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Abstract

Theoretical investigations of functional materials: TlBr and MoS2

by

Yuzhi Zhou

Doctor of Philosophy in Engineering - Materials Science and Engineering

University of California, Berkeley

Professor Daryl C. Chrzan, Chair

This dissertation presents theoretical investigations of two novel functional materials,
TlBr and MoS2.

TlBr is interesting due to its potential application as a high-quality room temperature
radiation detector. The stability and electronic structures of three phases of TlBr are studied
using Density Functional Theorem (DFT) calculations employing a hybrid functional. The
calculated band gaps from DFT with the hybrid functional are in excellent agreement with
experimental measurements. The influence of some interstitial and substitutional dopants
on TlBr properties is further studied. DFT predicts that interstitial and substitutional C, N,
and O dopants in TlBr can display large, localized magnetic moments. A simple model that
employs Pauli exclusion principle and group theory is introduced to explain the magnitude
of the moments.

Van der Waals (VDW) bonded, layered transition metal dichalcogenides (TMDCs) are
promising 2D materials and have drawn much research attention recently. A theory for
the epitaxial growth on the transition metal dichalcogenides is developed and analyzed. A
prototypical example of Au epitaxially grown on MoS2 is studied. It is demonstrated that
if one accounts for interfacial energies and strains, the presence of misfit dislocations, and
the compliance of the MoS2 substrate, the experimentally observed growth orientation (Au
{111} orientation) will be energetically favored. Meanwhile, with only the top substrate
layer being compliant (strained), this epitaxy method can serve as a means to exfoliate and
transfer large single layers sheets of MoS2. The exfoliation of monolayer based on this epitaxy
idea has been realized experimentally. This epitaxy model could prove technologically useful
in 2D electronic devices and in epitaxial thin film growth applications.
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Chapter 1

General introduction

Materials with unique functions have drawn much research attention for their potential
applications in various technologies, such as solar harvesting, energy storage and advanced
electronics. Theoretical investigations of these materials can offer great insight into the
control and design of their material properties. This work focuses on using theoretical
methods to study two functional materials: Thallium Bromide (TlBr) and MoS2.

TlBr forms in a CsCl-phase at room temperature. Within this phase, it has been studied
intensively as a room temperature radiation detector material due to many of its well suited
materials properties. On the other hand, under certain growth conditions, people have
observed TlBr thin films stabilized in NaCl and orthorhombic phases at room temperature [1,
2]. My research on TlBr starts with studying the electronic structures and phase stabilities of
these three phases. The calculated results are in good agreement with previous experiments,
especially for the band gaps for all three phases. Moreover, TlBr has been intentionally
doped with a number of elements including Pb, Se, and C to tailor its electronic properties
and improve the performance as a radiation detector [3, 4]. The influence of some interstitial
and substitutional doping on TlBr properties is further studied using the DFT calculations.
DFT predicts that large localized magnetic moments can be introduced by these impurity
atoms. To explain the observed magnetic moments, I have constructed a crystal field model
combining group theory and the Pauli exclusion principle. Therefore, TlBr can also function
as a dilute magnetic semiconductor material with appropriate doping of the impurity atoms.
To my knowledge, this potential application of TlBr has never been explored before. I present
the detail discussions of the dual functionalities of TlBr in chapter 3.

The transition metal dichalcogenides (TMDCs), especially MoS2, show much promise for
technological applications in advanced electronics [5], given their fascinating properties, such
as atomically thin layered nature, variety of band gaps ranging from metallic to insulating,
relatively high carrier mobilities [6] etc. Besides, the unique bonding nature of TMDC-
s (ionic/covalent within each layer while weak van der Waals (vdW) interactions between
the layers) offers extra utility for engineering. Based on the unique features of TMDCs, a
novel epitaxial growth model, called compliant substrate epitaxy, has been proposed. With
this model, we are capable of explaining the observations from previous in situ TEM ex-
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periments of Au epitaxial growth on MoS2. This understanding of epitaxy growth has also
proven technologically useful in manipulating TMDCs monolayers. Detailed discussions of
the compliant substrate epitaxy model and its application will be presented in chapter 4.

In chapter 2, a brief review of the basics of DFT are given. In the last chapter, I present
the final conclusions of my graduate work along with some thoughts and preliminary results
related to future directions.
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Chapter 2

Density Functional Theory: A brief
review

In this section, I will give a brief review of the basics of the Density Functional Theory.
Other theoretical methods, such as linear elasticity theory and dislocation theory, will be
briefly introduced when they are involved in the discussions of the following chapters.

2.1 The Hohenberg-Khon Theorem

The Hamiltonian of a system of interacting electrons under external field Vext(r) due to
ions can be generally written as (in the Born-Oppenheimer approximation [7]):

Ĥ = − }2

2me

∑
i

∇2
i +

∑
i

Vext(ri) +
1

2

∑
i̸=j

e2

| ri − rj |
(2.1)

The first term describes the kinetic energy of electrons. The second term covers both the in-
teraction energies of electron-ion and electron-external field. The Third term is the electron-
electron Coulomb interaction energy. Solving for the eigenfunctions of Ĥ directly for many
particle systems is generally very difficult and simplifications are needed. This is the impetus
for Density Functional Theory.

Density Functional Theory is based on the following two theorems [8]:

Theorem 1 For any system of interacting particles, the external potential Vext(r) and hence
the total energy are unique functionals of the density ρ(r), up to a constant.

The proof to the first theorem relies on reductio ad absurdum and is very simple. Assume
there are two external potentials Vext,1(r) and Vext,2(r) that differ by more than just a con-

stant but give rise to same density ρ0(r). The corresponding Hamiltonians Ĥ1 and Ĥ2 have
corresponding groundstate wavefunctions, Ψ1(r) and Ψ2(r) that both lead to ρ0(r). Using
the variational theorem, we have:

E0
1 < ⟨Ψ2| Ĥ1 |Ψ2⟩ = ⟨Ψ2| Ĥ2 |Ψ2⟩+ ⟨Ψ2| Ĥ1 − Ĥ2 |Ψ2⟩ (2.2)
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It can be further expressed as:

E0
1 < E0

2 +

∫
ρ0(r)[Vext,1(r)− Vext,2(r)]dr (2.3)

An equivalent expression for the above equation still holds when the subscripts are inter-
changed. Therefore adding the equations together leads to the result:

E0
1 + E0

2 < E0
1 + E0

2 (2.4)

which is a contraction. As a result, Theorem 1 is proved.

Theorem 2 The functional of the ground state energy EHK [ρ] gives the lowest energy if and
only if the input density is the density of true ground state.

The proof of the second theorem is also straightforward. Based on the previous theorem,
ρ(r) determines Vext(r) and Vext(r) determines Ĥ therefore Ψ. This ultimately means Ψ is a
functional of ρ(r). The ground state energy functional can be written as:

EHK [ρ] = T [ρ] + Eint[ρ] +

∫
Vext(r)ρ(r)dr+ EII (2.5)

where the first two terms on the right hand side are universal functionals because the treat-
ment of the kinetic and internal potential energies are the same for all systems. In the ground
state the energy is defined by the unique ground state density, ρ0(r),

E0 = E[ρ0(r)] = ⟨Ψ0| Ĥ0 |Ψ0⟩ (2.6)

By the variational principle, a different density, ρ1(r) will necessarily give a higher energy:

E0 < E1 = ⟨Ψ1| Ĥ0 |Ψ1⟩ (2.7)

It follows that minimizing the total energy of the system (written as a functional of ρ0(r))
respect to ρ0(r), one finds the total energy of the ground state. The correct density that
minimizes the energy is then the ground state density.

As a result, the Hohenberg and Kohn theorems enable us to solve the functional equation
of 3-parameters, replacing the original one which depends on an order of 1023 coordinates.
This makes solving the equation much easier and feasible for current computing resources.
However, the theorems do not provide the exact form of the functional, which presents a
major challenge for DFT.
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2.2 The Kohn-Sham equation

To avoid solving the previous difficult interacting many-body hamiltonian, Kohn and
Sham proposed an approach to replace the previous system with an auxiliary system that can
be solved more easily [9]. The auxiliary system is a well chosen non-interacting system that
has the same density as the original system. The difference between these two systems are
incorporated into a term called exchange-correlation functional. Therefore, the difficulty for
solving the many-body interacting system now becomes finding appropriate approximations
for the exchange-correlation functional. Given this ansatz, the resulting Kohn-Sham equation
has the following form:

EKS = Ts[ρ] +

∫
drVext(r)ρ(r) +

1

2

∫
drdr′

ρ(r)ρ(r′)

| r− r′ |
+ EII + Exc[ρ] (2.8)

Ts[ρ] is the kinetic energy of the noninteracting particles. The second term counts for the
interactions with external potential. The third term is the Hartree energy, describing the
Coulomb interaction of the electron density and EII is the interaction between the nucle-
i. The above equation is numerically solvable with self-consistent iteration scheme once a
proper Exc[ρ] is chosen. In addition, if the exact form of the exchange-correlation function-
al were known, the Kohn-Sham equation would lead to the exact energy of an interacting
system. Unfortunately, the precise form for Exc[ρ] is not trivial. In practice, people have
approximated the functional Exc[ρ] by a local or semi local functional of the density. Great
progress have been made in developing reasonable Exc[ρ] approximations. The most used
exchange-correlation functionals in DFT are the Local Density Approximation (LDA) and
Generalized-Gradient Approximations (GGAs) [10].

2.3 Local Density Approximation and

Generalized-Gradient Approximations

The central idea of the Local Density Approximation is that in solids the density of Exc[ρ]
can be reasonably approximated by that from the homogeneous electron gas:

ELDA
xc [ρ] =

∫
ρ(r)ϵxc[ρ(r)]dr (2.9)

The ϵxc[ρ(r)] in the above equation is the exchange-correlation energy per particle of an
uniform electron gas of ρ(r). For the uniform electron gas, the quantity ϵxc[ρ(r)] can be
separated into exchange and correlation contributions:

ϵxc[ρ(r)] = ϵx[ρ(r)] + ϵc[ρ(r)] (2.10)

The exchange part can be expressed analytically, as originally derived by Bloch [11] and
Dirac [12]:

ϵx[ρ(r)] = −3

4
(
3ρ(r)

π
)1/3 (2.11)



CHAPTER 2. DENSITY FUNCTIONAL THEORY: A BRIEF REVIEW 6

On the other hand, for the correlation part, ϵc[ρ(r)], there is no analytical expression. How-
ever, this part can be calculated to great accuracy using Quantum Monte Carlo simulations,
and thus presents no obstacle for real applications [13]. Given the nature of the LDA, one
would expect that LDA can only work well for the solids that are close to the homogeneous
electron gas, such as a nearly-free-electron metal. However, even in very inhomogeneous
cases, the LDA can also work reasonably well. It might due to the fact that the exchange-
correlation hole obeys the sum rules that the exact holes of the exact hamiltonian would
obey [14, 10].

