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ABSTRACT

OPTICAL AND ELECTRONIC PROPERTIES OF ATOMICALLY
THIN LAYERED MATERIALS: FIRST PRINCIPLES
CALCULATIONS

The extraordinary interest in two-dimensional (2D) materials is increasing day by
day. Thanks to advances in the experimental techniques, monolayer form of another ma-
terial is synthesized every day with features not seen in the bulk form. Ab initio methods
provide useful tools for characterizing and functionalizing the various properties of these
materials. The results obtained through first principles quantum-mechanical calculations
can help to predict and understand the experimental data, such as the position and source
of the spectroscopic peaks in the Raman or optical absorption spectra.

The aim of this thesis is to predict and functionalize the optical and electronic
properties of atomically thin layered materials using density functional theory and ap-
proaches beyond. Within the scope of this thesis, possible technological applications of
various 2D materials ranging from perovskite crystals to transition metal dichalcogen-
ites are investigated by using several functionalization methods. In order to accurately
predict the optical properties of these materials, it is very important to use approaches
that take into account the many-body effects. Recent studies have shown that many-body
perturbation theory in the form of GW approximation is highly reliable to calculate the
quasiparticle properties of materials. By solving the Bethe Salpeter equation on top of
GW calculation, the quasiparticle energies and excitonic properties, which have domi-

nant effect in the optical properties of ultra-thin materials are examined in detail.
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OZET

ATOM INCELIGINDEKI TABAKALI MALZEMELERIN OPTIK ve
ELEKTRONIK OZELLIKLERI: ILK PRENSIP HESAPLAMALARI

Iki boyutlu (2B) malzemelere olan olaganiistii ilgi giin gectikce artmaktadir. Deney-
sel tekniklerdeki gelismeler sayesinde, her giin yeni bir malzemenin tek tabaka formu
y1gin formunda goriilmeyen yeni ozellikler ile sentezlenmektedir. Ilk prensip yontem-
leri, bu malzemelerin ¢esitli 6zelliklerini karakterize etmek ve islevsellestirmek i¢in kul-
lanigh araclar saglamaktadir. Ik prensip kuantum-mekanik hesaplamalari ile elde edilen
sonuglar Raman veya optik sogurma spektrumlarindaki pik pozisyonlari ve bunlarin kay-
nag1 gibi deneysel verilerin tahmin edilmesine ve anlagilmasina yardimci olabilir.

Bu tezin amaci atom inceligindeki tabakali malzemelerin optik ve elektronik 6zel-
liklerinin yogunluk fonksiyoneli teorisi ve otesi yaklagimlar kullanilarak tahmin edilmesi
ve islevsellestirilmesidir. Bu tez kapsaminda, perovskit kristallerden ge¢is metali dikalko-
jenitlerine kadar cesitli 2B malzemelerin olasi teknolojik uygulamalari bir kag farkli islevsel-
lendirme yontemi ile incelendi. Bu malzemelerin optik 6zelliklerinin hassas bir sekilde
tahmin edilebilmesi i¢in ¢ok-parcacik etkilerini dikkate alan yaklagimlarin kullanilmasi
cok onemlidir. Son caligmalar gostermistir ki, GW yaklagimi formundaki ¢ok-pargacik
pertiirbasyon teorisi malzemelerin sdzde-parcacik 6zelliklerini hesaplamada oldukga giive-
nilirdir. Oldukc¢a ince malzemelerin optik 6zelliklerinde dominant etkilere sahip olan
sO0zde-parcacik enerjileri ve eksitonik ozellikler, GW hesabinin iizerine Bethe Salpeter

denklemi coziilerek detaylica incelendi.
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CHAPTER 1

INTRODUCTION

Advances in experimental techniques have made nanotechnology a part of our
lives. In order to make our mobile phones, computers and other electronic devices smaller,
faster and more useful, the circuit elements are further reduced each year. But the tran-
sistors that make up the today’s most advanced electronic devices are now on the atomic
scale. Therefore, we have to use different methods to improve our existing nanoelectronic
device architecture. It is clear that increasing the functionality of existing nanoelectronic
devices is the most important way to advance nanotechnology.

The successful isolation of graphene single layers from graphite has aroused sig-
nificant research interest in the field of condensed matter physics (Novoselov et al., 2004).
It has been shown that single layer graphene exhibits unique properties, such as high
conductivity (Geim and Novoselov, 2010), high elasticity and mechanical strength (Lee
et al., 2008), and large surface area. Extraordinary interest in 2D materials triggered by
graphene synthesis has led to the discovery of various ultra-thin materials, namely hexag-
onal boron nitride (Kim et al., 2011), silicene (Vogt et al., 2012), antimonene (Zhang
et al., 2015), transition metal dichalcogenides (TMDs) (Mak et al., 2010; Coleman et al.,
2011; Sahin et al., 2013), transition metal trichalcogenides (TMTs) (Ferrer et al., 2013;
Pant et al., 2016), black phosphorene (Liu et al., 2014), and MXenes (Gogotsi, 2015;
Khazaei et al., 2014). The synthesis of each new ultra-thin material provides a new envi-
ronment in which nano-scale quantum effects can be directly tested and monitored.

Various engineering approaches have been used to improve and tailor the perfor-
mance of 2D materials. It is known that the metallic structure of the graphene prevents
the efficient use of this material in electronic devices. However, opening of the band gap
of graphene has been achieved experimentally by functionalization of its surface with
foreign atoms, and increased the application areas in various fields. For instance, fluo-
rinated graphene has crucial properties such as thermal stability, very high mechanical
strength and high electronic band gap (Nair et al., 2010; Robinson et al., 2010). It was
shown that TMDs exhibit indirect to direct band gap transition (Mak et al., 2010), and
high exciton binding energies (Ugeda et al., 2014), when the number of layers decreased
to the monolayer limit. Strain-dependent variation of the electronic band gap and a signif-

icant strain-induced reduction in the photoluminescence intensity of the monolayer MoS,



have been reported earlier (Conley et al., 2013). Moreover, the inherent structure of 2D
materials allows the layer by layer stacking of them in any order to create new materi-
als with completely different properties from the properties of building blocks. Based
on the graphene-MoS, heterostructures, phototransistors with highly sensitive photode-
tection and gate-tunable persistent photoconductivity were already fabricated (Roy et al.,
2013). It was found that heterostructures can host interlayer excitons where the electron
and hole reside in distinct layers (Rivera et al., 2015; Yu et al., 2014). Due to the reduced
overlap of the electron and hole wave functions, interlayer excitons typically have long
lifetimes (Palummo et al., 2015).

Experimental investigation of these novel nanoscale materials requires quite ex-
pensive devices and long experimental works. Moreover, it is very important to under-
stand the experimentally observed features at the atomistic level for the development of
nanotechnology applications. Computational condensed matter physics aims to reveal the
fundamental laws of nature at the nanoscale. However, the excessive number of particles
and complexity of interactions between these particles complicate a comprehensive de-
scription of real-world systems. Fortunately, density functional theory (DFT) and related
techniques enabled the theoretical investigation of the ground state properties of realistic
novel materials. However, the DFT is not adequate to calculate the excited state properties
of materials. In order to calculate the electronic excitations observed in the photoemission
experiment, beyond DFT approaches such as the GW approximation and Bethe Salpeter
Equation (BSE) are required.

The rest of the thesis is structured as follows. Chapter 2 is devoted to the theo-
retical background of the DFT, GW approximation and BSE method. In Chapter 3, we
focus on the structural and electronic properties of various new atomically thin systems
and their response under a variety of functionalization methods. In Chapter 4, the optical
properties of materials with various thicknesses ranging from bulk to single layer are in-
vestigated by DFT and beyond DFT approaches. Chapter 5 is devoted to summarize the

results of our studies.



CHAPTER 2

THEORETICAL BACKGROUND AND COMPUTATIONAL
METHODOLOGY

The main goal of the computational condensed matter physics is to describe and
predict the structural, electronic, magnetic and optical properties of interacting many-
body systems. Excess number of particles that make up the real systems and the com-
plexity of the interaction between these particles make the comprehensive understand-
ing of such a system extremely challenging and computationally expensive. Fortunately,
the theoretical approaches that reduce the computational burden, improvements in theory
and computing power have made it possible to predict the various features of materi-
als in a way that is consistent with the experimental results. The most commonly used
and most successful theory to determine the ground state properties of materials is the
Density Functional Theory (DFT). The reasons of its popularity and success are high
computational efficiency and its accuracy. Moreover, DFT is a ab initio theory, so DFT
calculations do not require any empirical parameters. However, DFT is not suitable for
describing electronic excitations probed by optical absorption experiments. In order to
calculate electronic excitations of materials, beyond DFT approaches such as many-body

perturbation theory (MBPT) should be used.

2.1. Electronic Structure

Since the laws of quantum mechanics are valid at the nanoscale instead of the laws
of classical mechanics, the Schrodinger equation must be solved in order to determine the

physical and chemical properties of the nanoscale materials;

Hy(r,R) = Eji(r, R), 2.1)

where E; is the energy eigenvalue and v;(r, R) denotes the wave function. The Hamil-

tonian operator (H)of a many-body system consisting of electrons and nuclei is given in



the following formula;

~ Ze? 717 e?
H:_hzzw[ Z Z|r Re Z|rl—rJ| Z|RI—RJ|

(2.2)
where Z; denotes the atomic number of the nucleus. Upper and lower case subscripts
show nuclei and electrons, respectively. The first and second terms in the Hamiltonian
are the kinetic energy of the nuclei and electrons, respectively. The third, fourth and last
terms are the potential energy of nucleus-nucleus, electron-electron, and nucleus-electron
Coulomb interactions, respectively. Unfortunately the exact solution to this problem is
almost impossible for real-world systems. Some approximations have been made to over-
come this challenge.

The first approximation is the Born-Oppenheimer approximation. Since the nu-
clei are much heavier than the electrons, the electrons move much faster than the nuclei.
Therefore, the last term changes to a constant and the first term becomes negligible com-
pared to other terms in the Hamiltonian. The resulting Hamiltonian consists of the kinetic
energy of the electrons (1), the potential energy of the electrons in the (external) potential

of the nuclei (th), and the potential energy due to electron-electron interactions (\7):
H=T+Vy+V. (2.3)

Many-body electronic Schrodinger equation is still a very difficult problem to handle
and exact solution is only known for some simple cases. A lot of approximations have
been improved for handle the solution. Firstly in 1920 Douglas Hartree developed an
approach named after himself called the Hartree approximation (Hartree, 1928). In this

approximation the potential corresponding to electron-electron interactions could be

Vir) = /dr,e2n(r’) (2.4)

v — /|

where n is number density of electrons

r) = Z |5 (1)) 2. (2.5)



Then substitution the above potential to the Schrodinger equation we obtain the Hartree
equation

Eph(r) = [Tetec + Vion(r) + V(r)]th(r). (2.6)

In fact, Hartree approximation is wrong. It does not recognize the Pauli principle. Ac-
cording to Pauli exclusion principle, two electrons, cannot occupy the state all of their
quantum numbers are the same. The true many-body wave function must vanish when-
ever two electrons occupy the same position, but the Hartree wave function cannot have
this property. If we want to hold Pauli exclusion principle total electron wave function

should be in an antisymmetric form:

Y1(r1,01)  i(re,02) ... Yi(rN, on)
Ya(r1,01)  ta(re,02) ... Ya(rw,on)
1 Y3(ri,01)  Ps(re,o2) ... Y3(rN,on)

Un(r1,01) Un(re,o2) ... Un(rN,oN)
which is known as a slater determinant (Slater, 1929). Where );(r;, o) is the single-
electron spin orbital, and it is the product of position ¢;(r;) and spin «;(o;) components.
This approximation is called as a Hartree-Fock (HF) (Fock, 1930).

The Slater determinant above is helpful in obtaining the exchange term. Applying

exchange term to the Hartree equation leads to the Hartree-Fock equation:

Ext (1) = (Tate + Vien )+ VA(x) -5 3 [ @076 6y n(e) o) 217

v — |

The Hartree-Fock equations deal with exchange exactly; however, the equations neglect
more detailed correlations due to many-body interactions. The effects of electronic cor-
relations are not negligible. This is first failure of HF approximation. On the other hand,
since wave-function methods in general limited to molecules with a small number of ac-
tive electrons, this approximation is not useful for many-body structures.

In the 1920’s Thomas-Fermi developed another approach to this electronic prob-
lem. They purposed that, the full electronic density was the fundamental variable of the
many-body problem, and derived a differential equation for the density without resorting
to one-electron orbitals. But Thomas-Fermi approximation did not include exchange and

correlation effects. Both Thomas and Fermi neglected exchange and correlation among



the electrons; however, this was extended by Dirac in 1930 (Dirac, 1930), who formulated
the local approximation for exchange still in use today. This leads to the energy functional

for electrons in an external potential V,(r)

Erpln] = C; / o)} + / Vo (60 (6)+ O / d3rn(r)§+% / d%d%'%,

(2.8)

in here the first term is the local approximation to the kinetic energy, the third term is the
local exchange and the last term is the classical electrostatic Hartree energy.

However, the Thomas-Fermi approximation is too crude, missing essential physics

and chemistry, such as shell structures of atoms and binding of molecules. Although their

approximation is not accurate enough for present-day electronic structure calculations,

the approach illustrates the way density functional theory works.

2.1.1. Density Functional Theory

Density functional theory (DFT) is one of the most widely used method for elec-
tronic structure calculations in condensed matter physics. The reasons of its popularity
and success are high computational efficiency and its accuracy. The general idea of DFT
is that any property of system which has many interacting particles can be viewed as a
functional of the ground state electron density ng(r) (Kohn and Sham, 1965; Hohenberg
and Kohn, 1964). Although DFT is a very powerful tool for determining the structural
and electronic properties of materials, it underestimates the band gaps of semiconductors
and some other electronic properties of highly correlated systems. DFT is based on the
famous theorem by Hohenberg and Kohn (Hohenberg and Kohn, 1964).

2.1.2. Hohenberg-Kohn Theorems

DFT is based upon two theorems formulated by Hohenberg and Kohn.

* Theorem 1: There is a one-to-one correspondence between the ground-state den-
sity n(r) of a many-electron system and the external potential V,(r) .
Thus since the density no(r) determines the potential V,,,(r), it will determine the
ground state energy and all other electronic properties of the system. The problem

is now only how to find this density. The second theorem is helpful in this matter.



* Theorem 2: The ground state energy can be obtained variationally: the density that

minimises the total energy is the exact ground state density.

Therefore, the total energy of the systems is a functional of electron density and can be

written as:

Euxln] = Tln] + Esln] + / Vo (B0 () + Epy

= Fuk(n] + /d37“Vext(l'>n(r) + Enr,

(2.9

where E; is the interaction energy of the nuclei and Fjy i [n] is the internal energy func-
tional. It should be noted that Hohenberg-Kohn density functional, F'y x[n], is universal
for any many-electron system. So if we know Fx [n] then we can determine the electron

density of the ground state by simply minimizing the energy functional.

2.1.3. The Kohn-Sham Equations

The expression of the kinetic energy in terms of the electronic density is not
achieved yet. This problem solved by W.Kohn and L.Sham. In 1965, Kohn and Sham
(Kohn and Sham, 1965) proposed that, the exact ground-state density can be represented
by the ground-state density of an auxiliary system of non-interacting particles. In this
auxiliary system all the interactions between electrons are classified into an exchange-
correlation term. Using with the Hartree atomic units A = m, = e = ‘i—g = 1 the auxiliary

hamiltonian of the auxiliary independent-particle system is
auxr

Ho = _%VQ +V(r), (2.10)

here V7 (r) is a potential acting on an electron with spin ¢ at point r. And the density of

the auxiliary system is given by

n(r)=> n(r,o) = Zng(r)P, (2.11)

g g



where ¢){ is the i-th single particle orbital with spin component 0. The independent-

particle kinetic energy 7T is given by

T, = —%Zi < Y7 |VPY7 >= %Eﬁji/d‘”ﬂwg’(rﬂz, (2.12)

and we can define the classical Coulomb interaction term as
Emmaﬂ:%/ﬁ%fﬂﬁﬂgﬁ. (2.13)

Finally, we can write the total energy functional as follows,
Exs = Tg[n] + /drVext(r)n(r) + Exartree|n] + Err + Ezcln), (2.14)

E,[n] contains all many-body effects of exchange and correlation. To derive the Kohn-
Sham equations, we must minimise the energy with respect to the charge density n(r, o).
Because of the independent-particle kinetic energy, T, is explicitly expressed as a func-

tional of the orbitals, one should calculate the gradient of the energy with respect to the

orbitals
e = e e e ) s = @19
then orthonormalization condition requires
< YIS >= 8; 000 (2.16)
Using expressions 2.11 and 2.12 for n?(r) and T, which give
5 ¢qu?r) = —%V%i’ (r) (2.17)



on?(r)
097" (r)

and the Lagrange multiplier method for handling the constraints, this leads to the Kohn-

= 7 (x), (2.18)
Sham Schrodinger-like equations:
(Hig — €] )¥7 (r) =0, (2.19)
where €] are Kohn-Sham eigenenergies. And H 7, ¢ is the effective hamiltonian
Hfg(r) = —%VQ + VEs(r), (2.20)

where V/Z4(r) is Kohn-Sham potential and it is defined by

5EHart7‘ee 5E:L‘c
g = 2.21
Vies(r) = Vear(r) + on(r,o) * on(r,o) ( )

- ea:t(r) + VHartTee (l’) + V;c(r) (222)

Equations 2.19-2.22 are called the Kohn-Sham Equations. The solution of the Kohn-
Sham equations can be achieved by applying the iterative procedure. Some starting den-

sities n (r) and ng(r) are guessed, and a hamiltonian H¢ ¢, (r) is constructed with them.

The eigenvalue problem is solved, then the densities n!(r) and n!(r) are obtained with
it. Most probably n!(r) and nt(r) will differ from n/(r) and nj(r). Then, nl(r) and
nt(r) are used to construct HY 4, (r), which will yield a nd(r) and nj(r), etc. This pro-
cedure repeat until n'(r) and n*(r) are converged. Then using with converged values
energy, Hellmann-Feynman forces (Feynman, 1939; Hellmann, 1937), stresses (Nielsen
and Martin, 1985a,b) and eigenvalues can be calculated.

After Hellmann-Feynmann forces and stresses are calculated the system can be
relaxed geometrically (Payne ef al., 1992) and find local minimum around given initial
coordinates.

The Kohn-Sham wave functions must be represented as a linear combination of
a set of functions, e.g. basis set. Different basis sets maybe more or less convenient
for computational efficiency. There are three basic basis sets to be used in Kohn-Sham
equations: linearized augmented plane waves (LAPWs), linear combinations of atomic

orbitals (LCAO), and plane waves. Each method has its advantages and pitfalls.



2.1.4. Approximations to the Exchange-Correlation Potential

Up to now, except the preceding Born-Oppenheimer approximation, no other ap-
proximations were made. But exchange-correlation term has not explained yet. This term
includes all the remaining complicated electronic contributions. The exchange-correlation
term is very complex and can not handle simply. However, there are several approxima-
tions to the exchange correlation, namely local density approximation (LDA), generalised
gradient approximation (GGA), hybrid functionals, LDA+U and exact exchange function-

als.

Local Spin Density Approximation (LSDA) The most widely used approximation
to handle exchange-correlation energy is the local spin density approximation (LSDA).
This approximation first formulated by Kohn and Sham (Kohn and Sham, 1965) in 1965.
LSDA approximation is to postulate that the density at each point is the same as that of
the homogeneous electron gas. In this approximation the exchange-correlation functional
is given by

BLSDAft ) — / Ern(e)es(n’(r), nt(r)), (2.23)

where €,.(n'(r), n*(r)) is the exchange-correlation energy per particle of a homogeneous
electron gas. e,.(n'(r),n*(r)) can be written as the sum of exchange and correlation

contributions

€xe(n1 (1), n*(r)) = e (n1(r), n*(r)) + e.(n'(r), n*(r)), (2.24)

o0 () (e)) = — - 2c? (iﬂm)é - L (ﬁn%r))é o)

For the correlation part e.(n'(r), n*(r)), there is no such explicit expression. But there
are highly accurate Quantum Monte Carlo calculations for the homogeneous electron
gas (Ceperley and Alder, 1980b). The LSDA is very successful approximation for many
systems of interest, it gives a very good results especially for transition metals due to the
fact that the electron density varies smoothly. But LSDA’s results become worse with

increasing inhomogeneity.
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Generalized Gradient Approximation (GGA) The Generalized Gradient Approxima-
tion (GGA) uses not only the density n(r) at a particular point, but also its gradient Vn(r)
, in order to account for the non-homogeneity of the true electron density. In GGA the

exchange-correlation energy can be written as follows,
EGCA[T n¥] = / Fri()en(n (1), nH(r), Vnl(r), Vat(r).  (2.26)

Widely used GGA’s can now provide the accuracy required for density functional theory
to be used in various type of analysis. Generally GGA approximation improves atomic
energies, binding energies, bond lengths and bond angles when compared the ones ob-

tained by LDA.

2.2. Light-Matter Interaction

Experimentally, the interaction of light and material is determined by absorption,
reflectance and transmittance measurements. However, to predict these measurements
theoretically, it is necessary to understand the interaction between the electromagnetic
wave and the medium. In order to reveal this interaction, the response of the medium
to the electric and magnetic fields should be examined in detail. Mark Fox’s book is

followed throughout this section (Fox, 2002).

2.2.1. Electromagnetic Fields in a Material

The response of a dielectric medium to an electric field is defined by the electric
field strength (E), the polarization (]3) and the electric displacement (5) vectors. Appli-
cation of a field leads to microscopic dipoles in a material aligned parallel to the direction
of the external field. Since the net dipole moment per unit volume is defined as polariza-
tion, the applied field produces a polarization in the dielectric. Assuming that the material
is isotropic and the relationship between P and E is linear, we can write the following
formula

P = eyyE, (2.27)

where €, and x denote the electric permittivity of free space and the electric susceptibility

of the medium, respectively.

11



The electric displacement, 5, is related to £ and P through:

D = ¢FE + P. (2.28)

By defining the relative dielectric constant of the medium as, €, = 1 + Yy, the final form

of the electric displacement is obtained as follows:

—

D = eye, E. (2.29)

The response of a material to an external magnetic field is characterized by the magneti-
zation of the material (M ), the magnetic field strength (H), and the magnetic flux density
(é). Assuming that the magnetization of the material is proportional to the magnetic field

strength, the magnetization of the material can be defined as follows:

M = yuH, (2.30)

where ), 1s the magnetic susceptibility of the material. The relationship between B, M,
and H is as follows:
B = po(H + M), (2.31)

where i is the magnetic permeability of the vacuum. By defining the relative magnetic
permeability of the material as, p,. = 1 + s, the final form of the magnetic flux density
is obtained as follows:

B = jou, H. (2.32)

The response of a material to the electric and magnetic fields is summarized in a

compact manner in Maxwell’s equations of electromagnetism:

V-D=p (2.33)
V-B=0 (2.34)
. 9B
E=—-"— 2.
V x 5 (2.35)
. . 9D
H=74+ = 2.
V % J+ T (2.36)
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where p and 3 denote the free charge density and the current density, respectively. The
first and second equations describe the Gauss’s law of electrostatics and magnetostatics,
respectively, with the assumption that free magnetic monopoles do not exist. The third
equation combines the Faraday and Lenz laws of electromagnetic induction and the last
equation is the Ampere’s law. When the last two equations are examined in a medium

with no free charge (p = 0) or current (3’ = 0), they take the following form:

. OH
E = —puopy—— 2.37
V X Hokr—, (2.37)
- E
V x H= eoeT%—t. (2.38)

By taking the curl of V X E with substituting the V X H, the following equation is

obtained:

S OPFE
Vx(VXE)= ~HoHr€o€r - (2.39)

Using the vector identity, V x (V x E) = V(V - E) — V2E, the final result is obtained:

. OFE
V?E = Holr€0€r 7 (2.40)

1

It is clear that this equation is the wave equation with T

is the velocity (v) of the

wave. The solutions of this equation are in the form of

E(z,t) = Eye'tk=wt), (2.41)

where Ej and z denote the amplitude and the direction of propagation of wave, respec-
tively. k is the wave vector and w is the angular velocity.

The refractive index (n) of a medium is defined as the ratio of light velocity in the

1
V/H0€o

free space (¢ = ) to velocity in the medium:

n=— = /€. (2.42)
v
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Figure 2.1. The reflection and transmission of light at an interface between air and a
medium of refractive index 7.

Therefore, at optical frequencies (y, = 1) the refractive index is n = /¢,. The

magnitude of the k is defined as k& = 27” = % = %, where )\ is the wavelength of the
wave inside the medium.

The direction of the electric field in the electromagnetic wave is defined as po-
larization. There are several types of polarization such as linear, circular and elliptical.
Maxwell’s equations allow us to describe the transmission and reflection of beam at an
interface between two different media. As an example, consider a linearly polarized wave
propagating along the z axis with the polarization direction along the x axis as shown in
the Figure 2.1. Since Maxwell’s equations require the electric and magnetic fields to be
perpendicular to each other, E, H and k form the right-handed system seen in the Figure
2.1. The beam is incident on a medium with refractive index n. The tilde indicates the
refractive index is considered to be complex. In many cases it is necessary to consider the
refractive index as a complex number, as will be explained in detail in the next section.

