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Abstract

Multiscale Modeling in Semiconductors: From Defect Formation to Device Performance

Yu Jin

Chair of the Supervisory Committee:
Professor Scott T. Dunham
Electrical Engineering

This work is aimed to build a model framework to predict device performance based on the
formation of defects in order to meet the demand for higher-performance integrated circuits and
solar cells. We use a multiscale modeling technique to investigate the properties of some
important defects. Those defects play important roles in the study of precipitation, diffusion and
recombination in semiconductors. Ab initio (density functional theory, DFT) calculations are
used to extract critical parameters at atomic scale and to verify key mechanisms, while
continuum modeling is conducted to describe the defects’ kinetics and interactions at device
scale. Combining process/device simulation and the fundamental understanding at atomic scale,

we can gain insight about how process conditions can affect defect formation and therefore






device performance. Thus, this multiscale modeling framework can provide useful guidance in
performance optimization and cost reduction.

Based on this approach, we have developed models for carbon clustering and associated
metal gettering, which can be used to reduce noise in advanced silicon CMOS image sensor. We
have also advanced models for oxygen precipitation in silicon by considering morphology
evolution, dynamic interactions with point defects, and doping dependency. The carbon and
oxygen precipitation processes are modeled using the reduced moment-based model (RKPM)
with improved computation efficiency.

The impact of charged grain boundaries on device performance, as well as electron beam
induced current (EBIC) imaging measurement, of CdTe solar cell has been investigated in detail.
Based on our simulation results, we propose that passivation with accumulated grain boundaries
will be more beneficial to the performance of CdTe solar cell, while depleted grain boundaries
generally degrade performance.

We also conduct a series of DFT calculations to investigate the light induced degradation
(LID) related defects in silicon solar cell. Based on these calculations, a comprehensive model
for light induced degradation is proposed which matches experimental observation under full

range of conditions.
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Chapter 1. INTRODUCTION

Following the prediction by Gordon Moore in 1965, the feature size of transistors keeps shrinking
exponentially over time [1-2]. The rapid scaling of transistor is one of the major driving sources
for the rapid development of silicon technology in the last several decades. The industry is still
trying to push the limits of scaling despite increasing difficulty. Device configurations change from
bulk MOSFET, to thin body SOI FET [3-4] and FIinFET [5], to recently gate-all-around (GAA)
nano-sheet FET [6]. The processes to fabricate those devices become extremely complex and
expensive. To optimize device performance and enhance yield, lots of issues need be considered,
such as formation of ultra-shallow junction, defect engineering, strain engineering, parasitic
capacitance and resistance, and reliability [7]. Technology computer aided design (TCAD) is a
powerful technique to deal with those issues economically. For RF and power semiconductor
devices, TCAD is also quite useful to optimize the switching property and on resistance by
improving the device design. Coupled with optical simulation, TCAD can also play important roles
in the photovoltaic industry by improving solar cell efficiency. Lots of continuum models are
included in the commercial TCAD tools, such as Synopsys Sentaurus and Silvaco, but demand in
the semiconductor for more accurate models, especially those with specific applications, is still
very high and continues to grow.

Continuum process and device simulation are a very powerful method to study process and
device physics at the macroscopic level, while ab initio calculation, such as density functional
theory (DFT), can provide a theoretical basis at atomic level for higher level models. DFT
calculation provide the initial guidance for continuum model development which can provide

critical parameters and verify mechanisms for certain processes. We adopt the so-called
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“multiscale modeling” approach to apply important parameters obtained from ab initio

calculations in continuum simulation in order to study certain systems as shown in Fig 1.1.

Critical
Validation &

Prediction Continuum Simulation

Behavior

v
I Parameters

Verify Mechanism

Figure 1.1. Schematic for multiscale modeling method.

Defects play important roles in semiconductors. For example, intrinsic point defects in silicon
interact with dopants during their diffusion process [8-9]; interstitial oxygen helps to enhance the
mechanical strength of silicon substrates [10]; extended defects can capture harmful metal
impurities but can also cause slip and warpage [11]; oxygen vacancy migration is the key
mechanism for resistive random-access memory (RRAM) [12]. The impact of defect formation on
semiconductor device performance can be profound. So, we are aimed to develop a framework
which can predict the device performance based on the defect formation.

The methodology we use is the “multiscale modeling” and the scope includes precipitation,
diffusion and recombination. Within this scope we have studied different defects including carbon
and oxygen precipitates in silicon, grain boundaries in CdTe solar cell, and light induced
degradation (LID) related defects in silicon solar cell. Carbon and oxygen are two of the most
common defects in silicon wafers. Understanding and modeling their precipitation processes is

very challenging but quite useful for many applications, such as “internal gettering” [48]. Grain
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boundaries are the most important defects in polycrystalline semiconductors, such as CdTe.
Understanding the impact of the grain boundaries on device performance is crucial for device
optimization. The light induced degradation in silicon solar cell also involves the defect formation
processes. Investigating these defects is very important for understanding the mechanism of LID
and improving the solar cell performance.

Metals are usually detrimental impurities in devices, as they introduce traps that limit carrier
lifetime. One important method used to remove metal impurities from device active region is called
“gettering.” There are different gettering methods, such as gettering by phosphorus diffusion and
extended defects. One of the recent approaches for gettering is using carbon implantation. In
Chapter 2, we have developed a moment-based carbon precipitation model based on ab initio
calculations of the energetics of carbon interstitial clusters and silicon carbide precipitates. A metal
gettering model is also built using results of DFT calculations for metal binding to carbon species
in silicon. By combining process and device simulations, we can model the device performance of
lifetime sensitive devices, such as CMOS image sensors.

Oxygen is unavoidably introduced in the growth of Czochralski silicon. Typically, oxygen
concentrations from 10'7-10'8/cm? have been applied in modern IC fabrication processes. Such
high concentrations of oxygen often lead to strong supersaturation and then precipitation during
thermal processing. The impact of the resulting oxygen precipitates can be either beneficial or
detrimental to device performance. In Chapter 3, we have developed a moment based precipitation
model for oxygen with consideration of morphology evolution and dynamic incorporation of point
defects. In addition, by including a boron/interstitial clustering model and Fermi level effects on

point defect behavior, the impact of boron is also considered in modeling oxygen precipitation.
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CdTe solar cells offer a low-cost way to reach high conversion efficiency. Chapter 4 shows
our two-dimensional simulations of device structures that are typical in EBIC (Electron Beam
Induced Current) imaging and solar cell structures for p-type CdTe absorber layers with charged
grain boundaries. A large signal enhancement is found near positively-charged (depleted) grain
boundaries in EBIC simulations, but, in contrast to previous claims [98-101], solar cell
performance drops. In contrast, little EBIC contrast is seen, but the cell performance improves
when negatively charged (accumulated) grain boundaries are introduced. We explore the impact
of doping levels, lifetimes, and grain boundary charge to provide insights on designs that improve
thin film solar cells’ performance.

It has been long observed that the performance of Si solar cells degrades under initial exposure
to light via a drop in bulk carrier lifetime. This phenomenon has been termed light induced
degradation, and a wide range of models have been proposed to explain it, but none are fully
satisfactory. In Chapter 5, we use DFT calculations to study the interaction of oxygen dimers with
Ga and B and to verify the recombination mechanism for LID, and then propose a comprehensive
model of light induced degradation of Si solar cells doped with B, Ga and P. The proposed model

accounts for experimental observation under full range of conditions.

1.1 METHODOLOGY

We use multiscale modeling methods, combining ab initio calculations and continuum
simulations, to study different semiconductors. This section is a brief overview of these two

powerful methods.
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1.1.1  Density Functional Theory (DFT)
Density functional theory provides an ab initio method to calculate material properties at atomic
scale. It’s widely used in physics, chemistry and material science to solve many-electron problems.
There are many different DFT codes available. For calculations in our study, we use the plane
wave basis code VASP (Vienna Ab-initio Simulation Package) [13-14]. Here, we mainly go
through the application of DFT to get important parameters that can be used in higher level

simulation. A detailed discussion of DFT can be found in previous work [15-16].

1.1.1.1 Calculating the formation energy

DFT can be used to obtain the formation energy of defects. A simple example is extracting the

formation energy of native point defects from DFT calculations within a size-64 silicon supercell

as follows:
; 1
Ev = Ev - ESi64 _@ ESi64 (1.1)
¢ 1
EI = EI - ESi64 +a ESi64 (1.2)

Here, E, and E, represent the formation energy of vacancy and interstitial respectively. E,
and E, are the calculated total energies for supercells containing vacancy (63 Si atoms) and

interstitial (65 atoms), and Eg, is the energy for supercell of perfect bulk structure. The larger the

formation energy here implies it costs more energy to form the defect.

1.1.1.2 Calculating the binding energy
Binding energy is an important parameter to describe the reaction between different species. The

binding energy between A and B, E},,, can be calculated in DFT as:
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El . =Ex +Eqe —Ex—Eq (1.3)

where Ex is the total energy of defect X in the supercell. Large (negative) binding energy indicates
that there is a substantial driving force for the AB complex to form. Binding energy calculations
are widely used in cluster formation and metal gettering models. It’s also useful to study the

interactions between different impurities.

1.1.1.3 Calculating the migration barrier

The migration barrier is the key parameter for both diffusion and defect structure reconfiguration.
The approach to get the migration barrier in VASP is called the nudged elastic band (NEB) method
[17-18]. In the simulation, the initial state, final state, and intermediate configuration which is
based on the interpolation between initial and final states are defined. The method works by
optimizing a number of intermediate states along the reaction path, which can help identify the

transition state and associated barrier energy.

1.1.1.4 Identifying a localized defect

Charge density is an important output of the DFT calculation. By comparing the charge density
difference between a defect’s two charge states, we can determine whether the defect is a localized
defect. If the charge density difference distribution in the system is almost uniform, the defect
should be non-localized defect as can be seen in Figure 1.2 where substitutional boron (Bs) in
silicon works as a shallow acceptor but not a localized defect. For localized defects, the charge
density difference should be localized around the defect which indicates the defect can effectively
capture carriers as shown in Figure 1.3 where iron interstitial (Fe;j) in silicon works as trap center
for recombination. In the calculation of charged systems, a neutralizing background charge is

assumed by VASP as required for convergence.
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Figure 1.2. Charge density difference between Bs® and Bs™ in silicon. Example for non-
localized defect. The green atom in the center is boron and the blue atoms are silicon. The iso-

surfaces for charge density difference are yellow (positive).

Figure 1.3. Charge density difference between Fei* and Fei® in silicon. Example for localized
defect. The red atom in the center is iron. The iso-surfaces for charge density difference are

yellow (positive) and cyan (negative).

1115 The reliability of DFT calculations

There are some limitations of DFT calculations which have been discussed in detail in Refs. [134-
136]. For example, DFT tends to underestimate the bandgap for semiconductors and insulators. It
also neglects strong correlations and van-der Waals interactions. For the DFT calculation in silicon
using VASP specifically, the situation is reasonably optimistic. Depending on the pseudo-potential

we choose, the calculated bandgap has about a 10 percent difference (~0.1 eV) from the
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experimental value. The error in the bandgap calculation impacts the accuracy of the defect level
calculation. Other DFT calculation errors may come from small supercell size. Because the
calculation uses a periodic boundary condition, the interaction between defects and their images
introduce calculation errors. The error for Si/SiC interface energies introduced by using different
supercell size (slab size) has been calculated in Ref. [44], which indicates that there is up to a 15
percent error in the interface energy calculation when using a small slab size (e.g., 5 layers SiC/5

layers Si).

1.1.2  Continuum simulation

1.1.2.1 Process simulation
Process simulation uses a continuum method to study defect formation kinetics and distribution in
a device at a given process condition (time-temperature profile). The defects evolution and
redistribution are described by a set of continuity equations. The following equation is an example

of a continuity equation for a specific defect, A.

oc,
ot

=—V.J, +R," —R,~ (1.4)

Here Ja is the flux of A including the contributions from both drift and diffusion, which is
meaningful only for mobile species. R,” and R, are generation rates and consumption rates for
A.

For a specific reaction,

A+B < AB, (1.5)

the reaction rate can be expressed by:

R, :47ra(dA+dB)><(CACB —%j (L6)
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Here a is the capture distance depending on the geometry of the defects, da and dg are the
defects’ diffusivities, and Cx is the concentration of a species X. K* is the equilibrium constant for

the reaction which depends on the binding energy as:

0 b
K*=C—exp(—E /keT) (1.7)

S
where Cs is the density of matrix atoms (5x10%? cm™ for silicon), and @ is the number of possible

configurations per lattice site to form AB complexes.

