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ABSTRACT

he electromagnetic radiations can propagate in space, which could interact with the matter

in various ways. Advancement in the electronic industry demands to explore new materials

with pronounce electronic and optical features. Due to the boosted semiconductor industry,
the optoelectronic devices are extensively employed in manufacture, medicine, astronomy,
automobile, communications, military, and so on, reshaping our lives. These include light emitting
diodes, semiconducting lasers, photovoltaic devices, photodiodes and photodetectors. Previous
studies incorporate the investigation of optoelectronic properties for different materials such bulk
systems, alloys, thin films and 2D layered structures. Currently, the Ga- and Hg-free type-ll
superlattices of InAs/(InAsSb) are highly demanding in the infrared industry due to their unique
optoelectronic properties. Moreover, the distinct mechanical and electro-optical features of the
newly discovered 2D materials family MA2Z, as compared to other 2D materials necessitates
further studies to explore this 2D material class.

Motivated from the outstanding characteristics of Ga- and Hg-free type-Il superlattices of
InAs/(InAsSh), and the extraordinary mechanical and electro-optical features of MA2Z4 family,
we explore here the electronic and optical properties of InAs/INASe 625Sho 375 3D superlattice (SL),
2D materials XSi;Ns (X = Mo, W, and Ti) and their vertical/lateral heterostructures
MoSi2N4/XSi2N4 (W, Ti), and Janus structures.

In the study of InAs/InAspe25Shos7s 3D superlattice, the modified Becke-Johnson exchange-
correlation functional is employed to have a good description of the electronic and optical
properties. The bulk InAs and InSb are analyzed first and then the InAs/InAs 625Sho 375 superlattice
for the three lattice constants of the bulk InAs, GaSb and AISb is investigated, respectively. A
strong dependence of electronic and optical properties on the variation of lattice constant is
observed. There exists two heavy-hole bands with increasing in-plane effective mass as one goes
far from the Fermi level. In addition, a considerable decrease in the effective masses for heavy-
holes and energy gaps in the kx-ky plane is noticed as compared to their bulk phases of the parent
compounds. We noticed that the electrons are delocalized in the InAs part of SL, while the holes
mainly are localized in the InAso625Sho.375 part. The absorption spectra in the far-infrared regime
are strongly increased in the case of the aforementioned superlattice with respect to bulk InAs and
InSb suggesting their applications in long-wavelength IR detectors.

In the second project, we discuss newly discovered 2D layered materials such as XSizNa (X = Mo,
W, and Ti), and their vertical and laterally stitched 2D heterostructures MoSizNa/XSi2Na (X=W,
Ti). We report that all the systems are structurally stable as confirmed by the total energy ground
state calculations and the phonon spectra. After establishing their thermodynamical stability, we
study the electronic band structures and the density of states of the monolayers XSizN4 (X = Mo,
W, and Ti) and 2D heterostructures, respectively. Both the monolayers and the heterostructures
demonstrate a semiconducting behavior with band gaps ranging from the infrared to the visible



region. From the electronic band structures, we noticed that the band gap of MoSi2N4/WSi2N4 lies
in the visible region employing their applications for photovoltaics and other optoelectronic
devices. Instead, in the MoSi2N4/TiSi2N4 wherein the "W" is replaced with 'Ti', the band gap drops
to the IR range, thus providing the possibility to utilize these heterostructures as IR detector
materials. In the third project, we extend the study of laterally stitched 2D heterostructures to
investigate the effect of biaxial strain on the electronic and optical properties, which reveals
significant modifications in the electronic band structures and optical spectra. We observed a
transition from indirect to direct band gap semiconductor with the compressive strain in
MoSi2N4/WSi2N4. Similarly, the biaxial strain causes a semiconducting to metallic transition in
MoSi>N4/TiSi2Nas. Besides, the optical spectra including absorbance, transmittance and reflectance
can be tuned effectively using strain engineering. Our findings based on the electro-optical
properties and their controlled modulation via biaxial strain suggest that these newly discovered
2D materials and heterostructures could be useful in nano- and optoelectronics.

Lastly, we study the pristine MoSi2P4 and Janus phase XGeSiP2As, (Mo, W) in this new family of
2D materials. The appearance of high cohesive energies and the absence of imaginary phonon
modes confirm their stability and possible experimental realization. The Janus structures indicate
small direct band gaps and larger spin splittings at K/K’ in comparison to pristine MoSi2P4. The
monolayered structure of Janus material possesses the broken mirror symmetry that gives rise to a
potential gradient, which is normal to the plane of the material. This generates a difference in the
work function of 2D material for the two surfaces. In addition, it is exposed from the spin textures
that the broken mirror symmetry causes the Rashba spin-splitting in the Janus monolayers, which
can be increased by using higher atomic spin-orbit coupling. In the supplementary material, we
manifest and compare the optical spectra for pristine and Janus phases revealing characteristic
absorption peaks in the infrared region. The large spin and Rashba-type splittings together with
the exceptional optical spectra in the Janus structures can make an extraordinary contribution to
the valleytronics, spintronics and IR applications.
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ABSTRAKT

Promieniowanie elektromagnetyczne moze rozchodzi¢ si¢ w przestrzeni oddziatywujac z materiag
na wiele sposobow. Postep w przemysle elektronicznym wymaga poszukiwania nowych
materialow o specyficznych wlasnosciach elektronowych 1 optycznych. Urzadzenia
optoelektroniczne, takie jak diody elektroluminescencyjne, lasery potprzewodnikowe, urzadzenia
fotowoltaiczne, fotodiody i fotodetektory, sa szeroko stosowane w przemysle, medycynie,
astronomii, motoryzacji, komunikacji, wojsku itd., majagc duzy wplyw na nasze zycie.
Wczesniejsze prace badawcze dotyczyly wilasciwosci optoelektronicznych réznego rodzaju
materiatow, takich jak stopy, cienkie warstwy i inne struktury warstwowe 2D. Obecnie supersieci
typu II InAs/(InAsSb) wolne od Ga 1 Hg sg bardzo pozadane dla zastosowan w podczerwieni ze
wzgledu na ich unikalne wlasciwosci optoelektroniczne. Z drugiej strony wlasciwosci
mechaniczne i elektrooptyczne nowo odkrytej rodziny materialdow 2D MA2Z4 predestynujg je do
zastosowan komercyjnych, ale konieczne sg dalsze badania dla scharakteryzowania tej klasy
materialow 2D.

Motywowani nietypowymi wilasciwos$ciami supersieci typu Il bez Ga i Hg InAs / (InAsSb) oraz
wlasciwosciami mechanicznymi 1 elektrooptycznymi rodziny MA2Z4, badamy wiasciwosci
elektronowe i optyczne supersieci 3D InAs/INASe 625Sho 375 (SL), materiatow 2D XSi2N4 (X = Mo,
W i Ti) oraz ich pionowe/boczne heterostruktury MoSioN4/XSi2Ns (W, Ti) oraz struktury typu
Janus.

W badaniu supersieci 3D INAs/INASe,e25Sho 375 zastosowano zmodyfikowany funkcjonat korelacji
wymiany Becke-Johnsona, aby uzyska¢ dobry opis wlasciwosci elektronowych i optycznych.
Najpierw analizujemy objetosciowe uklady InAs i InSb, a nastgpnie badamy supersieci
INAS/INASg 625Sho 375 dla trzech roznych statych sieciowych: InAs, GaSb i AISb. Obserwujemy
silng zalezno$¢ wtiasciwosci elektronowych 1 optycznych od wielkosci stalej sieciowe;.
Otrzymujemy dwa pasma ci¢zkich dziur o rosngcej efektywnej masie w plaszczyznie w miare
oddalania si¢ od poziomu Fermiego. Ponadto zauwazalny jest znaczny spadek mas efektywnych
dla cigzkich dziur i przerw energetycznych w plaszczyznie kyx-ky w porownaniu z fazami
objetosciowymi zwigzkéw macierzystych. ZauwazyliSmy, ze elektrony sg zdelokalizowane w
czgéei InAs SL, podczas gdy dziury sa zlokalizowane gidwnie w czesci InAso,e25Sho 375. Widma
absorpcyjne w dalekiej podczerwieni sg silnie wzmocnione w porownaniu do objetosciowych InAs
i InSb, co sugeruje ich zastosowanie w dlugofalowych detektorach IR.

W drugim projekcie omawiamy nowo odkryte materialy warstwowe 2D, takie jak XSi2Ns (X =
Mo, W i Ti) oraz ich pionowo i poprzecznie skonfigurowane heterostruktury 2D MoSi2N4/XSi2N4
(X=W, Ti). Okazuje si¢, ze wszystkie systemy sa strukturalnie stabilne, co potwierdzaja obliczenia
stanu podstawowego catkowitej energii 1 widma fonondéw. Po ustaleniu ich stabilnosci
termodynamicznej badamy odpowiednio struktury pasm elektronowych 1 gesto$¢ standw
monowarstw XSioNs (X = Mo, W i Ti) oraz heterostruktur 2D. Zarbwno monowarstwy, jak i
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heterostruktury wykazuja wiasciwosci potprzewodnikowe z pasmami wzbronionymi w zakresie
od podczerwieni do obszaru widzialnego. Na podstawie struktur pasma elektronicznego
zauwazyliSmy, ze pasmo wzbronione MoSi2N4/WSi2N4 lezy w obszarze widzialnym, co pozwala
na zastosowania w fotowoltaice i innych urzadzeniach optoelektronicznych. Natomiast w
MoSi2N4/TiSi2N4, gdzie wolfram zastgpiono tytanem, pasmo wzbronione przenosi si¢ do zakresu
IR, zapewniajagc w ten sposdb mozliwo$¢ wykorzystania tych heterostruktur jako detektorow IR.
W trzecim projekcie rozszerzamy badanie heterostruktur 2D zszytych bocznie, aby zbadaé wptyw
odksztalcenia dwuosiowego na wilasciwosci elektroniczne i optyczne. Obserwujemy znaczace
modyfikacje w strukturach pasm elektronowych 1 widmach optycznych, w tym przejscie od
posredniego do bezposredniego polprzewodnika z pasmem wzbronionym przy naprezeniu
Sciskajgcym w MoSioN4/WSi2Ns. Podobnie odksztalcenie dwuosiowe powoduje przejscie
polprzewodnikowe do metalicznego w MoSi2N4/TiSi2N4. Poza tym widma optyczne, w tym
absorbancj¢, transmitancj¢ 1 wspolczynnik odbicia, mozna skutecznie dostroi¢ za pomocag
manipulacji odksztalceniem. Nasze badania wlasciwosciach elektrooptycznych i ich
kontrolowanej modulacji przez odksztalcenie dwuosiowe sugeruja, ze te nowo odkryte materiaty
i heterostruktury 2D mogg by¢ przydatne w nano- i optoelektronice.

Badamy réwniez czysty MoSi2Ps i oraz faze typu Janus XGeSiP2As; (Mo, W). Pojawienie si¢
wysokich energii kohezji 1 brak urojonych modow fononéw potwierdza ich stabilnos$¢ 1 sugeruje
mozliwos¢ przeprowadzenia badan doswiadczalnych. Struktury typu Janus wykazuja w
porownaniu z czystym MoSi;Ps mate bezposrednie przerwy wzbronione i wigksze rozszczepienie
spinowe przy K/K’. Jednowarstwowa struktura materiatu Janus posiada zlamang symetri¢
lustrzang, co powoduje powstanie gradientu potencjatu, ktéry jest normalny do plaszczyzny
materiatu. Generuje to réznice w funkcji pracy materiatu 2D dla dwdch powierzchni. Ponadto z
tekstur spinowych wynika, ze ztamana symetria lustrzana powoduje w monowarstwach typu Janus
rozszczepienie spinowe Rashby, ktoére mozna zwigkszy¢ stosujac wyzsze atomowe sprzezenie
spinowo-orbitalne. W dodatkowym materiale przedstawiamy i porownujemy widma optyczne dla
faz czystej 1 typu Janus, ujawniajac charakterystyczne piki absorpcji w obszarze podczerwieni.
Duze rozszczepienia spinowe 1 typu Rashby w polaczeniu z wyjatkowymi widmami optycznymi
w strukturach Janus mogg by¢ bardzo przydatne w Valleytronice, Spintronice i zastosowaniach w
podczerwieni.
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Chapter 1: Introduction

Chapter 1

INTRODUCTION

The electronic and optical properties are of extreme importance while designing the electronic
devices for optoelectronic applications. In optoelectronics, the investigation and utilization of
materials is carried out that could 1) produce or become the source of light, 2) detect the light [1].
In the first instance, the electronic devices such as light emitting diodes (LEDs) and the
semiconducting lasers are widely employed, which convert the electrical signals into light energy.
On the other hand, for the detection purpose devices like photodiodes and photodetectors are
commonly used, that convert the light energy into electrical signals. Besides, solar cells are
commercially utilized in different parts of the world as a renewable source of energy that convert
the sunlight into useful electrical energy through the photovoltaic effect. Owing to the importance
of optoelectronics, the investigation of new materials for the electronic and optical features is quite
demanding.

To this end, we first explore the InAs/InAsy625Sho.375 3D superlattice (SL) and then 2D materials,
which include XSizN4 (X = Mo, W, and Ti) monolayers and their vertical/lateral heterostructures
(such as MoSi2N4/WSi2N4, and MoSi2N4/TiSi2N4), and the Janus structures XGeSiP2As: (X = Mo,
W). The thesis comprises four chapters, chapter 1 that is devoted to introduction, while the
methodology is explained in chapter 2, chapter 3 consists of results and discussion, where we
include four published papers, and the last chapter 4 covers conclusions.

In paper I, we investigate the electronic and optical properties of the bulk InAs, InSb and that of
InNAs/INAso625Shos7s SL and emphasizes why the InAs/InAsos2sShoszs 3D superlattices are
suitable for applications in far infrared detection. In paper 1, we report the newly discovered 2D
layered materials such as XSi2N4 (X = Mo, W, and Ti), and their vertical/lateral heterostructures
like MoSi2N4/WSi2N4, and MoSi2N4/TiSi2Na. It is established that the monolayers as well as the
heterostructures are structurally stable with unique electronic properties as confirmed from the
density of states and electronic bandstructures. Both, the monolayers and the heterostructures
demonstrate a semiconducting behavior with band gaps ranging from the infrared to the visible
region. The paper Il is the extension of paper I, where the effect of biaxial strain on the electro-
optical properties of laterally stitched heterostructures is explored. The study revealed substantial
modifications in the electronic and optical properties. In paper IV, the pristine MoSi2P4 and Janus
XGeSiP2As; (X = Mo, W) monolayers of new family of 2D materials are studied. The high
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cohesive energies and the non-existence of imaginary phonon modes confirm their stabilities. The
Janus structures XGeSiP2As, (X = Mo, W) with broken mirror symmetry indicate small direct
band gaps, larger spin splittings at K/K’ and the Rashba spin-splitting in comparison to pristine
MoSi>P4. From the electronic and optical band gaps, it is recognized that these materials can be
used in near- and mid- infrared detection applications.

1.1 Motivation of InAs/InAso.s25Sbo.37s 3D SL

Infra-red are electromagnetic radiations lying just below the red color of the visible spectrum. An
IR detector is a device, which in general images, detects, and/or measures the patterns of thermal
radiations emitted by all objects. In the start, the development of IR sensors/detectors was linked
with those of thermal detectors, for instance the bolometers and thermocouples. These detectors
were operated at room temperature, which could sense almost the whole infrared spectrum of
wavelengths, and are widely used even today. The second type is the photon detectors, which are
more developed in terms of sensitivity and their response time. So far, several class of materials
have been utilized in the IR technology, such as Pb salt, extrinsic Ge (doped with Cu, Zn, Au),
InSb, InAs and their alloys, IV=VI alloy (Pb1xSnxTe), II-VI (Hg1xCdxTe), and GaAs/AlGaAs
superlattices (SLs). However, there are always some drawbacks as will be discussed in the coming
sections of this chapter. The experiments of Sir Frederick William Herschel in 1800, to measure
the temperature of each color in the electromagnetic spectrum lead to the discovery of IR
radiations. After measuring the temperature individually for colors such as red, orange, yellow,
green, blue and violet, he noticed that the temperature in the visible range decreases from red to
violet, and vice versa. After noticing such a trend of temperature, Herschel performed other
experiments for measuring the temperature after red part of the visible spectrum; region of no
sunlight. Surprisingly, he observed the highest temperature for this region. Further experiments
revealed that these radiations can reflect, refract, transmit, and absorb just like visible light. This
invisible light just beyond the red portion of the visible region is now termed as infrared radiation
[2-4]. Figure 1.1 shows the schematic of electromagnetic spectrum, where the spectral window for
infrared region is divided into three sub-spectral ranges i.e. from 0.7 to 3 um that lies near IR
(NIR), from 3 to 5 um mid-wave IR (MWIR), and from 8 to 30 um as long-wave IR (LWIR)/far
IR (FIR). For example, the range of thermal radiations emitted by ordinary objects and human
bodies lie in the FIR spectral window. Therefore, the tracking of thermal objects can be feasible
with the design of LWIR cameras.

The first thermocouple and electrical thermometer were designed in 1829 by L. Nobili with the
discovery of thermoelectric effect (Seebeck in 1826). After four years, M. Melloni connected in
series many bismuth—copper based thermocouples, which generated measurable and higher output
voltage. He found the device almost 40 times sensitive with respect to the available thermometers
at that time, which can sense a person's heat who is at 30 ft distance from the detector [5]. In 1880,
Samuel Pierpont Langley invented a bolometer that looked like a Wheatstone bridge [6, 7]. With
this instrument, he was able to study the solar radiations at different wavelengths and the irradiance
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in the IR range [8-10]. Langley continues efforts of developing and improving his bolometer
yielding the detector to be 400 times more sensitive, which could even sense the thermal heat of a
cow that is a quarter mile away from the bolometer [8]. The first observation of photoemission
was revealed by Hertz in 1887, when he noticed the emission of negatively charged entities from
a conductor by irradiating it with the UV light [11]. Further experiments indicated that the effect
is also possible with the visible light by using alkali metal [12]. Between the WW | and WWII, the
image converters and photon detectors were developed, together with the infrared spectroscopy,
which was considered as important analytical tool for the chemists. The image converter (designed
just before the WW 11) was of immense importance to military, since this instrument enabled the
night vision in the darkness. Theodore W. Case developed the first infrared photoconductor in
1917 [13], where the photoconductivity for TS was exhibited. The system was able to send
messages to about 18 miles in the environment known as smoky atmosphere. During 1930’s, in
the United States perhaps the crucial development in the IR technology was the Radio Corporation
of America (RCA) IR image tube. The NIR cathodes during WW Il were connected with visible
phosphors that provided the image converter in NIR. After setting up the National Defense
Research Committee, the tube was produced in large productions as RCA 1P25 image converter
in 1942. In the WW 11, this tube connected to 'Sniperscope’ and 'Snooperscope’ were extensively
benefited for night vision. At the University of Berlin, Edgar W. Kutzscher in 1933 observed that
PbS is photoconductive, which can response to 3 um. In 1943, the photoconductors based on PbS
were brought into productions in Germany. This was the first ever practical IR detector (bearing
excellent range) used during the WW 11 for various applications [14].

0.01 nm 10 nm 400 nm 800 nm 500 pm 30 mm
X-ray uv I Vis Infrared Microwave Radio
NIR MIR FIR

800nm 2500 nm 25 um

Figure 1.1 Electromagnetic spectrum increasing wavelength indicated from X-ray to radio, the infrared region is
also zoomed with NIR, MWIR, and FIR shown.
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In 1941, the thallous sulphide based detectors technology was improved by Robert J. Cashman
leading to large production [15, 16]. After success, Cashman focused his studies on PbS based
detectors. After WW I, he established that other semiconductors such as PbTe and PbSe can be
used as infrared detectors [17]. It was only a matter of time before the military realized the benefits
of night vision. At the end of World War I, IR technology for the military was still in its infancy.
From the 1950s, passive night vision technology and the radiometric instruments were the key IR
hardware developments, which enabled the vision in ambient starlight. After the war, the fire
control, communications and the search systems strongly stimulated the lead salt detector
technology development, which has continued even today. The IR systems, primarily for anti-air
missile seekers, were constructed from cooled lead salt detectors [7]. For many applications in the
spectral ranges 1-3 um and 3-5 um, the low-cost, adaptable PbS and PbSe polycrystalline thin
films continue to be the preferred photoconductive detectors after 60 years. The focal plane arrays
(FPAS) is the current lead salt development. Following the invention of the transistor, which
greatly improved the growth and material purification procedures, extrinsic impurity based
photoconductive detectors were reported in 1950s [18, 19]. These first extrinsic detectors were
germanium based, since the methods for impurity introduction in a controlled manner were known
by the time.

