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PREFACE

Recently, two dimensional (2D) layered materials have gained enormous attention among
researchers due to their outstanding physical and chemical properties. Unique optical,
electronic, and thermal transport properties make this class of compounds as potential
candidates for energy conversion. Very recently, metal-based chalcogenides with 2D
layered structure are found to show superior thermoelectric performance. My Ph.D. thesis
deals with the novel synthesis and structure-property relationships of few 2D layered
metal chalcogenides to explore their thermoelectric properties. The thesis is divided into
seven parts.

Part 1 presents a brief introduction to the 2D layered metal chalcogenides and their
importance in the field of thermoelectrics. Then, I have discussed about the intriguing
crystal structure, lattice dynamics, and electronic structure of tin selenide and addressed
the key challenges in the way of optimizing the thermoelectric performance of SnSe. I
have also discussed about the favourable electronic and phonon transport of a charge
density wave (CDW) material, gadolinium tri-telluride (GdTe3;) and why CDW materials
are potential candidates for thermoelectrics. Further, I have discussed about the effect of
pressure on the electronic transition in topological quantum materials and provided a brief
introduction about the crystal and electronic structure of bismuth selenide (BiSe), a weak
topological insulator. Lastly, I have described the experimental details including various
synthesis, characterizations, and measurement techniques.

Part 2 is divided into 3 chapters. Chapter 1 deals with the high thermoelectric figure
of merit (z7'= 2.1) in two dimensional (2D) nanoplates of Ge doped SnSe synthesized by
a simple hydrothermal route followed by spark plasma sintering (SPS). Ge-doping in
SnSe nanoplates significantly enhances the p-type carrier concentration which results in
high electrical conductivity and power factor. In addition to nanoscale grain boundary
and high lattice anharmonicity in SnSe nanoplates, phonon scattering due to Ge
precipitates in the SnSe matrix gives rise to an ultralow lattice thermal conductivity (#a)
of ~ 0.18 W/mK at 873 K in 3 mol% Ge doped SnSe nanoplates. In Chapter 2, I have
obtained significant enhancement in thermoelectric performance in 2D SnSe nanoplates
by introducing magnetic Gd dopants. The p-type carrier concentration increases
significantly upon 3 mol% Gd addition in SnSe nanoplates due to phase separation of
Gd.Se; nanoprecipitates (2-5 nm) and subsequent Sn** vacancy formation. The presence

of magnetic fluctuations induced by small nano-precipitates of Gd>Ses provides additional
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scattering of the phonons in SnSe, which reduces the x.s significantly in Sno.97Gdo.03Se.
Chapter 3 deals with the solution phase synthesis and thermoelectric transport properties
of ultrathin (1.2-3 nm thick) few layered n-type Bi doped SnSe nanosheets. Bi-doped
nanosheets exhibit ultralow xi.; (~ 0.3 W/mK) throughout the temperature range of 300-
720 K which can be ascribed to the effective phonon scattering by interface of SnSe
layers, nanoscale grain boundaries and point defects.

Part 3 is divided into 2 chapters. In Chapter 1, I have reported record high z7 of 2.0
in n-type polycrystalline SnSeo92 + 1 mol% MoCls resulting from the simultaneous
optimization of n-type carrier concentration and enhanced phonon scattering due to the
formation of modular of layered intergrowth [(SnSe)i.os]m(MoSe2). like compounds
within the SnSe matrix. These 2D layered modular intergrowth compound resembles the
natural nano-heterostructures and their periodicity of 1.2 - 2.6 nm matches the phonon
mean free path of SnSe. Thus, the heat carrying phonons were blocked effectively and an
ultra-low low xi; and ultra-high thermoelectric performance were obtained in n-type
polycrystalline SnSe. Chapter 2 deals with the high thermoelectric performance of n-
type SnSeo.92 upon WCls doping. The successful creation of Se vacancy and substitution
of W8 at Sn?" and CI ions at Se* sites effectively enhance the total n-type carrier
concentration, thus improving its electrical conductivity. The occurrence of WSe>
precipitates in the SnSe matrix drastically reduces the lattice thermal conductivity which
gives rise to high z7 in SnSeo.92 + 2 mol% WCls sample.

Part 4 reports the successful stabilization of the high-pressure cubic rock-salt phase
of SnSe at ambient conditions by introducing chemical pressure into the lattice upon
alloying with 30 mol% AgBiSez. The band gap of the pristine orthorhombic SnSe is 0.90
eV, whereas, when SnSe is alloyed with AgBiSez, band gap closes rapidly near to zero at
x = 0.30 due to increase in chemical pressure originating from a sharp decrease in unit
cell volume. We confirm the stabilization of the cubic structure and its associated changes
in electronic structure using first-principles theoretical calculations. Pristine cubic SnSe
exhibits topological crystalline insulator (TCI) quantum phase, but the cubic (SnSe)-
x(AgBiSes)x (x = 0.33) possesses semi-metallic electronic structure with overlapping
conduction and valence bands. Cubic polycrystalline (SnSe)o70(AgBiSe2)o30 sample
shows n-type conduction at room temperature while the orthorhombic (SnSe)-
x(AgBiSe2)x (0.00 <x <0.28) samples retain its p-type character. Thus, by optimizing the
electronic structure and the thermoelectric properties of polycrystalline SnSe, a high zT

of 1.3 at 823 K has been achieved in (SnSe)o.78(AgBiSe2)o.22.
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Part S investigates the origin of low lattice thermal conductivity in GdTes, a charge
density wave (CDW) material. GdTes possess a quasi-2D layered structure where one
corrugated GdTe slab is sandwiched between two Te sheets. From, first-principles
theoretical calculations, it was verified that charge transfer take place from the GdTe slab
to the adjacent Te sheets and there is a presence of van der Waals (vdW) gap between the
two neighbouring Te-sheets. Thus, the structure can be considered as a natural
heterostructure of charge and vdW layers. Strong electron-phonon coupling, and Fermi
surface nesting play the crucial role behind the CDW transition (7cpw ~ 380 K) in GdTes.
Large anisotropic behaviour was observed both in the electrical and thermal conductivity
data of GdTes; when measured along parallel and perpendicular to the SPS pressing, which
is quite unusual in polycrystalline materials. From the theoretical calculations and Raman
spectroscopic analysis, we have confirmed the existence of low-lying optical phonon
modes in GdTes which couples with the heat carrying acoustic phonon branches. Thus,
the presence of strong electron-phonon coupling and natural heterostructure of charge and
vdW layers effectively scatter the phonons which gives rise to low lattice thermal
conductivity in GdTes.

Part 6 deals with the impact of hydrostatic pressure on the weak topological insulator
BiSe, a promising thermoelectric material. We have studied the pressure induced
electronic topological transition in BiSe through high pressure synchrotron X-ray
diffraction, Raman spectroscopy and first-principles density functional theory
calculations. We have observed clear anomalies at ~ 1 and ~ 2.2 GPa in the pressure
dependent lattice parameters (a, ¢, and c/a ratio), cell volume, Raman mode shift and
Raman mode linewidth data suggesting the onset of two electronic topological transitions
(ETTs) in this system which is further verified by DFT calculations of electronic structure
under pressure. The origin of these ETTs is associated with the two different vibrational
modes arising from of Bi; bilayer and BioSes quintuple layers of BiSe. Detailed electronic
band structure calculations also indicate that the emergence of multiple band extrema
both in the valence and conduction bands near the vicinity of ETT can improve the
thermopower and thermoelectric performance of BiSe.

In Part 7, | have summarized the thesis and provided a brief outlook to develop new
concepts for improving the thermoelectric properties of layered metal chalcogenides. To
summarize, the initial part of the thesis involves the synthesis and enhancement of the
thermoelectric performance of p-type nanocrystals and n-type polycrystals off SnSe (Part

2 and 3). Then, I have studied the structural attributes of SnSe where I could be able to
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successfully stabilize the metastable cubic rock-salt phase of SnSe at ambient conditions
with the aid of chemical pressure (Part 4). I have also performed an in-depth study to
understand the origins of low thermal conductivity in a charge density wave material,
GdTes (Part 4). Finally, I have studied the pressure dependent electronic topological

transitions in a weak topological insulator BiSe (Part 6).
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Part 1

A Brief Introduction to Thermoelectrics and Layered
Metal Chalcogenides’

Summary

Thermoelectric materials can convert waste heat into useful electrical energy and
constitute a viable means of efficient energy management. Recently, two dimensional
(2D) layered materials have gained enormous attention in the field of thermoelectrics due
to their unique electronic and thermal transport properties. Strong in-plane and weak
out-of-plane bonding in layered materials cause bonding heterogeneity, and the
consequent lattice anharmonicity brings down the lattice thermal conductivity. In
addition to this, 2D materials also exhibit some interesting phenomena such as charge
density wave (CDW) ground states and pressure-induced electronic topological
transitions (ETT). Thus, in a nutshell, layered materials present a common platform for
exploring thermoelectrics, and fundamental physical properties. This chapter highlights
a brief introduction to (a) thermoelectrics and its recent advances, (b) 2D layered metal
chalcogenides of interest for the thesis, (c) charge density wave transitions and its
correlation with thermoelectrics, and (d) pressure dependent ETT in layered
chalcogenides. The last part of this chapter is focused on a general discussion of
synthesis, characterizations, thermoelectric and different physical property
measurements of a few novel 2D layered metal chalcogenides.

YA part of this chapter is published in S. Chandra, M. Samanta, K. Biswas, High-Performance
Thermoelectric Energy Conversion Based on Lead-Free Group IV-VI Metal Chalcogenides. In Inorganic
Thermoelectric Materials: From Fundamental Concepts to Materials Design; A. V. Powell, Eds.; Royal
Society of Chemistry, 2021; pp 157-215 (Book Chapter); S. Chandra, P. Dutta, and K. Biswas, ACS Nano,
2022, 16, 7-14 (Invited Perspective).
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1.1. Introduction to thermoelectric effect

Thermoelectric (TE) materials, by virtue of a unique combination of electrical and
thermal properties, can convert thermal gradients into electrical energy or vice versa and
are posited to play a significant role in the future energy management.'> Given the current
global energy crisis and the dwindling non-renewable resources, capturing and converting

the otherwise wasted heat back into useful electrical power will have a huge impact.
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Figure 1.1. (a) Schematic illustrations of a thermoelectric (TE) module for active power
generation-Seebeck effect (left) and refrigeration-Peltier effect (vight). (b) Schematic
diagram showing the dependence of zT and its parameters (electrical conductivity o,
Seebeck coefficient S, power factor S°c, electronic thermal conductivity ke, lattice
thermal conductivity kiu and total thermal conductivity, ki) on carrier concentration n.
(c) TE figure-of-merit (zT) as a function of temperature and year illustrating important
milestones." (b) and (c) are reproduced with permission from ref. 1 © 2016 American
Chemical Society.
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In general, a thermoelectric module consists of both p-type and n-type semiconductors
connected through metallic conducting pad.®® When a temperature gradient (A7) is
applied to a TE couple consisting of n-type and p-type elements, the mobile charge
carriers (electrons in n-type and holes in p-type) at the hot end diffuse to the cold end,
producing a potential difference (4V). This effect known as Seebeck effect, where S =
AV/AT 1s defined as the Seebeck coefficient, forms the basis of TE power generation.
(Figure 1.1a). Conversely, when a potential difference is applied to a TE couple, carriers
bring heat from one side to the other so that one side gets cooler while the other gets
hotter, an effect known as the Peltier effect (Figure 1.1a) which forms the basis of TE

refrigeration.

1.2. Relevant parameters in thermoelectrics

The thermoelectric conversion efficiency for a material requires both high z7 values
and a large temperature difference across the thermoelectric materials, as given by the

following relation:*

(Vi+2zT-1)
Nre = Tc T (1.1)
(\/1 + zT +ﬁ)

where 7., T and Tc are Carnot Efficiency, the temperatures of the hot and cold ends and
zT, the dimensionless figure of merit is expressed as:

0S?

T = (1.2)

K¢otal

where o, S, xww and T are the electrical conductivity, Seebeck coefficient, thermal
conductivity and absolute temperature, respectively.>

To maximize the thermoelectric figure of merit (z7) of a material, high electrical
conductivity, a large Seebeck coefficient and a low thermal conductivity are needed. The
quantity ¢S5” is defined as power factor and is the key to achieve high thermoelectric
performance. A large power factor means the generation of large voltage and a high
current. For high 65%, a material is needed to have high electrical conductivity (o) and
large Seebeck coefficient (§). For metals or degenerate semiconductors (parabolic band,

energy-independent scattering approximation),’ the Seebeck coefficient is proportional to
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the effective mass (m*) and temperature, and inversely proportional to the charge carrier
concentration (np), as seen in equation 1.3.
8m2k2
~ 3eh?

T 2
*T (=—)3 1.3
m'T (g (13)

where k3 is the Boltzmann constant, / is the Planck constant, and e is the electron charge.
Thus, a large Seebeck coefficient indicates a large effective mass which is equivalent to
a large density-of-states (DOS) or flat bands at the Fermi level. High electrical
conductivity requires a large mobility (x) and a large carrier (electrons or holes)

concentration (n), as seen in equation 1.4.
o =neu (1.4)

where mobility, u can be defined by the following expression:

== (1.5)

m*

where 7 is the relaxation time and m” is the carrier effective mass.!
On the other hand, thermal conductivity (xww) has two parts: the lattice or phonon

contribution (x./) and the electronic contribution (xere).

Ktotal = Kele T Kiat (1.6)

Kele 1S proportional to the electrical conductivity through the Wiedemann—Franz law.
Keie = LoT (1.7)

where L is the Lorenz Number. For free electrons, it is 2.45 x 10 W Q K. The Lorenz
number varies with the material’s carrier concentration and can be reduced by as much
as 20% from the free-electron value for the materials with low-carrier-concentration. '+
From equation 1.7, it is clear that increasing electrical conductivity is detrimental to
realize high zT7T because of simultaneous enhancement in electrical and thermal
conductivity.

Since x.se 1s proportional to o via Wiedemann—Franz law (equation 1.7), the only way
to achieve low thermal conductivity () 1s to manipulate xi... According to the kinetic
theory of ‘phonon gas’, the lattice thermal conductivity of a solid material can be

described as!*1°

1
Kiae = 5 Cydl (1.8)

where Cy is the specific heat capacity at constant volume, [ is phonon mean free path
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(MFP, defined as the average distance travelled by phonons between successive
scatterings), and ¥ is the average velocity of sound. Unlike Cy, and /, the velocity of sound
(9) is material-dependent and varies very little with changes with temperature,
morphology, or doping. At high temperatures (7" >> Op, Debye temperature), since the
energy carried by each atom in bulk materials approaches to 3ks7, specific heat reaches
the Dulong—Petit limit (3ks per atom), resulting in the difficulty for manipulating the
specific heat of thermoelectric materials. Thus, above Debye temperature (Op), Kias
primarily depends on phonon mean free path, /. Phonon mean free path is determined by
rate of a) phonon-phonon scattering and (b) scattering with grain-boundaries or static
impurities. In case of semiconductors when carrier concentration is lesser than 10 cm,

ki usually dominates the x:a. Moreover, acoustic phonons usually dominate xi.: over
. . . .. Jw ces
optical phonons because of their higher group velocities, 9; = o (here ‘i’ refers to

polarization of acoustic phonons i.e., longitudinal acoustic (LA) or transverse acoustic
(TA1, TA2). Since phonon mean free path of any material is limited by inter atomic
distance, minimum the lattice thermal conductivity, xmi» cannot be reduced lower than

that of the amorphous limit, as defined by Cahill:'"!?

1lm1 2
Kmin =5 (2)3kgV ™ (20, +9)) (1.9)

where V' is average volume per atom, kg is the Boltzmann constant, 9; and 9; are the

transverse and longitudinal sound velocities.

1.3. Strategies embraced to improve the efficiency of
thermoelectric materials

Thermoelectric have always been a materials design problem relating complicated
tuning of structure-property relationships in inorganic solids through principles of solid-
state chemistry. An ideal thermoelectric material should have high electrical conductivity
similar to metals, large Seebeck coefficient as in semiconductors and ultra-low thermal
conductivity like glasses. It is always challenging for the chemists to design a single TE
material that meets all the above criteria; moreover, the high interdependence of all the
above properties poses an inherent limit to the maximum z7 that can be attained in a given
material (Figure 1.1b) Therefore, to design a high-performance TE material, these

quantities must be optimized. The major obstacle lies in the optimization of all of these
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parameters together in a single material due to their strong interdependence.?* However,
in the last few years, numerous efforts have been devoted to decoupling and synergizing
individual TE parameters. Figure 1.1c¢ shows the evolution of z7" over the past two decades
and it clearly shows that state-of-the-art TE materials are found among heavy metal
chalcogenides, especially those based on Bi and Pb such as Bi,Te;3, PbTe, and PbSe.!
Two approaches are employed to boost zT viz. enhancement of power factor (¢S?) and
reduction of thermal conductivity. In the following section, I will summarize the most
recent approaches of designing high-performance TE materials.
1.3.1. Power-factor optimization
Power factor (65?) is a purely electronic property, governed by materials’ electronic

structure and scattering mechanism.

(a)

(b) 0.2 -\E/ \‘_3/ WT(K)

T ~500 ~900

AE.,

= .

LD>‘, 0.0 -‘ AEC-X
Q) |

2 :

0.4} AN

Figure 1.2. (a) Schematic diagram of resonance level in the valence band. The dotted
black line represents the density of state (DOS) of the valence band of pristine sample.
For example, Tl-doped PbTe shows asymmetric distortion of DOS (blue line) near
Fermi level.' (b) Relative energy of the valence bands in PbTeg.ssSe.is. At, 500 K the
two valence bands converge, resulting in contributions from both the L and X bands in

the transport properties.'® (b) is reproduced with permission from ref. 18 © 2011 Nature
Publishing Group.

Strategies to enhance power factor include: (a) engineering of carrier-concentration (7)
through chemical doping, (b) enhancement of the effective carrier mass and Seebeck

coefficient via distortion of the density of states near Fermi level by resonance impurity

) 13-17
2

levels (Figure 1.2a or the convergence of multiple valence/conduction band

extrema (Figure 1.2b),'®%? and (c) enhancement of carrier mobility (x) by modulation-

doping.!
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1.3.2. Reduction of thermal conductivity

As discussed earlier in equation 1.8, lattice thermal conductivity of bulk materials is
. 1 e . .
provided by k4 = 3 vagr.lo Thus, to minimize the x.;, one has to engineer materials

which decrease the specific heat (Cy), the group velocity (v¢), and the phonon relaxation

time (7).

AW Short wavelength phonon o3P Hot Electron
M Mid/long wavelength phonon Sl Cold Electron

Figure 1.3. Schematic illustration of phonon-scattering by atomic defects (short
wavelength phonons), nanoparticles (mid-long wavelength phonons) and grain
boundaries (long wavelength phonons) in a solid (lower panel).** Reproduced with
permission from ref. 24 © 2010 John Wiley and Sons.

Typically in thermoelectrics, the phonon relaxation time is the most focussed
variable to tweak and achieve desirable i via extrinsically introducing 0D point
defects, 1D dislocations or 2D grain boundaries or fine precipitates (Figure 1.3).2* Each
of these defects enhances the phonon-scattering process and decreases the relaxation
time (7) and thereby decreasing the xi... Each of the aforementioned processes has their
own frequency (w) dependence. For example, the 0D point defects scatters the high

frequency phonons (zpp ~ w™); 1D dislocation scatters the mid frequency phonons (zpc



Part 1 11

~ w7 for dislocation cores and 7ps ~ @™ for dislocation strains); 2D interface scattering
originating from grain boundaries or precipitates are effective for the low frequency
phonons (zimer ~ @”). The Umklapp (U) process, which is ubiquitous has a relaxation
time, v ~ ™, thus being effective in scattering the phonons of all frequencies. Callaway
devised a phenomenological model considering all the contributions arising from the
microstructural effects on phonon scattering at various length scales. The model which
is given as:??%%

xte*

6
Jo Pt () oz X (1.10)

K __ kg kgT 3
lat — 2m2vg \ 7

acts as a guide to quantitatively access the contributions arising from each micro-
structural effect. Here, ks corresponds to Boltzmann’s constant; A, T and 7c denote
reduced Planck’s constant, absolute temperature and total relaxation time respectively.
tccorresponds to the individual relaxation time via the relation 7c”/= v/ + tpp '+ ps +
™o+ Tiner '+ ..., Where 1u, TpD, TDs, Toc and Timer corresponds to relaxation times arising
from the contributions of Umpklapp scattering, point defects, dislocation strain,
dislocation cores and interface scattering respectively.

Apart from the extrinsic approaches to reduce the thermal conductivity, rational
unearthing of materials with intrinsically low lattice thermal conductivity is an
intriguing and efficient prospect.'® Since electrons and phonons propagate within the
same sublattice, suppressing the phonon transport also handicaps the electron mobility.
Thus materials with innate xi., offer an independent control to achieve high TE
performances without having to compromise on the electrical mobility which is
beneficial in maintaining high power factor.!” In this section, we have touched upon
several techniques to reduce the xi. of the materials using extrinsic approaches such as
alloying and nano-structuring as well as the intrinsic approaches.

Phonon-phonon scattering

There are two types of phonon—phonon scattering process - normal process (N
process), and Umklapp process. While N-processes don’t directly contribute to thermal
resistance, U-processes hinder thermal transport. The effectiveness of U-processes in
inhibiting heat transfer depends on (i) the scattering cross-section or frequency of
collisions, and (ii) the amount of momentum loss during each collision. Since the U-

process depends on the phonons density, it becomes more dominant as the temperature



12 Part 1

is increased, and the phonon mean free path corresponding to U-process is inversely
proportional to temperature, ~ 1/7 (7>>6p). For ideal crystal, U-scattering is the
dominant process for thermal resistivity at high temperatures.
Point defects

Introduction of lattice imperfections (point defects) in the host lattice (doping or
alloying) is a well-known strategy of decreasing the xi., via scattering of short-
wavelength phonons.?®?” According to the thermal conductivity model developed by
Callaway?® and Klemens,? reduction of ki can be attributed to the combined effect of

mass contrast and strain field fluctuations.
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Figure 1.4. (a) Lattice thermal conductivity (ki) as a function of temperature for
various PbTe-based alloys and nanostructured samples. (b) High resolution
transmission electron microscopy of a LAST-18 sample.>® Reproduced with permission
from ref. 30 © 2010 American Chemical Society.

The degree of i reduction can be evaluated by the following expression of scattering
parameter (/):

r=x(1-x)| (%)2 + ¢ <A_a)2] (1.11)

xa

where ¢ is a phenomenological parameter related to the material’s Griineisen parameter
y, M and a are the molar mass and lattice constant of the alloy, AM and Aa are the
differences in mass and lattice constant between the two constituents. From equation
1.11, one can conclude that to maximize /" and achieve the lowest x4, it is necessary to

have (i) a high doping fraction x, (ii) a large mass difference between the dopant and the
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host element (AM) creating disorder in the lattice, and (iii) a significant lattice mismatch
(Aa) between the disordered phase and the host phase. Thus, solid solutions of PbTe;-
«Sex has lower xi.: as compared to that of pure PbTe (Figure 1.4a).>° Although most of
the notable binary alloying is governed by enthalpy of the system, Kanatzidis and his
co-workers argued that ternary alloying of (PbTe)ixy(PbSe)x(PbS)y is driven by the
configurational entropy.’! A low ki of 0.5 W m™ K! have been achieved in (PbTe)-
2x(PbSe)x(PbS)x system owing to strong point defect scattering.
Nanostructuring

An innovative way to inhibit the transport of phonons having mid and longer
wavelength is via introducing nano-scaled defects into the matix.>**? An effective
scattering of mid and low frequency phonons would be possible only if the nano-scaled
defects are distributed uniformly and are of similar size to these phonons, typically upto
to dozens of nanometres. Quite a few approaches have been undertaken to achieve
nanoscale in homogeneity viz. external addition of guest phase via chemical of
mechanical mixing,*® and in-situ precipitation of second phase via kinetically or
thermodynamically driven processes.?**** In-situ approach is the widely used due to
even dispersion of the nano-precipitates which are also favourable for charge transport.

Spinodal decomposition,*® and nucleation and growth,>” matrix encapsulation®®*’

are
the most common approaches for producing in-sifu nanostructures in bulk matrix.

Since the well-known TE materials such as PbTe, SnTe and GeTe have a wide array
of phonons with mean free paths of 1-100 nm, nanostructuring is proved to be effective
pathway to reduce the i, of these compounds. Replacing Pb in PbTe with two aliovalent
atoms (i.e., Ag and Sb) to form AgPbnSbTem+2 (LAST-m) shows a substantial decrease
in the i (Figure 1.4). Particularly LAST-18 shows a significant reduction in the &
(0.5 W m K" at 700 K) as compared to PbTe. It has been argued that the very low i
of the LAST system was attributed to the spontaneous formation of nanostructured
second phases in the PbTe matrix (Figure 1.4b).*°
Meso-scale grain boundaries

So far, I have discussed about i reduction by scattering of low- and medium-mean
free path phonons, which carry ~ 75 % of the transported heat. To further reduce i it
is necessary to scatter phonons with long mean free path (~ 0.1-1 um) (Figure 1.3).

Necessary approaches involve the formation of crystal defects at submicrometer length
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scale (mesoscale, grain size ~ 0.1-3 pm), which can be engineered into materials through
careful powder processing.

Rowe et al. have investigated the thermal conductivities of SiGe alloys with different
grain sizes and compared them with that of their single crystals.* They showed that
grains with relatively small sizes (<5 um) could scatter phonons strongly (~ 20%
reduction of thermal conductivity with respect to the single crystal). This work
highlights the importance of mesoscale grains in impeding the phonon transport of bulk
materials and points to further research to better understand mesoscale effects.
All-scale hierarchical architectures

When point defects, nanostructuring, and meso-structuring are all combined into a
single thermoelectric material, it is termed as all-scale hierarchical architectures (Figure

1.5).
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Figure 1.5. (a) Maximum achievable ZT (~ zT) values for the respective length scales:
the atomic scale (alloy scattering: red, Te; blue, Pb, green, dopant) the nanoscale (PbTe
matrix, grey, SrTe nanocrystals, blue) to the mesoscale (grain-boundary scattering). (b)
Contributions of phonons with different mean free paths to the cumulative xia: value for
PbTe. (c) Temperature dependent thermoelectric figure-of-merit ZT (~ zT) for the all-scale
hierarchical architecture PbTe system.** Reproduced with permission from ref. 42 © 2012
Nature Publishing Group.
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Thermal conductivity in crystalline materials can be significantly decreased by defects
present at different length scales with a broad range of wavelengths and mean free paths.
Theoretical calculations suggest that, in PbTe, over 50% of the i, value comes from
the contribution by phonons with MFP less than 1 nm, which can be scattered
significantly by atomic-scale point defects. The remaining contribution to x. is almost
equally divided between phonon modes with MFP of 1-10 nm and phonon modes with
MFP 10—1000 nm (Figure 1.5) which can be notably impeded by nanoscale precipitates
and mesoscale grains, respectively.*'**> Biswas and co-workers have demonstrated the
substantial suppression of lattice thermal conductivity at high temperature in the PbTe-
SrTe system that led to a record high z7" of ~ 2.2 at 915 K in spark plasma sintered
samples.*? This is the result of introducing phonon scattering at all-length scales in a
hierarchical fashion from atomic scale doping and endotaxial nanostructuring to
mesoscale grain boundary engineering.
Modular materials with intrinsic low lattice thermal conductivity

Modular inorganic materials like layered intergrowth (e.g. PbmBiznTesn+m,
SnmBiznTesnm, etc.)¥ ™ and misfit (e.g. SnS,/SnS, LaS/TaSe;, etc.)**>° compounds
have emerged as one of the interesting candidates in the field of thermoelectrics (Figure

1.6).

(a)W wose, (0). e |

1)

4
£ 012 |
SnSe 2
2 > 01 |
=
£ 008 |
3 XK
W MoSe, £ oos | 3
(&) WK
T 004 [ 30
SnSe =
2 2 002 |:

0 1 1 1 1 1 1
W MoSe, 0 2 4 6 8 10 12 14
Linear Interface Density (nm?)

Figure 1.6. (a) Schematic representation of misfit SnSe2(MoSes)1 32 structure.*® (b)
Cross-plane thermal conductivity of [(SnSe)1.05]m(MoSez), (m, n = 1, 2, 3...) measured
with time domain thermal reflectance (TDTR) method.*’ (a) is reproduced with
permission from ref- 46 © 2016 American Chemical Society. (b) is reproduced with
permission from ref. 47 © 2016 American Chemical Society.
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These materials are considered as natural heterostructures which show low lattice
thermal conductivity due to inherent phonon scattering at the interfaces when stabilized
in the form of nanosheets or/and embedded in bulk thermoelectric matrix.>***4 It is
worth mentioning here that in recent times Rosseinsky and co-workers have shown the
presence of chemical bond contrast and structural mismatch in a modular inorganic
compound can result in low . and glass like thermal transport behaviour.>!

The above strategies for reducing the lattice thermal conductivity give emphasis to
the reduction of the phonon relaxation time through the enhancement of phonon
scattering. Besides these conventional approaches, solids with complex crystal

52-54

structures, part-crystalline part-liquid state rattling modes, superionic substructures

55,56

with liquid-like cation disordering,’>® resonant bonding,*’ lattice anharmonicity due to

58:39 and anisotropic layered crystal structure,®® has drawn huge attention of the

lone pair
thermoelectric community. Ultralow thermal conductivity in these materials arises

either from low sound velocity or from low specific heat.

1.4. Layered metal chalcogenides and their relevance in the
context of thermoelectrics

Dimensionality of the material plays a crucial role in determining its electronic and
phonon transport properties.®!** With the developments of various material synthesis
techniques it is now possible to prepare various low dimensional materials like quantum
dots (zero dimensional), nanowire (one dimensional) and thin films/nanosheets (two
dimensional). However, robust and reliable measurement of all the thermoelectric
properties and practical use of low dimensional materials are still the challenges in
thermoelectrics. On the other hand, many bulk materials have various low dimensional
features embedded in their crystal structure because of the chemical bonding environment
of the constituent atoms. For example, chemical bonding for the constituent atoms in
many materials extend only in-plane direction and the chemical bonding in the out-of-

)%3-70 or have weak

plane direction is van der Waals (vdW) type (such as Bi;Tes, SnSe etc.
electrostatic interactions (such as charged layered materials like BiCuSeO, Bi»O:Se
etc).”'”7* Similarly, many layered materials have one dimensional chain like bonding
environment for its constituent atoms like InsSes’> and TISe.”® The presence of such low

dimensional chemical bonding environment strongly modulates the electronic and
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phonon transport properties in bulk materials, a prime example of which is the phonon
transport in single crystal SnSe,*® which exhibits strong covalent bonding within the layer
(2D-connectivity) and weak the van der Waals type interaction between the layers.
Another example of such case is the single crystal InsSes,”> which has one dimensional
atomic chains resulting in Peierls distortion. As a matter of fact, 2D layered materials
have been established as potential candidates for thermal energy management and TE
energy generation due presence of favorable electrical and phonon transport properties,
which can be seen from their significantly large figure of merit.”” 8! These 2D-layered
metal chalcogenides have always aced the field of thermoelectrics because of their high-
performance, facilitated by their unusual phonon and electronic transport properties.
1.4.1. Phonon transport in layered materials
Materials with intrinsically low xi.: and understanding the correlation between lattice
dynamics and chemical bonding in those materials would enable us to manipulate
various intrinsic parameters in order to control phonon transport through bulk medium.
As lattice thermal conductivity holds direct proportional to the square of phonon group
velocity (v,), slight change in the sound velocity will have high impact on the phonon
transport. Phonon group velocity, which is intrinsic property of each material, is directly
proportional to the square root of (f/m) where f and m signify force-constant and mass
of the compound of interest, respectively.!’ Materials with weak chemical bonding and
heavy constituent elements are ideal for achieving low v,. Layered materials generally
have very weak bonding along stacking direction, which eventually result in low phonon
group velocity such in those materials, such as in BizTes (v ~ 1750 m/S)*? and SnSe (vg
~ 1420 m/S)®, limiting the lattice thermal conductivity. Further weak interlayer bonding
in layered materials also results in soft optical phonons which strongly couple with heat
carrying acoustic phonons, such as in natural van der Waals heterostructure, reflecting
in their extremely low xi. Lattice anharmonicity, renders i to a temperature-
dependent finite quantity, plays an important role in manipulating the phonon transport
in crystalline solids.*® Strong lattice anharmonicity amplifies phonon—phonon Umklapp
scatterings which cause significant reduction in xy. Lattice anharmonicity, a measure
of deviation of real crystal from ideal harmonic behavior, is quantified by the Griineisen
parameter, defined by'°

() = - din(w)ldin(V) (1.12)
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for a given frequency (w) of the phonon where V' is volume of the system. Relation of
ki With Griineisen parameter can be seen from the Slack’s model:®*

Kiar= B(M 00°6)/y°T (1.13)
considering that the heat transport is governed by acoustic phonons and three-phonon
Umklapp scattering is the dominant scattering mechanism. In the Slack’s model of xias,
B is a numerical coefficient and M is the average mass of the basis atoms. The average
volume per atom is denoted by &° and 6p is the acoustic Debye temperature. In general,
the materials with complex crystal structure and bonding heterogeneity possess strong
lattice anharmonicity. Bonding heterogeneity and consequent lattice anharmonicity are
common to most of the layered materials because of their strong in-plane covalent

bonding while having weak van der Waals bonding for the out-of-plane direction.
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Figure 1.7. Schematic diagram of electronic density of states (DOS) for (a) 3D bulk
semiconductor and (b) 2D quantum well.”’ Reproduced with permission from ref. 77 ©
2016 Nature Publishing Group.

For example, SnSe shows average Griineisen parameter of ~ 3.13, which is much higher
than that of PbTe (y ~ 1.65) or PbSe (y ~ 1.69),%° explaining occurrence of ultra-low i
in SnSe. Further, presence of resonant bonding in some of the layered compounds (e.g.,
BixTes, SnSe) with distorted rock-salt-based structures produce soft optical
phonons.’”®® These compounds unable to form six two-center-two-electron (2c—2e)
octahedral bonds due to fewer valence electrons available per atom. However,
coordination can be satisfied by forming long-range resonance bonds which result in
highly polarizable bonds as well as soft phonons, enhancing anharmonic optical-

acoustic scattering. Also, Slack’s formula describes the general material’s feature to
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realize low xi.c which are the presence heavy atomic mass, weak inter-atomic bonding,
complex crystal structure and high anharmonicity, and the layered materials with heavy
constituent elements possess all these features, in general. As a result of these favorable
materials traits, plenty of layered chalcogenides/oxy-chalcogenides exhibit low-lattice
thermal conductivity.

1.4.2. Electronic transport in layered materials

Layered materials host atomically thin layers bound by weak vdWs interaction,
which can be considered as quasi 2D materials and hence free charge carriers within
each layer can experience quantum confinement, like 2D.”"-%° Consequently, electronic-
DOS of these quasi-2D layered materials exhibits strong anisotropy, deviating from a
3D-bulk material. For instance, DOS in the basal plane can rise sharply, in contrast to
smooth change in DOS of 3D materials (Figure 1.7).”” If Fermi level of quasi-2D layered
materials is tuned within rapidly varying DOS, it can result a large asymmetry between
hot carriers (£ >Er) and cold (£ <EF) carriers, hence more effective transportation of
entropy per charge, facilitating higher Seebeck coefficient with minimal effect on
electrical conductivity.” Further, tunability of the position of the Eris easily accessible
in 2D-layered materials, than that in bulk materials by intercalating ions or applying an
external electric field which can effectively assist in enhancing the thermopower of the
system. Moreover, anisotropic crystal structure of layered materials can individually
engineer the phonon-transport and electronic-transport by the changing the sizes of
dimensionality close to wavelengths of the phonons and/or electrons.”” "

Among various layered materials, I have extensively studied the structural, electronic
and thermoelectric properties of three 2D metal chalcogenides namely, (i) tin selenide
(SnSe), (i1) gadolinium telluride (GdTes), and (iii) bismuth selenide (BiSe) in my Ph.D.
thesis. In the following section, I will provide a brief overview of crystal and electronic

structure of these compounds and their relevance in the field of thermoelectrics.

1.5. Tin selenide (SnSe): An extraordinary thermoelectric
material

The group of tin chalcogenides encompasses a variety of potential thermoelectric

materials for example, SnTe, SnSe, SnSe> and SnS. This class of metal chalcogenide
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could emerge as a potential alternative for the commercially-available bismuth and lead
based analogues due to their superior thermoelectric properties arising from the presence
of resonant bonding, non-trivial topology and favorable crystal structure.>>®’ Among

them, recently, SnSe has created sensation as an outstanding thermoelectric material for

67,68 69,70

the mid-temperature range, both as p-type®”*® and n-type®”’" thermoelectric material and
hence SnSe is being considered as potential alternative to PbTe.®

As part 2, part 3, and part 4 of my thesis deals with the thermoelectric properties of
nanocrystalline and polycrystalline SnSe, in this section, I have discussed about the
structure-property relationship and recent advances of SnSe in the field of

thermoelectrics.

1.5.1. Crystal and electronic structures

At ambient temperature and pressure, SnSe crystallizes in a layered orthorhombic
structure (space group Pnma). The structure consists of SnSe double layers where Sn
and Se atoms are arranged in a criss-cross fashion along the crystallographic b-axis
(Figure 1.8a).°® Within the two-atom thick Sn-Se slabs, there are strong covalent
interactions between tin and selenium atoms within the crystallographic bc plane,
whereas along the a-direction Sn and Se are weakly bonded. The structure contains
distorted SnSe7 polyhedra comprising four long, and three short, Sn—Se bonds. The 5s
lone pair of Sn>" is sterically located in between these bonds in such a way that results
in anharmonicity and anisotropy in the crystal structure (Figure 1.8a).°® SnSe possesses
a high Griineisen parameter (y ~ 3.13) along the crystallographic a-direction (Figure
1.92)® resulting from the confined movement of the lateral phonons in the layered
geometry. This induces a strong lattice anharmonicity in SnSe,*’ contributing to its low
lattice thermal conductivity, . = 0.48 W m™ K'! (Figure 1.8b).%® At~ 800 K, the lower
symmetry Pnma structure undergoes a shear or displacive phase transition to the higher
symmetry Cmcm phase. The volume of the Pnma phase is 2.5% higher than that of the
Cmcm phase. Consequently, during the crystal growth of SnSe, the silica ampoules
break easily, and samples can get damaged.

SnSe is a narrow bandgap semiconductor with a highly complex electronic structure.
The electronic band structure of SnSe comprises six degenerate valence bands (Figure

1.9b).5’The valence band maximum (VBM) in SnSe lies along the /-Z direction and the
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Figure 1.8. (a) Crystal structure of layered SnSe viewed along the crystallographic b
and c directions. The structure consists of SnSe; polyhedra containing three short, and
four long, Sn-Se bonds. (b) Temperature dependent total and lattice thermal
conductivities of SnSe single crystals along different crystallographic directions.®® (c)
Pisarenko plot for hole-doped SnSe single crystals at 300 K. When calculations are
performed based on a single-band model, significant deviations were observed from the
experimental results.’ (b) is reproduced with the permission from ref. 68 © 2014
Springer Nature. (c) is reproduced with the permission from ref. 67 © 2016 American
Association for the Advancement of Science.

second VBM is offset by 0.06 eV from the highest energy band in the same direction.