1.1.2.2 Device simulation

Device simulation describes the behavior of electron and holes in device, which can be used to
extract the overall electrical characteristics for the device. The bases for device simulation are
Poisson’s equation and the continuity equations [19]. Poisson’s equation correlates the
electrostatic potential with charge distribution:

—g(p-n+Ny" =N, )
&

VD = with E=-Vd (1.8)

Here @ is the electrostatic potential, E is the electrical field, g is the electron charge, ¢ is the
dielectric constant of material, p/n are the hole/electron concentrations, and Np™/Na” is the
concentration of the ionized donor/acceptor.

Continuity equations describe the change rate of carrier concentrations, which is composed of
the difference between flux in and flux out (flux gradient), and the difference between generation

(G) and recombination (R) (net generation rate):

an_1g. +G-R (1.9)
d g
dp 1
P _2v,+G-R (1.10)

dt q
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The carrier transport depends on drift and diffusion as expressed by:
J, =q(u,nE+D,Vn) (1.12)

J,=q(u,pE-D,Vp) (1.12)
Here 1, and 4, are motilities for electrons and holes, and Dn and Dy are diffusivities for each.

The relationship between mobility and diffusivity can be described by the Einstein relation:

=X, (1.13)

q

There are three basic types of carrier recombination mechanisms, as discussed in Section 1.2.3.

1.2 Scopre

Using a multiscale modeling method, we have studied different systems. The core problems we

investigated can be summarized as precipitation, diffusion and recombination.

1.2.1  Precipitation

Precipitation is a kind of phase transformation where a separate phase is formed in a solution
(matrix material). The formation of rain droplets is an example of precipitation where the liquid
phase forms in water vapor. Similarly, in a solid, such as semiconductor, certain species can also
diffuse and precipitate; oxygen and copper precipitation are common examples.

Precipitation has been investigated in detail using the classical kinetics of phase
transformation theory [20]. The essential driving force for precipitation is the difference in the free
energies of the initial and final configurations. The change in free energy, AG, when adding an

atom, A, from a solution into a very large precipitate is:

AG = AG, —k,T In[%} (1.14)

S
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where AGp is the formation energy including enthalpy and entropy components. The second term
is the entropy of mixing which depends on the concentration of a solute, Ca, and the sites it can
occupy, Cs. If AG>0, a precipitate will shrink; if AG<O0, precipitates will tend to grow together
with a decrease of the solute concentration until AG=0. The critical concentration for AG=0 is the
solid solubility, Css, which is the concentration of solute in the presence of a very large precipitate:

AG,

C. =C.ex
ss s p(kBT

) (1.15)

The solid solubility is the saturation concentration the solute can reach. If exceeded,
precipitates will eventually form.

AGp is the energy cost to add an atom to a very large (infinite) precipitate. In considering
small precipitates, we also need to consider the surface energy or strain energy for precipitation in

real system. The free energy change upon forming a size n precipitate can be expressed as:

AG, =-nk,T In (&j +NAG, + AG™® =—nk,T In (&j +AG/ (1.16)
C C

S S
where AG,®C is the excess energy including surface energy and strain energy and AGy' is the
precipitate formation energy. Surface energy and strain energy both increase monotonically with

size. The surface energy for a spherical precipitate is proportional to n??

and for a disk-shaped
precipitate is proportional n”2. The strain energy is normally proportional to n or n?.
Combining the definition of solid solubility in Equation (1.15), the above equation can be

expressed as:

SS

AG, = —nk,T In [S—A]+ AGE (1.17)

When Ca< Css, AGy>0 and the formation of a precipitate is energetically unfavorable. When

the solute become supersaturated (Ca> Css), the energy tends to be reduced and precipitation is
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likely to occur. If we plot the energy against n as shown in Figure 1.4, we find the energy may
increase first until the critical size, n¢, and then decrease. Thus, small precipitates (n<nc) tend to
shrink and large precipitates (n<nc) tend to grow. For a supersaturated solute, though the energy
in a large precipitate is smaller than dissolved atoms, it needs to overcome an activation barrier

because the interface energy is dominant in small precipitates.

100 t t 5 T

Critical Size CA<CSS
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Figure 1.4. Free energy change at different solute concentrations for the formation of planar

precipitates.

The classical model for precipitation is the nucleation and growth model [20]. The models
can capture basic physics reasonably well but may not account for certain situations, such as
Ostwald ripening. In Chapter 2 and 3, we try to develop a more accurate precipitation model using
the kinetic rate equations. Our precipitation model involves a comprehensive understanding of a

complex dynamic system, where we consider the interaction with point defects, the impact of strain
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and the evolution of morphology. In addition, a moment based model is developed to improve

computational efficiency.

1.2.2 Diffusion

Diffusion is the movement of molecules, atoms or carriers driven by a concentration gradient. The
study of diffusion in solids is very important for understanding the current of carriers, the
distribution of dopants and the interaction between impurities. There are two types of diffusion:
self-diffusion and impurity diffusion. We focus on the diffusion of impurities in this section.

In a macroscopic scope, we can describe the diffusion process using Fick’s laws. Fick’s first
law describes the diffusion flux (Jx) depending on the gradient of concentration (Cx):

J, =-D,VC, (1.18)

where Dx is the diffusion coefficient, the diffusivity. Fick’s second law describes the change rate
of the concentration due to the diffusion:

oC
ax =DV?*C, (1.19)

For a better understanding of diffusion, the atomic diffusion picture is often necessary.
Impurities must overcome an energy barrier to diffuse, which is called the migration barrier, Ex™,
as illustrated in Figure 1.5. The rate of hopping, vx™, depends on the attempt frequency, v°, and

activation barrier:

v =\° exp(LEx J (1.20)
B

—
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Figure 1.5. Schematic for migration barrier.

The attempt frequency has relatively weak dependency on temperature and is on the order of
10%/s.
Diffusivity is proportional to hopping frequency:

D, =A%y /6=Dg exp(—Qy /kyT) (1.21)
where L\ is the hopping distance between two energy minima; 6 is used here for a three-dimensional
system. Dx° and Qx can be obtained by fitting the experimental data in the Arrhenius plot, where
we plot diffusivity in logscale vs 1/T.

Diffusion is normally mediated by point defects, interstitials and vacancies. Vacancies are
empty lattice sites and interstitials are atoms situated between (or sharing) lattice sites as shown in

Figure 1.6.
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Figure 1.6. Schematic of a vacancy (left) and interstitial (right) in a simple cubic lattice

The self-interstitial may kick out a substitutional dopant from it lattice site and make it easier
to diffuse in the relatively open channels. After diffusing for a certain distance, the interstitial
dopant may come back to the lattice site by kicking out a substitutional lattice atom or finding a
vacancy. This is called the “kick-out” mechanism. It can also be possible that a dopant atom and
self-interstitial may form a pair and migrates as a mobile species. This is called interstitialcy
mechanism; however, both mechanisms are mathematically identical and are together called
interstitial mediated diffusion [21] (Figure 1.7). In Ref. [22], the NEB calculation is conducted in
VASP to find the overall diffusion barrier for both the kick-out and interstitialcy mechanisms for

the diffusion of phosphorus in silicon.
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Figure 1.7 Schematic of interstitial mediated diffusion. The left is the kick-out mechanism

the right is the interstitialcy mechanism.

The simplest vacancy diffusion mechanism is the direct exchange between vacancy and
dopant, which is also called uncorrelated diffusion. The other important vacancy diffusion
mechanism is the ring mechanism, where the dopant and vacancy pair must dissociate to the third-
nearest neighbor to have long range migration in silicon as shown in Figure 1.8 [23]. Ref. [24]
shows the DFT calculation results for the migration barrier of the ring mechanism for arsenic

diffusion in silicon.

AR PR

Figure 1.8. Schematic of impurity-vacancy migration on a diamond lattice via ring
mechanism. The filled circle represents the impurity, and the empty circle is the vacancy. The
starting configuration is (a) and then the vacancy moves to the third-nearest-neighbor site as
shown in (b). (c) shows vacancy approaches the impurity from the new direction, allowing the

impurity to migrate as shown in (d). Reproduced from Ref. [24].
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The other important diffusion mechanism is the dissociative mechanism first proposed by
Frank and Turnbull. In this mechanism, the substitutional atom can dissolve into a vacancy and an
interstitial impurity, which drives the diffusion.

Since diffusion is normally mediated by point defects, the interaction between point defects
and dopants or other impurities are very important to model diffusion. In Chapter 2, we present a
carbon precipitation model with co-implanted boron. Since boron mostly diffuses via interstitials,
the reduction of interstitial concentration by carbon precipitation reduces the diffusion of boron.
Carbon also relies on interstitial to diffuse, so the carbon diffusion and carbon precipitation would
compete during the annealing after implantation.

In Chapter 5, we report a diffusion mechanism for oxygen interstitial dimer (Ozi), where the
bi-stability of the O, dimer at different charge states plays an important role. By capturing electrons
and holes, the oxygen dimer can change between staggered and square structure. The enhanced
reconfiguration frequency with assistance of carrier capture will greatly increase the mobility of

the oxygen dimer.

1.2.3 Recombination

Recombination in semiconductors is a process where electrons and holes annihilate each other.
Recombination can be classified into three types: direct recombination, Auger recombination and

indirect recombination through trapping level.

1.2.3.1 Direct Recombination

Direct recombination is often referred to band-to-band recombination, and occurs when a
conduction band electron and valence band hole annihilate each other. Depending on whether there

is photon emission in the process, direct recombination can be either radiative recombination or
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non-radiative recombination. Direct recombination is efficient in direct bandgap materials such as
GaAs. In an indirect bandgap material, such as silicon, direct recombination is much slower

because it requires the involvement of phonons.

1.2.3.2 Auger Recombination

Auger recombination occurs when excess energy after recombination of an electron and a hole is
transferred to a third carrier. Auger recombination can be considered the inverse of impact
ionization. Auger recombination is also non-radiative recombination, and is most important when

the carrier concentration is very high.

Energy 4

Conduction band
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Figure 1.9. Schematic for localized defect and non-localized defect.
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Figure 1.10. Schematic for trap assisted recombination.

1.2.3.3 Indirect Recombination through trapping level

In Section 1.1.1, we discussed how to use a DFT calculation to distinguish between localized defect
and non-localized defects. The difference between the defect levels is shown in Figure 1.9. For an
indirect bandgap material, such as silicon, electrons and holes can recombine when a localized
defect of uniform energy in a wide momentum space captures both. Figure 1.10 is an example of
a defect with trap level in the bandgap to capture electrons and holes. There are four processes
involved in the recombination-generation process: 1) electron capture, 2) electron emission, 3)

hole capture and 4) hole emission. Ri- R4 are used to represent their rates, respectively:

R, =V,o,nN, (1- f,) (1.22)

R, =V,o.n. exp( E-E j N, f, (1.23)
KT

R, =V,,0, PN, f, (1.24)

R, =V,o,N, exp( Eik_TEt j N, (1- f,) (1.25)
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Here, Vin ~ 107cm/s is the thermal velocity of carriers, o is the capture cross-section, E; is the
trap level, E; is the intrinsic Fermi level, and f; is the probability of electron occupation in the trap
level, given by Fermi-Dirac statistics in equilibrium:

f = L (1.26)

t Et B Ef
1+exp
KgT

In a steady state with light illumination exciting electron and hole pairs, the number of

with Ez as the Fermi level.

electrons and holes are constant:

G =R -R,=R,—-R, (1.27)
where G_ is the generation rate. Combining Equations 1.22 to 1.27, we can solve the net
recombination rate U=R1-R> as:

2
pn—n;

7| n+n exp Shui= 1) | p+n exp E-E
P ‘ keT " ‘ keT

with 7, :(Vthcprt)_l and 7, =(V,o,N,) . Equation 1.28 is named the Shockley-Read-Hall

U= (1.28)

(SRH) recombination equation

In Chapter 2, we have developed a carbon clustering model for metal gettering that removes
harmful metal impurities in CMOS image sensors. The metal impurities work as trap centers for
recombination and removing metal impurities can help reduce the dark current for the photodiode.
In Chapter 4, we use SRH recombination to analyze the impact of charged grain boundaries on
CdTe solar cell performance.

Ref. [26] proposes a recombination mechanism for bi-stable structures, oxygen dimer and

boron/oxygen dimer clusters to study the origin for light induced degradation for boron doped
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silicon solar cells. In Chapter 5, we further investigate this problem and find that the recombination
mechanism in Ref. [26] neglects the fact that the steady state concentration of recombination
centers is dependent on the injection level. Also in Chapter 5, we propose and discuss in detail a

comprehensive model to match a wide range of experimental observations.
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Chapter 2. CARBON CLUSTERING AND ASSOCIATED METAL

GETTERING

Carbon is an important defect in silicon introduced during crystal growth. There is great interest
in the study of carbon Kinetics because carbon can work as an effective trap for silicon self-
interstitial. Introducing a high concentration of carbon (> 108cm®) leads to the undersaturation of
silicon self-interstitial, which reduces boron diffusion. This effect can be used to reduce the
transient enhanced diffusion (TED) of boron after implantation [27]. Also, the reduction of
interstitial will result in the less formation of boron interstitial clusters (BICs) which increases
boron activation.