One straightforward step to improve the performance of LDA is to use not only the
density ρ(r) at a point r, but also supplement the functional with the gradient information
∇ρ(r). Therefore, the non-homogeneity of the true electron density is better counted. The
general form of the GGAs is given by:

EGGA
xc [ρ] =

∫
ρ(r)ϵxc[ρ,∇ρ, ...]dr (2.12)

Numerous forms of the GGAs have been designed. Among them, there are three widely
forms: Becke (B88) [15], Perdew and Wang (PW91) [16], and Perdew, Burke, and Enzerhof
(PBE) [17]. More detailed discussions about these GGAs can be found in the chapter 8 of
Martin’s book [10].

Both LDA and GGAs have achieved much success in predicting materials properties.
The structural and vibrational properties predicted by LDA and GGAs are in general well
described: the lowest energy phase, the lattice constants, the bulk moduli and the phonon
frequencies are accurate within a few percent. However, there are still many problems
with DFT, such as underestimation of the reaction barriers, the band gaps of materials,
the energies of dissociating molecular ions, and charge transfer excitation energies. This
is largely due to deficiencies of the currently used approximation rather than DFT theory
itself [18]. Specifically, in the ”famous” band gap problem, the Kohn-Sham band gap alone
underestimate experimental gaps by as much as 50% (in some extreme cases, DFT even
predicts zero band gap for some Mott insulators [19]). Some of errors of the local and
semi-local functionals can be avoided by using improved functionals, for example a hybrid
functional.

2.4 Hybrid Functionals

Hybrid functionals form a general class of functionals that combine exact exchange en-
ergy and an explicit density functional. The rationale of doing so rests on the theoretical
considerations involving the adiabatic connection formula which gives the form of exact
exchange-correlation functional [20]:

Exc[ρ] =

∫ 1

0

dλEλ
xc[ρ] (2.13)
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In the above equation, λ is the coupling constant of electron-electron interaction. The
”coupling-constant” average exchange-correlation energy Eλ

xc[ρ] can be further expressed
using the integrals of exchange-correlation hole (at a given coupling constant). Varying λ
from 0 to 1 adiabatically corresponds to a very slow process that starts with noninteracting
system (λ = 0) and slightly turning on the electron-electron interaction until the system
reaches fully interacting (λ = 1). Based on Hellmann-Feynman theorem, this integral will
give the energy difference between a noninteracting system (λ = 0) and fully interacting
system (λ = 1), which in other words, gives the exact exchange-correlation energy. More
detailed discussion can be found in Ref. [10].

Even though the expression of Eλ
xc[ρ] is still unknown, further examining this integral

can still be informative. On the λ = 0 end, the exchange-correlation energy is only exchange
energy of Hartree-Fock orbitals. Becke further reasoned that the local or semilocal density
functionals are more accurate at λ = 1 [21]. Therefore, the exchange-correlation functional
(Eqn. (2.13)) can be approximated by a combination of exact exchange and local or semilocal
density functionals. Many ways of mixing the exact exchange with density functionals have
been proposed. Perdew, Ernzerhof, and Burke proposed the following form of hybrid (PBE0)
[22]:

EPBE0
xc =

1

4
Ex +

3

4
EPBE

x + EPBE
c (2.14)

It mixes 1/4 of the exact exchange with 3/4 of exchange from PBE functional. The correla-
tion energy is still described using a PBE functional. The rationale of choosing 1

4
is based

on the fitting over a large set of molecules to reproduce the thermodynamics properties [23].
The hybrid functionals also give improved predictions for the band gap of semiconductor
materials [24] (though it is not intentionally designed to do so). This fact is further exem-
plified by our calculations: the band gaps of TlBr (all three phases) predicted from PBE0
are in excellent agreement with the experiments.
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Chapter 3

Thallium Bromide: a radiation
detector and a dilute magnetic
semiconductor

3.1 The stability and electronic structures of three

TlBr phases

3.1.1 Introduction to radiation detector and TlBr

When a radiation detector is operating, the detecting material will absorb the incoming
radiation, transfer the energy from the radiation to the excited electron-hole pairs and fi-
nally the electron-hole pairs are collected by the external field. The number of the collected
electron-hole pairs is used to derive the energy (and therefore the type) of the radiation.
Good radiation detector material must have the ability to fully stop the incoming radiation
before it passes through the detector. Therefore the material should contain high Z elements
and have high mass density. Meanwhile, the band gap should not be too large in order to
reduce the statistical fluctuations in total number of created electron-hole pairs. In order for
the detector to operate at room temperature, the band gap should also not to be too small
in order to limit the dark current. In addition, the mobility-lifetime products (µeτe and/or
µhτh, with e = electrons and h = holes) should be as large as possible, which facilitates the
charge collection process. The major criteria for a good radiation detector material are lsited
below:
(1) Contains high Z elements
(2) High mass density
(3) Appropriate band gap (2 ∼ 3 eV)
(4) Large µeτe and/or µhτh

The most common phase of Thallium Bromide (TlBr) is the CsCl-structure phase. With-
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in this phase, TlBr has been viewed as a very promising candidate for room temperature
radiation detector material due to its well suited properties: high atomic numbers (Tl: 81
and Br: 35), high density (7.56 g/cm3) and appropriate band gap (2.68 eV indirect and 3.02
eV direct). Also the recent advancement of growing TlBr is able to reach high resistivity
(1010 ohm-cm) and high µeτe (10

−3cm2/V ) [25, 26, 27, 28].
On the other hand, under certain growth conditions, TlBr thin films have also been

observed to stabilize into NaCl and orthorhombic phases at room temperature. In 1960,
Khan found that TlBr films grown on cleaved faces and etched and polished faces of several
different ionic crystal substrates assumed the NaCl structure [1]. In 1963, Ungelenk reported
a room temperature evaporation of TlBr thin films onto cleaved faces of alkali halide crystals.
He found that the films grew in an orthorhombic structure, a crystal structure that is similar
to that of TlI, rather than NaCl or CsCl structure [2]. Meanwhile the properties of both
these phases have not been explored theoretically in detail, especially using the modern
electronic structure calculation methods. Consequently we have conducted DFT studies of
the structural and electronic properties of all three phases of TlBr.

3.1.2 DFT calculation details

Density functional theory calculations were performed using the plane-wave DFT code
VASP [29]. In order to improve the description of the calculated band structures (even though
the Kohn-Sham band gap isn’t necessarily equal to real gap), a PBE0 hybrid functional was
used in this study to correct the band-gap problem with traditional exchange-correlation
functionals [22]. Within the PBE0 functional, 25% of exact Hartree-Fock exchange energy is
mixed with 75% of the exchange energy from the generalized gradient approximation (GGA)
proposed by Perdew, Burke, and Ernzerhof (PBE) to represent the total exchange energy.
The correlation energy was described using a PBE functional, and electron-ion interactions
were treated with projector augmented wave (PAW) potential [30]. All calculations were
performed using a plane-wave basis with a 320 eV energy cutoff. For the three phases
considered, three different k-point grids were used to sample the Brillouin zone. A 6× 6× 6
Monkhorst-Pack grid was used to sample the Brillouin zone of the CsCl structure. A 4×4×6
grid was used for the orthorhombic structure, and a 4 × 4 × 4 grid was used for the NaCl
structure. Spin-orbit coupling was included in all calculations. If the spin-orbit coupling
is not turned on, important features of band structure of the TlBr CsCl phase cannot be
reproduced. The unit cells of the three phases were fully relaxed until the Hellmann-Feynman
force on each atom was below 0.02 eV/Å.

To distinguish notation for the three phases of TlBr, we adopt the convention of Landolt-
Bornstein: TlBr(I) denotes the CsCl phase, TlBr(II) denotes the orthorhombic phase (TlI
phase), and TlBr(III) corresponds to the NaCl phase [31].
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3.1.3 Results and discussions

The calculated crystal structures and internal energy from DFT (at 0 K and zero pressure)
are summarized in Table 3.1, with the comparison with experiments.

Table 3.1: Lattice constants and internal energy for three TlBr phases.

Phases Calcualtion [Å] Experiment [Å] a,b Internal energy [eV/formula]
TlBr(I) CsCl 3.993 (63.66) 3.986 (63.33) -10.2055

TlBr(II) Orthorhombic
a = 4.510 (69.71) a = 4.393 (68.13)

-10.2500b = 12.63 b = 12.50
c = 4.895 c = 4.963

TlBr(III) NaCl 6.69 (74.85) 6.58 (71.22) -10.2917
a Experimental lattice constants (at room temperature) for CsCl phase, orthorhombic
phase, and NaCl phase are in Refs. [32, 2, 33], respectively.
b The volume per unit formula is also given in the brackets next to the lattice constants.

As shown in the table, the lattice constants for three phases are in excellent agreement
with reported experimental data. In addition, Both the NaCl and orthorhombic phases of
TlBr have lower calculated energies than the CsCl phase. The NaCl phase has the lowest
energy, indicating that the NaCl phase is the ground state of TlBr (neglecting the unlikely
possibility that zero point energies influence the phase stability). However, energy differences
between the three phases of about 0.04 ∼ 0.045 eV (per unit cell) are quite small. Thus
at finite temperature and pressure, the order of phase stability might be altered by thermal
occupation of phonons, disorder, defects, and stoichiometry.

The pressure dependence of the enthalpy for three phases have been further calculated.
The calculated results are shown in Figure 3.1. The CsCl structure becomes the most stable

Figure 3.1: Pressure dependence of the enthalpy for three TlBr phases.
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phase beyond 2 GPa of hydrostatic pressure. Arrow A indicates that the enthalpy curves
of NaCl phase and orthorhombic phase cross at around 0.5 GPa. Arrow B indicates that
enthalpy curves of CsCl phase and orthorhombic phase cross at around 2 GPa. This is
also consistent with the volume per unit formula given in the previous table. Based on the
experimental value for the bulk modulus of TlBr in the CsCl structure (20.7 GPa), 2 GPa
corresponds to approximately 3% linear strain [34].

Figure 3.2: Band structure of three phases TlBr: (a) CsCl structure [TlBr(I)], (b) NaCl
structure [TlBr(II)], (c), (d) orthorhombic structure [TlBr(III)] with different k-point paths.
For high symmetry points and directions in Brillouin zones, refer to Ref. [35]. Arrows indicate
transition from conduction band minimum to valence band maximum.

The electronic band structures of the three phases at their equilibrium lattice parameters
were calculated and are shown in Figure 3.2. A summary of the calculated band gaps is
presented in Table 3.2. The CsCl structure TlBr shows an indirect band gap of 2.69 eV (from
R to X) and a direct band gap of 3.05 eV at X. These results are in excellent agreement
with previously reported experimental and calculated values for the CsCl phase [27, 26, 36,
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Table 3.2: Band structure of three TlBr phases.

Phases indirect gap [eV] Direct gap [eV]
TlBr(I) CsCl 2.69 3.05
TlBr(II) Orthorhombic N/Aa 3.325
TlBr(III) NaCl N/A 3.337

aN/A for indirect gap means that this material is a direct band gap material

37]. The method correctly identifies the CsCl band structure as featuring an indirect band
gap, in contrast to earlier calculation methods [38, 39]. The orthorhombic phase shows a
direct band gap of 3.33 eV located at a point along the path connecting T and Y, and closer
to T. The NaCl structure has a direct band gap of 3.34 eV at L. From these calculations it
can be seen that both the NaCl and orthorhombic phases have significantly different band
structure features than those of the CsCl structure. They are both direct band gap materials
and have wider band gaps.

