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Abstract

Semiconductor heterostructures provide an exciting setting for novel electronic
and optoelectronic devices. Energy band alignment in semiconductor heterostruc-
tures is one of the most important parameters of design since it controls the
electrical and optical properties. Extensive library of two-dimensional (2D) semi-
conductors allow us to create a wide range of heterostructures made by stacking
di erent 2D semiconductors on top of each other, held by van der Waals forces.
In this thesis we employ state-of-the-art rst-principles calculations based on
density functional theory (DFT) to investigate energy band alignments in two-
dimensional (2D) semiconductor heterostructures. The Anderson and midgap
models are often used in the study of semiconductor heterojunctions, but for van
der Waals (vdW) vertical heterostructures they have shown only very limited suc-
cess. Using the group-1V monochalcogenides as a prototypical system, we propose
a linear response model and compare the e ectiveness of these models in predict-
ing DFT band alignments, band types and bandgaps. We show that the true band
alignment can be obtained by the linear response model, which falls in between
the Anderson and midgap models. Our proposed model can be characterized by
an interface dipolee\f, = (Em2 Emz1), where the linear response coe cient

= 0 and 1 corresponds to the Anderson and midgap model respectively, and
En is the midgap energy of the monolayer which can be viewed as an e ective

electronegativity. For group-1V monochalcogenides, we show that = 0.34 best



captures the DFT band alignment of the vdW heterostructure, and we discuss
the viability of the linear response model considering other e ects such as strains
and band hybridization.

Topological insulator has been touted as a very promising class of material for
spintronics applications. A particular property of interest is its intrinsic spin-
momentum locking protected by time reversal symmetry. However, in current
state-of-the-art molecular beam epitaxial grown materials, various defects has
been observed. Here we investigate e ects of rotational defects and basal twins
on electronic properties of topological insulators (TI) such as Bies, Bi,Se&, and
Sh,Te;. We demonstrate that basal twins and defects a ect the local band struc-
ture of the Tl thin Ims. However, it's most important feature remains relatively
robust, i.e. the important 9¢ spin-momentum locking of the surface states.
Finally, we study MgV,0, as a promising and chemical material for spintronics
applications, due to its excellent lattice matching with MgO. We show that the
ferromagnetic (FM) phase of this material is half-metallic, and its half-metallicity
is preserved even after interfacing with MgO, as we validate through their het-
erostructure calculations. Interestingly, we also show that the FM phase of
spinel compound Mg\O, host three-dimensional at band (FB) right near the
Fermi level, consequently yielding a large anomalous Hall e ect (AHE,

670 ! cm ). We explore experimental feasibility of stabilizing this FM phase
through strain and doping engineering, and the results suggest that experimentally

accessible amount of hole doping might induce a AFM-FM phase transition.
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Chapter 1

Introduction

Semiconducting materials such as silicon have been at the heart of the majority of
electronic devices over the past 70 years. Two-dimensional (2D) semiconducting
materials such as black phosphorus and molybdenum disulphide (My%re sub-
ject of considerable research during the past two decades due to their promising
electronic and optical properties [5, 6, 7, 8]. During the past ten years, explo-
rations of devices made of layer-by-layer stacking of di erent 2D materials on top
of each other to form heterostructures has emerged and made inroads to new
physics and exciting opportunities [9, 10, 11]. These heterostructures, often re-
ferred to van der Waals (vdW) heterostructures, since they are hold together by
weak van der Waals (vdW) forces. In this chapter, we review some of the most
well-known families of 2D materials, and discuss their structural and electronic
properties. The results in this chapter are published in [V. O. Ozcelik, Javad G.

Azadani, et. al, Physical Review B 94, 2016].



1.1 Two-Dimensional Semiconductor Heterostruc-
tures

According to the band alignment between two semiconductors, their heterostruc-
tures are classi ed into three types [2], as illustrated in Figure 1.1. Type | (sym-
metric), where both conduction band minimum (CBM) and valence band mini-
mum (VBM) are located in the narrow bandgap semiconductor. Therefore, elec-
trons and holes reside in the same material facilitate their recombination. Type
| is often used in the optical devices, lasers, and light emitting diodes (LED)
[12, 13, 14]. In type |l (staggered) heterostructure, CBM and VBM of one semi-
conductor have higher energies than those of the other semiconductor. Electrons
and holes are located in dierent materials, thus allowing strong carrier con-
nements. Type Il heterostructure is an ideal platform for interlayer excitons
[15, 16, 17], and it is useful for high electron mobility, and bipolar transistors
[18, 19, 20]. Type Il heterostructure, known as broken gap, occurs when CBM
and VBM of one material are at higher energies than CBM of another one. Type
[l can be useful in tunneling eld e ect transistors (TFET) to increase current

density [21].