This small energy offset can be easily achieved by tuning the Fermi level in SnSe by
optimizing the hole carrier concentration to nz ~ 4 x 10! cm™. Moreover, the energy
difference (AE = 0.13 eV) between the first and the third band edges is also very low.

Furthermore, even with the hole carrier concentration of ny ~ 5 x 10*° cm?, the
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contributions from the 4™, 5% and 6™ valence bands of SnSe can be easily achieved due
to the shift in the Fermi level. Owing to the highly anisotropic 2D layered structure of
SnSe, the effective mass is higher along the out-of-plane k. direction (a axis) in
comparison to the in-plane &, and k: directions (b and ¢ axes respectively)®’ as shown
by the DFT calculations. The effective mass of the carriers at the first valence band
maximum along the /-7 direction are mi* = 0.76 mo, mi,* = 0.33 mo, and mi-* = 0.14
mo. Due to the accessibility of multiple valence band and conduction band extrema as
suggested by the complex electronic band structure, SnSe single crystals possess
correspondingly high Seebeck coefficients (Figure 1.8¢)%. The improvement in the
power factor originates from the additional contributions of the conductivity weighted
Seebeck coefficient. Furthermore, the multiple Fermi-surface pocket electron/hole
states are easily accessible in SnSe through carrier concentration enhancement, which
leads to an enhanced Seebeck coefficient and power factor in an eco-friendly Pb-free

2D layered chalcogenide.®
1.5.2. Electrical transport properties

p-type single crystals of pristine SnSe possess a low carrier concentration of ny =
10'7 cm™ at room temperature, which can be tuned through hole doping. The poor carrier
concentration of SnSe, results in a low electrical conductivity at ambient temperature
and similar o(7) behaviour is observed along each of the crystallographic directions. An
upturn in the electrical conductivity at ca. 525 K may be attributed to the thermal
excitation of minority carriers in the pristine SnSe single crystals.® With Na doping in
SnSe, the room temperature electrical conductivity can be improved from 12 S cm™ to
1500 S cm’!, due to an increase in carrier concentration (n7 ~ 10" cm™).%7 It should also
be mentioned that with the heavy hole doping in SnSe single crystals, the
semiconducting transport changes to metallic type behaviour. The Seebeck coefficient
for the un-doped SnSe single crystals also shows a directionally independent, highly
isotropic behaviour. The decrease of the Seebeck coefficients above 525 K is expected
from the electrical conductivity behaviour and it occurs due to the presence of bipolar
conduction, which can be attributed to the narrowing of the bandgap (E;) during the
phase transition from Pnma (E; = 0.61 eV) to Cmcem (Eg = 0.39 eV).

On hole doping, the Fermi level can be tuned to access the heavy hole valence bands
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Figure 1.9. (a) Griineisen parameters of SnSe single crystals along the a, b and c
crystallographic directions (TA, TA  and LA denotes transverse-acoustic and
longitudinal-acoustic phonon scattering branches respectively).%® (b) Electronic band
structure of hole-doped SnSe single crystals. The red dotted lines represent the Fermi
levels for different carrier concentrations.®’ (c) Schematic representations of
harmonicity and anharmonicity where ¢(r), ap and r are the potential energy, lattice
parameter and distance between two adjacent atoms, respectively.®® (d) Electronic band
structures of Br-doped n-type SnSe at 473 and 773 K.%° (a) is reproduced with the
permission from ref. 68 © 2014 Springer Nature. (b) is reproduced with the permission
from ref. 67 © 2016 American Association for the Advancement of Science. Figure (c)
is reproduced with the permission from ref. 88 © 2016 Royal Society of Chemistry. (d)
is reproduced with the permission from ref. 69 © 2018 American Association for the
Advancement of Science.

in SnSe and, due to the contribution of the multiple valence bands (Figure 1.8c) , there
is a substantial enhancement in the Seebeck coefficient. In a similar fashion, single
crystals of pristine SnSe exhibit a low power factor at room temperature owing to the
poor electrical conductivity. However, with the incorporation of p-type dopants, the
power factor increases significantly to $?c = 40 pW cm™ K? at 300 K, along the
crystallographic b-direction.®” The key reason for the high Seebeck coefficient and
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power factor is the near degeneracy of the valence bands in SnSe at room temperature.
The multi-valley transport mechanism in hole-doped SnSe is supported by Hall
measurements and validated by DFT calculations.®’ Thus, the high power factor attained
by the hole-doped SnSe single crystals exceeds the thermoelectric performance of the
hierarchically-architectured p-type PbTe-SrTe** framework making it a prospective

candidate for the future energy management applications.
1.5.3. Anharmonicity and ultralow thermal conductivity

Single crystals of SnSe exhibit very low total thermal conductivities of & = 0.46,
0.70 and 0.68 W m™' K'! along the crystallographic @, b and ¢ directions, respectively
(Figure 1.8b).%® Apart from the anisotropic 2D layered structure, the stereochemically-
active 5s% lone pair of Sn*' plays an active role in introducing a high degree of
anharmonicity and strong phonon scattering into the crystal structure of SnSe (Figure
1.8a). Although, all real materials exhibit anharmonic bonding, generally those with
significantly high anharmonicity gives rise to low thermal conductivity. In a typical
potential well, the energy of an atom is directly proportional to its displacement from
the equilibrium position and the proportionality constant is termed the spring constant
of the material and is a measure of stiffness in the system. In an anharmonic case, the
spring constant changes with the movement of the atom from its equilibrium position.
This has significant consequences when two phonons collide with each other (Figure
1.9¢),%® as the first phonon alters the spring constant of the second phonon, thereby
changing the elastic properties of the system. Thus, high anharmonicity results in
improved phonon—phonon scattering in SnSe and consequently decreases its lattice
thermal conductivity. In a typical crystal structure, the Griineisen parameter (y) reflects
the extent of anharmonicity in the material. Single crystals of SnSe possess a high
Griineisen parameter of y ~ 3.13, along the crystallographic a-axis, a value which is
quite large in comparison to that of PbTe (y=1.45) or AgSbTe; (y=2.05) based systems.
The origin of the anomalous Griineisen parameter in SnSe lies in the existence of
dynamic resonance bonding states due to the presence of the stereochemically active 5s°
lone pair of Sn in SnSe; polyhedra.®®®® Thus, the soft malleable coordination
environment of Sn and Se atoms gives rise to anharmonicity and an ultra-low lattice

thermal conductivity in SnSe.
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1.5.4. SnSe single crystals

In 2014, the extraordinarily high figure of merit of z7' = 2.6 at 923 K along the b-
direction (Figure 1.10a) in SnSe single crystals, created a sensation in the thermoelectric
community.®® However the electrical conductivity lies in the lower range due to the

relatively low carrier concentration (nx ~ 10'7 cm™).68

By doping Na and Ag atoms into
single crystals of SnSe, multiple valence bands become accessible due to the lowering
of Fermi level. The flattening of valence band edges, and enlargement of the number of
carrier pockets take place concurrently.®® Because of the existence of multiple valence

t,%7 consistent

bands, hole doped SnSe possesses a relatively high Seebeck coefficien
with a detailed investigation of the Pisarenko plots. At the same time, Na doping can
increase the mass defect and size defect scattering of phonons giving rise to a reduced
lattice thermal conductivity and yielding a high figure of merit over an extended
temperature range in the hole-doped SnSe single crystals.® Zhao et al. reported
significant changes in the p-type SnSe single crystals upon Te alloying.”® Incorporation
of Te atoms improves the carrier mobility through the synergistic modulation of crystal
and band structures, thus increasing the Seebeck coefficient by multiple valence band
activation. Tellurium also facilitates the formation of Sn vacancies which boosts the
hole carrier concentration of the system. In addition, it plays a crucial role in reducing
the lattice thermal conductivity by increasing the amplitude of local displacements of
Sn atoms within the crystal structure. This which gives rise to a remarkably high figure
of merit, z7'= 2.1 at 793 K, along the crystallographic b-direction in single crystals of
Nao.02Sno.98Seo.osTeon2 (Figure 1.10a). Another interesting approach to enhance the
thermoelectric performance of SnSe single crystals has recently been discovered by
Zhao et al, by utilizing the concept of SnSez-induced defect engineering (Figure
1.10b).°! Extrinsic SnSe, induces Sn vacancies in the SnSe single crystals, thus
increasing the hole carrier concentration of the system and improving the Seebeck
coefficient by activating multiple valence bands near Er. In addition, the SnSe»
microdomains effectively take part in phonon scattering that reduces the lattice thermal
conductivity of the system. Due to the synergistic modulation of both the electrical and
phonon transport properties, a high average figure of merit, (z7)avg > 1.7, could be

achieved in single crystals of SnSe-2%SnSe:.
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Figure 1.10. (a) Comparative study of thermoelectric figure of merit of various SnSe
samples (where SC, PC and NC denote single crystals, polycrystals and nanocrystals
respectively).58890929% (b) Schematic representation of the presence of extrinsic SnSe:
microdomains in SnSe single crystals.”! (b) is reproduced with the permission from ref.
91 © 2020 American Chemical Society.

VSn

Single crystals of SnSe are intrinsically p-type in nature, but in recent years research
into its n-type analogues has also produced promising results. In 2016, Duong et al.

reported n-type thermoelectric behaviour in Bi-substituted single crystals of SnSe for



Part 1 27

the first time.”® Increasing the n-type carrier concentration to 7y =2.1x10" cm? a figure
of merit of z7'= 2.2 could be achieved at 733 K, along the crystallographic b-direction
in Sno.94Bio.0sSe single crystals. Zhao et al. reported the 3D charge and 2D phonon-
transport in the Br-doped n-type single crystals of SnSe with an exceptionally high out-
of-plane figure of merit, z7 = 2.8 at 773 K (Figure 1.10a). The low lattice thermal
conductivity along the a-direction is generally associated with strong interlayer phonon
scattering. Furthermore, this 2D phonon transport, when accompanied by 3D electronic
transport gives rise to a substantially higher electrical conductivity in the same direction,
resulting from the overlapping of the interlayer charge density. Also, a continuous
structural phase transition from Pnma to Cmcm imparts higher symmetry in Br-doped
SnSe followed by conduction band divergence (Figure 1.9d), which reduces the average
inertial band mass as well as increasing the carrier mobility. These two factors
simultaneously give rise to such an ultrahigh figure of merit in n-type Br-doped SnSe
single crystals.
1.5.5. Polycrystals and nanostructures of SnSe

The eco-friendly layered chalcogenide, SnSe has been one of the key areas of
research in thermoelectrics over recent years, due to the unique structural and bonding
characteristics. However, there are still some major drawbacks to the material, such as
fragility and a difficult synthesis procedure, which make SnSe single crystals unsuitable
for commercialization. It implies the necessity for research on poly/nanocrystalline
SnSe, as a suitable alternative to single crystals. Numerous research works have been
performed on p- and n-type poly/nanocrystalline SnSe. Polycrystalline, hole-doped (Na,
K, Ag)’>?® SnSe has shown a maximum figure of merit of z7' = 1 at high temperatures
(parallel, || to the SPS pressing direction) due to the activation of multiple valence bands
by tuning the carrier concentration near the Fermi level. Potassium doping also
facilitates coherent nanostructure formation that scatters phonons effectively.”
Therefore, in SnSe polycrystals, Na doping tends to augment the electrical transport
while K-doping can be selected to reduce the lattice thermal conductivity.”’ Similar to
SnSe single crystals, PbSe alloying in polycrystalline SnSe along with Na co-doping
gives rise to a remarkably high figure of merit of zT = 1.2 at 773 K.’ Na-Ag co-doping
in SnSe improves the carrier concentration with valence band convergence, which

synergistically increases both the electrical conductivity and Seebeck coefficient in
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SnSe polycrystals.'” Moreover, the presence of AgsSnSes nanostructures brings about
ca. 20% decrease in lattice thermal conductivity and results in a figure of merit of z7' =
1.33 at 773 K in AggSnSee nanostructured and 1 mol% Na doped SnSe, when measured
in the direction parallel to SPS pressing.

Applying similar strategies, an ultralow lattice thermal conductivity of 0.11 W m™!
K" and correspondingly high figure of merit, zT = 1.67 at 823 K, were attained for
polycrystalline Ago.01Sno99SeossSo.15.1°! Kanatzidis et al. has reported a peak z7 =1.14
at 723 K in a 1:1 alloy of SnSe-AgSbSe> that crystallizes in a cation-disordered cubic
rocksalt-type lattice.'”” AgSnSbSe; exhibits an intrinsically low lattice thermal
conductivity of 0.47 W m™ K-! at 673 K, mainly due to the presence of a high degree of
cation disorder and low-frequency optical phonon modes. Te-substitution on the Se sub-
lattice promotes valence band convergence due to the enhancement in carrier
concentration and decreases lattice thermal conductivity to 0.32 W m! K at 723 K,
due to increased phonon scattering resulting from the randomly distributed cations and
anions, lattice dislocations, and point defects. Combining the results of all these effects,
a high-power factor of 9.54 pW c¢cm™ K and a moderately high figure of merit, zT =
1.14 at 723 K have been achieved in polycrystalline AgSnSbSe;.sTe 5.

Experimentally, it has been generally found that nanocrystalline SnSe synthesized
by low temperature solvothermal routes possesses a much lower lattice thermal
conductivity. The possible reasons include the presence of a greater extent of nano-scale
precipitates and mesoscale grain-boundaries that contribute to significant phonon
scattering.!%"1% Phase-separated nanocrystalline SnoooPbooiSe is one of the well-
established examples, that has zT = 1.7 at 873 K.!, Incorporation of Zn in the same
crystal structure enhances the carrier concentration, thereby improving the electrical
transport properties.!® Thus co-doping of Zn and Pb in this system is expected to
synergistically optimize the electrical as well as thermal properties of nanocrystalline
SnSe. This was realized when a high figure of merit, z7 = 2.2 was reported at 873K in
the Sno.9sPbo.01Zno.01Se sample. Similarly, z7'= 2.1 was achieved by Tang et al. in SnSe
nanocrystals by synergistically optimizing both the thermal and electrical transport
properties through the introduction of Sn vacancies.!® Very recently, in a study by
Ibanez and co-workers have embraced a simple and cost-effective solution-based

synthesis of CdSe coated SnSe nanostructures for high performance thermoelectric
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applications.®* Incorporation of CdSe nanoparticles inhibits the grain growth of SnSe
during consolidation which results in high density of nanoscale grain boundaries. It also

creates multiscale defects such as planar defects, point defects, nanoprecipitates, and

dislocations in the system (Figure 1.11a-c).

Figure 1.11. (a) APT characterization and (b) TEM images of SnSe-3%CdSe
nanocomposites. The areas highlighted with red, blue, and orange boxes represent the
3D distribution of Na, dislocation arrays and grain boundaries (GB), respectively. (c)
HRTEM image showing the distribution of CdSe nanoparticles (NP) in SnSe matrix. The
power spectrum analysis has been carried out on the region highlighted in yellow which
shows the phase filtered images of CdSe NP (red) and the SnSe matrix (green) along
with the corresponding ED pattern.* (d) Low magnification TEM image of
Sno.96Gao.04Se nanocrystals showing the presence stacking faults. (f) The strain mapping
corresponding to the stacking faults.” (a)-(c) are reproduced with permission from ref.
94. © 2022, American Chemical Society. Figure (d)-(e) are reproduced with permission
from ref. 93. © 2021, American Chemical Society.

Due to the presence of large number of multiscale defects, an ultra-low xy; of 0.14 W
m™ K-! has been achieved in SnSe-3%CdSe nanocomposite owing to enhanced phonon
scattering. In addition, the grain boundaries also act as an energy barrier for holes which
boosts the Seebeck coefficient through carrier-energy filtering effects. Thus, due to the

synergistic effect of improved Seebeck-coefficient and decreased lattice thermal
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conductivity, a significantly high z7" of ~ 2.2 at 786 K has been obtained in surface-
engineered nanocrystalline SnSe-3%CdSe®* (Figure 1.10a). Recently, Lou et al. have
adopted an innovative approach to modulate the xi in nanocrystalline SnSe by
introducing lattice strain upon Ga doping.”® To understand the mechanism behind this
lattice strain, they have extensively studied the microstructural analysis of Ga doped
SnSe via transmission electron microscopy (TEM). Several lattice dislocations, stacking
faults and nanoprecipitates of GaSe have been observed in the matrix of SnSe as evident
from Figure 1.11d-e. All these defects effectively reduce the phonon relaxation time and
hence decrease the x,;to 0.17 W m™ K™! at 873 K. Furthermore, Ga creates a resonance
level and induces band-convergence promoting the Seebeck coefficient and power
factor. Consequently, a peak zT of ~ 2.2 at 873 K (Figure 1.10a) has been achieved in
solution-processed nanocrystalline SnSe and the corresponding thermoelectric energy
conversion efficiency is calculated to be 12.4%.” In a similar study by Shi et al. have
also shown that incorporation of InSey nanoprecipitates in solvothermally fabricated
nanocrystalline SnSe reduced the xi to 0.24 W m™! K™! which leads to a high zT of 1.7
+£0.2 at 823 K.!77

Upon doping with BiCl3,'%® ReCl,,'” Br,!'® or Sb!'!'! nano/polycrystalline SnSe
displays favourable n-type thermoelectric features. Ren et al. have shown a moderate
figure of merit (z7'= 1 at ~ 773 K) along the direction perpendicular to the SPS pressing,
in iodine and sulfur co-doped n-type polycrystalline material.''? Jiang et al. have

reported high z7 = 1.22 in NbCls-doped n-type SnSeo .95 polycrystals.''?

1.5.6. Removal of surface oxides in polycrystalline SnSe

Numerous chemical and synthetic approaches have been applied in the case of
nano/polycrystalline SnSe materials in an effort to modify their thermoelectric
properties. Unfortunately, the figure of merit does not reach that of the single crystals
of SnSe. Nanocrystalline and polycrystalline SnSe samples are very susceptible to
surface oxidation. The charge carriers are involved in interfacial and surface scattering,
leading to a reduced carrier mobility, poor electrical conductivity and higher thermal
conductivity. Thus the figure of merit of pristine SnSe polycrystals remains below unity
even at high temperatures.'® Lee et al. demonstrated removal of tin oxide impurities,
by heating the samples under a continuous flow of a 4% Ha/Ar gas mixture at 613 K.!1*

After the reduction treatment, the polycrystalline SnSe samples showed a significantly
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lower lattice thermal conductivity of /e = 0.11 W m™! K-!. This value is lower even than
that of SnSe single crystals, and leads to z7' = 2.5 for 1.5% Na-doped and 5% PbSe
alloyed polycrystalline SnSe at 773 K, measured along the direction parallel to the SPS
pressing.!'* In a similar fashion, Zhou et al. have also reported an ultralow x: (~ 0.07
W m! K'!at 783 K) and astonishingly high zT of ~ 3.1 at 783 K in highly purified, tin
oxides (SnOx) removed and spark plasma sintered (SPS) polycrystalline Nao.03Sno.os5Se
(Figure 1.10a).? These experimental observations have shed light on the physical and
chemical properties of SnSe, which will continue to motivate researchers in the

exploration of 2D thermoelectric materials.

1.6. Gadolinium telluride (GdTes): A charge density wave
(CDW) material

vdW materials having 2D layered crystal structure are actively studied for novel
twistronic or spintronic applications.!'® This class of compounds are found to exhibit low
lattice thermal conductivity due to the presence of bonding heterogeneity and strong
lattice anharmonicity. Recently, it has been shown that the strong electron-phonon
coupling (EPC) can effectively reduce the lattice thermal conductivity of a material when
the carrier concentration is above 10" cm™.!1¢ In addition to this, ultralow xi. has been
observed in disordered thin films of 2D layered WSe,.!!” Realizing the idea of layered
disordered crystal structure, as well as strong electron phonon coupling, charge density
wave (CDW) materials can be a good candidate for low lattice thermal conductivity as
they have layered structure where strong EPC breaks the translation symmetry of the
lattice and induces lattice distortion into the system. Among several CDW materials, rare
earth tellurides with general formula RTes (R = rare earth element and Te = tellurium)

have gained enormous attention in the field of chemistry and condensed matter physics
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due their structural diversity,''® exotic magnetic properties'!® and pressure induced
superconductivity.'?° However, thermoelectric properties of RTes systems have not been
studied yet.

As a part of my thesis (part 5) deals with the origin of low lattice thermal conductivity
and thermoelectric properties of a CDW material, GdTes, in this section, I have given a
general introduction to CDW and its correlation with thermoelectrics and provided a brief

discussion on the crystal and electronic structure of RTes.
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1.6.1. An introduction to CDW

The phrase charge density wave (CDW) was first used by Frohlich but originates
from Peierls description of a fundamental instability in a one-dimensional (1D) chain of
atoms equally spaced by a lattice constant, a.!?"'?2 Figure 1.12a shows the free electron

band of such a 1D chain with one electron per atomic site.
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Figure 1.12. (a) The plot of the one-dimensional free electron band structure for a chain
of atoms with separation “a” and one electron per atom site before and after the CDW
transition. The location of the Fermi energy is indicated with the nesting vector q. (b)
Kohn anomaly in the acoustic phonon branch as a function of temperature, which
results from Fermi surface nesting. (c) The Fermi contour of a 2D free electron
system.'?* (b) and (c) are reproduced with permission from ref. 123 © 2015 National

Academy of Sciences.
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The Fermi points are at kr = £n/2a and are connected by the nesting vector ¢ = 2kr. In
1930 Peierls asserted that this system is unstable, showing an electronic disturbance
with the wave vector 2kr, changing the periodicity of the chain, and opening up a gap at
the zone boundary (k = w/2a) of the new unit cell containing two atoms (Figure 1.12a).
The conjecture was that the gain in electronic energy would always overwhelm the cost
of restructuring the atoms. Consequently, in the Peierls model there would be a
transition from the metallic high-temperature state to the insulating-dimerized ground
state at a critical temperature Tcpw. Kohn pointed out that there is an image of the Fermi
surface in the vibrational spectrum, because the zero energy electronic excitations at 2kr
will effectively screen any lattice motion with this wave vector.!?* Figure 1.12b shows
the phonon dispersion for this 1D chain at different temperatures. Below Tcpw the
phonon energy at ¢ = 2kr becomes imaginary, meaning there is a new lattice structure.
Above Tcpw there is a sharp dip (Kohn anomaly) in the phonon dispersion but no static
restructuring. Thus, CDWs would exist in an ideal 1D chain of atoms, lowering the
energy of the system and driving a reconstruction of the lattice which results in a
simultaneous softening of coherent lattice vibrations (phonon softening). CDW is a
Fermi-surface driven phenomenon.'?* The extension of this concept to reduced
dimensional systems has led to the concept of Fermi surface nesting (FSN), dictated by
the wave vector (¢) and the corresponding lattice distortion. Figure 1.12¢ displays the
free-electron Fermi contour in 2D connected by wave vector (¢) resulting in the effective

screening of phonons which induces Kohn anomalies at gcpw.'?

1.6.2. CDW in the context of thermoelectrics

Till date, most of the CDW materials are explored in the context of

115125 whereas they are rarely studied in the field of thermoelectrics.

superconductivity,
It is well-known that in the vicinity of CDW formation, the electron—phonon coupling
breaks the translational symmetry of the lattices and creates a structural perturbation
which gives rise to reduced lattice thermal conductivity in these CDW materials making
them a suitable candidate for thermoelectric applications.

For example, recently, exceptional thermoelectric properties have been observed in
In4Se; due to the presence of Peierls distortion. In4Ses crystallizes in layered

orthorhombic structure and comprises of anionic [In3Ses]” layers stacked along the

crystallographic a-direction and extended along the b-c¢ plane forming a two
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dimensional sheet.!? In" cations sit between the [In3Ses] layers weakly connecting the
anionic layers along the crystallographic a-direction. The two-dimensional sheet also
features five membered In-Se rings, which comprises three zigzags In/Se chains running
along the crystallographic c-direction. These quasi-one-dimensional In/Se chains are
believed to undergoes Peierls distortion due to the inherent instability of a periodic
arrangement. This distortion in atomic arrangement further leads to the appearance of a
charge density wave (CDW) due to fluctuations in electron density, and consequently,
a strong electron-phonon coupling builds up in the system.'?” This strong electron-
phonon coupling causes a rapid increase in phonon scattering and a consequent ultralow
thermal conductivity. As a result, high z7 ~ 1.48 was achieved at 705 K in the b-c plane
in Se deficient InsSes.s single crystals.”® Interestingly, another CDW material, TiSez,
also shows minimum thermal conductivity of 1.5 W m-K™! at 300 K which in turn
resulted in a moderately high zT value of 0.14.!2® Thus, the inherent strong
anharmonicity due to the layered structure, manifestation of quantum effects in transport
properties and discretized electronic density of states makes these CDW materials an
attractive playground to enhanced thermoelectric performance.

1.6.3. Crystal and electronic structures of RTes; (R = rare earth)

In the undistorted phase, RTe; crystallizes in a quasi-2D layered orthorhombic
structure with the space group Cmem (No. 63).!1° The structure is formed by double Te
square-net sheets (perpendicular to the c¢ axis), separated by double-corrugated RTe
slabs, as illustrated in Figure 1.13a. Thus, it can be mechanically exfoliated into flakes
due to the weak vdW binding between two neighbouring Te sheets, and its cleaved
surface is parallel to the ab plane. RTes consists of a 3D and a 2D BZ in the reciprocal
space, as shown in Figure 1.13b.!?° The 3D BZ is produced by the stacking of puckered
GdTe slabs, and the 2D BZ is built based on Te square-net sheets. The 3D BZ is reduced
by half and rotated by 45° from the 2D one. The in-plane p. and p, orbitals of Te atoms
from square nets dominate electronic states near Er. Three electrons are donated per R
ion in RTes, two of these denoted electrons fill the Te 5p bands of the RTe slabs, while
one electron transfers to the Te square-net sheets. This results in the RTe slabs being
insulating and the Te square-net sheets being conductive for these 5p bands which are
half filled. As a whole 3D crystal, the charge density from the underlying RTe layers

indeed impinges upon Te square-net planes, serving as a commensurate potential that
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Figure 1.13. (a) Crystal structure of RTes viewed along b-axis. (b) Sketch of 3D BZ and
2D BZ, which result from the 3D unit cell and the Te square-net sheet, respectively. (c)
A schematic to visualize the dispersion for folded band and bilayer splitting.'®
Reproduced with permission from ref. 125 © 2020 American Physical Society.

scatters the electrons therein, as sketched in Figure 1.13c, suggesting a sizable coupling
between the Te square-net and the R-Te magnetic slab.!?> Thus, motivated by these exotic
structural features, we have done a detailed study on the thermoelectric properties of

GdTes.

1.7. Bismuth selenide (BiSe): A topological quantum material

(TQM)

Layered binary bismuth and antimony chalcogenides (tetradymite compounds) such
as Bi>Ses, BixTes and Sb,Tes are the widely studied compounds as 3D strong topological
insulators (TIs) because of several enviable properties.®®!2°-1*! Recently, BiSe which
belongs to the same homologous series (Bi)m(Bi2Se3)n'*? as that of Bi>Ses, have emerged
as a weak topological insulators'®* and a promising n-type thermoelectric material.'**

As a part of my thesis (part 6) deals with the application of hydrostatic pressure on
an intriguing topological quantum material (TQM), BiSe, which is a weak topological

insulator, in this section, I have provided a general introduction to TQMs, pressure
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induced electronic topological transitions in TQMs, and discussed about the crystal and
electronic structure of BiSe.
1.7.1. An introduction to topological quantum materials

Topological quantum materials (e.g., topological insulators [TI], topological
crystalline insulators [TCI] and topological semimetals), characterized by their
nontrivial electronic surface states, have created a sensation in designing new
thermoelectric materials.®®86135-138 Many TQM such as Bi>Te; (TI), Bi»Ses (TI), SnTe
(TCI) have been established as potential thermoelectric materials. Underlying reason
for TQM being a source of potential candidates for thermoelectrics is ascribed to the
fact that both TQM and TE materials demand similar material features such as the
presence of heavy constituent elements, narrow band gap and strong spin-orbit coupling.
The robust surface states with linearly dispersed Dirac cones lead to high mobility across
the surface of topological materials. Fascinating electronic transport properties of TQM
originates from the presence of metallic surface states, which offers high carrier mobility
and makes them potential candidates for TE applications also. Interestingly, band
inversion in TQM generates many local extrema in the valence or conduction bands
during the electronic topological transition, resulting in large DOS and asymmetry near
the Fermi level which additionally helps to improve o and S values. Moreover, TQM
with heavy constituent elements have soft vibrational (phonon) modes and consequently
have low x.; which is one of the key requirements to achieve high TE performance.
Further, topologically nontrivial boundary states also help to improve the thermoelectric
performance of a material compared to the trivial phase because boundary states act as
conducting channels for carriers with minimal backscattering effect.

In general, topological insulators (TIs) behave as the normal
insulator/semiconductor in bulk with time-reversal symmetry (TRS) protected non-
trivial metallic surface states.!* Topological insulators can be distinguished from a
trivial insulator by introducing novel Z> topological index which is classified as
Hamiltonian for time-reversal invariant (7).!*° The value of topological invariant (v)
should be equal to zero and one for existing even and an odd number of Dirac cones in
the BZ, respectively for both the 2D and 3D topological insulators. 3D topological

insulators can be classified into strong and weak topological insulators depending on
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the nature of the surface states. The 3D weak topological insulator can be created by
stacking 2D TI which is identical to the layered Quantum Hall (QH) states. Weak
topological insulator (WTI) and strong topological insulator (STI) both are
characterized by four Z; indexes (vo, vi, v2, v3). STI has a nontrivial vo which implies the
presence of an odd number of Dirac cones in the surface states. For WTI, vy is 0 and
v1,v2,v3 # 0 and thus it possesses an even number of Dirac cones in the surface states.!#!
Recently, BiSe emerges as weak topological insulator which has been verified by

experimentally.!3?

1.7.2. Pressure induced electronic topological transition (ETT) in
TQM

Electronic topological transition (ETT) is mainly caused by the drastic changes in

the topology of electronic Fermi surface.!*>!* It is also called Lifshitz transition.'*?

Thermodynamically, ETT is a second order isostructural transition without volume

collapse and with no change in its Wyckoft positions.
. e [ O
C : : e B O
(a)
(b)
Figure 1.14. Schematic diagram of the typical ETT. (a) The appearance of new voids

and (b) Fermi surface neck disruption.'"* Reproduced with permission from ref. 143 ©
1994 Elsevier.

The application of hydrostatic pressure varies the unit cell volume and consequently

electron density of states, Fermi surfaces size and its shape. The external perturbations
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like pressure, chemical doping, temperature, efc., in metals or degenerate
semiconductors, may lead to the crossing of van Hove singularity (band extremum in
the density of states) through the Fermi level and strong redistribution of electrons
occurs near the Fermi surface.'*® Hence, Fermi surface can undergo different types of
topological transition (changes) like appearance and disappearance of voids, formation
and disruption of a neck, depending on the type of critical point passing through the
Fermi surface.'#

The schematic representation of the appearance of voids and disruption of Fermi
surface neck are shown in Figure 1.14.!%3 Due to ETT, electrons near the Fermi surface
show some peculiar kinetic and thermodynamic characteristics.!** Since transport
properties strongly depend on the density of states near Fermi level; it can show
significant changes during ETT. Recently, it was experimentally shown that the
tetradymite semiconducting compounds A>B3 (A= Bi, Sb, and B = Se, Te, S) exhibit
pressure induced ETT around 3—5 GPa.!*>1%6 The transverse-optical (E2) phonon mode
of Zn metal shows the occurrence of an ETT at ~ 10 GPa through electron-phonon
coupling anomalies via changes in Raman linewidth.'*” In this thesis, ETT has been
explored in BiSe through anomalies in lattice parameters and Raman linewidths along
with DFT calculations and has been discussed in part 6.

1.7.3. Crystal and electronic structures of BiSe

BiSe possesses a layered crystal structure consisting of a bismuth bilayer (Bi2)
sandwiched between two BixSes quintuple [Se-Bi-Se-Bi-Se] layers (Figure 1.15a):
essentially a natural heterostructure.!>* The hallmark of this structure is that it consists
of quantum spin hall insulators (i.e., the bismuth bilayer) coupled weakly through 3D
topological insulators (i.e., BiSe; quintuple layers).!* BiSe belongs to the (0;001) class
of Z> weak TIs, where the band inversion takes place at /"and 4 points in the Brillouin
Zone to which both the Bi> layer and Bi>Ses quintuple layers (QLs) contribute. The
electronic structure of BiSe, (calculated without spin-orbit coupling) reveals a metallic
character with a localized (Figure 1.15b) flat conduction band (CB) along the /-4 line
just above the Fermi level (Er). The unoccupied conduction band constitutes primarily
o-bonded p, and p, orbitals of Bi in the bismuth bilayer and is narrowly dispersed along

I-4, indicating its confinement to the Bi bilayer. The orbital projected electronic
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structure reveals that the contributions to the valence band and conduction band around
the Fermi level are mainly from the Bi bilayer and BixSes quintuple layers (QLs),
respectively, except along the /-4 line where this is reversed, indicating an inverted

band structure and the possibility of a topologically nontrivial phase in BiSe.

@ Bi bi-layer

b——a

Figure 1.15. (a) Crystal structures of BiSe.'** (b) Electronic structure of BiSe calculated
without the spin-orbit interaction reveals a metallic state. (c) Spin-orbit interaction
opens up a bandgap throughout the Brillouin zone (BZ), making BiSe a small (42 meV)

13

indirect bandgap semiconductor. (d) Electronic structure of the (100) surface of BiSe
reveals the even number of Dirac cones (highlighted with blue colors) at Y and T points
in the surface BZ; here, grey shaded regions represent the bands arising from the
bulk.'>® Figure (a) is reproduced with permission from ref. 134 ©2018 American
Chemical Society. (b)-(d) are reproduced with permission from ref. 133 © 2017
American Institute of Physics.

With inclusion of spin-orbit coupling in determination of the electronic structure, the
doubly degenerate flat bands open up a gap along /-4 (Figure 1.15¢) and elsewhere in
the Brillouin Zone (smallest indirect gap being 42 meV). As BiSe is centrosymmetric
and invariant under time reversal, the topological Z> invariant of its electronic structure
effectively determines its topological nature. The Z> invariants of BiSe are (0:001), and

hence it belongs to the class of weak topological insulators.'** Moreover, from the
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surface electronic structure calculation on the (100) surface of BiSe, it was revealed that

the surface states cross only at ¥ and T points in the Brillouin zone (Figure 1.15d),

giving rise to an even number of Dirac points and remain gapped elsewhere which is the

characteristic feature of a WTI. Thus, the intriguing crystal and electronic structure of

BiSe motivates the researchers to study its fundamental properties.

1.8. Synthesis and characterization techniques

In this part, I have provided a detailed discussion on different synthesis methods and

general principle of characterization techniques used in my thesis work. Specific details

are also discussed in each chapter separately.

1.8.1. Synthesis

The successful utilization of TE devices depends critically on the synthesis

techniques which has been discussed in detail in the following section.

1.8.1.1.  Solid state reaction

Solid-state reaction is a common synthesis method to obtain polycrystalline and
single crystalline material from solid reagents. Factors that affect solid-state reaction
are chemical and morphological properties of the reagents including the reactivity,
surface area, and free energy change with the solid-state reaction, and other reaction
conditions, such as the temperature, pressure, and the environment of the reaction. The
advantage of solid-state reaction method includes the simplicity and large-scale
production.
(A) Seal-tube melting reaction: Metal chalcogenides are known to be synthesized by
sealed-tube reactions in vacuum (107 - 107 Torr) at high-temperature. In high
temperature vacuum sealed tube melting reaction, appropriate quantities of starting
materials (mostly in their elemental form) are heated above the melting point of the
desired product in absence of air, followed by cooling of the subsequent reaction
mixture at a specific cooling speed depending upon material’s nature
(congruent/incongruent). Products of the reactions are generally thermodynamically
stable polycrystalline or single-crystalline ingots.
(B) Ball milling: It is a mechanical technique widely used to grind powders into fine

particles and blend materials. During the ball milling process, the collision between
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the tiny rigid balls in a concealed container will generate localized high pressure.
Generally, ball milling equipment consists of a hollow cylindrical shell rotating around
its axis, which is partially filled with balls made of stainless steel, ceramic, tungsten
carbide or rubber. It relies on the energy released from impact and attrition between
the balls (grinding or milling medium) and the powder. Advantages of this technique
include cost-effectiveness, reliability, ease of operation, reproducible results due to
energy and speed control, applicability in wet and dry conditions on a wide range of
materials (e.g., cellulose, chemicals, fibres, polymers, hydroxyapatite, metal oxides,
pigments, catalysts). The method is highly useful to reduce the particle size of a
material less than or equal to 10 microns. I have used a planetary Ball Mill (FRITSCH
PULVERISETTE 7, Germany) and stainless-steel containers to prepare the meal
chalcogenide samples during my Ph.D. experiments.

(C) Spark plasma sintering: The Spark plasma sintering (SPS) is a newly developed
technique for the syntheses and processing of thermoelectric materials employing ON-
OFF pulse DC voltage/ current (Figure 1.16).'*%!%° This is considered an energy-
saving sintering technology due to its short processing time and small number of
processing steps. The SPS process is based on the electrical spark discharge
phenomenon. Application of high energy, low voltage spark pulse (spark discharge)
momentarily produces a local high-temperature state (several to ten thousand degrees)
in the gap between the particles of a material via Joule heating (Figure 1.16¢c-d). This
results in vaporization and melting of the powder particles’ surfaces and the formation
of constricted shapes or “necks” around the contact area between the particles. These
constricted shapes gradually develop, and plastic transformation progresses during
sintering, resulting in a sintered material with density of > 95%. By application of
voltage and current repeatedly with this ON-OFF, the discharge point and the Joule
heating point (locally high-temperature generation field) move throughout the sample,
resulting in less power consumption and efficient sintering. Since only the surface
temperature of the particles rises rapidly by self-heating, particle growth of the starting
powder materials is controlled. Therefore, a precision sintered compact is
manufactured in a shorter time. At the same time, bulk fabrication of particles with an
amorphous structure and crystalline nanostructure formation are now possible without

changing their characteristics. Vaporization, melting, and sintering are completed in
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short periods of approximately 5-20 minutes, including temperature rise and holding
times.

(b)

Electrode

Graphite Plate

Graphite Die

Thermocouple

Power

(C) Electric Current Particle (d)

'%j
Heat
Powder

Discharge Sintering Die !
(Inside Wall) T,: Contact interface temperature
T: Averagetemperature

Figure 1.16. (a) Photograph of SPS-211Lx instrument. The inset image shows
sintering chamber. (b) Schematic illustration of a spark plasma sintering
equipment. (c) Possible electric current path through powder particles inside
the die. (d) The temperature image on powder particles surface. Contact surface
temperature (T;) differs significantly from average temperature (T).'* (c)-(d) are
reproduced with permission from ref. 149 © 2013 OMICS International.

