, Avantes, Oude, Apeldoornseweg, Netherlands). A Deuterium-

halogen light source was used to direct light towards the wafer sample at an angle normal to

the surface of the wafer. The reflectance spectrum was obtained across eight (8) spots on the

surfaces of each sample. This was used to characterize the homogeneity of the textured surface.

The average surface roughness, Ra of the textured samples was measured using a Dektak 150

Surface profiler (Veeco Instruments Inc., Tucson, AZ, USA). Ra is the main height as calcu-

lated over the entire measured length or area. It is used to describe the roughness of the tex-

tured surfaces and detect the general variations in the overall profile height characteristics. This

was used to determine the roughness profiles in six different regions across the wafers. The

results from the six regions were then averaged to obtain the average surface roughness of each

sample.

SEM observations of the etched wafers were carried out using a Carl Zeiss EVO MA-10

Scanning Electron Microscope that was operated at 10 kV (EVO MA-10, Carl Zeiss, Hamburg,

Germany). The AFM analysis of the textured surfaces used a Dimension 3100 Nanoscope IIIa

Atomic Force Microscope (Bruker, Plainview, NY, USA) that was operated in the tapping

TABLE I. Summary of experimental conditions. DIH2O: deionized water, 18 MX cm, HF: 0.5% solution.

Step Process Chemicals Details

1 HF-Dip 0.5:100, HF-Dip:DI 25 �C, 100 s

2 Anisotropic etching Etchant concentration (V/V %) 40% KOH:IPA:DIH2O

Etch time (min) 30, 40, 50, 60

Etch temperature ( �C) 60, 70, 80, 90

3 Rinsing DI 25 �C

4 Drying Stream of dry N2 gas

063119-3 Fashina et al. J. Renewable Sustainable Energy 7, 063119 (2015)
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mode. The AFM tips had lengths of �125 lm and tip radii of �8 nm. They also had a reso-

nance frequency of �353 kHz. The scanning was done at slow scanning rates (1–3 Hz) to

obtain the AFM images.

III. RESULTS AND DISCUSSION

A. Surface roughness and morphology

The dependence of average surface roughness (Ra) on etching time (t) and temperature (T)

is presented in Figures 2(a) and 2(b), respectively. The results show that Ra increases rapidly

initially, with increasing etch duration. However, it becomes almost stable above the etching

time of 50 min. Similarly, the surface roughness increases as the temperature increases. For the

durations and temperature ranges investigated in this study, the highest average surface rough-

ness value of 676 nm was obtained for an etch time of 60 min at an etching temperature of

90 �C. The variation of Ra with t and T is attributed to the increasing etch rate with increasing

t or T. Similar trends have been reported in prior studies.13,19

The effects of KOH and IPA concentration (on the surface roughness) are presented in

Figures 2(c) and 2(d), respectively. These show that Ra increases with increasing KOH concen-

tration. Similarly, the surface roughness increases with exposure to IPA. This shows clearly that

both KOH and IPA concentration have a significant effect on surface roughness. Furthermore,

as the proportion of IPA is increased, the resulting surface roughness is greater than that due to

KOH alone (Figure 2(d)). This is consistent with prior work that suggests that IPA has a greater

effect on the etching of (001)-oriented silicon wafers than KOH.13 This is attributed to the

spreading and penetrating properties of IPA as a wetting agent, when added to alkaline

etchant.28

The SEM surface morphologies associated with the different etching durations and temper-

atures are presented in Figures 3 and 4, respectively. In both cases, pyramidal facets were

observed on the surfaces of the (001)-oriented silicon surfaces. These are consistent with reports

from prior studies.6,31 They also show that alkaline etching preferentially etches {111} planes

FIG. 2. Average roughnesses data for textured (001)-oriented wafers at different (a) etch time, (b) etch temperature, (c)

KOH volume concentrations, and (d) IPA volume concentrations.
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in silicon.35,36 At higher etch temperatures, the dimensions of the pyramids increases. Hence,

for example, the pyramids formed at 90 �C are larger than those formed at 70 �C. They gener-

ally range in size from 2 to 10 lm, as shown in Tables II and III. Pyramid size is defined here

as the height and base width of the pyramids that are produced on the surface of (100)-oriented

FIG. 3. SEM images of the textured (100) wafers for (a) 30 min, (b) 40 min, (c) 50 min, and (d) 60 min.

FIG. 4. SEM image at higher magnification showing a pyramidal coverage obtained on textured (100) wafer samples at (a)

60 �C, (b) 70 �C, (c) 80 �C, and (d) 90 �C.
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silicon wafer after texturing. However, surface roughness values obtained here is dependent on

this pyramid sizes and its distribution across the surface of the silicon substrate.

