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ABSTRACT 

This dissertation presents the combined results of analytical, computational and experimental 

study of the effects of surface texture and nanoscale surface oxides on the optical and 

mechanical properties of silicon single crystals and MEMS thin films. The first part of this 

work is focused on the analytical modeling of the reflectance of flat and textured silicon 

substrates. The model was used to study the reflection behavior of textured silicon surfaces 

under non-normal incidence. By characterizing the incident light and facets of the silicon 

wafer with vector geometry, dot products and Phong’s reflection model were used to 

determine the reflection angles between incident light rays and pyramidal facets. The possible 

optical interactions are considered for a wide range of pyramidal geometries and light 

incidence angles that are relevant to the exposure of textured silicon surfaces to incident 

sunlight. Furthermore, the model was used to investigate the possibility of secondary 

reflection, for the full range of incidence angles to the substrate. The textured silicon surfaces 

were found to reduce the reflection angles more effectively than flat substrates at lower 

angles of incidence. Secondary reflection was also found to be experienced or guaranteed, for 

all pyramid heights, when the angle of incidence to the substrate was less than 19.4°. The 

predictions are validated with experimental measurements of reflectance from (001)-textured 

silicon surfaces. Secondly, the results of an experimental study of the effects of surface 

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

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

alcohol (IPA) solutions. The effects of KOH/IPA etching on the uniform distribution of 

pyramidal textures on the (001)-oriented silicon wafer are elucidated. The effects of etchant 

concentration and KOH/IPA ratio are also explored, along with the effects of etching duration 

and temperature. The resulting surface morphologies are then characterized with atomic force 

microscopy and scanning electron microscopy. The optical reflectance associated with the 
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different surface textures are also determined using surface profilometry and Ultra-Violet 

(UV)-visible spectroscopy. The results show that IPA concentration has the strongest effect 

on the surface roughness of (001)-single crystal crystals at temperatures up to 80
o
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. In an effort to 

ascertain the effectiveness of the texturing process for light trapping scheme, simple 1 x 1 

cm
2
 solar cell devices with the structure of ITO/p-Si/Al were fabricated on both textured and 

flat silicon wafers. Finally, analytical and computational models for the study of fatigue crack 

nucleation in silicon micro-electro-mechanical systems (MEMS) structures are presented. 

Finite element modeling is used to study the role of stress-assisted dissolution on the 

formation and growth of cracks in the topical SiO2 layer on the silicon MEMS structures. The 

possible formation and growth of cracks by such dissolution is elucidated and compared with 

measured surface profiles from prior work using Atomic Force Microscopy (AFM). The 

experimental results are also compared with predictions from linear perturbation analysis of 

the stability of surface topology that evolves during stress-assisted dissolution of the silica 

layer. The implications of the results are then discussed for the development of micro-

pyramids for light trapping and improved photo-conversion in silicon solar cells and the 

design of reliable Si-MEMS structures. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

 Silicon (Si) is one of the most abundant of elements and an essential ingredient of a 

large number of minerals that make up the Earth’s surface [1]. It was first isolated in 1824 by 

the Swedish chemist Jöns Jacob Berzelius who also discovered Cerium, Selenium and 

Thorium [2, 3]. Crystalline silicon was first produced in 1854 by Henri Deville using 

electrolysis [3]. Since that time, it has been the most important element used in the 

semiconductor industry [4]. Without a supply of this important element, it would be 

impossible to make the range of high quality computers, calculators, cell phones, radios, etc. 

It is, therefore, a key element that modern industrial societies rely upon.  

Silicon is used in various ways in microelectronics such as computer chips, with one 

example being the metal-oxide-semiconductor field effect transistor (MOSFET), the basic 

switch in modern electronics and computing [4, 5]. It is also used in photoelectric cells in 

solar panels to convert solar energy to electrical energy for use in both terrestrial and space 

applications such as space-crafts, satellites, electronic watches and pocket-sized solar 

calculators, transistors, lighting and the provision of other sources of energy [4, 5]. 

Today's silicon research spans the full range from idealized models to realistic models 

across different industries [5]. The solar and micro-electro-mechanical systems (MEMS) 

industries are few among many other that have benefited from intensive research on silicon 

and its applications [5-7]. In any case, silicon research has improved the performance of 

several microelectronic products [4-8]. 
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1.1.1 Importance and Prospects of Silicon-based Solar Cells. 

Silicon can be used to make Photovoltaics (PVs). Photovoltaics are devices that 

convert solar energy directly into electrical energy [9]. They are promising, renewable, 

almost unlimited, and environmentally friendly [9]. The development of photovoltaics is 

imperative today because of the gradual depletion of the earth’s fossil fuels. The increased 

use of photovoltaics could also result in a reduction in the emission of heat trapping 

“greenhouse gases” [10] that are emitted by traditional power plants. 

Currently, silicon-based solar cells are the most widely used commercial 

photovoltaics in the world [11]. The PV market, dominated by crystalline silicon, has grown 

by more than 20% per year on average over the past 15 years. However, PVs faces the 

problem of profitability, as they must compete with traditional sources and methods of energy 

conversion [12]. To become competitive, PV modules must achieve stable conversion 

efficiencies more than fifteen percent; have lifetime of at least thirty years, and cost about 

$US 0.4 per peak Watt or less [13].  

The low efficiency-to-cost ratio of solar cells is one of the main problems that prevent 

the widespread use of PVs in wide-scale terrestrial applications. For such applications, lower 

cost materials are needed that are much less expensive than single crystal silicon. Large scale 

manufacturing of such materials is also needed. However, the ultimate success of silicon 

photovoltaic cell technology requires significant cost reduction and improvements in photo-

conversion efficiency. One approach that can simultaneously achieve these two objectives is 

the use of light-trapping.  

1.1.2 Surface Texturing and Light Trapping 

 In recent years, silicon-based solar cells have dominated the solar cell industry across 

the world [11]. They currently account for about 90% of all the solar panels that are sold 

globally [14]. In such panels, the absorption of sunlight is relatively weak [15]. This is due to 
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the optical losses that occur due to the high refractive index (approximately 3.5) of crystalline 

silicon at solar wavelengths [15]. Furthermore, about 35% of the incident light is reflected 

back from the silicon surface (see Figure 1.1a). This reduces the efficiencies of single 

junction crystalline silicon solar cells to levels between ~12 and 20% [16]. Hence, in order to 

increase the efficiency of the silicon-based cells, there is a need to reduce the optical 

reflectance of silicon wafers, especially for wavelengths in the visible spectrum. This need 

has stimulated the silicon solar research community to explore numerous reflection-reducing 

techniques over the past 45 years [14-18].  

In most cases, the reflection reduction techniques have been termed light trapping. 

Light trapping allows photons to spend more time in the solar cells (see Figure 1.1b), 

compared to the absorption time [19]. Light trapping in silicon solar cells can be achieved in 

two main ways. The first being the reduction of front surface reflection (i.e. surface 

texturing); while, the second involves increasing the optical path length of light within the 

cell [20]. In any case, surface texturing represents a promising approach for the engineering 

of surface reflection and light absorption by silicon solar cells.  

Surface texturing involves the control of surface geometry for the reduction of surface 

reflection on crystalline silicon substrates [21]. It is often achieved by the anisotropic etching 

of (100)-oriented silicon substrates with potassium hydroxide (KOH) and isopropyl alcohol 

(IPA) solutions [18]. This generally results in the formation of square-based pyramidal micro 

structures [22]. The sizes and uniformities of the resulting pyramids are traceable to isopropyl 

alcohol (IPA), which acts as a wetting agent, when added to alkaline etchants [23].  

However, the role of IPA in alkaline texturing process is not fully understood, in spite 

of several attempts to explain its effect on silicon wafers [24, 25]. Nevertheless, prior works 

have explored the effects of KOH and IPA etching on the morphology of silicon wafers [26, 
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27]. Furthermore, these studies have not established the ratios of IPA to KOH that are needed 

for the control of silicon surface textures that minimize the reflection of incident sunlight, 

while trapping the light for photoelectric conversion.  

1.1.3 Importance and Prospects of Silicon Micro-Electro-Mechanical-Systems  

Apart from photovoltaics, another area in which silicon has found application is in 

micro-electro-mechanical-systems (MEMS). There has been increased interest in the 

application of MEMS in recent years [6-8]. These applications include: biological sensors in 

the human body, hydrostats, pressure sensors, inertial sensors, ink jet cartridge nozzles, 

pressure transducers, linear racks, accelerometers and actuators [6-8]. However, the reliability 

of these devices is a strong function of the type of loading and the environment [28].  

Consequently, the performance and reliability of MEMS structures are frequently 

affected by cyclic loading and the environment. The engineering design of reliability, 

therefore, requires models that account for the time- and cycle-dependent degradation of 

MEMS materials. However, most MEMS materials undergo failure when subjected to cyclic 

stresses. This occurs due to a phenomenon known as “fatigue”. Fatigue is the most 

commonly experienced form of structural failure [28], yet surprisingly it is one of the least 

understood [28]. 

The pioneering work on the cyclic fatigue of Si MEMS structures was done by 

Connally and Brown [29]. Using cantilevered bend structures, they obtained stress-life and 

fatigue crack growth rate data that suggested a strong influence of water vapor on the fatigue 

of silicon. More recently, different research groups have examined and reported on the 

experimental and analytical/computational studies of the fatigue behavior of both single 

crystal [30] and polycrystalline silicon [31].   

Like Connally and Brown, other researchers used silicon specimens fabricated by 

silicon micromachining technology which allows external [32] and integrated [33, 34] 
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loading. Prior work on the fatigue of silicon has resulted in a number of models of fatigue in 

silicon MEMS structures [31, 33-37]. The studies suggest: an increase in high-cycle fatigue 

lifetime with decreasing peak stress [35]; the dependence of fatigue on the cyclic stress 

levels, but not cyclic frequency [32]; morphological changes in the surface silica during 

fatigue [36]; and the possible growth of surface cracks due to slow crack growth [38].  

Despite the extensive research on the design and characterization of various properties 

of MEMS structures, there is still no consensus on the mechanism of fatigue in silicon 

MEMS structures [39]. Some researchers suggest that silicon MEMS fatigue occurs due to 

the growth of surface perturbations until they evolve into cracks (Figure 1.2) [37, 38]. In this 

case, the topical oxides also appear to thicken during cyclic loading, (Figure 1.2) [39-41]. 

Others suggest that cracks formed during fabrication can extend by slow crack growth when 

the crack driving force exceeds a critical value [38]. There is, therefore, a need for further 

work to establish the mechanisms of fatigue in silicon MEMS structures. 

1.2 Motivation 

The motivation for this thesis comes from the need: 

1. To increase the light absorption within silicon solar cells for the enhancement of 

photoelectric conversion;  

2. For improved understanding of the role of stress-assisted dissolution on the possible 

formation and growth of cracks in Si-MEMS structures; 

3. To model the potential role of slow crack growth in the fatigue of silicon MEMS 

structures. 

1.3 Objectives 

The primary objective of this research is to provide improved understanding of the effects of 

surface texture on the optical properties of silicon structures that are used for silicon solar 



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | INTRODUCTION 6 

 

cells. The underlying mechanisms of fatigue are also elucidated for Si MEMS structures. The 

research aims are to: 

1. Explore the effects of KOH/IPA etching on the stability of pyramidal textures on the 

(001)-oriented silicon wafers; 

2. Explore the effects of etchant concentration and KOH/IPA ratio on the optical 

properties of textured silicon surfaces, along with the effects of etching duration and 

temperature; 

3. Study the reflection behavior of textured silicon surfaces under non-normal incidence. 

4. Investigate the possibility of secondary reflection, for the full range of incidence 

angles to the substrate using an analytical approach; 

5. Validate predictions from analytical model with experimental measurements of 

reflectance from (001)-textured silicon surfaces; 

6. Elucidate the role of stress-assisted dissolution on the possible formation and growth 

of cracks;  

7. Compare results from the stress-assisted dissolution model with measured surface 

profiles from prior work.  

1.4 Organization of the Dissertation 

In chapter 1, the background/introduction to the work on silicon surface texture and 

silicon MEMS fatigue is presented.  

In chapter 2, the relevant literature on silicon surface texturing and silicon MEMS 

fatigue are presented. The basic concepts of surface texturing and the optical properties of 

silicon wafers are discussed. This is followed by the description of the methods of 

implementing light trapping in silicon solar cells before assessing the light trapping effects in 
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prior works. The MEMS testing techniques and fatigue mechanisms (in Si MEMS structures) 

are also elucidated.  

Subsequently, chapter 3 presents an analytical model of the reflectance of flat and 

textured silicon substrates. The reflection behavior of textured silicon surfaces is modeled 

under non-normal incidence. The model was used to determine how incident light interacts 

with textured micro-pyramidal facets on alkali-textured silicon surfaces. The dependence of 

the secondary reflection on the angles of incidence of light rays is explored, along with the 

contributions of the primary and secondary reflection to the total reflection. The possible 

optical interactions are considered for a range of pyramidal geometries and light incidence 

angles. The analytical model is then used to determine the reflectance values of well 

controlled textured surfaces and validated with experiments. The potential for light trapping 

is also explored, before discussing the implications of the results for the design of micro-

textured silicon surfaces.  

In chapter 4, the results of an experimental study of the effects of surface texture on 

the optical and light trapping properties of silicon wafers are presented. A combination of 

profilometry, optical microscopy, scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) is used to study the effects of KOH/IPA etching on the morphology and 

roughness of the textured surfaces. The resulting reductions in surface reflectance associated 

with controlled etching of (100)-oriented silicon wafers with KOH: IPA mixtures are 

explored alongside with the light trapping effect of textured silicon surfaces produced.  The 

implications of the results are then discussed for the design of light trapping in silicon solar 

cells.  

Chapter 5 presents the combined results of analytical and computational study of the 

mechanism of fatigue in Si-MEMS structures. To examine the effect of the stress-assisted 

dissolution on the possible formation and growth of cracks, finite element analysis was 

performed for topical SiO2 layer on the silicon structures using ABAQUS FEM software. The 
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possible formation and growth of cracks by such dissolution was elucidated and compared 

with measured surface profiles from prior work. The measured surface topologies obtained 

using atomic force microscopy (AFM) are also compared with predictions from linear 

perturbation analysis of the stability of surface topology that evolves during stress-assisted 

dissolution of the silica layer.  

Finally, chapter 6 presents conclusions from this current study, along with suggestions 

for future research. 
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Figure 1.1: Schematic of light interactions with silicon surfaces: (a) about 35% of the 

incident light is lost on polished silicon surface; (b) incident light has a second chance to be 

absorbed on textured silicon surface 
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Figure 1.2: Oxide Thickening Mechanism. Taken from Ref. [41] 
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CHAPTER TWO 

BACKGROUND THEORY AND LITERATURE REVIEW 

2.1 Introduction 

Silicon-based solar cells are one important class of photovoltaics that are currently the 

subject of intense research, development, and commercialization efforts [1]. This is due to its 

semi-conductive properties [1, 2]. However, silicon can be made conductive by doping it with 

boron, gallium, phosphorus or arsenic [1]. This has been a useful technology that is mostly 

used in computer chips and micro-electro-mechanical systems [2]. Furthermore, it is well 

established that the optical properties of flat crystalline silicon surface is limited by its high 

refractive index (approximately 3.5) [3]. About 35% of the incident light is reflected back 

from the silicon surface [4]. This reduces the efficiencies of crystalline silicon solar cells to 

the levels between ~12 and 20% [4]. This is why the photovoltaic research community has 

been exploring numerous reflection-reducing techniques in the last 45 years [4-8]. One of the 

ways to achieving reflection-reduction in silicon is surface texturing. Hence, a review of 

surface texturing is presented in the subsequent sections. 

In semiconductor/micro-electro-mechanical-systems (MEMS) manufacturing, silicon 

is a material of choice due to its strength (1-4.3 GPa) and its mature fabrication technique [9-

11]. This has lead to the growth of MEMS applications that includes micro-sensors and 

micro-actuators [10]. In spite of this, silicon has relatively low fracture toughness (~1 

MPa√m) [12-16] that allows it undergo crack-induced failure under ambient conditions [10, 

12, 17-20] when in bulk form. However, the underlying mechanisms of sub-critical cracking 

are not fully understood [15]. Some researcher suggest that this is due to slow crack growth 

process [18, 19], while others suggest a significant role of stress-assisted dissolution by water 
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or water vapor in the atmosphere [10]. These potential mechanisms will be discussed in 

section 2.7 of this chapter.  

This chapter is divided into seven sections. Following the introductory section, section 

2 presents the basic concept of surface texturing and optical properties of silicon. This is 

followed by Section 3, in which the chemical etching in silicon solar cells are described. The 

early studies of light trapping in silicon solar cells are presented and discussed in Section 4 

while in section 5, the methods of implementing light trapping in silicon solar cells are 

described before assessing the light trapping effects in prior works. Furthermore, section 6 

presents the theory of determining the heights and tilt angle of pyramids produced by KOH 

texturing of silicon wafers. Finally, the testing techniques and mechanisms of fatigue in 

single-crystal and polycrystalline silicon are discussed in Section 7. 

 

2.2 Basic Concept of Surface Texturing and Optical Properties of Silicon 

2.2.1 Surface Texturing of Silicon 

Surface texturing has long been used as a reflection-reducing technique in silicon 

solar cells since the mid-1970s [8]. Surface texturing may be thought of in a more general 

way as the roughening of silicon surface to redirect light. It involves the control of surface 

morphology by etching [21], photolithography [22] or laser-based [23] techniques that can be 

used to control the interactions of light with silicon surfaces. However, the wet chemical 

etching in an alkaline solution is the most common method used in the solar industry [24]. 

This process is referred to as anisotropic etching. Furthermore, the resulting morphology 

depends on the etch rate between the different crystal planes and the wafer orientation.  

Consequently, for effective light absorption in silicon solar cells, (100)-oriented 

substrates are preferable [2]. This is due to the fact that the interactions between the alkaline 

solution and silicon surfaces form square-based pyramids. Although, the pyramidal structures 
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can vary, the distribution and uniformity can be reduced by controlling the texturing process 

parameters: etch time, etch temperature, etchants etc. [25]. This allows the light interactions 

with the pyramidal facets at different incident angles to be redirected to produce multiple 

reflections that can increase the possibility of light absorption within silicon substrates. The 

schematic illustration of the light interaction and the SEM image of such pyramidal structures 

are presented in Figure 2.1. This type of surface texturing is mostly referred to as "random 

pyramid". 

2.2.2 Optical Properties of silicon 

2.2.2.1 Refractive Index 

Light travels at 3.0   10
8
 m/s in free space [26], but in other media it travels more 

slowly. This is a consequence of the photon interactions at the atomic level and results in the 

difference in refraction index of the media when compared to that of free space. At the 

macroscopic level, the interaction of light with matter comprises of four components: an 

incident, a reflected, a transmitted, and an absorbed (or scattered) component [26]. 

Depending on the properties of the material, when light travels between two optical media of 

different refractive indices, there are possibilities that the interface experience all four 

component of interaction or less.  

Furthermore, high reflection at the interface of two optical media can be traced to a 

mismatch in refractive index. This has been explained by Augustin-Jean Fresnel [27] using 

the Fresnel equations to describe the behavior of light rays that travel between media of 

different refractive indices [27]. Moreover, all commonly used cell absorbing materials such 

as cadmium telluride copper indium and silicon demonstrates relatively high refractive index. 

