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Synopsis

The thesis deals with the epitaxial thin film growth of 2D materials and their hetero-
structures, microstructural characterization of Sn-Sb-Te based thermoelectric material and Ni-Mn-
Sn based Heusler compound. Chapter 1 is brief introduction and important results to the various

contents of the thesis.

In Chapter 2 the controlled growth of MoSz, WS>, and ReS; epitaxial thin films by pulsed
laser deposition (PLD) is presented. Layer number of TMDs can be controlled by the laser pulse
duration. Sapphire substrate is found to introduce compressive stress in the layer resulted in
increase in band gap in both MoS2 and WSo. In case of ReS; the growth is found to be vertical and
film quality improves significantly while growing on MoS; template. In Chapters 3, the epitaxial
growth of various of van der Waals heterostructure (vdWs) between TMDs and BN is described.
In case of heterostructure between similar TMDs an intense peak around 2.3 eV is observed and
is explained due to transition between valence band of BN to conduction band of TMDs. For
heterostructure between two different TMDs the intense peaks are split to two and three for two
and three different TMDs, respectively. Chapter 4 describes the results on metastable epitaxial w-
BN thin film by PLD with hardness of 37 GPa. The formation of this metastable w-BN is due to
preferential chemical interaction between O atom of sapphire and B atom of BN inducing
staggering in the layer leading to w-BN. Chapter 5 contains a detailed study of microstructural
features of low thermal conducting thermoelectric Sni1.xSbxTe. The observation is made on the
presence of superlattice structures due to interaction between Sb in Sn site and Sb in Te site in this
system responsible for low thermal conductivity. The observation is supported based on density
functional theory-based calculation. In Chapter 6, thin film growth of NisoMna7/35Sn13/15 Heusler
alloy, microstructural investigation by HRTEM and magnetic characteristics by HREELS are
described. The presence of non-magnetic phases is confirmed by HREELS measurement. A future

perspective is provided in Chapter 7.
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Chapter 1

Introduction

This chapter is a brief introduction with important results to the various contents of the
thesis. The thesis comprises of epitaxial thin film growth of TMDs and their heterostructures, w-
BN epitaxial thin film growth, characterization of superlattice structure in SnTe based
thermoelectric material and thin film growth and magnetic phase characterization by HR-EELS

of NiMnSn Heusler alloy.



Chapter 1 Introduction

1.1  Epitaxial growth of 2D-TMDs and heterostructures of TMDs and BN

Two-dimensional van der Waals (vdW) materials are a new class of material with immense
possibility in the field of ultra-thin transistor, optoelectronic devices and various energy conversion
related application [1-4]. Atomically thick 2D layered materials generated immense research
interest since the discovery of graphene [3-4]. Due to zero band gap in Graphene the attention
shifted towards MoS,, WS,, ReS; belonging to the family known as layered transition metal
dichalcogenides (TMDs) [3-6]. On the other hand, vdW heterostructures emerge as new class of
advanced materials by stacking various combination of 2D materials either on top of each other
(vertical heterostructure) or zipping at the edges (in-plane heterostructure) [7-8]. This provides an
opportunity to tailor the property of such 2D materials beyond the expected opportunities. Coupled
quantum wells (CQW) which is supposed to host indirect excitons may also be realized based on
such heterostructure system [8]. However, most of the fundamental properties based on 2D-TMDs
have been investigated based on mechanically exfoliated and chemically synthesized materials,
where dimensions of materials are small and not suitable for the large area practical device
fabrication. Therefore, many attempts have been made with various physical crystal growth
techniques to grow such vdW materials epitaxially over large area [9-13]. In chapter 2 and 3 we
describe the use of PLD growth technique to grow such 2D TMDs and their heterostructure over

large area (5x5 mm?).

Chapter 2 and 3 describe the results on large area epitaxial growth of individual TMDs and
heterostructures between TMDs and h-BN by pulsed laser deposition (PLD) [11-13]. Results on
layer controlled growth of MoS; and WS epitaxial thin films by PLD are presented in Chapter 2.
Complete control over number of layers including monolayer is achieved by PLD utilizing slower
growth kinetics. Sapphire substrate is found to introduce compressive stress in the layer resulted
in increase in band gap in both MoS; and WS,. In the case of ReS; the growth is found to be
vertical and film quality improves significantly while growing on MoS; template. [11-12]. In
Chapters 3, the epitaxial growth of various of vdW heterostructures between TMDs and BN is
presented. The layer numbers of TMDs and BN spacer can be controlled by PLD. The crystal
structure of BN in between TMDs depends on the particular TMDs used to grow BN.
Photoluminescence (PL) spectra is dominated by peak at 534 nm (2.32 eV) and 580 nm (2.13 eV)

for homo-stacks and for hetero stacks heterostructures respectively [13] and this is attributed to
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the transition between valence band of BN to conduction band of MoS2 at K-point of Brillouin
zone [13].

1.2 Epitaxial wurtzite -BN thin film on sapphire substrate

Wurtzite-BN (w-BN) is new advance material with extraordinary properties such as hard
material, ultra-wide band gap with thermal and chemical resistant [14-15]. w-BN exhibits ultra-
high band gap semiconductor with indirect band gap of 5.72 eV (I'—X), and have potential
application in deep UV range optoelectronics, microelectronic and mechanical tooling industry
[13,16-17]. Wurtzite form of BN is metastable and requires extreme temperature (1730-3230 °C)
and pressure (5-18 GPa) condition to stabilize the phase [15]. Chapter 4 describes results on the
formation of epitaxial w-BN thin film on sapphire substrate by PLD. This is an accidental finding
while growing heterostructures between TMDs and h-BN. The formation of such phase of BN is
unpredictable under relatively much lower temperature (800 °C) and pressure (10 torr) condition
[14-15]. Detailed investigation by HRTEM and DFT calculation show that preferential chemical
interaction between O atom of sapphire and B atom of planar h-BN lattice induces staggering in
the layer h-BN structure which thus mimics along the growth direction to form w-BN structure
[18]. In terms of practical importance, the hardness of w-BN is next to diamond and in many

application superior to the diamond.

1.3  Energy material : SnTe based thermoelectric

Harvesting electrical energy from the waste heat will immensely contribute towards
environmental preservation [19]. More than two-thirds of the industrial energy is wasted as heat.
Thermoelectric materials can directly convert waste heat into electrical power and have attracted
significant attention for electricity generation through waste heat recovery [19-20]. SnTe is best
alternative for lead-free PbTe, with identical electronic structures and thermoelectric power
generation [21]. In chapter 5 we describe results on the microstructure characterisation by HRTEM
and its role on the thermoelectric property of Sni.«ShxTe (x = 0.04, 0.08, 0.15) alloys. Sb is found
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to replace both Sn site as well as both Te and Sn site. The areas where Sb replace both Sn and Te
sites form super structure which is distinct than a regular nanostructure phase usually attributed
for high thermoelectric performance [22]. Theory calculation suggests that while regions where
Sb replaces regular Sn site gives rise to large thermopower, the areas with superstructure
contributes to low lattice thermal conductivity and combined results increases zT to ~1.

1.4 Room Temperature magnetic refrigeration

Room Temperature (RT) magnetic refrigeration are essentials and have vital role in cooling
technologies, which is energy-efficient and environmentally benign without greenhouse gas
emission [23]. Magnetocaloric effect (MCE) for refrigeration and magnetic shape memory effect
(SME) for reversibility are essential for RT magnetic refrigeration [24]. For RT application
NisoMnz7Sn1z and NisoMnzsSnis Heusler alloy have attracted considerable research attention due
to large inverse MCE with entropy change (AS) of 18 and 15 JKg!K™ at 299 and 187 K,
respectively [25]. For many practical device applications, thin film form of the alloy is required
e.g., in magnetic cooling, actuators, sensors, micro-electromechanical system (MEMS) etc. [25-
26]. In chapter 6 the results on NispMns7Sn1z and NisoMnzsSnss epitaxial alloy thin films with
two different compositions grown on c plane sapphire substrate by pulsed laser deposition are
described. The epitaxial relationship between untransformed L2,and sapphire is a-Al.03[0110] ||
L2, [011]. The Curie temperatures of the films are 316 and 334 K, respectively. The
microstructure of the films consists of untransformed austenite (L2,) and three different martensite
with L1,, 40 and 5M structures [27]. The relative volume fractions of four predominant phases
are ~ 50, 40, 5 and 5 %, respectively at room temperature for both the films. The epitaxial L2,
phase grows under tensile strain on sapphire (0001) substrate and favours the formation of
predominantly L1, over other martensite phases below the transition temperature. The interface
between various untransformed and transformed phases are found to be coherent. The overall
experimental magnetization of the thin films is comparable the theoretical values. Local HREELS
spectra of Mn and Ni L3 , absorption edges confirm the presence of some non-magnetic phases in
the structure particularly in 40 and 5M form of martensite might account for the observed

differences with the theoretical value [27].
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Chapter 2

Epitaxial growth of 2D-TMDs (MoS2, WS: and
ReS:?) thin films by PLD

This chapter describes the epitaxial thin film growth of 2D-TMDs, e.g, MoS,, WS, and ReS;
by pulsed laser deposition (PLD). The films are grown on c-plane sapphire substrate for MoS, and
WS> and both c-plane sapphire and MoS; template for ReS». The results show that it is possible to
grow MoS; and WS, thin film with control over layer thickness under slower kinetic growth
condition. In the case of ReSy, the growth orientation is vertical on both sapphire and MoS>

template.
This work has been published in the following documents:

1. B. Vishal, H. Sharona, U. Bhat, A. Paul, M. B. Sreedhara, V. Rajaji, S. C. Sarma, C.
Narayana, S. C. Peter, and R. Datta, Thin Solid Films, 685, 81-87(2019).

2. B. Vishal, R. Sahu, and R. Datta, EMSI 2017 Conference Proceedings MO1.

3. R. Sahu, D. Radhakrishnan, B. Vishal , D. S. Negi, A. Sil, C. Narayana and R. Datta,
Journal of Crystal Growth 470, 51-57 (2017).
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2.1 Introduction

Atomically thick two-dimensional layer materials generated immense research interest
since the discovery of graphene [1-6]. Graphene revealed many unique physical phenomena e.g.,
linear band structure with momentum, ballistic transport [7-10] and superior chemical catalytic
activities etc. [11, 12]. However, graphene is a zero band gap material and the need to open a band
gap for practical device application shifted the attention towards MoS., WS> and similar materials
belonging to the family known as layered transition metal dichalcogenides (TMDs) [13, 14]. MoS>
and WS; have various allotropes (2H, 1T, 3R, etc.) but commonly found as 2H phase. ReS: also
belongs to 2D-TMDs [1-2, 15-17]. But, monolayer structure of ReS; is Peierls distorted 1Tq
(space group: P1) where four Re atoms are hybridized together to form 2D quasi-periodic
superstructure. Schematic Crystal structure of 2H MoS, 2H WS, and 1T4 ReS> are shown in
Figure 2.01. The lattice parameters of the bulk 2H MoS; are a=3.18 A and ¢ = 12.85 A [18]. The
lattice parameters of 1T¢ ReSzare: a=6.41 A,b=6.47 A, c=6.42 A, a =91.32°, B =105.49° and
vy =119.03° [18,19]. Layer specific band gaps of MoS> and ReS; are shown in Figure 2.02. MoS:
and WS> exhibit the band gap changes fundamentally from direct to indirect as monolayer to bulk,
respectively. MoS; shows indirect band gap of 1.27 eV for multilayer and direct band gap of 1.98
eV monolayer [18]. Similarly WS, indirect to direct band gap of for 1.29 eV to 1.96 eV for
multilayer to monolayer, respectively [20]. However, for ReS> the band gap remains direct in more
than mono layer form [16]. The band gap of ReS> is 1.52 and 1.42 eV in monolayer and multilayer
form, respectively [18]. This has been attributed to weak interlayer van der Waals coupling ~18
meV compared to 460 meV in case of MoS; [Figure 2.03.(a)] [17]. Due to distorted crystal
structure ReS; exhibits linearly polarized Excitons and in plane electrical anisotropy shown in
Figure 2.03.(b) &(c)] [21-22]. This is beneficial in many applications where retention of the optical
direct band gap is desired in two or few layers form of such materials.

Most of the fundamental properties based on this system are investigated primarily on
mechanically exfoliated and chemically synthesized materials [23-26] where dimensions of
materials are small and are not suitable for large area practical device fabrication. Therefore, many
attempts have been made to grow such van der Waals (vdW) materials epitaxial over large area
[24-35]. Most of the epitaxial layer growth reported was only in the nano or micrometer length

scale along with special treatment of substrate and the application of strain was performed by
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external means. For example, large area CVD growth of MoS; thin films was reported on SiO>
substrate [26, 36-38].

O

Q

Ry

© ©O

Figure 2.01. Schematic Crystal structure of (a) monolayer 2H-MoS; along <0001>, (b) <1120>
and (c) Bernal stacking in bulk 2H-MoS; along <1120>. Schematic Crystal structure of 1Tq ReS;
(d) along <0001> Z.A., and (e) along <1120> Z. A. The lattice parameters of 1T4 ReS; are: a =
6.41A b=6.47A c=6424 a=9132° =10549°andy = 119.03°. Copyright by 2016 AIP
Publishing [18]. Copyright by 2019 Elsevier [59].
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Figure 2.02. Layer specific plots of band gaps of (a) MoS; and (b) ReS.. Note the direct to indirect
band gap crosses for MoS, from monolayer to bilayers. Copyright by 2016 AIP Publishing [18].

Similar fabrication also done by atomic layer deposition (ALD) of MoS, and WS is done by Z.
Jinetal. and T. W. Scharf et al. and electrochemical exfoliation by Liu ez al. shown in Figure 2.04.
[26, 39-40].Control over the number of layers was achieved by the duration of oxygen plasma
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treatment of SiO> substrate. Oxygen plasma treatment was believed to increase the interaction

between the MoS; and SiO- substrate and helps in further growth of subsequent layers [36].
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Figure 2.03. (a) ReS: exhibits weak interlayer van der Waals coupling ~18 meV compared to 460
meV in case of MoSz. Copyright by 2014 Springer Nature [17] (b) distorted crystal of ReS is
responsible for linearly polarized Excitons and Copyright by 2015 American Chemical Society

[21], and (c) in-plane electrical anisotropy. Copyright by 2015 American Chemical Society [22]

ReS> has potential applications in low dimensional electronics, optoelectronics, energy
storage, and catalytic hydrogen production. Ultra-thin 2D materials provide an opportunity to
overcome the issues associated with the continuous demand on the miniaturization of transistors.
ReS; based thin film transistors, field effect transistors (FET), digital logic devices, and
photodetectors have been demonstrated [41-43]. Due to its inherent modulated structure, ReS;
exhibits anisotropic optical and electrical properties. ReS; bulk crystal is already in use as
polarization dependent photodetectors exploiting its optical anisotropic property [16, 18, 42].

Orientation dependent photo current has been demonstrated in ReS; which is promising in
integrating electronic and optical devices e.g., as phototransistor part of an integrated circuit [43].
The Maximum anisotropic ratio of 3.1 is reported in ReSz based FET devices with competitive
values of current on-off ratio and low subthreshold swing [41, 44]. ReS> can be used as an efficient
photocatalyst. ab initio calculations show that both mono and multilayer ReS; are stable and
efficient photocatalyst for water splitting [45]. ReS. supported on carbon is found to be a promising
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electrocatalyst for hydrogen evolution reaction (HER) and suggested that perpendicular orientation

of ReS; flake will improve the performance further [46-47].

CVD Growth

ALD Growth

Figure 2.04. 2D-materials and its heterostructure for practical applications requires large area

epitaxial growth. For example, Aere’s some from the literature towards this effort. (a-d) Chemical
vapor deposition Copyright by 2015 The Royal Society of Chemistry [36]. Copyright by 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [37]. Copyright by 2014 American Chemical
Society [38]. (f-g) atomic layer deposition. Copyright by 2014 The Royal Society of Chemistry
[39].Copyright by 2004 Materials Research Society [40]. And (h-j) electrochemical exfoliation.
Copyright by 2014 American Chemical Society [25]

Therefore, to exploit the unique properties of ReS; in device applications, development of
growth procedures in the form of large area (commercial substrate scale) mono and few layers is
required. Monolayer and few layers of ReS; can be synthesized by both bottom-up methods such
as chemical vapor deposition (CVD), atomic layer deposition (ALD), pulsed laser deposition
(PLD), physical vapor deposition (PVD) and top-down methods such as mechanical, chemical and
liquid exfoliations techniques [48-51]. However, the exfoliation methods poses challenges on
controlling the dimension of flakes, contamination or residues of exfoliation agents and
misalignment in stacking between two or more similar or different types of TMDs while
fabricating the heterostructures [16, 52]. For device application, it is important to deposit 2D
materials and their heterostructures by crystal growth techniques over large area uniformly [2,
19,53-59]. There are already reports on such attempts to grow large area ReS thin film by physical
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and chemical deposition techniques. In this context, ReS; was grown by CVD on Si/SiO; substrate
at 450°C with a mean crystal size of 40 um. Ammonium per-rhenate and sulphur were used as
precursors and argon as carrier gas. Depending upon the temperature of the growth, various size
and thickness of the crystal is obtained. The nucleation of the secondary layer is initiated at the
centre of the primary crystal and subsequent growth proceeded towards the edge [17]. Te assisted
ReS> growth was performed in a CVD reactor at 700 °C. Te helps in lowering the melting point (
3180 °C) of Re thus enhances its incorporation, which is not the problem with other components
with relatively lower melting points [18]. ReS; was grown by CVD on a flexible glass substrate at
450 °C in the absence of catalyst [60]. The ReOs powder was used as a precursor which was
sulphurized by HS for 30 min. Large area uniform ReS; thin film was grown by CVD on mica
substrate at 600 °C under ambient pressure. Re metal powder and Re2S7 were used as precursors.
Re»S7 is volatilized above 300°C, and partial sulphurization provides nucleation sites on the
substrate for the subsequent growth of ReS,. Chemically inert mica substrate reduces nucleation
density, atom migration and prevents vertical growth of ReS> compared to SiO> substrate where
growth is predominantly vertical [61, 62]. The film grown on mica substrate grows with optimum
flat morphology below 700 °C and start forming amorphous domains at temperature below 500
°C. Few layers centimeter scale continuous ReS; film was grown on SiO2/Si substrate by PVD
using ReS, powder as source material [63]. The ReS: film was grown by ALD over large area (5
sg. cm) on Al>O3 coated Si (100) substrate at wide temperature range between 120-500 °C. The
morphology of films was rough containing both horizontal (c plane) and tilted vertical domains.
The perpendicular orientation of ReS; was found to be beneficial for HER and Li, Li-S batteries
though for device application flat orientation is required [47, 64-66].

Direct to indirect crossover occurs for monolayer MoS» with applied strain of 1% [67]. On
the other hand, application of bi-axial compressive strain was shown to increase the band gap of
MoS. monolayer and the change in band gap is within 100 meV for every 1% of strain [68].
Nevertheless, from practical point of view it is important to grow such layered compounds
epitaxial over large area with complete control over the layer thickness and at the same time
inducing strain through the substrate in order to retain the modification in the electronic structure.
Both the aspects of large area (we have grown on maximum 8x8 mm? size substrate) epitaxial film

growth and retaining strained state are demanding and challenging. With this goal, in the present
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report we first demonstrate that it is possible to grow epitaxial MoS; and WS thin films by pulsed
laser deposition (PLD) under slow kinetic condition on ‘C’ plane sapphire substrate [69], which
has some advantages over the CVD counterpart. Moreover, complete control over layer thickness
is possible by this method including the growth of monolayer without requiring any special
substrate treatment. The characteristics Raman mode for MoS, and WS; are different for the thin
films grown on the substrate compared to the bulk suggesting the substrate induced van der Waals
and long range Coulomb interaction. Most of the reports show softening of the Raman modes upon
decreasing the number of layers grown on the widely used SiO substrate. Among various reports
on the tuning the electronic structure by strain is one where externally applied uniaxial tensile
strain on a fabricated MoS; bending device resulted in phonon mode softening. This phonon mode
softening was associated with the decrease in band gap by ~ 45 meV and ~120 meV for every 1%
of strain for monolayer and bilayers MoSo, respectively. Sapphire substrate significantly influences
the two important Raman modes i.e. Aig and E'2g in MoS; and WS; epitaxial thin film grown by
PLD. We have observed significant stiffening of two Raman active modes i.e. Aig and Elyq for
MoS: thin film and mostly Ay for WS> and the two modes stiffens further with decreasing layer
thickness. This translates to a maximum compressive strain of 0.52 % & 0.53 % and increases the
band gap to 1.73 eV and 1.68 eV for monolayer MoS2 and WS, respectively and falls off with
increasing the layer thickness. The HRTEM imaging from the interface directly reveals the nature
of atomic registry and strain between the films and substrate. The overall results are extremely
encouraging and show a practical route to engineer the phonon modes and retain the strain in such
van der Waals compounds which can be exploited to tune the opto-electronic properties and

fabrication of large area practical devices.

As already pointed out that from the practical device fabrication point of view, it is
desirable to grow/deposit such 2D materials uniformly over a substrate with simpler methods
involving less chemicals and process parameters. In this context, large area (10x10 mm?) epitaxial
growth of MoS; and WS; thin film with control over layer numbers was demonstrated by PLD
[19]. In this chapter, the growth of large area (10x10 mm?) ReS; thin film by PLD is investigated.
The major difference between ReS; and with growth of MoS; and WS, by PLD is that the melting
point of ReS> is 390 °C which is much smaller compared to 1185 °C (1250°C) of MoS; (WS>).

Two different substrates were used in the present investigation: c-plane sapphire substrate and
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MoS; template deposited on c-plane sapphire. It is found that depending on the growth temperature
the film can be vertically oriented [(0001)ReS, L (0001)Al,0; and (0001)ReS, L
(0001)MoS, Il (0001)Al,04], a composite of vertical and poly-crystalline, and completely
polycrystalline films. The quality of the layer is improved significantly when grown on MoS:
template. Detailed structural characterizations and optical property evaluation by high resolution
transmission electron microscopy (HRTEM), X-ray diffraction (XRD), Raman spectroscopy, and

cathodoluminescence (CL) techniques are presented.

2.2 Experimental Methods

Thin films of MoS2, WSz and ReSz are grown by pulsed laser deposition (PLD). Schematic
of the steps of PLD shown in Figure 2.05. First the target pellet preparation of MoS,, WS, will be
discussed, and then ReS» for PLD due to low melting point compare to MoS; and WS,. We have
used 8x10 mm? size of substrate for the present study but little bigger substrate can also be used
in our system. MoS> and WS target pellets were prepared from powders obtained from Sigma
Aldrich (99.9%) by first cold pressing and then sintering at 500 °C for 5 hours in a vacuum
chamber (~107° Torr).