In order to prepare high performance thermoelectric materials, spark plasma
sintering (SPS) of the melt grown ingots in SPS-211Lx, Fuji Electronic Industrial Co.,
Ltd (Figure 1.16a). The SPS process and geometrical configuration of the punches,
mould and powder are illustrated in Figure 1.16. Powders to be consolidated, are
placed in a die and heated by applying the electric current. The melt grown ingots were
first ground into fine powders using a mortar and pestle to reduce the grains size in an
inert glove box. This powder was then pressed into cylindrical shape by SPS method
(SPS-211Lx, Fuji Electronic Industrial Co., Ltd.) at specific temperature and pressure
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under vacuum (Figure 1.16a). I have obtained highly dense (= 95% of theoretical
density) disk-shaped pellets with ~ 10 mm diameter and ~ 10 mm thickness which we-
re further used for transport property measurements.
1.8.1.2. Solution-phase synthesis

Innovative LMC nanomaterials synthesized on a large scale with controlled
morphology, size, composition, and structure lie at the heart of their practical
applications. To achieve this, conventional solid-state strategies are often
unsatisfactory. On the other hand, soft-chemical solution phase synthesis has been
witnessed to be very powerful for obtaining desired LMC functional nanomaterials. In
this process, the employed solutions and/or surfactants can be rationally selected based
on the target LMCs, and the nucleation and growth process of the products can be
easily controlled by adjusting the thermodynamic and kinetic parameters of the
reaction. Additionally, liquid-based synthetic routes do not involve the use of drastic
conditions (e.g., high temperatures, high pressures) and yield products in large
amounts. Most commonly used liquid-based methods are solvothermal method and
Schlenk line (also vacuum gas manifold) techniques which are often used to synthesize
high-quality LMCs.
(A) Solvothermal method: The solvothermal method involves heating the reactants
and solvent in a closed vessel, called autoclave. An autoclave is usually constructed
from thick stainless steel to withstand the high pressures and is fitted with safety
valves; it may be lined with nonreactive materials such as teflon. The pressure
generated in the vessel due to the solvent vapours elevates the boiling point of the
solvent. Typically, solvothermal methods make use of various organic solvents such
as ethanol, toluene, long chain organic molecule (oleic acid, octadecene, oleylamine,
ethylene glycol) and water. This method has been widely used to synthesize zeolites,
inorganic open-framework structures, and other solid materials. In the past few years,
solvothermal synthesis has emerged to become the chosen method to synthesize
nanocrystals of inorganic materials. By employing a metal salt, elemental Te/Se/S and
a reducing agent, it is possible to produce metal chalcogenide nanocrystals. Control
over size is generally rendered by the slow release of chalcogenide ions.
(B) Schlenk techniques: The Schlenk line (also known as vacuum gas manifold)

techniques are very useful to work with air sensitive compounds. It consists of a duplex
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of glass tubes with several ports connected side-by-side, which together is called a
manifold. One manifold is connected to a source of purified inert gas (Ar, N»), while
the other is connected to a vacuum pump. The inert gas line is vented through an oil
bubbler. A liquid nitrogen or dry ice/acetone cold trap generally use in the connector
line of pump and manifold to prevent the contamination of the vacuum pump oil from
solvent vapours and gaseous reaction products. Special stopcocks or teflon taps allow
vacuum or inert gas to be selected without the need for placing the sample on a separate
line.

For my Ph.D. work, I have used both the vacuum sealed melting routes and soft

chemical solution phase synthesis.

1.8.2. Characterization techniques

I have used the following characterization techniques for my thesis work.
1.8.2.1. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction is the most commonly used technique in solid state
inorganic chemistry and has many uses from analysis and assessing phase purity to
determine the structure. In this thesis, lab source X- ray have been used for structural
characterization. In the laboratory, X-rays are generated in a cathode tube. In this
technique, a tungsten filament was heated to produce electrons and electron beam was
then accelerated towards an anode by applying a voltage (~ 30 - 40 kV). When
electrons have sufficient energy to dislodge inner shell electrons of the target material,
characteristic X-ray spectra are produced. These spectra consist of several
components, the most common being Ko and Kg. Ko consists, in part, of Ka1 and Koo.
Koi has a slightly shorter wavelength and twice intensity than Koo. The specific
wavelengths are characteristic of the target material (Cu, Fe, Mo, Cr). Cu is the most
common target material use for laboratory X-ray. To produce monochromatic X-rays,
it is required filtering out Kg radiation by foils or crystal monochromators. For Cu
radiation, a sheet of Ni foil is a very effective filter, but it is difficult to remove
K2 from Kai because of close wavelength. The filtering process in laboratory X-ray
leads to a reduction in intensity and hence it is difficult to detect low-intensity peaks
in laboratory X-ray diffraction. In addition, it is difficult to distinguish peak splitting
when peaks appear closely. X-ray diffraction obeys Bragg’s law, which states that
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constructive interference would occur if the path difference between the X-rays
scattered from parallel planes were an integer number of the wavelength of radiation.
If the planes of atoms, separated by a distance d, make an angle 6 with the incident
beam, then the path difference would be 2d sinf. So, for constructive interference, the
Braggs law must be satisfied:

nA=2dsin6n=1,23... (1.14)
where, A= wavelength of the X-ray radiation.

In this thesis, room-temperature PXRD experiments on the samples are carried out
using Bruker D8 diffractometer and Rigaku SmartLab SE.
1.8.2.2. Transmission electron microscopy (TEM)

TEM is one of the important tools in material science for characterization of the
microscopic structure of materials. A TEM image represents a two-dimensional
projection of a three-dimensional object. TEM operates on the same basic principles
as the light microscope, however, uses electrons as “light source” that makes it
possible to get a resolution of about thousand times better than a visible light
microscope. Instead of glass lenses focusing the light on the light microscope, the TEM
uses electromagnetic lenses to focus the electrons into a very thin beam. The electron
beam then travels through the specimen you want to study. When the electron beam
passes through an ultra-thin specimen, it gets absorbed or diffracted through the
specimen. Some of the electrons are scattered and disappear from the beam depending
on the density of the material present on the focused region. A “shadow image” is
formed by the interaction of the electrons transmitted through the specimen focused
onto a fluorescent screen or a photographic film or by a sensor such as a charge-
coupled device (CCD). TEM study allows to focus electron beam to any part of
specimen and electron diffraction data from a different area of the specimen can give
us more details about the accurate local structure of the sample.

The details of TEM instrument used during the experiments are provided in the
respective chapters.
1.8.2.3. Scanning transmission electron microscopy (STEM)

Scanning transmission electron microscope (STEM) is a special kind of

transmission electron microscope, where the electron beam is focused to a fine spot
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(with the typical spot size of ~ 0.05-0.2 nm) and then scanned over the sample in such
way that at each point, sample illuminated with the beam is parallel to the optical axis.
The sample preparation technique is similar to that of TEM and STEM imaging was
carried out using FEITECNAI G2 20 STWIN TEM operating at 200 KV.

1.8.2.4. Field emission scanning electron microscopy (FESEM)

A FESEM is used to visualize topographic details of the sample surface. Similar to
TEM, FESEM microscope also uses electrons as a light source. Electrons are ejected
from a field emission source and accelerated in a high electrical field gradient. These
electrons (termed as primary electrons) produce a narrow scan beam within the high
vacuum column, which bombards the sample material. The incident electrons cause
emission of electrons from the sample due to elastic and inelastic scattering. The angle
and velocity of these secondary electrons produced by inelastic collision of accelerated
electrons with sample atoms relate to the surface structure of the object. High-energy
electrons those are produced by an elastic collision of a primary electrons with atom’s
nucleus of the sample are termed as backscattered electrons (BSE). Larger atoms (with
a high atomic number, Z) have a higher chance of producing elastic collisions because
of their greater cross-sectional area. Thus, a "brighter" BSE intensity correlates with
higher average Z in the sample, and "dark" areas have lower average Z. BSE images
are very helpful for obtaining high-resolution compositional maps of a sample.

In my Ph.D. work, I have performed both normal and BSE mode FESEM
experiments using NOVA NANO SEM 600 (FEI, Germany) operated at 15 kV to
study surface morphology and phase homogeneity. For BSE imaging, I have used a
finely polished sample in the back-scattering mode to produce a BSE image of the
surface. Specific details of the FESEM instruments were also provided in the
respective chapters.
1.8.2.5. Energy dispersive X-ray analysis (EDX)

EDX is an analytical technique used for elemental composition analysis of the
sample. EDX makes use of the X-ray spectrum emitted by a solid sample bombarded
with a focused beam of electrons. For EDX analysis, an X-ray detector is generally
integrated with FESEM instrument. Its characterization capabilities are due in large
part to the fundamental principle that each element has a unique atomic structure

allowing a unique set of peaks on its electromagnetic emission spectrum. In my Ph.D.,
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FESEM images in back scattered electron (BSE) mode and normal mode were taken
using ZEISS Gemini attached to JEOL (JEM2100PLUS) FESEM instrument.
1.8.2.6. Atomic force microscopy (AFM)

AFM is a method to see a surface morphology as well as surface roughness in its
full, three-dimensional glory of nano to micrometer sized materials. AFM provides
important information regarding the height profile of the sample. Typically, AFM
consists of a cantilever with a sharp tip whose radius is in the order of nanometers. In
proximity of a sample surface, forces between the tip and the sample lead to a
deflection of the cantilever according to the Hooke’s law and this deflection is
measured using a laser spot reflected from the top surface of the cantilever into an

array of photodiodes.

Monitor

\ Controller

Figure 1.17. Simplified schematic representation of an atomic force microscope
(AFM) showing the main components and working principles of the instrument.

1.8.2.7. X-ray photoelectron spectroscopy (XPS)

In static mode, the cantilever is dragged across the surface of the sample and the
contours of the surface are directly measured using the The AFM can be operated in
various modes, depending on the application and the primary imaging modes including
static (also called contact) mode and dynamic (noncontact or tapping) mode. deflection

of the cantilever. In the dynamic mode, the cantilever is externally oscillated at or close
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to its fundamental resonance frequency or in a harmonic. The oscillation amplitude,
phase and resonance frequency are modified by tip sample interaction forces. These
changes in oscillation with respect to the external reference oscillation provide
information about the sample’s characteristics. The major advantage of AFM over
other microscopic technique is the fact that AFM provides a three-dimensional surface
profile instead of a two-dimensional projection of the sample. The working principle
of a typical AFM is described in Figure 1.17. In my thesis work we have used Bruker
Innova Microscope in tapping mode with 10 nm diameter containing antimony doped
Silicon tip.

XPS is a surface analysis technique, which measures surface composition,
chemical and electronic state of the present elements in a material. This technique is
based on Einstein’s photoelectric effect. When an X-Ray beam directs to the sample
surface, the energy of the X-Ray photon is absorbed completely by core electrons of
the atoms presents at the surface. XPS spectra are obtained by irradiating a material
with a beam of X-rays while simultaneously measuring the kinetic energy (Exineric) and
the number of core electrons of atoms that escape from the top 0-10 nm of the material
being analyzed. A typical XPS spectrum is a plot of the number of electrons detected
vs the binding energy of the detected electrons (Epinding), as obtained from Einstein
relationship (Ephoton = Ebinding + Ekinetic + v, where v is threshold frequency). Each
element produces a characteristic set of XPS peaks at characteristic Epinging values that
directly identify each element presents in or on the surface of the material being
analyzed. Since core electrons are close to nucleus and have binding energies
characteristic of the certain chemical environment, XPS allows determining the atomic
compositions of a sample or chemical state of certain elements. From the binding
energy and intensity of a photoelectron peak, the elemental identity, chemical state,
and quantity of a detected element can be determined. The details of XPS instruments
used during the experiments were provided in the respective chapters.

1.8.2.8. Inductively coupled plasma-atomic emission spectroscopy (ICP-
AES)

ICP-AES is an analytical technique used to determine the accurate elemental
composition of the sample. Through the use of the Inductively Coupled Plasma, an

ICP-AES produces excited ions and atoms (by ionization in an intense electromagnetic



Part 1 49

field) that emit detectable amounts of light at characteristic wavelengths, with
intensities proportional to the concentration of the ion. As indicated by the name, the
spectra is measured and analyzed by atomic emission spectrometer (AES) using
concentration-intensity correlations which are similar to the Beer-Lambert Law. ICP-
AES measurements were done in Perkin-Elmer Optima 7000DV instrument. Samples
were prepared by dissolved powdered samples in aqua regia (HNO;:HCl = 1:3)
followed by dilution with Millipore water.
1.8.2.9. Optical band gap of solid materials

In my thesis work, the diffuse reflectance method has been used for the
determination of band gap of the solid powdered materials. Diffuse reflectance is an
excellent sampling tool for powdered crystalline materials. When light shines onto a
powder sample, two types of reflections can occur. Some of the light undergoes
specular reflection at the powder surface. Diffuse reflection happens when radiation
penetrates into the sample and then emerges at all the angles after suffering multiple
reflections and refractions by sample particles. A diffuse reflection accessory is
designed to minimize the specular component. To estimate optical energy difference
between the valence band and conduction band, optical diffuse reflectance
measurements have been done with finely ground powder at room temperature using
FT-IR Bruker IFS 66V/S spectrometer and Perkin-Elmer Lambda 900, UV/Vis/NIR
spectrometer. Absorption (a/4) data were estimated from reflectance data using
Kubelka—Munk equation:

a/A=(1-R)*/(2R) (1.15)

where R is the reflectance, a and 4 are the absorption and scattering coefficients,
respectively. The energy band gaps were derived from a/4 vs E (eV) plots.
1.8.2.10. Raman spectroscopy

Raman spectroscopy is one of the vibrational spectroscopic techniques used to
provide information on molecular vibrations and crystal structures. This technique is
based on inelastic scattering of monochromatic light. A change in the molecular
polarizability with respect to the vibronic coordinate is required for a molecule to
exhibit Raman effect. Normally, a laser source Nd-YAG with a fixed wavelength of
532 nm, an Argon ion laser source at 514 nm or He-Ne laser at 633 nm is used as light

source. The laser light interacts with molecular vibrations, phonons or other excitations
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in the system, resulting in the energy of the laser photons being shifted up or down.
The shift in energy gives information about the vibrational modes in the system. Low
temperature Raman spectroscopic measurements were carried out on pellet shaped
samples using Horiba Jobin-Yvon LabRAM HR evolution Raman spectrometer with
1800 gr/mm and Peltier cooled CCD detector.

1.8.2.11. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC)

Thermogravimetric analysis or thermal gravimetric analysis (TGA) is a method of
thermal analysis in which the mass of a sample is measured over time as the
temperature changes. This measurement provides information about physical
phenomena, such as phase transitions, absorption, adsorption and desorption; as well
as chemical phenomena including chemisorptions, thermal decomposition, and solid-
gas reactions. TGA experiments were carried out using a PerkinElmer TGA8000
instrument. The temperature range has been given in the relevant chapter.

DSC is a thermo-analytical technique in which the difference in the amount of heat
required to increase the temperature of a sample and reference is measured as a
function of temperature. Both the sample and reference are maintained at nearly the
same temperature throughout the experiment. The basic principle underlying this
technique is that when the sample undergoes any physical transformation such as phase
transition, melting efc, amount of heat flow required to maintain both at the same
temperature will be different. When the amount of heat required for the sample is lesser
than the reference, the process is termed as exothermic. Endothermic process requires
a higher amount of heat flow to maintain the temperature. By observing the difference
in heat flow between the sample and reference, differential scanning calorimeters are
able to measure the amount of heat absorbed or released during such transitions. DSC
data were collected using a TA DSC Q2000 in N> atmosphere. The temperature range

has been given in the relevant chapter.

1.9. Physical property measurements

In this part, I have discussed about the different measurements used in my thesis work.

Specific measurements are discussed in each chapter separately.
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1.9.1. Electrical transport measurements

The power factor (S°o) depends on the product of the Seebeck coefficient and the
electrical conductivity. The Seebeck coefficient is the ratio of a resulting electric field
gradient to an applied temperature gradient. In a typical measurement, the temperature
is varied around a constant average temperature and the slope of the voltage (V) vs.
temperature difference (A7) curve gives the Seebeck coefficient (the slope method) or
just AV/AT is measured (single point measurement). Either a specific temperature
difference is stabilized before each measurement (steady-state), which takes longer, or
measurements are conducted continuously while the temperature difference is varied
slowly (quasi- steady-state). Little difference was found between steady-state and quasi-
steady-state measurements when good thermal and electrical contact is ensured. The
employed temperature difference should be kept small, but too small will lead to
decreased accuracy. Usually, 4 - 20 K (or 2 - 10 K) is appropriate for the full temperature
span.

In the present thesis, temperature dependent Seebeck coefficient measurement has
been done using the most popular commercial instruments ULVAC ZEM 3 RIKO using
off-axis 4-point geometry under low-pressure helium (He) atmosphere (Figure 1.18a).

In the off-axis, 4-point geometry, the thermocouples, and voltage leads are pressed

against the sides of the sample (Figure 1.18b).

Heating furnace
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Figure 1.18. (a) Photograph of sample-chamber in ULVAC-ZEM3 apparatus. (b)
Schematic of UIVAC-ZEM 3 four-probe measurement system.

The instrument uses slope method to extract the Seebeck coefficient from steady-state

measurements. In the slope method, the measured raw data is corrected for constant
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offset voltages by using the slope of several (AT, V) points for extracting the Seebeck
coefficient. The typical sample for measurement has a rectangular shape with the
dimensions of ~2 mm X 2 mm x 8 mm and AT values 5, 10, 15 K have been used in the
measurement. The error in the measurement is ~ 5%. In a typical measurement, the
sample is set in a vertical position between the upper and lower electrode blocks in the
heating furnace. For temperature dependent measurement, the sample was first heated
to a specified temperature using an infrared (IR) furnace. Thereafter a temperature
gradient across the sample was created by heating the lower part of it by a heater.
Seebeck coefficient is measured by measuring the upper and lower temperatures 71 and
T>» with the thermocouples pressed against the side of the sample, followed by
measurement of voltage (AV) between the same wires on one side of the thermocouple.

The electrical conductivity, o is measured using the four-probe method.
Temperature dependent o has been measured concurrently during Seebeck
measurement in ULVAC ZEM 3 RIKO. For the measurement, a constant current / is
applied to both ends of the sample to measure the voltage V" between the thermocouples.
By knowing resistance of sample, R (R = V/I), we can calculate o from resistivity (p) of

the sample using following equations:

p =R X % (1.16)
o= 1 (1.17)
Yol

where 4 is sample cross section and / is the distance between probes.
1.9.2. Hall effect

The Hall effect describes the behaviour of the free carriers in a semiconductor when
applying an electric as well as a magnetic field along the perpendicular direction.!>
Thus, measurement of the Hall voltage is used to determine the type of charge carrier
present in the system, the free carrier density and the carrier mobility. When a current-
carrying semiconductor is kept in a magnetic field, the charge carriers of the
semiconductor experience a force in a direction perpendicular to both the magnetic field
and the current. At equilibrium, a voltage appears at the semiconductor edges. The ratio
of the induced voltage (V) to the product of the current density (//¢, where [ is applied
current and 7 is sample thickness) and the applied magnetic field (B) is defined as Hall

coefficient (Ry) as shown in the following equations:
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Ry =2 (1.18)

ny =— (1.19)

where, e is the charge of an electron (1.602 x 10"'° C) and ny is charge carrier density.
In this thesis, Hall measurement has been done in an inhouse equipment developed by
Excel instrument. We have used a four-contact Hall-bar geometry and a varying
magnetic field up for the measurements.
1.9.3. Thermal transport measurements

The flash diffusivity method most frequently is used for the determination of thermal
conductivity (x) of material. Non-contact, non-destructive, easy sample preparation,
applicability for a wide range of diffusivity values with excellent accuracy and
reproducibility makes this method more advantageous than direct method. In the flash
diffusivity method, the thermal conductivity is calculated as x = DC,p, where D is
thermal diffusivity, p is density, and C, is the constant pressure heat capacity. In this

method, the sample is mounted on a carrier system, which is located in a furnace.

Furnance

Laser

(b)

Xenon Flash

Figure 1.19. (a) Photograph of NETZSCH LFA-457 instrument. (b) and (c) Schematic
of LFA- 457 diffusivity measurement apparatus.
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After the sample reaches a predetermined temperature, a short heat pulse from a pulsed
laser is applied to one side of a thin sample, resulting in homogeneous heating. The
relative temperature increase on the rear face of the sample is then measured as a
function of time by an IR detector. The temperature will rise to a maximum, after which
it will decay. The time for the temperature to increase to half-maximum, ¢, /,, is used to

calculate the thermal diffusivity using the following equation:

D = 0.1388 x % (1.20)
where D is thermal diffusivity in cm?/s, [ is the thickness.!>!

In this thesis, temperature dependent thermal transport measurement has been done
using the most popular NETZSCH LFA-457 instrument in N> atmosphere (Figure 1.19).
Coins with ~ 10 mm diameter and ~ 2 mm thickness were used for all the measurements.
The samples were coated with a thin layer of graphite (~ 5 um) in order to enhance the
absorption of laser energy and emission of IR radiation to the detector. It also increases
the signal to noise ratio. The error for the &y measurement is ~ 5%. The samples were
placed inside SiC sample holder to mount on carrier system (Figure 1.19c). A Nd-Glass
pulsed laser source of wavelength 1054 nm has been used for all the measurement. To
measure the increased temperature on the rear face of the sample a liquid N2 cooled InSb
IR detector has been used. The p was determined using the dimensions and mass of the
sample and C,, was derived indirectly using a standard sample (pyroceram). The thermal
diffusivity data were analyzed using a Cowan model with pulse correction to account
for heat losses on the sample faces.!>
1.9.4. Heat capacity

The low temperature (2-300 K) heat capacity at constant pressure was measured
using Physical Property Measurement System (PPMS), Quantum Design (DynaCool)
over the temperature range 1.9-300 K by utilizing the following principle:

aQ
Cp = (E)p (1.21)
Quantum Design Heat Capacity option controls the heat added to and removed from a
sample while monitoring the resulting change in temperature. During a measurement, a

known amount of heat is applied at constant power for a fixed time, and then this heating

period is followed by a cooling period of the same duration. A platform heater and plat-
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Figure 1.20. Left. Detailed view of the sample chamber of PPMS probe. Right. Heat
capacity puck along with the schematic diagram of the sample stage.”>> (adapted from
ref. 153)

form thermometers are attached to the bottom side of the sample platform (see Figure
1.20).
1.9.5. Magnetic measurements

The dc magnetic measurements were performed with the help of a commercial
Quantum Design Superconducting Quantum Interference Device (SQUID)
magnetometer and in a vibrating sample magnetometer from Cryogenic Ltd., U.K. in
the temperature range 1.8-300 K and magnetic field range 0-150 kOe. In the case of dc
measurements, magnetization data were recorded as a function of temperature, field and
time in different protocols. In general, three standard protocols namely (i) zero field
cooled heating (ZFCH)), (i1) field cooling (FC) and (iii) field cooled heating (FCH) were
used for thermal variation of dc magnetization measurements. In ZFCH, the sample was
cooled from room temperature to 5 K in absence of any magnetic field and subsequent
heating data were collected in presence of magnetic field. On the other hand, in the case
of FC and FCH protocols, the data were recorded during cooling and heating
respectively in presence of magnetic field. Isothermal magnetization measurements as
a function of applied field at different constant temperatures were performed in a
thermally demagnetized state. Thermally demagnetized state is obtained by cooling the
sample from paramagnetic region to the lowest temperature (typically well below the
transition temperature) and then heat it back to the respective temperature of

measurements in zero magnetic field.
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1.9.6. Pressure dependent Raman and XRD measurements

In this thesis, we have used pressure dependent Raman scattering and synchrotron
XRD measurements for probing the structural and isostructural electronic transitions in
TQMs.
(A) Pressure dependent Raman experiment: The main idea of generating high
pressure is based on the simple definition of pressure (P):

P=F/4 (1.22)

where F'is the force applied perpendicular to an area 4. From equation 1.22, there are

two critical factors (F and 4) influencing the high-pressure generation.

Pressure
Media -~

Vi
Samasket

________________________

Figure 1.21. The schematic and working principle of the DAC.

A large force applied to a small area through an opposed anvil device will generate high
pressure, and this is a commonly used strategy. For instance, the typical force of a few
kN applied on a square micrometer area will result in a pressure in the order of GPa.
Therefore, anvils with smaller faces are required for achieving high pressures. This is
the basic reason for using small size diamond tips in diamond anvil cell for high pressure
generation, and this device revolutionized the high-pressure science.!>*!3° The working
principle of DAC is shown in Figure 1.21. Diamonds are used in the DAC because of
their hardness and transparent nature to a wide frequency range of the electromagnetic

spectrum (X-ray, visible light, y ray, and most of the infrared and ultraviolet region).
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Therefore, DAC can be used to study a wide range of materials’ properties under high
pressure at in-situ conditions. The DAC is composed of two opposed diamond anvils,
and it creates high pressure by trapping the sample between polished culets of two
diamonds inside metal gaskets. Due to this specific configuration, a small force is
enough to create extremely large pressures in the sample chamber.

The gasket present in between the two diamond anvils has an important purpose. (i)
It acts as the chamber which confines the sample, the pressure transmitting medium
(PTM) and pressure calibrant. (ii) It extrudes around the diamonds on compression and
acts as a supporting ring for the diamond culets. Hence the gaskets are protecting the
diamonds from touching each other. Usually, the gaskets are commonly made of a hard
material like hardened stainless steel, tungsten, rhenium, inconel, and copper-beryllium
alloy. A mixture of methanol and ethanol in the ratio of 4:1 or silicone oil are commonly
used as a PTM which maintain the hydrostaticity up to 10.5 GPa at room temperature.'>®

A reliable and accurate pressure gauge is essential for all high-pressure experiments.
The Ruby fluorescence method is the widely used pressure calibration technique!®’ in
the DAC. Ruby is Al,O; doped with Cr** and it does not undergo any phase transition
under pressure at room temperature conditions. The fluorescence signal of the Ruby is
very strong and appear at ~ 694.2 nm and ~ 692.7 nm respectively. These lines originate
from the lifting of the degeneracy of the d-orbitals of the Cr*>* ion by the octahedral
coordination of the oxygen atoms due to crystal field theory proposed for this geometry.
Under pressure, the position of these peaks shifts to a longer wavelength. Pressure can
be determined from the wavelength of the first peak using the following formula:'>®

B
P(GPa) = 195#[1 +%] 1 1.23

where, AL =4, — Ao 1s the difference between the wavelength at a pressure P and ambient
pressure, and B is empirically determined coefficients. B = 7.665 and 5 for quasi-
hydrostatic and non-hydrostatic conditions respectively. Using Ruby pressure
calibration method, the precision of the pressure can be achieved to the order of = 0.03
GPa. The precision of the pressure measurement depends on the degree of crystallinity,
size, shape, and importantly annealing of the Ruby crystals to remove the residual strains
when the Ruby particles are made into spheres using ball milling. Ruby can be well

detected even from a very small (~ 10 um diameter) sphere because of the large strength
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of its signal. This is helpful in safely placing the Ruby in the gasket hole without altering
the measurement. In this thesis, we have used a Mao-Bell type DAC (fabricated in
house), and Ruby fluorescence method for the high-pressure Raman experiments. These
experiments have been performed in collaboration with Prof. Chandrabhas Narayana
from JNCASR, India.

(B) Pressure dependent synchrotron XRD: The schematic outline of the beamline is

shown in Figure 1.22.

~
XRD2
\\
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wiggler _— \
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172 m Mirror
83m Experiment
448 m

Figure 1.22. Schematic of the Xpress beamline. Here, XRD2 beamline (next to Xpress
beamline) is sharing the superconducting wiggler (SCW). Adapted from the website:
www.elettra.trieste.it/lightsources/elettra/elettra-beamlines/xpress/info-beamline

A photograph of the end station of the Xpress beamline together with a schematic
diagram explaining the main components are shown in Figure 1.23. The Xpress
beamline provides a high photon flux at a fixed energy of 25 keV which is ideal for high
pressure powder experiments using DAC. A multipole superconducting wiggler (SCW)
is the source of the beamline. Liquid nitrogen cooled Si(111) single crystal hosted in the
splitter chamber intercepts the X-ray beam from the SCW. The monochromator directs
the X-ray beam to the focusing mirror at a fixed energy of 25 keV. The focusing mirror

is Pt coated to achieve 80% reflectivity at 25 keV and is a 1.4 m long torus, kept at 2.9
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mrad grazing angle. Finely focused beam from this mirror is further optimized by
collimators (200 - 20 um in diameter pin holes) which gives an intense and well-defined
monochromatic beam with minimum divergence for the diffraction experiments. An
image plate detector MAR345 is used to record the XRD patterns of the samples under
pressure from inside DAC. Further, this MAR345 detector is placed in a special stage
which allows the controllable linear movement along the beam direction at two fixed
vertical positions. A Ruby fluorescence microscope is connected side by side to the
pinhole stage which helps to estimate the accurate measurements of the sample’s
pressure (Figure 1.23). Xpress beamline has a friendly graphical user interface

permitting an easy setting-up of the beamline as well as data collection parameters.

(a) Laser

X-rays in o | X-rays
20pm

(b) diameter

i

r& AR345 detec4 ”

Figure 1.23. (a) Block diagram of the synchrotron high pressure XRD set up at Xpress
beamline and (b). Photograph of the Xpress beamline set up. Adapted from the website:
www.elettra.trieste.it/lightsources/elettra/elettra-beamlines/xpress/info-beamline

A membrane DAC, silicone oil as PTM and Ruby fluorescence method were used
for the high-pressure synchrotron XRD experiments. These experiments have been
performed in collaboration with Dr. Boby Joseph at Xpress beamline in Elettra, Trieste,

Italy.
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1.10. Scope of the thesis

Two-dimensional layered metal chalcogenides have emerged as one of the most
important classes of materials with a rich structural diversity and plethora of diverse
transport properties. In my Ph.D. work, I have synthesized and investigated detailed
structure-property relationships of a few novel 2D layered metal chalcogenides and
studied their fundamental physical properties and applicability in thermoelectric research.
Apart from the present introductory part (part 1), my thesis consists of six parts (part 2-
7), where part 2 and part 3 is sub-divided into three and two chapters respectively, and
part 7 provides a summarized future outlook.

Thermoelectric materials constitute a viable means of efficient energy management in
near future, by converting the untapped heat into electrical energy. PbTe and its
derivatives from IV-VI metal chalcogenides family have been established as champion
thermoelectric materials for mid-temperature power generation.'>!84? However, it is the
toxicity of lead which prevents mass market applications for TE power-generation.
Recently, 2D layered tin selenide (SnSe) has attracted immense interest in thermoelectrics
due to its ultralow lattice thermal conductivity and high-power factor. To date, majority
of the thermoelectric studies of SnSe are based on single crystals. However, an expensive
and time-consuming high temperature synthesis procedure of SnSe single crystals, and
its poor mechanical stability make it unfavourable for scaling up synthesis,
commercialization and practical applications which necessitates the research on
nanocrystalline SnSe that can be produced in large quantities by simple and low
temperature solution phase synthesis. Till date, the outstanding thermoelectric
performance has only been reported for single crystals whereas, the polycrystalline or
nanocrystalline analogues exhibit relatively poorer thermoelectric figure of merit due to
its poor electrical conductivity. Thus, in part 2 of my thesis, I have optimized the
synthesis and thermoelectric properties of SnSe nanocrystals by adopting various doping
strategies. First, [ have discussed about the high thermoelectric figure of merit (z7 = 2.1)
in two dimensional (2D) nanoplates of Ge doped SnSe synthesized by a simple
hydrothermal route followed by spark plasma sintering (SPS). Ge-doping in SnSe
nanoplates significantly enhances the p-type carrier concentration which results in high

electrical conductivity and power factor. In addition to nanoscale grain boundary and high
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lattice anharmonicity in SnSe nanoplates, phonon scattering due to Ge precipitates in the
SnSe matrix gives rise to an ultralow lattice thermal conductivity () of ~ 0.18 W m’!
K-! at 873 K in 3 mol% Ge doped SnSe nanoplates. Next, I have also obtained significant
enhancement in thermoelectric performance in 2D SnSe nanoplates by introducing
magnetic Gd dopants. The p-type carrier concentration increases significantly upon 3
mol% Gd addition in SnSe nanoplates due to phase separation of Gd>Ses nanoprecipitates
(2-5 nm) and subsequent Sn*>* vacancy formation. The presence of magnetic fluctuations
induced by small nano-precipitates of Gd>Ses provides additional scattering of the
phonons in SnSe, which reduces the x,, significantly in Sng97Gdo.03Se. This is the first
experimental report of magnetic rare earth doping in SnSe nanoplates in the area of
thermoelectrics. Finally, 1 have also reported the solution phase synthesis and
thermoelectric transport properties of ultrathin (1.2-3 nm thick) few layered n-type Bi
doped SnSe nanosheets. Bi-doped nanosheets exhibit ultralow i (~ 0.3 W m™! K™)
throughout the temperature range of 300-720 K which can be ascribed to the effective
phonon scattering by interface of SnSe layers, nanoscale grain boundaries and point
defects.

Till date, a plethora of research has been carried out to modulate the thermoelectric
performance of p-type nanocrystalline/polycrystalline SnSe. However, in most of the
cases, reported SnSe materials are p-type while thermoelectric applications demand both
p-type and n-type materials. So, in part-3 of my thesis, I have tried to optimize the
thermoelectric properties of n-type polycrystalline SnSe by doping with MoCls and WCle.
I have reported record high z7 of 2.0 polycrystalline SnSeo.92 + 1 mol% MoCls resulting
from the simultaneous optimization of n-type carrier concentration and enhanced phonon
scattering due to the formation of modular of layered intergrowth [(SnSe)1.05]m(MoSe2)n
like compounds within the SnSe matrix. These 2D layered modular intergrowth
compound resembles the natural nano-heterostructures and their periodicity of 1.2 - 2.6
nm matches the phonon mean free path of SnSe. Thus, the heat carrying phonons were
blocked effectively and an ultra-low low i and ultra-high thermoelectric performance
were obtained in n-type polycrystalline SnSe. By following the similar strategy, I have
also obtained high thermoelectric performance of n-type SnSeo.92 upon WCls doping. The
successful creation of Se vacancy and substitution of W®" at Sn?>" and Cl ions at Se?*" sites

effectively enhance the total n-type carrier concentration, thus improving its electrical
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conductivity. The occurrence of WSe; precipitates in the SnSe matrix drastically reduces
the lattice thermal conductivity which gives rise to high z7 in SnSeo.92 + 2 mol% WCls
sample.

It is well-known that SnSe undergoes a displacive phase transition from low
symmetric Pnma phase to high symmetric Cmcm phase at ~ 800 K. This phase transition
at elevated temperature results in extended defects and enhancement in the lattice strain
which degrades the mechanical properties of SnSe and limits its long-term power
generation applications at high temperature. Furthermore, it has been reported that the
metastable cubic phase can only be stabilized at very high pressure or by inducing strain.
So, in part 4, I have reported the successful stabilization of the high-pressure cubic rock-
salt phase of SnSe at ambient conditions by introducing chemical pressure into the lattice
upon alloying with 30 mol% AgBiSe>. The band gap of the pristine orthorhombic SnSe
1s 0.90 eV, whereas, when SnSe is alloyed with AgBiSe,, band gap closes rapidly near to
zero at x = 0.30 due to increase in chemical pressure originating from a sharp decrease in
unit cell volume. We confirm the stabilization of the cubic structure and its associated
changes in electronic structure using first-principles theoretical calculations. Pristine
cubic SnSe exhibits topological crystalline insulator (TCI) quantum phase, but the cubic
(SnSe)ix(AgBiSe2)x (x = 0.33) possesses semi-metallic electronic structure with
overlapping conduction and valence bands. Cubic polycrystalline (SnSe)o.70(AgBiSe2)o.30
sample shows n-type conduction at room temperature while the orthorhombic (SnSe);-
x(AgBiSes)x (0.00 <x <0.28) samples retain its p-type character. Thus, by optimizing the
electronic structure and the thermoelectric properties of polycrystalline SnSe, I have
achieved a high z7 of 1.3 at 823 K in (SnSe)o.7s(AgBiSe2)o.22.

A charge density wave is a static modulation of conduction electrons and is a Fermi-
surface driven phenomenon usually accompanied by a periodic distortion of the lattice. It
is well-known that in the vicinity of CDW formation, the electron—phonon coupling
breaks the translational symmetry of the lattices and creates a structural perturbation
which gives rise to reduced lattice thermal conductivity in these CDW materials making
them a suitable candidate for thermoelectric applications. In part 5, I have investigated
the origin of low lattice thermal conductivity in GdTes;, a CDW material. GdTes possess
a quasi-2D layered structure where one corrugated GdTe slab is sandwiched between two

Te sheets. From, first-principles theoretical calculations, it was verified that charge
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transfer take place from the GdTe slab to the adjacent Te sheets and there is a presence
of van der Waals gap between the two neighbouring Te-sheets. Thus, the structure can be
considered as a natural heterostructure of charge and vdW layers. Strong electron-phonon
coupling, and Fermi surface nesting play the crucial role behind the CDW transition
(Tepw~ 380 K) in GdTes. Large anisotropic behaviour was observed both in the electrical
and thermal conductivity data of GdTe; when measured along parallel and perpendicular
to the SPS pressing, which is quite unusual in polycrystalline materials. From the
theoretical calculations and Raman spectroscopic analysis, we have confirmed the
existence of low-lying optical phonon modes in GdTes; which couples with the heat
carrying acoustic phonon branches. Thus, the presence of strong electron-phonon
coupling and natural heterostructure of charge and vdW layers effectively scatter the
phonons which gives rise to low lattice thermal conductivity in GdTes.

Topological quantum materials (e.g., topological insulators, topological crystalline
insulators and topological semimetals), characterized by their nontrivial electronic
surface states, have created a sensation in designing new TE materials. Recently, it was
experimentally shown that hydrostatic pressure plays an important role to modify the
structural, electronic and physical properties of TQMs and one such interesting
phenomenon is electronic topological transition (ETT). ETT is mainly caused by the
drastic changes in the topology of electronic Fermi surface associated with a change in
unit cell volume and elasticity of the material. In part 6 of my thesis, I have reported
pressure induced ETT in a weak topological insulator BiSe for the very first time. We
have performed a detailed pressure dependent powder X-ray diffraction (PXRD) and
Raman spectroscopic analysis of BiSe and inferred that the room temperature trigonal
(P3m1) phase is stable up to ~ 7 GPa. Interestingly, we have observed two distinct slope
changes around ~ 1 and ~ 2.2 GPa in the pressure-dependent lattice parameters, volume,
Raman mode shift, and Raman mode linewidth data which suggests the onset of two
electronic topological transitions (ETT) in this material. A change in the topology of the
Fermi surface also verified from the first-principles theoretical calculations. Finally, DFT
calculations have revealed that with further increasing the pressure, BiSe undergoes a
semiconductor to semimetal transition at ~ 6 GPa. The origin of these ETTs is associated
with the two different vibrational modes arising from of Bi bilayer and Bi2Ses; quintuple

layers of BiSe. Detailed electronic band structure calculations also indicate that the
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emergence of multiple band extrema both in the valence and conduction bands as a
function pressure can improve the thermopower and thermoelectric performance of BiSe
near the vicinity of ETT.