For example, the refractive index of bare silicon is about 3.5. This causes about 35% of the 

incident light that strikes its surface to be reflected with the reminder transmitted through the 

interface before it possibly absorbed [4]. In determining the optical properties of silicon, its 
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refractive index places a key role and can thus be defined as the ratio of the speed of light, c, 

in free space to its speed, v, in the silicon material. This is given by the expression [26]: 

       
 

 
      (2.1) 

Nevertheless, the refractive index is usually a complex number with a real and imaginary part 

and can be expressed as [26]: 

      –            (2.2) 

where n is the real refractive index, k, is the extinction coefficient (damping constant) and i is 

the imaginary unit. Figure 2.2 presents the dependence of n and k on the wavelength in 

silicon. However, the following section describes how the refractive index of silicon 

contributes to its reflection and absorption. 

 

2.2.2.2 Reflection and Absorption 

(A) Reflection 

When light strikes the interface of two media, a fraction of the incident light is 

reflected back into the first medium and the remainder is absorbed or transmitted into the 

second medium [26]. This applies to cell absorbing materials, including silicon [2]. As stated 

in the preceding section, the fraction of light that is reflected, transmitted or absorbed 

depends on the thickness of the media, refractive index of the media and in addition the angle 

of incidence on the interface of the media among others factors [26, 27]. Nevertheless, the 

index of refraction is dependent on wavelength and so zero reflection can only occurs at a 

single wavelength. Within this context, the photovoltaic industry, carefully choose the 

refractive index and thickness of silicon to minimize reflection for a wavelength close to the 

peak power of solar spectrum (0.6 µm) [28]. However, the reflectance (R) can be defined in 

terms of the index of refraction of the media on either side of the interface as expressed in 

Equation 2.3 [26]: 
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      (2.3) 

where the index of refraction of the silicon is     and the index of refraction of air is     . 

If the refractive index of air is approximately equal to 1, then Equation 2.3 becomes: 

      
      

      
       (2.4) 

Furthermore, Equation 2.4 can then be used to calculate the reflectivity of light on bare 

silicon in air.  This is presented in Figure 2.3 for normally incidence of light at different 

wavelengths. 

 

(B) Absorption 

In semiconductors, absorption occurs when an electron absorbs a photon
 

[28]. 

Although, photons also have the option of being transmitted through the silicon cells or 

reflected away from the silicon surface, transmitted or reflected light is considered a loss in 

silicon technology [2, 28]. This makes optical science extremely important when minimizing 

the percentage of reflected light needed to optimize the absorption within the silicon 

substrates. For example, 35% of light is reflected away from silicon surfaces at wavelengths 

relevant to solar applications (Figure 2.3), a number which greatly hinders absorption and 

subsequently the overall efficiency of the system [28, 29]. However, the absorption rate of 

photons is proportional to the intensity for a given wavelength. This implies that, as light ray 

is transmitted through a material, the flux of photons (intensity) reduces exponentially as part 

of the photons are been absorbed [28]. Therefore, the amount of photons that attains a 

particular point in the semiconductor depends on both the wavelength of the photon and the 

thickness of the semiconductor materials. The exponential decay of monochromatic light 

can be modeled for semiconductor materials (silicon in this case) using the Beer-Lambert law 

[28] as expressed in Equation 2.5: 



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | BACKGROUND THEORY AND LITERATURE REVIEW 19 

 

            
            (2.5)  

where F(x) is the intensity at a point x below the silicon surface, F(x0) is the intensity at a 

point x0 on the silicon surface, and α is the absorption coefficient. 

An absorption coefficient, α, determines the depth at which light of a particular 

wavelength enters into the silicon surface. It is related to another quantity known as 

the extinction coefficient (κ), an optical property of the semiconductor material that is related 

to the index of refraction n. It simply determines how much light is absorbed by the material. 

For example, when κ > 0, it implies that there is light absorption and when κ = 0, it implies 

that light travels straight through the material (no absorption). The absorption and extinction 

coefficients are both related to the wavelength of light and their relationship can be expressed 

as
 
[28]: 

       
    

 
     (2.6) 

where f is the frequency of the monochromatic light (related to the wavelength by λ=v/ƒ, 

where v is the velocity of the light wave), c is the speed of light, and π is a constant (≈ 3.14).  

Figure 2.4 presents the absorption coefficient of silicon as a function of wavelength. 

Materials with high extinction coefficients are able to absorb light much more easily than 

materials with low extinction coefficients. 

 

2.3 Chemical Etching in Silicon Solar Cells 

2.3.1 Overview 

Wet chemical etching is regular technique used in the solar cell industry for surface 

texturing of silicon surfaces [30, 31]. It is classified into isotropic and anisotropy etching. In 

Isotropic etching, etch rate are the same in all directions and does not depend upon the 
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orientation of the mask edge while anisotropy etching depends upon orientation of crystalline 

planes and the orientation of mask edge. The details of the mask pattern also determine the 

final etched shape. This implies that the geometry of the resulting texture depends strongly 

upon the nature of anisotropic etching process. 

Potassium hydroxide (KOH) and Sodium hydroxide (NaOH) are the two most 

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

largely because of their relatively low cost, and the high capacity of anisotropically etched 

surfaces for light trapping [30, 32-37]. However, the effects of anisotropic etching on the 

morphology of silicon surfaces also depend strongly on wafer orientation as was introduced 

in the preceding section [38]. Consequently, substrates with (100), (110) and (111) 

orientations are largely relied upon by silicon solar industry [7]. Nevertheless, (100) wafers 

are the most geometrically appealing, since the orientations of {111} planes can be easily 

located on them [7]. This section presents an overview of anisotropic etching method and it 

resulting optical and morphological effects. 

2.3.2 Alkaline Etching 

KOH anisotropic etching of silicon is an alkaline-based etching technique that is 

mainly referred to as the direction-dependent etching of silicon. One notable advantage of 

alkaline etching over other etching method is that it can be used to control or reproduce 

different kind of geometry on silicon surfaces. This is as a result of the strong dependence of 

its etching rate on crystal direction and on etchant concentration. Hence, anisotropic etching 

of (100) silicon has been a key process in silicon-based solar cells.  

In the late sixties, Finne [39] and Price [40] made the first attempts to etch silicon. In 

1967, Price [40] used the potassium hydroxide (KOH), water (H2O) and isopropyl alcohol 

(IPA) as the first etch solution to etch silicon. By 1969, Lee [41] introduced a ternary liquid 
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containing hydrazine, isopropyl alcohol and water as etch solution for silicon. He chose 

Hydrazine as an oxidant, IPA as a complexing agent, and water as a catalyst. The effect of the 

etch solution was used to show the anisotropic and selective characteristics of alkaline 

etching. He explained the dependence of the etch rate on the crystal orientation as anisotropic 

and described the dependence of the etch rate on the doping concentration of silicon as the 

selective characteristic. Consequently, this fundamental knowledge has been used to produce 

variety of microstructures in the microelectronic and micromechanical industries [42].  

Moreover, in the same year, Haynos et al. [43] first introduced Lee’s etching 

technique to the photovoltaic industry for mono-silicon substrates [43]. Nevertheless, the etch 

solution introduced by Price [40] has been employed by the photovoltaic industry since it was 

first introduced in 1967. It has long become a standard (KOH-IPA standard) used to texture 

silicon surfaces. It worked very well for a long time before the development of the sawing 

methods where different chemicals are now used to clean native oxides from the sawed 

wafers. This process changes the surface characteristics of the as-cut silicon wafers and thus 

reduces the effectiveness of the KOH-IPA solution [44]. Subsequently, there has been some 

disagreement as to what the active etching species is. In a study by Palik et al. [45] in 1983, 

OH
-
 ions were found to play the key role in the etching process of silicon surfaces. They 

observed that IPA does not appear to take part in the etching process and thus contradicting 

the observations of Lee [41] and other authors who believe IPA has great influence on the 

etching process [46].  

Furthermore, Seidel [47] also assumed the effect of IPA to be minimal despite the 

considerable decrease in the etch rate of silicon when its concentration is increased. In more 

comprehensive study by Seidel in 1990 [48], he explained that IPA act as a mask against 

chemical reactants and it is preferentially absorbed on (111) planes to form pyramidal 

structures. He further explained that IPA regulates the etching rate for KOH-IPA solutions at 
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constant KOH concentration and temperature. This allows it to attract water molecules 

around itself and thus controlling the water concentration in the solution. In 1993, 

Elwenspoek [49] proposed a new theory to explain the mechanism of anisotropic silicon 

etching that was inspired by the theories of crystal growth. He suggested that the anisotropic 

nature of etch rates and activation energies ultimately depends on the physical state of the 

silicon surfaces. Kenji et al. [50] also predicted that the etched silicon surface can be 

smoothen by increasing both the KOH concentration and etch temperature [50].   

Several researchers also investigated on the effect of the texturing process parameters 

on the formation of pyramidal textures on (100) textured silicon surface using various 

alkaline etching techniques [51-54]. In a recent work, Xun et al. [51] suggested that the sizes 

and uniformities of pyramidal structures are traceable to the isopropyl alcohol (IPA) which 

confirms the work by Siedel [48]. However, the role of IPA in alkaline texturing process is 

not fully understood, in spite of several attempts to explain its effect on silicon wafers [32, 

51]. Nevertheless, prior work has explored the effects of KOH and IPA etching on the 

morphology of silicon wafers [33, 51-53]. However, these studies have not established the 

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

the reflection of incident sunlight, while trapping the light for photoelectric conversion. 

Therefore, more experimental results under various process conditions are required to 

improve on the existing physical models. The experimental results of this current research are 

discussed in chapter four.  

2.3.3 Etch Reaction/Etch Anisotropy 

The anisotropy nature of silicon depends greatly on its crystallographic properties. 

This allows the growth of silicon and its etching anisotropic in nature. This is the reason 

KOH anisotropic wet etching is able to produce the 3-D micro-structure. Nevertheless, the 

etch anisotropy of silicon can be simply examined by comparing the etch rates of various 
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crystal orientations of silicon at specific etchant composition.  Reports for prior work, has 

shown that the etch ratios varies considerably. J. B. Price [40] reports the etch ratio for {100} 

to {111} planes that was etch in KOH solution of 10-15 weight percent to be 35:1. A higher 

etch ratio of 300:600:1 for {110} to {100} to {111} planes have also been reported for more 

concentrated solutions [55]. Also, an etch-rate ratio 160:100:1 is found for {110} to {100} to 

{111} planes at 20
o
C and decreases to 50:30:1 at a higher temperature of 100

o
C. Conversely, 

a higher etch ratio of 400:200:1 at a temperature of 85
o
C has been recorded by Kendall [56].  

Furthermore, it has been shown from prior works that the silicon surface is hydrogen 

terminated during the alkaline etching [57-61]. Although, there have been some disagreement 

to what the active etching is,  some investigation refer to OH- as the active etching species 

[30, 45] while others refer to water [57, 58]. This is illustrated in Equations 2.7-2.10. 

However, it has been established from prior works that the reaction products of the etching of 

silicon include a silicon hydroxide complex (Si(OH)4), and a released hydrogen gas 

[39,45,62].  

In general, the overall reaction where water is accepted as the active species [57, 58] is given 

by: 

Si + 4H2O → Si (OH)4 (or other complex) + 2H2       (2.7) 

Also, the (electrochemical) reaction with OH- as the active species [17, 18] is given by: 

Si + 4OH
-
 → Si (OH)4          (2.8) 

Si (OH)4 + 2OH- → SiO2(OH)2
--
 + 2H2O        (2.9) 

4H2O + 4e- → 4OH
-
 + 2H2          (2.10) 

In a more detailed form, Seidel et al state the gross reaction as [63]: 

Si + 2OH
-
 + 2H2O →          

  + 2H2        (2.11) 

 



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | BACKGROUND THEORY AND LITERATURE REVIEW 24 

 

2.3.4 Pyramidal Textures 

Pyramidal texture formed on silicon surfaces by alkaline etching has been proven to 

be an important and effective way for reflection reduction in silicon-based solar cells [64]. 

During wet anisotropic etching of (001) substrates, grooves with {111} sidewalls are exposed 

to form square-based pyramids [25]. Such pyramidal structures are formed as a result of 

interactions between the alkaline solutions and silicon surfaces along {111} planes [37]. The 

pyramids that are produced are with apex angles of 70.6° and facet tilt angles of 54.7° for an 

ideal process [53, 65]. However, for actual industrial c-Si solar cells, where non-ideal etching 

is observed, a slightly smaller base angle (or facet tilt angle) is normally observed [66, 

67].This has been shown to be less than 52° in Refs
 
[66, 67]. 

Moreover, the sizes of the pyramids and its uniformity are mostly randomly 

distributed and can affect the optical performance of the solar cells [64, 68]. Consequently, 

the reflectance value for textured silicon surfaces becomes about 20% lower than that of the 

polished silicon surfaces. Usually, the average pyramidal size varies between 1 μm and 9 μm 

with a corresponding reflectance value ranging from 14-15% [20, 70-72]. However, the 

stability (uniform distribution) of pyramidal textures on silicon surfaces is not well 

understood. In prior work, IPA is frequently added to the alkaline solution to keep the 

concentration constant and thus maintaining stability during the etching process [32]. This is 

due to the temperature at which IPA evaporates [32].  

Furthermore, in recent years, researchers have shifted focus to investigating new 

texturing methods and finding alternative solutions. Nishimoto and Vallejo used sodium 

carbonate solution (without adding IPA) to etch silicon wafers [73, 74]. The resulting 

pyramidal structure from their work falls between the range of 4 μm and 7 μm. In another 

work, Chu obtained a pyramidal structure with pyramid size of 6 μm to 9 μm by using a metal 

grid with suitable openings on silicon surface to confine the hydrogen bubbles [75, 76]. 
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Nevertheless, he found it very difficult to produce metal grids of large-area and to control the 

distance between the grid and silicon wafers. Chen also used reactive ion etching (RIE) 

method to achieve low reflectance values from a uniform pyramidal structures with a pyramid 

size of 1 μm [77]. Mavrokefalos synthesized inverted nanopyramid applicable for thin silicon 

films using standard scalable microfabrication techniques based on interference lithography 

and wet silicon etching [78]. Ordered pyramidal structures can also be fabricated by colloidal 

lithography with packed polystyrene spheres [79] or silica colloidal crystals as masks [80]. 

However, the process was complicated and needed expensive instruments. 

2.3.5 Reflection Reduction by Alkaline Texture surfaces 

The idea of reflection reduction by textured silicon surfaces was first suggested by Rudenberg 

et al [81] in 1961. They used mechanical texturing method to produce very low reflectance 

value without the use of anti-reflection coating. They observed that the pyramidal structures 

on the silicon wafers made the wafer dark grey/black in color and this they believed to have 

aid the reflection reduction. The work done by Rudenberg et al [81] however inspired the use 

of alkaline etchants for pyramid formation in the microelectronics industry, where 

microscopically smooth etch/growth textures are required on silicon. The initial experiments 

that were carried out for deliberate formation of pyramidal textures for solar cells employed 

alkali hydroxides such as KOH and NaOH [82]. This apparently leads to the exposure of 

intersecting slow etching {111} facets yielding the pyramidal textures described previously. 

Following the assumption that the carbon contents in would induce the etching process and 

thus guarantee etching uniformity, an alcohol such as ethyl glycol [83] or IPA [84] is 

frequently employed. The square-based pyramids formed in these cases are usually seen to 

consist of ideal {111} facets. However, more careful inspection of these pyramidal features 

generally suggests that some defects called the “hillock” are formed at the bottom of the 

pyramidal facets [85, 86-90]. Depending on the texturing process conditions, the hillocks 
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range from near-perfect upright pyramids with some slight bowing of the facets or beveling 

of edges [88] to features with distinctly octagonal bases [86]. Despite the accepted standard 

for the use of alkaline etching, particularly for pyramidal formation on (100) oriented 

monocrystalline silicon cells, the process parameters used and the resulting surface 

morphologies do not necessarily represents the only suitable conditions for achieving 

sufficient reflection reduction. 

2.4 Early Studies on Light Trapping 

2.4.1 Light Trapping in Silicon Solar Cells  

Light trapping in semiconductor diodes was first suggested between 1968 and 1969 as an 

infrared absorption enhancement technique for silicon photodetectors [91, 92]. Although, 

there were other approaches to absorption enhancement within solar cells, most of the prior 

work were preceded by an early research on randomly roughened surfaces in 1974 by 

Redfield [93]. In his report, a simple and well defined geometrical scheme was designed to 

explain absorption in enhancement in silicon cells. In the early 1980s, Goetzberger [94] and 

Yablonovitch [95] concurrently used Lambertian surface textures to describe various schemes 

built on randomizing the directions of incident light in solar cells [94, 95]. The application of 

both the Lambertian schemes and the well-defined geometrical features were visible in 

amorphous silicon alloy [96] and later in crystalline silicon solar cells [8]. 

Later in 1982, Yablonovitch and Cody [97] in a comprehensive work explored the 

light interactions with textured slap. They argued that internal scattering of incident lights 

occurs at random angles a result of the textured slab [97]. They further explained that, when a 

perfectly reflective (white) sheet is used on the back surface, the internal light intensity is 

larger than the incident intensity by a factor of 2   , where n is the wavelength dependent 

refractive index of the slab [97]. For an absorbing material, such as amorphous or crystalline 
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silicon, the enhancement of internal light intensity was found to be 4   [97]. This is a well 

established theoretical limit normally used for absorption enhancement in light trapping.  

However, a further study by J. Nelson [98] in 2003 showed that absorption can be enhanced 

by a factor of 10 in practice [98].   

2.5 Methods of Implementing Light Trapping  

2.5.1 Random Texturing  

Random texturing is a promising light trapping technique has been shown it is experimentally 

appealing due to its cost effectiveness and ability to be achieved easily [2]. Also, modelling 

from prior work suggests the random texturing can effectively trap light [94]. This light 

trapping method is achieved either by Lambertian reflector, back reflector or a combination 

of front and back reflector. Goetzberger [94] established that the fraction of light reflected 

internally on Lambertian surface textures (diffuse reflector)  made by random surface textures 

is equal to 1 - 1/n
2
, where n is the index of refractive index of silicon. Furthermore, about 

90% of the weakly absorbed light from diffuse back reflector reflects internally from the 

surface of silicon material [8]. Yablonovitch and Cody [97] predicted that the optical path 

length can increase up to a 50-fold, when a front and back surface texturing is used for 

effective Lambertian reflection. Unfortunately, Lambertian reflector [8] has proved to be 

problematic experimentally. Nevertheless, random textures  can be experimentally achieved 

for various level of effectiveness by reactive ion etching [99], photolithography [100], porous 

etching [101], or random-textured ancillary dielectric layers such as ZnO or Sn02 [36]. 

 

2.5.2 Regular Structuring for Light Trapping  

The regular structuring approach has been demonstrated in prior work for common 

light-trapping structures used in solar industry today (see Figure 2.5) [102]. Unlike random 
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texturing where the pyramids on the surfaces are non-patterned, regular structuring silicon 

surfaces are patterned into different shape [6]. These structures include upright pyramidal 

structures, inverted pyramidal structures, slats and perpendicular slats etc. The patterns are 

often achieved using the combination of photolithography and anisotropic etching [103, 104]. 