8 mm x 10 mm

Mortar And Pestle Sintered Pellet Thin Film

Vacuum Chamber

/

Lens Pellet
~
|

LASER }
\

Excimer KrF Laser
A~248 nm , 150 mJ Energy

Figure 2.05. Schematic of the steps of Pulsed Laser deposition (PLD), Where TMDs grind by

mortar and pestle, then shapes as pellet and sintered. This pellet will be used as PLD target inside
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the PLD chamber where Laser (Excimer KrF Laser ~248 nm, 150 mJ Energy) will be ablated on

pellet and create plasma plume. Plasma plume will be deposited on substrate and form thin film.

The sintering under large vacuum chambers with continuously running pumps prevents
oxidation of compounds as well as re-deposition of vapor species back on the pellet surface
compared to sintering performed in a sealed quartz tube. This was a successful method for system
containing highly volatile elements [70,71,72]. Growth was followed by three step process
originally developed for ZnO but with a different temperature and kinetic settings [69]. The final
growth scheme for (a) MoS, and WS> at 400 °C (b) ReSz and (c) ReS2 on MoS; at various
deposition temperature with slow kinetics of laser ablation (1Hz) shown in Figure 2.06. The
temperature for nucleation layer was 400 °C with a laser ablation rate of 1 Hz. The temperature
for final growth was 400 °C and at 1Hz laser ablation rate. Both the nucleation layer and slower
laser frequency rate are important to obtain epitaxial large area film as we found that faster laser
ablation rate leads to formation of polycrystalline MoS: films [19].

(a) MoS, and WS,
[ [ ves: [ ws,

Nucleation 400°C 400°C

Annealing 400°C 400°C

Final Deposition  400°C 400°C
Laser Ablation 1Hz 1Hz

Temperature (°C)

10-* Torr
30 min

10-* Torr
60 min. GT to RT

Time (minutes)

1 - . . . -
o | © Res: (150, 200, 250, 300, 00°C )
e O Ramping
E [ Anncaling/Baking
§ g B Ablation
g ::: O Cooling
[ i

10* Torr
60 min, GT to RT

Time (minutes)

(c) ReS, on MoS,
Growth Temperature (GT)
(150, 250, 400°C )

Temperature (°C)

10°° TorT
60 min, GT to RT

Time (minutes)
Figure 2.06. The final growth scheme for (a) MoS, and WS; at 400 °C (b) ReS; and (c) ReS; on

MoS: at various deposition temperature with slow kinetics of laser ablation (1Hz).
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ReS; thin films were grown by PLD on two different surface; c-plane sapphire substrate
and 20 nm thick c-plane MoS; template deposited on c-plane sapphire substrate following the
procedure already described in Ref. 19. ReS; target pellet was used to ablate and grow the thin
film. For the preparation of PLD target, ReS> compound was first synthesized by directly heating
mixture of pieces of elemental Re cut from the wire (Lmm diameter, 99.97%, Alfa Aesar) and S
powder (-325 mesh, 99.5% Alfa Aesar) in the stoichiometry ratio (1:2) sealed in a quartz tube at
10° mbar pressure to 200 °C in 15 h followed by annealing at that temperature for 2 h. The step
involving slow heating was necessary to avoid possible explosion due to high vapour pressure of
S. Slow ramping reduces the thermal shock between the quartz tube and heating surface. Then the
temperature was increased stepwise to 400 °C and finally to 900 °C over a period of 10 h and 24
h, respectively. The sample was held at 900 °C for 120 h to ensure homogeneity. The black powder
thus obtained was then cold pressed in a die and vacuum sintered at temperature 200 °C for 4 h to
prepare the PLD target. The temperature and sintering duration were comparatively lower compare
to MoS; and WS, pellets due to the low melting temperature (380°C) of ReS,. The sintering in a
vacuum chamber with continuously running pump in the background prevents oxidation of
compound and deposition of vapor specifics (decomposition of volatiles or surface reaction
products) back on the pellet surface compared to the case for sintering performed in a sealed quartz
tube. The deposition of the entire ReS; thin film was carried out at the same temperature and
pressure (1.33x107 Pa, back ground gas is N2) with laser ablation frequency of 1 Hz. Substrate
size used was 10x10 mm?. Slow laser ablation rate allows enough time for kinetic relaxation of
the nucleation layer which helps in establishing the epitaxial relationship with the substrate thus
removing misaligned crystallites. This was already demonstrated in the case of ZnO and its alloys,
MoS; and WS> [19]. The ReS: thin film was grown at various deposition temperatures: 100 to 400
°C and is listed in the Table 3. The PLD route has advantages over CVD and PVD counterparts in
the sense that the films may be free from any parasitic deposition (crystal formation in the vapor
phase depositing on the substrate common to CVD or metal organic CVD processes). The method

is scalable and economical [73,74].

As we know slow laser ablation rate allows sufficient time for kinetic relaxation of the
nucleation layer in order to establish epitaxial relationship with the substrate thus removing

misaligned crystallites. This is even more important for van der Waals compounds because the
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2D-nucleations do not have any strong attachment with the underlying substrate and is relatively
more mobile during the deposition compared to non-layered or three dimensional covalently
bonded materials. The method described above was successful for the epitaxial growth of ZnO
alloyed with Co, Mn, S and Te on sapphire [69-72]. The pressure was kept constant at ~10™ Torr
throughout the growth schedule. There are few recent reports on using sapphire substrate for
growing TMDs films [75-77]. The PLD method of growth has some benefits over chemical vapor
deposition (CVD) or physical vapor deposition (PVD) counterparts in the sense that the films will
be free from any parasitic deposition. Moreover, the technique is economical and scalable even on
a larger substrate than mentioned here in the present study [73,74]. The epitaxial quality of thin
films is confirmed by X-ray diffraction, high resolution transmission electron microscopy and
electron diffraction techniques. Raman spectra were recorded using a custom built Raman
spectrometer using a 532 nm laser excitation and a grating of 1800 lines/mm at room temperature
[78]. The laser power at the sample was approximately 1 mW. Micro PL (photoluminescence)
measurement was performed in a state of the art LabRAM HR (UV) system. All the films were
investigated by HRTEM, XRD, Raman spectroscopy, and CL techniques. HRTEM images were
recorded in a double aberration corrected FEI TITAN 80-300 kV microscope [Figure 2.07.]. TEM
cross-sectional specimens were prepared by first mechanical thinning to 90 um and then tripod
polishing down to 20 um. The final thinning to perforation was carried out in a Gatan PIPs
(precision Ar ion polishing system, Gatan, Inc.) operating at 4.5 kV to generate electron
transparent thin area. Special care was taken during the sample preparation to prevent delamination
of weak van der Waals layers from the substrate. XRD patterns were recorded in a Panalytical
instrument (Empyrean diffractometer) using Cu Kal radiation (A = 1.5404A) with the scan speed
of 0.006 step/second and P1Xcel®® solid-state hybrid pixel detector. CL measurement was done
using a Gatan mono CL (serial mode) installed in a FEI quanta field emission scanning electron
microscope. All the CL spectra were collected with Peltier cooled (-25°C) photomultiplier tube
(PMT) with 1 nm step size and accusation time of 0.6 s/step. Entrance and exit slits size of the

spectrometer was kept at 1 mm.
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Figure 2.07. FEI TITAN®™ 80-300 kV at International Centre for Materials Science (ICMS),

Jawaharlal Nehru Centre for Advanced Scientific Research (JNCASR), Bangalore. It has double

Cs corrector technology with both image and probe corrector systems [79].

Cross-sectional thin film TEM samples were prepared by conventional mechanical
polishing and Ar ion milling to perforation so as to obtain a large electron transparent thin area.
Different steps of sample preparation are described in Figure 2.08. First step involves the face-to-
face gluing of films to prepare a sandwich. The assembly is then mounted on a brass block with a
temporary mounting wax having melting point of 135 °C. The second step involves mechanical
polishing along the cross-sectional direction shown in the Figure 2.08. in order to shape it to fit
within 3 mm Cu grid and to reduce the thickness to below 80 um. Mechanical polishing was done
using SiC polishing papers. In the next step, the thickness is further reduced to < 20 pm using
diamond polishing sheets of varying grit sizes from 30 to 6 um. The sample is then mounted on to
a copper grid and milled in the precision Ar ion polishing machine to perforation. The beam
settings used were £7° and 4 keV energy. The voltage was reduced to 3 kV at the end to remove
any surface amorphous layer. Similar procedure of mechanical polishing and Ar ion milling is
followed in the case of plan view sample preparation except that face-to-face gluing of the films

is not done. The polishing is done from the substrate side and thinned down to < 20-30 pum before
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ion milling to perforation. Here both the Ar ion gun beams are set at +7° and 4 keV with no
modulation [69,79]. Special care was taken during the sample preparation as it was found that van
der Waals layers can easily be detached from the substrate. The relative movement between two
cross sectional pieces was made almost absent to ensure their presence on the substrate till the end

of sample preparation.

15t Step "2nd Step 31 Step

Film Thinning down
to 80pumon "~
320 um coarse
Substrate SiC sheet.

Face-to-face gluing

Tripod polisher
Thinned down to ~20 um on fine
\ /_diamond papers (30 um — 6 pum).
Milled to perforation in Precision lon Polishing System (PIPS). Thickness
of the sample near the perforation is ~ 10-30 nm.

f Optical fringes
Thin Film " .

Region of perforation

#igure 2.08. Step-by-step procedure of thin film TEM cross-sectional sample preparation. First
two steps involve face-to-face gluing and mechanical polishing of the sample to thin down to 80
um. In the third step, sample is further thinned down to < 20 um using a hand held tripod polisher.
The sample is then mounted on copper grid and milled to perforation in a Gatan Precision lon
Polishing System (PIPS) to obtain an electron transparent thin area as shown in the figure as a
part of 41 step. The optical images of both cross-sectional and plan view samples at the region of

perforation are shown [79].
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2.3 Results and Discussion
2.3.1 Epitaxial growth of MoSz and WS: thin films
2.3.1.1 Structural details of MoS2 and WS: thin films

We have used HRTEM imaging to confirm the formation of epitaxial film, number of
layers and stacking information in addition to routinely practiced Raman spectroscopy. On the
other hand, X-ray signal does not show up from such one or two layers of films, while spectra

from the thick films confirms the formation of large area epitaxial film on sapphire substrate
[Figure 2.10.][19].

igure 2.09. HRTEM images showing formation of epitaxial film can onlye ensured under (a)
slow kinetic growth (1Hz) for growth flat and uniform growth MoS: , whereas in case of faster
kinetics such as (b)2Hz and (c) 5 Hz of lases ablation will gives polycrystalline films . Copyright
by 2017 Elsevier [19].

TEM is extremely powerful technique and can provide information from 40-50 um length
scale considering four quadrants of the thin areas in a cross sectional TEM specimen. As already
mentioned in the TEM sample preparation method, special care must be undertaken during sample

preparation in order to retain the weakly held van der Waals layers on the substrate until the end.
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Figure 2.10. X-ray spectra confirming the formation of (a) large area epitaxial MoS: thin film on
c- plane sapphire. (0002) and (0004) peaks corresponding to MoS, and Al>Oz are marked. For
mono layer and bilayers it was not possible to obtain a clear signal by X-ray. The reason for this
is that for coherent Bragg X-ray diffraction at least few numbers of layers is required to obtain
any out of plane peaks. (b) Polycrystalline MoS; thin film is observed in case of faster kinetics
growth. Copyright by 2017 Elsevier [19].

HRTEM images with various numbers of layers for MoS: films and WS, film are shown
in Figure 2.11. and Figure 2.12.. Both the electron diffraction pattern and FFT of HRTEM images
are placed in the inset for the thick films. Diffraction pattern shows <0002> spots parallel to the
growth direction. Aberration corrected negative Cs imaging at the interface regions is carried out
to probe the nature of layer bonding with the substrate, strain and interlayer stacking information
[Figure 2.13.] [80,81]. For the thick film the stacking structure of MoS, and WS; are of 2H poly-
type. It can be seen that the sapphire substrate is Al terminated and at the end it will be explained
that the interaction between the periodic dangling bonds at Al atoms and bottom S layers of
MoS,/WS:; is responsible for the substrate induced compressive strain and associated phonon mode
hardening.
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Figure 2.11. HRTEM images showing (a) monolayer, (b) bilayers, (c) few layers, and (d) thick
epitaxial films of MoS2 on ‘C’ plane sapphire. Epitaxial monolayer WS> on ‘c’ plane sapphire is
shown in (e). Both the electron diffraction and X-ray spectra confirm the formation of large area
epitaxial thin film on sapphire. (X-ray spectra can be found in the Figure 2.09.). Copyright by
2017 Elsevier [19].

Figure 2.12. HRTEM images Epitaxial
(@) monolayer and (b) multilayer
epitaxial thin films of WS, on ‘¢’ plane
sapphire. Copyright by 2017 Elsevier
[19].
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Figure 2.13. HRTEM imaging from the interface regions of epitaxial MoS; and WS, films along

L]

< 1120 > Z.A. of sapphire. (a) & (b) showing the 2H poly-type interlayer stacking for MoS; and
WS, respectively. (d) Example image from MoSz/sapphire interface markings atoms over a
distance from place to place to derive strain information from such images. (e) Close up interface
image showing that substrate is Al terminated and the typical distance between Al and S is ~ 2.7
A. Amodulated in plane S-S (marked with red dotted circle) inter-atomic distance over Al (marked

turquoise dotted circle) atoms can be observed. Copyright by 2017 Elsevier [19].

2.3.1.2 Substrate induced layer specific stiffening in E12g and A1g Raman modes

El,g and A1y Raman modes of both MoS; and WS for different layer thickness in shown
Figure 2.14.. Hardening of El,y and A1y Raman modes indicates the presence of compressive
strain [82]. We have observed substrate induced compressive strain in both MoS, and WS; layers
with the maximum strain present for the monolayer and the strain decreases with increasing the
number of layers. Other than stiffening, systematic anomalous shift in the Raman modes are also
observed as the number of layers is decreased which is consistent with the earlier reports [67].
Figure 2.14. Summarizes the shift in E'g and A1y Raman modes of MoS; and WS; as a function
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of film thickness grown on ‘C’ plane sapphire [Table 1 and Table 2 for tabulated numbers]. The
frequency of these two phonon modes for bulk starting powder samples used to grow films in our
case and the values from the literature are also listed for the comparison purpose [67]. The Raman
shifts of these two modes are slightly different for the powder sample (379.9 and 405.7 cm, Sigma
Aldrich) used for the present investigation in comparison to the literature values (379.2 and 404.7
cm™) [67].
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Figure 2.14. The Aiq and E',q Raman modes for monolayer, bilayer and thick films for (a) MoSa,
and (b) WS,. For comparison the Raman modes of bare sapphire is also shown in (a). The inset of
(b) shows the atomic displacements of the Raman modes. Peaks marked with the asterisks are from
sapphire substrate. Raman shifts of Aig and E'2q modes for monolayer, bilayers and thick films for
(c) MoSz and (d) WS, showing stiffening due to compressive strain with decreasing number of
layers. The difference between the Aig and E'yy peaks showing anomalous peak shift with

decreasing number of layers is also plotted (blue). Copyright by 2017 Elsevier [19].

The difference between the two modes (A = A14-E2g) for the above mentioned two different

samples are 25.8 and 25.5 cm™, respectively, and almost close to each other. The difference in
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absolute values of these two modes between the present powder and the bulk samples may be due
to the morphological effect, as powders are composed of particles which are hundreds of microns
in size compared to the flat finite size few layer bulk samples reported in the literature. The thicker
MoS; film grown in our case (~ 100 nm or ~ 140-150 number of layers) has the Elg and Asg values
as 383.4 and 410.1 cm™ with A = 26.7. The absolute values are almost close to the literature [67]
reported multilayer values except slightly larger A may be because of large number of layers over
large areas (at least 8x8 sq. mm) compared to the previous reports [Figure 2.14.]. This possibly
introduces stronger long range Coulomb force compared to the micrometer sized bulk powder and
softens the E',g mode further and consequently increases the band gap. The frequency values shifts
to the higher wave numbers or stiffens with decreasing the number of layers as seen for the Raman
shift of E and A modes in MoS, with shifts for monolayer/bilayer being 391.8/387.3 and
409.9/409.3 cm™ [Figure 2.14.]. The difference between the Raman shifts of the two modes, A is
18.1 and 21.9 compared to the reported values of 17.2 and 21.4 cmt, respectively for monolayer
and bilayer [67].

Thus Raman spectroscopy also confirms the formation of monolayer and bilayers MoS>
large area epitaxial thin film in the present case in addition to TEM imaging. We also observe
anomaly in the shifts in two Raman modes for MoS: films on sapphire substrate with number of
layers as reported earlier except E'2q mode in our case stiffens significantly from 383.4 in the thick
film to 387.3 and 391.8 cm™ for the bilayers and monolayer, respectively whereas Ay mode

softens from 410.1 for the thick film to 409.9 for the monolayer.

Table 1: Raman shift for the characteristic Aiq and E'2g Raman modes of MoS.. Copyright by
2017 Elsevier [19].

MoS; Elyg Axg A Comp.strain Comp.strain Band
w.r.t literature  w.r.t thick film gap (eV)

Thick Film 383.4 410.1 26.7

Bi layer 387.4 409.3 22 0.27% 0.28% 1.4
Mono layer 391.8 409.9 18.1 0.51% 0.52% 1.736
Literature 383.5 408.2 24.75

(bulk)
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Table 2: Raman shifts for the characteristic Aig and E'2q Raman modes of WS,. Copyright by
2017 Elsevier [19].

WS, Elag Axg A Comp.strain Comp.strain ~ Band gap (eV)
w.r.t literature w.r.t thick
film
Thick Film  355.0 418.8 63.7
Bi layer 362.6 418.5 55.9 0.44% 0.47%
Mono layer  363.4 418.5 56.1 0.49% 0.52% 1.678
Literature 355.5 420.5 65.0
(bulk)

For monolayer, the difference in the two Raman modes between literature and the present
case is 3.9 and 2.5 for the E'5q and A1 modes, respectively [67]. This difference in Raman modes
translates into equivalent compressive strain of 0.52 % in the monolayer film on sapphire substrate.
To best of our knowledge this is the only report on the substrate induced strain and its retention
and this is important for tuning of optoelectronic property of such material in an effective and
efficient way. It has already been predicted that introducing compressive stress will increase the
band gap of the system. The change in band gap is expected to be 1.73 eV (1.68 eV without strain
in PBE-GGA) for the monolayer MoS> [19]. The corresponding indirect band gap also increases
from 1.88 eV to 1.93 eV. The origin of strain based on HRTEM imaging is discussed in the
subsequent section.

PL spectra shows clear emission at 1.98 eV from monolayer film but no clear signal is
obtained from bilayer and thick films suggesting that monolayer property is retained on sapphire
substrate but crossover takes place after depositing subsequent layers on top of [19]. For WS, it is
already reported that the Aig (I') mode stiffens with increasing the number of layers which is
similar to the behavior of MoS,. This stiffening of Aig mode is due to the increase in restoring
force caused by band renormalization through interlayer Coulomb coupling and van der Waals
interaction [83]. On the other hand the E';4 phonon mode shows only subtle changes with the
number of layers. The bulk WS, micron size powders used in our case shows frequency
corresponding to E';gand Asg as 352.6 and 420.5 cm™, respectively and the values reported in the
literature are 355.5 and 420.5 cm™* %6 [84] with A being 67.9 and 65.0 cm?, respectively. WS; thin
films grown on sapphire substrate do not show any significant changes in the frequency of Aqg
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mode, but El,q mode is observed to harden significantly on decreasing the number of layers with
the shifts being 363.5 and 362.6 cm™ with A = 55 and 55.9 for monolayer and bilayer, respectively.
This is significantly different than reported values for monolayer i.e. 355.9 and 417.5 cm™, with a
frequency difference 61.6 cm™. This shows the significant influence of sapphire substrate on the
WS layer. This difference in Raman modes translates into an equivalent compressive strain of
0.53 % in the monolayer film on sapphire substrate. The band gaps of monolayer WS, are 1.68 eV
for direct. However, with 0.53 % compressive strain it is at the edge of cross over from direct
(1.682 eV) to indirect (1.678 eV) band gaps [19]. Clear PL emission peak at 1.97 eV is obtained
in the case of monolayer WS; as well and the state of the material at the edge of crossover did not
disturb the probability of emission across the direct band gap. The situation is different from the
case of MoS> where crossover is expected to take place at a compressive strain of ~ 2% [85]. This
is because the rate of change of both types of band gaps with compressive strain is different for
WS> and MoS,. The band gap modification in both the cases can be understood in terms of
coupling between various S and Mo valence orbitals [85]. Few reports exist on the stiffening of
the Raman modes and associated increase in compressive strain [30,35,62]. In previous reports,
strain was applied by external means. But in our case the strain is induced by substrate and can be
retained which will be useful for practical device engineering of this material. The origin and

nature of this substrate induced strain is discussed next.

2.3.1.3 Nature of substrate induced strain and interlayer stacking

It is interesting that though both MoS, and WS are van der Waals compounds, sapphire
substrate is capable of inducing compressive strain in this material. Generally, van der Waals
interaction is comparatively very weak compared to usual ionic or covalent chemical bonding and
for this force, it may seem difficult to sustain the strain. However, the theoretical calculation for
0.52% compressive strain corresponding to monolayer MoS2 shows that the strain energy cost is
only 10 meV, which is much lower compared to interlayer van der Waals force of 460 meV for
MoSz. The Photoluminescence (PL) spectra of monolayer MoSz and WS; epitaxial thin film on c-
plane sapphire shown in Figure 2.15 [19]. The increases the band gap to 1.74 eV from 1.68 eV
obtained using PBE-GGA potential based calculation and a value of 1.98 eV obtained by PL
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measurement [19]. This implies that, there must be interaction existing between MoS; and the
underlying substrate [19]. Negative Cs HRTEM imaging directly reveals the interfacial structure
of both MoS; and sapphire. We present only results based on MoS; and similar result can be
expected for WS,. Figure 2.13. shows the atomic resolution interface image of MoS. on c-plane
sapphire. MoS; has following orientation relationship with sapphire substrate i.e. < 1120 >
Al, 03 1I< 0110 > MoS,. The schematic model is shown in Figure 2.13. and a strain of 1.11+0.43
and 0.74+0.33 % can be derived for the first and second layer, respectively from the image. From
the HRTEM images, layer specific variation of compressive strain has been estimated averaging
over 15 atoms at different regions. The strain derived from HRTEM images are different from the
strain derived from the Raman spectra i.e. 0.52 and 0.25 % for monolayer and bilayers,

respectively.

