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Abstract

Wafers for solar cell applications are increasingly being produced via wire sawing of di-

rectional solidified multi-crystalline silicon (mc-Si) ingots. During these two processes,

defects such as dislocations arise in the material which reduce the final electrical ef-

ficiency of the solar cells. Furthermore, processing conditions during these processes

can also influence the surface unevenness and warpage in the final wafers. Previ-

ously, several researchers have developed finite element models of mc-Si directional

solidification process to understand the growth of residual stress and dislocation in

the ingots under different cooling conditions, boundary conditions and geometry. Re-

searchers have also developed analytical and finite element models to understand the

temperature variation and the material removal behaviour during wire sawing pro-

cess. However, there has not been much work done in understanding the influence

of pre-existing residual stress in the work piece (directionally cooled mc-Si ingots) on

the wafer quality during wire sawing.To investigate this, in this work, thermal-stress

finite element models were developed for directional solidification and wire sawing

process, with later taking the results from former as the stress/strain and dislocation

initial conditions. Dislocation creep behaviour of Si was used as the material con-

stitutive behaviour in both the models. The input parameters for the casting model

were 3 different cooling rates. The wire sawing simulation was done in the top, middle

and bottom section of these ingots. The warpage was, therefore, studied in 9 wafers.

These models also simulated the spacial/temporal variation of in-elastic deformation

and dislocation density in the ingot and the wafers. The predicted results from the

casting model were in good agreement with the past models. The predicted warpage

from the wire sawing simulation, however, was less compared to the warpage observed
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in the industry. This variation in the results may be due to the several assumptions

and simplifications taken in the model in-terms of the constitutive behaviour, material

properties and boundary conditions.
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Chapter 1

Introduction

Increase in population and our standards of living has led to an increase in demand

for basic human needs such as food and energy, putting significant pressure on sectors

such as agriculture, energy production etc. The International Energy Outlook has

forecast a 48% rise in global energy consumption between 2012 and 2040 [39]. The

unprecedented levels of fossil fuels required to be burnt for this much energy produc-

tion is simply alarming for two reasons, First the catastrophic environmental impacts,

and second fossil fuels are a finite resource. So the world urgently requires stable and

consistent clean energy technology.

Solar energy is a clean alternative to fossil fuel, that has received considerable

academic, political and industrial interest in recent years. Harnessing energy through

the use of solar panels is one of the most affordable clean energy technologies that has

been developed. However, the electricity per unit cost from solar power is still quite

high as compared to conventional sources making it unaffordable for wide-spread use.

Thus, further research is required to develop cheaper technologies that are able to

create efficient yet durable solar cells.

1.1 Materials requirements for photovoltaic

application

Although solar cell could have several meaning such as photothermal solar cell, pho-

tovoltaic solar cells etc, in this work, solar cells are mentioned in context of photo-

voltaic solar cell only. A photovoltaic solar cell is an electrical device that converts

1



1.2. Si as a photovoltaic material

light energy into electrical energy via the photovoltaic effect in which electron flow is

generated by absorbing photons. Solar cells are produced from thin slices or wafers

of a suitable material.

In order to be a good solar cell, the wafer material is required to have good effi-

ciency in terms of the quantity of electricity produced from a given amount of light.

Among many factors, this efficiency is also dependent on the defects present inside

the material such as dislocations, grain boundary and impurity atoms to name a

few. Crystalline materials being defect-free have a good efficiency, and thus fit the

description for a photovoltaic material, but are very costly to produce. Apart from

the efficiency, the material should also have good mechanical strength in order to

withstand the wafer development process and final deployment in external environ-

ments. To save costs, wafers are produced at a thickness of 300-500 microns. At such

thicknesses, the chance of breaking via brittle fracture increases significantly. The

mechanical properties of the material also influence surface crack formation during

the sawing process, which affects the final strength of the wafers [30]. A material with

good mechanical properties is therefore imperative for the production of durable solar

cells.

1.2 Si as a photovoltaic material

Si is widely used to make solar cell wafers. It is used, among other semiconductors,

because being a widely used electronic material, its physical and chemical properties

have already been well-studied. Technologies, such as the Czochralski and Float-zone

processes, already exist to produce single crystal Si (c-Si) at the industrial scale. It

should be noted that there are materials, such as CdTe (1.49 eV) and GaAs (1.43

eV), with band gap closer to the visible spectrum (1.5 eV), but Si (1.1 eV) is used

over them because it is more economical to produce it industrially [48].

Si for electronic and solar applications is obtained through a series of extraction

and purification steps, the first of which is extraction from silica. The Si extracted

2



1.2. Si as a photovoltaic material

from silica is 98% pure, and is referred to as metallurgical grade Si (MGS) [48]. This is

used for many different applications, most notably as an alloying element in aluminum

alloy products. Si used for electronic applications, referred to as electronic grade Si

(EGS), requires an additional purity, up to 99.9999999% (also known as Nine nines

or 9N pure) [48]. The purification of MGS into EGS is accomplished via chemical

purification. EGS is then used as feedstock material in the Czochralski method to

obtain single crystal Si which is used in electronic industry. Initially, single crystalline

EGS was also used for solar cell wafer fabrication. However, since single crystalline

EGS is expensive, solar panels made out of it are expensive too. This expense is not

justified, since Si used for solar cells, called solar grade Si (SGS), requires only 5N

(99.999%) purity levels [48].

In recent years, research on producing SGS has focused on directional solidification

with MGS as feedstock material. However, directional solidification produces multi-

crystalline Si (mc-Si) ingots instead of c-Si ingots, which are less efficient due to

the presence of grain boundaries [12]. Apart from that, mc-Si ingots are usually

contaminated with impurities such as O, Fe, Cr, Ni, Ti and Cu which further lead to

efficiency loss [8, 9]. These impurities are incorporated from the crucible during the

directional solidification process [18] or can be already present in the MGS feedstock.

So a cost saving in producing ingots through directional solidification comes at an

efficiency loss in the solar cells. However, this loss in efficiency can be reduced by

efficiently changing the process parameters used during directional solidification to

both improve purity and reduce grain boundary.

Several companies are trying to develop even more efficient method of develop-

ing SGS. The industrial partner for this study, PRISED solar, a company based in

Toronto, Canada, has developed a purifying method to upgrade MGS into SGS. This

technique involves migration of impurities to internal surfaces using microwave tech-

nology and then trapping them at neutral sites using gettering agents [38]. This

purification is done on a wafer or pellet geometry. These wafers can be made from

wire sawing of MGS ingots made via directional solidification process.
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1.3. Directional solidification

1.3 Directional solidification

The directional solidification process is a casting technique in which the heat is taken

out of the melt uni-directionally. The directional heat flux extraction facilitates for-

mation of columnar grain structure. This process also facilitates reduction in grain

boundaries. Most of the mc-Si for solar cells are produced using directional solidifi-

cation.

Figure 1.1: Directional Solidification

As shown in Figure 1.1, MGS is provided as feedstock for the directional solid-

ification process and is converted into molten Si. Heat is then extracted from the

bottom surface only, while the other surfaces are insulated to ensure a (nearly) planer

solidification front. This process has an additional advantage in that it can be used to

purify the feedstock through a process known as zone refining, or component segrega-

tion. Segregation is the physical phenomenon whereby a constituent is rejected from

the solid phase into the melt due to the fact that the composition exceeds the solid

solubility limits. The amount of segregation is measured by the segregation coefficient

k0 given as,

k0 =
CS
CL

where CS and CL are the constituents’ concentration in the solid and liquid phases,

respectively. For most constituents dissolved in Si, k0 < 1 [45] which means the impu-

rity prefers to stay in the liquid. As solidification within an ingot reaches completion,
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1.4. Wafer production by Wire sawing

the impurities concentrate at the top, as it is the last part to solidify. This process

can be repeated several times to further segregate and remove impurities. Specifically,

after multiple directional solidification loops, the top part containing impurities can

be cut off and scrapped.

The rate of cooling is a crucial factor of directional solidification. A slow cooling

rate leads to large grain sizes with less grain boundary area and less residual stress, and

thus is preferred over a faster cooling. But a slow cooling rate also leads to an increase

in manufacturing time and cost. A higher rate of cooling reduces manufacturing time

but leads to a higher level of dislocation density and residual stress within the mc-Si

ingot [31, 37]. Higher levels of dislocation density reduce the efficiency of solar cells

[12, 17]. The rate of cooling, therefore, should be optimised in order to ensure both

the profitability and the performance of mc-Si ingots.

1.4 Wafer production by Wire sawing

SGS ingots from the directional solidification process are converted into solar wafers

via sawing techniques. Among the many sawing techniques, multi wire sawing is the

most efficient since it can be used to cut all of the ingot at once. 80% of the wafers for

solar cells are produced industrially via multi wire sawing [30]. During this process,

SGS ingots are glued to a substrate holder and placed in a wire saw which then slices

them into thin wafers. This process is shown via the schematic in Figure 1.2. As

can be seen, a single wire is fed from a supply spool through a pulley and tension

control unit to four wire guides. The SGS ingot on the holder is pushed down the wire

web, which leads to material removal and slicing. This wire is under tension during

cutting, and the apparatus provides different levels of force depending on the depth

of the cut.

The wire is made of stainless steel and has a typical diameter of around 150-200 µm.

The volume between the wire and the ingot surface is covered with a slurry contain-

ing abrasives such as SiC and diamond particles. The size of these abrasive particles
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1.4. Wafer production by Wire sawing

Figure 1.2: Wire Sawing Setup

are around 5-30 µm [30]. The slurry moves with the movement of the wire and acts

as a transport medium for the abrasives into the sawing channels. The slurry must

minimize the temperature rise during wire sawing by continually removing the heat

of cutting. The actual material removed, also known as Kerf loss, is around 200-250

µm/wafer [30]. Since the wafer and the Kerf loss/wafer is almost same, it can be

said that the Kerf loss represents nearly 50% of total wafer material. This wastage of

material makes wire sawing an expensive method.

Figure 1.3: Warpage in wafers [2]

Although wire sawing is an efficient process, the wafer produced can be non-flat

or warped, as shown in Figure 1.3. This can occur due to relaxation of pre-existing
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stress within the ingot as well as thermal strains that develops during the sawing

process. This warpage could be around 15 µm The uneven surface of wafers is an

undesirable property as it leads to difficulty during fabrication process of solar cells.

It is, therefore, important to optimize the sawing conditions to ensure a smooth wafer

surface.

1.5 Summary

Wafers for solar cells are made from MGS material through a multi step process involv-

ing directional solidification of mc-Si ingots and wire sawing of these ingots. During

these processes, defects such as warpage, dislocations, and residual stresses can be

induced in the final wafer, which increases component costs and reduces the efficiency

of the solar cells. In this thesis, a mathematical model for simulating the dislocation

density, residual stress and warpage during Si processing is developed that can be used

to understand the link between processing and solar cell wafer performance. In the

next chapter, prior research conducted in the area of numerical simulation of direc-

tional solidification and wire sawing, along with the theories developed for predicting

the thermoplastic behaviour of Si are reviewed.

7



Chapter 2

Literature Review

2.1 Introduction

Thermo-mechanical simulation of the multi-crystalline Si wafer fabrication process is

a complex problem. This is due to the temperature dependent properties of Si and

the large number of processing parameters involved in directional solidification and

wire sawing. To perform such a task, therefore, sufficient knowledge of the physical

and mechanical properties of Si, the directional solidification process, the wire sawing

process, and finite element modelling are required. Hence, in this chapter, existing

literature on these topics is reviewed. The literature review can be divided into three

distinct areas: studies characterizing the (i) constitutive behaviour of Si, (ii) analytical

and numerical studies of the directional solidification process, and (iii) analytical and

numerical studies of the wire sawing process.

