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ABSTRACT

GRAPHENE-LIKE MATERIALS FOR ELECTRONIC APPLICATIONS

Two-dimensional (2D) materials have gained vast interest in nanotechnology since
these materials exhibit extraordinary properties due to electron confinement. Starting with
graphene, many other 2D materials with characteristics of metals, semiconductors, insu-
lators, and their magnetic analogues have been studied over the years. Insulators show
importance as dielectric layers. Low dimensional metallic materials are used in electri-
cal conduction. Ultra-thin semiconductors have variety of potential applications due to
their characteristic band gap. Magnetic analogues of low dimensional materials are used
in spintronics, offering high frequency, controllable switching. In addition, defects in
these materials alter their physical properties and the concept can be adopted in order
to use in different practices. Therefore it is important to study array of such materials
and consider the alteration in their lattice theoretically and experimentally. In this thesis,
first-principles calculations are used to predict insulating calcium halide single-layers are
predicted, determine the effects of strain and V dopant in recently synthesized magnetic
semiconducting VI3 single-layers, propose synthesis of magnetic, semiconducting man-
ganese fluorides from manganese dichalcogenides, investigate the affects of defects and
simulate scanning tunneling microscopy images in order to compare with experimental re-
sults, and finally to determine rather the detection of volatile organic compounds (VOC)
such as methanol and ethanol by graphene-based sensors is feasible or not. Experiments
are carried out to construct and further investigate the mechanism of VOC detection and

working, highly sensitive alcohol sensors.
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OZET

ELECTRONIK UYGULAMALARI ICIN GRAFEN BENZERI MALZEMELER

Iki boyutlu (2B) malzemeler, electronlarin hapsolmasi sonucu olaganiistii sonuclar

sergilemesinden dolay1 nanoteknolojide biiyiik ilgi gormiistiir. Grafen ile baglayarak,

diger metal, yari-iletken, yalitkan ve bunlarin manyetik analoglari olan diger 2B malzemeler

yillardir ¢alisilmaktadir. Yalitkan malzemeler dielektrik tabakalar olarak onem goster-
mektedir. Diisiik boyutlu metalik malzemeler elektrik iletiminde kullanilir. Ultra-ince
yari-iletkenlerin, karakteristik band araliklar1 nedeniyle farkli uygulamalarda potansiyel
uygulamalar1 mevcuttur. Diisiik boyutlu malzemelerin manyetik analoglar1 spintronikte
kullanilir ve yiiksek frekansli, kontrol edilebilir anahtarlama sunar. Bunlara ek olarak, bu
malzemelerdeki kusurlar fiziksel 6zelliklerini degistirmekte ve bu konsept farkli uygula-
malarda kullanilmak benimsenebilmektedir. Bu nedenle, bu tiir malzemeler dizisini in-
celemek ve yapilarindaki degisimi teorik ve deneysel olarak degerlendirmek onemlidir.
Bu tezde, ilk-prensip hesaplamalar1 kullanilarak yalitkan kalsiyum halojeniirlerin tek-
tabakal1 yapilar1 6ngoriilmesi; manyetik yari-iletken VI; tek-tabakali yapilarinda gerilim
uygulayarak ve V katkis1 yapilarak etkileri incelenmesi; ultra-ince manyetik yari-iletken
mangan floriirlerin 2B mangan dikalkojeniirler kullanilarak sentezlenmesi; kusurlarin etk-
ilerini incelemek ve taramali tiinelleme mikroskobu resimlerini simiile ederek deney-
sel verilerle karsilagtirilmasi; ve son olarak da metanol ve etanol gibi ugucu organik
bilesiklerin (UOB) grafen-bazli sensorler kullanilarak tayin edilmesi gerceklestirilmistir.
Deneysel olarak da, UOB tayininde kullanilmak ve tayin mekanizmasini incelemek iizere

caligan, yiiksek hassaslikta cihaz gelistirilmisgtir.
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CHAPTER 1

INTRODUCTION

Advancing technology and improvements in the performance of everyday use de-
vices such as smartphones, computers are result of developments in the materials that used
in electronic circuit components such as transistors. In the last decade, the reason for the
rapid increase in the performance of these devices is the applications of low-dimensional
materials in the circuit elements. Thinning down materials to the two-dimensional (2D)
limit decreases the dimensions of electron propagation and results in electron confinement
which reveals significant physical properties. Remarkable properties of 2D materials be-
came a hot topic with the successful isolation of atomically thin graphene films.!? With
its structure constructed of sp? hybridized C—C bonds, graphene is a strong, durable ma-
terial under strong strain and deformation forces with significant mechanical properties.?
Thermal conductivity is reported to be high as 3000 Wm K ~!.* Graphene has high elec-
tron mobility of ~10000 ¢m?V ~!s~! at room temperature, which can be induced by gate
voltage.! Encapsulation by h-BN reveals ballistic transport characteristic of graphene.’
Due to its extraordinary properties, graphene is used in wide scope of applications. It
is reported that graphene has been widely used in photonics, plasmonics and broadband
optoelectronic devices due to its unique properties.® Enhance responsivity is observed in
graphene based photodetectors.” Adaptive thermal camouflage is achieved by a graphene
based devices.®?

Although graphene shows unique properties and used in numerous applications,
having zero band gap limits the possible applications of graphene. In order to over-
come this problem, many other 2D materials have been investigated. Few-atom-thick

11,12 5

insulators, '3

15,16,17,18,19,20

metals,!” semiconductors, and their magnetic analogues

are reported and have been extensively studied. MoS, is one of the most common used

2D material other than graphene, first reported by Mak et al..?!

An interesting property
of MoS, is that having indirect band gap in bulk and few layer form, however becom-
ing a direct band gap semiconductor in single-layer form. In-direct to direct transition of
band gap allows strong photoluminescence.?? Single-layer MoS, has been used in various

applications. Ultrasensitive photodetectors engineered using MoS, single-layers.?* Em-



ploying MoS; in transistor architecture is resulted with transistors operating at gigahertz
frequencies.”* Therefore MoS, single-layers have high potential in nanotechnological
applications. Additionally, MoS, is reported to have high yield as a catalytic surface.
High performance hydrogen evolution reactions are reported at the grain boundaries en-
gineered in MoS, lattice.? Nitrogen reduction is accomplished and successful synthesis
of ammonia by MoS, used as a catalyst.?® Sensor applications of MoS, also gained in-
terest due to performance of MoS; single-layers in various fields of studies. MoS, field
effect transistor (FET) based biosensors allow rapid detection of biomolecules at low
concentrations, allowing ultrasensitive, scalable, flexible, low-cost sensors.?’ Farimani
et al. reported that engineering nanopores in MoS, surface allows DNA based detection
and sequencing.?® Vapor sensors of MoS, based sensors also show high selectivity and
low concentration sensing of volatile organic compounds.?> NO, and NH; sensing of
MoS; sensors are also reported to show excelent selectivity, recovery and ability to be
adjusted by applying a bias voltage.*® In addition to MoS, there are many other ultrathin
crystals, i.e. MoSes, WSy, WSes, ReS,, TaSe,, h-BN, Crls, silicene, and germanene.
Among these, transition metal chalcogenides have similar properties as MoSs, and re-
ported to be used as photodetectors, in transistor design, as catalysts, and sensor architec-
tures,?!+3233,34.35,36,37,38,39,40.41,42.43 Qurface functionalization of such ultra-thin materials
are reported to gain new capabilities, or enhance the properties of pristine crystals. Xu
et al. reports that functionalization of MoS, with thiols increase the dopamine sensitiv-
ity.** Ti functionalized ZrP nanosheets are used in photocatalytic applications.*> Func-
tionalization of #-BN is reported to increase its water solubility, biocompability, increase
processibility which increases the potential applications in many areas such as biomedi-
cal, electronic, environmental, and green energy sources.*® Moreover, heterostructures of
ultrathin crystals gain adjust the properties of the devices, therefore heterojuctions have
been widely studied. Katoch et al. reports that in the heterostructures of 7-BN and WS,
single-layers results with renormalizing in spin-orbit splitting which points out to the
tunability of electronic, spintronic properties in other TMD/h-BN heterostructures.*” As
a outcome of heterostructures of WS, with MoS, charge transfer rate and photocurrent
generation are increased remarkably.* Employing an ultrathin magnetic material Crl;
in heterostructure with WSe,, spin valley state of localized holes are prepared using the

advantage of spin selectivity of Crl3.** Number of studies increase every passing day in



prediction and synthesis of novel ultra-thin materials, functionalized single-layer crystals,
and heterostructures of these materials.

2D materials are widely used in sensor applications due to their high surface area
to volume ratio which offers high sensitivity. It is reported that ultra-thin materials can
sense molecules as low as ppb concentrations. Sensing abilities related structures of
graphene-like 2D materials are discussed in the previous paragraph. Additionaly, sens-
ing abilities of graphene are also used number of studies. Pristine graphene is used in
molecular sensing applications in order to determine the concentration of NOy, NH3, and
various volatile organic compounds (VOCs) as well as pH, and temperature sensing appli-
cations.’%31:52:33.54 Tt 5 demonstrated that post-processing data collected from graphene
response to the analytes is an important part for the selectivity of the sensor. Rumyantsev
et al. reported selective gas sensing with a graphene based sensor that seperates the signal
according to the frequency of noise caused by the analyte.” This graphene based sen-
sor is used to differentiate between acetonitrile, chloroform, ethanol, methanol, open air,
and tetrahydrofuran species succesfully. Nallon et al. reported another pristine graphene
based sensor and the response to various compounds are investigated by performing prin-
ciple component analysis (PCA), and 11 chemically diverse , 9 mono-substituted benzene
compounds are selectively detected with the accuracy of 96% and 92%, respectively.>
Although the data processing is important to discriminate the response between species,
sensing mechanism must to be understood. There are different approaches to the mech-
anism of sensing via graphene based sensors. In many studies it is stated that current or
resistance change is due to the charge transfer between the molecules and graphene sur-
face.”’” Some studies aim to increase charge transfer, therefore there are reports of metal
functionalized graphene surfaces in sensor applications increasing the response.’® How-
ever, theoretical calculations reveal that analyte molecules interact with graphene surface
with low energies. Such low interaction energies are only van der Waals type interactions
therefore charge transfer does not occur. Similar study by Bauschlicher et al. reports
that charge transfer between NHj3 and carbon nanotube structures which are constructed
of sp? hybridized carbon atoms is negligibly small, therefore current increase cannot be
explained by charge transfer as it is one of the widely proposed mechanisms in the litera-
ture.” Our calculations on graphene and VOCs also show that charge transfer is negligi-

bly small. Another approach is that adsorbed species change the quantum capacitance of



the system, therefore, current is modified.®>! This approach fits better to the theoretical
results. Measurements of quantum capacitance of graphene reveals effects of impurities
or density inhomogenities on graphene surfaces and the capacitance.®? These impurities
can be caused by weak interactions between graphene and external molecules, and results
in electron/hole puddles.®® As result, capacitance of graphene is modified according to
the interacting specie and postprocess of the response data will enable selectivity of the
Sensor.

This thesis constructed as follows; in Chapter 2 computational and experimen-
tal methodologies are discussed within sections 2.1 and 2.2, respectively. In Chapter 3,
stable single-layers of CaF, are investigated. Following that, other calcium halide struc-
tures are discussed in Chapter 4. In Chapter 5 modulation of magnetic properties of VI3
single-layers depending on the V dopant and biaxial strain is examined. Formation of
non-layered coordination varied MnF; and MnFj3 crystals via fluorination of manganese
dichalcogenides are given in Chapter 6. Prevalence of different types of defects in ReS,
lattice and determination of their affects via collaborated scanning tunneling microscopy
analysis and simulation is carried out in Chapter 7 In Chapter 8, graphene based gas sen-
sors are investigated both theoretically and experimentally. Finally, results are concluded

in Chapter 9.



CHAPTER 2

METHODOLOGY

2.1. Computational Methodology

Quantum mechanical wave function of a physical system contains information
of the system dynamics. In order to obtain this information is done simply by solving
the Schrodinger equation if it is a non-relativistic system. However, when interacting
many-body problems are considered, this is an highly challenging procedure. In order
to reduce the computational cost and effort, there are different methods. One of the most
common used method is the Density Functional Theory (DFT). DFT offers high efficiency
in determining structural, vibrational, electronic, magnetic, mechanical properties of a
many-electron systems.

Physical system can be mathematically illustrated by the Schrodinger equation;

HVU = EV 2.1)

where H is the Hamiltonian operator which is the energy operator, W is the wave
function, and F is the energy eigenvalue corresponding to the Hamiltonian operator. The
eigenfunctions of the Hamiltonian operator is W, which is the solution to the Schrodinger
equation. In hydrogen-like systems solving the Schrodinger equation is easy, however for

interacting N-body systems Hamiltonian becomes;

H:Tn—f—fe—f_v;e_’_‘/;e—'—v;n (22)

where Tn and Te are the kinetic energies of nuclei and electrons, respectively, V;le
is the attractive potential between nuclei and electrons, V.. repulsive potential between
electrons, and V,,, is the repulsive potential between nuclei. Therefore, the Hamiltonian

of such system is;
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(2.3)
where m; and Z; are the mass and atomic number of nucleus j, V is the Lapla-

cian operator, N and M are the number of electrons and nuclei in the system, r; and R;
are the coordinates of electron i and nucleus j, respectively. As displayed, N-body system
is complex, and computationally expensive. In order to reduce the computational cost in
solving such systems, certain approximations are required. Born-Oppenheimer approxi-
mation simplifies the system through a simple assumption where nuclei is treated as static
with respect to electrons.®* This assumption eliminates the first and the fifth terms in the

Eq. 2.3. Remaining equation is refered as the electronic Hamiltonian;

N M
2

H_——ZV Zzu—m Zzlr—ml (2.4)

Although the computatlonal effort is greatly reduced, electron-electron interac-

tion term in the Eq. 2.7 brings 3% variables. This problem was attempted to be solved by

Hartree approximation® which proposes taking the potential of electron-electron interac-

tions can be taken as density of electrons. However, this approximation does not obey

the Pauli exclusion principle. Later on, Hartree-Fock approximation® fixes this issue

by approximating the electronic wave function by Slater-determinant, therefore reducing

many-body problem into single-particle problem. Hartree-Fock approximation fails the
include correlation potential, which is the interaction between electrons of like-spin.

