
ABSTRACT 

SHI, MEIRONG.  Impact of Light Element Impurities (O, C and N) on the Mechanical 

Properties and Crack Initiation/Propagation in Photovoltaic Silicon Wafers.  (Under the 

direction of Dr. George A. Rozgonyi). 

 

High wafer breakage rate is a significant issue facing photovoltaic (PV) silicon industry and 

becomes more and more significant with the use of thinner and larger crystalline silicon 

wafers. Wafer breakage depends on factors such as surface/edge flaws, impurity precipitates, 

structural defects and their associated residual stresses. Successful prediction of wafer 

breakage requires knowledge of micromechanics of strength degradation, crack 

initiation/propagation associated with the impurities, structural defects and residual stresses. 

The goal of this work is to study the impact of light element impurities, their structural 

defects and residual stresses on the mechanical properties and crack initiation/propagation of 

PV silicon wafers. 

 

Quantitative influence of oxygen concentration on the mechanical properties of Czochralski 

(CZ) silicon wafers grown at elevated rate was investigated. Nanoindentation and 

microindentation results indicated that both hardness and fracture toughness of CZ silicon 

decreases with increasing oxygen concentration. In addition, remarkable differences in the 

mechanical properties were found between the core and edge of the same wafer that has high 

oxygen concentration. Photoluminescence (PL) analysis and Nomarski optical microscopy 

identified ring-like distribution of oxidation induced stacking faults (OSFs) and other micro 

defect structures in those CZ silicon wafers. Localized nanoindentation and nanoscratch tests 

showed a softened zone near the oxygen precipitates and OSFs. Transmission electron 

microscopy (TEM) observation confirmed the formation of the platelet oxygen precipitates 



and large stress field around them. The softening effect is attributed to the stress profile 

gradients resulted from the dynamic interaction between oxygen and intrinsic point defect 

and the growth of structural defects developed in a fast growth regime. 

 

Impact of single micro crack on the fracture strength of PV silicon wafer was also 

investigated based on a controlled flaw method. Results indicated that the fracture strength of 

PV silicon wafer is very sensitive to the microindentation load (radial crack scale). In 

addition, it was found that carbon impurity plays an important role in the contact cracking-

fracture process in PV multicrystalline silicon (mc-Si). The fracture strength increased ~21% 

with substitutional carbon concentration increased from 1.2×10
18

 to 6.4×10
18

 atoms/cm
3
. 

 

Silicon nitride inclusions in cast mc-Si wafers and the impact of nitrogen doping in CZ 

silicon wafers grown at elevated rate were studied. The rod-shape nitride inclusions were 

determined to be composed of β-Si3N4 and single crystalline silicon phases according to the 

characterization by a scanning electron microscopy (SEM) with energy dispersive X-ray 

microanalysis (EDX) and micro-Raman spectroscopy. Large tensile stresses were found both 

at the vicinity and inside the silicon nitride rods. The large tensile stresses are believed to be 

resulted from large differences in the thermal expansion coefficient between silicon and 

silicon nitride. Nanoindentation measurements confirmed the silicon nitride structure and a 

reduced hardness zone. For the nitrogen-doping effect on the mechanical properties of CZ 

silicon wafers grown at elevated rates, it was found that nitrogen could modify the hardness 

of CZ silicon wafers in two ways, through the interaction between nitrogen, oxygen and 

intrinsic point defects and formation of associated structural defects during crystal growth. 



Impact of Light Element Impurities (O, C and N) on the Mechanical Properties and Crack 

Initiation/Propagation in Photovoltaic Silicon Wafers 

 

 

by 

Meirong Shi 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the 

requirements for the degree of 

Doctor of Philosophy 

 

Materials Science and Engineering 

 

 

Raleigh, North Carolina 

2012 

 

APPROVED BY: 

 

 

_______________________________  ______________________________ 

          Dr. George A. Rozgonyi            Dr. Ronald O. Scattergood 

              Committee Chair 

 

 

 

________________________________            ________________________________ 

                   Dr. Hans Hallen                              Dr. Douglas Irving



 

ii 

BIOGRAPHY 

Meirong Shi received her bachelor degree from the department of physics at Nantong 

University in 2004. She studied her Master of Science Degree in the department of 

microelectronics in East China Normal University from 2004 to 2007. After the graduation, 

she worked in Nantong University as a lecturer. Meirong come to North Carolina State 

University in August 2008 and studied the material effects and tool wear in single point 

diamond machining under the direction of Dr. Scattergood. Meirong joined Dr. Rozgonyi’s 

group and worked on the project of the impact of light elements on the mechanical properties 

and wafer breakage of PV silicon in 2010 Spring. 



 

iii 

ACKNOWLEDGMENTS 

I would like to express my gratitude to the following people who have helped me throughout 

my research work, without their assistance this work would not have been possible. 

 

First of all, I would like to thank my advisor Dr. Rozgonyi for the opportunity and guidance 

he provided throughout my study and research. I learned a lot from his active thought and 

unique perspective both in the academic and the industrial world. I would like to thank my 

committee members: Dr. Scattergood, Dr. Hallen, Dr. Irving and Dr. LeBeau for the support 

and valuable discussions and comments.  

 

I would like to thank Dr. Youssef for his valuable guidance and help throughout my research 

work. I would like to thank Dr. Ethan Good, from SolarWorld Industries America for his 

guidance and valuable discussions. I would like to thank Dr. Yong Zhu, Dr. Yuntian Zhu and 

Dr. Simon Lappi for providing help on the experimental facilities and data analysis. Many 

thanks go to my group members: Mr. Francois Hautin, Dr. Chantelle Radue, Dr. Bijaya 

Paudyal, Dr. Prashant Kulshreshtha, Dr. Liya Yu, Yo Han Yoon, Yixin Yan for all the help 

and support they provided. 

 

Last but not least, I would like to thank all my family members for their unconditional love 

and support. Especially, I want to thank my husband Feng for his understanding, 

encouragement and love all the time. 

 

This work was supported by the Silicon Solar Consortium (SiSoC) as part of NSF’s 

Industry/University Cooperative Research Center (I/UCRC) program. 



 

iv 

TABLE OF CONTENTS 

List of Tables...……………………………..…………………………………………...…..vii  

List of Figures. ………………………………………………………………...…………..xiii 

1. Introduction ......................................................................................................................... 1 

1.1 Crystalline Silicon PV Technology ................................................................................ 1 

1.2 Wafer Breakage in Crystalline Silicon PV Technology ................................................. 2 

1.3 Outline of the Work ........................................................................................................ 3 

References ............................................................................................................................. 5 

2. Background and Literature Review .................................................................................. 7 

2.1 Silicon and Its Mechanical Properties ............................................................................. 7 

2.2 Micro Scale Flaw in PV Silicon.................................................................................... 11 

2.3 High Pressure Phase Transformation (HPPT) of Silicon .............................................. 14 

2.4 Sources of Light Element Impurities in PV Silicon...................................................... 15 

2.4.1 Single Crystalline Silicon Grown by CZ Technique ............................................. 15 

2.4.2 mc-Si Grown by Casting Technique ...................................................................... 17 

2.5 Properties of Light Element Impurities in Silicon ........................................................ 18 

2.5.1 Oxygen in Silicon .................................................................................................. 18 

2.5.2 Carbon in Silicon ................................................................................................... 19 

2.5.3 Nitrogen in Silicon ................................................................................................. 20 

2.6 Interactions between Light Element Impurities and Intrinsic Point Defects ................ 22 

2.6.1 Point Defects in Silicon ......................................................................................... 22 

2.6.2 Oxygen Precipitation and Formation of OSFs ....................................................... 23 

2.6.3 Carbon Effect on Oxygen Precipitation ................................................................. 26 

2.6.4 Nitrogen Effect on Oxygen Precipitation .............................................................. 28 

2.7 Review on the Impact of light Element Impurities on the Mechanical Properties of 

Silicon ................................................................................................................................. 30 

2.7.1 Impact of Oxygen on the Mechanical Properties of Silicon .................................. 30 

2.7.2 Impact of Carbon on the Mechanical Properties of Silicon ................................... 31 

2.7.3 Impact of Nitrogen on the Mechanical Properties of Silicon ................................ 32 

References ........................................................................................................................... 33 

3. Research Methodologies ................................................................................................... 57 

3.1 Sample Information ...................................................................................................... 57 

3.1.1 CZ Silicon Grown at Elevated Rate ....................................................................... 58 



 

v 

3.1.2 Nitrogen-doped CZ Silicon Grown at Elevated Rate ............................................ 58 

3.1.3 Cast mc-Si Wafer ................................................................................................... 59 

3.2 Experimental Techniques .............................................................................................. 59 

3.2.1 Sample Preparation ................................................................................................ 59 

3.2.2 Preferential Etching and Nomarski Optical Microscopy ....................................... 60 

3.2.3 FTIR ....................................................................................................................... 61 

3.2.4 Micro-Raman Spectroscopy ................................................................................... 63 

3.2.5 Microindentation and Nanoindentation ................................................................. 65 

3.2.6 Three Point Bending Test ...................................................................................... 67 

3.2.7 SEM, AFM, APM, TEM........................................................................................ 67 

References ........................................................................................................................... 68 

4. Effect of Oxygen Concentration on the Mechanical Properties of CZ Silicon Grown 

at Elevated Rate .................................................................................................................... 79 

4.1 Introduction ................................................................................................................... 79 

4.2 Experimental ................................................................................................................. 81 

4.3 Results and Discussion ................................................................................................. 82 

4.4 Conclusions ................................................................................................................... 89 

References ........................................................................................................................... 90 

5. Impact of Oxygen Precipitates and Associated Structural Defects on the Mechanical 

Properties of CZ Silicon ..................................................................................................... 100 

5.1 Introduction ................................................................................................................. 100 

5.2 Experimental ............................................................................................................... 100 

5.3 Results and Discussion ............................................................................................... 102 

5.4 Conclusions ................................................................................................................. 105 

References ......................................................................................................................... 106 

6. Fracture Strength of PV mc-Si Wafers Evaluated Using a Controlled Flaw Method

............................................................................................................................................... 115 

6.1 Introduction ................................................................................................................. 115 

6.2 Experimental ............................................................................................................... 118 

6.3 Results and Discussion ............................................................................................... 119 

6.4 Conclusions ................................................................................................................. 123 

References ......................................................................................................................... 124 



 

vi 

7. Impact of Nitrogen on the Mechanical Properties of PV Silicon Wafers .................. 134 

7.1 Impact of Nitrogen Doping on CZ Silicon Grown at Elevated Rate .......................... 134 

7.1.1 Introduction .......................................................................................................... 134 

7.1.2 Experimental ........................................................................................................ 135 

7.1.3 Results and Discussion ........................................................................................ 136 

7.1.4 Conclusions .......................................................................................................... 139 

7.2 Silicon Nitride Inclusions and Their Residual Stresses in Cast mc-Si ....................... 139 

7.2.1 Introduction .......................................................................................................... 139 

7.2.2 Experimental ........................................................................................................ 140 

7.2.3 Results and Discussion ........................................................................................ 141 

7.2.4 Conclusions .......................................................................................................... 143 

References ......................................................................................................................... 144 

8. Summary .......................................................................................................................... 159 



 

vii 

LIST OF TABLES 

Table 2.1 Hardness values of silicon reported in literatures………………………………....42 

Table 2.2 Fracture toughness of silicon measured at room temperature from literatures……43 

Table 3.1 [Oi] and [Ni] of NCZ silicon wafers studied in this work………………………...70 

Table 6.1 Fracture strength of mc-Si as a function of carbon concentration……………….127 

Table 7.1 Concentration of oxygen and nitrogen in CZ and NCZ silicon wafers grown at 

elevated rate……………………………………………………………………..........148 

 



 

viii 

LIST OF FIGURES 

Figure 2.1 Schematic diagram of the crystal structure of silicon. Atom positions are shown as 

spheres, bonds as bold lines and the tetrahedral coordination outlined by the fine solid 

lines. The conventional diamond-cubic unit cell is indicated by the dotted outline [1].

..................................................................................................................................... 44 

Figure 2.2 Stress-strain curves of undoped silicon single crystal with <123> orientation 

obtained in compression. (a) T=1300 °C, strain rate at 5.1×10
-4

 s
-1

. (b) T=1000 °C, 

strain rate at 4.8×10
-4

 s
-1 

(uyp: upper yield point, lyp: lower yield point) [3]. ............ 45 

Figure 2.3 Schematic diagram of the deformation and fracture pattern of silicon for Vickers 

microindentation. (a) and (b) show the initiation and propagation stages of median 

crack system [6]. ......................................................................................................... 46 

Figure 2.4 Schematic diagram of the development of the crack system in silicon below a 

sharp indenter upon loading and unloading. Dark grey areas indicate the plastic zone 

below the indenter. Median and radial cracks form in the loading phase at the edge of 

the plastic zone perpendicular to the surface. If they occur on the same plane they 

may coalesce forming half-penny shaped cracks that can open to the surface and 

become visible. The lateral cracks form upon unloading and lead to chipping of 

volume [24]. ................................................................................................................ 47 

Figure 2.5 SEM image of polycrystalline silicon wafers with the presence of mechanical 

defects. Micro cracks and larger chips which originate during the sawing process are 

indicated in dashed circles in (a) wafer surface and (b) wafer edge [26]. .................. 48 

Figure 2.6 TEM image of the plastic zone and micro crack below the surface of an as-sawn 

wafer [25]. ................................................................................................................... 49 

Figure 2.7 Strength distribution of cast mc-Si wafer obtained from experimental [25, 28] and 

numerical results [30]. ................................................................................................ 50 

Figure 2.8 Pop-out (a) and elbow (b) events observed in nanoindentation load-displacement 

curves [39]. ................................................................................................................. 51 

Figure 2.9 Principle of the silicon crystal grown by CZ technique [42]. ................................ 52 

Figure 2.10 Principle of the mc-Si crystal grown by casting [45]. ......................................... 53 

Figure 2.11 Schematic diagram showing grow-in defects depending on the V/G ratio, where 

V is growth rate and G is the thermal gradient at the solid/melt interface [69]. ......... 54 

Figure 2.12 Stress-strain curves of CZ Si crystals involving various concentration of oxygen. 

(a) Dislocation-free crystal with [123] tensile deformation at 900 °C under a shear 



 

ix 

strain rate of 1.1×10
-4

 s
-1

. (b) Crystals containing dislocations at density of about 

1×10
6
 cm

-2
 with [123] tensile deformation at 800 °C under a shear strain rate of 

1.1×10
-4

 s
-1

 [100]. ........................................................................................................ 55 

Figure 2.13 Variation of the upper yield stress against the duration of aging at 1050 °C for 

the nitrogen-doped FZ (NFZ), the normal FZ and the CZ silicon crystal. The upper 

yield stresses are for [123] tensile deformation at 900 °C and under a strain rate of 

1.1×10
-4

 s
-1 

[101]. ........................................................................................................ 56 

Figure 3.1 (a) (100), 200 mm thick CZ silicon wafer with varied oxygen concentration. (b) 

(100), 200 mm thick nitrogen-doped CZ silicon wafers with varied oxygen and 

nitrogen concentration. Small samples were cleaved along <110> cleave direction as 

indicated by the dashed arrows. .................................................................................. 71 

Figure 3.2 Sketches showing silicon samples for three point bending test selected from 

different location of the cast mc-Si ingot. ................................................................... 72 

Figure 3.3 Silicon bar with dimension of 5 cm by 1 cm selected from the large wafer for the 

three point bending test after slicing (a) and after removing saw damage layer by 

chemo-mechanical polishing (b). ................................................................................ 73 

Figure 3.4 Nomarski optical micrographs of preferential etch features of defects. (Dt: 

threading slip dislocations, S: saucer pit, H: hillock, D: dislocation loop, OSF: 

oxidation-induced stacking fault.) .............................................................................. 74 

Figure 3.5 Optical arrangement of Nomarski microscopy in reflected light illumination mode. 

(1, polarizer; 2, λ/4 plate; 3, DIC prism; 4, objective lens; 5, specimen; 6, light 

reflector and 7, analyzer.) ........................................................................................... 75 

Figure 3.6 Illustration of the indentation load displacement curve (a) and important measured 

parameters (b). Pmax is the maximum load, hmax is the maximum displacement, 

S=dp/dh is the contact stiffness and hf is the permanent depth of penetration after the 

indenter is fully unloaded............................................................................................ 76 

Figure 3.7 Nanoindentation measurement setup. (a) Insider view of Hysitron Triboindenter. 

SEM images of the two indenters cube corner and Berkovich are shown in (b) and (c).

..................................................................................................................................... 77 

Figure 3.8 Experimental setup of the three point bending test. .............................................. 78 

Figure 4.1 PL images of CZ silicon wafers with oxygen concentrations of: (a) 11.5 ×10
17 

atoms/cm
3
 and (b) 6.8 ×10

17 
atoms/cm

3
. The black dots presented in both images are 

artifacts from the PL facility. ...................................................................................... 93 



 

x 

Figure 4.2 Load-displacement (P-h) curves of the samples cleaved from the central core 

region of the CZ silicon wafers with varied oxygen concentrations. ......................... 94 

Figure 4.3 Comparison of the hardness variation as a function of oxygen concentration in 

samples cleaved from the central core region and the edge region of the CZ silicon 

wafers. ......................................................................................................................... 95 

Figure 4.4 (a) A typical SEM image in the CZ silicon sample showing a micro-indent formed 

by a Vickers micro-hardness indenter. The dimensions of cracks formed are 

illustrated. (b) A typical FESEM image in the CZ silicon sample showing a 

nanoindent formed by a cube corner indenter. ............................................................ 96 

Figure 4.5 Fracture toughness variation of the samples cleaved from the central core area of 

the CZ silicon wafer using micro-hardness and nanoindentation techniques as a 

function of the oxygen concentration. ........................................................................ 97 

Figure 4.6 Nomarski optical micrography of the Secco etched central core sample with and 

oxygen concentration of 11.5 ×10
17

 atoms/cm
3
. ......................................................... 98 

Figure 4.7 Micro-Raman spectra show the shift towards lower wavenumbers in the main 

silicon peak, resulting from residual stresses in wafers with high oxygen 

concentrations. ............................................................................................................ 99 

Figure 5.1 Nomarski optical micrographs showing distribution of etch pits after Secco 

etching on central core (a) and edge (b) of CZ silicon wafer with oxygen 

concentration of 11.5×10
17

 atoms/cm
3
. Microindent in (b) is used as mark for 

location. ..................................................................................................................... 109 

Figure 5.2 (a) Optical image showing two selected stacking fault OSF1 and OSF2 for the 

following mechanical measurements. (b) SPM image showing five sequential 

nanoindents (as indicated by p1 to p5) introduced between OSF1 and OSF2. OSF2 is 

not shown in (b) due to the limit of the scanned size in Z-axis. An enlarged view of 

the SPM image showing the morphology of the first nanoindent P1 and the OSF1 is 

shown in (c)............................................................................................................... 110 

Figure 5.3 Comparison of load displacement curves of nanoindents made between OSF1 and 

OSF2 in Figure 5.2 and from the reference edge sample. ........................................ 111 

Figure 5.4 AFM images of nanoscratches made between two OSFs and on the reference edge 

sample. ...................................................................................................................... 112 

Figure 5.5 Comparison of the penetration profile of nanoscratchs on central core and 

reference edge samples. (a) Schematic diagram showing definition of the average 

penetration depth. (b) Comparison of the average penetration depth for nanoscratches 

between two OSFs and on the reference edge sample. ............................................. 113 



 

xi 

Figure 5.6 Bright field TEM image showing the platelet precipitate observed from the wafer 

core sample ............................................................................................................... 114 

Figure 6.1 (a) Three point bending test setup. (b) Dimension of Si sample and schematic 

diagram of the three point bending test on the Si sample with single preexisting micro 

flaw at center introduce by the microindentation. .................................................... 128 

Figure 6.2 Optical and cross-section SEM images showing micro cracks and elastic-plastic 

zone before (a, d) and after (b, c, e, f) three point bending test for CZ and cast mc-Si.

................................................................................................................................... 129 

Figure 6.3 Typical flexural stress and strain plot determined from three point bending test. 

The inset is a photo showing a mc Si sample broke into two parts through the radial 

crack at center. .......................................................................................................... 130 

Figure 6.4 The comparison of the fracture strength of a series of Si wafer as a function of 

microindentation load. The open circles and fitted line are experimental results 

measured from CZ Si adapted from reference [15]. ................................................. 131 

Figure 6.5 FTIR absorption spectra for two cast mc Si wafers selected from different location 

of one ingot. .............................................................................................................. 132 

Figure 6.6 Comparison of fracture strength of cast mc-Si with varied carbon concentration.