In part 7, I have summarized all the chapters and provided a brief outlook into the

future direction in optimizing the thermoelectric performance of layered materials.
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Chapter 2.1

Realization of High Thermoelectric Figure of Merit in
Solution Synthesized 2D SnSe Nanoplates via Ge
Alloying?®

Summary

Recently, single crystals of layered SnSe have created a paramount importance in
thermoelectrics owing to their ultralow lattice thermal conductivity and high
thermoelectric figure of merit (zT). However, nanocrystalline or polycrystalline SnSe
offers a wide range of thermoelectric applications for the ease of its synthesis and
machinability. Here, we have demonstrated high zT of 2.1 at 873 K in two dimensional
(2D) nanoplates of Ge doped SnSe synthesized by a simple hydrothermal route followed
by spark plasma sintering (SPS). Anisotropic measurements also show a high zT of ~ 1.8
at 873 K parallel to the SPS pressing direction. 3 mol% Ge-doping in SnSe nanoplates
significantly enhances the p-type carrier concentration which results in high electrical
conductivity and power factor of ~ 5.10 uW/emK’ at 873 K. In addition to nanoscale
grain boundary and high lattice anharmonicity in SnSe nanoplates, phonon scattering
due to Ge precipitates in the SnSe matrix gives rise to the ultralow lattice thermal
conductivity of ~ 0.18 W/mK at 873 K.

S. Chandra, and K. Biswas. J. Am. Chem. Soc., 2019, 141, 6141-6145.
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2.1.1. Introduction

Two dimensional layered metal chalcogenides have recently gained momentous
attention in the field of thermoelectrics owing to their anisotropic crystal structure and
low thermal conductivity.!”> Among the 2D layered materials, the IV-VI semiconductors
are contemplated as the most promising thermoelectric materials, for instance SnSe,
which sparked a huge interest among the scientists due to its fascinating thermoelectric
properties arising from its ultralow thermal conductivity, chemical stability, earth-
abundance, and low toxicity.®!! Single crystals of SnSe have lately shown an outstanding
zT of ~2.6 at 923 K along crytallographic b-direction.® However, polycrystalline or
nanocrystalline SnSe is a preferred choice for thermoelectric applications due to the ease
of its production and processability.!? But polycrystalline samples generally show lower
carrier mobility as compared to that of the single crystals, thus effectively reduce the zT
values.!>”'7 Important reports are present which corroborate polycrystalline or
nanocrystalline SnSe with various doping such alkali metal ions, Pb, Sb, Cu, Cl and I
showing reasonably high zT.!®2* However, in comparison with single crystals of SnSe,
there are still scopes to improve the thermoelectric properties of polycrystalline SnSe by
controlling the synthesis process and balancing the nanostructuring to optimize both the
electronic and thermal transport properties.

Incidentally, GeSe adopts identical layered orthorhombic structure as SnSe at ambient
conditions and showed promises in thermoelectrics.?*2® Thus, GeSe may form a solid
solution with SnSe and can decrease the thermal conductivity. Moreover, Ge being more
electronegative than Sn, can form an impurity dopant level slightly below the conduction
band formed mainly by Sn, thus can effectively decrease the band gap of SnSe which may
also optimize the electronic transport properties. Although, there are few earlier reports
on the Ge doping in polycrystalline SnSe synthesized by high temperature solid state
reaction, but the zT remains very low ~ 0.7 at around 850 K.?”"* Thus, we thought to
explore the effect of Ge doping on the thermoelectric properties of 2D SnSe nanoplates
synthesized by low temperature solution route.

In this chapter, I present high thermoelectric figure of merit (z7) of 2.1 at 873 K in Ge
doped 2D SnSe nanoplates synthesized by a facile low temperature hydrothermal

synthesis followed by spark plasma sintering (SPS). Ge doping increases the carrier
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concentration which leads to enhanced electrical conductivity and power factor in Sni-
xGexSe. Upon 3 mol% Ge doping in SnSe, the system deviates from solid solution and
Ge starts precipitating in the SnSe matrix. Sno.97Geo.03Se sample exhibits ultralow thermal
conductivity of ~ 0.18 W/mK at 8§73 K due to synergistic phonon scattering by point
defects, nano precipitates, nanoscale grains and inherent lattice anharmonicity. As SnSe
possess an anisotropic structure, we have measured thermoelectric properties in both the
parallel and perpendicular directions to the SPS pressing axis, which show a high z7 of ~

1.8 at 873 K parallel to the SPS pressing direction in Sno.97Geo.03Se.

2.1.2. Methods

Reagents. Tin (II) chloride dihydrate (SnCl.2H20O, 98%, Sigma Aldrich), selenium
powder (Se, 99.99%, Alfa Aesar), germanium (IV) iodide (Gels, 99%, Sigma Aldrich)
and sodium hydroxide pellets (NaOH, 98% Sigma Aldrich) were used for the synthesis.

Synthesis. SnixGexSe (x = 1-3 mol%) nanoplates were synthesized using simple
hydrothermal route. First a mixture of SnCl>:2H>O (2 mmol) and Gels (x mmol%) were
dissolved in deionized water. The solution was then sonicated at room temperature for 10
min, followed by addition of NaOH (30 mmol) and sonication for another 10 min unless
a clear solution was obtained. The mixture was then transferred to a Teflon-lined
stainless-steel autoclave of 25 ml capacity and Se powder (1 mmol) was added to it that
results in a black solution. The autoclaves were then sealed tightly and heated to 130 °C
for 36 h. After cooling to room temperature, the black precipitate was collected and
thoroughly washed with absolute ethanol and deionized water for several times. Finally,
the product was vacuum dried at 60 °C for 6 h and collected as powder. During the
synthesis, NaOH acts as a solubilizing agent. Slight excess of Sn>" should always be
present in the reaction mixture (molar ratio of Sn?>" and Se must be higher than two) as

Sn?" itself acts as a reductant and precipitant.'®°

Sn?t + Se - Sn*t + Se?”

Sn?t + Se?” - SnSe |
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The yield of the reaction was ~ 95% and the product was scaled up to 10 gm for the
thermoelectric measurements. The nanoplates were dispersed in ethanol for further

characterizations.

Powder X-ray diffraction (PXRD) patterns of the samples were collected using CuKa

(A=1.5406 A) radiation on a Bruker D8 diffractometer at room temperature.

Field emission scanning electron microscopy (FESEM) experiments were performed
using NOVANANO SEM 600 (FEIL, Germany) operated at 15 kV. EDAX compositional
analysis was performed during FESEM imaging.

Back-scattered electron microscopy (BSE) imaging was performed during FESEM
using ZEISS Gemini SEM — Field Emission Scanning Electron Microscope operated at

500V.

Atomic force microscopy (AFM) was performed on a Bruker Innova Microscope in

tapping mode with 10 nm diameter containing antimony doped Silicon tip.

Transmission electron microscopy (TEM) images of the as synthesized materials were
taken using a JEOL (JEM3010) TEM instrument (300 kV accelerating voltage) fitted with
a Gatan CCD camera and also with a FEI TECNAI G2 20 STWIN TEM instrument
(operating at 200 kV). A suspension of the nanosheets was prepared in cyclohexane

solution and it was then drop casted in a holey carbon coated Cu grid for TEM imaging.

Scanning transmission electron microscopy (STEM) imaging was carried out using
FEITECNAI G? 20 STWIN TEM operating at 200 KV. The sample preparation was same
as that of TEM. EDAX compositional analysis and color mapping were performed during
STEM imaging. Background was subtracted (using multi-polynomial model) during the
data processing for EDAX color mapping (with 500 eV minimum region of interest
width). Errors in the determination in compositions of nanosheets in EDAX

measurements is nearly 5%.

X-ray photoelectron spectroscopy (XPS) measurement was performed with MgKa
(1253.6 eV) X-ray source with a relative composition detection better than 0.1% on an

Omicron Nano-technology spectrometer.
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Band gap measurements. To estimate the optical band gap, diffuse reflectance
measurements were carried out in the range of 4 =250 to 800 nm by using a Perkin-Elmer
Lambda 900 UV/Vis/near-IR spectrometer in reflectance mode. Absorption (a/A4) data
were calculated from reflectance data by using the Kubelka—Munk equation: a/4 =
(I-R)’/(2R), in which R is the reflectance, a and A are the absorption and scattering

coefficients respectively. The energy band gaps were derived from o/4 vs. E (eV) plots.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES). The exact
composition of the as synthesized nanosheets was calculated based on ICP-AES data.
ICP-AES measurements were carried out using Perkin-Elmer Optima 7000DV
instrument. [CP-AES measurement were carried out by dissolving the powder nanosheets
in aquaregia (HNO;:HCI = 1:3) followed by diluting with millipore water. Sn standard
(1000 mg/L, Sigma-Aldrich), Se standard (1000 mg/L, Sigma-Aldrich) and Bi standard
(1000 mg/L, Sigma-Aldrich) were used to determine the compositions in ICP. In the

present measurement, error bar lies below 1.5 %.

Spark plasma sintering (SPS) was done using a SPS211-LX (Dr. Sinter Lab)
instrument. The powdered nanoplates were sintered to prepare a rectangular column (8
mm X § mm X 8§ mm) and coin (2 mm x 10 mm) using graphite dies at 50 MPa pressure
and 450 °C temperature for 10 minutes. From the rectangular column, a rectangular bar
(2 mm x 2 mm x 8§ mm) was made using a typical cutter-polisher. The density of the SPS
processed samples were found to be about ~ 95 % of theoretical density.

For further comparison, powdered samples had been compacted using Inductively

heated uniaxial hot press in argon atmosphere at 45 MPa pressure and 500 °C temperature.

Electrical transport properties. Electrical conductivity (¢) and Seebeck coefficients (S)
were measured simultaneously from the rectangular bar under helium atmosphere from
room temperature to 873 K using a ULVAC-RIKO ZEM-3 instrument system. ¢ and S

were measured in both the parallel and perpendicular to the pressing directions.

Hall measurement. Room temperature carrier concentrations were determined from Hall
coefficient measurements with the equipment developed by Excel Instrument, India.

Four-contact Hall-bar geometry was used for the measurement. The applied magnetic
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field was 0.57 Tesla. Room temperature carrier concentration, #, was measured using the

formula n=1/eRu, where e is the electronic charge, Ry is hall coefficient.

Thermal transport properties. The thermal diffusivity (D) of the coin-shaped samples
have been measured by laser flash diffusivity technique using NETZSCH LFA 457
instrument in 300—873 K range. Total thermal conductivity (x) was calculated using the
formula x = DCpp, where D is the thermal diffusivity, C, is specific heat, and p is density
of the sample. Temperature dependent heat capacity, C, was derived using standard
sample (pyroceram). Further, the electronic thermal conductivities, ke wWere estimated
using Wiedemann-Franz Law, x..= LoT, where L is the Lorenz number which is
estimated by fitting reduced chemical potential derived from temperature-dependent
Seebeck coefficient using single parabolic band conduction and dominant acoustic

phonon scattering of carriers.

2.1.3. Results and Discussions

The powder X-ray diffraction (PXRD) patterns of as synthesized Sn;xGexSe (x = 0-3
mol%) were indexed with orthorhombic SnSe (Pnma).>” However, an additional low
intense peak appears in case of 3 mol% Ge doped SnSe near the (011)snse peak which can
be attributed as Ge second phase (Figure 2.1.1). Thus, the solid solution limit exceeds
after 2 mol% of Ge doping in SnSe and traces of Ge starts precipitating out into the matrix.
The peaks for Sni.xGexSe are slightly right shifted than that of the pristine sample which
is in good agreement with the smaller atomic radius of Ge (211 pm) in comparison to Sn
(225 pm).

The optical band gap of SnSe (1.01 eV) decreases slightly after Ge incorporation
(Figure 2.1.2). Ge being more electronegative than Sn creates an impurity acceptor level
slightly below the conduction band formed mainly by Sn, which reduces the band gap of
the Sni.xGexSe nanoplates.

The morphology of the as synthesized Sno.97Geo.03Se samples resembles to that of the
2D nanoplates which is evident from TEM (Figure 2.1.3a) and FESEM (Figure 2.1.3c)
images. The lateral dimension of the nanoplates ranges from 0.5 - 1.0 um. The single

crystalline nature of the nanoplate is verified by the HRTEM image (Figure 2.1.3b). The
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Figure 2.1.1. (a) PXRD patterns of as-synthesized Ge doped SnSe nanoplates. The
additional peak (denoted by *) that appears near the (011)snse peak indicates the trace of
Ge precipitates in SnSe matrix. (b) Rietveld refinement of room-temperature PXRD data
of as-synthesized Sno.97Geo.03Se sample using Fullprof. We have included Ge second
phase during refinement.

lattice spacing between two apparent planes was estimated to be 3.07 A which indicates
that the (011) set of planes are exposed in Sno.97Geo.03Se nanoplates. In addition, selected

area electron diffraction (SAED) of a single Sno.97Geo.03Se nanoplate shows a spot pattern

Sn, Ge Se
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—x=0.01
—x=0.02
—x=0.03
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08 09 10 11 12
Energy (eV)

Figure 2.1.2. Electronic absorption spectra of Sni.xGexSe nanoplates.

for (Okl) set of reflections (see inset of Figure 2.1.3a) confirming the single crystalline
nature. The thickness of the as synthesized sample was determined by atomic force
microscopy (AFM) (Figure 2.1.3d) which indicates the formation of 7 to14 nm thick 2D

nanoplates.
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The elemental compositions of SnixGexSe nanoplates were determined from two
independent experiments: energy-dispersive analysis of X-rays (EDAX) and inductively
coupled plasma atomic emission spectroscopy (ICP-AES). Actual compositions
determined by these two techniques are in well agreement with that of the nominal

compositions (Table 2.1.1).

((,1_.1125 5(210)
ol

Figure 2.1.3. (a) TEM image of Sno.97Geo.03Se nanoplates. SAED pattern of the same
nanoplate is shown in the inset. (b) HRTEM and (c) FESEM image of Sno.o7Geo.03Se
nanoplates. (d) AFM images of as-synthesized Sno.97Geo.03Se nanoplates. The height
profile acquired from the AFM micrographs indicate the thickness of the nanoplates lies
in the range of 7—14 nm. The lateral dimension ranges from 0.5-3 um.

Table 2.1.1. Analysis of sample compositions from ICP-AES and EDAX.

Nominal Composition obtained Composition obtained
Composition from ICP-AES from EDAX
SnSe SnSei.05 SnSer.1
Sno.99Geo.01Se Sno.987Geo.0145€1.03 -
Sno.98Geo.02Se Sno.930Geo.0265€ -

Sno.97Geo.03Se Sno.969Ge0.0365€1.1 Sno.950Ge0.0395€1.4
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EDAX elemental color mapping was performed during scanning transmission
electron microscopy (STEM) imaging which shows the presence of Sn, Se and Ge in

Sno.97Geo.03Se nanoplates (Figure 2.1.4).

Figure 2.1.4. (a) STEM image of Sno.o7Geo.03Se nanoplates and EDAX color mapping for
(b) Sn, (c) Ge, and (d) Se.

To understand the microstructure compositions in Sno.97Geo.03Se SPS'ed and hot-
pressed samples, back-scattered electron imaging (BSE) was performed during FESEM
(Figure 2.1.5), which shows the presence of the dark contrast Ge precipitates of ~2—10
um size embedded in lighter contrast SnSe matrix. Furthermore, EDAX line scanning on
a precipitate along with the matrix (Figure 2.1.5a, denoted by a white line) was performed,
which clearly indicates that the matrix is SnSe, whereas the precipitate is Ge rich (Figure
2.1.5b).

X-ray photoelectron spectroscopy (XPS) was performed on Sngg99Geoo1Se which
confirms the presence of Sn, Ge and Se in as synthesized nanoplates (Figure 2.1.6). The
Sn 3d spin-orbit doublet peaks appeared at 489.1 eV and 499.3 eV with splitting of 10.2
eV, which can be assigned to Sn 3dspand Sn 3ds), respectively. We could be able to
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deconvolute the broad peak of selenium as Se 3dspand Se 3ds» at 53.3 eV and 55.7 eV
respectively. Presence of Ge 3ds» and Ge 2p32 peaks at 32.1 eV and 1219.5 eV can be

attributed to Ge (II) states in Sng 99Geo 01Se.2”

(b) Ge K,y

Intensity (a.u.)

0 4 8 12 16
Distance (um)

Figure 2.1.5. (a) Backscattered FESEM image from SPS processed Sno.97Geo.03Se, which
shows the presence of precipitates of relatively dark contrast and large size. (b) EDAX
line scan along the precipitate (highlighted in image a).

SnSe exhibits anisotropy in different crystallographic directions, thereby the
thermoelectric measurements are done both in Il (parallel) & L (perpendicular) to the
pressing direction of SPS. A schematic illustration of the anisotropic measurement is
given in Figure 2.1.7.

We have measured the thermoelectric properties (Il & L direction) of the SPS'ed
samples of SnjxGexSe (x = 0-3 mol%) in the temperature range of 300 — 873 K. In each
case, thermoelectric properties are higher in the perpendicular direction as compared to
parallel direction to the SPS which is a typical behavior of SnSe.'*!° Figure 2.1.8a and
2.1.8b represent the variation of ¢ with temperature measured along the parallel and
perpendicular to the pressing direction respectively. The dependence of electrical
conductivity for all the samples follows a similar trend which can be described as follows.
First, semiconducting transport behavior exhibits from 300 to 500 K due to the thermal
excitation of minority carriers; then a metallic behavior is noticed up to 675 K; then the

o increases significantly with increasing temperature further to 873 K, which can be
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attributed to the structural phase transition from Pnma to Cmcm at ~ 800 K, which has a
similar trend to the previous SnSe samples.'*?? Typically, the ¢ values for the
Sno.97Geoo3Se (for the L direction) was measured to be 13.8 Sem™ at 295 K, which
increases to 67.9 Scm™! with the increase in temperature. Ge doping in SnSe increases the

p-type carrier concentration (Table 2.1.2).

2+

(@)]  sn 3d,,(sn™) (b) Se_3d, , (Se™)
o~ 2+ - 2-

5 Sn3d,,(Sn") :s Se3d,, (Se™)

s =

2 5

% =

= e

480 485 490 495 500 505 48 51 54 57 60
Binding Energy (eV) Binding Energy (eV)

~
(@)
~

Ge 3d_, (G [(d) Ge 2py, (Ge™)

5/2

Intensity (a. u.)
Intensity (a. u.)

25 30 35 40 1196 1209 1222 1235
Binding Energy (eV) Binding Energy (eV)
Figure 2.1.6. High-resolution XPS of (a) Sn 3d, (b) Se 3d, (c) Ge 3d and (d) 2p orbital in

Sno.99Geo.01Se nanoplates. The binding energy of the elements confirms that Sn, Se and
Ge are in +2, -2 and +2 oxidation states respectively.

For 3 mol% Ge doped SnSe, carrier concentration (4.2x10' cm™) is increased by two

orders of magnitude than the pristine sample (3.9x10"7cm™). With increasing the Ge
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concentration in SnixGexSe, Ge started precipitating out in SnSe matrix when the solid
solution limit exceeds, which creates Sn>" vacancies and thereby enhances the overall p-
type carrier concentration. Thus, the improved carrier concentration in Sno.97Geo.03Se

gives rise to enhanced electrical conductivity compared to the pristine SnSe.

Parallel (I) to SPS direction

+

|

Perpendicular (L) to SPS
direction

y—(+0
S,c

K

Figure 2.1.7. A schematic illustration to understand the anisotropic transport properties
of SnSe.

Figures 2.1.8¢c and 2.1.8d show the temperature dependence of Seebeck coefficient for
the SnixGexSe (x = 0-3 mol%) samples measured in the parallel and perpendicular
directions, respectively. The SnixGexSe samples exhibit lower S values than the pristine
sample, which is consistent with the enhanced carrier concentrations as confirmed by Hall

measurements.

Table 2.1.2. Room temperature carrier concentrations of SnixGexSe samples.

Composition Carrier Concentration
(n) cm
SnSe 3.9 x 10"
Sno.99Geo.01Se 6.7 x 108
Sno.98Geo.02Se 9.0 x 108

Sno.97Geo.03Se 4.2 x 10"
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Figure 2.1.8. Temperature dependent (a), (b) electrical conductivity, (c), (d) Seebeck

coefficient, and (e), (f) power factor of Sni..GexSe measured parallel (open symbols) and

perpendicular (solid symbols) to the SPS pressing direction respectively.
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Figure 2.1.9. Temperature dependent (a), (b) total thermal conductivity, and (c), (d)
lattice thermal conductivity of SniGeSe measured parallel (open symbols) and
perpendicular (solid symbols) to the SPS pressing direction respectively.

Initially, with increase in temperature, Seebeck coefficient increases and reaches to a
maximum value in the temperature range of 550-650 K which is typical for solution
processed SnSe samples.'*?? The peak in the temperature dependent Seebeck coefficient
indicates the bipolar conduction.!*?? The increase in Seebeck coefficient after 800 K
indicates the structural phase transition.!**?> The power factor of the SnixGexSe samples
is given in Figures 2.1.8e and 2.1.8f. Remarkable high value of power factor (~ 5.10
uW/cmK?) is obtained for 3 mol% Ge doped polycrystalline SnSe at 873 K along
perpendicular to SPS pressing direction.

Figures 2.1.9a and 2.1.9b show the temperature dependent x measured parallel and
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perpendicular to the SPS directions, respectively. The negligible difference between x
(Figures 2.1.9¢ and 2.1.9d) and xi« clearly indicates that the thermal transport is mainly
dominated by phonons. In addition to the significant lattice anharmonicity in SnSe, the
presence of solid solution point defects and Ge precipitates scatter the phonons in the
Sno.97Geo.03Se samples, thereby effectively reduces the lattice thermal conductivity. For
Sno.97Geo.03Se sample, i of ~ 0.18 W/mK is observed at 873 K for measurement

perpendicular to the SPS direction.

Table 2.1.3. A comprehensive summary of kia: of various high performance SnSe samples.
Here, solvothermal is abbreviated as ST, hydrothermal is abbreviated as HT, melting is
abbreviated as M, mechanical alloying is abbreviated as MA, and hot-pressing is
abbreviated as HP. ‘L’ and ‘I’ denotes the perpendicular and parallel SPS pressing
directions respectively.

Product sz:ct:l:;;ce W zalt K) (I];) Reference
Sno.97Geo.o3Se HT+SPS 0.18 (1) 873  This Work
SnSbo.02Se0.96 HT+SPS 0.17 (1) 773 15

Snp.osSe HT+SPS 0.23 (1) 873 22

SnPbo.01Zno.03Se HT+SPS 0.13 (I 873 31
SnSe+1mol% PbSe HT+SPS 0.15 (1) 873 13
Sno.gg2Cuo.1185€ ST+SPS 0.25 (1) 823 23
Ago.01Sn0.99Se0.855¢€0.15 M+HP 0.11 (I 825 17
Ko.01Sng.99Se MA+SPS 0.20 (1) 773 12
SnSeo.67S0.310.03 M+MA+HP 0.25 (1) 773 19

We have compared the high temperature x.; value of Sno.97Geo.03Se with the ., of
other high performance SnSe samples (Table 2.1.3), which is in good agreement.

The zT increases to a maximum value of ~ 2.1 at 873 K for p-type solution processed
Sno.97Geo.03Se (L to the pressing direction, Figure 2.1.10b), which is significantly higher
than that of previously reported polycrystalline Ge doped SnSe made by solid state high
temperature melting.” We have also obtained a maximum z7 of ~ 1.8 at 873 K measured

along the pressing direction in Sno.97Geo.03Se, Figure 2.1.10a.
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Figure 2.1.10. Temperature dependent zT of Sn;.xGexSe nanoplates measured along (a)
parallel and (b) perpendicular to the SPS direction respectively.
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Figure 2.1.11. zT of SPS processed Sno.o7Geo.03Se sample is reversible (heating-cooling)
and reproducible over temperature gradient and different batch of synthesis for both the
(a) parallel and (b) perpendicular directions.

The obtained high zT" values in Sno.97Geo.03Se are reproducible and reversible in

several batches of samples synthesized separately (Figure 2.1.11).

2.1.4. Conclusion

In summary, a simple scalable hydrothermal synthesis has been implemented to

prepare 2D nanoplates of SnixGexSe (x = 0-3 mol%). Ge doping in SnSe increases the p-
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type carrier concentration, thereby enhances electrical transport. Synergistic effect of
lattice anharmonicity, point defects, nanoscale grains and precipitates decrease the xiar
heavily in Sni.xGexSe. Thus, an extremely high z7'of ~ 1.8 and ~ 2.1 at 873 K are obtained
for 3 mol % Ge doped SnSe when measured in parallel and perpendicular to the SPS

pressing directions, respectively.
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Chapter 2.2

Enhancement of the Thermoelectric Performance of
2D SnSe Nanoplates through Incorporation of
Magnetic Nanoprecipitates®

Summary

Recently, it has been observed that enhancement of the thermoelectric performance can
be achieved by the incorporation of magnetic nanoprecipitates in a thermoelectric host
matrix. Herein, we have demonstrated the significant enhancement in thermoelectric
performance of the two-dimensional (2D) nanoplates of SnSe by introducing magnetic
Gd dopants, which are synthesized and scaled up (~ 10 g) by low temperature
hydrothermal method. The p-type carrier concentration increases significantly upon 3
mol% Gd addition in SnSe nanoplates due to phase separation of Gd>Ses3 nanoprecipitates
(2-5 nm) and subsequent Sn** vacancy formation. Thus, the thermoelectric power factor
has been markedly enhanced to 6.7 uW/cmK? at 868 K compared to that of the pristine
SnSe nanoplates. The presence of magnetic fluctuations induced by small nano-
precipitates of GdxSes provides additional scattering of the phonons in SnSe, which
reduces the lattice thermal conductivity significantly to 0.41 W/mK at 868 K in
Sno.07Gdo.03Se. We have achieved a zT of ~ I at 868 K for the spark plasma sintered (SPS)
Sno.07Gdo.03Se nanoplates along the perpendicular to the pressing direction.

S. Chandra, P. Dutta, and K. Biswas. ACS Appl. Energy Mater., 2020, 3, 9051-9057.
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2.2.1. Introduction

Recently, researches have come up with an idea that the magnetic interactions induced
by magnetic-element in a non-magnetic thermoelectric host could be an effective strategy
to elevate the overall thermoelectric performance.!™ Incorporation of a magnetic element
can be achieved mainly by two ways; (i) doping of magnetic transition metal ions into the
crystalline thermoelectric materials (e.g. BixTes),! and (ii) embedding magnetic
nanoparticles (e.g., Fe304, Ni) into the thermoelectric matrix (e.g. BiSbTes, CoSb3).>* In
the first method, magnetic doping enhances the thermopower by increasing the carrier
effective mass or spin entropy, whereas, in the second approach, a complex thermo-
electromagnetic effect plays the key role to refine the thermoelectric properties.! The
presence of nanostructures and the magnetic fluctuations synergistically enhance the
phonon scattering of the system, resulting in a reduced lattice thermal conductivity.
Considering these facts, we have purposefully introduced gadolinium (Gd, [Xe]4f'5d'6s?)
in 2D SnSe nanoplates to study the impact of f-block magnetic dopant on its
thermoelectric properties. As per our best knowledge, it is the first experimental report of
magnetic rare earth doping in SnSe nanoplates in the arena of thermoelectrics.*

In this chapter, I have demonstrated a simple and scalable hydrothermal synthesis and
thermoelectric properties of Gd doped (1-3 mol%) SnSe 2D nanoplates. Incorporation of
Gd in SnSe nanoplates enhances the hole concentration in the sample, leading to
improved electrical conductivity and power factor. While with Gd concentrations up to 2
mol% in SnSe, the system behaves as a solid solution, but upon 3 mol% Gd addition,
nanoprecipitate (2-5 nm) of GdzSe; starts precipitating out in the SnSe matrix.
Sno97Gdoo3Se is paramagnetic at room temperature but show antiferromagnetic
interaction at low temperatures. An ultralow lattice thermal conductivity of ~ 0.4 W/mK
has been achieved at 868 K in the spark plasma sintered (SPS) Sno.97Gdo.03Se nanoplates
(along perpendicular to SPS) owing to the significant phonon scattering by point defects,
grain boundaries and magnetic fluctuations induced by nanoprecipitates of Gd»Ses. Thus,
due to the integrated effects of well-maintained power factor and reduced lattice thermal
conductivity, a high zT of ~ 1 is obtained in nanocrystalline Sno.97Gdo.03Se at 868 K along
the perpendicular to the SPS pressing direction. We have also measured the anisotropic

thermoelectric properties of SPS processed Sno.97Gdo.o3Se and found that the properties
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measured perpendicular to the SPS pressing direction provides better thermoelectric
performance. This work amalgamates thermoelectric and magnetic properties of Gd
doped SnSe and initiates the investigation of new magnetic ion doping in 2D layered

chalcogenide based thermoelectric material.

2.2.2. Methods

Reagents. Tin (II) chloride dihydrate (SnCl;-2H20, 98%, Sigma Aldrich), selenium
powder (Se, 99.99%, Alfa Aesar), gadolintum (III) acetate hydrate
(Gd(OOCCH3)3-xH20, 99.9%, Alfa Aesar) and sodium hydroxide Pellets (NaOH, 98%
Sigma Aldrich) were used for the synthesis.

Synthesis. SnixGdxSe (x = 0-3 mol%) nanoplates were synthesized using simple
hydrothermal method. First a mixture of SnCl>-2H>0 (2 mmol) and Gd(OOCCH3)3-xH>O
(x mmol%) were dissolved in deionized water. The solution was then sonicated at room
temperature for 10 min, followed by addition of NaOH (30 mmol) and sonicated again
for another 10 min unless a clear solution has been obtained. The mixture was then
transferred to a Teflon-lined stainless-steel autoclave of 25 ml capacity and Se powder (1
mmol) was added to it. The autoclaves were then sealed tightly and heated to 130 °C for
36 hrs. After cooling to room temperature, the black precipitate was collected and
thoroughly washed with absolute ethanol and deionized water for several times. Finally,
the product was vacuum dried at 60 °C for 6 hrs and collected as powder. During the
synthesis, NaOH acts as a solubilizing agent. Excess of Sn*>* should always be present in
the reaction mixture, as Sn?" itself acts as a reductant and precipitant. The yield of the
reaction was ~ 95% and the nanoplates were scaled up to ~ 10 gm for the thermoelectric

measurements. The nanoplates were dispersed in ethanol for further characterizations.

Powder X-ray diffraction (PXRD) patterns of the samples were collected using CuKa

(L= 1.5406 A) radiation on a Bruker D8 diffractometer at room temperature.

Field emission scanning electron microscopy (FESEM) experiments were performed
using NOVANANO SEM 600 (FEI, Germany) operated at 15 kV. EDAX compositional

analysis was performed during FESEM imaging.
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Transmission electron microscopy (TEM) images of the as synthesized materials were
taken using a JEOL (JEM3010) TEM instrument (300 kV accelerating voltage) fitted with
a Gatan CCD camera and also with a FEI TECNAI G2 20 STWIN TEM instrument
(operating at 200 kV). A suspension of the nanosheets was prepared in cyclohexane

solution and it was then drop casted in a holey carbon coated Cu grid for TEM imaging.

Scanning transmission electron microscopy (STEM) imaging was carried out using
FEITECNAI G? 20 STWIN TEM operating at 200 KV. The sample preparation was same
as that of TEM. EDAX compositional analysis and color mapping were performed during
STEM imaging. Background was subtracted (using multi-polynomial model) during the
data processing for EDAX color mapping (with 500 eV minimum region of interest
width). Errors in the determination in compositions of nanosheets in EDAX

measurements is nearly 5%.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES). The exact
composition of the as synthesized nanosheets was calculated based on ICP-AES data.
ICP-AES measurements were carried out using Perkin-Elmer Optima 7000DV
instrument. [CP-AES measurement were carried out by dissolving the powder nanosheets
in aqua regia (HNO3:HCI = 1:3) followed by diluting with millipore water. Sn standard
(1000 mg/L, Sigma-Aldrich), Se standard (1000 mg/L, Sigma-Aldrich) and Gd standard
(1000 mg/L, Sigma-Aldrich) were used to determine the compositions in ICP. In the

present measurement, error bar lies below 1.5 %.

Magnetic measurements. The dc magnetic measurements were performed using a
vibrating sample magnetometer from Cryogenic Ltd., U.K. Temperature dependent
magnetization (M) data were recorded in two different protocols namely zero field
cooling (ZFC) and filed cooling (FC). In ZFC mode, the sample was first cooled from
room temperature to 2 K without any magnetic field (/). Then a magnetic field of 1 kOe
is applied and subsequently recorded the M data during heating from 2 K to 300 K.
Whereas in FC mode, the sample was first cooled in presence of H = 1 kOe and then
measured the M during subsequent heating. M-H curves at different constant temperature

were recorded in the £ 150 kOe magnetic field range.

Spark plasma sintering (SPS) was done using a SPS211-LX (Dr. Sinter Lab) instrument
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The powdered nanoplates were sintered to prepare a rectangular column (8§ mm x 8 mm
x8 mm) and coin (2 mm x 10 mm) using graphite dies at 50 MPa pressure and 450 °C
temperature for 10 minutes. From the rectangular column, a rectangular bar (2 mm x 2
mm x 8§ mm) was made using a typical cutter-polisher. The density of the SPS processed

samples were found to be about ~ 95 % of theoretical density.

Electrical transport properties. Electrical conductivity (¢) and Seebeck coefficients (S)
were measured simultaneously from the rectangular bar under helium atmosphere from
room temperature to 873 K using a ULVAC-RIKO ZEM-3 instrument system. ¢ and S

were measured in both the parallel and perpendicular to the pressing directions.

Hall measurement. Room temperature carrier concentrations were determined from Hall
coefficient measurements with the equipment developed by Excel Instrument, India.
Four-contact Hall-bar geometry was used for the measurement. The maximum applied
magnetic field was 1 Tesla. Room temperature carrier concentration, n, was measured

using the formula n=1/eRy, where e is the electronic charge, Ry is hall coefficient.

Thermal transport properties. The thermal diffusivity (D) of the coin-shaped samples
have been measured by laser flash diffusivity technique using NETZSCH LFA 457
instrument in 300—873 K range. Total thermal conductivity (x) was calculated using the
formula x:: = DCpp, where D is the thermal diffusivity, C,is specific heat, and p is density
of the sample. C, was derived experimentally during the thermal diffusivity measurement
using pyroceram as a reference material. Further, the electronic thermal conductivities,
Kele Were estimated using Wiedemann-Franz Law, x..= LoT, where L is the Lorenz
number which is estimated by fitting reduced chemical potential derived from
temperature-dependent Seebeck coefficient using single parabolic band conduction and

dominant acoustic phonon scattering of carriers.

2.2.3. Results and Discussions

The powder X-ray diffraction (PXRD) patterns of SnixGdxSe (x = 0-3 mol%) samples
are shown in Figure 2.2.1a. The patterns can be indexed with the orthorhombic phase

(Pnma) of SnSe,> whereas, a small amount of Gd>Ses secondary phase was noticed in the
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case of Sno97Gdoo3Se samples. GdaxSes crystallises in a cation deficient Th3Ps type

defected cubic structure (space group, I-43d) with lattice parameters of a=8.72 A (Figure

2.2.1b). The Se* ions reside at the five coordinated 16¢ position whereas the Gd** cations

occupy an eight coordinated 12b sites.®
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Figure 2.2.1. (a) The PXRD pattern of the as-synthesized Sn;xGdxSe (x = 0-3 mol%)
samples. The asterisks (*) represents the Gd>Ses secondary phase in SnSe nanoplates. (b)
Crystal structure of GdxSes as seen along the crystallographic b-direction.

Moreover, lattice parameters of Sni.xGdxSe nanoplates were calculated from the PXRD

pattern and it was confirmed that the solid solution limit of Gd in SnSe remains only up

to 2 mol% (Figure 2.2.2).
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Figure 2.2.2. Experimentally estimated lattice parameters of the SnixGdxSe (x = 0-3
mol%) nanoplates derived from the PXRD.
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To identify the morphology and understand the structure of the samples, FESEM and
TEM were performed on the as-synthesized Sno.97Gdo.03Se samples. The morphology of
the samples resembles to that of the 2D nanoplates with a lateral dimension of 0.5 - 1.0

um which is evident from FESEM (Figure 2.2.3a) and TEM images (Figure 2.2.3b).

20y

(©11)

0.307 nm -

Figure 2.2.3. (a) FESEM, (b) TEM and (c) HRTEM image of Sno.o7Gdp.03Se nanoplates.
The SAED pattern for the same has been shown in (d). (e¢) HRTEM image taken from the
edge of the Sno.o7Gdy.03Se nanoplates showing the Gd>Ses nanoprecipitates. The HRTEM
image displayed at the inset of (e) shows that the (011) lattice planes of Gd>Ses. (f) STEM
image of Sno.97Gdy.03Se nanoplates along with EDAX color mapping for Sn, Se and Gd.



Chapter 2.2 111

Figure 2.2.3c shows a high-resolution TEM (HRTEM) image of the nanoplate. The
lattice spacing between two apparent planes was estimated to be 0.307 nm which reveals
that the (011) set of planes are exposed in Sno.97Gdo.03Se nanoplates. Figure 2.2.3d shows
the corresponding selected area electron diffraction (SAED) pattern, which indicates the
single crystalline nature of the nanoplates revealing the typical orthorhombic structure of
the Sno.97Gdo.03Se nanoplates. The presence of the nanoprecipitates in Sno.97Gdo.03Se can
be observed from the HRTEM image as shown in Figure 2.2.3e. The size of the
nanoprecipitates is of the order of 2-5 nm. To confirm the structure and composition of
the nanoprecipitates, the lattice planes of nanoprecipitates was estimated from HRTEM
to be 0.379 nm which can be attributed to the (011) set of planes of Gd>Se; (inset of Figure
2.2.3e). Thus, analysis of HRTEM concludes that the small (2-5 nm) nanoprecipitates are
embedded in SnSe nanoplates (lateral dimension of 0.5 - 1.0 um).

The composition of SnixGdxSe nanoplates were obtained from EDAX during FESEM
and ICP-AES. Compositions obtained from the two independent experiments are in good
agreement with the nominal composition of the nanoplates (Table 2.2.1), which confirms
effective control over the composition in the present synthesis. EDAX elemental colour
mapping performed during STEM imaging confirms the presence of Gd, Sn, and Se in
the Sno.97Gdo.03Se nanoplates (Figure 2.2.3f).

Table 2.2.1. Analysis of sample compositions from ICP-AES and EDAX.