The electric and magnetic fields vary sinusoidally in space and the components of the

14



complex fields are of the form:

0o (2,t) = Eyge**=wt (2.43)
5,(2,t) =0 (2.44)
T,(z,t) =0 (2.45)
1,(z,t) = Hye!®=0), (2.46)

By substituting these complex fields in the Maxwell’s equations, the following equation

1s obtained:

Hy = , (2.47)

k 1
7 — _  JHoHr (2.48)
Ko frw €otr cepn

The boundary conditions at the interface between two media require that the tangential

where

components of the electric and magnetic fields are continuous. Therefore, E, and ffy

must be conserved across the boundary:

Ei+ Er = Et, (2.49)
Hi—Hr = H, (2.50)

where i, r and ¢ denote the incident, reflected, and transmitted beams, respectively. Using
the relationship between the electric and magnetic fields, the second equation can be
written as follows:

Ei — Er = fiEL, (2.51)
where the beam is incident from air 7 = 1 and at the optical frequencies (1, = 1). The
equations obtained from the conservation of electric and magnetic fields can be solved

together and the following relationship can be revealed:

hufl
|
—_

)
T
L

= . (2.52)
E;

bufl
+
—_
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In order to obtain the reflectivity (R), the above formula can be written as follows:

f— 1/

(2.53)

In addition, the reflection on the interface of two materials with refractive indices 7; and

19 can be expressed as follows:

(2.54)

2.2.2. The Complex Refractive Index and Dielectric Constant

In this section, the importance of complex refraction index (n2) in determining
optical properties of materials will be examined in detail. The complex refraction index

is given by the following equation:

=n+ik (2.55)

It

where n is the normal refractive index (7) and « is the extinction coefficient. In the
previous section, it is shown that the electric field of the wave propagating along the z

direction is given as follows:

E(z,t) = Eyelh==wt), (2.56)

Since the wave vector in an absorbing medium having a complex refractive index is ex-

pressed as k = 1 = (n + k)%, the final form of the electric field is given as follows:

—Rwz wnz

E(z,t) = Ege e e —wb), (2.57)
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Therefore, the presence of extinction coefficient leads to an exponential decay of the wave
in the medium. Since the optical intensity of a light wave is proportional to the square of
the electric field, the intensity decrease exponentially in the medium with a decay constant
equal to 2 x (kw/c). The Beer’s law states that the intensity of light propagating in the z

direction in a medium decreases exponentially with an o constant:

I(z) = Ipe™*, (2.58)

where /(z) and o denote the intensity at position z and absorption coefficient, respectively.
Therefore, the absorption coefficient, «, is directly proportional to the extinction coeffi-
cient, x:

2kw ATk

=" = ) 2.59
a=— 3 (2.59)

In the previous section, it is revealed that the refractive index of a medium at the optical
frequencies (i, = 1) is n = /€. Hence, if the refractive index is complex, then €, must

also be complex. The complex refractive index (€,) can be defined as:

€ = €1 + 1€9. (2.60)

By using the relation of 72 = €,, the following equations between the real and the imagi-

nary parts of 7 and €, can be obtained.

€ =n’ — K2, (2.61)

€9 = 2NK, (2.62)
1

n = ﬁ(ﬁ + (e 4+ YA, (2.63)
1

k= —(—e + (€4 )Y2)2, (2.64)

V2

In the weakly absorbing mediums, the x value becomes very small and the last two equa-

tions take the following forms:

n = /€y, (2.65)
€9
= = 2.
K o™ (2.66)
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In addition, the reflectivity given at the end of the previous section can be expressed as

follows depending on n and k:

~ 2
— (n—1)%+ k2
R prm— = 2.67
n+1 (n+4+1)2 4 K%’ (2.67)
and the transmissivity in the strongly absorbing medium can be expressed as
T=(1—R)?™ (2.68)

where | is the thickness of the material.

Thus, these equations reveal that n and €, are not independent variables and all
the measurable optical properties can be obtained from n and x. This section focuses on
obtaining frequency-dependent dielectric constants using the classical dipole oscillator
model. In this model, it is assumed that an electron binds to nucleus by a spring and they
form an electric dipole with a magnitude proportional to the distance from each other.
The electric field of the incoming light wave induces driving forces on the electrons of
the atomic dipole and causes them to make forced oscillations. Since the nucleus mass is
much greater than the electron mass, the motion of the nucleus can be ignored. Hence,
the resonant frequency (wy) of the atomic dipole is determined by electron mass (1) and

the magnitude of the restoring force (K),

wy = 4/ 2. (2.69)

The displacement, x, of the electron is governed by the following differential equation:

d’*x dx
moﬁ + mwa + mong = —ekF, (2.70)

where e is the magnitude of the electric charge, v is the damping rate, and F is the

electric field of the incoming light. Suppose this system interacts with a light wave with
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the electric field given below

E(t) = Eycos(wt + ®) = EgRe(e W), (2.71)

where Ej, w, and ® are the amplitude, angular frequency, and the phase of the light. The

solution of the differential equation is given in the following form

z(t) = XoRe(e ')y, (2.72)

where X and ¢’ denote amplitude and phase of the oscillations, respectively. By incor-
porating phase factors into amplitudes, we obtain the final forms of z(t) = Xye ™! and
E(t) = Ege ™. By substituting the final forms of z(¢) and F(t) into the differential

equation of motion, the amplitude of X, can be obtained as follows

—cE
Xy = Fo/ma (2.73)
wg — w? — iyw

Since the displacement of an electron from its equilibrium position generates a dipole
moment, p(t) = —ex(t), the resonant polarization (P,.s) of a system containing N atoms

per volume is given by:

Ne? 1
Pres = Np = —Nex = ‘ D) 5 - E. (2.74)
my wi — w? — iyw

In general, a medium may have multiple resonant frequencies, thus the total polarization

can be given as:

Ne? 1
P= E 2.75
-~ > : (2.75)

w? —w? — iyjw
where w; and ~; denote the angular frequency and damping coefficient of a particular
resonance line, respectively. In the previous section, the relationship between D, E and P

is given as follows

D = ¢FE + P. (2.76)
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In addition, the relative dielectric constant is defined through the following equation:

D = eye, E. (.77)

The last two equations are combined and P is substituted in the combined equation to

obtain the final form of the relative dielectric constant as follows:

Ne? 1
(W) =€ +iey =1 I 2.78
er(w) = €1 +iey + p— ; - p—— (2.78)

Hence, the real and imaginary parts of relative dielectric constant can be given as:

Ne? w? — w?
w) =1+ J , 2.79
61( ) oMo ; (wJQ _ w2)2 + (,ij)Q ( )
Ne? yjw
= ) 2.80
62(w> €0mo Z (wJQ _ w2>2 + (,‘ij>2 ( )

The absorption lines obtained using the classical dipole oscillator model have the same
strength. However, experimental results reveal that the absorption strength changes con-
siderably between different atomic transitions. The inconsistency between the results of
classical model and the experiments arises from the fact that classical model does not take
into account changes in the quantum mechanical transition probability. The results of the
classic model can be corrected by assigning a phenomenological oscillator strength, f;,

to each transition:

2 .
QMZHNezw J; (2.81)

€0 2 —w? — iw

2.2.3. Interband Absorption

In the previous section, it is stated that the classical oscillator model is insufficient
to determine the frequency dependence of refractive index and absorption coefficient and
quantum mechanics should be used to calculate the transient energies and the oscillator
strengths. This section investigates the interband absorption process that occurs when an

electron is excited to an empty state through absorbing a photon by a material. The main
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purpose of this section is to reveal the relationship between the absorption spectrum and
the band structure of a material using quantum mechanical approaches. Depending on
the electronic band structure of a material, direct or indirect transitions can be observed
in the optical spectrum. Since the investigation of indirect transition is very complicated
and out of our main purpose, only direct transitions will be considered in this section.
The calculation of the absorption coefficient, o, by quantum mechanics can be
achieved by obtaining the interband transition rates (WW;_, s). Fermi’s golden rule provides
a simple expression for the transition rates between the initial (¢);) and final (¢);) states of

a quantum system exposed to a perturbation:
2m
Winsy = =M g(hw), (2.82)

where M is the matrix element and describes the effect of perturbation on the electrons by
photon. g(hw) denotes the joint density of states.

Electric field of a photon leads to a variation in the energy of a charged particle.
The perturbation hamilotonian that describe the electric-dipole interaction between the

electron and light can be given as follows:

—

H' = _p_;'Ephotona (283)

where p, is equal to —er. The electric field of the light can be described as plane waves
of the following form:

—

Ephoton (F) = Eget™ ™. (2.84)

Since the electron states in a crystal are described by Bloch functions, the initial and final
state wave functions can be written as a product of a plane wave and an envelope function

with the periodicity of the crystal lattice:

i (7) = ﬁue’f (2.85)
Yyp(F) = %ufe“‘“}"?, (2.86)

where V' is the normalization volume, k; and k; denote the wave vectors of the initial

and final states respectively, and u; and wu are the appropriate envelope functions for the
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initial and final bands, respectively. Effect of the external perturbation of the light wave

on the electrons can be given with the following matrix element:

M = (f|H'}i) = / G H (P (77 (2.87)
e

M = v /u}(f’)eikf'F(Eo e TV uy () e T A3 (2.88)

The conservation of momentum requires that hk - hk; = hk. Therefore, the final form

of M can be given as the following formula:

=2 / W) (By - (P F (2.89)

This matrix element shows the electric-dipole moment of the transition and it is directly
related to polarization of the light wave and the envelope functions of the crystal.
Another factor determining transition rates in the interband absorption formalism
is the joint density of states (g(hw)). The joint density of states determines amount of
allowed optical transitions between the occupied valence band states and the unoccupied
conduction band states separated by photon energy Aw. The density of states per unit
energy range can be given as g(F)dE = 2¢g(k)dk, where g(k) denotes density of states in
k-space and extra factor of 2 stems from two electron spin states of each & state. Therefore,

g(E) can be described as
2g(k
o) = 221
dE/dk

where dE /dk is the derivative of the F' — k dispersion curve. The number of k states per

(2.90)

unit volume of k space can be given as

k2l — . (2.91)

The final form of interband transition rates and hence the absorption coefficient can be

expressed as follows:

. 2 2
/ i (M) (Eo - s (Mdr| - Tk (2.92)

2¢?

ThV?2

aox Wiy o

22



Therefore, the absorption coefficient can be determined by obtaining the envelop func-
tions and calculating the derivative of the £ — k dispersion curve. In the previous section,
itis revealed that the absorption coefficient is related to the imaginary part of the dielectric
function for a materials with very small extinction coefficient.

In addition to interband absorption, quasiparticle energies and exciton formations

should be considered to accurately calculate the optical spectrum.

2.2.4. Quasiparticle Energies

Although the DFT calculates very accurately the ground state properties of ma-
terials, the excited state properties of materials cannot be calculated with bare DFT. In
order to calculate the electronic excitations such as, single-electron addition and removal
energies in the photoemission experiment, beyond DFT approaches should be used. One
of the most common ways of calculating excited state properties of materials is to use the
GW approach based on many-body perturbation theory (MBPT).

An electron in a solid repels other electrons and surrounded by a positively charged
polarization cloud. The structure consisting of an electron and a positively charged polar-
ization cloud surrounding it is called a quasiparticle. Therefore, particles in a solid interact
with screened Coulomb potential. In order to calculate the excited state properties of ma-
terials, the quasiparticle energies should be calculated. The quasiparticle energies (E;)

can be calculated by solving the following equation,

(572 + Vi) 4 Vel ) i) 4 [ AP0 707 0) = B ),

(2.93)
where v; and X(7, ", w) are the quasiparticle eigenstates and self energy operator, re-
spectively. The (7, r, w) is non-local, energy dependent and a non Hermitian operator.

(7, 7", w) can be represented as

X(rrw) = — /eiw(sG(Fﬂ:},w +w" YW (7, r', w)dw' (2.94)
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where G is the single-particle Green’s function,

N (7w (r, w)
GFrw) =) ——p = sl 7 (2.95)

n

and W is the screened Coulomb interaction,

2 —1(7 .0
W (7,7 w) = 5 / g w). (2.96)

- 4meg
The quasiparticle energies can be calculated by writing diagonal elements

Ez' = Re [<77Z)z |T + ‘/:?J:t + VHartTee + E(Ez)| ¢z>] . (297)

This can be solved iteratively by using Newton-Raphson method starting from the Kohn-

Sham eigenvalues
E@' < E@ + ZzRe [<wz ’T + ‘/e:vt + VHartree + E(EZ)‘ wz> - Ez] ) (298)
where Z; is normalization factor ranging from O to 1,

(oo

0
%Z(M)

G e

2.2.5. Excitonic Effect and the Bethe-Salpeter Equation

Experimental studies have shown that the optical gap of materials lower than the
quasiparticle band gap. Excitonic effects can dominate the optical response of ultra-thin
materials. In order to take into account excitonic effects two-particle Green function of

electron-hole pairs should be used.
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We can write an excited state as

hole elec

=3 Al bl ol0) (2.100)
k v c

where A°

vck

is the electron-hole amplitude. We can calculate eigenstates and eigenvalues

by solving the Bethe-Salpeter equation (BSE)

(Bexrq — Box) Ay + D (k| K[/ dK) A = Qs A3 (2.101)

vck
v’ 'k

where (g and K are the excitation energy and electron-hole interaction kernel, respec-
tively. The frequency dependent dielectric function can be obtained by solving the Bethe

Salpeter equation;

2

"Ui

2
e(w) = 257 3 5(w — Q) (2.102)
S

w2

{0157, 7115)

oL

P is the polarization of the absorbed photon.

2.3. Computational Methodology

Unless otherwise specified, all the calculations in this thesis were performed using
the projector augmented wave (PAW) (Kresse and Joubert, 1999; Blochl, 1994) potentials
as implemented in the Vienna ab initio simulation package (VASP)(Kresse and Hafner,
1993; Kresse and Furthmiiller, 1996). In order to describe the exchange and correlation
potential, Perdew-Burke-Ernzerhof (PBE) version of generalized gradient approximation
(GGA)(Perdew et al., 1996) was used with the inclusion of spin-orbit coupling (SOC)
unless otherwise stated. To obtain the partial charge on the atoms, the Bader technique
was used (Henkelman et al., 2006). The total energy difference between the sequential
steps in the iterations was taken as 1075 eV as a convergence criterion. The total force in
the unit cell was reduced to a value of less than 10~% eV/A. Brillouin Zone integration was
performed using sufficiently dense I'-centered k-point samplings to accurately determine

the charge densities of each system. Phonon calculations were performed by making use
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of the small displacement method as implemented in the PHON software package (Alfe,
2009).
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CHAPTER 3

ELECTRONIC PROPERTIES OF ATOMICALLY THIN
LAYERED MATERIALS

Due to their structural diversity and tunable electronic structure, 2D materials are
quite attractive materials for variety of applications such as spintronic, supercapacitors,
electronics, optoelectronics, solar cells and chemical sensors. Their extraordinary prop-
erties make the two-dimensional materials very important for fundamental and applied
researches. For instance, graphene exhibits ultrahigh room-temperature carrier mobility
(Novoselov et al., 2004), quantum Hall effect and Berry’s phase (Zhang et al., 2005), ex-
cellent electrical conductivity (Novoselov et al., 2004). It has been shown that the large
TMD family shows diverse electronic properties like metallic, semi-metallic, semicon-
ductor and even superconductors with various structural phases such as 1H, 1T and 1T’
(Ataca et al., 2012). MoS; was shown to have high room temperature mobility (Radis-
avljevic et al., 2011), indirect to direct band gap transition (Mak et al., 2010), and layer-
dependent tunable band gap (Zhu et al., 2016).

Modification of the electronic properties of these materials is achievable through
various methods. 2D materials consist of weakly stacked layers that allow them to be
exfoliated up to atomically thin layers. In recent years, it has been revealed that important
changes can be made in the fundamental properties of the 2D materials depending on the
thickness and they can acquire various new features. It was revealed that an indirect to di-
rect band gap transition from bulk to monolayer limit in TMDs leads to great enhancement
of photoluminescence (Mak e? al., 2010; Tonndorf et al., 2013). A significant increase in
the band gap of black Phosphorene (black P) was reported when it is thinned down to a
single layer (Das et al., 2014; Woomer et al., 2015). Recently, thickness dependence of
magnetism in ultra-thin Crls was reported (Huang et al., 2017). While monolayer struc-
ture has ferromagnetism, bilayer exhibits antiferromagnetism and three-layer and bulk
structures show ferromagnetism again.

Another commonly used method for the functionalization of ultra-thin materials
is to dope the material with impurity atoms/molecules or to create a defect in the ma-
terial. During the synthesis of ultra-thin materials several kind of defects such as point

impurities, dislocations and vacancies are inevitable. These defects are the major scat-

27



tering centers and traps of charge carriers which could limit or improve the performance
of materials. Previous studies showed that electronic properties of monolayer MoS, can
be easily tuned by intrinsic defects (Zhou et al., 2013; Ghorbani-Asl et al., 2013). The
intrinsic magnetism has been observed in monolayer TMDs due to the localized defect
states (Zhang et al., 2013). The bonding characteristics of individual Si impurities in
graphene materials were detected experimentally and results are confirmed by DFT cal-
culations (Zhou et al., 2012). Moreover, it was revealed that photoluminescence intensity
of monolayer TMDs can be enhanced by point defects and these defects lead to a new
photoemission peak (Refaely-Abramson et al., 2018).

In addition, external strain or pressure can have a profound effect on the electronic
and optical properties of 2D materials. Bissett et al. demonstrated that the chemical re-
activity of graphene can be significantly increased by stretching of the supporting flexible
substrate (Bissett et al., 2013). It was reported that the monolayer MoS, is flexible, strong
and has a Young modulus comparable to steel (Bertolazzi et al., 2011). He et al. showed
that the electronic band gap of atomically thin MoS, can be controlled by applying uni-
axial tensile strain (He et al., 2013). Previous studies revealed that monolayer black-
phosphorus and monolayer black-arsenic can sustain very high tensile strains thanks to

their puckered structures (Kandemir et al., 2019; Wei and Peng, 2014).

3.1. Vacancy Defect and Foreign Atom Adsorption

Previously, it was shown that vacancy defects and foreign atom impurities can
easily occur in 2D materials and can lead to significant changes in the electronic and
magnetic properties of the material (Zhou et al., 2013; Ghorbani-Asl et al., 2013; Zhang
et al., 2013). In this section, firstly, the electronic properties of pristine and defective
structures of monolayer TiS; and then the effect of hydrogenation on the structural and

electronic properties of monolayer TiSe, are examined in detail.

3.1.1. Vacancy Formation and Oxidation Characteristics of Single

Layer TiS;

In addition to TMDs (MoX, X= S, Se, Te) having graphene-like crystal structure,

recent efforts have also led to the synthesis of novel ultra-thin layered materials with
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entirely different crystal structures. Titanium trisulphide (TiS3) is one of the most recent
examples of such layered transition metal chalcogenides.

The atomic structure belongs to the space group P2;/m and TiS3 crystallizes in
bundles of molecular chains that are formed by trigonal prisms, where the metal atoms
occupy the centers of the prisms (Brattas and Kjekshus, 1972; Furuseth et al., 1975).
Finkman et al. (Finkman and Fisher, 1984) have shown that TiS3 crystals are semicon-
ducting with extrinsic n-type conductivity that have room temperature mobility of 30
cm?/(V sec). Recently, strong nonlinearity of the current—voltage characteristics has
been reported by Gorlava et al. (Gorlova et al., 2012, 2010). In contrast to many other
layered TMDs which exhibit an indirect to direct band gap transition at the monolayer
limit, TiS3 exhibits a direct band gap even for a width of hundreds of layers. Direct opti-
cal transitions with a band gap of 1.10 eV have been detected in thin films of TiS;3 (Ferrer
et al., 2013). Moreover, these thin films show photocurrent response to white light illu-
mination (Ferrer et al., 2012).

Using high-resolution TEM for defective crystals, a metal-to-insulator transition
with charge localization below T);; ~ 325 K has been proposed by Guilmeau et al.
(Guilmeau et al., 2014). Their studies revealed that TiS3 has low thermal conductivity
and a large absolute value of the Seebeck coefficient at high temperatures. Furthermore,
in a recent study by Island ef al. (Island et al., 2014) field effect transistors (NR-FET)
have been fabricated at room temperature by isolating few-layer TiS; nanoribbons. The
electron mobility of few-layer TiS3 was found to be 2.6 cm?/(V sec), and exhibits n-type
semiconductor behavior with ultrahigh photoresponse and fast switching times.

Although experimental and theoretical studies have been performed on bulk TiSs,
to our knowledge, up to now there are no studies on the characteristic properties of single-
layer TiSs. In this study, motivated by the recent experimental results of Island ez al.
(Island er al., 2015), we investigate: (i) structural and electronic properties of single layer
TiS3, (ii) formation of vacancies in the pristine material and their influence on electronic

properties, and (iii) environmental stability of its surface against oxidation.

3.1.1.1. Single Layer TiS;

The unit cell of monolayer TiS; is a rectangular prism and is composed of 2 Ti
atoms and 6 S atoms. The coordination of these atoms are illustrated by the top and tilted-
side views in Figures 3.1(a) and 3.1(b), respectively. The monolayer TiS3 is composed

of chain-like structures consisting of trigonal prisms with the metal atom occupying the
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Figure 3.1.

(a) Top view of monolayer TiS3 and its unit cell shown by a rectangle.
For a better top view, S atoms in different layers are presented by different
colors. (b) Tilted side view of 2x2x1 supercell of monolayer TiSs. (c) Blue
dashed lines and red lines illustrate PBE 4+ vdW and PBE + vdW + HSE06
results for the electronic band diagram of monolayer TiS3, respectively. (d)
Band decomposed charge densities of valance band (VB) and conductance
band (CB) at I" and B.
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centers of these prisms. In this phase, chains are parallel to the a; and they form layers
in the ajas plane, which are coupled with each other by the van der Waals interaction to
form the bulk layered structure of TiSs. Our calculations show that monolayer TiS3 has
lattice vectors a; = 4.99 A and a, = 3.39 A. These lattice parameters are comparable
to the experimental bulk results a; = 4.958 A, ay = 3.4006 A, as = 8.778 A, and b =
97.32. Brattas, Furuseth As shown in Figure 3.1(b) the bond distances of Ti atom and two
different surface S atoms (red or yellow S atoms) are 2.49 A and 2.50 A, respectively. At
the same time, these two surface S atoms are two of the three base S atoms of the trigonal
prisms. The bond distance of Ti atom and third base S atom (dark or light green S atoms)
of the trigonal prism is 2.45 A. The atom-atom distance of Ti atom and S atom (light or
dark green S atoms) of neighboring prism is 2.65 A.

Charge density analysis is an efficient way to discuss the character of the inter-
atomic interactions and bonding. In Figure 3.2, we present a cross section of the 3D
total charge density. Bader charge analysis shows that in parallel to their electronegativity
values a significant amount of charge is transferred from Ti to the S atoms. While two
S atoms at the surface (shown by red balls) share 0.7 electrons donated by the underly-
ing Ti atom, 0.8 electron transfer occurs from Ti to S atom in the middle of the crystal
(shown by light green balls). Thus, Ti-S bonds between surface and inner S atoms have
an entirely different character. As is also delineated in Figure 3.2 the bond between Ti
and inner S atoms is constructed through 0.8 electron transfer and therefore it has an ionic
character. However, the bonds between Ti and surface S atoms are constructed through
relatively less electron transfer and hence it has mostly covalent character. It is also seen
from Figure 3.2 that each surface atom interacts with neighboring S atoms while there
is no contact between the inner S atoms. Therefore one expects anisotropic electronic
and transport properties due to the varying character of the surface states along a; and a-
directions. It is also worth mentioning that the negatively charged surface of monolayer
TiS; may find interesting applications such as nanoscale lubricants and charged coatings.

Calculated band diagrams of pristine TiS; using PBE + vdW and PBE + vdW +
HSEO06 methods are shown in Figure 3.1(c). It is known that often the values, obtained
with the PBE functional underestimates the energy band gaps of semiconductors. The
band gap of TiS; is calculated to be 0.23 eV by using the PBE+vdW approximation.
However, including the HSEO6 correction one gets a 1.05 eV direct band gap at the I'
point, which is in good agreement with the experimental value of 1.10 eV, for few-layer
TiS3 (Ferrer et al., 2013, 2012). For further analysis of the band structure of TiSs, charge

densities of the valance band maximum (VB) and the conduction band minimum (CB)
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Figure 3.2. Cross-sectional plane view of the charge densities, with two surface, and
one inner S atom placed at this plane. Valance charges on inner and outer
S atoms are also shown. Color code of atoms is the same as in Figure3.1.
Electron density increases from green to red.

at the I' and the B high-symmetry points are shown in Figure 3.1(d). It is seen that the
VB is composed of 2p, orbitals of S and 3d,.. orbitals of Ti and they form a strong bond,
whereas the main contribution to the CB edge comes from 3d,2_.» orbitals of Ti atom at
the I' point. At the B point, p, orbitals of S atoms dominant while 3d,,, orbitals of Ti atom
contribute slightly to the VB. In particular, p orbitals of surface S atoms are larger than p
orbitals of the inner S atoms. Thus, the main contribution to the VB is dominated by p,
orbitals of the surface S atoms. Like at the " point, while the S atoms do not contribute
significantly, all the contribution comes from the 3d,._.» orbitals of the Ti atom to the
CB. In the trigonal prisms every Ti atom shares 4 valence electrons with 3 base S atoms
and 1 neighboring chain S atom. Due to the lack of any unsaturated orbitals, monolayer

TiS; has a nonmagnetic ground state.

3.1.1.2. Defective Single Layer TiS;

In this section, the effect of various vacancy defects on the structural, electronic

and magnetic properties of monolayer TiS3 is investigated.