The possible discrepancy between Raman and HRTEM could be very small area
(nanometers) information probed by HRTEM compared to large area (microns) probed by Raman
spectroscopy. Strain can also be in-homogenously distributed in the films. Strain fades gradually
as one goes away from the film-substrate interface along the ‘c’ direction. From the HRTEM
imaging it is found that this interaction also translates to the third layer and beyond and reduces
with the thickness of the film. The interlayer stacking is found to be Bernal stacking (2H poly-
type, Figure 2.13.). Earlier reports mentioned about wide range of misoriented domains of MoS;
grown epitaxially on a substrate and this was explained based on subtle difference in energies
between different orientations [73,74]. However, in our case both by HRTEM and X-ray only one

type of oriented grains are observed probably due to the slower kinetics employed [69].

Nevertheless, question remains regarding the role of substrate and its polarity on the band
gap of such material. In this context, it was already shown theoretically that O dangling bond
affects most among various dangling bonds in MoS: thin films on SiO> substrate [86]. O dangling
bonds reduces the indirect band gap for both the monolayer and multi layers films significantly
compared to direct band gap but for Si- terminated surface or H-passivated surface, changes are
subtle and direct band gap remains fundamental. Thus, as it is clear from the HRTEM imaging that
in the present case the substrate is Al- terminated and it is the interaction between Al dangling
bonds and S which introduces the strain in these films. Based on the recent theoretical results in

Ref. 86, Al terminated sapphire substrate influences the electronic structure of MoSz only weakly.



The experimental Al-S distance is found to be ~2.7 A which is almost close to 2.6 A predicted by
theory [87].
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Figure 2.15. Photoluminescence spectra of monolayer MoS, and WS; epitaxial thin film on ‘c’
plane sapphire, with band gap by PL and DFT [13, 20]. Copyright by 2017 Elsevier [19].

The theoretical calculation also shows that MoS2 can grow on sapphire with different
degree of misorientation due to small energy difference between them. From our HRTEM imaging
at the interface it is clearly visible that pairing of two S atoms around the Al atoms due to strain
[Figure 2.13.]. Therefore, in the presence of compressive strain the difference between the direct
and indirect gaps will increase as expected and remain suitable for practical device exploration

and application.
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2.3.2 ReS: Thin film
2.3.2.1 ReS: thin film on c-plane sapphire substrate

ReS, belongs to the family of materials known as two-dimensional transition metal
dichalcogenides (2D-TMDs) [1-2,15-17]. The monolayer structure of ReS> is Peierls distorted 1 T4
(space group: P1) Where four Re atoms are hybridized together to form 2D quasi-periodic
superstructure [Figure 2.01.]. We begin with the structural characterization of ReS; thin films by
TEM. Figure 2.17. (a)-(f) are the low magnification cross-sectional bright field TEM images of
ReS; thin film on c-plane sapphire at various growth temperatures: 150, 200, 250, 300 and 400°C,
respectively. The thickness of the films is in the range of ~ 30-50 nm except the film grown at 150
°C (300 nm). The films are smooth and continuous but at discrete places on the surface 3D growth

of crystals can be observed turning the film rough.

Figure 217. (a)-(e) Low
magnification cross sectional TEM
bright field images of ReS; thin film
grown on sapphire substrate at
various deposition temperatures.
The films are smooth and from
place to place formation of 3D
particles at the surface making the
film rough. The thickness of the
films is ~ 20-30 nm except the film
grown at 150 °C (300 nm).
Copyright by 2019 Elsevier [59].
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Formation of 3D crystals on the surface is more predominant at lower deposition temperatures and
is suppressed with increasing growth temperature till 300°C. Scattered dark particles can be
observed throughout the volume of the film and these are found to be Re metals. Next are the
details on the orientation relationship between film and substrate, identification of the dispersed

dark particle and nature of surface 3D crystals by HRTEM.

HRTEM image of the ReS; thin film (150°C) along < 2110 > zone axis (Z.A.) of sapphire.
Both the image and corresponding fast Fourier transform (FFT) pattern confirm that the (0001)
plane of ReS is perpendicular to the (0001) plane of sapphire shown in Figure 2.18. (a) is the. The
epitaxial relationship is thus(0001)ReS, L (0001)Al,05. The vertical planes start forming at the
interface and continue towards the surface. Scattered particles with dark contrast marked with
white circle can be observed throughout the film. These particles are identified as hexagonal Re
metals (space group P63/mmc, doooz = 2.22 A) [Figure 2.18. (b)]. the appearance of particles is
dark because Re has higher average atomic number (Z = 75) per unit volume compared to ReS>

thus scattering more electrons out of the aperture (mass-thickness contrast).

Table 3. List of samples deposited on two different substrates and various deposition temperatures.
Nature of the films observed also mentioned. Copyright by 2019 Elsevier [59].

Substrates Deposition Nature of the Film
Temperature (°C)

¢ AlL,O3 150 (0001)ReS, L (0001)Al,04
¢ Al03 200 (0001)ReS, L (0001)Al,05 with branching
¢ Al,03 250 (0001)ReS, L (0001)Al,05 onset of polycrystal
formation near the interface
¢ Al,03 300 Polycrystalline layer near the interface
¢ Al,03 400 Re metal polycrystalline film
¢ Al,05/MoS; 150 (0001)ReS, L (0001)MoS,
¢ Al,O3/MoS; 250 (0001)ReS, L (0001)MoS,

¢ Al,03/MoS; 400 Re metal polycrystalline film
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(b) 150°C 1010,

Figure 2.18. HRTEM images of ReS; films grown on sapphire at various deposition temperatures.
The films are grown with c-plane perpendicular to the film substrate interface at growth
temperature (a) T = 150 °C, (b) Dispersed hexagonal Re metal particles are marked with dotted
white squire (T = 150 °C). (c) & (e) Branching of ReS; layers can be seen in films grown at 200
and 250°C. (d) Metastable fcc Re metal (a = 3.89 A) of ~3 nm size is observed. (f) & (g) film is
polycrystalline grown at 250 °C near the interface and vertical planes above it is meandering
towards the surface. (h) Polycrystalline Re metal film is obtained at growth temperature of 400
°C. Copyright by 2019 Elsevier [59].

The lattice parameters of hexagonal Re is a = 2.76 A and ¢ = 4.45 A. The size of the
particles is ~ 30 nm. The 3D crystals formation on the surface for film grown at 150 °C leading to
rough morphology is also found to be hexagonal Re metals. The possible origin of Re metals could
be from the ReS> target pellet. During vacuum sintering there is a prospect for S loss and formation
of local Re rich areas which may subsequently form Re metals nano particles during laser ablation
and dispersed throughout the film. XRD of ReS> pellet reveals the presence of Re metal in the
pellet [Figure 2.19. (a)]. Therefore, formation of Re metal particles in the film volume can be
avoided if ReS; target pellets can be fabricated without such Re rich local regions and this may be
achieved with an improved sintering process preventing S loss. In some places, the films are found
to be amorphous coexisting with the crystalline regions [Figure 2.20.(a)].
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Figure 2.19. (a) XRD of ReS; pellet reveals minor presence of Re. (b) X-ray diffraction pattern of

various ReS; thin films grown on both sapphire substrate and MoS> template at different
temperatures. Copyright by 2019 Elsevier [59].

The film grown at 200 °C shows similar features of film grown at 150 °C but from place to place
the c planes start branching away from the vertical direction and forming a dome like structure at
the surface [Figure 2.18.(c) & Figure 2.20.(b)&(c)]. In some areas, Re metal with cubic crystal
structure is detected though the hexagonal form is the predominant phase [Figure 2.18.(d)]. The
lattice parameter of metastable fcc Re is 3.89 A. The formation of metastable Re phase might have
been due to phase transformation from hcp to fcc structure following Bain transformation [88].
With increasing deposition temperature to 250 °C, the branching start dominating near the
interface [Figure 2.18.(e)]. This led to the formation of films consisting of both vertical domains
and tilted domains. This is also reflected in the XRD pattern in terms of additional peaks [Figure
2.19.(b)]. However, the most favoured vertical orientation is maintained, and domains of rotating
vertical planes can be observed. The region near the interface of the film grown at 300 °C is
polycrystalline made of mostly ReS, crystal (~ 5 nm size) with vertical planes on top of it
meandering towards the surface [Figure 2.18.(f) & (g)]. Finally, the film grown at 400 °C, which
is above the melting point of ReS> is completely polycrystalline and made of Re metals [Figure
2.18.(h)].
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Figure 2.20. (a) In some places of ReS; film grown at 150 °C films are found to be amorphous
coexisting with the crystalline regions may be due to lower deposition temperature. (¢) & (d)
Branching in ReS; in several direction which is reflected as different peaks in XRD pattern [shown
in Figure 2.19.]. From place to place the c planes start branching away from the vertical direction
and creating a dome-like structure at the surface for the film grown at 200 °C. Copyright by 2019
Elsevier [59].

2.3.2.2 ReS: thin film on MoS2

Low magnification TEM images of the ReS; thin film grown on MoS; template at three
different temperatures: 150, 250, and 400 °C, respectively shown in Figure 2.21. The thickness
and growth temperature of the MoS; template layer is 20 nm and 400 °C, respectively following
the procedure already described in Ref. 19. Two different layers can be identified from the mass-
thickness contrast. ReS, appears darker compared to MoS: due to higher average atomic mass.
The surface and interface are smooth and free from dome like morphology compared to films
directly grown on the sapphire substrate except for the film grown at 400 °C. The thickness of the

ReS; films is ~ 20 nm.
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Figure 2.21. (a)-(c) low magnification cross sectional TEM bright field images of ReS; films
grown on MoS; template at three different temperatures: 150, 250 and 400 °C. Films are smooth
for films grown at 150 and 250 °C. Roughness is more for film grown at 400°C. (e)-(f) HRTEM
images from three different films. Epitaxial relationship is (0001)ReS, L (0001)MoS, |l
(0001)AL, 04 for films grown at 250 and 300 °C. The film is polycrystalline at 400°C. Copyright
by 2019 Elsevier [59].

Figure 2.21.(d)-(f) are the HRTEM images from three different ReS, films grown on MoS;
template. From the images and the FFT patterns, it can be observed that the c-plane of MoS; film
is parallel to the interface whereas in case of ReS,, the c-plane is perpendicular for films grown at
150 and 250 °C. The epitaxial relationship is the same as in the case of sapphire. The nucleation
of ReS; occurs at the terminating edges of the MoS. planes and propagates along the vertical
direction. The film grown at 400°C is polycrystalline as the temperature is above the melting point
of ReS> and consisting of Re metals like the case of the film grown on sapphire substrate.

XRD pattern of ReS> films grown on both sapphire substrate and MoS: template at various
temperatures are shown in Figure 2.19.(b). The number of peaks is restricted due to specific
orientations of both film and substrate. Sapphire (0006) peak appears at 26 = 41.8°. The peak at
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32.2° is from (2020) plane of vertically oriented ReS; film. Other peaks of ReS; identified at
20.4, 27.3, and 38.1° are corresponding to(1102),(1121), and (0222) planes respectively. The
peak at 20 = 42.9° corresponding to hexagonal Re (1101) is dominating for film grown at 150 °C
due to large thickness compared to other films. The peak at 40.4° marked with * possibly from
shifted (0002) plane of ReS> as many inclined orientations can be observed from the HRTEM
images which have contributed to this peak intensity [Figure 2.20.(b) & (¢)].
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Figure 2.22.Raman spectra of various ReS; thin films grown on sapphire substrate and MoS;
template at different temperatures. No peaks corresponding to ReS; are observed for the films
grown at 400°C. Copyright by 2019 Elsevier [59].

Raman spectra of all the ReS> films are given in Figure 2.22. The modes corresponding to
ReS, and MoS; are indicated in the thirteen Raman actives modes of ReS; are observed. These are
five in-plane (Eg), four out-of-plane (Ag) and in-plane and out-of-plane coupled (Cp) vibrational

modes. No modes corresponding to ReS; are observed for the film grown at 400 °C. This is



Chapter 2 Epitaxial growth of 2D-TMDs thin films by PLD

consistent with the observation of Re metals in the films grown at 400 °C. The Eg modes at 150.5,
161.3, 212.4 and 233.2 cm ™! are due to in-plane vibrations of Re atoms, while the modes at 304.8
cm ™t is due to in-plane vibrations of S atoms. Ag modes located at 138.5 and 141.7 cm™* are related
to out-of-plane vibrations of Re atoms, while the modes at 418.7 and 437.4 cm™* are from the out-
of-plane vibrations of S atoms. The C, modes at 278.3 cm™ are due to couple in and out-of-plane
vibration of Re and S atoms, while 320.6, 324.9 and 407.3 cm™* are the couple in-plane and out-
of-plane vibration of S atoms [16, 89]. In case of MoS,, characteristic Aig and E',qg modes located
at 378.8 and 405.8 cm™ are indicated. E'»g modes located at 378.8 cm™ is due to the vibration of
two S atoms in the opposite direction, while A1y mode located at 405.8 cm™ is due to the out-of-

plane vibration of S atoms along opposite directions [90].
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Figure 2.23.CL spectra from various ReS; thin films showing two emission peaks around 1.67 and
1.47 eV. The relative intensity difference between the peaks increases for the films grown on MoS:
template. Copyright by 2019 Elsevier [59].
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CL spectra of ReS; films grown on sapphire and MoS; template are shown in Figure 2.23.
Two distinct emission peaks are observed at around1.67 and 1.47 eV with some variation in peak
position for different films. The intensity ratio of the peaks increases for films grown on MoS;
template compared to sapphire substrate. Though the films are not monolayer but observing peaks
corresponding to both monolayer and multilayers may be because of film orientation which is
truncated 0001 plane and presence of both interlayer layer coupling and decoupling effect. CL
confirms that all the thin films are optically active material except for the films grown at 400 °C
which consists of Re metals and may find wide applications. However, the challenge remains on
the growth of flat ReS, film by PLD, may be the choice of substrate, control over kinetic and

process parameters need to be explored further.

2.4 Conclusion

In summary, we have grown large area epitaxial thin films of van der Waals compounds
MoS; and WS; on ‘¢’ plane sapphire by pulsed laser deposition with control over the number of
layers. Substrates induced compressive strain is responsible for the stiffening of both the Raman
modes with implication in increase in the direct band gap of these materials and their retention.
The results demonstrate a practical way to engineer the optoelectronic property of such materials
for large area device fabrication and application. Growth of ReS; thin films on sapphire substrate
and MoS; template by PLD has been investigated at various deposition temperatures. The films
grow c-plane perpendicularly with respect to the film substrate interface on both the substrates at
lower deposition temperatures. The films are polycrystalline and contain mostly Re metals grown
at temperature above 400 °C. The quality of the film is better grown on MoS, template compared
to sapphire substrate. The results demonstrate that PLD can be used to grow ReS; thin film for any

possible device application.
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Chapter 3

Thin film growth of van der Waals

heterostructure of TMDs and BN

This chapter describes the growth of large area van der Waals heterostructure between.
TMD and BN (where TMDs are MoS;, WS>, ReSz) on c-plane sapphire substrate by PLD. The
heterostructure stack is repeated from mono to multilayers of combinations along with stacks
consisting different TMDs. The details structural investigation along with optical properties of

such stacks are presented in this chapter.
This work has been published in the following journals:

1. B. Vishal, U. Bhat, H. Sharona, A. Mukherjee and R. Datta, Heterostructures of hetero-
stack of 2D TMDs (MoSz, WSz and ReS;) and BN, Manuscript under review Bulletin of
Materials Science (2020).

2. U. Bhat, R. Singh, B. Vishal, A. Sharma, S. Horta,R. Sahu and R. Datta, physica status
solidi (b) 255 (7), 1700691 (2018).
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3.1 Introduction

Van der Waals heterostructures are artificial class of materials where various combination
of 2D materials is used [1, 2]. This can be either stacked on top of each other called vertical van
der Waals (vdW) heterostructure or zipped through the active side edge called planar
heterostructure [1]. Many unique properties based on 2D materials such as graphene and TMDs
show promising novel device applications [1, 3-6]. A. Geim et al. propose 2D crystals to be
analogous to Lego blocks and construction of a huge variety of layered structures [Figure 3.01.(a)]
[1]. As per transport properties, 2D vdW have wide range of material for example, Graphene has
extreme ballistic properties and hope of shrinking the device dimension following Moore’s law
[2], semiconductors (e.g., M0S2, WS,, ReS,, etc. which belong to the family known as transition
metal dichalcogenides (TMDs)) insulator (h-BN) [8,9]. These vdW heterostructures (vertical or
in-plane) of various vdW compounds and superlattices have emerged as a new class of material
system with immense possibility of tuning the existing properties of the individual layer and
exploring new physical phenomena [10-13]. The example of heterostructure devices of coupled
quantum wells (CQW) and multiple quantum wells (MQW) is shown in Figure 3.01.(b) [14]. The
motivation for research on van der Waals heterostructure got momentum after the demonstration
of significant increase in the mobility of graphene on h-BN substrate [15]. h-BN substrate also
increased the mobility of MoS,, WSe; [16]. Moreover, insulation of graphene between h-BN
sheets, mimicking the layered superconductor structure with greater scope for varying the
materials parameters, exploration of fundamental physical phenomena e.g., Hofstadter butterfly
effect in G/h-BN heterostructure, secondary Dirac points etc. have already been demonstrated [17-
19].

Addition of TMDs, particularly MoSz, WS, and ReS: in the library of useful 2D materials
broadened the horizons of van der Waals heterostructure significantly. Integration of TMDs with
h-BN and G, offers the possibility to investigate the fundamental physical phenomena e.g., Bose-
Einstein Condensation (BEC) of excitons and to realize various novel heterostructure devices like
field effect tunneling transistors based on G/h-BN & G/WS; vertical stacking [20,21], resonant
tunneling diodes (MoS2/BN), light emitting diodes, devices based on coupling between spin and

valley degrees of freedom, strong light matter interaction and distinct exciton behavior [22,23].
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Figure 3.01.(a) 2D crystals to be analogous to Lego blocks (right panel), the construction of a
huge variety of layered structures becomes possible. Conceptually, this atomic-scale Lego
resembles molecular beam epitaxy but employs different ‘construction’ rules and a distinct set of
materials. Copyright by 2013 Springer Nature [1]. (b) Schematic diagram Heterostructure devices
with MQW and Optical image of the device. Copyright by 2015 Springer Nature [14] (c) The
coupled quantum well van der Waals heterostructure. Layer, and energy-band and diagrams with
Microscope image showing the layer pattern of the device Copyright by 2016 AIP Publishing LLC.
[23].

Thinnest p-n junction based on MoS2-WSe:> vertical heterostructure has been demonstrated
[24]. Among various device options, p-n junction forming type-Il heterostructure can convert
photon into e-h* pairs and extremely useful for solar photovoltaic and photodetector applications
[25-28]. Type-Il heterostructure are based on various combinations of TMDs e.g., tuning the
optical emission in MoS2/WSez, MoS2/WS, fast interlayer energy transfer in MoSe2/WS; for
optical amplification and energy harvesting have been demonstrated [29-31]. On the other hand,
it is the type-1 heterostructure which was reported to form between MoS>-ReS,with long charge
transfer time of the order of 1ps [32]. The type-lI heterostructure is suitable for optoelectronic
devices like light emitting diodes (LEDs) and laser diodes (LDs). There are reports on the
heterostructure between h-BN and TMDs [29, 33-35]. Electronic decoupling occurs between
MoS2/WSe; heterostructure with more than two layers of h-BN in-between. Theoretically, type-I
heterostructure has been reported to form between h-BN and MoS,. However, experimental
verification on the formation of type-I heterostructure between TMDs and h-BN is not reported so

far.

Nevertheless, arranging such vdW 2D-materials on top of each other or zipping on the

sides is not straightforward. Early attempts involved a stacking procedure, first by isolating
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individual layers on a thin transparent polymer film and sticking them face to face [36]. The steps
are lengthy and prone to contamination at the interface between vdW layers. From the practical
point of view, large area wafer scale thin film crystal growth methods like chemical vapor
deposition (CVD), pulsed laser deposition (PLD), atomic layer deposition (ALD) are the viable
options. Micrometer sized large crystals and their heterostructure of MoS./h-BN, have been grown
by CVD [37-39]. PLD has been employed under slow kinetic condition to grow epitaxial films of
MoS; and WS; over large area on c-plane sapphire substrate with control over layer numbers with
the retention of substrate induced strain and resulting modification in the band gap [40,41]. The
success of the slow growth kinetics of PLD has been extended further to deposit different
multilayered heterostructure stacks of MoS2/WS2/ReS; and BN on c-plane sapphire substrate.
Such stacks are essential not only for energy and optoelectronic applications but also to form
coupled quantum wells (CQW) heterostructure. CQW provides a system to explore indirect
excitons (1Xs) which may form between the electrons and holes located at different layers
separated by a distance [23,42]. IXs may originate quantum degenerate Bose gas Figure
3.01.(c)[23].

In this chapter, formation of large area vertical heterostructure between three different
TMDs and h-BN is demonstrated with repeat between similar TMDs and different TMDs.
Transmission electron microscopy imaging confirms the formation of such heterostructure
systems. In case of similar TMD based structure a strong emission peak around 2.3 eV in the PL
spectra irrespective of the TMD/BN system and is close to the most intense peak of the solar
spectrum [43]. In case of stack of different TMD/BN heterostructure of hetero-stack [Table 2 and
Figure 3.02], two strong emission peaks around near 2.13 eV and 2.16 eV for two hetero-stack
TMD/BN, and three peaks near 2.13, 2.16 and 2.23 eV for three hetero-stack TMD/BN PL spectra
is observed . Which indicate the each type of TMD stack is optically active. In the case of stack
consisting of two or three different TMDs the intense peak split closely around 2.3 eV to two and
three corresponding to number of different TMDs in the stack. The emission peaks observed are
explained in terms of various band to band recombination processes and considering relative

orientation of Brillouin Zones of TMDs and BN.
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3.2 Experimental Methods

Different types of mixed vdW heterostructure of MoS; (or WS; or ReS2)/BN/MoS: (or WS,
or ReS»)/BN were grown by PLD technique under slow kinetic condition are shown in Table 1.
Before going to multiple stacks of TMD/BN, we try to grow a single stack of MoS, /BN and
WS>/BN, as proof of concept that “Growth of multiple stacks of TMD/BN is possible”. We have
categorized the vdW heterostructure in two types of growth as it is shown in Table 1. First Homo-
stack of vdW heterostructure is a single type of TMDs stack with h-BN spacer, whereas in the
hetero-stack of vdW heterostructure, different types of TMDs stack with h-BN were grown. MoS;,
WS, and h-BN target pellets were prepared from powders obtained from Sigma Aldrich (99.9%
purity) by first cold pressing and then sintering at 500 °C for 5 hours in a vacuum chamber (~107°
Torr). Sintering in the vacuum chamber prevents oxidation of compounds as well as re-deposition
of vapor species back on the pellet surface unlike sintering performed in a sealed quartz tube. The
ReS; target pellets were prepared following a procedure already reported in ‘Chapter 2

Experimental Methods’ and reported by K. Dileep et al. [44].