Devices operating in the range 8-14 pum spectral window as LWIR and 14-30 um as VLWIR were
made possible by the extrinsic photoconductive response of gold, copper, zinc, and mercury
impurity levels in germanium. Before intrinsic detectors were developed, the extrinsic
photoconductors were frequently utilized at wavelengths greater than 10 um. However, in order to
attain performance equivalent to that of intrinsic detectors, their operation at lower temperatures
is required. The early 1960s saw the discovery of first extrinsic Hg-doped Ge as forward-looking
IR detector, which operated in long wavelength region [20]. Ge:Hg with an activation energy of
0.09 eV was an excellent match for the LWIR range, however because the detection process relied
on an external excitation, it needed a two-stage cooling mechanism to run it at 25 K. The first
forward-looking IR system in actual production using Ge:Hg was constructed in 1969 for B52
Aircraft in the Air Force [21]. It produced very good imaging, but the two-stage cooling process
had a short lifespan and required a lot of maintenance. In the start of 1950's, many advancements
in the narrow bandgap semiconducting materials were made, which subsequently were proven to
be highly sensitive together extended wavelength capabilities. InSb, a member of the Il1-V
compound semiconductors, was the first such material. InSb attracted interest due to its narrow
energy gap as well as the ease with which its single crystal can be produced using standard
techniques. Moreover, the development of the semiconductor alloys of 111-V (InAs1xShy), 11-VI
(Hg1xCdxTe) and 1V-VI (Pb1xSnxTe) material systems occurred at the end of 1950s and start of
1960s. These compositions made it possible to tune the spectral response for particular applications
by manipulating the bandgap of materials. Variable band gapped alloys of Hg1xCdxTe were first
developed in 1959 by Lawson and colleagues [22]. They are practically perfect for a variety of IR
detectors due to the fundamental characteristics of these narrow-gap semiconductors including the
high electron mobility, high optical absorption coefficient and low thermal generation rate as well
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as the ability to engineer bandgaps. Over the past 40 years, new detection technologies have been
developed due to difficulties in the growth of HgCdTe, which are largely caused by the high vapour
pressure of Hg. In the early 1970s and late 1960s, the PbSnTe was equally pursued [23, 24]. The
growth of PbSnTe was relatively easier, and their demonstration as LWIR lasers and photodiodes
is straightforward. Harman and Melngailis in 1974 [24], compared Hg:xCdxTe and PbixSnyTe
systems as 'We predict that Pbi.x SnxTe can be utilized extensively in future for detecting the
blackbody radiations from 8 to 14 um range, since the crystal growth is less expensive and more
scalable for mass production. Furthermore, when compared to Hg1xCdxTe, the Pb1xSnxTe seems
to be more durable and much less degradable at high temperatures. Hg:1xCdxTe, however, can be
anticipated to be more advantageous in GHz frequency range for sensing heterodyne including
some high-speed applications owing to its lower dielectric constant.’ This perspective dramatically
changed a few years later due to the chalcogenides' two major flaws. First, the high dielectric
constant, which led to a high diode capacitance and consequently limiting frequency response [25].
Secondly, the extremely high thermal expansion coefficients (TEC) of 1V-VI compounds [26],
limiting their use for hybrid configurations with silicon multiplexers.

The advancement of material technology continuously focused on the military purposes. The
Vietnam War in the US led to the development of the IR technology. When photolithography was
made accessible in 1960s, the IR detector arrays were made. The linear array technology was
employed for InSb, PbSe, and PbS detectors in the early stages. The first FIR forward-looking IR
device was produced in 1969 by utilizing linear Ge:Hg arrays. The HgCdTe detector, in which
optical transitions are related transitions from the valence band maximum (VBM) to conduction
band minimum (CBM), was known at the time to be capable of achieving very good sensitivity at
significantly higher temperatures, and many countries actively developed the HgCdTe based
detectors [27]. In 2009, the 35" conference in Infrared Technology and Applications, which took
place in Florida, scheduled a separate session for celebrating the HgCdTe's 50 anniversary. The
capability of HgCdTe alloy to tune its band gap as proposed by Lawson and colleagues (in 1959)
[22], has given IR detector technology a unique degree of freedom in their designs. Applications
for IR detectors that cover NIR (1-3 um), MIR (3-5 um), long wavelength (LWIR: 8-14 um), and
FIR: 14-30 um ranges are made possible due to its variable bandgap. The most popular variable
gap semiconductor for IR photodetectors right now is HgCdTe, which successfully have gone
through many challenges like lead-tin telluride and extrinsic silicon devices, although it has now
more competitors. For instance the silicon-based Schottky barriers, heterojunctions of SiGe,
GalnSb superlattices and AlGaAs quantum wells, high-temperature superconductors, and
particularly there are two different kinds of thermal detectors (pyroelectric detectors and silicon-
based bolometers). However, it is intriguing to note that none of these competed in terms of basic
characteristics. However, it should be noted that the GalnSb type Il superlattice could be very
appealing from the physics perspective.
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1.1.1 Alternatives to HgCdTe

Due to the difficulty in the synthesis of HJCdTe, particularly the high Hg vapour pressure and the
solidus-liquidus separation, alternate technologies have been developed. Among them were
PbSnTe [23, 24], strained GaixInxSb superlattices (8-14 um range) [28], and a variety of quantum
well infrared photodetectors (QWIPs) based on GaAs/AlGaAs [29-31]. InSb was found to have
the narrowest energy gap as compared to other semiconductors during 1950s, that is why its use
as a MIR detector was apparent. At higher working temperatures, the InSb band gap is less matched
with 3-5 um wavelength, and HgCdTe performs better. Similar to InSb in composition, the InAs
has greater band gap with a threshold wavelength of 3-4 um. The comparison of the dark currents
for InSb and HgCdTe photodiodes suggests the better performance of HJCdTe based photodiodes.
Due to the defect center in the energy band gap of InSb, the devices are influenced by generation-
recombination currents. On other hand HgCdTe detector does not demonstrate any generation-
recombination currents in the given temperature range and are instead constrained by the diffusion
currents. Additionally, the HQCdTe has become the desired material because to its wavelength
tunability [7]. A possible detector material for NIR range (1.0-1.7 um) can be the alloy of
Inos3Gao.47As with a lattice matching substrate of InP. The material can be used for applications
like remote sensing, light wave communication systems, process control and the night vision due
to the lower dark current and noise with respect to germanium, a competitor NIR material [32].
The photodiodes of InGaAs are shown to be of higher performance for materials with composition
almost matching with InAs (cut—off wavelength of 3.6 um) and InP (cut-off wavelength of 1.7
um). However, the performance rapidly declines (at intermediate wavelengths) because of the
defects induced by substrate lattice mismatch.

The QWIPs could be alternative hybrid detectors for the LWIR range i.e. 8-14 um. The
superlattices of GaAs/AlGaAs have been constructed to produce the high impedance detectors.
The LWIR HgCdTe focal plane arrays continue to be expensive despite significant research and
developments, principally due to the low yield obtained from operable arrays. The sensitivity of
HgCdTe systems to defects is the cause of lower yield that occurs because of materials'
fundamental properties. GaAs/AlGaAs QWIPs bear a number of benefits over HgCdTe devices,
including the ability of using the standard manufacturing tools (MBE growth setup). This results
in high yield and consequently lower cost with improved radiation hardness and thermal stability.
Due to inherent constraints related to inter-subband transitions, LWIR QWIP cannot compete with
HgCdTe photodiode as a single device, especially at higher temperatures (>70 K). The QWIP
devices usually reveal low quantum efficiency and lower spectral response band. Due to many
issues with HgCdTe material, for instance the Shockley-Read recombination, surface and interface
instabilities, trap assisted tunneling and p-type doping, it has less distinct benefit below 50 K [30,
33].

The performance limitations for applications requiring quick integration times and the lower
working temperatures are the key disadvantages of QWIP focal plane array technology. The large
size focal plane arrays and the uniform performance are two key features of this technology. Due
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to the widespread use of GaAs in telecommunication sector, there is a significant industrial
infrastructure for the growth, packaging and processing of 111-V materials and devices. Infrared
detection is the only know application for HgCdTe . The lack of big size focal plane arrays required
for TV format and larger formats is the major limitation in LWIR HgCdTe technology. Strain layer
superlattices (SLSs) of InAs/Gai.xInxSb can be considered as one of the alternatives to HgCdTe.
However, the InAs/GalnSb SLs are still in the process of development. There exist several
problems including the substrate preparation, material growth, device passivation and processing.
In a superlattice, the holes are located in one layer (GalnSb in this case), while electrons in the
other (InAs) of the superlattice. This kind of bands alignment in the electronic structure categorizes
the superlattice as type-1l (see the schematic in Fig. 1.2). As a result, the carrier lifetime is
increased and Auger recombination processes are suppressed. Over the last few years,
InAs/In(As,Sb) Ga- and Hg free type-11 superlattices (T2SLs) are widely investigated as promising
candidates for IR applications due to their narrow electronic band gaps and carrier lifetimes longer
compared to other systems [34-42].

InAs GalnSbh

Figure 1.2 Schematic exhibiting the type-Il band alignment; the electrons lie in InAs, while holes are located in GalnSb
part of the superlattice.

1.2 Two-dimensional (2D) materials

The search continued on finding other materials with unique electronic and optical properties. Bulk
materials just thinned to their single-layer limit may show extraordinary features due to the
electron containment and their layered nature. Among these, 2D materials such as graphene and
transition metal dichalcogenides (TMDs) are broadly investigated exhibiting unique electro-
optical properties, which could be very promising in optoelectronic devices. There has been several
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issues faced with the fabrication of the electronic devices based on bulk materials, a central
drawback is their growth on flexible substrates. The discovery of 2D layered materials made it
possible to design electronic devices on flexible substrates [43]. On the other side, the Moore's law
scaling limit seems approaching, and thus narrowing the Si technology that is simply because of
basic limitations in Si on atomic scale [44]. In view of the aforementioned drawbacks, it is
intriguing to speculate about the position of 2D materials in electronics and nono-electronics.

The 2D materials has ignited the research for next generation photonic devices building the
platform to different optoelectronic applications [45, 46], such as transparent electrodes [47, 48],
fast photodetectors [49, 50], plasmonic devices [51], ultrafast lasers [52], and optical modulators
[53]. 2D materials can be Dirac like gapless materials (graphene), insulators (hexagonal boron
nitride, h-BN), semiconductors (TMDs e.g. WS, MoS; etc.), and narrow band gap materials (black
phosphorus, bP) [54]. Hence, they can be found in different flavors as demonstrated in the
schematic of Fig. 1.3. The most significant physical and chemical features for 2D materials are:

1) A quantum restriction that favors the 2D plane and is advantageous for the absorption of light
and quantum devices.

2) Van der Waals forces, which weakly stack the atomic planes on top of one another making it
easier to build heterostructures and providing the possibility to integrate these layered structures
with silicon chips.

3) Nanodevices devoid of parasitic capacitance can be produced with atomically thin 2D materials.

4) Devices with extraordinary performance could be made possible due to the absence of dangling
bonds at the surfaces and interfaces of layered structures.

03-2eV 1-3eVv ~6eV

Graphene, Silicene Black phosphorus TMDs hBN
Germanene

Figure 1.3 lllustration of bandgaps for different 2D materials. The true value of the bandgap is
dependent on a number of factors such as the number of layers, chemical doping and strain level.
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Since graphene has no gaps, there is a large dark current that significantly lowers photodetection's
sensitivity and prevents future advancement in optoelectronics. The discovery and novel tools of
growing 2D materials bearing direct energy band gaps that are tunable from visible region to IR
spectral window have given an insight of manufacturing the photodetectors. Nicolosi et al. grouped
the different 2D materials covering a wide spectral range of the optoelectronic properties as:
atomically thin h-BN (UV region), TMDs (visible to IR), bP (layer dependent band gaps from
visible to IR), metal halides (Pbl2, MgBr2), metal oxides (MnO2, MnOs), and halide perovskites
[55]. 2D TMDs have chemical formula as MXz, where M represents transition metal (such as Mo,
Hf, W, Nb, Re, etc.) while X stands for chalcogen atom (like Te, Se, S) [56]. The pair of X layers
sandwich a single layer of M atoms. There are three polytypes of layered TMDs: 1T (trigonal), 2H
(hexagonal), and 3R (rhombohedral), each of which has a unique set of electrical characteristics
ranging from metallic to semiconducting and/or even superconducting [57]. Unlike graphene,
whose electronic properties depends on the hybridization of 's' and 'p' orbitals, the electronic
attributes of TMDs instead are dependent on the coordination environment and filling of 'd’ orbitals
of transition metal element. From group IV to X in periodic table, in a transition metal the d
electrons varies from zero to six, correspondingly. A semiconducting behavior results from the
fully filled d orbitals (2H-MoS: of group VI and 1T-PtS; of group X), whereas metallic nature is
observed for the partially filled d states (2H-NbSe; of group V and 1T-ReS; from group VII). The
electro-optical characteristics of TMDs are thickness dependent, i.e. on the number of layers and
differ greatly from those of their bulk counterpart. Bulk materials of TMDs are known to be
indirect band gap semiconductors with typical 1 eV bandgap. The band structure switches from a
narrow indirect nature to a wide direct, as the bulk is thinned to monolayer. As a result, TMDs are
able to detect light at various energies thereby modulating the electronic bandgap via changing the
layers of TMDs. These variations in the optoelectronic properties occur due to the surface and
quantum confinement effects [46, 50, 58-61]. Furthermore, the application of strain can also have
a significant impact on the materials' optical and electrical characteristics [62, 63].

The optical absorption taking place in the spectral range from visible to near-infrared is mostly
caused by the electron direct transition from valence to conduction band at K/K' points in 2D
Brillouin zone. This explains why TMDs have absorption coefficient in the range 10%-10° cm™,
which is comparatively higher. Consequently, TMD films having sub-micron thickness absorb
more than 95 % of electromagnetic radiations coming from the sun. TMDs, such as MoS2, MoSey,
and WS, demonstrate even better absorbance in the UV to NIR region than graphene. The region
of absorbance can be broadened to MWIR region due to defect or edge states in the electronic band
gap and comparatively higher ratio of edge-to-surface area [63]. It is necessary to use the layered
semiconductors with low bandgaps and high mobilities for LWIR detector devices. The group-X
noble TMDs, which have recently been revisited with broadly tweakable bandgaps, anisotropy, air
stability, and moderate carrier mobility [64], offer such a possibility. Theoretically, the bandgaps
for the bilayers and bulks of this class (PtX2, where X=Se, S) might be as low as 0-0.25 eV, and
the carrier mobility is found to be above 1000 cm?/Vs at ambient temperature [65, 66]. TMD
monolayers are regarded as promising materials for optoelectronics and could be ideal as the
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channel layered materials FETs due to their inherent band gap of 1.1-1.9 eV [67-71]. Furthermore,
the spin splitting in the range 150-500 meV at the corners (K, K' points) of the hexagonal Brillouin
zone is caused by inversion symmetry breaking combined with spin-orbit interaction causing from
the metal atoms' d orbitals of TMD monolayers [72-75]. TMDs are considered as
typical valleytronic materials due to the strong coupling among the spin and valley degrees of
freedom [76-78].

1.2.1 Hybrid 2D materials

The 2D TMDs due to their unique crystal structures and extraordinary physical properties are the
materials of choice in applications such as electronics, photonics, valleytronics and optoelectronics
[79-82]. However, integrating the 2D materials with other layered structures in the form of
heterostructures and/or superlattices could be very promising. In particular, the 2D TMDs could
be skillfully bring-together thereby fabricating various heterostructures or superlattices possessing
exotic features, which cannot be acquired from the isolated component of the layered 2D material,
thus providing the opportunities to explore and investigate the novel applications for the
nanodevices [83-85]. In nanoelectronics and optoelectronics, the hybrid structures between
different 2D materials could be very crucial building blocks because of their versatility and greater
capacity [62, 86-90]. The mechanical exfoliation followed by the pick-up-and-transfer technique
can be used to create 2D layered heterostructures, but chemical vapor deposition (CVD) enables
the direct growth of TMDs layers that are lattice aligned for both the heterostructures i.e. Van der
Waals vertical heterostructures and lateral heterostructures having sharp interfaces. Moreover, the
monolayer TMD on a wide scale can be synthesized on large scale with seeding promoter-assisted-
CVD. Based on the choice of seeding promoter and its capacity to adhere to substrates, this strategy
was subsequently adapted for the construction of a range of vertical and lateral hybrid-structures.
Besides, it is demonstrated that the technique is independent of lattice mismatch among the
combining materials (2D and TMD) to create vertical or lateral heterostructures [91-93]. One-step
or two-step CVD synthesis have both been used to effectively produce a number of lateral
heterostructures, including MoS2/WSez, NbS2/MoS2, MoS2/MoSe», and ReSz/ReSez, M0S2/WS;
(the top and side views for such structure are shown in Fig. 1.4b).

The laterally stitched and van der Waals heterostructures demonstrate abrupt change in their
optoelectronic features due to their unique quality of interfaces and their distinctive electrostatics,
and thus such heterostructures between the various 2D materials have recently attracted a lot of
interest [92, 94-97]. The heterostructures of 2D materials are superior to bulk hetero-systems in
that they have larger depletion region, and therefore are more sensitive to charge fluctuation [98,
99], making them perfect for optoelectronic applications [100, 101].

1.2.2 Janus structures

2D transition metal chalcogenides structures have undergone substantial research and found a wide
range of uses in electronics and optoelectronics [70, 102-104]. The TMDs bearing the bandgaps
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in the range of 1.1-1.9 eV with promising mechanical and electronic properties make them suitable
to use these systems in photonics and electronic devices [69, 76, 105, 106]. At the corners of the
hexagonal Brillouin zone of TMDs, there exist high spin splitting due to the absence of inversion
symmetry, and significant spin-orbit coupling (SOC), which is produced by the d-orbitals of
transition metals in TMDs [73-75]. Because of the strong correlation between the spin and valley
degrees of freedom, the TMDs are regarded as the optimal materials in valleytronics [76-78].
Additionally, the alloy composition in TMDs, such as in MoxW1.xS2, MoSxSezx, and MoSxSez-,
might be used to modify the electrical and optical characteristics [107-111]. Recently, the CVD
approach has been used to successfully develop the Janus phase of MoSSe in the 2H phase [112,
113], where the S layer is replaced with Se atoms in the case of MoS», while the Se layer with S
atoms in MoSe>. In contrast to MX. (M=Mo, W, and X=S, Se), which has mirror symmetry, the
Janus structure ie. MXY (M=W, Mo, X=Se, S, and Y=S, Se) displays the out-of-plane
piezoelectricity and Rashba-type spin splitting due to the perpendicular electric field that results
from the breaking of mirror symmetry [72, 114-116]. Figure 1.4c shows the structures for pure
and Janus phases of TMDs.

Vertical heterostructure
(a) (c) MX,
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Figure 1.4 (a) Side view of vertically stacked heterostructure (b) Top and side views of parallel stitched 2D
superlattice of MX; class, (c) representation of pristine (MXz) and Janus structure (MXY).
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1.3 MA,Z4 2D materials

Recently, a novel class of 2D materials MA2Z4, (where M represents a transition metal, A stands
for group 1V element, while Z is group V element) has received considerable attention owing to
their exceptional properties [117]. The MoSi2Na4 is first 2D material of this group, which was
successfully grown using the CVVD method over a big surface of 15 mm by 15 mm. This septuple-
atomic-layer semiconducting material (N-Si-N-Mo-N-Si-N) may be viewed of as the three atom
thick MoN. sandwiched between the two SiN layers with indirect band gap of about 1.94 eV. The
elastic modulus of a monolayer of MoSi2N4 is about four times greater than that of a single layer
of MoS;, and the carrier mobilities of holes and electrons are correspondingly four to six times
greater. Moreover, calculations using density functional theory predict the existence of a novel
family called MA2Zs (M is Transition metal, A is IV-element, and Z is V-element). The
extraordinary attributes of this family have been the subject of several studies to date [118-125].

Figure 1.5 Side and top view of MA,Z, family of 2D materials.

1.3 Thesis Outline

Using density functional theory (DFT), this thesis aims to address the electronic and optical
properties of 3D InAs/INASoe25Sho 375 superlattice, XSiN4 (Mo, W, Ti) 2D materials and their
heterostructures MoSizN4/XSi2Ns (W, Ti), and the pristine MoSiP4 and Janus structures
XGeSiP2As; (X = Mo, W).

Chapter 2 is devoted to methodologies and computational details. First, the density functional
theory is introduced, discuss different exchange—correlation functionals and the limitations of
DFT. Then we review the nuts and bolts of DFT.

In Chapter 3, we give a brief overview of the main results compiled in this thesis along with the
summaries of the papers attached. This thesis is the collection of four papers attached in this
chapter. In paper I, the electronic and optical properties of the bulk InAs and InSb using modified
Becke-Johnson (MBJ) exchange-correlation functional together with generalized gradient
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approximation (GGA) for the exchange-correlation potential are discussed. After the validation of
our approach, we studied the InAs/InAsos25Sbo.s7s SLs with three lattice constants of bulk InAs,
GaSb and AISb, respectively. In paper Il, the structural stability and electronic properties of the
monolayers of 2D materials such as MoSi2Ns4, WSi2N4, and TiSi2N4, and that of 2D
heterostructures like MoSi2N4/WSi2N4, and MoSi2N4/TiSi2N4 are investigated. In paper 111, the
study is extended for the laterally stitched heterostructures, where the tuning of the electro-optical
attributes via biaxial strain engineering is addressed. In paper 1V, the electronic, spintronic and
optical properties of pristine MoSi>P4 and Janus structures XGeSiP2As; (X = Mo, W) for this new
class of 2D materials are reported.

Finally, the last Chapter 4 is dedicated to the conclusions.
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Chapter 2

METHODOLOGY AND COMPUTATIONAL
DETAILS

2.1 Many body electron system

Consider a scenario where you need to describe the properties of a clearly defined group of atoms,
such as the atoms that make up a single molecule or the crystal structure of an intriguing material.
The precise properties of a material can be approximated by taking into account every possible
interaction, such as electron-electron, electron-nucleus, and nucleus-nucleus interactions. The
following is a description of the Hamiltonian of a material with many-body interactions;

~

H= Tn +Te + I771—71 + V\e—e + Vn—e (2.1)

Where T,,, T, represent the system's nuclei and electrons' kinetic energies.
K
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Here m is the mass of the electron in the N electron system and Ra is the Cartesian coordinate of
the nucleus with mass Ma. There are two types of Coulomb interactions that exist among the
particles indicated in Eq. 2.1; the V,_, potential which is between a nucleus and an electron
(attraction), and V,_,, V._, represent the Coulomb repulsion potentials between the nuclei and

electrons, respectively.
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where the i" and j" electrons are indicated by the letters ri and rj. A many-electron system's
Hamiltonian may be expressed as
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One may solve the time-independent Schrddinger equation to determine the electronic
characteristics of a many-electron system by taking into account all of the Hamiltonian's terms in
Eqg. 2.2.