Moreover, the anisotropic nature of the alkaline solutions make the surface structuring 

possible for single-crystal silicon wafers [6].  

The modelling and simulation of these geometrical structures is mostly carried out 

analytically using geometric optic or computationally using ray tracing techniques [105, 106]. 

Several simulations comparison on different metrics has been carried in prior work to 

evaluate the performance of these geometrics. This metrics includes path length 

enhancement, number of rays remaining trapped after each pass within the substrate, 

reflection from front surface, short-circuit current etc. 

In general, comparison is mostly achieved by tracing a ray within the substrate and 

programs are based on Monte-Carlo simulation. This program includes RaySim6.0 [107], 

Texture [105], SunRays [108] etc. For accurate result in complex ray tracing analysis, no 

assumptions are made about the distribution of light within the absorber layer. As an 

alternative for less complex cases, the optical path for the characteristic incident rays of light 

are plotted using geometric optics to trace the pathway of light rays it is reflected and 

refracted at surfaces and interfaces. This approach is analytically useful for the analysis of 

regularly structured surfaces [109].  

Consequently, the use of a textured front surface and an optical back reflector are the 

most common light trapping feature in silicon cells [94,97,110]. For an ideal case, 

Yablonovich [97, 95] has shown that a randomly textured front surface can be combined with 

a perfect back reflector to achieve a light trapping feature that can effectively enhance the 
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light intensity inside the silicon cell. However, in solar cells with a simple geometry, light 

rays enter the cell through the front surface and, if not absorbed, leave through the rear 

surface of the cell. Nevertheless, various schemes have been developed to improve the 

practical operation of silicon cells devices such as crystalline [104], polycrystalline [100, 

111] and amorphous [110] silicon cells.  

Furthermore, light trapping can be used to reduce the cell thickness without reducing 

the absorption of light within the crystalline or amorphous silicon solar cells [103] Light 

trapping can also be used to enhance the open circuit voltage [112, 113]. 

2.5.3 Assessment of Light-Trapping Effects in Previous Work Done 

2.5.3.1 Lambertian Surface Limit and Yablonovitch Limit  

Lambertian surface also known as diffusion surface is one that allow light rays to be reflected 

in randomly in all directions. The light rays are scattered adjacently to the surface at all 

possible range of angles (see Figure 2.6). The purpose of this is to however enhance the light 

absorption within a randomly textured material. Campbell et al [8] demonstrated that the path 

length enhancement of weakly absorbed light can be use to explain the absorption 

enhancement due to Lambertian scattering. The authors were able to show that the fraction of 

reflected light leaving the boundary of a randomized surface can be given by:  

     
            
 

 

            
π  
 

 
 

  
     (2.12) 

where B is the internal brightness, assumed to be uniform and  c is the critical angle   =sin
-

1
(1/n). Furthermore, in an effort to sum up the path lengths of weakly absorbed light rays that 

leaves the front surface, they assumed a randomized surface at the top and a rear surface of 

reflectivity, R. This gives: 

                                          (2.13) 
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where f is the fraction of the light escaping out at the top surface (transmittance). 

Using power series Equation 2.13 becomes: 

       
       

          
     (2.14) 

When they set the values for f equal to 1/n
2
 and R=1 for the case of unit transmittance of top 

surface and a perfect back reflector, Equation 2.14 resulted in an average path length of  

  = 4 2       (2.15) 

where W is the thickness of the wafer and 4n
2
 is the absorption enhancement which is often 

known as Lambertian limit or Yablonovitch limit for weakly absorbed light.  

Deckman et al. [96, 114] developed a more general expression for the limit of absorption 

enhancement for Lambertian scatterer. Their approach applies to both the intermediately 

absorbed light and weakly absorbed light. The expression for absorption is given by 

(supposing the dependant absorption in the contacts of the solar cell is neglected):  

      
        

         
      

  

     (2.16) 

where αa is the absorption coefficient. 

2.5.3.2 Comparing Prior Results from Textures Simulation Using Path Length 

Enhancement  

To investigate the path length enhancement of any texture using ray tracing technique, 

the light rays are considered to be weakly absorbed light. It is assumed that the rays do not 

get absorbed once they are coupled within the substrate but are redirected until they find their 
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way out of the substrate through the front surface. Also, the back surface is to be flat and acts 

as a perfect reflector as illustrated in Figure 2.7.  

Campbell et al [8], used ray tracing to study the path length enhancement of different 

textures. They compared the number of rays remaining inside the substrate with the number 

of rays that passes through the cell. The Results are present in Figure 2.8.  From the result 

present by Campbell et al [8] in Figure 2.8, the lambertain surface produced a high 

performance in trapping the rays for smaller number of passes than for large number of 

passes. The result also showed that the light trapping performance for the perpendicular slat is 

superior to that of the lambertian surface. It is also shown random pyramids perform quite 

close to the Lambertian.  

In a similar work, Brendel et al. [115] used ray tracing to compare the effect of 

standard deviation in path length enhancement with the facet angle of different textures. Their 

study showed that virtually all the textures examined in the study attained the 4n
2
 limit (see 

Figure 2.9). They however concluded that the least standard deviation in path length 

enhancement was observed for the sharp prism groove at a facet angle of 17
o
. 

2.5.3.3 Simulation results for Front Surface Reflectance Characterization from Prior work 

The various textures compared in the preceding section have shown the textures have 

different capabilities to trap light rays within the substrate. Nevertheless, the path length 

enhancement of the textures alone is not adequate to ensure an efficient light management. 

One other task that can be performed by the textures is the effective coupling of light rays 

into the substrate. Since the different types of textures have different coupling capabilities, 

the best way to evaluate the light trapping effect is by comparing the front surface 

reflectance. A 2-D reflection distribution model was first presented by Rodriguez et al. [116]. 

They explained the construction of random pyramid texture. Later on, Baker-Finch et al. 
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[117] adopted the same model to study the reflection pattern of the textures for normally 

incident light. The authors chose the height of the starting pyramid to be between hmax and 

hmin and assumed that the light ray will initially strike this pyramid and then reflect towards a 

new pyramid in destination unit cell (Figure 2.10). This allows the light ray to propagate from 

one cell to a new cell until it can no longer be confined by the texture. 

In addition, they used the concept of geometric optics to calculate the front surface 

reflectance and argued that the light rays that strikes on the regular upright and inverted 

pyramid texture follow preferential paths. They were able to use ray tracing and geometric 

optics show that the regular upright pyramidal rays follow two paths which they named A and 

B. They were able to established that, for all normally incident rays that intersect a pyramidal 

facet (following paths A and B), 88.9% of incident rays experience a secondary reflection, 

while the remaining 11.1% experience tertiary reflection. The total reflection was then 

calculated using the expression:  

                               (2.17) 

where RA and RB represent the reflection of path A and B respectively. 

For regular inverted pyramids, Baker-Finch et al. [117] obtained a similar expression 

that has three preferential paths A, B, and C. Of these three paths, two are the same as those 

for regular upright pyramid while the third path that bounces thrice before leaving the 

substrate (see Figure 2.11). The expression for the total reflection is given by: 

                                     (2.18) 

With the above model and calculation, Baker-Finch et al. [117] have been able to 

create an open source program that can be used to analyze the front surface reflection of 

silicon solar cells. This is known as the OPAL software version 1 and 2. However, for the 
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random upright pyramids, Yun et al. [118] used a 3D ray tracing calculus to explain the 

reflection of the preferential paths. Unlike Baker-Finch et al. [117], an analytical model 

presented in chapter three is used to determine how incident light interacts with textured 

micro-pyramidal facets on alkali-textured silicon surfaces for a full range of incidence angle 

to the silicon substrate. 

2.6 Theory  

2.6.1 Determination of the Tilt Angle of the Pyramids: Vector Geometry Approach 

 Among the silicon wafers used in the silicon solar industry, (100)-oriented wafers 

are the most geometrically appealing since the orientations of {111} planes can be easily 

located on them [2]. During wet anisotropic etching, grooves with {111} sidewalls are 

exposed by KOH solution [25]
 
and are aligned with {100} planes at specific angles [8]. This 

is attributed to its high anisotropy against {111} planes [6, 199]. However, to understand the 

etching behaviour of the (100)-oriented wafers, it is important to know the relative positions 

of different crystal planes in these wafers and the angles that they make with each other, after 

etching. In order to achieve this, the angles between the individual crystallographic planes 

can be calculated using vector operations (dot products), since the angle between {100} and 

{111} planes are the same as the angles between the unit vectors of their normals. Thus, by 

inspection, the unit normals of both the (100) plane and the (111) plane can be obtained from 

their Miller indices, as shown in Figure 2.12.  

 

 In order to demonstrate the geometrical properties of silicon crystal on a (100) 

plane, the dot product is then used to obtain the angle (tilt angle) between the (111) plane 

indices and the (100) plane indices as follows: 

                                                       

                                                     100 ·   111 = |  100| |  111|    .                                          (2.19)     
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     = 
               

           
 

     = 
       

     
 

  =       
 

  
  

  = 54.74  

where |  100| and |  111| represent the magnitudes of the unit normal vectors and   is the angle 

between the (111) facet and the (100) substrate.  

 The above angle corresponds to that specified from Wulf’s stereographic 

projections of a (100)-oriented silicon crystal [120]. Due to symmetry of the (111) anplane on 

the (100) plane, the (111) plane also meets the (010) plane and the (001) plane at an angle of 

54.74°. The intersection of the (111) plane also forms a square-based pyramid. This implies 

that, for all incident light rays normal to the substrate, the primary reflections are oriented at 

54.74° to the substrate surfaces. However, for actual industrial c-Si solar cells, where non-

ideal etching is observed, a slightly smaller base angle (or facet tilt angle) is normally 

observed [66, 67]. This has been shown to be less than 52° in Refs [66, 67]. 

2.6.2 Determination of the Heights of the Pyramids 

As previously discussed, the anisotropic etching of (100)-oriented wafers produces 

squared-based pyramidal structures that are defined by four (111) planes located on (100) 

plane. A 2D model of an ideal pyramid on (100)-oriented wafer is illustrated schematically in 

Figure 2.13. The Atomic Force Microscopy and Scanning Electron Microscopy are often 

used to reveal and estimate the base length of the pyramids. This can be used to estimate the 

height of the pyramids theoretically. 

Due to symmetry of the (111) plane on the (100) plane, we can consider half of the 

idealized pyramid in Figure 2.13 to estimate the height of the pyramid. As illustrated on the 

left part of Figure 3.7, the base and the side length of the pyramid represents the (100) and 
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(111) planes respectively. While the tilt angle (the angle between the (111) and (100) planes) 

is given as 54.74° for an ideal case. Using this information, the height of the pyramid can be 

calculated using the relation: 

           
 

 
     (2.20) 

                             (2.21)   

As an example, consider the case of a base length, B, obtained from an AFM image to be 1 

μm. Equation 2.21 can be used to obtain the height of the pyramid as follow: 

               

      μ  

Also, the side length of the pyramid can be calculated using the following expression: 

 

        
 

          
     (2.22) 

            μ  

However, for a more complicated case where the height of several hundred pyramids 

is to be determined, special programs [121] are required. One of such programs has been 

developed by Kuchler et al. [121]. They combined two REM pictures of textured silicon 

wafers taken at asymmetrical angles (for example 10° and -10°, symmetrical pictures) and 

then by using the stereoscopic technique (also known as machine vision) to reproduce the 

pyramidal texture via simulation. They were able to determine the pyramid sizes of over 1500 

pyramids using this technique. 
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2.7 Fatigue in Silicon MEMS Structures  

In recent years, an enormous collection of MEMS applications (inertial sensors, ink 

jet cartridge nozzles etc.) have emerged [122-123]. This has led to the introduction of a 

variety of commercial products (medical and computer devices) into the marketplace. The 

suitability and success of silicon material in micromachining technology have made it a 

regular choice for most MEMS applications [125]. However, the reliability of these devices is 

dependent on the type of loading and environmental conditions.  

Consequently, the performance and reliability of MEMS structures are frequently 

affected by cyclic loading and the environment. In particular, the materials used for the 

safety-critical applications are often subjected to aggressive mechanical and chemical 

environments. The engineering design of reliability, therefore, requires models that account 

for the time- and cycle-dependent degradation of MEMS materials. However, most MEMS 

materials undergo failure when subjected to cyclic stresses. This occurs due to a phenomenon 

known as “fatigue”.  

In general, there are two accepted types of mechanisms of fatigue associated with 

fracture process: ductile and brittle. The ductile mechanism on one side is usually attributed 

to the metallic materials and is supplemented by the cyclic accumulation of plastic 

deformation through the generation and motion of dislocations. In this case, failure is as a 

result of the crack nucleation and its crack propagation, either pre-existing or created by 

alternately blunting and sharpening the crack tip.  

Conversely, brittle materials such as single-crystal silicon demonstrate very low 

dislocation mobility at ambient temperatures as a result of high Peierls forces. This implies 

that if fatigue occurs in these materials, then the primarily different mechanism for 

dislocations is not involved. In reality, the fatigue in some polycrystalline ceramics and 

ordered intermetallic compounds [126, 127] is governed by kinematically irreversible 

deformations through the crack-tip shielding mechanisms. This leads to cycle dependent 
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degradation of the toughness of the material. However, covalently bonded diamond structures 

like single-crystal silicon do not demonstrate any degree of shielding to degrade. Therefore, 

the crack-tip shielding mechanisms would not be expected in these materials. 

Moreover, it has been established both experimentally [13, 128–131] and theoretically 

[132] that bulk single-crystal silicon is safe from both cyclic fatigue and environmentally 

assisted cracking such as the stress – corrosion cracking [13, 15, 130, 133–135]. However, 

such protection from long-lifetime degradation can beneficial in applications such as sensor 

technology and solar panels where periodic mechanical, electrical, or thermal stresses operate 

[129]. 

As a result of the aforementioned reasons, fatigue of silicon was not expected when 

Connally and Brown in 1992 [125] revealed that a silicon specimen of micrometer-size 

dimensions prematurely failed under cyclic fatigue loading in room-temperature air. Their 

findings have been validated by many other studies in the last decade [10, 18, 128]. More 

recently, different research groups have examined and reported on the experimental and 

analytical/computational studies of the fatigue behaviour of both single crystal [137] and 

polycrystalline silicon [138].   

Since silicon thin film is one of the most common materials in micro-electro-

mechanical systems to date, it is of extreme importance to understand the silicon fatigue 

mechanism in order to be able to control the fatigue damage in silicon-based MEMS devices. 

Despite the extensive research on the design and characterization of various properties of 

MEMS structures, there is still no consensus on the mechanism of fatigue in silicon MEMS 

structures [139]. 

2.7.1 Single-Crystal Silicon 

Prior work has shown that when fatigue in silicon occur at high enough stress 

amplitudes, cracks is initiated and grows through the material before the eventually failure of 
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the silicon structure. In the pioneering work on fatigue of Si MEMS structures, Connally and 

Brown [125] used a notched, electrostatically actuated resonator system (Figure 2.15) with a 

resonance frequency of 12 kHz and a stress ratio of -1, and demonstrated that fatigue was 

caused by slow crack growth that occurred by environmental-assisted cracking in the silica 

layer that forms on silicon upon exposure to oxygen. They obtained stress-life and fatigue 

crack growth rate data that suggested a strong influence of water vapour on the fatigue of 

silicon.  Furthermore, they proposed, in particular, that the fatigue-crack growth rates are 

rate-limited by the reaction rates at the crack tip or by transport of reaction species to, or 

from, the crack-tip region [140]. 

In summary of their work, Connally and Brown concluded that the actual mechanism 

governing crack growth in micron-scale silicon devices is more complex than simple 

environmentally-assisted fatigue of silica, although water, indeed, accelerates or initiates 

crack propagation.  

Subsequently, Tsuchiya et al. [141] verified the effect of environment on the fatigue 

behaviour in silicon single-crystal silicon films. Like Connally and Brown, they used silicon 

specimens fabricated by silicon micromachining technology. As stated by Tsuchiya et al. 

[141], the fatigue damage increases with increasing fatigue life, although no precise evidence 

of this damage were provided. They also established that cycling in dry air leads to more 

cycles than cycling in humid air. Fatigue failure in air was observed after 2.9 × 10
7
 cycles for 

a specimen initially loaded at a stress 10% lower than the cyclically measured fracture 

strength and 20% lower for a specimen run for 1.6 × 10
8
 cycles. This demonstrates that 

testing environment highly affects both the specimen’s fracture strength and fatigue life. 

However, the authors attributed their findings to a mechanism involving oxidation at a crack 

initiation site on the silicon surface that allowed additional crack growth. These results have 

been validated in recent works by Koskenvuori et al. [142] and Pierron et al. [143]. They 



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | BACKGROUND THEORY AND LITERATURE REVIEW 39 

 

both provided additional evidences that silicon films exhibits an increasingly significant 

degradation over time in air than in vacuum [142, 143].  

For fracture surface examination, scanning electron microscopy (SEM) and atomic 

force microscopy (AFM) are used to acquire information about the crack initiation and failure 

mechanisms [20, 144-146]. Moreover, it has been shown that there is no evident fracture 

initiation region in specimens with short lives and those specimens contain features that are 

commonly observed on brittle material fracture surfaces. Furthermore, it has been established 

that the failure in a short-life specimen evolves by cracks on multiple {111} planes with final 

failure taking place by cleavage on a (111) plane, after combining the multiple crack fronts 

[138, 147, 148]. Cleavage steps, formed on the {111} fracture surfaces as a way of 

dissipating energy, were addressed by Muhlstein et al. [147] with regard to perturbations in 

the applied loads, obstacles in the crack path, bifurcation of fast-running cracks, and the 

coalescence of micro-cracks.  

Conversely, for the long-life fracture surfaces, the initiation region can be clearly 

detected and it is located near the surface of the notch. Here, the fracture surface is smooth 

and does not contain any steps like that of the short-life. The fracture proceeds predominantly 

along {110} and suggests that the active cracking mechanism under cyclic fatigue loading is 

different from that seen during quasi-static overload failure [147]. However, Sundurarajan 

and Bhushan [149] obtained SEM images that reveal a high-energy fracture on a {100} plane 

in combination with low-energy cleavage on {111} planes. The fracture surfaces were found 

to be smooth, without facets or irregularities. The authors suggested that fatigue mechanism 

similar to environmentally assisted cracking are experienced when fracture occurs by low-

energy cleavage on the {111} planes. 

Furthermore, the method of loading affects the growth of a subcritical crack. For 

instance, in monotonic loading a discrete step-like crack growth process is observed [131, 

150] (Figure 2.16). The increase of the load leads to the unstable fracture mode when the 
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stress intensity, KI, approaches the toughness of the material. However, KI can decrease with 

crack extension leading to the crack arrest depending on the geometry of the specimen [131, 

150]. The experimental studies for constant-load mode show that subcritical cracking occurs 

only for 0.9 KIc < KI < 0.98 KIc, where KIc is the toughness of the material (Figure 2.17). This 

implies that the subcritical crack growth occurs in the region III in v-KI curves (v is the crack 

growth rate given by v = CK
n
, where C and n are constants, and n is higher than 100.) where 

the crack velocity outperform transport of the environmental species. As a result of this, it has 

been established that environmentally-assisted subcritical cracking is absent in monotonically 

loaded micron-scale silicon [131, 150].  