Tablel. List of the vdW heterostructure with different type of homo and Hetero-stacking on
sapphire substrate grown by PLD.

Homo-stack of vdW Heterostructure MoS,/BN/MoS,/BN
WS,/BN/WS,/BN
ReS,/BN/ReS,2/BN
Hetero-stack of vdW Heterostructure MoS2/BN/WS,/BN
MoS2/BN/ReS,/BN
MoS2/BN/WS,/BN/ReS2/BN

The epitaxial growth method of all the heterostructure was followed from the procedure
based on PLD already developed for epitaxial growth of MoS; and WS; thin films on the c-plane
sapphire substrate [41]. However, the number of pulses required to control layer numbers were
further optimized for the growth of different TMDs and BN layers on top of each other. Kindly
note that the PLD method was not utilized before to grow such van der Waals heterostructure,
which was done either by physically stacking layers on top of each other or by CVD process to
grow only two different layers [36, 37-39].. The laser ablation frequency was 1 Hz to ensure

smooth film of such vdW layers with the underlying substrate and layers on top of each other. The
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number of layers of TMDs was one and in-between, one to four layers of h-BN were deposited.

The top layer was encapsulated with h-BN layer to minimize external interaction.

Cross sectional transmission electron microscopy (TEM) specimen preparation was carried
out by first mechanical polishing and then Ar ion milling to perforation to generate large electron
transparent thin area. Following a procedure already reported in ‘Chapter 2 Experimental
Methods’. Special care was taken during sample preparation to maintain the vdW stacks intact
which is otherwise extremely difficult as they delaminate with slight shear. Imaging was carried
out, using double Cs aberration-corrected transmission electron microscope. Raman spectra were
recorded using a custom-built Raman spectrometer using a 514.5 nm laser excitation and grating
of 1800 lines/mm at room temperature. The laser power at the sample was approximately
ImW. Micro PL measurement was performed in a dedicated micro PL instrument at 325 nm

excitation (He-Cd laser) with grating of 1200 lines/mm.

3.3 Results and Discussion

We have grown three major types of vdW heterostructure, Single-stack, Homo-stack, and
Hetero-stack of vdW Heterostructure with two and three stacks of TMDs. Schematic
representation of vdW heterostructure with different types of homo and Hetero-stacking on
sapphire substrate is shown in Figure 3.02. Single-stack are (i) MoS2/BN and (ii) WS2/BN. Single
stack growth is done to confirm that “growth of multiple stack of TMDs/BN is possible” for
fabrication of homo-stack of Mo0S2/BN/MoS2/BN, WS,/BN/WS2/BN and ReS,/BN/ReS2/BN
CQW grown by PLD. Furthermore, for Hetero-stack mixed TMDs stack has been fabricated such
as MoS2/BN/WS2/BN, MoS2/BN/ReS2/BN and three stack MoS2/BN/WS2/BN/ReS2/BN. The
final growth scheme for of vdW heterostructure with different type of homo and Hetero-stacking

on sapphire substrate is shown in Figure 3.03.
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Figure 3.02. Schematic representation of vdW heterostructure with different type of homo and

Hetero-stacking on sapphire substrate.
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Figure 3.03. The final growth scheme for of with different type of Single-stack, homo-stack, and
Hetero-stack of vdW heterostructure on sapphire substrate by PLD.
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3.3.1 vdW Heterostructure Single-stack

3.3.1.1 MoSz/BN
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Figure 3.04.(a) HRTEM image of Single-stack heterostructure MoS2/BN with (b) XRD and (c)

Raman spectra.

HRTEM image confirms the uniform flat growth of Single-stack MoS2/BN heterostructure
shown in Figure 3.04.(a), and XRD confirms the same [Figure 3.04.(b)]. Flat growth confirms the
possibility of growth of heterostructure in the top of the BN. Which is a great opportunity to
fabrication for device application by PLD. Raman spectra of BN layers deposited on top of MoS;
and WS; are displayed in Figure 3.04.(c) and Figure 3.05.(c) . It is found that the crystal structures
of BN grown on top of MoSz and WS are different depending on the type of the TMD compound;
h-BN on MoSz, mixture of c-BN and w-BN on WS; and ReS..

The Raman spectra of powder h-BN, c-BN, and w-BN from ref. 45 is used for better
understanding [45]. The peak around 1370 cm™ corresponds to the h-BN structure. For c-BN there
are two distinct peaks around 1057 and 1309 cm*and many broad peaks appear in case of w-BN
structure [45,46]. The Raman spectra of w-BN are scarce, and identification of all the peaks
requires further investigation. In the present heterostructure samples, the BN films grown on MoS;

shows peak around 1365 cm confirming the hexagonal structure [Figure 3.04.(c)].
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3.3.1.2 WS2/BN
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Figure 3.05. (a) HRTEM image of Single-stack heterostructure WS,/BN with (b) XRD and (c)

Raman spectra.

Similar to MoS2/BN, Single-stack heterostructure WS,/BN show the uniform flat growth
by HRTEM [Figure 3.05.(a)]. XRD confirm the same [Figure 3.04.(b)]. Flat growth confirm the
possibly of growth of heterostructure in top of the BN. Which is great opportunity to fabrication
for device application by PLD. The Raman peaks of BN grown on WS; and ReS; matches closely
with the c-BN and w-BN structures [Figure 3.05.(c)].

3.3.2 vdW Heterostructure Homo-stack

3.3.2.1 MoSz/BN/MoS:z/BN

Homo-stack of vdW-heterostructure MoS2/BN/MoS2/BN grown by PLD with varying
number single and multilayer of BN and TMD [Figure 3.06.]. The multilayer of BN layers in
between TMDs and on top of the TMD layer is grown to form the heterostructure. The low
magnification TEM image of the multilayer confirms the large area growth of heterostructure
[Figure 3.06.(a)]. HRTEM confirm flat formation MoS> and BN [Figure 3.06.(b)]. Formation of
single layer thick HRTEM of vdW heterostructure confirm our control of PLD system, and good
for thinnest practical device application [Figure 3.06.(b)]. It is extremely difficult to prepare cross
section TEM specimens with few layers of layered materials on the substrate as they are found to
be delaminated unless extreme care is taken [41]. As already mentioned, the number of layers of

different materials can be controlled with the laser ablation frequency under slow kinetic growth
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condition and for example HRTEM images of scaled-up version of such heterostructure are given
in the supporting information. The photoluminescence (PL) spectra at room temperature for
MoS2/BN/MoS,/BN show five distinct peaks labeled as A, B, C, D, and E around 435 (2.85), 532
(2.33), 595 (2.08), 720 (1.72) and 845 (1.47) nm (eV), respectively [Figure 3.06.(d)]. For other
two systems of homo-stack CQW, almost similar peak positions are observed shown in Figure
3.07.(d) and Figure 3.08.(c) for WS2/BN/WS2/BN and ReS2/BN/ReS:/BN, respectively .

Theoretical understanding of origin of PL emission will be discuss in latter in section 3.3.3.4.

1.72ev 1.48¢€}
- E
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400 500 Wavglgggth (;?1()) 800 900
Figure 3.06. (a) Low magnification TEM image and (b) HRTEM of homo-stack multi-layer thick
vdW heterostructureMoS2/BN/MoS,/BN on sapphire substrate. (c) single layer thick HRTEM of
vdW heterostructure . (d) Photoluminescence (PL) spectra at room temperature for
MoS2/BN/MoS2/BN. Copyright 2018 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
[43].

3.3.2.2 WSz/BN/WSz/BN

Homo-stack of vdW heterostructures WS2/BN/WS2/BN grown by PLD with single and
multilayer of BN and TMD shown in Figure 3.07. Low magnification TEM image of the multilayer

confirm the large area growth of heterostructure [Figure 3.07.(a)]. HRTEM confirm flat formation
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WS, and BN [Figure 3.06.(b)]. Formation of single layer thick HRTEM of WS,/BN/WS2/BN
confirm our control of PLD [Figure 3.07.(c)]. The photoluminescence (PL) spectra at room
temperature for WS2/BN/WS2/BN show in Figure 3.06.(d). Theoretical understanding of origin of

PL emission will be discuss in latter in section 3.3.4.
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Figure 3.07.(a) Low magnification TEM image and (b) HRTEM of homo-stack multi-layer thick
vdW heterostructure WS2/BN/WS2/BN on sapphire substrate .(c) single layer thick HRTEM of
vdW heterostructure .(d) Photoluminescence (PL) spectra at room temperature for
WS2/BN/WS2/BN. Copyright 2018 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [43].

3.3.2.3 ReSz/BN/ReSz/BN

Multilayer vdW-heterostructure ReS./BN/ReS2/BN shown in Figure 3.08. Low
magnification TEM image of the multilayer confirm the large area growth of heterostructure
[Figure 3.08.(a)]. HRTEM confirm flat formation ReS; and BN [Figure 3.08.(b)]. The
photoluminescence (PL) spectra at room temperature for WS2/BN/WS,/BN show in Figure
3.08.(c). Theoretical understanding of origin of PL emission will be discuss in latter in section
3.3.4.
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Figure 3.08.(a) Low magnification TEM image of homo-stack vdW heterostructure
ReS2/BN/ReS2/BN on sapphire substrate.(b) Schematic diagram of vdW heterostructure on
sapphire substrate. (c) Photoluminescence (PL) spectra at room temperature for

WS2/BN/WS2/BN. Copyright 2018 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [43].

3.3.3 vdW Heterostructure Hetero-stack
3.3.3.1 MoSz/BN/WS2/BN

L R e st

_. nm

580.79 : =
(b) (2.135¢V) MOSZ /BN/ WSz / BN

573.82
(2.161eV)

618.76 628.55
- (1.973eV)

\
1
\ 1\ (2.003ev)

540 ' 5&0 ' 5;30 ‘ 6(;0 6&0 ' 6:10 ' 6&0
Wavelength (nm)
Figure 3.09. (a) TEM image of Hetero-stack vdW heterostructure MoS2/BN/WS,/BN on sapphire

substrate. (b) Photoluminescence (PL) spectra at room temperature for MoS2/BN/WS,/BN.



Chapter 3 Thin film growth of vdW heterostructure of TMDs and BN

TEM image of Hetero-stack vdW heterostructure MoS2/BN/WS2/BN on sapphire substrate
shown in Figure 3.09.(a). The photoluminescence (PL) spectra at room temperature for
WS2/BN/WS,/BN show in Figure 3.09.(b). Theoretical understanding of origin of PL emission
will be discuss in latter in section 3.3.4. Observes major PL emission peak around 580.79 (2.13)
and 573 nm (2.16 eV) confirms the both stack layers of TMMs are active and good for

optoelectronic application.

3.3.3.2 MoSz/BN/ReSz/BN
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Figure 3.10. Photoluminescence (PL) spectra at room temperature for MoS2/BN/ReS,/BN.

The photoluminescence (PL) spectra at room temperature for WS2/BN/ReS2/BN show in
Figure 3.10. Theoretical understanding of origin of PL emission will be discuss in latter in section
3.3.4. Observes major PL emission peak around 580.47 (2.14) and 573 nm (2.16 eV) confirms the
both stack layers of TMDs are active and good for optoelectronic.

3.3.3.3 MoS2/BN/WSz/BN/ReSz/BN

TEM image of three stack of vdW heterostructure MoS,/BN/WS2/BN/ReS,/BN on
sapphire substrate shown in Figure 3.11.(a) .The photoluminescence (PL) spectra at room
temperature for WS2/BN/ReS2/BN show in Figure 3.11.(b). Theoretical understanding of origin of
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PL emission will be discuss in latter in section 3.3.4. Observes major PL emission peak around
555.7 (2.14), 575.4 (2.15) and 592 nm (2.09 eV) confirms the all three stack of MoS,, WS,, ReS;

layers are active and good for optoelectronic.
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Figure 3.11.(a) TEM image of three stack vdW heterostructure MoS2/BN/WS2/BN/ReS2/BN on
sapphire substrate.(b) Photoluminescence (PL) spectra at room temperature for

MoS2/BN/WS2/BN/ReS2/BN.

PL spectra are obtained for three different TMD Homo-stack heterostructure systems,
irrespective of the structure of BN. During this study, it is also found that BN grows with wurtzite
structure directly on the sapphire and details of the findings can be found in Ref. 46 and Chapter
4 of the thesis. The results show that the various crystal forms of BN can be controlled with the
choice of different TMD materials as a template. The results are interesting as it is known that the
synthesis of c-BN and w-BN requires extreme temperature and pressure conditions like diamond
[47,48].
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3.3.4 Theoretical Origin of PL emission

The theoretical origin of the PL emission is described by allowed emission across the
bandstructure of the particular heterostructure system. In the case of homo or hetero-stack two type
of emission is possible, first emission occur between TMD and BN (Mo0S2/BN), or inter-stack
exciton emission (BEC excitons) occur between two TMDs, or both [20,21]. Rigorous and careful
theoretical study is request to understand the exact nature of emission. BEC excitons emission are
ultrafast and can be detected by the life time and absorption experiment. Here is our effort in case

of emission originated from TMD and BN.
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Figure 3.12. Schematic transitions between BN and MoS; valence and conduction levels [34, 35].
(The corresponding DOS and band structures are given in Figure 3.13.). Copyright 2018 by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim [43].

The photoluminescence spectra at room temperature for three different homo-stack
heterostructure with varying number of BN layers show five distinct peaks labeled as A, B, C, D,
and E around 435 (2.85), 532 (2.33), 595 (2.08), 720 (1.72) and 845 (1.47) nm (eV), respectively
for MoS2/BN/MoS2/BN heterostructure system. For other two homo-stack systems, almost similar
peak positions are observed [Figure 3.06.(d), Figure 3.07.(d), Figure 3.08.(c)]. The various peak

positions and full width at half maxima (FWHM) for different Homo-stack heterostructure systems
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are given in Table 2. Moreover, the PL spectral patterns are almost similar irrespective of the

number and crystal structure of BN layers deposited in between the TMDs.

Table 2. Experimental peak positions and FWHM of various peaks of different Homo-stack
heterostructure systems. Copyright 2018 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
[43].

TMDs Peak FWHM Peak FWHM Peak FWHM Peak FWHM Peak FWHM
(nm) (nm) (nm) (nm) (nm)  (nm) (nm) (nm) (nm) (nm)
MoS, 435 61.25 532 77.69 595 123.22 720 35.14 845 56.18
WS; 432 58.2 545  84.09 643 103.60 717 4144 840 54.52
ReS, 426 57.78 544  98.93 645 91.23 712  52.36 844  50.42

The band gap differences of MoS,, WS; are approximately 0.04 eV [49]. This translates
into ~ 13 nm shift in the PL peak positions. In case of MoS2/ReS; system the difference is 0.46 eV
[44]. Though, relative peak intensities are found to be slightly different with different number of
BN layers, no clear trend was observed. The heterostructure band alignments might have little
difference between various TMDs/BN systems and responsible for almost similar pattern in the
PL spectra.

R

(a) MoS,/BN
6 -

energy (eV)

Figure 3.13. Calculated (a) band structure and (b) DOS, and (c) schematic energy band levels of
MoS2/BN heterostructure system taken from Ref. 34 & 35. All the possible transitions between BN

and MoS; are marked in the diagram. Calculation predicts a type-1 heterostructure formation in



Chapter 3 Thin film growth of vdW heterostructure of TMDs and BN

this system. Copyright 2014 by American Physical Society [34]. Copyright 2013 by American
Physical Society [35].

Among five different peaks, peak B is the most intense, followed by peak C, A, E and D
[Figure 3.06.(d), Figure 3.07.(d), Figure 3.08.(c)]. This is consistent between various
heterostructure systems. To understand the origin of different peaks, electronic structure
calculations based on the MoS2/BN heterostructure is considered [34, 35]. The calculated band
structure and density of states (DOS) of MoS2/BN heterostructure are shown in Figure 3.13. The
dominant transitions are marked between various valence bands to conduction band states and the
schematic transitions levels derived from this is shown in Figure 3.12. The calculation predicted
type-1 heterojunction between MoS; and h-BN system and similar heterojunction can be expected
in case of WS, and ReS; based systems as well. The valence band maxima of MoS; in the partial
density of states (PDOS) is higher than that of h-BN by about 0.05 eV, which is significantly
smaller compared to the difference in conduction band minima levels by about
3.1/3.55eVpredicted by PBE+D2/HSE12 functional. In the schematic energy band diagram
[Figure 3.12.] the band gap of h-BN and MoS; are 4.82/6.05 and 1.75/2.5 eV, respectively, which
are estimated by PBE+D2/HSE functional [35].

Monolayer MoS; has a direct band gap of 1.98 eV at K point and indirect band gap of 1.78
eVatI' — K point [44,50-51]. Whereas, theoretical calculation of h-BN shows direct and indirect
transitions at 5.97 eV and 5.95 eV points [52-53]. For the MoS2/h-BN heterostructure, three
possible transitions have been identified from the calculated band structure, these are: 2.85 eV at
' — K, 254 eV at M — K, and 1.57 eV at K — K points [Figure 3.13.] [34]. the first two
transitions at 2.5 and 2.8 eV are also marked in the DOS of the compound MoSz/h-BN system.
Now from the various transitions as marked in the combined DOS of the MoS2/h-BN
heterostructure system, transitions at 2.8 and 2.3 eVs can be assigned to the peak A and B of the
PL spectra, respectively. Peak C and D at 2.1 and 1.72 eV can be assigned to the MoS2 B and A
excitons, which in general observed at 1.95 and 1.8 eV respectively [44].
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The difference in peak values between reported and present values (peak C and D) may be
because of relative rotation between the layers in the heterostructure system, unknown effects like
impurities, oxide layers and presence of charges [54-55]. The low energy peak around 1.47 eV
could be because of defects or edge state levels for the combined system. For MoS; and WS; defect
related spectral feature 0.1 eV below the excitonic peak and enhanced photoluminescence from
defects have been reported and for ReS> no changes in photoluminescence due to defect is reported
[56-58]. In the present heterostructure systems planar faults due to discontinuous Mo atoms are
commonly observed and could also be responsible for the emission peak around 1.47 eV. The
proposal is viable as BN can be doped both p and n type and MoS2/WS,/ReS; can be doped n type,
therefore, charge extraction is possible. Subsidiary peaks around 2.8, 1.9, 1.7 and 1.5 eV are also

observed with reduced intensity.
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Figure 3.14. Two different h-BN stacking on MoS, (a) I' = K (BN) | ' - K(MoS2) and (b) I' —
K (BN) | I' - M(MoSz). Corresponding schematic band structures are shown in (c) and (d),
respectively. Kindly note the relative VBM and CBM positions between the two layers with respect
to relative rotation between them. Copyright 2018 by WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim [43].
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The room temperature broadening of PL peaks of any semiconductor is important as this
directly affects the performance of LEDs, LDs and other devices. The FWHM of all the peaks is
broader compared to the typical broadening observed for the emission from monolayer MoS», WS,
and ReS; [Table 2]. The room temperature broadening of PL peaks of the quantum wells
semiconductors may be due to following possibilities; strong exciton-phonon interaction at room
temperature, increase in thermal population at higher electron and hole energy levels, scattering
by longitudinal-optical (LO) phonons, average well width fluctuations and associated quantum
coupling effect, scattering due to impurities, dopants and longitudinal acoustic (LA) phonons [59].
The variation in thickness of BN barrier layers and MoS:> layers can be expected in the PLD grown
TMD/BN heterostructure system [Figure 3.07.(a)]. Two vastly different atoms and crystal lattices
of TMDs and BN may contribute to the broadening of the PL peaks. Moreover, encapsulation of
MoS2 by h-BN was predicted to increase the dissociation rate of excitons which may also
contribute to the broadening of the emission peaks [60]. Therefore, the fluctuation of well and
barrier width, longitudinal phonon scattering at room temperature and momentum vector mismatch

may have contributed to the observed PL peak broadening.

Now the most intense peak at 2.31 eV in case of MoS,/h-BN system and similar peaks for
other two systems can be understood as follows; as already mentioned, the difference between the
valence band edges of TMDs and BN is very small i.e. 0.05 eV. Therefore, the valence band edge
of the compound TMD/BN systems has contributions from both TMDs and BN. However, with
increasing number of BN layers in-between and above the TMDs layer, the valence band is
expected to be dominated by the BN DOS. Though, previous results [34] suggest that the transition
at 2.3 at M — K is an indirect transition and should not be most intense for the compound system
where at K — K (1.57 eV) direct transition exists. However, the calculation was carried out with
a specific stacking of h-BN on MoS: where the respective Brillouin zones have same orientation.
In fact, the energy difference is negligible between various stacking arrangement between h-BN
and MoS; because of the weak quantum mechanical interaction between the two systems, which
is mostly van der Waals in nature. Quantum coupling (QC) may lead to unique properties due to
electronic coupling, and in the present case it is the distinct PL emission. Here, due to
misorientation of BN and TMD layers (with preferable rotation angle 30°), M-point of BN

coincides with the K-point of MoS> during the formation of the heterostructure. The transition
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from M — K, which is direct, results in the intense peak. The corresponding Brillouin zones for
the system are shown in Figure 3.14.(a) and (b) with the resulting band structure in Figure 3.14.(c)
and (d). As we could not verify the relative orientations between the h-BN and TMDs in our
experimental heterostructure systems, therefore we anticipate based on the PL intensity peak and
theory calculation that the orientation between the two crystal layers is according to Figure
3.14.(d). This explains strong emission peak around 2.3 eV in the PL spectra. The transition at 2.8
eV is between the VBM at I" point of h-BN to the CBM at K point of MoS. In addition to this, the

effect of electric dipole due to defects can tilt the balance from indirect to direct transitions [34,61].

In summary, every PL emission can be explained by bandstructure of vdW heterostructure
and to calculate bandstructure of vdW heterostructure, it is very important to know that exact
nature of TMDs, no. of layers, type of stacking between BN and TMD, orientation/angle between
layers of BN and TMD is very important. For future study, experiment plan view TEM sample
preparation by very carefully by lifting off the layers on a grid to study the relative alignment by

electron diffraction can provide above information.