................................................................................................................................... 133 

Figure 7.1 Comparison of hardness measured from wafer core and edge samples in NCZ 

silicon with varied nitrogen concentration. ............................................................... 149 

Figure 7.2 Comparison of hardness of NCZ and CZ silicon as a function of oxygen 

concentration. ............................................................................................................ 150 

Figure 7.3 Nomarski optical image showing etch pits in NCZ silicon with the highest 

nitrogen concentration ([Ni] =9.7×10
15

 atoms/cm
3
, [Oi] =7.75×10

17
 atoms/cm

3
) after 2 

minutes Secco etching............................................................................................... 151 

Figure 7.4 TEM images showing morphology of precipitates and structural defects in NCZ 

silicon with the highest nitrogen concentration ([Ni] =9.7×10
15

 atoms/cm
3
, [Oi] 

=7.75×10
17

 atoms/cm
3
). ............................................................................................ 152 

Figure 7.5 SEM images showing the morphology of silicon nitride rods. (a) The whole image 

of the bunch of rods. (b-d) The enlarged view indicated as 1, 2, 3 in (a), respectively.

................................................................................................................................... 153 

Figure 7.6 SEM-EDX spectrum measured on the top surface of the silicon nitride rods..... 154 



 

xii 

Figure 7.7 The micro-Raman spectra measured from the silicon nitride rod and a reference 

area on silicon sample surface far away from the silicon nitride rods. ..................... 155 

Figure 7.8 Micro-Raman spectra measured from vicinity area of the silicon nitride rod and a 

reference area far away from the silicon nitride rods. .............................................. 156 

Figure 7.9 Load-displacement curves of nanoindentation made on the top surface of silicon 

nitride rod at 3, 7 and 9 mN maximum load. The corresponding hardness values 

determined were 27.02 GPa, 25.66 GPa and 17.28 GPa, respectively. .................... 157 

Figure 7.10 (a) AFM image of a nanoindent very close to the end of the silicon nitride rod. 

(b) Corresponding 3D view of the nanoindent close to the silicon nitride rod. ........ 158 



 

1 

1. Introduction 

1.1 Crystalline Silicon PV Technology 

Driven by the threat of climate change and shortage of fossil energy supply, clean, renewable 

energy has experienced rapid growth in recent years [1]. Among those, solar cell which can 

directly convert the solar energy into the electricity through photovoltaic (PV) effect is the 

fastest growing one. Crystalline silicon PV technology with respect to other materials for PV 

conversion offers several advantages including abundance, well established technology base, 

high material quality and good surface passivation characteristics [2]. Currently, crystalline 

silicon PV technology which is based on the single crystalline and multi-crystalline silicon 

wafers has achieved a ratio of 90% of the commercial solar cells production in the year of 

2010 [3, 4]. 

 

Low production cost and high efficiency are the two main goals of the crystalline silicon PV 

technology. In the past three decade, silicon PV modules have experienced an average price 

reduction of 20% for every doubling of the accumulated sales [5, 6]. To further cut the cost 

of silicon solar cell to make it competitive with conventional grid-supplied electricity, one 

dollar per watt-peak on the silicon module has been established as a realistic and important 

objective [7]. To achieve this goal, silicon PV industries are developing low cost 

technologies such as faster ingot growth rate, larger diameter silicon ingots, thinner silicon 

wafers, mc-Si techniques and etc. [4, 8]. It is predicted that the silicon wafer thickness will 

go down to 100 µm or below in the near future, which is considerably thinner than those used 



 

2 

in the semiconductor industry. As a result, wafer breakage which arise the unacceptable yield 

is becoming a severe challenge facing the silicon PV industries. Understanding the basic 

mechanism of silicon and wafer breakage is important to successfully predict the 

performance and mechanical reliability of the PV module/panel and minimize the yield 

losses during processing and handling. 

 

1.2 Wafer Breakage in Crystalline Silicon PV Technology 

Breakage of silicon wafers during processing and handling is due to the initiation and 

propagation of micro cracks [9-12]. Currently, more than 80% of the silicon solar cell 

production requires the cutting of large silicon crystals. The sawing processing damages the 

wafer locally across the surface and at the edge by forming of micro flaws. It is known that 

5-10% wafers break during the wafer/cell/module processing and handling [13]. In addition, 

distribution and interaction of intrinsic point defects (vacancies or self-interstitials), extrinsic 

dopant and impurities (light element or metallic impurities), precipitates, structural defects 

(stacking faults, dislocations and grain boundaries and etc.) and residual stress can 

significantly affect the mechanical properties of silicon wafer and the crack 

initiation/propagation behavior [9, 14-17]. In this work, impact of light element impurities 

(O, C and N) on the mechanical properties and crack initiation and propagation of the PV 

silicon wafer was investigated. 
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1.3 Outline of the Work 

Chapter 2 first introduces the background about the mechanical properties and breakage of 

silicon. Then, fundamental properties and behaviors of light element impurities (O, C and N) 

in silicon including impurity source, incorporate path and dynamic interaction between light 

elements and the intrinsic point defects in silicon are discussed. In particular, literatures on 

the impact of light element and their associated precipitates on the mechanical properties of 

silicon and crack initiation and propagation in silicon are reviewed. 

 

Chapter 3 describes the sample sets and the research methodology used in this work.  

 

Chapter 4 focuses on the impact of oxygen concentration on the mechanical properties of CZ 

silicon grown at elevated rate. Silicon wafers with various oxygen concentrations up to 

11.5×10
17

 atoms/cm
3
 were studied. Nanoindentation and microindentation were applied to 

determine the hardness and fracture toughness of silicon wafer with varied oxygen 

concentration. Results indicate a softening effect on CZ silicon with the increase of oxygen 

concentration. A significant variation of mechanical properties between the core and the edge 

area of these wafers was also observed.  

 

Chapter 5 further studies the softening effect in CZ silicon which is related to the formation 

of the oxygen precipitation and associated structural defects. Localized mechanical properties 

with the presence of oxygen precipitates and OSFs were studied by nanoindentation and 

nanoscratch tests. Results from both measurements confirmed that a soft zone existed near 
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the oxygen precipitates and OSFs. TEM observation and micro-Raman measurement 

revealed the formation of the platelet oxygen precipitates and high tensile stresses associated 

with the oxygen precipitates and OSFs in the core of the CZ silicon wafers. The formation of 

structural defect and residual stresses developed due to fast growth rate are proposed to cause 

the significant drop of hardness and fracture toughness on silicon. 

 

Chapter 6 focuses on the impact of carbon on the fracture strength of mc-Si wafer. Impact of 

single micro crack on the fracture strength of PV silicon wafer is investigated based on a 

controlled flaw method. Radial/median cracks with controllable scales are introduced 

through microindentation at the center of the PV silicon to simulate the micro cracks resulted 

from the wafer sawing process. Results indicated that the fracture strength of PV silicon 

wafer is very sensitive to the microindentation load (radial crack scale). Carbon impurity 

plays an important role in the contact cracking-fracture process and has a strengthening 

impact on the fracture strength of PV mc-Si wafers. 

 

Chapter 7 studies the impact of nitrogen impurity on the mechanical properties of silicon. 

The first part of work focused on the impact of nitrogen doping on the mechanical properties 

of CZ silicon. It is found that nitrogen doping can modulate the mechanical strength of CZ 

silicon grown at elevated rate in two different ways. Interaction between oxygen, nitrogen 

and point defects is discussed to explain the mechanism for the two regimes. The second part 

of work in Chapter 7 evaluates the impact of residual stress associated with the silicon nitride 

inclusions on the mechanical properties of cast mc-Si wafer. The knowledge of the structure, 
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phase and residual stress associated with the silicon nitride inclusions is beneficial for the 

understanding of the defects formation mechanism during wafer sawing process. 
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2. Background and Literature Review 

It is well known that silicon is the most commonly used semiconductor material for 

microelectronic devices and solar cells. Mechanical properties of PV silicon wafers can be 

affected by many factors including distribution and interaction of intrinsic point defects, 

extrinsic impurities, structural defects, residual stresses and the surface conditions. Oxygen, 

carbon and nitrogen are the most important light element impurities in PV silicon. Depending 

on their initial contents and the silicon crystal growth condition, various types of light 

element related defects including complexes, precipitates (silicon oxide, carbide and nitride) 

and associated residual stress are present in PV silicon. In this chapter, background of 

fundamental mechanical properties of silicon will be introduced. The source of the light 

element impurities and the dynamic interaction between these impurities and intrinsic point 

defects will be discussed. At last, literature reviews on the impact of those light element 

impurities and their related defects on the mechanical properties of PV silicon will be 

summarized.  

 

2.1 Silicon and Its Mechanical Properties 

Silicon belongs to the IV group elements with an atomic number of 14. It is an indirect band 

gap material with the band gap of 1.12 eV at room temperature. The crystal structure of 

silicon is diamond cubic with two face-centered cubic (FCC) lattices overlap with each other 

with two-atom basis at (0, 0, 0) and (1/4, 1/4, 1/4), which is shown in Figure 2.1 [1]. Silicon 

atom in the ground state has the electron configuration of 1s
2
2s

2
2p

6
3s

2
3p

2
. Four unpaired 



 

8 

electrons hybridize into a sp
3
 orbital and form the covalent bonds, which makes the silicon 

atoms four-fold coordinated bonded in a tetrahedron structure.  

At room temperature, the radius of silicon atom is 0.1173 nm and the lattice constant of 

silicon is 0.5431 nm [2]. Impurity atoms with a smaller (larger) atomic radius than the silicon 

atom will result in a uniform contraction (expansion) of the silicon unit cell in proportion to 

the impurity concentration. The modification of the lattice parameter Δa is expressed by [3]: 

N
a

a




                                                                (2.1)
 

where a is the lattice parameter of silicon, β is the coefficient depending on impurity type, 

and N is the concentration of the impurity in atoms per cubic centimeter. Coefficient β for 

oxygen (βo) and carbon (βc) was determined as [3, 4]: 

atomcm

atomcm

C

O

/10)5.09.6(

/10)2.04.4(

324

324













                                  (2.2)
 

Pure silicon is inherently brittle and any dislocation movement is forbidden at room 

temperature. Above about 50-60% of the melting point (1412 °C), silicon increasingly 

becomes ductile. The slip systems of silicon are the {111} slip planes in <110> directions. 

Yield stress is the measure of the resistance to slip processes. Figure 2.2 shows  characteristic 

stress-strain curves of silicon under single slip condition and constant strain rate deformation 

[3]. Deformation stages at high temperature of 1300 °C and 1000 °C include the appearance 

of upper yield point, lower yield point, small work hardening (I), strong work hardening (II), 

dynamic recovery (III), further hardening (IV) and a second recovery (V). 
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Hardness represents the resistance of material to localized plastic deformation. For the ideal 

plastic solids, hardness relates directly to the yield stress [5]. However, due to the brittleness 

of silicon, fracture will happen before yield occur in conventional stress/strain test. For the 

past decades, indentation techniques have been used to evaluate the hardness of silicon. After 

indenting a sharp, hard indenter at the silicon surface, a residual impression will be formed 

due to the plastic deformation. Hardness H of silicon measured from the Vickers 

microindentation is expressed as the mean contact stress: 

)(854.1
2a

P
H 

                                                    (2.3)
 

where P is the peak contact load and a is the diagonal of the remnant square contact 

impression. Figure 2.3 shows the schematic diagram of the deformation pattern of silicon 

during Vickers microindentation [6]. Due to the highly directional covalent bond structure, 

mechanical properties of silicon (hardness, fracture toughness and etc.) often have an 

anisotropic nature. Hardness values of silicon on various orientations determined through 

microindentation and nanoindentation experiments in different groups are summarized in 

Table 2.1 [7-10]. 

 

Fracture is the failure process that new surfaces in form of cracks are formed or existing 

crack surfaces are extended in a material. Silicon is brittle at room temperature and it 

fractures with no appreciable plastic deformation.  Depending on the relative displacement of 

crack surfaces under stress, the crack extension in a material can be described as three basic 

modes according to fracture mechanics [11]. For Mode I as called the opening mode, crack 
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surface displacement is perpendicular to the crack plane. Mode II and III are shearing 

displacements in the plane of the crack. Failure analysis of PV silicon has indicated that 

cracking process is predominated by mode I.  

 

Griffith developed an energy balance approach to predict the fracture strength of brittle 

material [12]. It is assumed that when a crack has grown into a solid to a depth of a, a region 

of material adjacent to the free surface is unloaded and its strain energy released according to 

[13]: 

a

E

a
Ea

US

f

f











2

02
)(

2








                                       

(2.4)
 

Where U is strain energy released per unit thickness of sample, S is surface energy associated 

with a crack of length a, γ is surface energy of the material, σf is the fracture strength, E is 

elastic modulus and a is crack length. In engineering practice, the stress intensity factor KI is 

defined to describe the stress state near the tip of the sharp crack. Fracture toughness of the 

material KIC identifies the critical value of the stress intensity under which the material can 

withstand the crack tip. The failure stress σf is then related to the crack length a and the 

fracture toughness KIC by [11]: 

aY

K IC

f


 

                                                             (2.5)
 

Where, Y is a geometrical parameter equal to 1 for edge cracks and generally on the order of 

unity for other situations. Anisotropy of surface energy, elastic constant and plastic 

deformation results in dependency of fracture toughness on crystallographic orientation. 
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Fracture toughness values of silicon measured at room temperature in different groups are 

summarized in Table 2.2 [14-22]. 

 

2.2 Micro Scale Flaw in PV Silicon 

Crystalline silicon wafers are produced by slicing silicon ingots and used as substrates for 

solar cell device fabrication. The wafer sawing processes, which can be regarded as a series 

of overlapping micro-indentations by sharp, abrasive particles, yield distinct damage patterns 

on the surface and edge of the silicon wafer. Micro cracks induced in indentation are 

generally classified into two types: the half-penny shaped median cracks propagating radially 

from the indent and vertically from the sample surface, and the lateral cracks in shape of 

half-shells extending approximately parallel to the surface [23]. Figure 2.4 shows the 

schematic diagram of the development of the crack system in silicon below a sharp indenter 

upon loading and unloading [24]. An elastic-plastic zone with a remnant plastic impression is 

firstly formed upon loading by sharp indenter. With the increase of pressure, radial cracks are 

formed beneath the plastic zone at the tip of the indenter where the tensile stresses are the 

maximum. When a critical size is attained, the radial cracks spread outward and upward to 

produce the radial crack trace in the silicon surface. During unloading the indenter, lateral 

cracks parallel to the Si surface are formed due to the releasing of the residual stress in the 

elastic-plastic zone. 

 

Micro-scale flaws in the damaged layer reach tens of micrometers deep into the Si surface, 

which can be hardly completely removed by damage etching steps [24, 25]. Figure 2.5 shows 
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the scanning electron microscope image of polycrystalline silicon wafers with the presence of 

microcracks and larger chips originated from the sawing process [26]. Figure 2.6 is the TEM 

image showing the plastic zone and microcracks below the surface of an as-sawn wafer [25]. 

Those microcracks and chips are inherent stress concentrators and can largely degrade the 

average fracture strength of the PV silicon. 

 

The fracture strength of PV silicon and wafer breakage has been studied by several groups. 

When silicon wafer breakage is tested in fracture mechanics, a large variability of measured 

strength data is observed owing to the size distribution of micro flaws presented in the silicon 

wafer. It is assumed that all fracture events will initiate from small micro flaws presented on 

the side of the wafer when under maximum tensile stress. According to the concept of the 

weakest failure mechanism, the fracture strength depends on the size of the tested surface 

area. Because probability of a severe defect in the maximum tensional area of the wafer 

surface increases with the size of the tested area, a Weibull distribution function is commonly 

used to describe the silicon wafer fracture strength [27]. 

 

Funke et al. studied the impact of surface micro cracks on the wafer breakage by using a 

biaxial fracture test [28]. The maximum stress was located at the center of the wafer and the 

effect of the micro crack at the wafer edge was eliminated. They found that the fracture stress 

of as-sawn PV silicon wafer is related to the crack length distribution and the crack density. 

Si wafer broke at a higher stress when more damaged layer was removed by etching. 
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Brun and Melkote studied the minimum load required to initiate any observable crack to 

predict crack initiation in the silicon sample. They performed full-field deformation 

measurements on PV silicon wafer by a Bernoulli gripper and obtained the in-plane tensile 

stress indirectly from the finite element analysis (FEA) [29]. They found that silicon wafer 

breakage followed the linear elastic fracture mechanics theory and the breakage stress is 

proportional to the inverse square root of the edge crack length. 

 

Rupnowski and Sopori [30] proposed a model to predict the mechanical strength distribution 

of cast PV Si wafer with surface, edge and bulk flaws and considered the surface microcracks 

be the dominant factor of the wafer breakage. Strength distribution of mc silicon with 

randomly distributed surface cracks with varied length and depth was obtained from the 

Monte Carlo simulation under a uniaxial tension mode. Figure 2.7 shows the comparison of 

strength distribution of cast mc-Si wafer obtained from experiments [25, 28] and numerical 

simulation [30].  

 

Unfortunately, all these studies were performed on the as-sawn silicon wafers with randomly 

distributed micro flaws both at the surface and the edge, which makes it difficult to identify 

the critical size of the micro flaw which leads to the failure of PV silicon. Since the fracture 

strength of Si is ultimately controlled by the largest strength-degrading flaw [1, 11, 31], it is 

desirable to investigate Si fracture with presence of one micro flaw and then to clarify the 

impact of its scale on the critical fracture strength. Lawn et al. proposed the controlled 

indentation-induced flaw approach as a powerful tool to study the flaw sensitive mechanical 
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response in Si. A linear relationship between indentation load and the failure stress of CZ 

silicon was built up with indentation load changed from 0.1 N to 100 N [32]. 

 

2.3 High Pressure Phase Transformation (HPPT) of Silicon 

During indentation process, silicon material directly beneath the diamond indenter 

experiences pressure-induced phase transformation due to the intense localized stresses. 

Phase transformation of silicon has been studied in many indentation experiments with the 

aid of x-ray diffraction, transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), and Raman spectroscopy [33-38]. It has been estimated that silicon will 

transform from the diamond cubic structure to the Si-II (metallic β-tin structure) when the 

hydrostatic pressure are in the range of 11 to 13 GPa. Because the metallic β-tin phase of 

silicon is unstable below about 8 GPa, it will transform to either amorphous or a mixture of 

high pressure crystalline phases Si-III (bc8, body-centered cubic structure), Si-XII (r8, the 

rhombohedral distortion of bc8) after the release of the pressure, which depends on the 

loading and unloading conditions. The influences of load, loading rate and the indenter angle 

on the phase transformation behavior has been identified by Jang and et al [39, 40]. Gogotsi 

and coworkers [41] built up a good correlation between the unloading curve shape and the 

final structural of the transformed material based on the post indentation micro-Raman 

studies. It is proposed that the unloading discontinuity, called pop-out event, corresponds to 

the formation of metastable Si-XII/Si-III crystalline phases, while the hysteresis, called the 

elbow event for one cycle loading and unloading, is associated with the formation of 
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amorphous silicon. Figure 2.8 shows the pop-out and elbow events in load-displacement 

curves of silicon in nanoindentation measurement [39]. 

 

2.4 Sources of Light Element Impurities in PV Silicon 

There are different crystallization methods for crystalline silicon ingot and each of them has 

different ways to melt the silicon, seed the crystal and pull or cast the ingots. Impurity types 

and distributions are also different for different crystallization methods. Several types of 

impurities like dopants, metallic impurities and non-doping impurities intentionally or 

unintentionally introduced in silicon bulk might affect the electrical and mechanical 

properties of PV silicon wafer. Oxygen, carbon and nitrogen are usually incorporated in the 

silicon crystal structure as interstitial or substitutional point defects, complex clusters or 

precipitates. In the following sections, ways of those light element impurities incorporated 

into silicon during crystal growth will be discussed. Two crystal growth methods including 

CZ technique for growth of single crystalline silicon and casting for growth of mc silicon 

which are relevant to works in this study will also be reviewed. 

 

2.4.1 Single Crystalline Silicon Grown by CZ Technique 

CZ silicon crystal growth technique for PV application benefited greatly from the high 

standard of silicon technology developed originally for integrated circuits (IC) application. 

Figure 2.9 shows the sketch of the principle of CZ silicon growth technique [42]. In CZ 

method, single crystal silicon is grown into ingot from the melt which is hold in a quartz 

crucible located on the graphite heater/surroundings. Polycrystalline silicon feedstock are 
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first placed in the crucible and melted under inert gases by induction heating. Then, a seed 

crystal is immersed and slowly withdrawn under rotation at a surface temperature of just 

above the silicon melting point.  