1.1.1 Group IV and IlI-V Compound Materials

Synthesis of single layer boron nitride (BN) [22, 23] provides a path to the search
for similar group I11-V compound materials for designing novel nanoelectronic and

optoelectronic devices [24, 25, 26, 27, 28]. Depending on their stable structures,



Figure 1.1: lllustration of type I, Il and Il heterostructures, where red (blue)

shows conduction (valence) bands.

group 1lI-V compound materials are classied into two groups [29], as shown
in Figure 1.2(a). One group possess hexagonal honeycomb structure (planar)
similar to that of graphene, namely BN, BP, BAs, BSh, AIN, AIP, AlAs, GaN,
and InN. Among these materials, BN has a great lattice matching with graphene
(1.45A versus 1.42A for graphene), but in contrast to graphene, it has a wide
bandgap and ionic bonds. Another stable structure for these materials is the
buckled geometry, where the atoms place on the two parallel layers which are
separated by a buckling distance () in the vertical direction. AlSb, GaP, GaAs,
GaSh, InP, InAs, and InSb crystallize in the buckled structure. In contrast to
the planar structure, the buckled geometry does not contain any element from

the second row of the periodic table. Both planar and buckled structures have
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the same hexagonal Brillouin zone (BZ), as presented in Figure 1.2(a). Group IV

compound materials crystallize in the same structures as of I11-V materials, where
SiC, GeC, SnC have planar hegaxonal structure, and SiGe, SiSn, GeSn possess
buckled geometry.

Electronic properties of free-standing monolayers of these materials are calculated
using rst-principles DFT calculations. The computational details is presented in
Appendix A. The rst BZ was sampled by a (21 21 1) Monkhorst-Pack grid.
Spin-orbit coupling (SOC) was included in these calculations. Vacuum energies
are set to zero in the band alignment gures. The results are shown in Figure
1.2(b), where red and blue colors corresponds to the conduction and valence bands.
PBE and HSEOG6 results are presented by bar and line plots, respectively. The
PBE and HSEO6 results constitute lower and higher estimates of the bandgaps,
respectively. Location of CBM and VBM in the momentum space are indicated
for each material. VBM for most of these materials reside at thi€ -point. Among
these materials, BN, AIN and SiC are wide bandgap insulators. Due to the similar
lattice constants for GaN and AIN, they are promising candidates for lateral and
vertical heterostructures. From the Figure 1.2(b), it is clear that one can make
type |, Il and Il heterostructures by combing di erent 11I-V and IV compound

materials.

1.1.2 Group V Elemental Materials

Another family of 2D materials is group V elemental materials. The most studied

of these materials is black phosphorus, which has been widely investigated for



Figure 1.2: (a) Stable planar and buckled structures of group IV and Group I11-V
monolayer compounds, and their hexagonal BZ with high symmetry points. The
relevant bond lengths, lattice parameter and buckling distance are indicated by a,
d, and , respectively. (b) Energy band alignment of group IV and group IlI-V
monolayer compounds, where CBM (red) and VBM (shown in blue) obtained from
PBE and HSEO6 calculations are shown with the bar and line plots, respectively.
Locations of CBM and VBM in the momentum space are indicated. Vacuum
energies are set to zero. Buckled (b) structures are indicated with the index 'b’,
where no index is used for the planar structures. Reprinted with permission from

ref. [2]. Copyright 2016 American Physical Society.
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eld e ect transistors [30, 8, 7], and also studied by several theoretical groups

[31, 32, 33]. In addition, dierent studies have been performed to explore the
possible stable phases of other group V elemental materials, such as nitrogen, an-
timony, arsenic, and bismuth [34, 35, 36, 37, 38]. Group V materials are stable in
two distinct structures, as shown in Figure 1.3(a). The buckled structure is similar

to the structures of some of the group IV and I1l1-V compounds. All of the group

V elemental materials are stable in this phase. The unit cells and BZ are hexag-
onal. Some of these materials such as phosphorene, arsenene and antimonene are
also crystallize in a di erent structure, namely puckered (or washboard) structure.
The puckered structure has a rectangular unit cell and BZ. Black phosphorus, the
most studied group V materials, crystallizes in the puckered phase [39, 7, 40, 8].
It is worth to mention that group V materials can also make stable bilayer and
layered bulk structures, which the puckered antimonene has a slightly distorted
phase [34, 35].