3.4 Conclusion

In conclusion, large area growth of heterostructures of three different TMD and BN layers
by PLD is demonstrated. The layer numbers of in both homo-stack and hetero-stack can be
controlled by PLD, which is good for fine tuning during fabrication of devices. Raman spectra
shows BN can form with different crystal structure depending on the type of TMD as template
layer. For heterostructure PL spectra show strong emission around 2.3 eV, whereas Hetero-stack
give PL response near 2.13 eV from each stack of TMD. The origin of the PL emission can be
explained by the bandstructure of the heterostructure. The PL response suggest all vdwW
heterostructure are optically active material and maybe a good candidate for solar photovoltaic

application.
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Chapter 4

Chemically stabilized epitaxial wurtzite-BN

thin film

This chapter emphasizes the growth of the chemically stabilized epitaxial w-BN thin film
on c-plane sapphire by pulsed laser deposition under slow kinetic condition. Traces of no other
allotropes such as cubic (c) or hexagonal (h) BN phases are present. Sapphire substrate plays a
significant role in stabilizing the metastable w-BN from h-BN target under unusual PLD growth
condition involving low temperature and pressure and is explained based on density functional
theory calculation. The hardness and the elastic modulus of the w-BN film are 37 & 339 GPa,
respectively measured by indentation along <0001> direction. The results are extremely

promising in advancing the microelectronic and mechanical tooling industry.

This work has been published in the following journal:

B. Vishal, R. Singh, A. Chaturvedi, A. Sharma, M.B. Sreedharaa, R. Sahu, U. Bhat, U. Ramamurty,
and R. Datta, Superlattices and Microstructures, 115, 197-203 (2018).
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4.1 Introduction

Boron Nitride (BN) exhibits numerous allotropes e.g., hexagonal (h-BN, P6s/mmc),
rhombohedral (r-BN, R3m), cubic (c-BN, Fd3m) and wurtzite (w-BN, P6zmc) which are analogous
to Carbon (C) allotropes. Among these, h-BN is the most stable form found at room temperature
and pressure. c-BN and metastable w-BN can be stabilized, but require extreme temperature (1730-
3230 °C) and pressure (5-18 GPa) condition [1]. The equilibrium phase diagram of BN depicts
that the stabilization of w-BN requires either c-BN or h-BN as the starting phase and may be
difficult to synthesize in the pure form [2]. Observation of synthetic w-BN, converted from h-BN
at a pressure of 11.5 GPa and temperature of 2000K, was first reported in 1963 by
Bundy and Wentorf Jr.[3]. Subsequently, various methods e.qg., static high-pressure, shock-wave
compression method, direct conversion from h-BN have been reported [4-8]. P- T phase and
reaction diagram for BN, where w-BN is metastable phase and found at extreme P-T condition
shown in Figure 4.01.(a) [8].

(a) = 100 2B ()
© o ’
o TR P 114 GPa Band gap
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Figure 4.01. (a) P- T phase and reaction diagram for BN.where w-BN is metastable phase and
found at extreme P-T condition (T = 1730-3230°C and P = 5-18 GPa). Copyright (1975) by
American Institute of Physics [8]. (b) Theoretical calculation by Z. Pan et. al. shows the w-BN is
second hardest material. Copyright (2009) by The American Physical Society [21]. (c) w-BN is
ultra-high band gap semiconductor with indirect band gap of 5.72 eV (I'—.X), which is good for
deep UV range optoelectronic application. Copyright (2009) by The American Physical Society
[26].
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Experimental investigation into the properties of w-BN is scarce because of the difficulty
in synthesizing sufficiently large and pure crystals of it. Recently, synthesis of 2 mm diameter and
350 pum thick w-BN crystals with 98% purity (h-BN is the residue phase) under direct conversion
method involving high temperature (1500 °C) and pressure (4 GPa) was reported [7]. There are
reports on the formation of w-BN and c-BN by thin film growth procedure [9-13]. Polycrystalline
(2-20 pm grain size) w-BN film is deposited on amorphous C film by pulsed laser deposition [11].
Only c-BN thin film is deposited on Si (100) substrate by ion-assisted pulsed laser deposition at
400 °C and 10° Torr [12] Mixture of c-BN and w-BN has also been reported by PLD on WS; and
ReS; template [14].

Two-dimensional (2D) layered h-BN (also called white graphene) has recently attracted
considerable attention to improving the performance of graphene, other 2D materials such as MoS;
and also being explored as an active material for the optoelectronic and energy applications [15-
18]. On the other hand, c-BN and w-BN are attractive due to high hardness and the potential in
electronic applications remains unexplored [14,19]. In w-BN structure, each atom is tetrahedrally
coordinated with a B-N bond length of 157 pm and a bond angle of 109.5° with ‘..aa'bb'aa’..’
stacking of the basal plane along c direction and the structure is denser and harder compared to h-
BN [20]. Theoretical predictions indicate that both c-BN and w-BN are super hard, with w-BN
being the second most hard material (114 GPa) after Lonsdaleite (hexagonal C, hardness - 152
GPa), due to an intermediate bond flipping structural phase transition shown in Figure 4.01.(b).
[21]. Recently, another new form of C called Q-carbon has been predicted to show higher hardness
than diamond [22]. However, the unavailability of a sufficiently large crystal of w-BN and
Lonsdaleite prevented experimental verification of these predictions [21,23,24]. Therefore,
diamond retained the top position in the list. Both w-BN and c-BN have the advantage over the
diamond in terms of excellent chemical and thermal stability (oxidation temperature is 1300 °C
compared to 700 °C of diamond) suitable for high-speed manufacturing. Experimentally, the
nanocrystalline (~14 nm) composite of c-BN and h-BN exhibited hardness of 85 GPa which is
close to that of diamond [25]. The millimeter size bulk w-BN crystal (98% purity) showed
Hardness and Young’s modulus values of ~ 54 and 860 GPa, respectively [7]. w-BN is ultra-high
band gap semiconductor with indirect band gap of 5.72 eV (I'—X), which is good for deep UV
range optoelectronic application [Figure 4.01.(c)] [26].



Chapter 4 Chemically stabilized epitaxial wurtzite-BN thin film

Here, we report on the formation of large area single phase epitaxial thin film of w-BN at
much lower temperature and pressure compared to the extreme condition usually require for
stabilizing this metastable phase [2]. The film is grown by pulsed laser deposition (PLD) under
slow kinetic condition. The formation of w-BN phase is confirmed by high-resolution transmission
electron microscopy (HRTEM), X-ray diffraction (XRD) and Raman spectroscopy. The
stabilization of metastable w-BN at low temperature (400 °C) and pressure (107 Torr) combination
is rationalized based on chemical interaction between the O-planes of c-plane sapphire and the B
atoms of the first h-BN layer, which is supported by first principle calculation. This chemical
interaction initiates staggering in the first h-BN layer which subsequently transforms into w-BN
[27]. Nanoindentation on the thin films shows that H and E of this phase are 37 and 339 GPa,

respectively.

4.2 Experimental Methods

Thin films of w-BN are grown by pulsed laser deposition on 8x8 mm? size ‘¢’ plane
sapphire substrate. The target pellet is prepared from h-BN powder obtained from Sigma Aldrich
(99.9%) by first cold pressing and then sintering at 800 °C for 5 h in a vacuum chamber (~10°
Torr). The growth scheme epitaxial wurtzite-BN thin film shown in Figure 4.02. The ablation
frequency used is 1 Hz during the film growth. The slow laser ablation rate allows sufficient time
for kinetic relaxation of the nucleation layer to establish an epitaxial relationship with the
underlying substrate. This also helps in eliminating misaligned crystallites for highly lattice
mismatched epitaxy [28-30]. The pressure is kept constant at ~10™ Torr throughout the growth
schedule while the temperature of the growth was 400 and 800 °C for the nucleation and final
growth, respectively. The formation of epitaxial w-BN thin film is confirmed by XRD, HRTEM,
and electron diffraction techniques. TEM cross-sectional samples are prepared by first mechanical
polishing and then Ar ion milling to perforation around which large electron transparent thin area
is generated. Raman spectra are recorded using a custom-built Raman spectrometer using a 532
nm laser excitation and a grating of 1800 lines/mm at room temperature. The laser power at the

sample is approximately 1 mW.



Chapter 4 Chemically stabilized epitaxial wurtzite-BN thin film

w-BN Thin Film
( Parent phase /i-BN )

Fmal Growth

O Ramping

O Annealing/Baking
[ Ablation

O Cooling
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400 to 800°C
30 min

1 Hz/ 1 Hz (3000 shots)

10-° Torr
120 min, 800°C to RT

1 Hz (50 shots) BMHERGEN
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Figure 4.02. The growth scheme of epitaxial wurtzite-BN thin film on size ‘c’ plane sapphire

substrate with slow kinetics of laser ablation (1Hz).

To measure the mechanical properties of the thin film, nanoindentation is performed on
100 nm thick BN film on sapphire substrate using Hysitron Triboindenter, Minneapolis, MN, USA,
equipped with a three-sided pyramidal Berkovich diamond indenter with a tip radius of ~100 nm.
The equipment records the load, P, and depth of penetration, h, of the indenter with resolutions of
1 nN and 0.2 nm, respectively. The tests are performed both under displacement and load
controlled modes to examine the reproducibility of the results since the maximum depths of
penetrations, hmax, are small. Around 20 indentations are performed on each sample. The recorded
P-h responses are analyzed using the standard Oliver-Pharr method to extract the reduced elastic

modulus, Ey, and hardness, H, of the sample [31].

4.3 Computational Techniques

To understand the substrate effect on the phase transition from h-BN to w-BN theoretical
calculations are performed based on density functional theory (DFT) using self-consistent plane
wave pseudopotential as implemented in Quantum Espresso (QE) code [32]. The ionic core-
valence electron interactions are modeled using ultra-soft pseudo-potentials [33]. Electronic
exchange-correlation energy is approximated using Perdew-Burke-Ernzerhof (PBE) functional
within generalized gradient approximation (GGA) [34]. The following cases were simulated, (i)
monolayer h-BN (ii) Modulated monolayer BN, (iii) bilayer h-BN and (iv) modulated bilayer BN
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on top of O-end Al,Os with epitaxial relation w-BN < 1120 > || Al,Os < 0110 > that were

observed experimentally. The schematic of the simulated structure is later shown in Figure 4.09.

and [Figure 4.10]. Kinetic energy and augmented charge density cutoffs used are 50 and 400 Ry,

respectively. Atomic positions and cell parameters are fully relaxed below energy convergence of

10°eV. Optimized structures of BN and Al.Osare stacked according to epitaxial relation and then

VC (variable cell)-relaxation is carried out with 8x8x8 k-mesh according to the scheme proposed

by Monkhorst and Pack [35]. Relaxed supercell parameters of the h-BN on Al>Os substrate is a =

b=4.840 A and a = # = 90°, y = 120° and additional 20 A of vacuum is created along c-direction

on top of BN.

4.4 Results and Discussion

4.4.1 Epitaxial relation of w-BN and Al203

(a)

glue

w-BN

(c)

O Oxygen plan
(a-ALO;)
© Boron plan

(w-BN)

[ —
a-AL O, [2110]
| w-BN [1010]

3 . |
a-ALO, [1120]
| w-BN [0110]

Figure 4.03. (a) TEM bright field image of w-BN thin film on c-plane sapphire substrate along

< 0110 > Z.A. of w-BN. (b) Electron diffraction pattern showing epitaxial relationship between
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sapphire and w-BN is a-Al,03 < 1120 >|| w-BN < 0110 >. (c) Schematic showing in-plane
epitaxial relationship between w-BN and sapphire substrate. Copyright (2018) by Elsevier [27].

We begin with the description of structural characterization confirming the formation of
epitaxial w-BN thin film on (0001) plane of sapphire. From the low magnification TEM image
uniform and smooth film of w-BN with thickness ~ 20 nm can be observed [Figure 4.03(a)]. The
film can be grown as thick as required following the slow kinetic condition. Indentation experiment
was carried out on a film of 100 nm thickness. Figure 4.03.(b) & (c) are the electron diffraction
(ED) pattern and schematic of in-plane orientation relationship between w-BN and sapphire,
respectively. The epitaxial relationship is found to be w-BN [0110] || a-Al.O3 [1120] and the
relative rotation of ¢ axis between film and substrate is 30°, which is similar to the growth of GaN
or ZnO on c-plane sapphire. The chemical interaction between B and O atoms is responsible for

such an arrangement and is explained later with the aid of DFT.

4.4.2 Raman, XRD, XPS of wurtzite-BN epitaxial thin film
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Figure 4.04. (a). Raman spectra from w-BN epitaxial thin film. Copyright (2018) by Elsevier [27].
(b) Experimental reference Raman spectra for different crystal form of BN [25]. Copyright (2018)
by Elsevier [25].
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The Raman spectra of the w-BN thin film is given in Figure 4.04.(a) The Raman spectra of
reference powder h-BN, c-BN and w-BN are provided in Figure 4.05.(b) [25]. The peak, observed
around 1370 cm* corresponds to the h-BN structure. For c-BN, two distinct sharp peaks 1057 and
1309 cm were noted, whereas many broad peaks are present in case of w-BN. The FWHM of the
Raman peaks corresponding to w-BN is relatively narrower in the present study, as compared to
those reported earlier, which is due to large crystalline area in the former. During the study, it is
also found that BN grows with different polytypic phases on TMDs depending on the TMD
template (MoS2, WS;, and ReS) [14]. XRD and XPS spectra supporting the formation of w-BN

can be found in Figure 4.05.
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Figure 4.05. (a) X-ray diffraction pattern of epitaxial w-BN on c-plane sapphire. Kindly note that
the (0002) peak of w-BN (26 = 41.94°) superimposes with (0006) of sapphire (20 = 41.83°). No
other peaks corresponding to h-BN, c-BN, and polycrystalline grains are observed. (b) XPS
spectra of B 1s, N 1s, Al 2p and O 1s identifying the elements present both in the film and substrate.

Copyright (2018) by Elsevier [27].
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4.4.3 Detailed Microstructural by TEM

HRTEM images of w-BN thin film on c-plane sapphire (Al203) along two different zone
axes (Z.A.) orientations are given in Figure 4.06 and Figure 4.07. The film is relaxed and the lattice
parameters of w-BN are approximately a = 2.58 A and ¢ = 4.29 A. The atomic registry of the film
with the terminating O-plane of c-plane sapphire substrate and specific stacking of atomic planes

‘...ababa..” can clearly be observed and schematics are provided for guidance.

1 0-ALO, <2110>

Figure 4.06. HRTEM image of w-BN on c-plane sapphire along (a) <0110>, (b) <2110> of
sapphire. Corresponding FFT pattern both from the film and substrate areas are given in the (c)
and (d), respectively. Copyright (2018) by Elsevier [27].
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In addition to the ED pattern, the specific stacking of atomic planes along the growth

direction in the film also confirming the formation of w-BN phase.

Presence of h-BN or any other allotropes is not detected and w-BN is the only phase formed
right from the film-substrate interface with some planar faults present in the film. This suggests
that the phase transformation from h-BN to w-BN must have occurred at the O-terminated (0001)
plane of sapphire via chemical interaction which is further supported by DFT based calculation.
The difference in electronegativity between B and O is high compared to N and O atoms.
Therefore, the chemical bonding between BN to sapphire is due to bonding between B and O atoms
which is energetically more favorable compared to N and O bonding by 173 meV/atom. This is

indicated with the color round circles in Figure 4.07.

<0002> ¢
s w-BN#
<1120>

v L

NO o’ N

.~ . .O
Qo @, 00 W WAI®
@, ® O * W &

Figure 4.07. (a) & (b) HRTEM image of w-BN on c-plane sapphire along two different zone axes
of sapphire showing atomic arrangement and registry of atoms at the film substrate interface. The
inter-atomic distances are mentioned in the Figure. Copyright (2018) by Elsevier [27].

From the HRTEM image, the interatomic distance between B and O atoms along the
projected ¢ direction is ~1.34 A. The shortest inter-atomic distances along c direction for w-BN
and h-BN are ~1.4 and 2.6 A, respectively. This suggests that the bonding between the first BN
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layer to O-plane of sapphire is due to covalent chemical bonding and not weak van der Waals
interaction. Moreover, the structure of h-BN can be converted to w-BN by staggering the layer by
selective bonding between B and O atoms [as shown in Figure 4.10 (a)]. HRTEM image also
shows that the first layer is like staggered h-BN [Figure 4.07]. As already mentioned, h-BN is used
as starting compound during the film growth. Theoretically similar structural transformation
through staggering the h-BN to w-BN was considered under pure shear stress and not by chemical

interaction [23].
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Figure 4.08. HRTEM image show the phase transformation from h-BN and w-BN. It is
experimental proof of the in-plane staggering (along red line) of boron and nitrogen in parent h-
BN will transform into w-BN. Phase relationship is h-BN <0002> || w-BN<0002> and h-BN <

1120 > || w-BN< 1120 >.
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4.4.4 Origin of chemical stability by DFT

(a)

Figure 4.09. Schematic structure of (a) monolayer and (b) bi-layer h-BN on c-plane sapphire.
Charge density plot showing no additional interaction between B and O atoms at the interface
between flat h-BN and O-terminating sapphire substrate. Copyright (2018) by Elsevier [27].

DFT calculation was performed for both monolayer, bi-layer h-BN and staggered h-BN on
O-terminated sapphire to get insights into the stability and chemical interaction through charge
transfer between B and O atoms leading to structural phase transition from h-BN to w-BN. The
structure of sapphire (0-Al.O3, space group R3c) consists of 12 Al and 18 O atoms per unit cell
with lattice parameter a = 4.758 A, ¢ = 12.992 A. In O-ending (0001) plane of Al,Os, there are
two distinct O-O-O equilateral triangles with O-O interatomic distances 2.52 and 2.86 A where B-
B-B triangle of staggered h-BN or the first layer of (0001) w-BN stack with a B-B interatomic
distance 2.58 A. This gives +2.3% and -9.7 % strain in the BN lattice corresponding to two
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different O-O-O tringles and an overall -6.1 % lattice mismatch along w-BN < 0110 > || Al.O3
< 2110 > resulting in non-uniform bond length [Figure 4.03.(c)].

Figure 4.10. Schematic structure of monolayer (a) staggered h-BN on c-plane sapphire. The
stability of staggered h-BN configuration is 210 meV/atom more compared to flat h-BN. (b)
staggered bi-layer h-BN showing nucleation and growth of w-BN phase along c direction. Charge
density plot showing additional interaction between B and O atoms at the interface in both (c)
mono and (d) bi-layer leading to staggering configuration of flat h-BN. Copyright (2018) by
Elsevier [27].

The calculation revealed that w-BN on sapphire with B-O bonding is more stable (7.76
eV/atom) than h-BN (7.55 eV/atom) for the monolayer coverage. Further calculation shows that
the staggering propagates to the bi-layer as a stable system (7.92 eV/atom) compared to bi-layer
flat h-BN (7.83 eV/atom) and eventually form the wurtzite structure [Figure 4.10.(b) and Figure
4.09 (b)]. The valence charge density plot reveals charge transfer between O and B atoms for
staggered h-BN [Figure 4.10.(c) & (d)] but not for the flat h-BN [Figure 4.11.(c) & (d)]. The
observation by HRTEM imaging at the interface and combination of first principle calculation
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suggests that the selective and stronger chemical interaction between the O atoms and B atoms in
h-BN for the first deposited layer initiated the structural phase transition from h-BN to w-BN and
subsequently propagated along the (0001) direction.

4.4.5 w-BN hardness Measurement
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Figure 4.11. (a). Load-displacement curves exhibiting pop in due to cracking or delamination
phenomenon. (Inset graph shows shallow depth indent without pop-in). (b). Representative indents
for a-Al,O3 for various penetration depths. Copyright (2018) by Elsevier [27].

A representative P-h (load vs. penetration depth) response obtained through nano-
indentation on the w-BN thin film is displayed in Figure 4.11.(a). A prominent discrete
displacement jumps or ‘pop-in‘ at P = 600 uN, which corresponds an h of ~20 nm can be seen.
Such pop-ins can be either due to cracking or delamination of the film, both of which make the
film compliant. Therefore, we confined subsequent experiments to extremely shallow depths (hmax
= 15 nm). Representative P-h response obtained in those experiments is displayed as the inset of
Figure 4. 11.(a). No pop-ins can be seen. The E and H values obtained from such experiments are
339 and 37 GPa, respectively. In addition to calibration before each set of nanoindentations, which
are performed by fused quartz specimens, nano-indentation on bare a-Al,O3 was also performed.
Results of these experiments [Figure 4.11.(b)] are in good agreement with those reported in
literature [E = 444.4+£20.1 GPa and H = 28.9£2.3 GPa along (0001)] [36]. Importantly, the E values

obtained via shallow depth nano-indentations (hmax = 40 nm), are similar to those obtained with
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much higher hmax. This observation confirmed the validity of extracting E and H values from

shallow depth indentations.

The experimental values of hardness (37 GPa) and elastic modulus (339 GPa) of the present
w-BN thin film is in the lower side among various experimental measurement of this phase either
in bulk or nano-composite form reported earlier [Table 1]. The present measurement of epitaxial
w-BN thin film involves indentation along <0001> direction due to the orientation of film and such
measurement is highly anisotropic compared to the earlier reports. Note that the <0001> direction
is not the closed packed direction of w-BN structure and hence unlikely to exhibit the highest
stiffness or hardness [21]. Theoretically, the tensile strength of w-BN is 68/90 GPa along <0001>
and < 1120 > directions, respectively [21,24].

Table I. List of reported hardness (H) and modulus (E) values of known hard materials obtain
from experiment (Exp.) or calculations (Calc.). Experimental measurement methods i.e. Vickers
(V), Knoop (K) is indicated. Copyright (2018) by Elsevier [27].

Phase Phase H (GPa) E (GPa) Exp. Or calc.

w-BN Thin Film 37 (V) 339 Exp.(present work)
w-BN Bulk 54 (V) [7] 860[7] Exp.
Diamond-C Bulk 96(V) [22,40] 535 [40] Exp.
Natural Diamond Bulk 57-104 (K) [39] 1140 [39] Exp.
Diamond Nanocrystallite 105 (K) [39], 120-145 (K) [42] 1070 [39] Exp.
Lonsdelite 152 [21] Calc.
c-BN Bulk 64 (V) [37] Calc.
c- BN Nanotwins in bulk 108-196 (V) [41] Exp.