 

Oxygen and carbon are two major unintentional doped light element impurities in the Si 

crystal grown by CZ method. The source of oxygen contamination is from the quartz 

crucible. The process of oxygen incorporation into CZ single crystal has been reviewed by 

Borghesi et al. [38]. SiO is produced firstly as the reaction product of quartz crucible and 

molten silicon through [39]: 

SiOSiSiO 22                                                       (2.6) 

SiO is very volatile and a major fraction evaporates from the free surface of the molten 

silicon, but a small fraction remains in the molten silicon. Oxygen atoms are then 

incorporated into the solid silicon. The main sources of carbon in the silicon are from the 

polycrystalline silicon feedstock and graphite heater/surroundings. During crystal growth, 

oxygen or water vapor in contact with the hot graphite heater/surroundings can form carbon 

monoxide, which is then dissolved into the molten silicon. Normally, nitrogen concentration 

is rather low in CZ silicon crystal. Recently, nitrogen doping has been considered as a 

solution to improve the mechanical properties of CZ and float zone (FZ) silicon. Nitrogen is 

intentionally doped into the silicon crystal by using the Si3N4 carrier gas or directly adding 

Si3N4 rod into the molten silicon during growth. 
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2.4.2 mc-Si Grown by Casting Technique 

Compared with CZ growth, mc-Si grown by a direct casting process has certain advantages: 

wider feedstock tolerance, lower manufacturing cost, high throughputs and simpler 

equipment requirement. In spite of the lower efficiencies of mc wafers compared with their 

single crystalline counterparts, the overall dollar per watt cost makes the mc silicon become 

the majority share of the total commercial crystalline Si PV modules. For the casting method, 

the melting and crystallization are carried out in two different crucibles. Figure 2.3 is a 

schematic showing the mc silicon crystal growth by the casting technique [45]. 

Polycrystalline silicon feedstock is first melted and then poured into a square quartz crucible 

supported by graphite parts. Under the controlled cooling, crystallization starts at the bottom 

of the crucible and the solidification takes place continuously from the bottom towards the 

top of the ingot. Compared with CZ silicon, casting mc silicon ingots often have higher 

densities of structural defects and larger crystal grain structure with the grain size ranging 

from several millimeters to centimeters.  

 

The sources of oxygen and carbon impurities in mc silicon ingot are from the polycrystalline 

silicon feedstock, the silica crucible and the graphite heater/surroundings. To prevent the 

damage of silica crucible, Si3N4 coating is often used to cover the inside wall of the silica 

crucible. In this case, concentration of oxygen impurity is greatly reduced while the carbon 

concentration is maintained. Meanwhile, nitrogen is doped into mc silicon during crystal 

growth. As a result, large precipitated Si3N4 crystals can be found at the top part of cast mc-

Si ingot. 
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2.5 Properties of Light Element Impurities in Silicon 

In the last several decades, many studies have been carried out to investigate the fundamental 

properties of light element impurities in silicon. Parameters such as segregation coefficient at 

the silicon melting point, solubility and diffusivity of dissolved oxygen, carbon and nitrogen 

in silicon as a function of temperature have been determined through various methods. 

 

2.5.1 Oxygen in Silicon 

Using the charged particle activation analysis (CPAA), Itoh and Nozaki determined the 

solubility and diffusivity of oxygen in silicon between 1000 ºC and 1375 ºC [46]. The 

solubility S (atoms/cm
3
) of oxygen in silicon in atomic fraction was determined as: 

)
19.1

exp(103.9 21

kT

eV
S 

                                          (2.7)
 

Where k is the Boltzmann constant and T is the absolute temperature. The equilibrium value 

of the solid solubility of oxygen in silicon at the melting point is 1.27 (±10.03) ×10
18

 

atoms/cm
3
. On the basis of results from the steam oxidation experiment from 700 ºC to 1240 

ºC by Mikkelsen [47] and stress induced dichroism experiment from 270 ºC to 400 ºC by 

Stavola [48], the diffusivity of oxygen in silicon D (cm
2
/s) can be calculated from the 

equation: 

)
53.2

exp(13.0
kT

eV
D 

                                             (2.8)
 

where k and T are the Boltzmann constant and absolute temperature, respectively. The 

segregation coefficient of oxygen in silicon is 1.25±0.17, as determined by Yatsurugi and 

coworker from the CPAA measurement [49].  
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Oxygen atoms incorporated into the silicon lattice during the crystal growth process exist at 

the interstitial site. The radius of the oxygen atom is 0.066 nm. The oxygen atom covalently 

bonds with two neighboring silicon atoms along the four equivalent <111> directions. At 

room temperature, interstitial oxygen gives rise to the 1107 cm
-1

 infrared absorption peak, 

which is used to calculate the concentration of the interstitial oxygen. The interstitial oxygen 

will supersaturate in silicon bulk and agglomerate to form oxygen precipitate under thermal 

treatments at temperature lower than the melting point of silicon. Clusters of a few oxygen 

atoms known as thermal donors (TD) and large silicon oxide precipitates with various sizes 

and crystal structure have been observed. The oxygen complex and precipitates are 

evidenced by a broad band in IR spectrum in the range 920-1080 cm
-1

. The concentration 

distribution of the oxygen in silicon crystal is not only determined by the segregation 

coefficient of oxygen in silicon, but also the crystal growth parameters. Under a typical 

crystal growth condition, the concentration of oxygen is higher at the seed than the tail of the 

ingot. The concentration of oxygen is higher at the center than the edge of the wafers.  

 

2.5.2 Carbon in Silicon 

The solubility S (atoms/cm
3
) in atomic fraction of carbon in silicon can be determined as 

[50]: 

)
4.2

exp(104 24

kT

eV
S 

                                              (2.9)
 

At the melting point, the solubility of carbon in liquid and solid silicon is 4×10
18

 atoms/cm
3
 

and 3.5 ×10
17

 atoms/cm
3
 [51]. The segregation coefficient of carbon in silicon is 
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k=0.07±0.01. Diffusivity of carbon D (cm
2
/s) in silicon as a function of temperature was 

determined by Newman and wakefield [52] as: 

)
9.2

exp(33.0
kT

eV
D 

                                                 (2.10)
 

Carbon atoms are incorporated into the silicon lattice during the crystal growth process and 

exist at the substitutional site (bonded tetrahedrally with silicon atoms). Atom radius of 

carbon is 0.077 nm, which is much smaller than that of silicon, 0.117 nm. As a result, the 

insert of carbon in the silicon lattice change the lattice parameter of silicon. It has been 

observed that increase the carbon concentration caused a decrease in the lattice parameter. In 

the substitutional site, carbon is electrically inactive. Dissolved carbon gives rise to an 

infrared absorption at 607 cm
-1

 with the intensity proportional to concentration. Compared 

with oxygen and nitrogen, carbon concentration is usually higher in mc-Si ingot. Due to the 

very rapid cooling, mc-Si material is highly supersaturated with carbon at room temperature. 

Typically the carbon concentration increases from the bottom to the top of the ingot and is 

particularly high at the top due to the low segregation coefficient of carbon in silicon. 

 

2.5.3 Nitrogen in Silicon 

The solubility of nitrogen in liquid silicon and solid silicon at silicon melting point is 

determined by Yatsurugi et al. as 6 ×10
18

 atoms/cm
3
 and 4.5±1.0 ×10

15
 atoms/cm

3 
[49]. The 

segregation coefficient k determined from the solubility of nitrogen in liquid and solid silicon 

is 7×10
-4

. However, there are reports showing that the maximum solubility of nitrogen in 

solid CZ silicon is larger than 4.5±1.0 ×10
15

 atoms/cm
3
 [48, 49]. For the diffusion behavior 
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of nitrogen in silicon, there is not an agreement on the diffusion rate and diffusion 

mechanism of nitrogen in silicon. It was considered that the diffusion rate of nitrogen was 

very slow [55]. However, Itoh and Abe [53] measured the out diffusion profiles of nitrogen 

in FZ silicon in a temperature range of 800-1200 °C by SIMS and determined a much higher 

diffusivity of nitrogen D (cm
2
/s) as: 

)
8.2

exp(2700
kT

eV
D 

                                                  (2.11)
 

Hara and coworkers [56] estimated the nitrogen diffusion coefficient to be 2×10
-6

 cm
2
/s at 

1270 °C.
 
Moreover, Voronkov and Falster [57] reported the diffusion rate of nitrogen D in 

silicon as: 

)
38.1

exp(063.0
kT

eV
D 

                                              (2.12)
 

These results all confirmed the high diffusivity of nitrogen in silicon. 

 

The radius of nitrogen atom is 0.07 nm. It is found that the prevailing state of nitrogen at 

room temperature in silicon is dimeric species, which exist as interstitial nitrogen pairs [58, 

59]. The dimer N2 will partially dissociate into single interstitials N1 upon increasing 

temperature. Nitrogen pairs in silicon exhibits infrared absorption bands at 963 and 764 cm
-1

 

and the 963 cm
-1

 peak was calibrated for the measurement of nitrogen concentration [Ni] 

described as[60]: 

)/(10)24.083.1(][ 317

max cmatomsNi                              
(2.13)
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where αmax is the absorption coefficient of nitrogen at 963 cm
-1

 band. Nitrogen can also 

present in silicon as N-O complexes [53, 56]. Wagner and coworkers [57] reported that a 

series of optical absorption lines in a middle range infrared spectrum are related to the N-O 

complexes. They proposed that those lines were due to an oxygen-induced disturbance of 

nitrogen-pair vibrations. Suezawa et al. [63, 64] found six group lines related to the N-O 

complexes in the infrared absorption spectrum at low temperature. 

 

2.6 Interactions between Light Element Impurities and Intrinsic Point 

Defects 
 

2.6.1 Point Defects in Silicon  

It is well known that the achievable silicon crystal perfections are limited by the 

thermodynamic rule. The formation of line defects (grain boundaries, twins, dislocations and 

etc.) in silicon would increase the free energy of the crystal. Therefore, the structural defects 

are not equilibrium defects and can be eliminated. Contrary to the line defects, formation of 

point defects would not necessarily increase the free energy of the crystals. Intrinsic point 

defects, such as vacancies, self-interstitials are thermodynamically favorable and cannot be 

easily eliminated. Those point defects will dynamically interact with light element impurities 

at high temperatures, resulting in the formation of large defects such as dislocation loops, 

impurity clusters, stacking faults or second-phase precipitates. 

 

The theory of initial point defect incorporation in growing CZ crystal was proposed by 

Voronkov. An aggregation of vacancies is known as voids or D defects, while the 



 

23 

aggregation of self-interstitials is termed as A defects. According to the research work by 

Voronkov and Falster [65-68], the type and concentration of intrinsic point defects remaining 

in the crystal after recombination depend on the ratio ξ=V/G, where G is the longitudinal 

temperature gradient near the interface and V is the crystal growth rate. It is generally 

believed that, for ξ< ξ1=3.3×10
-5

 cm
2
s

-1
K

-1
, the remaining defects are self-interstitials, and for 

ξ>ξ1 the remaining defects are vacancies. As a result, the dynamic interaction between point 

defect and extrinsic impurities and formation of precipitates and structural defects are 

affected by the V/G ratio during silicon crystal growth. Figure 2.11 is the schematic diagram 

showing various grow-in defects depending on the V/G ratio [69]. 

 

2.6.2 Oxygen Precipitation and Formation of OSFs 

At elevated temperature, the diffusion of oxygen atoms leads to the agglomeration and the 

formation of the SiOx precipitates. The understanding of the oxygen precipitation is mainly 

originated from studies of the denuded zone (DZ) and the internal gettering (IG) process in 

microelectronics application. The formation of DZ, which is a defect-free zone close to the 

wafer surface for active device fabrication, is based on the oxygen out-diffusion and oxygen 

precipitation. The basic concept of oxygen IG is to form oxygen precipitates in the bulk of 

silicon, and far away from the silicon surface region where active devices are fabricated. 

Oxygen precipitation process can furthermore generate the extended defects, such as stacking 

fault and dislocations, which then act as effective gettering sites for metal impurities during 

device fabrication process. Studies have shown that oxygen precipitation is significantly 

affected by the thermal history and the intrinsic point defects formation. The thermal history 
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can affect the density and size of the defect nuclei. The intrinsic point defects play a decisive 

role in the formation of oxygen precipitation nuclei in a growing crystal. In addition, dopant 

and other impurities can affect the oxygen precipitation. For example, high concentration of 

boron atoms may react with oxygen to form a large amount of boron-oxygen complexes, 

which can provide the heterogeneous nuclei center for oxygen precipitation. 

 

The formation of extended defects strongly depends on the generation of oxygen 

precipitation. Heating of silicon can produce localized oxidation induced stacking faults, 

which is extrinsic in nature and consists of an extra plane of atoms which grows as a disc 

between adjacent (111) planes. The stress resulting from this extra plane of atoms is relieved 

by a bounding partial dislocation. The tentative model for the OSFs formation associated 

with oxygen precipitation is summarized below [70-73]. The formation of SiO2 precipitates 

in silicon is associated with an extremely large volume expansion, as the volume of a SiO2 

molecule is about 2.25 times that of a silicon atom. Therefore, oxygen precipitation is 

accompanied by a process of stress release. Large stress between the oxygen precipitates and 

the silicon matrix could be released by the injection of self-interstitials into the silicon 

matrix. These excess self-interstitials may form interstitial type dislocations which are sinks 

of self-interstitials that are further generated by the oxygen precipitation. Thus, it is 

reasonable to conclude that the oxygen precipitation can be enhanced by vacancy because the 

vacancy can provide free volume to relieve the strain caused by the oxygen precipitation. 

Oxygen precipitation can be described by the reaction shown below [74, 75]: 

)()1( stressSiSiOVOSi Ii   
                                 (2.14)  
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where, β is the number of absorbed vacancy, γ is the number of emitted self-interstitial, ϕ is 

the relaxed strain. 

 

For the process of strain-relief via generation of silicon interstitials, the decrease of the Gibbs 

free energy G due to the strain energy relief is accompanied by an increase in Gibbs free 

energy due to the interstitial supersaturation generated. The minimum G condition is 

obtained when the residual strain energy is in balance with that due to the interstitial 

supersaturation. An analytical expression relating the matrix residual strain and the interstitial 

supersaturation associated with SiO2 precipitation was obtained. Assuming that the matrix 

strain makes a negligibly small quantitative contribution, the radius of the critical nucleus, 

rcrit, for nucleation to occur is given by [76]: 
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(2.15)
 

Where σ is the SiO2-Si interface energy density, Ω is the SiO2 molecular volume which is 

taken to be twice the volume of a silicon atom in the matrix, kBT is the thermal energy, 
omC  

and eq

omC  are the actual and thermal equilibrium interstitial oxygen atom (Om) concentrations 

in the matrix, IC  and eq

IC  are the actual and thermal equilibrium self-interstitials 

concentration in the matrix. In the precipitation growth regime, a balancing of the flux of the 

incoming oxygen atoms promoting the growth process with that of the outgoing interstitial 

generated leads to the conclusion that the interstitial supersaturation at the SiO2-Si interface 

can be quite high [73, 77]. 
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In mc silicon crystal, due to the presence of various kinds of structural defects (grain 

boundaries, twins and etc.), oxygen tends to segregate at such defects already in the course of 

material production or during the subsequent thermal processing. Redistribution and 

gettering of oxygen at the structural damage sites was detected at very low temperature and it 

is found to be controlled by stress gradients. It was also found that dislocations and grain 

boundaries are effective segregation sites for oxygen [25]. 

 

2.6.3 Carbon Effect on Oxygen Precipitation 

Precipitation like SiC is very difficult to be generated by carbon itself even with the presence 

of high density of structural defects in silicon [70]. Carbon behavior in silicon was studied 

through carbon-oxygen interaction. However, up to now, the effect of carbon on oxygen 

precipitation is controversial and still not completely understood. Some researchers reported 

that carbon atoms have an enhanced effect on oxygen precipitation nucleation and 

precipitation growth [77-82]. Carbon dissolved in CZ silicon is known to facilitate the 

precipitation of oxygen in the temperature range between 600 ºC and 1000 ºC. In carbon-rich 

CZ silicon, precipitate particles are found with small size and density abundance [83, 84]. 

However, some researchers found that the presence of carbon suppresses [85] or has no 

influence [86] on the oxygen precipitation. 

 

Generally, it is believed that carbon enhances oxygen precipitate growth via interaction with 

silicon self-interstitials [87]. Due to the smaller atomic radius of carbon (0.077 nm) 

compared with that of silicon (0.117 nm), carbon precipitation is associated with the volume 
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decrease which can attract interstitial oxygen atoms. In the other hand, oxygen precipitation 

is associated with a volume increase. The strain relief of oxygen precipitation is facilitated by 

punching out small dislocation loops and more probably by emitting silicon self-interstitials. 

Due to the opposite volume change in oxygen and carbon precipitation process, the two 

processes are favored. 

 

Shimura [78] investigated the mechanism of enhancement effect of carbon on oxygen 

precipitation in CZ silicon with high carbon content by means of IR absorption spectroscopy 

at room temperature. He defined a critical temperature Tc, which is estimated between 800 

and 850 °C to distinguish the effect of carbon on oxygen precipitation. It was concluded that 

carbon atoms directly provided heterogeneous nucleation site for oxygen precipitation at 

temperature lower than Tc. At temperature higher than Tc, the carbon atoms can play a 

catalytic role by modifying the interfacial energy or the point defect atmosphere at the 

surface of oxygen precipitates. Huh and co-workers [70] further studied the oxygen and 

carbon co-precipitation in CZ silicon by using a diffusion-limited growth model. The 

interfacial energy increased upon carbon incorporation into oxide precipitates as well as the 

change of oxygen and carbon concentration was taken into consideration. They concluded 

that the enhancement effect of carbon on oxygen precipitation is primarily due to an increase 

in the oxide precipitation density. An enhancement in the carbon diffusivity in the presence 

of excess interstitials plays an important role in increasing the precipitate growth rate. Liu et 

al. [88] observed the correlation of the change in oxygen and carbon concentration during 

oxygen precipitation and proposed that there is a critical precipitate size that can distinguish 



 

28 

the carbon behavior in oxygen precipitation. Carbon atoms can only actively participate in 

oxygen precipitation when the precipitates are smaller than the critical size. 

 

2.6.4 Nitrogen Effect on Oxygen Precipitation 

Nitrogen can interact with point defects or/and oxygen and plays an important role on the 

defect formation during silicon crystal growth. It has been reported that, with nitrogen-doped 

seed, the dislocation in CZ crystal due to thermal shocking during the dipping process can be 

effectively suppressed at the seed/crystal interface [89]. Roles of nitrogen in silicon have 

been reported as follows. 

 

(1) Nitrogen in silicon can strongly affect grown-in voids. In FZ silicon, even a small amount 

of nitrogen (1×10
14

 atoms/cm
3
) is sufficient to suppress vacancy aggregation into voids 

completely. For CZ silicon, there are reports that nitrogen can increase the density of crystal 

originated pits (COPs) and decrease their size during crystal growth [90, 91]. It has also been 

known that high density of void defect with small size was formed due to the nitrogen doping 

[92]. Moreover, the morphology and volume of the void defects depend strongly on the 

nitrogen concentration and the cooling rate. The shapes of the voids change from {111} 

octahedron to {111} plate or rod like with increasing nitrogen concentration, which is related 

to the reaction among nitrogen, vacancies and oxygen in nitrogen doped silicon [93].  

 

(2) Another interesting effect due to nitrogen doping is the nitrogen induced enhancement of 

oxygen precipitation which can improve the getting potential of CZ silicon [63, 94-96]. It is 
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explained that nitrogen can offer numerous heterogeneous nuclei for the formation of oxygen 

precipitates [97].  

 

(3) It has also been found that nitrogen can neutralize the effect of carbon in oxygen 

precipitation. Carbon at a concentration of about 10
16

 atoms/cm
3
 or higher will enhance oxide 

precipitation growth at temperature of 750 °C. However, with the presence of nitrogen, 

carbon even at a high concentration has no effect on the oxygen precipitation. In nitrogen 

rich silicon, nitrogen atoms have smaller radius compared with carbon. It is easier for them to 

attract oxygen atoms to form N-O complexes so that the reaction of carbon and oxygen 

atoms is suppressed [98].  

 

(4) Nitrogen can generate N-O complexes and suppress the formation of thermal donors [99]. 

The formation of N-O complexes consumes some oxygen atoms, which is necessary for the 

formation of TDs.  

 

For the mc-Si, nitrogen is introduced to the ingot due to the use of the nitride crucible wall. 