Experimental studies can be very informative in studying the evolution of the tem-

perature and the mechanical state during thermo-mechanical processing of Si. How-

ever, experiments involving the directional solidification and wire sawing processes

require considerable time and costs, so computational models have been developed to

simulate the stress/strain and temperature fields under various cooling rates and ma-

terial geometries (e.g. [12, 27, 28, 44]). These models were developed using numerical

techniques such as finite element methods and require knowledge of the mathemati-

cal equations behind the physical processes. The validity of these models, however,

needs to be tested against experimental data. These models can be very helpful to

an industrial practitioner who wishes to improve product quality [12].
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2.2 Si: Properties

2.2.1 Crystal structure and phases

Si is a covalently bonded material that exists as diamond cubic structure with a face-

centered Bravais lattice and a two atom basis. Its lattice parameter is approximately

0.543 nm at 293 K [15]. Si displays allotropy, existing in different forms which have

different lattice structures. These allotropes exists at different temperatures and

pressures, and have different mechanical properties [20]. Pure Si crystal has a very

high ductile to brittle transition temperature (DBTT); it is relatively brittle below

1073 K. However, under high stress during thermo-mechanical processing, Si can

undergo allotropic transformation exhibiting ductility even below DBTT [20, 24].

2.2.2 Stress-Strain Behaviour

The stress-strain behaviour of single crystal Si is supplied as the input material prop-

erty when performing any finite element thermo-mechanical simulation of Si pro-

cessing. It is therefore important to understand the constitutive behaviour of this

material. The stress-strain behaviour of Si has been thoroughly studied by several

researchers, most notably by Patel [36] and Haasen, Alexander, and Sumino [1, 22].

Deformation tests have been performed to understand the plastic deformation of

Si crystals at various temperatures and strain rates. These tests were conducted to

characterize the various stages of single-crystal mechanical deformation. A typically

observed stress-strain curve for Si is shown in Figure 2.1, demonstrating the behaviour

at 1100 K. As can be seen, the stress-strain behaviour of single crystal Si consists of

5 distinct stages. In the first stage, at very low strains, the constitutive behaviour

is bell shaped, [36], having upper and lower yield points. In the next stage, the

stress-strain curve exhibits successive hardening and recovery behaviour, which are

marked by an increase and a decrease in dσ/dε values, respectively. These recovery

and hardening stages occur at high strains as compared to the strains observed in
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stage I. Therefore, when simulating a process in which Si crystal undergoes small

deformation, such as casting, the stress-strain behaviour observed in stage I provides

the relevant constitutive model. Note that the shape of the curve shown in Figure 2.1

is applicable over a wide range of temperatures above a homologous temperature of

0.6 [36].

Figure 2.1: Stress-Strain curve of Si monocrystals with <123> orientation deformed
in tension at T = 1100K and strain rate ε̇ = 2× 10−3s−1 [40].

As shown in Figure 2.1, the evolution of the stress with respect to increasing strain

is as follows. In stage I, the deformation is initially elastic, until the flow stress reaches

an upper yield stress (σuys). Then, a sharp drop in the flow stress is observed until the

flow stress reaches a lower yield point (σlys), and then it gradually rises again. The

end of Stage I is identified by an increase in dσ/dε, indicating work hardening. The

bell shape stress-strain curve that can be seen in the initial stages of deformation is a

characteristic property of single crystal Si, however, the values of σuys and σlys change

with temperature and strain rate [1, 50].

Hassan, Alexander and Sumino characterized the creep strain accumulation in

single crystal Si with time under constant stress ( ≤ 7 MPa) at high temperature

(T ≥ 0.6Tm, where Tm is the melting temperature). For metals, the inelastic strain

accumulation with time under a load that gives no inelastic deformation at room

temperature is called creep deformation. The time scale of creep strain accumulation

is large. Normally, metals exhibit an inverted S shape creep curve, as shown in Figure
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2.2. The creep curve consists of three zones. First, the transient creep stage. In

this stage, the strain rate decreases continuously with time. Second, the steady state

creep. In this stage, the strain rate is constant due to a steady state between recovery

and hardening. Third, tertiary creep, in which the creep strain increases till material

fractures.

Figure 2.2: Creep curve for metals.
Based on their experiments, Hassan, Alexander and Sumino found that in single crys-

tal Si, the inelastic strain with time was different than metal’s in the initial transient

phase. The transient creep curve was inverted, as shown in Figure 2.3. This transient

creep phase had 3 zones. Incubation zone, stationary zone, and work-hardening zone.

This inelastic creep strain accumulation was attributed to the observed decrease in

yield point at σuys in Figure 2.1. The incubation zone was concluded to be present

due to the initial rapid multiplication of dislocations. The stationary zone was char-

acterized as the zone of inflection between the incubation and the work-hardening

zone. In this zone the back stress for dislocation movement starts to increase till the

dislocation movement finally starts to decrease. This decrease leads to the decrease in

the strain accumulation rate which is characterized as the work-hardening zone. The

creep curve eventually achieves a steady state and becomes independent of the dislo-

cation density change. The relationship between dislocation kinetics and constitutive

behavior in Si during stage I has been characterized as the well-known HAS model

that links the dislocation multiplication rate dNm/dt in time t with the dislocation
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density and the dislocation velocity (and eventually shear strain via Orowan’s law),

dNm

dt
= KNmv (2.1)

where K is a constant characterizing the dislocation multiplication rate, v is the

velocity of the dislocations and Nm is the dislocation density.

It can be said that during the casting process of Si, the initial solid formed is

dislocation free. Upon cooling, the thermal strains would develop which would lead

to creep deformation. This creep would be transient, and proceed through stage

I, II and III, shown in Figure 2.3. The dislocation density would increase until it

reaches a steady state and the whole transient phase is complete. This is because

the time scale of transient creep in Si in quite low compared to time scales of the

casting process, allowing dislocation density to reach a steady-state and complete

the full transient phase. In order to numerically simulate the Si casting process, it

is therefore important to supply this transient constitutive behaviour to capture the

creep strain accumulation.

Figure 2.3: Creep curve for Si.

12



2.2. Si: Properties

2.2.3 Constitutive Modelling Using Dislocation

Multiplication

In any thermo-mechanical process, the total strain under the application of stress can

be split into elastic and inelastic components. For small deformations, the rate of

change of stress σ̇ is proportional to the rate of change of elastic strain ε̇e, which can

be written as,

σ̇ = Dε̇el = µ(ε̇− ε̇ie) (2.2)

where D is the stiffness modulus, and ε̇, ˙εel and ˙εie are total, elastic and inelas-

tic strain rates, respectively. The stress-strain relationship shown in Equation 2.2

is macroscopic, and does not considers the underlying microstructural deformation

mechanisms. In order to connect these two length scales, Orowan developed a set of

equations to link inelastic deformation rate and the movement of dislocations,

˙εie = bNmv̄ (2.3)

v̄ = k0σ
p
effexp(−Q/kBT ) (2.4)

where v̄ is the overall mean velocity of total dislocations Nm, kB is the Boltzmann

constant, T is the temperature, σeff is the stress available to increase the dislocation

density, p is a fitting constant applied as power on σeff whose value was obtained as

1.1 for Si by Haasan [14], k0 is a constant whose magnitudes have been found to be

approximately 1 - 3.5 × 104 m MPa−1 sec−1 [16], and Q is the Arrhenius activation

energy whose magnitude has been found between 2.20 - 2.35 eV [16]. The effective

stress σeff in Equation 2.4, which is the stress available to multiply and increase the
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dislocation density, is then written as,

σeff =


σ −D

√
Nm, if σ > D

√
Nm

0, if σ ≤ D
√
Nm

(2.5)

where Nm is the dislocation density, D is the strain hardening factor and σ is the

applied stress. Note that, Equation 2.1-2.5, combined together, is referred to as

the HAS model. This calculates the increase in dislocation density in a crystalline

material, such as Si, as a function of applied stress. The reason for using σeff in

Equation 2.4 instead of σ is because of the fact that the movement of dislocations is

influenced by both the applied stress field and the increasing dislocation density. An

increase in the dislocation density hinders the further movement and multiplication

of dislocations. This hindrance can be incorporated as a back stress whose magnitude

is a function of the current dislocation density. In the HAS model, this back stress

is given as D
√
Nm. σeff can be positive or 0 depending on the value of dislocation

density and equivalent stress. If σeff is 0 then, as shown by Equations 2.1 and 2.4,

there is no change in dislocation density. With an increase in the dislocation density,

the second term in Equation 2.5 increases, which leads to a decrease in σeff and, thus,

a decrease in the dislocation multiplication rate. This further means that the largest

increase in dislocation density will occur in the initial stages of deformation.

Computer based models developed to calculate the stress/strain state of a material,

are provided with the relevant constitutive behaviour as input parameters. This

constitutive behaviour is nothing but the value of stress σ as a function of various

quantities such as strain ε, strain rate ε̇, temperature T , dislocation density ρ etc,

σ = f(ε, ε̇, T, ρ, ..) (2.6)

The accuracy of any developed model in terms of predicting the stress/strain

state is dependent on the accuracy of the supplied constitute behaviour. The next
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2.3. Numerical simulations of the Si casting process

section reviews some of the past computer based models constructed to calculate the

stress/strain state during casting of Si by using elastic-plastic and elastic-creep (HAS

model) constitutive behaviour.

2.3 Numerical simulations of the Si casting

process

Computational modelling of the constitutive behaviour of Si during casting has been

performed by several researchers [7, 12, 26–28]. These models were developed to

understand the residual stress and dislocation density in Si after casting for both

electronic and photo-voltaic applications. These models were developed for various

types of solidification processes including: Czochralski process [27], Float-zone pro-

cess [32], Ribbon growth [21], Directional solidification [12, 17], and Electron beam

remelting [26]. These models were developed either by applying a plastic constitutive

behaviour or a dislocation creep behaviour.

For models using the plastic constitutive behaviour approach, the yield stress value

is supplied in the form of flow curve data which is used to calculate the overall plastic

deformation and thus the final residual stress. For models using the dislocation creep

behaviour approach, an initial dislocation density is applied and the creep strain is

then calculated during the process based on the HAS creep equation.

Over the years, many researchers have modified the original HAS creep equation

to include the effects of grain boundary, impurities, and precipitates [7, 44]. The

HAS creep equation has been applied either by assuming isotropy and using J2 based

isotropic stress framework for dislocation growth [12, 27] or by assuming an-isotropy

and applying a crystal plasticity framework [7, 29] to calculate dislocation growth

along individual slip planes. In the next subsections, the various simulation models

developed are reviewed and compared.
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2.3.1 Plasticity-based Models

Plasticity based models apply the flow curve data while calculating the stress-strain

state during any thermo-mechanical deformation process such as casting. These mod-

els calculate the residual stress in the Si ingot by applying the elastic and inelastic

behaviour under the applied set of processing conditions. Maijer et al [26] developed

a finite element model to investigate the residual stress distribution in mc-Si ingots

during remelting and refining of electronic grade scrap Si to produce solar grade Si

in an electron beam furnace. This process produces an ingot with columnar grain

morphology having a radial orientation along the vertical sides of the ingot, and axial

orientation along the bottom and center of the ingot. This complex morphology is

present due to applied cooling conditions whereby heat is extracted from the side

walls, bottom, and top of the ingot. The cooling boundary conditions were supplied

to simulate temperature data during the cooling process, which was further validated

against the actual temperature data obtained by measuring the furnace temperature

at various locations below the ingot using thermocouples. Finally, the temperature

data from the thermal simulation was used as the input parameters to predict the

residual stress in the ingot. The input constitutive model, developed from flow stress

data measured by Siethoff [42] did not contain any strain rate dependency. The

predicted residual stress was validated [26] by comparing against results obtained

from neutron diffraction measurements. This sequentially-coupled temperature-stress

simulation was performed for various cooling conditions to study the effect of ingot

withdraw rate and electron beam power on ingot residual stress. It was found that

there were significant level of residual stress, on the order of 200 MPa, within the

ingot, and neither the withdrawal rate nor the electron beam power had significant

effect on this residual stress.