The bi-axial shear strength with intermediate structural transition can reach 114 GPa. If we
extrapolate the experimental data based on the theory calculation then the film would show the
strength of ~ 65 GPa along (< 1120 >) direction, which is still lower than predicted. Possible
reasons for the experimental values being less than the theoretical predictions are that (a) the
structure may not have undergone bond flipping intermediate structural transitions proposed
earlier, and (b) the presence of planar defects in the as-grown film whereas theoretical predictions

are made on perfect crystals and hence are ideal values.
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4.5 Conclusion

In conclusion, w-BN thin film is grown under relatively low pressure and temperature
condition in PLD compared to the extreme higher temperature and pressure condition usually
required to stabilize this metastable phase. The phase transition occurred due to chemical
interaction between B and O atoms leading to staggering in flat h-BN layer transforming to w-BN
structure. The hardness of the film is 37 GPa lower than theoretical prediction due to indention
along soft direction, thin film geometry and defects present in the film. Nonetheless, the growth
of such epitaxial thin film may find application in tooling and microelectronic industry.
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Chapter 5

Investigation of microstructural details in low

thermal conducting thermoelectric Sn1.xSbxTe

This chapter discusses the detailed microstructural features in low thermal conducting Sni-
xShxTe (x = 0.04, 0.08, 0.15) alloy investigated by transmission electron microscopy and density
functional theory calculation. Thermal conductivity is obtained for SnggsShoisTe alloy
composition containing distinct microstructures at their minimum energy configuration. The
crisscross lines along {111} planes forming nano-scale structures have been identified as areas
with Sb replacing both regular Sn sites and Te anti-sites. This leads to the modulation in {111}
inter-planar spacing (di11) and results in superstructure spots in the electron diffraction pattern.
The formation of such structures is supported by theoretical calculation. Two different phases are
observed in the system, one with Sb replacing the regular Sn sites and the areas with crisscross
lines where Sb is replacing both the Sn and Te sites. Calculation further reveals that the areas
with Sb at the regular site gives large thermo-power, whereas the regions with Sb substituting
regular and anti-sites combination forming superstructure are contributing towards low lattice

thermal conductivity and the combined effect increases the zT to ~1.

This work has been published in the following journal:

B. Vishal, R. Sahu, U. Bhat and R. Datta, Journal of Applied Physics, 122 (5), 055102 (2017).



Investigation of microstructural details in low thermal conducting
94 .
thermoelectric Sn1-xSbxTe alloy

5.1 Introduction

Harvesting electrical energy from the waste heat will immensely contribute towards
environmental preservation [1]. More than two-thirds of the industrial energy is wasted as heat.
Thermoelectric materials can directly convert waste heat into electrical power and have attracted
significant attention for electricity generation through waste heat recovery [1-4]. Among various
materials as potential thermoelectric, PbTe based systems e.g., PbTe-SnSe/PbS/SrTe/T1/PbS/ShSe
are reported in the literature with high zT (up to 2.2) in the mid-temperature range (600-900K)
[Figure 5.01.(a)] [1-6]. The low thermal conductivity, large thermopower, and maximum electrical
conductivity make p-type PbTe superior compared to other systems [1-9]. But environmental
concern limit its large-scale application due to toxicity associated with Pb, which motivated for
exploring alternative materials. Among various options, tin telluride (SnTe) based system which
is a lead-free homologue of PbTe and identical electronic structures, has recently attracted
enormous attention for the thermoelectric power generation [10,11]. But immense intrinsic hole
carrier concentration (>10% cm™3) associated with the lattice Sn vacancies (Vsn), high electrical
thermal conductivity, and sizeable energy gap (AE ~ 0.3-0.4 eV) between the light hole (L point)
and heavy hole (2 point) valence bands compared to PbTe (AE ~ 0.17 eV) are observed. Hence
the Seebeck coefficient or Thermopower (S) becomes small resulting in a low thermoelectric

figure of merit (zT) and an inferior thermoelectric [10, 12].

The ability of a material to produce thermoelectric power from the thermal energy

efficiency is measured by a dimensionless parameter called a thermoelectric figure of merit zT =
2
(STU) T, where T is the temperature, S2o is power factor (PF) and a key controlling parameter to

achieve high performance, k = k,; + k4, IS thermal conductivity and is the sum of lattice thermal
conductivity(x,;,;) through lattice vibrations and charge carriers (x,;). These parameters are
determined by the details of the electronic structure and scattering of charge carriers and are not
independently controllable. To achieve high zT, one needs to either maximize the PF or minimise
the thermal conductivity. The challenge is to engineer thermoelectric materials having
simultaneously high electrical conductivity (o), large thermopower (S) and low thermal
conductivity (x) in the same material. It is well understood with standard charge-transport theory

that S and agoes in the opposite directions, so with doping, a balance needs to be achieved to
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obtain high PF, and this is performed in a semiconductor with optimum carrier concentration [13].
PF can be improved by either development of new semiconductor materials or optimizing the
existing material by alloying. Low lattice thermal conductivity can be obtained through nano-
structuring [2]. There are many reports where the performance of SnTe system has been enhanced
by various means. Sb alloying in SnTe increased the zT to ~1 by reducing the lattice thermal
conductivity (xq) to the theoretical minimum value (x4¢(miny~ 0.5WmK1) of SnTe with the
concomitant improvement in electronic conductivity (o) by optimization of p-type carrier
concentrations [14]. On the other hand Sn self-compensational one shows an effective way of
lowering the large hole carrier concentration of SnTe [14, 15]. S is improved by formation of
resonant level in valence band (VB) by In doping, VB convergence by alloying with Cd, Hg, Ag,
Mg and Mn [9,11,14,16-25]. Presence of resonant level induced by In doping and band
convergence enabled by the Ag doping together in SnTe increases the zT up to 1 at 856 K [17].

( : : .
. . P .04 —=—snTe c
Ba,Ga,Ge, S - e —— ( )
Y Bala Y)CoShis GoTe T, - SnySby Te
25 AgPb,SbTes.., v, PoTe-SrTe = I s - , —h— Sna “Sbo 0ﬁTe
e j o 2 | O —¥—Sn,,Sb, . Te X
20 L 5 4 —#—Sn,,Sb, ;Te =
Mg:Sic o 'pbtrc G i | ——Sn,,Sb, Te
~ 15 asm- T’ = B . —<4—Sn,Sb ,Te
Y i = <
N BiSbTame
‘Clllﬂllew\ul | L
1.0 1 || <
' ’ ®
05 <
0
1995

300400 500 600 700 800 900

Figure 5.01.(a) Current state-of-the-art bulk thermoelectric materials: the thermogl(gzztric figure
of merit (zT) as a function of temperature and year illustrating important milestones. Copyright
(2017) by American Institute of Physics [2].(b) Electron diffraction pattern showing the presence
of diffuse scattering streaks between the Bragg reflections due tothermal vibration (phonon) of the
atoms in the crystals. Copyright (2003) by Elsevier [46].(c) Thermoelectric figure of merit (zT) of
Sn1xShyTe,with a zT ~ 1 for Shois at T = 800 K. Copyright (2016) by The Royal Society of

Chemistry 2016 [35].

Lattice thermal conductivity(x,,;) is related to thermal phonon vibration and phonon
scattering in the host matrix. Generally, reduction in k;,; has been reported through the formation
of point-defects and grain boundaries, all-scale hierarchical nano-meso-structures, endotaxial

nanostructures in the bulk matrix, lattice of complex crystal structure, soft phonon modes, rattling



Investigation of microstructural details in low thermal conducting
thermoelectric Sn1-xSbxTe alloy

modes, resonant bonding levels, and anisotropic layered structures [11,26-32]. In case of SnTe
system, the experimental k4, is reported to be ~2.88 Wm™K™ at 300 K but as already mentioned,
the theoretical limit for minimum lattice thermal conductivity (k) is ~0.5 Wm™K? [14].
Although there are reports to reduced k. (1 Wm™K? at RT) in this system by introduction of
secondary phase nano-precipitates e.g., CdS and HgTe and alloy formation, but there are few
reports which could successfully reduce the k;,; of SnTe near to its theoretical minimum value
i.e. Kpmin = 0.5 WmK?; k,,,~0.6 Wm2K? at 900 K with zT~1.3 in SnoesMno17Te, k4.~ 0.78
Wm2K? at 856 K with zT~1.2 in p-type SnoesMgoosTe and k;,.~ 0.67 WmK? at 800 K
[14,17,19,22-24].

The improvement in thermal conductivity in Sb-doped SnTe is attributed to the formation
of the nanostructure. Moreover, Sh incorporation in SnTe affects the band structure and carrier
concentrations. In PbTe, Sb plays an important role to reduce x;,; [8, 33]. Substitution of Sb in
PbTe shows a significant increase in the thermoelectric performance at higher temperatures due to
the formation of Sb donor states below the conduction band of PbTe [8, 33, 34]. Sb in PbTe forms
nanostructures via matrix encapsulation and show k,,, of ~0.8 Wm™K™at 300K [33]. Addition of
Sb in PboeShyTeioxSex (y<0.2) is reported to form the spontaneous nano-inclusions of Sb rich

phases, which resulted in low x4 [5].

Sb doping (x = 0.15) in SnTe leads to the formation of distinct nanostructures which is
responsible for achieving low thermal conductivity in the system with a zT ~ 1 at T =800 K shown
in [Figure 5.01.(c)] [35]. The exact form of the nanostructure is very interesting and the origin of
which is found to be Sb occupying both regular Sn site and Te anti-site positions on the {111}
planes in the host SnTe lattice. This modifies the {111} interplanar spacing (d111) of the host lattice
and results in superstructures as observed in the electron diffraction pattern. This nanostructural
feature is different than nano-sized precipitates which is generally observed. In the present case,
there is no precipitate formation. The location of Sb at both the lattice sites is further supported by
the first principle based calculation. In addition to this, it also suggests that while the areas with
Sb at the regular site gives large thermopower, the areas with anti-sites forming superstructure are
contributing towards low lattice thermal conductivity and both together increases zT to ~1 in this

system [36].
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5.2 Experimental Methods

Sn1xShxTe (x = 0.04, 0.08, 0.15) are synthesized by the melting reaction of Sn(Alfa Aesar
99.99+ %), Sh (Alfa Aesar 99.999+ %)and Te (Alfa Aesar 99.999+ %) in a vacuum sealed quartz
tube (10°° Torr), which is heated to 900 °C over 12 hrs, then stay for 10 hrs, and cool to Room
Temperature in 18 hrs. All the transmission electron microscopy imaging was performed in
aberration-corrected FEI TITAN 80-300 kV TEM as well as 200 kV Tecnai microscopes. Electron
transparent TEM samples are prepared by conventional mechanical thinning followed by Ar ion
milling to generate large electron transparent thin areas. The sample pieces are cut from the solid

ingot, synthesized by melting and annealing procedures.

5.3 Computational methods

The electronic structures of SnTe with different Sb atom substitutions are calculated using
DFT based Wien2k code [37]. Two different cases of interest are considered, (i) Structurel Sb of
18.75% (Shsn) and (ii) Structure 11 (18.75% Sbsn+Te, 12.5% Sbsn + 6.5% Sbre).Generalized gradient
approximation (GGA) is employed with Perdew- Burke-Ernzenhof(PBE) functional for
optimization of lattice parameters and minimization of forces. SnTe is known to be rock salt
structure. The optimized SnTe lattice parameter is a= 6.41 A. 14x14x14 k-mesh is used for SnTe
unit cell and reduced proportionally to the number of unit cell in each direction for the supercell
calculations. For Sb-doped case, a 2x2x1 supercell is created. Structural models are shown in
Figure 5.08.(a) & (b) where Sn and Te are replaced with Sb in {111} planes. The criteria of
convergence for force, energy and electronic charge are set to below 1 mRy/a.u., 0.0001 Ry and
0.001 e, respectively. The Muffin Tin radii are chosen such that they do not overlap. The Kmax
value for plane wave basis is 8.00/Rmt (min) (Rmt (min) is the Muffin tin radius of the smallest
atom). For the calculation of band gaps, the modified Becke-Johnson potential (mBJ) is used [38].
Spin-orbit coupling is considered to plot band structure. semi-classic Boltzmann transport theory
in the constant time approximation is used to calculate Thermopower of these Structures using
BoltzTraP code [39,40].
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5.4  Results and Discussion
5.4.1 Structural Characterization of Sni1xSbxTe alloy

We begin with the microstructural features observed under TEM bright field and HRTEM
images for three different Sb concentrations in Sn1xShxTe (x = 0.04, 0.08 and 0.15). Figure 5.02
is the TEM bright field images showing diffraction contrast features in three different samples.
Samples with x = 0.04 and 0.08 Sb do not show any features and confirm the formation of a single-
phase solid solution between Sh and SnTe [Figure 5.02.(a) & (b)].

Figure 5.02. TEM bright field images of Sni..«ShyTe alloy at, (a) x = 0.04, (b) x=0.08, and (c)
x=0.15. Ripple-like dark-bright contrast is visible for Sb0.15 alloy but no such contrast is observed

from low magnification images. Copyright (2017) by American Institute of Physics [36].

Ripple-like strain contrast areas are visible for x = 0.15 sample, but there is no contrast due
to secondary phases, also precipitates with any boundary between these features and the host
material is not observed [Figure 5.02.(c)].The electron diffraction (ED) patterns from three
different samples are given in Figure 5.03. All the ED patterns have been acquired along <112>
zone axis (Z.A.). The spots are indexed and are indicated in the respective figures. No additional
spots due to secondary precipitates are observed in Sbo.os and Sho.os Samples but super-lattice spots
along with streaks due to thermally diffused scattering are observed for sample Sho.1s [Figure
5.03.(c), Figure 5.06, Figure 5.07].
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Figure 5.03. Electron diffraction pattern along <112> Z.A. of (a) x = 0.04, (b) x = 0.08, and (c)
x =0.15. One can notice the super-lattice spots at %2{111} and thermal diffused scattering between
the primary Bragg spots. No such super-lattice spots or thermal diffused scattering are observed

for alloy Sho.os and Sho.os. Copyright (2017) by American Institute of Physics [36].

Figure 5.04. Shows the HRTEM images and corresponding fast Fourier transformed (FFT)
diffractograms of three different samples. One interesting feature is the structural modulation in
SnTe host lattice with Sb incorporation which results in super-lattice spots both in the ED and FFT
pattern for Sbo.1s alloy. This structural modulation can be observed both in terms of the criss-cross
line running along {111} planes with 60° angles between them and are marked in the images and
corresponding super-lattice spots in FFT [Figure 5.04.(c)]. The frequency of such crisscross lines
is less and appearance are faint in samples Sho.os and Sho.os Due to the periodicity of these lines,

ED does not show any super-lattice spots [see Figure 5.04.(b) for Sho.eg].

However, this feature is not uniformly present throughout the volume and two different
microstructures are present, with and without modulated regions [Figure 5.05]. This indicates that
the structural modulation observed might be due to the difference in Sb substituting the SnTe host
crystal. Theory calculation suggests (see discussion later) that Sb can replace both the regular Sn
site and Te anti-site which is not only stable energetically but also modifies the local diiiinter

planar spacing through an additional chemical interaction between Sb at two different lattice sites.
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Figure 5.04. (a)-(c) HRTEM images and (d)-(f) corresponding FFT pattern of Sni.xShxTe alloy at,
x = 0.04, x = 0.08, and x = 0.15, respectively. Superlattice spots at ¥2{111} are marked for Sbo.15
alloy. Note that no diffused streak is observed from FFT pattern because their origin is dynamic
thermal disorder but not static disorder. Super-lattice spots have origin in criss-cross line like
feature in Sho 15 alloy and such criss-cross lines can be seen in fewer numbers in Sho s alloy and

rarely in Sho o4 alloy sample. Copyright (2017) by American Institute of Physics [36].

Systematic tilting experiment is carried out for the rock salt structures shown in Figure
5.06. to confirm the origin of superlattice spots. No secondary set of the diffraction pattern is
observed along different zone axis of the host rock salt SnTe crystal. This confirms that the origin
of such microstructure is not due to Sb-rich subsequent hexagonal phase forming intergrowth
structure, rather local Shsn-Sbre interaction between two different lattice sites leading to structural

modulation in the same single crystal rock salt phase.



Investigation of microstructural details in low thermal conducting 101
thermoelectric Sn1-xSbxTe alloy

16.8 at % Sb

Figure 5.05. HRTEM images for Sho.1s alloy showing two different phase areas, one with criss-
cross line where Sn is replacing both Sn and Te sites and areas without criss-cross line like
features where Sb is replacing only Sn site. Local EDS measurement shows similar concentrations
of Sb in two different regions. The boundary between these two-phase regions is coherent.
Copyright (2017) by American Institute of Physics [36].

To derive more insight on the origin of such structural feature associated with crisscross
network of lines at 60° angle between them and associated super-lattice spots in the electron
diffraction pattern, two different alloy compositions i.e.structure-I with Sb replacing Sn site and
structure-11, where Sb replacing both Sn and Te sites, are considered for the theoretical calculation.
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Figure 5.08.(a) & (b) shows a schematic structural model for the two-different alloy structures. Sh
is placed close to each other on the Sn and Te (111) planes to check for any resulting mutual
interaction between Sb atoms. The stability of Sb at Sbsy+Sbre is found to be energetically more
stable (cohesive energy 2.92 eV/atom) compared to Shs, site (2.74 eV/atom) alone. The
interatomic/planar spacing diis found to be different i.e. 5.35 to 5.58 and 5.55 A for Sb at
Sbsn+Sbre and Sbhsrsites, respectively [Figure 5.08.(a) & (b)] and gives rise to super-lattice spots
in the calculated diffraction pattern [Figure 5.08.(c) & (d)]. This modulation can be understood by
considering the charge density plot. Figure 5.08.(e) & (f) are the charge density plots for two
different structures along 001 direction. Interatomic distances are indicated and most of the lattice
distances are shorter in structure-11 compared to structure-I. The distance between Sb-Sb in two
different lattice sites is 2.92 A, which is significantly shorter compared to other interatomic
distance. One can notice that Sbsn-Sbte and Sbsn-Te interaction through hybridization and this is
dominated by the p orbitals. This is responsible for locally changing the d111 interplanar spacing.
Thus, this supports that Sb may not form separate crystallographic phase from the SnTe host rather
locally modulate di11 spacing of the host lattice through additional interaction between Sb at two
different lattice sites. This is responsible for the observed crisscross like microstructure and
superlattice spots in the ED pattern. The role of such microstructure on phonon scattering resulting

in low k;,,; is further discussed.

Structural features influence thex,,;, band structure, S and 6. We have observed two
different regions or phases in the Sho.1s sample, one with super lattice spots and criss-cross lines
in the ED pattern and another without such feature. Local energy dispersive X-ray measurement
(EDS) confirms almost same concentrations of Sb in two different regions [Figure 5.05]. The first

area corresponds to Sh in Shsy+Sbre sites and the second area to Shsy site with coherent boundary
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between these two regions.Later, result is presented based on theoretical calculation on the

respective contributions of two different phases on various parameters in the zT equation.

ZA <111>
{33.34,5.94}

- ZA <-112>
(€)) {a,p}={22.29,-10.83}

WA <M22>
(17.13,5.94}

ZA <012>
{—2.48,-10.83}

Figure 5.06. Tilt series of electron diffraction pattern of host SnTe rock salt structure showing
presence of no secondary spots due to different crystallographic phases or intergrowth structure
for Sho.1s alloy. Diffused streaks in between Bragg spots are marked with dotted rectangular box
in (d). Notice this diffused streak line has diffused spots along the line and the origin of such
feature is due to a disordering in deformation vector related to two substitutional or vacant sites.
Copyright (2017) by American Institute of Physics [36].
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5.4.2 Role of phonon scattering in electron diffraction pattern

The presence of nanostructures has a significant influence on reducing x;,; compared to
the solid solution alloying [1,7,14,17,19,22,25,26,31,35,41-43]. In the present system, there are
four different contributors to decrease the k;,;; intrinsic Vsn, Sh substitution in Sn site (Sbsn) and
Sb at Shsh+Sbre sites forming distinct feature giving rise to super-lattice spots in the ED pattern.
Among these, the last one has the significant influence on decreasing k;,; as explained before.
However, this feature is different compared to the earlier nano-structural precipitates or
intergrowth structure. In other words, the present features are part of the host lattice and only
introducing the modulation in dy11 lattice planes forming superstructure. Super-lattice structures
affect the lattice thermal conductivity, also modification of the phonon spectrum, phonon
localization, and diffuse or specular scattering of phonons at interfaces due to acoustic mismatch
[44].

ZA"<-112> | (b) LA ~=120>

Figure 5.07. Electron diffraction patterns of Sho.1s alloy along (a) <112>, and (b) <122> zone

axis. Diffused streaks between Bragg spots and streaks in between Bragg spots are visible in (a)

and (b), respectively. Copyright (2017) by American Institute of Physics [36].

In fact, electron diffraction pattern shows diffused streaks due to additional phonon

scattering in Sho 15 alloy case. Signature of phonon scattering in electron diffraction pattern appears



Investigation of microstructural details in low thermal conducting

thermoelectric Sn1-xSbxTe alloy 105

as diffused streak. This has the thermal but not the static origin. Due to structural modification
such streak is not observed in the FFT pattern [45-46]. Three different features are observed in the
DP in Sho.15; broadening of spots, diffused streak between Bragg spots, and 2D diffused sheet in
between Bragg spots due to phonon scattering [Figure 5.07].

Broadening of the spots is observed in the system with large concentrations of point defects
(in the present case it is due to native Vsn). The origin of diffused streak between Bragg spots is
attributed to transverse long low frequency waves with wave fronts perpendicular to closely
packed strings of atoms. Phonon vibration during electron scattering perturbs the crystal potential
and if this is not periodic, it results in diffuse scattering distribution between Bragg’s spots in DP
[Figure 5.01.(b)] [46]. The 2D sheet in between Bragg spots has diffused broad spots along the
line as well as around the primary Bragg spots [Figure 5.07(b)]. Such 2D sheet may have originated
due to a disordering in deformation vector related to two substitutional or vacant sites and in the
present system such sites may be formed by any of the following combinations; (Sbsh+Shbsn or
Sbsnt+SbTe) or two vacancy Vs or between (Sbsnor Sbre) and Vsn. All these features can contribute
to the overall phonon scattering and reduce the thermal conductivity of the system close to the

theoretical value of SnTe.

