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Abstract 
 

In this paper, the surface morphology of textured silicon substrates is explored. Prior to the surface morphology analysis, textured silicon 

substrates were obtained by KOH anisotropic texturing of polished silicon wafers. This was achieved by investigating of the dependence 

surface texturing on the process parameters; etchant concentration, etching time and temperature. The surface morphology of the textured 

silicon samples was obtained using atomic force microscopy that was operated in the tapping mode. The resulting atomic force micros-

copy (AFM) images were analyzed using the Nanoscope and Gwyddion software packages. The AFM analysis revealed more surface 

details such as the depth, roughness, section, and step height analysis. The analysis was limited to a length scale of a few micrometers, 

which carefully reveals the number of individualities of the initial stages of pyramid growth. The average roughness was found to be 

593nm for an optimally textured silicon wafer. The implications of the study are then discussed for potential light trapping application in 

silicon solar cells. 

 
Keywords: AFM; Surface Texturing; Surface Roughness; Pyramid Formation and C-Si Solar Cell. 

 

1. Introduction 

Silicon-based solar cells accounts for about 90% of the solar pan-

els presently sold in the world today [1]. In such panels, the ab-

sorption of rays from the sun is moderately weak, which is as a 

result of the optical losses that occur due to the high refractive 

index of silicon [2], [3]. Consequently, this reduces the efficiency 

of crystalline silicon solar cells to the levels between ~12 and 20% 

[4]. As such, increasing the efficiency of the silicon-based solar 

cells is crucial and that is why the silicon solar research communi-

ty has been exploring several reflection-reducing techniques over 

the past 50 years or more [4-8]. However, for efficient silicon 

solar cells to be achieved, a textured front surface is required.  

Texturing of the crystalline silicon wafer is usually one way to 

reduce reflection and enhance the absorbed light into the silicon 

substrate [9] and invariably, into the device [10], [11]. It is often 

achieved by using anisotropy etching to modify the surfaces of 

(100) silicon substrates into square-based pyramidal structures 

[12]. Potassium hydroxide (KOH) and isopropyl alcohol (IPA) are 

the most preferred alkaline solutions used for anisotropic etching 

of silicon substrates [13-21]. Furthermore, the surface texturing of 

(100)-oriented silicon substrates can be used to improve the ab-

sorbance characteristics of silicon substrates [6], [21]. Given that 

such improved absorption can be used to increase photo-

conversion efficiencies of silicon solar cells, there is a need to 

study the micro-pyramidal geometries of textured silicon sub-

strates.  

For decades now, AFM has become a valuable tool for studying 

morphological change or difference in surface science [22-26]. 

AFM works by scanning an extremely fine probe at the end of a 

cantilever across the surface of a material, profiling the surface by 

measuring the deflection of the cantilever (See Figure 1) [22], 

[27]. This helps to provide a 3D profile of the surface to be pro-

duced at magnifications over one million times, giving much more 

topographical information than optical or SEM [26], [27]. The 

microscope can run in three modes namely; contact, non-contact 

and tapping mode. The AFM is mostly operated in the tapping 

mode because it provides higher resolution with minimum sample 

damage [27], [28]. This allows researchers to effectively study the 

surface morphology of different surfaces such as in the case of 

textured silicon substrates that are used in solar cells applications 

[29-35]. In our previous studies [9], [12], scanning electron micro-

scope (SEM) has been used to evaluate the morphology of tex-

tured sample after etching [9]. However, SEM does not readily 

yield quantitative information such as the height distributions, 3D 

profile images, etc.  

This paper presents the results of a morphological study of tex-

tured silicon substrates that are used for solar cells application. In 

order to ascertain the effectiveness of the etching process, textured 
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substrates were characterized by AFM. The resulting surface mor-

phologies were analyzed using the Nanoscope, and Gwyddion 

software packages. The AFM analysis was then used to reveal 

more surface details such as the depth, roughness, section, and 

step height analysis. The implications of the results are then dis-

cussed for development of future design of micro-textured silicon 

substrates.  

 

 
Fig. 1: Schematic Diagram of an Atomic Force Microscope. 