For cyclically loaded specimens the crack-growth behaviour is observed to be step-

like in nature, with unstable crack extension when the maximum applied stress intensity 

reached the fracture toughness [131, 150]. However, under decreasing K conditions, cracks 

were observed to arrest. The resulting growth rate versus Kmax curves were similar to the 

curves obtained under monotonic loading, which suggested that the relevant crack-growth 

process in single-crystal silicon was not true cyclic fatigue. This conclusion was further 

supported by the fact that fracture surfaces under cyclic and monotonic loading were similar. 

The authors also suggested that fatigue mechanisms involving cracking of a surface reaction-

layer could be a viable mechanism. 

 

2.7.2 Polycrystalline silicon 

Like single-crystal silicon films, experimental studies from prior works has shown 

that material failure in polycrystalline silicon specimens is influenced by factors such as 

loading conditions, operating frequency, and majorly, environment [144-146]. In an early 

work by Van Arsdell and Brown [151] on the fatigue in polycrystalline silicon films, the 

change in resonant frequency of a pre-cracked polysilicon device under fatigue loading in wet 

air was reported. The authors observed that the resonant frequency of the device decreased 
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when it was fatigued in humid air (50% or 75% relative humidity, 30ºC), but remained 

unchanged when it was fatigued in dry air. They interpreted the results as subcritical crack 

growth through environmentally assisted cracking mechanism. Based on the transgranular 

crack path shown by fracture surface investigation done by Van Arsdell and Brown [151], the 

environmentally assisted cracking was suggested to involve the native oxide film rather than 

the polysilicon itself. They further claimed that this mechanism known as “static fatigue” 

would facilitate additional oxide growth at the crack tip and that it includes only effects of the 

environment and stress level, but claims the fatigue behaviour is independent of the number 

of load cycles.  

Using the same devices as those used by Van Arsdell and Brown [151], Muhlstein et 

al. [10, 18, 19, 138, 152–154] measured the thickness of the surface silica layers on the 

specimens using transmission electron microscopy (TEM). From their study, they observed 

that the surface oxide thicknesses after fatigue cycling to failure were three times greater in 

highly stressed regions than in the non-stressed regions without the occurrence of heat 

(Figure 2.18). This validated the work by Van Arsdell and Brown [151]. Muhlstein et al. [10, 

18, 19, 138, 152–154] also reported TEM studies of one specimen that was cyclically stressed 

but not to failure. The results showed several stable small cracks within the thickened surface 

oxide layer, indicating the presence of subcritical crack growth.  

Furthermore, it has been shown that the specimens that are treated with a self-

assembled monolayer (SAM) coating during fabrication (surface oxide formation prevention) 

experience smaller dependence of lifetime on the peak stress amplitude. Based on this 

assumption, Alsem et al. established that the absence of oxygen and water vapour in a 2   

10
5 

Pa vacuum environment completely suppressed the occurrence of delayed fatigue [140]. 

They also showed that samples tested in high relative humidity air (> 95% RH, 30ºC) failed 

after fewer numbers of cycles than corresponding samples tested in ambient air (~35% RH, 
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25ºC). With the insights from these studies, the fatigue of silicon thin films was attributed to 

a mechanism of sequential, cyclic stress-assisted oxidation and environmentally assisted 

cracking of the surface oxide layer which forms upon exposure to moisture- and/or oxygen-

containing atmospheres, a mechanism that they termed “reaction-layer fatigue” [140].  

In an effort to support the reaction-layer model Muhlstein et al. [19, 152] performed a 

finite-element modelling that claimed a decrease in natural frequency of the fatigue 

characterization structure evolution in the form of oxide thickening (-0.5 Hz per nm of oxide 

growth) and subcritical crack growth ( -1 Hz per nm of crack extension) within the oxide 

(Figure 2.19). The result of the calculated crack size was close to the maximum crack 

extension observed experimentally. Since the crack size is less than the surface oxide layer, 

the entire process of fatigue crack initiation, growth, and the onset of final failure of the entire 

structure occurred within the oxide layer [155]. Following these observations and the fact that 

a crack in the oxide layer must cause failure of the entire structure, the criterion for this 

mechanism was proposed, which says that the thickness of the oxide layer, h, must be greater 

than or equal to the critical crack size, ac, to fail the entire structure (i.e., when ac < h).  

Pierron and Muhlstein [156] further expanded this numerical model to account for a 

different failure scenario where stable crack growth in the oxide now becomes unstable crack 

growth when the crack gets to the silicon/oxide interface (i.e., when ac = h; this lowered the 

oxide thickness that is potentially susceptible to reaction-layer fatigue to ~15 nm, compared 

to ~50 nm required in the previous model). The mechanism also explained the decreasing 

growth rates observed for cracks propagating within the oxide layer [155].  

Another mechanism, complementary to reaction-layer fatigue, was proposed based on 

the surface topology changes with increasing distance from the notch seen in in situ AFM 

images of the region near the notch (Figure 2.20), before and after cyclic actuation [20, 144, 

145, 157, 158]. These changes indicated a role of stress in the evolution of surface 

topography under cyclic loading and were ascribed to the roughening of the surface oxide 
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layer (Figure 2.20), which in turn was associated with a mechanism of cyclic stress-assisted 

dissolution of the surface oxide layer such that deep grooves are formed where the dissolution 

is fastest that could result in fatigue crack nucleation (Figure 2.21). One drawback of this 

model as stated by Kahn et al. [159] is that cyclic stress-enhanced oxidation has never 

previously been observed. Although Allameh et al. [144, 145] reported that their specimens 

had an initial surface oxide of 2 – 4 nm. They used the same structures as Muhlstein et al. 

[19], who showed surface oxides of about 30 nm. Another concern is that Allameh et al.  [20, 

144, 145, 157, 158] used the model based on the stress-dependent surface reaction model of 

Yu and Suo [160], which considered monotonic stresses rather that the cyclic stresses that 

Allameh et al. used exclusively.  

Kahn et al. [128, 161 – 164]  suggested a completely different mechanisms for the 

fatigue of micron-scale polysilicon based on results obtained from specimens tested at 

varying stress ratios (-3 < R , 0.5) in laboratory air and in a medium vacuum (8 Pa pressure). 

The first claim by Kahn et al. is that fatigue crack initiation and growth occurred during 

cyclic loading in both air and vacuum, although the process was faster in air. The authors 

then suggested a purely mechanical mechanism for the fatigue behaviour of silicon thin films 

via subcritical cracking of the silicon itself. Furthermore, their findings show that the low-

cycle fatigue strength of the electrostatically actuated single edge notched micro-specimens 

was affected more by the stress ratio than by the environment. On the basis of this, they 

concluded that the fatigue mechanism for silicon thin films was strongly affected by the 

compressive portion of the loading cycle. The authors think this could create a micro-crack at 

the surface due to wedging on surface asperities and thus allow further crack growth as a 

result of a mechanism similar to far-field cyclic compression fatigue of brittle ceramics. The 

investigations of the authors on high-cycle (10
4 

- 3   10
8 

cycles) fatigue behaviour in air and 

vacuum found no fatigue failures in a medium vacuum. This allowed Kahn et al. [159] to 
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propose that thickened surface oxide on newly formed crack surfaces in air could cause 

wedging effects that would create additional subcritical cracking or that wear debris formed 

in vacuum could prevent crack closure and therefore decrease crack driving force and growth 

[159].  

However, the finite-element modelling used in fracture mechanics for the calculations 

of the crack-opening profile and the driving force for advance of wedged cracks showed that, 

in compression, such wedges do not cause an increase of the magnitude of the stress-intensity 

factor. This implies that this mechanism cannot contribute significantly to the fatigue of 

silicon thin films [140]. Subsequently in their experiments on mean stress effect on the low-

cycle fatigue of Pd-coated undoped and B-doped polysilicon film, Kahn et al. [165] found 

that increasing the amplitude of the cyclic stress with a positive mean stress led to the higher 

fracture stress, whereas negative mean stress led to the lower fracture stress.  

To account for all their observations Kahn et al. suggested three possible fatigue 

mechanisms. The first of these was based on the idea of the micro-cracking of the silicon and 

was discarded later as inappropriate as an explanation of the weakening and the strengthening 

due to crack tip shielding. A second mechanism was suggested involving dislocation activity, 

which would cause crack-tip blunting in the case of a strengthening effect and crack-tip 

blunting followed by sharpening for a weakening effect. The third proposed mechanism 

involved grain-boundary plasticity, where an amorphous grain-boundary region hitting the 

surface under stress would experience a nonconventional plastic deformation in shear, which 

would then cause a residual compressive stress, possibly resulting in the observed 

strengthening effect. To support this model Kahn et al. presented results of their element 

modeling, where they showed that with such grain-boundary plasticity residual compressive 

stresses could occur. However, as argued by Alsem et al. [140] , there is no experimental 

evidence for these simulated results; furthermore, the fact that single-crystal micron-scale 
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silicon is also susceptible to fatigue failure is totally inconsistent with any mechanism 

involving only grain boundaries.  

Bagdahn and co-workers [166-168] combined their data on the influence of frequency 

on the high-cycle fatigue behaviour with those of Muhlstein et al., Kahn et al., and Kapels et 

al. into a single plot of normalized peak stress versus fatigue lifetime and found that all the 

data followed the same curve (Figure 2.22). They concluded that fatigue lifetime depends 

only on the number of cycles, not on the total time or the frequency of the test, and fit the 

results to the equation:          

     
  

  
   

                 (2.22) 

where σf is the peak stress in the fatigue cycle, σc is the monotonic strength, and Nf is the 

number of cycles to failure. They also noted an increase in surface roughness of the top 

surface of their specimens in the vicinity of the fatigue fracture [168]. Finally, they concluded 

that there should be an additional effect (other than the environmental influences) to account 

for all the results. 

 

2.7.3 Mechanisms of Fatigue in Silicon MEMS Structures 

From the qualitative results obtained by Muhlstein et al. [18, 19], it is possible that the 

source of fatigue in single crystal silicon is similar to that of polysilicon materials. Also, the 

study by Bagdahn and Sharpe [168] has shown that undoped polysilicon with a 2 nm surface 

oxide and a sputtered Pd film behaves the same under cyclic loading as P-doped polysilicon 

with a 30 nm surface oxide. Hence, it is reasonable to expect that any proposed fatigue 

mechanism for silicon must explain all of the observed phenomena. These phenomena 

include: an increase in high-cycle fatigue lifetime with a decrease in peak stress, a decrease in 

the resonant frequency of specimens during a fatigue test, a decrease in low-cycle fatigue 

strength with decreasing stress ratios, R, an increase in fracture- producing flaw size with 



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | BACKGROUND THEORY AND LITERATURE REVIEW 46 

 

decreasing fatigue strength, no dependence on testing ambient for low cycle fatigue, 

dependence on ambient for high-cycle fatigue, and morphological changes including an 

apparent oxide thickness increase and surface roughness increase in the area of high stress. 

However, three mechanisms have been proposed: stress-assisted surface oxide dissolution by 

Allameh et al. [144, 145], reaction-layer fatigue by Muhlstein et al. [19], and mechanically 

induced subcritical cracking by Kahn et al. [164].  

The stress-assisted surface oxide dissolution model [144, 145] involves cyclic stress 

enhanced oxidation, followed by uneven ‘‘dissolution’’ of the surface oxide such that deep 

grooves are formed where the dissolution is fastest; these grooves are then sites for crack 

nucleation. Allameh and co-workers [20, 144 - 146] used only AFM to investigate their 

devices, and inferred the oxide thicknesses from the AFM results. Still, to achieve the deep 

grooves reported by Allameh et al., oxide growth, oxide redistribution, or some other 

mechanism of morphological change must have occurred.  

The reaction-layer fatigue model [19] also involves cyclic stress enhanced surface 

oxide thickening, which then undergoes environmentally assisted stress corrosion cracking. 

The process reoccurs until a critical crack size is attained, and then the silicon itself fractures 

catastrophically. Specifically, the fatigue damage occurs only in the surface oxide, while 

stress corrosion is dependent on time and monotonic stress. However, Kahn et al. [159] 

argued that the TEM, which was used by Muhlstein et al. [19] to obtain the experimental 

results used to support this model, is both unconventional and quite difficult to use to 

determine the thickness of a surface layer on a sidewall. This is based on the fact that the 

micro-fabricated sidewalls of the polysilicon specimens are neither perfectly flat nor perfectly 

vertical. Furthermore, they claimed that this type of analysis cannot determine whether the 

thickness of the surface oxide is uniform through the 2000-nm height of the polysilicon 

device, or whether the observed thickness increase is due to redistribution of the initial oxide 

[159]. Finally, Kahn et al. considered another concern about the SAM-coated results, which 
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showed failures at 10
7
 and 10

8
 cycles (4.2 and 42 min) for specimens with peak stresses of 

2.8 GPa. For these devices to fail via the reaction-layer mechanism the SAM must first break 

down, then a surface oxide of sufficient thickness (20 nm) must grow, followed by stress 

corrosion cracking of the oxide layer, all within the time span of a few minutes.  

The mechanically induced subcritical cracking model states that subcritical cracking 

occurs in the silicon itself when subjected to cyclic loads, particularly cyclic loads with large 

compressive components [164]. Fatigue damage of bulk brittle materials under cyclic 

compression has been well established [169]. Thus, this model explains the fatigue results 

that depend on stress levels but not on ambient, while the models that involve surface oxide 

growth better explain the fatigue results that have an ambient dependence. To explain the 

ambient effects on high-cycle fatigue, Kahn et al. [169] proposed that in air, surface oxide 

formation on mechanically induced subcritical cracks caused wedging effects that increased 

the applied stress intensity at the crack tips. There is another explanation for enhanced fatigue 

behaviour in humidity that does not involve chemical reactions with the environment. 

Increasing the relative humidity in operating air greatly reduces the amount of wear debris 

formed by contacting polysilicon components [170].  

In fatigue of bulk ceramics, wear debris decreases crack growth by preventing crack 

closure and reducing the effective driving force for crack advance [171]. Similar wear debris 

formed in dry air or in vacuum could reduce the fatigue effects in polysilicon operated in 

these ambients. Therefore, the only feature of fatigue behavior not accounted for by this 

model is the surface roughness increase reported by Allameh and co-workers [144, 145] and 

Bagdahn and Sharpe [168]. It is possible that this phenomenon is restricted to silicon 

specimens with thick (30 nm) surface oxides, such as those used by these researchers, and 

that it is not a general feature of silicon fatigue.  
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2.7.4 MEMS Testing Techniques 

Silicon specimens used in fatigue experiments are invariably fabricated using silicon 

micromachining techniques that utilize silicon wafers as substrates. This technology allows 

two types of loading: external and integrated. The external loading involves connecting the 

microfabricated specimens to a separate system that is used to apply forces. One simple 

external loading device is a nanoindenter. The tip of the nanoindenter is pushed downward on 

silicon cantilever beams [137, 148] or clamped–clamped silicon beams [172], to generate 

bending stresses. A similar technique used a lateral-motion load cell to push on the end of a 

beam attached to both a torsional bar and a tensile bar, to create tensile stresses in the area of 

interest [173]. Another external loading technique used a piezoelectric-based load cell to pull 

on silicon tensile specimens [166 - 168]. Finally, the silicon substrate can be attached to a 

piezoelectric shaker; when this actuator vibrates at the resonance frequency of the silicon 

device, the device will experience large amplitudes of deflection and high stresses [141]. 

Since the silicon specimens are fabricated on silicon substrates, it is possible to 

integrate the specimens with wafer-level micro-actuators that can generate the fatigue stresses 

using only electrical connections. Most of these micro-actuators use electrostatic forces, 

created with applied voltages. Both comb-drive actuators (actuators that involve the 

capacitance increase that results from the increased overlap of two opposing sets of long 

straight fingers) [17-19, 138, 144-146, 151-153, 157, 161-163] and parallel-plate actuators 

[175, 176] have been used. Another integrated microactuator exploits the thermal expansion 

of current-induced locally heated silicon to generate the fatigue stresses [17]. 

In general, the use of external actuation makes the silicon specimen fabrication much 

simpler, since the integrated micro-actuator is absent. However, the problems of attachment 

and alignment of external loading sources cause these experimental procedures to be 

cumbersome. For fatigue testing, it is advantageous to stress at relatively high frequencies. 

This is possible using external piezoelectric-based actuators, and especially for integrated 
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electrostatic actuation. Thermally induced loading suffers from long cooling times, which 

limit its testing frequencies to about 1 Hz [17]. As discussed above, it is also desirable that 

the loading system be able to apply monotonic as well as cyclic loads, be able to measure the 

monotonic strength of the specimens, and be able to test the specimens for long-term 

durability under constant stresses. Since the external loading schemes are relatively large, 

they all display this capability, except for the shaking technique. 

For the integrated micro-actuators, the thermally induced stresses are large enough to 

test the monotonic strength, but the thermal stability of the device may not be high enough for 

long-term testing under constant loads. Electrostatic actuators typically do not generate 

sufficient force to study monotonic fracture. However, electrostatic comb-drive actuators can 

be made with enough comb fingers to cause both monotonic fracture at stress concentrations, 

as well as fatigue-induced fracture [162-164]. The disadvantage is that the device is relatively 

very large (about 2 mm   2 mm), which decreases the yield of useful devices on a wafer 

processed in a semiconductor ‘‘foundry.’’ 
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Figure 2.1: (a) Schematic of Light Interactions with Silicon Surfaces: Minimizing Reflection 

Loss on Textured Silicon Surface; (b) SEM image of Textured Silicon Surface. 
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Figure 2.2: Real and Imaginary Parts of the Refractive Index of Silicon. Taken from Ref. 