The other important application of carbon is carbon implantation which has significant
potential for reduction of dopant diffusion [28-30] and proximity gettering [31-33] for low thermal
budgets and SOI structures. In this chapter, we present a carbon clustering/precipitation model and
calculations and models for metal gettering by carbon clusters. We consider a range of small C/I
clusters and a moment-based precipitation model to describe precipitation of larger SiC
precipitates. The energetics of C/I clusters are based on DFT calculations. This chapter is adapted

from a publication in 2014 ECS transaction [34].

2.1 CARBON PRECIPITATION MODEL

In our model, substitutional carbon (C) is assumed to be immobile and carbon can only diffuse as
carbon/silicon interstitial pair (Cl) or carbon/vacancy pair (CV). For carbon diffusion and small

clusters formation, the following reactions are considered:

C+loCl (2.1)
C+V o CV (2.2)
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Cl+V o C (2.3)
CV+lC (2.4)
CV+Cl & 2C (2.5)

The binding energies of C/I and C/V and their diffusivities will be discussed in the following
section.

Since SiC (0.0209 nm?) has nearly the same volume per silicon atom as Si (0.0203 nm?3) based
on our DFT calculation, SiC precipitate formation requires the incorporation of roughly one
interstitial per carbon (or silicon). To simplify the model, we keep the ratio of interstitials to carbon
incorporated equal to 1 and neglect the strain energy for the precipitate. Thus, since CI pairs
dominate the diffusion of carbon, we can consider carbon precipitation as the aggregation of Cl

complexes. The following reactions are considered:

Cl+Cl & Cl, (2.6)
C,1,+Cl &G, (2.7)
Cl,+Cl < C L, (2.8)

:Cl fCI
o Rn o Rn+1

Figure 2.1. The schematic for the formation of carbon precipitation.

Cl pairs aggregate to form Cnl, complexes and then continue to grow or dissolve one carbon
atom at a time as shown in Figure 2.1. The system can be described by kinetic rate equations as

follows:
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a[c(;r:[ln] =R -R . n=2, 3...... (2.9)

Here [Cnln] is the concentration of Cnln and R, is expressed as the difference between growth

rate and dissolution rates:
Rn = gn—l[Cn—lln—l] _dn[CnIn] (210)
where g, is the growth rate from size n to n+1 and d, is the dissolution rate from size n to n-1.

The expressions for diffusion limited growth and dissolution rate are:

J, :lnDu [CI] (2.11)

A" —AGYS, (2.12)

AGn _AGn—l) — On4 CCI EXp(

d = ex
n gn—l p( kBT [CI ] SS kBT

AG, =-nk,T In([(c::—l]) +AG =-nk,T In(%) +N*AG, +AG
o ; (2.13)
=—nk,T In([C—]) +AG

SS

Here, A, is the kinetic factor depending on the geometry of the precipitates and interface
reaction rate (in this work, SiC precipitates are modeled as spheres). D, is the diffusivity of CI.
AG, is the change in free energy when forming the size n precipitates from n CI pairs. AG,' is
called the precipitate formation energy, AG, is the energy change on adding CI in infinite
precipitate (SiC), and AG“ is the excess energy including the formation energy of interface and

strain terms. C is the solid solubility of Cl. The derivation for growth and dissolution rates can

be found in Appendix A.
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Figure 2.2. The schematic of moment based precipitation model (RKPM) for carbon.

We use a reduced kinetic precipitation model (RKPM) to describe carbon precipitation, where
only the moments of large clusters are considered [35-37]. We consider clusters up to size 6 with
discrete rate equations and those with 7 or more carbon atoms as part of the distribution to be
captured by its moments, as illustrated in Figure 2.2. The resulting expressions for moment

evolution are given by:

m, =Zni *[C.1] (2.14)
n=7
%:F@ (2.15)
8
Eml:?*&+d7*[C7I7]+DC,mO*([CI]*;/Z—73) (2.16)
g,
LT 217
27D 1c1] (217)
dnav
o= (2.18)

Cl

where m; is the ith order of moment for precipitate distribution and n_,, is the average size of

carbon precipitates with the definition:
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ml
n,,=— 2.19
avg mo ( )

In the equations about, mo stands for the total density of large carbon cluster (»>7), and m
stands for total carbon in the large carbon clusters. The changing rate of mg only depends on Ry,
the difference between growth of Cele and the dissolution of C7I7. The changing rate of m; depends
on Ry and the interaction between CI and large carbon clusters. The delta function approximation
is used for derivation in the model where the behavior of precipitates is assumed to be given that

for the average size: [38]
[Cnln]:mo-ﬁ(n—navg) (2.20)

In the end, we can obtain the differential equation for CI by considering all the related species

together:

a[CI]_ 2 _%_ : a[Cnln]
7_DC,V[Cl] po dn

2

+R R Reijev (2.21)

c/t eIV T

where R.,,, R,y and R, ., are reaction rates for C/I, CI/V and CI/CV binding, respectively.

Because the time dependent concentration of C7I7 cannot be solved directly within the delta
function approximation, we use an empirical expression to estimate it. The estimator is obtained
by investigating a wide range of experimental condition using the full kinetic precipitation
equations and finding the relationship between C-I7, m1 and mo. We find the following estimator

works well:

C,l,]= || Dae LT 2.22
Gl 1=|| = Yooy | M (2.22)

where we choose a, =-5.0, a, =-1.0 and b, =7.0 by comparing to solutions of the full set of

kinetic rate equations under typical annealing conditions.
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2.2 DFT CALCULATION

2.2.1  Energetics of Small Carbon Clusters and Precipitates

The energies for small carbon clusters were determined by DFT calculation using VASP. In our
calculations, a 64-atom supercell with an energy cutoff of 340 eV and 23 Monkhorst k-point
sampling method with generalized gradient approximation (GGA) were used. The calculated
binding energy for C/V is 0.43 eV, and for C/Cl is 1.48 eV. The properties for point defects and
carbon diffusion we used are listed in Table 2.1, along with citations to the experiments on which
they are based. The binding energy of CI in the table (1.61 eV) is from direct calculation using the
experimentally-derived parameters in the upper part of the table, and is close to our DFT
calculation result of 1.75eV. Since CI pair diffusion dominates in the carbon diffusion process, the

diffusion of CV pairs has minimal impact. We use Dy as the diffusivity of CV pair.

Table 2.1. Prefactors and activation energies for point defects and carbon diffusion in our

simulation

Parameters D,. C, E.. E; (eV) Ref.
D, 8.10 x 10 cm?/s 0.9 [39]
N 9.16 x 10?2 cm™ 3.78 [39, 40]
D, 1.00 x 10~* cm?/s 0.43 [39]
c, 3.17 x 10® cm™ 4.43 [39, 40]
D, 0.95 cm?/s 3.04 [41]
C c: 4 x10% c¢m3 2.3 [42]
de, 0.44 cm?/s 0.87 [43]
C. 8.64 x 10% 4.47

Ke 0.86 1.61




Infinite C I, chain along <110>

Figure 2.3. Some examples of most energetic favorable small carbon clusters structure

obtained by using VASP

-/

,&\\‘
1B, 4

Figure 2.4. The configuration for SiC/Si interface along <110> direction (left), and SiC/Si

interface along <1-10> direction (right) obtained by using VASP based on the method of Ref.

[44].

To obtain the formation energy of Ciln, we use two different but complementary methods.

One is from bottom to top, based on DFT calculation of small clusters (Figure 2.3), the other is

from top to bottom, based on the calculated formation energy of bulk SiC and of SiC/Si interfaces

(Figure 2.4).
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Table 2.2. Formation energy for C/I clusters

Configurations System energy (eV), Formation energy (eV), chnln
ECnln
Cal2 -361.87 -2.671
Csls -370.44 -5.484
Cals -378.50 -7.784
Infinite Chain (8 Cl in 64 -410.00 -16.252
atom cell)

Energies for Calz, Czlz and Csls were determined by DFT calculation directly. For the DFT
calculation, we tried different configurations for each cluster. We find that for small clusters the
most energetically favored structure is elongated along a chain. The DFT calculation results are
listed in Table 2.2.

The formation energies in Table 2.2 use Cl as the reference, and the expression is:

Ec, =Ec, +(n-)*E; —n*E, (2.23)
where Esies (-347.68eV) is the energy for a 64 atom Si supercell and Eci (-353.44eV) is the energy
of system with CI in a supercell with 64 Si and 1 C atom. However, to get the energy for Csls, Cele
and Crly, larger supercells and more complex structures should be considered. For simplicity, we
propose an empirical equation for the formation energy of small clusters by considering strain

energy and surface energy, based on the calculation results for small clusters:

1.85*n—-2.7332
n

2
Ec., =n*Ew+0.5*k*n*[ —1.93) +E,, n>=3  (2.24)

where the parameters we use are E. = -2.03 eV, k =0.159eV and Eeng = 0.334 eV. The other
approach for the energy of Chxly is by using the formation energy of SiC and its interface energy

with silicon. The resulting expression is:

Ef

. =N*Eg., +41*r’*c (2.25)
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Egc.. = (Eq,c, +63*Si,, —64*E,,)/64 (2.26)

where the calculated value for Esic is -3.92 eV, defining the formation energy for SiC from Cl as
an infinite carbon precipitate. All the energy values are based on DFT calculations. In a simple
analysis, assuming the precipitate has a spherical shape. o (1.55-1.58 J/m?) represents the
associated interface energy per unit area [44]. Combining the two approaches, we choose the lower
energy value at each size in our simulations. We use the energies in Table 2.2 for size from 2 to 4
by directly calculation, and the energy for size 5 and 6 are from the Eq. 2.24. The energies for
larger clusters (n>7) are obtained using Eq. 2.25, and only the moments for the larger sizes are

considered in the reduced model as described in Section 2.1.

2.2.2 Energetics of Metal Binding to Carbon Clusters

Using the most stable structures we found for small clusters, we put a metal atom in different INN

or 2NN tetrahedral sites to the carbon clusters as interstitial to find the strongest binding sites. The

binding energy E, is calculated based on the equation:

E,=E

— “metal/C, 1, + ESi64 -E Ec I (2-27)

metal ~ —C,l,

where E,_ ., is the system energy for an interstitial metal atom in silicon supercell and E Is

metal /C, 1,

the energy for system with a metal atom binding to C_I in supercell. E is further modified by

considering the Fermi level difference between the metal in supercell and Chl, in supercell. Since
the structures for Csls and Cele in our model are quite similar to Casls, we use the binding energy
to Cals for Csls and Cel.

Larger precipitates are considered as SiC in our model. To find out the metal binding energy

to SiC, the first step is to generate the SiC/Si interface. Since the ratio between the lattice constant
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for SiC (0.4375 nm) and Si (0.5457 nm) is about 4:5 based on our DFT calculation. We generate

slab structure for SiC with 5 atoms X 5 atoms in xy plane, and for Si with 4 atoms X 4 atoms in

xy plane. After taking out 3 rows of carbon atom as suggested in Ref. [44] and allowing full
relaxation, we successfully built the most stable SiC/Si interface as illustrated in Figure 2.4. The
interface we obtain in our DFT calculation has a surface energy 1.6 J/m? which is close to the 1.55-
1.58 J/m? value calculated in Ref. 44. Then we tried different sites to place a metal atom to find
the strongest binding sites. The final results are shown in Table 2.3. We can see that there is
moderate binding of most metals to small C/I clusters and strong binding to SiC precipitates.

Table 2.3. Binding energy for metal to different carbon complexes

Metal Binding to Binding to Binding to Binding to
Calz (eV) Cslz(eV) Cala (eV) SiC (eV)
Cu -0.32 -0.67 -0.66 -2.32
Fe -0.23 -0.78 -0.60 -3.16
w -0.27 -0.58 -0.64 -3.36
Ni -0.63 -1.1 -0.74 -1.16
Ti -0.34 -0.73 -1.21 -2.58
Cr -0.60 -1.25 -1.53 -1.14
Mo -0.18 -0.16 -0.40 -3.22

2.3 COMPARISON OF MODEL TO EXPERIMENT

The model for carbon precipitation is implemented into Sentaurus process module to simulate the
experiments. The first experiment we compared to is carbon implantation at energy of 1.2MeV

with a dose of 5X 10 cm? followed by 1200 °C annealing for 3 hours [45]. The initial

implantation profile in our model is generated by Monte Carlo method with “+1”” model. A 311
model for point defects is also included [46]. As can be seen from Fig. 2.5(a), there is an immobile
peak of precipitated carbon, combined with an increase for the background carbon concentration,

which is due to the diffusion of unprecipitated carbon.
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We also use our model to simulate the boron and carbon co-implantation, for which 5 streams
model for boron diffusion is also used. In the experiments of Uematsu we compared to, carbon is
implanted at energy of 25 keV with a dose of 10'° cm, followed by boron implantation with a
dose of 2X 10 cm™at energy of 20 keV. The sample is annealed in a furnace at 800 °C for 30min
and by rapid thermal annealing (RTA) at 1000 °C for 5s or 30s. As illustrated in Fig. 2.1(b), there
is an obvious diffusion tail for 30s RTA beyond the implantation region above 10'cm™, While for

5 s annealing, there is no such diffusion tail.