5.4.3 Role of dopant at different occupancy/site by DFT

As the observation of Sb in the Te anti-site is not intuitive and being primary focus of the
present paper, we, therefore provide further information on the changes in the electronic structure
due to such substitution of Sb in the SnTe host lattice. The band gap of pristine SnTe is found to
be 0.052 eV from the present calculation [Figure 5.09.(b)]. However, the experimental band gap
values of SnTe has been reported to be 0.18 eV at room temperature [12]. The higher reported
experimental band gap values of SnTe may be either due to the intrinsic large hole carrier
concentration which shifts the Fermi level into the valence band or intrinsic underestimation of
predicted band gap values by the theoretical calculation. We have compared the density of states
of two different Sb-doped SnTe structures (I & Il) with the pristine SnTe [Figure 5.09.(b)-(d)].
The calculated band structure and density of state (DOS) of Structure 1&I1 are shown in Figure

5.09 (b) & (c). In general, Sb has three valence electrons and can show ambipolar behaviour [47].
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Therefore, Sb in Sn site is expected to give n-type conductivity and in Te site p-type conductivity.
Pristine SnTe exhibits p-type conductivity due to intrinsic Vsn. The calculation shows a similar
trend i.e. Sbsn is n-type and Sbre is p-type. The regions where lattice containing Shsn will reduce
the intrinsic p-conductivity and areas with Sbsn+te Will have little or no effect depending on the

relative proportions of Sbsy to Sbre.
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Figure 5.08. Schematic of structure (a) I (Sbsn), and (b) 1l (Sbsn+Te). Calculated diffraction pattern
for two different structures are given in (c) & (d). Superlattice spots can be observed in structure
I1. Charge density plots for two different structures are given in (e) & (f). One can notice that in
structure 11, Shsy-Sbte and Shsn-Te interaction through hybridization and this is dominated by the
p orbitals. This is responsible for locally changing the d111 interplanar spacing. Copyright (2017)
by American Institute of Physics [36].
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Experimentally, it is observed that p-carrier concentrations decrease slightly from 3x10%°
to 2.2x10%° cm™ even after alloying with Sb up to 15 at.%. This suggests that Sh has the high
probability to occupy anti site positions in the lattice and this is further supported by the theoretical
calculation of energy. Though experimentally the carrier concentration is not changed
significantly, no variation in the zT are expected. Further improvement in power factor is possible
by decreasing p-carrier concentration either by activating Sb in the Sn site or by reducing its
occupancy at the anti-sites.However, the number of states increases at the Fermi level and this is
higher in the case of Shs, compared Sbsn+te. SNTe shows s-p hybridization, where Sn p and Te s
states together form conduction band and Sn s and Te p form valence band edges. The density of
states (DOS) is dominated by p states [Figure 5.09.(b)-(d)]. Upon Sb substitution in Sn site
(structure-1), the number of states increases significantly near Femi level (EF) compared to
structure-11 contributed mostly by Sb p states. This will have an effect on increasing the
conductivity o(e). It is known that the S is proportional to the logarithmic derivate of the
conductivity [48]. Therefore, increase in states near Er results in the increase in thermopower S in

case of structure-l. Structure-Il does not show such effect.

We further calculated the transport properties of Structure-1 and Structure-I1 using the
Boltzmann transport theory in the constant scattering time approximation [40]. Thermopower for

a system of independent electrons interacting with static scatterers is given by the Mott’s formula

as;
s=1 ":%T)(d ”;‘;(E)) o (D)
and
o= (-ZE)a(e) de (2

Where, a(€), €, ng, kg, e are electrical conductivity, energy, density of states at Fermi level,

Boltzmann constant, charge of electron respectively [48].
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Figure 5.09. (a) Band structure of structure | & Il. Density of states of (b) pristine SnTe, (c)
structure-I, and (d) structure-1l. () Calculated thermopower S against T for two different Sb
substituted structures. Copyright (2017) by American Institute of Physics [36].

However, electrical thermal conductivity x,;is influenced by carrier concentration or o
through the Wiedemann-Franz relation k,; = LoT = LneuTwhere L is the Lorenz number, ne is
the total number of carriers,u is the mobility,o is the conductivity and T is the temperature.
Therefore, any decrease in ne or o and will decrease k,; and decreases the zT. It is a challenge to
increase S without suppressing electrical conductivity, and not clear whether it needs a different
system or known material [13]. We found that S is improved in Structure-1 and k;,; is improved

in Structure-11 belong to the same experimental ingot Sho.1shaving highest zT among series.
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5.5 Conclusion

In conclusion, the nature of structural features in Sb alloyed with SnTe is elucidated. It is
found that Sb incorporation in SnTe lattice can take place both at the substitutional Sn sites and
Te anti-sites. Sb at Shsp+Sbre is energetically more stable than Sbsn. Shsp+Sbre leads to local
modulation of di11 interplanar spacing in SnTe host lattice and results in criss-cross lines like
structure and super-lattice spots in image and ED pattern, respectively. This is not intergrowth
structure, rather superstructure responsible for the near theoretical thermal conductivity of SnTe
in the system. Phonons are scattered strongly from such structure, which is evident from the strong
diffused streak and 2D disordering in the ED pattern of Sho.1s composition. While Sbsy+Sbhre
responcible for low thermal conductivity, the Sbsn regions contribute to higher conductivity and
S, thus leading to zT~1 in the Sho.15 System.
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Chapter 6

Microstructural and magnetic study of

NisoMn37,355n13/15 Heusler alloy thin film

This chapter emphasizes the important NisoMn3z735Sn13/15 alloy thin films grown by pulsed
laser deposition. The Curie temperatures of the films are 316 and 334 K, respectively. The
microstructure of the films consists of untransformed austenite (L2;) and three different martensite
with L1,, 40 and 5M structures. The relative proportions of four predominant phases are ~ 50,
40, 5 and 5 %, respectively. The L2, grows under tensile strain on sapphire (0001) substrate and
favours the formation of predominantly L1, over other martensite phases below the transition
temperature. The interface between various phases are found to be coherent. The overall
magnetization of the thin films is close to the ideal values and local EELS measurement of Mn and

Ni L3 , absorption edges confirms the presence of non-magnetic phases in the structure.

This work has been published in the following journals:

B. Vishal, U. Bhat, H. Sharona, A. Mukherjee, S. Roy, S. C. Peter, and R. Datta,, Manuscript
Under review, Journal of Crystal Growth (2020).
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6.1 Introduction

Magnetic refrigeration plays a vital role in cooling technologies, which is energy-efficient
and environmentally benign without greenhouse gas emission [1]. Though various Heusler alloys
(HA), e.g., La-Fe-Si, Mn-Fe-P-As, Gd-Si-Ge, Ni-Mn-X (X = Ga, Sn, Sb, In) exhibit giant
magnetocaloric effect (MCE) [2-12], however, inverse magnetocaloric effect (iMCE) is important
for the refrigeration application. Among many alloy systems, two composition of Ni-Mn-Sn, i.e.
NisoMn37Sn1z and NisoMnssSnis have attracted considerable research attention due to their large
iMCE at room temperatures. Entropy change (AS) of 18 and 15 JKg 'K has been reported for the
above two compositions at 299 and 187 K, respectively in bulk polycrystalline samples [5]. In
these specimens, the field induced magnetization M(H) deviates from the linearity due to short
range ferromagnetic interaction at the non-magnetic phase at temperature up to Curie temperature
(T#). Martensitic transformation begins at a martensitic start temperature (M,), below which the
magnetization drops. Between My < T < M, the bending of M(H) curve is attributed to non-
magnetic component present in the mixture of ferromagnetic austenite and martensite phases
probably due to short range anti-ferromagnetic correlation [5, 13]. Such short-range interaction is
attributed to the observed giant iMCE which increases configurational entropy through various
first order magnetic transformations [14-16]. In Ni-Mn-Sn system, AFM interaction is present

between Mn-Mns sites in the martensite lattice [5, 17-21].

The transformation from Austenite to various martensite is correlated with the valence
electron to atom ratio (e/a) in this system [22, 23]. Moreover, it depends also on the Sn
concentration. There are several reports based on X-ray diffraction analysis, HRTEM imaging to
identify various martensitic phases and associated transformation temperatures for these two-alloy
compositions [24, 25]. From the TEM image, L2, and 40 phases are observed to be present in
NisoMnszSn1s alloy [25]. With substitution of Mn at Sn site in NisoMna7+xSniz« (X = 0, 2, 4) raises
the martensitic transition temperature (M) while it decreases with increasing Mn content for
constant Sn level in NisoyMns7+ySniz (y = 0, 2, 4) [25]. The composition dependence of M, has
been generalized based on (e/a) ratio and volume of high temperature phase. It was mentioned that
the martensitic phases evolve as 40 - 10M — 14M — L1, with increasing Ms. In another report,
inter-martensitic phase transformations have been described and for the two alloy compositions

under consideration i.e. Sn =13 (e/a =8.11) and 15 (e/a =8.04), the transition goes as austenite
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L2, - 5M and subsequently 5M — 5M + L1, upon lowering the temperature around 500 K and
150 K, respectively [22]. For the ribbon shaped NisoMn37Snis flake sample, only 7M martensitic
phase is observed at 150 K with M, at 218 K [24].

As already mentioned, that giant iMCE is associated with a large change in entropy. This
is further associated with a sharp change in M vs T curve which requires the austenitic Curie
temperature (TZ) to coincide with the martensitic start temperature (M) according to Ref. 21.
Under this scenario, FM austenite quickly changes to AFM martensite results in sharp drop in
temperature dependent magnetization response across the transition temperatures. NisoMnz7Snis
(e/a=8.11) is only known alloy composition with both T# and M, coinciding at room temperature
(RT). The magnetic moment contribution in all the austenitic and martensitic phases for the present
composition below Curie temperature (TZ) is mostly from Mn at the regular lattice site and Ni
contributes marginally [ Table 1, Ref. 21]. The small magnetic moment of Ni (< ~ + 0.20 pg) and
Sn (< ~—0.08 pg) are ferromagnetically and antiferromagnetically coupled with the Mn
(~ 3.5 ug) in the L2, lattice, respectively [21]. For stoichiometric NisoMnasSnzs, there is no
substitution of Mn at Sn site and the magnetic moment of the alloy is large 4.05 pg/f.u. (L21) [21].
When Mn goes to Sn site which is the case for the present alloy compositions, then Mn at two
different sites in the same unit cell are antiferromagnetically coupled leading to reduction in net
magnetization i.e. 2.89,1.86,0.81 pg/f.u. for composition Ni2Mn1+Snix (x = 0.25, 0.50, 0.75),
respectively [21]. This aspect has been studied both theoretically and experimentally for non-
stoichiometric alloy composition [5,13,17-21].

For many practical device applications, thin film form of the alloy is required e.g., in
magnetic cooling, actuators, sensors, micro-electromechanical system (MEMS) etc. [26-27].
Growing thin film with right stoichiometry is challenging and transformation kinetics of austenite
to martensitic phases may be very different in thin film form compared to its bulk counterpart. In
one report, thin film NispMn3z7Sni3 shows formation of L1,, 14M and 10M martensite phases,
whereas NisisMnzs9Snizs shows 40 and 10M martensitic phases grown by sputtering method
[18]. Film thickness has strong influence on martensitic transformation Kinetics, transformation
temperatures (Mg, M), and range of transformation temperature. In this context it was shown that

martensitic transformation is restricted near the film-substrate interface leading to residual
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austenitic at lower temperature and increase the range of martensitic transformation temperature
[28]. The large temperature range of martensitic transformation is useful for wide temperature
range MCE application. In another report entropy change of 1.6 JKg'K™ and 1.5 JKg'K™*
corresponding to cooling and heating, respectively was reported for Nis1.sMns2.9Sniss alloy thin
film grown on MgO substrate [29].

In this chapter, thin film of NisoMns7;35Sn13/15 alloys were deposited on c-plane sapphire
substrate by pulsed laser deposition (PLD). The Curie temperature (TZ) of the films are 316 and
334 K corresponding to Sn = 13 and 15, respectively. The microstructure of the films consists of
untransformed austenite L2, and three different martensite of L1,, 40 and 5M structures with ~
50, 40, 5 and 5% volume fractions, respectively. The L2, grows under tensile strain on sapphire
(0001) plane and favours the formation of predominantly L1, over other martensite phases at
transition temperature. The overall magnetization is close to the ideal values and local EELS
measurement of Mn and Ni L3, edge confirms the presence of non-magnetic phases in the

structure particularly in 40 and 5M form of martensite.

6.2 Experimental Methods

NisoMnas7/35Sn13/15 thin films are grown by PLD from the respective target composition. In
order to prepare the PLD target, first the ingots corresponding to two different alloy compositions
were prepared by arc melting of pure metal Ni (Alfa Aesar 99.99+ %), Mn (Alfa Aesar 99.999+
%) and Sn (Alfa Aesar 99.999+ %) in appropriate proportion in a water-cooled copper crucible
and Ar atmosphere. PLD target was then prepared from these ingots after reshaping and polishing
to the desired level. Excimer laser (KrF, ~ 248 nm) with 150 mJ energy (~1.5 Jcm™) energy density
at the target was used for ablation. Due to the large lattice mismatch (~10%) we follow three step
thin growth reported/developed in our previous work [30-32]. Three step growth schedule is shown
in Figure 6.01. The ablation frequency used is 1 Hz/1 Hz during nucleation at T= 400 °C, 1 Hz/1
Hz and 5 Hz/5 Hz during buffer and final growth respectively at T= 600 °C. The slow laser ablation
rate allows sufficient time for Kkinetic relaxation of the nucleation layer to establish epitaxial
relationship with the underlying substrate. This also helps in eliminating misaligned crystallites

for highly lattice mismatched epitaxy [30-32]. The pressure is kept constant at ~10° Torr
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throughout the growth schedule while the temperature of the growth was 400 and 600 °C for the
nucleation and final growth, respectively. For microstructure evaluation, TEM samples were
prepared by first mechanical polishing down to 30 um and then Ar ion milling to perforation to
generate large electron transparent thin area. Stoichiometry of thin films were characterized by
energy dispersive spectroscopy (EDS).
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Figure 6.01. The growth scheme for Ni-Mn-Sn Heusler alloys thin film by PLD.

All the imaging and Electron energy loss spectroscopy (EELS) were performed in a FEI TITAN
80-300 kV aberration corrected transmission electron microscope equipped with a gun
monochromator having energy resolution better than 180 meV. The fine features at Ni and Mn L,
edge corresponding to onset of absorption at 855 and 640 eV, respectively were recorded for
analysing presence of any non-magnetic phases in the microstructure. During EELS spectra
acquisition a parallel illumination technique with nano scale resolution was used developed earlier
[33-34]. Thin film of dimension 4x3 mm? was used for magnetic measurement in a
superconducting quantum interference device (SQUID), VSM, Quantum Design, USA. Field
Cooled (FC) and Zero Field Cooled (ZFC) measurements were carried out from 390 K to 2 K with
cooling rate of 2 K/min.
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6.3 Computational Techniques

The first principle calculation of the density of states (DOS) and EELS spectra of different
phases corresponding to NispMns7zs5Sn125 alloy composition was carried out using full potential
augmented plane waves and local orbital basis set as implemented within WEIN2k code [35, 36].
The calculations were performed by generalized gradient approximation (GGA) under Perdew-
Burke-Ernzerhof (PBE) exchange correlation functional with energy, charge and force
convergence criteria below 0.0001 Ry, 0.001 e and 1m Ry/au, respectively [36]. The Muffin Tin
radii (Rmt) was chosen such that to avoid overlap between atoms. The Kmax value for plane wave
basis was 8.00/Rmt (min) (Rmt (min) is the Muffin tin radius of the smallest atom). The crystal
structures corresponding to L2,, L1,, 40 and 5M phases were constructed. The optimizes lattice
parameters are (i) a =5.78 A for L2,, (ii)a=b=3.74,c = 6.86 A for L1,, (iii) a=4.35b=
5.29, c =8.42 Awith & =0.062 for 40, and (iv) a =4.11, b =5.67, c = 10.43 A with § = 0.050
for 5M. A 10x10x10 k-mesh was used per stoichiometric unit cell of L2; and is reduced
proportionally for L1,, 40 and 5M phases. For magnetic calculation, spin orbit coupling is
considered and magnetization of the lattice is oriented along <001> direction with individual
atomic spin orientations as Ni (up), Mn (up), Mnsn (dn), Sn (dn) [21, 37]. To explain the marginal
discrepancy between the observed magnetic moment and theoretical values, non-magnetic
calculation is also performed for all the different phases. Electron loss near edge spectra (ELNES)
corresponding to Ni and Mn L5 edge is simulated using TELNENS3 program as implemented
within WEIN2k code [38, 39]. The magnetic structure of materials by EELS spectra has already
been used extensively [33, 34].
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6.4 Results and Discussion

6.4.1 Microstructural details of HA thin films

Figure 6.02. (a) & (b) are the bright field TEM image of NisoMns7Sni3 and NisoMnssSnis Heusler

alloy with two different Mn and Sn concentrations.

Figure 6.02. (a) & (b) are the low magnification bright field TEM image of NisoMn37Snis
(film X) and NisoMn3sSnas (film Y) Heusler alloy thin films grown on c-plane sapphire substrate.
The thickness of the films is ~ 100 nm and the surface is rough. The rough surface morphology is
due to various structural phase transitions while cooling down from the deposition temperature
(600 °C) to room temperature (RT). Figure 6.03. is the example HRTEM image showing various
structural phases present in film X at RT. And Figure 6.04. for HRTEM images for film Y
(NisoMnssSn1s) which is similar to film X. The microstructure of films at RT shows untransformed
austenite (L2,) along with three different martensitic (L1,, 40 and 5M) phases which are indicated
in the HRTEM images. From the image analysis the volume fractions of different phases are found
to be ~50, 40, 5 and 5 % for L2,, L1,, 40 and 5M, respectively.
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L2, <011> 40 <100> 5M <001>

Figure 6.03. HRTEM images of NisoMn37Sniz film showing various structural phases: (a)
untransformed austenite (L2,), and three different martensites (b) L1,, (c) 40 and (d) 5M.

The dominant (40%) martensitic phase is fully transformed tetragonal L1, with c/a ratio
of 0.917. Volume fraction of different phases are found to be almost same in both X and Y thin
films. HRTEM images and local FFT pattern from different phases are also given in Figure 6.03.
The experimental lattice parameter of different phases obtained from HRTEM images are
summarized in Table 1. Comparable lattice parameter from literature confirms the targeted
stoichiometry has been achieved by PLD. For film X, the cell volume decreases by 0.70, 0.24, and
0.46 % for L1,, 40, 5M, respectively with respect to L2,. Film Y shows decrees in cell volume
by 0.41, 0.67, and 0.67 % for L1, 40, 5M, respectively.

3,,0100
£ 040
’ e

Figure 6.04. HRTEM images of NisoMnssSnis film showing various structural phases: (a)

untransformed austenite (L2,), and three different martensites (b) L1,, (c) 40 and (d) 5M.
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L2,<111>

Figure 6.05. (a) Example HRTEM image of austenitic regions containing both modulated and
unmodulated areas. (b) & (c) are the FFT image from the unmodulated and modulated areas,

respectively.

Figure 6.05.(a) is the HRTEM image from an L2;austenitic phase with two different
appearance; modulated and unmodulated regions as marked by A and B. The FFT of modulated
and unmodulated areas are given in the inset corresponding to area A and B. In the modulated
region two different superlattice spots corresponding to 1/14<224> and %<022> are observed,
[Figure 6.05.(b) & (c)]. These are from partially transformed 14M and 2M martensitic phases
coherent with the L2, matrix. This is also reflecting in the FFT pattern in terms of absence of any
additional spots. Almost similar volume fractions of both modulated and unmodulated areas are
observed. This means 50% of total L2, phase consist of coherent 14M and 2M phases which

appears as modulated L2, phase in the electron micrograph.

The observation of 14M phases suggest that local Sn composition may be depleted in the
parent L2; during crystal growth and cooling which influenced this martensite phase
transformation. It is reported that if Sn composition drops from x = 15 to 13 with corresponding
increase in e/a ratio from 8.04 to 8.11 stabilizes the 7M over 5M phase or in other words

modulation vector increases [22].

Figure 6.06.(a) & (b) are the HRTEM images of L2, phase showing twin and stacking
fault, respectively. The mirror plane of the twin boundary is (220). Ferromagnetic shape memory
alloys (SMA) which exhibit coupling between magnetic and structural order involving motion of

twin boundaries results in a large magnetic field induced strain [19].
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......
----------

12, <111> [

Figure 6.06. HRTEM image of L2, phase containing (a) twin and (b) stacking fault boundaries.

The twinning increases the strength of the AFM exchange interaction by altering the Mn-
Mnsy interatomic spacing [19]. Grain boundaries and defect in shape memory alloys are generally
contributing towards the irreversibility during structural transformation [40]. Large grain boundary

population affects the transformation range and cause large magnetic hysteresis [41].
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Figure 6.07. HRTEM image of Interface between L2, and three different martensite; (a)-(c) L1,,
40 and 5M.



Chapter 6 Microstructural and magnetic study of Ni-Mn-Sn Heusler alloy thin film 125

Figure 6.07.(a) to (c) show interface boundary between untransformed L2; and three
different martensites; L1,, 40 and 5M , respectively. Local FFT pattern from the interface shows
no separate spots from two different phases. This suggests that the interface is coherent, and all
the martensitic phases are strained. Two types of interfaces are observed between L2; to L1,:
interface containing stacking fault and coherent boundary [Figure 6.07. and Figure 6.08.]. The
orientation relationship between the L2, and L1, is L2; <001> || L1,<111>. The austenite in
Figure 6.07.(a) has modulation in the structure due to partially transformed 14M and 2M
martensite as already described in Figure 6.05.(c) and Figure 6.07.(b) & (c) show the HRTEM
images of the interface between L2, with 40 and 5M, respectively. Corresponding FFT pattern
gives the orientation relationship as L2, {022} || 40 {004}, L2, <111> || <001> 40 and L2,
<011> |l 5M <001>, which is similar to the previous report [42].

L2,<111> L1, <111>
Figure 6.08. HRTEM image of Interface between L2, to L1,: interface containing coherent

boundary with (a) Modulated L2, and (b) Un-modulated L2;.

Figure 6.09.(a)-(c) are the HRTEM image and corresponding FFT patterns of L2; and sapphire
substrate along <0110> Z.A. of Al,Os. The epitaxial relationship is found to be a-Al.03[0110] ||
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L2, [011]. The lattice parameter mismatch between L2, austenite and substrate is 10% [between
(111) plane of L2, and (0002) plane of sapphire]. The schematic in-plane epitaxial relationship

between L2;and sapphires is shown in Figure 6.09.(d).
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Figure 6.09. (a) HRTEM image of NisoMnszSn1s thin film on c-plane sapphire substrate along <
0110 > Z.A. with corresponding FFT from (b)Film and (c) substrate .Epitaxial relationship
between sapphire and NisoMns;Snis is a-Al,O3 [0110] || L2, [011] (d) Schematic showing in-

plane epitaxial relationship.