Nominal Composition obtained Composition obtained
Composition from ICP-AES from EDAX
SnSe SnSei.03 SnSeo.99
Sno.99Gdo.01Se Sno.98Gdo.o0ssSe1.11 -
Sno.98Gdo.02Se Sno 987Gdo.023S€1.19 -
Sno.97Gdo.03Se Sn0.969Gdo.0355€1.01 Sno.953Gdo.031S€131

Figure 2.2.4a depicts the magnetization (M) versus 7 data for Sno.97Gdo.03Se sample
measured in ZFC and FC mode. The Sno.97Gdo.03Se sample shows a paramagnetic
behaviour from room temperature to 5 K. A closer look reveals that at 4.2 K, there is a

small kink as shown in the inset of Figure 2.2.4a, which probably related to antiferro-
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Figure 2.2.4. (a) Magnetization (M) versus temperature (T) curves for Sng.o7Gdp.o3Se
sample measured in ZFC (black) and FC (red) protocols. Inset shows the
antiferromagnetic transition of the sample occurring at ~ 4.2 K. (b) M-H curves of
Sno.97Gdo.o3Se sample measured at different constant temperatures. (c) Temperature
dependent magnetic susceptibility (y) of Sno.o7Gdo.o3Se nanoplates which obeys the

Curie—Weiss law in the temperature range of 100-300 K.
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magnetic (AFM) nature of the Gd>Ses which has Neel temperature (7x) = 6 K in bulk
phase.” The slight change in Ty is due to probably presence of small nanoprecipitates (2-
5 nm) embedded in diamagnetic host SnSe. To ascertain the magnetic nature of the
sample, magnetization (M) versus field (H) isotherms recorded at different constant
temperatures are shown in Figure 2.2.4b. Linear behaviour of M(H) isotherm at 125 K
indicates that the sample is in paramagnetic state. Whereas the M(H) at 2 K shows almost
linear behaviour up to 75 kOe with a significant increase in M value, which supports the
AFM nature of the sample at low temperature as observed from the M(7) and y(7) data.
Mention must be made that above H =75 kOe, the M(H) curve try to saturate, which may
be related to the induced ferromagnetic interaction in the sample due to the alignment of
the Gd** moments by the high external magnetic field. The temperature dependent
susceptibility (y) follows the Curie—Weiss law in the temperature range of 100-300 K
(Figure 2.2.4c). The Curie—Weiss temperature (@cw) is found to be about —10 K. This
negative value of Ocw clearly indicates that the sample has AFM interaction at low
temperature.

In order to measure the thermoelectric properties, we have performed spark plasma
sintering of SnixGdxSe samples. PXRD pattern in both perpendicular and parallel to the
SPS direction show the anisotropy (Figure 2.2.5).

SPS processed

(400)

SNy ;G 5558

Intensity (a.u.)

20 30 40 50 60

20 (degree)
Figure 2.2.5. PXRD patterns of SPS processed 3 mol% Gd-doped SnSe along the parallel
and perpendicular directions revealing the anisotropic nature of the sample. The
direction of X-ray diffraction has been denoted by the schematic diagrams in inset.
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We have measured anisotropic thermoelectric measurement along both the
perpendicular and parallel to the SPS direction. We have achieved high thermoelectric
performance along the perpendicular to the SPS pressing direction in Sni.xGdxSe samples,

thereby presented the data in Figure 2.2.6 and Figure 2.2.7.
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Figure 2.2.6. Temperature dependent (a) electrical conductivity (o), (b) Seebeck
coefficient (S), and (c) power factor (6S°) of Sni1+GdySe (x = 0, 2 and 3 mol%) nanoplates
measured along perpendicular to the SPS pressing direction.
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Figure 2.2.6a depicts the temperature dependence of electrical conductivity (o) of the
SPS processed nanoplates of SnixGdxSe (x = 0, 2 and 3 mol%) measured perpendicular
to pressing direction. The values are comparable with those of SnSe single crystals and
bulk polycrystalline SnSe.”!! The variation of ¢ for the SnixGdxSe samples can be
ascribed as follows: first, a semiconducting transport occurs from 300 to 450 K due to
thermal excitation of minority carriers; then it shows a metallic-type behaviour up to 675
K; above that, there is an increasing trend in ¢ up to 873 K which is due to the displacive
phase transition from Pnma to Cmcm in SnSe. Sno.97Gdo.03Se sample show a significant
increase in the o value compared to pristine SnSe. The probable reason could be the
creation of excess Sn>" vacancies with the phase separation of small Gd>Ses nanoparticles
in SnSe matrix in Sno.97Gdo.03Se (see Figure 2.2.3e), which enhances the overall hole
concentration in the Sng97Gdoo3Se sample. The ¢ value for the Snp97GdoozSe was
increased from ~ 16 Scm™! at 298 K to ~ 69 Scm! at 825 K. The carrier concentrations of
the SnixGdxSe (x =0, 2 and 3 mol%) samples were measured by the Hall measurements.
For 3 mol% Gd doped SnSe, the p-type carrier concentration (3.1 x 10'” cm™) is enhanced
in two order magnitude than the un-doped sample (3.9 x 10'” cm™). Thus, the improved
p-type carrier concentration in the phase separated Sno.97Gdo.o3Se gives rise to the superior
electrical conductivity compared to single-phase SnSe nanoplate.

Figure 2.2.6b portrays the temperature dependent Seebeck coefficient (S) for all the
Sni.xGdxSe (x = 0, 2 and 3 mol%) samples measured perpendicular to the SPS pressing
direction. The Sni.xGdxSe samples exhibit lower S values than the pristine SnSe
nanoplates. The lower values of S are consistent with the higher carrier concentrations.
Initially Seebeck coefficient increases with the rise in temperature, and reaches to a
maximum value in the temperature range of 550-650 K. The peak in Seebeck coefficient
indicates an onset of bipolar conduction in the samples.>!° The enhancement of Seebeck
coefficient at 823 K arises from the phase transition in SnSe. Due to the significant
improvement in carrier concentration and electrical conductivity, remarkable high value
of power factor (~ 6.7 pW/cmK?) has been obtained for Sno.97Gdo.03Se nanoplates at 868
K (Figure 2.2.6¢) along perpendicular to the SPS pressing direction.

The total thermal conductivity (x/) of the SnixGdxSe (x =0, 2 and 3 mol%) samples

are measured and presented in, Figure 2.2.7a. Figure 2.2.7b shows the temperature depen-
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Figure 2.2.7. Temperature dependent (a) total thermal conductivity (kwi), (b) lattice
thermal conductivity (ki.), and (c) thermoelectric figure of merit (zT) of SnixGdxSe (x =
0, 2 and 3 mol%) nanoplates measured along perpendicular to the SPS pressing
direction.

dence of the lattice thermal conductivity (xu.) of the SnixGdxSe (x = 0, 2 and 3 mol%)

samples. A room-temperature xi.r value of Sno97GdooszSe is to be 1.1 W/mK, which
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decreases to 0.41 W/mK at 868 K. The #ir of Sno.97Gdo.o3Se is decreased compared to the
pristine SnSe nanoplates throughout the temperature. The additional decrease of x4 in
phase separated Sno.97Gdo.03Se implies that the low and mid frequency phonon scattering
induced by paramagnetic nano-precipitates of Gd>Ses as a result of enhanced magnetic
moment fluctuations.”!? Due to the synergistic effect of enhanced electrical conductivity
because of improved hole concentration and decreased lattice thermal conductivity,
phase-separated Sno.97Gdo.03Se nanoplate sample exhibits a high z7 of ~ 1 at 868 K
(Figure 2.2.7¢c) along the perpendicular to the SPS pressing direction. The maximum z7
value is increased by about 45% as compared with the pristine counterpart which is also
reversible and reproducible with respect to different batches of samples as well as heat-

cooling cycles.

2.2.4. Conclusion

In summary, we have synthesized Gd doped 2D SnSe nanoplates in a simple cost-
effective hydrothermal route, which can be scaled up ~ 10 g in a wet chemistry laboratory.
With addition of 3 mol% Gd in SnSe, small (2-5 nm) Gd2Ses nanocrystals precipitates in
SnSe matrix. Sno97Gdoo3Se is paramagnetic at room temperature but show
antiferromagnetic interactions at low temperatures. Sno97Gdo.03Se sample shows higher
p-type carrier concentration and electrical conductivity compared to pristine SnSe
nanoplate due to the increased Sn>" vacancies because of phase separation. The lattice
thermal conductivity of Sno97Gdo.o3Se decreased compared to pristine SnSe due to
additional phonon scattering by paramagnetic nano-precipitates of Gd2Ses. Gd doping
simultaneously optimizes both the electronic and phonon transport in 2D SnSe
nanoplates. We have achieved a high z7 of ~ 1 at 868 K for the Sno.97Gdo.03Se sample

along the perpendicular to SPS pressing direction.
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n-type Ultrathin Few-layer Nanosheets of Bi-doped
SnSe: Synthesis and Thermoelectric Properties’

Summary

Although the stride towards developing superior p-type SnSe as a thermoelectric material
is progressing rapidly, synthesis of n-type SnSe is somewhat overlooked. Here, we report
the solution phase synthesis and thermoelectric transport properties of two dimensional
(2D) ultrathin (1.2-3 nm thick) few layer nanosheets (2-4 layers) of n-type SnSe. The n-
type nature of the nanosheets initially originates from chlorination of the material during
the synthesis. We could be able to increase the carrier concentration of n-type SnSe
significantly from 3.08 x 10" cm™ to 1.97 x 10" cm™ via further Bi doping which results
in the increment of electrical conductivity and power factor. Furthermore, Bi-doped
nanosheets exhibit ultralow lattice thermal conductivity (~ 0.3 W/mK) throughout the
temperature range of 300-720 K which can be ascribed to the effective phonon scattering
by interface of SnSe layers, nanoscale grain boundaries and point defects.

S. Chandra, A. Banik, and K. Biswas. ACS Energy Lett., 2018, 3, 1153-1158.
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2.3.1. Introduction

Inorganic solid materials with ultralow lattice thermal conductivity (x.) are essential
for good thermoelectric performance.! Recently, layered metal chalcogenides (LMCs)
have acquired a momentous attention in the field of thermoelectrics as they exhibit record
high thermoelectric figure of merit due to their intrinsically low thermal conductivity
owing to their anisotropic crystal and electronic structures.’®> Few layered metal
chalcogenides are, in general, held together by weak interlayer van der Waals interactions
which provide it with a novel electronic structure and high specific surface area.*® Two
dimensional (2D) few layer nanosheets/plates of layered BixX3 (X = Se, Te) have
displayed promising thermoelectric performance due to their enhanced metallic surface
states, high carrier mobility and low xu..’” Recently, ultralow ki in few layered
nanosheets of natural 2D van der Waals heterostructure in homologous intergrowth series,
(MX)m(Bi2X3)s, [M = Pb, Sn; X = Te, Se] have been achieved.'®!'? Further,
nanosheets/plates of n-type SnSe; exhibit good thermoelectric performance at medium
temperatures due to low . !>

Among the layered metal chalcogenides, tin selenide (SnSe), an important p-type
semiconductor, has received immense momentum in this area due to its remarkable
thermoelectric performance, low toxicity and earth-abundance of the component
elements.'>"8 Single crystals of SnSe have lately shown an outstanding zT of 2.6 at 923
K, which can be attributed to its layered structure, soft chemical bonding and lattice
anharmonicity.!® However, polycrystalline SnSe is a better choice for thermoelectric
applications for the ease of its production and machinability.!> There are a number of
validating recent reports on p-type bulk polycrystalline SnSe showing good
thermoelectric performance.!*?> Though, in most of the cases, reported SnSe materials
are p-type while thermoelectric applications demand both p-type and n-type materials.
Recently, n-type single crystals of 6 mole% Bi-doped SnSe have been reported to show
high zT of 2.2.26 Till date, few nanostructures (e.g., nanowires, nanoplates, nanoflowers
and nanosheets) of SnSe have been synthesized by bottom-up wet chemical synthesis,?”
28 but the materials are mostly p-type.??** Recently, electronic transport properties of n-
type Cl-doped SnSe nanoparticles have been studied, which show moderate power

factors.>! Thus, n-type SnSe with 2D few-layered nanosheet morphology would be
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interesting for thermoelectric investigations as it may exhibits low xu due to excess
phonon scattering from nanoscale grains and interfaces.

In this chapter, [ have demonstrated the low temperature solution phase synthesis and
anisotropic thermoelectric properties of n-type few-layer (~ 2-4 layers) Bi-doped SnSe
nanosheets (1.2-3 nm thick). Nanosheets of Sno.94BioosSe exhibit a lower band gap
compared to the pristine SnSe nanosheets due to the formation of Bi acceptor level near
the conduction band. Bi-doped few-layer SnSe nanosheets show enhanced n-type carrier
concentration compared to SnSe nanosheets, which resulted in superior electrical
conductivity and power factor for spark plasma sintering (SPS) processed Sno.94Bio.06Se
nanosheets compared to SnSe nanosheets. We have achieved higher Seebeck coefficient
value in the perpendicular to the SPS pressing direction (i.e., along the c-axis in SnSe)
compared to parallel to SPS pressing direction (i.e., along the a-axis in SnSe) due to high
effective mass of the conduction band electron along the crystallographic c-axis.
Furthermore, Sno.94Bi0.06Se nanosheets exhibit ultralow lattice thermal conductivity (~ 0.3
W/mK) in the temperature range of 300-720 K due to effective phonon scattering by
interface of SnSe layers and point defects. We have achieved a z7 of 0.21 at 719 K in
Snp.04Bio.06Se nanosheets, which is higher than that of the controlled n-type SnSe

nanosheet sample.

2.3.2. Methods

Reagents. Tin (IV) chloride pentahydrate (SnCls.5H20, 98%, Sigma Aldrich), Selenium
dioxide (SeO2, 99.9%, Sigma Aldrich), Oleylamine (OAm, tech. 90%, Sigma Aldrich),
Bismuth neodecanoate (Bi(OCOC(CHs3)2(CH2)sCH3);, Sigma Aldrich) and 1,10-
phenanthroline (Phen, C12HsN2, 90%, Alfa Aesar) were used for synthesis.

Synthesis. In order to prepare pure phase n-type SnSe nanosheets, a typical Schlenk line
method with vacuum and N> atmosphere has been used. First a mixture of SnCls-5H20
(0.1 mmol), SeO2 (0.1mmol), oleylamine (OAM, 10mL) and 1,10-phenanthroline (Phen,
0.1 mmol) were added into a three-necked flask at room temperature (RT). The mixture
was continuously stirred for 10 minutes under vacuum at 70 °C. The white color of the

resulting solution indicates the formation of SnCls-oleylamine complex (Figure 2.3.1).
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The solution mixture was degassed in N> atmosphere for 10 min at 120 °C and heated up
to 180 °C. The color of the solution changes from white to light yellow and then a black
colored suspension was formed immediately at 180 °C. Black colored suspension was
further stirred for 5 min to complete the reaction. The reaction mixture was slowly cooled
down to room temperature under inert atmosphere with constant stirring. Next the black
precipitate was purified by washing several times with ethanol and hexane in an
alternative fashion via centrifugation (at a rate of 4000 rpm). Finally, the product was
vacuum dried and collected as powder. In the preparation method, OAM acts as both
capping reagent as well as reducing agent and 1,10-phenanthroline acts as a morphology
controlling agent. To prepare Sno.04Bio.0sSe, Bi-neodecanoate was added in stoichiometric
amount along with the other reagents and the rest of the procedure remains the same.
The yield of the reaction was ~ 95% and the products are scaled up to ~ 7 gm for the
thermoelectric measurements. The nanosheets are dispersed in cyclohexane for further

characterizations.

120°C 180°C

Figure 2.3.1. Color change at different stages of the reaction. At 180 °C the solution
became black which indicates the formation of SnSe nanosheets.

Removal of capping ligands. To measure thermoelectric properties, capping reagent has
been removed by heat-treatment. The vacuum dried powder samples were taken in an
alumina boat and kept inside a tube furnace. Next the tube furnace was heated to 500 °C
over 5 hrs and soaked for another 4 hrs under N atmosphere and then slowly cooled down
to room temperature. During the annealing process, red colored Se vapours were liberated

and oleylamine got detached from the nanosheets.

Powder X-ray diffraction (PXRD) patterns of the samples were collected using CuKa

(A =1.5406 A) radiation on a Bruker D8 diffractometer at room temperature.
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Band gap measurements. To estimate the optical band gap, diffuse reflectance
measurements were carried out in the range of 4 =250 to 800 nm by using a Perkin-Elmer
Lambda 900 UV/Vis/near-IR spectrometer in reflectance mode. Absorption (a/4) data
were calculated from reflectance data by using the Kubelka—Munk equation: a/4 =
(I-R)?/(2R), in which R is the reflectance, a and A are the absorption and scattering

coefficients respectively. The energy band gaps were derived from o/4 vs. E (eV) plots.

Field emission scanning electron microscopy (FESEM) experiments were performed
using NOVANANO SEM 600 (FEIL, Germany) operated at 15 kV. EDAX compositional
analysis was performed during FESEM imaging.

Atomic force microscopy (AFM) was performed on a Bruker Innova Microscope in

tapping mode with 10 nm diameter containing antimony doped Silicon tip.

X-ray photoelectron spectroscopy (XPS) measurement was performed with MgKa
(1253.6 eV) X-ray source with a relative composition detection better than 0.1% on an

Omicron Nano-technology spectrometer.

Transmission electron microscopy (TEM) images of the as synthesized materials were
taken using a JEOL (JEM3010) TEM instrument (300 kV accelerating voltage) fitted with
a Gatan CCD camera and also with a FEI TECNAI G2 20 STWIN TEM instrument
(operating at 200 kV). A suspension of the nanosheets was prepared in cyclohexane

solution and it was then drop casted in a holey carbon coated Cu grid for TEM imaging.

Scanning transmission electron microscopy (STEM) imaging was carried out using
FEITECNAI G? 20 STWIN TEM operating at 200 KV. The sample preparation was the
same as that of TEM. EDAX compositional analysis and color mapping were performed
during STEM imaging. Background was subtracted (using multi-polynomial model)
during the data processing for EDAX color mapping (with 500 eV minimum region of
interest width). Errors in the determination in compositions of nanosheets in EDAX

measurements is nearly 5%.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES). The exact
composition of the as synthesized nanosheets was calculated based on ICP-AES data.

ICP-AES measurements were carried out using Perkin-Elmer Optima 7000DV
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instrument. [CP-AES measurement were carried out by dissolving the powder nanosheets
in aquaregia (HNOs:HCI = 1:3) followed by diluting them with millipore water. Sn
standard (1000 mg/L, Sigma-Aldrich), Se standard (1000 mg/L, Sigma-Aldrich) and Bi
standard (1000 mg/L, Sigma-Aldrich) were used to determine the compositions in ICP.

In the present measurement, error bar lies below 1.5 %.

Fourier transform infrared (FTIR) spectra was recorded using a Bruker IFS 66v/S

spectrometer.

Spark plasma sintering (SPS) was done using a SPS211-LX (Dr. Sinter Lab)
instrument. The powdered nanoplates were sintered to prepare a rectangular column (8
mm X § mm X 8§ mm) and coin (2 mm x 10 mm) using graphite dies at 50 MPa pressure
and 450 °C temperature for 10 minutes. From the rectangular column, a rectangular bar
(2 mm x 2 mm x 8 mm) was made using a typical cutter-polisher. The density of the SPS
processed samples were found to be about ~ 95 % of theoretical density.

For further comparison, powdered samples had been compacted using Inductively
heated uniaxial hot press in argon atmosphere at 45 MPa pressure and 500 °C

temperature.

Electrical transport properties. Electrical conductivity (¢) and Seebeck coefficients (.S)
were measured simultaneously from the rectangular bar under helium atmosphere from
room temperature to 873 K using a ULVAC-RIKO ZEM-3 instrument system. ¢ and S

were measured in both the parallel and perpendicular to the pressing directions.

Hall measurement. Room temperature carrier concentrations were determined from Hall
coefficient measurements with the equipment developed by Excel Instrument, India.
Four-contact Hall-bar geometry was used for the measurement. The applied magnetic
field was 1 Tesla. Room temperature carrier concentration, n, was measured using the

formula n=1/eRu, where e is the electronic charge, and Ry is the hall coefficient.

Thermal transport properties. The thermal diffusivity (D) of the coin-shaped samples
have been measured by laser flash diffusivity technique using NETZSCH LFA 457
instrument in 300—720 K range. Total thermal conductivity (k) Was calculated using
the formula xww = DCpp, where D is the thermal diffusivity, C, is specific heat, and p is

density of the sample. Further, the electronic thermal conductivities, x... were estimated
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using Wiedemann-Franz Law, xee = LoT, where L is the Lorenz number which is
estimated by fitting reduced chemical potential derived from temperature-dependent
Seebeck coefficient using single parabolic band conduction and dominant acoustic
phonon scattering of carriers. The heat capacity value was taken from references 16 and

17.

2.3.3. Results and Discussions

Powder X-ray diffraction patterns of as-synthesized samples have been indexed to
pure orthorhombic SnSe (Figure 2.3.2a) with lattice parameters of a = 11.50 A, b =4.15
A and ¢ = 4.45 A. The indirect optical band gap of the SnSe nanosheets were measured
to be ~ 1.01 eV. Further, Bi being more electronegative than Sn, is known to create an
acceptor level just below the conduction band of Sn, which in-turn reduces the band gap

of the Sno.94Bi0.06Se nanosheets to ~ 0.88 eV (Figure 2.3.2b).
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Figure 2.3.2. (a) PXRD patterns of as-synthesized SnSe and Sno.94Bio.0sSe nanosheets. (b)
Optical absorption spectra of SnSe and Sno.04Bio.0sSe nanosheets.

In order to confirm Bi doping, X-ray photoelectron spectroscopy (XPS) was
performed on both SnSe and Bi-doped SnSe nanosheets. Figure 2.3.3 confirms the
presence of Sn, Se and Bi in as-synthesized Sno.94Bio.0sSe nanosheets. The Sn 3d spin-
orbit doublet peaks appeared at 488.4 eV and 496.7 eV with splitting of 8.3 eV, which

can be assigned to Sn 3dspand Sn 3ds, respectively.'® We could be able to deconvolute
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the broad peak of selenium as Se 3dsrand Se 3ds at 53.1 eV and 55.45 eV respectively.'?
Presence of Bi 4f7» and Bi 4fs, peaks at 159.6 eV and 164.95 eV can be attributed to Bi
(I1I) states in Bi-doped SnSe sample.!° In-situ chlorination of as-synthesized SnSe and

Sno.04Bio.06Se nanosheets was further confirmed from the XPS peak at 198.7 eV.!3
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Figure 2.3.3. High-resolution XPS of (a) Sn 3d, (b) Se 3d, (c) Bi4f, and (d) CIl2p
in Sno.94Big.06Se nanosheets.

The actual elemental compositions of SnSe nanosheet samples were obtained further
from inductively coupled plasma atomic emission spectroscopy (ICP-AES) and energy
dispersive analysis of X-Rays (EDAX). Compositions determined by these two
independent techniques are in good agreement with the nominal compositions (Table

2.3.1), which confirms successful control over the composition in the present synthetic

technique.

Table 2.3.1. Analysis of sample compositions from EDAX and ICP-AES.

Nominal Composition obtained Composition obtained
Composition from ICP-AES from EDAX
SnSe SnSej 33 SnSe 05

Sno.04Big.06Se Sno.94Bio.0555€1 42 Sno.91Bio.058S€1.47
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Figure 2.3.4. (a) FESEM image of SnSe nanosheets. (b) AFM image of single nanosheet
of SnSe. (c¢) TEM image of SnSe nanosheets. (d) HRTEM image reveals the crystalline
nature of the as-synthesized SnSe nanosheets. (e) SAED pattern of a single SnSe
nanosheet. (f) STEM image of nanosheets and EDAX color mapping for Sn, Se and CI.

Field emission scanning electron microscopy (FESEM) images display the 2D
nanosheet morphology of SnSe and Sno.94Bio.osSe samples (Figures 2.3.4a and 2.3.5a).
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Figure 2.3.5. (a) FESEM image of Sno.94Bio.0sSe nanosheets. (b) AFM image of single
nanosheet of Sno.o4BiposSe. (¢c) TEM image of Sno.94Bio.osSe nanosheets. (d) HRTEM
image of Sno.v4Bio.0sSe nanosheets. (e) SAED pattern of a single Sno.04Bio.osSe nanosheet.
Inset of (e) shows the STEM image of single nanosheet of Sno.04Bio.osSe. (f) EDAX color
mapping of Sn, Se, Bi and Cl from the Sno.04Bio.osSe nanosheet shown in STEM image.

SnSe and Bi-doped SnSe samples show folded nanosheet like morphology with a

thickness of few nanometers (1.2-3 nm). The ultra-thin nature of the nanosheets was
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confirmed by AFM, as depicted in Figures 2.3.4b and 2.3.5b. The height profile acquired
from a typical AFM micrograph indicates the formation of 1.18 nm thick nanosheets
(Figure 2.3.4b), which is nearly the thickness of two-layers SnSe (i.e., a-axis of the unit
cell). The lateral dimension of the as synthesized nanosheets ranges from 0.3 to 0.5 pm.
2D nanosheet nature of the samples was further verified from transmission electron
microscope (TEM) images in Figures 2.3.4c and 2.3.5c. High-resolution TEM (HRTEM)
images of SnSe and Sno.04Bio.0sSe nanosheets clearly show a lattice spacing of 3.06 A,
which corresponds to the (011) plane of SnSe (Figures 2.3.4d and 2.3.5d).

The single crystalline nature of the nanosheets is confirmed by selected-area electron
diffraction (SAED) pattern recorded from single nanosheet region (Figures 2.3.4e and
2.3.5¢), which are indexed based on the orthorhombic SnSe structure. EDAX elemental
color mapping has been done during scanning transmission electron microscopy (STEM)
imaging which shows homogeneous distribution of all the respective elements in SnSe
and Snp.04Bio.0sSe nanosheets (Figures 2.3.4f and 2.3.5f), which also confirms the

successful Bi doping in SnSe.
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~—~
Q
) —
~~
O
N

SnSe Nanosheets (Heat Treated)

/

SnSe Nanosheets (As Synthesized)

/

-C-H Stretching

-
—
-—
~

SnSe(Pnma/Sim.)

Intensity (a. u.)
% Transmittance

-N-H Stretching

30 40 50 60 2960 2920 2880 2840

20 (°) Wavenumber (cm™)

Figure 2.3.6. (a) PXRD pattern of the synthesized SnSe nanosheets before and after the
tube-furnace treatment at 500 °C. (b) FT-IR spectra of SnSe nanosheets before and after
the heat treatment.

In order to investigate thermoelectric properties of SnSe and Bi-doped SnSe few-layer

nanosheets, capping reagent has been removed by heat-treatment of as-synthesized
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powder at 500 °C under N> flow. The conventional hydrazine treatment route for removal
of capping agent was avoided because SnSe reacts with hydrazine to form a SnSe-

hydrazine hydrate adduct.??

During this heat treatment, no change in structure and
composition was found, as indicated by PXRD patterns (Figure 2.3.6a). The FTIR spectra
confirms the removal of organic capping agent in the heating process (Figure 2.3.6b).

To measure the thermoelectric properties, the surface cleaned nanosheets were
pressed into pellets using SPS process at a pressure of 40 MPa and 450 °C under vacuum.
Figure 2.3.7 presents the temperature dependent electrical transport properties (both in ||
& L to SPS pressing directions) of SnSe and Sno.04Bio.06Se nanosheets in the temperature
range of 300-720 K. Electrical conductivity (o) and Seebeck coefficient (S) were
measured simultaneously under He atmosphere by a ULVAC-RIKO ZEM-3 instrument.
Figure 2.3.7a represents temperature dependence of ¢ for both SnSe and Sno.94Bio.06Se
samples. Being a semiconductor, electrical conductivity increases linearly with
temperature for both the samples. The electrical conductivity measured along
perpendicular to the SPS pressing direction is more than those from parallel to the
pressing direction, which can be attributed to favorable electronic transport in
perpendicular to pressing direction (i.e., the c-axis, along the layers in SnSe, Figure
2.3.7a), as also observed elsewhere.?>*33* Room temperature o for SnSe nanosheets
measured perpendicular to pressing direction is to be 0.28 S/cm, which increases to 9
S/cm at 719 K. Bi-doped nanosheets show superior electrical conductivity as compared
to that of pristine SnSe. At room temperature, the o values for the Sng.o4Bio.osSe
nanosheets (for the L to pressing direction) was 1.20 S/cm, which increases to 12.5 S/cm
with increase in temperature.

The Hall coefficient of both the SnSe and Sno.94Bio.06Se nanosheets is negative at room
temperature, which confirms the n-type conduction. The n-type nature of SnSe can be
attributed to the in-situ chlorination during synthesis as confirmed from ICP and EDAX
analysis (Table 2.3.1). The room temperature n-type carrier concentration (n) for
Sno.04Bio.06Se nanosheets was estimated based on Hall measurement to be 1.97 x 10'®
cm >, which is significantly higher compared to that of the pure SnSe nanosheet (3.08 x
107 cm™®). Substitution of Bi** at Sn*' site contributes excess electron to conduction

band, which results in enhanced n-type carrier concentration and electrical conductivity.
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Figure 2.3.7. Temperature dependent (a) electrical conductivity (o), (b) Seebeck
coefficient (S), and (c) power factor (5°c) of SnSe and Sno.o4Bio.osSe nanosheets measured
along the SPS direction (indicated by squares) and perpendicular to the SPS direction
(indicated by spheres). Room temperature carrier concentration of SPS-processed SnSe

and Sno.94Bio.0sSe nanosheets were mentioned in (a).
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Figure 2.3.8. Temperature dependent total thermal conductivity (kw:w), (b) lattice
thermal conductivity (xia), (c) thermoelectric figure of merit, (zI) of SnSe and

Sno.94Bio.osSe nanosheets.
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Negative Seebeck coefficient (S) indicates the presence of n-type carriers in both the
samples (Figure 2.3.7b). Typically, Sno.94Bio.0sSe nanosheets (L to pressing direction) has
S value of -219 pV/K at 300 K, which increases to -285 nV/K at 719 K. Interestingly, we
observe the S value is higher in the perpendicular to the pressing direction (along the c-
axis in SnSe structure) than that of the parallel to the pressing direction, which is earlier
observed in n-type Cl/Br-doped bulk SnSe.>*** Previous electronic structure calculation
demonstrated the presence of a heavy conduction band (/-Z direction i.e., the c-axis in
SnSe) along with the principal conduction band in SnSe.*® Thus, high effective mass (m*)
of electron along the c-axis of SnSe (L to the pressing direction) resulted high S value
compared to that of the parallel to the pressing direction. Sno.94Bio.0sSe nanosheets sample
exhibit higher power factor of 1 pW/cmK? at 719 K which is significantly higher than
that of the SnSe (Figure 2.3.7¢).

The temperature dependent total thermal conductivity was reported in Figure 2.3.8a.
Sno.94Bi0.06Se nanosheets show lower x4 in the parallel to SPS pressing direction (i.e., a-
axis in SnSe) compared to that of the perpendicular to the SPS pressing direction (i.e., c-
axis of SnSe), which is attributed to phonon scattering by the interfaces between the layers
(Figure 2.3.8b). Typically, Sno.94Bio.0sSe nanosheets exhibit ultralow x. of ~ 0.3 W/mK
over 300-720 K measured perpendicular to SPS pressing direction which is in close
proximity to the theoretical minimum, xmi» of SnSe (0.26 W/mK).2 n-type Sno94Bio.06Se
few-layer nanosheets (L to the SPS pressing direction) demonstrate z7 of 0.21 at 719 K,
which is higher than that of n-type SnSe nanosheet sample (Figure 2.3.8c).

2.3.4. Conclusion

In summary, n-type few-layer (2-4 layers) Bi-doped SnSe 2D nanosheets (1.2-3 nm
thick) have been synthesized via facile low temperature solution-based route. The n-type
nature of Sno.94BigosSe can be attributed to the in-situ chlorination and donor dopant
nature of Bi. The presence of nanoscale grain boundaries and layered anisotropic structure
enables the heat carrying phonons to get scattered significantly, thereby decreasing xi to
as low as ~ 0.3 W/mK over 300-720 K range. A combination of low thermal conductivity

coupled with high power factor originated due to the enhancement of carrier
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concentration to 1.97 x 10'® cm™, gives rise to a zT of 0.21 at 719 K for 6% Bi-doped

SnSe nanosheets, which is higher than that of n-type SnSe nanosheets.
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Chapter 3.1

Modular Nanostructures Facilitate Low Thermal
Conductivity and Ultra-high Thermoelectric
Performance in n-type SnSe’

Summary

Single crystals of SnSe have gained considerable attention in thermoelectrics due to their
unprecedented thermoelectric performance. However, polycrystalline SnSe is more
favourable for practical applications due to its facile chemical synthesis procedure,
processability and scalability. Though the thermoelectric figure of merit (zT) of p-type
bulk SnSe polycrystals has reached >2.5, the zT of n-type counterpart is still lower and
lies around ~ 1.5. Herein, we report record high zT of 2.0 in n-type polycrystalline
SnSep.92 + x mol% MoCls (x = 0 — 3) samples when measured parallel to the SPS pressing
direction due to the simultaneous optimization of n-type carrier concentration and
enhanced phonon scattering by incorporating modular nano-heterostructures in SnSe
matrix. The successful creation of Se vacancy and substitution of Mo®" at Sn*" and CI
ions at Se”” sites effectively enhance the total n-type carrier concentration, thus improving
the electrical conductivity. Modular nanostructures of layered intergrowth
[(SnSe)1.05]m(MoSez), like compounds embedded in SnSe matrix scatters the phonons
significantly leading to an ultra-low lattice thermal conductivity of ~0.26 W/mK at 798
K in SnSeo.92 + 3 mol% MoCls. Here, the 2D layered modular intergrowth compound
resembles the nano-heterostructure and their periodicity of 1.2 - 2.6 nm in the SnSe
matrix matches the phonon mean free path of SnSe, thereby block the heat carrying
phonons which result in low ki and ultra-high thermoelectric performance in n-type
SnSe.

S. Chandra, U. Bhat, P. Dutta, A. Bhardwaj, R. Datta and K. Biswas, 2022. (Manuscript Submitted)



146 Chapter 3.1




Chapter 3.1 147

3.1.1. Introduction

Polycrystalline SnSe is more preferred over single crystals for practical thermoelectric
applications due to the ease of synthesis, processability and scalability.!” But
polycrystalline SnSe suffers from surface oxidation which leads to a diminished carrier
mobility and higher thermal conductivity (x) and hence it struggles to display higher
thermoelectric figure of merit (z7) as compared to the single crystalline counterparts.®’
Till date, a plethora of research has been carried out to modulate the thermoelectric
performance of polycrystalline SnSe by doping with alkali metal ions (Na, K, and Ag)""*
or by removing the surface oxidation via H» treatment.”!® However, in most of the cases
the research is focused to enhance the z7 of p-type bulk SnSe polycrystals, whereas
thermoelectric applications demand both p and n-type counterparts.!' Recently, halide
doping has evolved as an effective strategy to increase the n-type carrier concentration of
polycrystalline SnSe.'?"!7 Besides, a couple of thermoelectric studies have also shown
moderate zT values (far below the z7’s of n-type single crystal) in n-type polycrystalline
SnSe via Re doping and band-gap engineering.'®!® As thermoelectric module demands
both high performance p- and n-type similar materials, there remains plenty of room to
enhance the z7 to 2 for the n-type SnSe polycrystals by applying innovative and new
strategies.

Lattice thermal conductivity (xu:) being the only independent parameter in the
expression of z7, it plays a major role to determine the performance of a thermoelectric
material. Hitherto, numerous strategies have been established for supressing the lattice
thermal conductivity by introducing hierarchical nano/meso architectures over all
possible length-scales owing to enhanced phonon scattering.?’>? Recently, incorporating
nanoscale superstructure domains in a thermoelectric matrix is also found to be an
efficient tool to minimize the xia to its glass limit.>>** On the other hand, modular
inorganic materials like pristine layered intergrowth (e.g. PbmBiznTe3n+m, SnmBianTe3n+m,
etc.)? %" misfit (e.g. SnS2/SnS, LaS/TaSez, etc.)***’compounds and more recently the
modular oxides,*® have emerged as interesting candidates in thermoelectrics. These
materials are considered as natural heterostructures which show intrinsically low x.; due
to inherent phonon scattering at the interfaces and due to large unit cells. Although

modular compounds show great promise in exhibiting low . in pristine form, they lack
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high thermoelectric performance due to their poor electrical transport properties.?®?’

Thus, we believe, if such modular compounds with natural superstructures can be
stabilized in the form of 2D nanostructures in bulk thermoelectric matrix (such as here in
n-type SnSe), it will be greatly beneficial for achieving high thermoelectric performance.
However, stabilization of such modulated nanostructures in bulk thermoelectric matrix is
a challenging task and hence rarely studied.

In this chapter, I have presented ultra-high thermoelectric figure of merit (z7) of 2.0
in n-type polycrystalline SnSeo.92 + x mol% MoCls (x = 0 - 3) when measured parallel to
the spark plasma sintering (SPS) direction due to the simultaneous effect of significant
phonon scattering by modular nanostructures and enhanced electronic charge carrier
transport. First, we have synthesized n-type polycrystalline SnSei.; by creating slight Se
vacancy (J) and subsequently MoCls was doped to enhance the overall n-type carrier
concentration. Detailed high-resolution transmission electron microscopy (HRTEM)
analysis indicates the formation of two-dimensional (2D) layered modular nanostructures
of layered intergrowth [(SnSe)i.os]m(MoSe2)n (where, m and n are integers) like
compound which are embedded in SnSe matrix. These natural nano-heterostructures with
periodicity of 1.2 - 2.6 nm significantly scatter the heat carrying phonons in SnSe and
reduce the xy. drastically to ~ 0.26 W/mK at 798 K in SnSeo.92 +3 mol% MoCls sample.
To check the anisotropic behavior, we have carefully measured the thermoelectric
properties of the present system both along the parallel and perpendicular to spark plasma
sintering (SPS) pressing direction. The present strategy of incorporating modular nano-
heterostructures (e.g., layered intergrowth or misfit compounds) in n-type polycrystalline
SnSe matrix is found to be an effective approach to decrease the xi.; thereby enhancing
the overall thermoelectric performance and this idea can also be implemented in other

thermoelectric materials.

3.1.2. Methods

Reagents. The high purity elements utilized for the synthesis are tin (Alfa Aesar 99.99+
%), selenium (Se, Alfa Aesar 99.9999%) and molybdenum (V) chloride (MoCls, Sigma
Aldrich 99.9%).
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Synthesis. Polycrystalline SnSeo.92 samples doped with x mol% MoCls (x =0, 1, 2, 3)
were synthesized by combining stoichiometric amount of elemental Sn, Se and powdered
MoCls in high quality quartz tubes. The quartz tubes were sealed under vacuum (Pressure
= 107° Torr). The sealed tubes were initially heated to 773 K in a box furnace over a
period of 12 hrs, then heated again to 1223 K in next 5 hrs followed by annealing for 10
hrs and subsequently cooled to room temperature for a period of 15 hrs. The resulted
ingots were crushed by using a mortar and pestle; and sieved to fine powder. For the ease
of representation, the samples are termed as SnSeoo2 + X% MoCls throughout the

manuscript.

Powder X-ray diffraction (PXRD) patterns of the samples were recorded using a Cu K
(L = 1.5406 A) radiation on a Rigaku Smartlab (9 kW, rotating anode) x-ray
diffractometer. Rietveld refinement of the PXRD pattern was performed using

FULLPROF software.?!

Field emission scanning electron microscopy (FESEM) in back-scattered electron
(BSE) mode. FESEM-BSE images were taken using ZEISS Gemini SEM - Field

Emission Scanning Electron Microscope.