Moller has pointed out that nitrogen plays an important role as a nucleus for SiC precipitation 

in mc silicon. Nitrogen atoms accumulated at dislocations seem to be electrically inactive and 

cause dislocation locking similar to oxygen. 
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2.7 Review on the Impact of light Element Impurities on the Mechanical 

Properties of Silicon 
 

2.7.1 Impact of Oxygen on the Mechanical Properties of Silicon 

It is well known that CZ silicon show higher mechanical strength than FZ silicon, which is 

due to the difference of the oxygen content in the two types of wafers. The presence of 

sufficient interstitial oxygen in CZ silicon is believed to have strain hardening effects in the 

silicon lattice and serves as obstacles for dislocation initiation/propagation.  

 

Yonenaga et al. [100] found that the interstitial oxygen atoms dispersed throughout the 

silicon crystal do not affect the dynamic processes of dislocations generation under the 

deformation of silicon at elevated temperatures. However, oxygen atoms in a dislocated 

crystal congregate on the dislocations and lock them effectively. Therefore, silicon crystals 

with higher oxygen concentration have a higher mechanical strength. Figure 2.11 shows their 

experimental result about the effect of oxygen content on the strength of dislocation-free and 

dislocated silicon crystals at the temperature range of 800-900 ºC. It can be seen that oxygen 

content has a significant effect on the strength of dislocated silicon but no influence on the 

strength of the dislocation free silicon. 

 

Precipitation of oxygen from solid silicon, especially large precipitates, will induce a 

reduction in the mechanical strength of the silicon wafer. Sumino and coworkers [101] have 

found that the yield strength of the CZ silicon decreases rapidly with aging, as shown in 

Figure 2.12. Large amount of etch pits which are oxygen precipitation related structural 
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defects developed after aging were found upon etching the surface of the CZ silicon sample. 

They concluded that this softening is related to the precipitation of supersaturated oxygen 

atoms in the crystal and dislocation punched out from the precipitates. 

 

Yonenaga and coworker studied the effect of the oxygen precipitation on the mechanical 

strength of CZ silicon and found that drastic softening occurs in crystals with high precipitate 

density [102]. The precipitation was carried out at 1050 ºC and the tensile deformation 

performed at 900 ºC. They found that the strength of silicon is a reproducible function of the 

extent of oxygen precipitates. However, it has also been reported that dislocation 

immobilization depends strongly on both the size and density of oxygen precipitates [103-

105]. Sueoka [106] reported that only oxygen precipitates smaller than a certain size (~ 200 

nm) can immobilize dislocations and improve the mechanical strength of CZ silicon.  

 

2.7.2 Impact of Carbon on the Mechanical Properties of Silicon 

The dissolved carbon atoms in solid silicon are electrically neutral and occupy the 

substitutional sites. Carbon up to a concentration of 1×10
17

 atoms/cm
3
 reveals no dislocation 

locking action in silicon. The interaction between carbon atoms and dislocation is supposed 

to be weak since a carbon atom accompanies rather small strain. It was reported that carbon 

could increase the mechanical strength of silicon crystals when it coexists with oxygen of 

concentrations higher than about 5×10
17

 atoms/cm
3
. The role of carbon concentration in the 

mechanical properties of CZ and FZ silicon has been investigated by the tensile test at high 

temperature [31, 107-109]. It was observed that increase of the carbon concentration can 
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increase the upper yield stress of the CZ silicon at 800˚C and 900˚C. Strengthening of CZ 

silicon is achieved through the segregation of oxygen atom on dislocations. It is believed that 

carbon enhances the nucleation of clusters of oxygen atoms at the core regions of dislocation. 

However, very few work about the impact of carbon concentration on the mechanical 

strength of mc-Si has been reported, mainly due to the difficulties to separate effect of carbon 

from large number of variables (impurity level, structural defects and etc.) presented in the 

mc-Si. 

 

2.7.3 Impact of Nitrogen on the Mechanical Properties of Silicon 

Nitrogen has a stronger impact than oxygen on the mechanical properties of silicon, which 

has been verified by different techniques including indentation, high temperature tensile test 

and three-point bending. It was reported that Nitrogen in FZ silicon could suppress the 

occurrence of thermal slip and warpage of silicon wafers. Sumino et al. [101] observed the 

improved upper and lower yield points of FZ silicon with nitrogen doping during the high 

temperature tensile test. Wang et al. [110] studied the flexure strength of nitrogen-doped and 

conventional CZ silicon by three point bending tests at room temperature. It was found that 

the mechanical strength of silicon increased remarkably by the doping of nitrogen. Orlov and 

coworkers [111] investigated the effect of the nitrogen doping level on plastic properties of 

300 mm silicon material at temperature between 650 ºC and 1000 ºC. They found that an 

increase in the nitrogen concentration leads to enhanced upper and lower yield points and the 

dislocation in nitrogen-doped silicon move much slower and propagate in shorter distance. 

The improvement of mechanical strength by nitrogen doping is attributed to: (1) nitrogen 
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atoms congregate on the dislocation and make the latter at rest at elevated temperatures; (2) 

nitrogen enhances oxygen precipitates, which can pin efficiently the movement of the 

dislocation; (3) nitrogen forms bonds with silicon and oxygen atom, which enhances the 

activation energy for dislocation moving in silicon. 
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Table 2.1 Hardness values of silicon reported in literatures. 

Hardness 

(GPa) 
Orientation Method References 

17 (111) silicon 

Nanoindentation 

Triangular pyramid shape 

diamond indenter 

[7] 

8.5 
100), (110) and 

(111) silicon 

Microindentation 

Vickers and Knoop 

indenter 

Load>10 N 
[8] 

16 
(100), (110) and 

(111) silicon 

Microindentation 

Vickers and Knoop 

indenter 

Load: 0.1-1.0 N 

11.4 (110) n-type silicon 
Nanoindentation 

Peak load: 120 mN 
[9] 

11.9 

(100) p-type CZ 

silicon 

Nanoindentation 

Berkovich indenter 

Peak Load: 0.2 mN 

[10] 

13 

Nanoindentation 

Berkovich indenter 

Peak Load: 15 mN 

12.8 

Bulk polysilicon 

Nanoindentation 

Berkovich indenter 

Peak Load: 0.2 mN 

12.6 

Nanoindentation 

Berkovich indenter 

Peak Load: 15 mN 
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Table 2.2 Fracture toughness of silicon measured at room temperature from literatures. 

Fracture toughness 

(MPa·m
1/2

) 
Orientation Method References 

0.91±0.09 {110} Indentation bend strength 

techniques 
[15] 

0.95±0.10 {100} 

0.79-0.89 {111} 
Indentation fracture 

technique 
[16] 

0.82-0.93 Poly-Si 
Indentation bend strength 

techniques 
[17] 

0.75 Poly-Si 

Indentation fracture 

technique 
[18] 

0.82 {111} 

0.90 {110} 

0.95 {100} 

0.76±0.19 {111} 
Indentation fracture 

technique 
[19] 

0.7 {111} Double torsion technique [20] 

1.24-2.85 {111} 
Notched four-point 

bending technique 
[21] 

0.93 {111} 
Double cantilever beam 

techniques 
[22] 
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Figure 2.1 Schematic diagram of the crystal structure of silicon. Atom positions are shown 

as spheres, bonds as bold lines and the tetrahedral coordination outlined by the fine solid 

lines. The conventional diamond-cubic unit cell is indicated by the dotted outline [1]. 
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Figure 2.2 Stress-strain curves of undoped silicon single crystal with <123> orientation 

obtained in compression. (a) T=1300 °C, strain rate at 5.1×10
-4

 s
-1

. (b) T=1000 °C, strain rate 

at 4.8×10
-4

 s
-1 

(uyp: upper yield point, lyp: lower yield point) [3]. 
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Figure 2.3 Schematic diagram of the deformation and fracture pattern of silicon for Vickers 

microindentation. (a) and (b) show the initiation and propagation stages of median crack 

system [6]. 
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Figure 2.4 Schematic diagram of the development of the crack system in silicon below a 

sharp indenter upon loading and unloading. Dark grey areas indicate the plastic zone below 

the indenter. Median and radial cracks form in the loading phase at the edge of the plastic 

zone perpendicular to the surface. If they occur on the same plane they may coalesce forming 

half-penny shaped cracks that can open to the surface and become visible. The lateral cracks 

form upon unloading and lead to chipping of volume [24]. 
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Figure 2.5 SEM image of polycrystalline silicon wafers with the presence of mechanical 

defects. Micro cracks and larger chips which originate during the sawing process are 

indicated in dashed circles in (a) wafer surface, and (b) wafer edge [26]. 
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Figure 2.6 TEM image of the plastic zone and micro crack below the surface of an as-sawn 

silicon wafer [25]. 
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Figure 2.7 Strength distribution of cast mc-Si wafer obtained from experimental [25, 28] and 

numerical results [30]. 
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Figure 2.8 Pop-out (a) and elbow (b) events observed in nanoindentation load-displacement 

curves [39]. 
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Figure 2.9 Principle of the silicon crystal grown by CZ technique [42]. 
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Figure 2.10 Principle of the mc-Si crystal grown by cast technique [45]. 
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Figure 2.11 Schematic diagram showing grow-in defects depending on the V/G ratio, where 

V is growth rate and G is the thermal gradient at the solid/melt interface [69]. 

 



 

55 

 

Figure 2.12 Stress-strain curves of CZ Si crystals involving various concentration of oxygen. 

(a) dislocation-free crystal with [123] tensile deformation at 900 °C under a shear strain rate 

of 1.1×10
-4

 s
-1

. (b) Crystals containing dislocations at density of about 1×10
6
 cm

-2
 with [123] 

tensile deformation at 800 °C under a shear strain rate of 1.1×10
-4

 s
-1

 [100]. 
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Figure 2.13 Variation of the upper yield stress against the duration of aging at 1050 °C for 

the nitrogen-doped FZ (NFZ), the normal FZ and the CZ silicon crystal. The upper yield 

stresses are for [123] tensile deformation at 900 °C and under a strain rate of 1.1×10
-4

 s
-1 

[101]. 
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3. Research Methodologies  

PV silicon wafers and experimental approaches used in this study are summarized in this 

chapter. A series of unique silicon sample sets were investigated in this work to study the 

impact of light element impurities on the mechanical properties of PV silicon. Concentration 

of light element impurities and presence of precipitates were determined from the Fourier 

transform infrared (FTIR) spectroscopy and second ion mass (SIMS) spectrometry. The 

distribution of the precipitates and structural defects was revealed by the preferential 

chemical etching combined with the Nomarski microscope observation. The morphology and 

microstructure of the precipitates and structural defects were studied using TEM. Mechanical 

properties such as hardness, elastic modulus, fracture toughness and fracture strength were 

evaluated by microindentation, nanoindentation and three point bending tests. The 

morphology of fracture surface, indents and scratches was characterized by SEM, scanning 

probe microscopy (SPM) and atomic force microscopy (AFM). The residual stresses 

associated with light element impurities were determined by micro-Raman spectroscopy. 

 

3.1 Sample Information 

Sample sets investigated in this study include CZ silicon wafers grown at faster than normal 

rate with varied oxygen concentration, CZ silicon with and without nitrogen doping and cast 

mc-Si wafer with varied carbon concentration. The information of these sample sets are 

summarized as follows. 
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3.1.1 CZ Silicon Grown at Elevated Rate 

In CZ growth process, oxygen is continuously dissolved from the feedstock and silica 

crucible into the molten silicon. Formation of the oxygen precipitates and the associated 

structural defects can be affected by the oxygen concentration, intrinsic point defects and 

other impurities (such as carbon, nitrogen and etc.). The situation becomes more complicated 

when the ingot is grown at an elevated rate. The vacancy rich regime growth facilitates the 

oxygen precipitation and formation of associated structural defects. A series of CZ silicon 

wafers with various oxygen concentrations were served to investigate the impact of oxygen 

on the mechanical properties of silicon. P-type, (100) plane and 156 cm pseudo-square 

wafers as shown in Figure 3.1 (a) were sliced from the 210 mm diameter ingot. The thickness 

of the wafer is 200 µm. The interstitial oxygen concentration [Oi] determined from FTIR 

spectroscopy ranges from 6 ×10
17

 to 12×10
17

 atom/cm
3
. 

 

3.1.2 Nitrogen-doped CZ Silicon Grown at Elevated Rate 

During the CZ crystal growth, the distribution of point defects and micro defects can be 

strongly influenced and controlled by impurity doping. A series of nitrogen-doped CZ (NCZ) 

silicon wafers with varied nitrogen concentration were served to investigate the impact of 

nitrogen on the mechanical properties of CZ silicon. The 210 mm-diameter nitrogen-doped 

CZ silicon ingots were grown at the same condition as non-nitrogen-doped CZ introduced in 

2.1.1. The NCZ silicon wafers shown in Figure 3.1 (b), which are (100) plane, 156 cm 

pseudo-square have the same configurations as non-nitrogen-doped CZ wafers. The thickness 

of the wafer is 200 µm. The nitrogen concentration [Ni] determined from SIMS measurement 
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ranges from 0.92×10
15

 to 9.7×10
15

 atom/cm
3
. The oxygen concentration [Oi] determined 

from FTIR spectroscopy ranges from 7.8×10
17

 to 11×10
17

 atom/cm3. The [Oi] and [Ni] of 

NCZ silicon wafers are summarized in Table 3.1.  

 

3.1.3 Cast mc-Si Wafer 

For the study of carbon impact on the fracture strength of mc-Si wafer, mc-Si ingot grown by 

direct casting was used. P-type, mc-Si wafers with thickness of 2 mm were selected from the 

same elevation of the ingot but different location from the crucible wall, which gives a varied 

substitutional carbon contents. Figure 3.2 shows the locations of the sister wafers selected to 

study the impact of carbon on the fracture strength of mc-Si wafer. 

 

3.2 Experimental Techniques 

3.2.1 Sample Preparation 

The first step of the sample preparation is to select representative small sample from large 

wafers. For the (100) CZ silicon, small samples were cleaved along <110> direction, as 

shown in Figure 2.1. For the cast mc-Si wafer, silicon bars with a dimension of 5 cm by 1 cm 

were sliced by wire sawing using the silicon carbide slurry. Figure 3.3 (a) shows the silicon 

bars sliced from the large wafer for the bending test. Chemical-mechanical polishing was 

then applied to remove the damage layer generated from the sawing process. The ideal 

polishing process will remove material from silicon sample evenly. The material remove rate 

is independent of the internal state of the material, such as crystallography variation, strain 

distribution or chemical heterogeneities, but it is inversely proportional to the local surface 
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radius of curvature. Therefore, rough and damaged surface generated from the sawing 

process will be removed while a flat, mirror-like surface will be developed during the 

polishing process. After the polishing, the samples were cleaned in acetone, methanol and 

deionized (DI) water in sequence, and dried by compressed nitrogen gas. 

 

3.2.2 Preferential Etching and Nomarski Optical Microscopy 

Preferential wet chemical etching is an important method to study lattice defects distribution 

in PV silicon. In general, when the chemical attacks the material’s surface, the high energy 

state or unstable regions, such as the defects area will be more deeply etched than the low 

energy state or stable regions. This is because the surface with high surface energies can 

preferentially generate chemical reactions, such that the etching rate is faster. In this study, 

Secco solution (HF: 0.15 M K2Cr2O7=2:1) was used to delineate the defects distribution in 

the PV silicon. The component of K2Cr2O7 in Secco solution will oxidize the sample surface, 

while HF will reduce the oxidized species to make it soluble in the etching solution. Water 

was added as the rate-controlling diluents. Figure 3.4 shows a group of optical micrographs 

of various etch pits and the corresponding schematic diagrams. 

 

Nomarski differential interference contrast (DIC) microscopy, invented by Georges 

Nomarski in the mid-1950s, is a powerful tool for topographical observation of the silicon 

surface after preferential etching. The working principle of the Nomarski microscope is 

illustrated by the light path as shown in Figure 3.5. Light generated from the bulb source 

passes through the polarizer and a λ/4 plate and then the linearly polarized light is reflected 
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from the surface of a half-mirror (light reflector) placed at a 45° to the incident beam. The 

reflected light wave is split into two beams with perpendicular vibration to each other 

(extraordinary and ordinary). The distance between the two beams is called “shear” distance. 

The objective lens focuses the two sheared beams on the sample surface. The travelling paths 

of the two parallel beams are altered by the topographic difference on the sample surface. 

Then the shear of the two recombined beams will produce topographical contrast at the 

focused plane. The light then proceeds toward the eyepiece where it can be observed as 

differences in intensity and color. DIC microscopy causes one side of an object to appear 

bright while the other side appears darker. This shadow effect gives a pseudo three-

dimensional appearance to the sample, but is not a true representation of the geometry of the 

sample. 

 

3.2.3 FTIR 

Due to its fast, non-destructive and inexpensive features, FTIR is the most employed method 

for the measurement of dissolved light element concentration in PV silicon [1]. When light 

interacts with matter, the photons which make up the light may be absorbed or scattered, or 

may not interact with the material and may pass straight through it. If the energy of an 

incident photon corresponds to the energy gap between the ground state of a molecule and an 

excited state, the photon may be absorbed and the molecule promoted to the higher energy 

excited state. The absorption spectroscopy can measure the change of molecule state by the 

detection of the loss of that energy of radiation from the light. The absorption occurs at a 

wavelength that is specific for certain vibrations, which are sensitive to minute structural 
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changes. Only vibration producing a shift in the dipole moment is infrared active and gives 

rise to the corresponding absorption bands. Infrared absorption at 1107 cm
-1

 peak is due to 

oxygen in an interstitial position, with two neighbor silicon atoms. It should be noted that any 

oxygen presented as clusters or in different lattice sites may not contribute to the 1107 cm
-1

 

absorption peak. It is believed that the 1107 cm
-1

 FTIR measurement of oxygen concentration 

will be proportional to the true oxygen concentration. For the SiOx, where x ranges from 1 to 

2, absorption band at 1030, 1075,
 
1124 and 1224 cm

-1
 have been reported. The FTIR 

absorption bands in the range of 800-1100 cm
-1

 are attributed to V-O complexes. 

Substitutional carbon has an absorption peak at 605 cm
-1

, and interstitial nitrogen pairs have 

strong peaks at 963 and 766 cm
-1

. 

 

The FTIR measurement in this study was performed in a BioRad FTS-6000 spectrometer in 

the transmission mode. The infrared light is focused onto the photodiode of a liquid nitrogen-

cooled, wide band mercury-cadmium-telluride (MCT) detector with a normal spectral 

response of 450 to 7000 cm
-1

. Measurements were taken from the 5 mm by 5 mm area of the 

sample. Before measuring the samples, a FTIR spectrum for the background is firstly 

collected. This spectrum represents the absorption from the atmosphere in the chamber. 

Then, one FZ silicon sample with oxygen and carbon concentration below detection limit is 

used as the reference sample. The output was recorded by the software of Win-IR Pro 

software. Each spectrum is averaged from 64 scans. The spectrum resolution is 2 cm
-1

. The 

output spectra were calculated based on the ASTM standard F1118 and F1391 [2, 3]. During 

analysis, all the sample and reference spectra are ratioed against the background spectrum. 
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Then, the thickness difference between sample and the reference was calibrated. The 

concentration of interstitial oxygen and substitutional carbon was determined from the peak 

height of optical absorption line at 1107 cm
-1

 and 605 cm
-1

, with a calibration coefficient of 

3.14×10
17 

cm
-3

 and 1.0×10
17 

cm
-3

, respectively. The detection limitation is ~10
16

 atoms/cm
3
 

for the institutional oxygen and substitutional carbon. 

 

3.2.4 Micro-Raman Spectroscopy  

The micro-Raman spectroscopy can identify the molecular vibration based on the inelastic 

scattering of light. The light interacts with the molecule and distorts the cloud of electrons 

round the nuclei to form a short, unstable “virtual” state [4, 5]. In infrared spectroscopy, 

infrared energy covering a range of frequencies is directed onto the sample. In contrast, 

Raman spectroscopy uses a single frequency of radiation to irradiate the sample and the 

radiation scattered from the molecule is detected. Unlike infrared absorption, Raman 

scattering does not require matching of the incident radiation to the energy difference 

between the ground and the excited states. If only electron cloud distortion is involved in 

scattering, the photons will be scattered with very small frequency changes. This scattering 

process is regarded as Rayleigh scattering. However, the energy changes detected in the 

vibration spectroscopy are those required to cause nuclear motion. Micro-Raman has been 

widely used to study the phase transformation of silicon [6, 7].  

 

The other important application of micro-Raman spectroscopy in this study is to measure the 

local mechanical stresses in PV silicon [8, 9]. For the diamond structure of silicon, three 
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degenerate optical phonons in the center of the Brillouin zone are allowed by Raman 

scattering. Those degeneracies can be lifted when a stress is applied on the crystal sample. 