S-vacancy

The first defective structure we consider is a single S vacancy in TiS3 monolayer.
To compare the geometric structure of monolayer TiS; in the presence and absence of a

vacancy, a 3 x 3 supercell is considered and the lattice vectors for the defect-free TiSg
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Table 3.1. Lattice parameters, formation energies, magnetic moments, and electronic
characteristics of 3 x 3 supercell of monolayer TiS3 and its few defected

forms.
a, / as Er m Electronic

( A ) (eV) (uB) Characteristic
Pristine TiS3 14.98 /10.18 - 0.0  Semiconductor
S Vacancy 14.90/10.17 3.58 0.0  Semiconductor
Ti Vacancy 15.056/10.14 12.00 0.5 Metal
Double S Vacancy 14.96/10.18 848 0.8 Metal
Ti, S Vacancy 14.90/10.13 16.15 0.3 Metal

computational supercell are found as a; = 14.98 A and a, = 10.18 A. Fully relaxed
geometric structure when a single S atom is removed from the surface of monolayer TiS3
is shown in Figure 3.3(a). When S vacancy is introduced the lattice vectors of 3 x 3
supercell change and become a; = 14.90 A and a, = 10.17 A. Thus, the presence of the
S vacancy leads to a minute shrinkage of the lattice vectors of TiS3. As can be seen from
Figure 3.3(a), the nearest surface S atom to the vacancy follows the direction of the arrow,
localizes on top of the inner S atom (light green) and forms reconstructed bonds with the
nearest Ti atoms with a bond length of 2.32 A. Bader charge analysis tells us that, the total
charge of this atom is increased by 0.4 electrons when removing the nearest neighbor S
atom. The charges of other atoms do not change significantly with the removal of the
surface S atom. Our calculated results show that the formation energy of an S-vacancy is
3.58 eV.

In Figures 3.4(a) and 3.4(b), GGA calculated density of states (DOS) for pris-
tine and S-atom-removed TiS; are shown, respectively. As can be seen from the figures,
removing one S atom from the surface of TiSs; does not make any notable effect on the
electronic structure of TiS3. The monolayer conserves its semiconductor character. Due to
the reconstruction of the S atom and its binding with 2 Ti atoms, there are no unsaturated
bonds. Thus, the nonmagnetic character of the TiS; is preserved during the formation of

an S-vacancy.

Ti-vacancy

Relaxed geometric structure when a single Ti atom is extracted from TiS; is illus-
trated in Figure 3.3(b). A significant surface reconstruction is observed after geometric

relaxation. This figure shows that, when one Ti atom is taken out, the displacement of
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Figure 3.3. Top view of relaxed monolayer TiS3 with (a) S-vacancy, (b) Ti-vacancy, (c)
Double S-vacancy, (d) TiS-vacancy. Black atoms illustrate removed atoms,
dashed circles show initial position of the displaced atom. Color code of
the other atoms is the same as in Figure 3.1. The direction of displaced
atoms are depicted by blue arrows.

the inner S atoms that were attached to it, is not significant, nevertheless they loose 0.1
electrons. However, the four surface S atoms are released, they move towards the other
Ti atoms and they lose approximately 0.2 electrons. This gives rise to an expansion in
the lattice parameter a;, which after relaxation becomes a; = 15.05 A and a, = 10.14
A. Hence, removal of Ti atom leads to an increase in a,, whereas a decrease in as. The
formation energy of Ti-vacancy is 12.00 eV. Defects with high formation energies are un-
likely to form, and therefore an S-vacancy will have a much higher probability to form as
compared to a Ti-vacancy.

Unlike S vacancy, Ti vacancy has a major effect on the electronic structure of TiSs,
it loses its semiconductor character and becomes metallic. As seen from Figure 3.4(c), at
the Fermi level, there is a slight spin polarization and the contribution from the S atom is
more than that of the Ti atom. As given in Table 3.1, TiS3 monolayer with a Ti-vacancy

exhibits a magnetic ground state and the calculated magnetic moment is 0.5 5 /supercell.

Double S-vacancy

Possible two-atom-vacancy structures of TiSs are also investigated. First, the
structure of double S atoms removed from the surface of TiS3 is studied. Figure 3.3(c)
presents its fully relaxed configuration. Compared to the one S vacancy situation, the lat-

tice is more deformed. The double vacancy of surface S atoms leads to a reconstruction of
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the bonds between the S atoms of neighboring prisms (dark green one) and the Ti atoms
closest to the vacancies. These Ti atoms become more strongly bonded to the surface S
atoms. However, compared to the defect-free structure, when two S atoms are removed
the lattice parameters are slightly changed. Bader charge analysis shows that, removing
two surface S atoms does not affect the charges of the remaining Ti atoms. However,
0.7 excess electrons of the removed two S atoms are shared by neighbor S atoms. The
formation energy of double S-vacancy is 8.48 eV. Thus, removing two S atoms from the
TiS3 surface is more probable than removing one Ti atom.

The calculated density of states of monolayer TiS; with double S-vacancy is pre-
sented in Figure 3.4(d). When the second S atom is taken out from the surface, TiS;
exhibits metallic character. As seen from Figure 3.4(d) the main contribution comes from
the Ti atoms and TiS3 with double S-vacancy has an asymmetric DOS at the Fermi level.
This asymmetric DOS at the Fermi level leads to a magnetic ground state with the mag-

netic moment value of 0.8 up/supercell.

TiS-vacancy

Lastly, we considered the defected structure of TiS; with a TiS-vacancy. Figure
3.3(d) shows that in the presence of TiS-vacancy, the position of the closest surface S
atom to the removed S atom is significantly changed. This atom follows the direction of
the arrow and becomes located at the top of the inner S atom (light green) with charge 6.6
electrons. Other two surface S atoms move toward the vacancies and their charges reduce
to 6.0 and 6.2 electrons. The lattice parameters reduce to the values a; = 14.90 A and as
— 10.13 A. Compared to the other vacancy types its formation energy value is the highest
with the value 16.15 eV.

DOS diagram of TiS3 with TiS-vacancy is illustrated in Figure 3.4(e). Like Ti and
double S-vacancies, this vacancy type also leads to a metallic character. But, unlike the
double S-vacancy, Fermi level consists of orbitals of S atom. As given in Table 3.1, the

magnetic moment of this case is 0.3 y/supercell.

3.1.1.3. Oxidation of Pristine and Defective Single Layer TiS;

It is well-known that two-dimensional ultra-thin structures such as graphene, MoS,,
phosphorene etc. are prone to oxidation (Vinogradov et al., 2011; Wang et al., 2015; Ya-

mamoto et al., 2013). Therefore, the search for structural and environmental stability of
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Figure 3.5. Tilted side view of (a) O, (c) Oy and (e) O3 adsorbed on pristine TiS3. (b)
O, (d) O, and (f) O3 adsorbed on an S-vacant TiSs.

TiS3 is of importance. After the investigation of possible defect types in monolayer TiS3,

in this section we address the oxidation process and the role of vacancies in that process.

O atom adsorption on pristine and defective TiS;

We start to investigate the oxidation with atomic Oxygen on pristine TiS3;. The
atmosphere comprises various molecules which contain O, like O,, H,O, CO, etc. Thus,
during experiments in ambient conditions, the presence of O atom is inevitable. As shown
in Figure 3.5(a), the optimized structures show that, an O atom is adsorbed by an S atom
on the pristine TiS3 surface. The distance between O and S atoms is about 1.49 A. The
presence of the O atom does not have any significant effect on the lattice structure of TiSs.
O atom binds strongly to the S atom whose bond has an ionic character. The amount of
charge transfer between O and S atoms is about 1.3 electrons from S to the O atom. The
binding energy of the O atom on TiS3 crystal is —3.89 eV. When O atom binds to the
TiS3 surface, it loses its magnetic moment and the whole system does not exhibit any net
magnetic moment.

The vacancy calculations have shown that the most probable defect type of TiS3

is the S atom vacancy. Since the O atom readily binds to the pristine TiS3 surface, the
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effect of the S-vacancy on the adsorption of atomic O is in order. Figure 3.5(b) shows
that, instead of being the nearest S atom to the vacancy, O atom prefers to bind to the
other surface-S atom from tilted-top site. Compared to the pristine case, the presence of
the S vacancy increases the binding energy of O atom from —3.89 eV to —4.01 eV. The
bond distance between O and S atoms is 1.48 A. Unlike the pristine case, O atom distorts
the lattice of defective TiS3 and the new lattice vectors are expanded to a; = 14.93 A and
a» = 10.19 A. O atom binds ionically to the surface S atom and 1.1 electrons transfer
from surface S atom to the O atom. Like in the pristine case, the net magnetic moment of
the whole system is zero.

We also investigate substitutional adsorption of O atom on the surface of single
layer TiS3. The formation energy of the substitutional O atom at S site is calculated using
the formula Fg.4s = Eyvio—Ev—Fo+ Es, where Ey o denotes the energy of O-doped
TiS3, E); 1s the energy of pristine TiS3, Ep and Eg are single atom energies. Substitution
energy of O with S is found to be —1.38 eV. Negative value for O atom indicates the
spontaneous formation of substitutional doping at the S site for O atom. It is also seen

that the presence of substitutional O does not change the nonmagnetic structure of TiS3.

O, molecule adsorption on pristine and defective TiS;

Approximately 21% of the earth atmosphere is composed of O, molecules. Thus,
the binding mechanism of O, molecule on TiS3 surface and the stability of TiS3 in the
presence of this molecule are very crucial. The results of our calculations show that
compared to atomic O, the O, molecule binds very weakly to the TiS; surface and its
binding energy is —0.07 eV. Figure 3.5(c) shows that O, locates 3.2 A above the TiS;
surface and it prefers to bind on top of the vicinity of S atom. The presence of O on the
TiS3 surface does not cause any distortion on the lattice structure. Contrary to the single
O atom case, there is no significant charge transfer between the surface and the molecule.
Total magnetic moment of the system is 2u3, which is equal to the magnetic moment of
an isolated O, molecule.

The presence of an S-vacancy does not have any significant effect on the adsorp-
tion of Oy molecule on the TiS3 crystal. Similar to the pristine case, O, molecule binds
rather weakly to S-vacancy with a binding energy of —0.05 eV. Compared to the pristine
case, O, molecule is localized more close to the TiS3 surface at a z-distance of 2.89 A.
The presence of O, molecule does not cause any notable distortion of the defected TiS3
crystal. Like in the pristine case, there is almost no charge transfer between TiS3 and the

O, molecule and the net magnetic moment of O, molecule which is 245, does not change
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in the presence of the S-vacancy.

O; molecule adsorption on pristine and defective TiS;

To complete the analysis of oxidation of TiSs, the binding mechanism of the O3
molecule on the TiS3 surface is investigated. It is found that, compared to O, molecule,
O3 molecule binds more strongly to the TiS; surface. Binding energy of O3 molecule
on TiS3 surface is —0.21 eV. As seen from Figure 3.5(e), O3 molecule locates 3.15 A
above the TiS;3 surface with two edge O atoms being closer to the surface compared to
the middle O atom. The stability of TiS3 is not affected by Os. When the O3 molecule
is placed on the TiS3 surface, it receives an extra (.2 electrons from the TiS3. The net
magnetic moment of the O3 molecule adsorbed pristine TiSj is zero.

Finally, the adsorption of O3 molecule on an S-vacancy is investigated. As seen
from Figure 3.5(f), O3 molecule locates approximately 2.95 A above the TiS; surface.
In the S vacancy case the end O atoms are placed closer to the surface compared to the
middle O atom. Presence of S vacancy slightly affects the binding energy of O3 molecule
which is equal to —0.20 eV. O3 molecule does not make any significant effect on the
lattice structure of TiSs with an S-vacancy. The charge transfer from the surface to the
molecule is about 0.2 electrons. The adsorbed O3 molecule on an S-vacancy does not

possess any net magnetic moment.

3.1.1.4. Conclusions

In this work, a detailed analyses of structural, electronic and magnetic properties
of pristine, defective and oxidized structures of monolayer TiS3 are presented by using
first-principles calculations. In addition to the PBE version of GGA, the HSE06 form of
hybrid functionals were also used to describe the exchange-correlation density functional.
Electronic structure calculations using HSE06 hybrid functional indicated that monolayer
TiS; is a direct band gap semiconductor with a band gap of 1.05 eV. Our calculations also
revealed interesting bonding nature of the monolayer TiS3 crystal that has ionic character
inside and covalent character for surface atoms. The negatively charged surface of the
crystal may also find some interesting applications.

Among various vacancy defects including S, Ti, TiS and double S vacancies, the
single S vacancy has the lowest formation energy. While the S vacancy leads to an open-

ing in the band gap, other vacancies result in metallicity in single layer TiSs. Pristine
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and S vacancy defected TiS; does not posses any net magnetic moment, whereas other
considered vacancies are magnetic. Our DFT oxidation studies revealed that, TiS; readily
oxidizes with atomic O. Moreover, it is found that, oxidation of TiS3 with O3 is most
likely to occur, while oxidation with Oy is less favorable on pristine and S defected TiS;
surface. S vacancy has a slightly negative effect on the adsorption of O, and O3 molecules

on TiS3 surface, however it has a favoring effect on the adsorption of atomic O.

3.1.2. Hydrogenation of Single-layer TiSe;

One of the recently synthesized single layer TMDs is TiSe; (Sugawara et al.,
2015). TiSe, has an octahedral crystal structure with van der Waals stacked layers. Al-
though there are several experimental studies to determine whether the electronic struc-
ture of bulk TiSe; is semiconducting or semimetallic, the exact electronic structure of it
remains controversial. Among TMDs, bulk TiSe; has sparked particular attention due to
its (2x2x2) charge-density-wave (CDW) transition with periodic lattice distortions at a
critical temperature T ~ 202 K (D1 Salvo et al., 1976). CDW transition has been exten-
sively studied in several 2D TMDs, recently. For instance, layered TaS, (Ritschel et al.,
2015), TaSe, (Samnakay et al., 2015) and NbSe, (Xi et al., 2015) have been synthesized
and their transition temperatures to the CDW phase have been reported. CDW phase in
the single layer form of TiSe, is more robust than that of bulk with an elevated T ~
232 K (Chen et al., 2015). The transition is attributed to band structure effect stemming
from energy minimization. Angle-resolved photoemission spectroscopy (ARPES) mea-
surements show that single-layer TiSe, has a temperature-tunable small band gap at room
temperature and the gap increases with decreasing temperature (Chen et al., 2015). Fang
et al. showed that distortions of Ti and Se atoms in the CDW phase of TiSe, are related
to their atomic mass ratio (Fang et al., 2017).

To functionalize 2D materials, many strategies have been proposed, such as apply-
ing strain (Johari and Shenoy, 2012; Song et al., 2015)), fabrication of their nanoribbons
(Yagmurcukardes et al., 2016; Chen et al., 2017)), implanting impurities and vacancies
(Komsa et al., 2012; lyikanat et al., 2014)). For example, Nair et al. synthesized flu-
orographene by exposing of graphene to atomic F (Nair et al., 2010). It was found that
fluorographene is an insulator with an optical gap of 3 eV. Produced fluorographene shows
similar mechanical properties with graphene. Sahin et al. have reported possible chlo-
rinated graphene derivatives (Sahin and Ciraci, 2012). It was found that two-face chlo-

rinated graphene is stable and it is a direct gap semiconductor. Hydrogen is commonly
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used to functionalize 2D materials. For example, Elias et al. have found that compared to
pristine graphene, the electronic properties of hydrogenated graphene (graphane) change
drastically (Elias et al., 2009). Moreover, it was shown that the reaction with hydrogen is
reversible, thus distinctive properties of graphene can be restored. In the recent study of
Bacaksiz et al., the interaction between H atom and Pbl, surface was studied (Bacaksiz
and Sahin, 2016). It was reported that (2 x 1) and (2 x 2) Jahn-Teller type distortions occur
for the half-hydrogenated and full hydrogenated Pbl,, respectively. These reconstructions
lead to significant modifications on the electronic and magnetic properties of the material.

Motivated by these studies, in this work, structural, phononic, thermal and elec-
tronic properties of pristine and fully-hydrogenated single-layer TiSe, were studied by
using density functional theory based calculations. It was found that TiSe, has a distorted
CDW phase in its ground state. The phase transition from distorted CDW phase to Ty
phase is observed via hydrogenation of TiSe,. In addition, the effect of hydrogenation on

the characteristic properties of single-layer TiSe, was investigated.

3.1.2.1. Pristine TiSe,

A single-layer TiSes consists of stacked Se-Ti-Se atomic layers. Ti and Se atoms
are strongly bound within the layer. Recent ARPES and scanning tunneling microscopy
(STM) measurements revealed that single-layer TiSe, exhibits a (1x 1) 1T phase at room
temperature and a (2x2) CDW phase at low temperatures (Peng et al., 2015; Sugawara
et al., 2015).

Structural Properties

The optimized atomic structures of 1T and CDW phases of TiSe; are shown in
Figure 3.6 (a). The lattice parameters of the optimized crystal structures of (1x1) 1T and
(2x2) CDW phases are 3.50 and 7.00 A, respectively. 1T phase belongs to P3m1 space
group, with an hexagonal Bravais lattice. The bond distance between Ti and Se atoms for
IT phase is 2.55 A. On the other hand, CDW phase exhibits periodic lattice distortions
and Ti-Se bond lengths vary from 2.49 A to 2.63 A. There are two types of Ti (Se) atoms
in the unit cell. While one of Ti (Se) remains fixed, the other is displaced to form the
lattice distortions. Fixed and displaced Ti (Se) atoms in the unit cell are labeled as Tiy
(Sey) and Tig (Sey), respectively (shown in Figure 3 (a)). Proportional magnitudes and

directions of atomic displacements of displaced Ti and Se are shown by dark blue and
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Frequency (x 100 cm™)

Figure 3.6. (a) Top view of CDW phase of single-layer TiSe,. Black lattice in the
background illustrates the 1T phase of TiSe,. Light blue and green balls il-
lustrate Ti and Se atoms, respectively. Dark blue and orange vectors show
proportional magnitudes and directions of the relevant atomic displace-
ments. Phonon band diagrams and partial phonon DOS of (b) 1T phase
(Inset: Top view of atomic displacements of the corresponding mode) and
(c) CDW phase of single-layer TiSes.
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orange vectors in Figure 3.6 (a). The calculated atomic displacements of Ti and Se atoms
are 0.09 A and 0.03 A, respectively. To determine the most favorable structure of single-
layer TiSe,, the total energies of 1T phase and CDW phase for the same number of atoms
are calculated. It is found that CDW phase is energetically the most favorable structure,

which has 4 meV lower energy per formula unit than the 1T phase.

Phononic Properties

Vibrational properties are critical for the analysis of dynamic stability of a mate-
rial. The phonon dispersions of 1T and CDW phases of single-layer TiSe, are shown in
Figures 3.6 (b) and (c), respectively. The unit cells of 1T and CDW phases consist of
3 and 12 atoms, respectively. Therefore, the phonon dispersion of the 1T phase yields
3 acoustic and 6 optical modes, whereas that of CDW phase possesses 3 acoustic and
33 optical modes. The force constant matrix is calculated by displacing atoms from their
equilibrium positions in 6 x6x 1 and 3x3x 1 supercells for the (1x1) 1T and (2x2) CDW
phases, respectively.

Figure 3.6 (b) shows that 1T phase is dynamically unstable with a Kohn-type soft
phonon mode at the M high symmetry point (Kohn, 1959). In order to further understand
the instability of the 1T phase, atomic displacements of the soft phonon mode are shown
in the inset of Figure 3.6 (b). It is seen that the mode responsible for the instability of
the 1T phase is due to in-plane motion of Se atoms towards to Ti-Ti bonding center.
Imaginary eigenfrequencies at the M high symmetry point indicate the lack of required
restoring force against the motion of Se atoms towards to Ti-Ti bonding center, and they
can be cured by a structural phase transition from 1T phase to CDW phase. As seen from
Figure 3.6(c), phonon spectra of (2x2) CDW phase have positive eigenfrequencies in the
whole Brillouin Zone that indicate the dynamical stability of the CDW phase. As seen in
Figure 3.6(c), distortions of the CDW phase lead to almost flat phonon bands near the 200
cm~!. It is known that materials with hexagonal (or trigonal) crystal symmetry exhibit
linear crossing phonon branches at the K high symmetry point. As clear from Figure
3.6(a), despite the distorted structure, trigonal symmetry of the CDW phase is protected.
Therefore, phonon dispersion of the CDW phase exhibits the linear crossing at the K*
high symmetry point (shown in Figure 3.6 (c)).

In addition, partial phonon density of states of 1T and CDW phases are also shown

1

in Figure 3.6. For both phases, the low-frequency modes, below 100 cm™", originate

from vibrations of the Ti and Se atoms. The medium-frequency modes, 100-200 cm™*,

are dominated by vibrations of the Se atom, whereas the high-frequency modes, above
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Figure 3.7. (a) The energy-band structure of CDW phase of TiSe,. Light blue and red-
dotted bands are for GGA and GGA+HSE, respectively. (b) GGA+HSE
calculated partial density of states of CDW phase of TiSe.

200 cm™*, are mainly composed of vibrations of the Ti atom, since atomic mass of Se is

higher than Ti.

Electronic Properties

The electronic band structure and partial density of states (PDOS) of CDW phase
of single-layer TiSe, are shown in Figure 3.7. The band gap of TiSe, is calculated to
be 25 meV by using the PBE approximation. Since the bare PBE functional usually
underestimates the band gap of semiconducting materials, the HSE06 functional is used
to get a more precise band gap. Therefore, TiSes is found to be a direct gap semiconductor
with a band gap of 319 meV with HSEO6 functional. The valence band maximum (VBM)
and conduction band minimum (CBM) reside at the I" point, as shown in Figure 3.7. The
calculated electronic band structure within HSEQ6 agrees well with previous experimental
and theoretical results. Chen, Sugawara

Previous studies showed that p-d orbital hybridizations play an important role in
determining the electronic and structural characteristics of 4d-TMDs (Yu et al., 2017).
Therefore, these orbital interactions deserve considerable attention to determine exact
electronic structure of single-layer TiSe,. Calculated PDOS reveals that the CBM is made
up of the t54 (dyy, dy., d.,) and d 2 orbitals of Ti atoms. The states in the vicinity of VBM
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are mainly composed of hybridization of #,;, and d,» orbitals of Ti atom and p, and p,
orbitals of Se atom. Near the Fermi level, overlap of PDOS peak positions and shapes of
p orbitals of Se atom and d orbitals of Ti atom reveal strong coupling of these orbitals.
In 4d-TMDs (such as (1x1) 1T phase of TiSes) Ti atoms can interact with each
other through intermetal 75, orbitals. Due to weak coupling of these orbitals, 5, states are
mostly located near the Fermi level, with no energy gap. Differing from the (1x1) 1T
phase, periodic lattice distortions of the (2x2) CDW phase lead to increase in the inter-
metal 75, orbital interactions. Furthermore, excess electrons of Se atoms lead to attractive
interaction in the f5,-p orbitals. Therefore, Se atoms are exposed to a force towards to
Ti-Ti bonding center and occupied p states of the Se atom shift to lower energies. As a
result, CDW phase transition has a significant effect on the electronic structure and leads

to opening of a band gap in TiSes.

3.1.2.2. Interaction with a Single H atom

Understanding of the adsorption properties of a single H atom on TiSe; is crucial

to the investigation of its hydrogenated derivatives.

Structural and Electronic Properties

We simulate the adsorption of a H atom on a CDW phase of single-layer TiSes
by considering six inequivalent adsorption sites, as illustrated in Figure 3.8 (a). A 2x2
supercell of TiSe, containing 16 Ti and 32 Se is used to hinder H-H interaction. The
nearest distance between H adatoms is larger than 14 A. The atomic positions were fully
relaxed starting from the six different adatom initial configurations: Tiy, Tig, Se’}, Sel},

Se!,, and Se’, as shown in Figure 3.8. The binding energy of a H atom is calculated as

Ey = Erige, + B — EriSes+ 1 (3.1

where Ep;s., denotes the energy of the (2x2) supercell of CDW phase of single-layer
TiSeq, Ey 1s the energy of isolated H atom, and Er;s.,+z denotes the total energy when
the H is adsorbed on TiSes.

Calculated lattice constants, binding energies, and the equilibrium distance be-

tween the adatom and the nearest Se atom are given in Table 3.2. It is found that the
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Figure 3.8. (a) Top view of six inequivalent adsorption configurations for a H atom on
CDW phase of TiSes. (b) Top and side views of fully relaxed geometric
structure of single H atom adsorbed CDW phase of TiSes. (c) The elec-
tronic band structure and PDOS of single H atom adsorbed CDW phase
of TiSey. Light blue and red-dotted bands are for GGA and GGA+HSE,
respectively.
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binding energy of H atom is 1.69 eV for both configuration H on top of Se} or Se!,. These
sites are energetically the most favorable ones. When a single H adsorption is introduced,
the 2x2 supercell of TiSe, enlarges from 14.00 A to 14.08 A. As shown in Figure 3.8
(b), the adsorbed H atom modifies the local atomic structure around it. The nearest Se-Ti
bonds to the adsorbed atom are increased from 2.49, 2.56, and 2.63 A to 2.63, 2.63, and
2.64 A, respectively. The distance between H and Se atoms is 1.48 A.

Energy-band dispersion and PDOS of a H atom-adsorbed single-layer TiSe, are
shown in Figure 3.8 (c). When single H atom is adsorbed on TiSes, the structure becomes
metallic. Although H atom has a major effect on the electronic structure of TiSe,, the
states originating from H atom reside at deep energy levels, as shown in Figure 3.8 (c).
The states around the Fermi level are mainly composed of d orbitals of Ti atoms. The

presence of a H adatom does not change the nonmagnetic character of TiSe,.

Table 3.2. The lattice constants, a and b; the distance from adsorbed H atom to the
TiSe, surface, ds._ y; binding energy, E;; HSE calculated electronic band
gap, E,; of CDW phase, single-H adsorbed and fully-hydrogenated TiSe,

(fH-TiSe,).
a b dSe—H Eb Eg
A @A) A) (eV) (meV)
CDW phase 7.00  7.00 - - 319
Single-H on TiSe, 14.08 14.08 1.48 1.69 -
fH-TiSe, 361 6,50 1.53/149 255 119

3.1.2.3. Full Hydrogenation

Following the analysis of the adsorption of a H atom on CDW phase of TiSe,,
modifications of structural, electronic, phononic and thermal properties of TiSe, upon

full hydrogenation are investigated.