Very little experimental work has been done to characterize the electronic structure of
TlBr in the NaCl phase. However, at least two experimental studies employing absorption
and electroabsorption measurements of TlBr thin films stabilized in the NaCl phase report
direct band gaps near 3.30 eV and at 3.33 eV respectively [38, 40]. These values are in
excellent agreement with our calculated value of 3.34 eV. Thus, the PBE0 hybrid functional
leads to very close agreement between calculated and experimental band gap values for at
least two phases of TlBr.

Our experimental collaborators have further performed photoluminescence (PL) spec-
trum on TlBr samples provided by Radiation Monitoring Devices [41] and results has been
published in the experimental part of Ref. [25]. PL experiments have been performed on
both polished and unpolished samples of nominally undoped TlBr. The spectra from the
polished samples show clear sharp transitions near 3.0 eV and 2.6 eV, related to the direct
and indirect band gap of TlBr (I) and widely reported in literature. In the unpolished sam-
ple, peaks related to the direct band gap transition of TlBr(I) are visible near 3.0 eV. In
addition, a group of several sharp transitions appear near 3.3 eV. Moreover the peaks near
3.3 eV disappear after polishing. Based on the band structure calculations, as well as the few
experimental reports of electrical and optical measurements of TlBr(III), the luminescence
spectra observed near 3.30 eV likely correspond to intrinsic emission from TlBr(II) and/or
TlBr(III). Therefore, our calculation results are also consistent with the PL measurements.
Furthermore, the experiments prove that mixed phases are present in the sample. Under
further investigation, it seems that the condition of the surface is the most important deter-
mining factor for whether mixed phases exist in TlBr at low temperature. More discussions
of the PL experiments can be found in Ref. [41].
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3.2 Magnetic impurities in TlBr

Dilute magnetic semiconductors (DMS) are appealing materials for their potential appli-
cations in spintronics [42, 43, 44, 45, 46]. A new category of DMS is based on the magnetic
moments from nonmagnetic sp-valent impurities in otherwise nonmagnetic oxide material-
s [47]. C-doped ZnO [48, 49], N-doped MgO [50], and other N-doped alkaline earth metal
oxides [51] have either displayed magnetism experimentally or have been predicted to be
magnetic theoretically. Here it is argued that doping of TlBr with C, N and O can also
lead to the formation of local magnetic moments on the dopant atoms. Meanwhile, TlBr
has been intentionally doped with a number of elements including Pb, Se, and C to tailor
its electronic properties and improve its performance as a radiation detector [4, 52, 53]. The
doping effect is studied by DFT calculations in this work and somewhat surprisingly, large
localized magnetic moments are introduced by some impurity atoms.

3.2.1 DFT calculation details

Density functional calculations were performed using the plane-wave DFT code VASP
[29]. The exchange and correlation energy was described by the generalized gradient ap-
proximation (GGA) proposed by Perdew, Burke, and Ernzerhof (PBE) [17]. Electron-ion
interactions were treated with projector augmented wave (PAW) potentials [30]. All calcu-
lations were performed using a plane-wave basis with a 550 eV energy cutoff. A Gaussian
smearing method is used with a smearing width of 0.05 eV. The convergence criterion for
self-consistent field (SCF) loop is 1 × 10−5 eV. To simulate point defects, a supercell con-
taining 3×3×3 unit cells of CsCl structure TlBr (54 atoms in the undoped crystal) was used.
The Brillioun zone was sampled using a 2×2×2 Monkhorst-Pack k-point grid. Atomic posi-
tions and the supercell lattice vectors were relaxed until the maximum Hellmann-Feynman
force on any atom was below 0.02 eV/Å. Spin-orbit coupling was included in all calculations.
Results were spot-checked using the hybrid functional PBE0 [22] and a larger supercell with
PBE functional in different defect systems. As shown later, these checks give essentially the
same results.

Three types of interstitial sites are shown in Fig. 3.3. The sites are referenced by their
site symmetry. For example, the Tl-tetragonal site [Fig. 3.3(a)] sits at what would be the
octahedral site of the body-centered-cubic (BCC) structure. However, because the atoms
defining the cube-octahedron are not all identical, the tetragonal site symmetry is defined
by the 4 Tl atoms at corners of the cubic plane and 2 Br atoms forming the point of
the octahedron. A Br-tetragonal site is defined similarly [Fig. 3.3(b)]. The last type of
interstitial site studied [Fig. 3.3(c)] has the symmetry C2v and is referred to as a 2-fold site.
This site would be the tetrahedral interstitial site of the BCC structure. Note that the
described symmetries are those associated with a perfect crystal. Relaxation can reduce the
symmetry.
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Figure 3.3: Three types of interstitial sites in TlBr: (a) Tl-tetragonal site, (b) Br-tetragonal
site and (c) the 2-fold site. Tl ions are represented by light colored balls and Br ions are
represented by dark colored balls. C atom is represented by a small light colored ball. Same
representation is adopted in the following related figures.

3.2.2 Results

The calculated magnetic moments for four different C defect geometries are shown in
Table 3.3. Except for the 2-fold site defect, all others show magnetic moments. In addition,
all magnetic moments are near integral multiples of µB.

Table 3.3: Magnetic moments of different C impurity defects in TlBr

Defect configuration Magnetic moments [µB]
Tl tetragonal 1.96
Br tetragonal 1.96

2-fold 0
C replacing Br 2.99

We spot-checked our results using PBE0 [22] and a larger supercell. We first verified
results in C at Tl-tetragonal system (neutral charge) in two ways: (1) using PBE0 functional
and same size of supercell and (2) using PBE functional [17] but a larger supercell. In the
calculation using PBE0 functional, other calculation parameters are same as those described
above. In the calculation using a larger supercell, the supercell is constructed from 4×4×4
unit cells (128 atoms in undoped supercell). The sampling of the k-points for the larger
supercell is restricted to the Γ point only. The other parameters defining the calculations
are the same. The results are summarized in Table 3.4.

Table 3.4: Verifications of magnetic moment in C at Tl-tetragonal (neutral charge).

Functional Supercell size Magnetic moments [µB]
PBE 3×3×3 (54 atoms) 1.96
PBE0 3×3×3 (54 atoms) 1.98
PBE 4×4×4 (128 atoms) 1.97
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Figure 3.4: Site projected DOS and magnetization density for C at Tl-tetragonal supercell.
(a) Total DOS and site projected DOS of C p-states and 4 nearest neighboring (n.n.) Tl
s- and p-states. (b) Site projected DOS of C p-states and its magnetization density in x
direction (m(C-p, x ), similar behavior for y and z directions). The dashed line indicates the
Fermi energy level. (c) Site projected DOS and total site projected magnetization density
of C p-states (m(C-p, total)).
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More results (different impurity atoms and charge states) have been verified using PBE0
functional and 3×3×3 supercell. They are shown in Table 3.5. From Table 3.4 and 3.5, we
can see that PBE0 calculations reproduce the magnetic moments shown in Table 3.3.

The projected density of states (PDOS) for C at the Tl-tetragonal site were computed
to further explore the local magnetic moments. The results are shown in Fig. 3.4. The site-
projected DOS is the projection of total DOS onto s, p, and d states within a small sphere
around each ion in the supercell. (The Wigner-Seitz radius of the sphere is chosen to be the
default provided in the pseudopotential files for each ion.) In Fig. 3.4(a), the peak directly
below the Fermi level (labeled 1) in the total DOS has very large portion of C p states and a
certain amount of s and p states from the nearest neighbor (n.n.) Tl ions. For other regions
of the DOS plot, the projected DOS of C and n.n. ions are almost negligible compared to
the total DOS. In addition, the number of states within peak 1 is 2, which is same as the
number of C p electrons. In Fig. 3.5, the 2D view slicing through the Tl cubic plane and
the 3D contour plot of the partial charge density distribution from the wave functions at Γ
of the two states in peak 1 (also the two highest occupied states) are shown.

Figure 3.5: Partial charge density distributions of two highest occupied states at Γ in C at
Tl-tetragonal system. The partial charge density distributions of two states are almost the
same; thus only one is shown. (a) 2D view slicing through the Tl cubic plane and (b) 3D
side view of the partial charge density contour. All other atoms are hidden (same in the
following figures).

Table 3.5: More verifications of magnetic moment using PBE0.

Defect configuration & charge PBE0 results [µB] PBE results [µB]
C at Br-tetragonal, 0 1.98 1.96
C at Br-tetragonal, -1 2.90 2.93

C at 2-fold, 0 0 0
C at 2-fold, +1 0.98 0.99

O at Tl-tetragonal, 0 0 0
N at Tl-tetragonal, 0 1.00 1.00



CHAPTER 3. THALLIUM BROMIDE: A RADIATION DETECTOR AND A DILUTE
MAGNETIC SEMICONDUCTOR 17

These two states have nearly identical charge densities as is required by symmetry, thus
only one of them is shown. They localize near the C atom with a small portion on n.n. ions,
which indicates that peak 1 is mainly composed of 2 C p-states with slight hybridization
of states from n.n. ions. Moreover, the charge density contour has the same symmetry
as the local crystal environment (D4h). The site projected magnetization density further
reveals the contribution from the site projected DOS to the magnetization density in x , y
and z directions respectively. Fig. 3.4(b) shows the site projected DOS of C p-states and
its contribution to magnetization density in the x direction (m(C-p, x )). m(C-p, y) and
m(C-p, z ) are in nature similar to m(C-p, x ). The peak directly below and the peak right
above Fermi energy level (labeled with 2 and 3) have opposite sign of magnetization density.
This is similar to the spin-up and spin-down splitting in a spin-polarized calculation. Note
that we refer peak 3 to the continuous interband states ranging from 3.0 eV to about 4.2
eV. The total site projected magnetization density of C p-states (m(C-p, total)) is defined
as the magnitude of vector m(C-p)=(m(C-p, x ), m(C-p, y), m(C-p, z )). Fig. 3.4(c) shows
that m(C-p, total) is very close to the number of projected DOS in peak 2 and 3. This fact
means these two peaks have been fully polarized, at least within the spheres of projection.

Figure 3.6: Distribution of total magnetization density in x direction: (a) 2D view slicing
through Tl cubic plane and (b) 3D side view of contour plot. Similar behaviors are found for
y and z directions. The contour is plotted with a different color to be distinguished from
charge density contours.

The distribution of total magnetization density in x direction (this is the overall magne-
tization density in the supercell not the p component m(C-p, total) defined above) is shown
in Fig. 3.6. The magnetization density also localizes near the C atom and looks very similar
to those presented in Fig. 3.5. The above evidence leads to the conclusion that C p-electrons
make major contributions to the total magnetic moments through slight hybridization with
n.n. ions.