[27] 
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Figure 2.3: Reflectivity of Bare Silicon related to Normal Incidence. Taken from Ref. [27] 
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Figure 2.4: Absorption Coefficient of Silicon. Taken from Ref. [27] 
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Figure 2.5: Examples of Structured Surfaces to Implement Light Trapping in Silicon Solar 

Cells. Taken from Ref. [102] 
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Figure 2.6: Lambertian Surfaces. 
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Figure 2.7: The Setup for Path Length Enhancement Simulations. 
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Figure 2.8: Percentage of Rays Remaining Versus The Passes Through Cell [8]. 
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Figure 2.9:  Path Length Enhancement versus Facet Angle [115]. 
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Figure 2.10: Random Upright Pyramidal Texture Creation. The Starting Unit Cell and 

Destination Unit Cell that has Random Height and is Laterally and Vertically Displaced 

Randomly with Respect to the Previous Cell. Taken from [117] 
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Figure 2.11: (a) Shows the Preferential Paths for Regular Upright Pyramids (B) Shows the 

Preferential Paths for Regular Inverted Pyramids. Taken from Ref. [16] 
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Figure 2.12: (a) the square and triangular shapes represents the (100) plane and (111) plane 

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

angle of interest. 
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Figure 2.13: Schematic diagram of a 2D idealized pyramid formed on a textured (100)-

oriented Silicon wafer. 
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Figure 2.14: Calculated height of a 2D idealized pyramid. 
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Figure 2.15: Scanning electron micrographs of resonator stress-life fatigue characterization 

structure. (a) The electrostatic comb drive actuator and notched cantilever-beam specimen, 

(b) an overview of the scan area on the left [146] 
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Figure 2.16: Schematic illustration of the compression-loaded double cantilever beam 

specimen. Specimen height is 7.6 mm with a length of 12 mm. [150] 
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Figure 2.17: Fatigue-crack growth data, da/dN vs. Kmax, in 150 µm thick single-crystal 

silicon (from different load ramps) are compared for cyclic and static fatigue tests. The area 

marked by the dotted line shows static fatigue test results in 50% relative humidity.[131] 
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Figure 2.18: HVTEM images of the notch region in an unthinned, 2 µm thick polycrystalline 

silicon test sample after high-cycle fatigue. [19] 
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Figure 2.19: Schematic illustration of the reaction-layer fatigue mechanism for thin film 

fatigue at the notch of the polycrystalline silicon cantilever beam: (a) reaction layer (post-

release oxide) on surface of the silicon, (b) localized cyclic stress-assisted oxide thickening at 

the notch root, (c) moisture-assisted crack initiation in the surface oxide at the notch root, (d) 

additional thickening and cracking of reaction-layer, and (e) unstable crack growth in the 

silicon film.[19] 
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Figure 2.20: Surface topography evolution showing in a series of AFM surface scans of the 

area below the notch root: (a) Before actuation, (b) After the actuation of polysilicon 

structures for 2 × 109 cycles on a 2 μm × 2 μm scale; (c) and (d) are corresponding images on 

a 5 μm × 5 μm scale (before and after actuation, respectively), (e) Location of scan area at the 

vicinity of the notch root of the fatigue resonator (similar design as shown in Figure 2.15) 

corresponding to (a)–(d).[145]. 
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Figure 2.21: Observed Cracks in Notch Regime during fatigue crack growth. Taken from Ref 

[144] 
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Figure 2.22: Stress-lifetime (S/N) curve of thin-film polysilicon tensile specimens during 

cyclic loading tested with different loading frequencies between 50 and 6,000 Hz. [168] 
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CHAPTER THREE 

OPTICAL REFLECTANCE OF ALKALI-TEXTURED SILICON 

WAFERS WITH PYRAMIDAL FACETS: 2D ANALYTICAL MODEL 

3.1. Introduction 

Surface texturing in solar-based devices is a geometric method of reducing reflection 

in crystalline silicon substrates [1]. It is often achieved by the anisotropic etching of (100)-

oriented silicon substrates into square-based pyramidal structures [2]. The pyramidal 

structures are formed by the alkaline etching of (100)-oriented silicon surfaces along 

crystallographic orientations that expose the {111} planes [3] Potassium hydroxide (KOH) 

and additive isopropyl alcohol (IPA) are two of the most common alkaline solutions that are 

used for anisotropic etching of silicon surfaces [4-12]. The sizes and uniformities of the 

resulting pyramids are also traceable to isopropyl alcohol (IPA), which acts as a wetting 

agent, when added to alkaline etchants [11]. 

Furthermore, the pyramidal sizes, heights and base widths are usually on the order of 

several microns [12, 13]. Hence, the reflection falls within a basic structure that supports 

geometric optics [14]. Consequently, the surface texturing of (100)-oriented silicon substrates 

can be used to improve the absorption of light within the silicon substrates [15]. This can be 

achieved by using the reflection from micro-pyramids to redirect light to produce multiple 

reflections that increase the possibility of light absorption by silicon substrates. Since such 

increased absorption can enhance photo-charge conversion and solar cell efficiency, there is a 

need to study the effects of micro-pyramidal geometries on the reflectance of textured silicon 

surfaces. 

In a recent work, Baker-Finch and McIntosh [16, 17] considered the reflection of 

normally incident light from textured silicon surfaces. They presented the reflection path and 
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the fraction of rays that follow a given path, using geometrical approach for regular inverted 

pyramidal textures and a ray tracing method for random pyramidal textures [16]. They were 

able to established that, for all normally incident rays that intersect a pyramidal facet, 88.9% 

of incident rays experience a secondary reflection, while the remaining 11.1% experience 

tertiary reflection [17].  

However, in practice, incident rays of sunlight are not always normal to the surfaces 

of textured silicon solar cells.  Since the angles of incidence may vary, depending on the 

position on the earth, and the earth’s rotation about the sun and about its own axis, there is a 

need to explore the possible effects of different angles of incidence on the reflection of 

sunlight from {111} facets on the surfaces of textured silicon solar cells.  Hence, the work of 

Baker-Finch [16, 17] is limited to normal incidence, which is not always the case for most 

solar cells in service.   

In this chapter, an analytical model is used to determine how incident light interacts 

with textured micro-pyramidal facets on alkali-textured silicon surfaces. The dependence of 

the secondary reflection on the angles of incidence of light rays is explored, along with the 

contributions of the primary and secondary reflection to the total reflection. The possible 

optical interactions are considered for a range of pyramidal geometries and light incidence 

angles. The analytical model is then used to determine the reflectances of well controlled 

textured surfaces. The potential for light trapping is also explored, before discussing the 

implications of the results for the design of micro-textured silicon surfaces. 

3.2 Modeling 

3.2.1 Pyramids on Etched Silicon Surfaces 

The silicon solar industry relies largely on silicon wafers with (100), (110) and (111) 

orientations [18]. However, (100) wafers are the most geometrically appealing, since the 

orientations of {111} planes can be easily located on them [18]. In order to understand the 
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etching behavior of different wafers, it is important to know the relative positions of different 

crystal planes in these wafers. It is also important to know the angles that they make with 

each other, after etching.  

During wet anisotropic etching, grooves with {111} sidewalls are exposed [14]. These 

are aligned with {100} planes at specific angles [15]. Also, KOH solution is the preferred 

etchant that is used in the anisotropic etching of silicon to produce grooves with {111} 

sidewalls. This is attributed to its high anisotropy against {111} planes [19, 20]. Furthermore, 

the angles between the individual crystallographic planes can be calculated using vector 

operations (dot products), since the angle between {100} and {111} planes are the same as 

the angles between the unit vectors of their normals. Thus, by inspection, the unit normals of 

both the (100) plane and the (111) plane can be obtained from their Miller indices, as shown 

in Figure 3.1.  

 In an effort to demonstrate the geometrical properties of silicon crystal on a (100) 

plane, the dot product (Equation 3.1) is used to obtain the angle between the (111) plane 

indices and the (100) plane indices to be 54.74°.  

                                                        100 ·   111 = |  100| |  111|    .                                         (3.1)    

where |  100| and |  111| represent the magnitudes of the unit normal vectors and   is the angle 

between the (111) facet and the (100) substrate.  

 The above angle corresponds to that specified from Wulf’s stereographic 

projections of a (100)-oriented silicon crystal [21]. Due to symmetry of the (111) plane on the 

(100) plane, the (111) plane meets the (010) plane and the (001) plane at an angle of 54.74°. 

The intersection of the (111) plane also forms a square-based pyramid. This implies that, for 

all incident light rays normal to the substrate, the primary reflections are oriented at 54.74° to 

the substrate surfaces. However, for actual industrial c-Si solar cells, where non-ideal etching 

is observed, a slightly smaller base angle (or facet tilt angle) is normally observed [16, 22]. 
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This has been shown to be less than 52° in Refs [16, 22]. 

3.2.2 Textured Surface Model  

3.2.2.1 Vector geometry approach  

For a collimated beam of light that interacts with a textured silicon surface at a particular 

angle [15], the vector geometry approach explored in this section considers the possible 

angles of incidence of light relative to the pyramidal {111} facets.  Within this context, the 

vector geometry approach uses vector dot products, and Phong’s projection model [23], to 

determine the angles of the reflected rays.  

Since the KOH texturing of (100) wafers forms pyramidal {111} planes [24, 25], we 

begin by representing the pyramidal surfaces by the vector coordinates of their plane normals. 

As shown in Figure 3.2, the diagonals of the pyramids are represented, respectively, by unit 

vectors i and j, while k is the normal to the substrate. This allows us to specify the normal 

vector, n, for each of the facets on the pyramid (see Figure 3.2).  

Furthermore, the incident light ray is also defined by a vector, v = -i +j – x k (where 

x is a variable). Since the normal to the substrate plane is the (001) direction, we define it as n 

= k. Thus, the dot product is used to determine the angle between v and n. This gives: 

    · n = |v||n|                               (3.2) 

where |v| and |n| represent the magnitudes of the vectors v and n, respectively, and   is the 

angle between v and n. Hence, rearranging Equation (3.2) gives:  

                                                          = 
   

        
                (3.3) 

With the light ray vector, v, known for a given angle of incidence (Equation 3.3), the angles 

of incidence of the primary reflection can be determined. Note that Equation 3.3 applies 

except when the incident angle is equal to 0°. When    0°, the light ray vector is defined by 

v = -k. 
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  Once the incident light ray vector is known, the angles of the facets can be determined 

from Equation 3.3. This makes it easier to obtain the secondary reflections. The coordinates 

of the reflected vector can be determined from the Phong model [23]. Hence, the angle of 

incidence of the light reflected from a surface is equal to the angle of reflection, as shown in 

Figure 3.3. If v is the direction of the incidence light ray vector, r is the direction of the 

reflected ray, n is the surface normal of the substrate, and  V and  R are the incidence and 

reflected angles, respectively, the reflected ray vector, r, can be determined from vector 

projection to be: 

          
   

 
                                                                             (3.4)                                          

From Figure 3.3, p is a projection of v onto n. Thus, we may rearrange Equation 3.4 to obtain: 

          
   

   
                                                                             (3.5) 

Also, using the dot product of two vectors, we may express      as: 

                                                     
   

       
                                                                          (3.6) 

 By combining Equations (3.4), (3.5) and (3.6), p becomes 

                                                     
   

       
                                                                           (3.7) 

Since vector q connects v to its projection and also connects p to r (see Figure 3.3), the 

coordinates of the reflected vector r is given by: 

                             
   

       
                                                                       (3.8) 

As an example, consider the case of light under normal incidence to the substrate, 

Equation 8 can be used to calculate the secondary reflection for a given light ray (v = -k) that 

is incident to a facet with n1 = i + j + k. The secondary reflection occurs on a neighbouring 

facet with n2 = -i – j + k. Thus, by combining Equations 3.6 and 3.8,                , 

which is equal to 15.79 . This implies that, for normal incidence to a textured silicon (100) 

substrate, all secondary reflections occur at an angle of 15.79 .  
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The above method represents on possible approach to the determination of the angles 

between any incoming ray of light and any pyramidal facet. However, it does not treat cases 

in which fractions of the light rays are incident on different facets. Furthermore, the method 

does not determine whether reflection actually occurs or not. These issues can be addressed 

by exploring simpler systems, such as periodic two-dimensional (2D) arrangements of 

textured pyramids that will be considered in the next section. 

3.2.2.2 2D Model of Periodic Pyramidal Structures  

(A) Basic Assumptions 

A 2D model of a periodic pyramidal system is illustrated schematically in Figure 3.4. 

This can be achieved in practice by masking the surface of a silicon wafer prior to the etching 

process [20]. Assuming that the incident light rays are perpendicular to the surface of the 

substrate, the optical interaction of light (with the separate facets X and Y) can be idealized, 

as a two-dimensional problem. 

In an effort to determine whether the angle of incidence, prior to the primary 

reflection on surface X, can produce secondary reflections, we gradually increase the angle of 

incidence from   = 0  to   = 35.3  until the incident light ray is tangential to facet Y (Figure 

3.4). Above 35.3  the reflections from facet Y vanish until   = 54.7 , at which the incident 

ray becomes normal to facet X. Furthermore, for incident angles greater than 54.7°, the 

reflected rays are directed away from the substrate and not towards it. Hence, secondary 

reflection will not occur for angles of incidence greater than 54.7°. 

(B) Contributing Factors from Primary, Secondary and Total Reflectances 

To estimate the total reflectance, the fraction of light rays that is incident to each facet 

is estimated along with their contributions to the total reflectance. As shown in Figure 3.4, 

angles  X and  Y are the angles between the light ray and the normal vectors to facets X and Y, 
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for primary reflections. Hence, the fraction of the light ray that falls on each facet can be 

expressed simply as the ratio of that angle’s cosine to the sum of both angles’ cosines. This is 

given by: 

                   
        

               
                                    

        

               
                              (3.9) 

    and     are the contributing factors of the primary reflections from facets X and Y, 

respectively. Since all of the reflections from facet Y vanish for angles greater that 35.3°, 

Equation 3.9 is only valid for angles,  , up to 35.3 . Beyond   = 35.3 ,     = 1 and     = 0. 

For secondary reflections from facet Y, the fractional contributing factor,     = 1, since any 

light ray reflected from facet Y experiences a secondary reflection.  

Unlike factor FY2, the contributing factor (   ) of the secondary reflections from facet 

X is more complex. By inspection, the contributing factor FX2 varies from 1 to 0, for four 

separate cases in the angle of incidence. In the first case, when the angle of incidence (to the 

substrate) is less than 19.4°, secondary reflection occurs on the neighbouring Y facet, for all 

light rays that strike any arbitrary point on facet X. Secondly, for angles of incidence between 

19.4° and 35.3°, some of the light rays reflected from facet X are directed away from the 

substrate, while those at angles of incidence between 35.3° and 54.7° are not able to strike 

some portion of facet X, due to shading from facet Y. Finally, at any angle greater than 54.7°, 

secondary reflections can no longer occur.  

For any angle of incidence between 19.4° and 35.3°, as illustrated in Figure 3.5, 

secondary reflection does not occur between points M and B on facet X (i.e. line length MB). 

Therefore, the fraction of facet X that does not produce secondary reflections from incident 

light rays is simply the ratio of the MB to MO. From Figure 3.5, the base length of the 

pyramid is equal to the distance between the peaks of the two pyramids. This implies that MH 
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is twice the line length, a, shown in Figure 3.5. Hence, the line length, a, can be related to the 

side length, L, via the following expression: 

                                                                 (3.10) 

Hence, for          , Equation 3.10 gives                       

Since MH is twice the length of the line segment, a, MH is now given by:  

MH            

Furthermore, applying the sine rule to triangle HMB, we obtain: 

     
      

  
  

          – α 

  
                                  (3.11) 

Substituting MH        into Equation 3.11 now gives: 

                                                   
      

  
  

          – α 
  

  

                                    (3.12) 

Hence, rearranging Equation 3.12 now gives: 

     
  

 
   

 

  
      

          – α 
                                  (3.13) 

Thus, the relationship between the angle of incidence,  , and the angle, α , opposite to the line 

length MB, can be obtained by applying the sine rule to triangle MHB. Since the incidence 

light ray is reflected across the normal to the line MB, we can also equate the included angle 

to 90  . That gives: 

                                   (3.14) 

Rearranging Equation 3.14 now gives 
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Also, from triangle MCB, we can deduce that: 

                                        (3.15) 

Hence,                    α, and α is now given by 

                                (3.16) 

Hence, substituting Equation 3.15 into Equation 3.13 now gives: 

                                                     
  

 
   

 

  
             

           –    
               (3.17) 

Thus, the contributing factor,     , of the secondary reflections for this range is given by: 

                  

 
     

 

  
             

           –    
   (3.18) 

For angles of incidence between 35.3° and 54.7° (Figure 3.6), part of facet X between points 

O and A (line length OA) does not have access to light rays due to the effects of shading. The 

proportion of facet X that is not accessible to light rays can thus be expressed as the ratio of 

the OA to the side length of the pyramid, OM or L. 

Hence, by applying the sine rule to triangle HOA, we obtain: 

                     

  
  

          –   

 
         (3.19a) 

Rearranging Equation 3.19 now gives: 

          

 
   

      

          –   
           (3.19b) 

Furthermore, by substituting the angle,  , with the expression          , we have: 

                      

 
   

            

          –   
                        (3.20) 
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Thus, the contributing factor,     , of the secondary reflections for this range is given by: 

                              

 
   

 
      

 

  
             

           –    
  

            

          –   
                  (3.21) 

So for all angles,     can be obtained via any of the following expressions, depending on the 

range of the angle of incidence of the light rays: 

    

 
 
 
 
 

 
 
 
 

                                                                                                                                   

   

 

  
             

           –     
                                                                              

   

 

  
                          

           –     
                                             

                                                                                                                                    
 

  

By combining the primary and secondary reflections with their contributing factors, the total 

reflectance can be obtained from the following expression [26, 27]: 

 

                                                                       (3.23) 

 

where     and     are the primary reflection coefficients from facets X and Y, with 

contribution factors of      and    , respectively     is the secondary reflection coefficient 

from facet Y. The secondary reflection coefficient from facet X is represented by     with its 

contribution factor being      . However, (1 -    ) accounts for the light not subjected to a 

secondary reflection from facet X. The reflectance, R, for both the primary and secondary 

reflections can be obtained using the Fresnel equations adopted from Ref. [28]. These give: 

                                       

 

 
 

         
   
    

 
 
         

         
   
    

 
 
         

 

 
 

 

                       (3.24) 
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where r represents the reflection coefficient for both the primary and secondary reflections. 

3.3 Experimental Procedures 

In an effort to validate the pyramidal structures used in the above model, (100)-

oriented silicon wafers were procured from Semiconductor Wafer Inc., Hsinchu, Taiwan. 

Prior to alkaline etching, the wafers were dipped in 0.5% HF for 100s to remove native 

oxides and subsequently dried in nitrogen gas. Samples were etched in alkaline solution of 

KOH under the etching conditions of etch duration of 40 minutes, etch temperature of 80
o
C 

and a volume concentration of KOH: IPA in the ratio 2:4. Also, at the end of each texturing 

process, the samples were rinsed in distilled de-ionized water and dried in nitrogen gas.  

The alkaline etching was carried out in a GFL-1083 thermo-coupled water bath 

(Gesellschaft für Labortechnik (GFL), Burgwedel, Hanover, Germany). Scanning electron 

images of the etched and unetched silicon surfaces were then obtained using an EVO MA-10 

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

Hamburg, Germany). 

3.4. Results and Discussion 

3.4.1 Reflection from Etched 100 Silicon Surfaces 

A secondary electron image of an etched 100 oriented silicon wafer surface is 

presented in Figure 3.1. This shows clearly that pyramidal facets are formed on the silicon 

wafer, after etching. This has geometrical characteristics that are similar to those discussed 

and idealized earlier in section 3.2. However, unlike the idealized unit cell structures, in 

which the pyramidal dimensions were uniform, the actual pyramidal structures exhibited 

variations in the unit cell heights, although the basic shapes were geometrically similar. The 

interactions with the incident light rays should, therefore, apply to primary reflections, since 

the secondary reflections may be affected by differences in the adjacent facets. 
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As discussed in the preceding section, the possibility that the incident light will 

experience a secondary reflection (double-bounce incidence) or a multiple reflection, depends 

upon the height of the pyramid, the apex angle of the pyramid and the facet tilt angles of the 

geometrical textures, with respect to the surface of the wafer [29, 30]. From prior work by 

Sethi et al. [31], a secondary reflection is experienced or guaranteed, if the facets tilt angle 

falls within the range between 45° and 60°. Since texturing of (100)-oriented silicon wafers in 

alkaline solution produces pyramids with apex angles of 70.6° and facet tilt angles of 54.7° 

for an ideal process or <52° for non-ideal process [16, 22], which are within the range 

specified by Sethi et al. [31], our model can be used to investigate the possibility of 

secondary reflection, for the full range of incidence angles to the substrate. 

