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Abstract 

We investigate the effect of surface texturing on the light trapping properties of Silicon wafers as a 

function of reflection reduction and surface morphology. This was achieved by structuring a 

random square-based pyramids pattern on the surface of Silicon substrate using anisotropy etching. 

The light trapping effect was optimized for silicon solar cells by investigating the dependence of the 

silicon surface texturing on the process parameters such as etchant concentration, etching time and 

temperature. We study the surface morphology by analyzing the surface behaviour of the textured 

substrate using the atomic force microscope and scanning electron microscope. The results of 

roughness and optical reflection were obtained using the surface profiler and the UV/VIS the 

spectrometer respectively. In addition, an analytical modelling method was developed to determine 

the angles of incidence of light rays with each of the facets of the pyramids and the coordinate of 

the reflected light rays. The method used here is based on 3-D vector geometry of the pyramidal 

facets. The optimum parameters are found to be 40min, a temperature of 80
o
C and with 

KOH/IPA/DI in the ratio [2:4:46] by volume, yielding a surface roughness over 600 nm and a 

relative optical reflectance in the visible spectrum less than 10%, using polished Si as reference.  

The results and analysis of both the modelled and measured reflectance, suggest that the 

performance of the light trapping technique has a big potential in silicon solar cells application. 

1 Introduction 

In recent years, Silicon based solar cells represents the main technology in the commercial 

production of solar cells. It accounts for about 90% of the solar panel sold in the world today [1]. In 

such Panels, the absorption of sunlight is relatively weak as a result of the optical losses due to the 

high refractive index (approximately 3.5) of crystalline silicon at solar wavelengths [2]. Moreover, 

about 35% of the incident light is reflected back from the silicon surface (see Figure. 1a) which 

invariably reduces the efficiency of the solar cells. In order to increase the efficiency of the silicon 

based solar cells, there is a need to reduce the optical reflectance of silicon wafers especially in the 

visible spectrum. This is why the photovoltaic research community have been exploring numerous 

reflection-reducing techniques in the last 45 years [3-7]. Surface texturing happens to be one of the 

most widely-used reflection reducing techniques in crystalline silicon cells applications [8]. 

Generally, surface texturing involves roughening the silicon surface to improve the transmission at 

the interface of the substrate by allowing light that is initially reflected to be redirected again 

(Figure1b).           
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Figure 1: (a) Reflection loss on polished silicon substrate (b) Minimizing reflection loss on  

textured silicon substrate 

 

Potassium hydroxide (KOH) and additive isopropyl alcohol (IPA) are the most common alkaline 

texturing method (anisotropic etching) used to reduce surface reflection. This is as a result of its 

relatively low cost, and high output in term of the light trapping effect [9-15]. However, the effects 

of this process both morphologically and optically dependent on the orientation of the wafer, 

etching temperature, and solute concentration etc. Consequently, substrates with (100)-oriented are 

textured in order to form a square-based pyramids for effective light trapping in c-Si solar cells 

[14]. This pyramidal structure is formed as a result of the alkaline solutions etching the silicon 

surface along the crystallographic orientation to expose the (111) plane [15]. In a recent work, M. 

Xun et al suggested that the size and uniformity of the pyramid structure is traceable to the 

isopropyl alcohol (IPA) which acts as a wetting agent when added to alkaline etchant [16]. For 

instance, a relatively low IPA concentration will yield less number of pyramids but bigger in size 

[16]. Moreover, the pyramid size, heights and base widths are usually on the order of several 

microns, meaning reflection falls within a basic structure that supports geometric optics [17]. It is 

therefore important to understand the geometric structure of the textured silicon surface due to the 

fact that light entering a textured substrate does so at an angle. However, much as not been done 

analytical to determine both the angles light makes on the textured facets, and the overall reflection 

by investigating the optical interaction of the square based pyramids. 

  In this work, we will perform an anisotropic etching to study the dependence of the Silicon 

texturing on the process parameters such as etchant concentration, etching time and temperature. 