2. Theory 

The formation of images in atomic force microscopy has a non-

linear quality due to the multiple interacting regions between tip 

and sample [27], [28]. By measuring forces between a sharp probe 

(<10 nm supported on a flexible cantilever) and surface of a sam-

ple at very short distance (0.2-10 nm probe-sample separation), 

the AFM gives a 3D profile at the surface on a nanoscale [27], 

[28]. To achieve this, the AFM tip gently touches the surface of 

the sample and records the small force between the probe and the 

sample. These forces between the tip and the surface of the sample 

cause the cantilever to bend, or deflect. The resulting force record-

ed is then used to generate a map of surface topography. Alt-

hough, different forces normally contribute to the deflection of an 

AFM cantilever, the force that is mostly associated with AFM is 

an interatomic force known as the van der Waals force [28]. The 

amount of force between the probe and sample is dependent on the 

stiffness of the cantilever and the distance between the probe and 

the sample surface. This force can be determined from Hooke’s 

Law to be [28]:  

 

F = -kx                                                                                          (1) 

 

Where F, k and, x are the Force, spring constant (stiffness), and 

cantilever deflection, respectively.  

The dependence of the van der Waals force upon the distance 

between the tip and the sample is shown in Figure 2. Two distance 

regimes are shown in Figure 2: (1) the contact regime; and (2) the 

non-contact regime. In the contact regime, the probe predominate-

ly experiences repulsive Van der Waals forces [28]. This leads to 

the tip deflection described previously. As the tip moves further 

away from the surface attractive, Van der Waals forces are domi-

nant (non-contact mode.). 

 

 
Fig. 2: Plot of Force as a Function of Probe-Sample Separation. 

3. Experimental procedures 

3.1. Substrate preparation 

The texturing experiment was carried out in a GFL-1083 thermo 

coupled water bath (Gesellschaft fur Labortechnik (GFL), 

Burgwedel, Hanover, Germany). Substrates used for the texturing 

process are one-side polished 2” CZ grown (100)-oriented p-typed 

c-Si wafers that were purchased from Semiconductor Wafer Inc., 

Hsinchu, Taiwan. The wafers had a resistivity of 1Ωcm and a 

thickness of 275μm. Before the etching process, samples were 

dipped in 0.5% HF solution for 100s to remove the native oxide. 

At the end of each etching process, the textured samples were 

rinsed thoroughly in deionized water and dried under a stream of 

nitrogen gas. Samples were etched in an alkaline solution of 

KOH/IPA under the etching conditions of an etch duration of 40 

min, an etch temperature of 80 °C, and a volume concentration of 

KOH: IPA in the ratio 2:4. These are the optimum parameters 

obtained in our prior study. A detailed report can be found in Ref. 

[9]. Finally, at the end of each texturing process, the samples were 

rinsed in distilled de-ionized water and dried in nitrogen gas. 

3.2. Surface morphology 

The microscopic structures of silicon surfaces were independently 

investigated using a Dimension 3100 Nanoscope IIIa Atomic 

Force Microscope (Bruker, Plainview, NY, USA). The AFM im-

ages were acquired in the tapping mode and in the repulsive force 

regime with a force constant of the order of 1 nN between the 

AFM tip and sample surface. Conventional pyramidal-shaped 

silicon cantilever tip (20-80 N/m) was used to provide topographic 

and corresponding phase images. Their typical length and radius 

of curvature were 125 m and 8 nm, respectively, and the reso-

nance frequency was about 353 kHz. Due to the variation of sur-

face height of the textures surfaces, the scanning was done using 

slow scanning rates (1-3 Hz) to obtain the best quality images. 

NanoScope (version 1.5) and Gwyddion (version 2.19) Open 

Source Software Packages were used for the analysis of the AFM 

images obtained. These include the roughness analysis, the depth, 

section, and step height analysis.  

4. Results and discussion 

4.1. AFM analysis 

Surface topography plays an important role in understanding the 

morphological behavior of the textured sample. The microscopic 

method (AFM analysis) utilized throughout this study provided an 

improved understanding of the surfaces. Additional proof of the 

surface etched structures was acquired from the AFM images as 

shown in Figures 3 and 4. They were observed to be qualitatively 

related to the SEM images obtained in our prior study [9]. 
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Fig. 3: 2 D Profile AFM Images of KOH Textured Silicon Wafer Samples 

for (A) 30 Min, (B) 40 Min, (C) 50 Min and (D) 60 Min. 

 

 
Fig. 4: 3 D Profile AFM Images of KOH Textured Silicon Wafer Samples 

at Different Etchant Concentration. 

4.1.1. Line profile (section analysis) 

The cross-sectional profile and the fast Fourier transform (FFT) 

along the reference line are displayed in Figure 5 below for single-

line section and Figure 6 for multiple line section. The surface 

morphology confirms the pyramid formation with a depth of about 

124 nm and an observed average roughness of about 87 nm as 

shown in Figure 6. This signifies the possibility of achieving a 

good light trapping effect for solar cell applications. 