Structural and Phononic Properties

To construct a fully covered structure the most favorable position of an isolated H
atom is used. Therefore, fully-hydrogenated TiSe,, with each H atom resides on top of

a Se atom is investigated. It is found that through full hydrogenation, TiSe, experiences
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Figure 3.9. (a) Top and (b) side view geometries and (c) phonon band diagram and
partial phonon DOS of fH-TiSe,. The branches of the possible Raman-
active modes are shown on the lower panel.
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a structural phase transition from CDW phase to T, phase. Figures 3.9 (a) and (b) show
top and side views of the optimized atomic structure of fully-hydrogenated single-layer
TiSe, (fH-TiSes). T, phase has a rectangular unit cell with calculated lattice constants of
a=3.61 A and b = 6.50 A. The unit cell of fH-TiSe, is composed of two Ti, four Se, and
four H atoms. The hydrogenation of each Se atom leads to a reduced interaction between
Ti and Se atoms. Therefore, transition metal atoms get closer and form separated zig-zag
chains. Ti-Ti bond distance in the zig-zag chain is calculated to be 3.12 A. The bond
distance between Ti and Se atom is in the range of 2.48-2.76 A. Due to reduced symmetry
of the T, phase, there are two different Se atoms: outer-Se and inner-Se. H atoms reside
on top of these Se atoms. The bond length between outer-Se (inner-Se) and H atom is
1.53 (1.49) A. The calculated average binding energy of a H atom is 2.55 eV, which is
much higher than the binding energy of a H adsorption case.

Phonon dispersion and partial phonon DOS of the fH-TiSe, are shown in Figure
3.9 (c). 4x2x1 supercell is used for the phonon calculations of fH-TiSe,. It is found
that fully-hydrogenated TiSe, has real vibrational eigenfrequencies in the whole Brillouin
Zone and hence fH-TiSe; is dynamically stable. The unit cell of fH-TiSe; consists of
10 atoms, consequently it possesses 30 phonon bands, 3 acoustic and 27 optical. As
mentioned above, hydrogenation of TiSe, induces a significant structural transition from
CDW phase to T; phase. Comparison between the phonon calculations of pristine and
fully-hydrogenated TiSe, shows significant differences. Unlike the pristine case, the high-
frequency optical modes of fH-TiSe, are separated from the low-frequency modes by a

1

gap of 42 cm™". Full hydrogenation causes to presence of optical phonon branches at

quite high frequencies. It is seen from the right panel of Figure 3.9 (c), above 350 cm™!
the phonon partial DOS almost entirely consists of vibrations of H atoms.

In Figure 3.9 (c) the atomic displacements of possible Raman active modes are
also presented. The low frequency characteristic Raman-active mode at 129 cm™! corre-
sponds to an in-plane (E, like) a counter-phase motion of top and bottom Se and H layers
(parallel to the @). The Raman-active mode with frequency of 180 cm™! corresponds to
a mixed in-plane and out-of-plane (A, like) counter-phase motion of top and bottom Se
and H layers (parallel to the E)_ However, the character of the phonon mode at 253 cm ™!
is mostly in-plane and while Se atoms stay fixed, Ti and H atoms move in opposite direc-
tions to each other (parallel to the g). The phonon modes at 400 and 416 cm™* correspond
to in-plane counter-phase motions of top and bottom H layers (parallel to the b and @,
respectively). As can be seen from the Figure 3.9 (c), the high-frequency modes at 1916

and 2216 cm ™! are Se-H stretching modes.
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Figure 3.10. Constant-volume heat capacity of single-layer crystal structures of 1T and
CDW phases of pristine TiSe, and fH-TiSes.

Heat Capacity

The thermal properties of ultra-thin materials can be investigated through the cal-
culation of heat capacity (C,). It is known that contribution of free conduction electrons
to the heat capacity of ultra-thin materials is negligible. Hence, the heat capacity is con-
stituted almost entirely from lattice vibrations of the material.

In this part we discuss the effect of hydrogenation on the heat capacity of TiSes,.
The heat capacities of 1T, CDW phases and fully-hydrogenated TiSe, as a function of
temperature are shown in Figure 3.10. Previously, it was shown that hydrogenation
of ultra-thin materials leads to an increase in the heat capacity of the materials (Neek-
Amal and Peeters, 2011). However, as seen from Figure 3.10, the heat capacity of fully-
hydrogenated TiSe, is always lower than the heat capacity of 1T and CDW phases of
TiSe, for all temperatures. Decrease in the heat capacity is attributed to the phonon band
gap observed at relatively low frequencies (between 180-222 cm™!). It is known that the
heat capacity is closely related with the phonon DOS of the material. Lack of phonon
DOS at the phonon band gap lead to decrease in the heat capacity of the material. At
room temperature, C, of 1T and CDW phases are equal to 2.82 kg/atom, whereas C, of
fH-TiSe2 is 2.27 kg/atom. At 1500 K, the heat capacity for 1T and CDW phases of TiSe,
approach the value of Dulong-Petit law C, = 3NR, where R is the universal gas constant
and N is the number of atoms per unit cell. However, the heat capacity for fH-TiSe, ap-

proaches to this value at higher temperatures. Calculated Debye temperature values of
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Figure 3.11. (a) The electronic band structure of fH-TiSe,. Light blue and red-dotted
bands are for GGA and GGA+HSE calculated band dispersions, respec-
tively. (Inset: GGA calculated band dispersion near the fermi level.)(b)
GGA+HSE calculated PDOS of fH-TiSe,. The valence band maximum is
set to zero.

1T, CDW phases and fH-TiSe, are 335, 341, and 1378 K, respectively.

Electronic Properties

The electronic band dispersions and PDOS obtained by using HSE06 functional
of fH-TiSe, are shown in Figures 3.11 (a) and (b), respectively. It is found that hydro-
genation of single-layer TiSe, leads to reduction in the energy band gap. Band gap of
fully-hydrogenated TiSe, is calculated to be 119 meV when HSEO6 functional is used
(GGA value: 21 meV). Although TiSe, conserves its direct gap semiconducting behavior
with hydrogenation, both VBM and CBM transfer to different wavevector point within Y
and S from I' point, where VBM and CBM of pristine TiSe, reside.

Calculated PDOS shows that the states in the VBM are mainly made up of the
ta4 orbitals of Ti atom, whereas the states in the CBM have d.» and d,2_,2 orbitals of Ti
atom. It is clearly seen from Figure 3.11 (b), near the Fermi level the contribution comes
from 5, orbital of Ti atom is increased by hydrogenation, while p orbital contribution of
Se atom is decreased. Compared to the pristine case, decreased overlap of PDOS peak
positions and shapes of 7y, orbitals of Ti atom and p orbitals of Se atom exhibit weak

coupling of these orbitals through hydrogenation. This weak coupling can be attributed
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to the weakening of the bonds between the Ti and Se atoms due to the binding of H atoms
to each Se atom. Therefore, Ti atoms are released, they move toward to each other. This

leads to a structural phase transition from the CDW phase to the T phase.

3.1.2.4. Conclusions

In summary, the structural, phononic, thermal, and electronic properties of pris-
tine and hydrogenated single-layer TiSe; were investigated within first-principles DFT
calculations. It was found that the periodic lattice distortions in the CDW phase provide
the stability of the layer. Our calculations showed that experimentally fabricated low tem-
perature phase (CDW phase) of TiSe, has an HSEO6-calculated direct band gap of 319
meV.

In addition, adsorption of one H atom on the CDW phase of TiSe, was inves-
tigated. Preferred adsorption site, binding energy and electronic properties of single-H
adsorbed CDW phase of TiSe, were determined. Moreover, our calculations revealed a
structural transition resulting from the rearrangement of the Ti atoms after full hydro-
genation of single-layer TiSe,. The fully-hydrogenated TiSe, prefers T, phase which
exhibits Ti-Ti dimerization along one of the lattice parameters. Structural stability of the
fully-hydrogenated TiSe; was confirmed by calculated phonon spectra of the layer. Direct
electronic band gap of the material decreased to 119 meV upon full hydrogenation. Fur-
thermore, it was found that full hydrogenation of TiSe, leads to a dramatic decrease in the
heat capacity. Single-layer TiSe, with robust semiconducting character, sensitive thermal
properties, and hydrogenation-induced structural transition is highly desired material for

nanoscale device applications.

3.2. Thinning of Two-Dimensional Materials

In this section, we investigate the effect of dimensional crossover on the charac-

teristic properties of CsPb,Br; and PtSe, crystals.
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3.2.1. Thinning CsPb,Br; Perovskite Down to Monolayers

In recent years, hybrid organic-inorganic lead halide perovskites have attracted
immense interest because of their low cost, easy fabrication and superior optoelectronic
properties (Gritzel, 2014; Tan et al., 2014). These hybrid perovskites exhibit great poten-
tial in device applications such as photodetectors (Dou et al., 2014), laser devices (Zhu
et al., 2015), flexible solar cells (Yang et al., 2015), and light emitting diodes (LEDs)
(Kim et al., 2015; Xing et al., 2016)). One of the most studied organic-inorganic hy-
brid perovskite is CH3NH3PbX3 (where X = Cl, Br, or I). Noh et al. showed that the
band gap of CHsNH3Pb(I; _ xBrx) can be controlled by composition engineering and the
absorption edge of the mixed halide perovskite can be altered in a controlled manner to
cover almost the whole visible spectrum (Noh et al., 2013). It was also demonstrated that
organic-inorganic hybrid perovskites exhibit high power conversion efficiency of exceed-
ing 20% (Ergen et al., 2017; Jeon et al., 2015)). The fully inorganic CsPbX3 (X = Cl, Br,
or I) exhibits higher chemical stability and excellent optoelectronic properties compared
to organic-inorganic perovskites (Protesescu et al., 2015; Kulbak ef al., 2015; Wang et al.,
2015). It was found that these all-inorganic materials exhibit extremely high fluorescence
quantum yield, very narrow emission bandwidth, and suppressed fluorescence blinking
(Swarnkar et al., 2015; Li et al., 2016)). It was shown that CsPbBr3 exhibits high carrier
mobility and large diffusion length (Yettapu et al., 2016). It has been theoretically pre-
dicted that CsPbBrj is highly defect-tolerant in terms of its electronic structure (Kang and
Wang, 2017).

The rapid progress in the synthesis and fabrication methods of 2D materials has
not only led to exploration of graphene-like materials but also monolayer 2D hybrid per-
ovskites. It was reported that thickness and photoluminescence emission of hybrid per-
ovskite nanoplatelets can be controlled by varying the ratio of the organic cations used
(Sichert et al., 2015). Recently, atomically thin organic-inorganic hybrid perovskite syn-
thesized with efficient photoluminescence and modulation of color have been achieved
by tuning the thickness and composition of the crystal (Dou et al., 2015). The synthe-
sis of layered CH3NH3PbX3 (where X = Cl, Br, or I) down to a thickness of a few unit
cell and even single unit cell layers were accomplished by a combined solution process
and vapor-phase conversion method (Liu ef al., 2016). It was found that by controlling
atomic ratio of the halide anions, stability of the hybrid perovskites can be improved
(Noh et al., 2013). Compared to organic-inorganic hybrid perovskites, all-inorganic per-

ovskites, in which cesium ions replace organic cations, exhibit higher chemical stability
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(Kulbak et al., 2015; Song et al., 2015)). However, low environmental stability of hybrid
organic-inorganic perovskites is a crucial issue that needs to be addressed for potential
future applications.

Moreover, all-inorganic CsPbsBr; emerged as a 2D version of lead halide per-
ovskite materials. CsPb,Br; has a tetragonal phase which consists of alternating Cs™ and
[PbyBrs]~ polyhedron layers. Theoretical and experimental investigations showed that
CsPbyBr; is an indirect band gap semiconductor with a band gap of 2.98 eV (Li et al.,
2016). Large-scale synthesis of highly luminescent CsPb,Br; nanoplatelets was already
reported (Wang et al., 2016). It was found that a dual phase of CsPbBr;-CsPbyBrs ex-
hibits increased conductivity and improved emission life time compare to that of the pure
CsPbBr3 (Zhang et al., 2016). However, thickness and composition dependent structural
stability and electronic properties of CsPbyBr; remain almost unexplored. It is known
that ultrathin 2D materials are more sensitive to environmental conditions than their bulk
counterpart. Environmental conditions and substrate can affect the structural stability and
characteristic properties of ultrathin 2D materials. It was reported that in the presence
of chlorine, when CH3NH3Pbl; films are deposited on a TiO, mesoporous layer, a sta-
ble cubic phase is formed in CH;NH;3Pbl; perovskite, instead of the commonly observed
tetragonal phase (Wang et al., 2015). In a recent study CsPbsBr; nanosheets were ob-
tained via an oriented attachment of CsPbBrs nanocubes (Li ef al., 2016). It was also
reported that inorganic Cs atom plays a significant role in the stability of perovskites
(Zhang et al., 2017; Saliba et al., 2016). The Cs atom as a cation, donates charge to the
lattice of a perovskite and fulfill the charge neutrality.

Although the bulk forms of many perovskites have been studied intensely, effect
of dimensional reduction in the characteristic properties of CsPbyBr; crystal has not been
investigated before. In the current study, using first principles calculations based on den-
sity functional theory (DFT), we present a detailed analysis of the structural, electronic,

vibrational and vacancy-dependent characteristics of single-layer CsPb,Brs.

3.2.1.1. Bulk CsPbyBr;

Before a detailed discussion of the potential single-layer forms of CsPbyBrs;, we
first investigate structural properties of bulk form of the crystal. The tetragonal phase
of CsPbyBr; is shown in Fig 3.12 (a). CsPbsyBr; consists of sandwiched structure with
alternating Cs and Pb-Br polyhedron layers. The calculated lattice parameters are a =

8.24 A and ¢ = 14.57 A. Tilted side and top views of Pb-Br polyhedron layer are shown in
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(a) Bulk (b)  Pb-Br (c) Polyhedron
CsPb,Br, Polyhedron Unit
. Layer

Figure 3.12. (a) Tilted side view of bulk CsPb,Br;5. (b) Tilted side and top views of Pb-
Br polyhedron layer. (c) Tilted side and top views of Pb-Br polyhedron.
Green, brown, and gray balls illustrate Cs, Br, and Pb atoms, respectively.

Fig 3.12 (b). Pb-Br polyhedron layer is composed of Pb-Br polyhedrons which are formed
by putting a triangular prism and two rectangular pyramids together. Tilted side and top
views of Pb-Br polyhedron are shown Fig 3.12 (c). There are two different bromine atoms
in the polyhedron: one of them is located at the surface of Pb-Br polyhedron layer (Br,)
and the other one is located at the inner plane of the layer (Br;). Br; is located in the same
plane with Pb atoms and it has the Pb-Br bond distance of d%, 5. = 3.08 A. The bond
length between Br, and Pb atoms is dp;,_ 5, = 2.92 A. The thickness of Pb-Br polyhedron
layer is 7 = 3.83 A. The distance between Cs and surface Br atoms is di,_p, = 3.53 A.
It is found that the cohesive energy per atom of CsPbyBrj crystal is 3.42 eV.

For detailed investigation of the bondings in CsPbyBr; crystal Bader charge anal-
ysis is also performed. It is found that 0.8 and 1.0 e charges are donated by each Cs and
Pb atoms, respectively. On the other hand, each Br atom receives 0.6 e charge. Therefore,
analysis of the electronic structure reveals that ionic interaction arises between the layers
of Cs and Pb-Br skeleton via vertical charge transport from Cs layer to the Pb-Br skeleton.
Furthermore, the bond between Pb and Br atoms in the Pb-Br skeleton has also an ionic
character. Cs terminated surface of CsPbyBr; crystal has a low work function of & = 1.17
eV.

Figure 3.13 shows the band structure and projected density of states (PDOS) for
CsPbyBrs crystal. It can clearly be seen from the figure, that bulk CsPbyBr; exhibits an

indirect band gap, with the valence band maximum (VBM) residing along the line I'-
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Figure 3.13. (a) The energy-band dispersion and (b) partial density of states of bulk
CsPb,Br;. (c) The band decomposed charge densities of the bulk CsPb,Br;
at the labeled band edges. Isosurface value of charge density is 2x107°
elA3.



X (M), while the conduction band minimum (CBM) being located at the I' point ().
The indirect gap calculated with LDA+SOC is 2.41 eV. It is known that experimentally
observed band gaps, which are underestimated by both bare-LDA and bare-GGA func-
tionals, can be well-approximated by the considering screening (GW calculations) and
excitonic (solving Bethe-Salpeter equation) effects. However, due to high computational
cost, GW and BSE calculations are not taken into account here. The partial contributions
of orbital states to electronic DOS of bulk CsPb,Br; crystal are given in the Figure 3.13
(b). It appears that the major contribution to the states around the band edges originates
from Pb and Br atoms. While the VBM is dominated by p orbitals of Br atom, the CBM
is mostly composed of the p orbitals of Pb atom. The states of the Cs atom reside at
deep energy levels, therefore, they have no effect on the electronic structure of the crys-
tal. Band-decomposed charge densities of the valence and conduction band edges are
also given in the Figure 3.13. As seen in the figure, edges in the top of valence band are
composed of the p, and p, orbitals of Br, atoms. Valance band edges in between I'" and
M (@), Z and R ((3)), A and Z (@) points differ by 23, 53 and 74 meV energy than the
VBM of the single-layer, respectively. On the other hand, top of conduction band edges
(® and ©®) are mostly made up of p, and p, orbitals of Pb atom.

3.2.1.2. Thinning CsPb;Br; down to Monolayers

Five reasonable single-layer configurations derived from bulk CsPbyBrs; struc-
ture are shown in Figure 3.14. According to their chemical compositions, these five
structures are named as PbyBr;, CsPb,Bryy, single-side Cs terminated CsPbsBr; (ss-
CsPbyBrs5), double-side Cs terminated CsPbyBrs (ds-CsPbyBrs) and CsyPbyBrs. Depend-
ing on whether the synthesis technique is growth or mechanical exfoliation process one
of these of the single layer crystal structures or their mixtures can be obtained.

Single-layer PbyBr; is a Cs-free skeleton composed of only Pb-Br polyhedrons.
As given in Table 3.3, the calculated lattice parameter and thickness of PbyBr; are a =
8.09 A and h = 3.72 A, respectively. These values are relatively small compared to those
of bulk. The calculated bond lengths between the atoms of the structure are given in the
Table 3.3. To assess the dynamical stability, phonon dispersions of single-layer PbyBrs
are calculated and shown in Figure 3.14 (a). A 3x3x1 supercell is used for the phonon
band structure calculations of single-layer forms of the crystal. The phonon spectra of the
structure exhibit imaginary eigenvalues through all the symmetry points, indicating the

instability of the structure. Instability in the structure could be attributed to the charge
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Table 3.3. The calculated ground state properties for bulk (b) CsPbyBr; and single-
layer PbyBr5, CsPbyBryg, ss-CsPbyBrs, ds-CsPbyBrs, and CsoPbyBrs: The
lattice constants in the lateral and vertical directions, a and c, respectively;
thickness of the Pb-Br polyhedron layer, /; atomic distances between Pb
and Br atoms, d%, 5, and d,,_j,.; atomic distance between Cs and surface
Br atoms, d¢.,_ 5,; the cohesive energies, E.,;; the energy band gap of the
structure, Gap; the work function, ®.

a ¢ h dpp_p,  dpp_p, dee_pr Econ Gap d

A A A (A) (A) (A) (V) (V) (eV)
b CsPbyBrs 824 14.57 3.83 3.08 2.92 353 342 241 1.17
PbyBr; 8.09 - 3.72 3.02 2.88 - 3.08 - 7.00
CsPbyBry 8.18 - 3.77 3.05,3.08 294 344 321 - 4.53
ss-CsPbyBrs;  8.29 - 3.85 3.11 2.84 342 331 253 275
ds-CsPbyBrs  8.29 - 3.81 3.11 2.92 343 332 254 4.9
CsyPbyBrs 8.21 - 431 3.18 3.22 335 3.5 - 1.45

transfer mechanism between ions of the structure. Bader charge analysis reveals that
resulting charges of Br atoms of PbyBr5 are lower than that of bulk CsPb,Brs;. Although
each Pb atom donates 1.0 e charge, each Br; and Br, atoms receive 0.5 and 0.4 e charges,
respectively. Therefore, unsaturated Br; and Br, atoms may lead to dynamical instability
in single-layer Pb,yBrs.

For a deeper analysis of instability of single-layer PbyBr;, atomic displacements
of the lowest mode are shown in the inset of phonon band diagram of Figure 3.14 (a). It
appears that the mode responsible for the instability of the structure is due to vibrations
of Br; and Br, atoms normal and parallel to the plane of the structure, respectively. Imag-
inary eigenfrequencies in the whole Brillouin Zone indicate the lack of required restoring
force against these atomic motions. Therefore, the structure is unstable under this motion
and transforms to another phase. This instability can be cured by increasing the bond
strength between Pb and Br atoms through adding an extra charges. As shown in the Fig-
ure 3.14 (b), single-layer of CsPb,Bry( is formed through half of the single-side of Pb-Br
layer covered by Cs atoms. The lattice parameter and the thickness of the structure are
a=8.18 A and h = 3.77 A, respectively. It is found that the single-layer CsPb,Bry, is
formed by a cohesive energy of 3.21 eV. Since one side of the structure is covered by Cs
atoms, the bonds show anisotropy in the vertical direction (see Table 3.3). Given values
of the bond lengths belong to Cs terminated side of the structure. The phonon spectra
of single-layer CsPb,Br;( exhibit real eigenvalues through all the symmetry points, con-

firming the dynamical stability of the layers. Bader charge analysis shows that Cs and Pb
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Figure 3.14. Possible single-layer structures of CsPbyBrs crystal. Top and side views
of the structures, phonon spectrum, and SOC included electronic band di-
agrams of single-layer (a) PbyBrs;, (Inset: Tilted side view of atomic dis-
placements of the corresponding mode.) (b) CsPbyBry, (c) ss-CsPbyBrs,
(d) ds-CsPbyBrs, and (e) CsoPbyBrs. Isosurface value of band decomposed
charge densities (inset of band structure of ss-CsPbyBrs) is 2x107° elA3.
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atoms of the structure donate 0.8 and 1.0 e charges, respectively. Therefore the amount of
received charges by each Br atom is 0.5 e. The work function of the structure is calculated
to be 4.53 eV. It is also seen from the Figure 3.14 (b) that lowering the concentration of
Cs atoms leads to unfilling of the valence band edge and therefore p-type conductivity in
the single-layer CsPb,Bry.

Relaxed geometric structures of ss-CsPbyBr; and ds-CsPb,Brs are shown in Fig-
ures 3.14 (c¢) and (d), respectively. These two structures possess the same chemical com-
position with the CsPb,Br; crystal. The lattice parameters of both of the structures are a
= 8.29 A. The thickness of the Pb,yBr; sublayer of ss-CsPbyBr; and ds-CsPb,Br; are h =
3.85 and 3.81 A, respectively. As given in the Table 3.3, the atom-atom bond distances
of these two structures are very similar to that of the bulk CsPbyBr;. Real frequencies
in the phonon spectra of single-layer structures (Figures 3.14 (c) and (d)) of ss-CsPbyBr;
and ds-CsPb,Br; appear in a whole Brillouin Zone, indicating the dynamically stabilities
of these two structures. Bader charge analysis reveals that the charge transfer mechanism
of single-layers of ss-CsPbyBr; and ds-CsPb,yBrs are very similar to the bulk CsPbyBrs.
Cs and Pb atoms of the both structures donate 0.8 and 1.0 e charges, respectively. The
amount of charge received by Br atoms of the two structures are in the range of 0.5-0.6
e. Therefore, Pb-Br skeletons of the two structures are saturated with enough charges to
maintain stable bonding mechanism. In addition, cohesive energies of these two structures
are given in Table 3.3. Among the single-layer forms of the crystal, due to the vertical
symmetry and the same chemical composition with the bulk counterpart, ds-CsPb,Brs
has the highest cohesive energy. Furthermore, calculated work function values of singe-
layers of ss-CsPbyBrs; and ds-CsPbyBr; are 2.75 and 4.79 eV, respectively. Calculated
values of the work functions belong to Cs-terminated side of the structure. Hence, the
work function shows a decreasing behavior with increasing concentration of Cs atoms of
Cs-terminated side.

As shown in Figures 3.14 (¢) and (d), single-layer ss-CsPbyBr; and ds-CsPbyBrs
have very similar electronic band diagrams and they are indirect band gap semiconductors.
The VBMs of the two structures reside at X point, whereas their CBMs reside at I point.
It is worth mentioning that valence band edge in between A and I points differs only by
24 meV energy from the VBM of the two structure. Band decomposed charge densities
at the valence band and the conduction band edges of the two structures are shown in
Figures 3.14 (c) and (d). Band edge characteristics of these structures possess very similar
behavior with their bulk counterpart. As given in Table 3.3, the SOC included band gap of
ss-CsPbyBr; and ds-CsPbyBr; are 2.53 and 2.54 eV therefore with decreasing thickness
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from bulk to single-layer, the band gap of CsPbyBr; increases by ~ 0.13 eV.