10%
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Figure 2.5. Comparison between simulation and experiment. Here we use C_s to represent
substitutional Carbon, and C_p for carbon precipitates. The background figures for experimental
data are taken from (a) Isomae et al. [45] and (b) Uematsu [30].

2.4 INTEGRATED WITH DEVICE SIMULATION

From the Shockley-Read-Hall theory, the recombination rate of electron-hole pairs is given by

Equation (1.28). Under reverse-bias conditions for a photodiode, where the mobile carrier
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concentration in the depleted space-charge region can be neglected, the SRH recombination

equation becomes:

2
U= N el (2.28)

z.| n+n exp BB, P+ N, exp E-E T
P ! keT " ‘ keT

where 7, is the carrier generation lifetime which can be largely reduced when introducing

recombination/generation centers, such as metal impurities. If the dark current is dominated by
thermal generation, which is often the case in metal contamination, the expression for dark current
is [47]:

I, =anWA/z, (2.29)

where W is the width of deletion region, and A is the cross-section area. As a result, by reducing
metal concentration we can increase the generation life time. Therefore, the dark current can be
reduced.

One of the important techniques to remove unwanted impurities, such as metal contamination
in depletion region, is gettering. Gettering is a process by which harmful impurities are removed
by providing an alternative location (a “getter”’) where they prefer to reside with lower energy and
have minima harm. Different gettering methods have been used previously [48]. As can be seen
from the above experiments and simulation, carbon implantation can result in a sharp immobile
peak due to carbon precipitation. Based on our DFT calculation, there is very strong binding
between carbon precipitates and metal species, as listed is Table I1l. This indicates that carbon
implantation can be a very effective method for metal gettering, which has been verified by a range

of previous gettering experiments via carbon implantation [31-33].
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Figure 2.6. Schematic for gettering of metal contamination by carbon precipitation.

Table 2.4. Parameters of Iron for Sentaurus Device simulation

Properties Value Ref.
Diffusivity 0.0013exp(—0.68/k,T) [137]
Defect Type Donor [138]
Location (eV) Ev+0.39
Electron Capture Cross section (cm) 5x107
Hole Capture Cross section (cm) 7x107Y

Initial dark current simulation is conducted in Sentaurus Device using the gettering simulation
results from Sentaurus Process with the parameters in Table 2.4. The initial iron concentration is
set to be 102 cm3. After 10 min 1000 °C furnace annealing, most of iron atoms are gettered by
carbon precipitation. The dark current of the photodiode after gettering is only about 7% of initial
value. The reduction of dark current can be quite beneficial for larger dynamic range and less noise

for advanced silicon CMOS image sensor.



Chapter 3. MOMENT-BASED MODELING OF OXYGEN
PRECIPITATION

Oxygen precipitates can serve as gettering sites to remove unintentional impurities, while they can
also result in the generation of extended defects that may be harmful to the yield and device
performance [11, 49-53]. Thus, it would be desirable to have a computational model which can
guide the development of processes to generate oxygen precipitate in a more controlled manner.
Oxygen precipitation has been studied for a long time under different processing conditions
[54-58] and different models has been proposed to understand the precipitation behavior. Oxygen
precipitation was first modeled using nucleation theory [59-61] and growth law [62-63]. Then, the
impact of point defects and strain energy were included in some models [64-68]. Later, models
based on kinetic rate equations (KREs) and Fokker-Planck equation (FPE) were adopted to model
oxygen precipitation more accurately. However, models based on only KRE [69] are often
computationally expensive since hundreds of coupled differential equations needed to be solved,
which may not be feasible in large scale 2D or 3D process simulation; Models based on FPE often
requires the use of custom solvers [70-72] and introduction of empirical fitting parameters [73].
In our previous work, a moment based model for oxygen precipitation was proposed [37],
which can efficiently describe the precipitation process and maintain good computation efficiency.
However, precipitates are presumed to incorporate the optimal (energy-minimizing) number of
vacancies at all times. This assumption is not valid for fast ramping and lower temperature
processes, where the number of vacancies in precipitate doesn’t reach equilibrium in real time. In

addition, only spherical precipitates are considered in the model, but morphology evolution of
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oxygen precipitate has been observed [65, 66, 73, 74] which has great influence in the precipitation
kinetics as well as the gettering efficiency [75].

In this chapter, the reduced kinetic precipitation model (RKPM) is further developed building
on the approach of Ref [37], with the consideration of morphology evolution, and dynamic
incorporation of point defects. In addition, by including Fermi level effects and a boron/interstitial
clustering model [76], the impact of boron doping is also considered in modeling oxygen

precipitation.

3.1 MODEL DESCRIPTION

In Chapter 2, we discuss a moment based model for carbon precipitation in detail. To model
oxygen precipitation we need to rethink some of the assumption we have made for carbon
precipitation. For oxygen precipitation, we need to consider the strain energy, the interaction
between precipitates and point defects, and the shape evolution. Instead of considering the
spherical shape precipitate as Cnln, we model the oxygen precipitate with oblate spheroidal shape
as OnVm.

To describe the oxygen precipitate, we introduce a set of parameters as follows:

n: Precipitate size (the number of oxygen atoms in precipitate);

m: Net vacancy incorporation (the number of vacancies — the number of interstitials
incorporated in a precipitate);

fa: Concentration of oxygen precipitates with size n;

fn,m: Concentration of oxygen precipitate with size n and net vacancy incorporation m;

hn: The total concentration of net vacancies incorporated in all size n precipitate;

mn: The average net vacancy incorporation in a size n precipitate, with my = hp/ fi.
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[ Aspect ratio of oblate spheroidal precipitate.

Cx: The concentration of X;

Cx": The equilibrium concentration of X;

NetC,: Net interstitial concentration in silicon matrix, with NetCi= C,- Cv and C,C v= C/°
Cv'.

The schematic of proposed oxygen precipitation model is illustrated in Figure 3.1. In this
model, the rapid recombination for interstitials and vacancies is assumed, so only one point defect
species needs to be considered in excess energy and reaction rates. Here net vacancy incorporation
is used in oxygen precipitate and net excess interstitial concentration is used in silicon matrix. By
consuming interstitial oxygen, the size of oxygen precipitate, n, will increase. The oxygen
precipitate is assumed to have a phase of SiO> in our study, as in many previous report. Since the
atomic volume per silicon of SiO> is about 2.2 times larger than that of crystalline Si, the growth
of the oxygen precipitate is accompanied with large compressive strain from the surrounding Si
matrix. The compressive strain can be relieved by consuming vacancies or ejecting interstitials.
As a result, the net vacancy incorporation, m, in the precipitate will also increase. However, we
cannot completely describe the two-dimensional system by having m x n equations, as that is not
feasible for computation. Thus, we simplify the system by only considering the average net
incorporation of vacancies at a certain size, i.e. m, in Figure 3.1. In addition, to consider the shape
evolution of the precipitate, we model the precipitate as an oblate spheroid with aspect ratio, S.
Spherical precipitates modeled in previous publications are equivalent to fixing # = 1 in the present

model.
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Figure 3.1. Schematic of oxygen precipitation model. Precipitates grow by incorporating O

interstitials (to the right in figure) and relieve strain by incorporating vacancies (up in figure). At

any given size n, we define an average number of V incorporated (mn) and aspect ratio (5n).

3.2

ENERGY OF OXYGEN PRECIPITATE

The total free energy change, AG, , , , upon precipitate formation can be written [37]:

where surface energy A

Here, Q

AG,, , =—nk,T |n(c—°j— mk,T |n[&*j+AG;“n:fa;e +AGE 3.1)
AL C C\/ FLLLN) FALLEY

SS

G js expressed by:

n,m,p

A T A

AGsurface :g*[g*\/;VnJ *(2 ﬂZ *|n(2_ﬁ2 j} (32)

V. %*QS@ (3.3)

n

is the molecular volume of SiOz, Vi is the volume of precipitate with size n, and

strain

o is the surface energy coefficient. Strain energy AG, ; is calculated by considering an
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incoherent oblate spheroid inclusion of SiO; in silicon matrix based on Eshelby’s inclusion theory

[77-79]:
strain eT2 (n; m)
AG =6V i f 3.4
n,m,f n:uS| 1+4,U5i /(3K5i02) (ﬂ) ( )
(n m) B QSiOZ *n / 2 1/3 (3 5)
S o mi2em) ) '

where f{p) is a function of § based on the inclusion theory, Qg is the atomic volume of silicon,
Hs; 1s the shear modulus of silicon and K, is the bulk modulus of SiO.. e is the transformation

strain (or linear misfit strain) indicating the mismatch between perfect silicon matrix and
precipitate with size (n, m). If we use the parameters in Table 3.1, f{) can be calculated
numerically as shown in Figure 3.2 and is fitted by an exponential function. The method to
calculate strain energy can be found in Appendix B.

The surface energy is minimized when g=1 (Equation (3.2)) while the strain energy is
minimized at f=0. The sum of the strain energy and surface energy is defined as excess energy. In
our model, oxygen precipitates always tend to stay with optimal aspect ratio, £, to minimize the
excess energy.

Since we only consider the average net vacancy incorporation at a given size, mn, we can

modify the expression as:

CV n'mn'ﬁ n'mnvﬂ

SS

AG, , =-nk;T In (C—OJ —m, kT In [ S ] +AGIES + AGy " (3.6)
| C
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Figure 3.2. Normalized strain energy vs aspect ratio. Dots are results for numerical

calculation and solid line is fitted exponential function, f(#)=(1-exp(-5.078 p)).
3.3 KINETIC RATE EQUATIONS:

We use kinetic rate equations to describe the dynamic behavior for small oxygen clusters with

n<72. The equations we formulate to solve f, are:

n=2 3.... (3.7)

Rn =0 fn—l —d,f (38)

n'n

where g, is the growth rate from size n to n+1 and d, is the dissolution rate from size nto n - 1.
The expressions for diffusion limited growth and dissolution rate are similar to that in Chapter 2:
g, = ﬂ’n DoCo (3.9)

i - AG, ,—AG,, , 210
n = On_1 €XP( T ) (3.10)
B
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Here C, isthe concentration of oxygen interstitial, Do is the diffusivity of oxygen interstitial,

ks is the Boltzmann’s constant, and A4, is a Kinetic factor that depends on the geometry and

interface reaction distance, which can be expressed as [73]:

2 h_p2 1
g2 NS (3.11)

" a+r arccos()

where ry is the radius of size n precipitate and a is on the order of the silicon lattice constant.

We use h, = f,m, to track the evolution of point defect incorporation. The related equations

are:
M _Rgr_g heg M n=2, 3.... (3.12)
ot ot
Rnh = gn—lhn—l _dnhn (313)
om, £ £
= =Dy (€, ~C))=4D, (€, -Cf) (3.14)

Here C and C are the concentrations of intrinsic point defects in local equilibrium with the

precipitate, defined as:
Cy =Cy |G _, (3.15)

C, *CF =C, *C, (3.16)

As can be interpreted from the above equations, interstitial and vacancy tend to approach their
local equilibrium concentration, which would make mn approach the optimal value to minimize
energy. In the previous model [37], a first order approximation is used to estimate the optimal
value for ms, which simplifies the model and works reasonably well. However, when point defects
are far away from equilibrium, the first order approximation would result in substantial error in

predicting the optimal mn. Moreover, in fast ramp and low temperature processes, mn, may not
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always have the chance to reach the optimal value. Thus, considering the dynamic evolution of
point defect incorporation is expected to be helpful in predicting the precipitation behavior during

fast ramp and low temperature processes.

3.4 MOMENT-BASED MODEL

We use a reduced kinetic precipitation model to describe oxygen precipitation, where only the
moments of large precipitates are considered [36, 37]. The delta function approximation is used in
the model where the behavior of precipitates is assumed to be given that for the average size (Navg).
We consider clusters up to size k-1 with discrete rate equations, while we use the moments to
capture the distribution for clusters with k or more oxygen atoms. k=72 is used for simulation on
the basis of Ref. [37]. The ith moment is defined as:

m, =ini f, (3.17)

n=k
The method to get mp and m1 have been previously described in Chapter 2 for carbon
precipitation and Ref. [37] for oxygen precipitation. In addition, we also need to consider the Oth

moment of hn which is

m =>"h, (3.18)
n=k
amh amn
atO =R"+m, T (3.19)
Nag =My /My, M, =mg/m, (3.20)

with mo" represent the total net vacancy amount in all the larger oxygen clusters. The rate of change
of total vacancy incorporation mo" contains the formation of minimum size clusters considered in

the moments and point defect exchange with the matrix to minimize energy.
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As can be interpreted from Equations (3.4) and (3.5), Navg and Mnavg determine the magnitude
of the transformation strain (er) of large oxygen clusters. In oxygen precipitation process at
relatively lower temperature (700 < T < 900 °C), DoCo "> D|C/", so the background silicon matrix
commonly has a substantial interstitial supersaturation, which would make the ratio between mnayg
and navg smaller than the equilibrium value (~0.56). With a fixed navg, the smaller the ratio, the
larger the transformation strain and thus the strain energy. When the strain is a large enough portion
of the total excess energy, the precipitate shape would change from sphere toward platelet to reduce
strain energy. At high temperature (T>1000 °C) DoCo"< D|C/’, the interstitial concentration would
remain close to equilibrium. So Mnavg /Navg ratio is close to equilibrium and the strain will be largely
relaxed. Thus, platelet shaped precipitates are generally observed at lower temperatures.