ﬁ |

AY = Ey (2.3)

‘P’ represents the eigenstates or a set of solutions of the Hamiltonian with the associate
eigenvalues Ethat is a real quantity. Since there are 1023 times more ions and electrons in actual
systems, it is challenging to find a precise solution to the equation with current computational
resources. Approximations are necessary to solve this problem.

We must determine the locations of both the electrons and nuclei in order to find the location of
an atom. Atomic nuclei are significantly heavier than individual electrons; in a nucleus each proton
or neutron is more than 1800 times heavier than the mass of an electron. This is an important
finding for applying quantum mechanics to atoms, which basically indicates that electrons react to
changes in their environment considerably faster than those of nuclei. Thus, we can divide our
physical query into two parts. First, the equations describing the many electron system are solved
for fixed locations of the atomic nuclei. We determine the lowest energy configuration, or state, of
the electrons for a specific set of electrons travelling in the field of a particular set of nuclei. This
lowest or minimum energy configuration is termed as the ground state of system, and the
formalism that separates the nuclei and electrons in the separate mathematical schemes is known
as the Born Oppenheimer approximation. The Born Oppenheimer approximation, the first and
most significant approximation, allows one to separate the motion of the electrons and ions,
because in a typical solid ions travel far more slowly than electrons do. This approach assumes
that the potential energy of ions is constant and the kinetic energy of ions is ignored. Hamiltonian
therefore becomes;
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This approximation allows us to decouple the wave function that may be expressed as the product
of the ionic and electronic wave functions i.e.

)

¥ = WIL(R,) YE(#, Ry) (2.5)

The details of Hamiltonian are dependent on the state and situation of the physical system that the
Schrddinger equation describes. There are several well-known instances where the Hamiltonian
has a simple form and the Schrodinger equation can precisely be solved, such as particle in a box
problem and that of harmonic oscillator. The problem we are dealing with is a more complex
scenario when several electrons are interacting with numerous nuclei. Therefore, the Schrédinger
eq. by taking into account the Born-Oppenheimer approximation is expressed as;

[Te + V;—e + I’/\n—e] l‘Ulf(?i ) Ra) = Ek (R - CZ) l’Uke(Fi ’ Ra) (26)

For a set of frozen ions situated at ﬁa, the eigenvalue problem represented by Eq. 2.6 is stationary.
Solving Eqg. 2.6 is a difficult task due to many reasons, for instance, (i) the many meta-stable state
arrangements for nuclei, (ii) intricate geometry of many body (many electrons) systems, and (iii)
the enormous number of the electrons and their quantum nature. Therefore, even if the ion mobility
is neglected, a more effective approximation is required to solve this problem. For that reason, we
now discuss Hartree-Fock (HF) formalism, which is also called self consistent field approximation.
In this approach, the ground state for a many electron system ¥ is exemplified by the product of
single particle states termed as Slater determinants.

V5T oy,...... v oy) = ¢y n (Fioq,...... Ty Oy) (2.7)

Where, ¢; stand for single electron wave functions with the spins denoted as i, and the ¢1..n
representing the ground state wave of functions are obtained using the variational principle. One
can notice that the HF scheme is analogous to the usual Schrédinger eq., where the effective
potential shows a non local nature through the terms Vy, (r) (Hartree Coulomb potential) and V,//F
(the exchange potential).
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While Vy; (r) and V¥ are given as;
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The potentials are calculated self consistently; it starts with an initial guess, the potential and the
¢i states are improved step by step. Once a certain level of precision is attained, the iterative
procedure is terminated. In the HF approach the electron-electron Coulomb repulsions are not
taken into account and the wavefunction of N-electrons is approximated by the average field of
the whole electron cloud. In order to take into account the Coulomb repulsion, the unoccupied
states (finite or infinite) must be included together with the occupied states. The improved
correlated wave function is given by;

Yy (71 O07)enees ?N oy) = Zil ...... in Cili ...... in ¢i1.....iN (71 O1yeeeeee FN oN) (2.9)

The expansion coefficient is calculated in a number of ways. The single electron wave functions
®i,..iy should be expanded in a finite set of basis functions for efficient numerical
implementations.

¢i(Fo) = ) bire (@) (2.10)
I; k k

With the matrix elements <n,|n, >, Eq. (2.8) becomes an eigenvalue problem, the b; ;. are
determined simultaneously. Thus using the HF method, an effective single particle formalism is
written as;

M

Z [ |-

=1

—ihV, )2

——— 05" + Vesr 0,0 | M) — €{mi|n)) byyor =0 (2.11)

Here, the potential experienced by the electrons is v,sf o,0".

There are always searches for alternative approaches that can fully map the interactive many-body
problem onto an effective single particle problem. Such an approach should include the
correlations in some fashion to make it applicable for approximating the properties of a system
precisely. One such scheme is the density functional theory (DFT), which is a remarkable method,
which simply replaces the wave function concept with the electron density (p).

2.2 Density functional theory (DFT)

The fundamental concept of Density functional theory is the electronic density (p) that replaces
the idea of wave function representing the many-body arrangement. As a result, the number of
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scaling factors in the numerical algorithm is reduced. The ground state electronic density can be
expressed as;

p(®) = (¥ lp(®)| W)
= NZ 0-1’"“" a-NdeTZ ewonw d3rN |(r_)1 0-1, ------ r_)N O-N) Ilpo >|2 (2-12)

Two key mathematical theorems established by Kohn and Hohenberg, as well as a series of
equations derived by Kohn and Sham in the mid-1960s, provide the foundation of the whole area
of density functional theory. The first theorem is that ‘the ground-state energy derived from
Schrodinger's equation is a unique functional of the electron density, i.e. E=E[p(r)]’ as
demonstrated by Hohenberg and Kohn, with p(r) as the electron density. This is the reason why
this discipline is called density functional theory. This theorem can also be stated as ‘The ground-
state electron density is the only determinant of all ground-state features, including the energy and
wave function, according to Hohenberg and Ko/n. ’An essential characteristic of the functional is
defined by the second Hohenberg-Kohn theorem: ‘The actual electron density corresponding to
the complete solution of the Schrédinger equation is the one that minimizes the energy of the
overall functional.’

2.2.1 Kohn-Sham equations

Unfortunately, the Hohenberg-Kohn (HK) theorem does not define the exact form of E[p(r)]. An
accurate mapping of the interacting N-particle problem onto an effective non-interacting system
can simplify the problem in question, which is feasible within the Kohn-Sham (KS) formalism.
The single particle orbitals in the KS-scheme are referred to as KS orbitals (W5 (7)), which mimic
the density of the real system.

N
A 2 (2.13)
p(®) = ) |¥5S )
2
wkS (#) follow the KS eq.
- & m” 8550 + VEI®IWES () = EWSS (P) (2.14)

Here, Ve £ (r) is the effectlve potential that is function of density ‘p’ of electrons and E; denote

the KS eigenvalues. The V. ff (r) IS rewritten as;
@ = vE® + v @ + il @ (2.15)

ext P1(#) represent the external potential which is given as;
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2.1
VL) = [ @700 (2.10)
VH[" ](F) is the density-dependent classical (Hartree) interaction between the N particles
P #) = de fd3 lp(lr) p(rl) (2.17)
‘r‘ —

V;([g](F) stands for the exchange—correlation functional, that includes all quantum mechanical
effects.

_ 8Exc|p] (2.18)
8p(©)

Here, Ex.[p] stands for the exchange-correlation functional of total energy, which takes into
account all possible interactions of many-body problem. Although the precise form of Ey[p] is
not known, since it depends on electron density, it might be reliably predicted self consistently. If

the precise form of VX[é’] (7) is calculated, the Kohn-Sham equation can calculate the exact ground
state energy. It is difficult to determine and computationally expensive to compute the precise
shape of the exchange-correlation term of a many electron system. In the following, we discuss
some approaches of approximation for Ex[p].

In general, the exchange correlation potential Ey.[p] is composed of two contributions; one is the
Exchange part E¢[p], and the other is the correlation part Ex[p] in the many-body problem. There
are different approximation functionals to calculate Ex-[p], two of these are well-known
approximations known as the local density approximation (LDA), and the other is called general
gradient approximation (GGA).

2.2.2 Local density approximation (LDA)

The Hohenberg-Kohn theorem guarantees the existence of exchange-correlation functionals, but
it is simply unknown what their exact form is. Fortunately, the uniform electron gas is one instance
where this functional can precisely be deduced. In this case, the electron density is p(r) is constant
in the whole space. Since the variation in electron density p(r) form chemical bonds and in general
make materials interesting, this scenario could seem to be of little relevance in any actual material.
However, the uniform electron gas offers a useful application for the Kohn-Sham equations. To
do this, we set the known exchange-correlation potential at each point to equal the electron density
measured at that position of the uniform electron gas. This approximation is known as the local
density approximation (LDA) because it only employs the local density to approximate
the exchange-correlation functional. LDA is the foundation of all exchange correlation functionals.
The electron gas is supposed to have a slowly fluctuating density. Subsequently, the exchange
correlation energy remain locally uniform at small volume d3r. Then, the Ex.[p] within the LDA

formalism is given as;
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Exclpl = fp(F)EXC[p(F)]dB‘r (2.19)

Where Ey.[p] denotes the exchange relation energy for the density p(r) of uniform electron gas.

2.2.3 Generalized gradient approximation (GGA)

A generalized gradient approximation is considered to be the best-known functional after LDA,
which not only makes use of the information of the local electron density, but also considers the
local gradient in the electron density. It is easy to assume that the GGA must be more accurate
because it contains more physical data than the LDA. There are several diverse GGA functionals
due to the numerous ways in which information from the gradient of the density p(r) may be
included. The Perdew-Wang functional (PW91) and the Perdew-Burke-Ernzerhof (PBE)
functional are two of the most often employed functionals in DFT involving solids. These
functions are all GGA functions. In our calculations, we used the PBE approach in the framework
of GGA to treat electron exchange—correlations [126, 127]. When GGA is applied to systems with
homogenous electron densities, this approximation performs rather well and produces
comparatively better results for the metals. Unfortunately, it significantly underestimates the band
gap in semiconductors. When compared to LDA, the GGA approximation takes into consideration
the first order correction of the electron density p(r). Consequently, it includes the impact of the
electron density's local inhomogeneity. Using GGA, the total exchange correlation energy can be
expressed as:

Exc[p(] = .]-P(F)GXC[P(F);VP(F)]CIST (2.20)

2.2.4 Other exchange-correlation functionals

DFT employs a number of techniques to help with band gap issues and the materials’ electronic
structure, including the LDA+U, GGA+U scheme, meta-GGA functional scheme, van der Waals
correction (vdW) strategy, different hybrid functional like HSE, and GW. In this this, we utilized
the GGA, MBJGGA, and HSE functionals for the computations in 3D, 2D superlattices and Janus
structures. The most common approach to employing a plane-wave basis set to solve the Kohn-
Sham equation with the pseudopotential is described in the next section.

2.2.5 Plane wave basis set

In this thesis, we will emphasize in applying DFT to materials that are periodic in space (e.g.
crystalline materials). We used the lattice vectors a1, a;, and as to determine the geometry of the
supercell, a cell that repeats itself repeatedly in space. The solution of the Schrédinger equation
for a periodic system should satisfy the Bloch's theorem, a basic requirement. This follows;

Wi (F) = e wy (7), wy (7 + R) = uy(7) (2.21)
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where u;;, () exhibits the same periodicity as the supercell in space, with the lattice vector R.
According to this theorem, it is conceivable to attempt to independently solve the Schrodinger
equation for each value of k. This conclusion is valid for quantities that are derived from the
solutions of Schrodinger equation, such as the electron density. As a consequence, solving the
mathematical problems raised by DFT in k-space (momentum space) is often far more practical
than solving them in real space. Calculations based on this concept are usually referred to as ‘plane-

wave calculations’ since the functions e represent plane waves. In a plane wave basis set with
a periodic condition, the Bloch wave function ¥, (¥) may be expanded as;

Vi (7) = Z Cic,?k i+ ) (2.22)
G

In this case, Ci‘?k is the expansion coefficient, and G is the reciprocal lattice vector. To increase
computing efficiency, the sum should be limited to an ideal number of plane waves rather of the
infinite number that exists in reality. With origin at the center, all the G vectors in a sphere with a

radius of | G| are considered. The following eq. is used to determine the |G| from the kinetic
energy cut off (Ecut).

207 L R 2
_ h2|k +Gmax
cut —

(2.23)

2m

2.2.6 Pseudopotential

The orthogonality requirement between the valence electron wave function and the core electron
wave function must be satisfied. Because of the rapid oscillations of wavefunction closer to the
core of atoms, the energy scale spanned by the core electrons differs significantly from that of the
valence electrons. As a result, Eq. requires a high number of plane waves to accurately characterize
the valence electron wave function. However, the characteristics of solids are not significantly
influenced by the core electrons. Because of this, an effective method known as the
pseudopotential approach can be used in place of the real potential. Chemical bonding and other
physical properties of materials are mostly determined by the less firmly coupled valence
electrons; core electrons are not very significant in determining these properties. It was obvious
from the first plane-wave procedure that calculations which mimicked the characteristics of core
electrons in a way might decrease the number of plane waves necessary in a calculation may have
considerable advantages. The usage of pseudopotentials is the most crucial strategy for lowering
the computational burden caused by core electrons. Conceptually, a pseudopotential substitutes a
smoothed density chosen to correspond to several significant physical and mathematical
characteristics of the real ion core for the electron density from a selected set of core electrons.
One such approach is the projector augmented-wave (PAW) method that was first introduced by
Blochl, later remodeled for plane-wave calculations by Joubert and Kresse. Materials possessing
large electronegativity differences and strong magnetic moments, the PAW formalism is found to
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be more reliable compared to other approaches. In this thesis, all the calculations are performed
using PAW method that is built-in to VASP code.

Let's assume that the Kohn-Sham equation is satisfied by the system's real wave function;

_ (hVy? + ylel

LFr (D) | WS (F) = WS () (2.24)

A pseudo wave function may be constructed as;
PIS(F) = (1 - P)gi(F) (2.25)

where the P signifies the projection operation that is expressed as follows;

p= Z |k; >< k| (2.26)
J

Any function can be projected by the P here to the core states (| k; >). It may be demonstrated
that W;(r) can satisfy the equation as W[5 (r).

[~ 4 v ()] ¢i7) = E; i) (2.27)

2m

Here, Vs (#) is the pseudopotential and it can be expressed as;

2 T A R
Vs = VI — [~ B2+ v P)| P+ EP (2.28)
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Chapter 3

PAPERS COMPRISING THE THESIS

3.1 A short overview of the main results

Dimensionality of materials have revealed important impacts on their attributes. In addition to
referring to the materials' structural characteristics, this also affects many of their electronic and
optical properties [128]. To this end, we first investigate the electronic and optical features of InAs
and InSb bulk, and then those of InAs/InAso.625Sho.375 3D superlattice via first principles approach.
We observed that the electronic and optical properties are modified remarkably in the superlattice
geometry. A strong dependence of the electronic and optical features on the variation of lattice
constant is observed. A considerable decrease in the effective masses for heavy-holes and energy
gaps in the kx-ky plane is noticed as compare to their bulk phases of the parent compounds. The
absorption spectra in the far-infrared regime is strongly increased in the case of superlattice with
respect to bulk InAs and InSb suggesting their applications in the long-wavelength IR
detectors. Moreover, a great deal of interest in 2D materials has been sparked by the successful
"isolation" of graphene from the bulk graphite and the findings of its extraordinary physical
features, such as ultrahigh electron mobility, ballistic carrier transport, and anomalous quantum
Hall effect [129, 130]. Here, inspired from the excellent features of the newly discovered 2D
materials family MA2Zs, we explore the monolayers XSizN4 (X = Mo, W, and Ti) and the vertical
and lateral heterostructures of these structures including MoSizN4/WSiz2N4, and MoSizN4/TiSizNa.
After establishing the thermodynamical stability of both, the monolayers and heterostructures, we
studied the electronic band structures and the density of states indicating a semiconducting
behavior with the band gaps ranging from 0.30 to 2.60 eV giving the possibility to utilize them for
photovoltaics and other photonic devices operating in the visible range (IR detectors). Besides, we
investigated the effect of biaxial strain on the electro-optical properties of laterally stitched
heterostructures, which revealed significant modifications in the electronic band structures and
optical spectra. Lastly, the pristine MoSizP4 and Janus phase such as XGeSiP2As; (X = Mo, W)
are studied in detail presenting outstanding thermodynamical stabilities. Comparing to pristine
MoSizPs4, the Janus structures XGeSiP2As> (X = Mo, W) possessing broken mirror symmetry
indicate small direct band gaps, larger spin splittings at K/K’ and the Rashba spin-splitting. The
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large spin and Rashba-type splittings together with the exceptional electronic and optical features
in the Janus structures can make extraordinary contribution in the valleytronics, spintronics and IR
applications.

3.2 PAPER I: InAs/InAso.625Sbo.375 3D Superlattice

Owing to the small band gaps and longer carrier lifetime, the Ga- and Hg-free type-II superlattices
(T2SLs) of InAs/(InAsSb) have gained attention as viable options for infrared detector applications
during the past several years [7, 34, 36-39, 41, 131]. Besides, the In(As,Sb) based quantum wells
and their nanowires are suggested as a platform to observe the topological superconductivity [132],
whereas the InAs/GaSb heterostructures due to their type-111 band bending have been reported to
host topological states [133-135]. Generally, electronic band structures for I11-V semiconductors
are investigated within the tight-binding approximation or using the envelope function k.p
formalism [7]. Such empirical approaches are successful while describing conduction band, yet
fails for the valence band representing the heavy-hole. The failure of these methods is due to the
fact that these approaches do not take into account the curvature and anisotropy of the remote
bands. In this chapter, based on first-principle method, the electronic band structures and optical
spectra of bulk In(As,Sb) and that of InAs/InAsee25Shos7s SLs are explored with the lattice
constants of bulk InAs, GaSh and AISDb, respectively. The results manifest higher absorption
coefficients for SLs with respect to bulk counterpart, which reconfirms the dominance of the 3D
SLs in detector applications. Further, the effective masses computed for heavy-holes in the kyx-ky
plane are reduced in the case of superlattice, which suggest that 111-V SLs could possibly replace
IV-VI materials as efficient Pb-free infrared detectors. The InAs and InSb are the 111-V zinc-blende
compounds with semiconducting behavior. For these compounds and alloys, the growth of
heterostructures and superlattices is possible, wherein through alloy composition, thickness, and
the interface chemistry one can modulate the electronic band gaps and their bandwidths [136].
There exists type-11 band alignment in InAs/In(As,Sb) SLs, where the electrons are found in InAs
part, while the holes are confined in the In(As,Sb) layers, indicating that electrons and holes are
separated spatially. Consequently, with the adjustment of InAs thickness or that of In(As,Sb) or
the concentration of Sb, the band gap can be tuned for a broad range of infrared detecting region.
Due to these characteristics, we have chosen the T2SLs of InAs/In(As,Sb) for far-infrared
applications. To this end, we first perform the DFT calculations using spin-orbit coupling and
modified Becke-Johnson (MBJ), for the bulk In(As,Sb) and then consider a large 3D superlattice.
On top of this, the optical properties are calculated, making our approach quite demanding from
computational perspective.
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Abstract

We calculate the electronic and optical properties of InAs/InAsg ¢25Sbg 375 superlattices (SLs)
within relativistic density functional theory. To have a good description of the electronic and
optical properties, the modified Becke—Johnson exchange-correlation functional is employed to
describe the band gaps correctly. First, we analyze the electronic and optical characteristics of
bulk InAs and InSb, and then we investigate the InAs/InAsg ¢25Sbg 375 SL. The optical gaps
deduced from the imaginary part of the dielectric function are associated with the characteristic
interband transitions. We investigate the electronic and optical properties of the

InAs/InAsg ¢25Sbg 375 SL with three lattice constants of the bulk InAs, GaSb and AlSb,
respectively. It is observed that the electronic and optical properties strongly depend on the
lattice constant. Our results support the presence of two heavy-hole bands with increasing
in-plane effective mass as we go far from the Fermi level. We notice a considerable decrease in
the energy gaps and the effective masses of the heavy-holes in the k,—, plane compared to the
bulk phases of the parent compounds. We demonstrate that the electrons are s-orbitals
delocalized in the entire SL, while the holes have mainly p-Sb character localized in the
In(As,Sb) side of the SL. In the SL, the low-frequency absorption spectra greatly increase when
the electric field is polarized orthogonal to the growth axis allowing the applicability of III-V
compounds for the long-wavelength infrared detectors.
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1. Introduction

Over the last few years, InAs/In(As,Sb) Ga- and Hg-free
type-1I superlattices (T2SLs) have attracted attention as prom-
ising candidates for infrared (IR) detector applications due to
their narrow gaps and carrier lifetime longer than those in
other systems [1-9]. Furthermore, In(As,Sb) quantum wells
and nanowires have been proposed as a platform for topolo-
gical superconductivity [10] while the InAs/GaSb heterostruc-
tures host topological states due to their type III band bending
[11-13]. Typically, the band structure of these compounds
is studied by the envelope function k - p formalism or within
tight-binding approximation [2]. These empirical methods are
successful in describing the conduction band but often fail in
the case of the heavy-hole valence band, whose curvature and
anisotropy are determined by remote bands not considered
usually within effective Hamiltonian methods. In this paper,
we determine, by a first-principle method, band structures and
optical properties of bulk In(As,Sb) and InAs/InAs 625Sbo 375
SLs with lattice constants of InAs, GaSb and AlSb, respect-
ively. Our results show that the absorption coefficient of SLs
is larger than that of bulk materials, reconfirming the superior-
ity of SLs for detector applications. We demonstrate also that
the effective mass of heavy-holes in the k,—k, plane is much
reduced in SLs indicating that III-V SLs might replace IV-VI
compounds as efficient Pb-free IR emitters.