67.68 assumes that kinetic

Another approximation is Thomas-Fermi approximation
energy of the electrons can be treated as functional of the electron density. Writing the

kinetic energy term as a functional of electron density give the equation;

T[n] = Cr / n®3(r)dr (2.5)
where Cr is the Fermi coefficient and n(r) is the electron density. Including
electron-nucleus and electron-electron interaction terms makes the total energy of the

system,;

T[n]:C’F/n5/3(r)dr Z/ gy = // Tllr rzrdTld”. (2.6)
172



Minimizing the Eq. 2.6 gives the ground state energye of the system;

N = / n(r)d®r. 2.7)

Although Thomas-Fermi model simplifies the system in terms of electron density

but neglects the exchange and correlation effects, it displays the efficiency of including
electron density instead of interacting electrons. This concept is vital in the density func-

tional theory.
2.1.1. Density Functional Theory

Density functional theory is a widely used computational method in order to de-
termine properties of molecules, polymers, crystals, and the intermolecular interactions
between these species. It allows one to determine structural, electronic, vibrational and
mechanical properties. In addition, thermal and optical properties are reported to be cal-
culated using DFT. In the DFT, functional of non-interacting ground state electron density
is considered instead of interacting many-electron systems. Although the accuracy of the
system decreases, computational efficiency is greatly increased. DFT is based on the

Hohenberg-Kohn theorems.*

2.1.1.1. Hohenberg-Kohn Theorems

Hohenberg and Kohn stated that ground state of a quantum many-body system can
be expressed in functional of electron density. Hohenberg-Kohn theorems represented
in main theorems. In the first theorem external potential, V.;(r) is in correspondence
with the functional of the electron density n(r). In the second theorem, energy of the
system can be determined employing the electron density functional. The exact ground
state density, n0(r), minimizes the total energy of the system. Expectation value of the

Hamiltonian in terms of ground state wave function gives the ground state energy;

(Wo [H| W)
(Wo|Wo)

(H) =(T) + / eV (£)no(r) + Vine) + Err - (2.8)



where E; is the interaction energy of the nuclei.
2.1.1.2. Hellman-Feynman Theorem

Hellman-Feynman theorem is an essential in DFT. It indicates that charge density
of electron exchange and correlation and the kinetic energy can be used to write the force
on a nucleus. Structural optimization can be accomplished by this theorem. Force on

nucleus is indicated as;

oE

F, = -2
! OR;

(2.9)
Total energy can be obtained from the Eq. 2.8 and the force on nucleus is illus-

trated as;

F, = — / drn(r) 8‘/5;“{5‘") - %J;III. (2.10)

2.1.1.3. Kohn-Sham Equations

Kohn-Sham equations are based on the Hohenberg-Kohn theorem. It is stated that
varying the charge density over all densities containing N electrons, energy functional

can be minimized. The energy functional takes the form;

E[n] = /n(r)Vm(r)dr + Frkln] = /n(r)\/;xt(r)dr + T'[n] + ERoree[n] + E,.[n]
(2.11)
where Fy is the universal functional, T'[n| is the sum of kinetic energy of non-
interacting electrons, EXe¢[p] is the Hartree energy, E,.[n] is the exchange and corre-

lation energy. Effective potential is defined as follows;

5{ [ n(r)Veg(r)dr + EHoreen] + B, [n]}
on(r) '

Effective potential equation can be reduced to;

yeff = (2.12)



n(r’)

=7

Ve = Vi (r) + / dr' + Ve(r) (2.13)

where V,..(r) is the exchange-correlation potential. Using this form of effective
potential, Kohn-Sham DFT Schrodinger equation takes the form of one-electron like sys-

tem which results in the electron density;

[—%VQ + V@ff} o; = E;o; (2.14)

where ¢; are the Kohn-Sham one-electron orbitals eigenfunctions. Electron den-

sity is determined from the Eq. 2.14, given as;

N
n(r)=> ol (2.15)
=1

The effective potential, V¢//, depends on the density n(r). In order to solve the
Kohn-Sham equation, initial guess of electron density is taken, the corresponding effec-
tive potential (V¢//) constructed, the Kohn-Sham orbitals (¢;) are calculated, new elec-
tron density is calculated by these orbitals and compared to the initial electron density.
Once this self-convergent process reach convergence, final electron density can be used
to calculate the total energy. Although the final electron density is determined, exchange-

correlation energy is still unknown.
2.1.1.4. Exchange-Correlation Functionals

Kohn-Sham equations are used to determine the final electron density of a system
which can be employed to calculate the total energy. However, exchange-correlation
energy is absent. In order to complete the Kohn-sham equation, £,. should be known.
There are approximations in order to calculate the exchange-correlation energy. These

functionals are widely used in DFT.

Local Density Approximation (LDA):

In the local density approximation, the system is divided into volumes that con-

tains constant electron density. Exchange-correlation energy by LDA;



EEPAR] = / n(r)es n]dr (2.16)

where €%/ is the exchange-correlation energy per electron.”’ For systems such
as metals where the electron density varies slowly LDA functional is efficient. However,
in general, lattice dimensions are underestimated while the cohesive energies are overes-

timated.

Generalized Gradient Approximation (GGA):

In the generalized gradient approximation, in addition to the electron densities are
not constant in each division, in fact vary with a gradient. Mathematical illustration of the

exchange-correlation energy by GGA;

ExGCGA[n] :/fGGA(n(r),Vn(T))dr (2.17)

where Vn(r) is the gradient of the electron density.”! In contrast to LDA, GGA
works well with systems that has rapidly varying electron densities. GGA functionals can

yield results with higher accuracy in comparison to LDA.

Hybrid Functionals:

In addition to LDA and GGA, hybrid functional are also widely used to obtain
exchange-correlation energy. These are constructed as linear combinations of other re-
ported exchange-correlation functionals. Indicated in various studies, obtaining results
closer to the experimental results can be achieved by using hybrid functionals. One of the

widely used hybrid functionals is HSE,”? which is illustrated as:

EASE — BHESR()) 4 (1 — a)EPPESE (W) 4 EPBELE(y)) 4 pPBE (2.18)

HF,SR PBE,SR PBE,LR

where is the short range Hartree-Fock exchange, and
are the short and long range components of PBE exhange functional, and EXB¥ is the
PBE correlation energy. a and w varies according to the HSE functional. For HSE06, a

and w are reported as 1/4 and 0.2, respectively.’?
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2.1.2. Computing Phonons

Quantum mechanical description of lattice vibration is called phonon. Vibrational
properties of materials can be determined by their phonon band dispersions through Bril-
louin zone. Atoms in matter are theorized to to be vibrating around a certain equilibrium
position, obeying the Hooke’s law. As in a simple spring, displacements of atoms will
result in with restoring forces to the equilibrium position and these oscillations will obey

Hooke’s law;

F=—kx (2.19)

where £ is the spring constant, and x is the distance between atom and equilibrium
position. In this section, methodology of phonon band dispersion calculations in DFT is
discussed.

In DFT, calculations are done at absolute zero (0 K), therefore vibrations are not
indicated in the solution. However, as mentioned above, displacement of an atom from
its equilibrium position will result with a restoring force which can be determined. This
method is called the small displacement method. Force constant matrix is gathered by
displacement of an atom trace amount in a super cell that is sufficiently large. Number
of displaced atoms can vary according to the symmetry of the system. Hellman-Feynman
forces are calculated for each displacement. Force matrix is constructed. Potential energy

of a crystal in low temperatures is given by equation;

1
Uharm - Eeq + 5 l ;/B @lsa,l’tﬁulsaul’tﬁa (220)

where I, is the total energy of the crystal at equilibrium positions, wu;, is the
displacement of atom s in unit cell /, o, and 3 denotes the direction of the displacement in
cartesian coordinates, @4, 115 1 the force constant matrix. Differentiation of the harmonic
energy in Eq. 2.20 relation between the forces and the displacements can be deduced. The

Relation is linear, as Fj,, is found to be;

Flso = — Z DigaitpUI 13- (2.21)
143
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Using the Eq. 2.26 for the force constant matrix, dynamical matrix can be defined

as;

iq(Rl'tﬂ_Rlsa)élsa,l’tﬁa (2.22)

1
Dsa, ] €
oA 2

where M, is the mass of s'* atom, M, is the mass of t**

atom, Ry — Rigq 18
the distortion of the atoms. Once the dynamical matrix is determined, eigenvalues can be
calculated, which give the phonon frequencies of each phonon branch. Total number of
phonon branches is given by the total number of degrees or freedom of a crystal, which is
3N in a system constructed of N atoms in the primitive cell. Among these, 3 branches are
acoustical, and 3N — 3 are optical. Acoustical and optical branches describe in-phase and
out-of-phase motions of atoms, respectively. In this thesis, phonon band dispersions are
calculated by small displacement method using PHON"® and phonopy” codes. In Figure
2.1 phonon dispersions of h-BN are presented. Additionally, corresponding vibrational

modes are displayed.
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Figure 2.1. Phonon band dispersions and corresponding vibrational modes of ~-BN.

2.1.3. Calculating Mechanical Properties

Linear-elastic properties of materials such as in-plane stiffness and Poisson ratio
can be calculated using first-principles calculations. In-plane stiffness demonstrates the

rigidity of a material, and it is represented as C, and C,. While C;, = C, in isotropic
12



structures, in isotropic structures these values may vary. On the other hand, Poisson ratio
gives the ratio of transverse contraction strain to longitudinal extension, and represented
as v, and v,. In order to determine the elastic properties of materials, elastic strain tensor

elements C;; are calculated using the equation;

Cor(y) = (0110220— Cha 021)7 (2.23)
22(11)
012
Vp(y) = . 2.24
2 Cooa1) (224

2.1.4. Simulating Scanning Tunneling Microscopy Images

Scanning tunneling microscopy (STM) is a method that is used to examine the topology of
materials. It is invented in 1981 by the IBM scientists, Gerd Binning and Heinrich Rohrer,
which won Nobel Prize in Physics in 1986.7>:7®¢ STM works by collecting information of
vacuum tunneling currents for a given bias voltage, for each pixel point in an XY-plane,
and postprocessing the collected information afterwards in order to generate an image.
STM is widely used to analyze topography of pristine 2D materials, defect formation,
edges of ultra-thin crystals.

Simulated STM images can be generated by postprocessing partial charge densi-
ties calculated by DFT results (see Figure 2.2). Since the tunneling current is in expo-
nential relation with the vacuum spacing between the tip and the surface, simulated STM

images can be generated by equation;

h
Brotar = »  Ene ™", (2.25)

where F., s the summed charge density matrix, n is the layer number, A is the
height of the ReS; monolayer, £, is the nth layer partial charge density matrix, & is a

constant, and z,, is the distance from the artificial STM tip in the z direction.

13



(b)

Figure 2.2. (a) Partial charge densities of O adsorbed ReS, surface. (b) 3D plotted
equally distributed layers of partial charge densities corresponding (a). (c)
Simulated STM image of O adsorbed ReS, surface, calculated by equation
2.25

2.1.5. Computational Details

First-principles calculations were carried out using Vienna ab-initio Simulation
Package (VASP).”-"8 Plane-wave basis projector-augmented wave (PAW) potentials were
used with the GGA was employed as the exchange-correlation functional in Perdew-
Burke-Ernzerhof (PBE).”"! In the calculations, van der Waals corrections were sup-
plied by one of the DFT-D2 method, DFT-D3 method with Becke-Jonson damping, and
optB86b-vdw functionals.?*8!:82.83  Vibrational properties were calculated using small
displacement method within the PHON and phonopy codes.”>”* In order to get close to
the experimental band gap values, Heyd-Scuseria-Ernzerhof (HSE) hybrid functional was
employed.”” Charge transfer analysis was carried out by the Bader technique.*

Structural optimizations were performed with the convergence criteria between
the consequent electronic and ionic steps were set as 107° and 10~ eV, respectively. In
order to avoid interactions between layers, at least 10 A of distance in the vacuum were
taken between the nearest species. Systems were allowed to relax until the pressure on
the unit cell is less than 1 kB in all directions. Cohesive energies of systems are calculated

by the formula;

Ecoh - - [Esystem - Z anz} /ntotal (226)

where Fyen, 1s the total energy of the optimized system, n; is number of ith
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atom, F; is the single atom energy of the i*" atom. Density of states, charge densities, and
wave eigenvalues of the systems were calculated in a I'-centered k-point mesh with high

enough parameters to increase the accuracy of results.

2.2. Experimental Methodology

2.2.1. Graphene Based Gas Sensors

Brief information about experimental methods regarding the graphene based gas sensors

that are used during this thesis study is given in this subsection.

2.2.1.1. Chemical Vapor Deposition of Graphene

Graphene samples were grown on ultra-smooth Cu foils by chemical vapor de-
position method in a Proterm Furnaces PC442 split tube furnace. Varying sizes of the
Cu foils were prepared and placed on quartz slide which was inserted into a quartz tube.
Quartz tube was then sealed, and vacuumed down to 4 Torr. 100 sccm Hs flow was ap-
plied into the quartz tube and the furnace was heated up to 1035°C. Once the temperature
was reached to 1035°C, 10 sccm of methane (CH,) gas flow is given into the system for
60 seconds as carbon precursor. Afterwards, CH, flow was stopped, and the furnace was
left to cool down to the room temperature. H, flow was stopped once the furnace is cooled
down below 100°C.

Graphene growth is accomplished on Cu foils. In order to prepare for the transfer,
graphene layers on Cu subsrate were covered with photoresist liquid (Shipley 1813) and

annealed at 65° overnight.

2.2.1.2. Transfer of Graphene

Graphene transfer process was carried out by firstly etching the Cu substrate with

nitric acid solution. After the Cu is etched, surface of graphene was rinsed with deionized

15



water and placed on the glass substrate with Cr/Au electrodes. Sample was heated at 80°

for 30 seconds. Photoresist layer was removed by dissolving in acetone.
2.2.1.3. Characterization

Raman Analysis

Raman spectroscopy measurements were conducted with Monovista (Princenton
Instruments) and Raman signals were recorded in spectral range of 1100-3000 cm-1 using
Ar™ ion laser 514 nm with a 600 grooves per mm grating. Collection of Raman scattered
light to observe all D, G and 2D signals of CVD graphene. Raman analysis revealed that
our sensors have bilayer graphene. Although the growth on Cu foils result in single layer

graphene, due to the Ni contamination, graphene samples were gathered multilayer.
2.2.1.4. Graphene Based Devices in Gas Sensing Applications

s S

D

Figure 2.3. Experimental setup for gas sensing application.
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Sensor platform was connected to sample holder and placed in 1 L volume cham-
ber. A laboratory power source, HP 34401A Digital Multimeter, and the sensor were
serially connected. Gas response of graphene based gas sensors were examined under
different volatile organic compounds (VOCs) by measuring the changes in their current.
Experimental setup is illustrated in Figure 2.3.

Relative response between VOCs are examined by simplifying the response to
the form I — I,,;,. For selective selection of certain gas species, voltage dependent and
concentration dependent measurements were carried out. Additionally, selectivity is in-

vestigated in mixed gas systems.
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CHAPTER 3

OCTAHEDRALLY COORDINATED SINGLE LAYER CaF,:
ROBUST INSULATING BEHAVIOUR

CaF; is a material with wide range of applications owing to its significant prop-
erties. In dentistry, CaF, is used as an effective agent for preventing dental decay and

85,86,87

increasing microbial resistance. -8 Due to the transparency in the infrared region,

CaF, is found in useful in infrared spectroscopy.®®°>°! In addition, CaF, is widely used

92.93.94,95.96.97 With the increasing demand in new two-dimensional (2D)

to build lasers.
materials thin films have been grown by numerous methods. Thin films of CaF, started
gaining attention in nanoelectronic applications.”® Although number of studies relating
to growth of thin CaF, films increase, ultrathin form of CaF; is not reported to the best
of our knowledge. With the increasing demand in nanoelectronics, insulating materials in
nanoscale are required.

Most of the applications in nanoscale that have been demonstrated so far, have
used h-BN as an insulating layer. It is reported to have band gap of 5.765 eV.*”° It is
shown to lower the work function of the covered material. Utilizing its insulating char-
acteristic, h-BN is reported to be sandwiched between two semiconductors, MoS, and
GaN, a new diode is fabricated.'” A method called “patterned regrowth" is reported by
Levendorf et al.,'® which allows spatial control over graphene and h-BN which provides
a new approach for new low dimensional electronics. Reports indicate that h-BN have
significant properties other than its insulating character. One of the important properties
of h-BN is its thermal stability. h-BN is reported to remain stable up to 850°C.!%2 Ther-
mal stability at high temperatures makes h-BN a beneficial material in nanodevices which
tend to operate at high temperatures. In addition to that, being an inert crystal, coating a
surface with h-BN prevents surface degradation.'®

Low dimensional crystals of CaF; is grown epitaxially even before the discovery
of graphene.!™ However, in our best knowledge, studies about 2D CaF, in 1T structure
are limited. Ultrathin CaF, recently epitaxially grown on bilayer MoS; to be used in

building a field effect transistor (FET) as it is reported by Illarionov et al..'® This FET is

found to have low subthreshold swings of 90mV dec™! and up to 107 on/off current ratios.
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Based on these results, CaF, is believed to have particular potential in 2D electronics.
In this study, motivated by the potential hold by CaF, in nanotechnology, properties of
2D and 1D CaF; structures are predicted by performing ab initio calculations. Phonon
and electronic band structures are presented for the dynamically stable CaF,; monolayer.
Results are compared with the well-known 2D insulator h-BN.