The overall picture for oxygen precipitation is illustrated in Figure 3.3. Oxygen
supersaturation (Co/Css > 1) in silicon leads to the formation and growth of oxygen precipitates.
As they grow, these precipitates will accumulate compressive strain, which is relieved by
interstitial ejection (or vacancy absorption) and results in the supersaturation of interstitials (C\/C*
> 1). The increase of interstitial supersaturation reduces the net vacancy to oxygen ratio (m/n)
which in turn will increase the strain energy. If the strain energy becomes more dominant than
surface energy in the total excess energy, the aspect ratio () of oblate spheroid precipitate will
reduce. The reduction of the aspect ratio may reduce the total free energy required (AG) to form
precipitate and thus promote the further growth of the precipitate. In addition, the supersaturated
interstitials will also tend to aggregate to form dislocation loops, facilitated by the local tensile
strain in silicon lattice surrounding compressively-strained oxide precipitate. The dislocation loops

serve as a sink for interstitials, thereby cultivating precipitate growth.
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Figure 3.3. Schematic for the process of oxygen precipitation. “+” indicates effect for

promoting and “-” indicates effect for retarding.
3.5 THE IMPACT OF BORON DOPING.

Boron is generally believed to enhance the oxygen precipitation process and some models have
been proposed to describe the process [80-83]. Here we adopt previously reported boron/interstitial
cluster model and integrate it with our moment based oxygen precipitation model. In our model,
boron doping impacts the oxygen precipitation process in two ways: a) change the equilibrium
point defect concentrations (and thus their transport capacity (e.g., DiCi")) by affecting the Fermi
level; and b) form boron interstitial clusters to consume excess interstitials and thus promote O
precipitation.

There are multiple charge states for intrinsic point defects. The equilibrium concentration of
neutral point defect is independent of Fermi level, while the charged point defects have Fermi
level-dependent equilibrium concentrations. Thus, the total equilibrium concentration of point

defects should be changed at different doping level as:
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Here X stands for vacancy or interstitial, C” is the intrinsic equilibrium concentration for that
species, n; is the intrinsic carrier concentration in silicon and n (p) indicates electron (hole)
concentration.

As reported in previous research [76, 84], there is significant bonding between boron and
interstitials. When boron concentration is high enough, boron-interstitial clusters form. The
formation of B/I clusters reduces the interstitial supersaturation caused by oxygen precipitation,
which will in turn promote the oxygen precipitation process.

For a simplified model, we can assume that the concentration of all the small B/I clusters (e.g.,
Bl, B:l) rapidly equilibrate with the free boron and interstitial concentrations [76]. Bsl is the
dominant cluster and is the only species that needs to be solved numerically since it is present in

non-equilibrium quantities. The corresponding reaction and rate are:

B,I +Bl & Bl +1 (3.22)

CB3ICI
RBZI/BI = 4raDy, CBZICBI - (3.23)

KBZI/BI

In the expression, K, g is the equilibrium constant for the clustering reaction between A and
B, and R, 5 represents the clustering rate. Here we use the equilibrium concentration of C,, and
C,, in the above equation, which are obtained by:

CBI = KB/ICBCI (3.24)

CBZI = KB/BICBCBI (3.25)
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All the equilibrium constants we use are listed in Table 3.1. We also need equations for the

evolution of interstitial oxygen Co and NetC, to solve the entire set of equations. These are

expressed as follows:

o[NetC,]

oC, .om & of
2o _pvie, -1 S pn
ot °n T at ; ot
6mg+zk:%_5cs3u

=D, V°C, -D, V°C, + T a

(3.26)

(3.27)

The boundary conditions and model for dislocation loops and small oxygen clusters are the

same as in Ref. [37].

Table 3.1. Model parameters

Parameter Value Reference

Do 0.13 exp(-2.53 eV/ksT) cm?/sec, T>750 °C [88]
2.16x10° exp(-1.55 eV/ksT) cm?/sec, T<750°C | [89]

a 5.0A

Css 3.04x10%% exp(-1.317 eV/ksT) cm

D) 51.4 exp(-1.77 eV/ksT) cm?/sec [90] [91]

C/ 2.9x10%* exp(-3.18 eV/ksT) cm™

Dv 3.07 exp(-2.12 eV/ksT) cm?/sec

Cv' 1.4x10%* exp(-2.44 eV/ksT) cm

Csi 5.0x10%?cm’3

asi 5.431 A

Vsi 2.0x102% cm®

usi 64.9 GPa [92]

Vsio2 4.35x102% cm?®

Ksioz 36.9 GPa [93]

a 0.1735 J/m?, T<800 °C
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0.2400 J/m?, T>900 °C

Ken exp(0.7 eV/ksT)/ Cs [76]
Kegi exp(1.3 eV/ksT)/ Csi
Ks2isi exp(1.2 eV/kgT)
Dsi 0.036 exp(-1.09 eV/ksT) cm?/sec
K™ 11.91 exp(-0.456 eV/ksT)
Kt 122.6 exp(-0.687 eV/ksT)
Ki 2x10°3
Ki~ 4x10°3
Kv* 11.84 exp(-0.505 eV/ksT)
Ky*™™* 4x10°
Ky 0.0926 exp(-0.146 eV/ksT)
Ky~ 0.0071 exp(-0.252 eV/ksT)
Table 3.2. Fitted initial conditions used to replicate experimental data.
Source Initial mo (cm™) Initial Nayg Initial Ny (cm)
Schrems, et al [86] 1.0x106 1x103 -1x101
Chiou and Shive [54] | 9.7x108 7.8%x10° -7.36%x10'?
Sueoka, et al. [74] 1.0x108 1x10* -4x10%
Ono, et al. [87] 1.0x108 1x10* -4x10%

3.6 SIMULATION RESULTS

The oxygen precipitation simulation is conducted in Matlab using the PDE solver. The parameters

used in the simulation are summarized in Table 3.1 and Table 3.2. There are several different

calibration factors for FTIR measurement for interstitial oxygen. We use the latest ISO-88 standard
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in our simulation [85]. All the measured interstitial oxygen concentrations across different

experiments are normalized to this standard for consistency.
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Initial Oxygen (cm'3) x10"
Figure 3.4. Comparison of the model to experimental observation of O precipitation due to

two-step anneals by Schrems, et al [86]

The data in Figure 3.4 is extracted from Ref [86], where two-step annealing was conducted,
first 750C for 4 hours and then 1050C for 10-40 hours. With reasonable initial conditions, our
model can match the experimental data very well. The transition slopes and the turning points to
form observable amounts of precipitation for different high temperature annealing times are well
predicted by the model. The data in Figure 3.5 extracted from Ref. [54]. The difference in
precipitation behavior with different nucleation and growth duration is also well described in our

model.
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Figure 3.5. Comparison of the model to experimental observations of O precipitation due to
two-step anneals by Chiou and Shive [54]

In addition, we use our model to predict the shape evolution as shown in Figure 3.6. Isothermal
anneals at different temperatures were conducted in Ref [74] with same initial O concentration.
The precipitate shape and interstitial oxygen concentration were recorded at 64, 200, 400 hours
and 700 hours. At 700C, precipitates shape change from sphere to oblate spheroid at annealing
time between 64 hours and 200 hours. While at 800C and 900C, the morphology becomes oblate
spheroid well before the 64 hours’ record time. Our model predicts the same phenomenon as seen
in the experiment. The shape changes from 400 hours and 700 hours at 800C and 900C are
attributed to the morphology instability, so we didn’t include this in our model. It can be found
that the predicted aspect ratio of the oblate spheroid is larger than the observed value. One
possibility is that when the precipitates become plate shape, they tend to stay at <100> plane of
silicon matrix [75] which may reduce the interface energy per area compare to the spherical

precipitates. The reduction of interface energy per area would make the strain energy more
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dominant in excess energy. Thus, the reduction of aspect ratio to reduce strain energy can be
expected. In addition, the model can also match the interstitial oxygen concentration at different

annealing time, as shown in Figure 3.6(a).
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Figure 3.6. Comparison of the model to observations of O precipitation by Sueoka, et al.
[74]. (a) shows drop in interstitial O over time, as O precipitates form, while (b) shows predicted
aspect ratio versus time and comparison to observations at 64, 200, and 400 h.
The model predictions for the impact of Boron are shown in Figure 3.7. The experimental
data is extracted from Ref [87]. Two step annealing, 900 C/4 h + 1000 C/16 h, was conducted with
different boron doping. The general trend of enhancing oxygen precipitation is observed with

boron doping up to 2.4x10° cm=. Our model with boron/interstitial clustering well predicts the

experimentally-observed behavior.
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Figure 3.7. Comparison of the model to observed drop in interstitial O due to precipitation after
two-step annealing for various B doping levels by Ono, et al. [87]
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3.7 SUMMARY:

We develop a moment based oxygen precipitation model with the consideration of morphology
evolution and dynamic incorporation of point defects. We also take into consideration the impact
of B via a boron/interstitial clustering model as well as Fermi level effects, so that doping-
dependent oxygen precipitation is also included in our model. The moment based precipitation
model can replicate experimental data reasonably well and more computationally efficiently than
models based on full set of KREs or FPE. Because of fewer required equations and the
computational efficiency, our oxygen precipitation model has the potential to be integrated with

other defect formation models and used in large scale TCAD simulations.
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Chapter 4. IMPACT OF CHARGED GRAIN BOUNDARIES ON

CDTE SOLAR CELL

CdTe solar cells offer a low-cost way to reach high conversion efficiency. CdCl, treatment is
commonly used as grain boundary passivation process to enable CdTe cells to achieve high
performance [94-96]. Experimental observations and theoretical calculations both suggest that
CdTe grain boundaries (GBs) become positively charged after CdCl, treatment [97-101],
becoming depleted or inverted for p-type material. Electron-beam induced current (EBIC) imaging
[98] as well as other similar experimental techniques [99-101] suggest stronger carrier collection
close to the grain boundary. Combining those facts, it has been suggested [98-101] that depleted
grain boundaries are actually beneficial to CdTe solar cell performance because they can help to
separate carriers, suppress recombination and improve carrier collection.

However, in this chapter we will show that while there is obvious enhancement of the EBIC
signal near depleted grain boundaries, the solar cell response shows substantial reduction in the
open circuit voltage and a small decrease or increase (depending on doping level) in short circuit
current when grain boundaries are introduced. Counter-intuitively, larger band bending actually
gives reduced short circuit current for typical CdTe cells due to the resulting enhancement of
recombination near CdTe/CdS interface. While there is no obvious increase of EBIC signal near
accumulation type grain boundaries (with negative charge for p-type bulk), such grain boundaries
can modestly enhance the solar cell performance.

Our results indicate that EBIC signal enhancement or reduction near charged grain boundaries
is not at all predictive of the impact of the grain boundaries on actual cell performance or even on

short circuit current. The device simulation results suggest that a passivation process that leads to
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accumulation at grain boundaries is actually more desirable. This chapter is adapted from previous

publications. [102, 103]

4.1 EBIC SIMULATION

EBIC imaging is a powerful technique which can resolve a material’s electrical response at a scale
much smaller than the grain size [104]. It can be used for the measurement of minority carrier
diffusion length and surface recombination of a sample material. In the measurement, a focused
electron beam impinges on the material and generates electron-hole pairs. Those carriers can travel
to the contact and get collected or recombine before they reach the contact. The ratio, 1, between
the collected carriers to the generated carriers is the collection efficiency for the EBIC
measurement.

Each electron can generate approximately Epeam/(3Eg) electron-hole pairs, where Epeam is the
energy of the electron beam and Eq is the material bandgap. The average experimental generation

rate can thus be estimated as [105]:

—(1_ (Ibeam/q)X(Ebeam/Eo)l
G=0-b) 3x(E,/E) V (4.1)

Here, lveam is the electron beam current, b is the backscattering coefficient, and V is the
generation volume. For simplicity, we consider constant generation in a box with width w and
depth d. Thus V = dw?.