The single-layer Cs,Pb,Br; is constructed by three submonolayers: a PbyBrs sub-
layer and two surrounding sublayers of Cs atoms. The calculated lattice parameter of
CsyPboBrs, a = 8.21 A is very similar to bulk lattice parameter of the crystal. How-
ever, the thickness of PbyBry sublayer is h = 4.31 A, which is much higher than that of
the other single-layer forms of the crystal. As in PbyBr;, phonon spectra of single-layer
CsyPbyBrs, shown in Figure 3.14 (e), exhibit imaginary eigenvalues through whole the
symmetry points, indicating the dynamical instability of the structure. In single-layer
CsyPbyBrs, while each Cs and Pb atom donate 0.8 e charges, each Br; and Brg atoms
receive 0.6 and 0.7 e charges, respectively. Extra charges provided by Cs atoms lead to a
decrease in charge transfer between Pb and Br atoms. Therefore, the Cs-induced weak-

ening of the Pb-Br bonds is the reason of the instability in the single-layer CsyPbyBrs.

3.2.1.3. Effect of Cs Atoms via The Charging of Pb,Br; Skeleton

In this chapter, in order to facilitate a deeper understanding of the role of Cs atoms,
we examine the stability of Cs-free PbyBrs, which is already presented to be unstable in
the previous chapter, via charging calculations.

One low-lying optical and one acoustic phonon branches that have imaginary
eigenfrequencies are the direct indication of dynamical instability in the single layer struc-
ture of Cs-free Pb,Br;. However, as calculated in the previous chapter, single layer skele-
ton structure of PbyBrs; can be stabilized through the adsorption of Cs atoms. Therefore,
the question arises as to whether or not the stability of CsPbyBr; is provided only by the
charge transferred from Cs atoms to PbyBr5 skeleton.

As shown in Figure 3.15, the role of electron transfer on the stability of PbyBr;
can be examined through the addition of extra electrons into the primitive unit cell. Here,
it is important to note that once the unit cell is charged by extra electrons, structure is
re-optimized by considering the new charge distribution and phonon calculations are per-
formed for this fully-relaxed structure. Figure 3.15 shows that one acoustic and one low-
lying optical branches, having imaginary eigenfrequencies, of the Pb,Br; skeleton can be
fixed upon the charging. It appears that while the structure is fully stabilized under 1.4
e charging, it exhibits instability under over-charged and less-charged situations. There-
fore, it can be concluded that Cs atoms play an important role as stabilizer of the PbyBrs
skeleton by charge transfer. Such a charge dependent stability may pave the way to syn-

thesize novel Cs-free perovskite structures and to fix the vacancy-dependent instabilities
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Figure 3.15. Charging-dependent phonon dispersion of single layer skeleton structure
of PbQBrE)

in similar structures.

3.2.1.4. Vacancy Defects in Single-Layer CsPb;Br;

During the growth or exfoliation of layered crystals, existence of various lattice
imperfections is inevitable. One of the most common lattice imperfection in layered crys-
tals is vacancies. The formation of vacancies in ionically bonded materials are the source
of trap states and profoundly alter the electronic and optical properties of semiconductors.
Therefore, it is important to investigate how vacancies are formed and what are the charac-
teristic features. In this section, four different vacancy types in single-layer ds-CsPbyBr;
that corresponds to the energetically the most favorable structure are considered, Cs va-
cancy (V¢s), Br; vacancy (Vp,.,), Br, vacancy (Vp,,), and Pb vacancy (Vpp). In order to
hinder the interaction between vacancies in adjacent cells, a 64-atom supercell was used.

Relative stabilities of the four vacancies are calculated according to the formula:

Eform = ESL+vac =+ EA - ESL (32)
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Figure 3.16. Top view of the structures, band decomposed charge densities of the VBM
and CBM, and electronic band structures of single-layer ds-CsPbsBr; with
(a) Cs vacancy, (b) Br; vacancy, (c) Brg vacancy, and (d) Pb vacancy. Pink
atoms illustrate removed atoms. Yellow, red, and dashed blue lines in band
diagrams illustrate the Fermi level, majority, and minority spin bands, re-
spectively. Band decomposed charge densities of in-gap states of V,, and
Vg, are shown in the insets of the corresponding band diagrams. Isosur-
face value of charge density is 6x107° elA®,
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where Ey,,, is the formation energy of the relevant vacancy, Egy 1. 1S the total energy
of the supercell with vacancy, E 4 is the isolated-single-atom energy of the removed atom

and Egy, is the total energy of supercell of single layer.

Table 3.4. The lattice constants, a; formation energies, E,,,,; magnetic moments, M;
electronic characteristics, and band gaps of four different defected forms
of 2x2x 1 supercell of the single-layer CsPbyBrs.

a Eform M Electronic Band Gap
(A) (V) (up) Characteristic (eV)
Ves 1648 482 0.0 semiconductor 2.53
Vg, 1644 5.02 1.0 semiconductor 0.12
Vg, 1648 451 1.0 semiconductor 0.25
Vp, 1646 820 0.0 metal -

Relaxed geometric structures when a single Cs, Br;, Br, and Pb are created in the
ds-CsPbyBr; are shown in Figures 3.16 (a)-(d), respectively. Formation of these vacancies
leads to negligible distortion on the single-layer ds-CsPbyBrs. As given in the Table 3.4
fully relaxed lattice parameters of Vg, Vp,., Vg, and Vp, are 16.48, 16.44, 16.48 and
16.46 A, respectively. The formation of Pb vacancy (V p;) leads to minor local reconstruc-
tions. When Pb vacancy is introduced, the closest Br atoms to the extracted Pb atom are
released and they move toward the neighboring Pb atoms. The formation energies of V¢,
Vi, Ve, and V p;, are calculated to be 4.82, 5.02, 4.51 and 8.20 eV, respectively. There-
fore, one can conclude that formation of Cs and Br vacancies in single-layer ds-CsPbyBr;
perovskite are more likely.

The electronic band structures of ds-CsPbsBr; with Vg, Vp,.,, Vg, and Vp, are
presented in Figures 3.16 (a)-(d), respectively. It appears that electronic properties of
single-layer ds-CsPbyBr; do not change significantly with the removal of Cs atom. Band
decomposed charge densities at the valence band and conduction band edges of V¢, show
similar behavior with that of pristine ds-CsPbyBr;. Figures 3.16 (b) and (c) display band
decomposed charge densities and electronic band diagrams of Vp,, and Vp,,. It is seen
that only the formation of Br vacancies leads to presence of in-gap states. Such disper-
sionless electronic states can be attributed to the unpaired electrons of neighboring Pb
and Br atoms. For Vg, and V 5, vacancies, two spin-polarized in-gap states are symmet-
rically placed around the Fermi level with band gaps of 0.12 and 0.25 eV, respectively,
which then describe a singly occupied in-gap state with a magnetic moment of 1 pup.

Figure 3.16 (d) shows that when formation of Pb vacancy is created, some states of ds-
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CsPbyBry discharge due to the lack of donor electrons of Pb atom. As a result, formation

of Pb vacancy leads to p-type conductivity in single-layer ds-CsPb.Brs.

3.2.1.5. Conclusions

In conclusion, using first-principle calculations, we investigated the structural,
electronic and vibrational properties of CsPbyBrs crystal, and how these properties are
affected by dimensional crossover. Bulk CsPb,Brj is an indirect band gap semiconductor
with a band gap of 2.41 (LDA+SOC) eV. It was calculated that while the valence and con-
duction band edges of bulk CsPb,Br; crystal are mainly composed of Pb and Br atoms,
Cs atoms do not play role in electronic properties.

Then, we predicted that there are two dynamically stable phases of single layer
CsPb,Br;. These two structures were found to be stable in both total energy optimization
and phonon calculations. Single-layer structures of CsPbyBr; display indirect semicon-
ducting character with a band gap of ~ 2.54 eV within LDA+SOC. Moreover, we showed
that stability of single layer CsPbyBr; structures strongly depend on the concentration of
Cs atoms. As supported by charging-dependent phonon dispersion calculations, Cs atoms
provide stability by 0.8 e per atom charge transfer from Cs atoms to the Pb,Brs skeleton.

In addition, formation characteristics, electronic structure, and magnetic ground
state of four different vacancy types in single-layer CsPbyBr; were investigated. It was
seen that the formation of Br vacancy is the most likely one and it leads to emergence of
localized in-gap states. Moreover, single-layer ds-CsPb,yBr; has a ferromagnetic ground
state upon the formation of Br vacancies. On the other hand, p-type doping occurs in

semiconducting single-layer CsPb,Br; when Pb and Cs vacancies are formed.

3.2.2. Structural and Electronic Properties of PtSe,: from

Monolayer to Bulk

Among TMDs, apart from well-known Mo and W dichalcogenides, lamellar crys-
tals of Pt dichalcogenides have also attracted interest due to their semi-metallic electronic
structure (Guo and Liang, 1986; Kliche, 1985), high optoelectronic performance (Yeo
et al.,2002), and enhanced photocatalytic activities (Ullah et al., 2014; Ye and Oh, 2016).
Besides their bulk form, 2D Pt dichalcogenides suggest promising materials for nanoelec-

tronic device applications due to their intriguing electronic properties such as transition

65



from metal to semiconductor (Wang et al., 2015; Zhao et al., 2016; Du et al., 2018). It was
shown that few-layer PtS, phototransistor exhibits a very high responsivity reaching 1.56
x 10> A W1 (Li et al., 2017). In addition, Zhao et al. reported that few-layer PtSe, field
effect transistor (FET) exhibits high electron mobility at room-temperature (~210 cm?
V~1s71) on SiO,/Si substrate (Zhao et al., 2017). Chia et al. investigated the correlation
between varying chalcogen type to the electrochemical and catalytic performances of Pt
dichalcogenides (Chia et al., 2016). Very recently, it was revealed that vertically aligned
PtSe,/GaAs heterojunction shows broad sensitivity to illumination ranging from deep ul-
traviolet (UV) to near-infrared (NIR) light (Zeng et al., 2018). Similarly it was shown
that multilayer PtSe,/FA s5Csg.15Pbl3 perovskite heterojunction photodetectors are ultra-
fast, self-driven and air-stable and also exhibited high sensitivity to illumination range
from the UV to NIR spectrum region (Zhang et al., 2018). Sajjad et al. demonstrated that
monolayer 1T-PtSes is a good candidate for gas sensor applications due to high adsorption
energy and robust character of the band edges of electronic band structure (Sajjad et al.,
2017). Furthermore, Yao et al. investigated that centrosymmetric monolayer PtSe, thin
film exhibits R-2 Rashba effect and intrinsic spin-layer locking (Yao et al., 2017). In the
very recent study Ciarrocchi et al. showed that high electrical conductivity and efficient
transistor operation can be achieved by using only PtSe, material by varying the thickness
from 14 to 2 nm (Ciarrocchi et al., 2018).

In this study, motivated by the recent studies revealing the superior optoelectronic
properties of TMDs, we present a comprehensive investigation on thickness-dependent

characteristics of 1T-PtSe,; by performing the state of the art first-principles calculations.

3.2.2.1. Monolayer PtSe,

For a complete analysis how structural, electronic and phononic properties of the
PtSe, crystal evolve with the thickness, we first investigate characteristics of monolayers
comprehensively.

The optimized atomic structure of the octahedral coordination forming 1T poly-
type of PtSe, belongs to P3m1 space group. As shown in Figure 3.17(a), the Bravais lat-
tice of 1T-PtSe, monolayer is hexagonal with lattice vectors, @ = 0.5a(v/3% — 7)), ? =
0.5a(V/32+7), @ = 2. 1T-PtSe, structure with D, point group symmetry is composed
of three atomic sub-layers with Pt layer sandwiched between two Se layers. The lattice
constant of the primitive unit cell of the monolayer 1T-PtSe, structure is calculated to

be 3.70 A which is in perfect agreement with previously reported scanning transmission
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(d) The electronic band diagram and (e) partial density of states of the
monolayer structure. The Fermi level is set to zero.



Table 3.5. The calculated parameters for the 1T-PtSe, structures are; the lattice con-
stants, a=b; overall thickness as the uppermost-lowermost Se-Se distance
in the unitcell, h; the charge donation from Pt to Se atoms, Ap; the cohe-
sive energy per atom, Eq,,; @ and p are the values of work function and

magnetization, respectively; E,,,, the energy band gap of the structure.

a=b h Ap Econ @ Egp

(A)  (A/unitcell) (e7) (eV) (eV) (eV)
1L PiSe, 3.70 2.68 0 443 536 1.17
2L PtSe, 3.73 7.39 0 453 4.64 0.19
3L PtSe, 3.74 12.04 0 457 467 0
4L PtSe, 3.75 16.67 0 459 467 0
Bulk PtSe, 3.77 2.56 0 465 079 0

electron microscopy (STEM) data (Wang et al., 2015). The Pt-Se bond length in the 1T
phase of PtSe, crystal structure is found to be 2.52 A. Moreover, the thickness, defined as
vertical distance between uppermost and lowermost Se layers, of 1T-PtSe,; monolayer is
(2.68 A) is also close to the reported value of 2.53 A (Wang et al., 2015).

It is also found that the monolayer 1T-PtSe, is formed by a cohesive energy of 4.43
eV/atom which is comparable to the cohesive energy of MoSe, and WSe, (~ 4.56 and ~
5.15 eV/atom, respectively) (Lee et al., 2017). According to Bader charge analysis, there
is no net charge transfer between bonded atoms in monolayer 1T-PtSe, structure and the
bond character is entirely covalent in monolayer 1T-PtSe, structure. In addition, the work
function is obtained as 5.36 eV in the monolayer 1T-PtSe, which is higher than that of
similar dichalcogenides such as MoSe, and WSe; (4.57 and 4.21 eV, respectively) (Gong
etal.,2013).

However, structures obtained from total energy optimization calculations may not
correspond to the ground state structure, therefore; for a reliable analysis on the stability
of a structure it is also necessary to examine the dynamical stability via phonon calcula-
tions. The phonon dispersion curves of the 1T-PtSe, crystal structure are shown in Figure
3.17(b).

For the primitive unit cell of 1T-PtSe, composed of 3 atoms, phonon spectrum
includes 9 phonon, 3 acoustic and 6 optical, branches, Analysis of lattice dynamics shows
that the decomposition of the vibration representation of optical modes at the I' point is
I'=2E,42FE,+A,,+A,, for the 1T-PtSe; monolayer structure. Optical phonons include
two doubly degenerate in-plane vibrational modes at 169 cm™* (E,) and 218 cm™* (E,),

and two singly degenerate out-of-plane vibrational modes at 200 cm™' (A;,) and 223
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cm~! (Ay,). Vibrational spectrum with eigenfrequencies through whole the Brillouin
Zone indicate that of the 1 T-PtSe, phase corresponds to a dynamically stable crystal struc-
ture.

Regarding Raman intensities, in the vibrational spectrum of 1T-PtSe,, there are
two prominent peaks likely to be observed in experiments. As shown in Figure 3.17(c),
(i) one highly intense in-plane E, mode at 169 cm™" and (ii) one moderate intense out-

of-plane A, mode at 200 cm™'.

Due to strong covalent character between Pt and Se
atoms, out-of-plane motion of the Se atoms has less contribution in the Raman intensity
compared to in-plane motion of the Se atoms. Corresponding eigenvectors of the Raman
active E; and A, modes are also sketched in Figure 3.17(c).

As shown in Figure 3.17(d), (e), 1T-PtSe, monolayer is an indirect band gap semi-
conductor with its valence band maximum (VBM) residing at [" point and conduction
band minimum (CBM) within I'-M point. Calculations with, without spin-orbit interac-
tions and HSE correction show that the band gaps of 1T-PtSe, monolayer are 1.34, 1.17
and 1.66 eV, besides; no change is seen at the band edges of CBM and VBM. With the
effect of spin-orbit coupling (SOC), double degenerate VBM is separated at [" point about
0.4 eV in the 1T-PtSe, monolayer and also CBM splits 170 meV at the point between I’
and M. It is seen that HSE correction increases the band gap about 0.5 eV.

As seen in Figure 3.17(e), PDOS shows that d and p orbitals of Pt, and p orbitals
of Se are responsible for the VBM of the monolayer, whereas only d,,,.d,..d,. and d,2_,»
orbitals (d,;) of Pt are dominantly responsible for CBM of the 1T-PtSe, structure.

Since the effect of strain due the adjacent layers is inevitable in such lamellar
crystal structures, before studying the thickness dependent properties, we investigate elec-
tronic and structural parameters under biaxial strain. Here we apply the strain by scan-
ning the lattice parameters in between monolayer and bulk 1T-PtSes. It is found that
the Pt-Se bond length monotonically increases, while tensile strain rate increases. As
seen from Figure 3.18, while VBM at the I' point is quite insensitive against the biax-
ial strain, CBM at the I'-M symmetry point shifts upwards slightly in the energy space.
Hence, the reasonable tensile strain causes to change slightly the electronic band gap of
the monolayer 1T-PtSe, structure. Against tensile deformation, the 1T-PtSe; monolayer
is the quite robust semiconductor material which is the essential factor for its utilization

in future nanoelectronics.
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Figure 3.18. The SOC included electronic band diagrams of 1T-PtSe, monolayer as a
function of tensile biaxial strain. The Fermi level is set to zero. Side views
show the valence band maximum (VBM) and conduction band minimum
(CBM) on an enlarged scale.

3.2.2.2. Dimensional Crossover From Monolayer to Bulk

Stacking order of the sublayers in a layered material directly determines its struc-
tural, vibrational, electronic and optical properties. Therefore, theoretical prediction, prior

to experimental synthesis, of stacking order is of importance.
Stacking Types

Possible stacking orders in 1T-PtSe; crystal namely AA, AB, A’A, and A’B are
presented in Figure 3.19. It is found that energetically favorable stacking order is top to
top (AA), as shown in Figure 3.19 (a). In addition, AB, A’A, and A’B, stackings are found
to be 159, 321 and 91 meV, respectively, less favorable than the ground state structure.
The lattice constant of AA stacked structure, 3.73 A, is consistent with the experimentally
reported value (Wang et al., 2015). Furthermore, the interlayer distances are calculated to
be 2.14, 2.89, 3.61, and 2.63 A for AA, AB, A’A, and A’B stacking orders, respectively.

It is also seen that while the thickness of single layer PtSe, is 2.68 A, with addi-
tional layers thickness of each single layer is reduced and finally reaches to bulk value

of 2.56 A. Moreover, going from bilayer to bulk, the interlayer distance (vertical vacuum
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Figure 3.19. Top and side views of crystal structure of bilayer 17-PtSe,; (a) AA, (b) AB
(c) A’A, and (d) A’B stacking orders. The ground-state energy differences
are given under each stacking type labeled with AE.

spacing between the adjacent layers) also decreases from 2.14 to 2.07 A. Apparently, there
is an increasing trend in layer-layer interaction in the out-of-plane direction and therefore,
as a result of thickness-driven compression, covalent Pt-Se bonds are enlarged. As listed
in Table I, lattice constant of the bilayer, trilayer, four-layer, and bulk structures are found

to be 3.73, 3.74, 3.75, and 3.77 A, respectively.

Thickness Dependence of Electronic Properties

In order to determine how the electronic characteristics are modified with increas-
ing number of layers, we also calculate the electronic band dispersions of monolayer,
bilayer, trilayer, and bulk PtSes. As shown in Figure 3.20, going from monolayer to bi-
layer structure, the electronic band gap of the material rapidly decreases from 1.17 eV to
0.19 eV and it is also found that PtSe, crystals having thickness larger than the two layers
all exhibit metallic behavior. In monolayer and bilayer structures of PtSe, the CBM states

d
While the location of CBM in BZ remains same (at the I'-M) when going from

are composed of d state electrons that occupy d d,. and d,>_,» orbitals of Pt atom.

zy Uyzs

monolayer to bilayer, VBM is shifted from the I' to the K-I" high symmetry point. It is

also worth to note that local minimum energy state of the CBM of the monolayer within
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Figure 3.20. The electronic band dispersions of monolayer, bilayer, trilayer, bulk 1T-
PtSes. The Fermi level is set to zero.

the K-I" translocates its position in the Brillouin Zone to the K symmetry point with the
effect of additional layers. Rapid decrease in band energy of CB states and increase in
VB states leads to metallization starting from trilayers.

On the other hand, the VBM state of the monolayer, that originates from p, and p,,
states of Se atoms, changes its energy space and takes position at the states energetically
lower than the VBM state of the few-layer PtSe,. Moreover, the VBM state of the bilayer,
which consists of p, orbitals of Se atoms, crosses Fermi level and becomes one of the
metallic transition band at the few-layer PtSe,, as seen in the first case same trend appears
in the p, orbitals of the Se atoms. It is obviously seen that the nesting in the corresponding

state disappears while number of layer of PtSe, increases.

Thickness Dependence of Vibrational Properties

Investigation of the vibrational properties not only allows one to deduce the dy-
namical stability of the structure but also allows determination of characteristic properties
such as bond strengths, layer thickness and polarizability. In this subsection, thickness
dependency of phonon band dispersions, Raman intensities and eigen-frequency shifts of

the prominent peaks of bilayer, trilayer, four layer and bulk PtSe, are investigated.
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Figure 3.21. The phonon band dispersions of (a) bilayer, (b) trilayer, (c) four-layer and
(d) bulk. The S and LB mode frequencies are indicated. (e) Layer de-
pendent Raman intensity of E, mode. (f) Frequency shifts of the E, and
A, modes with respect to number of layers. 1L, 2L, 3L and 4L denote
monolayer, bilayer, trilayer and four-layer, respectively.
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Figures 3.21 (a)-(d) show the calculated phonon band structure of bilayer, trilayer,
four layer and bulk PtSe,. It is seen that all the phonon modes have real eigenfrequen-
cies, which indicate that bulk and few-layered PtSe, are stable. The appearance of small
imaginary frequencies (less than 5 cm™! ) near the gamma point are not an indication
of instability, they are numerical artifacts caused by the inaccuracy of the FFT grid. As
shown in Figures 3.21 (a)-(d), while LA modes cross the low-frequency optical modes,
highest-frequency dispersionless optical modes are well-separated from low-lying phonon
branches. Computationally predicted modes at 152.2 and 212.5 cm™~! correspond to the
E, and A, phonons of bulk PtSe, are in good agreement with previous experimental re-
sults indicating the reliability of computational methodology of phonons (O’Brien et al.,
2016). As shown in the figure, in addition to the E, and A, modes of the monolayer struc-
ture, additional peaks with low frequencies correspond to shear (S) and layer-breathing
(LB) appear with the increasing thickness. It is found that S and LB modes are Raman
active and as the number of layer increases from bilayer to bulk, the frequencies of S and
LB modes increase from 38.8 and 44.0 cm™* to 55.0 and 74.3 cm™!, respectively.

It is also worth noting that, as shown in Figure 3.21 (e), Raman vibrational char-
acteristics of the E, phonon strongly depend on the material thickness. It appears that,
with increasing thickness, layer-layer interaction originated compression on each sub-
layer yields two consequences in PtSes; (1) phonon softening due to enlarged Pt-Se bonds
and (i1) increasing Raman activity due to enhanced polarizability.

It is also seen from Figure 3.21 (f), when the number of layers is increased, Ay,
peak hardens while E, peak softens. The downshift in the frequency of E, peak is ascribed
to the change in the dielectric screening environment for long-range Coulomb interactions
as the thickness of the material increases. However, the upshift in the frequency of A,
peak is attributed to increasing interlayer interactions which enhance the restoring forces
on the atoms (Lee et al., 2010; Molina-Sanchez and Wirtz, 2011). Therefore, the strong
layer dependency of Raman intensity of E;, mode and peak positions of E, and A;, modes

can be used to determine the material thickness.

3.2.2.3. Conclusions

In this study, we investigated thickness dependency of structural, vibrational and
electronic properties of the 1T-PtSe, by performing first-principles calculations. First, it
was found that the monolayer of platinum diselenide forms a dynamically stable hexago-

nal 1T phase, and the monolayer is an indirect band gap semiconductor.
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The electronic nature of the monolayer structure changes negligibly under biaxial
tensile deformation revealing the robust semiconductor character of the material. In addi-
tion, electronic dispersion calculations on crystals of various thickness showed that while
monolayer and bilayer structures of 1T-PtSe, are indirect band-gap semiconductors, all
thicker structures exhibit metallic character.

The layer-dependent vibrational spectra of the 1T-PtSe, structures reveal that Ra-
man active shear mode, layer-breathing mode, E, mode, and A, mode display significant
shifts indicating the increasing layer-layer interaction. Moreover, Raman intensity of the
E, phonon branch is found to be quite sensitive to the material thickness and therefore it
can be used for determination of number of layers by Raman spectroscopy.

Our study provides an insight into the electronic and vibrational properties of
ultra-thin 1T-PtSe, materials and also a computational strategy for identifying the number

of layers of 1T-PtSe, at the atomic scale.

3.3. Effect of in-plane strain

The built-in strain is inevitable as single-layer materials are usually grown on a
substrate. It was shown that strain can significantly alter mechanical, electronic and mag-
netic properties of ultra-thin materials (Rodin et al., 2014; Jiang and Park, 2014; Tao et al.,
2014). In this section, we investigate the strain dependence of the characteristic properties

of @-RuCls and CdTe monolayers.

3.3.1. Tuning Electronic and Magnetic Properties of Monolayer

a-RuCl; by In-plane Strain

Nanoscale magnetic materials and their tunable characteristics are important for
the design of nanosized controllable magnets that can be utilized for spintronic appli-
cations. A large family of two-dimensional (2D) materials are essential for fundamen-
tal studies of magnetism at the 2D limit. Although pristine graphene is nonmagnetic,
nanoribbons and patches of graphene exhibit magnetic properties (Golor et al., 2014;
Jung and MacDonald, 2009; Wassmann et al., 2008; Sahin et al., 2010; Ezawa, 2007).
It was also found that MoS, nanosheets with high density of prismatic edges show weak
magnetism (Zhang et al., 2007). These nanosheets exhibit 2.5 % magnetoresistance effect

with a Curie temperature of 685 K. It was predicted that monolayer forms of pristine VS,
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and VSe, exhibit magnetic behavior (Ma et al., 2012). Magnetic moment and strength
of magnetic coupling strongly depend on applied strain in these materials. In previous
studies, several groups have shown that the magnetism in the ultra-thin materials can be
induced and engineered by applied strain (Yang et al., 2015; Zhou et al., 2012; Zheng
et al., 2014), doping by adatoms (Krasheninnikov et al., 2009), and by introducing va-
cancy defects (Yazyev and Helm, 2007; Ugeda et al., 2010).