M’Hamdi et al [28] developed a finite element model to simulate the casting of mc-

Si in a Crystalox DX-250 furnace. The simulation was carried out to investigate the

stress buildup during directional cooling of mc-Si ingot. This furnace had insulated
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side walls to facilitate directional solidification. The authors incorporated an elastic-

visco-plastic constitutive model to calculate the final residual stress within the ingot.

This visco-plasticity model was applied using a creep law developed by Widner and

Rehwald [46], who observed that Si becomes a viscous material at high temperatures

and its flow stress depends on both temperature and strain rate,

σs = σ0 exp

(
−4E
kBT

)(
ε̇

ε̇0

)1/n

(2.7)

where σ is the Mises stress in Pa, ε̇ is the strain rate, ε̇0 is a reference strain rate equal

to 10−3 s−1, 4E is the activation energy for the movement of dislocation, kB is the

Boltzman’s constant, and T is the temperature in K. Note that σ0, E, and n are the

material-dependent properties. Different values of these variables have been proposed

by various researchers [36, 41, 50] through experiments. This equation is independent

of time, which means it represents a Si steady state creep assumption rather than a

transient creep assumption.

The residual visco-plastic strain predicted by M’Hamdi et al [28] using this creep

constitutive behaviour demonstrated the effects of thermal gradient on inelastic de-

formation during directional casting of Si. Based on this simulation, the cooling

conditions were optimized to minimize the visco-plastic strain in the ingot. This

model, however, does not predicts the final dislocation density distribution. Simu-

lating dislocation density can assist in further process optimization as it can help to

understand the evolution of dislocations, the root cause of residual stress under the

applied processing conditions.

2.3.2 Dislocation creep based Models

Several researchers have developed computational models to simulate dislocation den-

sity and residual stress during casting based on the HAS model and then successfully

validate them. These simulations have been developed for different types of Si cast-

ing processes including Czochralski process [27], Ribbon growth [21] and Directional

17



2.3. Numerical simulations of the Si casting process

solidification [12, 17]. Use of the HAS equation coupled with process specific stress

and thermal conditions has led to optimization of these processes to decrease the

dislocation density in the product.

Maroudas and Brown [27] were among the first to develop and validate a HAS

creep based computer simulation model for dislocation growth in Si during solidifi-

cation. They performed the simulation for the Czochralski and liquid encapsulated

Czochralski processes. Both are methods to produce single crystal Si, with the sec-

ond one producing larger diameter ingots by covering the top of the Si melt with an

encapsulant such as Boric acid to prevent Si oxidation.

Maroudas and Brown coupled the HAS equation with the geometry, pull rate,

and stress, and predicted a final dislocation profile in the ingots. They validated

this density against the etch pitch density data [19]. It was found that the predicted

data was in close agreement with the etch pit data for the case of liquid Encapsu-

lated Czochralski process but not for the Czochralski process. This inaccuracy was

attributed to the fact that the HAS model is dependent on initial dislocation density

and in the Czochralski process, there are very small number of initial dislocations.

The conclusion based on this work was that HAS model is good for predicting plas-

tic relief due to increase in dislocation density in the bulk but it cannot explain the

dislocation formation from the melt at the solid-liquid interface during solidification.

Franke et al [12] carried out a finite element simulation to reduce the dislocations

in mc-Si ingots produced by Deutsche Solar via the SOLSPIN process. This process is

based on the principle of directional solidification and designed to maintained a planer

solidification front by supplying proper insulation and controlling the crystallization

velocity. The simulation was carried out to predict the dislocation density growth

for a cuboid geometry. In this simulation, a thermal model based on the cooling

data collected from the furnace was developed followed by development of HAS creep

coupled stress-strain model. Based on the predicted dislocation growth profile from

these simulations, the cooling process was categorised into 3 phases as shown in Figure

2.5. During the first phase, which was just after liquid to solid phase change, a strong
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increase in dislocation density was found. This was attributed to the strong thermal

gradient present at the solid-liquid interface required to propagate solidification. In

the second phase, the dislocation growth was observed to occur in steps due to the

thermal gradient from the lack of control in the insulation power of the furnace. The

third phase was observed below 800°C in which dislocation density remained constant.

The results of this simulation were used to optimize the process parameters to reduce

the dislocation growth in phase 1 and 2 which led to a 0.5% increase in the efficiency

of final wafers made from these ingots.

Figure 2.4: Dislocation growth in SOLSPIN process simulated by Franke et al [12]
showing the growth of dislocation in steps.

Figure 2.5: Dislocation profile in SOLSPIN process simulated by Franke et al [12] in
the central plane of the ingot.
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Nakano et al [17] have performed a HAS model based simulation to predict the

dislocation density in unidirectional solidified mc-Si ingots under various cooling rates.

The results of this simulation showed that a faster cooling rate led to a higher dis-

location density and a higher residual stress. In all cases, there was no dislocation

increase below 900 K. Based on the final distribution of residual stress and dislocation

density, it was found that regions with a higher dislocation density also had a higher

residual stress as shown in Figure 5.10. This was attributed to the fact that the

thermal strain relaxation due to dislocation multiplication and movement selectively

occurred at some areas upon cooling, this led higher residual stresses.

Figure 2.6: Dislocation density (Left) and residual stress (Right) profile in half of
directionally solidified mc-Si ingot cooled at 5 K/Min [17]

.
The models discussed above have an underlying assumption that the material

properties are isotropic. Under this assumption, equivalent Von Mises stress, as per

J2 plasticity, is supplied as the value of stress in the HAS equation. However, it is

well known that single crystal Si and highly directional columnar grains are strongly

anisotopic. Several researchers have developed anisotropic forms of the HAS equation.

In studies by Miyazaki [29] and Cochard et al [7], the HAS equation was applied on

all 12 slip planes of Si assuming FCC crystal structure, and also by accounting for

plasticity due to inter-slip plane dislocation interactions, otherwise known as latent

hardening. The results of these simulation have been shown to be more accurate and

show more insights as compared to a Von Mises implementation of HAS model for
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such cases with highly anisotropic or directional property [7].

2.4 Wire Sawing

Wire sawing is a complex process, with several processing factors and parameters,

as summarised in Table 2.1. Wafers produced from wire sawing suffer from several

problems, including surface cracks [47], warpage [49], and non uniform thickness [51]

. Therefore, analytical and numerical models of this process have been developed to

quantify the effects of various processing conditions on the wafer quality [30, 47].

Table 2.1: Wire sawing processing parameters

Factors Parameters

Wire Tension, Velocity, Diameter, Vibration
Slurry Viscosity, Heat Transfer Coefficient

Abrasives Density, Shape, Size
Work-piece Mechanical Properties, Pre-stresses, Inclusions

Figure 2.7: Movement of abrasives with wire

.
The basics of wire sawing were discussed in section 1.4. As mentioned earlier, wire

sawing involves cutting of Si ingot by abrasive particles moving with the movement

of a slurry due to the torque provided by the rotation of wire. This is shown in

Figure 2.7. Si is a brittle material around room temperature, and undergoes cutting

due to the propagation of cracks developed by the indentation of abrasives on the

work-piece. During this process, due to high stress concentration near the crack,

there is plastic deformation also. Moller et al [30] have developed a model of material

removal through crack propagation using fracture mechanics. They have incorporated

the effects of wire parameters on the material removal rate. Li et al [23] developed a
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model to understand the affects of abrasive shape on the stress developed during the

cutting process. Bidiville et al [5] have shown that smaller abrasive particles lead to

fewer cracks on the surface and better wafers. Du el al [11] have reported that mc-Si

ingots grown from directional solidification contain SiC and Si3N4 inclusions which

lead to non-smooth wafers.

Unequal thermal expansion and thermal strain at different locations on the wafers

during the cutting process can lead to warping (bending) or breaking of the wafers.

Ariga et al [2] and Lundth et al [25] have measured temperature gradient of around

20-40 °C between the middle and the end of the wafer. Bhagavat and Kao [4] have

developed a finite element model to simulate the temperature rise during wire sawing.

The heat flux entering into the work-piece from the wire and the natural convection

through the new surface formed was applied as boundary conditions to generate this

temperature profile. They have also suggested an intelligent control of boundary con-

ditions to keep the work-piece always close to the room temperature. This can reduce

the warpage in wafers by keeping the thermal gradient low. They have also claimed

the predicted temperature profile to be in close agreement with the experimental tem-

perature profile from Ariga et al [2] and Lundth et al [25] as shown in Figure 2.8.

Figure 2.8: Temperature profile predicted by Bhagavat & Kao [4] during Wire Sawing
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Yamada et al [49] have developed a finite element model to calculate the warpage

in wafers during wire sawing. They predicted a warpage of 6-7 µm which although was

in good agreement in magnitude with the experimental warpage, occurred at different

locations. It should be noted that this prior work only considered thermal expansion

as the factor contributing to warpage and not the plasticity induced at crack tip from

abrasives. This paper also did not explicitly define the constitutive behaviour model

used for Si.

Moller el al [30, 31] have developed several models to relate the material removal

with cutting speed and wire load based on the indentation created by particles on

the surface of the ingot. The amount of indentation was determined to be dependent

mainly upon the density of abrasive particles touching Si. Material removal occurs

by the propagation of the cracks developed from indentations. The material removal

rate vs as per their model can be written as,

vs =
m V0
As 4t

(2.8)

where m is the indentation events per unit contact area As in time 4t and V0 is the

material removed per indentation event. Based on indentation and fracture mechanics,

V0 has been found to be a function of the normal force from the wire FN acting on

the work-piece, and given as,

V0 = F 2.2
N (2.9)

As per Equation 2.8, it is clear that the material removal rate is inversely proportional

to the wire-workpiece contact length. This means that the time taken for the succes-

sive removal of layers of Si during cutting is dependent on the work-piece geometry

and is different for a cylindrical and a cuboid work-piece.
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2.5 Summary

Themo-mechanical simulations are useful in predicting the final properties of mate-

rial after processing. In this chapter, some of the models developed to predict the

properties of mc-Si ingots and wafers for photovoltaic applications have been briefly

discussed. This discussion covers past models developed using two approaches: elastic-

plastic approach, and elastic-creep (dislocation) approach.

In the first class, research by Maijer et al [26] and M‘Hamdi et al [28] were pre-

sented. The results of these models are in good agreement with the measured values

of residual stress/strain. However, they could be further modified to predict the dis-

location density. The next class of models discussed were the ones based on the HAS

analytical model [1, 14, 43] of single crystal Si. This model was developed using the

observed stress/strain curve of single crystal Si and it explains the effects of tempera-

ture, stress and strain-rate on constitutive behaviour. This analytical model has been

used by several researchers, including Mouradus and Brown [27], Franke et al [12],

Cochard et al [6], and Ioune et al [17], to numerically simulate the dislocation density

during the solidification of Si, both single and multi crystalline. These models have

predicted the final residual stress and dislocation density after solidification. Since

these models predict the inelastic strains (due to dislocation growth) based on the

cooling rate, they have been exploited industrially to optimize the cooling conditions

that produce mc-Si ingots with lower dislocation density. However, the problem with

these models lies in the over-simplification in the assumptions that are taken. One

such assumption was isotropy, which is not the case in case of a single crystal Si and

directional solidified metals in general. The influence of grain-boundary and precipi-

tates/inclusions on the dislocation behaviour was also ignored in these model. Other

researchers have also questioned the accuracy of dislocation predictions using the HAS

models in mc-Si ingots during directional solidification. For example Ryningen et al

[37] experimentally argued that stress based models are not very accurate in predict-

ing the dislocation density and the dislocation growth is a local phenomenon affected
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2.5. Summary

by the grain boundary and crystal growth.