3.2.3 Crystal field model

This magnetic behavior can be understood using a simple crystal field model. First and
foremost, the impurity atomic states (that are magnetized) do not hybridize strongly with
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the band states of TlBr. Thus the splitting of the impurity atomic states depends on the local
symmetry. The filling of the electrons into the levels split by the local crystal field follows
Pauli exclusion principle and Hund’s 1st rule. Based on Hund’s 1st rule, every orbital in a
subshell is singly occupied with one electron before any one orbital is doubly occupied, and
all electrons in singly occupied orbitals have the same spin. This is due, in part, to the fact
that the system can lower its Coulomb repulsion energy by aligning the spins of the electrons
in the same direction.

Take C at Tl-tetragonal site for example. The local symmetry of C at Tl-tetragonal
site is D4h. Under this symmetry, px and py orbitals, that are aligned along x and y
directions within the Tl cubic plane, transform according to a two dimensional irreducible
representation and hence form the basis for a double degenerate level. The pz orbital which
is perpendicular to the Tl cubic plane transforms according to a one dimensional irreducible
representation. Thus the C p orbitals now split into a 2-fold degenerate level (px and py)
and a 1-fold degenerate level (pz). We then determine the correct ordering of the split levels
by choosing the one which gives correct amount of magnetization when 2 C p electrons fill
these levels. To reproduce the calculated magnetic moments, the 2-fold level lies below the
1-fold level and is filled by 2 C p electrons with aligned spin. Since each spin contributes
1 µB to the moment, this configuration gives total 2 µB moments, close to the calculated
value of 1.96 µB. The fact that the eigenstates of 2-fold level are linear combinations of px
and py orbitals is also consistent with the feature of the partial charge density distributions
in Fig. 3.5.

We further studied the -1 charge state of C at Tl-tetragonal site. The calculated magnetic
moment is 1.01 µB. After the relaxation, the C atom, which is positioned exactly at the center
of the Tl cubic plane in the previous case, now is displaced out of the plane, as shown in
Fig. 3.7(a). The local relaxed symmetry now becomes C2v but is very close to C4v (the four
n.n. Tl ions form a rectangle that is very close to a square). Thus the p states split into three
1-fold levels with two of them very close to each other. Compared to Fig. 3.5, the partial
charge density of the extra electron now has uneven distribution on n.n. Br and Tl ions and
a distorted bilobed distribution around the C atom, as shown in Fig. 3.7(b) and (c). The
electron filling diagrams for neutral and -1 charge state are shown in Fig. 3.7(d). Compared
to the neutral charge system, the added electron fills one of the 2-fold level with opposite
spin of previous two electrons. Then the Coulomb repulsion between the two opposite-spin
electrons slightly raises this level and distorts the local environment from D4h to C2v. This
leads to a diagram with the doubly occupied level slightly higher than the singly occupied
level. The model gives 1 µB of magnetic moment which again is in excellent agreement with
the calculated value of 1.01 µB.

We investigated other dopants as well, and the results are shown in Table 3.6. The
electron filling diagrams are shown in Fig. 3.8 to illustrate all the cases in Table 3.6 and two
cases (C at Tl-tetragonal site and C replacing Br) in Table 3.3. For N at 2-fold and N at
Tl-tetragonal site, even though their initial configurations are different, they all relaxed to
the same final geometry with C2v symmetry. Therefore, only one electron filling diagram is
used. This diagram is also similar to that of -1 charge state of C at Tl-tetragonal site with
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Figure 3.7: (a) Relaxed atomic configuration of -1 charge state of C at Tl-tetragonal site.
C atom is displaced out of the Tl cubic plane. (b) 2D view slicing through 4 Tl-ion plane
and (c) 3D side view of partial charge density contour of the highest occupied state. (d)
The electron filling diagram of neutral and -1 charge state. In the -1 charge state diagram,
the doubly occupied level is slightly higher than the singly occupied level due to the on-site
repulsion between the electrons occupying it.

doubly occupied level slightly higher than the singly occupied level. From Fig. 3.8, we can
see that the crystal field splitting model explains the computed magnetic moments of almost
all cases. (The moment of a C at Br-tetragonal site will be discussed in the next paragraph.)
Note that for Br substitutional defects, the localized levels gain one more electron from the
matrix since the system is Br deficient. We note that the fact that magnetic moments change
with different types of impurity atoms and charge states may enable electronic control of the
magnetic moments.

Table 3.6: Local symmetry and magnetic moments for other defect configurations.

Initial defect configuration Charge state Local symmetry Magnetic moments [µB]
C at 2-fold +1 C2v 0.99

N at 2-fold & Tl-tetragonal 0 C2v 1.00
N at 2-fold -1 C4h 0

O replacing Br 0 Oh 0.99
O at Tl-tetragonal 0 D4h 0
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Figure 3.8: Electron fillinqg diagrams to explain the magnetic moments in Table 3.3 and
Table 3.6. The headings indicate the site of the defect. The numbers in brackets indicate
the charge states.

Consider the case of C at Br-tetragonal site. As shown in Fig. 3.9(a) the final local
symmetry near the C interstitial is D2h with the initial Br cubic square being distorted to
a diamond shape. The partial charge density contours indicate that the two highest states
have different symmetries. The second highest occupied state, shown in Fig. 3.9(b), has
major distribution along the direction of two n.n. Tl ions. The highest occupied state,
shown in Fig. 3.9(c) and (d), is aligned along the longer diagonal of Br diamond. Given
that the calculated magnetic moments are 1.96 µB, we propose the electron filling diagram
in Fig. 3.10(a). Two electrons fill two different levels with the same spin direction rather
than fill the lowest level with opposite spins, as shown in Fig. 3.10(b).

We believe the reason for this is that the magnitude of the splitting is not large enough
to compensate for the on-site Coulomb repulsion when two electrons try to fill the lowest
level. We also studied the +1 and -1 charge states of this defect configuration. The electron
filling diagrams in Fig. 3.10(c) and (d) are proposed according to the calculated magnetic
moments and the symmetries of partial charge density plots. For -1 charge state, the local
environment retains a D4h symmetry with four Br ions forming a square after relaxation
(not the diamond in neutral charge state). The lower level is the 2-fold degenerate level.
Two states of this level are polarized along the one and the other diagonals of Br square,
respectively. The higher energy 1-fold level is polarized along two n.n. Tl ions. Three
electrons fill three levels with same direction of spin. The reason for this is also to avoid
large on-site Coulomb repulsion through the third electron occupying a slightly higher but
empty level (Fig. 3.10(d)). The calculated magnetic moments are 2.93 µB which is close to
3 µB from our model. For +1 charge state, the local symmetry is also D4h, but the distance
from C to n.n. Br (2.52 Å) is smaller than that in -1 charge state (3.34 Å). While the
distance from C to n.n. Tl (2.55 Å) is close to that in -1 charge state (2.36 Å). The partial
charge density plot indicates the occupied state is aligned along the direction of two n.n. Tl
ions (Fig. 3.10(c)). This means large local distortion flips the order of levels in -1 charge
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Figure 3.9: (a) Front view of relaxed atomic defect configuration for C at Br tetragonal. (b)
Site view of the partial charge density contour of the second highest state. (c) Front view
and (d) side view of the partial charge density contour of the highest state.

Figure 3.10: Electron filling diagrams of C at Br-tetragonal site: (a) ground state of neutral
charge, (b) higher energy state of neutral charge, (c) ground state of +1 charge and (d)
ground state of -1 charge.

state. Thus one p electron fills the lower 1-fold level and gives 1 µB magnetic moment, close
to the calculated 0.99 µB. The case of C at Br-tetragonal site illustrates the deficiency of
our model that it does not give the magnitude of the energy level splitting and the on-site
Coulomb repulsion. Also the global behavior of magnetism (paramagnetic, ferromagnetism
or antiferromagnetism) within the material is still unknown. A full understanding requires
a more detailed model.

In summary, it is predicted that traditionally non-magnetic impurity atoms (C, N and
O) occupying certain high symmetry sites of TlBr can be magnetically polarized. Therefore,
TlBr also has the potential to function as a dilute magnetic semiconductors in addition to
radiation detector. A simple model is introduced to show that the magnetic moments come
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from the p electrons of the impurity atoms. The model successfully explains the magnetic
moments for a wide range dopants, sites and charge states.
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Chapter 4

Transition metal dichalcogenides and
compliant substrate epitaxy

4.1 Introduction of the compliant substrate epitaxy

Transition metal dichalcogenides (TMDCs), especially MoS2, are promising 2D electronic
materials for the applications of next generation electronic devices. This is due to many of
their fascinating properties: atomically thin layered nature, variety of band gaps ranging
from metallic to insulating depending on the combination of metals and chalcogenide atoms,
relatively high carrier mobilities [6] etc. Besides, the bonding within each layer of TMDCs
is ionic/covalent while the adjacent layers are coupled via weak van der Waals (vdW) inter-
actions, which offers extra utility for engineering. In practice, incorporating this material
within devices will require either the growth of the dichalcogenides on other substrates, or
growth of other materials on a dichalcogenide substrate. In this respect, the growth of Au
on MoS2 can be viewed as a prototypical system.

In what follows, a brief review of the experimental results is given. An apparent discrep-
ancy arises when a simplified theory of traditional epitaxy is used to explain the observed
orientation dominance in the grown Au islands. This is due to the fact that the traditional
model neglects interfacial energies and the fact that the first layer of MoS2 can deform to
enable larger lattice mismatch. Including these effects yields a model for compliant sub-
strate epitaxy that explains the experimental observations and thus resolves the apparent
discrepancy.

The growth of Au on MoS2 was studied in the mid to late 1960’s using the in situ and
ex situ transmission electron microscopy [54, 55, 56, 57, 58]. Au was deposited on MoS2

using evaporation, and was discovered to grow predominantly with a plate-like geometry in
a {111} orientation. The ⟨110⟩ directions of the Au platelets were nearly aligned along the
⟨112̄0⟩ direction of the substrates, with a minor spread in the orientation (average rotation
±0.25◦). Similar orientations were observed for Ag nuclei [58]. In these experiments, the
presence of misfit dislocations are also observed in the evaporated Au islands which suggests
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(c) Rotated {111}

a(Au) > a’(MoS2)

Figure 4.1: (a) The strain for Au (left) and MoS2 (right) in {111} orientation. The Molyb-
denum atoms are represented by purple circles, the Sulfur atoms by yellow circles and the
Gold atoms by orange circles. a(Au) and a(MoS2) are the lattice constants in Au (111) plane
and MoS2 respectively. The arrows indicate the biaxial strain in this case. (b) The strain
in {001} orientation. The subscripts ”1” and ”2” are two perpendicular directions in the
plane. a1 and a2 are the lattice constants in corresponding directions. In this case, the sign
and amount of strain in the two directions is different. (c) The strain in the rotated {111}
orientation. The arrows indicate compressive biaxial strain.

a relatively strong bonding (more than just VDW interaction) between the substrate and
the film.

The growth and evolution of the Au films were modeled using theory available at the
time [59, 55]. This theory, however, was rooted in a phenomenological understanding of
the interfacial properties. Moreover, the substrate was treated as a typical bulk, and no
accounting for the influence of the van der Waals (VDW) bonding within the substrate
layers was attempted. Further, the Au clusters were approximated as spherical caps, as the
TEM images did not allow for measurement of island thicknesses. Finally, only the observed
{111} orientation was considered in any detail. Given the recent and growing interest in
transition metal dichalcogenides for electronic and optical applications, it is timely to revisit
this epitaxial growth system.