Furthermore, pyramidal facets were observed on the surfaces of the (001)-oriented silicon

crystals that were etched with different concentrations of KOH (Figures 4(a)–4(d)) and IPA

(Figures 5(a)–5(d)). The densities of the pyramids also varied widely over the wafer surfaces,

as shown in Figure 5. Nevertheless, a high density of pyramids of �80%–90% was observed

on the silicon surfaces. At low volume concentrations of IPA, the silicon surfaces exhibited few

TABLE II. Variation of pyramid size on silicon textured surface at different etch temperatures.

Process parameter [temperature ( �C)] Average pyramid size (lm) Remarks

60 2.75 Small non-uniform

70 5.33 Medium low density

80 6.91 Medium high density

90 10.8 Big non-uniform

TABLE III. Variation of pyramid size on silicon textured surface at different IPA concentrations.

Process parameter [IPA concentration (g/ml)] Average pyramid size (lm) Remarks

KOH:IPA:DI

2:1:46 2.37 Small non-uniform

2:2:46 3.78 Small non-uniform

2:4:46 6.4 Medium uniform

2:8:46 10 Big uniform

FIG. 5. SEM image at higher magnification showing a pyramidal coverage obtained on textured (100) wafer samples at

IPA volume concentrations (KOH:IPA:DIH2O) of (a) 2:1:46, (b) 2:2:46, (c) 2:4:46, and (d) 2:8:46.
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large square-based pyramidal structures with increasing volume concentration of IPA. However,

a further increase in the volume concentration of IPA led to a higher density of uniformly dis-

tributed pyramids with smooth pyramidal facets (Figure 5(c)). This implies that the improve-

ment in the pyramid uniformity on the wafer can be attributed to the effects of IPA, as pro-

posed in Ref. 13. The SEM images of the textured surfaces also suggest that IPA has a greater

effect on surface roughness than KOH.

Further evidence of the faceted etched structures was obtained from the AFM images.

These were found to be qualitatively similar to the SEM images (Figures 3–5). The improved

resolution of the AFM images (Figure 6) also revealed the non-ideal effects of etching on the

surface morphologies of the etched surfaces. However, from the AFM analysis, the base angle

(or facet tilt angle) of the pyramidal structures is slightly smaller compared to those produced

in the case of an ideal etching where the facet tilt angle is generally accepted to be 54.74�.20,21

The facet tilt angles of the pyramids observed here ranges from 48� to 51�, which falls within

the range specified by Baker-Finch et al. in Refs. 16 and 22. A summary of the surface rough-

ness data obtained from the AFM analysis is presented in Table IV. For comparison, the profil-

ometry results are also included in Table IV. These show that the roughness values obtained

from the AFM analyses are consistent with those obtained from profilometry.

B. Optical reflectance and absorbance

The dependence of the substrate optical reflectance, R, and absorbance, A, on the texturing

process parameters are presented in Figures 7(a)–7(d) and 8(a)–8(d), respectively. Since the op-

tical transmittance for the 275 lm thick silicon wafers is almost zero in the visible region,37 the

absorbance, A, is obtained from the expression

A ¼ 100� R: (1)

The total absorbance within the textured silicon wafers, is obtained for the process parameters

presented in Figure 8, by integrating the differential absorbance data obtained from the UV-VIS

Spectrometer, over the spectrum (i.e., from 200 nm to 800 nm). Table V shows the total

FIG. 6. 3D profile AFM images of KOH textured silicon wafer samples at IPA volume concentrations (KOH:IPA:DIH2O)

of (a) 2:1:46, (b) 2:2:46, (c) 2:4:46, and (d) 2:8:46.
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absorbance data for the different etch durations, temperatures, KOH volume concentrations, and

IPA volume concentrations, respectively. In all cases, the reflectance of the textured wafers was

less than 10%, while the absorbance was greater than 90%. For exposure durations of up to 40

min (Figure 7(a)), the effects of etching time were found to be very limited. However, for dura-

tions up to 60 min, the reflectance decreased with increasing exposure to alkali etchants.

Similar trends have been reported by Mackel32 and Llopis and Tobias38 for anisotropically

etched single crystal (001) silicon wafers.

The effect of etching temperature on the optical reflectance is presented in Figure 7(b).

This shows that the reflectance decreases initially, for wavelengths between 230 nm and

400 nm, as the etching temperature increases between 60 �C and 80 �C. For wavelengths within

the visible spectrum (400 nm–700 nm), the reflectance decreases continuously, as the etching

temperature increases from 60 �C to 80 �C.

FIG. 7. Reflectance spectra of textured wafers at different (a) etching time, (b) etch temperature, (c) KOH volume concen-

trations, and (d) IPA volume concentrations.