This allowed us to effectively study the morphological behaviour of textured silicon substrate with 

respect to variation of the concentration of both KOH and IPA. Furthermore, SEM and AFM have 

been used to characterize the size and shape of the pyramid on the surface of the textured wafers. 

Furthermore, the results of roughness and optical reflection were obtained from the surface profiler 

and the UV/VIS the spectrometer respectively. Also, an analytical texture models created to study 

the light interaction with the pyramidal structure is presented. 

 

2 Theory 

(a) Geometry of pyramid formation 
When KOH texturing of a (100) oriented Silicon wafer is carried out, grooves with (111) sidewalls 

are aligned with the (100) planes at a specific angle. This angle can be calculated using vector 

operation (dot product), since the angle between the (100) plane and (111) plane is the same as the 

angle between their unit normal vectors. Thus by inspection, the unit normal of both the (100) plane 

and (111) plane can be obtained from miller indices as can be seen in figure 2. 

 

 

 

 

 

 

(a) Polished Silicon Substrate (b) Textured Silicon Substrate 
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Figure 2: (i) the square and triangular shapes represents the (100) plane and (111) plane 

respectively (ii) a rectangle including the main diagonal of the cube used to determine the angle of 

interest. 
Thus: 

                                                    100 · 111 = | 100| | 111| .                                                       (1)     

 

=  

 

 =  

 

 =  

 

 = 54.74  

  

Where | 100| and | 111| represents the magnitudes of unit normal vectors and θ is the angle of 

interest. Due to symmetry, plane 111 meets plane 010 and 001 at same angle (54.74°). This implies 

that for all incident light ray normal to the substrate, the primary reflections are 54.74°. 

 

(b) Textured Surface Model 

Based on the evidence that light entering textured silicon surface does so at a particular angle [7] a 

need is required to calculate the various angles of incidence that light makes with the facets.  Hence, 

we present an approach, using the vector geometry method. The method is able to specify both the 

facet and the light rays as a vector. In addition, the vector geometry method uses the dot products, 

and phong’s projection model to determine the angle of interest and the coordinate of reflected ray 

respectively.  

 

 

 

Figure 

 

 

   

 

 

 

 

Figure 3: Top view of a square based pyramid showing the unit vectors and normal vectors on the 

textured surface. 

 

Since the KOH texturing of (100) oriented wafer forms a surface pyramid in the family of (111) 

plane [15, 17], we begin by representing the pyramidal surfaces in term of vectors. As described in 

Figure 3, the diagonals of the pyramids are represented by a unit vectors i and j respectively while k 

is the normal to the greater part of the substrate. This allows us to be able to specify the normal 
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vector n for each of the facet of the pyramid (see Figure 3). For the purpose of finding the angles of 

incidence of light with individual facets, it is required that the light ray is also defined in term of a 

vector. Nevertheless, this need to be defined with respect to the angle it makes with the substrate. 

So we define this as vector v = -i +j – x*k (where x is a variable that must complement the angle it 

makes with the substrate). Since the normal vector of the substrate point in the (001) direction, we 

simply define it as n = k. Thus, dot product is used to determine the angle between v and n as 

follows: 

 

          · n = |v||n| .                   (2) 

 

Where |v| and |n| represents the magnitudes of vectors and θ is the angle of interest. By making use 

of v and n, equation (2) becomes  

 

                                               =   or =                                 (3) 

 

With the light ray vector known for a given angle of incidence (equation 3), the angles of incidence 

for the primary reflection can be determined. Note that the only exception to the above formula for 

x is when the incident angle is equal to 0°; in this situation, the light ray vector is simply defined as 

v = -k. 

  Once the incident light ray vector is known, the angles it makes with the facets can be calculated. 

This makes it easier to find the secondary reflections. To determine the coordinate of the reflected 

vector, the Phong model [18] can be employed. The model has light reflected from a surface in such 

a way that angle of incidence equal angle of reflection (i.e. obeys the law of reflection) as illustrated 

in Figure 4. 

 

 

 

 

 

 

Figure 4: Phong reflection model showing the vector projection of the incidence light ray. 