In the most simple model of epitaxy, the substrate is assumed infinite, and as a conse-
quence, it does not relax during the growth process. For Au on MoS2, the three possible
orientations of the growing film are shown in Fig. 4.1. For the {111} orientation, the biaxial
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strain required in the film is approximately 8%. In contrast, the strains in the {001} orient-
ed film are approximately -6% and 8% in the directions shown. While in the rotated {111}
orientation (that has been used to study the electronic properties of Au contacts to MoS2 in
Ref. [60]) the biaxial strain is about -6%. Based on these strains, one would expect that the
{001} orientation would be most favorable, and consequently would be predominantly the
experimentally observed orientation. Figure 4.2 compares the elastic energies of the three
films (neglecting surface and interfacial stresses and energies) as a function of the number of
layers of Au grown assuming the substrate is rigid. Clearly, the elastic energy of the {111}
orientation is much larger than the other two orientations. This observation raises a fun-
damental questions regarding the growth: Why is the predominant experimentally observed
orientation {111} and not one of the other two?

{111} R {111}

{001}

Figure 4.2: The strain energy per unit cell for Au deposition on MoS2 in three orientations
computed assuming that the MoS2 is unrelaxed, and that surface and interfacial energies
make negligible contributions to the energy. The rotated {111} orientation is labeled as ”R
{111}”.

In the following sections, a compliant substrate epitaxy model is introduced and used
to explain the experimentally observed film orientation. The model assumes that due to
the weak VDW bonding between layers of MoS2, the surface layer is able to relax nearly
independently of the remaining bulk layers. The compliance of the substrate, when coupled
with the surface and interface energies (including strain energies) and misfit dislocations,
results in a lower formation energy for the {111} orientation as compared to the other two
orientations, in agreement with experiment. The implications of these findings are further
discussed.
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4.2 Model illustration: Au on MoS2

The model is built on two types of calculations. First, a continuum linear elastic model
for the epitaxial growth of Au on MoS2 is developed. This model includes the relaxation
of the substrate and the influence of surface/interface energies but is dislocation-free. The
parameters for the model are then determined using density functional theory (DFT) based
electronic structure total energy methods. Finally, misfit dislocations are incorporated into
the model to predict the properties of all three configurations.

4.2.1 Linear elasticity theory model

4.2.1.1 General description

The continuum linear elastic model is developed by proposing a ”synthesis path” and
then computing the energy contributions along this path. (This path is not necessarily
experimentally accessible. It simply facilitates computation.) The initial step in forming an
epitaxial layer can be taken as a thin slab of the growing material being extracted from a
bulk crystal. This extraction creates two surfaces, and the energy of the slab is increased by
the surface energies. The next step is to strain the film to its final strain in its epitaxially
bonded state. This contributes the strain energy of the bulk plus any contribution to the
strain energy from the surfaces. The third step is to separate the first substrate layer from rest
of the substrate to create a freestanding MoS2 layer. This adds a layer separation energy to
the system. In the fourth step, this free-standing layer is then strained introducing the strain
energy of the single layer. In the fifth step, the epitaxial film is welded to the free standing
layer, replacing one of the strained Au surfaces with a strained Au-MoS2 interface. Then, the
film/free-standing layer is readhered to the substrate, returning the layer separation energy
to the thermal bath, but introducing the energy required to slip the top MoS2 layer relative
to the remaining layers. In addition, if misfit dislocations are introduced (after fitting the
surface/interface parameters), they will relieve part of the mismatch strain in the film at the
cost of misfit dislocation formation energy. Taken in total, the sum of the changes in energy
for both the substrate and the epitaxial film as compared with their bulk counterparts, ∆E
can be written:

∆E = EAu,sur + Efilm + Esub + EAu/S,int + Eslip + Edis (4.1)

where EAu,sur is the energy of the strained Au surface, Efilm is the energy of the strained
film neglecting surface contributions, Esub is the strain energy of the first substrate layer,
EAu/S,int is the interfacial and strain energy of the Au-MoS2 substrate interface, and Eslip is
the slip energy between the first layer of the substrate and the remaining substrate. Edis is
the formation energy of the misfit dislocation and is not included in the fitting process.
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4.2.1.2 Elastic energy terms

The first four contributions to ∆E can be expressed analytically using linear elasticity
theory. To second order in strain we have:

Efilm =
1

2
Cf,ijklϵf,ijϵf,klVf (4.2)

Esub =
1

2
Csub,ijklϵsub,ijϵsub,klAsub (4.3)

EAu,sur = γs + fs,ijϵs,ij +
1

2
Cs,ijklϵs,ijϵs,klAs (4.4)

EAu/S,in = γI + fI,ijϵI,ij +
1

2
CI,ijklϵI,ijϵI,klAI (4.5)

The Cf,ijkl, Csub,ijkl are the elastic constants for the film and the top layer substrate. The
strain tensors ϵij are indexed similarly. We approximate the surface/interface stress energies
up to the second order of the strain tensor: γs and γI are the unstrained surface and interfacial
energies, respectively; fs,ij and fI,ij are the linear surface stress terms while Cs,ijkl and
CI,ijkl are the quadratic terms of the surface/interface strain energies. The top layer of the
substrate is treated as a 2D material. (We assume that the VDW interaction within the
substrate is sufficient to insure the substrate remains flat during the epitaxial growth.) Vf

is the equilibrium volume the film would have if it were part of a bulk Au crystal. Asub,
As and AI are the reference unit cell areas for the substrate, surface and interface strains
respectively. As and AI are taken equal to Af , the area covered by the Au film with its bulk
lattice parameter. Asub is taken to be the equilibrium area of the monolayer MoS2 unit cell.

4.2.1.3 Slip energy estimation

The slip energy arises from displacing the top MoS2 substrate layer relative to layers
below. An approximation for this energy is made by investigating a similar slip in a bilayer
MoS2 system. In this system, two MoS2 layers are placed relative to each other in the same
way as the two adjacent layers in the bulk MoS2. A top view of this system is in Fig. 4.3
with only the lattice points shown. The two layers coincide at the origin point in the top
view (left corner). Each layer contains 21×21 unit cells. The Mo and S atoms are added to
the lattice points in the same way as that in the two adjacent layers in the bulk MoS2. The
interlayer distance is 6.25 Å, as obtained from DFT with van der Waals corrections of the
pristine bilayer MoS2 system. To create a slip similar to the compliant substrate epitaxy
system, the first layer MoS2 is strained biaxially by 5% while the second layer is kept fixed.
(This is a typical amount strain in the Au-MoS2 epitaxy system.) This strain results in
a structure wherein the lattice parameters of the slipped layer and the unslipped layer are
commensurate (the lattice points coincide in xy plane at the corners of the strained layer).
When the strain is applied, the Mo and S atoms are also displaced with the lattice points
and no internal relaxation of the unit cell is allowed.



CHAPTER 4. TRANSITION METAL DICHALCOGENIDES AND COMPLIANT
SUBSTRATE EPITAXY 28

Figure 4.3: The two layer MoS2 system (top view). Only the lattice points are shown. The
black points indicate the first layer who has 5 % of biaxial strain. The blue points indicate
the second layer which is without the strain. The lattice points of the two layers also coincide
at the corners of the strained layer.

We follows Grimme’s D2 method [61] to include the VDW interaction energy (both
in DFT calculations and following estimation). The interlayer VDW interaction energy is
calculated using the formula:

Ecorr = −
Nat1∑
i

Nat2∑
j

C6ij

r6ij
fdmp(rij) (4.6)

Where the index i goes over the atoms in the first layer and j goes over the atoms in the
second layer. rij is the distance between atom i and atom j. C6ij is a coefficient which
depends on the types of atom i and atom j:

C6ij =
√

C6iC6j (4.7)

The parameter C6i and C6j are tabulated for each element and are insensitive to the particular
chemical situation. The values of C6i for the elements in the first five rows of the periodic
table are provided in Ref. [61]. fdmp(rij) is the damping function whose expression is:

fdmp(rij) =
s6

1 + e−d(rij/(R0ij)−1)
(4.8)

s6 is a global scaling parameter which depends on DFT functionals used. We choose the
optimized value for PBE functional (S6 = 0.75) since the structure of MoS2 is determined
by DFT calculations with PBE functional. The coefficient R0ij also depends on the types of
atom i and atom j:

R0ij = R0i +R0j (4.9)
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The values of R0i for the elements in the first five row of the periodic table are also provided
in Ref. [61].

To estimate the slip energy, we compute the interlayer VDW energy of the original and
slipped systems described above. The energy difference between these two values provides
an estimate of the slip energy. Only the interlayer interaction is counted since the change
of the energy within the strained layer is captured by the DFT calculation (which does not
include the VDW energy). The VDW energy difference calculated from the above method
is 5 meV per primitive unit cell of the MoS2. A similar order of magnitude of slip energy
is expected in {001} epitaxy system and the rotated {111} epitaxy system. Given that the
elastic energies are of the order of few eVs per cell, the computed slip energy will make a
negligible contribution to ∆E. Therefore, for simplicity, this term is neglected.

4.2.1.4 Misfit dislocation term

When misfit dislocations are introduced into the epitaxial system, the mismatch strain is
partially relieved by the dislocations at the cost of dislocation formation energy. In the {111}
or rotated {111} films, we assume that the misfit dislocations do not generate any shearing
and rotation component and relieve the same amount of the normal strain in the x and y
directions of the growth plane. Meanwhile, it is also assumed that the misfit dislocations
are all total dislocations. At least two sets of the dislocations are needed. In Fig. 4.4(a),
the misfit dislocation geometry (with 2 sets of dislocations) for {111} and rotated {111}
orientations is shown. (Note that the Burger’s vectors in the rotated {111} are in opposite
direction of that in {111}.) The two sets of dislocations must have same spacing within the
film in order to exactly cancel the shearing and rotation components. This geometry has the
lowest formation energy among the solutions we have considered.

Figure 4.4: (a) The dislocation geometry in Au {111} and rotated {111} orientations. The
straight lines indicate the line direction. The arrows with same color give the corresponding
Burger’s vectors (in rotated {111} the Burger’s vectors are in opposite direction). The
two sets of the dislocations have same spacing. (b) The dislocation geometry in Au {001}
orientation film. There is no direct constraint between the spacing of the two sets.

The misfit dislocation geometry in the {001} oriented film is shown Fig. 4.4(b). In
this case, one set of the misfit dislocation relieves the tensile strain in one direction and
the other set relieves the compression strain in the perpendicular direction. Similarly, we
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assume there is no shearing or rotation generated by the misfit dislocations. If the number
of sets is restricted to two, this is the lowest energy geometry that satisfies our requirement.
In addition, since each set of the dislocations does not introduce a shearing or rotated
component, there is no direct constraint between the spacing of the two misfit dislocation
sets.