The chapter further discussed the wire sawing process and some of the works

carried out by Mollner et al [3, 4, 30, 31] to understand the underlying processes

during wire sawing and their affect on the wafer quality. While these works cover the

effect of wire, abrasives and slurry, they do not incorporate the effect of initial residual

stress in the work piece (ingot). Furthermore, it was found that currently there is only

one thermo-mechanical simulation [49] performed to measure the warpage of wafers

during wire sawing. This may be because, predicting the wafer warpage would require

both the modelling of directional solidification and wire sawing process. Plasticity

during wire sawing is a complex phenomenon and comes from two sources. First,

the abrasives act as indentors and lead to plastic deformation. Second, the plastic

deformation due to thermal strain and temperature gradient during this process.

These plastic deformations are interesting problems to address, however, for this study

only the plastic deformation from the later factor is considered.
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Chapter 3

Scope and Objectives

3.1 Scope of this Research Work

In recent years, wafers for solar cells have been produced by wire sawing of direction-

ally solidified mc-Si ingots. The wafers produced in this way have two issues. 1. Loss

of efficiency due to the presence of defects such as dislocations, impurity atoms and

grain boundaries. 2. Warpage in wafers during wire sawing due to inelastic defor-

mations and the presence of initial residual stress in the work piece i.e. directionally

solidified mc-Si ingots.

Over the years, a number of finite element models have been developed for predict-

ing dislocation growth and residual stress during the directional solidification process

of mc-Si ingots. These models take into account the dislocation kinetics model of

Si. When it comes to wire sawing, however, there are limited finite element mod-

els available for predicting warpage and residual stress. For the thermal simulation,

only Bhagavat and Kao [4] have developed a FE model, to the best knowledge of the

author and for the stress simulation, a few analytical models have been developed

[30, 31]. Furthermore, the author could not find any models that considers the effect

of pre-existing residual stress and dislocation density in the work-piece on the wafer

quality.

3.2 Objective of this Research Work

The goal of this work is to simulate warpage in wafers as-cut from directionally solid-

ified ingots. To perform such a simulation, a finite element model is developed both
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3.2. Objective of this Research Work

for the directional solidification and wire sawing processes, with the later taking the

results of the former as initial conditions. Furthermore, to study the effects of cooling

conditions during solidification, simulations are performed for cooling rates of 2, 5

and 8 K/Min i.e. slow, medium and fast cooling respectively. The current work can

be broken down into 3 steps, as shown in Figure 3.1,

(1). Thermal and stress simulation of DS process: Casting Model

(2). Post-processing/mapping of results from casting model on a wire sawing simula-

tion mesh

(3). Thermal and stress simulation of wire sawing process: Wire-sawing Model

Figure 3.1: Overview of the simulations
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Chapter 4

Model Development

4.1 Introduction

In this thesis, the objective is to develop a numerical model to simulate the residual

stress and dislocation density distributions found in Si wafers produced for solar cell

applications. The manufacturing process involves casting via directional solidification

and then wire sawing. Both process steps involve significant thermal loads and me-

chanical deformation. In order to determine the material state after wire sawing, it

is necessary to simulate both the evolution in temperature and in stress/strain state.

However, solving these equations is challenging because they require accurate ma-

terial properties, boundary conditions, geometry and state equations (for stress and

dislocations). These material properties can vary significantly depending upon the

purity and grain structure of Si. The boundary conditions and geometry can vary

depending on the physical setup for which the process is being simulated.

Mathematical equations for any physical process, such as temperature evolution

and mechanical deformation, can be solved using numerical methods. One of the

most commonly used numerical methods for solving problems related to continuum

mechanics is the finite element analysis (FEA). In this research project, the com-

mercial finite element software package ABAQUS 6.12 has been used to model the

processing of Si wafers. This software is an efficient explicit/implicit finite element

simulation package with excellent capability to solve transient heat transfer problems

and mechanical deformation problems, and is very well documented.
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4.2 Model Formulation, Domain & Geometry

4.2.1 Analysis Formulation

The finite element prediction of the residual stress and dislocation density after di-

rectional solidification and wire sawing requires solving the heat transfer and stress-

strain partial differential equations. The heat transfer equation during solidification

is simplified by neglecting convection; heat conduction is assumed to be the only heat

transport medium. The heat transfer equation in the standard form used in the finite

element formulation is given by,

∂(ρcpT )

∂t
−∇ · (k∇T ) = Q̇ (4.1)

where ρ is the density in kg m−3, cp is the specific heat in J kg−1 K−1, T is the tem-

perature, k is the thermal conductivity in W m−1 K−1, and Q̇ is the heat generated

inside the domain in W m−3. In the case of a thermal model simulating solidification,

the term Q̇ represents the latent heat. This equation is discretized and then solved

to obtain the evolution in temperature across the domain.

The main stresses during casting and wire-sawing arise from thermal strains that

occur as a result of temperature variations across the domain (if the pressure from

the wire is ignored). These thermal strains are then used to calculate the residual

stress and dislocation density. The governing equation defining this problem is the

equation of stress, given by,

∇ · σS + b = 0 (4.2)

where σS and b represent the stress and the acting body force at any point inside

the domain respectively. The stress in this equation can be further written in terms

of the displacement or the strain via the material constitutive equation and Hooke’s

law. This displacement can then be solved numerically, with the supplied body force

29
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and displacement boundary conditions.

If the strains are small, and deformation is within the elastic regime, then the

stress tensor (σ) and the strain tensor (ε) have a linear dependence proportional to a

stiffness matrix [Del] as per Hooke’s law,

(σ) = [Del](εel) (4.3)

where the matrix [Del] contains the material elastic constants that are a function

of elastic modulus and Poissons ratio. Beyond the elastic regime, the relation be-

tween stress and strain is no longer linear and thus [D] depends upon the respective

constitutive behavior of the material. In a finite element analysis, this is simulated

incrementally, i.e.,

dσ = Dindεin (4.4)

where dσ and dε represent the increment of stress σ and strain ε, respectively and

[Din] represents the inelastic constitutive behaviour of the material.

The ABAQUS software contains four built-in constitutive models: elastic-plastic,

elastic-viscoelastic, elastic-creep and elastic-creep-plastic. As discussed in the litera-

ture review, the constitutive behaviour of Si during casting and wire-sawing is mainly

governed by dislocation creep deformation, and so the elastic-creep ABAQUS scheme

is used in this thesis. A custom subroutine has been written in FORTRAN 77 to

implement the dislocation creep model. This will be discussed later-on.

Within ABAQUS, thermal-mechanical FEA can be performed in one of two ways.

First, known as fully-coupled analysis, the heat transfer and stress-strain equations

are solved simultaneously. Second, known as sequential coupling analysis, the heat

transfer equation is solved first and its results are then applied as boundary conditions

to the mechanical model when solving the stress-strain equations. The first option

is used when the heat transfer and the stress-strain equations have a strong mutual

dependence. The second option is used when the interaction can be approximated
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as one way i.e. while the stress-stress equation is dependent on the heat transfer

equation, the inverse is not the case.

In finite element methods, the correctness of a solution is determined by the size

of the residual values (residuals are mathematical functions of the independent vari-

ables, temperature and stress in this case). In a transient coupled thermo-mechanical

analysis, at each time increment, ABAQUS iteratively calculates the values of stress

and temperature to minimise the value of the residuals. Mathematically, the fully

coupled analysis can be written as,

Kuu KuT

KTu KTT


∇u
∇T

 =

Ru

RT

 (4.5)

where ∇u and ∇T are the respective corrections to the incremental displacement

and temperature, Kij are components of the unsymmetric Jacobian matrix and Ri

are mechanical and thermal components of the residual vector. ABAQUS solves this

coupled system using the Newton-Raphson method with the heat transfer and the

strain-strain differential equations solved using a backward-difference scheme.

In case of a weak coupling or a sequentially coupled analysis, the off-diagonal

submatrices KuT are KTu are small compared to the components in the diagonals in

the Jacobian matrix of Equation 4.5. The off-diagonal components can be set to 0 as

shown, Kuu 0

0 KTT


∇u
∇T

 =

Ru

RT

 (4.6)

Due to this approximation, the thermal and the mechanical equations can be solved

separately and more efficiently, reducing computation time.

In this project, sequential coupling is applied. The main issue with this approach

is the need to take extra precautions while solving the stress-strain equations since

the stress fields, which are linked to the generation of dislocations, are very sensitive

to temperature changes. Under such temperature-dependent kinematical framework,
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even a small error in the temperature field might introduce large errors in the stress-

strain fields and hence a high level of accuracy in temperature is required. In this

work, errors in the temperature are minimized by enforcing a maximum time steps

of two seconds in the thermal model. As will be discussed later, two seconds is small

in comparison with the total casting simulation time. The use of a small time-step

considerably increases processing time but ensures accuracy. The overall temporal

discretization scheme was implicit.

4.2.2 Model Domain, Geometry and Meshing

Casting

The geometry used to simulate mc-Si casting was cylindrical, to match a Crystalox

DX-250 furnace found in the literature, with dimensions 250 mm in diameter and 105

mm in height [28]. The goal was to characterize the thermal evolution of the ingot

during directional solidification, along with the residual stress and dislocation density

states at the end of the casting process. Due to symmetry along the centreline, finite

element analysis is only required for a one-half radial section having dimension of 125

mm by 105 mm. Further, the geometry allows the simulation to be converted from

3D to axi-symmetric, saving computational time. The geometry was meshed with

1548 nodes and 1470 elements with each element having four nodes. The element

types used for thermal and stress models were axisymmetric diffusive heat transfer

and axisymmetric reduced-integration given by DCAX4 and CAX4R respectively in

ABAQUS. The domain is shown in Figure 4.1.

The objective of this analysis was also to study the residual stress and the dislo-

cation density under a range of cooling rates. These cooling rates were simulated by

assuming the bottom surface to cool at 2, 5 and 8 K/Min, mimicking slow, medium

and fast cooling respectively. The time supplied for simulation was 900, 300 and 200

minutes respectively for slow, medium and fast cooling. Extra time was supplied in

these simulations to ensure that the entire domain cooled to 298 K.

32



4.2. Model Formulation, Domain & Geometry

Figure 4.1: Mesh for casting simulation

Wire Sawing

The analysis domain for the wire sawing model was a circular volume with diameter

250 mm and height 1500 µm. The goal was to determine the variation in warpage and

dislocation density in as-cut Si wafers taken from different heights along the ingot after

the cutting process. The wire sawing simulations were performed on three different

locations within the casting: 26.25, 52.5, and 79.75 mm from the base of the ingot.

The reason for performing the analysis on these sections instead of the whole ingot was

to minimize computational cost and time. The caveat of this approach is the need to

correctly map stress, strain and dislocation density from the casting model onto these

sections. The first step was to map the stress, displacement, and dislocation density

fields from the results of the casting simulation as initial conditions. Once mapped,

thermal and mechanical simulations were performed. For all the three sections, only

a single thermal model was built because it was assumed that the temperature profile

while multi-wire sawing does not vary along the axis of the ingot. The mechanical

models were built separately for these three sections, and applied the temperature
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results from the thermal simulation of wire sawing as a pre-existing field. The time

for wire sawing was taken as 400 minutes following industry standard practise [4, 49].

An axisymmetric mesh could not be used for modelling wire sawing because it

is not a symmetric operation. A special type of mesh, as shown in Figure 4.2, was

constructed by writing a script in PYTHON. This mesh had parallel lines perpendic-

ular to the feed movement direction. This meshing was used to simulate a material

removal pattern with wire movement from the entry point to the exit point. Note

that this mesh is still an approximate representation of the wire sawing since in real-

ity the wire bows during this process. This mesh had 9608 nodes and 6903 elements

with 8 nodes per element for both the thermal and stress models. The 3D diffusive

heat transfer DC3D8 and continuum C3D8 elements were used for the thermal and

mechanical, respectively, models.