The Raman frequency of silicon is at ω=520 cm
-1

. However, mechanical strain results in a 

change of the Raman frequency of silicon. By monitoring the frequency shift along different 

location, a strain map can be obtained with micrometer spatial resolution. The relation 

between strain and stress and the Raman frequency is rather complicated. All non-zero strain 

tensor components influence the position of the Raman peak. In some cases, the relation 

becomes simply linear. For example, for uniaxial stress in the (100) plane, the relation is [10-

12]: 

)(435)( 1 cmMPa                                               (3.1) 

For the biaxial stress in the (100) plane of silicon, 

)(435)( 1 cmMPaYYXX                                        (3.2) 

In general, the compressive stress will result in an increase of the Raman frequency, while 

the tensile stress results in a decrease. Although the assumption of uniaxial stress is not 

always correct, it can be used to provide a first indication on the sign and magnitude of the 

stress, and on differences in local stress measured at different areas. 

 

The micro-Raman measurement in this work was performed in a Horiba LabRAM HR 800 

with a confocal microscope in the reflection mode. Spectra were acquired with the He-Ne 

laser excitation with the wavelength of 632.18 nm. The light beam of a laser is focused 

through a 100× objective lens on the sample surface. The scattered light is collected through 
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the same microscope and directed into a spectrometer, and sent to a CCD detector to analyze 

the spectrum. The laser output was kept to below 0.3 mW, and the integration time was kept 

to 10 s. The local heating of the laser spot is negligible. The penetration depth is 0.6 µm. The 

minimum beam spot is 750 µm and the spectrum resolution is 0.3 cm
-1

. 

 

3.2.5 Microindentation and Nanoindentation 

Indentation techniques (microindentation and nanoindentation), in particular 

nanoindentation, have been widely used to study the mechanical properties of silicon, mainly 

due to their capability to probe mechanical properties at micro and nanoscale. The 

mechanical properties (hardness, elastic modulus and fracture toughness) can be determined 

by nanoindentation from the indentation load-displacement curve during one cycle of loading 

and unloading [13].  Figure 3.6 shows the schematic illustration of the load displacement 

curve. During loading, elastic and plastic deformation both occur as the hardness impression 

forms. During unloading, only the elastic displacements are recovered.  The elastic nature of 

the unloading curve can be used for analysis. The unloading curves can usually be 

approximated by the power law relation, 

m

fhhP )(  
                                                       (3.3) 

where P is the load, h is the depth of displacement, hf is the final depth of penetration after 

the indenter is fully unloaded, α and m are the power law fitting constants.  

 

The hardness and elastic modulus value can be determined from the unloading processes in 

nanoindentation. The basic assumption is that the contact periphery sinks in a manner that 
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can be described by models for indentation of a flat elastic half-space by rigid punches of 

simple geometry. This assumption limits the applicability of the method because it does not 

account for the pile-up of material at the contact periphery. The area function A is used to 

describe the projected area of the indenter, which can be described as a function of hc, 

)( chFA  . The area function must be carefully calibrated by independent measurements so 

that the deviations from non-ideal indenter geometry are taken into account. Once the contact 

area is determined, the hardness H can be estimated from: 

A

P
H max

                                                             
(3.4) 

The elastic modulus E can also be calculated from: 

i

i
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eff
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AES

22
111

2














                                                  

(3.5) 

Where, s in the contact stiffness, Eeff is the effective elastic modulus, E, ν and Ei, νi are 

Young’s modulus and Poisson’s ratio for the sample and the indenter, respectively. 

 

In nanoindentation, characteristic discontinuity upon loading as called pop-in and unloading 

as called pop-out in the load displacement curves is related to the density change of silicon 

caused by the high pressure phase transformation [14, 15]. During the loading process, 

diamond cubic silicon transforms to the denser phase and thus the pop-in appears due to the 

sudden volumetric reduction. In contrast, transition to a lower density structure in unloading 

associated with a volumetric expansion. These features have been found to be dependent on 
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the indenter geometry, loading and unloading rate and etc.. Figure 3.7 shows the setup of 

nanoindentation in Hysitron TriboIndenter. Two different indenter tips were employed: one 

is cube corner with centerline-to-face angles of 45° as shown in Figure 3.7 (b), the other is 

Berkovich tip with centerline-to-face angles of 65.3° as shown in Figure 3.7 (c). 

 

3.2.6 Three Point Bending Test 

The setup of three point bending test is shown in Figure 3.8. The load was applied via a 

motor-driven double screw. A linear variable differential transformer (LVDT) sensor was 

used to record the sample displacement during loading. The force load configuration of the 

three point bending was applied through the circular supporting rings. The load was applied 

onto the sample by the upper spherical steel supporting rod, with the two lower supporting 

rods completely fixed. Tensile stress is parallel to the long side of the sample while the 

maximum tension field is at the center of the sample. The span length (distance between two 

lower supporting rods) was kept as 40 mm and the loading rate was set as 0.01 mm/min for 

all the measurements. 

 

3.2.7 SEM, AFM, APM, TEM 

SEM (JEOL 6400F and Hitachi 3200) was used to measure the radial crack length and 

observe the fractured surface of silicon. AFM (Park Systems XE-70) and SPM attached in 

Hysitron Triboindenter were used to obtain the morphology of nanoindents and 

nanoscratches. TEM (JEOL 2000 FX) was used for the observation of microstructures of 

precipitates and structural defects in silicon. 
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Table 3.1 The [Oi] and [Ni] of NCZ silicon wafers studied in this work. 

 

 [Ni] (×10
15

atoms/cm
3
) [Oi] (×10

17
atoms/cm

3
) 

#1_Low 0.92 10.65 

#2_Medium 1.2 10.05 

#3_High 9.7 7.75 
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Figure 3.1 (a) (100), 200 mm thick CZ silicon wafer with varied oxygen concentration. (b) 

(100), 200 mm thick nitrogen-doped CZ silicon wafers with varied oxygen and nitrogen 

concentration. Small samples were cleaved along <110> cleave direction as indicated by the 

dashed arrows. 
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Figure 3.2 Sketches showing silicon samples for three point bending test selected from 

different location of the cast mc-Si ingot. 
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Figure 3.3 Silicon bar with dimension of 5 cm by 1 cm selected from the large wafer for the 

three point bending test after slicing (a) and after removing saw damage layer by chemo-

mechanical polishing (b). 
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Figure 3.4 Nomarski optical micrographs of preferential etch features of defects. (Dt: 

threading slip dislocations, S: saucer pit, H: hillock, D: dislocation loop, OSF: oxidation-

induced stacking fault.) 
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Figure 3.5 Optical arrangement of Nomarski microscopy in reflected light illumination 

mode. (1, polarizer; 2, λ/4 plate; 3, DIC prism; 4, objective lens; 5, specimen; 6, light 

reflector and 7, analyzer.) 
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Figure 3.6 Illustration of the indentation load displacement curve (a) and important 

measured parameters (b). Pmax is the maximum load, hmax is the maximum displacement, 

S=dp/dh is the contact stiffness and hf is the permanent depth of penetration after the indenter 

is fully unloaded. 
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Figure 3.7 Nanoindentation measurement setup. (a) Insider view of Hysitron Triboindenter. 

SEM images of the two indenters cube corner and Berkovich are shown in (b) and (c).  
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Figure 3.8 Experimental setup of the three point bending test. 
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4. Effect of Oxygen Concentration on the Mechanical 

Properties of CZ Silicon Grown at Elevated Rate 
 

4.1 Introduction 

CZ silicon is widely used in fabrication of microelectronic very large scale integrated (VLSI) 

circuits, microelectromechanical systems (MEMS), and solar cells. Controlling fracture 

properties is crucial in achieving acceptable manufacturing yield and device performance. 

Silicon is a brittle material at room temperature and is thus susceptible to fracture when 

contacted with sharp particles, which often result in strength-degrading cracks. Most cracks 

in silicon devices are surface localized and caused by saw damage, contact with wafer 

handling pins and debris generated during dicing, or localized packaging contacts [1]. In 

order to optimize the performance and maintain the appropriate electrical or 

electromechanical reliability of silicon devices, an understanding of the fracture toughness 

and the critical stress is extremely required. The nanoindentation technique has recently 

attracted intensive research interest due to its easy, non-destructive mode of materials testing, 

and its ability to locally characterize materials at very small scale. In fact, the load–

displacement data obtained from nanoindentation tests contain abundant information 

regarding material deformation from which various bulk mechanical properties, as well as 

surface residual stresses, can be derived [2-3]. 

 

Oxygen is present in CZ-grown silicon crystals at concentrations ranging from 5 to 20×10
17

 

atoms/cm
3
. Yet comparatively little is known about its detailed effects on the complex 
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formation and mechanical properties of silicon. Researchers [4-6] have speculated that 

oxygen may have a solution hardening effect on silicon which could be beneficial as it 

reduces the susceptibility of silicon to the plastic deformation that frequently occurs during 

the thermal processes. However, Patel [7] suggested that the yield strength of silicon crystals 

is lowered with increasing the oxygen content due to the formation of SiO2 precipitates that 

facilitate the nucleation of dislocations. Whereas, Batavin [8] reported observing a hardening 

effect due to the presence of SiO2 precipitates. Yonenaga [9] reported that oxygen did not 

affect the activation energy of dislocation movement in silicon but did affect the threshold 

stress at which the dislocation starts to move. Further, Turovskii [10] claimed that the density 

of dislocations generated during crystal growth decreases with increasing oxygen 

concentration. An added difficulty to this controversy is the presence of other light elements, 

such as nitrogen, that can form complexes with both oxygen and point defects, thereby 

affecting precipitation and dislocation nucleation/mobility and therefore the mechanical 

behavior. Previous reports stated that the mechanical strength of silicon is impacted by the 

density of mobile dislocations, while immobilization or retardation of dislocation motion by 

the controlled introduction of light element impurities N and/or O has been shown to improve 

the strength and hardness significantly [11-15]. In addition, crystallographic defects OSFs are 

often introduced into CZ silicon as a result of the various thermal-diffusion associated with 

subsequent wafer processing [16-17]. The presence of decorated stacking faults was found to 

introduce excess reverse leakage currents in the p-n junction and affect its electrical 

characteristics [18]. However, the influence of electrically active stacking faults on the 

mechanical properties of silicon has not been investigated. Therefore, this study is aimed at 
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clarifying the effects of oxygen and its associated precipitates and defects on the mechanical 

properties of silicon by means of microindentation and nanoindentation.  

 

4.2 Experimental 

The samples used in this study were prepared from (100) p-type (boron-doped) CZ silicon 

crystal grown to 210 mm diameter. Elevated growth velocities were attempted to promote the 

incorporation of vacancies during solidification. After crystal growth, pseudo-square ingots 

were sectioned, and wafers segmented to yield a final geometry of 156 mm × 156 mm with 

thickness of 200 µm. The interstitial oxygen concentration [Oi] in the wafers was determined 

using Fourier Transform Infrared Spectroscopy along the crystal axis and at characteristic 

radial positions. [Oi] of the measurement set is ranged between 6.8×10
17

 and 11.5×10
17

 

atoms/cm
3
. PL imaging of silicon samples was conducted using a laser excitation source of 

830 nm and an InGaAs detector. Spatially resolved OSFs patterns could then be visualized 

from the recombination behavior of this defect. A Nomarski interference differential contrast 

microscope was used to photograph the stacking fault etch pits after a preferential Secco etch 

of the samples. A micro-Raman (Horiba Jobin Yvon LabRam ARAMIS) tool with a HeNe 

laser (633 nm) excitation source was used to measure the residual stresses associated with 

oxygen precipitates. 

 

Nanoindentations were made at room temperature using a Hysitron TriboIndenter. Two 

different indenter tips were employed having centerline-to-face angles of 45° (cube corner) 

and 65.3° (Berkovich). Loads were varied from 1 to 7 mN and loading/unloading rates were 
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kept at 0.1 mN/s. Vickers microhardness indenter was also used to derive the fracture 

toughness of silicon at loads of 50 and 100 g. The orientation of one of the indenter diagonals 

was adjusted to be parallel to [110] of the sample. At least ten measurements were made on 

each sample in order to check reproducibility of the data. After testing, all the hardness 

impressions were imaged using atomic force microscopy (a unit attached to the Hysitron 

TriboIndenter), and a SEM (JEOL 6400F) in order to determine the sizes of the contact 

impressions and the lengths of the radial cracks. Crack length and indent size were measured 

from FESEM images approximately 24 h after indentation and the average values were 

calculated for each load. 

 

4.3 Results and Discussion 

In general, the equilibrium growth of CZ silicon results in few material defects. However, 

during accelerated growth modes, whereby thermal stresses remain unresolved, microdefects 

are generated during cooling. One of the most frequent microdefect structures in silicon is the 

ring-like distribution of OSFs that appear after wet oxidation of wafers [16-17, 19]. However, 

in the wafers under investigation, the PL imaging study shows the formation of OSFs rings in 

high oxygen concentration wafer before any oxidation process sequence, as seen in Figure 

4.1 (a). It is important to mention that no OSFs rings were realized in the wafers with low 

oxygen concentration, as can be seen in Figure 4.1 (b). It has been reported that the OSFs 

ring formation and radius depends namely on the temperature field in the crystal and the 

growth rate [20]. The relatively high growth rate and oxygen content in the wafer may give 

rise to the formation of such OSFs rings. In this work, the possible changes in the mechanical 
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properties of CZ silicon such as hardness, fracture toughness, and elastic modulus are placed 

into relation to the elevated oxygen content. 

 

For mechanical characterizations, the tested samples (each ~ 10 mm × 10 mm) were cleaved 

from approximately the same location in the wafers. One sample was cleaved from the wafer 

core region containing the OSFs ring; see solid line square A in Figure 4.1, and another 

sample was cleaved from the wafer edge away from the OSFs rings, see dashed line square B 

in Figure 4.1. Figure 4.2 shows the nanoindentation load-displacement curves of the CZ 

silicon samples with various oxygen contents. The maximum load (Pmax) is 7mN and the 

loading/unloading rate is 0.1 mN/s. Each set of curves shown in Figure 2 represents ten 

measurements for each sample and reflects good reproducibility of the measurements. In 

addition, several distinct features are observed with respect to the dependence of the 

mechanical behavior of CZ silicon with increasing interstitial oxygen content. The first and 

most important feature is the gradual increase of penetration depth with increasing oxygen 

content at the same indentation conditions. This indicates a gradual softening of silicon with 

increasing [Oi]. Such behavior has not been reported previously in silicon as a function of 

oxygen concentration. Many reports showed a strengthening effect of silicon crystal due to 

the presence of oxygen [8, 15]. This effect has been interpreted in terms of locking of 

dislocations by oxygen atoms. Other reports stated that if oxygen is supersaturated, silicon 

crystals are softened drastically due to the precipitation of SiO2 particles in the matrix crystal 

at temperatures around 1000 ºC [7]. In addition, Yonenaga and Sumino [21] showed that 

such precipitation softening is most likely to be caused by dislocations punched out from the 
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precipitates. It is worth to mention that these studies were carried out on annealed silicon 

samples and the mechanical tests (tensile and compression) were performed at high 

temperatures (> 900 ºC). These conditions give rise to the reported dislocation activities and 

accordingly the softening effect. However, in our case no subsequent thermal anneals were 

carried out and the mechanical characterizations were performed at room temperature. It is 

therefore unlikely that the softening effect observed in Figure 4.2 can be attributed to the 

dislocation activity mechanism described in references [7, 22]. The origin and mechanism of 

this softening effect is discussed through the rest of the measurements and analysis in this 

study. 

 

Another feature in Figure 4.2 is the occurrence of pop-out events. Several studies have 

addressed these events and consensus was obtained relating these events to transformation of 

Si-I to meta-stable ductile phases under the indentation tip [23-26]. However, few reports 

used high indentation loads (> 100mN) and claimed that these pop-outs could be related the 

formation of radial and/or lateral cracks underneath the indention tip [2, 27]. Jang et al. [25] 

employed cross section transmission electron microscopy and proved that neither radial nor 

lateral cracks were formed when the indentation load was lower than 80 mN. Note that the 

maximum load used in our investigation (7 mN) is much lower than the threshold load (80 

mN) necessary for creating such cracks in silicon. Thus, the pop-out events shown in Figure 

4.2 can be attributed to phase transformation of Si-I to meta-stable ductile phases. As can be 

seen from Figure 4.2, few P-h curves show the pop-out event only in the sample containing 

8.2×10
17

 atom/cm
3
. Previously, we were able to correlate the induction of such phase 
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transformations to the presence of a certain type of impurity in silicon [28]. However, there is 

no clear trend to relate the occurrence of these transformations to the concentration of 

oxygen. 

 

The hardness values as a function of oxygen concentration were derived from the data in 

Figure 4.2. In order to exclude the complexity imposed by the phase transformation, only P-h 

curves that do not show pop-out events were used for calculating the hardness and elastic 

modulus. Figure 4.3 shows the average hardness variation in the samples cleaved from the 

wafer core region (square A in Figure 4.1) as a function of the oxygen concentration. These 

are plotted as solid squares. The error bars in Figure 4.3 represent the maximum deviation of 

the ten measurements for each sample. The hardness is observed to decrease gradually from 

11.89±0.25 to 10.77±0.28 GPa with increasing the oxygen content from 6.8×10
17

 to 9.0×10
17

 

atom/cm
3
, respectively. This significant drop in hardness contradicts the reported results, 

which showed a strengthening effect with high oxygen concentration [8, 15]. Furthermore, 

increasing [Oi] to 10.2×10
17

 and 11.5×10
17

 atom/cm
3
 (samples show OSFs rings in PL), 

suddenly drops the measured hardness to very low values, 7.51±0.18 and 7.25±0.24 GPa, 

respectively. This extraordinarily decrease in hardness (~40%) is associated with the high 

oxygen concentration and the formation of its associated precipitates and defects in the core 

region of the wafers. In order to determine whether this decrease in hardness arises from the 

increased oxygen concentration and the associated defects in the core of the wafer, or some 

other reasons, samples were cleaved from the edge region of the wafers (see square B in 

Figure 4.1) and tested at the same nanoindentation conditions. These results are plotted in 
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Figure 4.3 as open circles. It can be seen that there is no significant variation in the hardness 

with varying oxygen concentration. 

 

Micro- or nanoindentation in brittle materials such as silicon often generates micro- or nano-

cracks, respectively, around the indent impression. These cracks can be propagated either 

normal to the indented surface (median or radial cracks) or parallel to the sample surface 

(lateral cracks) [29]. The length of the median cracks as a function of the indentation load 

can be used to obtain the fracture toughness of the material. In our work, both micro- and 

nanoindentation techniques were employed to evaluate the fracture toughness of silicon as a 

function of oxygen concentration. Figures 4.4 (a) shows a typical SEM image of a 

microindentation impression (using Vicker’s indent) and a Figure 4.4 (b) shows a typical 

FESEM image of a nanoindentation (using cube corner indent). As can be seen, the cracks 

lengths, c, are well developed (i.e., c>a), where 2a is the diagonal of the indentation 

impression and c is the average median crack length: 

)(
4

1
4321 ccccc                                                  (4.1) 

where c1 through c4 are the lengths of each crack radiating from the four corners of the indent 

impression, as depicted in Figure 4.4 (a). Researchers [30-31] have shown that a simple 

relationship exists between the residual stress intensity factor, KI, and the length of the 

average median crack, c: 
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2/3
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E
K I                                                  (4.2) 

where, α is an empirical constant depends on the geometry of the indenter (0.016 for the 
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Vickers indenter and 0.032 for the cube corner indenter [30-31]), E is the elastic modulus, H 

is the hardness, P is the applied load. It is important to emphasize that the median crack 

length is used to derive the fracture toughness value. However, occurrence of lateral cracking 

during indentation may decouple the plastic deformation zone underneath the indenter. This 

could change the length of the median crack and therefore affect the measured fracture 

toughness value. In order to avoid such complications, all microindents were performed 

keeping one of the Vickers indent diagonals parallel to the cleavage direction [110], as 

shown in Figure 4.4 (a). Then the nanoindentation, cube edges was kept parallel to the 

cleavage direction, see Figure 4.4 (b). Under these circumstances, it is easier for the median 

crack to propagate parallel to the cleavage plan, allowing for minimal formation of lateral 

cracks. It should be mentioned that the radial cracks are supposed to reach their stable 

equilibrium lengths, as the propagation of cracks in silicon during the exposure to ambient 

atmosphere is negligible [1]. Therefore, KI can be considered to be the indentation fracture 

toughness (KIC). 

 

Figure 4.5 shows the average fracture toughness derived from ten micro-indentations without 

lateral cracks, and ten nanoindentations, as a function of oxygen concentration. The results 

obtained from micro-indentation agree with those obtained from nanoindentation 

measurements. In both methods, the fracture toughness is observed to gradually decrease 

with increasing oxygen content. The most pronounced drop in fracture toughness (from 30% 

to 36%) was observed in the samples with the highest oxygen content that showed formation 

of OSFs rings. This extraordinarily drop in fracture toughness is consistent with the hardness 
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measurements shown in Figure 4.3. 