 

 
Fig. 5: 2 D Atomic Force Microscopic (AFM) Height and Cross-Sectional 

Images for A KOH Textured Wafer Sample under the Condition: 

KOH=40%, T=800 C, T=40 Min. 

 

 
Fig. 6: 2 D Atomic Force Microscopic (AFM) Height and Cross-Sectional 

Images for A KOH Textured Wafer Sample Using the Gwyddion Software 

Package. 

4.1.2. Depth analysis 

Figure 7 displays a top view image, a histogram and depth data 

results from raw depth data. In an effort to estimate the effect of 

surface roughness of the textured samples on the experimental 

depth profile curves, AFM measurements was carried out for vari-

ous textured samples. The height profiles show the depth of typi-

cal etch pits in the specific regions marked by White Square in 

AFM micrograph (See Figure 7). The data points with the highest 

peaks are the two most dominant features, and were compared in 

analyzing the depth of regions of interest. The depth at the maxi-

mum peak on the histogram is found to be 856.95nm for the speci-

fied region as shown in Figure 7. 

 

 
Fig. 7: Presents A Top View Image, A Histogram and Depth Data Results 

from Raw Depth Data for an Optimally Textured Silicon Substrate. 

4.1.3. Roughness analysis 

To estimate the rate of the surface roughness increment with re-

spect to the process parameters, different roughness parameters 

were calculated based on the acquired AFM data. The rms rough-

ness Rrms (also denoted Rq) is calculated as the standard deviation 

of all pixel values from the mean pixel value while the Ra rough-

ness value represents the standard deviation of pixel value from 

the mean plane. However, the AFM-determined rms roughness for 

the textured samples strongly depends on the scan area; for exam-

ple, ~700 nm for 10 µm × 10 µm and ~156 nm for 2 µm × 2 µm 

(same sample). These can be observed from in Figure 8. The pro-

filometry results for the textured samples at different etch temper-

ature.are also presented in Figure 9. It is deducible from Figure 9 

that as the etching temperature increases, the roughness of the 

textured sample increases correspondingly. The AFM-determined 

average roughness is obtained to be 593nm for the optimally tex-
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tured silicon substrate. These show that the roughness values ob-

tained from the AFM analysis are consistent with those obtained 

from profilometry. 

 

 
Fig. 8: AFM Localize Roughness with Respect to the Scan Size. 

 

 
Fig. 9: Roughness Data for the Textured Sample at Different Etch Tem-

perature. 

4.1.4. Step height analysis 

In order to clearly ascertain the height of the pyramids that are 

produced on the surface of the textured substrates, step height 

analysis was carried out. Figure 10 displays an improved statistics 

obtained using a step height analysis. Here, two sets of lines de-

fine certain areas on the two levels of altitude, which are analyzed. 

Instead of calculating individual height differences, the mean dif-

ference in height between the areas selected is estimated using the 

Nanoscope software package. 

 

 
Fig. 10: Step Height Analysis of AFM Image of A Textured Silicon Wafer 
(A Step Height of 19.0 Nm Was Obtained) as Shown Above, By Analyz-

ing Cross Sectional Plots the Difference between the Average Height of 

Each Region. 

5. Implications and concluding remarks 

In this research work, textured silicon substrates were prepared 

and characterized before exploring their morphological properties. 

In an effort to examine the morphological structure of the textured 

surface, an AFM analysis was performed on the different samples. 

The AFM images confirmed the presence of some local roughen-

ing on the pyramidal facets (See Figure 4). This implies that KOH 

textured pyramidal structures can be used to control the optical 

reflectance of the substrate since the local roughening leads to 

light scattering. The improved 3D AFM height images in Figure 4 

also show that the surface morphologies of the textured surfaces 

are produced from a non-ideal effect on the etching process. Nev-

ertheless, the AFM analysis further revealed that the pyramidal 

structures obtained have facet tilt angles that are slightly smaller to 

those produced from an ideal etching process where the facet tilt 

angle is typically established to be 54.74° [36], [37]. The facet tilt 

angles of the pyramidal structures obtained in this study (between 

48° to 51°) falls with the specified range established in Refs. [38-

41]. The current results suggest that such controlled texturing of 

silicon substrates can be helpful in the enhancement of photo-

conversion and the efficient of silicon solar cell. Hence, this study 

offers practical insights with possible implications to the devel-

opment of light trapping techniques for silicon solar cell. 
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