By inspection, when the angle of incidence to the substrate is less than 19.4°, 

secondary reflection occurs on the neighbouring Y facet, for all light rays that strike any 

arbitrary point on X facet. This validates prior work on the reflection of normally incident 

light rays using the OPAL 2 software [32, 33]
 
to show that 88.9% of incident rays experience 

a double and 11.1% experience triple bounce. However, if the angle of incidence is between 

19.4° and 35.3°, some light is reflected from facet X. The reflected light is directed away 

from the substrate, leaving only some proportion of the facet to experience secondary 

reflection. 

 In the case of incident angles between 35.3° and 54.7°, the incident light rays are not 

able to strike some portion of facet X. This is due to shading from facet Y. However, for 

incident angles equal to 54.7°, the possibility of secondary reflections is eliminated because 

the incident light is perpendicular to facet X. Thus, at any angle greater than 54.7°, secondary 

reflections cannot occur. Hence, any incident light rays that strike the textured surfaces of 

etched (001)-oriented silicon surfaces at low incidence angles produces more secondary 

reflections and thus have at least two chances of being absorbed. However, the chances of 
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absorption are reduced at high incidence angles, where most of the reflected light rays are 

directed away from the substrate.  

3.4.2 Total Reflectance 

It is important to note here that the above model does not account for the tertiary 

reflections, as with prior work on the reflection of normally incident sunlight [16, 17, 22]. 

These were not explored, since they do not occur often for non-normal incident angles [31]. 

Furthermore, they have only a minor effect on the overall accuracy of the total reflectance.
31

 

Also, in the 2D textured surface model, the pyramids were assumed to be aligned with one 

another, as shown in Figure 3.4. However, this is valid only for regular inverted pyramidal 

textures and not for randomly textured silicon wafers. Hence, a more realistic approach is 

needed to model the light/pyramid interactions in actual etched (001)-oriented silicon wafers 

with textures similar to those presented in Figure 3.1. Nevertheless, the results obtained from 

the current idealized 2D textured surface model are close to the measured reflectance values 

presented by Parretta et al. [20].  

A summary of the contribution factors     ) obtained for different angles of incidence 

is presented in Figure 3.7. This shows that, above the incident angle of 19.4°,     decreases 

gradually with increasing angle of incidence. Furthermore, the dependence of the total 

reflectance on the angle of incidence is presented in Figures 3.8a and 3.8b, for etched (001)-

oriented surfaces subjected to incident light rays with a wavelength, λ, of 635 nm. In all 

cases, the total reflectances of the textured surfaces are lower than those of the flat polished 

surfaces.  

The predicted values of reflectance (obtained from Equation 3.23) are also in good 

agreement with the measured reflectance values (Figure 3.8c). The close agreement between 

the experimental and predicted reflectances suggests that the idealized model presented here 

captures most of the important aspects of light interactions with the pyramidal structures that 
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are formed by the alkaline etching of (001)-oriented silicon surfaces with etchants such as 

KOH. 

3.4.3 Implications 

The implications of the above model are quite significant. First, they show that more 

secondary reflections are experienced on textured silicon (100)-oriented wafers at low 

incidence angles. The optical path lengths also increase with increasing secondary reflections, 

thus, providing increased chances of light absorption. This suggests that KOH textured 

pyramidal structures can be tailored to control their reflectance, when the angle of incidence 

of light and the uniformity of the pyramids are well controlled.  

Furthermore, the good agreement between the measured and the predicted 

reflectances suggests that our 2D model captures most of the important aspects of light 

interactions with the pyramidal structures that are formed by the KOH-etching of (001)-

oriented silicon surfaces. 

These resulting reductions in surface reflectance enable more light to be trapped for 

conversion to charge in single crystal silicon solar cells. The control of alkaline etching can, 

therefore, be used to engineer the improvement of silicon solar cell efficiency. Further work 

is clearly needed to explore the possible improvements in solar cell efficiency that can be 

achieved via the controlled alkaline etching of silicon wafers in silicon solar cells. 

3.5. Conclusions 

1. In this chapter, a simple analytical model has been developed and used to study the optical 

behaviour of flat and textured silicon substrates. The model explored the possibility of 

secondary reflections, for the full range of incidence angles to the silicon substrate. The 

geometrical interactions of light rays with pyramidal facets were used to predict the 
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reflectance valves, which were compared with measurements of reflectance on alkaline 

textured silicon surfaces. 

2. Secondary reflection is experienced or guaranteed, for all pyramid heights, when the angle 

of incidence to the substrate is less than 19.4°. Hence, any incident light beams that strikes 

the textured surfaces of etched (001)-oriented silicon surfaces at low incidence angles, 

produces more secondary reflections than flat silicon substrates. Thus, secondary reflections 

increase the time available for the incident light rays to be absorbed into (001)-oriented 

silicon single crystals.  

3. The predictions obtained from the current 2D textured surface model are close to the 

measured reflectance values presented in Ref. [20]. The close agreement between the 

experimental and predicted reflectances suggests that the idealized model presented here 

captures most of the important aspects of light interactions with the pyramidal structures that 

are formed by the alkaline etching of (001)-oriented silicon surfaces with etchants such as 

KOH.  

4. The current results suggest that the model can be helpful in the design of textured silicon 

surfaces for the control of surface reflectance and the trapping of light by secondary 

reflections. Such control and trapping could lead to increased photo-conversion and silicon 

solar cell efficiency. 
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Figure 3.1: (a) the square and triangular shapes represents the (100) plane and (111) plane 

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

angle of interest (c) SEM image of pyramids on the surfaces of KOH etched (001) silicon 

wafers. 
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Figure 3.2: Top view of a square based pyramid showing the unit vectors and normal vectors 

on the textured surface. 
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Figure 3.3: Phong reflection model showing the vector projection of the incidence light ray. 
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Figure 3.4: The schematic diagram of the side view of a periodic pyramidal system. 
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Figure 3.5: Light interaction with the pyramid facet at an angle between 19.4° and 35.3°. 
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Figure 3.6: Light interaction with the pyramid facet at an angle between 35.3° and 54.7°. 
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Figure 3.7:  The dependence of     on the incidence angle. 
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Figure 3.8a: Measured total reflectance versus angle of incidence treatments at λ= 633 [20]. 
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Figure 3.8b: Calculated total reflectance versus angle of incidence treated at λ= 635. 
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Figure 3.8c:  The calculated and measured reflectance versus angle of incidence. 
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CHAPTER FOUR 

SURFACE TEXTURE AND OPTICAL PROPERTIES OF 

CRYSTALLINE SILICON SUBSTRATES 

4.1 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 includes the 

solar powered traffic lights and CCTV cameras, solar water pumps, solar street lighting 

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

particularly 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 

(approximately 3.5) of crystalline silicon at solar wavelengths [3]. This reduces the 

efficiencies of crystalline silicon solar cells to levels 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 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 

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], 

photolithography [10] or laser-based [11] techniques that can be used to control the 

interactions of light with silicon 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 
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and high capacity for anisotropic etching of silicon surfaces with improved light trapping 

characteristics [12-18]. However, the effect of anisotropic etching (on the morphology of 

silicon surfaces) also depends strongly on wafer orientation [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 process [20, 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 surface 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 4.1b). However, 

for effective light absorption or multiple reflections, there must be uniformity in the sizes of 

the pyramids, similar to those of regular inverted pyramidal structures [26, 27].
 

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

structures are traceable to 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 chapter presents the results of an experimental study of the effects of KOH/IPA 

etching on the stability of pyramidal textures on the (001)-oriented silicon wafers. The effects 
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of etchant concentration and KOH/IPA ratio are explored, along with the effects of etching 

duration 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 Spectroscopy. In order to ascertain the compatibility of 

texturing process with light trapping mechanism, simple 1 x 1 cm
2
 solar cell devices (with the 

structure of ITO/p-Si/Al) were fabricated on substrate with both textured and un-textured 

surfaces before discussing the implications of the results for the development of silicon solar 

cells with improved photo-conversion efficiencies. 

4.2 Experimental Procedures  

4.2.1 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 

1cm x 1cm, a thickness of 275 μm and a resistivity of 1 Ω-cm. Prior to texturing, the wafers 

were dipped in 0.5% HF for 100 s, before rinsing them in distilled deionized water and drying 

in nitrogen gas. The texturing process was done in a GFL-1083 thermo-coupled water bath 

(Gesellschaft für Labortechnik (GFL), Burgwedel, Hanover, Germany). The studies explored 

the effects of: (i) etchant concentration; (ii) process temperature; and (iii) process 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 4.1. This shows that the etching 

times were varied between 30 and 60 minutes, in steps of 10 minutes, while keeping the 

temperature and concentration constant. Similarly, the etching temperatures were varied 
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between 50
0
C and 90

0
C. This was done in steps of 10

0
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. 

 

4.2.2 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,    of the textured samples was measured 

using a Dektak 150 Surface profiler (Veeco Instruments Inc., Tucson, AZ, USA).     is the 

main height as calculated over the entire measured length or area. It is used to describe the 

roughness of the textured 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 10KV (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 mode. The AFM tips had lengths of ~ 125 μm and tip radii of ~ 8 nm. They 
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also had a resonance frequency of ~ 353 kHz. The scanning was done at slow scanning rates 

(1-3 Hz) to obtain the AFM images. 

4.2.3 Solar Cell Characterization 

In an effort to ascertain the effectiveness of the texturing process for light trapping 

scheme, simple 1 x 1 cm
2
 solar cell devices (with the structure of ITO/p-Si/Al) were 

fabricated on both textured and un-textured silicon wafers. A thin layer of ITO with a 

thickness of 100nm was deposited on top of the silicon substrates (as a front contact) by RF 

magnetron sputtering at an RF power of 50W and subsequently annealed at 250°C for 

30mins. To complete the device, the Al back contact with a thickness of 150 nm was 

evaporated in an Edwards Auto 306 evaporator, with a vacuum better than 2x10
-6

 Torr. 

Following the fabrication of the devices, the illuminated I-V characteristics were measured 

under standard test conditions (28 °C, 100mW/cm
2)

 using Keithley 2400 SMU and Oriel 

Solar Simulator while the dark I-V characteristics for were measured without the present of 

light. Once the measurement was completed, the I-V parameters are obtained and plotted 

using Labtracer software. 

4.3 Results and Discussion  

4.3.1 Surface Roughness and Morphology 

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

temperature (T) is presented in Figures 4.2a and 4.2b, respectively. The results show that      

increases rapidly initially, with increasing etch duration. However, it becomes almost stable 

above the etching time of 50 minutes. Similarly, the surface roughness increases as the 

temperature increases. For the durations and temperature ranges investigated in this study, the 

highest average surface roughness value of 676 nm was obtained for an etch time of 60 

minutes at an etching temperature of 90
o
C.  The variation of      with t and T is attributed to 
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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 4.2c and 4.2d, respectively. These show that      increases with increasing KOH 

concentration. 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 4.2d). 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 can be 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 

temperatures are presented in Figures 4.3 and 4.4, respectively. In both cases, pyramidal 

facets were observed on the surfaces of the (001)-oriented silicon surfaces. These are 

consistent with the reports from prior studies [6, 31]. They also show that alkaline etching 

preferentially etches {111} planes 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 70ºC. They generally range in size between 2 and 10 μm as shown 

in Tables 4.2 and 4.3. Pyramid size is defined here as the height and base width of the 

pyramids that are produced on the surface of (100)-oriented 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 4.4a – 4.4d) 
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and IPA (Figures 4.5a – 4.5d). The densities of the pyramids also varied widely over the 

wafer surfaces, as shown in Figure 4.5. A high density of pyramids (approximately 80-90%) 

was observed on the silicon surfaces. At low volume concentrations of IPA, the silicon 

surfaces exhibited few 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 distributed pyramids with smooth pyramidal facets (Figure 4.5c). 

This implies that the improvement in the pyramid uniformity on the wafer can be attributed to 

the effects of IPA, as proposed 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 (Figure 4.3-4.5). The 

improved resolution of the AFM images (Figure 4.6) 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 are 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°-51°, which falls within the range specified by Baker-Finch et al. [16, 22]. A 

summary of the surface roughness data obtained from the AFM analysis is presented in Table 

4.4. For comparison, the profilometry results are also included in Table 4.4. These show that 

the roughness values obtained from the AFM analyses are consistent with those obtained 

from profilometry. 

4.3.2 Optical Reflectance and Absorbance  

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

texturing process parameters is presented in Figures 4.7a – 4.7d and Figures 4.8a – 4.8d, 
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respectively. Since the optical transmittance for the 275 μm thick silicon wafers is almost 

zero in the visible region [37], the absorbance, A, is obtained from the expression: 

                                                      (4.1) 

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

presented in Figure 4.8, by integrating the differential absorbance data obtained from the UV-

VIS Spectrometer,  over the spectrum (i.e. from 200nm to 800nm). Table 4.5 shows the total 

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 minutes (Figure 4.7a), the effects of etching time were found to be very 

limited. However, for durations up to 60 minutes, the reflectance decreased with increasing 

exposure to alkali etchants. Similar trends have been reported by Mackel [32] and Llopis et 

al. [38], for anisotropically-etched single crystal (001) silicon wafers.  

The effect of etching temperature on the optical reflectance is presented in Figure 

4.7b. This shows that the reflectance decreases initially, for wavelengths between 230 nm and 

400 nm, as the etching temperature increases between 60ºC and 80ºC. For wavelengths 

within the visible spectrum (400 nm-700 nm), the reflectance decreases continuously, as the 

etching temperature increases from 60ºC to 80ºC.   

However, above 80ºC, increasing temperature is associated with similar reflectance at 

80ºC. 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 4.7c and 4.7d. These results show that IPA has a greater effect on the surface 

reflectance than KOH. This is consistent with prior results obtained from the etching of 

(001)-oriented silicon wafers [38, 39].  
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4.3.3 I-V Characteristics 

Figures 4.9a and 4.9b present the dark I-V characteristics and illuminated I-V 

characteristics respectively. As expected, the dark I-V curve produced a diode like nature for 

both the textured and untextured substrates (see Figure 4.9a). To provide a basis for 

comparison, the solar parameters were obtained under light. The result from Figure 4.9b 

shows that the solar device with a textured substrate had a fill factor, FF of 0.47, short circuit 

current, Isc of 0.189mA and a maximum power, Pmax of            while the solar device 

with an untextured substrate had a FF of 0.50, short circuit current, Isc of 0.158mA and a 

maximum power, Pmax of           .  

The measured short circuit current, Isc for the textured solar device is found to be 

higher compared to the solar device with untextured substrate. The results show that the 

texturing provides a clear boost to the current, by slightly more than 0.03mA. Unexpectedly, 

the fill factor, FF is found to be relatively higher for the solar device for the untextured 

substrate compared to that fabricated with textured substrate. This effect could be the result of 

a lower resistive contact of the ITO film deposited on the macroscopic rough surface. 

Moreover the gap in Pmax can be traced back to a better Isc of the textured cells.  

4.3.4 Implications 

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

concentration has a greater effect on surface roughness than the effect of KOH concentration 

(Figures 4.2 and 4.7). Higher volume concentrations of IPA result in rougher surfaces and 

more uniform distributions 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 4.5) can also be attributed to the effect of increasing volume concentration 

of IPA. This leads to a decrease in reflection shown later in Figure 4.7d.  



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | SURFACE TEXTURE AND OPTICAL PROPERTIES OF 

CRYSTALLINE SILICON SUBSTRATES 
123 

 

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 etch rate can also be accelerated by increasing the etch temperature and duration, as 

shown in Figures 4.2 and 4.7. However, etch temperatures above 80ºC should be avoided 

since this is above the boiling point of IPA (~82.4ºC) [40]. Etching at higher temperatures 

can also initiate cracks in the silicon wafer, as shown in Figure 4.4d. Evidence of 

temperature-induced cracking has also been presented by C. Sethi et al. [41] for silicon 

wafers subjected to temperature greater than 80ºC. 

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

the {111} facets, after etching with higher KOH concentrations (Figures 4.6c and 4.6d). 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 concentration of IPA in a 

moderate concentration of KOH. When this is done, the surface roughness increases with 

increasing IPA concentration (Figure 4.2d). These results 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. 

Finally, without considering the details of the device efficiency, the solar parameters 

obtained from Figure 4.9b show that there is a slight difference between the solar device with 

textured substrate and that with untextured substrate.  Moreover, it would be expected that 

this relative difference in the short circuit current would become even greater after increasing 

the device area and adding a silver grid to the device configuration. However, it is clear that 
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further work need to be done by fabrication more solar cells in a more ideal situation and 

environment. 

4.4 Conclusions 

In this chapter, the effects of KOH: IPA etching of (001)-oriented silicon single 

crystals is explored. The results show that IPA concentration has a greater effect on the 

surface roughness of (001)-silicon single crystals at temperatures up to 80
o
C. The etch rate 

also increases with increasing etching temperature/duration and increasing concentration of 

KOH. However, the volume concentrations of KOH: IPA above 2:4 can give rise to surface 

damage after exposures of ~ 1 hour. Increasing 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 the 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 absorbance and photo-conversion efficiencies of (100)-

silicon solar cells by reduction of the reflectance. The solar parameters discussed above show 

that there is a slight evidence of the enhancement especially with the short circuit current 

obtained for the solar device fabricated with the controlled textured substrate 
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Table 4.1: Summary of experimental conditions  

Step Process Chemicals Details 

1 HF-Dip 0.5:100, HF-Dip:DI 25
0
C, 100secs 

2 Anisotropic etching  Etchant concentration (V/V %) 

Etch time (Minutes) 

Etch temperature (
0
C) 

40% KOH:IPA:DI H2O 

30, 40, 50, 60 

60, 70, 80, 90 

3 Rinsing DI 25
0
C 

4 Drying Stream of dry N2 gas  

 DI H2O: Deionized Water, 18MΩ.cm, HF: 0.5% Solution 

 

 

 

Table 4.2: Variation of pyramid size on silicon textured surface at different etch temperature 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Process Parameter 

[Temperature(
0
C)] 

Average Pyramid 

Size (m) 

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 
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Table 4.3: Variation of pyramid size on silicon textured surface at different IPA 

concentration 

  

 

 

 

 

 

 

 

  

Table 4.4: Summary of surface roughness data        

Process 

Parameter 

Profilometry 

Average Roughness (Ra) 

AFM 

Localized Roughness 

 

Etch time 

 

30 

(nm) 

201 

(nm) 

127 

(Minutes) 40 565 294 

 50 621 344 

 60 643 559 

 

Etch temperature 60 342 156 

(Degrees) 70 574 361 

 80 641 423 

 90 676 700 

 

IPA concentration 1 315 182 

(g/ml) 2 529 411 

 4 604 634 

 8 681 854 

 

Process Parameter 

[IPA 

Concentration (g/ml)] 

Average Pyramid 

Size (m) 

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 



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | SURFACE TEXTURE AND OPTICAL PROPERTIES OF 

CRYSTALLINE SILICON SUBSTRATES 
129 

 

Table 4.5: 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 (%) 

  

Etch time 

 

30 

 

95.34 

(Minutes) 40 95.26 

 50 96.20 

 60 97.07 

 

 

  

 

Process 

Parameter 

Total 

Absorbance (%) 

 

KOH Concentration 

 

1 

 

94.13 

(g/ml) 2 95.76 

 4 95.15 

 

 

 

 
 

 

 

 

 

 

 

Process 

Parameter 

Total 

Absorbance (%) 

 

Etch temperature 

 

60 

 

93.03 

(Degrees) 70 94.49 

 80 95.34 

 90 94.71 

Process 

Parameter 

Total 

Absorbance (%) 

 

IPA Concentration 

 

2 

 

95.13 

(g/ml) 4 95.76 

 8 97.32 

a b 

c d 
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Figure 4.1: Schematic of light interactions with silicon surfaces: (a) Reflection loss on 

polished silicon surface; (b) Minimizing reflection loss on textured silicon surface. 
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Figure 4.2:  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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Figure 4.3: 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 4.4: 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. 
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Figure 4.5: SEM image at higher magnification showing a pyramidal coverage obtained on 

textured (100) wafer samples at different IPA concentration. 
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Figure 4.6: 3D profile AFM images of KOH textured silicon wafer samples at different IPA. 
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Figure 4.7: Reflectance spectra of textured wafers at different (a) etching time (b) etch 

temperature (c) KOH volume concentrations and (d) IPA volume concentrations. 
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Figure 4.8: Absorbance spectra of textured wafers at different (a) etching time (b) etch 

temperature (c) KOH volume concentrations and (d) IPA volume concentrations. 
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Figure 4.9a: Current-Voltage (I-V) characteristics of a p-n Junction Solar cell device in the 

Dark. 