The formation energy of a misfit dislocation array depends on its spacing, line direction
and Burger’s vector. The formation energy (per unit cell) of a set of misfit dislocations with
a uniform spacing p can be estimated by:

Edis,i =
Kib

2
i

4πp
Log[

4h

b
]Af (4.10)

Edis,i stands for the energy contribution from each edge and screw components of the mixed
dislocation. Edis is the sum of the contributions from all components (if the dislocation is
a pure one, then there is only one component). bi stands for the projection component of
the Burger’s vector. Ki is the corresponding anisotropic energy coefficient defined by Hirth
et al [62], that takes account the elastic anisotropy of the crystalline. h and Af are the
thickness and the unit cell area. In the dislocation geometry of {111} and rotated {111}
orientations, each dislocation can be decomposed into three dislocations: a screw dislocation
component with a Burger’s vector of b

2
and a Ki of 16.7 GPa; An edge dislocation component

with a Burger’s vector of b
2
(along ⟨010⟩ direction of the FCC lattice) and a Ki of 37.9 GPa;

Another edge dislocation component with a Burger’s vector of b√
2
(along ⟨1̄01⟩ direction)

and a Ki of 35.5 GPa. The elastic energy of the total dislocation is the sum of the elastic
contributions from the three types of dislocations. (For the dislocations in question, there are
no cross terms in the elastic energy [62].) In the dislocation geometry of {001} orientation,
the dislocations are pure edge dislocations with a Ki of 37.9 GPa (same as one of the edge
components in the {111} orientation).

4.2.2 DFT calculation details

DFT based electronic structure total energy calculations were performed using the plane-
wave code VASP [29]. The exchange and correlation energy was described by generalized
gradient approximation proposed by Perdew, Burke, and Ernzerhof [17]. Electron-ion inter-
actions were treated with projector augmented wave potentials [30]. All calculations were
performed using a plane-wave basis with a 350 eV energy cutoff. The precision tag was set to
“accurate.” The convergence criterion for self-consistent field loop was 1×10−8 eV. We used
Gaussian smearing method with a smearing width of 0.05 eV. The epitaxial configurations
were constructed based on Fig. 4.1 with the number of Au layers varying from 3 to 30. A
20 Å vacuum slab was added along the direction normal to the growth plane to separate
the system from its periodic image. A 14×14×1 Monkhorst-Pack k-point grid was used to
sample the Brillioun zone for {111} epitaxy. In {001} epitaxy, a 13×8×1 Monkhorst-Pack
k-point grid was used while in the rotated {111}, a 8×8×1 Monkhorst-Pack k-point grid
was used. These structures were relaxed until the maximum Hellmann-Feynman force on
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Table 4.1: The elastic constants of bulk Au and MoS2.

Elastic Constants GGA [GPa]1 LDA [GPa] Experiment [GPa]2

Au
C11 154 219 192
C12 136 183 163
C44 31 41 39

MoS2
C11 211 237 238 (238)
C12 53 56 -54 (64)

1 The GGA (PBE) results are used for the following calculations.
2 The previous reports of Au elastic constants can be found in Ref [65]. The reported MoS2

elastic constants is from Ref [66]. The DFT calculated elastic constnats from this reference
is in parenthesis.

any atom is below 0.01 eV/Å. Within the density functional theory approach, the change in
energy associated with our synthesis path can be written (neglecting the slip energy):

∆E = Etot − nAuEb,Au − Eb,MoS2 (4.11)

with Etot the total energy of the lattice matched slab including one MoS2 layer and nAu layers
of Au (in each unit cell). Eb,Au is the energy per layer of bulk unstrained Au and Eb,MoS2 is
the energy of the monolayer MoS2. Note that nAu differs between the rotated {111} and the
other two structures. Essentially, we use the chemical potential of bulk Au as a reference
point for comparing the energies of the rotated {111} structure to the other two.

The parameters that enter the first four contributions to ∆E in linear elasticity theory
model are determined either by fitting the results of DFT calculations to the continuum
theory or by direct DFT calculations. The DFT calculated lattice structures of bulk Au and
monolayer MoS2 are in good agreement with previous studies. For the bulk Au primitive unit
cell, a symmetrized 12×12×12 Monkhorst-Pack k-point grid is used to sample the Brillioun
zone. For the primitive cell of monolayer MoS2, a symmetrized 14×14×1 Monkhorst-Pack
k-point grid is used to sample the Brillioun zone. The computed Au lattice constant 4.168
Å, and is in reasonable agreement with experiment result of 4.062 Å and in good agreement
with previous DFT result of 4.154 Å [63]. The in-plane lattice constant of MoS2 from our
DFT calculation is 3.190 Å and the thickness of the monolayer (the separation distance
between the top and bottom Sulfur layers) is 3.130 Å. These are also in good agreement
with the experimental values of 3.122 Åand 3.116 Å, respectively [64]. The computed elastic
constants for these two materials are summarized in Table 4.1.

Our calculated results for gold elastic constants (from GGA PBE) are softer than the
experimentally measured values [65]. We also calculated the Au’s elastic constants using PAW
LDA potential (parameterized by Perdew and Zunger) [67]. The LDA results overestimate
the elastic constants of Au, as shown in Table 4.1. We further double checked our epitaxy
system calculations (with 3, 21 and 24 layers of Au) using LDA between the two competing
orientations, {111} and {001} (for the most cases, the rotated {111} is higher in energy than
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these two orientations). In the LDA calculations, the {111} epitaxy systems are still more
stable than the {001} epitaxy systems, which is consistent with the GGA results. Therefore,
we conclude that this error will not change the following conclusions. In the Ref. [66], a
discussion of the elastic constants of MoS2 (both measured and predicted) is given. The
C12 measured experimentally is negative, which contrasts with the positive value computed
here and with the DFT-D2 calculations done by Peelaers and van de Walle. Peelaers and
van de Walle argued that the C12 measurement is indirect, and might be complicated by
the lubricating properties of MoS2. In order to directly compare our results with those in
Ref. [66], we follow their convention of calculating the elastic constants for 2D material, in
which the thickness of monolayer MoS2 is chosen to be the half length of the unit cell vector
perpendicular to the basal plane in bulk MoS2 the unit cell contains 2 MoS2 layers). Our
calculated elastic constants of MoS2 are in good agreement with Peelaers and van de Walle’s
results.

The calculated structures and elastic constants are used for the parameters of our con-
tinuum elastic model, i.e. the equilibrium volume of the film, the equilibrium area of the
substrate/surface/interface and the elastic constants of the film and the top layer substrate.
The calculated elastic constants are used for the parameters Cf,ijkl and Csub,ijkl. The calcu-
lated lattice structures are used to determine Vf , Asub, As and AI .

4.2.3 The minimization of ∆E and fitting processes

4.2.3.1 ∆E minimization without dislocations

Before including the misfit dislocations, the equilibrium expression of ∆E (for the ”prim-
itive” model) is determined by minimizing ∆E with respect to the strains in the film and
the first substrate layer, subjecting to the constraint that the first substrate layer and the
film are lattice matched across the interface.

As shown in Fig. 4.1(a), the lattice mismatch between Au and MoS2 is about 8% biaxially.
Therefore, the Au film has a biaxial tensile strain (ϵAu,11) in the growth plane and a normal
strain component (ϵAu,33) in the direction perpendicular to the plane. The shear strain is
zero. The strain of the interface and surface are the same as the strain of the Au film in
the growth plane. The strain for the MoS2 is a biaxial compressive strain (ϵMoS2,11) also
with no shear component. With this form of the strain tensor given, the expression of the
”primitive” ∆E can be written down based on Eqn. (1) to (5). Furthermore, the value of
ϵMoS2,11 is related to ϵAu,11 through the condition of lattice matching at the interface:

aAu(1 + ϵAu,11) = aMoS2(1 + ϵMoS2,11) (4.12)

Once the number of Au layers is given, the only variables in the ∆E’s expression are ϵAu,11

and ϵAu,33. The ∆E can then be minimized with respect to ϵAu,11 and ϵAu,33. Moreover, in
this case, only the combined linear term (fs+fI), the combined quadratic terms (CSub,1111+
CSub,1122 + CI,1111 + CI,1122) and the combined free interface and surface energies (γs + γI)
enter into the minimized expression for ∆E. (Due to the symmetry of the surface/interface,
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the linear term can be taken as scalar [68].) Thus these combined terms can be fitted as a
whole to the DFT results.

In the case of {001} epitaxy, the lattice mismatch is about 8% in direction 1 and -6%
in direction 2, as shown in Fig. 4.1(b). In the growth plane, the Au film has a pure tensile
strain ϵ′Au,11 in direction 1 and a pure compression strain ϵ′Au,22 in direction 2. The Au film
also has a normal strain component ϵ′Au,33 perpendicular to the growth plane. Similarly, the
strain of the interface and surface are same as the strain in the Au film growth plane. In the
MoS2, likewise, it has normal compression strain ϵ′MoS2,11

in direction 1 and normal tensile
strain ϵ′MoS2,22

in direction 2. The shear components for both Au and MoS2 remain zero.
There are now two constraint equations relating the strain of Au and MoS2 in the growth
plane:

a1(Au)(1 + ϵ′Au,11) = a1(MoS2)(1 + ϵ′MoS2,11
) (4.13)

a2(Au)(1 + ϵ′Au,22) = a2(MoS2)(1 + ϵ′MoS2,22
) (4.14)

where a1(Au) and a1(MoS2) are the lattice parameter in direction 1 while a2(Au) and a2(MoS2)

are the lattice parameter in direction 2 (consistent with Fig. 4.1(b)). Once the number of
Au layers is given, the variables in the total energy expressions are ϵ′Au,11, ϵ

′
Au,22 and ϵ′Au,33.

∆E can then be minimized with respect to ϵ′Au,11, ϵ
′
Au,22 and ϵ′Au,33. In this case, we have

one combined linear term (fs + fI), two combined elastic constants (CSub,1111 + CI,1111 and
CSub,1122 + CI,1122) and the combined free surface and interface energies (γs + γI) entering
the minimized ∆E expression. Just as in the case of {111} epitaxy, these parameters are
fitted as a whole to the DFT results.

In the case of the rotated {111} epitaxy, the lattice mismatch is about -6% biaxially, as
shown in Fig. 4.1(c) of the main text. In this case, the Au film has a biaxial compression
strain (ϵAu,11) in the growth plane and a normal strain component (ϵAu,33) in the direction
perpendicular to the plane. The shear strain is still zero. The strain of the interface and
surface are same as the strain of the Au film in the growth plane. The strain for the MoS2

is a biaxial tensile strain (ϵMoS2,11) also with no shear component. Similarly the value of
ϵMoS2,11 is related to ϵAu,11 through the condition of lattice matching at the interface:

2aAu(1 + ϵAu,11) =
√
3aMoS2(1 + ϵMoS2,11) (4.15)

Similar to {111} epitaxy, the ”primitive” ∆E can then be minimized with respect to ϵAu,11

and ϵAu,33. Also only the combined linear term (fs + fI), the combined quadratic terms
(CSub,1111 +CSub,1122 +CI,1111 +CI,1122) and the combined free interface and surface energies
(γs + γI) enter into the minimized expression for ∆E.