As a new member of layered materials, a-RuCls, has attracted considerable at-
tention in recent years due to its unusual magnetic properties. «-RuCl; has a layered
structure consisting of planes of edge-sharing RuClg octahedra arranged in a slightly dis-
torted honeycomb lattice (Fletcher et al., 1967). The layers in the crystal structure are
held together by weak van der Waals forces (Pollini, 1994). Spectroscopic investigations
revealed that a-RuClj is a Mott insulator (Pollini, 1996). It was shown that strong electron
correlations play an essential role in determining the exact ground state of this material
(Plumb et al., 2014).

In a recent study Kim et al. demonstrated that due to the electron correlations,
Kitaev interactions arise in 4d-orbitals of a-RuCl; (Kim et al., 2015). It was found that
the magnetic ground state of a-RuClj is a zigzag-ordered phase. Majumder et al. showed
that a-RuCl; possesses strong magnetic anisotropy and the successive magnetic order at
low temperatures could be completely suppressed by applying fields up to 14 T in the hon-
eycomb plane, whereas the magnetic order is robust when the field applied perpendicular
to the crystal plane (Majumder et al., 2015). It was found that g-factors of a-RuCl; are
strongly anisotropic (Kubota et al., 2015). In an another study, signature of a magnetic
transition in magnetic susceptibility and specific heat data were observed (Sears et al.,
2015). It was found that there is zigzag type magnetic order in the honeycomb plane in
this material. However, stacking disorder along the direction perpendicular to the plane
leads to quite low ordering of magnetic moments. Recently, as a first case in halides,
exfoliation of the a-RuCl3 into monolayers has been reported (Weber et al., 2016).

Even though bulk form of a-RuCl; was studied very extensively, very little is
known about its monolayer form. The aim of the present study is to determine the struc-
tural, electronic, and magnetic ground state of monolayer o-RuCl; and to investigate the

effect of in-plane uniaxial strain on these properties.
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Figure 3.22. (a) Top and side views of the geometric structure of monolayer a-RuCls.
Blue and yellow atoms show Ru and Cl, respectively. Ru-Ru distances
are shown by d; and ds. Top and side views of the spin density plot of
(b) FM, (c) AFM, (d) ZZ-AFM, and (e) stripy configurations (keeping the
same isosurface value of 0.01 e/A® for each of the plots). Red and green
isosurfaces represent majority and minority spin densities.

3.3.1.1. Electronic and Magnetic Properties

Determination of magnetic ground state of monolayer a-RuCls, in which each ru
atom possess a 0.9 115 magnetic moment, is essential for a reliable approximation of the
electronic band dispersion. Four different magnetic configurations are considered such
as; ferromagnetic (FM), antiferromagnetic (AFM), zigzag-antiferromagnetic (ZZ-AFM)
and stripy. Spin-polarized charge densities of these magnetic configurations are shown
in Figure 3.22. The conventional cell of monolayer a-RuCl; comprises 4 Ru and 12 Cl
atoms. Total energy calculations reveal that while ZZ-AFM state is the ground state,
FM, AFM and stripy configurations have 3, 55, and 19 meV per conventional cell higher
energies than ZZ-AFM, respectively. Since the total energy of the FM state is quite close
to the ground state, we only consider the ZZ-AFM and FM states in the rest of the paper.

The calculated lattice parameters and octahedron distances (d; and d,) of ZZ-AFM
and FM configurations are given in Table 3.6. It is obvious that the different magnetic or-
ders among the Ru atoms change the equilibrium lattice parameters. RuClg octahedrons
of the material have quite ordered honeycomb structure in the FM state, thus the octa-
hedron distances are the same and equal to 3.46 A for FM. On the other hand, magnetic
interactions between Ru atoms of ZZ-AFM lead to dimer formation in the lattice. Ru

atoms form dimers by decreasing d; to 3.45 A and increasing ds to 3.48 A for ZZ-AFM.
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Table 3.6. Calculated conventional cell lattice parameters a and b, Ru-Ru distances
d; and d, (they are shown in Figure 3.22 (a)), Bader charge transferred
between Ru and Cl atoms p, absolute magnetic moment per Ru atom g
(Bohr magneton), magnetic anisotropy energy per Ru atom (MAE), and
the energy band gap E,.

a b d1 d2 1% 1% MAE Eg

A @A) @A) A () (pp) (meV) (eV
Z7Z-AFM 597 1044 345 348 03 09 0.80 0.96
FM 6.00 1038 346 346 03 09 095 0.69

As seen in Figure 3.22, each Ru atom interacts with six Cl atoms, half of them from the
top Cl-layer and the other half from the bottom Cl-layer. The bond length between Ru
and Cl atoms is 2.38 A for the FM state, whereas that of ZZ-AFM state vary from 2.37 to
239 A. To investigate the bonding character in monolayer -RuCls Bader charge analysis
was used. Our results show that Ru and Cl atoms are covalently bonded. Such a bond is
constructed by a charge transfer of ~ 0.3 e from Ru to CI.

It is found that each Ru atom in both configurations of a-RuCl; has 0.9 1 net
magnetic moment. Magnetic anisotropy energy (MAE) of the both configurations are also
calculated. The MAE is the energy difference between the easy axis magnetization energy

(Ecqsy) and the hard axis magnetization energy (Ejqrq),

MAFE = Ehard - Eeasy-

The spin-orbit interaction is added to the calculations with the following hamilto-

nian,

C2r(mec)2 dr

where r is the radial distance from atom nuclei, m. is the electron mass, c is the speed of

Hso

light, V is the potential around the nuclei, L and S are the orbital momentum and spin
operators, respectively.

As seen from Figure 3.22 the origin of magnetization is the electrons in d-orbital of
Ru atoms which is not spherically symmetric. Therefore, magnetic anisotropy is expected
in this material. Magnetic anisotropy defines the stability of the magnetization direction
against thermal excitations. A large magnetic anisotropy is curicial to preserve magnetic
moments from thermal fluctuations. Materials with a high magneto crystalline anisotropy

are of importance for data storage, magnetic sensors, and spintronic applications.
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Figure 3.23. The variations of MAE values are projected on the sphere for (a) ZZ-AFM
and (b) FM configurations.

Figure 3.23 shows the variations of MAE projected on the sphere for ZZ-AFM
and FM configurations. The net magnetic moment of FM state is 4 yp per conventional
cell. It is found that the easy-axis for FM state is parallel to the plane of the material and
in-plane anisotropy is negligibly small. However, the easy axis direction of the ZZ-AFM
state makes a small angle with the plane of the material. Compared to the FM state, in-
plane anisotropy of MAE is observed in the ZZ-AFM state. Energy difference between
easy axis and hard axis of FM and ZZ-AFM states are 0.95 meV/Ru and 0.80 meV/Ru,
respectively. Therefore, it is worth to note that although ZZ-AFM state does not have a
net magnetic moment, it has comparable MAE value with the FM state.

Band dispersions of ZZ-AFM state based on GGA and GGA+SOC including U-
Hubbard term are shown in Figure 3.24 (a). As seen in the figure, SOC makes negligible
influence on the electronic structure of the material. ZZ-AFM state is an indirect-gap
semiconductor with the calculated band gap of 0.96 eV. FM state is also an indirect-gap
semiconductor, however the spin-up and spin-down bands are spin-split in both valence
and conduction bands (see Figure 3.24 (b)). The band gap is much larger in the spin-up
states than that of spin-down states. The band gap is 0.69 eV for the spin-up states whereas
it is 2.20 eV for the spin-down states. While the conduction band minimum (CBM)
of both configurations are located at the I' symmetry point, the valence band maximum
(VBM) of ZZ-AFM and FM states reside in the Y and S symmetry points, respectively.

The dispersions near the VBM are quite linear for both of the cases. This indicates a
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Figure 3.24. (a) Calculated band dispersions within GGA and GGA+SOC, and par-
tial density of states (PDOS) of ZZ-AFM state of single-layer a-RuCls.
(b) Calculated band dispersion within GGA, and partial density of states
(PDOS) of FM state of single-layer a-RuCl3. Spin-up (1) and spin-down
() bands are shown by green and black lines, respectively. The Fermi
energy (Er) level is set to the valence band maximum.

large effective mass for the holes in this material. It is seen that the valence band edge
at the I' point differs by only 8 meV and 1 meV from the VBM of the ZZ-AFM and FM
configurations, respectively. Partial density of states (PDOS) are also calculated for both
of the magnetic ordering states. It is found that for both of the magnetic configurations,
CBM is mostly dominated by d ,2-orbitals of Ru atom, whereas VBM is composed of d
d

of PDOS peak positions and shapes of d-orbitals of Ru atom and p-orbitals of Cl atom

TY>

yz» A and d2_ 2-orbitals of Ru atom and p-orbitals of Cl atom. Near the VBM, overlap

reveal strong coupling in between these orbitals.

3.3.1.2. Vibrational Properties

For an accurate investigation of the dynamical stability of a material, analysis of
the phonon modes provides a reliable test. We calculate the phonon-band structures based
on the small-displacement method as implemented in the PHON code (Alfe, 2009). As
seen on the left panel of Figures 3.25(a) and (b), both the FM and ZZ-AFM states of
monolayer a-RuCl; are dynamically stable. There are 36 vibrational modes 3 of which

are acoustical phonon branches. Since the geometry of two magnetic phases are slightly
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Figure 3.25. Phonon-band structure and corresponding Raman activities of monolayer
a-RuClj for; (a) FM and (b) ZZ-AFM configurations. Vibrational motion
of individual atoms in some prominent Raman active modes are also shown
on the right panel.



different (the in-plane isotropy is broken in the ZZ-AFM) phonon-band structures display
differences in the peak frequencies of some phonon modes. This can be detected with a
Raman measurement. As shown on the right panel of the Figures 3.25(a) and (b), there are
5 prominent Raman active phonon modes for both magnetic orders. Vibrational charac-
teristic of the mode-I demonstrates that, the Ru atoms are stationary. Since the magnetic
interaction occurs between the Ru atoms, the mode-I has approximately the same peak
frequencies for both cases (305.0 and 304.0 cm~! for FM and ZZ-AFM, respectively). In
the other 4 phonon modes, in addition to the vibration of CI atoms, Ru atoms also con-
tribute to the vibration. Therefore, the shift in peak frequencies of these phonon modes is
greater. The frequencies of phonon modes II and III are calculated to be 285.9 and 285.7

cm™!

in FM case, respectively. Although, they have very close frequencies these modes
are non-degenerate. In the case of ZZ-AFM ordering, there is a splitting between modes
I and 11T (the frequencies are 282.7 and 280.3 cm™~! for mode-II and III, respectively).
In addition to the splitting of the frequencies, there also occurs small phonon softening
in the ZZ-AFM case. In fact, the larger splitting occurs between phonon modes IV and
V when the ZZ-AFM interaction exists in the crystal. The frequency of phonon mode-1V
is calculated to be 159.5 and 181.1 cm~! in FM and ZZ-AFM cases, respectively. This
large splitting of the frequency is a strong indication of different magnetic interaction in
the crystal. However, the phonon mode-V has exactly the same frequencies (159.5 cm™1)
in both cases. In addition, as seen in Figure 3.25, the Raman activities of phonon modes
IV and V are higher in the FM case which can also be a key for the indication of different
magnetic interactions in the crystal. Therefore, it can be pointed out that although, two
magnetic cases have very close total energies (3 meV of difference) their Raman spectra

are considerable different.

3.3.1.3. Strain Application

Formation or synthesis of monolayer crystals by removing adjacent layer not only
leads to dimensional crossover from 3D to 2D behavior of elementary excitons but also
increases the sensitivity of the crystal against strain. Soft materials such as RuCl3 may ex-
hibit interesting properties under external strain. Since it is an easy and effective method,
strain is often used to manipulate fundamental properties of ultra-thin materials (Sahin
et al., 2009; 1yikanat et al., 2017; Levy et al., 2010; Gui et al., 2008; Ma et al., 2012).
Hence, the strain effect on the structural, magnetic, and electronic properties of monolayer

a-RuClj are investigated in this section.
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Figure 3.26. The variations of the total energy differences and ground state electronic
band dispersions of ZZ-AFM and FM phases as a function of in-plane
strain along (a) zigzag (¢.;,) and (b) armchair (e,,,,) directions. Blue and
red shaded regions delineate the FM and ZZ-AFM regions, respectively.
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Figure 3.26 shows in-plane strain-dependent total energy differences of ZZ-AFM
and FM configurations with respect to the unstrained case. Using the rectangular con-
ventional cells shown in the Figures 3.22 (b) and (d) uniaxial strain is applied along the
zigzag (e€;4) and armchair (€,,,,) directions. The lattice parameters of the conventional
cells for compressive and tensile strains are changed up to 3 . The conventional cell vector
perpendicular to the direction of applied strain and atomic positions are fully relaxed.

As seen in Figure 3.26 (a), the magnetic ground state of monolayer a-RuClj ex-
periences a phase transition from ZZ-AFM to FM below 1 tensile strain along the zigzag
direction. While magnetic ground state of the material is still FM, energy differences
between FM and ZZ-AFM states increases with the increase of tensile strain. However,
applying compressive strain along the zigzag direction does not produce such a change in
the magnetic ground state of the material and energy differences between ZZ-AFM and
FM states are almost unchanged with the increase of compressive strain. Figure 3.26 (b)
clearly shows that opposite scenario occurs when the uniaxial strain is applied along the
armchair direction. The magnetic ground state changes from ZZ-AFM to FM below 1
compressive strain. Therefore, it is obvious that applying uniaxial strain is an easy and
practical method to modulate magnetic ordering in this material.

Since applied in-plane strain significantly modifies interatomic distances and dis-
tribution of electrons, it can induce prominent variations in the electronic characteristics of
the material as well. Hence, in this section, the modifications in the electronic structure of
monolayer a-RuCl; caused by the in-plane strain are discussed. Lower panels of Figures
3.26 (a) and 3.26 (b) present evolution of the electronic band dispersions of ZZ-AFM and
FM configurations under uniaxial strains, respectively. We find significant strain-induced
changes in the VBM and CBM. The ground state of the material is ZZ-AFM and it is a
semiconductor with a direct gap at the ¥ symmetry point when 3 compressive strain is
applied along the zigzag direction. With the increase of tensile strain up to 3 along the
same direction, valence band at the S point moves upwards in energy, and the FM phase
exhibits an indirect gap (S — I') character. The material exhibits FM configuration with
an indirect gap (S — between the Y'-I') when 3 compressive strain is applied along the
armchair direction. The ground state of the material is ZZ-AFM with an indirect band

gap (I' — Y') under 3 tensile strain along the armchair direction
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3.3.1.4. Conclusions

In summary, we performed first-principles calculations in order to investigate the
structural, vibrational, electronic, and magnetic properties of monolayer a-RuCl; and the
effects of in-plane strain on these properties. Magnetic ordering in the ground state of
the material is ZZ-AFM, with a FM phase present just 3 meV above the ground state.
It was found that both magnetic configurations possess strong magnetic anisotropy. Our
calculations revealed that both ZZ-AFM and FM phases are indirect gap semiconductors.
The calculated phonon dispersion curves showed that both phases are dynamically stable.
It was also predicted that since the phonon modes of the two phases exhibit substantial
differences, magnetic state of the material can be monitored by a Raman measurement.

Moreover, our calculations revealed that magnetic ground state of the material
can be readily tuned by certain in-plane strains. The band gaps of ZZ-AFM and FM states
remain almost unchanged under in-plane strain, whereas significant modifications occur
at the valence and conduction band edges. With its strain-dependent magnetic properties,

monolayer a-RuClj is promising material for future spintronic applications.

3.3.2. Stable Ultra-thin CdTe Crystal: A Robust Direct Gap

Semiconductor

Recent studies have shown that not only layered materials but also ultra-thin forms
of non-layered materials that consist of a few atomic layer thickness can form 2D crys-
tals (Bacaksiz et al., 2017; Tan and Zhang, 2015). For instance, CdSe, CdS and CdTe
nanoplatelets with thicknesses ranging from 4 to 11 monolayers were synthesized (Ithur-
ria et al., 2011). The thickness dependence of the absorption and emission spectra of
these nanoplatelets were demonstrated. Park et al. achieved successful synthesis of 1.4-
nm-thick ZnSe nanosheets with wurtzite structure (Park ef al., 2013). Using a colloidal
template method large-scale fabrication of free-standing ultra-thin and lamellar-structured
CdSe with wurtzite crystal structure was achieved (Son et al., 2009). Furthermore, using
a lamellar hybrid intermediate, large-area, free-standing, single-layers of ZnSe were fab-
ricated (Sun et al., 2012). Single-layers of ZnSe-pa (pa stands for n-propylamine) were
exfoliated from a lamellar hybrid (Zn2Se)(pa) intermediate. Then, by heat treatment pa-
molecules were cleared off and the colloidal suspension of clean ZnSe single-layers was

obtained. Fabricated single-layer ZnSe has four-atomic-layer thickness. They showed
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that, produced single-layer ZnSe was highly stable over several days. The photocurrent
densities of these monolayers are much higher than that of their bulk counterparts.

Cadmium telluride (CdTe) is one of the most popular II-VI semiconductors be-
cause of its potential applications in optoelectronic devices such as photodetectors, solar
cells and room temperature X- and gamma-ray detectors (Rogalski, 2005; Gupta et al.,
2006; Tu and Lin, 2008; Szeles, 2004). CdTe has a direct optical band gap of ~ 1.5
eV with a high absorption coefficient (Ferekides et al., 2004; Mahabaduge et al., 2015).
CdTe crystallizes in the zinc-blende structure at room temperature. The CdTe thin films
can be grown by various deposition techniques such as chemical vapor deposition (Kim
et al., 2010), pulsed laser deposition (Diamant et al., 1998), electrochemical deposition
(Bonilla and Dalchiele, 1991), and spray pyrolysis (Ison et al., 2009). Generally, the in-
trinsic properties of ultra-thin materials exhibit drastic changes compared to their bulk
counterparts. Thus, when a material is thinned from bulk to ultra-thin form, it can exhibit
enhanced properties and new functionalities.

In this study, motivated by the recent synthesis of ultra-thin II-VI binary com-
pounds, we investigate structural, electronic and vibrational properties of single-layer
CdTe using first principle calculations based on density functional theory (DFT). Al-
though there are a few prior computational studies on single-layer CdTe (Wang et al.,
2016; Zheng et al., 2015), free-standing monolayer CdTe has not been predicted yet. We
found that single-layer CdTe containing eight atoms in the primitive unit cell is struc-
turally stable with anisotropic electronic properties. It has a direct band-gap at the I" point
and direct gap transition at the I" point is not affected by strain along any direction. The
strain-dependent anisotropic variation of the band gap value and its rapid increase under

out-of-plane compression pressure are found.

3.3.2.1. Structural and Electronic Properties

It is well-known that the bonding character of zinc-blende CdTe is partly covalent
and partly ionic (Groiss et al., 2009; Guo et al., 2013). Except for the (110) facets, zinc-
blende structure of CdTe has polar surfaces, which are chemically highly active. Even
if single-layer structures having these polar surfaces could be obtained, their chemical
activity would hinder their stability. However, since the (110) surfaces are non-polar,
cleavage along these planes could be more feasible.

The proposed structure of CdTe single-layers in our study have the same crystal

structure as the fabricated highly stable single-layer of zinc-blende ZnSe (zb-ZnSe). Sun
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Figure 3.27. Side views (a) along @ lattice vector, (b) along b lattice vector and (c) top
view of single-layer CdTe. Black lines represent the rectangular unit cell.
(d) The charge densities of the isolated Cd and Te atoms are subtracted
from the charge density of single-layer CdTe. The yellow and blue densi-
ties stand for the negative and positive charges, respectively. Red and blue
atoms are for Cd and Te, respectively.

Side views along @ and b directions and top view of single-layer CdTe are shown in Fig-
ures 3.27 (a)-(c), respectively. Lattice parameters of single-layer CdTe are found to be
a = 6.18 and b = 4.53 A. Calculated lattice parameters are smaller than those for bulk
CdTe which is 6.52 A. Figure 3.27 (a) shows that the Cd-Te bond lengths vary from 2.77
t0 2.90 A, bond lengths between surface atoms being smaller than those of the inner atoms
in the layer. As seen in Figure 3.27 (b), Te atoms are at the surfaces of the layer, and each
surface Te atom binds to three Cd atoms. The inner Te atoms are surrounded by 4 Cd
atoms with tetrahedral type bonds. During the atomic relaxation of the truncated layer,
Cd atoms that are at the surface recede toward the inner Te atoms; remaining Te atoms
move outward. Such reconstructions stabilize the layer surfaces.

Bader charge analysis reveals that each Cd atom donates 0.5¢ to each Te atom. To
illustrate the charge transfer mechanism three dimensional charge density differences are
shown in Figure 3.27 (d). The charge density differences were calculated by subtracting
charge of isolated Cd and Te atoms from charge of single-layer CdTe. The charge transfer
between Cd and Te atoms resembles polar-covalent bonding. Due to a difference in the

electronegativities of Cd and Te atoms (1.69 and 2.10 for Cd and Te atoms, respectively),
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the Cd-Te bonding has also some ionic character. Finally, the cohesive energy per atom
of single-layer CdTe is 1.79 eV which is less than the bulk value of 2.20 eV per atom.

To investigate the full band dispersions and the characteristics of band edges in the
Brillouin Zone (BZ), whole BZ energy-band structure is calculated and given in Figure
3.28 (a). As shown in the figure, valence band maximum (VBM) and conduction band
minimum (CBM) of CdTe reside at the same symmetry point of the I'. The calculated
GGA electronic-band structure demonstrate that single-layer CdTe is a direct-gap semi-
conductor with a band gap of 1.42 eV. In order to give more accurate gap energy of the
single-layer CdTe the calculated band structures within HSEQ6 correction are also shown
Figure 3.28 (a). A calculated HSEO6 gap of single-layer CdTe is 2.13 eV. Since the trend
and qualitative behavior of all the bands calculated using GGA and HSEQ06 are similar,
only the GGA based results are given in the rest of the paper. In order to properly under-
stand the electronic properties of CdTe, partial density of states (PDOS) is also plotted in
Figure 3.28 (b). The states in the vicinity of VBM are mostly composed of p,, orbitals
of Te. These p, orbitals of Te atoms are parallel to the b lattice vector of the unit cell.
On the other hand, CBM is mostly made up of the s orbitals of Cd and the s and p, or-
bitals of Te. Note that, the p, orbital contribution of Te atom mainly comes from surface
Te atoms. Two-dimensional contour plots of the valence band (VB) and the conduction
band (CB) of the single-layer CdTe are shown in Figures 3.28 (c¢) and (d). The directional
anisotropy at the band edges is clearly seen in the surface plots. Ionization energy (I. E.)

of single-layer and bulk CdTe surfaces are also calculated and are shown in Table 3.7.

Table 3.7. The calculated ground state properties for bulk and single-layer (SL) CdTe:
The lattice constants, a and b; atomic distance between Cd and Te atoms,
deog—r1e; charge transfer from Cd to Te atom, Ap; the cohesive energy per
atom, E,; energy band gap, E,,,; and ionization energy, I. E.

a b dCdfTe Ap Ec Egap I.E.

A @A (A) () (V) (eV) (eV)

Bulk CdTe 6.52 - 2.82 0.5 220 0.72 5.22
SL CdTe 6.18 4.53 2.77-290 0.5 1.79 1.42 5.15

Due to reduced crystal symmetry in a single layer form of a material, its electronic
characteristics are quite different from their bulk forms. Moreover, in-plane anisotropy in
the ultra-thin materials can lead to significant modifications in the electronic properties
of the material. Therefore, the investigation of direction-dependent electronic properties

of ultra-thin materials is of importance. The effective masses of electron (m.) and hole
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Figure 3.28. (a) Electronic band structure and (b) atom- and orbital-decomposed elec-
tronic density of states of single-layer CdTe. Fermi level is set to zero.
(c) and (d) 2D surface plots of the valence band and the conduction band
edges in the reciprocal space, respectively. The energy values (eV) are
color coded below the plots.



(my) of single-layer CdTe are calculated near the I' point. Our calculations show that
the m, and my, effective masses are highly anisotropic around the I' point. As given in
Table 3.8 m, values are 0.39 and 0.17 for I'=X and I'—Y, respectively. m;, values are
0.74 and 0.14 for I'=X and ['=Y, respectively. As seen in Figure 3.28 (b), the VBM is
mainly composed of p,, electrons of Te atoms, thus this causes a high in-plane anisotropy
in my, values. The anisotropy in the electron and hole masses are evident even from the
crystal structure where x- and y-directions are highly anisotropic (see Figure 3.27). For

comparison, the calculated values of m, and my, of bulk CdTe are also given in Table 3.8.

Table 3.8. Effective masses of electrons (m,.) and holes (mj,) of bulk and single-layer

(SL) CdTe.

m,(I' =X) m, (I —=Y) m, T —X) m, T —Y)
Bulk CdTe 0.09 - 0.72 -
SL CdTe 0.39 0.17 0.74 0.14

3.3.2.2. Dynamical Stability

Dynamical stability of the single-layer CdTe is investigated by examining the
phonon spectra of the crystal. The small displacement method as implemented in the
PHON software package is used to calculate the phonon spectra. Alfe 4x4x1 super-
cell is used for the phonon-band structure calculations. In Figure 3.29, we present the
calculated phonon-band structure of single-layer CdTe obtained by the method described
above. It is found that all the phonon modes have real eigenfrequencies, which indicate
that CdTe single-layers are stable. The small imaginary frequencies (less than 1 cm™1)
near the [' point are numerical artifacts caused by the inaccuracy of the FFT grid and they
get cured as larger and larger supercells are considered.