Figure 4.2: Mesh for wire sawing simulation

4.3 Input Material Properties

4.3.1 Thermal Properties

The thermal properties of liquid and solid Si, required for performing the temperature

finite element analysis, include: density, latent heat of fusion, heat capacity, and
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thermal conductivity. These are tabulated along with their respective sources in

tables 4.1-4.3. Impure materials usually solidify over a temperature range, between

the liquidus and solidus. The size of this range depends upon the concentration of

primary and secondary constituents in it. For a material with a high concentration of

one constituent, the liquidus-solidus range is small. During directional solidification

of mc-Si from MGS, due to the 98% purity of Si, this range is between 0.5-1 K

around the melting point temperature i.e. 1683 K. The thermal conductivity and the

heat capacity of Si depends on temperature [13] and change significantly from room

temperature to its melting point.

Si, unlike other elements, is unique in that the density of the liquid is greater

than the solid, by about 9-10% [12, 26]. This implies that solid Si has the potential

to float during solidification. However, for this analysis, this material behavior is

ignored to reduce complexity. The variation in density with temperature for solid

Si is also ignored because adding that feature would change the mass balance of the

system. If there is no mass leaving or entering the domain, then a change in density

implies a change in volume. To accommodate this volume change, the meshing needs

to change. In order to prevent this complexity, the density is assumed constant.

Table 4.1: Thermal property of Si [28]

Tsolidus (K) 1682.5
Tliquidus (K) 1683

Latent Heat, L (kJ kg−1) 1926
Density, ρ (kg m−3) 2330

4.3.2 Mechanical Properties

The mechanical properties required for performing the stress/strain finite element

analysis are: elastic moduli, Poissons ratio and thermal expansion. These properties

are tabulated in table 4.4, along with their respective sources.
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Table 4.2: Thermal Conductivity of Si with Temperature [13]

T (K) k (W m−1 K−1) T (K) k (W m−1 K−1)
200 266 1000 31
300 156 1100 28
400 105 1200 26
500 80 1300 25
600 64 1400 24
700 52 1500 23
800 43 1683 22
900 36 1684 100

Table 4.3: Specific heat of Si with Temperature [35]

T (K) Cp (J kg−1 K−1) T (K) Cp (J kg−1 K−1)
293 657 975 920
370 735 1079 935
447 790 1156 944
474 805 1281 963
535 831 1398 980
570 844 1481 989
666 870 1614 994
772 889 1656 994
874 904 1800 989

Table 4.4: Mechanical property of Si [28]

Property Temperature range (K) Value
Thermal Expansion 298< T <1683 3.725×10−6 · [1− eb]

Coefficient b = −5.88(T − 124)10−3 + 5.55T10−4

α′(T ) (K−1) [34] 1683 < T 0
Young’s Modulus 298< T < 1683 1.7× 1011 − 2.771× 104 × T 2

E (Pa) T = 1713 100
T = 1773 1

Poisson’s Ratio ν N/A 0.22
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Elastic modulus:

The elastic modulus is a function of temperature, changing from 167 GPa at room

temperature to 91 GPa at the melting point. Above the melting point, it is ramped

down to a significantly lower value over the next 50 K. This was done to ensure that

the liquid transitions into the a solid without experiencing sudden deformation that

may lead to inelastic strains.

Coefficient of thermal expansion:

Although the actual coefficient of thermal expansion is given in table 4.4, ABAQUS

requires this information in a format known as total thermal expansion based on a

reference temperature as shown in Equation 4.7.

α(T ) =
1

T − T 0

∫ T

T 0

α′(T )dT (4.7)

where α is the effective thermal expansion, α′ is the temperature dependent thermal

expansion coefficient, as given in Table 4.4 and T 0 is the reference point specifying the

critical temperature where it is assumed that the material has zero thermal strain. In

this study, T 0 was taken to be the melting temperature of Si, 1683K, since in molten

form there is no strain. The total thermal expansion α can be imagined as the average

rate of change of length with temperature rather than instantaneous rate of change

between the reference and current temperatures.

Stress - Strain data:

In this analysis, the elastic-creep behavior governed by the HAS creep model is con-

sidered. These governing equations are further discussed in the literature review. The

inelastic deformation occurs to compensate for the movement and multiplication of

dislocation.
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4.4 Initial & Boundary Conditions

4.4.1 Casting: Thermal Model

The initial condition for the thermal model was the initial temperature of the Si melt,

and this was assumed to be 1773 K. This is the maximum temperature that the Si

reaches in the furnace prior to the start of the solidification process. Thermal bound-

ary conditions were placed on all edges of the mesh shown in Figure 4.1. Specifically,

the edges BC & CD are assumed to be insulated, while it is assumed that heat is

extracted through the bottom edge AB. A special convective boundary condition was

applied to approximate a Dirichlet BC in order to achieve cooling rates of 2, 5, and

8 K/min on edge AB A Dirichlet boundary condition in heat transfer physics is a

prescribed value of temperature on the boundary. This could be a constant value or

some predefined function. It can be written as,

T = f(t) (4.8)

where, T is the boundary temperature and f(t) is a function in time t. In finite

elements, Dirichlet boundary conditions often pose convergence difficulties. To avoid

these issues, a special convective boundary condition/surface film coefficient was de-

veloped in ABAQUS in which the sink temperature was ramped down from 1773 K

to 298 K at 2, 5 and 8 K/Min and the film coefficient was assigned a large value so

that the nodes at surface AB always remain at the sink temperature.

4.4.2 Casting: Displacement Model

Mc-Si ingots are observed to have an initial homogeneous dislocation density of 1−100

cm−2 [33], hence this was chosen as an initial condition for dislocation density field.

During the displacement simulation, temperature data is read from the thermal model

as a pre-existing condition at each increment. This data was read from the thermal

model result database using ABAQUS inbuilt functions.
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Mechanical boundary conditions were supplied to ensure that the nodes on the

edges move within the physical movement space available during the solidification

process. The nodes on the edge BC cannot move outwards, but since it is known that

Si contracts during cooling from high temperature to low temperature, nodes on edge

BC were not constrained mechanically. The node at A was mechanically pinned to

ensure that at least one point on the edge AB stays in contact with the bottom. This

leaves other nodes on edge AB free to move.

In addition to the above boundary conditions, the nodes on the edge DA were

constrained to move only in the vertical direction Y. This was done to ensure that

the mesh respects the symmetry of the physical space and the nodes on edge DA do

not move radially since this would mean that the ingot is tearing from the center.

4.4.3 Wire Sawing: Thermal Model

An initial temperature of 298 K, representing room temperature, is applied to all of

the nodes of the wire sawing mesh. The system is then allowed to heat up.
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Figure 4.3: Wire movement

The most important aspect of thermal modelling of the wire-sawing process is to

determine the heat flux entering the work piece from the wire and the heat exiting

from the new surface formed due to surface convection.

4.4.3.1 Heat Flux entering the work piece

Heat flux entering inside the ingot depends upon several factors including wire and

slurry parameters. An analytical model has been developed by Bhagwat and Kao [4]

to model this heat flux, Q as a function of power supplied to the wiresaw machine P

(W m−2), area being machined A (m2) and a dimensionless quantity η representing

the fraction of power that is transferred as compared to the amount that is actually

being used for slicing,

Q =
ηP

A
(4.9)
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The power P can be further expressed as,

P = Tv (4.10)

where T (N) is the tension set in the wire during slicing, v (m s−1) is the velocity of

the wire during sawing. The area being machined can be expressed as,

A = πRL (4.11)

where R (m) is the radius of the groove formed during slicing, L (m) is the contact

span. Contact span is the length of wire in contact with the ingot as shown in

Figure 4.3. The dimensionless quantity η is a function of bow angle α that the wire

makes with the horizontal axis because of bowing while slicing. The force exerted

by the wire can be resolved into horizontal and vertical components. The vertical

component of the tension is assumed to be responsible for the slicing and can be

expressed as T sin(α). As discussed in Sec. 2.4, the wire pressure while wire sawing is

a function of contact span length L. Thus, taking these two factors into consideration,

the dimensionless constant ε can be defined as

η = sin(α)× L (4.12)

η should also include a constant for the amount of heat dissipating in the slurry.

Yamada et al [49] have estimated that 1/3 to 1/2 of the heat from the wire is taken

away by the slurry. However, for this analysis, this loss of heat by slurry is ignored.

The flux entering also depends on the length of heat source ls i.e., which is shown

in Figure 4.3 as πR/2. During the finite element formulation of this process, how-

ever, the flux applied is multiplied with the length of the element le instead of ls.

There is an issue in this approach if le is greater than ls as it will supply extra flux

in every step. To balance this, a factor ls/le is also multiplied to the supplied heat

flux. The heat flux increases with cutting depth until the center is reached after which
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it symmetrically decreases. The increase in flux with the depth is shown in Figure 4.4.

Figure 4.4: Heat flux with cutting depth

4.4.3.2 Heat flux leaving the workpiece

During wire sawing simulation, a new surface is created at each step of the model.

All surfaces that are exposed to the air during slicing, including the newly formed

surfaces, are to be applied with a natural convection boundary condition.

Si surface has a natural convection coefficient of h = 5 W m−2 K−1 [4]. However,

this value can not be used for the newly formed wafer surfaces. This is because the

new formed surfaces are very close to each other and convection through their surface

is affected by the combined movement of slurry, wire and abrasives particles. For this

simulation, effective surface convection coefficient data is taken from Bhagavat and

Kao [4], and shown in Figure 4.5. At the cutting position near the feed reference, the

convection coefficient is 5 W m−2 K−1, while at the center of ingot it is 0.5 W m−2 K−1.
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Figure 4.5: Heat flux with cutting depth

4.4.4 Wire Sawing: Displacement Model

Stress, strain and dislocation density results from the casting displacement model

are required as the initial conditions for the wire sawing displacement model. This

was done by mapping the results from the casting mesh onto the wire sawing mesh.

Similar to the casting displacement model, temperature was taken from the wire

sawing thermal model at each step in ABAQUS as a pre-existing temperature value.

The mechanical boundary conditions supplied were pinning of nodes at the edge

points where the wire leaves the work piece. This was done because the work piece is

mounted on an ingot-holder at this end during the sawing process.

4.5 Relevant equations

In any physical process which involves the application of mechanical load, the overall

strain in the system is the summation of strain contributions from several factors. In

the current work, the total strain is assumed to be the sum of elastic, plastic, thermal

43



4.5. Relevant equations

and dislocation creep strain given as,

ε = eel + epl + ethermal + ecreep (4.13)

In an isotropic medium, the rate of change of the elastic strain tensor ε̇els is given

as,

ε̇els =
1 + v

E
σ̇s −

v

E
tr(σ̇s)I (4.14)

where v and E are the Poisson’s ratio and the elastic modulus. The rate of change of

thermal strain is given as,

ε̇Ts = α′Ṫ I

where α′ is the coefficient of thermal expansion as discussed in the material property.

In this simulation, it is assumed that the material deforms within the elastic limit

and hence no plastic strain is considered,

ε̇ps = 0

The constitutive equation for creep strain is obtained by implementing the HAS

dislocation growth equation. As discussed in the literature review, this equation

connects the stress-dependent dislocation density with the creep strain rate. In a

multiaxial form, the HAS equation can be written as,

ε̇creeps =
1

2
bk0(σeff )

P exp(−Q/kbT )Nm
1√
J2
· Sij (4.15)

Ṅm = Kk0(σeff )
P+λexp(−Q/kbT )Nm (4.16)

J2 =
1

2
SijSij (4.17)
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4.5. Relevant equations

Sij = σij −
1

3
σkkδiij (4.18)

where b is the magnitude of the Burgers vector, σeff the effective shear stress, Q the

Peierls potential, kb the Boltzman constant, T the absolute temperature of the Si

crystal, Nm the density of mobile dislocation at any time, Sij the deviator component

of stress, J2 the second invariant of the stress deviator and k0, K, P and λ the material

parameters. The parameters used in the HAS model, except the Boltzman constant,

are material specific.