Here, using first-principles calculations, structural, vibrational, and electronic prop-
erties of single-layer calcium fluoride (CaF;) are investigated. Dynamical stability of 1T-
CaF, is confirmed by the phonon dispersions. Raman active vibrational modes of 1T-CaF,
enable its characterization via Raman spectroscopy. In addition, the calculated electronic
properties of 1T-CaF; confirmed insulating behavior with an indirect wide band gap which
is larger than that of well-known single-layer insulator, h-BN. Moreover, one-dimensional
nanoribbons of CaF, are investigated for two main edge orientations, namely zigzag and
armchair, and it is revealed that both structures maintain the 1T nature of CaF, without
any structural edge reconstructions. Electronically, both types of CaF,; nanoribbons dis-
play robust insulating behavior with respect to the nanoribbon width. Results show that
both 2D and 1D form of 1T-CaF, show potential in nanoelectronics as an alternative to

the widely-used insulator h-BN with its similar properties and wider electronic band gap.

3.1. Structural, Vibrational, and Electronic Properties of Pristine

1T-CaF,

Truncation of the bulk, face-centered-cubic (FCC) fluorite structured CaFs,, or
epitaxial growth of calcium fluorite crystal in (111) direction as a single layer leads to
the formation of CaF; in 1T structure. Crystal structure of 1T-CaFs, consisting of one Ca
atom sandwiched between two trigonally arranged F atoms in its primitive cell, is shown
in Figure 3.1(a). The primitive cell of the 1T-CaF; has a hexagonal symmetry, with the
optimized lattice parameters of 3.58 A. Bond legth between Ca and F atoms is 2.29 A.
The Bader analysis results reveal that each Ca atom in unit cell donates 1.6 e while each
F atom receives 0.8 e. Cohesive energy per atom in the unit cell of single layer CaF; is
calculated to be 5.42 eV. In comparison with other 2D materials, cohesive energy of CaF,
is higher than MoS,, which is reported as 5.05 eV per atom,'% lower than graphene and

h-BN, which are reported to be 10.04 eV'?7 and 7.01 eV'% per atom, respectively.
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Figure 3.1. (a) Top and side views of 1T-CaF;. (b) Phonon dispersion of 1T-CaFs,.
Modes with corresponding frequencies are shown in the inset. Reproduced
from Ref.'* with permission from the PCCP Owner Societies.

Vibrational properties of CaF; crystal in 1T phase are studied through their phonon
dispersions. Dynamical stability is confirmed by all real eigenvalues in the phonon band
diagram. Phonon bands and characteristics of each optical mode are presented in Figure
3.1(b). Unit cell of 1T-CaF; has one Ca and two F atoms, which displays 9 phonon modes
in total; 3 acoustical and 6 optical. In optical modes there are 2 single degenerate modes,
at 299 and 372 cm!, and 2 double degenerate modes, at 281 and 292 cm?. Due to hexag-
onal symmetry of the unit cell, phonon band crossing appears at K point in the Brillouin
zone. Decomposition of optical modes at I' point gives I' = 2E" +2E" + A} + AJ, where
E', E", A}, and A are Raman active modes and have frequency of 281, 292, 299, and
372 cm™!, respectively. In comparison with h-BN, the phonon bands of 1T-CaF, have
lower frequency. Highest phonon band frequency at I' point of h-BN is reported to be at

1345 cm~!, which is 973 cm™! higher than the highest phonon band frequency of CaF,
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Table 3.1. Properties of 2D CaF, and h-BN are as follows: lattice constant of prim-
itive unit cell, (a); bond length between adjacent atoms, (d); bond angle,
(0); donated electron by per Ca/B, (p); cohesive energy per atom in the unit
cell, (E.); energy band gap calculated within GGA-PBE, (EP'5E); energy
band gap calculated within GGA-PBE+HSE06, (EFBE+HSE): experimen-
tally observed band gap, (E“*?); work function, (®). Reproduced from
Ref.!'* with permission from the PCCP Owner Societies.

a d 0 P Ec EPBE EPBE+HSE Eexp P
A A O (€) (€Viom) (eV) (eV) V) (eV)
IT-CaFy; 3.58 229 76.88 1.64 5.42 7.17 9.49 - 8.67
h-BN 25197 145 120 2.13 7.01'08 4.65 5.77 5519 562

Table 3.2. Mechanical properties and Raman-active modes of 2D CaF, and h-BN are
as follows: in-plane stiffness, (C); Poisson ratio, (~); Raman active modes.
Reproduced from Ref.!* with permission from the PCCP Owner Societies.

C v R-active modes
(N/m) (cm™1)
IT-CaF, 44 0.24 281,292,299, 372
h-BN 273110 22110 1365

that is observed to be at 372 cm™'. This difference indicates that 1T-CaF is a softer
2D structure than h-BN. In addition, mechanical properties such as in-plane stiffness and
Poisson ratio are calculated as 44 N/m and 0.24, respectively. In order to determine the
thermal stability of 1T-CaF,, ab-initio Molecular Dynamics simulations are carried out.
For the MD simulations NVE ensemble is used. K-point sampling is taken 2x2x1 for
5x5x1 supercell. The temperature is increased from 0 K to 1000 K in 10 ps with 2 fs
between consequent steps. Results of the simulations reveal that CaF, monolayer is able
to withstand such high temperatures.

Electronic band dispersions clearly indicate that 1T-CaF, is a wide band gap insu-
lator as it is presented in Figure 3.2 (a). Band gap of the single layer CaF; is calculated to
be 7.17 eV. Major contributions to the valence and conduction bands arise from the F-p
and Ca-d orbitals, respectively. However, near conduction band minimum, the Ca-s or-
bitals exhibit higher density. In addition to GGA-PBE calculations, GGA-PBA + HSE06
functional is used in order to increase the accuracy of the electronic band calculations.
As result monolayer CaF, retains its insulating behavior. PBE+HSE bands around Fermi
level completely match the PBE bands however, PBE+HSE and PBE bands near conduc-
tion band do not match. Band gap of the 2D insulator widens to 9.49 eV. Wide band gap
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of 1T-CaF; is estimated to be higher than well-known insulator h-BN with band gap about

~5.5 eV,!” which makes 1T-CaF, an appealing insulator.
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Figure 3.2. (a) Electronic band structure and PDOS of 1T-CaF,, (b) comparative band
alignment of MoS,, h-BN, black phosphorous (bp), WS,, and 1T-CaF,
where vacuum energies are set to zero. Reproduced from Ref.!* with
permission from the PCCP Owner Societies.

Band alignment comparison is an important method that is used to predict band
modification in a heterostructure in various studies.!!!-112- 113114115 There are three types
of heterojunctions; type I (straddling gap), type II (staggered gap), and type III (broken
gap) heterojunction.!'® Band alignment of 1T-CaF, is compared with well-known mono-
layers such as semiconducting MoS,, black phosphorous (bp), WS,, and insulating h-BN
by setting their vacuum energies to zero, presented in the Figure 3.2 (b). Valence band
maximum (VBM) and conduction band minimum (CBM) are shown in the correspond-
ing bars. 1T-CaF; has high lattice mismatch value with the given crystals. However,
band gap alignment gives information about which type of heterojunction 1T-CaF, can

form. In case of a heterostructure of 1T-CaF; and a semiconducting material such as
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MoS,, black phosphorous, or WS, with suitable lattice constant, type I heterojunction
is predicted to be formed. Contrarily, in case of a heterostructure of 1T-CaF; and h-BN
like crystal with suitable lattice constant, type II heterojunction is predicted to be formed.
Thus, stable ultra-thin CaF, with its wide electronic band gap is a suitable material for

nanoscale heterojunction and substrate applications.

3.2. Nanoribbons of CaF,: Width-Independent Band Gap

Nanoribbons of 2D materials have been drawing attention due to the unique prop-
erties and potential nanoscale applications they present.!!” In this section, nanoribbons
(NRs) of CaF; are studied. Depending on the edge orientation of CaF; NRs, two different
types are investigated, zigzag NRs and armchair NRs. An illustration of the NR structure
is given in Figure 3.3a. The width of the NRs is indicated by the number N of Ca atoms
in the unit cell. Note that for both types of NRs, the ratio between Ca and F atoms is
stoichiometric, i.e., there are /N Ca atoms and 2N F atoms in the unit cell. To study the
width dependence of the electronic structure, for zigzag NRs,the NR width ranging from
4 to 10 and for armchair NRs, the NR width ranging from 5 to 15 are considered. It is
found that for both type of NRs, there is no remarkable structural reconstruction, and the
IT structure is well maintained, as shown in Figure 3.3a. The edge energy of different
NRs is shown in Figure 3.3b. For a NR with width N, the edge energy is defined as
(Enr — NE3p)/(2L), where Eyg is the total energy of the NR unit cell, Fsp is the
total energy of the unit cell of monolayer CaF,, and L is the lattice constant of the NR.
It describes how much extra energy is needed to create a new edge from the 2D layer.
According to Figure 3.3b, for both zigzag and armchair NRs, the edge energy decreases
as the width increases. Moreover, it is seen that the edge energy of zigzag CaF,; NRs is
smaller than that of armchair CaF,; NRs when their widths are comparable (e.g., N=6 for
zigzag NR and N=10 for armchair NR). A possible origin is that there are more dangling
bonds at the armchair edge than at the zigzag edge. Overall, the magnitude of the edge
energy is 0.2-0.4 eV/A. In contrast, for NRs of typical transition-metal dichalcogenides
like MoS, and WS,, the edge energy is about 0.6 eV/A."'8 Thus, the formation of CaF,

NRs is relatively easier.
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Figure 3.3. (a) Structure of zigzag and armchair CaF,; NRs. The dashed lines indicate
the unit cells. (b) Edge energy of the NRs as a function of ribbon width.
Reproduced from Ref.!* with permission from the PCCP Owner Societies.

Next, the electronic properties of the NRs in terms of their width-dependent elec-
tronic band structures are investigated. Due to the quantum confinement effect, usually
the band gap of a NR is larger than that in a 2D layer, and decreases as the width in-
creases. In Figure 3.4a the band gap of different CaF,; NRs is presented. It is interesting
to see that the band gap is smaller than the monolayer, and almost independent to the
ribbon width. For zigzag NRs, the band gap is about 6.5 eV, and for armchair NRs, the
gap is about 6.3 eV. In Figure 3.4b-c the band structures of selected NRs are given. For
zigzag NRs, the CBM is located at the I" point, whereas the VBM is at ~ 2/3 between "
and X. On the other hand, both CBM and VBM are at the I" point for armchair NRs. To
further understand the width-independent band gap, one can analyze the character of the
VBM and CBM states, as shown in Figure 3.4d. It appears that, all these states are mainly
localized at the edge of the NRs, indicating strong edge effects in CaF, NRs. Because of

the highly localized character, the transverse confinement effect to the CBM and VBM is
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quite small, leading to the width-independent band gap. Although the band gap is insen-

sitive to the NR width, it can be more sensitive to the number of layers because the edge

states can be affected by the out-of-plane confinement.
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Figure 3.4. (a) Band gap of the NRs as a function of ribbon width. (b) Band structure

and PDOS of selected zigzag NRs. (c) Band structure and PDOS of se-
lected armchair NRs. (d) The CBM and VBM states for the 7-zigzag NR

and the 10-armchair NR. Reproduced from Ref.!* with permission from
the PCCP Owner Societies.

3.3. Conclusions

In this study, investigation on 1T-CaF, and its nanoribbons are carried out. Struc-
tural, vibrational, electronic properties are presented. Vibrational calculations revealed

that monolayer CaFs has four Raman active modes. Having lower frequency phonon
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bands compare to h-BN revealed that 1T-CaF, is relatively softer material. In spite of
having softer structure than h-BN, it is predicted to possess wider band gap of 7.17 eV by
PBE and 9.49 eV by PBE+HSEOQ6 functionals. Additionally, work function of 1T-CaF,
is calculated to be much higher than h-BN while having lower cohesion between atoms
in the unit cell by 1.58 eV/atom. In addition to the 2D structure of 1T-CaF,, nanorib-
bons of CaF, are studied. Both in zigzag NRs and armchair NRs of CaF,, 1T structure is
maintained without reconstructions. Width dependent edge energy calculations revealed
that edge energy decreases in both zigzag and armchair NRs with increasing width. With
comparable widths, zigzag NRs of CaF, are found to have less edge energy than arm-
chair NRs of CaF,. Calculated edge energy showed that formation of CaF; NRs is easier
compared to typical TMDs. In the electronic band structures of NRs, band gap of NRs
is found almost-independent to the width, and interestingly smaller than the monolayer
CaF,. Band decomposed charge densities of valence and conduction bands are exam-
ined and it is seen that states are localized at the edges of NRs. In conclusion, 1T-CaF,
shows great potential in nanoelectronic applications in 2D and 1D form as a wide band

gap insulator.

26



CHAPTER 4

STABLE SINGLE-LAYERS OF CALCIUM HALIDES
(CaX,, X =F, CL, Br, I)

Following graphene, many novel 2D materials are investigated. Among these ma-
terials, h-BN is a well-known insulator which have been widely used as a separator in
van der Waals heterostructures.” As a heterojunction diode was fabricated using h-BN as
the insulating layer, its performance was reported to be comparable to the classical p — n
junction diodes.!® In addition, the use of h-BN in the development of atomically thin
integrated circuits has brought a new approach for novel low dimensional electronics.'°!
Moreover, using h-BN as an encapsulating agent was reported to efficiently enhance sta-
bility of TMDs.'%

Calcium halides are inorganic materials possessing great potential in various ap-
plications. Among calcium halides, CaF, is known as the fundamental source for the
synthesis of hydrofluoric acid.!' CaF, has been widely used in dental practice in order to

85,86,87,120,88

cover dental cavities and also have been used in high-power diode pump and

92,93,94.95.96 On the other hand, due to its insulating property, CaF, has been

ceramic lasers.
an appealing material in micro- and nano-electronics. In our previous study single-layer
CaF; in 1T structure was investigated, substantial properties are presented and compared
to the well-known single-layer insulator h-BN.!* CaCl,, is another important member of
Ca-halides which has been extensively used in electrolyte solutions.!?! In addition, CaCl,
was reported to increase the capture performance of CO, making it an important candidate
for reducing the energy consumption and increasing the capture capacity.'?>!?> Moreover,
CaCl, plays an important role in extending shelf life of fruits and vegetables making it
suitable for applications in agricultural and food chemistry.!?* 125126 Furthermore, mixing
of CaCl, with another calcium halide, CaBr,y, was shown to be a good process for ammo-
nia storage.'?”-'?® CaBr, was used in alteration of vapor-liquid equilibrium of acetone and
methanol system, resulting with elimination of azeotropic point of the system completely
and granting it for obtaining ideal gas behavior.'” Moreover, CaBr, was reported as an

instant and renewable brominating agent for substituted aromatics which increases the

demand in industrial and pharmaceutical fields."*® Likewise the other calcium halides,
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Cal, was shown to have applications in numerous areas such as to be an excellent cat-
alytic agent for the synthesis of carbonates from epoxides.!3!-13%133  Additionally, laser
excitation of Cals in ethanol solution revealed to form cluster ions in mass spectrometric
analysis. Due to the layered structure, Cals is reported as a material that can be exfoli-
ated into single-layer with relatively low cleavage energy.!3* 13> Apparently, bulk calcium
halides have various important application fields. However, investigation of ultra-thin
structures of calcium halides is quite important for their nanodevice applications which
have been mainly ignored in previous studies.