 

To understand the large decrease in hardness and fracture toughness in the central core area 

of the wafers that have high oxygen content, the samples were etched using a Secco etch, and 

then examined using Nomarski microscopy. The microstructure of the wafer central core area 

was analyzed and a typical result is shown in Figure 4.6, which shows an optical micrograph 

of a sample cleaved from the highest oxygen content (11.5×10
17

 atom/cm
3
) wafer core. Note 

that the wafer core area has high concentration of bulk stacking faults and oxygen 

precipitates. It is worth to mention that stacking faults and oxygen precipitation were not 

detected in either the samples with low oxygen concentration or samples that are cleaved 

from the wafers’ edges. It is well known that stacking faults with ring-like distribution can 

form in CZ silicon after thermal annealing [16-17, 19]. Sueoka et al. [16] found that the 

oxide precipitates act as nuclei for the formation of OSFs. Although no thermal annealing 

was conducted on the wafers that exhibit OSFs, the fast growth rate assists the formation of 

oxide precipitates in the wafer core, as seen in Figure 4.6, and these become nuclei for the 

OSFs. Thus, it is expected under these conditions of fast cooling, oxide precipitation, and 

formation of OSFs, that the core are of the wafer will be under sever stresses. 

 

Figure 4.7 shows micro-Raman spectra collected from the core area of the highest oxygen 

content (10.2×10
17

 and 11.5×10
17

 atom/cm
3
) silicon wafers that exhibits OSFs rings. For 

comparison purposes, the spectrum from a standard (100) CZ silicon sample is also shown. 

The Raman scattering frequency of standard silicon is at wavenumber = 520.78 cm
–1

. 
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However, residual stresses in the tested samples result in a change in wavenumber to lower 

values. The relationship between residual stress and the Raman frequency is rather complex 

[32]. However, it has been established that a shift in 520.78 cm
-1 

peak towards higher 

wavenumber corresponds to compressive stresses, while a shift towards lower wavenumber 

corresponds to tensile stresses [33-34]. In addition, all non-zero strain tensor components 

influence the position of the Raman peak. In some cases, however, the relation becomes 

simply linear. For example, for uniaxial (σ) or biaxial (σxx + σyy) stress in the (100) plane of 

silicon, this relation is [33-34]: 

)(435)( 1 cmMPa                                        (4.3) 

As can be seen from Figure 4.7, a significant shift towards lower wavenumbers is observed 

in the Raman frequency collected from the wafers’ core, which indicates tensile residual 

stresses. According to equation (4.3), the observed shift yields tensile stress value as high as 

195 MPa. The high tensile stresses in the core area of the high oxygen concentration wafers 

are believed to be the main reason for the low measured hardness and fracture toughness. 

 

4.4 Conclusions 

The mechanical properties of fast grown CZ silicon as a function of oxygen concentration 

and associated defects were investigated. It was found that hardness and fracture toughness 

decrease gradually with increasing oxygen content. Wafers with high oxygen concentration 

showed the formation of ring-like distribution of oxygen induced stacking faults in the 

central core area, even though they had not undergone subsequent annealing. A significant 

variation in mechanical properties between the core and the edge area of these wafers was 
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also observed. High tensile stresses were observed in the central core region of the silicon 

wafers, and these developed due to fast growth rate and high density of oxygen precipitates 

and stacking faults, which caused a significant drop in hardness and fracture toughness. 
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Figure 4.1 PL images of CZ silicon wafers with oxygen concentrations of: (a) 11.5 ×10
17 

atoms/cm
3
 and (b) 6.8 ×10

17 
atoms/cm

3
. The black dots presented in both images are artifacts 

from the PL facility. 
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Figure 4.2 Load-displacement (P-h) curves of the samples cleaved from the central core 

region of the CZ silicon wafers with varied oxygen concentrations. 
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Figure 4.3 Comparison of the hardness variation as a function of oxygen concentration in 

samples cleaved from the central core region and the edge region of the CZ silicon wafers. 
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Figure 4.4 (a) A typical SEM image in the CZ silicon sample showing a micro-indent 

formed by a Vickers micro-hardness indenter. The dimensions of cracks formed are 

illustrated. (b) A typical FESEM image in the CZ silicon sample showing a nanoindent 

formed by a cube corner indenter. 
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Figure 4.5 Fracture toughness variation of the samples cleaved from the central core area of 

the CZ silicon wafer using micro-hardness and nanoindentation techniques as a function of 

the oxygen concentration. 
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Figure 4.6 Nomarski optical micrography of the Secco etched central core sample with and 

oxygen concentration of 11.5 ×10
17

 atoms/cm
3
. 
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Figure 4.7 Micro-Raman spectra show the shift towards lower wavenumbers in the main 

silicon peak, resulting from residual stresses in wafers with high oxygen concentrations. 
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5. Impact of Oxygen Precipitates and Associated 

Structural Defects on the Mechanical Properties of CZ 

Silicon 
 

5.1 Introduction 

Silicon wafer breakage during wafer/cell processing and handling is becoming a severe issue 

in PV industry limiting the production yield and further cost reduction [1-3]. Bulk micro-

defect (BMD) and their associated residual contact stress preexisting in the silicon wafers are 

one of the critical factors regarding the wafer breakage [4-6]. As the thickness of PV silicon 

wafer reduces down to 100 µm or less, wafer breakage issue due to the presence of BMD and 

their residual stresses will become even more detrimental [7, 8]. Up to now, the impact of the 

oxygen precipitates and their associated structural defects on the mechanical properties of PV 

silicon wafer has not been fully investigated. Recently, to lower the production cost, the PV 

industry is employing a faster growth rate for the CZ crystal growth. In this work, we further 

studied the impact of oxygen precipitates, their associated structural defects and residual 

stresses on mechanical properties of the CZ silicon wafer by using nanoindentation and 

nanoscratch test. 

 

5.2 Experimental 

P-type, (100) CZ silicon grown at elevated rate was investigated. The 156 cm pseudo-square 

wafers with thickness of 200 µm were sliced from the 210 mm diameter silicon ingot. The 

concentration of interstitial oxygen and substitutional carbon was determined from the peak 
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height of optical absorption line at 1107 cm
-1

 and 605 cm
-1

 by the FTIR spectroscopy, with a 

calibration coefficient of 3.14×10
17 

cm
-3

 and 1.0×10
17 

cm
-3

, respectively. The concentration 

of interstitial oxygen and substitutional carbon is 11.5×10
17 

atoms/cm
3
 and below detection 

limit (5 ×10
16

/cm
3
). Our previous work has shown the presence of OSFs rings based on the 

PL measurement on the whole wafer (as shown in Figure 4.1). Small samples with dimension 

of 1×1 cm were then cleaved from the OSFs ring area (hereafter referred as core sample). 

Edge sample with similar dimension away from the OSFs ring are selected as the reference 

sample (hereafter referred as edge sample). All samples were polished to remove the wire 

sawing-damaged layer and mirror surface finish was obtained. After cleaned in acetone, 

methanol and DI water, the samples were dipped to Secco etchant (HF: K2Cr2O7 = 2:1) 2 

minutes for the preferential chemical etching. Nomarski optical microscope was used to 

observe the distribution and morphology of the etch pits.  

 

Nanoindentation and nanoscratch tests were all performed in a Hysitron Triboindenter 

machine. The indenter is a Berkovich tip with the centerline to face angle of 65.3º. The tip 

radius is 50 nm. For the nanoindentation measurements, a linear load function with the 

maximum load of 3 mN and the loading rate of 100 µN/s were used. For the nanoscratch 

measurements, a constant normal force load function with the maximum normal load of 0.5 

mN were performed at 1 µm/sec speed. The scratch distance is 4 µm to 6 µm long and the 

scratch direction was aligned close to <110> crystallographic direction. The topography of 

the nanoindents and nanoscratches were imaged in a SPM attached to the Hysitron 

Triboindenter and an AFM. The nanoindentation, nanoscratch tests and AFM measurements 
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were all performed at room temperature. Microstructures of the precipitates were observed in 

the TEM (JEOL 2000FX) at an accelerating voltage of 200 KV. 

 

5.3 Results and Discussion 

Figure 5.1 shows the Nomarski optical images of the distribution and morphology of the etch 

pits after 2 minutes Secco etching on the core and reference edge sample. For the core 

sample, large amount of etch pits for oxygen precipitates, bulk OSFs, and dislocations were 

presented. In comparison, no etch pits for the precipitates and structural defects were 

observed on the reference edge sample after the same Secco etching. Micro indent in Figure 

5.1 (b) was deliberately introduced to locate interested area on the edge sample for following 

measurements. 

 

Localized nanoindentation and nanoscratch tests were then performed adjacent to OSFs to 

evaluate the mechanical response of the silicon. Two OSFs etch pits selected from the core 

sample are shown in Figure 5.2 (a), while Figure 5.2 (b) is the SPM image showing five 

sequential nanoindents made between the two OSFs. Due to the limitation of the scanning 

size, the second OSF is not fully shown up in Figure 5.2 (b). The distance along the five 

nanoindents between the two OSFs is 50 µm. Figure 5.2 (c) is an enlarged view of the first 

indents near the OSF1, from which it can be seen that the first indent is 1.5 µm away from 

the OSF1 with the indentation depth of 20 nm. Nanoindentations under the same loading 

condition were also performed on the reference edge sample. Figure 5.3 shows the load-

displacement curves of nanoindents made near the OSFs and on the reference edge sample. It 
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can be seen that five load-displacement curves on each sample are very consistent with each 

other. Only elbow events were observed for all load-displacement curves, which are related 

to the formation of the amorphous silicon (a-Si) from the metallic Si-II phase during 

unloading [9, 10]. The maximum penetration depth is 103 nm and 155 nm for indentations 

made on the core and edge sample under load of 3 mN. Hardness values were then extracted 

from the load-displacement curves. The hardness is 8.38±0.14 GPa and 10.17±0.31 GPa 

measured near the OSFs and on the reference edge sample. Our previous results have shown 

consistent hardness measurement on silicon sample before and after Secco etching process. 

Therefore, the reduced hardness value observed here is not attributed to the lattice relaxation 

resulted from the Secco etching. 

 

In addition, nanoscratch test with both lateral and normal loading conditions were performed 

locally near the OSFs to study the deformation behavior of silicon. Figure 5.4 shows the 

SPM images of nanoscratches made near the OSFs and on the reference edge sample. For the 

morphology observation, all scratches appear with the same width and similar geometry. The 

inset in Figure 5.5 shows the typical nanoscratch topography measured along the scratch 

direction. Micro-ridges in the scratch groove along the scratch direction can be observed. 

Those micro ridges denoted the material plastic flow following the indenter tip during 

scratching. Formation of the micro ridges was accompanied by the tremendous deformation 

of silicon. When the deformation exceeded the strength of the silicon wafer, microcracks will 

be formed in order to release the elastic energy [11]. It has been reported that the critical 

penetration depth for the formation of micro crack on (100) silicon by nanoindentation is 270 
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nm for a pyramidal tool and 250 nm for a spherical tool [12]. In this study, we used a low 

normal load of 0.5 mN. The penetration depth in silicon is smaller than 30 nm and the 

deformation of silicon is within the elastic-plastic regime. No micro crack was observed at 

the scratch bottom for scratches made adjacent the OSFs and on the reference edge sample. 

To compare the topography of the nanoscratches made adjacent to the OSFs and on the 

reference edge sample, the average penetration depth was defined as show in Figure 5.5 (a). 

Figure 5.5 (b) compared the penetration depth of nanoscratch made near the OSFs and on the 

reference edge sample. It can be seen that penetration depth is much larger for scratches near 

the OSFs than that on the reference sample. This is correlated to the nanoindentation 

measurements results shown in Figure 5.2. The average penetration depth is determined as 22 

nm and 12 nm for nanoscratches made adjacent to the OSF sand on the reference sample, 

respectively. Figure 5.6 shows the TEM image of the platelet shape grow-in oxygen 

precipitate. The size of the precipitates is around 500 nm. Strong strain field indicated by the 

image contrast can be observed around the precipitate. 

 

Oxygen has been reported to have beneficial effects in PV silicon that it can enhance 

resistance of the wafer to warpage. The presence of interstitial oxygen in CZ silicon appears 

to have strain hardening effects in the silicon lattice and serves as obstacles for dislocation 

initiation/propagation [13-15]. However, Patel and et al. suggested that formation of SiO2 

precipitates that might facilitate the nucleation of dislocations and lower the yield strength of 

silicon crystals with increasing the oxygen content [16]. Former studies have shown that the 
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dislocation immobilization depends strongly on both the size and density of oxygen 

precipitates [17-19].  

 

In this work, the CZ silicon wafers were grown at a higher than normal growth rate. It has 

been reported that V/G ratio higher than the critical value (V is the growth velocity and G is 

the thermal gradient at the melt-solid interface) favors the vacancy-type intrinsic defect 

formation during crystal growth [20-23]. Formation of oxygen precipitates and their 

associated crystallographic defects, such as OSFs, is enhanced due to the volume relaxation 

by the vacancy type intrinsic point defects [24-26]. It is expected that, under the conditions of 

fast growth, formation of oxide precipitates and associated structural defects will introduce 

sever stresses to the silicon crystal [27-30]. Our TEM observation confirmed that large 

residual stresses are presented associated with the formation of oxygen precipitates and 

OSFs. The softening effect of oxygen in CZ silicon observed by the nanoindentation and 

nanoscratch results is resulted from the residual stresses generated through the dynamic 

interaction of oxygen and intrinsic point defects. The softening zone will modify the crack 

initiation and propagation upon sharp particle contact during the silicon wafer handling and 

processing. 

 

5.4 Conclusions 

In this work, we studied the impact of oxygen precipitates and their associated structural 

defects on the mechanical properties of CZ silicon wafer. The vacancy growth regime 

resulted from the elevated crystal growth rate, facilitates the formation of high density of 
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oxygen precipitates and their associated OSFs defects. Nanoindentation measurements 

revealed a soft zone adjacent to the oxygen precipitates and OSFs with hardness much 

smaller than that from the reference edge sample. Nanoscratch results further confirmed the 

softening effect near the OSFs. The penetration depth of nanoscratches made adjacent to the 

OSFs is twice of that from the reference sample. This softening effect is attributed to the 

tensile stress associated with the formation and growth of the oxygen precipitates and 

structural defects during crystal growth. 
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Figure 5.1 Nomarski optical micrographs showing distribution of etch pits after Secco 

etching on central core (a) and edge (b) of CZ silicon wafer with oxygen concentration of 

11.5×10
17

 atoms/cm
3
. Microindent in (b) is used as mark for location. 
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Figure 5.2 (a) Optical image showing two selected stacking fault OSF1 and OSF2 for the 

following mechanical measurements. (b) SPM image showing five sequential nanoindents 

(as indicated by p1 to p5) introduced between OSF1 and OSF2. OSF2 is not shown in (b) due 

to the limit of the scanned size in Z-axis. An enlarged view of the SPM image showing the 

morphology of the first nanoindent P1 and the OSF1 is shown in (c). 
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Figure 5.3 Comparison of load displacement curves of nanoindents made between OSF1 and 

OSF2 in Figure 5.2 and from the reference edge sample. 
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Figure 5.4 AFM images of nanoscratches made between two OSFs and on the reference 

edge sample. 
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Figure 5.5 Comparison of the penetration profile of nanoscratches on central core and 

reference edge samples. (a) Schematic diagram showing definition of the average penetration 

depth. (b) Comparison of the average penetration depth for nanoscratches between two OSFs 

and on the reference edge sample. 
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Figure 5.6 Bright field TEM image showing the platelet precipitate observed from the wafer 

core sample 
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6. Fracture Strength of PV mc-Si Wafers Evaluated Using 

a Controlled Flaw Method 
 

6.1 Introduction 

Silicon wafer breakage during wafer/cell processing and handling is becoming a significant 

issue in PV industry limiting the production yield and further cost reduction [1]. Micro-scale 

flaws and their associated residual contact stress preexisting in the PV silicon wafers, mainly 

generated during the wafer sawing process, are one of the most critical factors regarding the 

wafer breakage. Currently, more than 80% of the PV silicon wafers are sliced by a slurry-

wire or diamond-wire sawing technology [2, 3]. Those wafer sawing processes, which can be 

regarded as a series of overlapping micro-indentations by sharp, abrasive particles, yield 

distinct damage pattern reaching tens of micrometers deep into the silicon surface, which are 

not completely removed by damage etching steps [4-6].  Micro-scale flaws in the damaged 

layer, such as cracks and chips are inherent stress concentrators and can significantly degrade 

the average fracture strength of the PV silicon [7-9]. In the future, as the thickness of PV 

silicon wafer is reduced to 100 µm or less, wafer breakage issue due to the presence of 

micro-scale flaws will become even more detrimental. 

 

Understanding the fracture behavior of silicon with the preexisting micro-scale flaws and 

their residual contact stresses is critical to predict the mechanical performance and reduce PV 

silicon wafer breakage. The fracture strength of PV silicon and wafer breakage have been 

studied in several groups. Funke et al. studied the impact of surface micro cracks on the 
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wafer breakage by using a biaxial fracture test [10]. The maximum stress was located at the 

center of the wafer and the effect of the micro crack at the wafer edge was eliminated. They 

found that the fracture stress of as-sawn PV silicon wafer is related to the crack length 

distribution and the crack density. Silicon wafer broke at a higher stress when more damaged 

layer was removed by etching. Brun and Melkote performed full-field deformation 

measurements on PV silicon wafer by a Bernoulli gripper and obtained the in-plane tensile 

stress indirectly from the finite element analysis (FEA) [11]. They found that wafer breakage 

followed the linear elastic fracture mechanics theory and the breakage stress is proportional 

to the inverse square root of the edge crack length.  Rupnowski and Sopori [12] proposed a 

model to predict the mechanical strength distribution of cast PV silicon wafer with surface, 

edge and bulk flaws and considered the surface microcracks be the dominant factor of the 

wafer breakage. Strength distribution of mc-Si with randomly distributed surface cracks with 

varied length and depth was obtained from the Monte Carlo simulation under a uniaxial 

tension mode.  Unfortunately, all these studies were performed on the as-sawn silicon wafers 

with randomly distributed micro flaws both at the surface and the edge, which makes it 

difficult to identify the critical size of the micro flaw which leads to the failure of PV silicon. 

Since the fracture strength of silicon is ultimately controlled by the largest strength-degrading 

flaw [8, 13, 14], it is desirable to investigate silicon fracture with presence of one micro flaw 

and then to clarify the impact of its scale on the critical fracture strength. Lawn et al. 

proposed a controlled indentation-induced flaw approach as a powerful tool to study the flaw 

sensitive mechanical response in silicon.  A linear relationship between indentation load and 
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the failure stress of CZ silicon was built up with indentation load changed from 0.1 N to 100 

N [15].  

 

Carbon is one of the most important light element impurities in the PV silicon, whose role in 

the mechanical properties of CZ and FZ silicon has been investigated by high temperature 

tensile test at 800˚C and 900˚C where it was observed that higher carbon concentration 

increase the upper yield stress of the silicon wafer [16-19]. However, little work on the 

impact of carbon concentration on the mechanical strength of mc-Si has been published. 

Since carbon concentration in the mc-Si wafer is usually rather high, due to the lower-quality 

silicon feedstock and direct contact with hot zone parts, this study is aim to examine carbon 

and its impact on the fracture strength of mc-Si wafer. 