HRTEM image of the film-substrate interface is shown Figure 6.10. It is found that L2,
phase is retained predominantly near the interface and L1, near the surface. Few layers of retained
L2, is always observed between the sapphire substrate and L1, phase [Figure 6.10. Area F].
Transformation of L1, is responsible for the film roughness. Unmodulated and untransformed
remnant L2, is marked as Area C and F near interface. Which is further transformed into

modulated L2, as thickness increases is marked as Area D and E.

Lattice mismatch and film thickness plays important role on the martensitic phase transition
kinetics [28,43-44]. Phase transformation from austenite to martensite is suppressed close to the
film-substrate interface due to strain induced by lattice mismatch. Large lattice mismatch can
suppress martensitic transformation due to formation of high destiny of misfit dislocations [28].

In case of epitaxial Ni-Mn-Ga film grown on MgO substrate a thin untransformed austenite
film remains at the substrate film interface [43]. Moreover, increase in transition temperature (M)

is attributed to stress induced by the lattice mismatch [44]. For Ni-Mn-Sn film grown on MgO, the
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lattice mismatch is 0.7 % and shows both untransformed austenite and increase in the transition

temperature. [45].

Figure 6.10. RTEimge near the surface and film-substrate interface of the film. Showing
predominantly L2, phase near the interface and L1, near the surface. L1, is responsible for

making the film rough.

Figure 6.11. SEM -image and corresponding EDS of Heusler alloy ingot with target composition
of (a) NisoMn37Snzs (b) NisoMnzsSnis, similar composition was measured for thin films using TEM

EDS for (c) NisoMn3z7Sn13 (d) NisoMnssSnis compositions, respectively.
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In the present case the lattice mismatch is large i.e. 10 % which is the reason behind high volume
fraction (~25 %) of retainedL2,. Modulated/commensurate L2; majorly occur little away from
substrate interface [Figure 6.10. Mark as Area D and E]. Modulated/commensurate L2, are
converting towards 2M and 14M are possibly caused during lattice strain relaxation or/and/while
during cooling [Figure 6.05.(b) & (c)]. Untransformed L2; due to lattice strain/ mismatch is
responsible for no sharp change in M vs T (100-200K) in alloy A and B (Figure 6.10.(b) & (c))
causing no positive change in entropy hence iMCE, as it reported in Krenke et al. and E. Yiizuak
et al. for the composition [5,29]. Untransformed L2, due to lattice strain/ mismatch is responsible
for no sharp change in M vs T (100-200K) in alloy A and B [Figure 6.12.(a) & (b). Causing no
positive change in entropy hence IMCE, as it reported in Krenke et al. and APL for the composition
[5,29]. Almost same composition is obtained between the target pellet and thin films as examined
by SEM and TEM EDS, respectively [Figure 6.11.]. Suggests there are little fluctuation in e/a
ratio, which makes the possibility of observation some phases show presence of magnetic or non-
magnetic in nature observed at RT, the details magnetic study is done in section 6.4.3 with help of
density functional theory (DFT) TELNENS3 and experimental EELS spectra.

6.4.2 Magnetic study of HA thin films
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Figure 6.12. (a) & (b) are ZFC, FC and FW plots for (a) NisoMns7Sniz and (b) NisoMnssSnis alloys.

The magnetization vs temperature (M vs T) under zero field cool (ZFC), field cool (FC)

and field heating (FH) of two different alloys are given in Figure 6.12.. The applied field was 50
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Oe for FC measurement. The curie temperature (T#) of austenite is 316 and 334 K for
NisoMns7Sn1s (alloy X) and NisoMnssSnis (alloy Y, respectively. A separate martensitic curie
temperature (T2?) is observed for alloy B at 260 K. There is drop and increase on the magnetization
at lower temperature for ZFC and FC curves, respectively. Near absolute zero there is increase in
magnetization in FC curve for both alloys and this feature is generally attributed to para-Magnetic
Curie tail and suggests that the samples have both ferromagnetic and paramagnetic phases [46].
Splitting between ZFC and FC curves indicates that the sample is magnetically inhomogeneous
and is observed in similar HA alloys Ni-Mn-X (X = Sn, Sb, In) [10,11,24]. Reduction in
magnetization with decreasing temperature (230 to 0 K) in ZFC curve for both alloys maybe
because of continuous progress in the growth of martensitic phases and their antiferromagnetic
coupling with surrounding untransformed L2, phases. The situation reverses for FC curve due to

the application of field which orients all the magnetic phases along same direction.

Table 1. The experimental lattice parameter of different phases obtained from HRTEM images of
both Film X (Sn=13) and Y (for Sn = 15).

Phases Experimental lattice constants Experimental lattice constants
(for Sn 13) (for Sn 15)

L2, a=b=c=0.597 nm a=b=c=0.602nm

L1, a=Db=0.386 nmc =0.709 nm a=b=0.392 nmc=0.707 nm
AV =-0.70 % AV =-0.41 %

40 a=0.443 b =0.552, ¢ = 0.868 nm a=0.448 b =0.556, c = 0.870 nm
AV =-0.24 % AV =-0.67 %

5M a=0.428 b =0.568 nmc =1.089 nm a=0.432b=0.573nmc =1.094 nm
AV =-0.46 % AV =-0.69 %

In present case the M vs T is similar to the report in Ref. 28. The experimentally observed
magnetization below T4 is comparable but marginally smaller to the theoretical values. The
experimental magnetization values of thin films are also comparable with the literature [29]. Ideal
and experimental determine values are summarized in Table 2. There is an increase in
magnetization in system from FC to ZFC curve bellow TZ. This suggests that either there is a
presence of non-mag phases or interfaces between various phases have AFM coupling at random

orientations.
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Table 2. Theoretical values of different phases for Ni2Mn1.5Snos (NisoMn37.5SNn12.5).

Structure | Total magnetic | Total magnetic Mn Mnsn Ni Cohesive Cohesive
moment moment (near + away) energy energy
(ug/f.u.) (Theo.) Ug eV/atom eV/atom
NizMn15Sngs Ni2Mny5Sngs magnetic Non-
(emu/qg) magnetic
L2, 1.80 3.883 3.24+2.97=6.21 | -3.34 | 0.11 4.691 3.887
L1, 1.58 3.399 3.38+3.09=6.47 | -3.26 | 0.07 4.681 3.488
40 2.03 4.375 3.03+2.98=6.01 | -3.02 | 0.20 4.486 3.748
5M 1.88 4.050 3.14+3.04=6.18 | -3.25 | 0.19 4.226 2.935

6.4.3 Magnetic study by EELS and DFT

HREELS experiment and first principle calculation of EELS spectra were carried out to ascertain

the presence of any non-magnetic phases in the austenite and various martensitic phases.
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Figure 6.13. (a) & (b) DOS from various Mn locations in the lattice regular and Sn sites

configurations from magnetic and non-magnetic configurations for L2,. (c) Calculated EELS

spectra for total Mn for magnetic and non-magnetic lattice. (d) Experimental L; , spectra, (e) &

(f) are the calculated and experimental EELS spectra of Ni, respectively.
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Figure 6.13. (a) is the DOS of various Mn in the lattice i.e., Mn at regular lattice site and
Mn at the Sn site (Mnsn) in L2, lattice for two different spin configurations; Mn at regular site and

Mn at Sn site which are coupled anti-ferromagnetically and non-magnetic configurations.
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spectra for total Mn for magnetic and non-magnetic lattice. (d) Experimental L; , spectra, (e) &

() are the calculated and experimental EELS spectra of Ni, respectively.

Mn atoms at the regular sites in the lattice are ferromagnetically aligned. The total Mn
moment at the regular site (effective number 2) and Sn site (effective number 1) is 6. 47 and 3.33
ug, respectively. Above the Fermi level (Ef), the Mnsn 3d (dy,,d,,, d,,) unoccupied DOS
distributes over broad energy range compared to Mn DOS at the regular site [47]. In case of non-
magnetic calculation, all the Mn unoccupied DOS shifts towards the E; [Figure 6.13.(b).]. The
simulated EELS spectra due to the different Mn locations and configurations in the lattice are
shown in Figure 6.13.(c). Experimental Mn Lj , is shown in Figure 6.13.(d) and three major peaks
are marked in the L5 part of the spectra. The origin of the peaks can be understood by taking help
from simulation results and the peaks ‘i’ can be assigned to Mn in the lattice with non-magnetic

interactions with other magnetic ions, peak ‘ii” and ‘iii” are due to Mn in the magnetic lattice and
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corresponding to FM and AFM alignment, respectively.  The Ni in  the lattice s
ferromagnetically aligned with Mn atoms at the regular site and antiferromagnetically at the Sn
site. The total moment contributed by Ni is 0.12 pz and is extremely small compared to Mn. This
is also reflected in the calculated EELS spectra of Ni in the non-magnetic lattice where no
difference is observed in terms of additional peaks [Figure 6.13.(e)]. Figure 6.13. (f) is the
experimental EELS spectra of Ni in agreement with the simulated spectra. The details of simulated
and experimental EELS spectra for L1, martensite is given in Figure 6.14.. FM L2; have large
splitting in Mn DOS compared to FM L1, above E;. The total moment contributed by Ni in FM
L1, is 0.07 pg. In the above two phases peak 5’ is almost absent in experimental EELS spectra
suggesting any significant presence of non-magnetic phases. However, in case of 40 and 5M
martensite phases, pre edge peak 7’ is clearly visible in the experimental spectra [Figure 6.15.and
Figure 6.16.].
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& (f) are the calculated and experimental EELS spectra of Ni, respectively.
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This suggests that there are significant non-magnetic phases present for these two types of
martensite. This is probably due to the lower Curie temperature for these two types of martensite
.L1, Mn DOS shifted above Ef, and causes the relatively higher non-magnetic contribution in L1,,
and appear as peak ‘i’ in  Figure 6.14.(d) . as the magnetic peak ‘i’ and ‘i’ is dominating in
experimental EELS spectra, but non-magnetic peak ‘i’ is significantly reduce indicating lesser
non-magnetic of L1, . It is because L1, found between 8.025 < e/a < 8.150 are FM in nature,
which is closer to our targeted composition e/a = 8.11 (x = 0.13). And non-magnetic L1, is
observed at 8.25 < e/a < 8.50 (mark as area ‘X’, ‘Y’ respectably in phase diagram of [Figure
6.17.(a)].

40 is most common martensite observed in bulk for x = 13 (e/a= 8.11), it have strongest
Mn-Mnsy, AFM among all martensite [22,25] [Figure 6.17.(b)]. Similar to L1, , non-magnetic DOS
of Mn/Mnsn is more above Ef , and appear as non-magnetic peak ‘i’ in Figure 6.15.(d). 40
magnetic peak ‘ii” and ‘i’ is dominating in experimental EELS spectra, but non-magnetic peak
‘i’ 1s significantly reduce indicating lesser non-magnetic of 40 in Figure 6.15.(d). FM 40 is also
responsible for absence of magnetization drop/slop in M vs T in vicinity of RT, and leads to

absence of inverse MCE as it observed in bulk for x = 13 composition [Figure 6.12. (a)].

5M is common martensite observed in bulk for (approx. 8.00 < e/a < 8.25) and various
temperature range [Figure 6.17.] [22-25]. In case of non-magnetic 5M [Figure 6.16.(b)], all Mn
unoccupied DOS are at and above Ef, resulting higher non-magnetic peak ‘i”in EELS spectra. 5M
peak ‘i’ corresponds to non-magnetic is dominating in experimental EELS spectra, and magnetic
peak ‘ii’ and ‘i’ is relatively reduce compare to other martensitic phase in [Figure 6.16.(d)].
Indicating the equal presence of para and ferro-magnetic 5M phase. As shown in phase diagram
[Figure 6.17.(a)], at RT (300 K) for e/a = 8.11 (x= 13), 5M can be non-magnetic (mark as area Z
and ‘red arrow’ in Figure 6.17.(a)), where 5M is converted from L2, during cooling/growth from

high temperature.
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Among three different martensitic phases observed in the microstructure L1, is the most dominant
(40%). The calculated DOS, EELS spectra for magnetic and non-magnetic calculations and
experimental spectra are given in Figure 6.13. From the observation it is clear that the structure
may retain some non-magnetic Mn ions on an average length scale and is responsible for overall
reduction in the magnetization observed. For 5M non-magnetic component is more compared to

other phases present in the film.

6.6 Conclusion

In conclusion, Epitaxial NisoMns735Snizi1s heusler alloy thin films are grown by PLD.
Austenite L2, grows under tensile strain on sapphire (0001) substrate and favours the formation
of predominantly L1, over other martensite phases below the transition temperature. Remnant
austenite is found near interface due to substrate strain effect. Volume fraction of the austenite
(~50% L2,) and martensite (~40% L1,, ~5% 40 and ~5% 5M). Both Austenite and martensitic
are observed and phase transformation is coherent in nature, these Microstructural phase
appearance of based on composition, substrate effect. L2, is found to be in both modulated and
unmodulated co-exist coherently, where unmodulated L2, is tends towards transforming into 2M
and 7M martensitic phase. Local EELS of Mn and Ni L5 , absorption edges measurement and first
principle calculation confirms the presence of both magnetic and nonmagnetic phase in thin film
alloy system. EELS and TELNES suggests significant presence non-magnetic phases for 40 and
5M. The results give insights on local magnetic ordering by EELS and help to understand magnetic

room temperature refrigeration more efficiently.
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Chapter 7

Future Perspectives

This chapter outlines the important conclusions drawn from the present thesis. Our
contributions towards the growth of MoSz, WS, ReS; epitaxial thin films and various types of
van der Waals heterostructure summarized. Important role of substrate induced chemically
stabilized epitaxial wurtzite-BN thin film and application as hard material. Role of Sb dopant at
different site in thermoelectric SnTe to improve zT. Microstructural and magnetic details of
Heusler compound NisoMn37/35Sn13/15 thin film for room temperature refrigeration. Subsequent
section discusses the promising future of the TMDs, w-BN, thermoelectric and Heusler

compound in the context of the recent application based development.



Chapter 7 Future Perspectives

7.1 Summary of the Thesis

There are three different aspects covered in this thesis. First one is on growth of TMDs,

van der Waals (vdW) heterostructure and BN. Second one is on understanding role of dopant

Role of Sb dopant at different site in thermoelectric SnTe to improve zT. Third one is on

Microstructural and magnetic details of Heusler compound NisoMn37/35Sn13/15 thin film for room

temperature refrigeration. The salient features of the work are listed below;

1-

We have made significant contributions on the important role of growth of large area
MoS2, WS,, ReS; and van der Waals epitaxial thin films. This work has significant
contributions through the thesis of Rajib sahu [1,2]. Complete control over number of
layers including monolayer is grown by pulsed laser deposition utilizing slower
growth Kinetics. Layer numbers is controllable and are 2H in nature for MoS2 and
WS>, whereas ReS; has grown vertically [3].

MoS;, WS films grown on c-plane sapphire show stiffening of Aiq and E24 phonon
modes with decreasing number of layers for both MoS, and WS,. HRTEM shows

how Mo-Al interaction; indicating 1.11% compression strain Mo-Al interaction

shows red shift of Eggwhereas A, is almost constant because of compression stain.

This observed stiffening translate into the compressive strain of 0.52 % & 0.53 %
with accompanying increase in fundamental direct band gap to 1.74 and 1.68 eV for
monolayer MoS; and WSy, respectively. Band gap is increased for monolayer MoS:
and WS> due to compressive strain. DFT is well agreed with experimental band gap
showing increased direct BG for MoS; and indirect for WS, (ML). the results
demonstrate a practical route to stabilize and engineer strain for this class of material
over large area device fabrication [2].

ReS; thin films tend to grow with (0001) ReS, L (0001)Al,05 and (0001)ReS, L
(0001)MoS, Il (0001)Al,05 at deposition temperature below 300 °C. Films are
polycrystalline grown at temperature above 300°C. The smoothness and epitaxial
quality of the films are significantly improved when grown on MoS; template
compared to sapphire substrate. The results show that PLD is suitable to grow ReS;
thin film over large area (10x10 mm?) for practical device application. The results

demonstrate a practical route over large area device fabrication. For various
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application. Film orientation is truncated in [0001] in Lateral stacking. Two distinct
emission peaks are observed at around 1.67 and 1.47 eV with some variation in peak
position for different films. Though the films are not monolayer but observing peaks
corresponding to both monolayer and multilayers may be because of film orientation
which is truncated 0001 plane and presence of both interlayer layer coupling and
decoupling effect [3].

We have made significant contributions on the important role of growth by PLD can
be used to grow large area and TMDs and BN based vdW heterostructure. The layer
numbers of TMDs and BN spacer can be controlled by PLD. The nature of BN is
grown on MoSz, WS,, ReS; and three different structure of BN (hexagonal, cubic and
wurtzite) depending on the TMDs template layer formation confirmed by Raman.
TEM confirms the formation of heterostructure of TMDs with different layers. PL
spectra is dominated by 534 nm (2.321 eV) and 580 nm (2.137 eV) for homo-stacks
and for hetero stacks heterostructures respectively [4-5].

We also able to form of single phase large area epitaxial wurtzite-BN thin film on c-
plan Al>O3 substrate by PLD. w-BN has grown under relatively low temperature and
pressure condition. Metastable w-BN phase is stabilized due to the selective
interaction between O and B inducing staggering in the h-BN. w-BN thin film with
hardness value of 37 GPa has potential application in tooling and microelectronic
industry [6].

We also able to study of microstructural details with help of first principle calculation
in low thermal conducting thermoelectric Sni1xSbxTe. Results are based observation
of superlative structure in Sbo1s, which scatters phonon and reduce lattice thermal
conductivity. Sh incorporation SnTe lattice can takes place both at the substitutional
Sn sites and Te anti-sites. Sb at Shsh+Sbre is energetically more stable than Sbsn.
Phonons are scattered strongly from modulated structure as evident from the strong
diffused streak and 2D disordering in the ED pattern of Sbois composition. first
principle calculation reveals that the areas with Sbs, large thermo-power, whereas the
regions with Sbsn+Sbte combination forming superstructure are contributing towards

low lattice thermal conductivity and the combined effect increases the zT to ~1 (for



Chapter 7 Future Perspectives

Sbo1s). The results give deep insights on Role of Sb dopant at different site in
thermoelectric SnTe to improve zT [7].

7- We also able to study of the study of Microstructure and magnetic study Heusler alloy
(NisoMn37/35Sn13/15) thin films with help of local EELS measurement and first
principle calculation, to understand magnetic ordering in observed various phases of
HA. Results confirm the presence of substrate stain effects volume fraction of the
austenite (L2,) and martensite (L1,, 40 and 5M). Local EELS measurement and first
principle calculation confirms the presence of both magnetic and nonmagnetic phase
in thin film alloy system. The results give insights on local magnetic ordering by
ELLS and help to understand magnetic room temperature refrigeration more
efficiently [8].

7.2  Future Perspectives

Recently there have been substantial advancement in the field of thin film growth of 2D
materials for electronic, optoelectronic, energy, photocatalytic, HER, and various device
applications [9-12]. Making the subject more strong and advanced in both experimental and
theoretical aspect. w-BN as a new material thin film open to explore. For Thermoelectric
materials have various application such as wearable energy conversion devices to provide
electricity for portable electronics have attracted increasing attention with the available of novel
low-power portable equipment [13-14]. For Heusler alloy thin films have various possibilities for

magnetic refrigeration device, actuators, sensors etc. [15-16]. Our future prospectives are;

6.2.1 MoS2, WS2, ReS2 thin film and vdW heterostructure

There are tremendous of scopes in the 2D transition metal dichalcogenides field after our
lage area growth of TMDs and CQW vdw heterostructure [1-5]. Now our aim is to study;

* Various device measurement (electronic, optoelectronic, energy, photocatalytic etc.)

MoSz, WSy, thin film will give better understanding of PLD grown films.

% HER and photocatalytic measurement of vertically grown ReSo.

% Theoretical understanding of vertical ReS; on flat MoS; by DFT.

% Life time measurements of excitons.

s Low temperature PL measurements.
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Optimizing the growth process for complete uniformity on the substrate.

Fabrication of device for optoelectronic and solar based on such heterostructures
Theoretical understanding of indirect exciton in all homostack and heterostack CQW,
MQW vdw heterostructure by DFT.

Metastable wurtzite-BN thin film
This the first ever mono-phase wurtzite-BN thin film reported ever [6]. We solve two

major problem for any thin film growth epitaxial growth of material with high lattice mismatch

and we able to chemically stabilize it. Since w-BN is new material with extraordinary properties

such as hard material, ultra-wide band gap, thermal and chemical resistant, there are various

application for the wurtzite-BN thin film;

7
L X4

w-BN is new material with extraordinary properties such as hard material, ultra-wide
band gap, thermal conductive similar to diamond and more chemical resistant 1300°C
compare to 800 °C of diamond [17]. w-BN have potential of alternative of diamond thin
film.

w-BN as a new material thin film with almost all electronic properties is open to
exploring.

Lattice thermal conductivity measurement for thermal management in thin film devices.
w-BN with high hardness and ultra-high band gap have possibility in Surface acoustic
wave (SAW) devices.

Surface thrust study of w-BN coating will be useful in tooling, engine pistols industry.

Fabrication of device for optoelectronic and solar based of TMDs on w-BN template.

Thermoelectric (Sn1xSbxTe):

Our finding is very important depends on dopant sites, which extra understanding of
point defect to planer defect and superstructure formation. This helps thermoelectric on
phonon scattering [7]. We already explain the phonon response from the electron
diffraction pattern. On the extended note, the extensive study of phonon can be done by
EELS with more precision from the local areas as well as the site [18-19]. This will give
an even better understanding of the SnixShxTe and can be extended for any other

thermoelectric.
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% SnTe has the potential for topological material [20-21]. Theoretically SnixShxTe can
provide the possibility of topological material with varying the concentration of Sb. This

scientific problem can be studied by first-principle DFT calculation.

7.2.4 Heusler alloy thin film:
Room temperature magnetic refrigeration is a new highly efficient and environmentally
protective technology [1-2, 22-23].

% The TELNESS (theoretical DFT) spectra from the unoccupied orbital of Ni or Mn at
different site, and the help of experimental local EELS, it will give the understanding of
origin of the elemental and orbital spin of the system. The method is already reported by
D. S. Negi et al. [24-25].

% Selection of another substrate (e.g. MgO, SiO>) to avid substrate strain in thin film.

®,

% Reversibility and entropy measurements will suggest the overall efficiency of the HA thin
film.
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