 

Where v is the direction of the incidence light ray vector, r is the direction we want to calculate, n is 

the surface normal, and V and R are the incidence and reflected angle respectively. From Figure 4, 

the reflected ray vector r can be determined using vector projection given by: 

      

                                                                                (4)                                          

 

From Figure 4, p is a projection of v onto n and thus we have that 

 

                                                                            (5) 

Also using the dot product of two vectors, we have 

                                                                                                                               (6) 

 By combining equation (5) and (6) and substituting in equation 4, p becomes 

                                                                                                                                  (7) 

 

Since vector q connects v with its projection and also connects p with r (see Figure 4), thus, Putting 

all of this together, the coordinate of the reflected vector r gives: 

V R 
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                                                                                                   (8) 

 

Considering a light under normal incidence to the substrate as an example, equation (8) can be 

applied in calculating the secondary reflection for a given light ray (v = -k) that incident on a facet 

with n1 = i + j + k, and the secondary reflection occurs on a neighbouring facet with n2 = -i – j + k. 

Thus: 

 

 
 

                 

 
 

 
 

Therefore, for normal incidence to a texture substrate, all secondary reflections occur at an angle of 

.  

 

  On one hand, this method has been able to present a possible way to calculate the angles between 

any incoming ray of light and any pyramidal facet. On the other hand, it failed to deal with the 

fraction of light rays that are incident on each facet and whether a given reflection actually occurs 

or not. These issues can be taken care of by inspecting a simpler system such as periodic textured 

grooves and then expand them to a surface of textured pyramids. 

 

3. Experimental Procedures  

(a) Substrate Preparation:  

  In this work, an anisotropic texturing process for c-Si wafer substrates was studied using a mixture 

of KOH and IPA solution. Experiments were carried out in GFL-1083 thermo-coupled water bath. 

The substrates used in this work were 2" (100) c-Si polished wafer, CZ grown, p-type doped, 1Ωcm 

resistivity, and a thickness of 275μm. All samples received the same cleaning sequence prior to the 

surface texturing, Table (1) summarizes the details of the cleaning sequence used for the samples 

processed. 

Table 1: Cleaning sequence used for wafer 

DIH2O: Deionized Water ~ 18MΩ.cm, HF: 0.5% Solution 

 

  The dependence of the Silicon texturing on the process parameters such as etchant concentration, 

etching time and temperature were investigated and reported. A set of experiment was carried out 

with a total of forty-five experimental runs to determine the optimum values for the process 

parameters. Firstly, the texturing process was carried out at different etching time (30 - 60mins), 

Step Process Chemicals Details 

1. HF-Dip 0.5:100, HF-Dip: DIH2O 25
0
C, 100Seconds 

2. Rinse DIH2O 10 Minutes 

3. Dry Stream of N2 gas Clean environment 
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utilizing fresh solution for each run while keeping the temperature and concentration constant. 

Likewise, the etchant temperature was varied from 50
0
C to 90

0
C in steps of 10

0
C, using fresh 

solution while maintaining a constant etching time and concentration. 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. At the end of each texturing 

process, the textured samples were rinsed in deionized water and dried under a stream of nitrogen in 

a clean environment. 

(b) Optical Characterization 

Optical reflectance of the textured samples was measured with an Avantes Optics UV-VIS 

spectrometer. Basically the spectrometer operates by providing a light source towards an aperture 

using an optical fiber and uses another aperture to measures the amount of light transmitted or 

reflected by the sample under test [19]. In this work, a deuterium-halogen light source with a 

spectral illumination range of 200nm to 1100nm was used to direct light towards the apertures. The 

ability to take the reflectance measurements was largely dependent on the recorded baselines. 

Before samples were measured, the spectrometer was first calibrated at 0% and 100% reflectance 

baselines for dark spectrum and reference spectrum respectively. Calibration was achieved in this work 

by using a black surface as background signal for the dark spectrum and a polished silicon wafer for 

the reference spectrum. In order to reduce the noise in the spectrum, some parameters like the signal 

integration time was slightly adjusted to a time of 120ms to maintaining a strong signal without 

saturating the photodetector. Other parameters enabled were the electrical dark current correction 

and the number of spectra to average. The reflectance spectrum was obtained across eight (8) spots 

on the surface of each individual samples to evaluate the homogeneity of the textured surface. After 

take the measurement, the resulting data was exported to perform a spectral analysis.  