The structural characteristics of bulk zb-CdTe were well studied in earlier Raman
studies. The unit cell of bulk zb-CdTe consists of one Cd and one Te atoms, therefore
the phonon dispersion of bulk CdTe yields three acoustic and three optical modes. Main
Raman active phonon modes are transverse optical (TO) and longitudinal optical (LO)
modes and they occur approximately at 141 and 168 cm~! (Amirtharaj and Pollak, 1984).
In addition to these prominent modes, A; and E symmetry modes were reported at 92,

103, 120 and 147 cm~! which give information about the presence of Te on the surface
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Figure 3.29. The phonon spectrum of monolayer CdTe is shown on the left. The
branches of the possible Raman-active modes are indicated by the red dots
and the corresponding normal modes are shown on the right.
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of bulk CdTe (Amirtharaj and Pollak, 1984; Zitter, 1971).

On the other hand, the unit cell of single-layer CdTe contains four Cd atoms and
four Te atoms. Therefore, the phonon dispersion of single-layer CdTe possesses three
acoustic and twenty-one optical modes as shown in Figure 3.29. As pointed out in the
previous section there is a relaxation of the top atomic layers in the single-layer CdTe
and bond length of the surface atoms is shorter than bond length of the inner atoms.
Distortions of surface atoms lead to several flat phonon bands in Figure 3.29. These
distortions lift the degeneracies at the I' point and lead to hybridization of the acoustic
and optical phonon branches. Optical character and frequency of possible Raman active
modes are shown in the right panel of Fig 3.29. The modes at 17.5, 35.9 and 137.2 cm™*
have in-plane character (E, like) and the motion of the atoms are parallel to the b. For
the mode 137.2 cm~!, Cd and Te atoms move in opposite directions. However, atomic
layers exhibit contour-phase motion for the modes 17.5 and 35.9 cm™!. The mode with
the highest frequency of 178.3 cm™' has mixed in-plane and out-of-plane character (A,
like) with Cd and Te atoms having counter-phase motion.

Due to the heavier atomic masses and more ionic electronic character, phonon
modes of single-layer CdTe lie at much lower energies than phonon modes of other 2D
materials such as graphene, hBN and TMDs. Moreover, it was reported that phonon
modes of structurally similar material of single-layer ZnSe lie at more higher energies
than that of single-layer CdTe (Bacaksiz et al., 2017). Thus, it is clear that single-layer

CdTe is a quite soft material.

3.3.2.3. Strain Response of Single-Layer CdTe

In this section the effects of out-of-plane compressive, in-plane compressive and
tensile strains on the direct-gap semiconducting behavior of single-layer CdTe are exam-
ined. The lattice constants of the unit cell for in-plane compressive and tensile strains are
changed up to 5% along zigzag (along 7) and armchair (along @) directions. The thick-

ness of the layer is compressed up to 5 for out-of-plane compressive strain calculations.

Figure 3.30 illustrates the evolution of electronic band structures for strained CdTe
single-layer. It is clearly seen that electronic characteristics of single-layer CdTe do not
change significantly with applied in-plane strain. It exhibits robust direct-gap at the I'
point under considered strain values. It is found that the band gap of single-layer CdTe

is more sensitive to the in-plane strain applied along zigzag direction than armchair di-
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Figure 3.30. Evolution of the band dispersion of single-layer CdTe as a function of in-
plane strain along armchair (g,,,,) and zigzag (¢.;,) directions. Fermi level
is set to zero.
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Figure 3.31. Evolution of the band dispersion of single-layer CdTe as a function of com-
pressive strain along out-of-plane (¢,) direction. Fermi level is set to zero.

rection. With the increase of tensile strain along the armchair direction, the band gap of
CdTe decreases, whereas the band gap increases when compressive strain along the arm-
chair direction is increased. However, the increase of tensile strain along zigzag direction
results in an increase in the band gap of CdTe, the increase of compressive strain leads to
decrease in the band gap. Figure 3.31 shows electronic band structures for single-layer
of CdTe under compression along out-of-plane direction. It is found that CdTe does not
show significant structural distortion under considered out-of-plane compression values.
Direct gap character of CdTe at the I" point does not change, but the electronic band gap
increases as applied compressive strain increases.

Variation of the band gap of single-layer CdTe crystal under out-of-plane and in-
plane strains are shown in Figure 3.32. It was already calculated that VBM of the CdTe
is mainly composed of p,, orbitals of Te atoms. Since the Te-p, orbitals are aligned in the
zigzag direction, modification of band edges via applied strain occurs much faster than
those in armchair direction. As shown in Figure 3.32, while the band gap slowly decreases
with increasing strain in armchair direction, it rapidly increases with increasing strain in
zigzag direction.

Therefore, the variation of band gap of CdTe for applied tensile strain (in F5 )

along armchair direction is fitted to an expression as
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Figure 3.32. Evolution of band gaps of single-layer CdTe under in-plane and out-of-
plane strain. Dots are calculated values and lines are fitted values.

Eyap(Earm) = 142 — a€opm — B2, (3.3)

a and [ are fitting parameters and their values are ~ 0.008 and 0.001 eV. Compressive
strain along the zigzag direction decreases the hybridization of p, orbitals of Te atom and
d orbitals of Cd atom at the VBM, whereas it increases the hybridization of Te and Cd
orbitals at the CBM. Therefore, the VBM and CBM energies vary in opposite directions,
thereby decreasing the band gap. The variation of band gap of single-layer CdTe for
applied tensile strain along zigzag direction is fitted to an expression as

Eyap(€2ig) = 1.42 4+ ve2ig — 55;9 3.4)
where v and ¢ are fitting parameters and their values are ~ 0.035 and 0.003 eV, respec-
tively. As a result, strain-dependence of the band gap of single-layer CdTe exhibits non-
linear variations behavior when an in-plane strain is applied.

The out-of-plane strain application can easily alter the interlayer spacing of lay-
ered materials and therefore it provides an efficient way of tuning the electronic prop-
erties. In the Sec. III we found that the CBM of CdTe is dominated by p. orbitals of
Te atom. Therefore, application of compressive out-of-plane strain significantly affects

the hybridization between orbitals of Cd and Te. Consequently, the band gap of CdTe
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increases monotonically with increasing compressive strain along out-of-plane direction
and the rate of change for band gaps is faster for the out-of-plane strain than that of in-
plane strains. Increasing behavior of band gap of CdTe for applied compressive strain

along out-of-plane direction is fitted to an expression as

Eyop(ey) = 1.42 — (e, 3.5)

( is a fitting parameter and it has a value of ~ 0.065 eV.

It appears that while the direct band gap feature is maintained, controllable mod-
ification of the band gap values of monolayer CdTe is feasible by the application of uni-
axial strain along different crystallographic orientations. Mostly, electronic properties of
ultra-thin materials are highly sensitive to the applied strain. It was shown that strain
changes the energy dispersion, band gap, and the band edges of graphene (Wong et al.,
2012). In another study, the optical band gap of MoS, experiences a direct-to-indirect
transition with applied strain, which decreases the measured photoluminescence intensity
(Conley et al., 2013). Previously we showed that electronic band structure of single-layer
MoSe, undergoes a direct to indirect band gap crossover under tensile strain (Horzum
et al., 2013). Moreover, strain induced phase transition (from semiconducting 2H phase
to metallic 1T phase) is observed in MoTe, (Song et al., 2015). Therefore, in contrast
to typical ultra-thin materials, monolayer CdTe exhibits robust and moderate band gap
that covers the broad range of the solar spectrum, which are essential for its utilization in

future electronics.

3.3.2.4. Conclusions

In this study, we investigated structural, phonon and electronic characteristics of
single-layer CdTe by performing state-of-the-art first principle calculations. Structural
analysis revealed that ultra-thin CdTe has a crystal structure made of reconstructed 8-
atomic primitive unit cell. Electronic band dispersion calculations showed that single-
layer CdTe has a direct band gap of 1.42 (GGA) eV at the I' point. Direction dependent
energy band dispersions at the vicinity of VBM and CBM indicate that single-layer CdTe
has anisotropic electronic and optical properties.

Moreover, it is seen that electronic characteristics of single-layer CdTe are more

sensitive to in-plane strain applied along zigzag direction than armchair direction. Along
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the armchair direction, the higher the tensile strain, the smaller the band gap. However,
increasing the tensile strain along zigzag direction increases the band gap. In addition,
when a compressive strain applied in out-of-plane direction, the rate of increase of the
electronic band gap is much faster. It is also found that the direct band gap semiconducting
behavior of the ultra-thin CdTe is not affected by compressive and tensile strain applied
in in-plane or out-of-plane directions. Ultra-thin CdTe crystal with its strain-independent
and robust direct band gap is quite suitable material for nanoscale optoelectronic device

applications.
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CHAPTER 4

OPTICAL PROPERTIES OF ATOMICALLY THIN
LAYERED MATERIALS

Understanding the physical mechanism of light-matter interaction in materials is
quite important for the development of next generation optoelectronic and photonic de-
vices. The most important factor affecting the light-matter interaction is the relationship
between the wavelength of the light and the size of the material. The size of the con-
ventional optoelectronic devices used today is much larger than the wavelength of the
light. However, the emergence of two-dimensional materials with atomic thickness made
it possible to produce optoelectronic materials in sizes comparable to wavelength of the
light. Increased surface effects, 2D confinement and reduced dielectric screening signifi-
cantly affect the light-matter interaction in 2D materials and considerably alter the optical
properties of the materials. 2D materials demonstrate a variety of new interesting op-
tical features and exhibit great potential in device applications such as photodetectors,

photovoltaics, light emitting diodes and lasers.

4.1. DFT-based Optical Calculations

In Chapter 3 we have demonstrated that DFT is highly successful in calculating
the electronic properties of a wide range of materials. In this section, we focus on the
layer-dependent optical properties of orthorhombic CsPbls perovskites. Because a large
number of atoms in the unit cell hinder the inclusion of many-body effects, DFT-level

calculations will be used to calculate the optical properties of this crystal.

4.1.1. Layer-dependent Optical Properties of Orthorhombic CsPbl;

Perovskites

In recent years, lead halide perovskites in the form of APbX3 (where A: MA™,
FA*, Cs*, and X: Cl7, Br—, I") have attracted great attention thanks to their extraor-
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dinary optical properties such as long carrier lifetime, strong light absorption, and high
photoluminescence quantum yield (Protesescu et al., 2015; Song et al., 2015; Li et al.,
2017; Kovalenko et al., 2017; He et al., 2017). These properties make them suitable can-
didates for device applications such as lasers (Zhu et al., 2015; Zhang et al., 2016; Fu
et al., 2016), solar cells (Saliba et al., 2016; Lee et al., 2012; Green et al., 2014), light
emitting diodes (Wang et al., 2015; Cho et al., 2015), and photodetectors (Dou et al.,
2014; Saidaminov et al., 2015). The interest in thickness dependent properties of or-
ganic, hybrid and MAPbX3 perovskites which are suitable candidate for optoelectronic
applications has started to increase and recent studies proved that optical, electronic and
vibrational properties of cesium lead halide perovskites may vary with their thickness
(Sichert et al., 2015; Dou et al., 2015).

Among cesium lead halide perovskites, cubic phase (a-CsPbls) show high ther-
mal stability and excellent photoluminescence properties with a band gap of 1.73 eV
which are desirable for optoelectronic device applications (Sutton et al., 2016; Kulbak
et al., 2015). The phase transition is inevitable for a-CsPbl; perovskites which are stable
at high temperature (>320 °C) (Dastidar et al., 2017) and at ambient conditions, the a-
CsPbl; nanocrystals transform to the orthorhombic structure which is also called yellow-
phase (Sutton et al., 2016; Eperon et al., 2015). Although researches have been conducted
the cubic CsPbl; to stabilize its structure, it has been found that the phase transition is in-
evitable and the orthorhombic phase is more favorable than the cubic phase at room tem-
perature. Therefore, understanding this phase is a key point for dealing with cesium lead
halide perovskites. However, there are very few studies (Iyikanat et al., 2017; Molina-
Sanchez, 2018) on how the characteristic properties of cesium perovskites are modified
going from their bulk to ultra-thin structures.

In this study, motivated by recent advances in synthesis and characterization of Cs
perovskites, we investigate dimensional reduction dependent structural, electronic, opti-
cal and vibrational characteristics of orthorhombic CsPbl; perovskite crystals. A detailed
analysis, based on DFT simulations, for bulk and possible bilayer and single layer struc-

tures of CsPbl; are presented in detail.

4.1.1.1. Possible Structures of Ultra-thin Orthorhombic CsPbl;

This section is devoted to investigation of the possible ultra-thin crystal structures
of orthorhombic CsPbl; structure which is the frequently obtained product at room tem-

perature (Sutton et al., 2018; Marronnier et al., 2018). Crystal structures of the bulk and
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Figure 4.1. (a) Bulk, (b) bilayer, and (c) monolayer structures of CsPbl; crystal.
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possible forms of bilayer and monolayer CsPbl; are shown in Figure 4.1.

Total energy optimization calculations reveal that optimized lattice parameters of
bulk orthorhombic CsPbl; crystal are a = 7.93 A, b = 8.94 A, and ¢ = 12.21 A. CsPbl;
crystal consists of Pblg octahedrals, which are tilted with respect to the cubic phase.
For understanding the vibrational properties and examination of the dynamical stabil-
ity phonon band dispersions of bulk CsPbl; are calculated (see in Figure 4.2 (a)). Phonon
calculations are performed by making use of the small displacement method as imple-
mented in the PHONOPY code (Togo and Tanaka, 2015). The phonon spectra of the bulk
CsPbl; crystal exhibit real eigenvalues through all the symmetry points, confirming the
dynamical stability of the structure and the reliability of our computational methodology.
Bader charge analysis shows that Cs and Pb atoms donate 0.8 and 0.9 e, respectively while

I atom receives 0.5 e.

Table 4.1. The calculated parameters for the unitcells of the bulk, bilayer and mono-
layer CsPbls; the lattice constants, a, b and c; layer thickness, 4; the co-
hesive energy per atom, Ec,;; the band gap of structures with LDA and

PBEO, E,,,, and EﬁaﬁEO, respectively ; the work function, ®.

a b C h ECoh Egap Eé)aB;EO P
A @A) A A V) (V) (V) (V)

Bulk (CsPbl3) 793 894 12.21 - 340 0.66 1.89 -
Bilayer (Cs3Pb,l7) 7.62 9.16 - 1246 3.13 126 2.58 452
Monolayer (Cs,Pbl,) 7.38 9.28 - 630 3.08 155 295 4.68

In order to figure out the thickness dependent characteristics, we first examine
possible bilayer structures derived from bulk orthorhombic CsPbls. Two different bilayer
configurations are obtained from bulk material according to atom types forming the sur-
face of the material. Figure 4.1 (b) shows bilayer structures with Pb-I and Cs-I terminated
surfaces, CsoPbslg and Cs3Pbsyl;, respectively. It is seen from Figure 4.2 (b) that the
phonon spectrum of Cs3Pb,l; exhibits real eigenvalues through all the symmetry points,
whereas Cs,Pbslg possesses imaginary eigenvalues in the large portion between the I' and
S high symmetry points. Therefore, it can be deduced that when the material is thinned
down to its bilayers, only Cs3Pbsl; form is expected to be a stable. Structural analysis
reveals that optimized lattice parameters of bilayer Cs3Pb,I; are a = 7.62 and b = 9.16 A.
The thickness of the bilayer Cs3Pbsl; is calculated to be 12.46 A. Bader charge analysis
shows that surface and inner I atoms receive 0.6 and 0.5 e charge, respectively, whereas

each Pb and Cs atoms donate 0.8 e charge. Furthermore, the cohesive energy per atom

101



(a) Bulk (b) Bilayer
150
1 Cs,Pb L Cs,Pb. I
100/ = S SN N
5 ge=——
g
>
2
3
g'50 50
=~
. 0 \—
r x s Y rz u R T z T X S Y T X S Y T
() Monolayer
150
CsPbl, Cs,Pbl,
— S —
o
100 ] g ]
LN AN
5 m

Figure 4.2. Phonon band diagram of (a) bulk CsPblj; crystal in orthorhombic phase, (b)
Cs3Pb,yl; and CsoPbslg bilayers, (c) CsoPbls, CsPbly, and Cs,Pbl, mono-
layers.

of bilayer Cs3Pb,l; is calculated to be 3.13 eV which is smaller than that of the bulk
structure (3.40 eV).

As shown in Figure 4.1 (c), there exist three possible structures when the mate-
rial is thinned down to monolayer form. According to their chemical compositions, these
three structures are named as Cs,Pbls, CsPbl,, and Csy;Pbl,. Phonon calculations reveal
that CsoPbl; and CsPbl, monolayers do not form dynamically stable crystal structures.
On the other hand, Cs-rich form given by the formula Cs,Pbl, appears as the thinnest
stable orthorhombic CsPbl; perovskite (see Fig. 4.2 (c)). It is calculated that the opti-
mized lattice parameters of monolayer Cs,Pbl, are @ = 7.38 and b = 9.28 A. Apparently,
reduction of the thickness of the material leads to decrease in the a lattice parameter and

increase in the b lattice parameter. The thickness of the monolayer Cs,Pbl, is found to
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be 6.30 A. Bader charge analysis reveals that each Cs and I atoms donate 0.8 e charge,
whereas I atoms receive 0.5 e charge. Table 4.1 gives that as the thickness of the material
is thinned down to monolayer, the cohesive energy decreases to 3.08 eV and the work

function increases to 4.68 eV.

4.1.1.2. Electronic and Optical Properties of Ultra-thin CsPbI;

To reveal the effect of dimensional reduction on the electronic properties of CsPbls
perovskite nanocrystals, electronic band dispersions are calculated (by using LDA +
PBEO + SOC). As shown in Figure 4.3(a), bulk CsPblj; is a semiconductor with a direct
band gap of 1.9 eV. Both the VBM and the CBM of the crystal reside at the I" point. Figure
4.3 (b) and (c) show the electronic band dispersions for the stable bilayer and monolayer
structures. As the thickness of the material reduces, it is evident that the electronic band
dispersions remain almost unchanged while the band gap of the material increases con-
siderably. Despite the thinning of the material and the presence of unsaturated bonds on
the surface, it is seen that the material still exhibits a direct band gap at the I point.

Therefore, one can also expect dramatical modifications in the optical proper-
ties of CsPbl; upon dimensional reduction. The frequency dependent dielectric function,
e(w) = €1(w) + iea(w), of CsPbl; perovskite nanocrystals was also calculated by using
the PBEO functional on top of LDA+SOC. Using the dielectric function, other optical
spectral quantities such as the absorption coefficient (), reflectivity (R), and transmissiv-

ity (T) were calculated with the following formulas;

1/2 1/2
a(w):\/ig{[ 1 (w)? +62(w)2] —el(w)} : 4.1)

\/ 61 — ]_ (4 2)
\/ 61 —f- ]_ '
)2 —a(w)l 7 (43)

where 1 is the thickness of the material.
Frequency dependent imaginary dielectric function, absorption coefficient, reflec-
tivity and transmissivity of bulk, bilayer, and monolayer structures are shown in Figure 4.3

(d-g). The imaginary part of dielectric functions reveals that bulk, bilayer and monolayer
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Figure 4.3. Electronic band dispersions of (a) bulk, (b) bilayer, and (c) monolayer
structures of orthorhombic CsPbl; crystal. The layer dependent optical
properties of CsPbls. (a) Imaginary part of dielectric function, (b) absorp-
tion coefficient, (c) reflectivity, and (d) transmissivity of bulk, bilayer, and
monolayer CsPbls.
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CsPbl; display onset around 1.86, 2.53, and 2.85 eV, respectively. In addition, absorption
spectrum shows that first prominent absorption peak of bulk, bilayer and monolayer forms
locate around 657, 486, and 431 nm, respectively, indicating a significant blue shift driven
by dimensional reduction. As seen in Figure 4.3 (f), the reflectivity increases gradually
once the layer number increases, reaching a maximum of ~ 30% for bulk. Regardless of
the thickness of the material, the most significant peak of reflectivity around the visible
range located in between 400-450 nm. Moreover, as illustrated in Figure 4.3 (g), as the
number of layer increases the transmissivity of the material decreases. It is seen that while
the transmissivity of monolayer and bilayer CsPbljs is very high in the 600-1000 nm, that

of bulk and bilayer is almost zero near the 400 nm.

4.1.1.3. Conclusions

In conclusion, based on state-of-the-art first-principles calculations, we investi-
gated thickness dependent characteristic properties of the orthorhombic phase of CsPblg
perovskite. Total energy and phonon calculations revealed that only bilayers and mono-
layers with Cs-I terminated surfaces may form stable thin structures. Electronic structure
analysis showed that independent from the thickness all bulk, bilayer and thinnest mono-
layer forms of orthorhombic phase are direct band gap semiconductors with valence and
conduction band edges located at the I' symmetry point. However, as the thickness of
the perovskite decreases from bulk to bilayer and then monolayer, energy band gap sig-
nificantly increases. Moreover, our calculations on the optical response of the structures
(dielectric function, absorption coefficient, reflectivity, and transmissivity) showed that
reduction in thickness also leads to the blue shift of the absorption edge of the optical
spectra. Orthorhombic CsPbl; perovskites, with their thickness-tunable electronic and

optical properties, are quite suitable candidates for future optoelectronic applications.

4.2. Quasiparticle and Excitonic Effects in Optical Properties

Exciton is an electrically neutral quasi-particle composed of an electron and a hole
interacting with Coulomb forces. Depending on the crystal structure of the material, the
exciton binding energy may be an important physical quantity in determining the optical
gap of the material. Due to small carrier effective mass and high dielectric screening, the

exciton binding energy of typical bulk semiconductors is in the range of a few meV. Low
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temperature absorption measurements showed that the exciton binding energy of GaAs
crystal is 4.2 meV (Sell, 1972). Shan et al. showed that the electron-hole interaction in
GaN and SiC is weak and therefore it is vulnerable to thermal broadening (Shan ef al.,
1996).

Reducing the dimensionality of a material leads to enhancement of the quantum
confinement effects and reduces the Coulomb screening. The reduction of the screening
between the electron and the hole increases the coulomb interaction between them and
this results in a very high exciton binding energy in the ultra-thin materials (Ye et al.,
2014; Luo et al., 2011). Thus, the excitonic effects, which are highly dependent on the
thickness of the ultra-thin materials, have a considerable effect on the optical spectrum
of the material. It was revealed that the optical gap of single-layer MoS, is considerably
lower than the quasipaticle band gap (Splendiani et al., 2010). Ugeda et al. showed that
many-body interactions and high exciton binding energy (0.55 eV) have a significant ef-
fect on electronic and optoelectronic properties of monolayer MoSe, (Ugeda et al., 2014).
In a theoretical and experimental study, thickness dependent exciton binding energy of
few-layer black P was reported (Castellanos-Gomez et al., 2014). Recently, it was found
that few-layer black phosphorene has high exciton binding energy with a strong layer-
dependence (Zhang et al., 2018). They predicted a high exciton binding energy of ~ 800
meV for free-standing monolayer black phosphorene. In this section, we examined the

effects of many-body interactions on the optical properties of ultra-thin blue phosphorene.

4.2.1. Excitonic Properties in Bilayer Blue Phosphorene

Fundamental understanding of formation of excitons is extremely important for
their usage in optoelectronic devices. Previous studies reported the linear relationship be-
tween the quasiparticle band gap of a 2D material and the exciton binding energy (Choi
et al., 2015; Jiang et al., 2017). Therefore, the exciton binding energy of wide-bandgap
monolayers is expected to be much higher than that of the monolayer TMDs. Recently,
monolayer form of blue phosphorene has been synthesized on Au(111) surface (Han et al.,
2017; Zhang et al., 2016, 2018). It has a silicene-like atomic formation with a buckled
layered structure. In a recent theoretical study the quasiparticle band gap of monolayer
blue phosphorene was found to be much larger than that of monolayer TMDs and it has a
significantly high exciton binding energy (Villegas et al., 2016). Moreover it was revealed
that the band gap of monolayer blue phosphorene can be altered easily by means of exter-

nal stimuli (Liu et al., 2015). Pontes et al. showed that interlayer distance of bilayer blue
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phosphorene strongly depends on the stacking order (Pontes et al., 2018). This feature of
bilayer blue phosphorene can be exploited to engineer and manipulate the excitons for the
sake of optoelectronic applications.

One of the most common methods for manipulating excitonic properties in 2D
materials is to create van der Waals heterostructures. Recently, it was shown that opti-
cal spectrum of heterobilayers of TMDs is significantly altered by twist-angle dependent
Moiré exciton peaks (Wu et al., 2017; Yu et al., 2017; Tran et al., 2019). Heterostructures
can host interlayer excitons where the electron and hole reside in distinct layers (Rivera
et al., 2015; Yu et al., 2014). Because of the reduced overlap of the electron and hole
wave functions, interlayer excitons exhibit longer recombination life time than intralayer
excitons (Palummo et al., 2015; Miller et al., 2017). On the other hand, spatial separation
between the charge carriers of interlayer excitons lead to reduced oscillator strength and
binding energy (Torun et al., 2018). Therefore, it is difficult to observe interlayer excitons
in absorption experiments. Nevertheless, Deilmann et al. predicted formation of mixed
interlayer excitons, which are composed of intralayer and interlayer excitons in bilayer
MoS; (Deilmann and Thygesen, 2018). They stated that these mixed interlayer excitons
exhibit strong and easily tunable optical amplitude.