Transmission electron microscopy (TEM). TEM experiments were performed using
ThermoFisher Titan™ Themis operating at 300 kV accelerating voltage and
ThermoFisher Talos F200 S operating at 200 kV accelerating voltage. The samples for
TEM measurement were prepared by the standard mechanical grinding, polishing down
to a thickness of ~ 45 pm, and then followed by precision ion polishing system (PIPS).
During ion milling, the samples were the first ion milled with the beam voltage =4.5 keV
and milling angle = +5°. After the sample was perforated, a voltage of 2.0 keV was used
to optimize the thin area of the specimen. The EDS mapping was conducted using the
SuperX EDS detector. TEM measurements and analysis were performed in the

collaboration with Prof. Ranjan Datta, INCASR, India.

X-ray photoelectron spectroscopy (XPS) measurement has been performed with AlKa
(1.487 keV) monochromatic X-ray source with a relative composition detection better

than 0.1% on an Thermo Scientific spectrometer.
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Spark plasma sintering (SPS) was done using a SPS211-LX (Dr. Sinter Lab)
instrument. The finely powdered samples were sintered to prepare a cylinder (10 mm x 8
mm) using graphite dies at 50 MPa pressure and 450 °C temperature for 10 minutes. The
samples were cut and polished in different directions to measure the anisotropic electrical

and thermal transport properties of SnSeo.92 + x% MoCls.

Electrical transport properties. Electrical conductivity and Seebeck coefficients were
measured simultaneously under helium atmosphere from room temperature to 850 K on
a ULVAC-RIKO ZEM-3 instrument system. The SPS processed sample were cut and
polished in a bar shape with the dimensions of ~ 2 x 2 x 8 mm® to carry out the

measurements. Electrical and thermal transport were measured in same direction.

Hall measurement. For determining the carrier concentrations, Hall measurements were
carried out on the same rectangular specimens used for electrical transport measurement
in four-contact geometry up to a magnetic field of 1 T at room-temperature using custom-

built equipment developed by Excel Instruments.
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Figure 3.1.1. (a) Temperature dependent diffusivity and (b) typical heat capacity (Cp) of
SnSep.02 + x% MoCls polycrystals along with the Dulong-Petit limit and C, value of single
crystals of SnSe.>

Thermal transport properties. Temperature dependent thermal diffusivity (D) was
evaluated using a laser flash diffusivity technique in a Netzsch LFA-457 instrument.
Next, the total thermal conductivity (x) was derived using the formula, x = D.C,.p, where

D is the thermal diffusivity, C,is specific heat, and p is density of the sample. Diffusivity
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of the samples are provided in Figure 3.1.1a. C, was derived experimentally using
pyroceram as a reference material during the thermal diffusivity measurements and
provided in Figure 3.1.1b. The experimentally determined density was found to be ~ 97%
of the theoretical density. Further, the electrical thermal conductivity, k.. were derived
using Wiedemann-Franz Law, k.= LoT, where L denotes the Lorenz number which was

estimated by fitting the temperature dependent Seebeck data®> .

3.1.3. Results and Discussions

Stoichiometric SnSe is a p-type semiconductor due to its intrinsic Sn vacancy.>®’

Thus, creation of Se vacancy could be useful in two ways: (i) it can compensate the
inherent Sn vacancy in SnSe and (i1) depending on the concentration of Se vacancy (0),
it may lead to a desired n-type SnSe system.*® Further, introduction of a small
concentration of MoCls in the SnSe1.s can further enhance the n-type carrier density which
is beneficial for its thermoelectric performance. Polycrystalline SnSeo.92 samples doped
with x mol% MoCls (x =0, 1, 2, 3) were synthesized via vacuum (~107 torr) sealed tube
melting reaction followed by spark plasma sintering (SPS) and the composition is termed
as SnSeo9 + x% MoCls. Figure 3.1.2a depicts the room temperature powder X-ray
diffraction (PXRD) patterns of as-synthesized SnSeo9 + x% MoCls (x = 0, 1, 2, 3)
polycrystals. All the major peaks in the PXRD pattern are indexed to the Pnma
orthorhombic phase of SnSe, whereas minute amount of MoSe; secondary phase (marked
with asterisk) started to emerge from 2 mol% doping of MoCls. MoSe; also possess a
layered structure with space group P63/mmc where the individual layers are stacked along
c-direction by van der Waals interactions.*® Presence of MoSez secondary phase in the
PXRD pattern indicates that the solid solution limit of MoCls in SnSeo.9> is only up to 1
mol%. Furthermore, to check the phase purity of the Se vacant SnSe sample, Rietveld
refinement has been performed on the room temperature PXRD patterns of SnSeo.92 as
shown in Figure 3.1.2b. The obtained lattice parameters from the refinement are (a =
11.4837 A, b=4.1491 A, and c = 4.4393 A) which are in good agreement with previously

reported values.>
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Figure 3.1.2. (a) Room temperature PXRD patterns of as-synthesized SnSep.9> + x%

MoCls (x = 0, 1, 2, 3) polycrystals. The peaks marked with asterisk (*) denotes the

presence of MoSe> as secondary phase. (b) Rietveld refinement of PXRD data of

polycrystalline SnSe.o>.

Further, to investigate the microstructural compositions, field-emission scanning
electron microscopy (FESEM) in the backscattered electron imaging (BSE) mode was

performed on SPS-processed SnSeo.92 + 3% MoCls (Figure 3.1.3).
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Figure 3.1.3. (a) Backscattered electron image taken during FESEM for SPS processed
SnSep.92 + 3% MoCls polycrystals. (b) — (e) EDAX elemental color mapping for Sn, Mo,
Se and Cl. (f) EDAX line scan performed on the precipitate along with the matrix (denoted
by dotted red line) clearly indicates the higher concentration of Mo and Se in the
precipitate region.
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It confirms the presence of a few Mo and Se rich microprecipitates of size ~ 5—10 pm
encapsulated in the matrix of SnSe. The energy dispersive analysis of X-ray (EDAX) line
scan performed on the precipitate along with the matrix (Figure 3.1.3a, denoted by a
dotted red line) clearly indicates the higher concentration of Mo and Se in the precipitate
region (Figure 3.1.3f). Thereby, addition of higher concentration of MoCls (~ 3 mol%)

results in phase separation of MoSe> in SnSe matrix.
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Figure 3.1.4. High-resolution XPS of (a) Sn 3d, (b) Mo 3d, (c) Se 3d, and (d) CI 2p in
SnSeo.0> + 1% MoCls polycrystals.

In order to confirm the ionic states of the elements, X-ray photoelectron spectroscopy
(XPS) was performed on SnSeo92 + 1% MoCls sample (Figure 3.1.4). The Sn 3d spin-
orbit coupling peaks appearing at 487.1 eV and 495.5 eV can be assigned as 3ds» and
3ds, respectively, stating the existence of Sn?" ions in the system.” The splitting of spin-

orbit coupling peaks of Se 3d and Mo 3d orbitals were in good agreement with the
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previously reported results and confirms the valence states of Se and Mo to be 2 and 5°
state, respectively.!'*? Further, the substitution of CI" at Se*" was verified by the
occurrence of the 2p3» and 2pi1/» peaks of CI” at 198.4 eV and 199.9 eV,*'**? which are
important for n-type electronic properties in SnSe.

We have performed SPS on powdered samples of SnSeo.92 + x% MoCls to measure
the thermoelectric properties. Since SnSe is a layered material, we have measured the
thermoelectric properties along both the perpendicular and parallel to the SPS direction.
A schematic diagram has been drawn to visualize the direction of the measurements
(Figure 3.1.5a). All the compositions exhibit superior thermoelectric properties along
parallel to the SPS pressing direction in comparison to that of the perpendicular direction.
Therefore, we have mainly reported the electrical and thermal transport properties along
parallel to SPS pressing direction, but we have also reported the thermoelectric properties
of highest performance sample measured in both parallel and pedicular to the SPS
pressing directions.

Figure 3.1.5b depicts the temperature dependence of electrical conductivity (o) of the
SPS processed polycrystalline SnSep92 + x% MoCls (x = 0, 1, 2, 3) samples measured
parallel to pressing direction. The electrical conductivity for all the SnSeo.92 + x% MoCls
(x=0, 1, 2, 3) samples rises with the increase in temperature showing a semiconducting
transport which is typical of SnSe.'*!”"! The room temperature electrical conductivity of
polycrystalline SnSeo.92 was measured to be 0.33 S/cm which has substantially increased
to 6.55 S/cm with the addition of 1 mol% MoCls. However, with the further increase in
MoCls concentration, the ¢ value has dropped to 2.64 S/cm and 0.265 S/cm for 2 mol%
and 3 mol% MoCls doped SnSeo.92 samples, respectively. Typically, the SnSep.92 + 1%
MoCls samples demonstrate a ¢ value of 41 S/cm at 827 K. To explain the variation of ¢
(at room temperature) for different compositions, we have measured the carrier
concentration from Hall measurements and the presented the data in Table 3.1.1. The
negative value of Hall coefficient confirms the n-type conduction which is further
supported by the negative value of Seebeck-coefficient (discussed later).

For 1 mol% MoCls doped SnSeo .2, the n-type carrier concentration (5.2 x 10'? cm™)

is enhanced in two order magnitude than the controlled SnSeo .92 sample (3.4 x 10'7 cm™).
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Figure 3.1.5. (a) A schematic diagram to elucidate how a SPS-processed sample has been
prepared in desired shapes to measure the anisotropic transport properties of SnSeg.o> +
x% MoCls (x = 0, 1, 2, 3). Temperature dependent (b) electrical conductivity (o), (c)
Seebeck coefficient (S), (d) power factor (S°c), (e) total thermal conductivity (k) and (f)
lattice thermal conductivity (kiu) of polycrystalline SnSeo.92 + x% MoCls (x = 0, 1, 2, 3)
samples measured along parallel (]|) to the SPS pressing direction.
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Table 3.1.1. Room temperature carrier concentration and carrier type of the bulk SnSeo.92
+ x% MoCls (x = 0, 1, 2, 3) samples along with the comparison of other halide-doped

samples.
Composition Carrier Type Carrier concentration n
(10'8 cm3)

x=0 n 0.34
x=1 n 52.0

x=2 n 1.1
x=3 n 0.58
SnSe.9610.04'2 n 0.24
Sni.005S€0.04Bro.0s" n 3.20
SnSeo.95 + 0.2% BiCl;3' n 12.70
SnSeo.0s + 3% PbBr,'¢ n 18.60

With further increase of MoCls concentration, the carrier density starts to decrease
and finally reaches a value of 5.8 x 10'” cm™ for 3 mol% MoCls sample (Table 3.1.1).
The declined trend in electrical conductivity with the increasing MoCls concentration
(when x > 1 in SnSeo.92+ x% MoCls) could be due to the formation of more Sn** vacancies
with the phase separation of MoSe; in the SnSe matrix which diminishes the overall n-
type carrier concentration of the system. In comparison to the other halide dopants like
Snh,'? SnBr, '3 BiCls,!® PbBr,,'¢ and ReClL'® it is observed that MoCls is more efficient
in improving the n-type carrier concentration of SnSe (see Table 3.1.1). Moreover, Mo>*
contains more positive charge in comparison to Sn**, Bi**, Re*" and Pb** ions, and thus
the substitution of Mo>" at Sn** sites induce more free electrons. A possible two step
defect formation mechanism can be given as:

SnSe — SnSe(i-5)+ 20¢
(p-type) (n-type, 0 = 0.08)
MoCls — Mosn+ 5Clse + 8¢
where Mosa and Clse represent the substitution of Mo in Sn sites and Cl in Se sites
respectively.
The temperature variation of S for the polycrystalline SnSeo.92 + x% MoCls (x =0, 1,

2, 3) samples measured parallel to SPS pressing direction has been reported in Figure
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3.1.5¢c. The negative values of Seebeck coefficient further confirms the presence of n-
type carriers in the samples. The increasing trend of S with the increase in temperature is
in good agreement with the previously reported n-type SnSe polycrystals.!* The SnSeo 0
+ 1% MoCls shows a maximum S value of ~470 nV/K at 827 K. Due to the enhancement
in the electrical conductivity and Seebeck coefficient, a remarkably high power factor of
~ 8.7 uW/cmK? has been obtained for n-type polycrystalline SnSeq.92 + 1% MoCls at 827
K (Figure 3.1.5d) along parallel to the SPS pressing direction which is almost six times
higher in magnitude as compared to the pristine SnSeo.o.

The temperature variation of total x and i of SnSeo.92 + x% MoCls (x =0, 1, 2, 3)
samples measured parallel to SPS pressing direction have been depicted in Figure 3.1.5¢
and Figure 3.1.5f respectively. The x of the SnSeo92 + x% MoCls polycrystals were
considerably lower in comparison to controlled SnSeo9 (Figure 3.1.5e¢). The up-turn
around 798 K in thermal conductivity is attributed to the phase transition from Pnma to
Cmcm structure of SnSe.!’

The contribution from the electronic thermal conductivity is almost negligible and
hence the lattice thermal conduction dominates the total thermal transport in SnSeo.92 +
x% MoCls (x =0, 1, 2, 3) samples. We have obtained ultra-low x; of ~ 0.30 W/mK and
~ 0.26 W/mK at 798 K for the 1 mol% and 3 mol% MoCls doped SnSeo.9> samples,
respectively which nearly reaches the theoretical minimum value (min) of SnSe.*?

To understand the origin of this ultra-low xi;, an extensive transmission electron
microscopy (TEM) study has been performed on SnSeop92 + x% MoCls (x = 1 and 3)
samples. Figure 3.1.6a and Figure 3.1.6b portray the high-resolution transmission
electron microscope (HRTEM) images showing the ripple like modular nanostructures in
the SnSeo.92 + 1% MoCls sample. Fast Fourier transform (FFT) of the HRTEM image in
Figure 3.1.6b reveals the diffraction spots corresponding to the SnSe lattice along [001]
zone axis with the superlattice spots appearing at %2 (200) and (020) (Figure 3.1.6c). Pair
of weak diffraction spots around the primary diffraction spots (marked by yellow arrows
in Figure 3.1.6c) represents the periodicity in the nanodomain of the modular
superstructure. The superlattice spots are formed along the (200) of SnSe which are
perpendicular to the direction of ripples. The appearance of the superlattice spots at the

half distance of (200) (otherwise forbidden in pristine orthorhombic SnSe) is due to the
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probable incorporation of the Mo in SnSe in the nanoscale domains. We have also
represented the corresponding inverse FFT (IFFT) image in Figure 3.1.6d which confirms

the clear presence of such nanostructure modulations.

Figure 3.1.6. (a) and (b) HRTEM images revealing the presence of modular
nanostructure in the SnSeg.92 + 1% MoCls sample. The atomic arrangement along [001]
zone axis is shown in the inset of (b). (c) Fast Fourier transform (FFT) of image b shows
the diffraction spots corresponding to SnSe lattice along [001] zone axis (marked with
white circle) with superlattice spots appearing at 7> (200) and (020) (marked with yellow
circle). The yellow arrows indicate the weak diffraction spots due to the periodicity of the
modular nanostructure. (d) Masked inverse FFT (IFFT) image (where only the
superlattice spots are selected) from (c), displaying the modular nanostructure more
prominently which have a periodicity of 2.3 - 2.6 nm.
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Figure 3.1.7. (a) HRTEM image of the controlled SnSeo.o> and (b) the corresponding
electron diffraction (ED) pattern.

The IFFT image is obtained by selecting only the superlattice spots and masking the
Bragg’s spots. We have estimated that the periodicity of the modular nanoscale
superstructures to be in the ranges from 2.3 to 2.6 nm, which is in order of phonon mean
free path of SnSe.*** TEM analysis indicate the formation of layered intergrowth
[(SnSe)1.05]m(MoSe2)n (Where, m and n are integers)*’ like compounds in the form of
modular nanostructure with periodicity of 2.3-2.6 nm in SnSe matrix, which are important
for phonon scattering due to its modular heterostructure and size. However, we have not
observed such modular nanostructure in controlled SnSeo.92 sample (Figure 3.1.7).

Similarly, in the case of SnSeo92 + 3% MoCls sample, same type of modular
nanostructures is observed as shown in the HRTEM images (Figure 3.1.8a and Figure
3.1.8b). The corresponding FFT and IFFT images are provided in Figure 3.1.8c and
Figure 3.1.8d where the zone axis is determined to be [100] and the ripple periodicity
varies from 1.2 - 1.3 nm. The EDAX measured during HRTEM of SnSeo.92 + x% MoCls
(x =1, 3) samples confirm the presence of Mo in the SnSe (Figure 3.1.9). Thereby, due
to the presence of nanodomains of layered intergrowth [(SnSe)i.os]m(MoSe2). like
modular structure in the SnSe matrix, heat carrying phonons get scattered heavily at the
(1) the interface between nanostructures and SnSe matrix, and (ii) the interfaces between

the modulated heterostructured layers within [(SnSe)i.05]m(MoSe2).. In addition to this,
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substitution of some amount of Mo at the Sn and Cl at Se cites sites create mass and strain

fluctuations in the system which is also helpful to supress the xia.

SnSe [100]

Figure 3.1.8. (a) and (b) HRTEM images showing the nanoscale superstructure in
SnSep.92 + 3 mol% MoCls (marked with the red boxes). (c) The corresponding FFT of a
from the area marked confirms the presence of superlattice spots at %> (002) along [100]
zone axis. Splitting of superlattices spots (marked with yellow arrows) is observed due to
the periodicity of the modular structure. (d) Masked IFFT image (where only the
superlattice spots are selected) showing the ripples with a periodicity of 1.2-1.3 nm.

Finally, due to the simultaneous effects of high electrical properties and decreased
lattice thermal conductivity, a record high zT of ~ 2.0 at 798 K has been achieved in n-

type polycrystalline SnSeo.92 + 1% MoCls when measured along parallel to SPS pressing
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Figure 3.1.9. EDAX scan recorded during TEM measurement shows the presence of Sn,
Se, and Mo in both the (a) SnSeo.0> + 1% MoCls and (b) SnSeo.02 + 3% MoCls samples.

direction (Figure 3.1.10a). The zT is reversible and reproducible with respect to different

batches of samples and several heat-cooling cycles.
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Figure 3.1.10. (a) Temperature dependent thermoelectric figure of merit (zT) of
polycrystalline SnSeo.9> + x% MoCls (x = 0, 1, 2, 3) measured along parallel to the SPS
pressing direction. The vertical bars denote the standard error in the zT measurement.
(b) A comparison of zT of the present n-type SnSe polycrystalline sample with few other

n-type SnSe polycrystals.

12-14,16-19,38
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Figure 3.1.11. Temperature dependent (a) electrical conductivity (o), (b) Seebeck
coefficient (S), (c) total thermal conductivity (x), and (d) thermoelectric figure of merit
(zT) of SPS processed SnSeo.92 + 1% MoCls sample measured along parallel (||) and

perpendicular (1) to SPS pressing directions.

To the best of our knowledge, it is the highest reported z7" among all other n-type
polycrystalline SnSe samples (Figure 3.1.10b). We have presented the thermoelectric
properties of the best performing sample (SnSeo.92 + 1% MoCls) both along parallel and
perpendicular to the SPS pressing direction in Figure 3.1.11. A clear anisotropic
behaviour has been observed and we have obtained a relatively lower zT of ~ 1.2 at 798
K for the perpendicular direction, which is a typical trend in n-type polycrystalline

SnSe 17-19

3.1.4. Conclusion

In conclusion, we have synthesized polycrystalline SnSeo.92 + x% MoCls (x =0, 1, 2,

3) samples via simple solid-state melting followed by SPS which show record high zT of
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2 among n-type SnSe polycrystals due to the collective effects of enhancement of n-type
carrier concentration and effective phonon scattering by modular nanostructures in SnSe
matrix. Creation of Se vacancy and successful substitution of Mo®* at Sn**and Cl"ions at
Se* sites significantly enhances the n-type carrier concentration, thus improving its
electrical transport. The detailed nano/microstructural analysis on SnSeo.92 + X% MoCls
samples have revealed the presence of layered 2D modular nanostructures of intergrowth
[(SnSe)1.05]m(MoSe2)n (Where, m, n = integers) like compound which are embedded in
SnSe matrix. These layered intergrowth compounds resemble natural nano-
heterostructures and have a periodicity of 1.2 - 2.6 nm in SnSe matrix which scatters the
heat carrying phonons to a greater extent due to their size and heterostructure interface
leading to an ultra-low lattice thermal conductivity of ~ 0.26 W/mK at 798 K in SnSeo.92
+ 3% MoCls polycrystals. Owing to the combined effects of high electrical properties and
decreased lattice thermal conductivity, a significantly high z7 of ~ 2.0 at 798 K has been
achieved in polycrystalline SnSeo.92 + 1% MoCls when measured along parallel to SPS.
Further, to provide a more detailed insight, we have also measured the anisotropic
thermoelectric properties of SnSepo2 + X% MoCls sample along both parallel and
perpendicular to SPS pressing. The concept of introducing modular 2D nano-
heterostructures (e.g., layered intergrowth and misfit compounds) in bulk thermoelectric
matrix for the reduction of lattice thermal conductivity can provide a new and general

path to enhance the performance of several other thermoelectric materials.
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Chapter 3.2

Realization of Excellent Thermoelectric Performance
in n-type SnSe via WCls Doping’

Summary

SnSe has attracted extensive attention due to the excellent thermoelectric (TE) properties
of both p- and n-type single crystals. However, the TE performance of polycrystalline
SnSe is still low, especially in n-type materials, because SnSe is an intrinsic p-type
semiconductor. In this work, we have employed the strategy of incorporating a transition
metal halide WCls to enhance the thermoelectric performance of n-type polycrystalline
SnSeop.02 by synergistically improving the charge transport and reducing the lattice
thermal conductivity. It is found that the successful creation of Se vacancy and
substitution of WO at Sn’* and CI ions at Se* sites effectively enhance the total n-type
carrier concentration, thus improving the electrical conductivity. In addition to this,
incorporation of WCls at SnSe lattice results in the formation of ripple like coherently
modulated nanostructures as revealed from high-resolution transmission electron
microscopy analysis. The periodicity of these ripples is in the range of 1 - 2.5 nm which
is in the order of phonon mean free path of SnSe. As a result of which the heat carrying
acoustic phonons get scattered effectively leading to an ultralow-lattice thermal
conductivity of ~0.21 W/mK at 798 K in 5 mol% WClsdoped SnSeq.o>. Finally, due to the
synergistic effects of superior electrical conductivity and decreased lattice thermal
conductivity, a record high zT of ~ 1.9 at 798 K has been achieved in polycrystalline
SnSep.02 + 2% WCls sample when measured along parallel to SPS pressing direction.

fS. Chandra, P. Dutta, U. Bhat, A. Bhardwaj, R. Datta and K. Biswas. 2022. (Manuscript Under
Preparation)
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3.2.1. Introduction

In contrast to the advance in p-type polycrystalline SnSe, n-type counterparts are less
explored in thermoelectrics (TE)."* The main reason is difficulty in stabilizing the n-type
charge carrier at the optimal level because of a substantial amount of inherent Sn
vacancies and ubiquitous Sn*" defects, making SnSe intrinsic p-type semiconductor.*
Till date, only a few dopants have been reported to be effective for improving the
thermoelectric performance of n-type polycrystalline SnSe, such as, addition of halide
ions, BiCls, ReCl, NbCls, and PbBr2.' 2> However, the zT values in all these cases
remain far below than that of m-type single crystals. Since compatibility in a
thermoelectric device requires both p- and n-type materials of similar composition, there
remains a plenty of room to improve the performance of n-type bulk SnSe
thermoelectrics.

In this chapter, I have chosen a transition metal halide dopant WCls to enhance the
thermoelectric performance of n-type polycrystalline SnSeo92 by synergistically
improving the charge transport and reducing the thermal conductivity. First, introduction
of Se vacancies compensates for the intrinsic Sn vacancies in SnSe, whereas WClg plays
a dual role in this process by significantly enhancing the electrical transport properties
due to improved n-type carrier concentration and by largely reducing the thermal
conductivity due to formation of ripple like coherently modulated nanostructures in SnSe
matrix. Detailed high-resolution transmission electron microscopy (HRTEM) analysis
has revealed that the periodicity of these ripples is in the range of 1 - 2.5 nm which is in
the order of phonon mean free path of SnSe. As a result of which the heat carrying
acoustic phonons get scattered effectively leading to an ultralow-lattice thermal
conductivity of ~ 0.21 W/mK at 798 K in 5 mol% WCls doped SnSeo.92. Finally, due to
the synergistic effects of superior electrical conductivity and decreased lattice thermal
conductivity, a record high z7 of ~ 1.9 at 798 K has been achieved in polycrystalline
SnSeo.92 + 2% WCls sample when measured along parallel to SPS (spark plasma sintering)
pressing direction. These results indicate that incorporation of transition metal halides
significantly improves the thermoelectric properties of n-type polycrystalline SnSe, and
it should also be a useful method for improving the thermoelectric properties of other

thermoelectric system.



172 Chapter 3.2

3.2.2. Methods

Reagents. The high purity elements utilized for the synthesis are tin (Alfa Aesar 99.99 +
%), selenium (Se, Alfa Aesar 99.9999%) and tungsten (VI) hexachloride (WCls, Sigma
Aldrich 99.9%).

Synthesis. Polycrystalline SnSeo.9> samples doped with x mol% WCls (x =0, 1, 2, 3, 5)
were synthesized by combining stoichiometric amount of elemental Sn, Se and powder
WClg in high quality quartz tubes. The quartz tubes were sealed under vacuum (Pressure
= 107 Torr). The sealed tubes were initially heated to 773 K in a box furnace over a
period of 12 hrs, then heated again to 1223 K in next 5 hrs followed by annealing for 10
hrs and subsequently cooled to room temperature for a period of 15 hrs. The resulted
ingots were crushed by using a mortar and pestle; and sieved to fine powder. For the ease
of representation, the samples are termed as SnSeoo2 + x% WClg throughout the

manuscript.

Powder X-ray diffraction (PXRD) patterns of the samples were recorded using a Cu K,
(L = 1.5406 A) radiation on a Rigaku Smartlab (9 kW, rotating anode) x-ray

diffractometer.

Field emission scanning electron microscopy (FESEM) in back-scattered electron
(BSE) mode. FESEM-BSE images were taken using ZEISS Gemini SEM - Field

Emission Scanning Electron Microscope.

Transmission electron microscopy (TEM). TEM experiments were performed using
ThermoFisher Talos F200 S operating at 200 kV accelerating voltage. The samples for
TEM measurement were prepared by the standard mechanical grinding, polishing down
to a thickness of ~ 45 pm, and then followed by precision ion polishing system (PIPS).
During ion milling, the samples were the first ion milled with the beam voltage =4.5 keV
and milling angle = +5°. After the sample was perforated, a voltage of 2.0 keV was used
to optimize the thin area of the specimen. The EDS mapping was conducted using the
SuperX EDS detector.

TEM measurements and analysis were performed in the collaboration with Prof.

Ranjan Datta, INCASR, India.
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X-ray photoelectron spectroscopy (XPS) measurement has been performed with AlKa
(1.487 keV) monochromatic X-ray source with a relative composition detection better

than 0.1% on an Thermo Scientific spectrometer.

Spark plasma sintering (SPS) was done using a SPS211-LX (Dr. Sinter Lab)
instrument. The finely powdered samples were sintered to prepare a cylinder (10 mm X 8

mm) using graphite dies at 50 MPa pressure and 450 °C temperature for 10 minutes.

Electrical transport properties. Electrical conductivity and Seebeck coefficients were
measured simultaneously under helium atmosphere from room temperature to 850 K on
a ULVAC-RIKO ZEM-3 instrument system. The SPS processed sample were cut and
polished in a bar shape with the dimensions of ~ 2 X 2 x 8 mm® to carry out the

measurements. Electrical and thermal transport were measured in same direction.

Hall measurement. For determining the carrier concentrations, Hall measurements were
carried out on the same rectangular specimens used for electrical transport measurement
in four-contact geometry up to a magnetic field of 1 T at room-temperature using custom-

built equipment developed by Excel Instruments.

Thermal transport properties. Temperature dependent thermal diffusivity (D) was
evaluated using a laser flash diffusivity technique in a Netzsch LFA-457 instrument.
Next, the total thermal conductivity (x) was derived using the formula, x = D.C,.p, where
D is the thermal diffusivity, C, is specific heat, and p is density of the sample. C, was
derived experimentally using pyroceram as a reference material during the thermal
diffusivity measurements. The experimentally determined density was found to be ~97%
of the theoretical density. Further, the electrical thermal conductivity, xe. were derived
using Wiedemann-Franz Law, x...= LoT, where L denotes the Lorenz number which was

estimated by fitting the temperature dependent Seebeck data'!~!3.

3.2.3. Results and Discussions

Figure 3.2.1a shows the XRD patterns of the as-synthesized SnSeo.92 + x% WCls (x =
0,1, 2, 3, 5) samples. All the PXRD patterns can be indexed to the Pnma orthorhombic

phase of SnSe, while a trace amount of WSe> secondary phase (marked with asterisk)
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started to appear from 5 mol% WCls addition. WSe> possess a layered hexagonal
structure'* with space group P63/mmc where the individual layers are stacked along c-
direction by van der Waals interactions (Figure 3.2.1b). Presence of WSe> secondary
phase in the PXRD pattern indicates that the solid solution limit of WCls in SnSeo.92 is up

to 3 mol%.

SnSeO.92 + X% WCI6

~~
2

Intensity (a.u.)

10 20 30 40
26 (°)

Figure 3.2.1. (a) Room temperature PXRD patterns of as-synthesized SnSe.92 + x% WCls
(x =0, 1, 2, 3, 5) polycrystals. The peaks marked with asterisk (*) denotes the presence
of WSe: as secondary phase. (b) Crystal structure of WSe> viewed along a-direction.

The XPS spectra performed on the SnSeoo2 + 2% WCIls sample provide the
information on the chemical composition and ionic states of the elements (Figure 3.2.2).
The Sn 3d spin-orbit coupling peaks appearing at 487.3 eV and 496.1 eV can be assigned
as 3ds; and 3ds» respectively, stating the existence of Sn** ions in the system.!® The
splitting of spin-orbit coupling peaks of Se 3d and W 4f orbitals were in good agreement
with the previously reported results and confirms the valence states of Se and W to be 2
and 6" state, respectively.'®!” Further, the presence of Cl” was verified by the occurrence
of the 2ps/2 and 2p12 peaks of Cl" at 198.5 eV and 199.8 eV.'*!? These results confirm the
successful doping of W and Cl at Sn and Se sites respectively and plays an imperative

role to improve the electronic transport properties of n-type SnSe.
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Figure 3.2.2. High-resolution XPS of (a) Sn 3d, (b) W 4f, (c) Se 3d, and (d) CI 2p in
SnSeo.0> + 2% WCls polycrystals.

In addition to this, the BSE-FESEM analysis of SPS-processed SnSeo.92 + 5% WCls
reveals the occurrence of a few W and Se rich microprecipitates on the SnSe matrix
(Figure 3.2.3). The lateral dimension of these precipitates is in the order of ~ 5—50 pm.
EDAX line scan performed on the precipitate along with the matrix (Figure 3.2.3a,
denoted by a yellow dotted line) clearly indicates the higher concentration of W and Se
in the precipitate region (Figure 3.2.3f). Thereby, addition of higher concentration of
WCls (~ 5 mol%) results in phase separation of WSe; in SnSe matrix.

In order to measure the thermoelectric properties, we have performed SPS on the
powdered samples of SnSeo92 + x% WCls. Since SnSe is a layered material, we have
performed the transport measurements both along the perpendicular and parallel to the
SPS pressing direction to check the anisotropic behavior. However, we have noticed that

thermoelectric figure of merit is greater for all the compositions of SnSeo.92 + x% WCls
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when measured along parallel to the SPS pressing. Hence, we have only presented the

electrical and thermal transport properties along parallel to SPS pressing direction.

Intensity (a.u.) 3

6 9 12 15 18
Distance (um)

Figure 3.2.3. (a) Backscattered electron image taken during FESEM for SPS processed
SnSep.92 + 5% WCls polycrystals showing the presence of micro-precipitates (dark
contrast) in the SnSe matrix (lighter contrast). (b) — (e) EDAX elemental color mapping
for Sn, Se, W, and Cl. (f) EDAX line scan performed on the precipitate along with the
matrix (denoted by yellow dotted line) clearly indicates the higher concentration of W
and Se in the precipitate region.

Figure 3.2.4a shows the temperature dependence of electrical conductivity of the SPS
processed polycrystalline SnSeo.92+ x% WClgs (x =0, 1, 2, 3, 5) samples measured parallel
to pressing direction. We have observed that the electrical conductivity increases with
increase in temperature indicating a semiconducting transport for all the WCls doped
samples which is a typical behaviour of SnSe.>*%!° The room temperature electrical
conductivity of polycrystalline SnSeos2 was found to be 0.33 S/cm which has
substantially increased to ~ 1 S/cm and ~ 4 S/cm with the addition of 1 mol% and 2 mol%
WCls respectively. Interestingly, the SnSeo.92 + 2% WCls sample demonstrate a o value
of 42 S/cm at 820 K. However, with the further increase in WCls concentration, the room
temperature electrical conductivity decreases drastically and the 3 mol% and 5 mol%

WCls doped samples show o values even below 1 S/cm. To explain the variation of o (at
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Figure 3.2.4. Temperature dependent (a) electrical conductivity (o), (b) Seebeck
coefficient (S), (c) power factor (§°c), (d) total thermal conductivity (k) and (e) lattice
thermal conductivity (kiu), and (f) thermoelectric figure of merit (zT) of polycrystalline
SnSep.02 + x% WCls (x = 0, 1, 2, 3, 5) samples measured along parallel (]|) to the SPS
pressing direction.

room temperature) for different compositions, we have measured the carrier

concentration from Hall measurements and the presented the data in Table 3.2.1.
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Table 3.2.1. Room temperature carrier concentration and carrier type of the bulk SnSeq.o>
+x% WCls (x =0, 1, 2, 3, 5).

Carrier concentration n

Composition Carrier Type (1018 cm3)
=0 n 0.34
x=1 n 1.90
=) n 18.5
x =3 n 1.13
— n 0.72

As shown in Table 3.2.1, the carrier concentration is monotonically increased from
3.4 x 10" cm? for x = 0 to 1.85 x 10" cm™for x = 2 at 300 K, which is nearly two orders
of magnitude higher than that of the undoped sample confirming the increase in electron
concentration upon substitution of W and Cl at Sn and Se sites respectively. With further
increase of WCls concentration, the carrier density starts to decrease and finally reaches
a value of 7.2 x 10'7 em™ for 5 mol% WCls sample. The declined trend in electrical
conductivity with the increasing WClg concentration (when x > 3 in SnSeo.92 + x% WCls)
could be due to the formation of more Sn** vacancies with the phase separation of WSe;
in the SnSe matrix which diminishes the overall n-type carrier concentration of the
system.

The temperature variation of S for the polycrystalline SnSeo.92 + x% WCls (x =0, 1,
2, 3, 5) samples measured parallel to SPS pressing direction has been shown in Figure
3.2.4.b. The negative values of Seebeck coefficient further confirms the presence of n-
type carriers in the samples. The increasing trend of S with the increase in temperature is
in good agreement with the previously reported n-type SnSe polycrystals.’ The SnSeo .92
+ 2% WClg shows a maximum S value of -413 pV/K at 820 K. Due to the enhancement
in the electrical conductivity and Seebeck coefficient, a remarkably high power factor of
~ 7.1 uW/cmK? has been obtained for n-type polycrystalline SnSeo.2 + 2% WClg at 820
K (Figure 3.2.4c) along parallel to the SPS pressing direction which is almost five times
higher in magnitude as compared to the pristine SnSeo.o.

The temperature variation of total x and x.s of SnSeo.92 + x% WCls (x =0, 1, 2, 3, 5)

samples measured parallel to SPS pressing direction have been displayed in Figure 3.2.4d
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and Figure 3.2.4e respectively. The x of the SnSeo9 + x% WCls polycrystals were
considerably lower in comparison to controlled SnSeo92. The up-turn around 798 K in
thermal conductivity is attributed to the second order structural transition from Prma to

Cmem structure of SnSe.’

Figure 3.2.5. (a) HRTEM image of SnSep9> + 2% WCls showing the presence of
modulation in the lattice. (b) Fast Fourier transform (FFT) of image (a) shows the
diffraction spots corresponding to SnSe lattice along [100] zone axis (marked with white
circle). The green circles indicate the weak diffraction spots arising due to the
substitution of W at Sn site. (c) Masked inverse FFT (IFFT) image (where the weak
diffraction spots are selected) from (b), displaying the modular nanostructure more
prominently which have a periodicity of I - 1.5 nm.

The contribution from the electronic thermal conductivity is almost negligible and
hence the lattice thermal conduction dominates the total thermal transport in SnSeo.92 +
x% WCls (x=0, 1, 2, 3, 5) samples. We have obtained ultra-low x;. of ~ 0.27 W/mK and
~0.21 W/mK at 798 K for the 2 mol% and 5 mol% WCls doped SnSeo.92 samples (Figure
3.2.4e), respectively which nearly reaches the theoretical minimum value (#min) of SnSe.?’

To understand the origin of the ultra-low low lattice thermal conductivity, an
extensive transmission electron microscopy study has been performed on SnSeo.92 + x%
WClg (x =2, 5) polycrystals. Figure 3.2.5a and Figure 3.2.6a portray the HRTEM images
showing the presence of ripple like coherently modulated nanostructures in both 2 mol%
and 5 mol% WCls doped SnSeo.92 samples. Fast Fourier transform (FFT) of the HRTEM
images reveal the occurrence of the Bragg’s spots corresponding to the SnSe lattice along
[100] and [001] zone axis for the 2 mol% and 5 mol% WCls doped SnSeo.92 samples,
respectively (Figure 3.2.5b and Figure 3.2.6b). Pair of weak diffraction spots around the
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primary diffraction spots (marked by green circles in Figure 3.2.5b and Figure 3.2.6b)
represent the periodicity of the modular nanostructures. The appearance of the weak
diffraction spots is due to the probable incorporation of the W in SnSe lattice which is
visible in HRTEM images as ripples. The inverse FFT (IFFT) images were obtained by
selecting only the pair of weak diffraction spots and masking the Bragg’s spots (Figure
3.2.5c and Figure 3.2.6¢c). We have estimated that the periodicity of these modular
nanoscale superstructures are in the range of 1 to 2.5 nm, which is in order of phonon
mean free path of SnSe.?!"2 Thereby, due to the presence of such ripple like coherently
modulated nanostructures, heat carrying phonons get scattered heavily at the interface
between nanostructures and SnSe matrix. In addition to this, substitution of some amount
of W at the Sn and CI at Se cites sites create mass and strain fluctuations in the system

which also assists to supress the .

—
p—
—

Figure 3.2.6. (a) HRTEM image showing the presence of nanoscale superstructures in
SnSep.902+ 5% WCls. (b) The corresponding FFT of (a) and (c) the corresponding masked
IFFT image showing the ripples with a periodicity of 2.2-2.5 nm.

Finally, due to the simultaneous effects of high electrical properties and decreased
lattice thermal conductivity, a record high z7 of ~ 1.9 at 798 K has been achieved in n-
type polycrystalline SnSeo.92 + 2% WCls when measured along parallel to SPS pressing
direction (Figure 3.2.4f).