 (c) Morphological Characterization 

(i) Surface Roughness Measurement 

The surface roughness for each of the sample was evaluated using a Dektak 150 Surface profiler 

from Veeco Instruments Inc. Getting the right variation in the surface topography of the samples 

after mounting, depended on a small stylus diamond-tip which the profiler relies on for 

measurement. The stylus diamond-tip moves down vertically towards the surface of the sample to 

obtain the various surface features [20]. The relative roughness of each sample was determined 

using this approach. The average roughness (Ra) and root mean square (RMS) were calculated with 

the use of the software package of the profiler which also plotted the graph of the measurement as a 

function of the line scan [20]. To determine and evaluate the uniformity of the roughness, six (6) 

spots were measured across the surface of each individual substrates from which an average value 

was then calculated 

 

(ii) Scanning Electron Microscope observations  

Carl Zeiss EVO MA-10 scanning electron microscope (SEM) was employed to image the surface of 

the textured samples. The secondary electron detector was used in this study to achieve higher 

resolution. All samples were appropriately cut to a size that can fit on the specimen stub before 

mounting. The surface of the sample was bombarded with a low-energy (0.5~20KeV) beam of 

electrons. The incident electron beam caused a low-energy (0~50eV) secondary electrons to be 

ejected from the inner shells of the atoms making up the surface of the sample under analysis. An 

image was formed by scanning the sample and recording the intensity of the secondary electron 

current. In this way, the SEM provides a useful means for investigating the morphological 

properties of the textured surfaces at various magnifications.  
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 (iii) Atomic Force Microscopy Experiment 

  The microscopic structures of silicon surfaces were further investigated independently, using a 

Digital Instruments Nanoscope IIIa AFM (Digital Instruments, Plainview, NY). AFM experiments 

were performed in air, over a temperature range of 22-25°C and the resulting images were obtained 

in the tapping mode. Silicon AFM tips (20-80N/m) purchased from Veeco Instruments (Woodbury, 

NY) was used to provide topographic and corresponding phase images. The lengths of the tips, their 

resonance frequency and radius of curvature were 125 m, 353 kHz and 8nm, respectively. Since the 

AFM measurements are highly sensitive to surface roughness, slow scanning rates (1-3Hz) were 

selected to acquire the best possible images. For the AFM images analysis, different software such 

as Nanoscope 130, MATLAB, and Gwyddion 2.29-1 were used.  

 

4. Results and Discussion  

a) Reflectance Analysis 

 The dependence of the substrate optical reflectance as a function of the texturing process 

parameters is presented in Figures 5 - 8.  From the optical reflectance spectra of the textured 

samples, it can be observe in all cases that, the reflectance of the textured wafer was less than 10%. 

It is also deduced that as the etching time increases, there is a corresponding reduction in the 

reflection, with the optimum etching time obtained at 40minutes. This etch time gave the highest 

reduction in reflectance at the process optimum condition taking untextured wafers as the reference. 

The result of the optical reflectance of the textured wafers at various process temperatures is shown 

in Figure 6. It can also be observed that the reflectance decreases as the etching temperature 

increases at an interval of 10
0
C. The etching temperature with the best minimized reflectance is 

found to be 80
o
C. Figure 7 and 8 shows the effect of the concentration of KOH and IPA on 

texturing process respectively. It is observed that the reaction of the etchant (KOH and IPA) with 

the surface of the wafer sample is enhanced by increasing the concentration of IPA compared to 

KOH. This led to the low reflectance in all the solution mixture varied at the optimized etching 

temperature of 80
o
C and etching time of 40min. However, the etchant concentrations with a volume 

ratio of 2: 4: 46 (KOH: IPA: DIH2O) is found to have lowest average reflectance.  