 

Figure 4.9b: Current-Voltage (I-V) characteristics of a p-n Junction Solar cell device in the 

Light. 
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CHAPTER FIVE 

MODELING OF FATIGUE FAILURE IN SILICON MEMS STRUCTURES 

5.1 Introduction 

The interest in the application of micro-electro-mechanical-systems (MEMS) [1-3] 

has led to the introduction of a variety of commercial products (medical and computer 

devices) into the marketplace. These applications include: biological sensors in the human 

body, hydrostats, pressure sensors, inertial sensor, ink jet cartridge nozzles, pressure 

transducers, linear racks, accelerometers and actuators [1-3]. The suitability and success of 

silicon in micro-machining technology has made it the material of choice in most MEMS 

applications [4]. However, the reliability of the resulting devices is dependent on the type of 

loading and the environmental conditions [5].  

In particular, in the case of materials that are used for the safety-critical applications, 

the application of cyclic loads can lead to “fatigue” failure at stresses that are well below the 

fracture strength under monotonic loading. The incidence of fatigue failure can also be 

exacerbated by the combined effects of chemical environments (especially water vapor) and 

mechanical loading [5].  There is, therefore, a need for models that can predict the combined 

effects of environment and mechanical loading on the fatigue failure of silicon MEMS 

structures.  

Fatigue failure involves the nucleation and growth of cracks under cyclic loading 

conditions at stresses below the strengths obtained under monotonic loading [5-7].  It 

accounts for about 90% of all failures in engineering components and systems [6, 7].  

However, although the mechanisms of fatigue have been studied extensively in bulk materials 

since the industrial revolution in the 19
th

 century [5], our current understanding of the fatigue 

of bulk silicon and silicon MEMS thin films is limited to the results from studies that have 

been performed over the past few decades [8-19].  
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In the case of bulk silicon, it has been shown that crack nucleation and growth do not 

occur under static or cyclic loading conditions [8-10]. Hence, it was surprising for many 

when Cornally and Brown presented experimental evidence of fatigue in silicon MEMS thin 

films in 1992 [4]. Their studies revealed that micron-sized silicon structures failed 

prematurely in air at room-temperature (approx. 25ºC) under cyclic loading conditions. They 

obtained stress-life and sub-critical fatigue crack growth rate data that suggested a strong 

influence of water vapor on the fatigue of silicon MEMS structures. Their findings have been 

validated by many other studies [11-19] that have been carried out on the fatigue behavior of 

both single crystal [20] and polycrystalline silicon MEMS thin films/structures [21].   

Like Connally and Brown [4], other researchers used silicon MEMS specimens that 

were fabricated by silicon micromachining technology that enabled external [22] and 

integrated [23, 24] cyclic loading. Prior work on the fatigue of silicon has also resulted in a 

number of empirical models and insights for the prediction of fatigue in silicon MEMS 

structures [18, 21-26]. The results from these studies suggest that: an increase in high-cycle 

fatigue lifetime occurs with decreasing peak stress [25]; the fatigue life depends on the cyclic 

stress levels, but not on cyclic frequency [22]; morphological changes in the surface silica 

occur during fatigue [26]; and surface cracks may grow in the topic oxide film due to slow 

crack growth mechanisms [19].  

Nevertheless, in spite of the extensive research that has been performed on silicon 

MEMS structures, there is still no consensus on the mechanisms of fatigue crack nucleation 

and growth in silicon MEMS structures [27]. Some researchers suggest that silicon MEMS 

fatigue occurs due to the growth of surface perturbations until they evolve into cracks (Figure 

1a) [18, 19]. In this case, the topical oxides also appear to thicken during cyclic loading, 

(Figure 1a) [27-29]. Other groups suggest that cracks formed during fabrication can extend 

by slow crack growth via stress- and environmentally-assisted oxide thickening, when the 
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crack driving force exceeds a critical value (Figure 1b and 1c) [19, 21, 25], while others 

suggest that sub-critical growth occurs due to a mechanical fatigue mechanism [12]. There is, 

therefore, a need for further work to establish the mechanisms of fatigue in silicon MEMS 

structures.  

Since the initiation of cracks represents a significant fraction of the fatigue life in 

silicon MEMS structures [18], this chapter explores the effects of stress and environmentally-

induced evolution of the roughness of the topical oxide film due to stress, temperature and 

environmentally-enhanced dissolution mechanisms [15, 17]. Analytical and computational 

models are used to study the role of the stress-assisted dissolution of the topical SiO2 layer 

that is observed on the surfaces of silicon MEMS structures. The possible evolution of the 

thin SiO2 layer is simulated and compared with measured surface profiles from prior work 

[26]. The possible formation and growth of cracks is elucidated before discussing the micro-

mechanisms of fatigue fracture. 

5.2 Stress-Assisted Dissolution Model 

When a stressed solid material comes in contact with an environment (vapor or liquid 

solution) it may gain from or lose mass to its environment. However, the dissolution rate is 

dependent on stress and a result of the stress-assisted dissolution, the elastic energy adds to 

the driving force of the reaction, and may cause the surface to roughen. Stress is also known 

to change the mobility of a reaction. The surface reaction is driven by interfacial and elastic 

energy and by chemical potential difference between the solid and its environment.  

In the case of silicon MEMS thin films/structures, stress-assisted dissolution has been 

suggested as a possible mechanism for crack nucleation [30, 31]. However, the dissolution 

reaction is influenced by both surface energy and strain energy of the stressed surface. An 

early study by Mullins [32] in 1957 indicates that when a solid is perturbed into a wavy 
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shape, the surface energy causes the solid to evaporate faster at the crests than at troughs, so 

that the wave amplitude decays over time, and the surface flattens.  

Following the work done by Mullins [32], Srolovitz [33] established that when stress 

is applied to the wavy surface a non-uniform stress field is induced (the magnitude of the 

stress is larger at troughs than at crests). Consequently, the solid evaporates faster at the 

troughs than at crests, so that the wave amplitude grows over time and the surface roughens. 

However, when both the surface energy and stress act together, the ratio of the surface energy 

to the elastic energy defines a length scale: shorter wavelengths decay, while longer 

wavelengths grow.  

Kim et al. [34] and Yu and Suo [31] have used linear perturbation analysis to study 

the dissolution of a stressed solid surface and the related the changes in the surface profile to 

the stress state. They compared experimental profiles with those predicted by an idealized 

kinetic law. A similar analysis is used here to study the observed roughening of the SiO2 layer 

on the silicon MEMS structure. 

5.2.1 Surface Dissolution Reaction Model 

Following the work of Yu and Suo [31], we consider a silicon MEMS structure to be in 

contact with an environment. The mobility within the environment is large enough to make 

the chemical potential uniform. However, the SiO2 layer and the environment are not in 

equilibrium with each other since the SiO2 layer loses mass to the environment by 

dissolution. Thus, as the surface reaction proceeds, the SiO2 environment (as a system) 

reduces its total free energy (G).  

The total free energy consists of the surface energy    , the grain boundary 

energy    ), the chemical energy    , the elastic energy    , and a term    due to the 

applied traction. This can be expressed as:       

                                        (5.1) 
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Since the SiO2 layer and the environment are not in equilibrium with each other, the 

free energy variation associated with unit volume of the SiO2 layer grown on the surface of 

the surface of the silicon MEMS does not vanish. Rather, it defines a driving force of the 

dissolution reaction for the SiO2 layer under a state of stress and with a curved surface. The 

driving force, F is thus expressed as [31]: 

                              (5.2) 

Here g is the free energy difference between the atoms in two bulk phases (i.e., the 

environment and the unstressed solid), w is the elastic energy per unit volume, γ is the surface 

energy per unit area and K is the sum of principal curvatures. The SiO2 layer gains mass when 

F>0, and loses mass when F>0. 

The reaction rate, R, i.e. the volume of SiO2 layer gained or lost per unit surface area 

per unit time, is a function of the driving force, F. R is assumed to vary linearly with the 

driving force. Thus, the linear kinetic law is adopted here for simplicity [34]: 

                          (5.3) 

The proportionality constant M is known as the mobility of the surface. Since surface 

reaction is a thermally activated process, M depends on temperature and the mobility may 

follow the Arrhenius relation [31]: 

               –                          (5.4) 

where k is Boltzmann’s constant, and T the temperature. The activation energy Q and the pre-

exponential factor M0 are parameters to fit experimental data. We assumed that the mobility 

M is independent of the applied stress. 

The linear kinetic law in Equation (5.3) is, however, a special case of a more general 

law introduced by Hillig and Charles [35] in 1965. It is valid when the driving force is small 

compared to the average thermal energy.  
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5.2.2 Film Roughening and Evolution 

5.2.2.1 Linear Perturbation Analysis of Stress-Assisted Dissolution 

When the SiO2 layer interacts with an environment (vapour or liquid solution), we 

assume it is subject to a uniform biaxial stress field, σ, and remains elastic. In order to 

highlight the effect of the stress state, the SiO2 layer is considered to be isotropic and 

homogeneous, with Young’s modulus, E=72GPa [29, 36] and Poisson’s ratio v=0.22 [36], 

and always in mechanical equilibrium. However, for the surface to change shape for each 

time step, Equations (5.2) and (5. 3) determine the reaction rate. Thus, the reaction rate, R, is 

given by [34]:  

      
                                          (5.5) 

where H is the height of the SiO2 surface and   represents the 2-D gradient operator. 

Since the SiO2 layer is subjected to a uniform biaxial stress, the height, H(x, t), of the 

surface is decomposed into the average height         , and the surface roughness, h(x, t) 

such that: 

                                               (5.6) 

By adopting the experimental data obtained by Shrotriya et al. [26] for the vertical 

distance between the highest and lowest points on AFM selected line scans, Equation (5.6) 

can be used to compute the surface roughness of the SiO2 layer.  The curvature of the surface 

can be approximated as       when      , thus the first-order evolution of the surface 

roughness can be expressed as: 

                                          (5.7) 

where        . 

Likewise, when the SiO2 layer is subjected to in-plane stress state (Figure 5.2) with 

principal stresses            and principal axis          , the height,             of the surface 
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is decomposed into the average height       and the surface roughness,             such 

that: 

                                                         (5.8) 

Now, to study the time evolution of the SiO2 surface roughness, the roughness of the 

surface is seen as a linear superposition of the Fourier components,        of wave vectors 

(lying in       plane) of all magnitudes and directions. So that, when the wave amplitude is 

small, to the first order in wave amplitude, the time evolution of one Fourier component is 

independent of another. Thus, only one Fourier component needs to be analyzed. Figure 5.2 

illustrates a wave vector of magnitude   pointing in the direction x which is at an angle   

from the    axis. The two components of the wave vector are           and    

     . Thus, we assume that the roughness has one single Fourier component, which is a 

cosine-wave in the x direction: 

                                         (5.9) 

Here, the wave amplitude is assumed to be small compared to the wavelength namely,    

  for the linear perturbation analysis to be performed. Then, the Fourier component        is 

considered a small perturbation and results are retained up to the leading term in the wave 

amplitude q. To the leading order in q, the reaction rate is [31]   

       
   

  
 

  

  
                      (5.10) 

Similarly, the driving force, F, to the leading order in q is obtained as [31]:  

 

                               (5.11) 

 

where    is the driving force for an perfectly flat surface subjected to the principal stresses 

     and    . While   is expressed in terms of stress state and material properties as: 
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                   (5.12) 

where, E and v are the Young’s modulus and Poisson’s ratio of the material, respectively.  

By relating Equations (5.3), (5.10) and (5.11), it can be concluded that:  

                                                
  

  
                                       (5.13) 

By integrating Equation (5.13) with respect to time, we obtain the expression [31]:  

                                                           
      

      
                                  (5.14) 

Hence, when the quantity, α, is positive, amplitudes of the corresponding wavelength 

grows with time and when it is negative the amplitude of wavelength decays with time. The 

quantity, α, corresponding to stress state at base of the notch, is evaluated for the different 

Fourier components in order to study the influence of the stress-assisted surface reaction. In 

order to identify the Fourier components with amplitudes that grow with time, fast Fourier 

transforms of the surface morphologies (before and after actuation) is obtained from [36] 

according to Equation (5.12) and the surface profile is then represented by the Fourier 

transform [36]: 

                                                                                                    

where         are wave numbers. 

 

5.2.3 Oxide Thickening  

As stated in section II, the SiO2 layer is considered here to be linearly elastic, isotropic 

and homogeneous so that the potential role of the surface oxide films in the fatigue behavior 

of Si MEMS can be modeled. The model considered the fracture mechanics framework for 

the crack tip in thickening SiO2 layer. Following the suggestion by Muhlstein et al. [25] that 
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the thickening of SiO2 layer occur during cyclic actuation of Si MEMS structures, the energy 

release rate, G associated with the crack tip in the SiO2 film layer, can be estimated from the 

following expression [36]:  

                 
  

   

  
              (5.16) 

where    is the stress in the oxide layer; h is the oxide layer thickness;   
          ;    

and v are the Young’s modulus and Poisson’s ratio of the oxide layer, respectively;   is the 

dimensionless factor depending on the crack length, film thickness, and elastic properties of 

the film and substrate. When the crack-tip is inside the oxide layer for this particular 

geometry,   is given by the expression [36]: 

 

                           
 

 
    

 

 
 
    

      
 

 
  

 

             (5.17) 

 

Here, a, is the crack size;   is a fitting parameter to the full numerical solution tabulated in 

Ref. 36 and the coefficient, s, is chosen such that as a/h   0 Equation (5.17) approaches the 

classical solution of an edge crack in a semi-infinite homogenous plane [36]. 

For a crack that penetrates into the substrate (a > h),   is given by the expression [36]: 

 

 

             
  

    
 
  

 

  
   

 

 
         

 

 
      

 

 
 
     

      
 

 
   

 

   (5.18) 

 

where,    is a fitting parameter;   
          ;    and v are the Young’s modulus and 

Poisson’s ratio of the substrate, respectively. 

In cases where the crack-tip extends along the interface,   is given by the expression [36]: 
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                     (5.19) 

where,   and    are the fitting parameters that can be interpolated from the values tabulated 

in Ref. 36 and the coefficient, s, in this case ensures that the solution of Equation (5.19) is 

exact as a/h    . 

5.3 Finite Element Modeling 

5.3.1 Crack Growth and Failure 

In an effort to examine the regimes in which crack growth can occur, the linear elastic 

fracture mechanics framework described in section 5.2.3 is used to identify the conditions for 

stable and unstable crack growth in the SiO2 layer. Finite element analyses (FEA) was 

performed in ABAQUS 6-9 (ABAQUS, Dassault, Systemes International, Pawtuckett, RI). 

The FEA approach relied on the finite element (FE) calculation of the stress/strain 

distributions, energy release rates, and the stress intensity factors of cracks in the SiO2 layer.  

In the calculations, material properties including E and v were assigned with a section 

thickness of 19.5 μm for the substrate and 0.1 μm for the oxide films. The Young’s modulus 

was taken as E = 169 GPa for silicon MEMS [37] and E = 72GPa for the SiO2 film [29, 36] 

respectively. The Poisson’s ratio was taken as v = 0.22 for silicon MEMS [37] and v = 0.22 

for the SiO2 film [36].  

A pressure load was then applied to the sides of the silicon MEMS structure to 

simulate a uniform nominal axial stress. Mesh refinement was carried out until the elastic 

energy converged. The mesh was concentrated at the crack tip, since we were interested in 

the total stored elastic energy for each crack length. A focused meshing strategy was used to 

increase the number of elements in the vicinity of the crack-tip that required a partitioning 

scheme.  
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Both plane stress and plane strain cases were considered. The total force required at 

each displacement step is determined and compared with experimental data for the associated 

crack length. Once the axial load of the model has been correlated with experiment, the 

energy release rate is recorded and plotted against the crack length. The ABAQUS software 

was used to determine the J-integral values using contour integrals.   

5.4 Results and Discussion 

5.4.1 Film Roughening and Evolution 

In To study the influence of the stress-assisted surface reaction, the quantity, α, 

corresponding to stress state at base of the notch was evaluated for the different Fourier 

components. Since the value of the quantity, α, is only influenced by the magnitude of the 

stress field, the root-mean-squared (RMS) average of the principal stresses was used in the 

calculations. This was done in order to account for cyclic loading. The RMS average of 

principal stresses and the stress state values employed in the calculations were obtained from 

Refs. [29, 38].  

The RMS average of the in-plane stresses at the base of the notch has been computed 

to be σ11 = 1990 MPa, σ22 = 141 MPa and σ12 = 0 [29]. Also, the interfacial energy of the SiO2 

and water system has been reported to be 4.8 J/m
2
 [38]. These values were substituted in 

Equation (5.12) in order to express α as a function of Fourier components of the surface 

roughness. The quantity on the left-hand side of Equation (5.13) represents the evolution of 

Fourier components of surface roughness with time. The contour plot of α corresponding to 

the stress state is presented in Figure 5.4. The dark thick contour line on the plots corresponds 

to α = 0, and α > 0 for all of the wave numbers enclosed by it.  

Following the procedure described by Kim et al. [34], Shrotriya et al. [26, 29] used 

the AFM measured surface topologies of the MEMS structure to determine the 
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                (from 5.14 Equation) that corresponds to an area of 2 μm   2 μm near the 

notch-tip (see Figure 5.5). Comparison of the contour plots of                 and α 

indicates that the shape of the contours is similar. Moreover, the magnitude of wave numbers 

predicted to grow by linear perturbation analysis, compares remarkably well the experimental 

measurements carried out by Shrotriya et al. [26, 29] (see Figure 5.5). 

To quantify the extent of change in the topography of the Si MEMS structure as a 

function of distance from the bottom of the notch, data for the vertical distance between the 

highest and lowest points on AFM selected scan profiles were obtained from Ref. [24, 29]. 

The roughness information from the scan lines was taken progressively from the surface of 

the sample at regular intervals. Equation (5.6) was then used to compute the surface 

roughness, h(x, t) of the SiO2 layer.  

Figure 5.6 shows the computed surface roughness parameter h(x, t) plotted against the 

distance from the bottom of the notch. It can be deduced that, during actuation, the surface 

roughness changes significantly with increasing distance from the bottom of the notch. 