3.2.4. Conclusion

In conclusion, we have synthesized polycrystalline SnSeo.92 + x% WCls (x =0, 1, 2,

3, 5) samples via simple solid-state melting reaction followed by SPS which show
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improved thermoelectric performance due to the synergistic effects of enhancement of n-
type carrier concentration and effective phonon scattering by coherently modulated
nanostructures in SnSe matrix. Creation of Se vacancy and successful substitution of W¢*
at Sn**and Cl ions at Se’ sites significantly enhances the n-type carrier concentration,
thus improving its electrical transport. In addition to this, incorporation of WCls at SnSe
lattice results in the formation of ripple like coherently modulated nanostructures as
revealed from high-resolution transmission electron microscopy analysis. The periodicity
of these ripples is in the range of 1 - 2.5 nm which is in the order of phonon mean free
path of SnSe. As a result of which the heat carrying acoustic phonons get scattered
effectively leading to an ultralow-lattice thermal conductivity of ~ 0.21 W/mK at 798 K
in 5 mol% WClsdoped SnSeo.92. Finally, due to the combined effects of superior electrical
conductivity and decreased lattice thermal conductivity, a record high z7 of ~ 1.9 at 798
K has been achieved in polycrystalline SnSeo.92 + 2% WCls sample when measured along
parallel to SPS pressing direction. The achievement of high-performance in n-type SnSe
polycrystals should improve the fabrication of SnSe-based TE devices and this concept

can be easily extended to other 2D layered materials in future.
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Chapter 4

Modulation of the Electronic Structure and
Thermoelectric Properties of Orthorhombic and Cubic
SnSe by AgBiSe; Alloying'

Summary

Layered SnSe attains an orthorhombic crystal structure (Pnma) at ambient conditions.
However, the cubic rock-salt phase (Fm3m) of SnSe can only be stabilized at very high
pressure and thus experimental realization of the cubic phase remains elusive. Herein,
we have successfully stabilized the high-pressure cubic rock-salt phase of SnSe by
alloying with AgBiSe> (0.30 < x < 0.80) at ambient temperature and pressure.
Orthorhombic polycrystalline phase is stable in (SnSe)i«(AgBiSez)x for composition
range of 0.00 <x < 0.28 and these are measured to be narrow band gap semiconductors,
whereas the band gap closes upon increasing the concentration of AgBiSe: (0.30 <x <
0.70) with the cubic rock-salt structure. We confirm stabilization of cubic structure at x
= 0.30 and associated changes in electronic structure using first-principles theoretical
calculations. Pristine cubic SnSe exhibits topological crystalline insulator (TCI) quantum
phase, but the cubic (SnSe)1-x(AgBiSez)x (x = 0.33) possesses semi-metallic electronic
structure with overlapping conduction and valence bands. Cubic polycrystalline (SnSe)-
x(AgBiSez)x (x = 0.30) sample shows n-type conduction at room temperature while the
orthorhombic (SnSe);x(AgBiSez)x (0.00 < x < 0.28) samples retain its p-type character.
Thus, by optimizing the electronic structure and the thermoelectric properties of
polycrystalline SnSe, a high zT of 1.3 at 823 K has been achieved in
(SnSe)o.7s(AgBiSez)o.22.

S. Chandra, R. Arora, U. V. Waghmare, and K. Biswas. Chem. Sci., 2021, 12, 13074-13082.
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4.1. Introduction

SnSe crystalizes in three different structures: stable orthorhombic (Pnma) phase at
ambient temperature and pressure,!> metastable orthorhombic (Cmcm) phase at high
temperature,’ and unstable rock-salt cubic (Fm3m) phase at high pressure.*® SnSe
undergoes a displacive phase transition from low symmetric Pnma phase to high
symmetric Cmcm phase at ~ 800 K. This phase transition at elevated temperature results
in extended defects and enhancement in the lattice strain which degrades the mechanical
properties of SnSe and limits its long-term power generation applications at high
temperature.” Furthermore, it has been reported that the high symmetric cubic phase can
only be stabilized at very high pressure or by inducing strain.* %% However, the formation
energy calculated from the density functional theory (DFT) for orthorhombic Pnma and
cubic Fm3m states are thermodynamically comparable.*? In addition, the cubic SnSe has
been theoretically predicted to show large anharmonicity, high Seebeck coefficient and
intrinsically low lattice thermal conductivity.> Previously, cubic rock-salt SnSe has been
obtained in thin films grown on BiSes substrate using molecular beam epitaxy,'? but as
it is a resource-consuming physical preparation process, an alternative method to prepare
the cubic SnSe in bulk form is desired. Therefore, in this work, a chemical approach has
been explored to stabilize the cubic rock-salt structure of SnSe and study the crystal and
electronic structural evolution. Hitherto, stabilization of cubic rock-salt polycrystalline
SnSe has only been achieved via alloying with cubic rock salt AgSbSe, and AgSbTe,.”!!
On the other hand, hexagonal AgBiSe> has been successfully used to tune the carrier
concentration and reduce the lattice thermal conductivity in cubic phase of GeTe and
GeSe systems.'>!* Hence, AgBiSe> can be chosen as a suitable alloying material to tune
the crystal structure, electrical and thermal properties of SnSe as it is isostructural to
GeSe.

In this part, I have successfully stabilized the high-pressure cubic rock-salt phase of
SnSe by alloying with AgBiSe: (0.30 < x < 0.80) at ambient temperature and pressure.
Solid solution mixing of AgBiSe, with SnSe increases the configurational entropy by
introducing atomic disorder into the system and consequently stabilizes the cubic phase
at ambient condition. Orthorhombic polycrystalline phase is stable in (SnSe)-

x(AgBiSez)x for composition range of 0.00 < x < 0.28 and these are narrow band gap



190 Chapter 4

semiconductors, whereas the band gap closes upon increasing the concentration of
AgBiSe; (0.30 <x <0.70) in the cubic rock-salt phase, which is consisted with electronic
structure calculated by DFT with the inclusion of spin orbit coupling. Interestingly,
pristine cubic SnSe exhibits topological crystalline insulator (TCI) quantum phase where
the metallic surface states are protected by mirror symmetry, but the cubic (SnSe);.-
x(AgBiSex)x (x = 0.33) possess semi-metallic electronic structure with overlapping
conduction and valence band. Cubic polycrystalline (SnSe)ix(AgBiSe2)x (x = 0.30)
samples show n-type conduction at room temperature but the orthorhombic (SnSe):-
x(AgBiSex)x (0.00 < x < 0.28) samples retain its p-type character. Orthorhombic
(SnSe)o.78(AgBiSe)o.22 exhibits superior electrical conductivity and power factor of ~ 685
Sem™ and ~ 6.50 pWem™ K2, respectively, at 823 K. As a result, a peak z7 of 1.3 at 823
K has been obtained in polycrystalline orthorhombic (SnSe)o.73( AgBiSe2)o.22 system. This
study provides a profound insight into the crystal and electric structural modulations and

thermoelectric properties of polycrystalline (SnSe)ix(AgBiSe)x.

4.2. Methods

Reagents. The high purity elements utilized for the synthesis of (SnSe)i.x(AgBiSe2)x
(0.00 < x < 1.00) samples are tin (Alfa Aesar 99.99+ %), silver (Ag, Sigma Aldrich
99.999%), bismuth (Alfa Aesar 99.9999%), and selenium (Se, Alfa Aesar 99.9999%).

Synthesis. Polycrystalline (SnSe)i-x(AgBiSex)x (0.00 < x < 1.00) samples were
synthesized by combining stoichiometric ratios of elemental Ag, Bi, Sn and Se in high
quality quartz tubes. The quartz tubes were maintained at a pressure of 107 Torr and
sealed under vacuum. The seal tubes were initially heated to 773 K over a period of 12
hrs, then heated again to 1223 K in next 5 hrs followed by annealing for 10 hrs and
subsequently cooled to room temperature for a period of 15 hrs. The resulted ingots were
crushed by using a mortar and pestle and sieved to fine powder. After that, ball-milling

has been carried out at a speed of 250 rpm for 4 hrs at N, atmosphere in stainless-steel

containers using a planetary Ball Mill (FRITSCH PULVERISETTE 7, Germany).

Spark plasma sintering (SPS) was done using a SPS211-LX (Dr. Sinter Lab)

instrument. The finely powdered samples were sintered to prepare a cylinder (10 mm X 8
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mm) using graphite dies at 40 MPa pressure and 450 °C temperature for 10 minutes. The
samples were cut and polished in different directions to measure the anisotropic electrical

and thermal transport properties of (SnSe)ix(AgBiSe2)x (0.00 < x < 0.80).

Powder X-ray diffraction (PXRD) patterns of all the samples were recorded using a
CuK, (A =1.5406 A) radiation on a Bruker D8 Diffractometer. Rietveld refinement of the
PXRD pattern was performed using FULLPROF software.

Field emission scanning electron microscopy (FESEM) in back-scattered electron
(BSE) mode. FESEM-BSE images were taken using ZEISS Gemini SEM - Field

Emission Scanning Electron Microscope.

Band gap measurement. To estimate optical band gap of the as-synthesized specimens
of (SnSe)1x(AgBiSe2)x (0.00 < x < 1.00), diffuse reflectance measurements were carried
out with finely grounded powder at room temperature using a Perkin-Elmer Lambda 900
UV/Vis/near-IR spectrometer in reflectance mode (A = 2500-250 nm) and FT-IR Bruker
IFS 66V/S spectrometer (A = 4000-400 cm™' ), respectively. Absorption (a/4) data were
calculated from the reflectance data using Kubelka-Munk equation: a/4 = (I—R)*/(2R),
where R is the reflectance, @ and A are respectively the absorption and scattering

coefficients. The energy band gap was then determined from a/4 vs. E (eV) plot.

Thermal gravimetric analysis (TGA). TGA was performed by using a PerkinElmer
TGAS8000 instrument. Samples were heated at a rate of 5 °C min' in N atmosphere (40

mL min ') throughout a temperature range of 30-700 °C.

Differential scanning calorimetry (DSC). Finely ground powder samples were used for
DSC measurements, in which the data were collected in a wide temperature range from
30-500 °C.by using a METTLER TOLEDO DSC 822e¢ at fixed heating/cooling rate of 1
°C min'.

Electrical transport properties. Electrical conductivity and Seebeck coefficients were
measured simultaneously under helium atmosphere from room temperature to 850 K on
a ULVAC-RIKO ZEM-3 instrument system. The SPS processed sample were cut and

polished in a rectangular shape with the dimensions of ~ 2 x 2 x 8 mm? to carry out the

measurements. Electrical and thermal transport were measured in same direction.
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Hall measurement. For determining the carrier concentrations, Hall measurements were
carried out on the same rectangular specimens used for electrical transport measurement
in four-contact geometry up to a magnetic field of 0.57 T at room-temperature using

custom-built equipment developed by Excel Instruments.

Thermal transport properties. Temperature dependent thermal diffusivity (D) was
evaluated using a laser flash diffusivity technique in a Netzsch LFA-457 instrument. In
addition, temperature dependent heat capacity (C,) was also measured in the same
instrument by using a standard pyroceram. Next, the total thermal conductivity (x) was
derived using the formula, x = D.C,.p, where p is density of the sample and the
experimentally determined density was found to be ~ 97% of the theoretical density.
Further, the electrical thermal conductivity, x.. were derived using Wiedemann-Franz
Law, kee= LoT, where L denotes the Lorenz number which was estimated by fitting the

temperature dependent Seebeck data.!*1¢

Computational details. Our first-principles calculations within density functional theory
(DFT) were performed with QUANTUM ESPRESSO Package (QE) and projector
augmented wave (PAW) potentials.!” Electronic exchange and correlation energy was
treated within a generalized gradient approximated (GGA)'® functional with Perdew,
Burke, and Ernzerhof (PBE) parametrization.'’

Electronic wave functions and charge density were represented using plane wave basis
sets truncated at cut-off energies of 45 Ry and 360 Ry respectively. The discontinuity in
occupation numbers of electronic states was smeared with broadening temperature of kg T
=0.003 Ry in a Fermi-Dirac distribution function. We determined electronic structure of
(SnSe)1x(AgBiSez)x in crystal structures with optimized (minimum energy) lattice
parameters. At ambient conditions, SnSe stabilizes in the orthorhombic Pnma phase
containing eight atoms in the periodic unit cell. Integrations over its Brillouin Zone (BZ)
were sampled on a uniform 8x8x8 mesh of k-points. Electronic spectrum was determined
at Bloch vectors along high symmetry lines (X -I'-Y-P-T'—A-Z-T -T) in the BZS.
Our optimized lattice parameters for pristine SnSe in the orthorhombic structure (Pnma)
area=11.77 A, b=4.22 A, ¢ = 4.53 A, which are within the typical GGA errors of
experimental lattice parameters (a=11.57 A, b=4.19 A, ¢ =4.46 A). The cubic phase of

(SnSe)o.67(AgBiSea)o 33 was simulated using a V2xV2x1 supercell of conventional Fm3m
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structure containing 16 atoms. Our estimates of lattice parameters of
(SnSe)o.67(AgBiSe2)o 33 in this structure (V2xV2x1 supercell) are a = 8.43A, b =8.43A, ¢
=5.96A, which are within the typical GGA errors of experimental values of a = 8.36A, b
= 8.36A, ¢ = 5.91A. Electronic spectrum was determined at Bloch vectors along high
symmetry lines (I' - X-M-T'-Z-R-A-Z-X-R-M-A)in the BZ of its tetragonal
unit by including the spin-orbit coupling (SOC) in calculations with fully relativistic
potentials.?

The special quasirandom structures (SQS) of (SnSe)o.s7(AgBiSe2)o33 in the cubic
phase and of (SnSe)o.s(AgBiSe2)o. in the orthorhombic phase were generated using the
Monte Carlo SQS tool in the Alloy Theoretical Automated Toolkit (ATAT).?! Our
estimates of lattice parameters of the cubic structure of (SnSe)o.s7(AgBiSe2)o33 area=Db
=c¢=5.98 A, and of orthorhombic (SnSe)os(AgBiSe2)o2 are a=12.05 A, b=4.26 A and
c = 452 A. To determine the bulk electronic topology of cubic SnSe, we used
Z2PACKcode?? to calculate the Z> topological invariants and mirror Chern number (nm).

This code uses hybrid Wannier functions?***

and employs the ideas of time-reversal
polarization in determination of the Z> invariants.
Theoretical calculations were performed in collaboration with Prof. U. V. Waghmare,

JNCASR, India.

4.3. Results and Discussions

Polycrystalline (SnSe)i-x(AgBiSez)x (0.00 < x < 1.00) samples were synthesized by
vacuum sealed tube reaction followed by ball milling and spark plasma sintering (SPS).
Orthorhombic SnSe (Pnma), when alloyed with AgBiSe,, gradually transforms from
orthorhombic to the face-centered cubic structure at ambient condition. With the addition
of 30 mol% AgBiSe; in SnSe, a disordered rock-salt (Fm3m) phase gets stabilized (Figure
4.1a), which perceives up to 80 mol% AgBiSe; addition in SnSe. The room-temperature
powder X-ray diffraction (PXRD) patterns of bulk (SnSe)i-x(AgBiSe>)x samples can be
indexed to phase-pure orthorhombic phase when 0.00 < x < 0.28, and to the face-centered
cubic phase when 0.30 < x <0.80. On contrary, the AgBiSe; rich polycrystalline (SnSe);-

x(AgBiSes)x (when x > 0.80) samples resemble to the room temperature hexagonal crystal
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structure of AgBiSe, (space group P3ml). The Rietveld refinement of the room
temperature PXRD patterns of orthorhombic (SnSe)o73(AgBiSe2)o22 and cubic
(SnSe)o.70(AgBiSe2)o.30 have been shown in Figures 4.1b and 4.1c respectively, which
indicate when AgBiSe; is added into the SnSe system, the Ag and Bi atoms preferentially
occupy the Sn sites and induce disorder (Tables 4.1 and 4.2). This leads to the
enhancement of configurational entropy and the consequent stabilization of the high
symmetry cubic phase at ambient condition. Similar phenomenon can also be observed
in other alloys where, the addition of extra elements can boost the total entropy of the

system resulting in stabilization of higher symmetric phases.!>%>2
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Figure 4.1. (a) Structural transformation of orthorhombic SnSe to rock-salt cubic
structure upon AgBiSe; alloying. Rietveld refinement of room-temperature PXRD data of
(b) orthorhombic (SnSe)o.7s(AgBiSe2)o.22 and (c) cubic (SnSe)o.70(AgBiSez)o.30 samples. (d)
A schematic phase diagram of the SnSe-AgBiSe; system.

Field emission scanning electron microscopy (FESEM) in the backscattered electron
mode (BSE) was performed on orthorhombic (SnSe)o.7s(AgBiSe2)o22 and cubic
(SnSe)o.70(AgBiSe2)o.30 to check the purity of the polycrystals which confirm the absence
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of any secondary microprecipitates in both the samples. Energy dispersive X-ray (EDAX)
elemental color mapping of Sn, Ag, Bi, and Se during FESEM for both the orthorhombic
and cubic (SnSe)ix(AgBiSez)x (Figures 4.2 and 4.3) confirm that all the elements are

uniformly distributed in the samples indicating the homogeneity of the polycrystals.

Table 4.1. Structural parameters of Rietveld refinement for orthorhombic
(SnSe)o.7s(AgBiSez)o.2> sample.

Space group: Pnma;a=11.50 3)A,b=4.153) A, c=444 3) A, a =B =y=90°

C]:j):le s;:tel;i:t x/a y/b zlc Uiso (A2) Occupancy v
Sn 0.8564(5) | 0.25  0.4755(4) | 0.1143(4) 0.63(2)
Ag 0.8564(5) | 0.25 0.4755(4)  0.1148(4) 0.212)
Bi 0.8564(5) 0.25 0.47554)  0.1148(4) 0.16(2) 237
Se 0.1181(4) | 0.25 0.1091(5)  0.0380(5) 1

R-factors: Ryp: 12.61; Rexyp: 8.19

The schematic phase diagram of the SnSe-AgBiSe: system, as inferred from PXRD,
DSC and TGA analysis is shown in Figure 4.1d. The phase boundaries are, however,
relative to the position of the orthorhombic, and cubic phases with respect to the AgBiSe»
concentration. However, this schematic phase diagram clearly states that the increase of
AgBiSe: concentration in SnSe causes a structural phase evolution from orthorhombic to

a rock-salt crystal structure.

Table 4.2. Structural parameters of Rietveld refinement for cubic (SnSe)o.70(AgBiSez)o.30
sample.

Space group: Fm3m;a=b=c=5.8819 (5) A, 0. = p =y=90°

Constituent

Elements x/a | y/b | zle Uiso (A2) Occupancy 1
Sn 0.0 00| 0.0 0.1558(3) 0.542)
Ag 0.0 00 | 0.0 0.1558(3) 0.27(2)
Bi 0.0 0.0 00 0.1558(3) 0.19(2) -
Se 05 05 0.5 0.0815(4) 1

R-factors: Ryp: 11.93; Rexp: 5.6



196 Chapter 4

_[otese Elements Wt%

SnL 36.25
AgL 9.06
Bi M 18.78
Sel 35.92

Total

Figure 4.2. (a) Backscattered electron images taken during FESEM for ball milled and
SPS processed orthorhombic (SnSe)o.7s(AgBiSez)o.22 polycrystal with corresponding
EDAX spectra in (b). (c) EDAX elemental color mapping for Sn, Ag, Bi and Se for the
area in (a).

The band gap of the pristine orthorhombic SnSe is measured to be about 0.90 eV
(Figure 4.4a) which is consistent with previous literature reports.'> However, when SnSe
is alloyed with AgBiSe;, band gap closes rapidly near to zero at x = 0.30 (Figures 4.4a
and 4.4b) owing to the increase in chemical pressure originating from a decrease in unit

cell volume from 213 A? (orthorhombic) to 206 A* (cubic) as shown in Figure 4.4c.

Elements Wt%
SnL 36.25
AgL 15.27
Bi M 19.44
SelL 29.04
Total 100

Figure 4.3. (a) Backscattered electron images taken during FESEM for ball milled and
SPS processed cubic (SnSe)o.70(AgBiSez)o.30 polycrystal with corresponding EDAX
spectra in (b). (c) EDAX elemental color mapping for Sn, Ag, Bi and Se for the area in

(@).
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Figure 4.4. (a) Electronic absorption spectra, (b) band gap evolution and (c) unit cell
volume of (SnSe) 1.(AgBiSez) (0.00 <x < 0.80) as a function of AgBiSe> concentration.

The band-gap evolution plot has been shown in Figure 4.4b which depicts that upon

increasing the concentration of AgBiSe; above x = 0.24, the band gap closes. The

probable reason could be the structural phase transition induced contraction of the unit
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cell volume which increases the chemical pressure and consequently reduces the band
gap.

To study the evolution of band gap with respect to alloying concentration, we use first
principles DFT calculation to determine its electronic band structure at three
concentrations: pure SnSe (orthorhombic and cubic), (SnSe)oso(AgBiSe2)o.0
(orthorhombic) and (SnSe)o.67(AgBiSe2)o.33 (cubic). The theoretical band gap of SnSe in
the orthorhombic structure is 0.71 eV, with inclusion of the spin-orbit coupling in
calculations. Such underestimation of bandgap relative to the experimental band gap of

0.90 eV is typical of DFT calculations.
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Figure 4.5. (a) SOS unit cell of modelled orthorhombic (SnSe)o.so(AgBiSe2)o.20 and its
electronic structure calculated at the theoretical lattice constant (b) without the inclusion
of spin-orbit interaction (SOI) and (c) with SOI. (d) SQS unit cell of modelled cubic
(SnSe)o.s7(AgBiSez)o.33. Electronic structure of cubic (SnSe)o.s7(AgBiSez)o.33 calculated at
the theoretical lattice constant (e) without the inclusion of SOI and (f) with SOI. (Red,
green, blue and grey atoms represent Sn, Ag, Se and Bi respectively).
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We find that the theoretical band gap of SnSe reduces with AgBiSe» alloying, consistent
with the trend observed in experimental measurements using diffuse reflectance
spectroscopy. The modelled structure of orthorhombic (SnSe)o.s0(AgBiSe2)o.20 generated
using the special quasirandom structures (SQS) algorithm is shown in Figure 4.5a. Our
estimation of the band gap of (SnSe)o.s0(AgBiSe2)o.20 are ~ 0.51 eV and ~ 0.24 eV without
and with inclusion of the spin-orbit coupling respectively as shown in Figures 4.5b and
4.5c. The band gap obtained from calculations with spin orbit coupling is smaller than the
experimentally observed value of ~ 0.34 eV, as expected.

(SnSe)ix(AgBiSez)x with x = 0.33 exists in the cubic phase (Fm3m). Electronic
structure of pure cubic SnSe exhibits band gap of 0.12 eV estimated with the inclusion of

the spin-orbit coupling in calculations as shown in Figures 4.6a and 4.6b.
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Figure 4.6. (a) Crystal structure of supercell of cubic SnSe (Sn Red, Se blue). (b)
Electronic structures of the N2 x\2x1 tetragonal supercell of the cubic structure of SnSe
with the inclusion of the effects of spin-orbit coupling. (c) Electronic density of states
(DOS) and projected density of states (PDOS) of cubic SnSe.
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Examination of the projected density of states (PDOS) (Figure 4.6c) reveals that its
valence band (VB) is contributed mostly by p orbitals of Se, and weakly by s and p
orbitals of Sn. Its conduction band (CB) is contributed primarily by p orbitals of Sn.

Foremost, we have determined the mirror Chern number (7a)**’

and Z> topological
invariant of pure cubic SnSe. Z> characterizes the topological insulators (TI) (Z>= 0 trivial
insulator and Z>= 1 nontrivial insulator) and the mirror Chern number is the topological
invariant describing a topological crystalline insulator (TCI). In topological crystalline
insulators (TCI)?"%, the gapless surface states are protected by mirror symmetry in

contrast to topological insulators where the time-reversal symmetry protects the surface

states. The presence of mirror symmetry in the crystal structure of a material results in
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Figure 4.7. (a) Crystal structure of disordered cubic (SnSe)o.s7(AgBiSez)0.33 (Sn Red, Se
blue, Ag green, Bi grey). (b) Electronic structures of the N2x\2x1 tetragonal supercell
of the cubic phase of (SnSe)o.s7(AgBiSe2)0.33 with the inclusion of the effect of spin-orbit
coupling. (c) Electronic density of states (DOS) and projected density of states (PDOS)
of cubic (SnSe)o.s7(AgBiSe2).33.
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the presence of planes in the BZ giving rise to mirror symmetry protected Dirac cones in
the surface electronic structure. A TCI supports even number of Dirac cones and band
inversions in sharp contrast to a TI characterized by odd number of band inversions. TCIs
are characterized by a nonzero mirror Chern number. The individual Chern numbers Cs;
and C-; are defined on a mirror-invariant plane for TCI. The mirror Chern number?’
defined as ny=(C+i—C-;)/2 can be used as a topological invariant for TCI. The strong Z>
topological invariant (vy) of the cubic SnSe is 0 (normal insulator) confirming its trivial
electronic topology with respect to time reversal symmetry, while its ny = 2 establishes
its non-trivial band topology with respect to crystalline symmetry. Therefore, the cubic

phase of SnSe is a TCI.
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Figure 4.8. (a) Crystal structure of lower-symmetric disordered cubic
(SnSe)o.s7(AgBiSez)0.33 (Sn Red, Se blue, Ag green, Bi grey) obtained by interchanging a
pair or Sn and Ag atoms in Fig. S3a. (b) Electronic structure of the second configuration
of N2x\2x1 tetragonal supercell of cubic structure of (SnSe)o.s7(AgBiSes)os3 with the
inclusion of the effect of spin-orbit coupling.

We have examined the electronic structure of cubic (SnSe)i«(AgBiSey)x in two
disordered configurations at x = 0.33 (Figures 4.7 and 4.8) simulated with model V2x\2x1
supercell of the conventional cell of Fm3m structure. The lower-symmetric disordered
structure (Figure 4.8) is simulated by interchanging a pair of Sn and Ag atoms in the first
disordered structure (Figure 4.7). The electronic structures in both the cases show
vanishing band gap with overlapping valence and conduction bands at the Fermi level

consistent with the trend observed in our experiments. In cubic SnSe (Figure 4.6a), Sn
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occupies 4a (0.0, 0.0, 0.0) Wyckoft positions and Se occupy 4b (0.5, 0.5, 0.5) positions
in the Fm3m space group. In the cubic phase of SnSe alloyed with 33 mol% AgBiSe;, the
Ag and Bi atoms occupy any of the 4a (0, 0, 0) sites randomly; therefore, to take into
account the effect of realistic chemical disorder we generated a model structure using the
SQS algorithm. In the 2x2x2 supercell having 16 Sn, 8 Ag, 8 Bi and 32 Se atoms, 4b
Wyckoff sites are occupied by Se atoms while Ag, Bi and Sn atoms randomly occupy 4a
sites (Figure 4.5d). Our estimation of the band gap of cubic (SnSe)o.s7(AgBiSe2)o.33
calculated without spin-orbit coupling (Figure 4.5¢) is ~0.07 eV whereas inclusion of the
spin-orbit coupling closes this small gap and confirms its semi metallic nature (Figure
4.51). For deeper understanding of the electronic properties, we examined the projected
density of states (PDOS) of cubic phase of (SnSe)o.s7(AgBiSe2)o33 (Figure 4.7¢). The
valence band is dominated by contribution from p-orbitals of Se, similar to pure cubic
SnSe, while the CB is contributed majorly by p orbitals of Sn and along with additional
new contributions of p orbitals of Bi.

We calculated the relative stability of orthorhombic and cubic phases of (SnSe):-
x(AgBiSe>)x with varied x (where x = 0, 0.20, 0.33) to confirm the transformation of
orthorhombic SnSe (Pnma) to face-centered cubic structure with AgBiSe: alloying. Here,
we used the same SQS supercell in calculation of cubic and orthorhombic structures at
each value of x by deforming and distorting cubic structure to the orthorhombic structure
and relaxing it further. For pristine SnSe, the orthorhombic phase is lower in energy with
respect to its cubic phase by 2 meV/f.u. confirming its greater stability as seen in the
experimental results. At 20% AgBiSe; alloying the orthorhombic phase remains lower in
energy by ~ 46 meV/f.u. with respect to its cubic phase, consistent with experimentally
observed orthorhombic structure of (SnSe)o.s0(AgBiSe2)o.20. Our estimation of the energy
difference between the orthorhombic and cubic (SnSe)o.s7(AgBiSe2)o33 is 1620 meV/fu
stabilizing the cubic phase over its orthorhombic phase confirming that the rock-salt
(Fm3m) phase gets stabilized with the addition of 30 mol% AgBiSe> in SnSe.

Thermoelectric properties were measured for the ball-milled and SPS processed
anisotropic orthorhombic and isotropic cubic polycrystalline (SnSe)ix(AgBiSe2)x (0.00 <
x <0.30) samples. The cubic polycrystalline (SnSe)o.70(AgBiSe2)o.30 sample shows lower

thermoelectric performance as compared to the orthorhombic (SnSe)o.78(AgBiSe2)o.22. On
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Figure 4.9. Temperature dependent (a) electrical conductivity, (b) Seebeck coefficient
and (c) power factor of ball-milled polycrystalline (SnSe)ix(AgBiSe)x (where, x =0, 0.22
are orthorhombic and x = 0.30 is cubic in nature) samples for both heating-cooling cycle

measured along parallel to the SPS pressing direction.

the other hand, improved thermoelectric performance has been observed in anisotropic

orthorhombic phase when measurements are carried out along the parallel to the SPS

pressing direction.
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Figure 4.9 presents the thermoelectric properties of (SnSe)ix(AgBiSe>)x (0.00 < x <
0.30) measured parallel to the SPS pressing direction. Figure 4.9a depicts the temperature
dependent electrical conductivity of pristine orthorhombic SnSe, orthorhombic
(SnSe)o.78(AgBiSe2)0.22 and cubic (SnSe)o.70(AgBiSe2)o.30. The o of pristine orthorhombic
SnSeis 1.18 S cm™ at 300 K, which increases to about 270 S cm™ upon 22 mol% AgBiSe;
alloying at room temperature. For all the (SnSe)i-x(AgBiSe2)x (0.00 < x < 0.28) samples,
electrical conductivity increases with increasing temperature which indicates the
semiconducting transport (Figure 4.9a). The sharp increase in electrical conductivity at
610 K for orthorhombic (SnSe)o.7s(AgBiSe2)o.22 is an indication of the phase transition
from lower symmetric Pnma to higher symmetric Cmcm phase.?*** Solid solution mixing
of AgBiSe> with SnSe significantly increases ¢ due to the enhancement in the carrier

concentration from 8.9 x 107 ¢m™

for pristine SnSe to 82 x 10 cm™ in
(SnSe)o.78(AgBiSe2)o.22. Positive value of Hall coefficient indicates that holes are the
majority carriers in orthorhombic (SnSe)i-x(AgBiSe2)x (0.00 < x < 0.28) making it a p-
type semiconductor (Table 4.3). Further, on addition of 30 mol% AgBiSe», the sample
becomes n-type in nature as confirmed from the negative sign of the Hall coefficient and
the room temperature carrier concentration was obtained to be 6.17 x 10'® cm™ for the

cubic (SnSe)o.70(AgBiSe2)o.30.

Table 4.3. Charge carrier concentration and mobility of the ball milled and SPS
processed polycrystalline (SnSe)-x(AgBiSes): (x = 0, 0.22, 0.30) samples.

Composition Carrier concentration Carrier Mobility
P n (cm) p (cm? V-1g)
SnSe 8.9 x 10'7 (p-type) 8.3
(SnSe)o.7s(AgBiSe2)o.22
) 8.2 x 10" (p-type) 20.8
(Orthorhombic)
SnSe)o.70(AgBi1Ser)o 30
( Jor(Ag ) 6.17 x 10'3 (n-type) 54.6
(Cubic)

The measured value of the Seebeck coefficient of pristine orthorhombic SnSe is 631

uV K at 300 K (Figure 4.9b), which decreases to 46 pV K for orthorhombic



Chapter 4 205

(SnSe)o.78(AgBiSe2)o.22 and with further increase of AgBiSe, concentration, the sample
shows n-type conduction with a S value of -57 uV K! for (SnSe)o70(AgBiSe2)o.30. The
lower value of Seebeck coefficient is consistent with the high carrier concentration in
these samples. However, the cubic (SnSe)o.70(AgBiSe2)o30 shows anomalous trend in S
values arising mainly due to the onset of bipolar conduction. Due to the optimization in
carrier concentration and electrical conductivity, a moderate power factor of ~ 6.52 uyW

cm™ K2 has been achieved in (SnSe)o.7s(AgBiSe2)o.22 sample at 873 K (Figure 4.9¢).
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Figure 4.10. (a) Temperature dependent (a) total thermal conductivity (for both heating-
cooling cycle), and (b) lattice thermal conductivity of polycrystalline (SnSe)-«(AgBiSe;)x
(where, x = 0, 0.22 are orthorhombic and x = 0.30 is cubic) samples measured along
parallel to the SPS pressing direction.

The total thermal conductivity of pristine orthorhombic SnSe, orthorhombic

(SnSe)o.78(AgBiSe2)o.22 and cubic (SnSe)o.70(AgBiSe2)o30 measured parallel to the SPS
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pressing direction have been presented in Figure 4.10a. However, the room temperature
total thermal conductivity is higher for the (SnSe)i-x(AgBiSe>)x (x = 0.22 and 0.30)
samples as compared to the pristine SnSe which arises mainly due to the greater
contributions from the electrical thermal conductivity. Ball milled and SPS processed
pristine SnSe exhibits a lattice thermal conductivity (ki) of 1.08 W m™ K! at 300 K,
which decreases to 0.43 W m™ K at 773 K (Figure 4.10b). When SnSe is alloyed with
AgBiSe:, i in the cubic (SnSe)o70(AgBiSez)o 30 increases significantly to ~ 1.13 W m’!
K at 300 K (Figure 4.10b). The low lattice thermal conductivity in orthorhombic SnSe
mainly caused by the damping phonon vibrations due to the presence of significant lattice
anharmonicity.!> But in the as-prepared cubic (SnSe)o.70(AgBiSe2)o 30, the higher lattice
thermal conductivity can be attributed to the destruction of the layered orthorhombic

crystal structure of SnSe.
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Figure 4.11. (a) Temperature dependent thermoelectric figure of merit of polycrystalline
(SnSe) 1-x(AgBiSez)x (where, x = 0, 0.22 are orthorhombic and x = 0.30 is cubic) samples
measured along parallel to the SPS pressing direction. (b) The reversibility and
reproducibility of the thermoelectric figure of merit of the SPS processed ball milled
orthorhombic (SnSe)o.7s(AgBiSe2)o.22 sample measured for different batches (synthesized
separately) with the heating cooling cycles. The zT is measured along the parallel to SPS
pressing direction.

The orthorhombic (SnSe)o.7s(AgBiSe2)022 sample shows an ultralow lattice thermal
conductivity of ~0.19 W m™ K™ at 773 K due to the enhanced phonon scattering induced

by the point defects owing to entropy-driven solid solution in SnSe-AgBiSe; system in
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addition to lattice anharmonicity. Thus, as a collective result of improved carrier
concentration, elevated power factor and low thermal conductivity, a high z7 of 1.3 has
been achieved in polycrystalline orthorhombic (SnSe)o.7s(AgBiSe2)o.22 sample at 823 K
(Figure 4.11a) when measured along parallel to SPS pressing direction which is reversible
and reproducible for different batches of samples as well as for heating-cooling cycles

(Figure 4.11Db).

4.4. Conclusion

In conclusion, electronic and crystal structure of SnSe has been tailored with addition
of AgBiSe>. Layered orthorhombic phase is stable in (SnSe)ix(AgBiSez)x for the
composition range of 0.00 <x < 0.28, which are narrow band gap semiconductors. High-
pressure cubic rock-salt phase of SnSe has been stabilized at ambient condition with
increasing AgBiSe; concentration to 0.30 < x < 0.80. Solid solution mixing of AgBiSe;
with SnSe increases the configurational entropy by introducing atomic disorder into the
system and consequently stabilizes the cubic phase at ambient conditions. The anomalous
closing of the band gap of SnSe with increasing AgBiSez concentration is caused by the
influence of increase in chemical pressure. Electronic structures of orthorhombic and
cubic phases of (SnSe)i-x(AgBiSez)x show emergence of band gap at higher AgBiSe;
concentration in SnSe. Pristine cubic SnSe exhibits topological crystalline insulator (TCI)
phase, but the cubic (SnSe)ix(AgBiSe2) (x = 0.33) possesses semi-metallic electronic
structure with overlapping conduction and valence bands. While the cubic
(SnSe)o.70(AgBiSe2)o30  sample  shows  n-type  conduction,  orthorhombic
(SnSe)o.78(AgBiSe)o.22 retains the p-type nature at room temperature. We have achieved
a high zT of 1.3 in p-type polycrystalline orthorhombic (SnSe)o.73(AgBiSe2)o.22 at 823 K

via optimization of carrier concentration and electronic properties.
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Chapter 5

Low Thermal Conductivity in Charged & van der
Waals Layered GdTe;’

Summary

Understanding the mechanism that correlates phonon transport with chemical bonding
and solid-state structure is the key to develop materials with low thermal conductivity,
which are essential for useful thermoelectric applications and thermal barrier coatings.
In this context, strongly correlated electronic systems always remain in the forefront of
materials science research due to their fascinating chemical and physical properties.
Herein, we have reported low lattice thermal conductivity in GdTes, a charge density
wave (CDW) material. At ambient conditions, GdTe; possess a quasi-2D layered
structure where one corrugated GdTe slab is sandwiched between two Te square net
sheets. Charge transfer takes place from the GdTe slab to the adjacent Te sheets and
there is a presence of van der Waals (vdW) gap between the two neighbouring Te-sheets
which makes GdTes a natural heterostructure of charged and vdW layers. The undistorted
phase of GdTes is metallic in nature, with a strongly nested Fermi Surface leading to
instability and Kohn anomalies in phonon dispersion. The unstable phonon modes involve
displacements of Te atoms in bilayers constituting the origin of CDW in GdTe;. We
establish a strong anharmonicity in terms of high Griineisen parameters of the CDW-
related phonon modes along I'-S direction, which is responsible for suppressing acoustic
phonons in transporting heat. Raman spectroscopy reveals the existence of strong
electron phonon coupling and low energy optical phonon modes which effectively
enhances the phonon scattering in the system and causes low kit of 0.7 Wm™ K at 673
K in polycrystalline GdTes when measured along parallel to SPS pressing direction.