The generation rate in Equation (4.1) is defined in a three-dimension system, which is
generally true for the experimental measurement. In our simulation, we use a two-dimensional
system to model the EBIC signal response in three-dimensional structure. As discussed by Haney
et al. [106], the ratio between critical generate rate to establish high ejection effect in 3D and 2D

is 4L, where L can be considered as the grain size in our simulation. Note that the unit of generation
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rate in reference [106] is s"2cm®™3, while in present paper we use the units s*cm™. Thus we can
use the following equation to estimate the equivalent generate rate in 2D, G?P, to approximately

model 3D EBIC signal response with generate rate G:

w
GP =G— (4.2)
4L
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Figure 4.1. Electrostatic potential distribution in CdTe absorbers for EBIC simulation
structure. (a) 0.25 V band bending near depleted grain boundary. (b) 0.11 V band bending near

accumulated grain boundary.
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Figure 4.2. Simulated EBIC collection efficiency versus position with 2D generation rate
G2?P=1.8x10%*cm/s for CdTe with depleted grain boundaries (a-b) and accumulated grain
boundaries (c). (a) Collection efficiency with different band bending (Eni). Top surface
recombination velocity, Stop=10* cm/s and grain boundary recombination velocity, Sce=103
cm/s. (b) Collection efficiency with different top surface recombination velocities. Epi =0.25 eV
and See=10° cm/s. (c) Collection efficiency with different grain boundary recombination
velocities. Epi =-0.11 eV and Sip=10% cm/s. Here we use positive value to represent depleted GB

which is positive charged in p-type CdTe.
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We constructed a thin film absorber structure for simulation as shown in Fig. 4.1 and
simulated in Sentaurus Device. Constant carrier generation to an estimated penetration depth of d
= 0.2um over width of w = 0.1um is defined to represent the electron beam excitation. The
excitation point is scanned from x=-4 um to x = 3.5 um, while the grain boundaries are defined at
X =-2 um, and 2 um. The probe contact is defined at the top surface from x=3.6 um to x=4.0 um
Reflecting boundary conditions are applied on the left and right sides of the simulation structure.
The device parameters are listed in Table 4.1. Grain boundaries are modeled as 2 nm wide regions
with fixed charge. The fixed charge can be considered to come from shallow donor/acceptor
independent of common generation level. The relation between charge density and band bending
is shown in Table 4.2. The recombination centers in grain boundaries and grain interiors are both
using Shockley-Read-Hall model with midgap traps for simplicity. The recombination velocity at
GBs is, Secg=2nm/1eB, where tn=tp=Tcg in grain boundaries.

If the beam current is 100 pA and beam energy is 5 keV with back scattering coefficient of
0.15, the generation rate in three-dimension system is about 2.9x10%°cm/s. In our simulation, the
grain size L is 4 um. Thus, the equivalent 2D generation rate is estimated to be about 1.8x10%*cm-
3s.

For grain boundaries which lead to local depletion or inversion (positively charged for p-type
absorber), as shown in Figure 4.1 (a), there is a large enhancement of signal close to the grain
boundary, which is consistent with previous experimental observations and numerical simulations
[107]. When electron-hole pairs are generated in the depletion region near the grain boundary,
electrons can travel in the depletion region to reach the CdS and then the contact. Meanwhile, holes

are swept into the p region within grains. Thus, we can conclude that a depletion region near grain
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boundary aids carrier collections in EBIC imaging experiment. The larger the band bending, the

larger the EBIC signal enhancement we observe near the grain boundary as shown in Fig. 4.2 (a).

Table 4.1. Simulation parameters

Bulk Parameters CdTe Cds ZnTe SnO2
Layer Thickness (um) 4 0.05 0.05 0.05
Bandgap (eV) 1.5 2.4 2.3 3.6
Electron affinity (eV) 4.4 4.5 3.5 4.8
Doping density (cm™)|  p, 5x10™ n, 10% p, 107 n, 10%
€/ €0 10.6 10 7.4 9
Nc (cm™) 7.8x10"’ 2.2x10"™® 2.2x10"® 2.2x10%8
Nv (cm=) 1.8x10" 1.8x10" 1.8x10"™ 1.8x10™
Tn (NS) 1 10 1 0.1
1p (NS) 1-1000 10™ 3 100
tn (cm?/V/s) 320 100 320 100
Up (cm?/Vs) 40 25 40 25

The surface recombination has a large influence on the EBIC signal response. Increased
surface recombination would result in reduced EBIC signal as shown in Fig. 4.2 (b), because more
generated carriers recombine at the top CdTe surface before they are able to be collected. The
maximum collection efficiency for 0.25 eV band bending is about 90% when top surface
recombination velocity is small (10* cm/s), indicating most of the carriers are collected by probe.
The large collection efficiency is because the generation level in the simulation was below the
threshold for high level injection effects. When the generation level is high enough, the electrical
field in the depletion region will be screened due to the large carrier concentrations and the

collection efficiency will drop [106].
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For grain boundaries which lead to local accumulation (negatively charged for p-type
absorber), as shown in Figure 4.1 (b), the EBIC collection efficiency is very small. This is because
there is no channel for minority carrier (electron) current flow in this situation and most of the
generated carriers recombine before they reach the probe. The signal contrast between grain
boundary region and grain interior is also small. For CdTe with unpassivated grain boundaries,
reduction of EBIC signal near grain boundaries is observed because of the increased grain

boundary recombination.

Table 4.2. Band bending corresponding to grain boundaries charge density at Y=1 um (Figure
4.1) for CdTe with 5x10'* cm™ p type doping

Band Bending (eV) Charge Density (cm)
-0.11 -10%8
0.10 2.1 x10%7
0.24 3.6 x10%/
0.58 6.0 x10*'
0.94 8.4 x10%'

4.2 SOLAR CELL SIMULATION

To understand grain boundary impact on CdTe solar cell performance, we conducted further
numerical simulation with the same absorber structure plus added ZnTe backside contact. The
device structure is shown in Figure 4.4(a) and the device parameters are listed in Table I. AM 1.5
spectrum with an intensity of 1000W/m? is defined for the illumination. The simulation results are

shown in Fig. 4.3.
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4.2.1  Depleted Grain Boundary
Introducing a depleted (positively charged for p-type) grain boundary alters the carrier distribution
in the device, changing the recombination rate distribution which is directly related to Isc and Voc.

The SRH recombination rate for midgap traps can be expressed as:

2
np—n,
Repy = i (4.3)
rp(n+ni)+rn(p+ni)
When
n(x)z, = p(X)z, (4.4)
the recombination rate will reach local maximum, which is:
2 2
n“z_ /. —n
RSRH = £~ I (4-5)
2r,n+(z, +7,)N,
17 ; A k 0.88
—-—SGB=103cm/s
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Figure 4.3. Simulated solar cell performance as function of band bending for different grain
boundary recombination velocities (Scg). Here positive band bending indicates positively
charged (depleted) grain boundary and vice versa. A lifetime of 1, =3 ns is used in CdTe grain
interiors.

The carrier distribution in CdTe cell with depleted grain boundaries is shown in Fig. 4.4(b-c)
and Fig. 4.5(b). Band bending brings electron and hole densities closer to each other. When the
band bending is large enough, we can observe local maximum recombination near grain
boundary. We define the recombination in the cell without band bending near grain boundary as
reference recombination. Whether the local maximum recombination rate would be larger than the
reference recombination rate is determined by the electron/hole density when Eq. (4.4) is satisfied.

The larger their values when equation is satisfied, the larger the local recombination, as can be

seen from Eq. (4.5).
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Figure 4.4. Recombination rate (cm™/s) and carrier density (cm) plots for 0.63 eV band
bending situation at short circuit condition. (a) is a contour plot of recombination within the
simulated structure; (b) give distributions at cutline y=0.8 um, and (c) is at y=2 um (near CdS
interface). In (b-c), red line is recombination rate, dashed line is reference recombination (no
band bending), green line is hole density, and blue line is electron density. Seg=10° cm/s and 1,
=3 nsin CdTe.

In short circuit situation, the recombination rate at depth 2um from the CdTe/CdS interface
reaches local maximum value near the grain boundary (Fig. 4.4(b)). However, when band bending

is large enough, the local maximum value is smaller than the reference recombination. This is

because carrier concentrations are small (~107 cm). In addition, the built-in electrical field attracts
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minority carriers (electrons) from grain interior (Gl) to grain boundary (GB) region, which reduces
the electron density and thus recombination in GIl. The overall trend is that recombination is
suppressed when introducing depleted grain boundaries at locations far enough from the
CdTe/CdS interface. This is generally explained by carrier separation and leads to an increase in
Isc [108, 109].

However, when we move the cutline closer to the CdTe/CdS interface, the local maximum
recombination will increase and eventually the overall recombination will be larger than the
reference recombination (Fig. 4.4(c)). This is because the heavily doped CdS results in the
inversion of adjoining CdTe region. Near the depleted grain boundary, the inversion region is
expanded deeper into the absorber. The peak of electron density near the grain boundary broadens
and rises near the CdTe/CdS interface. This will increase the electron and hole density when
Equation (4.4) is satisfied, which leads to larger local maximum recombination. When the local
maximum recombination is large enough, the overall recombination would be enhanced due to

introducing depleted grain boundaries.
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(b)

2 1 0 1 2
position (um)

Figure 4.5. Recombination rate (cm™/s) and carrier density (cm) plots for 0.63 eV band
bending situation with 0.65 V applied voltage. (a) is a contour plot of recombination; (b) gives
distributions at cutline y=0.2 pm. See=10% cm/s, Tp =3 ns in CdTe. Lines are the same as in Fig

4.4

In summary, grain boundaries that lead to local depletion (e.g., positively charged for p-type
material) enhance recombination in CdTe cell near the CdTe/CdS interface but suppress the
recombination deeper inside absorber. Whether Isc will increase or decrease depends on the
balance between the two. For CIGS solar cell with typically heavier doping levels (>10¢ cm™),
the recombination enhancement region is shallower. Similar to previous research [108, 109], we
find an increase of Isc with large enough positive (depletion) band bending. However, in CdTe
solar cells, the doping level is relatively low (10*4-10%° cm), so the influence of CdS region
extends deep into absorber film, and the depth of recombination enhancement region is larger than
in heavier doping scenario. In this situation, we find larger band bending would actually make Isc
smaller (Fig. 4.3).

Similar methods can also be applied to analysis of the impact on Voc and efficiency. When

applying bias, more minority carriers (electrons) are injected into CdTe region, which raises
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electron density near grain boundary. When Equation (4.4) is satisfied, the electron and hole
density are much larger than those in the short circuit situation, which also makes the local
maximum recombination much larger (Fig. 4.5). In our simulation, the local maximum
recombination become large enough to enhance the overall recombination, and thus the forward
diode current. Combining the small reduction of Isc with the substantial reduction of Voc, results
in significant drop in cell efficiency due to positively charged GBs.

Since the ratio between 1p and 1, IS essential to determining the location of local maximum
recombination, the choice of tp/tn in CdTe could also alter the device performance. tp/tn ~ 1000 is
used in some previous device simulation [110], while a recent calculation [111] finds that the
capture cross-section for electron and hole are on the same order (~103 cm) for native point
defects. Thus we conduct simulation using tp in CdTe ranging from 1ns to 1000ns while tnis fixed
to be 1ns, as shown in Fig 4.6. The general trend of reduction of Isc and efficiency with positively
charged GBs is still observed in all the different 1, situations, while the reduction of Isc is
significantly mitigated when tp is much larger than t.. There is almost no dependence of Isc on
band bending when t,>>1, in CdTe. The choices of t, and tp for SnO2 and CdS are based on

previous work [110].
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Figure 4.6. Simulated solar cell performance as function of band bending with different 1,

situations in CdTe. to=1ns and See=10% cm/s.
4.2.2  Accumulated Grain Boundary

As can be seen from Fig. 4.3 and Fig. 4.6, introducing accumulation (negatively charge) at grain
boundaries can enhance the device performance. The upward band bending near the accumulation
type grain boundaries would lead to a barrier for electrons to reach grain boundaries. Thus, excess

recombination at the grain boundaries would be inhibited in this case, which is consistent with the
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result that more pronounced performance improvement is found in cells with less passivated grain
boundaries. In addition, Accumulated grain boundaries effectively increase the overall doping
level for CdTe absorber. Since the active doping level in CdTe is still smaller than the optimal
value, increasing the effective doping by introducing accumulation type grain boundaries will also

improve the cell performance.