In this study, structural, vibrational, electronic, and mechanical properties of single-
layer calcium halide (CaX5) structures are investigated using first principles calculations.
CaXjs in 1T and 1H structures are found to be dynamically stable. Raman active modes
are predicted by the characteristics of the vibrational modes in phonon calculations. Ra-
man spectra are shown to exhibit rich information for the characterization of structural
phases of a single-layer CaX, and even for the distinguishing of the structures having the
same phase. In addition, insulating behavior of all single-layer CaXs is shown to make
them alternative materials to well-known ultra-thin insulator, A-BN. Moreover, the trends
between calcium halide structures and their charge transfer, in-plane stiffness, cohesive

energy, and work function are discussed.

4.1. Structural, Vibrational, and Elastic Properties

Single-layer CaX, structures can be formed either in 1H or 1T phases by trunca-
tion from their bulk or by growing in different orientation on a substance. In this study,
1H and 1T phases of CaXy single-layers are investigated and their dynamical stabilities
are examined via phonon band dispersions through the whole Brillouin zone (BZ). The
1T-phase structure (see Fig. 4.1(a)) is composed of a Ca layer sandwiched between two
halogen atom layers leading to the P3m2 space-group-symmetry. On the other hand, the
1H-phase (see Fig. 4.1(b)), in which Ca atom is sandwiched between two halogen atom
layers, which are separated symmetrically with respect to the Ca layer, exhibits P6/m2
space-group-symmetry. For all CaX, structures, 1T-phase is found to be energetically
more favorable as compared to the 1H-phase. The total energy differences per primitive
unit cell are calculated to be 0.73, 0.43, 0.35, and 0.28 eV for structures of F, CI, Br, and I,
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respectively. As listed in Table 4.2, the optimized in-plane lattice parameters of 1T-CaXy
vary between 3.58 and 4.47 A as the halogen atom changes from F to I. On the other
hand, those for 1H-phase are quite smaller from those of 1T-phase and are found to vary
between 3.40 and 4.32 A. Notably, as the atomic radius of the halogen atom increases,
the corresponding in-plane lattice parameters increase in both phases accordingly. The
Bader charge analysis reveals that in 1T-CaX; structures, each Ca donates its 1.6 e to
halogens. Similarly, in 1H structures each Ca atom donates its 1.5 e to halogen atoms
in 1H-CaX,. Moreover, as listed in Table 4.2, the cohesive energies per atom decrease
as the atomic radius increases in both phases of CaX, structures. In addition, cohesive
energies of the bulk CaXj structures are calculated. Bulk CaF, which has Fm3m space-
group-symmetry has cohesive energy of 5.62 eV/atom. Bulk CaCl;, and CaBr, structures
with Pnnm and P4,/mnm space-group-symmetries have cohesive energies per atom of
4.20 eV/atom, 3.79 eV/atom. Bulk Cal, with layered structure (P3m1 space-group) has

3.42 eV/atom cohesive energy per atom in unit cell.

Figure 4.1. Crystal structures of (a) 1T-CaXs, (b) 1H-CaX,, (X =F, Cl, Br, I). Adapted
from Ref.!*® with permission from AIP Publishing LLC.

The dynamical stabilities of the 1T and 1H phases are also verified by calculating
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Table 4.1. Calculated parameters for single-layer CaXss: optimized in-plane lattice
constants, (a = b); bond length between a Ca and the halogen, (d¢,—x);
distance between X atoms, (dx_x); the X-Ca-X bond angle, (¢); donated
electron by per Ca, (p¢c,); cohesive energy per atom in the unit cell, (E.);
work function, (®). Adapted from Ref.!*® with permission from AIP Pub-
lishing LLC.

Phase a de,—x dx_x 0 PCa E. )

A A A O (€) @VNm) (V)

CaF, 1T 3.58 2.29 2.84 7688 1.6 5.42 8.67
1H 340 2.31 243 6356 1.6 5.17 10.13

CaCls 1T 4.10 2.76 370 84.09 1.6 4.17 7.98
1H 3.90 2.78 3.27 7203 1.5 4.03 8.10

CaBry 1T 424 292 402 8692 1.5 3.77 7.39
1H 406 2.95 3.58 74.67 1.5 3.65 7.46

Cal, 1T 447 3.15 445 8971 1.5 3.36 6.46
1H 432 3.19 3.97 77.07 1.5 3.26 6.42

their phonon band dispersions through the whole BZ. As presented in Fig. 4.2, both 1T
and 1H phases of single-layer CaX, are free from imaginary frequencies in the whole BZ,
indicating their dynamical stability. In both phases, there are six optical phonon branches
whose vibrational characteristics are shown on the right panel of the phonon band disper-
sions in Fig. 4.2. As a result of the in-plane isotropy of the structures, there exist two
doubly-degenerate in-plane and two non-degenerate out-of-plane phonon modes in both
phases of single-layer CaXs structures. 1T-CaXs crystals possess Cs, symmetry and the
corresponding Raman active modes are denoted as A, and E,. In both phonon modes,
Ca atom has no contribution to the vibration while the halogen atoms vibrate out-of-phase
against each other in the out-of-plane and in-plane directions, respectively. In all single-
layer 1T-CaXs, the frequency of A, is calculated to be higher than that of E, and both
phonon modes display phonon softening as the atomic mass of halogen increases. For
the 1H-CaX; structures, there are two doubly-degenerate in-plane (E’ and E”) and a non-
degenerate out-of-plane (A1) Raman active modes. The E” is attributed to the in-plane vi-
bration of halogens against each other and it has the lowest frequency in each single-layer
structure. In E’ phonon mode, Ca atom and the two halogen atoms vibrate out-of-phase in
lateral directions. The other Raman active mode, A, is originated from the out-of-plane
vibration of two halogen atoms against each other. In 1H-phases of CaF; and CaCl,, A,

has higher frequency than the E’ mode indicating that the vertical component of the force
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Table 4.2. Calculated parameters for single-layer CaXss: energy band gaps calculated
within GGA, (ESC4); and within HSE06 on top of GGA, (Ef[>F%); in
plane stiffness, (C); Poisson ratio, (v); and the frequencies of the Raman

active modes. Adapted from Ref.!*® with permission from AIP Publishing

LLC.
GGA R HSE0G -
Phase E_; '@ E; C v R-active modes
eV) (V) (N/m) (cm™)

CaF, IT 7.17 9.49 44 0.24 281, 299
IH 6.34 8.73 38 049 134,268,414
CaCl, IT 5.79 7.57 22 0.21 149, 183
1H 4.82 6.46 24 042 86,180,233
CaBr, 1T 4.95 6.55 18 0.22 87,114
I1H 4.19 5.65 22 040 52,143,147
Cal, IT 3.79 5.11 16 0.24 62, 84
1H 3.19 4.38 21 0.37 40,105,132

constant between Ca-F and Ca-Cl is larger than the lateral component. However, as the
atomic mass increases, the lateral component of the force constant between Ca-Br and
Ca-I becomes dominant to that of vertical component. Therefore, in CaBr, and Cal; the

E’ phonon mode has higher frequency than that of the A; mode.
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Figure 4.2. Phonon dispersions of (a) 1T-CaF,, (b) 1T-CaCls, (c) 1T-CaBrs, (d) 1T-
Cal,, (e) 1H-CaFs,, (f) IH-CaCls,, (g) 1H-CaBr,, (h) 1H-Cal,. Correspond-
ing vibrational modes are presented in the inset. Adapted from Ref.!*® with
permission from AIP Publishing LLC.

The in-plane stiffness, C, which is a measure of the rigidity of a material and the
Poisson ratio, v, which is the ratio of the transverse contraction strain to the longitudinal

extension, describe the linear elastic properties of 2D materials. In order to determine
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the linear-elastic constants, the elastic strain tensor elements, C;;, are calculated and the
corresponding C' and v, values which are isotropic for all directions in the structures, are
calculated and the results are listed in Table 4.2. The in-plane stiffness and the Poisson

ratio are calculated using the formula;

(C11C — CFy)

C = : 4.1
Cos 4.1)
Cha
— 12 4.2
v oy 4.2)

As listed in Table 4.2, the calculated in-plane stiffness values indicate the ultra-
soft nature of the CaX, structures in both phases. As compared to planar single-layers
of graphene (330 N/m)'*"-11% and h-BN (273 N/m),!!? single-layers of both 1T- and 1H-
CaX, structures are very soft materials. Among the non-planar single-layers such as
MoS; (122 N/m)37-11% and WS, (122 N/m),''? the Ca-X bonds are weak due to much
smaller in-plane stiffness of the CaX, structures. In contrast, single-layers of CaX, have

)1 and germanene

in-plane stiffness which are comparable to those for silicene (54 N/m
(34 N/m).''® Moreover, the calculated in-plane stiffness values are almost close to each
other for the 1T- and 1H-phases of each CaX5 indicating similar bonding characteristics
in both phases. On the other hand, the Poisson ratios are calculated to be much larger
for 1H-CaX, structures as compared to their values for 1T-phases. Such relatively large
Poisson ratios of 1H-CaX, single-layers suggest more sensitive structural response to
external loads, which can be beneficial for nanoelastic applications.

Properties of 1T and 1H phases of CaX, single-layers are compared by means of
the charge transfer between Ca-X atoms, in-plane stiffness, cohesive energy, and work
function as shown in Fig. 4.3. The charge donated by a Ca atom in both phases of all
single-layers exhibits decreasing trend as the atomic radius increases (see Fig. 4.3(a)). In-
plane stiffness of 1H and 1T phases shows decreasing trend from F to I structures however,
relation between 1H and 1T phases for in-plane stiffness changes for CaF, arising from
slightly smaller charge donation in 1H-CaF,. Cohesive energies of the halide structures
show decreasing trend with increasing atomic radius, and in all structures 1T phase is
found to be energetically favorable. A decreasing trend for the work functions of CaXy
single-layers is shown in accordance with electronegativity of the halogen atoms that is
related to atom positions in the periodic table. Related to the slightly different charge

transfer to F atom in its 1T and 1H phases, the differences between their work functions
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is the higher for CaF; structures.
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Figure 4.3. Graph of (a) CaXys versus charge transfer, (b) CaXs versus in-plane stift-
ness, (c) CaX, versus cohesive energy, (d) CaX, versus workfunction.
Adapted from Ref.!*® with permission from AIP Publishing LLC.

4.2. Electronic Properties

Electronic properties of single-layer CaX2 phases are investigated in terms of their
electronic band dispersions and they are presented in Fig. 4.4. Bare-GGA and HSEQ6 ap-
proximations reveal that both 1T- or 1H-CaXs structures are insulators. The calculated
band gap values are found to be 9.49, 7.57, 6.55, and 5.11 eV for 1T-CaX, that a decreas-
ing trend is found as the halogen atom changes from F to I. A similar trend is found for
the single-layers of 1H-CaXs such that the band gap is 8.73 eV for CaF, and decreases to
4.38 eV for Cals.

The location of valence and conduction band edges indicates that all eight single-
layer structures of CaXj, are indirect band gap insulators. For the single-layers of 1H-CaF,
and 1H-CaCl,, the valence band maximum (VBM) is located in between the M and the K
points while it shifts to the I" point as the halogen atom changes to Br and I. On the other

hand, the conduction band minimum (CBM), is found to reside at the I" point for 1H-CaF,
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Figure 4.4. Electronic band structure of (a) 1T-CaF,, (b) 1T-CaCl,, (c) 1T-CaBrs, (d)
1T-Cal,, (e) 1H-CaF,, (f) 1H-CaCl,, (g) 1H-CaBr», (h) 1H-Cal,. Adapted
from Ref.!% with permission from AIP Publishing LLC.

and it resides at the M point in the other three 1H-phase single-layers. Note that the top
valence band is more dispersive in 1H-CaBr, and 1H-Cal; single-layers. In the case of
1T-CaX, single-layers, the CBM resides at the same points as 1H structures. However,
for 1T-CaF; and 1T-CaCl, the VBM is found to reside in between the K and the I' points
while it is located at the I' point for the other two 1T single-layers.

For the modification of the electronic properties ultra-thin materials, construction
of heterostructures is quite important. In a typical vdW heterostructures, the band align-
ment comparison was shown to be an important method.!'!:112113.114.115 Three types of
band alignments exist in heterojunctions; straddling gap, staggered gap, and broken gap
heterojunctions are referred as type-I, type-II, and type-III, respectively.'!® Band align-
ment of CaXs in 1T and 1H structures along with well-known semiconducting single-
layer materials MoS,, WS, and single-layer insulator 2-BN are presented in Fig. 4.5 (a),
and the heterojunction types of these crystals are displayed in Fig. 4.5 (b). Results show
that all the 1T- and 1H- CaX, structures reported in this study form type-I heterojunction

with the semiconducting materials such as MoS, and WS, while they form type-II het-
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erojunction with h-BN. In addition, HSEO6 approximation is also used to determine the
types of band alignments. Calculations reveal that alignment between WS,/1H-CaF, and
h-BN/1T-CaF, structures switches to type-I. Rest of the band alignments remain the same

alignment type.

4.3. Conclusions

In this study, the structural, vibrational, and electronic properties of 1H- and 1T-
phases of single-layer CaX, (X=F, Cl, Br, or I) structures were investigated. Our results
revealed that the 1T-phase of CaX, is energetically favorable for all halogen atoms and
both 1T and 1H-phases are found to be dynamically stable in terms of their phonon band
dispersions. Either in 1H or in 1T-phase, significant phonon softening was found as the
atomic radius increases from F to I structure in agreement with the increasing atomic radii.
In addition, 1T-CaX, exhibits one doubly-degenerate in-plane and one non-degenerate
out-of-plane Raman active modes while for 1H structures there are three Raman active
modes (two doubly-degenerate and one non-degenerate) arising from the different sym-
metries in the structures. Moreover, the electronic band dispersions of single-layer CaX,
structures indicated the indirect band gap insulating nature of all single-layers with de-
creasing band gaps from F to I crystals. Furthermore, the calculated linear elastic con-
stants, in-plane stiffness and Poisson ratio, showed the ultra-soft nature of CaX, single-
layers which is quite important for their nanoelastic applications. Overall, our study re-
vealed that with their dynamically stable 1T- and 1H-phases, single-layers of CaXs crys-

tals can be alternative insulators to the well-known single-layer h-BN.
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Figure 4.5. (a) Comparative band alignment of MoS,;, WS,, h-BN, 1T-CaF,, 1T-
CaCly, 1T-CaBry, 1T-Cal,, 1H-CaF,, 1H-CaCl,;, 1H-CaBr,, 1H-Cal,
where vacuum energies are set to zero. (b) Table for the type of hetero-
junctions. Blue and red bars represent the valance and conduction bands
of GGA results, while orange and green bars represent the valance and
conduction bands of HSEO6 approximation. Crystals investigated in this
article are displayed with darker color. On each bar, the location of VBM
and CBM are also given. Red and green boxes in the table are for type-I
and type-II, respectively. Adapted from Ref.!*® with permission from AIP
Publishing LLC.
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CHAPTER 5

VANADIUM DOPANT-AND STRAIN-DEPENDENT
MAGNETIC PROPERTIES OF SINGLE LAYER VIj;

Searching for magnetism at two-dimensional (2D) limit has been the focus of in-
terest over the past two decades since the discovery of graphene. Although, graphene
and other synthesized 2D materials were announced to be non-magnetic, magnetism
was shown to exist in case of introducing edges by cutting the material to a nanorib-
bon, 38139140 by adatoms,'*!:14? or by the presence of vacancies.!*?