The InAs and InSb bulk compounds belong to the family
of the III-V zinc-blende semiconductors. For the zinc-blende
systems and their alloys, it is possible to grow heterostruc-
tures and SLs, in which the alloy content, thickness and inter-
face chemistry can serve to tune the band gap and bandwidths
[14] of the two sides of the interface to have type II or type
IIT SL. In a first approximation, in the InAs/In(As,Sb) SLs
due to the type II band alignment the electrons are confined
within the InAs layer and the holes in the In(As,Sb) layers,
and thus electrons and holes are spatially separated. Therefore,
by adjustment of the InAs and/or In(As,Sb) thickness as well
as the Sb concentration, it is feasible to tune the band gap
within a wide range of the IR region. Moreover, the thick-
ness and the Sb concentration have to be tuned to keep the
average lattice constant of SL as close as possible to the lat-
tice constant of the substrate. Owing to these unique prop-
erties, T2SLs InAs/In(As,Sb) have been chosen as mater-
ials for applications in the far-IR radiation. In this paper,
we will give more details about the location and dispersion
of electrons and holes in T2SLs InAs/In(As,Sb). To achieve
this goal, we perform density functional theory (DFT) cal-
culation for a large 3D SL using spin—orbit coupling (SCO)
and modified Becke—Johnson (MBJ). On top of this, we cal-
culate the optical properties making this calculation quite
computationally demanding. To our knowledge, there was no

previous calculation combining large 3D SL, spin—orbit, MBJ
and optical properties.

In section 2, we describe the computational details,
section 3 is devoted to the electronic and optical properties of
the InAs and InSb bulk while in section 4 the InAs/InAsg g5
Sby 375 SL properties are investigated. Finally, section 5 is ded-
icated to the conclusions.

2. Computational details

We have performed DFT calculations by using the VASP
package [15-17]. The core and the valence electrons are
treated within the projector augmented wave method [18] with
a cutoff of 300 eV for the plane wave basis. Given the import-
ance of SOC in narrow-gap zinc-blende compounds and given
the size of the SOC in the elements in question, all calcula-
tions have been performed with the relativistic effects taken
into account. The valence bands are predominantly composed
of anion p-states. Since the SOC energy of p-states is 164 meV
in InAs [19], i.e. comparable to the bandgap, the inclusion
of SOC is essential for an exact representation of the band
structure. If SOC is not included in the calculations, the sys-
tem is metallic in disagreement with experimental results. For
compounds with a zinc-blende structure, DFT within a stand-
ard local spin density approximation does not predict prop-
erly electronic properties, e.g. band gaps, spin—orbit splittings,
and effective masses. The resulting band structure has often a
wrong band ordering at the I" point; these compounds turn out
to be zero-gap topological semimetals (like HgTe) rather than
narrow-gap semiconductors. Few approaches have made it
possible to solve this problem, among these, there is the hybrid
exchange-correlation functional [20, 21] and an all-electron
screened exchange approach within the full potential linear-
ized augmented plane-wave method [22]. These approaches
reproduce the experimental band gaps of these compounds,
however, they are computationally expensive to study het-
erostructures. Therefore, in order to study heterostructures
and SLs, we have employed the MBJ exchange-correlation
functional together with generalized gradient approximation
(GGA) for the exchange-correlation potential [23], which is
a semilocal potential that improves the description of the
band gaps especially for narrow gap semiconductors [24-26]
including zinc-blende semiconductors [21, 27-29]. We can
tune the band gap by varying the parameter cM?’, as reported in
supplementary materials figures S1 and S2. The value of ¢MP’
is the only adjustable parameter that is fixed fitting the band
gap of the bulk compounds or the SL. In the literature, the MBJ
approach was successfully used for other zinc-blende systems
[30]. Despite the MBJ functional having problems with doped
systems due to its non-locality [31], we have found that our
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Figure 1. Optimized crystal structure of the InAs/InAsg ¢25Sbo 375 SL grown along the z-axis, (001) axis of the bulk unit cell. The orchid,
green and sandy brown spheres represent In, As and Sb atoms, respectively. The dashed green arrow represents the extension of the InAs
side of the supercell, while the dashed orange arrow represents the extension of the InAsg ¢25Sbo 375 side of the superlattice. The solid black

line represents the unit cell of the superlattice.

results for the bulk system are quite remarkable. Therefore,
we conclude that the MBJ provides reliable results if the prop-
erties of the doping do not differ too much from the properties
of the host as in the case InAs doped with Sb. The GGA+U
does not solve the gap problem for the zinc-blende unless we
would use exotic negative Coulomb repulsions [32].

To inspect how the energy gaps and optical properties of
InAs/InAsg 625Sbo 375 SL change as a function of the lattice
constant, we used room temperature lattice constants of InAs,
GaSb and AlSb, respectively. The values of the lattice para-
meters at T =300K are: aas = 6.0583 A, agasp = 6.0959 A
and apisp = 6.1355 A [33]. In other words, we considered the
SL is grown on InAs, GaSb and AlSb substrates, respectively.
The SLs are treated as fully strained and we have a perfect
interface without intermixing. Our (001) SL is composed of
8.04 nm of InAs (26 unit cells) and 2.53 nm of InAss/gSbs /g
(8 unit cells), as shown in figure 1.

3. Bulk properties

In this section, we investigate the electronic and optical prop-
erties of the InAs and InSb bulk to use as a benchmark for the
investigation on the SL.

3.1. Electronic properties of the InAs and InSb bulk

Using the eigenvalues at the I' point of InAs and InSb
bulk, we can calculate the band bending of the SLs. The
band bending of the InAs/InSb returns a type III SL, while
the band bending of the InAs/InAsgygysSbgs7s returns a
type II SL in agreement with experimental data. For the
calculation of band gap of InAsgg5Sbo375, we have used
the virtual crystal approximation for the energetic levels with
0.625E¢ y:1nas+0.375E v;insp Where E¢ y.mas and E¢ y.iasp are
the energetic levels of the valence (v) or conduction (c) bands
of InAs and InSb, respectively. This highlights how our com-
putational setup is reliable in the description of the electronic
properties of this material class.

Using the notation of [20], table 1 summarizes the
effective masses of the energy bands such as mgpii—of,
Miight—hole> Mheavy—hole aNd conduction electron Mejeciron along
the directions [100], [110] and [111] for various theoretical

Table 1. Effective masses of bulk InAs calculate within MBJ
(this work) compared with other theoretical approaches [20] and
experimental results [34, 35] at I" along different directions of the
k-space. Increasing the energy, we name the bands as split-off,
light-hole, heavy-hole and electron bands as used in the literature
[20].

ApproaCh Direction Mgplit—off  Milight—hole Mheavy—hole Mlelectron

HSE06 [100] 0.112 0.033 0.343 0.027
[111] 0.111 0.031 0.836 0.027
[110] 0.112 0.032 0.623 0.027
MBIJ [100] 0.189 0.064 0.155 0.021
[111] 0.119 0.046 0.609 0.014
[110] 0.062 0.037 0.409 0.031
Experiment  [100] 0.140 0.027 0.333 0.023
[111] 0.140 0.037 0.625 0.026
[110] 0.140 0.026 0.410 0.026

and experimental approaches. In this paper, we have fitted the
DFT band structure with a quadratic dispersion and reported
the numerical values of the fitting. The effective masses cal-
culated for heavy-hole along the [111] and [110] directions
strongly match experimental results. Similarly, the effective
masses of conduction electrons in the [100] and [111] direc-
tions coincide with those of experiments. Respect to the Heyd—
Scuseria—Ernzerhof (HSEO06) exchange-correlation results
present in the literature, the light-holes in MBJ are heavier than
HSEOQ6 while the heavy-holes in MBJ are lighter than HSEQ6.

3.2. Optical properties of the InAs and InSb bulk

The optical properties of a particular semiconductor are
of great interest due to their possible applications in
optoelectronics and photon sensing. After establishing the
values of ¢MP’ for the bulk compounds, as reported in the
supplementary materials figures S1 and S2, we calculate the
optical properties of InAs and InSb at 7 = 0. In figures 2 and 3
we show optical characteristics of InAs and InSb in the bulk
form, respectively. Due to the cubic symmetry, the optical
properties of InAs and InSb bulk are isotropic and therefore
independent on whether the electric field is polarized along
the x-, y- and z-axis.
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Figure 2. Frequency-dependent optical properties of InAs bulk with the low-temperature lattice constant. (a) Real (green line) and
imaginary (blue line) parts of the dielectric function. (b) Absorption spectrum in the frequency-range between 0 and 8 eV. (¢) Absorption
spectrum in the IR region. (d) Reflectivity. (e) Refractive index. (f) Energy loss function.
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Figure 3. Frequency-dependent optical properties of InSb bulk with the low-temperature lattice constant. (a) Real (green line) and
imaginary (blue line) parts of the dielectric function. (b) Absorption spectrum in the frequency-range between 0 and 8 eV. (c) Absorption
spectrum in the IR region. (d) Reflectivity. (e) Refractive index. (f) Energy loss function.

Figures 2(a) and 3(a) illustrate the real and imaginary parts
of the dielectric function for InAs and InSb, which are used to
extract other optical responses for the system. The values of
the real part of the dielectric function on the vertical y-axis of
the graph are known as static values of the real part; the value
of static dielectric constant for InAsis 11.07, while that of InSb

is 13.42, which is in agreement with the values reported in
theoretical [36, 38] and experimental works [37]. Table 2 gives
a comparison between the present work and the literature. The
imaginary and real parts of the dielectric function [39], as well
as the refractive index, are in very good agreement with the
literature [39] for both InAs and InSb.
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Table 2. Static dielectric constants (&) and refractive indices (ng)
for the InAs bulk in the present work and in the literature.

Approach € (o)
Present work 11.07 3.315
GGA-EV theory [36] 10.82 3.289
Experiment [37] 11.67 —

If we look at the absorption spectra of figures 2(b) and 3(b),
we can see that the first absorption peaks appear at 0.417 eV
for InAs and 0.235eV for InSb. These peaks correspond to
the energy-gap between the highest occupied and the lowest
unoccupied energy bands, characterizing specific electronic
transitions. In figures 2(c) and 3(c) we zoom in the 0-2eV
energy range, to quantify and describe the importance of InAs
and InSb semiconductors in the IR region. Previous calcula-
tions on the same material class were reported using an all-
electron method with ¢MB! calculated self-consistently [40, 41]
and tight-binding method [42], despite the different method-
ology our results are in quantitative agreement with the the-
oretical literature. If we compare our absorption spectra with
experimental literature, we find that our theoretical absorption
coefficients overestimate the experimental values as expected
neglecting the local field effect.

Besides, the surface behavior of these semiconductors is
studied via reflectivity, which is defined as the ratio of the
reflected and incident power. Figures 2(d) and 3(d) display the
reflectivity spectra for InAs and InSb, which indicate that these
compounds are less reflective in the IR region compared to
other regions. Nevertheless, the refractive index shows a sub-
stantial value in the IR region, as we can see from figures 2(e)
and 3(e). The low reflectivity and higher refractive index in
the IR region make these materials very useful for IR detect-
ors. The static refractive indices ng are 3.315 and 3.684 for
InAs and InSb, respectively. Further, the energy loss function
(ELF) is calculated in figures 2(f) and 3(f), to measure the loss
of energy taking place in the systems. Almost no energy loss
can be seen for the photons in the IR region. However, as the
energy increases beyond 5 eV, energy loss starts to increase
and becomes maximum around 15 eV. The peaks in ELF spec-
tra correspond to the plasma resonance and hence the associ-
ated frequency is the plasma frequency.

4, Study of the InAs/InAso_6255b0,375 SL

In this section, we study the SL of InAs/InAsg ¢25Sbg 375 since
it is employed in the devices of IR-detectors. Here, we use
as in-plane lattice constant of the SL the values of the InAs,
GaSb and AISb at T =300K, respectively [33]. We used the
value of cMB’ = 1.22 for all atoms of the SL. This value gives a
reasonable agreement with experimental results of 0.1 eV [43].
Then, we calculated the band structures and optical properties
of the SL for the three different lattice constants. Both InAs
and InSb have the zinc-blende as a structural ground state, then
we do not expect any structural disorder in the alloy part of the
SL. The following two subsections present the electronic and
optical attributes with these three lattice constants.

4.1. Electronic properties of the SL

After the structural relaxation of the InAs/InAsg 625Sbg 375 SL,
the electronic properties were calculated. Figure 4 shows the
band structures calculated along the k-path X-I'-M-X for the
InAs/InAsg ¢25Sbg 375 SL for the three lattice constants of bulk
InAs, GaSb and AISb, sequentially. We noticed a considerable
decrease in the energy gaps compared to the parent compounds
which allows their applicability in far-IR detection. The value
of the band gap is calculated to be 116 meV in the case of apas,
while for ag,sp this decreases to 87 meV and further decreases
to 53 meV for aajsp, as shown in table 3. We noticed that, as
the value of the lattice constant increases, the energy gap of
the SL decreases.

At the T" point below the Fermi level, we have the highest
valence band (HVB) two times degenerate. At 0.1 eV below
HVB, we find another hole band two times degenerate, and
another hole band two times degenerate at 0.25 eV below the
HVB. All these six bands become almost degenerate at the
high-symmetry point X, therefore, all these bands originate
from the heavy-holes and light-holes of the bulk. We define
the two HVBs as heavy-holes and the third highest valence
band as light-hole. The presence of multiple heavy-hole bands
is a huge difference respect to the bulk. The number of heavy-
holes bands strongly depends on the period of the SL [43,
441]. In the literature with tight-binding models, usually it was
reported one heavy-hole band [42, 43] for a 10.57 nm period.
However, within first-principle calculations, we obtained two
heavy-hole bands. The far we go from the Fermi level, heav-
ier the effective masses of these bands become as opposite to
the bulk where we have the HVB as heavy-hole and the second
HVB as light-hole. In the case of the SL, we define the HVB as
heavy-holel and the second HVB as heavy-hole2. To study the
effect of lattice constant on the effective masses of the charge
carriers, we computed the effective masses at the I' point of the
SL such as Mheavy—hole2 > Mheavy —holel and Mejecron along the two
in-plane directions i.e. [100] and [110] as shown in table 3. We
report different effective masses for the [100] and [110] direc-
tions, going beyond the approximation of isotropic effective
mass in the k,—k, plane found in the literature.

Due to the change of the symmetry, it is not possible to
compare directly the effective masses along the same direc-
tions in bulk and SL. However, it is interesting to compare the
effective masses of the SL respect to the effective masses of
the bulk, since we expect that this trend can be observable in
experiments. The biggest change in the SL is the reduction of
the effective masses of the HVB (heavy-holel) respect to the
bulk, while the second HVB (heavy-hole2) is now heavier as
opposite to the bulk. The effective masses that we have cal-
culated are in line with previous effective masses calculated
with other theories [42, 43, 45]. A considerable decrease of the
effective masses along the [100] direction can be seen, as the
lattice constant increases from 6.05 830 A (InAs) to 6.1355 A
(AISb). Except for the migjectron, the effective masses along the
[110] direction are smaller than the effective masses along the
[100] direction. We have noticed that the lattice constant not
only influences the band gaps but also the effective masses
associated with charge carriers. Indeed, except for the mejectron,
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Figure 4. Band structures of the SL for three different lattice constants at 300 K i.e. (a) dmas, (b) agasp and (¢) aaisp. (d) Numbers 1 and 2
indicate the characteristic interband transitions. The inset shows the peaks associated with the number 1 and 2 in the imaginary part of the
dielectric function for the x- and z-polarization of the electric field. The Fermi level is set to zero.

Table 3. Effective masses of InAs/InAspe25Sbo 375 at I' point along in-plane directions of the k-space for the lattice constants of InAs, GaSb

and AISb and their comparison with the literature [43].

Lattice constant (A) Band gap Direction Miight—hole Mheavy —hole2 Mheavy —holel Mlelectron
InAs (6.0583) 0.116eV  [100] 0.196 0.175 0.022

[110] 0.062 0.056 0.023
GaSb (6.0959) 0.087eV  [100] 0.147 0.126 0.016

[110] 0.052 0.041 0.018
AlSb (6.1355) 0.053eV  [100] 0.112 0.099 0.016

[110] 0.046 0.044 0.024
k-p model for 14.5 nm SL [43] 0.1eV ky—ky plane  0.096 0.040 0.019
InAs/GaSb with 17 layers [44] 0.1eV ky—ky plane  0.051-0.061 0.33-0.37 0.023-0.031

Table 4. Effective masses of InAs/InAsp 625Sbo 375 at I' point along k. for the lattice constants of InAs, GaSb and AlSb and their comparison

with the literature [43].

Lattice constant (A) Band gap Direction Miight—hole Mheavy —holel Mheavy —hole2 Melectron
GaSb (6.0959) 0.087eV [001] 54.9 32.5 0.256
k-p model for 14.5 nm SL [43] 0.1eV [001] 0.104 31.02 0.023

the effective masses decrease with the increase of the lattice
constant of the SL.

The SL Brillouin zone is very different from the bulk Bril-
louin zone due to the change of the unit cell symmetries and
lattice constants. In particular, the z-axis is extremely elong-
ated flattening the band and increasing the effective mass
along the [001] direction [43]. The calculated effective masses
along [001] are reported in table 4 and compared with the

literature. The calculated effective masses of the heavy-holes
along [001] are extremely high as 54.9 which is comparable
with the literature. The effective electron mass along [001] is
0.256 which is one order of magnitude larger than the in-plane
effective masses. The reason for the difference between holes
and electrons lies in the properties of the I'¢ in zinc-blende
semiconductors. The wave function of the I'¢ state is in a
quantum bonding state between the s-orbitals of Indium that
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Figure 5. Type-II band bending using the gap of bulk InAs and
InAsg.625Sbg 375 calculated for B — 1.180. From the bulk data, we
estimate the LCB and HVB of the supercell. The filled rectangulars
represent the electronic bands connected by black lines representing
the band gap. e~ and h™ represent electrons and holes. The ovals
represent the positions of LCB and HVB in the real space, while the
HVB is mainly located in the In(As,Sb) side, the electrons are
delocalized along the superlattice. The energy zero is fixed at the top
of the valence band of InAs. The numerical values are in eV.

can be approximated as: |T'g) ~ #\/ > =1y |9s-In;) where the
index i runs on the N atoms of Indium present in the supercell,
minor contributions from the s orbitals of the anions are also
present. This bonding state is delocalized on both sides of the
supercell. The band bending of the T2SL InAs/InAsg 625Sbg 375
is shown in figure 5 together with the atomic character of the
electrons of the lowest conduction band (LCB) and HVB of
the InAs/InAsg 6255bg 375 supercell. The DFT results confirm
that the orbital character of the LCB is mainly 5s-In while the
orbital character of the HVB is mainly 5p-Sb. In summary,
the electrons are delocalized along the SL owning a small
mass, while the holes are localized in the In(As,Sb) side of
the SL owning a huge effective mass. As a consequence the
concentration and the distribution of the Sb doping mainly
affects the hole carriers. The gap obtained from the band bend-
ing is 0.13 eV, which is in agreement with the literature [46]
and in qualitative agreement with the more accurate results for
the supercell presented in table 3.

In figure 4(d), the interband electronic transitions related to
the excitations in the SL are described. The light-matter inter-
actions can be explained by the complex dielectric function,
i.e. the imaginary part is directly linked to the absorption. The
observed peaks in the inset of figure 4(d) can be connected to
the excitation of electrons from the valence band maximum to
the conduction bands for ap,as based SL, which are also indic-
ated by the interband transitions in figure 4(d) with the trans-
ition number 1 at 115 meV and with the transition number 2
at 365 meV. These excitations can take place owing to the ver-
tical transition from the valence band to the conduction bands
at the I" point of the Brillouin zone as indicated in figure 4(d).
Since the gap depends on the lattice constant, we figured out
that also the energies required to cause the interband trans-
itions are affected by the different lattice constants.

4.2. Optical properties of the SL

Based on the relaxed structure, we have explored the
optical properties of InAs/InAsg ¢5Sbg 375 SLs with the MBJ
exchange-correlation functional. Again, the three different lat-
tice constants are considered to calculate the optical proper-
ties as illustrated in figures 6, S3 and S4, respectively. For
the SL, we observed that all the optical properties are aniso-
tropic because of the reduction in symmetry [47]. Besides, the
results in figures 6(a), S3 and S4 are almost identical, which
shows that the small changes in in-plane lattice constant has
a very small effect on the optical properties. Figures 6(a),
S3(a) and S4(a) demonstrate the real and imaginary parts
of the dielectric function for the three cases, respectively.
Owing to the anisotropy, the values of static dielectric con-
stants for SLs with the InAs, GaSb and AISb lattice con-
stant are (19.40, 15.57), (24.06, 12.20) and (30.00, 13.14) in
the x and z-directions, respectively. Table 5 demonstrates the
static dielectric constants (e,, ;) and refractive indices (n,, n;)
of InAs/InAsg¢>5Sbg 375 for lattice constants of InAs, GaSb
and AISb, respectively. The absorption coefficients of the SL
for the three lattice constants are shown in figures 6(b), (c),
S3(b), (c) and S4(b), (c). The first absorption peak appears
near 0.115eV and the second appears at 0.365 eV in the case
of InAs lattice constant, for the GaSb case they appear at
0.092eV and 0.316eV while for the AlSb case the first and
second peaks appear at 0.082 eV and 0.273 eV, respectively.