4.2.3.2 Fitting continuum linear elasticity theory to DFT results

The results of DFT calculations are used to find optimal parameters for the continuum
linear elasticity theory. Briefly, the DFT energy and strain data are fitted to the predictions
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of the continuum theory. The fitting process chooses the parameters of the continuum linear
elasticity theory to minimize ”χ2”:

χ2 = w
∑
i

(∆E[i]−∆Ẽ[i])2 + (1− w)
∑
j

(ϵ[j]− ϵ̃[j])2. (4.16)

In the above equation, ∆E[i] is the DFT calculated excess energy of Au-MoS2 system with
i layer of Au. ∆Ẽ[i] is the minimized excess energy from our model also with i layer of
Au. The strain sum term is defined similarly. The indices i and j run over all the DFT
data. w is the relative weight parameter for the DFT based energy and strain data. Since
the DFT calculated energy is more accurate than the DFT calculated strain, we put more
weight (2/3) on the energy terms. The parameters entering the fitted functional forms are
displayed in Table II. For {111} epitaxy, the in-plane biaxial strain comes into the strain
sum. For {001} epitaxy, both ϵ11 and ϵ22 come into the strain sum. The expressions for
the ϵ̃[j] are also obtained through minimizing the ∆E algebraically, and these depend upon
the same combinations of the surface/interface terms. The fitted results are summarized in
Table 4.2.

Table 4.2: The values of fitting parameters.a

Linear terms Quadratic terms Free energy terms

{111} epitaxy
fs + fI CSub,1111 + CSub,1122 + CI,1111 + CI,1122 γi + γs
0.167 3.988 0.067

{001} epitaxy
fs + fI CSub,1111 + CI,1111 CSub,1122 + CI,1122 γi + γs
-0.541 45.703 45.656 0.099

Rotated {111} fs + fI CSub,1111 + CSub,1122 + CI,1111 + CI,1122 γi + γs
-0.099 -8.770 0.096

a All fitting parameters are in unit of [eV/Å2].

4.2.3.3 ∆E minimization with dislocations included

Once these parameters are determined, we can include the misfit dislocations into the
linear elasticity theory model and minimize the ∆E respect to both the strains and the
spacing of the dislocations. At this stage, the in-plane lattice match condition is also revised
with the strain relief effect from the dislocation included. In the {111} orientation, the lattice
match condition can now be written as:

√
3b

2p
=

aMoS2(1 + ηMo,11)− aAu

aAu

− ηAu,11 (4.17)
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The amount on the left side is the strain relieved by one set of the misfit dislocations and it
makes up the difference between the biaxial strain component in the MoS2 (ηMo,11) and the
Au film (ηAu,11). The aAu and aMoS2 are the corresponding lattice constants. This equation
should be satisfied in both in-plane directions due to symmetry requirement. Since now we
introduced one more degree of freedom (dislocation spacing), ∆E is minimized respect to
the in-plane strain ηAu,11, out-of-plane normal strain ηAu,33 and dislocation spacing p.

In the rotated {111} orientation, the lattice match condition can now be written as:

−
√
3b

2p
=

√
3aMoS2(1 + ηMo,11)− 2aAu

2aAu

− ηAu,11 (4.18)

which also should be satisfied for both x and y directions. The minus sign in the left front
counts for the fact that the Burger’s vector is in the opposite direction of that in {111}
orientation. Similar to {111} orientation, ∆E is minimized respect to the in-plane strain
ηAu,11, out-of-plane normal strain ηAu,33 and dislocation spacing p.

In the {001} orientation, we need two lattice match equations:

b

p1
=

a1(MoS2)(1 + ηMo,11)− a1(Au)

a1(Au)

− ηAu,11 (4.19)

− b

p2
=

a2(MoS2)(1 + ηMo,22)− a2(Au)

a2(Au)

− ηAu,22 (4.20)

In the tensile strain (in terms of Au film) direction, the lattice match condition is Eqn. (4.19).
Eqn. (4.20) describes the lattice match condition in the compressive strain direction. p1 and
p2 are the dislocation spacing in the corresponding directions respectively. ηAu,11 and ηAu,22

are the normal tensile and compression strain in the Au film. ηMo,11 and ηMo,22 are defined
similarly. As mentioned above, there is no direct constraint for the spacings in the two
directions. Thus two more degrees of freedom are added to ∆E when the misfit dislocations
are included. Now ∆E should be minimized respect to in-plane and out-of-plane strains
(ηAu,11, ηAu,22 and ηAu,33) and dislocation spacings (p1 and p2). These minimization processes
will give us the final expression of ∆E as a function of the Au layer number.

4.2.4 Results

Fig. 4.5(a) shows the fitting results for the compliant substrate model without disloca-
tions, and compares them to the traditional epitaxy model with the surface and interface
contributions included, but no misfit dislocations. It is apparent that the elasticity theory
based model does an excellent job of describing the DFT calculated excess energies. Mean-
while, within the compliant substrate epitaxial model, beyond 10 Au layers, {111} epitaxy is
energetically favored over the other two orientations. In contrast to the traditional epitaxy
model, the variation of the ∆E with thickness is sublinear in the case of compliant substrate
epitaxy. This sublinear behavior originates in the fact that the strain in the Au film is de-
creasing as the film thickness increases. As the film gets thicker, it becomes elastically more
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T R{111}
T {001}

T {111}

(a)

(b) R{111}

{001}

{111}

Figure 4.5: (a) A comparison between the ∆E of the compliant substrate epitaxy (no misfit
dislocations) and that of traditional epitaxy (assuming rigid substrate, labeled with ”T” in
front). Note that surface and interfacial energies and strain energies are included in the lines
labelled with ”T”. DFT results are shown as dots, and the lines passing through them are
the results of the continuum theory fitted to the DFT data. Inclusion of surface/interface
effects alone does not stabilize the {111} orientation. (b) When the misfit dislocations are
included, the elastic energy for all configurations is reduced as expected. The dashed lines
are the results with misfit dislocation and are compared to those without misfit dislocations
(solid lines in same color ). The {111} orientation is still the lowest energy configuration.
Moreover, the curve of the rotated {111} orientation is lowered below that of the {001}
orientation by the dislocations.

stiff, and the first layer of the substrate is forced to deform to a greater extent. Eventually,
when the Au film is infinitely thick, only the first substrate layer deforms, and the elastic
energy saturates at a constant. This trend reduces the tendency towards more complicated
growth modes (e.g. Stranski-Krastanov growth). To our knowledge, this reduction in strain
energy of the film with increasing film thickness is a unique feature of compliant substrate
epitaxy. The fitted strain is shown in Fig. 4.6. The strain curves are also in reasonable
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agreement with the DFT data.

(c)

Rotated {111}

Model

DFT data

Figure 4.6: The fitted Au strain curves and DFT Au strain data as a function of Au layer
number for (a) the biaxial tensile strain in {111} orientation. (b) the two in-plane strains in
{001} orientation. (c) the biaxial compression strain in rotated {111} orientation.

Fig. 4.5(b) shows the results when misfit dislocations are included. As expected, for all
three orientations, including misfit dislocations does lower ∆E. For the {111} orientation,
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the energy reduction is over 0.2 eV per unit cell which further stabilizes this orientation
compared to the other two. In addition, the rotated {111} orientation is also shifted to the
second lowest place while the {001} orientation receives the least energy reduction. Generally
speaking, the configuration with more mismatch strain will receive more energy reduction
from introducing misfit dislocation. This is determined by the fact that the formation energy
of misfit dislocation scales as b

p
and the elastic energy after including the dislocation scales as

(ϵm − b
p
)2, where ϵm is the original strain in the film. For same dislocation formation energy

(same b
p
), a larger mismatch system (larger ϵm) will generally receive more energy reduction

due to the quadratic behavior of the elastic energy. Therefore, the elastic energy of {111}
orientation, which has the largest mismatch (8% biaxial), is reduced the most. The rotated
{111} orientation, with the medium mismatch (-6% biaxial), displays the second largest
energy reduction. And the elastic energy of {001} orientation is barely reduced by the
dislocations since it has the lowest mismatch (-6% in the one direction and 8% in the other).
We note that changing the chemical potential of Au in Eqn. (4.11), which is equivalent to
changing the Au growth condition, could shift the curve of the rotated {111} respect to
the other two. However, the predictions here agree with the in situ growth experiments of
Pashley et al. [54], and we expect that in many growth situations the {111} orientation will
remain favored.

4.2.5 Further discussion

The model presented here is not the first proposed that exploits a compliant substrate.
As early as 1991, Lo suggested that the quality of some epitaxial films could be improved by
employing a compliant substrate [69]. Such a substrate would enable relaxation of the film
at the expense of the substrate, but had the potential to increase the quality of the epitaxial
film. Lo suggested that such substrates could be produced using standard lithographic
methods. Later, Jesser et al. proposed that a compliant substrate might be developed
by introducing a subsurface twist boundary [70]. Here, it is noted that layered materials
with VDW bonding between them form naturally compliant substrates for epitaxial growth.
Moreover, the VDW bonding, while enabling lateral slip of the substrate, will resist buckling
of the film, and thereby help to improve its quality. Though we have examined Au on MoS2

in detail, the idea is quite general, and should apply to other systems as well.
The continuum elasticity theory enables investigation of a broader class of models. For

example, we can examine a traditional epitaxial system with the introduction of misfit dislo-
cations. The ∆E’s of these systems are compared to those of the complete model in Fig. 4.7.
The model without the compliant substrate also predicts that the {111} orientation is favored
over the other considered structures. However, upon introducing the compliant substrate,
the energy of a 30 layer film is reduced approximately 50 meV/unit cell, or approximately
7%. This energy reduction is approximatley 25 times the slip energy per unit cell. We
therefore expect the substrate to distort during epitaxy (barring its pinning by defects or
some such).
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{001}

R{111}

{111}

Figure 4.7: The ∆E of the epitaxy systems with and without compliant substrate (but all
with surface/interface energies and misfit dislocations). The dashed lines are the curves for
the systems with compliant substrate and the solid lines are for those without compliant
substrate. Enabling compliant substrate does lower the energy. In addition, this reduction
increases as the Au film grows.

It is also worth noting that the compliant substrate reduces the dislocation density com-
pared to the traditional epitaxy due to the fact that the substrate partially relieves the
mismatch strain. After the minimization of ∆E, the dislocation spacing can also be plotted
as a function of the Au layer number, as shown in Fig. 4.8. In Fig. 4.8(a), we further compare
the equilibrium spacing of the {111} orientation with and without a compliant substrate.
It is shown that introducing compliant substrate indeed increases the spacing of the misfit
dislocations in all Au thickness range. For example, a 30 layer Au film will have approxi-
mately 3.1 nm between misfit dislocations in the traditional substrate model, but will have
approximately 4.3 nm between misfit dislocations in the compliant substrate model.