TABLE IV. Summary of surface roughness data.

Process parameter Profilometry average roughness (Ra) (nm) AFM localized roughness (nm)

Etch time (min) 30 201 127

40 565 294

50 621 344

60 643 559

Etch temperature (deg) 60 342 156

70 574 361

80 641 423

90 676 700

IPA concentration (g/ml) 1 315 182

2 529 411

4 604 634

8 681 854
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However, above 80 �C, increasing temperature is associated with similar reflectance at

80 �C. This is attributed to the faster dissolution kinetics, as suggested in prior work by

Allongue et al.39 The effects of KOH:IPA ratios on the optical reflectance are presented in

Figures 7(c) and 7(d). These results show that IPA has a greater effect on the surface reflec-

tance than KOH. This is consistent with prior results obtained from the etching of (001)-

oriented silicon wafers.38,39

TABLE V. Total absorbance data (integrated over the spectrum) for textured silicon wafers at different (a) etch times, (b)

etch temperatures, (c) KOH volume concentrations, and (d) IPA volume concentrations.

Process parameter Total absorbance (%)

a. Etch time (min)

30 95.34

40 95.26

50 96.20

60 97.07

b. Etch temperature (deg)

60 93.03

70 94.49

80 95.34

90 94.71

c. KOH concentration (g/ml)

1 94.13

2 95.76

4 95.15

d. IPA concentration (g/ml)

2 95.13

4 95.76

8 97.32

FIG. 8. Absorbance spectra of textured wafers at different (a) etching time, (b) etch temperature, (c) KOH volume concen-

trations, and (d) IPA volume concentrations.
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C. Implications

The implications of the above results are quite significant. They show that IPA concentra-

tion has a greater effect on surface roughness than the effect of KOH concentration (Figures 2

and 7). Higher volume concentrations of IPA result in rougher surfaces and more uniform dis-

tributions of pyramids. They also increase the densities of pyramids on the silicon surfaces.

However, the variations in pyramidal texture from rough to smooth facets (shown in Figure 5)

can also be attributed to the effects of increasing volume concentration of IPA. This leads to a

decrease in reflection shown later in Figure 7(d).

The above results suggest that the ratio of IPA concentration to KOH concentration can be

tuned to control the etching of (001) silicon surfaces and the final surface morphology.

Ultimately, this insight can be used to control the wafer surface reflectance of silicon wafers.

The etching rate can also be accelerated by increasing the etch temperature and duration of

etching, as shown in Figures 2 and 7. However, etching temperatures above 80 �C should be

avoided since this is above the boiling point of IPA (�82.4 �C).40 Evidence of temperature-

induced cracking has also been presented by Sethi et al.41 for silicon wafers subjected to tem-

peratures up to 60 �C.

The AFM images also revealed the occurrence of some local roughening or damage of

the {111} facets, after etching with higher KOH concentrations (Figures 6(c) and 6(d)).

Such local roughening may lead to damage and light scattering. There is, therefore, a

need to limit the concentration of KOH to levels that can minimize such local roughening.

In contrast, the etching (001)-oriented silicon surface is enhanced by increasing the concen-

tration of IPA in a moderate concentration of KOH. When this is done, the surface rough-

ness increases with increasing IPA concentration (Figure 2(d)). This results in lower

surface reflectance over the range of wavelengths that is relevant to (001)-oriented single

crystalline silicon solar cells. This reduced reflectance enables more light to be trapped for

the photo-conversion of light into charge. It can, therefore, be used to enhance the optical

absorbance and efficiency of the c-Si solar cells from 63% to 87%31 and 12.5 to 25.6,7,31

respectively.

IV. CONCLUSIONS

The effects of KOH:IPA etching of (001)-oriented silicon single crystals are explored in

this study. The results show that IPA concentration has a greater effect on the surface rough-

ness of (001)-silicon single crystals at temperatures up to 80 �C. The etch rate also increases

with increasing etching temperature/duration and increasing concentration of KOH. However,

volume concentrations of KOH:IPA above 2:4 can give rise to surface damage after exposures

of �1 h. Increasing the volume concentration of IPA also results in smoother pyramidal facets

on (001)-oriented silicon surfaces.

The reductions in surface reflectance associated with controlled etching of (100)-oriented

silicon wafers with KOH:IPA mixtures suggest that controlled etching can be used to trap light

by the formation of textured silicon surfaces that promote multiple reflections. The increased

interactions with incident light rays can enhance the amount of light absorbed by (001) silicon

single crystals. Hence, the controlled texturing of silicon wafers can be used to enhance the ab-

sorbance and photo-conversion efficiencies of (100)-silicon solar cells by reduction of the

reflectance.
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