Even though layered magnetic van der Waals (vdW) crystals have been known for

a long time,144’ 145,146

recent experimental achievements on their exfoliation to monolayer
limit made 2D magnetic materials important candidates for nanoscale spintronic applica-
tions.!47-148.149 Recently synthesized monolayers of semiconducting ferromagnets, Crl !
and CryGe,Teg,'¢ have increased the attention on 2D magnetic materials.'>® In addition,
monolayer Crlz was reported to exhibit tunable magnetism between FM and AFM phases
by either application of an external electric field"®!' or magnetic field.*!3> Moreover, re-
cently other novel 2D magnetic monolayers such as RuCls,'” 133 VSe,,!3*155 MnSe,,'8
FeCl,,,'>® and VCl3,"” have been added to library of 2D magnetic materials.

Magnetic layered vdW crystal of VI3 was discovered long before the 2D magnetic
materials were discovered.!315° In recent studies, VI3 was reported to exhibit promis-
ing structural, magnetic and electronic properties similar to Crl3.!%%16! Very recently, 2D
form of VI3 was successfully isolated as a FM semiconductor.'® It was demonstrated that
VI3 undergoes structural and magnetic phase transitions at 78 and 49 K, respectively. In
addition, it was observed that through the synthesis process, VI3 forms with excessive
doping of V atoms. It has been investigated in many 2D materials that dopants or vacan-
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cies can alter the electronic and magnetic properties of 2D crystals'®” and may lead to

anisotropy in the structure.'®?
Motivated by the recent results on 2D VI3,' in this study, we investigate and
clarify the effect of experimentally observed excessive V atoms on the electronic and

magnetic properties of dynamically stable monolayer VIs. Our results reveal that FM

ground state and AFM states of VI3 exhibit distinctive features in their Raman spectra
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which allows one to distinguish the magnetic state. In addition, we show that increasing
the V dopant level in VI3 leads to the magnetic phase transition from FM-to-AFM as
the structure is fully-doped. Furthermore, the pristine and fully-doped VI3 structures
are shown to display phononic stability in the range of £5% biaxial strain with tunable

electronic or magnetic properties.

5.1. Structural, Vibrational, and Electronic Properties of FM and

AFM Phases of VI;
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Figure 5.1. For the FM and AFM states of monolayer VIs; (a, b) top view of the 2x 1
supercell structure with charge density differences, (c, d) the phonon band
dispersions, (e) corresponding Raman spectra with the vibrational charac-
ter of prominent Raman active modes, and (f, g) electronic band disper-
sions. The insets show the band dispersions around the Fermi level which
is set to zero. Up and down spin components are denoted by blue and red
lines, respectively. Yellow and blue colors represent up and down magnetic
moment, respectively. The isosurface level of charge density difference is
set to 0.02 eV/A3. Adapted with permission from Ref.2’ Copyright 2019
Elsevier B. V.
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In its primitive unitcell, monolayer VI3 consists of 2-V and 6-1 atoms where each
V atom forms VIg octahedron with I atoms. As shown in Figs. 5.1(a) and (b), the edge-
shared VI octahedrons form a honeycomb network of V atoms with the space group
of R3 similar to the crystal structure of monolayer Crl3.'%*195 Crystal structure of VI3
displays slight structural differences in FM and AFM phases. As listed in Table 5.1, the
lattice parameters are calculated to be 6.85 A and 6.75 A for the FM and AFM phases,
respectively. V-1 bond length is found to be 2.74 A in FM phase, however, it is found
to have three different values (2.69 A, 2.74 A, and 2.78 A) in AFM state. Similarly, V-
V atomic distance in FM phase is found to be 3.96 A while in AFM phase two values
are found, 3.60 A between the V atoms with the same spin orientation and 4.05 A for
those having opposite spin orientations. According to the Bader charge analysis, each V
atom donates 1.1 e~ to six I atoms in both magnetic phases. Total energy differences are
calculated for both magnetic phases and FM phase is found to be energetically favorable.
Cohesive energies of FM and AFM phases are calculated to be 3.08 eV and 3.07 eV
per atom, respectively. In addition, work function of FM and AFM phases are found to
be 5.23 eV and 5.18 eV, respectively. Compare to the work function of 2D magnetic
semiconductor Crlz, which is reported to be 5.35 eV,' VI; has lower work function.

Dynamical stability of monolayer VI3 for two different magnetic states is investi-
gated by calculating their phonon band dispersions through the whole BZ and are shown
in Figs. 5.1(c) and (d). The phonon branches are found to be free from any imaginary
frequencies indicating the dynamical stability of monolayer VI3 at both FM and AFM
states, respectively. Apparently, magnetic state of the structure can also be monitored via
phonon band dispersions. Phonon frequencies and corresponding eigenfunctions are ob-
tained at the I' point in order to calculate the first-order off-resonant Raman spectrum for
both magnetic states. The Raman spectrum calculations reveal that both FM and AFM
monolayer VI3 exhibit seven prominent Raman active modes which are shown below Fig.
5.1(e).

In order to compare the Raman active modes of both magnetic phases, phonon
modes are labeled from I-to-VII as given in the inset of Fig. 5.1(e). The highest frequency
optical modes, labeled as VI and VII, arise from the pure opposite out-of-plane and in-
plane vibrations of V atoms, respectively. The phonon mode-VII is doubly-degenerate

for FM state while a small splitting of 0.8 cm™! is found in AFM state due to different
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Table 5.1. Calculated parameters for AFM and FM phases of VI3: magnetic state, op-
timized lattice constants, a=b; distance between V-1, dy,_;; and V-V atoms,
dy_y; total magnetic moment per primitive cell, u; total amount of elec-
tron received per I atom, p;; cohesive energy per atom, Eq,; total energy
difference per atom with respect to the ground state energy, AE; work func-
tion, ®; and the energy band gap calculated within GGA, EggA. Adapted
with permission from Ref.?’ Copyright 2019 Elsevier B. V.

Magnetic  a=b dy_; dy_v L pr  EBeoon  AE o Egg"‘
state (A) (A) (A) (ug) (¢7) (V) (meV) (eV) (meV)
FM 6.85 2.74 3.96 4 04 3.08 0 523 68

AFM 6.75 2.69-2.74-2.78 3.60-4.06 O 04 3.073 11 518 184

V-V distances. In both magnetic phases, mode-VII is found to be prominent, however, it
displays a phonon softening as the magnetic phase is switched to AFM state (206.4 cm™*
for FM and 203.2-202.4 cm~! for AFM state). Both the phonon shift and the phonon
splittings can be observed in a Raman measurement in order to distinguish the magnetic
state of the structure. In contrast, the phonon mode-VI is non-degenerate for both mag-
netic states and it is shown to be prominent only at AFM state. In addition, its frequency
hardens from 189.7 cm~! at FM state to 191.1 cm~! at AFM state. Apparently, the change
in the frequency of in-plane mode (mode-VII) is more significant than mode-VI due to
the variation of V-V distance between two magnetic phases.

Another distinctive feature of Raman spectra can be seen for the modes labeled as
IV and V. In both of the phonon modes, the vibrations are dominated by I atoms while
V atoms have negligible contribution. The relative frequency shift of the two modes is
found to be 20.6 and 16.2 cm~! for FM and AFM states, respectively which is significant
for their observation in a Raman measurement. In addition, the Raman activity ratio of
mode-IV to that of mode-V is much greater for AFM state. In the low-frequency regime
(< 100 cm™!), there are three prominent peaks labeled as I, II, and III. The modes I and
IIT are attributed to the coupled in-plane and out-plane vibrations of I atoms while V
atoms have small in-plane vibrations against each other. In contrast, in mode II only I
atoms have coupled motion. The frequency of mode I is found to be 47.3 cm~! at FM
and 45.3 cm~! at AFM states that the frequency difference is still observable. Moreover,
the relative frequencies of the modes II and III are calculated to be 7.4 and 8.3 cm™! for
FM and AFM states, respectively. Apart from the phonon frequencies, the high Raman

activities of the modes II and III in AFM state are distinctive features of AFM monolayer

40



VI3. Overall, the calculated Raman activities and the frequencies of the phonon modes
are found to be valuable for the identification of the magnetic state in monolayer VI;.
The electronic properties of FM and AFM magnetic states in monolayer VI3 are
found to display semiconducting features with relatively different band gaps. As pre-
sented in Figs. 5.1(f) and (g), in the AFM state, monolayer VI3 exhibits semiconducting
behavior with a band gap of 184 meV for both spin components while the FM state is
found to possess semiconducting character with band gap of 68 meV for one spin chan-
nel. In addition, in FM state the valence band maximum (VBM) and conduction band
minimum (CBM) for one spin channel are located at different points in the BZ. The VBM
and CBM are located in between the I' and the M points resulting in an indirect band gap
nature. In the case of AFM phase, VBM and CBM reside near the I' and the K points,
respectively in between the I'-K path. Notably, the two magnetic states of monolayer VI3
display semiconducting characteristic with 116 meV difference between their energy band
gaps which may be useful for optically distinguishing the magnetic state of the structure.
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Figure 5.2. (Color online) (a,b,c,d) The spin polarized charge density differences (iso-
surface level is set to 0.02 eV/A3) for 1/16, 1/9, 1/4 , and fully-doped VI3,
respectively.(e,f,g,h) The corresponding electronic band dispersions, re-
spectively. V doped regions are highlighted by red-dashed circles. Adapted
with permission from Ref.?’ Copyright 2019 Elsevier B. V.

In a recent experimental study concerning 2D form of VIs, it was reported that
holes in the center of honeycomb networks of V atoms have tendency to be occuppied by

excessive V atoms.! In order to clarify the effect of excessive V atoms on the properties
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of monolayer VI3, 1/16, 1/9, 1/4, and fully-doped VI; structures are formed (see Figs. 5.2
(a), (b), (e), and (f)). Depending on the dopant level in monolayer VI3, the atomic bond
distances between V-I and V-V are found to vary due to structural changes.

As shown in Fig. 5.2, FM ground state of VI3 is robust in partially-doped VI3
structures, however, AFM state is found to be more favorable as the monolayer VI3 is
fully-doped. The structural transition from VI3 to VI, has a significant effect on the mag-
netic ground state of the structure. The electronic band dispersions for each doped-VIs
structures are presented in Figs. 5.2 (¢), (d), (g), and (h). For the low dopant concentra-
tions, i.e. for 1/16 and 1/9, structure exhibits half-metallic behavior in its ground state.
As shown in Figs. 5.2(c) and (d), the direct and indirect energy band gaps for the semi-
conducting spin channels are calculated to be 1.98 and 1.92 eV for 1/16 and 1/9 doping
levels, respectively. As the doping concentration increases to 1/4, structure turns into a
semiconductor for both spin-channels (see Fig. 5.2(g)). The calculated band gaps are 0.34
and 2.01 eV for different spin components. In addition, the global band gap, 0.34 €V, is
found to possess indirect nature. In the case of fully-doped structure (monolayer VI,), the
electronic bands are degenerate due to AFM ground state and the structure is an indirect
band gap semiconductor with a band gap of 1.16 eV. It is seen that electronically mono-
layer VIj is found to exhibit semiconducting behavior at least for one spin-channel for
different doping levels. In addition, the electronic band gap tunability via V doping (in a
wide range of 0.34-1.98 eV) of monolayer VI3 increases its importance in optoelectronic

device applications.

5.2. Strain Engineering in Monolayer VI;

Strain is a common effect which can occur in 2D materials either naturally or
externally as a controllable tool for altering the electronic and magnetic properties of
the material.'!®!%3 In addition, strain was reported to be a useful tool for switching the
magnetic state of a material.'”-!>3 As in the case of doping, application of strain may
affect magnetic and electronic properties of the magnetic monolayer materials. Here,
the effect of biaxial strain on dynamical, electronic, and magnetic properties of VI3 are

investigated in accordance with V doping.
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Figure 5.3. The effect of biaxial strain on the (a) total energy differences of FM and
AFM states in pristine, 1/9 V doped, 1/4 V doped, and fully-doped VI;. (b)
magnetic moment per V atom in pristine, 1/9 V doped, 1/4 V doped, and
fully-doped VI;. Adapted with permission from Ref.?® Copyright 2019
Elsevier B. V.
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In the case of pristine, 1/9 doped, and 1/4 doped monolayer VI3, the total energy
differences per atom between FM and AFM states increase as the structures are biaxially
stretched (see in Fig. 5.3 (a)), however, magnetic ground state remains as FM except for
the pristine monolayer as the structure is biaxially compressed with strain strengths larger
than 4%. At 5% of compressive strain, pristine monolayer VI5 undergoes a FM-to-AFM
magnetic phase transition. For the 1/4 and 1/9 doped structures, compressive biaxial strain
results in decreasing of the energy difference between two magnetic states. Decreasing en-
ergy difference between FM and AFM phases indicates that under adequate compressive
strain magnetic phase transition may occur, however, under such compression dynamical
stability of doped VI; crystal is crucial. On the other hand, for the fully-doped monolayer
VI3, a magnetic phase transition from AFM-to-FM state occurs over 4% of tensile strain
which is quite important for the control of magnetic state in doped-VI; structures with
mechanical strain. In addition, effect of strain on magnetism of V atoms in pristine and
doped structures are examined. Pristine, 1/4 and 1/9 doped structures are found to have
lower magnetic moment under compressive strain and higher magnetic moment under
tensile strain, as it is presented in Fig. 5.3 (b).

In order to investigate the dynamical stability of the structures under applied strain,
the phonon band dispersions are calculated for pristine and fully-doped monolayer VI,
at 5% of compressive and tensile strains and the results are presented in Supplementary
Information. The phononic stability is found to be retained in both structures for FM and
AFM magnetic states.

The effect of biaxial strain on electronic band dispersions of pristine, 1/9 V doped,
1/4 V doped, and fully-doped monolayer VI3 are investigated and the results are presented
in Figs. 5.4(a-h). In AFM phase of pristine VI3 semiconducting behavior is found to
be robust for both compressive and tensile strains while in FM phase transforms from
semiconductor to half-metal under compressive strain. Under tensile strain, FM phase of
pristine VI; retains its semiconducting property. 1/9 V doped VI; is found to be semicon-
ductor in its AFM phase at strain-free structure and its band gap increases with increasing
compressive strain while it decreases with increasing tensile strain. Importantly, FM 1/9
V doped structure undergoes half-metallic-to-semiconducting behavior with increasing
tensile strain. The 1/4 doped monolayer VI3 is found to display robust metallic nature

via applied strain in its AFM state. Moreover, its FM structure exhibits robust semicon-
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ducting behavior with varying electronic band gap which increases with increasing tensile
strain. However, its electronic band structure at 5% of compressive strain (see Fig. 5.4(e))
shows that the structure has tendency to possess transition to a metallic state over 5% of
compressive strain. In the case of fully-doped monolayer VI3, the band gap and semicon-
ducting nature of AFM state are preserved while the magnetic state switches to FM over
4% of tensile strain with robust semiconducting behavior. Apparently, partially-doped
VI3 structures display robust magnetic phases under applied biaxial strain while pristine
and fully-doped structures undergo magnetic phase transitions with robust semiconduct-

ing natures.