The model also helps to understand the slight rotations observed in the Au islands during
the earliest experiments [54]. Based on our misfit dislocation model, this minor rotation can
be explained by the imbalance of dislocation spacing (or dislocation number) in the two sets
of misfit dislocations in the {111} dislocation geometry (shown in Fig. 4.4(a)). Based on the
dislocation geometry, the displacement field arising from the dislocations are:

ux =

√
3x− y

2p2
b+

y

2p1
b (4.21)

uy =

√
3y

2p1
b (4.22)

where ux and uy are the x and y components of the displacement. In an ideal situation, the
two sets of misfit dislocations will have exactly same spacing (p1 = p2 = p) and therefore
exactly cancel the shearing (1

2
(∂ux

∂y
+ ∂uy

∂x
)) and rotation (1

2
(∂ux

∂y
− ∂uy

∂x
)) component in the strain

field. If there is a small deviation from this condition, say p2 = p+∆p, a non-zero rotation
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(a)

(b)

(c)

{111} with CS

{111} w/o CS

{001} d1

{001} d2

R {111}

Figure 4.8: (a) The equilibrium dislocation spacing in {111} orientation with and without
compliant substrate (CS). (b) The equilibrium dislocation spacings for the two sets of the
misfit dislocations in {001} orientation in the compliant substrate model. The labels for the
in-plane directions are consistent with Fig. 1(b) of the main text. The {001} d1 stands for
the spacing of the dislocations that relieve the strain in direction 1 and likewise for {001}
d2. (c) The equilibrium dislocation spacing in rotated {111} orientation in the compliant
substrate model.
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of b∆p
4p2

radians is generated. Based on the size of the Au islands shown in the TEM figures

of Ref. [54] (about 20 nm across) and the spacing-thickness curve in Fig. 4.8(a) from our
model (around 5 nm thickness the spacing is about 4 nm), the estimated rotation calculated
from our model is about ±0.26◦, which is in excellent agreement with the experimental
observations (0.25◦) [54].

A closer look on the fitted free energy terms further gives us insightful information of the
surface/interface properties. Among three orientations, the {111} orientation has the lowest
fitted free energy (see Table 4.2). This is consistent with the fact that the {111} surface is
the energetically favorable surface and the fact that the {111} interface has the most direct
Au-S bonds (Au directly on top of the S). Moreover, in the {111} and the rotated {111}
orientations, they differ only in their Au/MoS2 interfacial structure (and energy), with the
exception of the sign and slight magnitude difference of the strain. When considering the
interface, the main difference is the bonding arrangement between the Au and the S atoms.
In the {111} orientation, each Au atom of the first deposited layer sits directly above a S
atom. In contrast, for the rotated {111} structure, only one in four of the Au atoms sits
directly above a S atom, and, presumably, this changes the nature of the bonding across the
interface.

This has also been quantitatively reflected in the fitted free energy terms. The free
surface/interface energy for the rotated {111} is about 0.03 eV/Å2 higher than that of the
{111} orientation (Table 4.2). Since the surface is same for both orientations, the difference
in the free surface/interface energy terms all come from the interface energies. We can further
estimate the strength of the Au-S bonding based on above analysis. In a {111} unit cell
there is one Au-S bond at the interface. In the same cross-sectional area of the rotated {111}
orientation, the number of Au-S bond is fractional (this fraction should be slightly above
0.25, since the Au atoms in the deposited layer which are not directly on the S atoms can
still form weak bond with Au). Given the cross-sectional area of the {111} unit cell is about
10 Å2, a fractional number difference of Au-S bond gives rise to a 0.3 eV interfacial energy
difference. Therefore, the strength of the Au-S bonding in the Au-MoS2 system is estimated
to be on the order of few tenth of eV to one eV. The Au-S bond is known to be quite strong
from isolated thiols and disulfides [71]. Apparently, in this epitaxial system, the Au-S bond
is also relatively strong, and serves to stabilize the observed structure. Besides, if we were
to choose a different reference chemical potential instead of bulk Au, the relative energies
of these two orientations would shift. However, given the reference chemical potential used
here, the structure and energy of the Au-S interface, therefore, underpins the observed energy
difference.

This strength appears to not have been anticipated by prior efforts to understand the
Au{111}/MoS2 interface. For example, both refs. [60, 72] consider the properties of the
rotated {111} orientation in their studies of Au/MoS2 contacts. Both studies conclude that
the Au{111}/MoS2 will pose a high-energy tunneling barrier for electrons. Moreover, Kang
et al. argue that Au{111}/MoS2 produce a “typical” Schottky contact because of the “lack of
orbital overlaps” [72]. However, in the theoretically predicted and experimentally observed
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most stable configuration, there is substantial bonding between the Au and the S atoms,
which appears to conflict with the claimed lack of orbital overlap. Perhaps the current
understanding of the transport properties of the Au/MoS2 interface needs to be revisited.

The strong bonding at the Au{111}/MoS2 interface will also be useful in efforts to ma-
nipulate MoS2. Since this bonding is stronger than the van der Waals bonding of the MoS2

to itself, we can use the Au{111}/MoS2 interface to exfoliate and transfer large single layer
flakes of MoS2 to other substrates. Using this idea, we have been able to transfer single
layers of MoS2 that are nearly 0.5 mm in diameter [73], which will be briefly present in the
next section. We note that others have used the Au{111}/MoS2 interface to create large
single layers of MoS2 and other dichalcogenides bound to a Au surface [74].

4.3 A practical application: Monolayer MoS2

exfoliation

As discussed in the previous section, in compliant substrate epitaxy, the top layer of
the substrate is relaxed independently of the remaining bulk layers to relieve the mismatch
strain. This effect will change (probably weaken) the VDW bonding between the top layer
substrate and the layers below. In addition, the epitaxially grown Au film offers a ”handle”
to grasp onto the top layer substrate. The above facts suggest that an Au film will facilitate
the mechanical exfoliation of the monolayer MoS2.

The illustration of this idea is shown in Fig. 4.9 (a) and (b). Based on our idea, our
collaborators have successfully achieved the exfoliation of monolayer MoS2 [73]. The Au-
mediated exfoliation produces very large flakes compared to the traditional tape exfoliation
(Fig. 4.9(c) and (d)). Meanwhile, after simple treatment with a super-acid, the exfoliated
flakes also show very high material quality and quantum efficiency, which is very crucial
for high performance electronic device applications. This method can be easily extended
to other systems with different substrates and sputtered films, as long as the nature of
the compliant substrate epitaxy is preserved. In supplemental material of Ref. [73], the Au-
mediated exfoliation of WSe2 andWS2 has also been achieved. (For details of the experiments
please refer to the paper.) More possible combinations of the film and substrates will be
discussed in the future work section.

We also note that compliant substrate epitaxy may have interesting implications for strain
engineering and processing of thin films. Consider the strain field near a small Au island in
the early stages of the film growth, in islands less than 4 nm across (so that misfit dislocations
are not yet introduced). The MoS2 under the island will be strained in compression. This
will naturally be accommodated by a tensile strain surrounding the island. By engineering
the positions of the Au nuclei, one should be able to induce a desired strain pattern into the
first layer of the MoS2 substrate.
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Figure 4.9: (a) and (b) The illustrations of monolayer MoS2 exfoliation utilizing compli-
ant substrate epitaxy. (c) Optical microscope image of larger exfoliated MoS2 flake. (d)
Histogram of flake areas for tape-exfoliated versus Au-exfoliated MoS2.
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Chapter 5

Conclusions and future work

Theoretical investigations on two functional materials, namely TlBr and MoS2, are
present in this dissertation.

TlBr has been viewed as a promising material for room temperature radiation detector
and much research is focused on the most commonly observed CsCl phase. In this work,
I have shown that DFT calculations plus hybrid functional correction can reproduce the
band structures for CsCl phase and two other less common phases. The stability between
these three phases is further analyzed. I also show that doping with small impurity point
defects, such as C, N and O, can introduce large localized magnetic moments within the
CsCl-phase TlBr. The observed magnetic moment is further analyzed and explained by
a simple crystal field model. This opens the possibility for TlBr to function as a dilute
magnetic semiconductor material.

Transition metal dichalcogenides, especially MoS2, are very promising 2D electronic ma-
terials. A theory for the epitaxial growth on the transition metal dichalcogenides, where the
surface layer of the substrate is able to deform nearly independently of the remaining bulk
layers (to relieve the mismatch strain), is developed and analyzed. The Au-MoS2 is studied
as a prototypical system. With this model, we are able to explain the results from previous
TEM experiments of Au sputtered onto MoS2. Moreover, an example of Au-mediated ex-
foliation of monolayer MoS2 through compilant substrate epitaxy is discussed and has been
realized in experiment.

The compliant substrate epitaxy shows much potential and flexibility for further research
and technological applications. A wide range of systems can exhibit the compliant substrate
epitaxy as long as the following criteria are reached. First, the substrate should be VDW
bonded layer materials, such as most transition metal dichalcogenides, graphene and BN.
Second, the binding between the epitaxial film and the substrate should be much stronger
than interlayer VDW binding to ensure the compliance of the substrate. Lastly, even though
the compliant substrate epitaxy can tolerate larger mismatch than traditional epitaxy, the
mismatch should still not be too large (typically below 10%). An incomplete summary of
possible combinations of TMDCs and metals (assuming {111} orientation) is given in the
following table.
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Figure 5.1: The table of mismatch strain of possible combinations between TMDCs and
transition metals assuming {111} orientation (as defined in the previous chapter). The lattice
constants for TMDCs and metals come from various sources (mainly from experiment).

The mismatch strain is highlighted by different colors based on their absolute values.
Gray means the mismatch is larger than 10% and is considered not suitable for a compliant
substrate epitaxy system. Blue stands for the range between 10% and 5%. In this range,
the compliant substrate epitaxy is considered feasible since the mismatch of Au and MoS2

(around 9%) falls into this range. Purple covers the range between 5% and 1% and orange
stands for 1% below. At this end, the compliant substrate epitaxy is very close to traditional
epitaxy. Note that the binding strength between the film and the substrate should also be
considered in the selection. In the above cases, transition metals tend to form relative strong
bond with the TMDC substrate. A system can then be picked and studied in detail based
on specific research or application needs.

Monolayer exfoliation through compliant substrate epitaxy has proven to be feasible and
successful. To optimize this process, a better understanding on how the interlayer coupling
strength changes with the compliance of the top substrate layer is needed. However, studying
this problem using DFT calculations is beyond the capability of our computing resources.
The typical strain in the Au-MoS2 system is around 5%. This would require to construct at
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least a 20 × 20 × 1 bilayer supercell to be commensurate, which contains over a thousand
atoms. This system is too large for a typical DFT calculation. Therefore, a lower level of
simulation method is needed to study this problem. Many methods that exploit empirical
(classical) interatomic potentials (or force fields, FF) have been developed to simulate phe-
nomena of MoS2 that require bigger system sizes and/or longer time scales, such as sliding
dynamics, thermal transport and nano-indentation behavior [75]. Among these methods,
Liang et al. proposed a revised second-generation reactive bond-order formalism augmented
with a LJ contribution [76, 77]. The parameters entering this model are further revised by
Stewart and Spearot [78]. In Ref. [75], it is shown that Liang’s model best reproduces the
properties of thermal and tribological of MoS2 compared to many other empirical models.
Therefore, Liang’s model could be suitable to study the relation between compliant strain
and interlayer energy. We hope to use the calculation results to better understand and
optimize exfoliation process.

In summary, I believe the compliant substrate epitaxy offers a promising utility to ma-
nipulate monolayer (top layer) of VDW bonded layer materials, which could benefit further
research and technological applications in 2D electronics.
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