In figures 6(b), S3(b) and S4(b), we report the absorp-
tion spectra in the region between 0 and 8eV. The absorp-
tion spectra strongly increase from the frequency of the energy
gap until approximately 5eV. Beyond 5eV, the absorption
spectrum reaches a plateau with moderate oscillations of the
order of 15%. Including the electron-hole interaction, the
plateau would be reached at lower frequencies. Similarly in
figures 6(c), S3(c) and S4(c), we report the absorption spectra
in the region between 0 and 2 eV that is the relevant region
for IR detectors. We report the absorption coefficient when
the electric field is polarized along the x-axis (g, ) and z-axis
(ag,). We can immediately see how the absorption coefficient
is much larger when the electric field is polarized along the x-
axis, i.e. orthogonal to the growth axis. Defining 6 as the angle
between the polarization of the electric field and the z-axis, we
have that the absorption coefficient a(6) is equal to:

a(0) = sin(0)ag, + cos(0)ag,. (1)

We have found characteristic absorption peaks in the low-
energy regions that quantify the characteristic interband trans-
itions. This employs the possibility of using these SLs for IR
detection. Similar to the bulk case, the SL is also less reflect-
ive in the IR region (see figures 6(d), S3(d) and S4(d)). Also,
the refractive indices are higher in the IR range as shown
in figures 6(e), S3(e) and S4(e). Such less reflection of the
photons and higher corresponding indices of refraction in
the IR range of the electromagnetic spectrum suggests their
applications in the IR detectors. It can be noticed that the static
refractive indices ng are also anisotropic; these are (4.4, 3.4),
(4.9, 3.5) and (5.5, 3.6) for InAs, GaSb and AlSb based lattice
constants in the (x, z) directions (table 5). Moreover, the ELFs
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Figure 6. Frequency-dependent optical properties of InAs/InAsg ¢25Sbo 375 superlattice with lattice constant at T = 300K that is

amas = 6.0583 A. (a) Real and imaginary parts of the dielectric function. (b) Absorption spectra in the frequency-range between 0 and 8 eV.
(c) Absorption spectra in the IR region. (d) Reflectivity. (e) Refractive index. (f) Energy loss function. The x-dir and z-dir indicate the
directions of the electric field polarized perpendicular and parallel to z-axis of the SL.

Table 5. Static dielectric constants (&, &) and refractive indices

(ny, n;) of InAs/InAsg 625Sbg 375 for lattice constants of InAs, GaSb
and AISD, respectively, using the MBJ approach.

Lattice constant (A) Ex & Ny n;
InAs (6.0583) 19.4 15.6 4.40 3.40
GaSb (6.0959) 24.1 12.2 4.90 3.51

AlSb (6.1355) 30.0 13.1 5.51 3.60

for the three cases reveal almost identical behavior and show
no energy loss up to 12 eV, particularly for the photons in the
IR range as shown in figures 6(f), S3(f) and S4(f).

Since the most relevant physical property for the far-IR
detectors is the absorption spectrum, finally, we compare the
absorption spectra in the IR region for InAs bulk and the SLs
in figure 7. It can be seen that the absorption strongly increases
for SL in the IR regime as compared to InAs bulk. Also, the
absorption is observed to increase as a function of the lat-
tice constant and becomes maximum for the lattice constant
of aaisp- The reason for the large absorption coefficient of the
SL could be attributed to the presence of the two heavy-hole
bands. Then, we can speculate that thicker SLs could produce
even larger absorption spectra provided that the quality of the
sample and the strain would be uniform along the SL. How-
ever, the uniform strain is limited by the critical thickness in
the experimental realization.

To go beyond the independent-particle approximation
employed here for the optical properties, we would need the
using Bethe—Salpeter equation that includes the electron—hole
interaction. The Bethe—Salpeter equation would produce a
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Figure 7. Absorption coefficient for an electric field polarized along
the x-direction in the far-infrared regime between 0 and 1 eV.
Spectra of InAs bulk (dash-dotted grey line) and InAs/InAs 625

Sbo 375 SLs for InAs (dotted green line), GaSb (dashed red line) and
AISD (solid blue line) substrate.

shift of the peak in the imaginary part to lower frequencies
[48, 49]. The Bethe—Salpeter couples the electron and the
hole, and thus takes into account the electron—hole interactions
[50]. This approach has been very successful for the calcula-
tion of absorption spectra of a large variety of systems bear-
ing large band gaps, such as wide band gap semiconductors
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and insulators [51]. On the other hand, the small-gap
semiconductors and metals, instead, screen this electron—hole
interaction, and the resulting contribution can therefore be
negligible. Since we are dealing with ultranarrow gap semi-
conductors, the MBJ potential is sufficient for our study.

5. Conclusions and outlook

We have investigated the electronic and optical properties of
InAs and InSb bulk and their SLs. We perform a computation-
ally demanding calculation for the realistic system combining
alarge SL, SCO, MBI and optical properties. We focus on the
InAs/InAsg ¢25Sbg 375 SL with the three lattice constants of the
bulk InAs, GaSb and AlSb, respectively. It is observed that the
electronic and optical properties effectively change due to the
different symmetry present in the SL and with the lattice con-
stant of the SL. In the SL, we notice a considerable decrease
in both the energy gaps and the effective masses of the heavy-
holes compared to the bulk phases of the parent compounds.
As opposite to the tight-biding literature, we have found two
heavy-hole bands with the in-plane effective mass increasing
as far as we go further from the Fermi level. In the k,—k, plane,
the effective masses of the heavy-holes in the SL become com-
parable with the one of the light-holes of the bulk. Along the
growth axis, the effective mass of the hole becomes huge while
the effective mass of electron increases less significantly. This
happens since the electrons are delocalized in the entire SL
while the holes are localized in the In(As,Sb) side of the SL.
As future prospects, it would be helpful to simulate the ran-
domness of the Sb distribution and the possible Sb interdif-
fusion in the InAs layer. This would require larger supercells
and could not be done following this computational approach.

Our theoretical calculations demonstrate that the absorp-
tion spectra in the far-IR regime strongly increased in the case
of SL with respect to bulk InAs and InSb. The absorption
coefficient of the SL is larger if the electric field is polarized
in the direction orthogonal to the growth axis. Moreover, the
absorption spectrum as a function of the lattice constant is
increased at low frequency. The appearance of multiple heavy-
hole and a small energy gaps of the order of meVs produces a
high absorption coefficient making these SLs employable for
applications in far IR detectors. The large sensitivity of the
optical properties to structural and chemical degrees of free-
dom opens the possibility of engineering the optical property
of the InAs-based SL making them even more appealing for
the construction of far IR detectors.
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I. COMPUTATIONAL DETAILS

We have performed the bulk calculations using
10x10x10 k-points centred in I'. The values of the lat-
tice parameters at T' = 0K are: apas = 6.05008 A and
ams, = 6.46896 AT, Due to the large value of the out-
of-plane SL period, the k, range in the SL first Bril-
louin zone is rather small. We have carried out the
InAs/InAsp 6255bo.375 SL calculations using 10x10x1 k-
points centred at I' . Before calculating the electronic and
optical properties of the SL, we have performed the struc-
tural relaxation of the internal degrees of freedom within
GGA without SOC. The reliability of the structural re-
laxation without SOC was proved in the literature? and
tested by us for simple cases.

We use the lattice constants and the optimal doping
concentration from the experimental system. We con-
struct a supercell with a single atom species in the sub-
sequent layers, so that the InAs;/sSbs /g consists of eight
unit cells, with three Sb and five As layers, respectively.
We performed three different calculations for the SL us-
ing InAs, GaSb and AlISb in-plane lattice constants at
room temperature. This allows us to investigate the
properties of SL close to the substrate and the fully re-
laxed one far from the substrate.

The optical properties are obtained by using the
frequency-dependent dielectric function e(w) written as:

e(w) = €1 (w) + iea(w)

where w is the photon angular frequency, while € (w)
and €3(w) represent the real and imaginary parts of the
complex dielectric function, respectively. The imaginary
part can be calculated in random phase approximation
neglecting local field effects via the output of the DFT
calculations using the following formula:

V€2
eg(w) = m /dSkan,k(]- - fn/,k)

| < n7k|p|n/7k > |2 X 5(En,k - En/,k - hw) (1)

where f is the Fermi-Dirac distribution, p is the momen-
tum operator, E,, k is the energy spectrum as a function
of the number of bands n and wave vector k. The real
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FIG. 1. Band gap at I" point for InAs as a function of ¢}.27,
and with ¢}2B7 = 1.180. The blue line indicates the band gap
at T'= 0K, while the red line the band gap at 7' = 300 K. The
experimental band gap is represented by the horizontal blue
dashed line in the case of T = 0K, while by the horizontal
red dashed line in the case of "= 300 K.

part of the optical conductivity can be calculate using
the Kramers-Kronig transformation:

e(w)=1+ 2P/OOO de/ (2)

T w/2 _ OJ2

This approach is known to overestimate the dielectric
constant?, however the large supercell and the inclusion
of the SOC does not allow us to go beyond. The absorp-
tion coefficient a(w) can be derived from the € (w) and
€2(w) as follows:

1/2
a= Yo <\/e%+e§el)
c

where c is the speed of light.

We employed the independent-particle approximation
with a broadening of 50 meV for the imaginary part
of the dielectric function. We have set the number of
frequency points when calculating the dielectric function
NEDOS=30000 for the bulk and NEDOS=40000 for
the SL. This computational setup allows us to perform
accurate optical calculations for the superlattice within
a reasonable computational cost. We use a number
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FIG. 2. Band gap at I" point for InSb as a function of cXB7,
and with ¢}257=1.180. The blue line indicates the band gap
at T=0 K, while the red line the band gap at T=300 K. The
experimental band gap is represented by the horizontal blue
dashed line in the case of T=0 K, while by the horizontal red
dashed line in the case of T=300 K.

of 252 unoccupied bands for an energy window in the
conduction bands of 6 eV in the case of the superlattice.
The optical properties were already calculated success-
fully using MBJ for bulk semiconductors like MnS, GaN,
Si, MnO, GaAs etc?, but we go beyond calculating
superlattices in presence of spin-orbit.

II. BULK PROPERTIES
A. Electronic properties of the InAs and InSb bulk

For the bulk, we used the MBJ exchange-correlation
functional wherein the parameter ¢MB? was adjusted to
reproduce the experimental band gaps at the I'" point,
which are 0.417eV for InAs and 0.235eV for InSbh,

respectively at temperature T = 02 and decrease to
0.354eV for InAs and 0.173eV for InSb at 300 K@=
From our calculations, we noticed that the gap is rather
sensitive to the value of the lattice parameter. We
should choose one value of ¢MBJ for each of the three
elements In, As and Sb. We can use the two band
gaps of InAs and InSb to determine the ¢MBJ values,
therefore, we need to choose an arbitrary value for one
of the elements. We decide to fix ¢MBJ of the common
element to 1.180 that is a reasonable value for these
compounds, so we can adjust the magnitudes of the
single parameters cXIB? and cg/{)BJ in order to reproduce
the experimental values of the band gap for InAs and
InSb, respectively. We repeat the procedure at 0 and
300K. In Figs. and 92| we show the computed band
gap at the I' point for InAs and InSb as a function of
BT and eMB7 for experimental lattice parameters at
T = 0 and 300 K, respectively. As seen, the experimental
band gaps are reproduced assuming CXISBJ = 1.160 for
InAs and [P = 1.205 for InSb at 0K while we need
MBI = 1.108 for InAs and cg/{)BJ = 1.146 for InSb at
300K. In this way, we have obtained information on the
behaviour and the possible range of ¢MB7 for the bulk
systems.

Using the values of the ¢MBJ obtained from the bulk,
the superlattice shows a metallic phase, then, we assume
that ¢cMBJ is not a transferable quantity. Therefore, we
slightly increase its value and use a single value of ¢cMB7 =
1.22 for all atoms of the superlattice.

III. OPTICAL PROPERTIES OF
SUPERLATTICE

In Figs. 93] and 4] we show the optical spectra for
InAs/InAsg g25Sbo.375 obtained at agqag,=6.096 A and
aa;s5=6.1355 A, respectively.
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FIG. 3. Frequency-dependent optical properties of InAs/InAsg.6255bo.375 superlattice with lattice constant at T=300 K that
is aGasy=6.0959 A. (a) Real and imaginary parts of the dielectric function. (b) Absorption spectra in the frequency-range
between 0 and 8 eV. (¢) Absorption spectra in the IR region. (d) Reflectivity. (e) Refractive index. (f) Energy loss function.
The x-dir and z-dir indicate the directions of the electric field polarized perpendicular and parallel to c-axis of the SL.
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Chapter 3: Papers comprising the thesis

3.3 PAPER Il: 2D materials and heterostructures

The exceptional crystal structures of 2D TMDs and their outstanding electronic attributes make
them potential materials in applications including electronics, photonics, and optoelectronics [79-
82]. Intriguingly, upon integration of 2D materials with other 2D structures in the form of
heterostructures are exemplified to be quite appealing. Specifically, the 2D TMDs could be
skillfully bring-together thereby fabricating various heterostructures or superlattices possessing
exotic properties that cannot be acquired from isolated 2D material, thus providing the
opportunities to explore and investigate the novel applications for the nanodevices [83-85]. The
hybrid structures between the different 2D materials can be obtained using different approaches,
for instance, the mechanical exfoliation followed by the pick-up-and-transfer technique can be
used to create 2D layered heterostructures, but chemical vapor deposition (CVD) enables the direct
growth of TMDs layers that are lattice aligned for the heterostructures. Moreover, the monolayer
TMD on a wide scale can be synthesized on large scale with seeding promoter-assisted-CVD.
Based on the choice of seeding promoter and its capacity to adhere to substrates, this strategy was
subsequently adapted for the construction of a range of vertical and lateral hybrid-structures.
Besides, it is demonstrated that the technique is independent of lattice mismatch among the
combining materials (2D and TMD) to create vertical or lateral heterostructures [91-93, 137]. One-
step or two-step CVD synthesis have both been used to effectively produce a number of lateral
heterostructures, including MoS2/WSe,, NbS2/MoS;, M0S2/MoSe,, and ReS2/ReSez, M0oS2/WSo.

A novel class of 2D materials MA2Z4, (where M represents a Transition metal, A stands for group
IV element, while Z is group V element) has received considerable attention owing to their
exceptional properties [117]. The MoSi2N4 is first 2D material of this group, which was
successfully grown using the CVD method over a big surface of 15 mm by 15 mm. This septuple-
atomic-layer semiconducting material (N-Si-N-Mo-N-Si-N) may be viewed of as the three atom
thick MoN. sandwiched between the two SiN layers with indirect band gap of about 1.94 eV. The
elastic modulus of a monolayer of MoSi2Nj is about four times greater than that of a single layer
of MoS, and the carrier mobilities of holes and electrons are correspondingly four to six times
greater. Moreover, calculations using density functional theory predict the existence of a novel
family called MA2Zs (M is Transition metal, A is IV element, and Z is V element). The
extraordinary attributes of these materials have been the subject of several research to date [118,
119, 121, 122, 124, 125, 138, 139]. Motivated by the previously reported 2D materials and their
heterostructures, we investigate here the 2D monolayers XSi;N4 (X = Mo, W, and Ti), and the
vertical and lateral heterostructures (MoSi2N4/WSi>Na, and MoSizN4/TiSi2N4) of this new family.
Both, the monolayers and heterostructures are thermodynamically stable with outstanding
electronic properties. From the electronic band structures, we noticed that the band gap varies from
the visible to infrared region employing their applications in different optoelectronic devices.
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ABSTRACT

Based on first-principles calculations, we have investigated the structural stability, electronic structures, and thermal properties of the monolayer XSisNy4 (X = Ti, Mo,
W) and their lateral (LH) and vertical heterostructures (VH). We find that these heterostructures are energetically and dynamically stable due to high cohesive and
binding energies, and no negative frequencies in the phonon spectra. The XSioN4 (X = Ti, Mo, W) monolayers, the TiSioN4/MoSiaN4-LH, MoSioN4/WSioN4-LH, and
MoSiaN4/WSioNy-VH possess a semiconducting nature with an indirect band gap ranging from 0.30 to 2.60 eV. At room temperature, the C, values are found to be
between 100 and 416 JK 'mol ~! for the monolayers and their heterostructures, suggesting the better ability to retain heat with respect to transition metal
dichalcogenides. Our study unveils the excellent attributes of XSioN4 2D monolayers and their heterostructures, proposing them as potential candidates in nano-

electronics and thermoelectric applications.

1. Introduction

Due to the monolayer limit, the two-dimensional (2D) materials have
distinct physical properties and thus are employable in a wide range of
device applications [1-9]. Graphene, the first 2D material, has been
widely studied since its discovery [3,10]. It was expected to be a suitable
layered structure for the new generation of nanoelectronic devices
thanks to its high carrier mobility. However, graphene’s zero band gap
reminds us that it cannot be effective in many device applications
[11-13]. On the other hand, transition metal dichalcogenides (TMDCs)
are explored to exhibit tunable band gaps, but on account of practical
applications, their relatively low carrier mobilities cannot be neglected
[1,14,15]. For instance, MoS, possesses carrier mobility of approxi-
mately 200 cm?V!s~! for holes and 72 cm?V''s™! for electrons [14],
which are much lower in magnitude than that of graphene and even
much smaller than Si (480 em?V''s~! for hole and 1350 cm?V'!s~! for
electron) [14,16]. In recent years, from the fundamental and applicative
point of view, we have assisted to tremendous efforts in the investigation
of the topological and magnetic properties of the 2D materials and quasi-
2D materials [17-25].

Recently, the discovery of novel 2D materials family, XA2Z4 (X =
Transition metal, A = IV element, Z = V element) [26] has attracted
broad consideration due to the outstanding properties they demonstrate.
The first member of this assembly is the MoSiaN4 that was successfully

* Corresponding authors.

produced via chemical vapor deposition (CVD) process with a large area
of size 15 mm x 15 mm. This semiconducting material with a septuple-
atomic-layer configuration (N-Si-N-Mo-N-Si-N) can be regarded as a
MoN;, layer sandwiched in two SiN layers, exhibiting an indirect band
gap of almost 1.94 eV. The monolayer of MoSi;N4 depicts an elastic
modulus that is roughly four times larger than MoSy, and the carrier
mobilities of holes and electrons are also four to six times that of a single
layer of MoS,. Moreover, a new family, namely XA5Z4 (X = Transition
metal, A = IV element, Z = V element) is anticipated by density func-
tional theory (DFT) calculation. So far, several studies have been carried
out describing the exceptional features of these materials [27-34].
Designing vertically stacked or laterally stitched two-dimensional
heterostructures between 2D materials is an effective technique to un-
ravel new features and extend their applications to electronics, de-
tectors, electroluminescence, and photovoltaics [35-45]. Several
experimental techniques such as physical vapor transport, CVD, plasma-
assisted deposition, thermal decomposition, and vapor phase growth
method have been utilized to synthesize the lateral heterostructures
(LH) and vertical heterostructures (VH) [41,46-51]. Recently, the
vertically stacked bilayer of MoSioN4 have been studied using first-
principles calculations, which reports the effect of strain on the elec-
tronic band gap, the bilayer MoSioN4 showed a decrease in the band gap
as the vertical strain was increased; and at around 22% strain, the
bilayer revealed a semiconducting to metal transition [31]. Also, the
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Fig. 1. Side and top views of the atomic structures of (a) XSi,N4 monolayer, (b) lateral heterostructure (LH), and (c) vertical heterostructure (VH).

band gap decreases as a function of the electric field for both the
MoSisN4, and WSisNy4 bilayers, respectively [28]. Likewise, the vertical
heterostructures of MoSi;N4 and MoGeyN4 have been reported, where
the electronic properties and ferroelectricity are investigated [29,30].
Nonetheless, the van der Waals heterostructures of this class are not
explored thoroughly and demand a detailed study. In addition, the
laterally stitched heterostructures of this novel family are not reported
so far.

In this work using first-principle calculations, we carry out a detailed
study of XSioNy (X = Ti, Mo, W) 2D monolayers and their lateral and
vertical heterostructures such as TiSioN4/MoSioNs and MoSioNy/
WSisNy. All the compounds are investigated in their 2H crystal struc-
ture. The cohesive energies and the absence of imaginary phonon modes
in the phonon dispersions exposed the structural stability of XSioN4
systems and their lateral and vertical heterostructures. Since the elec-
tronic properties calculated by DFT are usually in poor agreement with
the experiments, principally the band gap, the Hybrid functional
(HSE06) is applied to accurately approximate the electronic band
structures. Both, the density of states and electronic band structures of
XSisN4 2D materials and their LHs and VHs indicated trivial indirect
band gaps. In contrast, a semiconducting to metallic transition is
observed in the vertical heterostructure of TiSioN4/MoSisN4. Compared
to parent XSioN4 materials, the lateral and vertical heterostructures
show the highest free energy and heat capacity values. Our theoretical
investigations could pave the path for designing novel nanoelectronic
devices based on XSisN4 and their hetero-systems.