5.3. Conclusions

In this study, the dopant- and strain-dependent structural, magnetic, electronic, and
vibrational properties of recently synthesized monolayer VI3 were investigated in order
to clarify the observations in the recent experiment. Total energy optimizations indicated
that in its dynamically stable structure, monolayer VI3 possesses FM, semiconducting
ground state. The FM and AFM states of VI3 were found to display distinctive vibrational
features in their Raman spectra which is useful for distinguishing the magnetic phase. Our
analysis on magnetic and electronic properties of the V-doped VI structures revealed that
as monolayer VI; is fully-doped by V atoms, it displays a structural phase transition to
VI, which exhibits AFM semiconducting behavior with a relatively larger band gap in
its ground state. Contrarily, for the doping levels in lower concentrations (1/16, 1/9, and
1/4) the FM state remains as the ground state with tunable electronic band gap depending
on the doping level. Moreover, it was revealed that both pristine and fully-doped-VI;
display phononic stability under applied tensile and compressive biaxial strains which is
quite important for nanoelastic applications of monolayer VI3. Notably, pristine and fully-
doped VI; structures were shown to exhibit magnetic phase transitions under compressive
and tensile strains, respectively. Further analysis on strain-dependent electronic band
dispersions revealed that pristine and fully-doped VI3 have robust electronic properties
while partially-doped structures exhibit robust magnetic states with varying electronic

properties.
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Figure 5.4. The strain-dependent electronic band dispersions of monolayer VI3 for; (a)
FM and (b) AFM pristine, (¢) FM and (d) AFM 1/9 V doped, (¢) FM and (f)
AFM 1/4 V doped, (g) FM, and (h) AFM fully-doped structures. The insets
show the strain dependent electronic band structures of 5% compressed
FM pristine and 5% stretched AFM 1/9 doped VI; structures. Adapted
with permission from Ref.?’ Copyright 2019 Elsevier B. V.
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CHAPTER 6

ULTRA THIN STRUCTURES OF MANGANESE
FLUORIDES: CONVERSION FROM MANGANESE
DICHALCOGENIDES BY FLUORINATION

Various experimental methods have been used in the last two decades in order to
synthesize two-dimensional (2D) ultra-thin materials. Among those methods, microme-
chanical cleavage has been reported to be a simple and effective method for obtaining
monolayers of layered bulk crystals via exfoliation using an adhesive tape.!6%19-170 In
addition, chemical vapor deposition (CVD) and molecular beam epitaxy (MBE) tech-
niques have often been used in order to produce large-scale, high-quality ultra-thin struc-
tures. However, these procedures are much less cost-effective, often intricate, and expen-
sive, 171 172.173.174.175 Therefore, due to its simplicity micromechanical cleavage has been
still widely used with the required improvements made for obtaining large-scale flakes.!”®
Although it is a widely-used method, application of cleavage technique has been limited
to crystal structures composed of van der Waals (vdW) coupled layers, and therefore, syn-
thesis of 2D crystals from non-layered bulk structures is an important issue. Very recently,
we demonstrated a novel method for the synthesis of 2D ultra-thin structures from non-
layered bulk materials using the chemical conversion process.!”” It was demonstrated that
for sufficiently long fluorination time, layered InSe can be turned into a thin InF3 crystal
in which all Se atoms are chemically exchanged with F atoms. Studies on chemically
converted ultra-thin crystal structures are still continuing.

Among the fluoride crystals, manganese fluorides having diverse phases have been
widely used in various applications. MnF, is known as a powerful oxidizing agent with
blue-violet color and is synthesized via the reaction of MnF; with HF.!7® It was demon-
strated that MnFj is an effective fluorination agent which is used to convert hydrocarbons
into fluorocarbons.!” It was also reported that MnFs is a spin-polarized Dirac material'®
exhibiting the Jahn-Teller type distortion.'®! On the other hand, MnF, has also been used

182,183

as an anode material in lithium-ion battery and glass applications.'®*185 Short lu-

minescence!® and two-color photoluminescense'®” features of MnF, were also reported.
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Although, thin-films of manganese fluoride crystals have been studied, their ultra-thin

two-dimensional structures have not been reported yet.

() MnS, AE=-005 eV

MnSe, AE =-0.29 eV 0

() I

10 20 30 40 50 60 70
20(°)

Figure 6.1. (a) Schematic of the fluorination process of MnSes, monolayer with the
energy difference of corresponding states given in the inset. Crystal struc-
tures with difference charge densities of (b) 1H-MnFs,, (c) 1T-MnF,, and
(d) MnF;. (e) Superexchange interactions and (f) corresponding XRD
spectra of single-layer MnF, structures represented by red, blue and green
lines, respectively. Purple, green, and violet colored atoms represent Mn,
chalchogen (S, Se, Te), and F atoms, respectively.

In this study, we propose the formation of different MnF,, single-layers that can be
obtained through fluorination of manganese dichalcogenide structures. Our first-principles
calculations reveal that the chemical exchange of F-chalcogen is energetically favorable

and 1H and 1T phases of MnF, are formed as dynamically stable, magnetic semicon-
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Table 6.1. Calculated parameters for single-layer MnF,_s: optimized in-plane lattice
constants (a and b), bond length between Mn and F (d;;,,— ), the F-Mn-F
bond angle (#), magnetic ground state of the structure, in-plane stiffness
(C; and C)), the Poisson ratio (v, and v,), donated electron per Mn (pary,),
cohesive energy per atom (E..), workfunction (), energy band gaps calcu-
lated within GGA (E¢%4), Raman active modes.

gap
a b 0 Mag. C,,C, Vg, Vy pvn Ee ® ESSA R-Active Modes
A A () State (N/m) (e @V) (V) (eV) (cm™1)
1H-MnF, 626 626 67 AFM 57,57 024,024 15 431 854 3.82 245, 418, 447
IT-MnF; 6.71 671 79 FM 47,47 034,034 16 452 696 3.67 253,325

MnF3 853 538 8492 FM 40,49 -046,-057 20 3.86 948 047 437,482,674,1221

ductors. In addition, ultra-thin MnFj3 is shown to be a stable magnetic semiconductor
exhibiting different atomic compositions. Electronic band structure calculations indicate
the formation of semiconducting MnF_s which also exhibit distinctive vibrational prop-
erties. Thus, the chemical conversion of layered materials through fluorination can be an

efficient way to obtain 2D forms of non-layered materials.

6.1. Fluorination and Atomic Structure

Manganese dichalcogenides, MnX, (X=S, Se, or Te) are known to be dynamically
stable, with magnetic single-layers which exhibit layered crystal structure in their bulk
forms. However, the metallic nature of MnS,, MnSe,, and MnTe, limits their use in
optoelectronic device applications.!8%13:189 Ag previously achieved in InSe,!”” one can
expect that the chemical conversion of these ultra-thin crystals can lead to the formation
of manganese-based novel structures with new functionalities.

The schematic representation of fluorination of MnXj by single fluorine atoms is
shown in Figure 6.1(a). Our results show that the chemical substitution of a chalcogenide
atom by a F atom is energetically feasible with calculated exchange energies of -0.05,
-0.29, and -1.49 eV for S, Se, and Te, respectively. Following the investigation of the
energetics of single F exchange in single-layer MnX, structures, formation of possible
MnF, phases with different compositions, namely 1H-MnF,, 1T-MnF,, and MnFj3, are
examined.

Total energy optimization calculations show that single-layer MnF; structures can
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be crystallized either in 1H or 1T phases. In both phases, the Mn layer is sandwiched be-
tween two F layers, exhibiting P6/m2 and P3/m2 space-group symmetries, respectively.
On the other hand, single-layer MnF; is formed such that the Mn atoms are surrounded
by bi-pyramidal tetrahedrally oriented F atoms in an accordion-like confirmation. It is
calculated that in these crystal structures each Mn atom has 5 ;3 net magnetic moment.
While antiferromagnetic (AFM) order is favorable for 1H phase, 1T phase favors ferro-
magnetic (FM) order. In addition, FM ordered state is also ground state for MnF3 (with
4 and 3 pp net magnetic moment per inner and outer Mn atoms, respectively). As shown
in Figure 6.1 AFM (FM) order of Mn atoms in 1H-MnF; phase (in 1T-MnF; and MnFj3
phases) is stabilized by superexchange interaction provided by fluorine atoms. In addi-
tion, cohesive energies of 1H-MnF,, 1T-MnF; and MnFj3 are calculated to be 4.31, 4.52
and 3.86 eV/atom, respectively. It appears that though cohesive energies of predicted
single-layers are less energetically favorable than their bulk forms (4.93 and 4.56 for
MnF, and MnF;s, respectively), their synthesis is feasible through fluorination of ultra-

thin manganese dichalcogenides.

6.2. Mechanical and Vibrational Properties

Linear-elastic properties of MnF,, single-layers are also determined in terms of the
in-plane stiffness, and Poisson ratio. In-plane stiffness, C,(y), is the rigidity of a material
while Poisson ratio, v,,), is the ratio of transverse contraction strain to longitudinal exten-
sion. In order to determine the elastic properties of the MnF, single-layers, elastic strain
tensor elements, C;; are calculated. In-plane stiffness and Poisson ratio are calculated by

using the formula;

(011022 —Cha % 021)

Coy = , 6.1
) Ca(11) ()
Chz
V() = 6.2
) Cooa1) (©2)

In-plane stiffness values are calculated as 57 N/m for 1H-MnF,, and 47 N/m for
1T-MnF,. In the case of MnFj3, an in-plane anisotropy in x and y directions is predicted
where the C, and C, values are found to be 40 and 49 N/m, respectively. As compared

to the elastic constants of well-known single-layers such as graphene (330 N/m),!37-11°
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MoS; (122 N/m),"3”-119 h-BN (273 N/m),'3”-!1% and WS, (122 N/m),!!? in-plane stiffness
values of MnF, single-layers indicate their ultra-soft nature. On the other hand, nega-
tive Poisson ratio values of the MnF3 (v,= -0.46, v,= -0.57) single-layer indicate its the
auxetic nature. Therefore, differing from 1H and 1T structures, single-layer of MnFj is
expected to undergo lateral expansion when stretched longitudinally and become thinner
when compressed laterally.

Dynamical stability and vibrational properties of the predicted MnF,, structures
are investigated in terms of their phonon band dispersions and Raman activity spectra.
As presented in Figure 6.2, 1H-MnF,, 1T-MnF,, and MnF; single-layers have phonon
branches all having positive eigenfrequencies in the whole Brillouin zone and therefore,
they are dynamically stable in free-standing form. 1H and 1T MnF; are found to exhibit
six optical phonon branches two of which arise from the non-degenerate out-of-plane vi-
bration of the atoms. The remaining four branches stand for in-plane vibrational motions.
In the case of 1H-MnF,, three existing Raman active modes which are named as Ay, E/,
and E” are shown in Figure 6.2. The A; mode represents the vibration of only F atoms
against each other in the out-of-plane direction while the E’ mode stands for the in-plane
vibration of Mn and F atoms against each other. In addition, E” mode arises from the
opposite in-plane vibration of F atoms. On the other hand, 1T-MnF, exhibits two Raman
active modes, namely A, and E,;. A, denotes the opposite vibration of F atoms in the
out-of-plane direction while E, represents the vibrations of F atoms against each other in
the lateral directions. In the case of single-layer MnFs, the prominent peaks in the Ra-
man spectrum are located at 437, 482, 674, and 1221 cm™! in its magnetic ground state.

The most intense peak at frequency 437 cm™!

is attributed to the coupled in-plane and
out-of-plane vibration of F atoms in the inner MnFg units while the other three Raman
modes are dominated by the F vibrations in the outer MnFs. While the modes at 482 and
674 cm™! arise from the coupled in-plane and out-of-plane vibrations, the mode having
frequency 1221 cm™! is dominated by the out-of-plane vibration of the F atoms in outer
MnFg units. Raman activity calculations, shown in lower panel of Figure 6.2, reveal that
for each predicted MnF, single layer structure there are distinctive Raman-active phonon
peaks and therefore, these crystal structures can be distinguished by Raman spectroscopy.

In addition to the dynamical stability, thermal stability of manganese fluoride

single-layers at room temperature are investigated by molecular dynamics simulations.
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Simulations are carried out for ~2ps with 2fs difference between consequent steps. It is
revealed that, while 1T-MnF; and MnFj3 retain their stable phase, deformation occurs in

the 1H-MnF; lattice.
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Figure 6.2. Phonon dispersions and corresponding Raman spectrum of (a) 1H-MnF,,
(b) 1'T-MnF,, and (c) MnF;.

In addition to the dynamical stability, thermal stability of manganese fluoride
single-layers at room temperature are investigated by molecular dynamics simulations.
Simulations are carried out for ~2ps with 2fs difference between consequent steps. It
is revealed that, while 1T-MnF, and MnFj retain their stable phase, deformation in the

1H-MnF; lattice are determined.
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Figure 6.3. Average bond lengths of 1H-MnF,, 1T-MnF,, and MnF; during the molec-
ular dynamics simulation.
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6.3. Electronic Band Structure and Possible van der Waals

Heterostructures

Electronic properties of the 2D MnF, crystals are investigated through their elec-
tronic band structures. In contrast to manganese based dicalcogenide single-layers having
metallic character, MnF, single-layers are semiconductors with varying band gaps (see
Figure 6.4). 1H-MnF, is found to be an indirect band gap semiconductor with a band
gap of 3.15 eV. The valence band maximum (VBM) and the conduction band minimum
(CBM) are located at the I'-M interval and the I" points, respectively. In contrast, 1T-
MnF; has a direct band gap character whose VBM and CBM are located at the I" point
with a band gap of 3.67 eV. In addition, single-layer MnFj is an indirect band gap semi-
conductor that has a band gap (0.47 eV) much smaller than those of the MnF, structures.
Its VBM and CBM reside at the I" and X-S points, respectively. In all three single-layers,
the edge of the VBM states is composed of Mn-d and F-p orbitals while the CBM state

are dominated by the Mn-d orbitals.
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Figure 6.4. Electronic band structure of (a) 1H-MnF,, (b) 1T-MnF,, and (c) MnFs.
Major and minor spin components are represented by solid blue and red
lines, respectively. (d) Band alignments of ultra-thin MnF, structures and
other reported single-layers. HSE06 bands are presented by dashed green
and cyan lines for major and minor spin components, respectively.
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Here, we also investigate the possible heterojunctions of the ultra-thin manganese
fluorides with reported single-layers such as MoSy, WS,, WSe,, AIN, GaN, SiC, and
GeC.'38:197 Our results show that 1H-MnF, has lattice-mismatch of less than 1% with
MoS,, WS,, and AIN while mismatch of 4% is calculated for GaN and GeC, and 5% for
WSe,. 1T-MnF; has lattice-mismatch of 5%, 5%, 2%, 6%, 3%, 7%, and 2% with MoS,,
WS,, WSey, AIN, GaN, SiC, GeC, respectively. Comparative band alignments of these
heterojunctions are presented in Figure 6.4(d). According to the results, |H-MnF; forms
type-I heterojunction with MoS,, WS,, WSe,, AIN, GaN, and SiC while it forms type-III
heterojunction with GeC. Type-II heterojunction is also predicted between 1T-MnF, and
WSe,, AIN, GaN, SiC. Additionally, 1T-MnF, forms type-II heterojunction with GeC
and type-I heterojunction with MoS, and WS, single-layers. Apparently, formation of all
three types of heterojunctions are possible with magnetic MnF, single layers, therefore
these materials are expected to be used in various optoelectronic device applications. In
the case of MnFj3, type-III heterojuction with the given materials is predicted. However,
due to high lattice mismatch between these single-layers and ultra-thin MnFj3, heterojunc-

tion formation is not feasible.