Figure 1.3(b) shows the band alignment of group V monolayers. Superscripts 'b’
and 'w' represents buckled and puckered phases, respectively. Nitrogene (mono-
layer of nitrogen) is a wide bandgap insulator with a direct bandgap of 4.0eV
(5.9eV), calculated by PBE (HSEO0G6) functional. Similarly, phosphorous in the
buckled phase, namely blue phosphorene,[7, 31] is also a direct bandgap semi-
conductor with the bandgap of 1.98eV (2.73eV), obtained by PBE (HSEO06) cal-
culations. Two examples of indirect bandgap semiconductors are arsenene and
antimonene, which are buckled structures of arsenic and antimony monolayers.
We can construct various type | or Il -valley lateral heterostructures by increas-

ing the number of layers [41]. In addition, these group V puckered elements have



Figure 1.3: (a) Stable buckled and puckered crystal structures of group V ele-
ments, and their corresponding hexagonal and rectangular BZ with high symme-
try points. The relevant bond lengths and lattice parameters are indicated by
a and d, respectively. (b) Same as Figure 1.2(b), but for group V monolayers,
where buckled and puckered structures are indicated by 'b' and 'w' indices, re-
spectively. Reprinted with permission from ref. [2]. Copyright 2016 American
Physical Society.
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relatively low CBMs, -4eV, which allows us to form type | or |l heterostructures

with some of the group IV and IlI-V compounds with high VBM of -4eV.

1.1.3 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMD) are a large family of 2D materials, which
exhibit a versatile chemistry [42, 43, 44]. They have a chemical formula of MX
where M is a transition metal atom and X is a chalcogen (S, Se, Te)[45]. TMDs
are usually stable either in 2H or 1T phases, where 1T and 2H refer to the lattice
structure as illustrated in Figure 1.4(a). Their lattice structure is octahedral (Oh)
in the 1T-MX, phase, and trigonal prismatic (D3h) in the 2H-MX» phase. They
both have a hegaxonal BZ, as shown in Figure 1.4(a).

The band alignment of all MX, semiconductor monolayers are presented in Figure
1.4(b). Their bandgaps range from 0.40eV (1.02 eV) for Hfg® 1.59eV (2.15eV)
for MoS, obtained by PBE (HSEO06) calculations. MoX and WX, monolayers
are direct bandgap semiconductors at th& -point. TMDs in the 2H phase have
a transition from direct to indirect bandgap semiconductors by increasing the
number of layers [46, 47]. Bond lengths and lattice parameters of TMDs are
increasing as chalcogen goes from sulfur to tellurium. It is clearly seen from Figure
1.4(b) that CBM and VBM increase as chalcogen goes from sulfur to tellurium.
In addition, tungsten dichalcogenides have higher CBM and VBM energies than
those of molybdenum with the same chalcogen. Since molybdenum and tungsten
dichalcogenides have relatively similar lattice constants, they are usually used in

lateral heterostructures. Some of the TMDs are also available in a distorted 1T



Figure 1.4: (a) Crystal structures of 1T and 2H phases of TMDs, and their corre-
sponding BZ with high symmetry points. The relevant bond lengths and lattice
parameters are indicated by a and d, respectively. (b) Same as Figure 1.2(b)
but for TMDs, where 2H, 1T, and distorted 1T phases are indicated with the
corresponding indices. Reprinted with permission from ref. [2]. Copyright 2016

American Physical Society.
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structure due to the John-Teller or Peierls distortions [48, 49]. Two examples of

such TMDs are Re$ and ReSe. They both are direct bandgap semiconductors
at the -point. The bandgaps of ReS and ReSe are relatively insensitive to the

number of layers [48].