 
  

Figure 5: Reflectance spectra of textured wafers at various etching times. 
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Figure 6: Reflectance spectra of textured wafers at various etching temperatures 

 

 

    Figure 7: Reflectance spectra of etched wafers at various KOH concentrations. 
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Figure 8: Reflectance spectra of etched wafers at various IPA concentrations. 

 

b) Roughness Analysis 

To estimate the rate of the surface roughness increment with respect to the process parameters, 

different roughness parameters were calculated based on the acquired result from the profiler and 

the AFM data. Figures 9-12 present a summary of the average roughness values for the textured 

samples using a surface profiler.  From Figures 9 and 10, it is deducible that as the etching time and 

temperature increases, the roughness of the etched sample increases correspondingly. The highest 
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average roughness value is observed to be 643nm at an etch time of 60mins and 676nm at an etch 

temperature of 90
0
C. This indicates that the roughness of the samples depends on both the etch time 

and temperature.  In order to study effectively the effect or influence of KOH and IPA 

concentration on surface roughness, their results are presented separately in figures 11 and 12. 

These results indicate a gradual increase in surface roughness when the KOH concentration is 

increased compared to that of the IPA with wide increase. This implies that the quantity of IPA in 

the reaction mixture has more influence on the surface roughness than KOH solution itself. Unlike 

the result from the profilometer, the AFM-determined RMS roughness for samples strongly 

depends on the scan area. In Figure 13 for example, the Ra is ~700nm for 10µm X 10µm and 

~156nm for 2µm X 2µm (same sample).  
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Figure 9: Presents the roughness data for the textured wafer sample at different etch time 
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Figure 10: Presents the roughness data for the textured wafer sample at different etch 

temperature 
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Figure 11: Roughness data for the textured wafer sample at various KOH volume 

concentrations 
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Figure 12: Roughness data for the textured wafer sample at various IPA volume concentrations 
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Figure 13: Presents the AFM localize roughness with respect to the scan size 
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(c) SEM Analysis 

In analyzing the surface behavior of the textured surface, SEM observations of relevant samples 

were carried out. Figure 14 shows SEM images of the differently treated samples in order to 

compare their surface morphologies with respect to the time variation. It is deduced that as the 

etching time is increased, the number of pyramids per unit area increases and the pyramids become 

larger. As can be seen in Figure 14, a complete pyramidal coverage of the wafer is obtained on the 

wafer sample at different magnification. When surface texturing was performed on the samples as a 

function of temperature variation, random pyramids were also observed to have been formed on the 

textured surfaces. Similarly, the formation of the pyramid per unit area increase as the etching 

temperature increases. Nevertheless, at a temperature of 90
0
C, the SEM micrograph in Figure 15(d) 

shows cracks and non-uniform distribution of pyramids which is as a result of etching rate 

experienced at this temperature. The role of the concentration of KOH and IPA in the texturing 

process can be observed in Figure 16. With an increase in the concentration of IPA, resulting 

pyramid structure becomes more uniform. For instance, it can be seen in Figure 16(a) that at low 

concentration of IPA, big pyramids with a less dense distribution are produced. The pyramids 

produced by the KOH solution are approximately 2~ 6μm in size as estimated using Gwyddion 

software. 

 

 
 

 
Figure 14: SEM images of the textured <100>wafers for (a) 30 min, (b) 40 min, (c) 50 min and (d) 

60 min. 
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Figure 15: SEM image at higher magnification showing a pyramidal coverage obtained on textured 

(100) wafer samples at (a) 60
0
C (b) 70

0
C (c) 80

0
C and (d) 90

0
C. 

 

 
Figure 16: SEM image at higher magnification showing a pyramidal coverage obtained on textured 

(100) wafer samples at different IPA concentration 

 

(d) AFM analysis 

In order to support the SEM observations, AFM images of samples were obtained to provide a 

better understanding of the textured surfaces.  Figure 17 and 18 shows the pyramidal shapes formed 

on the textured Si wafer surface in the 2D and 3D AFM height produced at different scan size. At 

first, we perform a profile analysis on the textured wafers so as to get some vital information such 

as the pyramid height, and size etc. The cross-sectional profile and the fast Fourier transform (FFT) 
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along the reference line are displayed in Figure 19 for single and Figure 20 multiple line section. 