The value for each of these parameters for Si is taken from Maroudas and Brown

[27] and are given in Table 4.5.

Table 4.5: Value of parameters in HAS equation [27]

K b k0 Q P λ D
(m N−1) (m) (m2 + m N−m s−1) (eV) (m−1 N)

3.1× 10−4 3.8× 10−10 8.6× 10−4 2.2 1 1.1 4

It should be noted that in ABAQUS, during implementation of this constitutive

creep equation, the strain is supplied as equivalent creep strain. Equivalent strain is

obtained by replacing Sij in Equation 4.15 with equivalent Von Mises stress given as,

σv =

√
3

2
SijSij =

√
3J2 (4.19)

and then solving for ε̇creeps . The effective stress σeff in Equation 4.15, which is the

stress available to multiply and increase the dislocation density, is written as,

σeff =


√
J2 −D

√
Nm, if

√
J2 > D

√
Nm

0, if
√
J2 ≤ D

√
Nm

(4.20)

where D is the strain hardening factor. σeff can be positive or 0 depending on

the value of dislocation density and equivalent stress. If σeff is 0 then, as given by

Equation 4.16, there is no change in the dislocation density. With an increase in
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4.6. ABAQUS Implementation

the dislocation density, the second term in Equation 4.20 increases, which leads to

a decrease in σeff and, thus, the dislocation multiplication rate. This further means

that the increase in the dislocation density will mostly be observed in the initial stages

of deformation.

The stress relaxation is obtained through Hooke’s law by substituting the value of

elastic strain with the total, thermal, and creep strain shown as,

(σ) = [Del](εel) = [Del](ε− εthermal − εcreep) (4.21)

The stiffness matrix [Del] depends upon the Young’s modulus and the Poisson’s ratio,

whose values are provided as material properties during the analysis.

The thermo-mechanical analysis using dislocation creep constitutive behaviour

starts by assigning an initial dislocation density N0
m and initial temperature field. At

each numerical increment in ABAQUS, the change in temperature is translated into

thermal and creep strain and the convergence checks are done by ABAQUS. Upon

convergence, the stress/strain and dislocation field are updated and the dislocation

increment rate calculated and stored in order to calculate the creep strain in the next

increment. The final dislocation density and the residual stress state is obtained upon

the completion of the simulation.

4.6 ABAQUS Implementation

In this section, the development of models for directional solidification, wire sawing

and mapping of results in ABAQUS is discussed.

4.6.1 Directional Solidification

The development of a model in ABAQUS simulating directional solidification was

straight forward. The governing equations for different states were solved on the

mesh along with the supplied boundary and initial conditions. These were discussed
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in the previous sections.

4.6.2 Wire Sawing

The finite element model of wire sawing was developed to simulate the material re-

moval due to wire movement along the cutting direction. The material removal pro-

cess was discretized into several smaller steps, as shown in Figure 4.6. During each

ABAQUS step, one row of elements were removed from the mesh to simulate the thin

layer of material removed and the heat transfer and the stress-strain equations were

solved accordingly. Each step in the ABAQUS input file had 3 attributes that were

dependent on the location of the cut. First, the magnitude of the heat flux entering.

Second, the magnitude of heat leaving. And third, the time size of that step.

The magnitude of the heat flux entering in the work piece from the wire and heat

leaving due to convection from the new surface is applied as a thermal load and a film

boundary condition, respectively, with the values as per discussed in Section 4.4.3.

The time step size was calculated based on the contact length between the wire and

the ingot at the current step. This is discussed in as follow.

The overall model was developed to simulate for a 400 minute wire sawing process

since this is the industrial time scale of this process [4]. Time size 4ti for all the steps

i = 1, 2, .. were not equal. The time size of each step is dependent on the material

removal rate which is, as discussed in the literature review [31], is given as vs,

vs =
m V0
As 4t

(4.22)

where m is the indentation events per unit contact area As in time 4t and V0 is the

material removed per indentation event. Based on indentation and fracture mechanics,

V0 has been found to be a function of normal force FN acting on the work piece as:

V0 = F 2.2
N (4.23)
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Figure 4.6: Figure to display the mesh removal during cutting to simulate the material
removal process

.
It is self-evident that As, at any given point in cutting, is directly proportional

to the contact length between the wire and the work piece. Based on Equation 4.22,

it can be said that the material removal rate vs is, therefore, also a function of the

contact length,

vs =
1

ωLx
(4.24)

where ω is a proportionality constant. It is assumed that the value of ω is dependent

on the slurry, the abrasives particles’ shape and size and independent of the contact

length. In this work, those factors are not studied, and so a constant value of ω is

taken for all contact lengths. This model was developed for a cylindrical work piece

geometry. Time steps size for each steps were calculated beforehand as a function of
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depth of cut and then supplied in ABAQUS as respective step time size. The time

step size 4tix required to remove a strip of material 4xi at depth of cut x at the ith

step can be written as,

4tix =
4xi

vis

4tix = ωLix4xi (4.25)

Lx = 2
√
R2 − (R− x)2)

where R is the radius of the workpiece. In order to supply the value of time step 4tix,

the value of ω was required. This value of ω was approximated based on the total

time the wire sawing process took. Total time during wire sawing was written as the

integration of all the 4tix,

∫ T

0

dt = 2

∫ R

−R
ω
√

(R2 − (R− x)2)dx (4.26)

Since ω is constant with x, it can be written as,

T = 2ω

∫ R

−R

√
(R2 − (R−X)2)dx = 4ωR (4.27)

ω = 400/4R = 400/(4 ∗ 125) = 0.8

This value of ω was used in Equation 4.25 while discretizing the time steps for the

thermal and stress/strain finite element model of the wire sawing process.

The ABAQUS input file for the thermal and the stress wire sawing model was

developed using python. The whole input file was split into various modules such as

mesh geometry, material property, steps to simplify its creation. In the mesh geom-

etry construction module, the row wise collection of elements were assigned element

group, surface group and node group names. This was done so that in the steps con-
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struction module, these surface/node/element names can be called and assigned the

respective thermal load, boundary conditions and element deletion. The step module

created steps in the input file by iterating through python loops. In each loop, one

layer of wafer was removed. This was done by applying model change command in

ABAQUS on the element row that was to be removed in that step. Upon removal

of element layer, new surface was formed, as shown in Figure 4.7. Surface flux was

activated on the new surface. Apart from element removal and surface flux activation,

thermal load was also applied on the new surface formed. The magnitude of surface

flux, thermal load and time step in each step loop was applied based on the loop

number. Each loop number signified a particular depth of cut. Similar strategy was

used for the stress input file generation too.

Figure 4.7: Construction of step for the thermal input file.

4.6.3 Mapping

The wire sawing simulations required results from the casting simulations to be

mapped as initial conditions. The casting simulations were performed on a 2D ax-

isymmetric mesh to save computational time and the wire sawing simulations were
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performed on a non-symmetric 3D mesh. Therefore, mapping was a challenging task.

The mapping of stress fields was a 3 step procedure, as shown in Figure 4.8. First,

the rotation of 2D axisymmetric result into a 3D result. Second, mapping this 3D

result on the wire sawing mesh to occupy the same volume. Third, deactivating the

elements of the mesh where the wire sawing simulation was not being done.

During the third step, while deactivating the parts of the mesh, it was important

to prevent stress release. This challenge was overcome by applying a mechanical pin-

ning boundary condition. The mapping of results was only done at three locations.

The detail of this will be further discussed in the next chapter.

Figure 4.8: Figure to display the transfer and the mapping of the casting results from
the axisymmteric mesh on the wire sawing simulation mesh.
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Chapter 5

Results and Discussions

In this chapter, the results of our thermo-mechanical simulation of mc-Si solidification

and wire sawing processes are presented and discussed. For both of these processes,

the thermal simulation provided the temperature variation and the stress/strain sim-

ulation provided the residual stresses and strains and the final dislocation state. The

spatial and temporal variation of these results will be discussed to analyse their de-

pendence on the processing conditions.

5.1 Casting: Thermal Simulation

As discussed in Section 4.2, the thermal simulation for casting was carried out by

cooling the bottom surface of the ingot at 2, 5 and 8 K/Min. This was implemented

by applying a Dirichlet boundary condition on the bottom surface. The results of

these simulations are shown in Figure 5.2. Before moving on to the results, the

relevant point of interest for which the results are presented are shown in Figure 5.1.

Point A is located at the bottom radial center of the ingot, point B is located at a

height of 1/4th of ingot height above point A, point C is located at 1/2 of the ingot

height above point A and point D is located at the center of the top most surface of

the ingot.
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5.1. Casting: Thermal Simulation

Figure 5.1: Casting mesh and the relevant point of interests

Thermal gradients during casting lead to thermal strains, therefore, a tempera-

ture gradient graph between the bottom and the top part of the ingot can provide a

qualitative insight into the effect of cooling conditions on the final ingot stress/strain

and dislocation density. As seen in Figure 5.2, the thermal gradient between point A

and C and point A and D is high at the melting point due to the release of the latent

heat of fusion. In the case of 8K/min cooling, this gradient is approximately double

as compared to the 2K/min cooling case. With further cooling, this gradient grad-

ually decreases and plateaus until it finally vanishes at the end of the process. The

magnitude of this plateau is dependent on cooling rate and is maximum for 8K/Min.
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5.1. Casting: Thermal Simulation

Figure 5.2: Variation in temperature and temperature gradient between the top-
bottom and the middle-bottom with time

Another interesting thing to observe here is that the spike in temperature gradi-

ent exists for a longer time period in case of 2K/min cooling condition. As discussed
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in Chapter 2, the creep strain rate in the HAS model is a function of the thermal

strain and specifically is an exponential with a temperature term. This means that

the accumulated creep strain is dependent both on the magnitude of thermal strains

developed and the time duration for which the ingot was exposed to high tempera-

ture. For the case of 2K/min cooling, even though the thermal gradient (and thermal

strain) is low, the time for which this strain is applied is long compared to the 5 and

8 K/min cooling. This may therefore influence the strain dependent dislocation den-

sity in the ingot and render slow cooling ineffective in lowering down the dislocation

density.

5.2 Casting: Stress Simulation

As discussed in Section 4.2, the stress model for casting was developed to simulate

the stress/strain state during solidification using the HAS model, which incorporates

the dislocation-creep behaviour. The predicted temperature-time results from the

thermal model were used as temperature inputs for this model.

The change in dislocation density with temperature and time is displayed in Figure

5.3. These graphs are for the bottom and the top of the ingot (shown as Point A and

D respectively in Figure 5.1). For all the 3 cooling cases, the increase in dislocation

density occurs just below the melting point, which can be attributed to the strains

developed due to the mismatch in the temperatures between A and D. This mismatch

is evident from the hold in the temperature curve from the top part. The rise in the

dislocation density in the top and the bottom part is not the same and more for the

bottom case. This may be due to the assumption of the contact/pinned boundary

conditions applied at center bottom of the ingot. With an increase in the cooling rate,

the final dislocation density as well as the difference between the dislocation density

in the top and the bottom part increases.
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Figure 5.3: Comparison of temperature and dislocation density with time for all the
three cooling conditions for top (left) and bottom (right) of the ingot.
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The variation in dislocation density with equivalent stress are shown in Figure

5.4. The stress curve has four phase. First, the initial spikes. Second, the decrease in

spikes. Third, the gradual increase. And fourth, the final plateau. The initial spikes in

the stress occurs due to the large thermal strains from large thermal gradient during

the liquid to solid transition phase. The decrease in spikes occurs due to inelastic

yielding, discussed in the next paragraph. The gradual increase in the stress occurs

due to the increase in Young’s Modulus with the decrease in the temperature. And

finally, once the temperature across the ingot reaches final temperature, the stress

reaches its final value.