1.1.4 Transition Metal Trichalcogenides

Transition metal trichalcogenides (TMT) are another class of 2D layered materials.
TMT has a chemical formula of MX;, where M stands for a transition metal
atom, and X is a chalcogen. Most common TMTs are Tix HfX3, and ZrXs.
They crystallize in monoclinic structures [50, 51]. They possess rectangular unit
cells containing two transition metals and six chalcogen atoms, where each metal
atom has a bond with six chalcogen atoms as shown in Figure 1.5(a). Electronic
properties of some bulk TMTs have been studied in various experimental works
[52, 53, 54, 55, 56].

Band alignment of some of the TMTs are illustrated in Figure 1.5(b). All
TMTs except TiS; are indirect bandgap semiconductors with the bandgap ranging
from 0.28 eV for ZrSe to 1.06 eV for HfS calculated by PBE, and ranging from
0.95eV for ZrSe to 1.89eV for ZrS calculated by HSEO06 functional. All HSE06
calculated bandgaps of these TMTs are close to their experimental bandgaps
[57, 58, 59, 60]. One can construct type Il heterostructures by combining some
of these TMTs with MoS;. In addition, TMTs have relatively small CBM of
about -4.5 eV, therefore we can combine them with high VBM TMDs monolayers,

such as Hf$ and HSe, and form type lll heterostructures. Location of CBM
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Figure 1.5: (a) Crystal structure of TMTs, and its rectangular BZ with high
symmetry points. The relevant bond lengths and lattice parameters are shown by
a and d, respectively. (b) Same as Figure 1.2(b) but for TMTs. Reprinted with
permission from ref. [2]. Copyright 2016 American Physical Society.
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for HfSe in momentum space changes from X-S form PBE calculations to X in

HSEO6 calculations.

1.1.5 Heterostructures Band Types

Using electronic properties of all 2D semiconducting monolayers [2], vdW het-
erostructures can be constructed by stacking any two of these semiconductor
monolayers.

Figure 1.7 shows the type of heterostructures that these 2D semiconductors can
form. Heterostructure band types according to the HSEO6 calculations are il-
lustrated in the upper right region of the diagonal line in Figure 1.7. For some
heterostructures, the band types can be di erent based on the PBE and HSEOQ6
results. Most of the group IlI-V and group IV compound materials make type |
heterostructures, while group V elemental materials, TMDs, and TMTs usually
form type Il. Moreover, type lll heterostructures are expected mostly in TMDs
and TMTs. In addition, there are cases which CBM (VBM) of material A is same
as VBM (CBM) of material B, which means the possibility of having two types of
heterstructures for material A and B. These cases are shown by squares with two
colors. These results provide a useful resource for researchers in order to select

two 2D semiconductors in order to make desirable devices.
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Figure 1.6: Survey of heterostructures band types. Type I, Il and Il heterostruc-
tures are represented by green, red and blue boxes, respectively. The lower left and
upper right of regions of the diagonal line present band types obtained by PBE
and HSEOQG6 calculations, respectively. Two-colored boxes indicate equal chances
of two di erent types of heterostructures, that correspond to the same energy
within the error range of our calculations. Reprinted with permission from ref.

[2]. Copyright 2016 American Physical Society.



Chapter 2

Linear Response Model For
Predicting Band Alignment of 2D

Vertical Heterostructure

2.1 Introduction

Energy band alignment in semiconductor heterostructures is one of the most im-
portant properties in designing electronic and optoelectronic devices [61, 62, 63,
64]. A great deal of work has been directed towards the understanding of band-
discontinuity at semiconductor heterojunction for several decades since the 1970s
[65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75]. These works span a wide spectrum,
with simple and physically motivated models that predicts bands lineup of het-
erostructure based on the electronic properties of its constituent bulk semicon-

ductors [65, 68, 73, 74], while others approached it using elaborate rst principle

14
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self-consistent atomistic calculations based on density function theory (DFT) or

semi-empirical pseudopotential or local atomic orbitals methods [67, 70, 71, 72].
These approaches have facilitated the understanding and design of 111-V and 1I-VI
semiconductor heterojunctions and played a crucial role in providing insights to
experimental measurements and devices.