The surface morphology confirms the pyramid formation with different pyramid height and size 

ranging from 2~ 6μm. In estimating the impact of the increase in sample surface roughness on the 

experimental depth profile curves, AFM depth analysis was carried out for various textured Si 

wafer samples. Figure 21 displays a top view AFM micrograph, a histogram and depth data results 

from raw depth data. The data points with the highest peaks are the two most dominant features, 

and therefore were compared in analyzing the depth of specified region. The depth at the maximum 

peak on the histogram is found to be 856.95nm from the specified region in Figure 21. 

 

 

 
Figure 17: 2D profile AFM images of KOH textured silicon wafer samples for (a) 30 min, (b) 40 

min, (c) 50 min and (d) 60 min.  

 

Figure 18: 3D profile AFM images of KOH textured silicon wafer samples at different IPA 

concentration 
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Figure 19: 2D AFM height and single line profile images for a KOH textured wafer sample under 

the condition: KOH=40%, T=80
0
C, t=40min 

 

 

 

Figure 20: 2D AFM height and multiple line profile images for a KOH textured wafer sample using 

the Gwyddion software 
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Figure 21: Presents a top view image, a histogram and depth data results from raw depth data 

for an optimally textured silicon wafer 
 

(e) Implications 

In analyzing the correlation between the results of the surface roughness, morphology and total 

surface reflection, the three process parameters considered in this research work were used for this 

analogy. Considering an increase in etching time, there is a correlation between the surface 

roughness and the surface morphology. This can be observed from the results above, that is, there is 

a gradual increase in the pyramidal coverage as the surface roughness increases. The average 

roughness and SEM images of the textured wafers shown above are in agreement with this 

assertion. Likewise, the results from the optical reflectance spectral and surface roughness of the 

textured wafers indicate that, an increase in the total surface reflection obtained is dependent on the 

increase in the surface roughness. This implies that there exist a mutual relationship between the 

surface roughness and morphology. As with all wet-chemical etching solutions, it was observed that 

the etch rate depends on the etch temperature. Significantly, aggressive etch rate was experienced at 

high etch temperatures such as 90
0
C which led to cracks in most parts of the wafer as can be 

observed in Figure 15. 

  Varying the volume ratio of the etchant concentration exhibited various levels of reduction in the 

optical reflection of the textured wafers. This correlated with the SEM images shown in Figure 16, 

by the gradual increase in the pyramid ratio per unit area. The effect of KOH was more dependent 

on concentration of IPA in the solution thereby influencing the smoothness of the resulting random 

pyramids formed on the surface of the wafer (see figure 16). By varying the IPA concentration, the 

surface tension is decreases; hence increases the ability of mixture to effectually spread across the 

silicon surface. This resulted in the formation of uniform random pyramids on the textured wafer 

surface and accordingly reducing the total surface reflection of the wafer.  However, the random 

texturing signifies possible implications in developing light trapping for silicon solar cell. 

 

5. Concluding Remarks 

In this paper, an efficient wet anisotropic etching for silicon solar cell substrates has been 

presented. In studying the morphological structure of the textured surface, roughness, SEM and 

AFM characterization has been performed on different samples. The results of this analysis were 

used to investigate the influence of IPA on the surface morphology of textured silicon wafer. We 

have thus, obtained the optimized process parameter to be 40mins, 80⁰C and 2: 4:46 (KOH: IPA: 

DI) for the best result in our study. The texturing resulted in the formation of uniform pyramidal 

shapes that were in size ranging from 2µm to 6µm for the best concentration of IPA. The study was 

then extended to evaluate the angles of incidence of light rays with each of the facets of the 

pyramids and the coordinate of the reflected light rays by developing an analytical model. Hence, 
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the results of these studies can be used to improve existing silicon surface texturing process and 

light trapping designs for silicon solar cell. 
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