The dislocation density starts increasing when the equivalent stress spikes. With

the increase in dislocation density, the equivalent stress falls, which is expected due

to stress relaxation manifested in dislocation-creep inelasticity. The final dislocation

density is highest at 8 K/min and lowest at 2 K/Min. Comparing this figure with

Figure 5.2, it can be seen that the spikes in equivalent stress exists until the gradient

between the bottom and the top part of the ingot reduces to a small value. These

spikes are proportional to the magnitude of the gradient itself. This is why in the

case of 8K/min cooling, the equivalent stress rises to a higher level leading to a higher

dislocation density.
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Figure 5.4: Comparison of equivalent stress and dislocation density with time for all
the three cooling conditions.
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Based on Figure 5.4, it can also be seen that the residual stress and the final

dislocation density both increase in response to increases in the cooling rate from

2K/min to 8K/Min. It is a well known fact that in absence of any inelastic/plastic

deformation during cooling, there is no residual stress. However, in this case, due

to dislocation-creep, which is an inelastic form of stress relaxation, residual stress is

developed whose magnitude is proportional to the level of creep deformation itself.

The level of creep relaxation is manifested by the final dislocation density. Therefore,

final dislocation density and the residual stress both increase alongside with increase

in cooling rates.

Figure 5.4 is consistent with the HAS model in that it shows that the dislocation

density rises when the equivalent stress reaches a high level. This is because in the

HAS equation, the driving force for dislocation growth is the ‘effective’ stress instead

of the actual stress, as discussed in Equation 4.20,

σeff =


√
J2 −D

√
Nm, if

√
J2 > D

√
Nm

0, if
√
J2 ≤ D

√
Nm

(5.1)

This effective stress is a function of both the equivalent stress and the current dislo-

cation density. Due to the presence on an initial dislocation density, the equivalent

stress has to first reach a critical level before it can start the multiplication of disloca-

tion. As shown in Figure 5.5, the dislocation density only increases when the effective

stress is positive.
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Figure 5.5: Comparison of effective stress and dislocation density with time for all the
three cooling conditions. The dislocation density increasing only when the effective
stress is positive.
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Another point to observe in Figure 5.4 is the fact that the dislocation curves, very

strongly, plateaus after the initial phase of cooling. It should be noted that in this

plateau region, the high levels of stress do not lead to any change in the dislocation

density curve. This is because of two reasons. First, as per the HAS equation, the

back stress (D
√
Nm, as discussed in Equation 5.1) against dislocation growth increases

with an increase in the dislocation density. Physically, it means that with increasing

dislocation density, it becomes more difficult to move and grow dislocations as they

act as barrier preventing further multiplication and growth. Back stress and dislo-

cation density is shown in Figure 5.6. The second reason for this plateau is the fact

that HAS equation has an Arrhenius type dependence on temperature. Due to this,

the dislocation growth is extremely small at lower temperature. Comparing Figure

5.4 and 5.3, it can be seen that below 1200K there is no change in the dislocation

density in all the cooling cases and hence the observation of a plateau.
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Figure 5.6: Comparison of back stress and dislocation density with time for all the
three cooling conditions. Back stress increases with the increase in dislocation density
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Figure 5.7: Comparison of radial (ε11), axial (ε22) and hoop (ε33) strain with dislo-
cation density and time for all the three cooling condition for top (left) and bottom
(right) of the ingot.
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It is a well known fact that during cooling, the outer region of a casting experi-

ences tensile strain (+) resulting from its inability to undergo thermal contraction.

This tensile strain leads to “expansion” through inelastic/plastic deformation. Upon

further cooling, the outer region goes into a compressive strain (-) due to the con-

traction of the rest of ingot. The current simulation also presents a similar change in

strain. The changes in the radial, hoop and axial creep strains with time is plotted

in Figure 5.7 as a function of the growth of dislocation for the top and the bottom of

the ingot. The radial and hoop strain increase at first, indicating compressive strain

in radial and hoop direction and then a decrease indicating tension. The final state of

radial, hoop and axial creep strain is different for the top and the bottom part. The

top part of the ingot undergoes compression in the radial and the hoop direction and

tension in the axial direction. The bottom part is in the exact opposite state of the

top part.

Transition of stress state from tensile to compressive passes through a state of null

stress. As per the HAS model, the dislocation growth should not occur at null stress.

This (as expected) can be seen in the dislocation growth curve as it flattens at times

where the creep strain curve changes sign. Interestingly, Franke et al [12] have also

observed the presence of steps in the dislocation rise curve from their simulation.

To examine the variation in residual stress, contour maps of all the final elastic

stress components are plotted in Figure 5.8. The part of the ingot near the cen-

tral/symmetry axis is in compression at the top and bottom part and tension at the

center in the radial and hoop direction. Away from the central/symmetry axis to-

wards the edge, the ingot is in tension in the radial direction and in compression in

the axial and hoop direction. By and large the contour follows a common pattern,

edges in same stress state and center in the opposite state with absence of any transi-

tion regions (with zero stress) in between. The magnitude and severity of these stress

variations increase with the cooling rates. This contour also shows that the final state

of stress/strain in radial and hoop direction is independent of the ingot height. The

model captures the initial transient phase followed by the final steady state where the
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stress/strain in the bulk has a low spatial variation and becomes independent of the

ingot height. This basically means that for a given ingot height, the bulk is mostly

homogeneous in terms of residual stresses and strains. However, the magnitude of

this homogeneous residual stress is, of course, dependent on the total ingot height.

Figure 5.8: Final stress contour: Radial (S11), Axial (S22), Hoop (S33) for (Left to
right) 2K/Min, 5K/min and 8K/Min
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Figure 5.9: Final dislocation density (m−2): (Left to right) 2K/Min, 5K/min and
8K/Min

The final dislocation density for all the cooling cases is plotted as a contour plot

in Figure 5.9. The simulated dislocation density are in agreement with the literature

[17] within two orders of magnitude, as shown in figure below.

Figure 5.10: Dislocation density in half of directionally solidified mc-Si ingot cooled
at 5 K/Min [17]

.
The overall magnitude and the spatial variation of dislocations is higher in case of

8K/min cooling as compared to 5K/min and 2K/min cases. This contour pattern is

similar to the residual stress contour patterns from Figure 5.8. Higher creep deforma-

tion leads to higher dislocation density and it also leads to more stress relaxation. This

is why the similarity in pattern is exhibited. The overall creep deformation is shown in

Figure 5.11. As seen, the outer region have undergone a higher creep deformation. As

seen, the outer region have undergone a higher creep deformation. The creep strain is
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maximum for 8K/Min cooling due to the higher thermal strains. This creep doesn’t

covers the steady state regime creep. Alternatively, if the steady state creep equation

was used instead of transient creep, then the creep strain would have been less. Any

creep equation can have two component, one the steady state part (which makes the

creep strain rate time independent) and second, the dislocation part (which makes the

creep strain rate time dependent). Removing the dislocation part (to make it a steady

state creep), the creep is bound to be low since the creep strain rate in Si steady state

is much lower compared to that in transient case (as was shown in the Si creep curve).

Figure 5.11: Final creep strain: (Left to right) 2K/Min, 5K/min and 8K/Min

5.3 Results transfer and mapping

As discussed in Section 4.7, the axisymmetric 2D results from the casting simulation

were converted into 3D and then mapped onto the wire sawing simulation mesh. This

mapping was done at only three locations, as shown in Figure 5.12. The mapped mesh

had three element layer stacked together, the top and bottom of which were removed

to simulate the cutting process. This is shown in Figure 5.13. The result fields being

mapped were the elastic stress/strain and the dislocation density. This was done to

understand the affect of initial residual stress in the work-piece on the residual stress,

warpage and dislocation density in the wafers after wire sawing. Furthermore, the

objective was also to understand if a wafer cut from different locations had different
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levels of warpage and dislocation density.

Figure 5.12: Figure to show the locations where the wire sawing simulation was done.
Results from these three locations were mapped on the wire sawing simulation mesh.

Figure 5.13: Figure showing the side view of the wire sawing mesh. The mesh has
three element layers each 500 µm. The cutting process is removal of top and bottom
layers using model change in Abaqus.

The mapped stress ‘S-xx’,‘S-zz’ and the dislocation density for 8K/min cooling

conditions are shown in Figure 5.14 and 5.15 respectively. Comparing these with

Figures 5.8 and 5.9, it can be seen that the results were mapped closely. The slight

difference in the mapping is due to the dissimilarity between the casting and the cut-

ting mesh. Mapping in ABAQUS is done by extrapolating the variables. The wire

sawing mesh has oval contours. This may lead to uneven extrapolation, which may

be the reason for oval shaped contours after mapping. Furthermore, while mapping,
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the radial stress is resolved into ’x’ and ’z’ components to calculate ‘S-xx’,‘S-zz’. Due

to the dissimilarity between the meshing, there is an orientation difference during

extrapolation.

Figure 5.14: Mapped stress components S-xx and S-zz from top, mid, bottom sections
(shown from top to bottom) for 8K/min cooled ingot.
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Figure 5.15: Mapped dislocation density from top, mid, bottom sections (shown from
top to bottom) for 8K/min cooled ingot.

5.4 Wire sawing: Thermal simulation

The thermal simulation of the wire sawing was carried out using the heat flux and

the material removal equations discussed in Section 4.6. It was also assumed that the

temperature in the work piece during the sawing did not vary along its axis. Under

this assumption, the thermal simulation domain was reduced to a small section instead

of the complete ingot.

The evolution of temperature with time at various locations on the thermal sim-

ulation domain are shown in Figure 5.17. The mesh domain and points of interest

are shown in Figure 5.16. Temperature rise during the wire sawing process is dif-

ferent at different locations. The peak levels of heating increase along the direction

of cutting. The height of these peaks are 50-60 °C above the starting temperature
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and is in close agreement with the literature on temperature rise during wire sawing

[2, 4]. The maximum temperature gradient between the points at wire entry and wire

exit is approximately around 15 °C and is observed during the middle of the sawing

operation. This is shown in Figure 5.18.

Figure 5.16: Wire sawing mesh and the relevant points of interest. These points are
picked from the central axis of the wafer and are equally distributed along the wire
sawing direction.

The peaks of the heating curves were expected to be at the center since the heat

flux entering the work-piece is maximum at the center due to maximum contact length

with the wire, as explained in Figure 4.4. This is combined with the fact that the

heat flux exiting the work-piece through surface convection is minimum at the center

as discussed in Figure 4.5. Due to these factors, the temperature rise is observed to

be maximum during the middle of the sawing operation.
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Figure 5.17: Temperature with time curve during wire sawing to shown temperature
rise at points along the direction of cutting.

Figure 5.18: Contour plot of temperature at 25%, 50% and 75% of sawing completion
(left to right).

5.5 Wire sawing: stress simulation

The warpage in wafers can occur due to inelastic deformation and/or stress relaxation

during the process of cutting. This is explained as following:

• The inelastic deformation can occur due to temperature rise and thermal strain,

resulting in a change in the shape of the wafer, thereby leading to warpage.

• The movement of wire leads to formation of a new surface which is free to bend.
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This new surface may have an in-plane stress gradient (xz plane in this case)

which is inherently present due to work piece initial residual stress. In order to

establish a force equilibrium during cutting, the surface bends, leading to wafer

warpage.

In order to understand the inelastic deformation during the cutting process due to

temperature rise, the wire sawing stress simulation was performed using the temper-

ature data obtained from the thermal simulation applied as a boundary condition.