4.3 CONCLUSION

TCAD simulations were conducted for both EBIC imaging and solar cell performance for the same
CdTe absorber structure using positively and negatively charged grain boundaries. In the EBIC
simulation, we observe signal enhancement near the depleted (positively charged) grain boundary,
while solar cell simulations indicate reduction of Isc, Voc and cell efficiency under typical
conditions. Based on analysis of the spatial variation in recombination, especially the magnitude
and location of maximum recombination, we explain how the grain boundary impacts device
performance. The reduction of Isc is opposite that found in previous study of CIGS [108, 109].
This is explained by the large expansion of recombination enhancement region near the CdTe/CdS
interface due to the low doping level in CdTe. On the other hand, there is no obvious signal
enhancement near accumulated (negatively charged) grain boundaries but the cell performance is
improved in this situation. Our study shows clearly that enhanced EBIC signals are not a good
predictor of enhanced solar cell performance, and indicates that a passivation process which
introduces negative rather than positive charge at grain boundaries could potentially enhance the

performance of thin film photovoltaics with p-type absorber layers.
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Chapter 5. COMPREHENSIVE MODEL FOR LIGHT INDUCED
DEGRADATION IN SILICON SOLAR CELL

Light induced degradation (LID) is a severe problem in boron doped silicon solar cells [112].
Substantial efficiency degradation is seen (up to 10%) due to a decrease of bulk lifetime unpon
light exposure as shown in Figure 5.1. A wide range of models have been proposed to explain this
phenomenon, but none are fully satisfactory [26, 113-120]. The light induced degradation of boron
doped silicon limits conversion efficiency improvements in solar cell. The lifetime degradation
was traced at temperature from 20 °C to 140 °C while the lifetime would recover to its initial high
value after annealing in the dark from 110 °C and 200 °C. The lifetime degradation process
commonly has two stages: fast stage which happens within 100 seconds and a slow stage which

takes up to 10 hours.
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Figure 5.1. The experimental observation for light induced degradation in boron doped

silicon solar cell. Reproduced from Ref. [115].
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One of the most important parameter to characterize the LID is the normalized defect density,

Nt,eff )

1 1 1 1 1
V.oN =———=| —+— |—— 5.1
th t,eff r To [ TUD 2_0 ] To ( )

Here, 7,is the lifetime at initial condition, z is the lifetime during degradation, and 7, is

lifetime limited by light induced recombination center. If we choose 7,;,~ 10 to 10 s as shown
in Figure 5.1, ¢ ~ 10 cm? for a neutral defect, and Vi ~ 10" cm/s, we can estimate N, o is on the
order of 10! to 10'? cm™for mid-gap neutral defect.

Initial models accounted for the apparent linear dependence of LID on B doping (as well as
quadratic dependence on initial interstitial O) by postulating the formation of complexes between
Bs and Oa; under light exposure [26, 113-117]. However, experiments using Si co-doped with B
and P led to the conclusion that the degradation depends on the hole rather than the B concentration
[121-123]. Several new models were proposed to account for the lack of a direct B-doping
dependence, but the most widely cited [118-119] relies on the formation of boron interstitial
complexes in concentrations that are inconsistent with the fact that (as evidenced by the high
solubility of B) Bi complexes are highly unstable in in Si [139] and the proposed defect
configurations have no support from ab initio calculation [120].

A recent study on Si co-doped with B and Ga has cast doubt on the linear dependence of LID
on p, as the addition of Ga appears to leave LID unchanged despite the increase in hole
concentration [124, 125]. In order to identify a possible explanation for this behavior, we use ab
initio calculations to identify mechanisms and estimate parameters, leading to a new model which
accounts for a wide range of experimental conditions in this chapter. We undertook a series of

density functional theory (DFT) calculations which include complexes of not only O and B, but
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also Ga, leading to a model for LID that accurately accounts for both B/P and B/Ga co-doping.
DFT calculations are used to obtain defect levels and transition barriers as well as to identify
whether defects are localized recombination centers. The resulting model can match the lifetime
for LID quantitatively by using the identified defects and critical parameters from DFT. This

chapter is adapted from previous publication [126] and a manuscript to be submitted.

5.1 OXYGEN DIMER FORMATION AND DIFFUSION

We conducted a series of DFT calculation using the VASP code to explore the properties of LID
related defects. The calculations for O, and BO: formation are generally consistent with previous
work [26, 117, 127]. The binding energy for two interstitial oxygens to form an oxygen dimer is
about -0.30 eV. The two most stable structures are “staggered” with neutral charge (02*°) and
“square” with double plus charge (O2°%"). As discussed in previous research [26, 117], light
illumination can lead to charge state changes as well as reconfiguration of O, between staggered
and square structures, which drives oxygen dimer diffusion as shown in Figure 5.2 and 5.3. The
reconfiguration barriers are about 0.3 eV for step (3) and about 0.2 eV for step (5), which are much

smaller than the normal diffusion barrier (~ 1 eV) in the dark.

Figure 5.2. O2 dimer (green) diffusion pathway along a <110> direction. (a) and (d) are the
square structures. (b), (c) and (e) are staggered structures. Reproduced from Ref. [26].
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Figure 5.3. Schematic for oxygen dimer reconfiguration during light illumination.

We also calculate the difference of charge density at for oxygen dimers with difference charge
states, as shown in Figure 5.4. By comparing the difference in charge density distribution between
two charged states of a configuration, we find that O2*%"/ O2*%"" is localized defects with defect
level about 0.2 eV lower than conduction band minimum. For example, when O2%* captures hole
and become 0%, the previously free hole will be localized close to the O2* structure as shown
in Figure 5.4. Thus, O2* can capture both electrons and holes ((4) in Figure 5.3) and can potentially
work as recombination center. However, the hole capture cross-section for O2°%" is small because
of Coulomb repulsion, so it is not expected to be an efficient recombination center. In contrast,
027 O is not a localized defect, because the difference in charge density is almost uniformly
distributed throughout the system which is similar to a shallow acceptor behavior such as boron in

silicon.
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Figure 5.4. Charge density difference for oxygen dimer. The left figure is for square structure
and the right figure is for staggered structure. The green red atoms are oxygen and the blue atoms
are silicon.

We can write Kinetic rate equations for reactions in Figure 5.3 as shown below where we use

R1 to Rs to stand for the rates of the steps (1) to (5), respectively:
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In above equations, Vi is the carrier thermal velocity ~ 107 cm/s, p is the hole concentration

and n is the electron concentration, Cx is the concentration of X, E; is the intrinsic Fermi level, E'x
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is the defect level of X, E™"yg is the reconfiguration barrier from A to B, AEas is the energy
difference between A and B and f is the attempt frequency ~ 10'%/s. ¢ is the capture cross-section
with 60~10"* cm2, 6same~107% cm and 64ir~10"° cm™. In steady state R1=0 and R,;=R3=R4=Rs.
Thus, we can get the steady state concentration of certain defects at different injection levels, as
illustrated in Figure 5.5. The steady state analysis indicates another reason why the oxygen dimer
is not a strong recombination center is because the nonlocalized defect O,%° is the dominant
configuration during light illumination.

We also conduct continuum simulations for oxygen dimer formation based on previous
modeling of oxygen redistribution and precipitation [37] and find that oxygen dimers are mostly
formed during the cool down process from high temperature (> 700 °C) annealing. As can be seen
in Figure 5.6, increasing the ramp rate during cool down, especially in the critical 500-600 °C
range where O; is still mobile, will reduce the final oxygen dimer concentration. Although there
are some arguments about the role of oxygen dimer on LID [128-129], our model to be discussed
in later section as well as previous study [130] indicates that LID is proportional to oxygen dimer

concentration. Thus, a fast ramp down rate could be used to reduce the impact of LID.
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Figure 5.6. Oxygen dimer formation dependence on ramp down rate after annealing at 900 °C

for 4 hours. The initial oxygen interstitial concentration is 6x10*" cm.



82
5.2 BORON OXYGEN COMPLEXES

There are two possible routes for O capture by substitutional B (or Ga). Using notation of Ref.
[127] as illustrated in Figure 5.8, these are labeled A chain and B chain. The A chain is a <110>
chain which contains a Bs (or Gas), and the B chain is a <110> chain adjacent to a Bs (or Gas).
Calculations indicate that bistability of staggered and square structures still exists after capture by
Bs (Figure 5.7), with a binding energy (Es/02) of about -0.42 eV in B chain and about -0.26 eV in

A chain.

(6)h+ (7) n*
BO3'™ «— BOj"«— BOi"
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reconfigure recontigure

0 e .S'q+
BO3“ <T> BOZ

2
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Figure 5.7. Schematic for B/O complex reconfiguration during light illumination.

(a) A Chain
Staggered Square

(b) B Chain

Figure 5.8. Diffusion of oxygen dimer approaching boron (or gallium) in A chain (a) and B
chain (b).
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Figure 5.9. Charge density difference for BO, complex. The upper two are for A chain and
the lower are for B chain. The left are for staggered structures and the right are for square

structures.

Since the binding energy of oxygen dimer with boron is stronger in B chain, most of the
captured dimers are in B chain structure. At equilibrium, the concentration ratio between captured

oxygen dimer (Cgo2) and free oxygen dimer (Co2) can be expressed as:

C o
—2% = Ko, Cq Where Ky, = Cie e el (5.7)
o, Si

In Equation (5.7), Csj is the density of silicon lattice sites and 4 comes from the number of
possible trap configuration in B chain. At room temperature, with doping Ce= 10*%cm, the ratio,

Cgo2/Co2, is about 10, which indicates that most of the oxygen dimers get trapped in B chain. Thus,
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the equilibrium concentration of BO. is mostly determined by the initial oxygen dimer
concentration and relatively independent of boron concentration.

Similar to the method used for oxygen dimer, we calculate the charge density difference for
boron oxygen complexes as shown in Figure 5.9. We find that B;O>*! (both in A chain and B chain)
are localized defects with defect level about 0.2 eV lower than conduction band minimum. While
BsO>"in A chain is localized defect with defect level about 0.2 eV above valence band maximum,

BsO:>*in B chain (low left) is a non-localized defect.
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Figure 5.10. The concentration of BsO2*** in B chain and related recombination rate caused

by BsO2 in B chain vs excess carrier concentration in steady state.

For B chain, the reconfiguration barriers are about 0.25 eV for step (8) and about 0.18 eV for
step (10), similar to previous research [26]. We also conducted steady state analyses as for oxygen
dimer as shown in Figure 5.10, and find that the non-localized BsO* is the dominant configuration
under light illumination, while the concentration of BsO>*® is almost negligible. Thus, we believe

that although oxygen dimers are mostly trapped in B chain, the associated concentration of
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localized defect during light illumination is so small that it cannot significantly contribute to LID
by itself ((9) in Figure 5.7) or the recombination caused by BsO2%%/BsO,™ reconfiguration suggested
by [26] ((7) - (10) in Figure 5.7).

For A chain, both staggered and square configurations are localized defects and can work as
recombination center for LID. The reconfiguration barriers are about 0.7 eV for step (8) and about
0.12 eV for step (10); The latter value differs from the 0.78 eV barrier calculated in Ref [117].
Based on these calculations, we believe that BsO2 in A chain is the primary recombination center.
Given the 0.16 eV higher calculated formation energy, the concentration of BsOzin A chain should
be about 1/400 of the total BsO2 concentration at room temperature. Thus, the density of LID
defects (BsO2in A chain) is on the order of 10*2cm 3, which matches the typical experimental LID
lifetime (10 to 10™* s) given reasonable capture cross-section (~10**cm?) and considering the
relatively shallow defect level. At low light levels, BsO2 in B chain may contribute to the
recombination, but under illumination with AM 1.5 spectrum, BsOz in A chain should be the major
recombination center. The relative energy and the transition barrier determines whether BsO2*4and
BsO2* in A chain is the main recombination center at a given injection level. Generally speaking,
stronger injection would make BsO2™ more favorable in steady state, and thus more likely to be the
primary recombination center.

Because the defect levels for both BsO2* and BsO-* are close to band edges, standard trap-
assisted recombination theory (Eq. (5.8)) predicts that the recombination rate is proportional to the

hole concentration in low to moderately doped p type silicon under low level injection. Using the

example of BsO5™, if ne& %" > p:
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Thus the recombination rate should be proportional to pCo?, which is CsCo? for B doped and
(Ce - Cp)Co? for B/P compensated cases, consistent with previous observations in the absence of

Ga [115, 121-123].
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Figure 5.11. Plots of binding energies of GasO> complexes in (a) A-chain and (b) B-chain, as
a function of atomic distance between the O, and Ga, illustrated in Figure 6. The arrows show
the diffusion path for oxygen dimer captured by Gas. The red cross indicates that O dimer is

blocked from moving closer to Gas due to strong repulsion for square structure.
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5.3 GALLIUM OXYGEN COMPLEXES

We also conduct DFT calculations for the interaction between substitutional Ga and interstitial O2
dimers. The binding energy between Gas and Oz as O; approaches is shown in Figure 5.11. We
find no significant binding with Gas for Ozi along B chain. When oxygen dimers diffuse through
A chain, there is about -0.46 eV binding (E ca02) for Oy square structure at second nearest
neighbor location. Note that the captured Ozi is prevented from moving closer to Ga because of
large repulsive energy for staggered structure, presumably caused by compressive strain for the
larger Ga atoms. This implies that after being captured by Gas, the oxygen dimer no longer retains
its bistability, and since the GasO* is a shallow donor and also has smaller hole capture cross-

section due to Coulomb repulsion, it cannot work as an effective recombination center.