However, the regions that are closer to the bottom of the notch of the actuated surface are 

resulted in much higher surface roughness values (see Figure 5.6).  This clearly shows the 

effects of stress on the evolution of surface topography under cyclic loading. The result also 

suggests that the surface topography evolution is associated with the roughening of the SiO2 

film that is present on the surface of the silicon MEMS substrate. 

Figure 5.7 shows the AFM images from the work of Shrotriya et al. [24].  Figures 

5.7a and 5.7b present the AFM image before and after actuation for 12.79×10
9
 cycles, 

respectively, while Figure 5.7c is the subtracted image that shows the extent of change in the 

surface topography during actuation of the MEMS structures. The image shows a clear 

increase in the surface roughness at the bottom of the notch, where the highest cyclic stresses 

exist. The increase can best be observed by comparing Figure 5.7b with Figure 5.7c and then 
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relating it to Figure 5.6. This clearly demonstrates the effect of stress on the evolution of 

surface topography under cyclic loading. However, a comparison of the results presented in 

Figure 5.6 with those presented by Shrotriya et al. [24] in Figure 5.7, suggests that 

roughening of the SiO2 film occurs on the surface of the Si MEMS substrate after cyclic 

actuation. The revealed surface roughening effect at stress concentrations during cyclic 

loading can be attributed to stress-assisted dissolution of the surface oxide layer, thereby, 

forming deep grooves in the vicinity of the notch that becomes sites for crack initiation. This 

is also shown to be consistent with the linear perturbation analysis that suggests that the 

evolution of surface topography is associated with stress-assisted dissolution of SiO2 film. 

5.4.2 Effects of Surface Oxide Thickening on Crack Driving Forces  

To estimate the energy release rate from Equations (5.16), the coefficient (s) and the 

fitting parameter () in Equation (5.17) are approximately equal to 0.425 and -0.0437, 

respectively, as obtained from Ref. 36.  The material properties of SiO2 film (E = 72 GPa and 

v = 0.2228 [29, 36]) and Si MEMS substrate (E =169 GPa and v = 0.22 [37]) were used to 

compute energy release rates for two cases. First, the energy release rate ranges were 

evaluated as a function of oxide layer thicknesses for different cracks length in the topical 

SiO2 layer and secondly, as a function of crack length for different thicknesses of the SiO2 

layer. The results of the energy release rate calculations are presented in Figures 5.8a and 

5.8b, respectively. 

From Figure 5.8a, it can be deduced that the thickness of the SiO2 layer sets the size 

scale for the crack driving force, especially when the SiO2 layer is greater than a certain 

thickness (~30 nm). This is consistent with the results of Shrotriya et al. [26, 29], where 

stable crack growth are predicted to occur in the topical SiO2 layer when the crack driving 

force exceeds the crack growth threshold for stress corrosion cracking.  
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However, further thickening of the oxide layer leads ultimately to the SiO2 fracture 

toughness being exceeded, when the oxide layer thickness exceeds the critical thickness of 

~60 nm [29]. The above results (Figure 5.8a and 5.8b) are also consistent with those of 

Muhlstein et al. [2l] in which oxide thickening and stress corrosion cracking has been 

reported in polysilicon MEMS structures with an oxide thickness of ~30-100 nm.  

Since the maximum energy release rate for SiO2 film with thickness below ~20 nm is 

less than the stress corrosion cracking threshold, stable subcritical crack growth in the 

polysilicon layer is unlikely until the topical oxide film thickness exceeds ~20 nm [29]. 

Similarly, the computed plots of energy release rate versus nominal crack length in Figure 5.8 

suggest that the onset of fracture instability is unlikely to occur until the oxide thickness 

exceeds ~60 nm, as shown by Shrotriya et al. [29]. This again is consistent with the results of 

Muhlstein et al. [2l] in which maximum oxide thicknesses of ~100nm were observed using 

high voltage TEM. 

However, prior work by Alsem et al. [39] have shown experimentally the difference 

between thick (20 ± 5 nm) and thin (3.5 ± 1.0 nm) native oxide devices, but indicate that the 

difference in surface roughness may also be important. They showed that the thicker oxides 

and lower fracture strengths of the films resulted in an increased susceptibility of these films 

to cyclic fatigue failure, which they believed to have failed as a result of environmentally 

assisted subcritical cracking in a cyclic-stress assisted thickened silicon oxide.  

Pierron and Muhlstein [40] also presented a numerical model that accounts for an 

alternative failure scenario where stable crack growth in the oxide changes to unstable crack 

growth when the crack hits the silicon/oxide interface. Their results indicated that 

polycrystalline silicon thin films are susceptible to fatigue failure when fracture strengths are 

higher than 5GPA and surface oxide layers thicker than 15 nm. The mechanism also 
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explained the decreasing growth rates observed for cracks propagating within the oxide layer; 

as these cracks approach the SiO2/Si interface [40].  

Furthermore, the associated energy release rate range is 10.3 J/m
2
, for cracks that span 

80% thickness of the oxide (Figure 5.8a). This is clearly greater than the fatigue threshold of 

2 J/m
2
 obtained for short cracks in Si MEMS thin films [29]. This is consistent with the 

results of Shrotriya et al. [26, 29], who pointed out that stable crack growth can occur in the 

SiO2 layer when the energy release rate exceeds the stress corrosion cracking threshold [29].  

From the above analysis, it is clear that the native oxide layer, with thicknesses on the order 

of a few nanometers, is enough to promote fatigue crack initiation, even after it thickened on 

average during cyclic actuation. However, with the combined effects of the surface 

roughening and local oxide thickening there is a high possibility for crack growth to occur 

within the oxide layer. In such cases, it is possible for cracks to grow and either penetrate into 

the substrate or extend along the interfaces between the oxide film and the Si substrate during 

fatigue [27]. This is because the resulting crack driving forces for cracks that extend fully 

across the topical oxide films are sufficient for the cracks to penetrate into the silicon 

substrate [27].   

Furthermore, since the fracture toughness of the silicon is comparable to that of the 

SiO2 layer, unstable crack growth in the SiO2 layer is likely to result in unstable crack growth 

in the silicon substrate. The thickening of the topical oxide layer, therefore, plays a crucial 

role in enhancing the driving force for the nucleation and growth of cracks in silicon MEMS 

structures. 

5.4.3 Crack Growth and Failure 

Since the roughened oxide film is assumed to crack during loading if the strain along 

the surface exceeds the threshold strain [24, 26], the stretching of the MEMS substrate 

surface controls the rate of dissolution of the material. To examine the effect of the stress-



AUST Ph.D. Dissertation, Dept. of Theoretical and Applied Physics 
 

Fashina A. Adebayo | MODELING OF FATIGUE FAILURE IN SILICON MEMS 

STRUCTURES 
154 

 

assisted dissolution on the possible formation and growth of cracks, finite element analysis 

(FEA) was performed using ABAQUS. Typical results obtained from the FEA are presented 

in 5.9a – 5.9d. The Figures show the magnified displacements of the MEMS structure 

corresponding to the regimes in which crack growth occur at the notch.  

Figure 5.9a shows a detailed finite element calculation of the principal stress 

distribution near the notch tip for an initial crack length of 0.02 μm. It is clear that there is 

stress concentration on the crack tip edge due to the presence of a notch, which consequently, 

increases the strain along the surface the MEMS substrate. A similar effect, though to a 

higher degree, is observed at the crack tip edge of the crack lengths 0.04 μm, 0.06 μm and 

0.08 μm as shown in Figures 5.9b, 5.9c and 5.9d respectively. Thus, depending on the crack 

lengths and the crack driving forces, it may be difficult for cracks inside the native oxide 

layer to further extend into the Si substrate and develop into a macro crack, even after the 

average thickness did increase during fatigue. However, if the increase in the crack driving 

force, with increasing crack length, drives the cracks to the full thickness of the films, (i.e. the 

cracks reach the film/substrate interface) then the cracks can either penetrate into the 

substrate or extend along the interfaces between the SiO2 film and the Si MEMS substrate.  

The results from the current study show that the former is most likely to occur, since 

there is no evidence of interfacial delamination observed in the SiO2 film as the crack length 

increases (Figure 9a – 9d). Furthermore, final failure involved the fracture of the silicon 

substrate in all cases.  There is, therefore, a potential to predict the total fatigue lives of 

silicon MEMS thin films by considering the combined effects of the crack growth in the 

oxide surface layers and the stress-assisted dissolution on the possible formation and growth 

of cracks.  
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5.5 Summary and Concluding Remarks 

1) This paper explores the roles of stress-assisted dissolution and crack driving forces on the 

possible formation and growth of cracks in Si-MEMS structures. The cyclic actuation of Si-

MEMS structures results in the thickening of surface SiO2 films and the roughening of the 

surface oxide layer. The regions that are closer to the bottom of the notch of the actuated SiO2 

surface are found to have much higher surface roughness values (see Figure 6) due to the 

effects of stress-assisted dissolution of the topical SiO2 layer. 

2) As the surface of SiO2 films roughens, the thickness of the SiO2 layer sets the size scale for 

the crack driving force, especially when the SiO2 layer is greater than a certain thickness (~30 

nm). However, further thickening of the oxide layer leads ultimately to the SiO2 fracture 

toughness being exceeded when the oxide layer thickness exceeds the critical thickness of 

~60 nm. Hence, the increase in the crack driving force that occurs with increasing crack 

length drives the cracks to extend across the topical oxides until they penetrate into the silicon 

substrate to induce catastrophic failure/fracture.  

3) Upon reaching the interfaces between the SiO2 film and the Si MEMS substrate, the results 

from the finite element simulations suggest that final fracture is most likely to occur by 

fracture of the silicon substrate. Interfacial de-lamination (between the silicon substrate and 

the silica topical layer) is less likely to occur than substrate fracture, due to the relative 

magnitudes of the crack driving forces and substrate/interfacial fracture toughness values.  

4) The results obtained from the perturbation analysis of stress-assisted surface dissolution 

are consistent with the measurements of surface topology evolution on polysilicon MEMS 

structure obtained by Shrotriya et al. [26, 29]. The perturbation analysis of the stress-assisted 

dissolution indicates that amplitudes of certain wave numbers will grow with time. This is 

consistent with plots of the Fourier transforms of the measured surface topology near the 

notch-tip before and after the actuation. 
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5) The results suggest that surface topography can evolve due to stress-assisted dissolution in 

the topical SiO2 layer. However, such stress-assisted dissolution is unlikely to control the 

nucleation unless the oxide thicknesses are below ~20 nm. Instead, fatigue damage is likely 

to occur by stress corrosion cracking, when the surface oxide thickness is greater than ~20 

nm. Also, since the crack driving force increases with increasing oxide thickness and crack 

length, unstable crack growth will initiate when the critical crack driving force for SiO2 (~6 

Jm
-2

) is reached. However, further work is needed to obtain the crack growth laws for the 

prediction of sub-critical crack growth in the topical silica layers under cyclic or static 

loading conditions.     
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Figure 5.1: Proposed Mechanisms of Fatigue in Si MEMS Structures (a) Oxide Thickening 

Mechanism [29] (b) Mechanical Fatigue Mechanism [6] and (c) Slow Crack Growth 

Mechanism [29] 
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Figure 5.2: Geometrical conventions used in the model. 
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Figure 5.3: Geometry and mesh of the idealized structure for model. 
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Figure 5.4: Contours of α corresponding to the stress state at the notch-tip. 
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Figure 5.5: Contours of                 corresponding to an area of 2 μm × 2 μm near 

the notch-tip. Taken from Ref. [26] 
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Figure 5.6: Computed surface roughness parameter h(x, t) plotted against the distance from 

the bottom of the notch, insert: scanned AFM image, showing the bottom of the notch [24] 
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Figure 5.7: AFM quantitative depth analysis of the extent of change in the surface 

topography during actuation of polysilicon structures by image subtraction: (a) Before 

actuation, (b) After 12.79 × 10
9
 cycles, and (c) Image subtraction. Take from Ref. [24]. 
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Figure 5.8: Energy release rates as a function of: (a) oxide layer thicknesses for different 

crack lengths in the topical SiO2 layer, (b) crack lengths in the topical SiO2 layer for 

different layer thicknesses 
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Figure 5.9: Finite element calculations: details of the principal stress distribution near the 

notch tip for crack length of (a) 0.02 nm, (b) 0.04 nm, (c) 0.06 nm, and (d) 0.08 nm. 
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CHAPTER SIX 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions  

This work has provided improved understanding of the effects of surface texture on 

the optical properties of silicon structures that are used for silicon solar cells and has also 

introduced a theoretical approach towards understanding the optical properties of texture 

silicon substrates at the micro- and macro-scales. It has also provided an improved 

understanding of the role of stress-assisted dissolution on the possible formation and growth 

of cracks in Si-MEMS structures. The salient conclusions arising from this study are 

summarized below:  

6.1.1 Optical Reflectance of Alkali-Textured Silicon Wafers with Pyramidal Facets: 2D 

Analytical Model 

In this section, a simple analytical model was developed to explore the optical 

behaviour of flat and textured silicon substrates for a full range of incidence angle to the 

silicon substrate. By characterizing the incident light and facets of the silicon wafer with 

vector geometry, dot products and Phong’s reflection model were used to determine the 

reflection angles between incident light rays and pyramidal facets. The possible optical 

interactions are considered for a wide range of pyramidal geometries and light incidence 

angles that are relevant to the exposure of textured silicon surfaces to incident sunlight. 

Furthermore, the model was used to investigate the possibility of secondary reflection, 

for the full range of incidence angles to the substrate. The reflectance predictions from the 

model were compared with measurements of reflectance on alkaline textured silicon surfaces. 

For all pyramid heights, it was found that the secondary reflection is guaranteed when the 

angle of incidence to the substrate is less than 19.4°. Consequently, any incident light beams 
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that strikes the textured surfaces of etched (001)-oriented silicon surfaces at low incidence 

angles, produces more secondary reflections than those with high incidence angles. As a 

result of this, secondary reflections increase the time available for the incident light rays to be 

absorbed into (001)-oriented silicon single crystals.  

The predictions obtained in chapter three from the 2D textured surface model are 

close to the measured reflectance values presented in Literature. The close agreement 

between the experimental and predicted reflectance values suggests that the idealized model 

presented in chapter three captures most of the important aspects of light interactions with the 

pyramidal structures that are formed by the alkaline etching of (001)-oriented silicon surfaces 

with etchants such as KOH. These results demonstrate the significant of the model in the 

design of textured silicon surfaces for the control of surface reflectance and the trapping of 

light by secondary reflections. Such control and trapping could lead to increased photo-

conversion and silicon solar cell efficiency. 

6.1.2 Surface Texture and Optical Properties of Crystalline Silicon Substrates  

In this chapter, the effects of KOH: IPA etching of (001)-oriented silicon single 

crystals was explored. The section 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 (SEM) and 

atomic force microscopy (AFM) 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
o
C.  
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The best volume concentration ratio of KOH: IPA is also found to be 2:4. For the 

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

roughness value of 676 nm was obtained for an etch time of 60 minutes at an etching 

temperature of 90
0
C. However, 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 

70ºC. The etch rate also increases with increasing etching temperature/duration and 

increasing concentration of KOH. However, the volume concentrations of KOH: IPA above 

2:4 can give rise to surface damage after exposures of ~ 1 hour. Increasing 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 the 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. Thus, the optimization of KOH texturing 

process for silicon substrates provides an improved surface in terms of morphology and 

surface roughness thereby presenting same for use in solar cell application. 

6.1.3 Modeling of Fatigue Failure in Silicon MEMS Structures 

This study explored the role of stress-assisted dissolution on the possible formation 

and growth of cracks in Si-MEMS structures. This study presents the results of an analytical 

and computational model to study fatigue crack nucleation in Si-MEMS structures. To 

examine the effect of the stress-assisted dissolution on the possible formation and growth of 

cracks, finite element analysis was performed for topical SiO2 layer on the silicon structures 

using ABAQUS FEM software. The possible evolution of thin layer is simulated and 
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compared with measured surface profiles from prior work. The possible formation and 

growth of cracks by such dissolution was elucidated. 

 The results show that the cyclic actuation of Si MEMS structures causes the 

thickening of surface SiO2 films and the roughening of the surface film oxide. The regions 

that are closer to the bottom of the notch of the actuated SiO2 surface are found to produce 

much higher surface roughness (see Figure 5.6). The similarities between the profiles 

obtained from theoretical predictions of the linear perturbation analysis and Fourier transform 

of the measured data indicate that topographical changes can only be attributed to effects of 

stress-assisted dissolution process.  

Furthermore, it is clear from the analysis above that as the surface of SiO2 films 

roughens, the thickness of the SiO2 layer sets the size scale for the crack driving force, 

especially when the SiO2 layer is greater than a certain thickness (~30 nm). Moreover, 

combining the effect of the surface roughening and local oxide thickening of the order of 

~60-100 nanometers, there is high possibility that a crack within the oxide layer to grow 

within the oxide layer to grow and reach the interfaces between the SiO2 film and the Si 

MEMS substrate.  

However, the results from the finite element calculation suggest that final fracture is 

most likely to occur by fracture of the silicon substrate. Interfacial delamination (between the 

silicon substrate and the silica topical layer) is less likely to occur than substrate fracture, due 

to the relative magnitudes of the crack driving forces and substrate/interfacial fracture 

toughness values.  Finally, the above results also suggest that the fatigue lives of silicon 

MEMS structures may be predicted using a combination of perturbation analyses and fracture 

mechanics models.  However, further work is needed to obtain the crack growth laws for the 

prediction of sub-critical crack growth in the topical silica layers under cyclic or static 

loading conditions.   
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6.2 Future Work in this Research 

6.2.1 Optical Reflectance of Alkali-Textured Silicon Wafers with Pyramidal Facets: 2D 

Analytical Model 

Further work can be done to modify the 2D textured surface model developed in this 

study, by further exploring a 3D textured surface model. The 3D analytical model can 

consider the tertiary reflections to further obtained more accurate results.  Meanwhile, a more 

realistic approach is needed to model the light/pyramid interactions in actual etched (001)-

oriented silicon wafers with textures similar to those presented in Figure 3.1 and Figure 4.2. 

The approach cannot be achieved analytically and thus would require a ray tracing software. 

6.2.2 Surface Texture and Optical Properties of Crystalline Silicon Substrates  

A wide range of texturing parameters was investigated to further improve the 

understanding of the role of IPA in silicon surface texturing. While the effects of surface 

texture on the optical and light trapping properties of silicon wafers was explored in this 

study, solar cell devices should be further fabricated, both on flat and texture substrates to 

ascertain the absorption and device efficiency enhancement. Further work is clearly needed to 

explore the possible improvements in solar cell efficiency that can be achieved via the 

controlled alkaline etching of silicon wafers in silicon solar cells. Future research could also 

expand on these findings and determine the effect of etch depth on electrical properties of the 

c-Si solar cell devices.  

6.2.3 Modeling of Fatigue Failure in Silicon MEMS Structures 

Further work is needed to strengthen this section’s results. First, the crack growth laws for the 

prediction of sub-critical crack growth in the topical silica layers under cyclic or static 

loading conditions needs to be obtained. Likewise, the oxide thickening mechanism is not yet 

well understood and further work is needed to address this issue or concern. Further research 

could also be done to improve the findings on the effect of stress-assisted dissolution process. 
 