Furthermore, to predict only the effects of the temperature rise during sawing on

warpage, the simulation was done without any initial residual stress. The predicted

variation in the dislocation density with time from this simulation is plotted in Fig-

ure 5.19. The plots in the figure are shown for points 1, 2, 3 and 4, as discussed in

Figure 5.16, lying in the mid plane (z=0) of the wafer along the cutting direction.

It can be seen that the dislocation density remains constant, implying no inelastic

deformation occurring in the wafers during the sawing process under the applied con-

stitutive behaviour. This absence of inelastic deformation is because of two reasons,

First, the equivalent stress levels are low during the process (due to a low thermal

gradient as shown in Figure 5.18) as showed in the left of Figure 5.19, Second, due

to the relatively small exponential factor of HAS model at low temperature. In the

HAS model, due to an Arrhenius type relation of dislocation-creep strain rate with

temperature, at lower temperatures a very high value of effective stress is required

for dislocation multiplication and movement. As seen in Figure 5.17, the maximum

temperature reached during the cutting process is 50-60 °C above the room tempera-

ture. A calculation done below using the Arrhenius part of HAS model equation and

its constants (Q and kb), discussed in Chapter 4, shows that the Arrhenius term is

extremely low at a processing temperature of 350 K.

exp(−Q/kbT ) = exp(−2.2/(8.6× 10−5 × 350)) ≈ 10−34

Furthermore, due to the presence of initial dislocation density of 106 cm−2 already in
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the workpiece, there is a large back stress against the movement of dislocations. Un-

der these circumstances, inelastic deformation due to the HAS constitutive behaviour

is unlikely. This, therefore, suggests that the processing conditions during sawing

should not have any effect on the warpage in wafers. However, with a different sup-

plied constitute behaviour of mc-Si, that might not be the case.

Figure 5.19: Plot of dislocation density and mises stress with time from the temper-
ature coupled stress simulation of wire sawing of 2 K/min cooled ingot.

Under the absence of any inelastic behaviour, the warpage is expected to occur only

due to initial residual stress present in the work piece and the location of cut. With

this assumption, the wire sawing stress model was simplified by ignoring the change

in the temperature during the cutting process. This assumption is valid since thermal

strain (which is the cause of warpage) developed during the sawing process should

not have in-plane (xz plane) gradient. This is so because of the assumption made in

the wire sawing thermal model that the temperature does not vary along the axis of

the work-piece.

The final warpage in the wafers predicted by the simulation is summarised as

contour plots in Figure 5.20-5.22. These contours show the change in the ‘Y’ coordi-

nates (with respect to the initial position) for all the points on the wafers cut from
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5.5. Wire sawing: stress simulation

the top, middle and bottom section of 2, 5 and 8 K/min cooled ingots. Overall, all

the points on the surface have a warpage of <1 µm. This is considerably less than

the expected warpage of 10-15 µm [2]. A summary of the warpage in the mid plane

along the movement of the wire is given in Figure 5.23. As expected, the warpage is

lowest in wafer cut from the 2 K/min cooled ingot since it has the least amount of

residual stress. Furthermore, for all the ingots, the warpage is at a minimum in the

middle section and maximum in the top section. This uniformity in the variation in

the warpage for all ingots can be explained based on the fact that, as discussed in

the casting simulation results, the variation in the residual stress after solidification

is the least in the middle/bulk of the ingot. The warpage should be governed by

in-plane stress gradient. Since this gradient is lowest in the middle, the warpage is

lowest in the middle. These warpage plots also show the presence of surface roughness

indicated by the unevenness in the curves.

The variation in the in-plane stress (σx) with location along the mid plane of the

wafer before and end of the cutting process is plotted in Figure 5.24. This figure

summarises the stress relaxation that occurs in form of bending of wafer. As seen, the

stress levels decrease significantly due to the re-equilibrium of the forces post removal

of layers. The dependence of the warpage with stress should be an analytical function

of the in-plane stress components σx, σz and the shear stress σxz, σxy and σzy. This

quantitative comparison is not done here and is left for future work.

The movement of the points on the wafer surface in the ‘Y’ direction with time

is shown in Figure 5.25-5.27. It can be seen that the movement is not unidirectional.

This may be due to the changing nature of stress gradients with the location in the

work-piece. The time-wise deflection of the points are highest in case 8 K/min cooled

due to a higher stress gradient level. These deflections are, however, not very large

enough for the adjacent wafers to collide with each other during the sawing process

as the gap between adjacent wafers is 500 µm.

75



5.5. Wire sawing: stress simulation

Figure 5.20: Contour plot to show the final warpage (given by the displacement in ‘Y’
direction from the initial position) in the wafers cut from the top, mid and bottom of
2 K/min cooled ingots. The wire movement is from left to right, implying that the
strain energy is higher in the later stages of cutting.
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Figure 5.21: Contour plot to show the final warpage (given by the displacement in ‘Y’
direction from the initial position) in the wafers cut from the top, mid and bottom of
5 K/min cooled ingots. The wire movement is from left to right, implying that the
strain energy is higher in the later stages of cutting.
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Figure 5.22: Contour plot to show the final warpage (given by the displacement in ‘Y’
direction from the initial position) in the wafers cut from the top, mid and bottom of
8 K/min cooled ingots. The wire movement is from left to right, implying that the
strain energy is higher in the later stages of cutting.
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5.5. Wire sawing: stress simulation

Figure 5.23: Comparison of the final warpage (given by the displacement in ‘Y’ di-
rection from the initial position) in the wafers cut from the top, mid and bottom of
2, 5 and 8 K/min cooled ingots.
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Figure 5.24: Comparison of the initial and the final σx in the wafers cut from the top,
mid and bottom of 2, 5 and 8 K/min cooled ingots.
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5.5. Wire sawing: stress simulation

Figure 5.25: Comparison of the deflection of points on the wafers (at Z=0) in the ’Y’
direction and the dislocation density with time in the wafers cut from the top of 2, 5
and 8 K/min cooled ingots.

81



5.5. Wire sawing: stress simulation

Figure 5.26: Comparison of the deflection of points on the wafers (at Z=0) in the ’Y’
direction and the dislocation density with time in the wafers cut from the middle of
2, 5 and 8 K/min cooled ingots.
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5.5. Wire sawing: stress simulation

Figure 5.27: Comparison of the deflection of points on the wafers (at Z=0) in the ’Y’
direction and the dislocation density with time in the wafers cut from the bottom of
2, 5 and 8 K/min cooled ingots.

High levels of stress release during any machining process and this may lead to

material/work-piece breakage. Drezet et al [10] have developed a finite element model

to simulate the sawing process of aluminium to characterise the effects of initial stress

present in the work piece on fracture during sawing. Similar to the current work, they

have simulated the sawing process as successive removal of layers in Abaqus through

model change. They have used the magnitude of strain energy released at each step of

element removal as a parameter to quantify the chances of failure. The same strategy

was followed in this study, and strain energy was plotted with time to understand
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its variation with time. This is shown in Figure 5.28, which depicts the variations in

strain energy per area on locations on the mid plane of 8 K/min cooled ingot along

the direction of cutting. The drop in the curve indicates the material removal and the

subsequent energy release due to the balance of force fields after element removal. The

energy release is predicted to be maximum for the middle wafer, indicating a higher

failure chances. This is interesting, since the middle section has the least warpage. It

means that the wafer removed from the middle of the work piece is better in terms of

the surface quality but is at a higher risk of being damaged during the sawing process.

5.6 Results Summary

This chapter presents the results of the thermo-mechanical simulations performed to

characterise the mc-Si solidification and wire sawing processes. The results of the

simulation quantitatively predict the warpage and dislocation density in the wafers

cut from directionally solidified ingots and its dependence on the cooling rate during

the solidification of the said ingots. The observed wafer warpage in industrial settings

is around 10-15 µm, as discussed in Chapter 1. The current model was able to pre-

dict a maximum warpage of 1 µm. The overall prediction was currently not validated

against any actual data and is left as a future work.
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5.6. Results Summary

Figure 5.28: Plot to show the variation of strain energy (kJ m−2) with time along
the direction of cutting at locations on the mid plane of the wafer cut from 8K/min
cooled ingot. The wire movement is from point 1 to 5. Mid section has the highest
energy release.
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Chapter 6

Summary and Conclusions

6.1 Model development

A finite element model was developed to simulate the stress/strain, dislocation density

and warpage in wafers produced via wire sawing of directionally solidified mc-Si ingots.

Separate thermo-mechanical models were developed for both directional solidification

and wire sawing processes. Both of these two models were transient in nature and

were sequentially coupled. These stress models used the HAS model [14] as the

input constitutive behaviour of mc-Si. The HAS model connects the growth and

multiplication of dislocations in a crystal with the applied stress fields. This growth

and multiplication of dislocations relieves stress and leads to inelastic deformations.

The sources of stress during casting and wire sawing is the strain developed due to

thermal gradient. Thermal gradients arise during these processes due to non-uniform

cooling/heating conditions or geometrical factors. The heating/cooling conditions

and the geometry, therefore, were the design parameters in the thermal simulations.

Temperature data from these thermal simulations were then used as a temperature

boundary condition in simulating the thermal strains and the dislocation-creep.

6.2 Mc-Si casting simulation

The casting simulation was started with the thermal model. Cooling of the ingot

domain for this simulation was done from 1500 °C to 25 °C and was simulated by

reducing the bottom surface nodes temperature at 2, 5 and 8 K/min. These cooling

conditions simulated the dislocation growth at slow, medium, and fasting cooling in
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6.3. Wire sawing simulation

mc-Si ingots during directional solidification. The cooling conditions were supplied

as Dirichlet boundary conditions. It was observed that with the increase in cooling

rate, the overall dislocation density in the ingot increased. This was expected and

in accordance with the literature [12]. The spatial variation in dislocation density

in the ingot increased with the increase in cooling rate. It was also found that the

dislocation growth occurred at high stress and high temperature only. The rate of

cooling influenced the inelastic strains and dislocation density only in the early stages

of cooling. This could mean that cooling rate can be increased in the later stages to

reduce the overall solidification/casting time without much increase in the dislocation

density.

6.3 Wire sawing simulation

The thermal model developed using the analytical model of wire sawing [4, 31] pro-

vided temperature variations during the wire sawing process. The stress model de-

veloped using this thermal model predicted no inelastic deformation in the wafers

during sawing. Based on this model, it was also found that the initial residual stress

in the work piece had an effect on the warpage in the wafers. The wafer cut from top,

middle and bottom of the work piece had different amount of warpage. The model

also provided an insight of the strain energy released during cutting. Based on this

energy release, it was said that the risk of fracture is higher in the middle section of

the work piece during the sawing process.

6.4 Future work

This new tool is a significant advancement, coupling simulations of casting and wire

sawing in order to predict dislocation density and warpage in mc-Si wafers. However,

there are several assumptions and simplifications used in this work that could be im-

proved in order to match industrial processing. The casting model could be improved
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6.4. Future work

by providing the actual cooling rate and the surface cooling coefficient from an indus-

trial setting. This would help in building a better model by validating the predicted

dislocation density against the observed etch pitch density in the ingot. The thermal

model of wire sawing could also be improved. Heat transfer during wire sawing is

quite complex due to the movement of slurry/wire and the changing geometry with

time. Experimental data could help train the numerical model better in terms of

predicting the temperature variations and gradients. In short, the model developed

in this study could be improved by validating them against real world data and by

implementing even more sophisticated mathematical model to overcome some of the

simplifications and assumptions made.
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[31] Hans Joachim Möller, Claudia Funke, Markus Rinio, and Sandra Scholz. Mul-

ticrystalline silicon for solar cells. Thin Solid Films, 487(1):179–187, 2005.
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