 

In the current study, the indentation-induced flaw method was used to evaluate fracture 

strength of PV silicon wafers. Radial/median crack (hereafter referred as radial crack) 

simulating the micro-scale flaw presented in the damage layer was artificially introduced to 

the damage-free silicon by microindentation. Subsequent tensile stress applied normal to the 

radial crack plane using a three point bending test controllably propagated radial crack 

bringing the sample to failure. Fracture strength was evaluated as a function of the 

indentation load (size of the radial crack). In addition, the controlled flaw method is adopted 

to evaluate the impact of carbon concentration on the fracture strength of cast mc-Si. 
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6.2 Experimental 

A series of PV silicon wafers including reference CZ single crystalline and cast mc-Si with 

wafer thicknesses of 500 µm, 750 µm and 2 mm were investigated in this study. Cast wafers 

were selected from locations adjacent to the crucible wall and near the ingot core.  1 cm by 5 

cm rectangular samples suitable for bending test were sliced from a large wafer by wire 

sawing. To remove the preexisting surface and edge cracks on as-sawn sample, one side and 

two long edges of each small sample were polished to an optical quality surface finish. The 

polished sample was cleaned in acetone, methanol and DI water and slightly etched by 

dipping into Secco solution (HF: K2Cr2O7=2:1) for 20 seconds. Microindents were 

introduced at the center of each sample using a micro hardness indenter with a Vickers 

diamond tip with square-based pyramidal shape and a face angle of 136°. Three point 

bending test, see Figure 6.1, was then performed to bring the sample into fracture. The setup 

for the three point bending test is shown in Figure 6.1 (a). The load was applied via a motor-

driven double screw. A linear variable differential transformer (LVDT) sensor was used to 

record the sample displacement during loading. Figure 6.1 (b) is a schematic diagram of the 

three point bending test based on the controlled flaw method. The load was applied onto the 

sample through the upper spherical steel supporting rod, while the two lower supporting rods 

are completely fixed. The tensile stress was parallel to the long side of the sample and the 

maximum tension field was at the center of the sample. The span length (distance between 

two lower supporting rods) is kept as 40 mm and the loading rate is set as 0.01 mm/min for 

all the measurements. Nomarski optical and scanning electron microscope (SEM) (Hitachi 

S3200) were used to measure the crack length and reveal the morphology of the fracture 
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surface, respectively. Interstitial oxygen and substitutional carbon were determined using 

Fourier transform infrared (FTIR) spectroscopy with a Digilab FTS-6000 spectrometer and 

UMA 500 infrared microscope. The concentration was determined from 1107 cm
-1

 and 605 

cm
-1 

absorption line using calibration coefficient of 3.14×10
17 

cm
-3

 and 1.0×10
17 

cm
-3

, 

respectively.  

 

6.3 Results and Discussion 

Figure 6.2 (a) and (b) are optical images showing the radial crack at the center of a 500 µm 

thick CZ silicon sample before and after the bending. The initial microindention at 4.9 N 

induced a residual hardness impression and radial cracks emanating from the four corners of 

the indent, see Figure 6.2 (a). The radial crack length was determined to be 69.03±5.05 µm 

by averaging the length of the four radial cracks. In addition to radial cracks, lateral cracks 

are seen on one side of the elastic-plastic deformation zone. For the process of 

microindentation on silicon with sharp indenters, it is well known that an elastic-plastic zone 

with a remnant plastic impression is firstly formed upon loading by sharp indenter. With the 

increase of pressure, radial cracks are formed beneath the plastic zone at the tip of the 

indenter where the tensile stresses are the maximum. When a critical size is attained, the 

radial cracks spread outward and upward to produce the radial crack trace in the silicon 

surface. During unloading the indenter, lateral cracks parallel to the silicon surface are 

formed due to the releasing of the residual stress in the elastic-plastic zone [20, 21]. In the 

wire sawing process, those lateral cracks are removed by chipping and only the radial cracks 

and chips remain at the as-sawn silicon surface [2]. Generally, radial cracks are believed to 
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be more important and the primary reason for the strength degradation since they penetrate 

more deeply into the sample bulk [15, 22]. Figure 6.2 (b) shows the configuration of the 

elastic-plastic zone and cracks formed after bending. During bending, radial cracks with 

tensile stress applied normal to their plane propagated downward and fracture the sample into 

two pieces. Figure 6.2 (c) is the tilted cross-sectional SEM observation of the fracture surface 

of the right half piece show in Figure 6.2 (b). Formation of new lateral cracks on the right 

side of the indent impression after bending indicating that the failure originated from the 

radial crack.  

 

Figure 6.2 (d) and (e) are optical images showing the radial crack at the center of a 750 µm 

thick mc-Si before and after bending. Figure 6.2 (f) is the cross-section SEM observation of 

the fracture surface of the left half piece show in Figure 6.2 (e), from which the propagation 

of the radial crack trace at different deformation stage can be found. The maximum radial 

crack trace indicated by the arrows as R1, R2 are the radial crack front formed at maximum 

microindentation load and at complete unload [15]. Under the tensile stress, the radial crack 

front propagated farther and expanded to R3. Those fractographic observations also 

confirmed that the fracture originated from the radial cracks. 

 

Figure 6.3 is a typical plot of the flexural stress as a function of the flexural strain determined 

from the three point bending test. The inset in Figure 6.3 shows a cast mc-Si sample after 

bending. The sample fractured exactly through the radial crack that was introduced 

previously by microindentation at the sample center. Following a linear elastic stress 
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analysis, the flexural stress, δf, and flexural strain, εf, were calculated from the following 

equations [23]: 

22

3

wt

LP
f                                                                      (6.1) 

2

6

L

dt
f                                                                        (6.2) 

where, P is the applied load, d is the sample displacement, L is the length of the lower 

supporting span, w and t is the width and thickness of the sample, respectively. The fracture 

strength σ was determined as the flexural stress at sample fracture from the flexural stress-

flexural strain plot.  

 

Fracture strength of a series of PV silicon wafers with varied indentation load is shown in 

Figure 6.4. In the current work, we focused on low indentation loads ranged from 0.98 N to 

4.9 N with the radial crack length of 15 µm to 70 µm, corresponding to the scale of micro 

cracks introduced by the wafer sawing process [4, 7]. It can be seen from Figure 6.4 that the 

fracture strength is very sensitive to the microindentation load (radial crack length) and 

decreases with the increasing load. The open circles and fitted black line are experimental 

results tested on device-grade CZ silicon sample adapted from reference [15]. The deviation 

of fracture strength in the current work and reference CZ silicon is attributed to differences in 

the intrinsic material properties, such as point defect and impurity concentration, 

distributions of structural defects, the associated residual stresses and etc..  
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The controlled flaw method was adopted to evaluate the fracture strength of mc-Si with 

varied carbon concentration. Figure 6.5 shows two FTIR absorption spectra for mc-Si 

selected from different location of the same ingot. For both silicon samples selected near the 

ingot core and the crucible wall, sharp and strong peaks at 605 cm
-1

 corresponding with the 

substitutional carbon absorption and relatively much smaller peaks at 1107 cm
-1

 

corresponding with the interstitial oxygen absorption were observed. It is well known that the 

distribution of impurities in mc-Si is not homogeneous throughout the ingot as a result of the 

thermal history [24]. Based on the fact that the two wafers investigated here were selected 

from the top ingot at the same elevation, a high level of carbon concentration and a low level 

of oxygen concentration were expected. The substitutional carbon concentration was 

determined as 6.43×10
18

 atoms/cm
3
 and 1.18×10

18
 atoms/cm

3
, while the interstitial oxygen 

concentration remains close, which is 1.72×10
17

 atoms/cm
3 

and 1.39×10
17

 atoms/cm
3 

for mc-

Si samples near the crucible wall and ingot core, respectively. The concentration of 

interstitial oxygen and substitutional carbon was summarized in Table 6.1. Moreover, broad 

absorption peaks from the platelet-shape SiO2 precipitates around 1224 cm
-1

 were observed 

for both of the two mc-Si [25-27]. No obvious absorption peaks related with nitrogen, silicon 

oxynitride from 700 to 1100 cm
-1

 or C-O complexes and SiC precipitates from 800 to 950 

cm
-1

 were observed for both the two mc-Si wafers investigated here. 

 

The fracture strength for mc-Si with varied carbon concentration was compared in Figure 6.6 

and Table 6.1. The indentation load for all the mc-Si samples was kept the same as 4.9 N. 

The fracture strength is 90.3 ±17.1 MPa and 74.5 ±13.6 MPa for mc-Si wafer with carbon 
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concentration of 6.43×10
18

 atoms/cm
3
 and 1.18×10

18
 atoms/cm

3
. The characteristic fracture 

strength increased ~21% with the increasing carbon concentration. Since the two mc-Si 

wafers were selected from the same ingot at the same elevation, they are expected to have the 

same doping level, similar thermal history and same grain distribution (grain size is about 1 

cm). Carbon concentration at high level (~×10
18

 atoms/cm
3
) is believed to be the dominant 

factor responsible for the fracture strength increase. At room temperature, fracture of silicon 

through breaking silicon bonds and creating new sub-surface is purely brittle and there is no 

dislocation generation or movement involved in the initiation and propagation of cracking 

system [12, 28]. For the controlled indentation-fracture process in this work, the dissolved 

carbon atoms and their associated residual stress can impact the fracture strength in two 

manners: (1) impact the formation of the crack system during the microindentation stage, and 

(2) modify the growth and propagation of crack under tensile stress in the following bending 

test. In addition, carbon can enhance nucleation of oxygen clusters accumulated at structural 

defects in mc-Si. The presence of high level of dissolved carbon atoms and the enhanced 

oxygen clusters and their associated residual stress may increase the surface energy of the 

new sub-surface and make the cracking more difficult to initiate and propagate and then 

improve the fracture strength. 

 

6.4 Conclusions 

The impact of micro crack size on PV silicon wafer breakage was studied in this paper based 

on a controlled flaw method. Results show that fracture strength of both CZ and cast mc-Si 

wafer decreased lineally with an increase in radial crack length. This indicates that the 
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controlled flaw method can help predict the maximum processing and handling stress 

required to prevent wafer breakage with the knowledge of the size, density and distribution 

of micro cracks. Moreover, it was found that the characteristic fracture strength of mc-Si 

increased 21% for a carbon concentration increase from 1.18×10
18

 to 6.43×10
18

 atoms/cm
3
. 

The observed increase of fracture strength is attributed to the modification of the surface 

energy of cracking by dissolved carbon atoms and/or carbon enhanced nucleation of oxygen 

clusters which then hinder the crack initiation and propagation. 
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Table 6.1 Fracture strength of mc-Si as a function of carbon concentration. 

Location 
[Cs] 

(atoms/cm
3
) 

[Oi] 

(atoms/cm
3
) 

Load (N) σ (MPa) 

Near Wall 6.43×10
18

 1.72×10
17

 4.9 90.3 ±17.1 

Near Core 1.18×10
18

 1.39×10
17

 4.9 74.5 ±13.6 
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Figure 6.1 (a) Three point bending test setup. (b) Dimension of Si sample and schematic 

diagram of the three point bending test on the Si sample with single preexisting micro flaw at 

center introduce by the microindentation.  
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Figure 6.2 Optical and cross-section SEM images showing micro cracks and elastic-plastic 

zone before (a, d) and after (b, c, e, f) three point bending test for CZ and cast mc-Si.  
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Figure 6.3 Typical flexural stress and strain plot determined from three point bending test. 

The inset is a photo showing a mc-Si sample broke into two parts through the radial crack at 

center. 
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Figure 6.4 The comparison of the fracture strength of a series of Si wafer as a function of 

microindentation load. The open circles and fitted line are experimental results measured 

from CZ Si adapted from reference [15]. 
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Figure 6.5 FTIR absorption spectra for two cast mc Si wafers selected from different 

location of one ingot. 
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Figure 6.6 Comparison of fracture strength of cast mc-Si with varied carbon concentration. 
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7 Impact of Nitrogen on the Mechanical Properties of PV 

Silicon Wafers 
 

7.1 Impact of Nitrogen Doping on CZ Silicon Grown at Elevated Rate  

7.1.1 Introduction 

Nitrogen doping in silicon crystal has drawn great attention recently due to its novel 

properties. Investigations have reported that nitrogen in silicon can (1) strongly affect grown-

in voids by producing denser vacancy-related defects with smaller size during crystal growth 

[1-4]; (2) strongly enhance oxygen precipitation and improve the homogeneity of its 

distribution, which improves the getting potential of silicon crystal [5-7]; (3) neutralize the 

effect of carbon in oxygen precipitation [8], and (4) generate N-O complexes and suppress 

the formation of thermal donors [9, 10].  

 

For the past decades, impact of nitrogen doping on the mechanical properties of silicon have 

been studied by different techniques including indentation, high temperature tensile test and 

three-point bending methods [11-15]. Sumino and et al. observed the improved upper and 

lower yield points of nitrogen-doped FZ silicon in high temperature tensile test, which is 

attributed to that nitrogen atoms congregate on the dislocation and make the latter at rest at 

elevated temperatures [11]. Wang and coworkers studied the flexure strength of CZ silicon 

with and without nitrogen doping by three point bending method at room temperature. 

Results indicate that nitrogen-doped silicon has larger flexure strength, which is explained by 

(1) formation of the Si-N-O bond with higher bond energy than Si-Si bond and (2) enhanced 
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oxygen precipitation by nitrogen pin the dislocation in the process of fracture. Orlov and et 

al. [13] investigated the size of the dislocation rosette formed in high temperature indentation 

in nitrogen doped CZ silicon crystal. It was found that in the nitrogen doped CZ silicon 

crystal with nitrogen concentration from 3 ×10
13

 to 3×10
15

 cm
-3

, the dislocation rosette size is 

smaller as compared with undoped CZ samples. In this work, we investigated the impact of 

nitrogen concentration on the mechanical properties of CZ silicon wafer grown at elevated 

rate using nanoindentation at room temperature. 

 

7.1.2 Experimental 

The samples used in this study were prepared from p-type CZ silicon crystal grown to 210 

mm diameter at elevated growth rate with and without nitrogen doping. For the nitrogen 

doped CZ sample, nitrogen was doped into silicon crystals by melting the Si3N4 powder 

together with the raw polycrystalline silicon feedstock. Growth conditions were kept 

identical for both nitrogen-doped and un-nitrogen-doped crystals (hereafter referred as NCZ 

and CZ silicon, respectively). After crystal growth, pseudo-square ingots were sectioned and 

(100) silicon wafers segmented to yield a final geometry of 156 mm×156 mm with the 

thickness of 200 µm. Interstitial oxygen [Oi] and substitutional carbon [Cs] were determined 

using FTIR spectroscopy. The concentration was determined from 1107 cm
-1

 and 605 cm
-1 

absorption lines using calibration coefficients of 3.14×10
17 

cm
-3

 and 1.0×10
17 

cm
-3

, 

respectively. The nitrogen concentrations [Ni] in NCZ wafers were determined by secondary 

ion mass spectroscopy (SIMS). The [Oi] and [Ni] in NCZ and CZ silicon wafers are 
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summarized in table 7.1. The [Cs] measured from all CZ and NCZ wafers was less than the 

detection limit of 5×10
16

 atoms/cm
3
. 

 

For mechanical characterizations, small tested samples (~ 10 mm × 10 mm) were cleaved 

from central core and edge of the wafers. To remove the preexisting surface and edge cracks 

on as-sawn samples, one side each sample was polished to obtain an optical quality surface 

finish. The polished sample was cleaned in acetone, methanol and DI water. A Nomarski 

differential interference contrast microscope was used to observe the distribution of the etch 

pits after preferential etching the sample in a Secco solution (HF: K2Cr2O7=2:1) for 2 

minutes. Nanoindentations were made at room temperature using a Hysitron TriboIndenter 

with a Berkovich indenter with centerline-to-face angles of 65.3°. The maximum load is 7 

mN and the loading/unloading rates were kept at 100 µN/s. Five measurements were made 

for each sample in order to check reproducibility of the data.  

 

7.1.3 Results and Discussion 

Figure 7.1 shows the hardness value of NCZ silicon wafers as a function of the nitrogen 

concentration determined from the nanoindentation load-displacement curves. For the central 

core samples, no obvious variations in hardness were observed for NCZ silicon with varied 

nitrogen concentration of 9.2 ×10
14

, 1.2×10
15

 and 9.7 ×10
15

 atoms/cm
3
. Moreover, no large 

variations in hardness value can be seen between the wafer core and edge samples. This is 

different from what we observed in CZ silicon as discussed in Chapter 4. It has been reported 

that nitrogen can affect intrinsic vacancy behavior and produce denser vacancy related 
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defects with smaller size during crystal growth. In addition, nitrogen is known to affect the 

oxygen precipitation behavior, which results in homogeneity of the distribution of the 

complexes and precipitates. The homogenous distribution of point defects and bulk defect in 

NCZ silicon is believed to be the reason for the closed hardness values in wafer core and 

edge shown in Figure 7.1. 

 

Based on the fact that oxygen contents are different in the three NCZ silicon investigated in 

this work, oxygen concentration was also taken into consideration to clarify the impact of 

nitrogen content on the mechanical properties of CZ silicon. Figure 7.2 shows the 

comparison of the hardness value of NCZ and CZ grown at the same conditions as a function 

of oxygen concentration. Data points shown in black squares are hardness determined for CZ 

silicon without nitrogen doping, while data points shown in red squares are for NCZ. It can 

be seen that there are two regimes that can be identified: (1) for the NCZ silicon with low 

[Ni] and high [Oi], nitrogen doping significantly increased the hardness. Compared with the 

CZ silicon with oxygen concentration 10×10
17

 atoms/cm
3
, hardness increased almost 20% for 

NCZ silicon with nitrogen concentration of 9.2 ×10
14

, 1.2×10
15

 atoms/cm
3
; (2) for NCZ 

silicon with high [Ni] and low [Oi] ([Ni] =9.7 ×10
15 

atoms/cm
3
, [Oi] =7.75 ×10

17 
atoms/cm

3
), 

nitrogen doping actually reduced the hardness value. Dynamic interaction between nitrogen, 

oxygen and intrinsic point defects is believed to be responsible for the nitrogen modulation 

on the hardness variation of CZ and NCZ silicon. 
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Preferential etching in Secco etchant was then performed on small NCZ silicon samples from 

wafer core and edge to reveal the distribution of micro defects. Only etch pits related to the 

oxygen precipitation, stacking fault were found form the sample with the highest nitrogen 

concentration ([Ni] =9.7 ×10
15

 atoms/cm
3
). No etch pits were found on the NCZ silicon with 

low [Ni] and high [Oi] with same preferential etching. Figure 7.3 shows the morphologies of 

the etch pit after 2 minutes Secco etching on NCZ silicon with [Ni] =9.7 ×10
15 

atoms/cm
3
. In 

addition, morphology and microstructure of the defects presented in NCZ silicon with [Ni] 

=9.7 ×10
15 

atoms/cm3 was investigated in TEM, as shown in Figure 7.4. Rod-like, platelet 

and round shape defects and stacking faults related to the formation of the precipitates are all 

found. 

 

It is known that grow-in oxygen precipitates are distributed in ring-like OSFs in the CZ 

silicon without nitrogen doping [16, 17]. In NCZ silicon, nitrogen incorporated into silicon 

crystal can enhance the nucleation of oxygen precipitation and significantly alter the size 

distribution of the grown-in oxygen precipitates. Nakai et al. found that the amount of grown-

in oxygen precipitates and their density in NCZ silicon depends on nitrogen concentration, 

but not oxygen concentration [1]. Sun and coworkers proposed that nitrogen participates in 

creation of nucleation sites for heterogeneous oxygen precipitation. In addition, nitrogen 

aggregates at the strain regions surrounding precipitates and thus retards silicon self-

interstitial migration [18]. The etch study in this work have shown that no SFs and large 

oxygen precipitates were found for the NCZ silicon with lower [Ni]. It is known that the 

hardness of silicon depends on the size and density of the oxygen precipitates [19-22]. In our 
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study, formation of smaller oxygen precipitation with higher density due to low level 

nitrogen doping ([Ni] =9.2 ×10
14

 and 1.2×10
15

 atoms/cm
3
) results in the improvement of the 

hardness of NCZ silicon, which is beneficial for the wafer handling and processing. 

 

However, with increasing of the nitrogen concentration above a critical concentration of 

4×10
15

/cm
3
, the nitrogen impurities can easily form silicon nitride precipitates during 

crystalline process, as can be seen in Figure 7.4 (a). The precipitation of nitrogen make itself 

difficult to interact with the vacancies and oxygen, which result in the reduction of hardness 

in the NCZ silicon with high level nitrogen doping, as shown in Figure 7.2. 

 

7.1.4 Conclusions 

The impact of nitrogen doping on the mechanical properties of CZ silicon grown at fast than 

normal rate was studied. It was found that nitrogen can modify the hardness of the CZ silicon 

wafer in two regimes. For the low [Ni] doped CZ silicon, nitrogen doping significantly 

increased the hardness due to the interaction between vacancy and nitrogen enhanced the 

oxygen precipitation with high density. For high [Ni] doped CZ silicon, nitrogen doping 

decreased the hardness of CZ silicon by forming nitride and extended structural defects. 

 

7.2 Silicon Nitride Inclusions and Their Residual Stresses in Cast mc-Si 

7.2.1 Introduction 

Nitrogen, originated from the crucible coating, is one of the common light element impurities 

presented in the cast mc-Si PV wafers. Recently, silicon nitride which often present at the 
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upper top of the mc-Si ingot has been investigated in several groups [23-25]. It has been 

found that silicon nitride inclusions in mc-Si are naturally insulating and do not affect the 

electrical properties of the silicon [26]. However, silicon nitride can serve as nucleation site 

for the silicon carbide precipitates and the latter can cause severe ohmic shunts in silicon and 

then decrease the efficiency of the solar cell dramatically [27]. Moreover, it is known that 

hard foreign inclusions are responsible for the generation of the wire-sawing defects and play 

detrimental role in the wafer sawing process [28, 29]. To obtain better understanding of the 

nitride inclusion induced sawing defects, we studied the elemental composition, structure and 

phase of the silicon nitride inclusions and the impact of their associated residual stresses in 

cast mc-Si. 