6.4. Conclusions

In this study, we have investigated possible manganese fluoride crystals that can
be obtained by fluorination of manganese dichalcogenides. Firstly, it is predicted that,

similar to that recently performed for conversion of InSe crystals,!”’

it is quite possible
for the chalcogen atoms of the host lattice to be replaced by fluorine atoms. Total energy
optimization and dynamic stability calculations have shown that formation of three novel
ultra-thin crystalline manganese fluoride structures is feasible by chemical conversion. It
is also revealed by ab-initio calculations that these stable ultra-thin crystal structures can
form type-I, type-II, and type-III heterojunctions with other ultra-thin materials that have
been studied in the literature. Notably, manganese fluorides which do not have ultra-thin
phases can be obtained indirectly by fluorination of manganese chalcogenides and this

appears to be an effective alternative method for synthesis of new materials needed in

rapidly advancing nanotechnology studies.
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CHAPTER 7

PREVALENCE OF OXYGEN DEFECTS IN AN IN-PLANE
ANISOTROPIC TRANSITION METAL
DICHALCOGENIDE

ReS; is a valuable member of transition metal dichalcogenides. Ultrathin form
of ReS, previously investigated.'”® In addition, ReS, is experimentally obtained and

reported to be stable under ambient conditions, with distorted 1T structure that cor-

191,192 35,193

responds to P1 space group, which allows tunability in its electronic, opti-

194.195.196.197 andmechanical'*® properties. Re atoms advocates the existence of metal-

cal,
lic Re-Re bonds with the additional d electron, results in Re-Re chains within the lattice,
as displayed in Figure 7.1(a). Re-Re chains in ReS, are reported to be observed by vi-

L19 electron microscopy,”® and early scanning probe

sualized by X-ray spectroscopy,
microscopies.??!:20%203 Rhenium chains are reported to be useful in order to determine
the orientation of crystal in device applications.?>2%* Although ReS, is widely studied,
the number of studies concerning the visualization of defects present in the lattice is low.
As in other 2D materials, defects in ReS; lattice occurs, and it is important to examine.
Synthesis of 2D materials are carried out various methods. Although some offer
better quality results, still defect formation is inevitable. Defects such as vacancies, ad-
sorption or absorption of impurities are reported in 2D materials such as graphene and
TMDs,205:206.207.208 Defects can alter the electronic properties of materials which may re-
sult in various effects.20%-210.211.212.213 Therefore, in order to increase the performance of
optoelectronic devices constructed of TMDs, it is important to understand the nature and
effects of these defects. Surface defects of bulk TMDs are visualized via various imaging
techniques.?'*2!>2%0 However, not being able to correlate the properties of impurities is
still a drawback. Scanning tunnel microscopy and spectroscopy (STM/STS) is a valuable
method in investigation of TMDs such as ReS,. In addition to the STM/STS imaging,
examining the correlation with the density functional theory results can be beneficial in

order to determine the properties of defects.

55



(b)

3
=
08
5
@
T

.I.I.O..'I.l'l..'... + Rhenium
d.0 .0 .0 .8,0 .0.0:0_8 Sul'fur
CONCAIAIRY (f) " [FRed _}ie.p‘\,v\)\
Ry brass -S-p S-s

i

-2 -1

Figure 7.1. (a) STM topographic map of step edges on the surface of a ReS; crystal
(Vi = -1.60V; I = 450pA). Inset: Height profile along the white dotted
line. (b) Schematic of the STM experiment. (c) STM topographic image
highlighting the Re chains with a spheres model as a guide to the eye.
(d) Top and side view of the ReS, structure. (e) Simulated STM image
of the ReS, lattice. (f) Calculated PDOS of monolayer ReS,. Adapted
with permission from Ref.?! Copyright 2020 by the American Physical
Society.

Here, combination of STM/STS images and first-principles calculations are used
to determine the structural, and electronic properties of pristine and defected structures
of ReSs. In Figure 7.1 (a) STM/STS setup is illustrated. High resolution images of
ReS, crystals are obtained from STM analysis, presented in Figure 7.1 (c). For accurate
interpretation of STM analysis, local density of states (LDOS) must be taken into account.
Therefore the partial density of states (PDOS) at the surface layer must be considered.
The PDOS is calculated using ab-inito theory and presented in Figure 7.1(f). Re atoms
dominate the PDOS with their d orbitals. Although, p orbitals of S atoms show effect

in the PDOS, brighter atoms seen in STM images are Re atoms due to their d orbitals
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involving in the tunneling process. The simulated STM image of the pristine structure

further confirms this concept (see Figure 7.1(e))
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Figure 7.2. (a) Scanning tunneling spectroscopy averaged on the surface of ReS, . The
logarithmic scale was used to highlight valence band (VB) and conduction
band (CB) whose band edges relative to the Fermi level (Er) are also in-
dicated by arrows. (b) Right: line map of the scanning tunneling spectrum
across the dashed line indicated in the topographic image in the left (V, =
-1.00 V; Iy = 65 pA. (c) Band structure of three-layer ReS, and the corre-
sponding DOS. Adapted with permission from Ref.2!® Copyright 2020 by
the American Physical Society.

Electronically, ReS, is a semiconductor, however, the nature of the semiconduct-
ing gap (direct or indirect) in the bulk versus monolayers remains a subject of discussion
both experimentally and theoretically,?00-217:218,219,220.221,222,223.224 A number of exper-
imental techniques including optical spectroscopies and electronic transport found the
bulk band gap to be in the range of 1.40 £ 0.07 eV,?00:225.190.35.226 in aoreement with
results of theoretical calculations which reported the band gap to be in the range of 1.4

4+ 0.1 eV.200:227:228,193,194,219,220.221,222.223.224 However, transport and optical spectroscopy
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are macroscopic measurements which average over large areas of a crystal. Here, we use
a local probe, scanning tunneling microscopy, and spectroscopy to measure the density
of states on the surface of ReSs crystals. We find that the differential conductance, in
Figure 7.2(a), shows the presence of an energy gap confirming the semiconducting nature
of ReS,. The extracted value of the energy gap is 1.35 4 0.1 eV, agreeing with previous
experiments. We note that this spectrum, Figure 7.2(a), represents averages over differ-

ent samples, areas, and tips as detailed in the Supplemental Material,?'®

and it is plotted
on a logarithmic scale?®® for clarity. In Figure 7.2(b) we show the spatial variation of
the spectrum across the device-size area, topographically presented in the left panel by
plotting the scanning tunneling spectra across the dashed line (right panel). Within our
resolution, the variation of the energy gap is less than 0.1 eV. These experimental find-
ings are now compared with our theoretical calculations. In Figure 7.2(c) we show the
band structure and corresponding DOS of a slab of ReS, consisting of three layers with
details of calculations in the Supplemental Material.2!® The calculations show a gap at the
I' point, and from the corresponding DOS we can estimate the energy gap around E,,
= 1.3 eV, in good agreement with the measured semiconducting energy gap. While the
density functional theory (DFT) gap appears to be in good agreement with the measured
semiconducting energy gap, we note that DFT underestimates the energy gap. Inclusion
of many-body corrections at the GoW quasiparticle level increases the band gap to 2.3
eV. However, we note that the blueshift of quasiparticle transition energies is partially
compensated by excitonic effects which reduces the optical gaps to values often consis-
tent with DFT band gaps. In a STS measurement, the zero bias corresponds to the Fermi
level (Er) as indicated by the dashed line in Figure 7.2(a). In an electrically neutral ReS,,
we expect the position of Ex to be in the middle of the semiconducting gap. However, in
our samples we find the position of Er to be close to the bottom of the conduction band
(E¢), indicating the crystal is n doped.

We now turn to the analysis of dopants and defects. When imaging the surface
of the ReS; crystal, we encounter "bright" or "dark" regions representing the presence of
a dopant or defect that will electrostatically interact with its environment. Such features
have been previously reported on surfaces of doped III-V semiconductors,?*° topological

insulators [44], transition metal dichalcogenides,?*""?32 BP,3323* or BN?* Figure 7.3(b).

The most common type of defects are shown in the STM topographic image of Figure
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7.3(a). They have a characteristic bright center with a dark halo when imaged at negative
bias voltages [Figure 7.3(b)]. As we vary the scanning parameters, we observe that the
apparent height of the defects changes, so that they appear bright at negative bias voltages
and dark at positive bias voltages. This is demonstrated in Figure 7.3(c) where we present
STM topographic images taken at different bias voltages: -0.80 and +0.80 V respectively.
The spectroscopic data acquired on the center of the defects, presented in Figure 7.3(d)
as an average over 22 defects and in the Supplemental Material>!® on only one defect,
closely resemble the one on a defect-free area, and reveal the absence of in-gap states.
The slight increase in DOS within the gap in Figure 7.3(d) could be due to buried defects

under the surface, as previously seen in other TMDs.?3

(a)

(b)
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Figure 7.3. (a) STM topographic image (V, =-1.20 V; I = 80 pA) showing lattice de-
fects. (b) Topographic high-resolution image across a defect. Inset: LDOS
map across a defect at VB =-1.2 V and I = 35 pA. (c) STM topographic
images (I = 50 pA) of an area at different bias voltages. Top: Vs = -
0.80 V; bottom: Vy;, =+0.80V. (d) Averaged STS measured on 22 defects
such as the one in (b). Adapted with permission from Ref.?!® Copyright
2020 by the American Physical Society.

To complement our STM/STS data, we performed X-ray Photoelectron Spec-

troscopy (XPS) analysis of the crystal and, in addition to the expected Re and S,?*"-23
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we also find the presence of oxygen (see Figure 7.4).

High resolution spectra of Re4f, S2p and O1s regions.

Re4f

Counts (arb units)
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Figure 7.4. XPS results confirming that oxygen is contained in defected ReS, lattice.
Adapted with permission from Ref.?!® Copyright 2020 by the American
Physical Society.

Different possible atomic scale defects in the lattice of ReS, can have signatures
in an STM experiment. For example, defects, such as a single atom vacancy, single atom
adsorption, antisite formation where the S atom is substituted by the Re atom or vice versa,
can be formed during the growth of two-dimensional (2D) ReSs sheets. To elucidate the
possible origins of the most common defects observed in our STM experiments on the
surface of ReS, we used DFT calculations. Simulated STM images of pristine ReS,
and defected structures, together with their characteristic density of states, are presented
in Figure 7.5. The formation of such defects results in dangling bonds within the lattice,
which are readily oxygenated under atmospheric conditions, leading to O atom absorption
by vacancies within the lattice. In fact, our theoretical results show that oxygen absorption
by an S vacancy, as presented in 7.5(b), will create signatures in the density-of-states maps
that closely resemble the measured defects, with a distinctive halo structure. Moreover,
when we examine the density of states, a S vacancy results in midgap states [red curve in
7.5(c)], while when an O atom is bound to the S vacancy, the semiconducting band gap
changes only slightly, in agreement with our experimental finding from STS presented
in 7.3(e), strengthening the case for oxygen being a common defect in the ReS, layers.
These results are also consistent with the reports that oxygen is a source of atomicscale

defects in MoS,.2!%215
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Figure 7.5. Crystal structure and simulated STM images of (a) S vacancy and (b) O
absorbed by S vacancy. (c) LDOS of S vacancy and O absorbed by S
vacancy. Adapted with permission from Ref.2!® Copyright 2020 by the
American Physical Society.

In addition to the defects presented in 7.3, less frequent types of defects are also

investigated and presented in Figure 7.6.

(a) Oxygen adsorbed » (C) S- vacancy

(b) Re-antisite

(f) Oons-antisite

30

Figure 7.6. Simulated STM images and density of states of (a) O adsorbed, (b) S-
vacancy, (¢) Re-antisite, (d) Re-vacancy, (e) S-antisite, (f) O adsorption on
S-antisite. Adapted with permission from Ref.?!® Copyright 2020 by the
American Physical Society.

In conclusion, STM/STS measurements and first-principles calculations were car-
ried out to examine the lattice structure, electronic band gap, and defects of ReS,. It
is shown that Re atoms form diamond-shaped chains in ReS, ultrathin crystals. Semi-

conducting bad gap is confirmed by both experimental measurements and DFT calcu-
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lations.Additionally, presence of local lattice defects and their properties are explored.
Comparison of the experimental STM/STS images with simulated STM images reveal
frequent oxygen absorption by the defect sites. Results bring explanation towards under-

standing and engineering properties of in-plane anisotropic 2D semiconductors
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CHAPTER 8

CHEMICAL VAPOR DEPOSITED GRAPHENE BASED
SELECTIVE GAS SENSOR FOR DETECTION OF
METHANOL IN ETHANOL-METHANOL GAS MIXTURE

Selective detection of volatile organic compounds (VOCs) such as methanol over
ethanol has crucial importance in the sensor studies since methanol poisoning may cause
blindness, permanent neurologic dysfunction, and even death depending on the concen-
tration.”** There are various sensor designs in order to detect methanol, however rela-
tively a small part of these studies are focused on selective detection of methanol in a
solution.24%-241:242 Gince sensing is a concept mainly based on surface adsorption, it is
important to have high surface to volume ratio, therefore two-dimensional (2D) materials
gained interest in sensor applications.’*

There are several studies for detection ethanol and methanol with using graphene
based sensors. For instance, RGO-SnO, nanocomposite exhibited an enhanced ethanol
sensing performance (43 to 100ppm) in dry and humid atmosphere.?** In addition to
this, Phasuksom et al. reported that methanol sensing with graphene oxide/polyindole
composites with high relative conductivity response (81.90+2.12) and sensitivity (7.37
ppm—1).2% However, the challenge is that when ethanol and methanol are mixed, it be-
comes almost impossible to distinguish between the two gases. There are very few studies
in the literature to distinguish these two gases that are chemically similar in low concen-
trations.

The adsorption of gas molecules on graphene have been the focus of various ex-

246.57 chemical doping,™ physisorp-

perimental studies such as charge transfer doping,
tion,>*” and quantum capacitance effect.®> Wehling er al.>*® proved that density of states
of graphene is suitable for chemical sensing and Schedin ef al. explained with experimen-
tally with single molecule NO, detection by graphene in high vacuum environment.*® It is
demonstrated that micro-meter sized sensor made from mechanically exfoliated graphene

was capable of single molecule with changing charge carrier density of graphene. Elec-

tron acceptor (such as NO,, H,O) and electron donor gas molecules (CO, NH3) effect on
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the graphene resistivity due to increase the hole concentrations by electron acceptors or
vice versa. For instance, Yavari et al. manufactured a device which was distinctly supe-
rior to commercially available NO, and NH3; sensors.>* It is found CVD grown graphene
films had an ultra-sensitive detection of NO; and NHj gases at room temperature. The
detection limits of both gases reach the sub-ppm levels. In a different approach, change
in conductivity or resistivity of the sensing material based on the charge transfer mech-
anism between graphene and adsorbed molecules. Yuan et al.>*® demonstrate that high
sensitive simple chemoresistive type NO, gas sensor with the low limit of detection which
mechanism based on charge transfer. In contrast to charge transfer mechanism, Pourasl
et al. report that the adsorption effects of the CO, NO and NHj3 gases notably change on
graphene band structure and quantum capacitance therefore it is indicated conductance
decrement after gas adsorption.®!