5.4 MODELFOR LID

We developed a continuum model to describe the formation kinetics of LID related defects. The

involved reactions include:

0 +0, <0, (5.9)
B, +O, <> BO, (5.10)
Ga, +0O, <> Ga0, (5.11)

We conducted continuum simulation for p type silicon wafer with boron and gallium co-
doping. The initial oxygen concentration is 6 x10'” cm™. In the simulation, the wafer cools down
from 1400 °C to room temperature with ramp rate of 2 °C/min, then is held at room temperature
for 5 h before light illumination is applied. As illustrated in Figure 5.12, the O dimer concentration
increases significantly during the cool down process. Little changes in the dark due to slow O3

diffusion, but binding to B and Ga is strong enough that once diffusion is activated by carrier
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generation, almost all the oxygen dimers get trapped by Bs or Gas. Thus, the acceptor/dimer

concentration is the independent of the acceptor concentration.
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Figure 5.12. Concentration evolution of BO2, GaO and O> during annealing and light
illumination. The solid line is for system with 10'® cm™ B and 10'® cm™ Ga co-doping, and the
dashed line is for 2 x10'® cm™ B doped situation.

If there is B, but no Ga, in our simulation all the oxygen dimers would be trapped by Bs. In
this case, the formation of BO, complex only depends on the oxygen dimer concentration after
cool down and is independent of boron concentration. In the case of B/Ga co-doping we propose
a model for LID in which B and Ga compete in the oxygen dimer trapping process. From DFT
binding energies, we can estimate the O dimer capture effectiveness ratio between Ga and B (o)

to be:

b b

E., —E
a= exp(%) /2 (5.12)
B



89

Here the factor of 2 comes from the fact that O is trapped by Bs mostly in B chain, while for
Gas it can only be captured in A chain. In our calculations, o is about 2 at room temperature and
drops as T increases.

As discussed in Section 5.3, GaO; is not an effective recombination center. Thus, the
concentration of effective recombination center for LID, N-ef, can be expressed as:

1 1
Nt,eff E———x pC02

Ty T

Gy
(Cs +aCyq,)

(5.13)
Here, 10 is the initial lifetime and tqis the lifetime after LID. For Ga/B co-doping, p = Cg +
Caa. If we choose o = 1, then Equation (5.13) becomes N, o« CsCo?. This explains the observation

in B/Ga co-doped situation, where the LID related recombination rate appears to depend on boron

concentration instead of hole concentration [124].
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alone [113], circles are for B/P compensated doping [122] and triangles are for B/Ga co-doping
[124]. The dashed line is guide to the eye.

Normalized defect density vs Cg, p or pCg/(Cs+1.5Cga). Stars are for B doping
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In Figure 5.13, we plot normalized defect density data versus boron concentration, hole
concentration (p) and our model, which predicts that LID normalized by O concentration squared
[124] should be proportional to pCs/(Cs+aCaa). As can be seen, substantial deviations from linear
behavior are seen in the dependence on both p and Cg, but our model can account for the full range

of conditions including boron doping alone, B/P compensated doping and B/Ga co-doping.

5.5 CONCLUSION

Using DFT calculation we study the formation of LID related defects, including B/O and Ga/O
complexes. Based on the results of these calculations, we propose a comprehensive model to
explain experimental observation under the full range of conditions, including both B/P
compensated doping and B/Ga co-doping. The key elements of our model are:
i. The trap density is independent of boron concentration because nearly all O; are trapped;
ii. The small fraction of O»; captured by boron in A chain is the recombination center for
LID;
iii. The hole dependence of recombination rate comes from the shallow defect level;
iv. Ga and B compete in Oz capture process, with nearly compensating effects of increased
hole concentration and reduced number of active traps, giving apparent dependence of

LID on Cg rather p.
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Chapter 6. SUMMARY AND FUTURE DIRECTIONS

In this thesis, we use the multiscale modeling framework to investigate the impact of defect
formation in semiconductors on device performance. We conduct ab initio calculations to obtain
critical parameters and verify mechanisms in defect formation at atomic scale. Then, we develop
continuum models at device scale based on the parameters and fundamental insights extracted
from atomic simulation. The developed models can be great guidance to optimize device
performance and reduce costs. This chapter gives a brief summary of the primary achievements in

this dissertation and suggests possible directions for future work.

6.1 SUMMARY
6.1.1  Carbon Clustering and Associated Metal Gettering

In Chapter 2, we have developed a moment based precipitation model for carbon based on a series
of DFT calculations for different carbon clusters. We also use DFT to investigate the interactions
between metal impurities and carbon clusters, which sets the basis for the metal gettering model.
The carbon clustering model and metal gettering model together describe how detrimental metal
impurities can be removed by the carbon precipitation process. The models can be implemented
using commercial TCAD tools, such as Synopsis Sentaurus, and can be used to optimize the

processes for advanced Si CMOS image sensors.

6.1.2  Oxygen Precipitation

We demonstrate a comprehensive oxygen precipitation model based on the reduced moment
precipitation model (RKPM) framework in Chapter 3. In our oxygen precipitation model, we take

into account the dynamic incorporation of point defects, the morphology evolution, and the doping
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dependency, as well as maintaining computational efficiency by using the moment based model.
The simulation results are compared to a wide range of experimental data. The developed model
can be used for low temperature annealing and fast ramp process to optimize the process

conditions.

6.1.3 Impact of Charged Grain Boundaries on CdTe Solar Cell

In Chapter 4, we investigate the impact of the charged grain boundaries on EBIC simulation and
device performance for CdTe solar cell. In contrast to previous claims, we find that the EBIC
measurement is not predictive of device performance. We conduct recombination analysis for our
simulation results and propose that passivation processes leading to accumulated type grain

boundaries are beneficial to CdTe solar cell performance.

6.1.4  Model for Light Induced Degradation in Silicon Solar Cell

In Chapter 5, we conduct DFT calculations for the light induced degradation related defects. We
study the formation and diffusion of oxygen dimers, the interaction of oxygen dimers with boron,
gallium and phosphorus, and reconfiguration for boron/oxygen dimer complexes. We also
investigate the charge density difference for defects with different charge states to identify
localized defects. Based on this information from DFT calculations, we propose a comprehensive

model which can match a wide range of experimental condition.

6.2 FUTURE DIRECTIONS

6.2.1  Carbon/Oxygen Precipitation

Carbon precipitation processes work as a sink for silicon interstitial, while oxygen precipitation

ejects interstitials to account for compressive strain. If carbon precipitation and oxygen
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precipitation occur simultaneously, the two processes will interact with a positive feedback effect.
It would be interesting to model carbon and oxygen precipitation together and study the impact

each precipitation process has on the other.

6.2.2  Modeling for CdTe Solar Cell

There is great interest in diffusion and activation model for Cu in CdTe solar cell. Cucq is an
acceptor in CdTe and higher doping/activation of Cu would be benefit CdTe solar cell
performance. There are proposed reaction/diffusion models for the Cu incorporation process [131].
The study of defects segregation in grain boundaries is also interesting. We can combine the kinetic
models with our study of charged grain boundaries, and develop a comprehensive model for the
impact of Cu doping/activation, defects segregation, and charged grain boundaries on the device

performance.

6.2.3  Light Induced Degradation

We have developed a comprehensive model based on the DFT calculation for light induced
degradation. We mostly focus on steady-state defect concentrations and propose three possible
defects for light induced degradation: BO2™ and BO-* in A chain and BO2* in B chain. Based on
this conclusion, we can study the formation kinetics and injection dependency of LID. It has been
reported that hydrogen can be used for the passivation for boron-oxygen defects [132]. It would
also be interesting to study its origin and gain fundamental insight from the atomic scale using

DFT.

6.2.4  Study Diffusion Mechanism in Nanoscale

It’s very important to study the diffusion mechanism at the atomic level. An accurate microscopic

diffusion mechanism would increase the reliability of the macroscopic diffusion model. Also,
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diffusion in the nanoscale may be different from bulk diffusion. There may be great impacts of the
surface and quantum confinement effects on nanoscale diffusion. In Ref. [25], we studied the
diffusion mechanism of Mn2+ in CdMnSe quantum dot, and concluded that vacancy mediated
diffusion is more likely than interstitial mediated diffusion. More DFT calculations at the atomic

level are necessary to verify this finding.

6.3 FINAL CONCLUSIONS

This thesis presents a general framework for multiscale modeling. Based on ab initio calculations,
we can develop continuum models for defect formation. The models can be implemented in
processes and device simulations to optimize device performance and reduce costs. This multiscale
modeling framework can be a powerful technique to deal with challenges in advanced integrated
circuits and photovoltaic industries, and in exploring fundamental physics behind experimental

observations.
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APPENDIX A:

GROWTH AND DISSOLUTION RATE FOR DIFFUSION
LIMITED PRECIPITATION

The precipitation process can be described using the kinetic rate equations:
% =R —-R., n=2, 3... .. (A1)

Rn =0 fn—l —d,f (AZ)

n'n

where g, is the growth rate from size n to n+1, d is the dissolution rate from size n to n-1 and f,

is the concentration of size n precipitate.

The concentration of solute specie, C, is governed by the species conservation equation:

VC=0 (A3)
In spherical coordinate, it becomes:
i(rz @J 0 (Ad)
or or
with boundary conditions:
C(r=w)=C, (A.5)
C(r=r,)=C} (A.6)

where r is the radius of the size n precipitate and C! is the solute concentration near the
precipitate/matrix interface and C,_ = f, is the bulk solute concentration.

The solution for equation (A.4) - (A.6) is:

(A7)

The solute diffusion flux at the interface is:
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on_ 47zrn2D§
ot or

=4zrD(C,-C})=g,-d,., (A.8)

where D is the diffusivity of the solute. Thus, the growth rate can be expressed as:
g, =4nr,DC, (A.9)
The dissolution rate can be obtained by using the equilibrium condition where the growth rate
and dissolution rate are balanced:
g,,f ,—d f =0 (A.10)

Here f is the equilibrium concentration of size n precipitate with the expression:

f =C; eXp(_kA (T3 ] (A.11)
B

with AG, as the free energy change upon the formation of size n precipitate discussed in section
(1.2.1). Combining equation (A.10) and (A.11), the dissolution rate is:

AG, ~4G,, J (A.12)

dn = gn—l exp[ k T
B
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APPENDIX B:
CALCULATION FOR STRAIN ENERGY IN INCOHERENT
OBLATE SPHEROID INCLUSION

The method we use to calculate the strain energy for oblate spheroid oxygen precipitate in

silicon matrix is based on the work by Lee and Johnson [79]. There result is:

* * .0
W _1l.Ke (B.1)

where W™ is the strain energy, V is the volume of the precipitate, K* is the bulk modulus of the

precipitate and c® is termed as compression modulus with the expression:

K [( S1111 + S1122 _l) (1_ S3333) + 28113383311
(81111 + S1122 _l)(ssasa =21 3) +2 (83333 - S1133 - S3311 _1) /13- 28113383311

0

c = (B.2)

where Siju is the Eshelby tensor [78, 133]. In the case of oblate spheroid inclusion with the principal

half axes a1, a» and as (a1=a, as/ai=p), the Eshelby tensor can be expressed as [133]:

3 1-2v
S,=———a’l +—— |, B.3
1111 87[(1—V)a1 11+87Z(1—V) 1 ( )
1 1-2v
Sy =———a’l,—————1,, B.4
1122 872'(1—V) a2 12 872'(1—V) 1 ( )
1 1-2v
S =———a’l,——— 1, B.5
1133 872'(1—V)a3 13 87[(1—‘/) 1 ( )
s, - ata o 12 (1,+1,) (B.6)
16 (1-v) P 16z(l-v)t '
3 1-2v
Sppay = ————a’l — ., B.7
3333 872_(1_‘/)3‘3 33+87Z'(1—V) 3 ( )
1 ) 1-2v (B.9)

Sy ==&, —————1,,
i 87z(1—v)a1 ®o8r(l-v)
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where v is the Poisson ratio. All the other non-zero components can be obtained by cyclic
permutation (1,2,3). Here the | terms are defined in terms of standard elliptic integrals. The

expression for oblate spheroid is:

2 2 1/2
=1, =278 Joostd By &L (B.10)
1 2 (af_a§)3/2 al ai aiz
I, =4z 21, (B.11)
Iy =1y, = :i_—ll_ls ) (B.12)

(A
|13=|23=a§__a}a (B.13)

1(4
I, :—[éj—ZIB] (B.14)



109

VITA
Ph.D. Electrical Engineering, University of Washington, Seattle, WA, USA (2017)

B.S. Optical Information Science and Technology, Xi’an Jiaotong University, Xi’an,

Shaanxi, China (2012)