Heterojunction band alignment details the band edge energies of the respective
semiconductors at the interface. The most elementary model was provided by
Anderson [65, 66], which states that the vacuum levels of the two semiconductors
should be aligned on both sides of the junction. Hence, the conduction band o set
is given by the di erence in electron a nities of the two materials and the valence
band o set is the superposition of conduction band o set and bandgap di erence.
In general, when two semiconductors are placed in contact, any di erence in their
Fermi levels will result in charge transfer until the Fermi levels are lined up. In the
context of conventional bulk semiconductor heterojunctions, this charge transfer
would set up band bending at the interface, while in the case of metals, it would
appear as an interface charge dipole due to metallic screening. To-date, band
alignments in van der Waals (vdW) heterostructures, which consists of atomically
thin 2D semiconductors with thickness orders of magnitude smaller than the elec-
trostatic screening length, is poorly understood.

During the past few years, several studies have been conducted to study and
predict the band alignments in vdW heterostructures [76, 77, 78, 79, 80, 81, 82,
83, 84, 85, 86, 87, 88, 89, 2, 90, 91, 92, 93], particularly heterostructures made
by mechanical transfer [94]. These studies found limited success of the Ander-

son model when compared to DFT results and experimental measurements [91],
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charge transfer contributions [95], and the discrepancies have been ascribed to

the band hybridization in heterostructure [92], and quantum dipoles [93], and de-
pends also on layer thickness [96]. However, systematic studies and understanding
of the validity of the Anderson model towards a uni ed understanding of the band
alignment in vdW heterostructures are currently lacking.
In this chapter, we propose a linear response model that predicts the band align-
ment for 2D vdW heterostructures based on their constituents monolayer elec-
tronic band properties. Our model is most e ective when interlayer coupling, or
band hybridization between layers, is weak. To demonstrate the e cacy of the
model, we compare the model against numerical results obtained from DFT. We
focus on the family of group-IV monochalcogenides heterostructures as a proto-
typical system. The understanding of band alignments in these heterostructures
would open new opportunities for designing new materials properties optimized
for particular applications.

The results in this chapter are published in [Javad G. Azadangt. al, arXiv,

2020].

2.2 Group-IV Monochalcogenides

2.2.1 Atomic Structure

Group-1V monochalcogenides was shown to form mechanically stable and rigid
heterostructures [97]. Few-layer group-IV monochalcogenides have been synthe-

sized [98, 99, 100], and their monolayers have been shown to be stable and can
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be exfoliated from their bulk phase [101]. Because of the reduced symmetry,

they show piezoelectricity with large ionic dielectric screening and piezotronics
for energy harvesting [102, 103], anisotropic thermal and electrical conductivity
[104, 105] with high thermoelectric e ciency [106, 107], and topological electronic
properties [108, 109, 110]. Group-IV monochalcogenides have chemical formula
MX , where M and X are elements from group-IVA and VIA of the periodic
table, respectively. They belong to the space grouBnma with an orthorhom-

bic structure in their bulk form. They have a puckered crystal structure similar

to the more commonly studied black phosphorous [111, 8, 7]. However, unlike
black phosphorus, inversion symmetry in the perpendicular direction of the layers
is lost for the monolayer, as shown in phosphorene oxides [112, 113], and they
belong to the space group Pn2; instead. The primitive unit cell is rectangular
with four basis atoms, two from each atomic species. Each atom is covalently
bonded to three neighbors of the other atomic species forming zigzag con gura-
tion of alternating atoms, and the bonds are typically softer along the armchair
direction [97]. The atomic con gurations of group-1V monochalcogenides vertical
heterostructures are illustrated in Figure 2.1(a,b). The primitive unit cell of the
heterostructure is still rectangular with eight basis atoms and its rectangular Bril-
louin zone with the high symmetry points are shown in Figure 2.1(c). Moreover,
monolayer puckered group IV-monochalcogenides is the more stable phase, with

formation energies comparable to single-layer Me$114].
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Figure 2.1: Group-IV monochalcogenides. (a) Side view and (b) top view of the
optimized atomic structure of group-IV monochalcogenide heterostructure. The
rectangular unit cell with in-plane lattice vectors,-aandb are indicated. (c) Cor-

responding Brillouin zone with symmetry directions. (d) Band edge of relaxed
freestanding group-IV monochalcogenide monolayers relative to their vacuum lev-

els, where PBE and HSEOQ6 results are shown with bar and dots, respectively.
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