2. Methodology

We performed first-principles calculation via the Vienna ab initio
simulation package (VASP) [52,53] using density functional theory
(DFT). Both the Heyd-Scuseria-Ernzerhof (HSE06) and the generalized
gradient approximation with PBE form [27] and [28] are adopted to
calculate the electronic properties [54,55]. For relaxation, an energy
cutoff of 500 eV and a mesh of 15 x 15 x 1 k-points were chosen. The
periodic structures in the perpendicular direction of 2D material and
heterostructure were separated with a vacuum layer of approximately
20 A, which would avoid spurious interactions. Our calculations were
converged by setting the convergence criteria to 0.01 eV/A and energy
1077 eV. To study the dynamical stability of XSioN,4 monolayers and that
of LHs and VHs, PHONOPY code using a 4 x 4 x 1 supercell was
employed for calculating the phonon band structures [56]. Also, the
thermal properties such as the heat capacity, free energy and entropy
were explored using phonon calculations.

3. Results and discussions
3.1. Structural stability

The optimized structures for XSiaNy4 (X = Ti, Mo, W) monolayers and
their heterostructures are visualized in Fig. 1, where the (a), (b) and (c)
panels depict the monolayer, lateral heterostructure (LH) and vertical
heterostructures (VH), respectively. It can be seen that XSisN,4 (X = Ti,
Mo, W) possesses a honeycomb structure consisting of Ti/Mo/W, Si and
N atoms. The side view illustrates that this structure is stacked by seven
atomic layers of N-Si-N-X-N-Si-N that exhibits a sandwich structure of
MoN;, layer by two SiN bilayers. We noticed the optimized lattice con-
stants for XSioN4 (X = Ti, Mo, W) monolayers to be a = b = 2.932, 2.909
and 2.915 A, respectively. These lattice constants are in perfect agree-
ment with the calculated lattice parameters in the literature
[26,27,57,58]. Here, we consider the lateral AA- stitching for the LHs
(Fig. 1b) and vertical AB-stacking for the VHs (Fig. 1c), the hetero-
structures obtained are TiSioN4/MoSisN4-LH, TiSisN4/MoSisNg-VH,
MOSi2N4/WSizN4-LH, and MOSi2N4/WSi2N4-VH. Flg 1(])) depicts the
side and top views of these heterostructures exhibiting the stacking of
seven atomic layers of N-Si-N-X-N-Si-N, where X represents alternative
Mo, W and Ti atoms. The strongly bonding of seven-layers of atoms give
rise to a sandwich structure, comprising alternative MoNy and TiNj
(MoN; and WNy) layers and two SiN bilayers. We noticed the optimized
lattice constants for MoSioN4/WSioN4-LH and TiSioN4/MoSioNg-LH to
be 5.824 and 5.841 A, respectively. In the AA-stacking of VHs, all atoms
i.e. the X, Si and N atoms of one monolayer of XSi;Ny4 are located exactly
above the X, Si and N atoms of the other XSisNy4 layer. Whereas, in AB-
stacking, all the atoms in the one XSisN4 layer are staggered with respect
to another XSioN4 monolayer, as depicted in Fig. 1c. Based on total
ground state energy calculations, the ground state is AB stacking
[26,28,29].

In order to check the stability of XSioN4 monolayers and that of LHs
and VHs, we used the total ground state energies to compute the cohe-
sive energies. In addition, the phonon dispersions are calculated to
determine their dynamical stability, which can enable the use of the
studied systems in the device application. In the monolayer case of
XSioNy, the cohesive energy is calculated by [59,60];

_ 1Ex + 2Eg +4En — Exgi)n,

E
¢ 1+2+4

Here, Ex, Egi, Ex and Exg;,n, are total ground state energies of iso-
lated X, Si, N atoms and monolayer XSisN4, respectively. The cohesive
energies for TiSioN4, MoSioN4 and that of WSioN4 are evaluated to be
5.562, 5.589 and 5.653 eV/atom, respectively. By comparing these
values with that of graphene (7.46 eV/atom), MoS; (4.98 eV/atom) and
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Fig. 2. Phonon bandstructures for XSi;N4 (X = Ti, Mo, W) monolayers revealing no imaginary modes.
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Fig. 3. Calculated phonon dispersion curves of the lateral and vertical heterostructures for (a) TiSi;N4/MoSioN4-LH, (b) TiSiosN4/MoSiaN4-VH, (c) MoSioN4/WSioNy-

LH and (d) MoSioN4/WSioN,-VH.

phosphorene (3.30 eV/atom) [61-63], we noted that they are smaller
than graphene but larger than MoS,, which indicate the better stability.
For the heterostructures, the binding energies are estimated to deter-
mine the stability, it is given by [64];

Ej, = Eneterostructure — EX‘SiZN4 - EXZSi2N4

WhereEcerosmenre, denotes the total energy of the heterostructure
while Eyig;, v, Ex2si,n, Tepresent the ground state energies of the two
monolayers involved in the formation of LH or VH. The binding energies
are calculated as 0.859 and 0.104 eV (0.045 and 0.050 eV) for lateral
heterostructures (vertical heterostructures) of TiSioN4/MoSisN4 and
MoSisN4/WSioN4, respectively. The binding energies of vertical heter-
ostructures are comparable with that of heterostructures of MoGeoNy4/
MoSisNy4 (ranging from 0.024 to 0.16 eV) [30], InSe/SiGe (0.034-0.052
eV) [65], and MoSz/WS; (0.033 eV) [66], respectively.

To examine the dynamical stability of XSioN4 (X = Ti, Mo, W)
monolayers and that of heterostructures, we carried out the phonon
dispersion calculations as shown in Figs. 2 and 3. The finite difference
method is employed to calculate the phonon spectra using the Phonopy
code [56] with VASP [67] as a calculator. From the phonon dispersion

curves shown in Fig. 2, it is confirmed that all the three XSioN4 (X = Ti,
Mo, W) monolayers are dynamically stable due to the absence of
imaginary modes. Similarly in Fig. 3, the calculated phonon band
spectra along the Brillouin zone’s high symmetry directions (K-I'-M—K)
for both the lateral and vertical heterostructures reveal no imaginary
frequency at the I'-point, indicating the dynamical stability of the cor-
responding systems. Interestingly, the soft acoustic mode of TiSioN4
having a frequency of ~ 2 THz at the K-point (shown in Fig. 2a), be-
comes harder (increase in the frequency at same wave-vector) when
TiSiagNy4 is brought in combination with any XSioN4 monolayer. This
makes TiSioN4 easier to synthesize in combination with other com-
pOLll’ldS. For Tisi2N4/MOSi2N4—LH and Tisi2N4/MOSizN4—VH, the hard-
ening of this mode can be seen in Fig. 3a and 3b, respectively. The
hardening of ~ 2 THz acoustic mode occurring at the K-point can be
ascribed to the enhanced coupling at this wave-vector [68,69].

3.2. Electronic properties

To understand the contribution of different orbitals from various
elements that characterize our systems’ electronic attributes, the total
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Fig. 4. Calculated TDOS and PDOS of (a) TiSi2N4, (b) MoSi;N4 and (c) WSi;N4 monolayers. The Fermi-level is set to zero energy.
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set to zero energy.

density of states (TDOS) and partial density of states (PDOS) are
computed. Fig. 4 illustrates the TDOS and PDOS for the respective
XSipN4 monolayers. For the monolayer TiSi;N4, the valence band
maximum (VBM) is mainly dominated by N atoms ‘p’ orbitals with slight
contribution from Ti-d orbitals, while the conduction band minima
(CBM) is principally originated by the Ti-d orbital, as illustrated in
Fig. 4a. In the case of MoSisN4, and WSisN4, however, both the VBMs
and CBMs maximally arise due to the Mo-/W-d orbitals, which are
located in the middle of each monolayer structure (Fig. 4b, c).

In Fig. 5, we investigate the TDOS and PDOS for the heterostructures
including TiSizN4/MOSi2N4-LH, TiSi2N4/MOSi2N4-VH, MOSi2N4/
WSisN4-LH, and MoSiaN4/WSiaN4-VH. Fig. 5(a), exhibits that the band
gap decreases to a very small value of 0.137 eV for TiSiosN4/MoSioN4-LH
whereby the VBM is dominated by Mo-d orbitals with little contributions
from N-p and Ti-d orbitals, whereas the CBM is maximally originated by
N-p and Ti-d orbitals. Interestingly, the TiSioN4/MoSioN4-VH shows
metallicity thereby appearing a considerable DOS at the Fermi level as

shown in Fig. 5b. This metallic behavior of the VH is mainly contributed
by Ti ‘d’ orbitals and partly by Mo ‘d’ and N ‘p’ orbitals. Differently from
these two heterostructures of TiSioN4/MoSioNy, the lateral and vertical
heterostructures of MoSioN4/WSisN4 manifest large band gaps as shown
in Fig. 5¢ and d. For MoSiaN4/WSisN4-LH, both the VBM and CBM are
dominated mainly by the ‘d’ orbitals of Mo and W. Similarly, the VBM of
MoSisN4/WSisN4-VH maximally arise due to the ‘d’ orbitals of Mo and
W, while the CBM is contributed by Mo ‘d’ orbitals only. In conclusion,
all the structures including XSioN4 materials and their heterostructures
reveal trivial insulating behavior, except the VH of TiSioN4/MoSioNa,
which is metallic.

The electronic band structures were calculated to further investigate
the electronic properties of XSioN4 (X = Ti, Mo, W) monolayers and their
heterostructures. Since the electronic band gaps calculated by DFT are
usually in poor agreement with the experiments and mostly under-
estimated [70-72], therefore, the Hybrid functional (HSE06) [54] is
applied to approximate the electronic band structures. Fig. 6
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Table 1
Calculated electronic band gaps of XSi;N,4 materials and their lateral and vertical
heterostructures using PBE and HSE06.

Material PBE Band gap (eV) HSE Band gap (eV)
TiSioNy4 1.63 2.40
MoSioNy 1.74 2.35
WSioNy 2.12 2.60
TiSi,N4/ MoSioN,4 — LH 0.14 0.30
MoSiyN4/WSioNy — LH 1.90 2.34
MoSiyN4/WSioNy — VH 1.70 2.15

'
1

1

1 '
M K K r
Fig. 6. Electronic band structures calculated through PBE (black color) and HSE06 (red color) for (a) TiSizNy, (b) MoSisNy, (¢) WSioNy, (d) TiSiaN4/MoSioNy-LH, (e)

MoSi2N4/WSioN4-LH and (f) MoSizN4/WSioNg-VH. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

heterostructures computed through both PBE and HSEO6 potentials. The
XSisN4 (X = Ti, Mo, W) monolayers possess an indirect band gap of 2.61
eV, 2.35 eV, and 2.69 eV for TiSi;N4, MoSisN4, and WSisNy, respec-
tively, as shown in Fig. 6a, b, c. For the TiSioN4/MoSisN4-LH, the
maximum of the valence band (VBM) appears at the M—point, while the
minimum of the conduction band (CBM) occurs at the I'-point (Fig. 6d).
On the other hand, in the cases of MoSi;N4/WSisN4-LH and MoSiaNyg/
WSiyNy4-VH, the VBM emerges at I-point, whereas the CBM occurs at the
K-point, as can be seen in Fig. 6e, f, suggesting that the indirect band gap
nature still prevails. The values of the indirect band gaps are determined
to be ~ 0.30, 2.34, and 2.15 eV for the TiSioN4/MoSisN4-LH, MoSioN4/
WSisN4-LH, and MoSioN4/WSioNy4-VH, respectively, which could make

demonstrates the band structures of XSiN; materials and them promising for the application in solar cells and optoelectronic
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Fig. 7. Thermal properties such as entropy, free energy and heat capacity. The top panels (a), (b) and (c) represent TiSioN4, MoSioN4 and their lateral and vertical
heterostructures, while the lower panel characterizes MoSi;N4, WSi;Ny, and their lateral and vertical heterostructures.
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devices [73-76]. The calculated band gap values are tabulated in
Table 1, which are in agreement with the available literature [27,31,33].
A slight difference in band gaps may arise due to the difference in lattice
parameters.

3.3. Thermal properties

Based on the stable phonon dispersions of XSiosN4 (X = Ti, Mo, W)
monolayers and their heterostructures, the thermal characteristics
including entropy (S), Helmholtz free energy (F), and heat capacity C,
are calculated as shown in Fig. 7. The entropy of all the systems rises
steadily with the temperature, consistently with the fact that increasing
the temperature gives rise to several microstates in the system W, which
results in an increase in the entropy logarithmically according to the
Boltzmann’s entropy formula (S = kglogW, where kg is the Boltzmann
constant). On the other hand, the Helmholtz free energy, F, is observed
to decline with temperature, as shown in Fig. 7b and 7e, which agrees
withF(T) = U(T) —TS(T); U(T) is the lattice internal energy. Further-
more, we investigate the heat capacity C, of XSioN4 (X = Ti, Mo, W)
monolayers and their heterostructures as a function of temperature as
illustrated in Fig. 7c and 7f. Comparable heat capacities of TiSiaNy,
MoSisN4 and WSioNy are observed as reported in Fig. 7c¢ and 7f.
Intriguingly, the heat capacity increases for the VHs and further en-
hances for the LHs. At room temperature, the C, values are estimated to
be 106.1, 100.5, 100.8, 206.5, 415.6, 201.3 and 402.3 JK'mol ~? for
TiSi2N4, MOSi2N4, Wsi2N4, Tisi2N4/MOSi2N4-VH, Tisi2N4/MOSigN4-LH,
MoSiaN4/WSioN4-VH and MoSiaN4/WSiaNy4-LH, respectively. Our esti-
mated values of C, are relatively higher than PbSe and PbTe [77,78]
(which are thought to be excellent thermoelectric materials), suggesting
the better ability of XSisN4 (X = Ti, Mo, W) monolayers and their het-
erostructures to retain heat. The heat capacity of XSioNy4 (X = Ti, Mo, W)
monolayers takes the lead to approach the Dulong-petit asymptotic
value (i.e.C, = 3NR, where N is the number of atoms and R is the uni-
versal gas constant) at around T ~560 K. Whereas, the VHs of TiSioN4/
MoSisNy, and MoSioN4/WSioNy4 approach this asymptote at a relatively
higher temperature, near T ~650 K, and LHs of TiSiaN4/MoSiaNy4, and
MoSisN4/WSisNy4 required a higher temperature of around T~750 K and
T~850 K to approach this value. From this investigation, we found that
C, is consistent with the entropy we computed here since the variation of
entropy corresponds to the integral of (C,/T) over a given temperature
range.

4. Conclusions

The structural stability, electronic properties and thermal charac-
teristics of XSioN4 (X = Ti, Mo, W) monolayers and their lateral and
vertical heterostructures are explored using density functional theory.
We noticed that interfacing two different 2D structures either laterally
or vertically, significantly tunes the physical properties of the parent 2D
monolayers that may have technological impact in many potential ap-
plications. The structural stability of these systems was confirmed by the
cohesive energies which are based on the total ground state energies and
the phonon dispersions revealing the dynamical stability. Apart from
their stability, our results illustrated that the lateral and vertical heter-
ostructures present outstanding electronic and thermal features. All the
three monolayers i.e. TiSioN4, MoSioN4, and WSioN4 revealed indirect
band gaps. Remarkably, a semiconducting to metallic transition is
observed in the VH of TiSi;N4/MoSisN4, while the LH of TiSioNy4/
MoSisN4 manifested a small band gap. Both the lateral and vertical
heterostructures of MoSioN4/WSioN4 revealed semiconducting nature
with modifications in their band gaps with respect to the parent
monolayers. Compared to the transition metal dichalcogenides, the
monolayers XSioN4 and their heterostructures bear the highest values for
the free energy and heat capacity. The study suggests that both the
XSiaN4 2D monolayers and their heterostructures could be promising in
the next-generation optoelectronics and nanoelectronics.
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Chapter 3: Papers comprising the thesis

3.4 PAPER Ill: Strain modulated electro-optical properties of laterally
stitched 2D heterostructures

This article is the extension of paper Il exclusively focusing on the laterally stitched 2D
heterostructures MoSioN4/XSi2N4 (X=W, Ti). These systems being energetically and dynamically
stable with unique electronic features further motivated us to study the tuning of electronic and
optical properties. Such heterostructures due to their unique quality of interfaces and their
distinctive electrostatics have recently attracted a lot of research interest [94]. The parallel stitched
heterostructures of 2D materials are superior to vertical and bulk hetero-systems in that they have
larger depletion region, and therefore are more sensitive to charge fluctuation [98, 99], making
them perfect for optoelectronic applications [100, 101].

While the MoSi>N4/TiSi2N4 lateral heterostructure (MTLH) exhibits a bandgap of 0.343 eV, the
MoSi>N4/WSi>2Ns-lateral heterostructure (MWLH) reveals a bandgap of 2.35 eV. Further, the
impact of biaxial strain on the electronic and optical characteristics of MWLH and MTLH revealed
significant changes in their spectra. For instance, the compressive strain in MTLH results in a
change from semiconducting to metallic, whereas that in MWLH results in an indirect to direct
bandgap transition. Biaxial strain may also be used to successfully modify the spectra of
absorbance, transmittance, and reflection. Our research sheds light on the strain engineering of
electro-optical properties, opening the door for potential nano- and optoelectronic applications in
the future.
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ABSTRACT

We used first-principles calculations to investigate the laterally stitched monolayered MoSiaN4/XSi2N4 (X = W, Ti) two-dimensional heterostructures. The structural
stability of such heterostructures is confirmed by the phonon spectra exhibiting no imaginary frequencies. From the electronic band structures, the MoSiaN4/WSiaN4-
lateral heterostructure (MWLH) shows semiconducting nature with an indirect bandgap of 2.35 eV, while the MoSiaN4/TiSiaNy-lateral heterostructure (MTLH)
reveals a bandgap of 0.343 eV. Moreover, the effect of biaxial strain on the electronic and optical properties of MWLH and MTLH is studied, which indicated
substantial modifications in their electronic and optical spectra. For instance, the compressive strain in MWLH causes an indirect to direct bandgap transition, while
that in MTLH semiconducting to metallic transition. Besides, the absorbance, transmittance and reflectance spectra can effectively be tuned by means of biaxial
strain. Our findings provide insights into the strain engineering of electronic and optical features, which could pave the way for future nano- and optoelectronic

applications.

1. Introduction

The isolation of freestanding graphene from graphite crystal [1-3],
has given rise to tremendous research interest in layered
two-dimensional (2D) materials owing to their excellent physical
properties and remarkable potential in device applications [4-7]. Owing
to the unique optoelectronic properties, high carrier mobility, and
on/off ratio, the 2D transition metal dichalcogenides [8-11] and phos-
phorene [12-15] are widely explored in the last decade. In order to fully
exploit these semiconducting layered structures in the nano- and opto-
electronics, the tuning of the bandgap is crucial and plays a vital role in
the device application. One of the approaches to modulate the bandgap
is to apply a tensile or compressive strain to the 2D layered materials
[16-20]. This way, one can tune the physical properties of 2D and quasi
2D materials such that strain-sensitive devices could be realized [9,
21-30]F. In 2020, the two 2D layered materials MoSioN4 and WSioNy4
were experimentally synthesized with chemical vapor deposition (CVD)
method [31]. The results demonstrated semiconducting characteristics

* Corresponding author.

with outstanding mechanical strength and ambient stability. Also, an
intrinsic mobility of 270 cm? V~'s™? for the electrons and of 1200 cm?
V157! for the holes were calculated for MoSisNy4, which is about four
times greater than MoS; [31,32]. With such remarkable features,
MoSisNy4 and its other group members MA3Z4 2D monolayers (where M
stands for transition metal Mo, W or Ti, A for Si or Ge and Z represents N,
P, or As) are widely studied recently [33-44]. Also, the effect of strain in
this class is investigated, highlighting the modification of their elec-
tronic and optical properties [43,45-49]. Nevertheless, exploring the
biaxial strain in lateral heterostructures (LH) of this class is essential for
future applications, which is missing and not reported to date.

In this paper, we study the structural stability, the electronic and
optical properties of the MoSioN4/WSisNy-lateral heterostructure
(MWLH) and MoSiyNy4/TiSioNy-lateral heterostructure (MTLH) using
first-principles calculations. Our results illustrate significant modifica-
tions in the electronic band structures with the application of mechan-
ical strain, for instance, the MWLH demonstrates a considerable
decrease (increase) in the bandgaps when tensile strain (compressive
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strain) is applied, and intriguingly, indirect to direct gap semiconductor
transition appears via a compressive strain. Likewise, the bandgap for
MTLH increases with tensile strain, and a semiconducting to metallic
transition can be achieved via compression. Moreover, the optical
properties are substantially modulated through the application of
biaxial strain. The tuning of electronic and optical features in the
laterally stitched monolayered heterostructures via strain engineering
could offer interesting possibilities in nano- and optoelectronics.

2. Methodology

The first-principles calculations were performed via the Vienna ab
initio simulation package (VASP) [50,51] using relativistic density
functional theory (DFT). The core and the valence electrons were treated
within the projector augmented wave (PAW) method [50] with a cutoff
of 550 eV for the plane-wave basis. For relaxation, a mesh of 15 x 15 x 1
k-points was chosen. The periodic images of heterostructures were
separated by a vacuum layer of ~20 A in the perpendicular direction to
the plane of monolayered LH. This would avoid spurious interactions
among the periodic images. Due to the importance of spin-orbit
coupling, maximum calculations were performed with the relativistic
effects taken into account. We set the convergence criteria to 0.01 eV/A
and energy 107 per unitcell for our calculations. Also, the dynamical
stability of MoSiaN4/WSisN4-LH and MoSiaN4/TiSioN4-LH was investi-
gated through PHONOPY code using a 4 x 4 x 1 supercell [52].