 

7.2.2 Experimental  

Samples are p-type (boron-doped) mc-Si wafers, which were cut from the upper top of the 

ingot block. Small samples with dimension of 1 cm×1 cm were selected from the wafer and 

one side of the small samples was polished to an optical quality surface finish. The polished 

sample was cleaned in acetone, methanol and DI water, followed by the isotropic etching in a 

mixed acid solution (HNO3: HF=3:1). The acid mixture only etched off the silicon and left 

the silicon nitride inclusions unattacked. The morphology of the silicon nitrides were first 

observed in a Nomarski differential interference contrast optical microscope. SEM (Hitachi 

S-3200N) with an energy dispersive x-ray (EDX) analyzer was further used to study the 

morphology and the elemental composition of the nitride inclusions. Micro-Raman 

microscope (Horiba Jobin Yvon LabRam ARAMIS) with a HeNe laser (633 nm) excitation 
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source was used to measure the phases and residual stresses associated with nitride 

inclusions. Mechanical measurements were performed in a Hysitron TriboIndenter with a 

Berkovich indenter with the centerline-to-face angles of 65.3°. Nanoindents were introduced 

under load of 3-9 mN with the loading/unloading rates of 0.1 mN/s. After nanoindentation, 

all hardness impressions were imaged using SPM attached in the Hysitron TriboIndenter. 

 

7.2.3 Results and Discussion 

Figure 7.5 (a) shows the SEM image of several silicon nitride rods sticking together after 

isotropic acid etching. The rods are hundreds of micrometers long and no specific crystalline 

directions were observed. Figure 7.5 (b-d) shows more details of the morphologies of upmost 

silicon nitride, which has a hexagonal shape and is slightly tilted with respect to the bulk 

silicon. The revealed part of the rod is about 116 µm long with the diameter of 8.2 µm.  

 

Figure 7.6 is the EDX spectrum measured along the upmost silicon nitride inclusion. Two 

clear peaks, which are corresponding to nitrogen (0.38 KeV) and silicon (1.75 KeV) elements 

were detected. No other element signals were found from the EDX spectrum. Figure 7.7 are 

the micro-Raman spectra measured on the upmost silicon nitride rod and from reference 

silicon away from the silicon nitride rods. It can be found that the spectrum measured from 

the reference area is typical for the single crystalline silicon phase, with the pronounced peak 

position at 520 cm
-1

 and two relative broad peak at 300 cm
-1

 and 950 cm
-1

, respectively. For 

Raman spectrum measured on the silicon nitride rod, more sharp peaks were found overlap 

on the crystalline silicon peaks. Almost all the Raman active peaks of β-Si3N4 including 184 
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cm
-1

, 206 cm
-1

, 227 cm
-1

, 617 cm
-1

, 730 cm
-1

, 863 cm
-1

 and 938 cm
-1

 can be seen. Combined 

results from the EDX and the micro-Raman measurements, it is concluded that there are two 

individual phases in the nitride rod: a hexagonal β-Si3N4 phase and a single crystalline silicon 

phase. 

 

To resolve the residual stress introduced by the nitride inclusion into the bulk silicon, micro-

Raman measurements were done at various location of the nitride rod. The residual stresses 

were evaluated by measuring the shift of the main silicon related Raman peak (~520 cm
-1

) 

[30-32]. It was found that a narrow area with a distance less than 2 µm surrounding the rod 

shows large tensile stresses. Similarly, spectra measured from the inner core of the rod also 

show large tensile stresses. Figure 7.8 are the typical spectra showing large tensile stresses 

measured from the areas mentioned above. The reference spectrum is measured from a clean 

silicon surface which is far away from the nitride rod. The wavenumber shifted towards the 

small wavenumber direction 0.309 cm
-1

, which corresponding to a large tensile stress field of 

134 MPa. For vicinity area 2 µm farther away the nitride rod, no Raman shift of the main 

silicon peak was observed. 

 

By using electron beam induced current (EBIC) and cathodoluminescence measurements, 

Holla and et al.[23] observed a silicon core surrounded by a Si3N4 shell structure of the 

nitride inclusion in mc-Si. In this work, we confirmed the elemental composition and 

structure of the nitride by micro-Raman and nanoindentation measurements. For the residual 

stress, our measurements showed there are large tensile stresses (134 MPa) both at the 
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vicinity of the nitride rod and the inside core. The large stress arises from the difference of 

thermal expansion coefficient between silicon and β-Si3N4 [33, 34]. During the cooling of the 

block, the silicon phase shrinks more than the surrounding β-Si3N4 wall, which results in a 

tensile field in the surrounding silicon bulk and silicon core.  

 

Figure 7.9 shows the load-displacement curves of nanoindents made on the top surface of the 

nitride rod under varied peak loads. It can be noticed that the loading parts for the three 

curves do not overlapped with each other, which indicates a varied hardness value of the 

silicon nitride rod at different load. The corresponding hardness values determined were 

27.02 GPa, 25.66 GPa and 17.28 GPa for nanoindentation at 3 mN, 7 mN and 9 mN load. 

The reduced hardness with increase of the load indicates a softer phase inside the silicon 

nitride wall. In this study, the hardness value 27.02 GPa determined at a peak load of 3 mN is 

larger than that reported in reference [35], which is 18.98 GPa determined from the Vickers 

hardness test. Nanoindentation measurements very close to the silicon nitride inclusion 

confirmed the existence of the soft area. A typical AFM image of one nanoindent very close 

to the silicon nitride is shown in Figure 7. The hardness value determined from the load-

displacement curve is 5.3 GPa, which decreased 56% from the hardness value measured 

away from the silicon nitride rod. 

 

7.2.4 Conclusions 

 

The microstructure, elemental composition and phase of silicon nitride inclusions formed at 

the top part of the mc-Si block were studied. Results have shown that the silicon nitride 
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inclusions are composed of β-Si3N4 and single crystalline silicon phase. Large tensile stresses 

were found both at the vicinity of and inside the nitride rod. Nanoindentation measurements 

revealed a reduced hardness zone around the silicon nitride rod. Results in this study will 

help understand the formation of sawing defects associated with nitride inclusions during the 

wire sawing process of cast mc-Si wafers. 

 

References 

[1] K. Nakai, Y. Inoue, H. Yokota, A. Ikari, J. Takahashi, A. Tachikawa, K. Kitahara, Y. 

Ohta, W. Ohashi, Oxygen precipitation in nitrogen-doped Czochralski-grown silicon crystals, 

J Appl Phys, 89 (2001) 4301-4309. 

[2] J. Takahashi, K. Nakai, K. Kawakami, Y. Inoue, H. Yokota, A. Tachikawa, A. Ikari, W. 

Ohashi, Microvoid Defects in Nitrogen- and/or Carbon-doped Czochralski-grown Silicon 

Crystals, Japanese Journal of Applied Physics, 42 (2003) 363-370. 

[3] W. von Ammon, R. Holzl, J. Virbulis, E. Dornberger, R. Schmolke, D. Graf, The impact 

of nitrogen on the defect aggregation in silicon, J Cryst Growth, 226 (2001) 19-30. 

[4] X.G. Yu, D.R. Yang, X.Y. Ma, J.S. Yang, L.B. Li, D.L. Que, Grown-in defects in 

nitrogen-doped Czochralski silicon, J Appl Phys, 92 (2002) 188-194. 

[5] F. Shimura, R.S. Hockett, Nitrogen Effect on Oxygen Precipitation in Czochralski 

Silicon, Appl Phys Lett, 48 (1986) 224-226. 

[6] Q. Sun, K.H. Yao, J. Lagowski, H.C. Gatos, Effect of Carbon on Oxygen Precipitation in 

Silicon, J Appl Phys, 67 (1990) 4313-4319. 

[7] A. Taguchi, H. Kageshima, K. Wada, First-principles investigations of nitrogen-doping 

effects on defect aggregation processes in Czochralski Si, J Appl Phys, 97 (2005). 

[8] D.R. Yang, R.X. Fan, L.B. Li, D.L. Que, K. Sumino, Effect of nitrogen-oxygen complex 

on electrical properties of Czochralski silicon, Appl Phys Lett, 68 (1996) 487-489. 

[9] D. Yang, D.L. Que, K. Sumino, Nitrogen Effects on Thermal Donor and Shallow 

Thermal Donor in Silicon, J Appl Phys, 77 (1995) 943-944. 



 

145 

[10] J.A. Griffin, J. Hartung, J. Weber, H. Navarro, L. Genzel, Photothermal Ionization 

Spectroscopy of Oxygen-Related Shallow Defects in Crystalline Silicon, Appl Phys a-Mater, 

48 (1989) 41-47. 

[11] K. Sumino, I. Yonenaga, M. Imai, T. Abe, Effects of Nitrogen on Dislocation Behavior 

and Mechanical Strength in Silicon Crystals, J Appl Phys, 54 (1983) 5016-5020. 

[12] G. Wang, D. Yang, D. Li, Q. Shui, J. Yang, D. Que, Mechanical Strength of Nitrogen-

doped Silicon Single Crystal Investigated by Three-point Bending Method, Physica B, 308 

(2001) 450-453. 

[13] V. Orlov, H. Richter, A. Fischer, J. Reif, T. Muller, R. Wahlich, Mechanical Properties 

of Nitrogen-doped CZ Silicon Crystals, Mat Sci Semicon Proc, 5 (2003) 403-407. 

[14] D.S. Li, D.R. Yang, D.L. Que, Effects of nitrogen on dislocations in silicon during heat 

treatment, Physica B, 273-4 (1999) 553-556. 

[15] M. Akatsuka, K. Sueoka, Pinning effect of punched-out dislocations in carbon-, 

nitrogen- or boron-doped silicon wafers, Japanese Journal of Applied Physics, 40 (2001) 

1240-1241. 

[16] J.R. Patel, K.A. Jackson, H. Reiss, Oxygen Precipitation and Stacking Fault Formation 

in Dislocation Free Silicon, J Appl Phys, 48 (1977) 5279-5288. 

[17] M. Hasebe, Y. Takeoka, S. Shinoyama, S. Naito, Formation Process of Stacking Faults 

with Ringlike Distribution in Cz-Si Wafers, Japanese Journal of Applied Physics, 28 (1989) 

L1999-L2002. 

[18] Q. Sun, K.H. Yao, H.C. Gatos, J. Lagowski, Effects of Nitrogen on Oxygen 

Precipitation in Silicon, J Appl Phys, 71 (1992) 3760-3765. 

[19] Z.D. Zeng, X.Y. Ma, J.H. Chen, D.R. Yang, I. Ratschinski, F. Hevroth, H.S. Leipner, 

Effect of oxygen precipitates on dislocation motion in Czochralski silicon, J Cryst Growth, 

312 (2010) 169-173. 

[20] K. Araki, H. Sudo, T. Aoki, T. Senda, H. Isogai, H. Tsubota, M. Miyashita, H. 

Matsumura, H. Saito, S. Maeda, K. Kashima, K. Izunome, Effect of Oxygen Precipitation in 

Nitrogen-Doped Annealed Silicon Wafers on Thermal Strain Induced by Rapid Thermal 

Processing, Japanese Journal of Applied Physics, 49 (2010). 

[21] T. Ono, W. Sugimura, T. Kihara, M. Hourai, Wafer strengthening and slip generation 

behavior in 300 mm wafers, ECS Trans, 2 (2006) 109-122. 



 

146 

[22] K. Sueoka, M. Akatsuka, H. Katahama, N. Adachi, Mechanism of slip dislocation 

generation by oxide precipitates in Czochralski silicon wafers, Solid State Phenomena, 57-8 

(1997) 137-142. 

[23] M. Holla, T. Arguirov, W. Seifert, M. Kittler, Analysis of Silicon Carbide and Silicon 

Nitride Precipitates in Block Cast Multicrystalline Silicon, Solid State Phenomena 156-158 

(2009) 41-48. 

[24] A.K. Soiland, E.J. Ovrelid, T.A. Engh, O. Lohne, J.K. Tuset, O. Gjerstad, SiC and Si3N4 

inclusions in multicrystalline silicon ingots, Mat Sci Semicon Proc, 7 (2004) 39-43. 

[25] R. Zhang, E.E. van Dyk, G.A. Rozgonyi, J. Rand, R. Jonczyk, Investigation of foreign 

particles in polycrystalline silicon using infrared microscopy, Sol Energ Mat Sol C, 82 

(2004) 577-585. 

[26] N. Chen, B.F. Liu, S.Y. Qiu, G.H. Liu, G.P. Du, Study of SiC and Si3N4 inclusions in 

industrial multicrystalline silicon ingots grown by directional solidification method, Mat Sci 

Semicon Proc, 13 (2010) 231-238. 

[27] H.J. Moller, C. Funke, Growth of silicon carbide filaments in multicrystalline silicon for 

solar cells, Solid State Phenomena, 156-158 (2010) 35-40. 

[28] G.P. Du, N. Chen, P. Rossetto, Wire-sawing defects on multicrystalline silicon wafers 

grown by a directional solidification method, Semicond Sci Tech, 23 (2008). 

[29] G.P. Du, L. Zhou, P. Rossetto, Y.P. Wan, Hard inclusions and their detrimental effects 

on the wire sawing process of multicrystalline silicon, Sol Energ Mat Sol C, 91 (2007) 1743-

1748. 

[30] I. De Wolf, E. Anastassakis, Stress measurements in silicon devices through Raman 

spectroscopy: Bridging the gap between theory and experiment (vol 79, pg 7148, 1996), J 

Appl Phys, 85 (1999) 7484-7485. 

[31] I. De Wolf, H.E. Maes, Mechanical stress measurements using micro-Raman 

spectroscopy, Microsyst Technol, 5 (1998) 13-17. 

[32] I. De Wolf, V. Senez, R. Balboni, A. Armigliato, S. Frabboni, A. Cedola, S. 

Lagomarsino, Techniques for mechanical strain analysis in sub-micrometer structures: 

TEM/CBED, micro-Raman spectroscopy, X-ray microdiffraction and modeling, 

Microelectron Eng, 70 (2003) 425-435. 

[33] Y. Okada, Y. Tokumaru, Precise determination of lattice parameter and thermal 

expansion coefficient of silicon between 300 and 1500 K J Appl Phys, 56 (1984) 314-320. 



 

147 

[34] R.J. Bruls, H.T. Hintzen, G. de With, R. Metselaar, J.C. van Miltenburg, The 

temperature dependence of the Grüneisen parameters of MgSiN2, AlN and β-Si3N4, Journal 

of Physics and Chemistry of Solids, 62 (2001) 783-792. 

[35] J.F. Shackelford, W. Alexander, CRC materials science and engineering handbook, 3rd 

ed., CRC Press, Boca Raton, FL London, 2000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

148 

Table 7.1 Concentration of oxygen and nitrogen in CZ and NCZ silicon wafers grown at 

elevated rate. 

 

Sample [Oi] (×10
17 

atoms/cm
3
) [Ni] (atoms/cm

3
) 

NCZ-1 7.75 9.7×10
15

 

NCZ-2 10.05 1.2×10
15

 

NCZ-3 10.65 9.2×10
14

 

CZ-references 6.8-11.5 < 10
14
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Figure 7.1 Comparison of hardness measured from wafer core and edge samples in NCZ 

silicon with varied nitrogen concentration. 
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Figure 7.2 Comparison of hardness of NCZ and CZ silicon as a function of oxygen 

concentration. 
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Figure 7.3 Nomarski optical image showing etch pits in NCZ silicon with the highest 

nitrogen concentration ([Ni] =9.7×10
15

 atoms/cm
3
, [Oi] =7.75×10

17
 atoms/cm

3
) after 2 

minutes Secco etching. 
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Figure 7.4 TEM images showing morphology of precipitates and structural defects in NCZ 

silicon with the highest nitrogen concentration ([Ni] =9.7×10
15

 atoms/cm
3
, [Oi] =7.75×10

17
 

atoms/cm
3
). 
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Figure 7.5 SEM images showing the morphology of silicon nitride rods. (a) The whole 

image of the bunch of rods. (b-d) The enlarged view indicated as 1, 2, 3 in (a). 
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Figure 7.6 SEM-EDX spectrum measured on the top surface of the silicon nitride rods. 
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Figure 7.7 The micro-Raman spectra measured from the silicon nitride rod and a reference 

area on silicon sample surface far away from the silicon nitride rods. 
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Figure 7.8 Micro-Raman spectra measured from vicinity area of the silicon nitride rod and 

from a reference area far away from the silicon nitride rods. 
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Figure 7.9 Load-displacement curves of nanoindentation made on the top surface of silicon 

nitride rod at 3, 7 and 9 mN maximum load. The corresponding hardness values determined 

were 27.02 GPa, 25.66 GPa and 17.28 GPa, respectively. 

 



 

158 

 

Figure 7.10 (a) AFM image of a nanoindent very close to the end of the silicon nitride rod. 

(b) Corresponding 3D view of the nanoindent close to the silicon nitride rod. 
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8. Summary 

Wafer breakage is a big challenge in PV silicon industry limiting the production yield and 

further price reduction. Micro flaw generated from the wafer sawing, impurity precipitations, 

structural defects, and residual stresses are the leading causes for the degradation of 

mechanical strength and the crack initiation/propagation in silicon wafer. In this work, 

impact of light element impurities (O, C and N) on the mechanical properties and wafer 

breakage were studied. The conclusions are summarized as follows. 

 

1. A model has been developed that provides a quantitative understanding of the influence of 

oxygen concentration and associated defects resulting from the sub-optimal growth regimes 

of CZ silicon. The mechanical properties of CZ silicon crystal grown at vacancy rich regimes 

with elevated oxygen concentrations ranging from 6×10
17

 to 12×10
17

 atoms/cm
3
 have been 

investigated using nano- and microindentation techniques. Both hardness and fracture 

toughness decreases with increasing oxygen concentration. In addition, a significant variation 

of mechanical properties between the core and the edge area of wafers that has high oxygen 

concentration was also observed. PL analysis and Nomarski optical microscopy identified 

ring-like distribution of OSFs and other micro defect structures in the wafers with high 

oxygen. TEM observation and micro-Raman analysis revealed the formation of the platelet 

oxygen precipitates and structural defects and larger associated residual stresses with these 

characteristic defects. It is concluded that stress profile gradients of high density of oxygen 
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precipitates and stacking faults resulted from the fast growth rate caused the softening effect 

of oxygen in CZ silicon. 

 

2. Impact of carbon on the fracture strength of mc-Si was studied based on a controlled flaw 

method. Radial/median cracks with controllable scales were introduced through 

microindentation at the center of the PV silicon to simulate the micro cracks resulted from 

the wafer sawing process. Results indicated that the fracture strength of PV Si wafer is very 

sensitive to and correlates linearly with the microindentation load (radial crack scale). In 

addition, it was found that carbon impurity plays an important role in the contact cracking-

fracture process in PV mc-Si. The fracture strength increased ~21% with substitutional 

carbon concentration increased from 1.18×10
18

 to 6.43×10
18

 atoms/cm
3
.  

 

3. For the silicon nitride inclusions in cast mc-Si, the structure and phases of the nitride rods 

were determined to be composed of β-Si3N4 and single crystalline silicon phases. Large 

tensile stresses were found both at the vicinity and inside of the silicon nitride rods. Large 

differences of thermal expansion coefficient between silicon and silicon nitride resulted in 

the stress distribution associated with the nitride inclusions. Nanoindentation measurements 

confirmed a reduced hardness zone around the silicon nitride rod. This conclusion will be 

helpful for understanding the formation of the sawing defects during mc-Si wafer sawing. 

 

4. For the nitrogen-doped CZ silicon wafers grown at elevated rate, it is found that nitrogen 

can modify the mechanical strength of CZ silicon in two ways: (1) for the low [Ni] and high 
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[Oi] regime, nitrogen doping significantly increased the hardness of the CZ silicon wafer. 

Formation of Smaller oxygen precipitate resulted from the interaction between nitrogen, 

oxygen and intrinsic point defect are responsible for the hardening effect; (2) for the high 

[Ni] and low [Oi] regime, we observed that the nitrogen doping actually reduced the hardness 

of CZ silicon. The high concentration of nitrogen (9.7×10
15

 atoms/cm
3
) formed silicon nitride 

precipitates and extended structural defects during crystalline process which were revealed 

by the TEM observation were proposed to cause the softening effect in CZ silicon. 

 

  

 