Theoretical investigation of molecule adsorption on 2D materials is important in
order to understand the sensing mechanism of sensors. First-principles calculations is an
important tool in determining the properties of the interactions between the analyte and
the surface. Gas sensing abilities of various 2D materials are predicted in relative studies
by the theoretical results.?%251:21:252,253.254,255.256 - Among these 2D materials, graphene
and graphene derivatives are the most extensively studied materials with unique proper-
ties. Graphene derivatives such as graphene oxide, and transition metal functionalized
graphene sheets are predicted to have reversible, operate in room temperature, and highly
sensitive gas sensors.?>’-2%:25 On the other hand, pristine graphene is also an effective
sensing material for molecules such as H,O, NH3, CO, NO,, and NO.% interactions be-
tween the analyte and graphene is effected by the substrate. Caffrey et al. reported that
SiC substrate increases the workfunction, which increases the results of charge transfer
between graphene and NO, molecule, and increase the sensitivity.?®® In the experiments,
graphene is expected to have defects and grain boundaries, therefore inspecting their ef-
fects are important in order to estimate the response. Increasing the defects on graphene
surface vastly improves the sensitivity of NH; and NO, molecules.?®!-22 Similar increase
in sensitivity is also reported in the graphene grain boundaries.?> Although the grain
boundaries have distinct influence on the transport characteristics of graphene, electrons
are able to propagate through, following the ballistic transport approximation.?%* Similar

transport characteristics across the graphene sheets and adsorption of molecules with van
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der Waals interactions eliminates charge transfer based sensing mechanism. In contrast
to the charge transfer approach between graphene and analyte, Pourasl et al. reported that
quantum capacitance model better explains the gas sensing mechanism of graphene based
gas sensors.®!

Here, we investigate the sensing mechanism and selective sensing of methanol
vapor in ethanol-methanol gas mixture in room temperature by using graphene-based gas
sensor. Our devices are constructed of bilayer graphene, bridged between two gold elec-
trodes. First-principles calculations are carried out to better understand the interactions
between the analyte and graphene surface. Measurements are done under different bias
voltages and methanol concentrations. Our results show that quantum capacitance of
methanol and ethanol on graphene are quite different, therefore can be used to differenti-

ate these molecules in ppm level.
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Figure 8.1. (a) Schematic representation of two terminal CVD-G sensor after adsorp-
tion ethanol and methanol molecules. (b) Raman spectrum with a 514 nm
laser wavelength of bilayer graphene after transferred onto glass substrate
(c) the enlarged 2D band regions of bilayer graphene with curves fitted by
Lorentzian functions. (d) 50 x 50 sized AFM topography measurements
of CVD-G sensor (scale bars represent 20 ) (e) Conductive AFM (c-AFM)
current mapping with a Pt-coated tip of CVD-G sensor before adsorption
of ethanol and methanol molecules

We designed a two-terminal sensor platform which CVD grown graphene lies in
the middle of the substrate. The schematic representation of the sensor platform was de-

picted as in Figure 8.1(a). Raman spectroscopy measurements were carried out on the
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structural properties of transferred CVD graphene. The D, G (~1595 cm™!) and 2D
(~2700 cm~') bands are the predominant peaks in the spectrum of pristine graphene.
Specifically, the G band corresponds to the doubly degenerate Ey, phonons at the Bril-
louin zone. The 2D and D bands are all induced by the second-order, double-resonance
process and related to zone-boundary phonons. Besides, the full width at half maximum
(FWM) of 2D peak and I, p/I; peak intensity ratio of CVD grown graphene is significantly
different from single layer and few layer graphene. The FWHM of 2D peak is about 45
cm~! and fitted with 4 components. Therefore, as shown in Figure 8.1(b), Raman spec-
trum of transferred CVD-graphene constitutes the spectroscopic signature of the bilayer
graphene. To investigate the surface topography and local conductivity changes of CVD-
G sensor measurements were carried out with AFM and c-AFM. The surface roughness
of the CVD-G sensor was measured as 122,52 nm from topography measurement (Figure
8.1(c)). In c-AFM mapping measurements under 1V tip voltage taken from an area of 50
x 50 sized while the surface conductivity was measured as 135 nA, at wrinkled surface
this value was determined as 80 nA which occurred during CVD graphene transferring
process (Figure 8.1(d)). This analysis showed that the surface of CVD-G sensor surface

was homogenous conductivity under bias.

Methanol Ethanol

% 244 meV1

Figure 8.2. DFT results of the interaction between bilayer graphene and (a) methanol,
(b) ethanol with the interaction energies. Charge density differences of

methanol/graphene and ethanol/graphene systems are presented in the cor-
responding insets.
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For investigation of the interactions between bilayer graphene and volatile organic
compounds such as methanol and ethanol, we carry out state-of-the-art first principles
calculations. Our results show that methanol and ethanol interact with the surface with
binding energy of 224 and 244 meV as presented in Figure 8.2, respectively. In addi-
tion, charge transfer between graphene/methanol and graphene/ethanol systems are cal-
culated by Bader technique. Charge transfer analysis shows that charge transfer from the
molecules to the surface, or vice versa is negligibly small. Therefore, sensing mecha-
nism of the systems cannot be simply explained by charge depletion between graphene
and molecules. Therefore, further investigation of methanol and ethanol on graphene
surface is carried out by calculating the charge density differences of the two systems.
Results show that adsorption of molecules disrupts the local charge density at the ad-
sorption sites, which results in hole puddles. It is reported previously that electron/hole
puddles on graphene adjusts the transport properties of the system and at these density
inhomogeneities on the graphene surface results with readings of finite conductivity even
without applying gate voltage.®>% Therefore it is expected to electrically measure the ad-
sorption of methanol and ethanol on graphene, and differentiating methanol from ethanol
in gas mixture since the size of hole puddles are varying.

For sensing measurements we apply constant voltage of 1V to the two terminal
sensor configuration and monitor the changes in their relative current upon exposure to
different ethanol and methanol concentrations of gas species. Consistent with the density
of states calculations, we observed that as the ethanol and methanol gas concentration
increases 1 ppm to 30 ppm, the relative current change increases for both ethanol and
methanol adsorption of CVD-G sensor (Figure 8.3). However, it was observed that this
increase was 3 times higher when compared the concentration-dependent current change
of ethanol compared to methanol, and this difference increased as the concentration in-
creased. In addition, response and recovery times of methanol and ethanol are examined.
It is found that 90% response times of methanol and ethanol are 109s and 112s while the
10% recovery times are 82s, and 93s, respectively.

Further investigation on the sensing properties of graphene-based methanol-ethanol
sensors are carried out. Voltage dependent response of these gas sensors for methanol
and ethanol are measured with DC 0.3, 0.8, 1.3, 1.8, and 2.3V potential difference be-

tween electrodes. Baseline extraction carried out in the postprocessing. In addition, since

67



DN W W
S L O W
T 17

. A19A0001

S¢6:

—_
wn O
|

Concentration (ppm)
&
T

)
S
:112s

— Ethanol

response

—_
N

— Methanol

T

—
N8}

.A19A0001

: 109 s
S8

I, (nA)

.

T
response

_

2l

>

] ] ] e Ml il B | ] ] L1 |
6 8 10 12 14 16 18 20 22 24 26 28 30

(=]
[ =
Ny =

Time (m)

Figure 8.3. (a) Concentration dependent response to methanol and ethanol, displayed
with red and green lines, respectively (b) response and recovery times of
the methanol and ethanol measurements.

the interactions modify the capacitance of the system, results are employed in calcu-
lation of capacitance in methanol/graphene and ethanol/graphene systems. Results are
displayed in Figure 8.4. It is demonstrated that capacitance of methanol/graphene and
ethanol/graphene systems are different, therefore can be used to identify the concentra-

tion of the compound.

8.1. Conclusion

In this study, sensing capability of graphene-based sensors were investigated for
detection of volatile organic compounds such as methanol and ethanol. Results showed
that although the interactions between the molecules and graphene surface are weak, van
der Waals type with negligibly small charge transfer, detection of these molecules are still
possible. DFT results show that interaction of molecules with graphene surface results

in local hole puddles. Capacitance of the system is effected by these interactions and
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Figure 8.4. Voltage and  concentration dependent capacitance of the
methanol/graphene and ethanol/graphene systems with correspond-
ing response readout.

change in the current occurs. In the methanol/graphene and ethanol/graphene systems,
it is determined that current increases due to the increasing hole puddles. In addition,
concentration dependent and voltage dependent measurements are carried out in order to
examine the performance of the graphene-based sensors. Results show that these sensing
devices are able to sense low concentrations such as 1ppm of VOCs. In both case, differ-
ences in the capacitance of methanol/graphene and ethanol/graphene systems are found

to be different, which enables selective, repeatable sensing.
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CHAPTER 9

CONCLUSION

2D materials offer great potential in various application areas due to their extraor-
dinary physical properties. Therefore, it is important to determine these properties in
order to precisely understand their mechanism. In the present thesis, materials are ex-
amined using both theoretical and experimental methods. In the theoretical part, density
functional theory is used. In Chapter 3, structural, vibrational, mechanical, and electronic
properties are determined. It is shown that 1T structures of calcium fluoride single-layers
are dynamically stable. Analysis of the vibrational properties revealed that 1T-CaF, has
Raman active modes, which would be useful in its detection. Electronic properties re-
vealed that 1T-CaF, crystals have insulating property. Therefore, results are compared
with widely used single-layer insulator ~-BN. According to the results, CaFs is softer in
comparison to h-BN, however with its wider band gap, it offers larger insulating prop-
erty. Band alignments of CaF, and widely used single-layer crystals such as MoS,, WS,
and black phosphorene are found to form type-I heterojunction just as h-BN, however
offering higher potential barrier. Investigation of nanoribbons of CaF, revealed that in-
sulating property is not affected by ribbon-width, and rather remain as robust insulator.
Therefore it is predicted that 1T-CaF, offers high potential in nanoscale device structures.
Following 1T-CaF,, other calcium halides structures are investigated in Chapter 4. In
addition to 1T phase, examination of 1H phase which is another common phase is car-
ried out. CaX, structures where X refers to F, Cl, Br, and I atoms are found dynamically
stable. Electronic band structures calculated using HSE06 functional revealed that band
gap in 1T phase is in range of 9.49-5.11 eV meanwhile in 1H phase it is between 8.73—
4.38 eV. It is given that, in case of successful synthesis of these single-layers, Raman
active modes with different frequencies can be used in characterization. Band alingments
show that these crystals mainly form type-I and type-II heterojunctions. In conclusion,
CaX, single-layers are predicted to be alternative candidates as insulating single-layers in
nanoscale applications.

In Chapher 5, recently synthesized magnetic single-layers, and alteration of elec-

tronic properties via strain and V doping are investigated. Dynamical stability of FM and
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AFM phases of VI crystals are confirm via absence of imaginary phonon bands. Raman
activities are calculated and results revealed that magnetic phases of VI3 can be distin-
guished via their Raman spectra. Electronic band dispersions revealed that both FM and
AFM phases are semiconductors. Moreover, in FM phase, wide difference in between
major and minor spin band gaps shows that spin selective applications would result in
different electronic response. Following the analysis in its pristine structure, V doped
structures of ground state (FM) VI3 single-layers are also investigated. V doping in dif-
ferent concentrations shows that these crystals vary in electronic structure, in different
concentrations, half-metallic and semiconducting characteristics are expected to occur.
In fully V doped structures, 1T-VI; forms, and the ground state switches to AFM phase.
In addition to the V doping, applying strain alters the electronic and magnetic properties
of VIj single-layers while retaining their dynamical stability. In closure, V dopant and
strain dependent characteristics of VI3 increases the capability of being used in spintronic
applications.

Magnetism in 2D materials are employed in spintronics to achieve constructing
devices with outstanding performance as it is stated in Chapher 5. Although there are
high demands regarding magnetic monolayers, the number of these materials is consid-
erably small. Therefore, studies regarding synthesis of novel magnetic monolayers are
carried. In Chapter 6, synthesis of novel magnetic single-layers of manganese fluorides is
proposed by recently reported method which involves fluorination of thinned down lay-
ered analogue. Occuring ion exchange results with fluorinated ultra-thin crystals. In this
study, it is revealed that formation of manganese fluorides are energetically more favor-
able from manganese dichalcogenides. As result, there phases of manganese fluorides are
predicted to occur; 1H-MnF,, 1T-MnF,, and MnF;. Magnetic ground states of these crys-
tals are found to be AFM for 1H-MnF, and FM for 1T-MnF; and MnFs. Superexchange
interactions are illustrated within these materials. It is revealed that these dynamically
stable ultra-thin structures of manganese fluorides can be characterized via XRD, and
Raman spectroscopy. Corresponding spectra are calculated and presented. Mechanical
properties of these crystals are calculated. Due to its accordion-like structure, Poisson
ratios (v, v,,)of MnF3 are found to be negative. While these crystals are revealed to be
semiconductors, band gap in MnFj is calculated extremely lower in comparison to MnF,

phases. Band alignments of these ultra-thin crystals with known single-layers with low
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lattice mismatch values are presented. Results show that type-I,and type-II heterojuctions
are predicted to occur between these magnetic MnF; crystals. However the predicted het-
erojunctions with type-III are displayed, due to unisotropic lattice therefore the relatively
high lattice mismatch values, ultrathin MnFj3 are not feasible to form heterojunctions with
these single-layers.

Defect formation in 2D materials is not a surprising phenomenon. It is known that
defects alter the properties of materials, and it can be both beneficial or disadvantageous.
Therefore it is important to understand the mechanism and affects of defects. In Chapter
7, collabration between experimental and theoretical approach is carried out. It is shown
that there are three types of defect occuring in the STM images of ultrathin ReS; crystals.
These defects are grouped as type A (bright spot in hallow), type B (bright spot), type
C (hallow), and it is reported that majority of these defects are type A. In addition, by
applying forward or reverse bias voltage, resulting STM images are adjusted. In order to
understand the defect formation, S and Re defects; S and Re antisite defects, S and Re
point defects are formed. In addition, oxygen adsorption and absorption are examined.
Partial charge densities of these structures are calculated in range of [-2,0] eV, and [-2,
2] eV in order to simulate reverse bias and forward bias STM images. After the postpro-
cessing of calculated partial charge densities, STM images are simulated. Results show
that type B and type A defects are caused by S vacancies and oxygen absorption by S-
vacancies, respectively. Although additional mechanism are proposed, those scenarios
are found energetically less favorable. Following the theoretical results, XPS analysis
revealed existence of O defects.

In Chapter 8, adsorption of volatile organic compounds such as methanol and
ethanol on bilayer graphene surface is investigated. Results show that interaction ener-
gies in graphene/methanol and graphene/ethanol systems are van der Waals type. Charge
density differences reveal formation of hole puddles while the charge transfer analysis re-
veals that charge transfer between methanol and ethanol molecules and graphene surface
is negligibly small. However, when CVD grown graphene-based sensor is constructured,
sensing device responds to methanol and ethanol gas. In addition, responses to these al-
cohols is show difference. Sensor response is examined in concentration dependent, and
voltage dependent scenarios with more than one device. Capacitance of the response for

methanol and ethanol is calculated seperately, and clear distinction is reported. Results
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show that graphene-based sensing device is capable of selective sensing of ethanol and
methanol species.

In summary, graphene-like materials show great potential in optoelectronic appli-
cations. It is important to investigate their properties and mechanisms in different sys-
tems both theoretically and experimentally. Different groups of graphene-like materials
can be employed in various applications. In order to predict the outcome, propose a
working mechanism and/or improve the capabilities of graphene-like 2D materials in op-
toelectronic devices, it carries vital importance to carry out theoretical and experimental

approach.
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