Herein, motivated by the above studies, stacking type dependent excitonic proper-
ties of bilayer blue phosphorene are investigated by employing first principles calculations

based on density functional theory (DFT) and many body perturbation theory (MBPT).

4.2.1.1. Computational Methodology

In this section, we used different first-principles simulation package; QUANTUM
ESPRESSO (Giannozzi et al., 2009). DFT calculations were performed with the Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional (Perdew et al., 1996). The pseu-
dopotentials were taken from the Pseudo-Dojo database (Van Setten et al., 2018). Norm
conserving pseudopotentials with a kinetic energy cutoff of 60 Ry were used. The van
der Waals forces, which have a significant effect on the interlayer distances of the bi-
layer structures, were included using the DFT-D2 method of Grimme (Grimme, 2006).
Periodic images of monolayer and bilayer structures were separated by at least 20 A of
vacuum spacing in the direction normal to the nanosheet plane. We used 18 x18x1 k-
point samplings for the primitive unitcells of both monolayer and bilayer structures. The
cohesive energy per atom of monolayer and bilayer structures was calculated as E¢,p,. =

(nEs-E7)/n, where E, Er, and n denote the single atom energy, total energy and total
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number of atom in the unitcell, respectively. The convergence criterion for energy was
taken to be 107® Ry between two consecutive steps. The net force on each atom was
reduced to a value of less than 10~° Ry/au.

The DFT eigenvalues corrected by the GoW calculation (plasmon-pole approx-
imation) as implemented in the Yambo code (Hedin and Lundqvist, 1970; Onida et al.,
2002; Marini et al., 2009). The excitonic effects of monolayer and bilayer blue phos-
phorene were calculated by solving the Bethe-Salpeter equation (BSE) on top of GoWy
(Rohlfing and Louie, 2000; Palummo et al., 2004). The excitations were calculated in

terms of electron-hole pairs:

(B — Bu) A + Y (0ck| Ko [v'c K A 1y = Q5 A3 4.4)

vek
k'v'c!

where E,; and E_; are the quasiparticle energies of the valence and the conduction band
states, respectively. K., is describing the interaction between excited electrons and holes.

AS

5 . and Q° denote the corresponding exciton eigenfunction and eigenvalue, respectively.

Our test calculations showed that convergence of 50 meV of the quasipartical band gap
and optical spectrum of monolayer and bilayer structures was reached with 300 bands
and 42x42 x 1 k-point samplings. Both GoW, and BSE calculations were performed with
42x42 x 1 k-point samplings. We used 300 bands for the self-energy and 300 bands for the
dynamical dielectric screening in the GoWy step. The Coluomb interaction was truncated
at the edges of unit cell in the direction normal to the nanosheet plane (Ismail-Beigi,
2006). Since we are interested only in the low-energy part of the optical spectra, four
highest valence bands and four lowest conduction bands were included in the calculation

of excitonic states.

4.2.1.2. Structural and Electronic Properties of Monolayer and

Bilayer Blue Phosphorene

In this section, structural and electronic properties of monolayer and bilayer blue
phosphorene with different stacking configurations are examined in detail using DFT cal-

culations .
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Figure 4.4. (a) Top and side views of optimized geometric structures and (b) the
orbital-projected electronic band dispersions of monolayer blue phospho-
rene. Light and dark blue atoms show the upper and lower P atoms in the
layer, respectively.

Monolayer Blue Phosphorene

As displayed in Figure4.4 (a), monolayer blue phosphorene consists of phospho-
rus atoms arranged in a honeycomb lattice structure. Free-standing monolayer blue phos-
phorene exhibits a silicene-like buckled structure due to sp® hybridization. The optimized
lattice constant of the monolayer blue phosphorene is found to be 3.28 A which is con-
sistent with the previous experimental and theoretical studies (Zhang et al., 2018; Pontes
etal.,2018). As given in Table 4.2, the distance between two P atoms is calculated to be d
=2.27 A. It is found that the buckling thickness of monolayer blue phosphorene, /1, = 1.24
A, is much larger than that of monolayer silicene (0.44 A). The calculated cohesive en-
ergy per atom of monolayer blue phosphorene is 3.55 eV. Previously it was predicted that
while the cohesive energies of freestanding monolayer blue phosphorene and black phos-
phorene are very close, blue phosphorene is energetically found to be more stable than the
black phosphorene, on the GaN(011), Au(111), and Cu(111) surfaces (Zeng et al., 2017,
Zhu and Tomaének, 2014). The orbital-projected electronic band dispersions of mono-
layer blue phosphorene are illustrated in Figure 4.4 (b). The calculated band structure is
consistent with the ones previously reported in the literature (Pontes et al., 2018; Ghosh
et al., 2015). The monolayer blue phosphorene has an indirect band gap of 1.92 eV with
the VBM located in between I' and K points and the CBM in between I' and M points.

Orbital projected band structure reveals that the major contribution to the valence and the
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Table 4.2. Calculated parameters for the monolayer and four different stacking con-
figurations of bilayer blue phosphorene; the lattice constant, a; P-P dis-
tance, d; buckling height, h;; interlayer distance, &;; the cohesive energy
per atom, Ec, ; energy band gap values within GGA and GGA+GyWy,
EGZS4 and E§o"0, respectively.

a d hb hz ECoh. E?GA E?OWO

A @A) A @A) V) (V) (V)

Monolayer 3.28 2.27 124 - 3550 192 3.36
AAp 328 227 124 324 3576 103 2.337

AApy 328 227 124 412 3563 152 2965
ABj 328 227 124 322 3575 102 2348
ABpy 328 227 124 4.06 3564 150 2.939

conduction band edges originates from the hybridized s and p,,, orbitals. Moreover, there
is a second valance band edge with the same orbital character as the VBM between the I’

and M points in the BZ, being only 42 meV lower in energy than the VBM.

Bilayer Blue Phosphorene

After characterizing the structural and electronic properties of the monolayer blue
phosphorene, we studied its bilayer forms. It has been reported for several systems that
the optical properties, electronic band dispersions and the band gaps of bilayer 2D mate-
rials strongly depend on the stacking configuration of the bilayer (Dai and Zeng, 2014;
He et al., 2014). Therefore, for a thorough examination of the electronic and optical
properties of a bilayer material, all possible stacking configurations should be considered.
As can be seen in Figure4.5 (a)-(d) there are four different high-symmetry configurations
to construct bilayer blue phosphorene. According to their stacking type and interlayer
distance, we label these bilayers as follows; AAy, top and bottom layers overlap exactly;
AAy, top and bottom layers overlap but the buckling order between the layers is reversed;
AB, while the upper atoms of the layers overlap, lower atoms of the top layer are in the
middle of the hexagon of the other layer; ABy, while the lower atoms of the top layer are
on top of the upper atoms of the bottom layer, the other atoms are in the middle of the
hexagons of the other layer. Table 4.2 shows that the lattice constants, interatomic dis-
tances and buckling height of the four bilayer systems are the same as the monolayer blue
phosphorene. On the other hand, the calculated interlayer distance (h;) varies consider-

ably depending on the type of stacking. While the interlayer distances for AA; and AB|,
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Figure 4.5. Top and side views of optimized geometric structures and the orbital pro-
jected electronic band dispersions of (a) AAy, (b) AAy, (¢c) ABy, and (d)
ABy stacked bilayer blue phosphorene. Light and dark blue atoms show
the upper and lower P atoms in each layer, respectively.

are 3.24 A and 3.22 A, respectively, the AAy and ABy configurations have almost 1 A
larger interlayer distances. (4.12 A and 4.06 A, respectively) In order to predict stabilities
the cohesive energies of the bilayer configurations are also calculated and given in Table
4.2. AA | stacking ordering is found to be energetically the most favorable configuration.
Compared to the AAy and ABy stackings, reduction of the interlayer distances increases
the interlayer interactions and therefore the cohesive energies in AA;, and AB, stackings.

The orbital projected electronic band dispersions of different bilayer configura-
tions (see the lower panel of Figure 4.5 (a)-(d)) exhibit similar indirect-gap characteristics
with the monolayer blue phosphorene while the band gaps of bilayers are much lower.
The indirect band gaps of AA;, AAy, ABy, and ABy are calculated to be 1.03, 1.52,
1.02, and 1.50 eV, respectively. It is clear that difference in the interlayer distances due to
the stacking type plays an important role in determining the electronic band gap. As the
interlayer distance increases the electronic band gap of bilayer increases. (see Table 4.2)
Similar to the band structure of monolayer blue phosphorene, dominant configurations to
the states of the valance and conduction band-edges emerge from the hybridized s and
Day Orbitals. In addition, the electronic band dispersions of AA;, (AApy) and AB;, (ABp)
exhibit very similar behavior except for the K point in the BZ. Compared to the Bernal
(AB) stacking, decreased symmetry in the AA stacking leads to splitting of conduction
bands around the K point.
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4.2.1.3. Excitonic Properties of Monolayer and Bilayer Blue
Phosphorene

In this section, the excitonic properties of monolayer and various bilayer configu-
rations of blue phosphorene are calculated by solving the Bethe-Salpeter equation on top

of GW calculation.

Monolayer Blue Phosphorene

The quasiparticle energies of monolayer blue phosphorene are computed by per-
forming GoW, approximation on top of a DFT calculation and calculated band structure
is shown in Figure 4.6 (a). The GoW, approximation has significant effects on the elec-
tronic band structure and increases the indirect band gap of the monolayer blue phospho-
rene from 1.92 to 3.36 eV as the electron-electron interaction is enhanced due to weakly-
screened Coulomb interaction in 2D structures. It is found that the inclusion of GyW,
correction not only shifts the band edges but also alters the band dispersions of the mono-
layer blue phosphorene. While the correction have a negligible effect on the dispersion of
the conduction bands, the VBM is shifted toward the I' point. Since the GoW, correction
is not uniform in the whole BZ, the scissor shift technique is not suitable for this material.

Although the calculation of the quasiparticle energy is sufficient to get an accurate
electronic structure of a material, it is necessary to take into account the electron-hole in-
teractions to obtain the correct optical spectrum. For this purpose, the BSE calculation is
performed using the energy eigenvalues obtained from GoW calculation, this procedure
is proven to be reliable in calculating highly-accurate optical properties of 2D materi-
als. Imaginary part of dielectric function and oscillator strength of the optical transitions
of monolayer blue phosphorene are shown in Figure 4.6 (b). Among several excitons
located below the indirect band gap of the blue phosphorene, we only considered three
main bound excitons, A, B, and C, located near the optical band edge with high oscillator
strengths. The peak positions of A, B, and C excitons are found to be at 2.817, 3.213 and
3.251 eV, respectively. Our calculations show that the oscillator strength of A is much
higher than that of B and C excitons. In Figure 4.6 (a), the band and the k-point composi-
tions of the indicated excitons are shown. As seen in the figure, all three peaks originate
from the same k-point in the BZ with the electronic band gap of 3.653 eV. The binding
energies of A, B, and C excitons are calculated to be 0.836, 0.440, and 0.402 eV. Com-

parison with the projected band structure reveals that the these excitons are formed by
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Figure 4.6. (a) Electronic band structures within GoW, (b) imaginary part of dielec-
tric function and oscillator strengths of monolayer blue phosphorene. The
insets show the real space exciton wave functions.

113



hybridized s and p,, orbitals. In order to understand the excitonic properties in detail,
the real-space excitonic wave functions of the material are calculated using the following

formula

O (s, 7h) = Y Apber(T2) D (1), 4.5)
kv,c

S

vck

where S denotes the exciton and A?_, is the coefficient of the S exciton obtained by the
diagonalization of the Bethe-Salpeter equation (Rohlfing and Louie, 2000). ¢.. and ¢,
are electron and hole wave functions, respectively. For real-space plots of A, B, and C
excitons shown in the inset and side panel of Figure 4.6 (b), the hole position is fixed
near the P atom in the center of the figures and the corresponding electron distributions
are shown. It is clear that wavefunctions of A, B, and C excitons resemble the 1s, 2p,
and 2s states of the hydrogen atom. As expected, the exciton A is more localized than
the B and C excitons. Calculated exciton binding energies, peak positions and exciton
wavefunctions of monolayer blue phosphorene are very similar to the previously reported
values (Villegas et al., 2016). Furthermore, the most prominent optical transition, D, is

located at the 4.219 eV. Differing from the other excitons, the exciton D is formed by p.
orbitals and hybridized s-p,, orbitals.

Bilayer Blue Phosphorene

The calculated indirect quasiparticle band gaps of AA;, AAy, AB;, and ABy
stacked bilayers of blue phosphorene are 2.337, 2.965, 2.348, and 2.939 eV, respectively.
Similar to the monolayer case, inclusion of GoW, correction leads to ~ 1.44 eV increase
in the band gap of the AAy and ABy stacked bilayers. However, the GoW, correction for
the AA, and AB/, stacked bilayers (~ 1.33 eV) is lower than that of the monolayer. There-
fore, increased interlayer interaction with the reduction of interlayer distance in AA, and
AB stacked bilayers causes an increase in the screening effect between the layers and
a decrease in the band gap correction. Imaginary part of the dielectric function and the
oscillator strength of the optical transitions of AA;, AAy, AB;, and ABy bilayers of
blue phosphorene are shown in Figure 4.7 (a)-(d), respectively. Similar to the monolayer
case, the optical band edge of bilayers consists of various optical transitions. For the sake
of simplicity, we focus only on the in two main peaks (E; and E,) near the optical band
edge.

Imaginary part of the dielectric function of AA} stacked bilayer is shown in the
middle panel of Figure 4.7 (a). The first bright exciton of AA, AAF!, is at 2.367 eV,

which is located at the lowest energy compared to the bright excitons of the other stacking
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types. The most prominent excitonic peak around the optical gap of AA;, AAL?, is
located at 2.701 eV. The oscillator strength of the AAF! is significantly lower than that
of the AAF2. The left panel of Figure 4.7 (a) shows that the AAF! exciton emerges from
the transitions from the highest valance band to the lowest conduction band, whereas
the AA%? is mainly due to the transitions from the highest valance band to the second
conduction band. It also appears that a small contribution comes from the first conduction
band to the AAF2. Although the oscillator strength of the AAE! and AAT? excitons are
quite different, their exciton binding energies are close to each other as 0.628 and 0.629
eV, respectively. In order to determine the character of excitons in all bilayer structures
examined throughout this study, the real space exciton wave function is calculated by
fixing the hole position near the P atom of the upper layer and shown in the inset of
the middle panel of Figure 4.7. It is seen that the wave function of the AAE? is more
localized than AAF!. The right panel of the Figure 4.7 (a) shows that wave functions
of these excitons reside on both layers with similar density, hence they exhibit mixed
interlayer exciton character in which intralayer and interlayer excitons are hybridized.

Differing from the AA[, stacking, the lowest exciton peak of the AAy, AAE!, is
the most prominent peak around the optical gap. AAE! (2.775 eV) and AAL? (3.020 eV)
peak positions are ~ 0.4 and ~ 0.3 eV higher than that of the AAF! and AAE2, respec-
tively. The left panel of Figure 4.7 (b) shows that the AA%! and AAL? excitons are mainly
composed of the transitions from the highest valance band to the second conduction band.
It is seen from the middle panel of the Figure 4.7 (b) the oscillator strength of the AAE? is
almost half of that of the AA%!. Top view of the wave functions of the AAL! and AAR?
are illustrated in the same figure. While the exciton wave function of the AAE? spreads
widely to the two layers, the wave function of the AAZ! is more localized and the hole
and electron are mostly located on the same layer (see the right panel of Figure 4.7 (b)).
Since the hole is placed on the upper layer, compared to the AA configuration increased
interlayer distance in the AAy configuration leads to formation of mostly-intralayer exci-
tons. As a result, the exciton binding energy of the AA%! (0.633 eV) is much higher than
that of the AAL? (0.388 eV).

Imaginary part of the dielectric function of AB, stacked bilayer blue phosphorene
shows that the ABF! and ABZ? excitons are located at 2.503 and 2.634 eV, respectively.
As seen in the left panel of Figure 4.7 (c), while the ABF! is composed of the transitions
from the highest valance band to the lowest conduction band, the ABf2 consists of the
transitions from the highest valance band to the first two conduction bands. The middle

panel of Figure 4.7 (c) shows that the oscillator strength of the AB! is very weak com-
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Figure 4.7. Electronic band dispersions within GoW,, (the left panels), imaginary part
of dielectric functions, oscillator strengths, and top views of the real space
exciton wave functions (the middle panels), the percentage of the excitonic
wave function on each layer (the right panels) of (a) AA., (b) AAy, (¢)
AB,, and (d) ABy stacked bilayer blue phosphorene. In all cases, the hole
position is indicated by the black arrow.
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pared to the AB¥2. It is clearly seen that a few excitations with similar oscillator strengths
arise near the ABT? exciton. Insets in the figure show that exciton wave function of the
ABP®? is more localized than that of the AB¥!. The right panel of Figure 4.7 (c) shows
that exciton wave functions of both AB¥! and AB¥? spread over the two layers and thus
exhibit mixed interlayer character. The exciton binding energies of the AB¥! and ABY?
are calculated to be 0.488 and 0.644 eV, respectively.

It is found that while the first bright exciton of the ABy, ABEL, is at 2.561 eV,
the most prominent peak around the optical band edge, ABE?, is located at 2.765 eV. The
left panel of Figure 4.7 (d) shows that the AB%! is composed of the transitions from the
highest valance band to the lowest conduction band. However, the AB%? is composed of
the transitions from the highest valance band to the second conduction band. As shown in
the right panel of Figure 4.7 (d), ABE! shows the mixed interlayer character, while AB%?
exhibits mostly the intralayer character. Exciton binding energies of the AB%! and AB%?
are calculated to be 0.653 and 0.641 eV, respectively.

As a result, detailed analysis of excitonic peaks shows that different stacking types
exhibit distinct optical spectrum near the optical band edge allowing to identification of
the type of the stacking. The strong screening of the substrate does not significantly alter
the optical spectrum of the ultra-thin materials as it similarly reduces the exciton binding
energy and the quasiparticle band gap of 2D materials (Ugeda et al., 2014). Therefore,
we expect that the stacking type of the bilayer structure can be determined even in the
presence of substrate. As expected, when the thickness of the material is increased from
monolayer to bilayer, a significant decrease in exciton binding energies is determined.
Our calculations show that, depending on the type of stacking, the prominent peaks near
the optical band edge of the bilayer blue phosphorene are composed of mostly-intralayer
or mixed interlayer excitons. In contrast to interlayer excitons of TMD heterostructures,
the mixed interlayer excitons of bilayer blue phosphorene have high oscillator strength
and high exciton binding energy due to the greater overlap of the electron and hole wave
functions. Moreover, the mixed interlayer excitons of bilayer blue phosphorene have a
longer recombination life time than the intralayer excitons of monolayer blue phospho-

rene because of the less overlap of electron and hole wave functions.

4.2.1.4. Conclusions

In conclusion, using first-principles calculations in the framework of MBPT we

investigated the electronic and optical properties of monolayer and various bilayer config-
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urations of blue phosphorene. Recently synthesized monolayer blue phosphorene exhibits
a large indirect band gap. Electronic structure calculations revealed that band dispersions
and the band gap of bilayer blue phosphorene are strongly depend on the stacking type.
In order to reveal excitonic properties of monolayer and bilayer configurations of
blue phosphorene, the Bethe-Salpeter equation was solved on top of the GoW, calcula-
tions. It was found that the lowest-energy exciton of the monolayer material is bright
and has a very high exciton binding energy. It was calculated that the maximum exciton
binding energy of the bilayer blue phosphorene (0.644 eV) is ~ 23 lower than binding en-
ergy of the lowest-energy exciton of the monolayer structure. Depending on the stacking
types of bilayer blue phosphorene, mostly-intralayer and mixed interlayer excitons were
determined near the optical band edge. Unlike the interlayer excitons of the TMD het-
erostructures, mixed interlayer excitons of bilayer blue phosphorene have high oscillator
strengths. Thanks to its high and robust exciton binding energy and controllable opti-
cal spectra, ultra-thin blue phosphorene is a promising material for optoelectronic device

applications.
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CHAPTER 5

CONCLUSIONS

The present thesis focused on the study of electronic and optical properties of
atomically thin layered materials by employing ab initio calculations in the framework
of DFT and MBPT. In particular, typical ab initio calculations based on first principles
DFT were systematically performed to examine the structural and electronic properties
of these materials. On the other hand, when examining the optical properties of ultra-
thin materials, GW and BSE approaches were used in order to take into account the high
screening effects and excitonic properties, respectively, that dominate the optical spectrum
in these materials. In this dissertation, we have used these techniques to design and predict
the characteristic properties of a variety of 2D materials and to engineer these features
using a variety of functionalization methods.

In the Chapter 3 we concentrated on the functionalization of the electronic proper-
ties of ultra-thin materials. Chemical functionalization of 2D materials is one of the most
simplest methods to tune the electronic properties of a material. Firstly, we analyzed the
structural and electronic properties of the pristine and defective structures of monolayer
TiS; in detail. Total energy calculations showed that the most probable defect type of TiS;
is the S atom vacancy. It was revealed that the S vacancy leads to an opening in the band
gap, whereas Ti vacancy results in metallicity in monolayer TiS;. The oxidation calcu-
lations showed that while the atomic O and O3 form strong bonds with TiS3 surface, Oq
has low binding energy on the surface. The effects of hydrogenation on the structural and
electronic properties of the CDW phase of monolayer TiSe, were investigated in another
study. Our calculations showed that the periodic lattice distortions in the CDW phase pro-
vide the stability of the layer and the material has an HSEO6-calculated direct band gap
of 319 meV in this phase. Total energy and phonon calculations revealed that a structural
phase transition occurs from the CDW phase to the T,; phase upon full hydrogenation. It
was found that hydrogenation causes decreasing the electronic band gap of the material
to 119 meV.

Dimensional reduction is the most important functionalization technique that leads
to striking changes by causing the emergence of quantum effects in the fundamental prop-
erties of a material. We investigated the structural and electronic properties of CsPbyBr;

crystals, and how these properties are affected by dimensional crossover. It was revealed
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that CsPbyBr; crystal is an indirect band gap semiconductor with a band gap of 2.41 eV
within LDA+SOC. It was found that Cs atoms have no effect on the electronic structure,
but their presence is essential for the formation of stable CsPbyBrs crystals. The cal-
culated vibrational spectra of the crystal revealed that there are two dynamically stable
phases of single-layer CsPbyBr5. Both of the single-layer structures show indirect semi-
conducting character with a band gap of ~ 2.54 eV within LDA+SOC. Moreover, the
modification of the electronic properties of single-layer CsPbyBr; upon formation of va-
cancy defects was also investigated. In another study, the layer-dependent structural and
electronic properties of 1T phase of PtSe, were examined in detail. Electronic structure
calculations showed that the band gap rapidly decreased from 1.17 eV to 0.19 eV when
the material thickness increased from one layer to two layers. It was also found that PtSe,
crystals having a thickness larger than two layers all exhibit metallic character. Moreover,
we revealed that electronic structure of 1T-PtSe, monolayer change negligibly even at
high biaxial strains revealing the robust semiconductor character of the material.

Since the dimensional reduction increases the sensitivity of ultra-thin materials
against environmental effects, external strain can causes significant changes in the funda-
mental properties of these materials. In this context, we first investigated the electronic
and magnetic properties of monolayer a-RuCl; under in-plane strain. While the mag-
netic ordering of the ground state is ZZ-AFM, FM phase has a few meV per conventional
cell higher energy than the ground state. Both ZZ-AFM and FM phases are indirect gap
semiconductors. It was found that the magnetic ground state of the material experiences
a phase transition from ZZ-AFM to FM upon certain applied strains. Although the va-
lence and conduction band edges of ZZ-AFM and FM phases show various modifications,
the electronic band gaps remain almost unchanged under external strains. Secondly, we
investigated variation of the electronic properties of single-layer CdTe crystal under out-
of-plane and in-plane strains. It was shown that single-layer CdTe has a direct band gap
of 1.42 eV (GGA) at the I' point and both electrons and holes in the material possess
anisotropic in-plane masses and mobilities. The band gap value of the material exhibits
strain-dependent anisotropic variation, but shows a rapid increase under perpendicular
compression. However, the direct band gap semiconducting behavior of the single-layer
CdTe remains unchanged under all types of applied strain.

In the Chapter 4 we mainly focused on the functionalization of the optical proper-
ties of ultra-thin materials. First, we investigated thickness-dependence of the electronic
and optical properties orthorhombic CsPbl; perovskite crystals. Our calculations revealed

that only bilayers and monolayers of CsPbl; crystal with Cs-I terminated surfaces may
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form stable thin structures. It was found that regardless of the thickness, the material
shows a direct band gap semiconducting character. However, as the thickness of the per-
ovskite decreases the energy band gap increases significantly. Our calculations on the
optical response of the structures showed that reduction in the thickness also leads to the
blue shift of the absorption edge of the optical spectra. Moreover, it was calculated that
the reflectivity and transmissivity of the material can be drastically modified by tuning
the thickness. Lastly, we examined the electronic and optical properties of ultra-thin blue
phosphorene. Since the screening and excitonic effects dominate the optical spectrum of
this material, the electronic and optical properties were calculated by employing first prin-
ciples calculations based on DFT and MBPT. The Bethe-Salpeter equation was solved on
top of the GyWj, to calculate the binding energies, spectral positions, and band decompo-
sition of excitons of monolayer and bilayer configurations. It was found that the lowest-
energy exciton of the monolayer material is bright and has a very high exciton binding
energy. As expected, when the thickness of the material was increased from monolayer to
bilayer, a significant reduction in exciton binding energies was found. Moreover, mixed
interlayer and mostly-intralayer excitons with quite high binding energies were obtained

in the bilayer blue phosphorene.
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