The dielectric function is dependent on the thickness of the vacuum
when the two-dimensional materials are simulated with sufficiently
large distances between the periodic images to avoid the interactions
between the 2D layers in DFT calculations [53,54]. This thickness
problem is circumvented by characterizing the optical properties of 2D
materials using the optical conductivity cyp(®). From the Maxwell
equation, one can express the 3D optical conductivity as [55]; o3p(0) =i
[1 - e(w)]eom, here e(®) represents the complex dielectric function e(®) =
e1(w)+iez(w), €, denotes the permittivity of vacuum layer, and o signifies
the frequency of the incident photon. The 2D optical conductivity cop(®)
is related to o3p(w) as [55,56]; 6op(®) = Losp(w), where L characterizes
the slab thickness. The normalized absorbance A(®), transmittance T(w)

(a)
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and reflectance R(®), do not depend on the polarization of light for a
freestanding 2D layer if normal incidence is considered [55,56].
_ Reo
[1+ 5/2]
1

_ 1
Il + 5/2) )

R:‘ 512

1+ 5/2

where ¢ (0) = 69p(®)/e,c represents the normalized conductivity and c is
the speed of light. The above equations are valid for semiconducting 2D
materials with the constraint of T + A + R = 1.

3. Results and discussions
3.1. Structure and stability

The laterally stitched monolayered heterostructures (MoSiaNa/
WSisN4 and MoSioNy4/TiSigNy) crystallize in the hexagonal honeycomb
structure. Fig. 1(a) depicts the side and top views of these hetero-
structures exhibiting the stacking of seven atomic layers of N-Si-N-M-N-
Si-N, where M = Mo, W and Ti. The strong bonding of these seven layers
of atoms gives rise to a sandwich structure, comprising alternative MoNy
and WN3 (MoN; and TiN») layers and two SiN bilayers. We noticed the
optimized lattice constants for MWLH and MTLH to be 5.824 and 5.841
A, respectively. The dynamical stability of MWLH and MTLH is studied
through the phonon dispersion calculations as shown in Fig. 1(b), and
(c). We employed the finite difference method to calculate the phonon
spectra using the Phonopy code [52] with VASP [57] as a calculator.
Due to the interface heterostructure, we have a Brillouin zone where the
K- and M-points are not all equivalent. We have two inequivalent
M-points and two inequivalent K-points like in uniaxially strained gra-
phene [58]. We define these points as M1, M2, K1 and K2. From the
phonon band structures along the Brillouin zone’s high-symmetry

=z

w
o

»n
o

Frequecy (THz)
s

Frequecy (THz)
s

Fig. 1. (a) Side and top views for optimized structure of laterally stitched monolayered heterostructures. (b, ¢) Phonon spectra of MWLH and MTLH along the path
I'-K1-M1-K2-M2- I'. The phonon spectra indicate that both MWLH and MTLH are dynamically stable.
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directions I'-K1-M1-K2-M2- I" shown in Fig. 1(b) and (c), we can see no
imaginary frequencies. From similar results along other directions of the
k-space, it is established that both the MWLH and MTLH systems are
dynamically stable due to the absence of imaginary phonon frequencies
in the entire hexagonal Brillouin zone.

3.2. Electronic properties

We report the electronic bandstructure of the MWLH and MTLH on
the complete k-path including M1, M2, K1 and K2, as illustrated in Fig. 2
(a) and Supplementary Fig. S1. Our results show that the conduction
band minimum (CBM) appears at K1 and K2, whereas the valence band
maximum (VBM) is at I-point, signifying the indirect nature of the
bandgap for MWLH. Since we have established that the band structure of
the system at M1 and M2 as well as at K1 and K2 is almost equivalent, in
the rest of the paper we will focus on the reduced k-path that includes
just M1 and K1, and that will be renamed as M and K in the rest of the
paper. Fig. 2(a) manifests that CBM (at K1/K2) and VBM (at I'-point) in
MWLH are almost equally contributed by Mo and W orbitals. The size of
the dot shows the amount of contribution from each atom (Mo states are
denoted by purple dots, while W states are shown by green dots), the
bigger the size of the dot, the more the orbitals of that atom contribute.
Likewise, the band structure for the MTLH on the complete k-path (I'-K1-
M1- I'"K2-M2) is shown in Fig. S1(a). However, the structure shows
metallic behavior, where the conduction and valence bands cross the
Fermi-level along I'-K2 direction. Since the PAW method based on PBE
underestimates the electronic bandgap, therefore more accurate method
such as HSEO6 is used to calculate the bandstructure. In Fig. 2(b), we
compare the electronic band structures for MWLH obtained through the
generalized gradient approximation with PBE form and Heyd-Scuseria-
Ernzerhof (HSE06) denoted by black and blue colors, respectively. The
bandgaps are approximated to be 1.92 eV for PBE and 2.35 eV based on
HSEO06 functionals. Similarly, for MTLH (Fig. S1(b)), the HSE06 corrects
the bandstructure, where the valence band maximum is found at M1,
while the conduction band minimum appears along I'-K2 direction
presenting the indirect nature of the bandgap.

To investigate qualitatively, the effect of biaxial strain on the elec-
tronic properties of the monolayered MWLH, the electronic band
structures are computed along the reduced k-path K-I'-M-K, where
K=K1 and M = M1 using PBE potential. We accomplished this by
applying successive compressive and tensile strains to the monolayered
heterostructures ranging from —5 to 5%, respectively. The variation of
electronic band structures is studied in detail and the most important
results are demonstrated in Fig. 3 for MWLH. Fig. 3(a) illustrates the
band structure for strainless MWLH, the valence band maximum (VBM)
occurs at ‘I’ point, while the conduction band minimum (CBM) appears
at ‘K’ point of the Brillouin zone suggesting the indirect nature of the
bandgap. The red, green and purple dots in the bandstructure plots

(a) Mo @ we

Energy (eV)

K2 M2
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indicate the position of VBM and CBM. We then apply tensile and
compressive strains in the range of —5 to 5%, to inspect their influence
on the band structure. As expected, the interatomic distances are greatly
modified. The bond lengths of Mo-N (dwmo-n), W-N (dw-n), and also that
of Si-N (dg;.n) vary considerably with the biaxial strain (Table 1). These
variations in the bond lengths have a substantial impact on the elec-
tronic band structures of the strained systems. Upon applying the tensile
strain, we noticed that the electronic bandgap significantly decreases
from 1.92 eV (unstrained) to 0.95 eV (5% strained) as the value of strain
increased. However, it still preserves the nature of the indirect bandgap
up to 10%. This evolution in the bandgap is associated with the shifting
of the energy states of the conduction band at the K point of the Brillouin
zone. From the analysis of the partial density of states (shown in the
supplementary materials, Fig. S2(a)), it is evidenced that these states are
mainly dominated by the ‘d’ orbitals of Mo and W. Due to the application
of biaxial strain, the bond lengths among the atoms change significantly
which causes a different superposition of atomic orbitals, which results
in the shift of energy states. A similar trend of variation in the electronic
band structure has previously been observed in the layered structure of
MoS,, when the distance between the Si—-Mo-S sheets and their number
were changed [59]. Fig. 3 (e)—(g) depict the electronic band structures of
MWLHs for biaxial compressive strain. Up to —4% compression, we
found a monotonic increase in the bandgap, however, beyond that, the
bandgap started to decrease (ranging from 2.14 to 2.4 eV). In addition,
the indirect bandgap behavior was retained up to —2% compression,
nonetheless, the nature of the bandgap changes from indirect to direct at
approximately —3% compressive strain. During the transition, we noted
that VBM shifts from ‘I’ to the ‘K’ point in the Brillouin zone. The
variation of the bandgap and the transition from indirect to direct
bandgap semiconductor is caused due to the shifting of energy states
near the VBM and CBM at the high-symmetry k-point of the Brillouin
zone. To determine the type of orbitals that are involved in causing these
variations, the partial density of states (PDOS) for unstrained and
strained (—3%) is computed as shown in the supplementary materials
Fig. S2(a), and (b), which specify the contribution of orbitals from
different atoms. For strainless MWLH, we noted that the energy states
near the VBM and CBM originated mainly from the Mo-/W-d orbitals
with little contribution N-p orbitals. However, at the transition point
(—3%), the N-p orbitals of VBM at the ‘K’ become dominant with respect
to the Mo-/W-d orbitals. Fig. 2(h) shows the overall modulation of the
electronic energy bandgap by the biaxial strain. The black, cyan and
orange circles represent the strainless, compression and tensile strains’
studies, respectively. The main reason behind the strain-induced band
structure engineering is the changes in the interatomic distances via
lattice expansion or compression, see Table 1. Using the hybrid func-
tionals, we obtain more accurate band structures by correctly approxi-
mating the bandgap and band order as compared to the PBE functional.
We find that PBE shows metallic behavior for the MTLH structure, where

—HSE

K r M K

Fig. 2. (a) Projected bandstructure of MWLH along the complete k-path (I'-K1-M1- I'-K2-M2), the Mo (purple) and W (green) atoms almost share equal contributions
to the VBM and CBM. (b) Electronic bandstructures of MWLH calculated with PBE (black) and HSE06 (blue).
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Fig. 3. Electronic band structures of MWLHs along the reduced k-path (K-I'-M-K), with spin-orbit coupling taken into account. The navy line in (a) demonstrates the
bandstructure of unstrained MWLH, while the orange curves in (b), (c) and (d) show the bandstructures for successive tensile biaxial strains. Figures (e)—(g) represent
the bandstructures of MWLH against compression. The red, green and purple dots indicate the position of VBM and CBM. (h) The trend of electronic bandgap against

the compression and tensile strains, respectively.

Table 1

Calculated interatomic distances of W-N (dw.n), Mo-N (dyo-n), and Si-N (ds;.n)
for lateral heterostructure of MoSi»N4/WSioN4 as a function of the applied
strain.

Tensile dw.n dmo-N dsin Compression dw.n dmo-N dsin
strain (%) (A) @A) A (%) A& A& A&

0.00 2.09 2.10 1.76 0.00 2.09 2.10 1.76
1.00 2.10 2.12 1.77 -1.00 2.09 2.09 1.74
2.00 2.11 2.13 1.78 —2.00 2.08 2.08 1.73
3.00 2.12 2.14 1.79 —3.00 2.07 2.07 1.72
4.00 2.13 2.15 1.81 —4.00 2.06 2.06 1.71
5.00 2.14 2.16 1.82 —-5.00 2.05 2.05 1.69

the conduction and valence bands cross the Fermi-level along I'-K2 di-
rection (Fig. S1(a)). On the other hand, the HSEO6 corrects the band
structure, where the valence band maximum is found at M1, while the
conduction band minimum appears along I'-K2 direction presenting the
indirect nature of the bandgap (Fig. S1(b)). Therefore, we apply HSE06
to investigate the effect of biaxial strain on the electronic properties of
MTLH, the electronic band structures are computed along the reduced
k-path M1-I'-K2 as shown in Fig. S3. It is noticed that the electronic
bandgap for MTLH successively increases with bi-axial tensile strain.
Contrary, the bandgap decreases with compression and becomes
metallic at —4%.

Since MoSi;N4 materials are known to host gapped states in a pair of
valleys, which are found at the corners of the Brillouin zone [60-62].
Owing to the breaking of inversion symmetry in these monolayers, the
spin states become separate in energy resulting in spin-valley couplings
near the Fermi level and orbital magnetic moments and
valley-contrasting Berry curvatures [63-68]. By performing the band-
structure calculations without including spin-orbit coupling (SOC), the
states at all the high-symmetry points were observed to be two-fold spin
degenerate (as shown in Fig. S4). However, by including SOC, the top of
the valence bands at K display spin-splitting of ~125 meV. In contrast,
the valence bands occurring at ‘M’ and ‘I’ points maintain their two-fold
spin degeneracy. We noted that the spin states remain separate in energy
at ‘K’, and are not influenced by the biaxial strain indicating the
robustness of spin-splitting via SOC. This offers a wide range of potential
applications in valleytronics and optoelectronics [59,60,66,68].

3.3. Strain modulated optical properties

2D materials are usually known to sustain lattice strains, providing
the possibility to effectively tune their properties via strain engineering.
In this section, we report the impact of the biaxial strain on the optical
properties of MWLH. The application of tensile or compressive strains on
the MWLHs subsequently modulates the optical properties. The dielec-
tric function e(w) for the heterostructure in the supercell geometry
having a vacuum level on both sides is estimated using random phase
approximation (RPA) level. Afterward, we converted the e(®) to in-plane
conductivity 62p(®), and then employed Eq. (1) to estimate the absor-
bance, transmittance and reflectance [69]. In Fig. 4(a) and (d), the op-
tical absorbance spectra of MWLH for the respective tensile and
compressive strains are demonstrated. For the unstrained case, we
noticed almost 0% absorbance up to 1.5 eV, however, beyond that the
absorption successively increases. A red-shift (blue-shift) in the absor-
bance of the heterostructure can be observed with increasing the tensile
strain (compressive strain), suggesting the sensitivity and fine-tuning of
the optical properties of these structures through biaxial strain. The first
peak of the absorbance spectrum occurs at ~2.25 eV for strainless
MWLH (specified by the black curve in Fig. 4). This can be related to the
direct optical transition at ‘K’ point of the Brillouin zone (see the band
structure plot of Fig. 2(a)) [70]. The first absorption peak appearing at
2.25 eV for unstrained MWLH, is redshifted to 2.16, 2.01, 1.89, 1.77,
and 1.68 eV by applying 1%, 2%, 3%, 4%, and 5% tensile strains,
respectively. On the contrary, for compressive strains —1%, —2%, —3%,
—4%, and —5%, the trend follows a blue-shift with the order, 2.40, 2.55,
2.69, 2.79, and 2.84 eV, respectively. This trend is in agreement with
other theoretical studies, where the influence of strain on optical
properties is investigated [71,72]. Fig. 4(b, e) presents the transmittance
as a function of the biaxial strain for MWLH. The transmittance is almost
100% up to 1.5 eV, which then decreases afterward. The trend of vari-
ation in its magnitude as a function of strain is illustrated. In Fig. 4(c),
(f), the reflectance spectra as a function of strain are shown, indicating
negligible reflectance of the incident light. Furthermore, the effect of the
biaxial strain on the optical properties of MTLH is studied. The imagi-
nary part of the dielectric function for MTLH is calculated for different
biaxial strains shown in Fig. S5, revealing distinct absorption peaks
corresponding to the interband transitions, respectively. Applying
biaxial strain to the layered heterostructures is an effective approach to
tuning the optoelectronic features of 2D laterally stitched monolayered
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Fig. 4. The optical properties of MWLH as a function of bi-axial strain, the values of strains are shown in the insets of leftmost panel. (a, b, ¢) present the optical
absorbance, transmittance and reflectance for the successive tensile strains, while (d, e, f) show the optical spectra when compressive strain is applied to the

heterostructure.

heterostructures. The controlled modification of the optical properties
via biaxial strain can offer tremendous applications in optoelectronic
devices [73-75].

4. Conclusions

In summary, based on the first-principles calculations, we investi-
gated the structural stability, the strain modulated electronic band
structures and optical properties of lateral MoSiaN4/XSioN4 (X = W, Ti)
2D heterostructures. Our results suggested that the MoSiaN4/WSiaNy
and MoSisNy4/TiSioN4 lateral heterostructures are dynamically stable. It
is concluded that the electronic and optical properties of MWLH and
MTLH can effectively be tuned using bi-axial strain engineering. The
most significant outcome is that one can easily modulate the electronic
band structures of MWLH and MTLH, thereby inducing transitions from
indirect to direct bandgap semiconductor, and semiconductor to
metallic, respectively. These modifications in the electronic band
structures and optical spectra are associated with the changes in the
bond lengths because of biaxial strain, principally that of Mo-N (dwo.-n),
W-N (dw.n), Ti-N (dri.n), and Si-N (ds;.n). The designing of stable lateral
heterostructures and the tuning of their electronic and optical attributes
via strain engineering could be very promising in optoelectronics
devices.
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Supplementary materials

Strain modulated electronic and optical properties of laterally stitched
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Figure S1 (a) Bandstructure of MTLH along the k-path (M1-I'-K2-M2-T"), the VBM and CBM cross the
Fermi-level, indicating the metallic behavior. (b) HSEO06 based bandstructure for MTLH.
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Figure S2 Partial density of states (PDOS), (a) Unstrained MWLH, (b) -3% strained MWLH.
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Figure S3 Strain modulated electronic band structures of MTLHs using HSE06. The magnitude of applied strain is
indicated for each figure in percent. The black dashed line indicate the position of Fermi level (which is set to zero).
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Figure S4 Electronic band structures of MWLHs without SOC. The black in (a) demonstrates the bandstructure of
unstrained MWLH, while the blue curves in (b), (c) and (d) show the bandstructures for successive tensile biaxial
strains. Figures (e)-(g) represent the bandstructures of MWLH against compression. (h) The trend of electronic

bandgap versus biaxial strain.
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Figure S5 Imaginary part of dielectric function for MTLH as a function of biaxial strain, the peaks in the spectrum
correspond to the possible interband transitions from valence to conduction bands.



Chapter 3: Papers comprising the thesis

3.5 PAPER IV: Janus structures

2D transition metal chalcogenides structures have undergone substantial research and found a wide
range of uses in electronics and optoelectronics [70, 102-104, 140-144]. The transition metal
dichalcogenides (TMDs) bearing the bandgaps ranging from 1.1-1.9 eV with promising
mechanical and electronic properties make them suitable to use these systems in photonics and
electronic devices [69, 73, 76, 80, 105, 106, 145, 146]. At the corners of the hexagonal Brillouin
zone of TMDs, there exist high spin splitting due to the absence of inversion symmetry, and
significant spin-orbit coupling (SOC), which is produced by the d-orbitals of transition metals in
TMDs [73-75]. Because of the strong correlation between the spin and valley degrees of freedom,
the TMDs are regarded as the optimal materials in valleytronics [76, 78, 147]. Additionally, the
alloy composition in TMDs, such as in MoxW1.xS2, WS2xSez-2x and MoSxSez«, might be used to
modify the electrical and optical characteristics [107-111]. Recently, the chemical vapor
deposition (CVD) approach has been used to successfully develop the Janus phase of MoSSe in
the 2H phase [112, 113], where the S layer is replaced with Se atoms in the case of MoS;, while
the Se layer with S atoms in MoSe». With respect to MXz (M=Mo, W, and X=S, Se) that preserves
the mirror symmetry, the Janus structure i.e. MXY (M=W, Mo, X=Se, S, and Y=S, Se) breaks this
symmetry displaying an out-of-plane piezoelectricity and Rashba-type spin splitting due to the
perpendicular electric field that results from the breaking of mirror symmetry [72, 114-116, 148].

In this paper, encouraged from the excellent features of MA2Z4 materials introduced in paper Il
and 111, we investigate here other members of this family such as pristine MoSi>P4 and Janus
XGeSiP2As; (X = Mo, W) monolayers. Using the relativistic density functional theory, the phonon
band structures and the orbital-projected electronic band structures are computed thereby to study
the dynamical stability and electronic properties. We observed the Zeeman type spin-splitting at
K/K’ and Rashba-type spin split states at the I'-point of the Brillouin zone in Janus monolayers.
Further exploring these features, we determined the in-plane and out-of-plane spin textures. Due
to the breaking of mirror symmetry, we noticed reduced direct bandgaps and large spin-split states
in the Janus XGeSiP2As; (X = Mo, W) structures along with Rashba splitting, as compared to
pristine MoSizPs. In the supplementary material, we show and compare the optical spectra for
pristine and Janus phases and explain how these materials could be useful in the infrared detectors.
The unique electronic, spin and Rashba-type features together with the exceptional optical spectra
offer the possibility to employ these systems in the valleytronics, spintronics and optoelectronics.
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ABSTRACT

First-principles calculations are performed to study the structural stability and spintronics properties of Janus MoGeSiP>As; and WGeSiP2As, monolayers. The high
cohesive energies and the stable phonon modes confirm that both these structures are experimentally accessible. In contrast to pristine MoSisP4, the Janus
monolayers demonstrate reduced direct bandgaps and large spin-split states at K/K’. For the monolayered Janus structure, the broken mirror symmetry with respect
to the Mo/W-plane gives rise to a potential gradient normal to the basal plane, which causes difference in the work function for the two surfaces. In addition, the spin
textures exposed that breaking the mirror symmetry brings Rashba-type spin splitting in the systems which can be increased by using higher atomic spin-orbit
coupling. The large valley spin splitting together with the Rashba splitting in these Janus monolayer structures can make a remarkable contribution to semiconductor

valleytronics and spintronics.

1. Introduction

Two-dimensional (2D) structures of transition metal chalcogenides
have been the subject of extensive study and have found tremendous
applications in electronics and optoelectronics [1-9]. 2D transition
metal dichalcogenides TMDCs have electronic bandgaps in the range of
1.1-1.9 eV, and reveal promising electronic and mechanical features,
making them applicable in electronic devices and photonics [10-17].
Besides, the lack of inversion symmetry and large spin—orbit coupling
(SOC) generated from d-orbitals of transition metals in TMDCs yield
enormous spin splitting at the corners of hexagonal Brillouin zone
[13,18,19]. The TMDCs are considered ideal materials in valleytronics
due to the strong coupling amongst spin and valley degrees of freedom
[10,20,21]. Also, the electronic and optical properties could be modu-
lated using the alloy composition in TMDCs, for example in MoyW1.4So,
MoSySes x, and WSoxSes oy [22-26]. In recent times, the Janus structure
of MoSSe has been successfully grown in the 2H phase via chemical
vapor deposition (CVD) method [27,28], thereby replacing the Se layer
with S atoms in the case of MoS,, while the S layer with Se atoms in
MoSe;. Different from MX, (M = Mo, W and X = S, Se) which possesses
mirror symmetry, the Janus phase MXY (M = Mo, W, X =S, Se,and Y =
Se, S) shows an out-of-plane electric field owing to the broken mirror
symmetry, consequently, the structure exhibits out-of-plane piezoelec-
tricity and Rashba spin splitting [29-33].

* Corresponding authors.

Recently discovered 2D materials such as MoSioN4 and WSipN4 [34],
with outstanding mechanical and semiconducting properties, have
stimulated great research interest in studying their other counterparts,
MA>Z4 (where M stands for transition metal such as Mo and W, A for Si
or Ge and Z represents N, P, or As) [35-44]. The studies revealed
remarkable electronic, thermal, mechanical, magnetic, and optoelec-
tronic properties [38,44-56]. Furthermore, the breaking of inversion
symmetry, together with strong SOC, induces spin-split states, for
instance, large spin-splitting has been observed in the valence bands of
MOSi2N4, WSizN4, MOSizAS4, CrSi2P4, and CrSi2N4 at K/K’ valleys of the
two-dimensional hexagonal Brillouin zone [57-61]. Nonetheless, the
Janus phase that is likely to reveal Rashba spin-splitting in this class of
materials is essential for spintronic applications.

In the present work, the Janus XGeSiP,As; (X = Mo, W) monolayers
are investigated using the relativistic density functional theory. We
calculate the phonon spectra and the orbital-projected electronic band
structures to study the structural stability and electronic properties of
these systems. Together with the band structures, the in-plane and out-
of-plane spin textures are obtained to address the spin-split states
observed at K/K’, and the Rashba-type spin splitting at the I'-point in
Janus monolayers. Contrary to pristine MoSisP4, the Janus XGeSiP,As,
(X = Mo, W) monolayers demonstrate reduced direct bandgaps, large
spin-split states and Rashba splitting, due to the broken mirror sym-
metry. We found enhanced Rashba splitting as compared to Janus
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monolayers of transition metal dichalcogenides, MXY (where M repre-
sents Mo or W and X # Y denote S, Se, or Te)[30], which could be very
promising in spintronics devices, particularly in Datta-Das spin field
effect transistors [62].

2. Computational details

First-principles relativistic calculations are carried out on the basis of
density functional theory (DFT) using Vienna Ab Initio Simulation
Package (VASP) [63,64]. The Perdew-Burke-Ernzerhof in the frame-
work of generalized gradient approximation is used to treat electron
exchange-correlation [65]. The projector augmented wave method is
adopted to resolve the DFT.

Kohn-Sham equations via the plane-wave basis set. An energy cutoff
of 350 eV is considered for plane-wave expansion of wave functions and
for k-point sampling the Monkhorst-Pack scheme is utilized. A dense
mesh of 15 x 15 x 1 k-point is used. Slab models are built using a
vacuum layer of 20 A in the out-of-plane direction. A force convergence
criteria of 0.0001 eV/A and energy tolerance of 1077 eV are set for the
lattice relaxation. 4 x 4 x 1 supercells of the Janus MoGeSiP,As, and
WGeSiP2As; monolayers are considered for the phonon dispersion
spectra calculations using the PHONOPY code [66].

(a)
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3. Results and discussion

The pristine MoSiyP4 monolayer is observed to crystallize in a hex-
agonal structure with space group P 6 m2 (No. 187). Monolayer MoSisP4
is seven-atom thick, strongly bonded, with atoms stacking order as P-Si-
P-Mo-P-Si-P which can be seen as a sandwich of MoP;, layer between the
two Si-P layers (Fig. la). This structure preserves the mirror-plane
symmetry with respect to Mo atom but breaks the spatial inversion
symmetry. Fig. 1b illustrates the projected band structure for pristine
monolayer MoSiyP4 where a direct bandgap of 0.61 eV appears at the K-
point between the valence band maximum (VBM) and conduction band
minimum (CBM). Due to the broken spatial inversion symmetry, a spin
splitting of approximately 137 meV can be seen in the VBM (\g,), while
in CBM (k) it is ~ 3.9 meV. Contrary to K-point, the bands at the M-
and I'-points are twofold spin degenerate, see supplementary Fig. S2.
From Fig. 1b, it is evident that CBM at K-point is mainly contributed by
Mo-d2? orbitals, whereas the VBM is composed of Mo-d,, and Mo-dfy
states. In Fig. 1c, the side and top views of Janus MoGeSiP,As,; mono-
layer are presented showing the breaking of mirror symmetry with
respect to the Mo plane and the stacking order as As-Si-As-Mo-P-Ge-P. As
indicated, the broken symmetry results in unequal interatomic dis-
tances, for instance, the bond lengths of Mo-P, Mo-As, Si-As and Ge-P are
2.45, 2.54, 2.32 and 2.30 f\, respectively. Similar variations in the
interatomic distances are also observed for WGeSiP2As,. The optimized
lattice constant for MoGeSiP2As; monolayer is calculated to be 3.525 ;\,

(b)

Energy (eV)

@ Mod, /422 @ Mod?
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®rPr ®sip

® © @ O

@

Fig. 1. (a) Side view of MoSi,P4, monolayer. (b) The projected bandstructure of MoSi,P4, the different colors represent the contribution of various orbitals to the
wave functions at high symmetry k-points. The size of the dot is related to the amount of contribution, the bigger the size of the dot, the more the orbitals contribute.
(¢, d) Side and top views of Janus MoGeSiP,As, monolayer with bond lengths shown in A.
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while that of WGeSiPaAs; is 3.564 A.

To study the stability of these Janus structures, we calculated the
cohesive energies and performed the phonon calculations using 4 x 4 x
1 supercell. The cohesive energy (E.) for MoGeSiP,As,, is calculated
from the E. = Emogesip2as2 — (EMo + Ege + Esi + Ep + Eas), where Ey,.
Gesip2as2, and the energy terms in parenthesis (Emo, Ege, Esi, Ep and Eag)
designate the total energy of monolayer MoGeSiP,As, and that of indi-
vidual atoms. It is computed to be —2.77 eV/atom for MoGeSiP2As,, and
—2.84 eV/atom in the case of WGeSiP,As,, which are higher than the
previously reported Janus structures of MoSSe (—2.34 eV) and WSSe
(-2.06 eV) [31]. These values are large enough to promise the stability of
Janus structures in this class of 2D materials. Moreover, the phonon
spectra are useful to investigate the dynamical stability of materials. We
calculated the phonon band structures for MoGeSiPyAsy; and WGeSi-
P,As; along the Brillouin zone’s high symmetry directions (K-I'-M—K)
using the finite difference method that is implemented in Phonopy code
(Fig. 2a and 2c). The phonon spectra of both the MoGeSiPAs; and
WGeSiP2Asy reveal no negative frequency modes, indicating the
dynamical stability of these Janus monolayers. On the other hand, the
phonon band structures of MoSnSiP>As; and MoPbSiP,As, (shown in
supplementary Fig. S1) exhibit the negative frequency phonon modes
along the high-symmetry directions in their first Brillouin zone, hence
they are dynamically unstable. From this, we infer that the Janus
structures of MoGeSiPyAs, and WGeSiPyAs; can be experimentally
accessible. As the work function ® of a material strongly changes with
the conditions on the surface. For that reason, it is essential to see the
impact of Janus phase on the work function ®, since for Janus structure,
the broken mirror symmetry with respect to the transition element (Mo/
W) gives rise to a potential gradient normal to the basal plane. We
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illustrate the planar average of the electrostatic potential energy in
Fig. 2b, d where the energy difference A® represents the work function
difference [67]. For MoGeSiPsAs,, the A® is calculated to be ~ 0.4 eV,
while that of WGeSiP,As,, it is ~ 0.45 eV.

To understand the electronic properties, we calculated the orbital-
projected electronic band structures for both the MoGeSiPAs,, and
WGeSiP,As; at PBE level considering the SOC, as presented in Fig. 3a, b.
For MoGeSiP,As,, the VBM and CBM appear at the K-point of the Bril-
louin zone, indicating that the Janus phase retains the direct bandgap,
however, with a slight decrease in the bandgap value (0.57 eV) with
respect to pristine MoSioP4 monolayer. It is depicted that the CBM is
principally composed of Mo-d? orbitals whereas the VBM is composed of
Mo-d,y and Mo-d,zg, states. Besides, the Zeeman-type spin splitting in the
valence band, Mk, is enhanced to 161.7 meV, while that of Ag. to 10.6
meV as compared to the pristine MoSisP4. For WGeSiPyAs,, which
essentially bears the same physics as MoGeSiPAsy, and attains the
similar trigonal Cs, symmetry in Janus form. The orbital-projected
bandstructure for WGeSiP,As, monolayer is demonstrated in Fig. 3b;
the electronic bandgap is significantly reduced (0.25 eV) with respect to
pristine MoSi>P4 and Janus MoGeSiP2As,, while preserving the direct
nature of its bandgap. In addition, the spin splitting Ag, and Ak, are
enhanced in WGeSiP,As; to 472 and 20.6 meV, respectively. From the
orbital contributions in the bandstructure, it is shown that CBM is
maximally composed of W-dZ orbitals, where the VBM is contributed by
W-d,,, and W-dfg, states. Table 1 lists the values for the electronic band
gap Eg, and that of bands splitting Ay, Ak

To explore the spintronics features for the two Janus structures
(MoGeSiP3Asy and WGeSiP2Asy), the spin textures for the two spin-
splitted valence bands (at K/K’ points) are computed for the entire

Potential Energy (eV)

Potential Energy (eV)

A2
K 0 4 8 12 16
Z(A)

Fig. 2. Phonon spectra of Janus (a) MoGeSiP,As,, and (c) WGeSiP,As, monolayers. Both the structures demonstrate positive phonon modes with no imaginary
frequencies, confirming their dynamical stability. The planar average electrostatic potential energy of (b) MoGeSiP,As,, (d) WGeSiP,As, monolayers, the work

function difference, A® is estimated to be 0.4 and 0.45 eV, respectively.
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Fig. 3. Orbital-projected bandstructures of Janus systems, (a) MoGeSiP,As,, (b) WGeSiP,As,. The contribution of orbitals to the wave functions at high symmetry k-
points is proportional to size of the colored dot i.e. the larger the dot size, the more they contribute.

Table 1
Electronic bandgap Eg, the valence band splitting Ak, at K-point, conduction
band splitting Ak, at K-point, and the Rashba parameter ag (eVA).

Material Eg (eV) Ay (meV) Ak (meV) R (eVA)
MoSiyPy4 0.61 137 3.90 0.00
MoGeSiP>As, 0.57 162 10.6 0.50
WGeSiP,As; 0.25 472 20.6 0.52

Brillouin zone as demonstrated in Fig. 4. The arrows illustrate the in-
plane components of spin polarization, while the colors display the
out-of-plane component of spin polarization. Because of the time-
reversal symmetry, these systems are overall nonmagnetic, since oppo-
site out-of-plane components of spin polarization can be clearly seen at
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the time-reversal high symmetry K and — K points. We found clockwise
rotation for the in-plane spin components of the upper valence band
(upper panel), while counterclockwise for the lower valence band
(lower panel). Due to the time-reversal symmetry, the spin splitting
would likely be opposite at the two time-reversed high symmetry points
of the Brillouin zone, and thus demonstrate opposite in-plane spin pat-
terns at K/K’ point. Interestingly, while the spin texture shows opposite
polarizations for the two splitted bands, the same chirality is observed at
K/K’ points for the in-plane spin components in a single valence band.

Notably, the twofold spin degeneracy is lifted at the I'-point for both
the Janus monolayers, where the valence bands split not only in energy
but also in momentum, giving rise to Rashba spin splitting (Fig. 5a, c).
The Rashba energy Egr, the momentum offset Kg, and the Rashba
parameter oy are obtained at PBE + SOC level, where Eg is the energy
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Fig. 4. Spin textures for the upper and lower spin-splitted valence bands calculated for the complete BZ, (a) MoGeSiP2As,, (b) WGeSiP,As,. The arrows represent the
in-plane components of spin polarization, while the colors designate the out-of-plane component of spin polarization.
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Fig. 5. Zoomed illustrations of the valence bands aroung I'-point for the Janus phases, (a) MoGeSiP,As,, (c) WGeSiP,As; to investigate the Rashba-type spin splitting.
Spin-resolved constant energy 2D contours exhibiting the Rashba-type splitting for the spin projections i.e. Sx, Sy, and Sz, respectively. (b) MoGeSiP,As,,

(d) WGeSiP2A52.

change of split states, Kr characterizes the shift of bands in momentum
space at ['-point (as indicated in Fig. 5¢), and agr can be expressed as, og
= 2FEg/Kg. At I'-point, the valence bands are mainly contributed by Mo/
W-d? orbitals and are slightly composed of P-p and Ge-p orbitals as
evidenced in Fig. 3, defining the Rashba spin splitting in MoGeSiP2As;
and WGeSiP2As; monolayers. The symmetry of MoGeSiPyAs; and
WGeSiP2As, become trigonal Cs,, which is different from that of
MoSiyP4 with space group Dsp, due to the out-of-plane asymmetry I (I #
Z — — Z). We noticed the Rashba spin splitting ag is slightly larger in
magnitude for WGeSiP2Asy (0.52 er\) as compared to MoGeSiPAs;
(~0.50 eVA). All the calculated parameters such as electronic band gap
Eg, My, ke, and ag are summarized in Table 1. Fig. 5b, d illustrate the
constant energy spin-resolved 2D contours for the spin texture centered
at the I'-point; the Sy, Sy and S, components are calculated in the ky — ky
plane for MoGeSiP2As; and WGeSiP,As,, respectively. The Rashba-type
splitting of spin-up and spin-down states is distinctly manifested by red
and blue curves, respectively. The 2D Rashba spin splitting for the two
valence bands (spin-up and spin-down) produces spin-textures with
clockwise and anti-clockwise spin directions. This trend can be observed
almost perfectly for the in-plane Sy and Sy spin components with inner
and outer branches of Rashba-type split valence bands. However, the
feature is weakly accompanied by the out-of-plane S, component, as
observed in WSSe [30] and BiTeCl [68].

We determined that trigonal Cs, symmetry brings a net dipole
moment [69]. in WGeSiP2As; and MoGeSiP;As; monolayers, which play
a crucial role in the Zeeman-type bands splitting. The arrows in the spin
textures characterize the in-plane components of spin polarization and
the colors show the out-of-plane component of spin polarization.
Because of the time-reversal symmetry, these systems are overall
nonmagnetic, since the opposite out-of-plane components of spin po-
larization can be clearly seen at time-reversed K and — K points [69].
Around the I' point, we observe a sequence of 6 regions where S, be-
comes alternatively positive and negative. This is a signature of a strong
cubic spin splitting [70-72], which is complementary to purely cubic
Rashba and Dresselhaus types. This effect is particularly strong in Fig. 3¢
and it becomes weaker for the WSiP,As,. Moreover, the broken mirror

symmetry assures to assist the Rashba-type spin splitting in these Janus
systems. From Table 1, it is established that WGeSiPAsy shows rela-
tively larger band splitting (Aky, Ax.) and the Rashba parameters due to
the heavy nature of the W atom.

4. Conclusions

In summary, we presented a detailed and systematic study on Janus
XGeSiPyAs; (X = Mo, W) monolayers obtained via first-principles
methods. The cohesive energies and phonon dispersion calculations
demonstrated that these structures are stable. In electronic band struc-
tures, the intrinsic spin splitting at the K/K’-points of pristine MoSisP4 is
further enhanced in the Janus phase, suggesting their valleytronic ap-
plications. Moreover, the broken mirror symmetry in XGeSiPyAsy in-
duces an out-of-plane electric field that results in Rashba-type spin
splitting at the I'-point. This splitting occurs due to the asymmetric po-
tential in the Janus phase, perpendicular to the basal plane. Addition-
ally, a signature of strong cubic spin splitting has been observed for the
MoGeSiPyAsy. Our study unveils the potential of Janus XGeSiP2As,
monolayers for valleytronics and spintronics.
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Figure S1 Phonon spectra of Janus MoSnSiP,As; and MoPbSiP,As, monolayers. Since, the structures

show negative phonon modes, they are dynamically unstable.
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Figure S2 Zoomed illustrations of the conduction band split states Axc at K-point, and that of valence

band at I"-point for the pristine and Janus phases to investigate the Rashba-type spin splitting.

Optical spectra

In studying the optical properties, the dielectric function of a material is a unique feature that
describes the interaction of an oscillating light wave in the form of electric field with the material.
The dielectric function can be used to derive other linear optical features, for instance, in Fig. S3,
the plots for the absorbance and reflectance are illustrated. Using PBE functional, we computed
the absorbance spectra of monolayer MoSi>P4 in pristine and Janus XGeSiP.As; structures as
shown. We noticed that both the pristine as well as Janus phases have characteristic absorption
peaks in the infra-red region, which correspond to direct optical transitions in the band structures
(e.g. the first absorbance peaks occur at the photon energies equal to the electronic band gaps at
the K-point). Intriguingly, the first absorbance peak is red-shifted to 0.25 eV (WGeSiP2As,) from

0.57 eV (MoGeSiP,As) offering the possibility to tune the IR range. In addition, for pristine



MoSi2P4 this corresponds to a wavelength of 2 um, while for the Janus phase of WGeSiP2As; this
corresponds to a wavelength of ~5 um employing their applications in the near- and mid-IR
detector applications, respectively. Moreover, we show the reflectance spectra for the pristine and
Janus structures in Fig S3(b), which indicate almost negligible reflectance in the IR range, and

thus employ their utilization in the IR photo-detector devices.
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Figure S3 Comparison of the optical spectra of pristine MoSi,P. with those of Janus XGeSiP,As; structures
indicated (a) Absorbance, and (b) Reflectance.
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Chapter 6

CONCLUSIONS

In summary, using the first-principles calculations, we have investigated the optoelectronic
features of 3D InAs/InAsSoe2sShoszs SLs, 2D materials XSi:Ns (Mo, W, Ti) and their
heterostructures, and Janus structures, respectively. We propose these materials as feasible
optoelectronic materials that covers the range from far-IR to visible part of electromagnetic
spectrum. While studying the electronic and optical attributes, we noticed significant variations as
we moved from bulk InAs, InSb to the InAs/INAso.625Sbo.375 SLs. Also, the properties are strongly
depending on the lattice constant of the superlattice, which can be tuned effectively to cover the
different regions of far-detection. The existence of two heavy-hole bands with increasing in-plane
effective mass as one goes far from the Fermi level is observed. Besides, we noted a substantial
decrease in the effective masses of heavy-holes, and energy gaps in the kx-ky plane with respect to
their bulk counterpart. We discovered that the electrons are delocalized in the InAs part of SL,
while the holes are localized in the InAso.625Sho 375 part giving rise to type Il superlattice. Moreover,
the absorption spectra in the far-infrared regime are strongly increased for InAs/InAso.625Sho.375
SLs as compared to bulk InAs and InSb suggesting their suitability in IR photodetectors.

Together with the 3D superlattice, we successfully demonstrated the thermodynamical stability of
the novel 2D materials family, their heterostructures and Janus structures. We performed
computationally demanding calculations for the realistic systems combining spin-orbit coupling,
HSE functional and the strain induced engineering of electro-optical properties. It is established
that the monolayers and the heterostructures are stable and experimentally accessible as confirmed
by the total energy ground state calculations and the phonon spectra. After confirming the
structural stability, we presented the electronic band structures and the density of states for the
monolayered materials such as XSiNs (M = Mo, W, and Ti), and their 2D heterostructures
MoSi2N4/XSi2Na, (X=W, Ti) revealing a semiconducting behavior with the band gaps ranging
from the infrared to the visible region. The band structure for MoSi,N4/WSi>N4 heterostructure
exposed that its bandgap lies in the visible region employing their applications for photovoltaics
and other optoelectronic devices. However, for ‘Ti’ incorporated heterostructure
(MoSi2N4/TiSi2N4) the band gap drops to the IR range providing the opportunity to utilize these
heterostructures as IR detector materials. In addition, the effect of biaxial strain on the
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optoelectronic properties of laterally stitched 2D heterostructures manifested significant
modifications in the electronic band structures and optical properties. We noticed that the
compressive strain causes a transition from indirect to direct band gap semiconductor in
MoSi>2N4/WSi>Nas, while a semiconducting to metallic transition in MoSi>N4/TiSi2Na4. Besides, the
optical spectra including absorbance, transmittance and reflectance can be tuned efficiently using
biaxial strain. Our findings based on the electro-optical properties and their controlled modulation
via biaxial strain suggest the applications of these newly discovered 2D materials and
heterostructures in nano- and optoelectronics.

Lastly, an explicit study on the pristine MoSi2P4 and Janus XGeSiP2As, (X = Mo, W) monolayers
of these recently discovered 2D materials is carried out. Both, the pristine and Janus phases were
demonstrated to be thermodynamically. We observed an intrinsic spin splitting at the K/K’-points
of the pristine MoSi2P4 in the electronic band structures, which is further enhanced in the Janus
structure, suggesting their valleytronic applications. In addition, the broken mirror symmetry in
Janus phase induces an out-of-plane electric field that results in splitting of valence bands at the
I'-point not only in energy but also in momentum space, a signature of Rashba-type spin splitting,
which occurs due to the asymmetric potential in the Janus phase, perpendicular to the basal plane.
Moreover, we noticed characteristic absorption peaks in the infra-red region for both the pristine
as well as the Janus phases (shown in supplementary material) employing their use in the IR
devices. The large spin and Rashba-type splittings together with the exceptional optical spectra in
these structures can make extraordinary contribution in the valleytronics, spintronics and IR
applications.
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