S. Chandra, P. Dutta, K. Debnath, I. Maria, D. Rawat, A. Soni, U. V. Waghmare, and K. Biswas, 2022.
(Manuscript under preparation)
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5.1. Introduction

Materials having extreme thermal conductivity are always important for efficient
thermal management.! Solids with high thermal conductivity are useful in
microelectronic devices due to their efficient heat dissipation, whereas low thermal
conductive materials are widely used in thermoelectrics’> and thermal barrier coatings.
In a nonmagnetic material, the thermal conductivity (x) is composed of two parts, namely
(1) electronic thermal conductivity (x...) which is determined by the electrical conductivity
(0) of the material via the Wiedemann—Franz law, k... = LoT (L = Lorenz number, and T
= absolute temperature), and (ii) lattice thermal conductivity (xi.) which is primarily
controlled by phonon (quantum of lattice vibration) transport. To determine the efficiency
of a thermoelectric material, x plays a pivotal role because it is a relatively independent
parameter and can be tuned easily. After years of effort, researchers have developed
several extrinsic and intrinsic strategies to minimize the xj, by enhancing phonon
scattering. Extrinsic approaches like incorporation of point defects and nano/meso
structures into a thermoelectric matrix are found to be effective in lowering down the
ki, 12 However, these extrinsic strategies may hamper the carrier mobility to some
extent which in turn can decrease the efficiency of a thermoelectric material. So, to design
new materials with intrinsically low i is an important task in thermoelectric research.
Several inherent properties associated with crystal structure and chemical bonding such

as presence of lattice anharmonicity in two dimensional (2D) layered structure,'*'¢

17,18

stereochemically active lone pairs, complex crystal structures,'®?° bonding

21,22

heterogeneity, and resonant bonding? are found to be effective for achieving

intrinsically low xi. In addition to this, materials having ferroelectric instability,?**°

26-28 29,30

rattler atoms and liquid-like cationic motion are found to show intrinsically low
Kiar vValue.

When the charge carrier concentration of a material is not high, the phonon-phonon
interaction (PPI) by three-phonon and/or four-phonon process is the most dominant
phonon scattering mechanism to determine the x at high temperature.>! However, recent
studies indicate that the electron-phonon interaction (EPI) starts to play a crucial role in
determining the xi, when the carrier concentration is above 10" cm™.3? Theoretical

calculations performed by Liao et al. have shown that EPI can reduce the . of p-type
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silicon up to 45% at room temperature by decreasing the phonon lifetime, when the carrier
concentration is at around 10?! cm™.3® So, materials having strong EPI may show
intrinsically low .. In this context, charge density wave (CDW) materials hosting the
strong electron phonon coupling may be a good candidate for low lattice thermal
conductivity. CDW materials in general have layered structure where strong EPI breaks
the translation symmetry of the lattice and induces lattice distortion into the system.>*
Recently, Chiritescu et al. have obtained an ultralow x;, of around 0.05 W m™'K™! at room
temperature in disordered thin films of 2D layered CDW material WSe.>* Realizing this
idea of layered and disordered crystal structure, one can expect a low xi.r value in CDW
materials.

Among several CDW materials, rare earth tellurides with general formula RTe3 (R =
rare earth element and Te = tellurium) have gained enormous attention in the field of
chemistry and condensed matter physics due to their structural diversity,*® exotic
magnetic properties®’ and pressure induced superconductivity.*® Depending upon the rare
earth element present in RTes, the CDW transition temperature (7cpw) can vary from 244
K (TmTes)* to 500 K (LaTe3)*°. Application of external pressure can also tune this
transition temperature significantly.>®*! It is worth to mention here that the heavy rare
earth element (Tb-Tm) based RTe; system also undergoes a second CDW transition at
lower temperature.*® Though several physical properties of RTe; system have already
been studied, the thermoelectric properties remain unexplored. Recently, GdTes, a
member of RTes family has drawn huge attraction due to its large carrier mobility (39000
cm? V' s1)* and hence it may be a good candidate for thermoelectric research.

In this chapter, I have synthesized a simple binary CDW material GdTes which shows
intrinsically low lattice thermal conductivity of 0.7 W m™' K-! at 673 K along parallel to
the SPS pressing direction. Interestingly, we have observed large anisotropy both in the
electrical and thermal conductivity data of GdTe; when measured along parallel and
perpendicular to the SPS pressing, which is quite unusual in polycrystalline materials. To
comprehend the origin of such low xi. and its relationship with the CDW transition, we
have performed temperature dependent Raman spectroscopy and augmented our
observations with density functional theoretical (DFT) calculations. GdTes exhibits

fascinating hierarchical bonding environments where one corrugated GdTe slab is
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sandwiched between two Te sheets. From, DFT calculations, it is verified that charge
transfer take place from the GdTe slab to the adjacent Te sheets and there is a presence
of van der Waals (vdW) gap between the two neighbouring Te-sheets. Thus, the structure
can be considered as a natural heterostructure of charged and vdW layers which gives rise
to large degree of anharmonicity in the crystal lattice of GdTes that provide significant
phonon damping. The presence of unstable phonon modes arising from the displacements
of Te-bilayers, strong electron-phonon coupling, and Fermi surface nesting constitute the
origin of CDW transition (7cpw ~ 380 K) in GdTes as corroborated from the DFT studies.
Raman spectroscopy reveals the existence of low-lying optical phonon modes which
hinder the acoustic phonon transport and significantly reduce the x:. Thus, the inherent
strong anharmonicity due to the layered structure, manifestation of quantum effects in
transport properties and discretized electronic density of states makes these CDW

materials an interesting candidate in the field of thermoelectric research.

5.2. Methods

Reagents. The high purity elements utilized for the synthesis of GdTe; sample are
gadolinium chips (Gd, Sigma Aldrich 99.99%,), and tellurium lumps (Te, Alfa Aesar
99.999+ %).

Synthesis. Desired polycrystalline sample with nominal composition GdTes was
prepared by melting the stoichiometric amount of Gd and Te in a vacuum sealed (10
Torr) quartz ampoule. The ampoule was kept vertically in a box furnace and heated to
950 °C in 10 h and kept at this temperature for 3 days. Then it was cooled down to 550
°C in 3 h and kept for 3 days and finally cooled down to room temperature in 5 h. The

resulted ingots were crushed into fine powder by using a mortar and pestle.

Spark plasma sintering (SPS) was done using a SPS211-LX (Dr. Sinter Lab)
instrument. The finely powdered samples were sintered to prepare a cylinder (10 mm X 8
mm) using graphite dies at 50 MPa pressure and 450 °C temperature for 15 minutes. The
samples were cut and polished in different directions to measure the anisotropic electrical
and thermal transport properties. Density of the sample is found to be 6.64 g cm™ which

is around 95% of the theoretical density.
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Powder X-ray diffraction (PXRD) patterns of the sample were recorded using Cu K, (A
= 1.5406 A) radiation in a Rigaku Smartlab (9 kW, rotating anode) x-ray diffractometer.
Rietveld refinement of the PXRD pattern was performed using FULLPROF software.*

Thermal gravimetric analysis (TGA) was performed by using a PerkinElmer TGA8000
instrument. Samples were heated at a rate of 5 °C min ! in N2 atmosphere (40 mL min")

throughout a temperature range of 30—625 °C.

Differential scanning calorimetry (DSC). Finely ground powder samples were used for
DSC measurements, in which the data were collected in a wide temperature range from
30-500 °C by using a METTLER TOLEDO DSC 822¢ at fixed heating/cooling rate of 1
°C min ™",

Electrical transport properties. Electrical conductivity and Seebeck coefficient were
measured simultaneously under helium atmosphere from room temperature to 673 K in a
ULVAC-RIKO ZEM-3 instrument system. The SPS processed sample were cut and
polished to prepare a rectangular parallelepiped with the dimensions of ~ 2 x 2 x 8 mm?
to carry out the measurements. Electrical and thermal transport were measured in same

direction.

Hall measurement. For determining the carrier concentrations, Hall measurements were
carried out on the same rectangular specimens used for electrical transport measurement
in four-contact geometry up to a magnetic field of 1 T at room temperature using custom-

built equipment developed by Excel Instruments.

Thermal transport properties. Temperature dependent thermal diffusivity (D) was
measured using a laser flash diffusivity technique in a Netzsch LFA-457 instrument. The
total thermal conductivity (k) was calculated using the formula, x = DC,p, where p is
density of the sample and the experimentally determined density was found to be ~ 95%
of the theoretical density. We have used the Dulong-Petit law to calculate the heat
capacity (C,) (0.185 Jg''K'") for the estimation of thermal conductivity. Further, the
electrical thermal conductivity, k... was derived using Wiedemann-Franz Law, xe.= Lo T,
where L denotes the Lorenz number which was estimated by fitting the temperature

dependent Seebeck data. 44
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Magnetic measurements. The dc-magnetization (M) was measured as a function of
temperature (7) and magnetic field (H) by using a Quantum Design SQUID
magnetometer (MPMS-XL).

Heat capacity measurement. Low-temperature heat capacity was measured in a
DynaCool Physical Property Measurement System (PPMS, Quantum Design) in the

temperature range of 2-20 K by using the relaxation technique.

Sound velocity measurement. The longitudinal (v;) and transverse (v;) sound velocities
were measured using disc-shaped and square-shaped samples, respectively, with an
Epoch 650 Ultrasonic Flaw Detector (Olympus) instrument with the transducer frequency
of 5 MHz. The minimum lattice thermal conductivity (k,,;,,) Was then calculated using

the Cahill’s Model*’:
Kpin = 1.21n2/3k3§(vl + 2v,)
where kg is the Boltzmann constant and 7 is the number density of atoms.
Poisson ratio (1;) and the Griineisen parameter (y) were calculated using equations*®

below (see Table 5.1):

_ 1-2(v/v)?
P 2-2(n/v)?

_ 30+w)
2(2-3vp)

Raman spectroscopy. Raman scattering measurements was performed using Horriba
Jobin Vyon LabRAM HR Evolution Raman spectrometer equipped with Czerny-turner
grating (1800 gr/mm), 633 nm laser excitation, and Peltier cooled CCD detector.
Temperature-dependent Raman measurements were done using a Montana cryostat and
Linkam stage in the temperature range of 4-300 K and 300-400 K respectively. An ultra-
low frequency filter was used to access the low-frequency Raman modes. All the spectra
have been fitted by the Lorentzian function to evaluate the phonon frequency and full

width at half maximum (FWHM) of the Raman modes.
The Raman spectroscopy measurements are done in collaboration with Prof. Ajay

Soni, IIT Mandi, India.

Computational details. Our first-principles calculations are based on density functional

theory as implemented in QUANTUM ESPRESSO,* and ultrasoft pseudopotentials to
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model interactions between electrons and the ionic cores. We used a generalized-gradient
approximation (GGA)® of the exchange-correlation energy with functional
parameterized by Perdew, Burke and Ernzerhof (PBE)’!. We include van der Waals
(vdW) interaction with the parametrization given in Grimme scheme.>? Electronic wave
functions and charge density expansions in plane wave basis sets were truncated at cut-
off energies of 50 Ry and 400 Ry respectively. Brillouin Zone (BZ) integrations were
sampled on a uniform 12 x 12 x 4 mesh of k-points. We used conventional unit cell of
GdTes with 16 atoms as the periodic unit for our theoretical analysis. Our optimized
lattice parameters (without considering CDW modulation), a, b and c are 4.32 A, 4.35 A
and 25.6 A respectively, within 1% of the respective experimental values.** Electronic
spectrum was determined at Bloch wave vectors along high symmetry lines (I' - S - X -
Y-I'-Z-R-U-T - Z) in the Brillouin Zone with and without inclusion of spin-orbit
coupling (SOC) in our calculations. Lattice-dynamical properties were determined within
the framework of self-consistent density functional perturbation theory (DFPT) as
implemented within the QE code.’® We corroborated these using a 4 x 4 x 1 supercell of
GdTe;s in calculations with PHONOPY>* and Vienna Ab-initio Simulation Package
(VASP)*>*. We determined the mode Griineisen parameters using finite difference
method and phonon dispersion calculated at two different volumes, 0.98V and 1.02V)

(where V) is the equilibrium volume of the ground state structure), employing the formula

dinw g,
dinv

, where ¥, V and wqv denote Griineisen parameter, unit cell volume, and

frequency of a phonon mode at wavevector ¢ for branch », respectively.
Theoretical calculations were performed in collaboration with Prof. U. V. Waghmare,

JNCASR, India.

5.3. Results and Discussions

In the undistorted state, GdTes adopts a quasi-2D layered structure with orthorhombic
symmetry (space group Cmcm) where double corrugated GdTe slabs are sandwiched
between two “square” planer nets of Te. The layers are stacked along the crystallographic
c-direction while the Te sheets are arranged in the ab plane and rotated by an angle of 45°

with respect to the GdTe slabs and there exists a vdW gap between the two neighbouring
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Figure 5.1. (a) The layered, undistorted structure of GdTes where GdTe corrugated slabs
and Te sheets are stacked along c-axis and held together by weak van der Waals
interaction. The Te sheets are rotated at an angle of 45° with respect to GdTe slabs. lonic
[GP*Te*]" layers are sandwiched between double layers of Te sheets. (b) Difference in
charge densities of GdTes crystal and its building blocks of GdTe slab and Te sheets, and
its (c) macroscopic average. The yellow regions (positive values in c) show regions of
electronic charge accumulation and cyan regions (negative values in c) indicate charge
depletion, showing an overall charge transfer from GdTe slab to the Te sheets. (d)
Rietveld refinement of room-temperature PXRD data of orthorhombic Cmcm phase of
GdTes. The metallic lustre of the powdered GdTes sample is shown in inset of (d). (e)
PXRD patterns of SPS processed GdTes along the parallel (||) and perpendicular (1)
directions revealing the anisotropic nature of the sample. The direction of X-ray
diffraction has been denoted by the schematic diagrams in inset.
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Te-sheets (Figure 5.1a).*>>’ The Gd-Te bonds of the corrugated slabs are covalent in
nature while, the bonding environment of the Te-atoms in the square net is purely
metallic. In the GdTe slab, the oxidation state of Gd is +3 and that of Te is -2 whereas,
the average charge per Te atom in the square net is -0.5 which leads to the formation of
charged domains of [GdTe]'[Te ], in crystal lattice of GdTes. However, to achieve the
charge neutrality of the system, one electron from the Gd atom of the GdTe slab is
transferred to the Te square net sheets, i.e., more precisely one electron is being shared
equally by two Te atoms of the two adjacent square nets respectively. To derive insight
into the charge transfer in GdTes, we have obtained the difference in charge density
between GdTes crystal and its 2D building blocks by electron localization function (ELF)
analysis:
Ap = p(GdTes) - [p(GdTe) + p(Te)]

where p(GdTes), p(GdTe) and p(Te) are the charge densities of GdTes, GdTe slab and Te
sheets respectively. Accumulation of electronic charge (marked by yellow) in Te sheets
and charge depletion in GdTe slab (denoted by cyan region) show electrons transfer
(Figure 5.1b). Macroscopic average of Ap (Figure 5.1¢) confirms the electronic charge
transfer from Gd atoms in GdTe slab to the Te square net sheets which results in the GdTe
slabs being insulating and the Te square-net sheets being conductive in nature. Due to
these interesting structural features, GdTes can be considered as a natural heterostructure
of charged and vdW layers which can give rise to large degree of anharmonicity in the

crystal lattice.

a) 100 b
(a) ®) .|
2 3
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Figure 5.2. (a) Thermal gravimetric analysis (TGA) and (b) Differential scanning
calorimetry (DSC) curves of GdTes as a function of temperature.
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Figure 5.1d shows the room temperature PXRD pattern of GdTes along with the
Rietveld refinement. The PXRD pattern can be indexed to the Cmcm orthorhombic phase
of GdTes. The lattice parameters obtained from the fitting are a = 4.3174 A, b = 4.3240
A and ¢ = 25.5635 A which are in good agreement with previously reported data.*?
Powdered polycrystalline GdTe; appears as golden brown in colour with metallic lustre
(see the inset of Figure 5.1d). To check the thermal stability of GdTes, we have performed
thermogravimetric analysis and the result indicates that the sample is stable up to 700 K
(Figure 5.2a). We have also verified the CDW transition temperature in GdTes (Tcpw ~
380 K) from differential scanning calorimetry measurements (Figure 5.2b).

Further to check the purity of the bulk polycrystals and confirm the magnetic
behaviour of gadolinium, we have studied the magnetic properties of GdTes. Figure 5.3a
shows the dc magnetization (M) as a function of temperature in presence of 1 kOe
magnetic field (H). The M(T) data indicates that during cooling the sample undergoes a
paramagnetic (PM) to antiferromagnetic (AFM) transition at around 12.5 K and this
transition temperature matches well with the previously reported single crystals data.*>%
A close inspection of M(T) data reveals that there is an anomaly at around 7 K which may
be attributed as a second AFM transition as suggested by previous report.*? Temperature-
dependent heat capacity data recorded at zero magnetic field also confirms the presence
of two type of transitions denoted by 7n (Néel temperature) and 7; as shown in Figure
5.3b. Above these transition temperatures, we have fitted the susceptibility (y = M/H)
data by using Curie-Weiss law: y = C/(T-6), where C and @ are Curie constant and Curie
temperature respectively (Figure 5.3c). The € is found to be negative with an absolute
value of 14 K which indicates the presence of predominantly AFM interactions in the
system. The obtained effective paramagnetic moment of 7.87 us/Gd agrees well with the
theoretically calculated value of 7.94 uz for free Gd** which indicates that the magnetic
moments of 4f electrons are strongly localized below the Fermi level. It is important to
mention here that we did not observe any anomalous nature in the M(T) data near the
CDW transition. This also indicates that 4f electrons of Gd** does not have any significant
influence on the CDW ordering.*® To shed more light on the magnetic state of the present
sample, we have recorded M(H) data at some selective temperatures (Figure 5.3d). Linear

behaviour of M(H) data at 50 and 300 K indicate the paramagnetic nature of the sample,
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whereas the M(H) curve measured at 2 K shows a change in slope at around 22.4 kOe

which may be attributed as spin-flop transition.>

15
()5 (b)
—~ 12} TN
%0.4 - °
= £ of
Qo =
L o
s 0.3 O
6
02}
AFM tranlsitior] at 1? K . . 3 . . :
0 10 20 30 40 50 60 70 5 10 15 20
T (K) T (K)
- - 40
(C) 756 =-14 K AFM interaction (d) — 2K
Effective moment=7.85 yg/f.u. F——50 K
5 60 | Theoretical value for Gd3* is 7.94 5/f.u. 20 L——300K
e —
[0) 20
= 45| S
(o] £ 0
E o
‘\f 30+ =
20k
5T Curie-Weiss Fit
0 N 1 N 1 " 1 _40 " 1 " 1 " 1 . " 1 PR " 1 L
0 100 200 300 400 -80 -60 40 -20 0O 20 40 60 80
T (K) H (kOe)

Figure 5.3. (a) The dc magnetization (M) curve as a function of temperature in the
presence of 1 kOe magnetic field (H) measured in field cooling (FC) condition. (b)
Temperature-dependent heat capacity of GdTes. Ty and T; correspond to the presence of
two different antiferromagnetic transitions in GdTes. (c) Curie-Weiss fitting of the
susceptibility (y = M/H) data confirming the presence of AF M interactions in the system.
(d) M vs H curves at few selective temperatures.

In order to measure the thermoelectric properties of GdTes, we have performed SPS
on the powdered polycrystals. Since GdTes possesses a layered crystal structure, we have
measured all the thermoelectric properties along two different directions, namely (i)
parallel to the SPS pressing direction (]|), and (ii) perpendicular to the SPS pressing
direction (). To understand the anisotropic behaviour, we have recorded the room

temperature PXRD patterns of GdTes along parallel and perpendicular to the SPS
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pressing direction (Figure 5.1¢). Significant difference in the peak intensities of (008) and
(113) planes are clearly observed from the PXRD patterns which suggests the presence
of strong anisotropy even in the polycrystalline sample. Figure 5.4a shows the
temperature dependence of electrical conductivity (o) measured along both the directions

in the temperature range 300 K to 673 K.
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Figure 5.4. (a) Temperature dependent electrical conductivity of GdTes measured along
parallel and perpendicular to SPS pressing direction. The charge density wave transition
temperature is marked by the black arrows. (b) Atom projected electronic structure of
GdTes calculated without the inclusion of SOC shows that it is a metal with linearly
dispersive bands crossing Er. (c) Projected density of states (PDOS) (without SOC)
confirming that the states near Er have the major contributions from 5p orbitals of Te
atoms. (d) Visualization of wave functions of states along I'-S with energy = Er (marked
as 1 in b) show significant contributions from p-orbitals of Te atoms of square nets.

The sample shows metallic behaviour with a characteristic feature of CDW transition
at around 380 K. o is found to be much higher in perpendicular direction compared to the
parallel one. The strong anisotropy (o1/o] = 6.5 at room temperature) is quite unusual in
polycrystalline samples as crystallites generally get oriented randomly in a polycrystalline
material. One important observation is that even in the CDW state GdTes; remains metallic
in nature which is in sharp contrast to the other quasi-1D CDW materials like (TaSes)>1
where the CDW state shows semiconducting/insulating behaviour.® Most of the cases,
the formation of CDW state is governed by Fermi surface (FS) nesting phenomena

(different sections of FS are matched by a wave vector ¢), which helps to lower down the



226 Chapter 5

electronic energy of the system by opening an energy gap in FS. In general, for quasi-1D
CDW systems, the perfect nesting effect is observed which opens the gap at all parts of
the FS, resulting in semiconducting/insulating state, whereas, for quasi-2D CDW
materials like GdTes, partial nesting condition is achieved which opens gap only at the
nested regions keeping other parts gapless and as a result the CDW state tries to remain

metallic in nature.’®
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Figure 5.5. Temperature dependent Seebeck coefficient of GdTes; measured along

parallel and perpendicular to SPS pressing direction.

To obtain deeper insights about the metallic behaviour of GdTes, we have computed
the electronic structure from the DFT calculations analysing the effects of spin-orbit
coupling (SOC) through the use of relativistic pseudopotentials (Figure 5.4b). Undistorted
GdTe; is metallic with linearly dispersed steep bands crossing Fermi energy (£r). The
linear bands describe electrons with large group velocity and small effective mass (m*)
giving rise to a high mobility. Inclusion of SOC leads to splitting of bands, but these
effects are more pronounced on the states deeper in energy, away from Er. Since changes
in the behaviour of bands near Er due to inclusion of SOC are small, we have not included
SOC in further calculations. From projected density of states of GdTes (calculated without
SOC), it is evident that the valence bands (VB) have contributions primarily from Te 5p
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with weak component of Gd 4d states whereas the states in conduction bands (CB)
comprise largely of d-orbitals of Gd (Figure 5.4c). Visualization of wave functions of the
linear bands crossing Er along /—S show significant contributions from p-orbitals of Te

atoms belonging to layered Te planar sheets (Figure 5.4d).
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Figure 5.6. Temperature dependent (a) «, (b) ke, and (¢) i of GdTes measured along
parallel and perpendicular to SPS pressing direction. The charge density wave transition
temperature is marked by the black arrows in (a).



228 Chapter 5

Since the Seebeck coefficient (S) is an important probe to understand the Fermi
surface topology related phenomena like structural distortions and CDW ordering,%! ¢4
we have measured S as function of 7 for GdTes (Figure 5.5). Positive value of S indicates
that hole is the majority carrier in the present system. The value of S is quite low (~ 7
uV/K along parallel to the SPS pressing direction at room temperature) and it is found to
increase with the increase of temperature suggesting the metallic nature of the sample.
CDW transition is not so much clear in the S(7) data as compared to the o( 7). But a clear
slope change is observed at around ~ 370 K which reflects the CDW transition. Unlike
o(T) the anisotropic behaviour of S(7) is quite weak.

Figure 5.6a depicts the temperature dependent thermal conductivity (x) measured
along both parallel and perpendicular to the SPS pressing directions. Clear anomaly
observed at around 380 K matches well with the CDW transition temperature of GdTes;.
We have noticed a strongly anisotropic behaviour (x1/x)= 5.6 at 300 K) in the thermal
conductivity data which is very much unusual for polycrystalline materials. Even in single
crystalline rare earth based CDW material, like LaPt>Si> shows an anisotropy of around
3 at 300 K when « is measured along [110] and [001] axis.®® Though the present sample
is metallic in nature, the thermal conductivity along parallel direction is found be quite
low (1.72 W m™ K! at 300 K). To get further insights, we have calculated the individual
contributions of electronic and lattice thermal conductivity of GdTes. xee shows a
significant drop at around CDW transition and this feature is quite identical with the total
thermal conductivity (Figure 5.6b). Similar type of behaviour is also observed in other
CDW materials like CuTe.%® On the other hand, . along both the directions are found
to decrease with the increase of temperature (Figure 5.6¢). Lattice thermal conductivity
along the parallel direction is significantly lower compared to the perpendicular direction
due to the presence of vdW gap. At room temperature the ., along parallel direction is
1.3 W m! K'! which decreases to 0.7 W m! K! at 673 K. To understand the origin of
such low i, and its anisotropic behaviour, we have measured sound velocity along both
the directions. Sound velocity plays an important role to determine the lattice thermal
conductivity of a material. In general, lower the sound velocity lower would be the value
of xi.. Both longitudinal and transverse sound velocities along parallel direction are

significantly lower compared to the perpendicular direction (Table 5.1). The average
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sound velocity is found to be 1130 m s™ and 1688 m s! along parallel and perpendicular

directions respectively.

— Gd
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Figure 5.7. (a) Phonon dispersion of GdTes along high symmetry points in BZ shows
instability at wavevectors (q1 and qz) only along I'-S direction. (b) Atom projected
phonon density of states reveal that the unstable and low-frequency optical modes involve
the vibrations of Te atoms from the square nets.

To comprehend the origin of such low lattice thermal conductivity, we have calculated
the vibrational spectrum in GdTes from DFT analysis. Our calculated phonon dispersion
exhibits modes with imaginary frequencies (w? < 0) along I"—S direction of the Brillouin
zone and stable modes along all the other directions (Figure 5.7a). An interesting thing to
note in the phonon spectrum is the softening of a phonon branch or Kohn anomaly again
along /=S and renormalization of the acoustic phonon branch which is a characteristic of
CDW or Peierls instability.** To get insight into the atomic contributions to phonons, we
examine the atom-projected phonon density of states (PhDOS) (Figure 5.7b), which
shows dominant contributions of Te bilayer to the modes with imaginary frequencies. It
is clearly seen from PhDOS that there exist several low-frequency optical phonon
branches below 50 cm™ which have major contributions from the Te bilayers. The origin
of'this lattice instability can be traced to the Fermi surface which is quasi two-dimensional
due to the existence of two different layered structural motifs (GdTe slab and Te square
nets). Linearly dispersed bands crossing Er, are principally constituted of Te p-orbitals of
Te sheets resulting in a diamond-shaped FS (Figure 5.8a). The strong nesting and
perturbation modulated with nesting wave vectors destabilize the structure driving it to

lower energy, similar to Peierls instability, in GdTes. The nesting wave vectors ¢; and ¢
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along /S direction correspond to the instability and Kohn anomaly, respectively in the
phonon spectrum (Figure 5.7a). The nesting vector ¢z can also be visualized in the band

structure of GdTes revealing the coupling between linearly dispersed bands (Figure 5.8b).

Table 5.1. Experimental sound velocities, minimum thermal conductivity (kmin), Poisson
ratio (V) and Griineisen parameters () of GdTes.

L. Transverse Average
Longitudinal
Orientation | sound velocit sound sound Kmin
(m s) ' velocity velocity | (Wm''K™) Y Y
(m s (m s
(|[) to SPS
2285 1000 1130 0.23 0.38 | 2.42
pressing
(1) to SPS
2755 1514 1688 0.30 0.28 | 1.68
pressing

The unstable modes and Kohn anomaly involve the displacements of Te atoms arranged
in square-net sheets (Figure 5.8c) constitutes the origin of CDW in GdTes. Thus, the
lattice instability involving the Te bilayers is of ‘sliding nature’ and plays a significant
role to reduce the lattice thermal conductivity of the sample. Distortion of the structure
by freezing of eigen-displacements of unstable modes would lead to structure with lower
energy, opening up a gap in band structure. However, with periodicity of 2m/g, the
structure will involve a supercell of 8 x 8 x 1 making its simulation computationally
expensive and hence it remains beyond the scope of the present study.

On the other hand, it is well-known that sound velocity velocity (v) is directly related
to the lattice thermal conductivity of a material by the relation: xi = ngvl, where C, is

the heat capacity at constant volume and / is the phonon mean-free path.®” Phonon
dispersion of GdTes; also exhibits notably soft acoustic phonon modes with cut-off
frequencies below ~ 50 cm™ (Figure 5.7a) in all directions of the BZ, responsible for low
speeds of sound. The average sound velocities determined from the slope of the linear

region of acoustic phonon branches along in-plane (/=S) and out-of-plane (/=Z2) are 2135
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m s and 1643 m s’ respectively, consistent with experimental findings that . is lower
along the parallel to the SPS pressing direction. Thermal conductivity of a solid is also
affected by anharmonic interactions between phonons.®” In GdTes, interactions between
the low-energy optical phonons and acoustic phonons are significant, causing strong
scattering of heat carrier acoustic modes resulting in low x... To quantify the strength of

this anharmonicity, we have determined the Griineisen parameters (y) from the changes

1 1 ] ]
33 67 100 133 167

 (cm1)

Figure 5.8. (a) The diamond-shaped Fermi surface (FS) exhibits nesting by wave vectors
(q1 and qz) along =S direction leading to Peierls-like instability in GdTes. (b) The
nesting vector qz2 marked in band structure reveals the coupling between linearly
dispersed bands. (c) Atomic displacements of unstable modes at q2 corresponding to (1)
27i em™ and (2) 23i ecm™ and Kohn anomaly at q1 with frequencies at (3) 13 cm™ and (4)
14 cm! involve displacements of Te atoms in the planar sheets of Te. (d) Griineisen
parameters of phonons at q vectors on a uniform mesh of k-points in reciprocal space as
a function of frequency clearly show strong coupling between acoustic and low-frequency
optical phonon modes. Anomalously high y indicates strong lattice anharmonicity
induced by lattice distortion in Te bilayer.
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of phonon frequencies with strain, for the phonon branches along /=S direction which is
associated with CDW instability and Kohn anomaly arising from modes localized in Te
bilayers (Figure 5.8d). Acoustic phonons and low-energy optical phonons exhibit
anomalously high y (>> 1) indicating strong phonon-phonon coupling in GdTe; which
also corroborates with the estimated high average Griineisen parameter from
experimental sound velocities (y = 2.42 along parallel to SPS pressing direction, Table
5.1). The phonon scattering rate is inversely proportional to phonon lifetime and increases
with inverse square of y, indicating that large contributors to low xi; in GdTes are the
anomalous CDW-related modes along /=S direction.

The occurrence of low-lying optical phonon modes is further verified by temperature
dependent Raman spectroscopic analysis. Figure 5.9a represents the temperature
dependent (3-340 K) Raman spectra of GdTe; in the range of 20-200 cm’!, where ten
Raman active modes were observed when irradiated with 633 nm laser. The positions and
symmetry of all the Raman modes are provided in Table 5.2. Here, the ultra-low
frequency Raman modes at ~ 58 cm™, and ~ 74 cm™! involve mainly the vibration of the
Gd atoms (Figure 5.9¢) and can attributed to the collective amplitude mode (AMP) of the
CDW state as they shows strong temperature dependence.®®® Whereas high intensity
modes at ~ 88 cm™!, and ~ 96 cm™! involve the vibration of the Te square net sheets and
can be regarded as zone-folded (ZF) modes.®%° In general, the amplitude mode
corresponds to a soft-phonon coupled to the electronic density at the CDW wavevector ¢
and dressed by the amplitude fluctuations of the CDW order parameter. The ZF mode
corresponds to normal phonons folded to the zone centre of the Brillouin zone due to the
establishment of the CDW state.”® As the temperature increase, intensity of the modes ~
58 cm! and 74 cm™! vary in a reverse manner with each other. At 240 K both modes share
the same spectral width and after 240 K a crossover was observed and then they merged
into a broad mode ~ 38 cm’! at ~ 340 K which is quite comparable with the earlier
literature.%® Apart from the variation in intensity, there is significant softening and
broadening of modes have also been observed. Variation of the phonon frequency with
the temperature extracted from Lorentzian fit for the four low-frequency modes (AMP-1,
AMP-2, ZF-1, and ZF-2) represented in Figure 5.9b.

Anomalous responses of the modes ~ 58 cm™! and 74 cm™! have been observed as Tcpw
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~ 380 K is approaching that indicates the substantial electron-phonon coupling associated
with the CDW.”! We have fitted the @ vs T data corresponding to the AMP-1 mode by

using a modified mean-field model”’:
x4
w(T) = Wamp [1 - ?l (1-x%) k
where, x = TL , Wamp 18 the CDW amplitude mode Raman shift at a low temperature

cbw

limit, and S is a critical exponent. Considering Tcpw as 380 K, the fitting (indicated by
red solid curve in Figure 5.9b) yields wgpm, = 58.7 cm™1, and B = 0.27 that is well

consistent with previous reports.*’
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Figure 5.9. Temperature-dependence of (a) Raman spectra and (b) phonon frequencies
of GdTes. Here the amplitude modes (AMP-1, and AMP-2), and zone-folded modes (ZF-
1, and ZF-2) correspond to the phonon frequencies of 58 cm™, 74 cm™, 88 ecm™, and 96
cm! respectively. (c) Atomic displacements of optically active phonon modes at 58 cm™,
and 74 cm™. (d) Temperature dependent FWHM and phonon lifetime of the AMP-1 at 58

cem

2
We have also calculated the electron—phonon coupling constant A = wf;mp , where w,yr
W2kF

(=-27 cm™!) was estimated from the phonon spectrum. The value of A is estimated to be
4.7 which is higher than those reported in many other CDW systems’® verifying the

presence of strong electron-phonon coupling in of GdTes.
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Table 5.2. Comparison of the theoretically predicted and experimentally observed Raman
modes at 3 K.

Raman modes (cm™) Raman modes (cm™)
(DFT calculations) Symmetry (Experiment)
35.94 A 36
52.03 A 58
72.12 Ag 74
82.99 Ag 88
98.96 Ag 96
102.04 Ag 105
124.79 Ag 125
128.37 Ag 134
162.49 B, 145
164.78 Ag 156

We have also estimated the temperature dependent phonon lifetime 7 = 1/(2x X
FWHM) of the AMP-1 mode.?? Figure 5.9d represents the variation of FWHM and 7 of
the AMP-1 mode at 58 cm which has a direct correlation with lattice thermal
conductivity. As Tcpw 1s approaching there is a significant decrement in the calculated
value of 7. The value of 7at room temperature is found to be ~ 3 pico-seconds, which is
quite less indicating the presence strong phonon scattering in GdTes. Thus, the presence
of strong electron-phonon coupling, large anharmonicity, unstable acoustic and low-lying
optical phonon modes and natural heterostructure of charged and vdW layers can be
attributed to the experimentally observed low lattice thermal conductivity of GdTes along

parallel to the SPS pressing direction.

5.4. Conclusion

In conclusion, we have investigated the origin of low lattice thermal conductivity in
GdTes, a charge density wave material. GdTes possesses a quasi-2D layered structure
where one corrugated GdTe slab is sandwiched between two Te square net sheets. From,
first-principles theoretical calculations, it was verified that charge transfer take place from
the GdTe slab to the adjacent Te sheets and there is a presence of van der Waals gap

between the two neighbouring Te-sheets. Thus, the structure can be considered as a
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natural heterostructure of charged and vdW layers. Interestingly, we have observed large
anisotropy both in the electrical and thermal conductivity data of GdTe; when measured
along parallel and perpendicular to the SPS pressing, which is quite unusual in
polycrystalline materials. The undistorted phase of GdTes is metallic in nature, with a
strongly nested Fermi surface leading to instability and Kohn anomalies in phonon
dispersion. The unstable phonon modes involve displacements of Te atoms in bilayers
constituting the origin of CDW in GdTes. We establish a strong anharmonicity in terms
of high Griineisen parameters of the CDW-related phonon modes along /=S direction,
which is responsible for suppressing acoustic phonons in transporting heat and causing
low xiar of 0.7 W m™ K! at 673 K in GdTes when measured along parallel to SPS pressing
direction. Further Raman spectroscopy reveals the existence of low-lying optical phonon
modes which also effectively enhance the phonon scattering in the system. Thus, the
presence of strong electron-phonon coupling, large anharmonic phonon modes and
natural heterostructure of charged and vdW layers of GdTes establish a rich chemistry
between the bonding hierarchy and lattice dynamics which could be beneficial for several

thermoelectric applications.
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Chapter 6

Evidence of Pressure-induced Multiple Electronic
Topological Transitions in Thermoelectric BiSe'

Summary

BiSe, an exciting member of homologous family (Biz)n(BixSes), has recently gained
enormous attention in thermoelectric research due to its intrinsically ultralow lattice
thermal conductivity and promising n-type thermoelectric performance near room
temperature. It is experimentally observed to be a weak topological insulator and
possesses a fascinating crystal structure where Bi-bilayer is sandwiched between two
BixSes quintuple layers and thus BiSe can be considered as a natural van der Waals
heterostructure of Bi>Ses3-Bi>-BixSes. Herein, we have studied the pressure (P) induced
electronic topological transition in BiSe through high pressure synchrotron X-ray
diffraction, Raman spectroscopy and first-principles density functional theory
calculations. We have observed clear anomalies at ~ 1 and ~ 2.2 GPa in the pressure
dependent lattice parameters (a, ¢, and c/a ratio), cell volume, Raman mode shift and
Raman mode linewidth data suggesting the onset of two electronic topological transitions
(ETTs) in this system which is further verified by DFT calculations of electronic structure
under pressure. The origin of these ETTs is associated with the two different vibrational
modes arising from of Biz bilayer and Bi>Ses quintuple layers of BiSe. Detailed electronic
band structure calculations also indicate that the emergence of multiple band extrema
both in the valence and conduction bands near the vicinity of ETT can improve the
thermopower and thermoelectric performance of BiSe.

S. Chandra, P. Dutta, J. Sunil, K. Pal, M. Samanta, B. Joseph, C. Narayana, and K. Biswas, 2022.
(Manuscript Under Preparation)
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6.1. Introduction

Pressure (P), a fundamental thermodynamic variable, has been identified as a
powerful tool to modify the crystal, electronic and magnetic structure of a material
without introducing any impurities. For example pressure can induce insulator to metal
transition,'? structural phase transition,> > superconductivity,®® and exchange bias effect’
in a system by tuning the chemical and physical properties. Recently, pressure-induced
electronic topological transition (ETT) and topological quantum phase transition (TQPT)
have gained enormous attention in thermoelectric research as it can lead to a significant
enhancement in the power factor of a material.!*!#

ETT, also known as Lifshitz transition is a second order isostructural phase transition
where a drastic change in the topology of the Fermi surface (in the form of void formation
or destruction, or/and disruption of Fermi surface neck) is observed when subjected to
external perturbations such as hydrostatic pressure or chemical doping.!> During ETT
band extremum in the electronic density of states (DOS) i.e., van Hove singularity,
crosses the Fermi level (Er) resulting a strong redistribution of the density of states near
Er. This redistribution of the Fermi surface gives rise to anomaly in the electrical,
mechanical, and vibrational properties of a material.'®2° On the other hand, in TQPT,
non-adiabatic band inversion happens at the time reversal invariant momenta points of
the Brillouin zone and the topological invariant (Z>) changes from 0 (conventional
insulator) to 1 (topological insulator) at the transition points. TQPT can be obtained by
tuning the spin-orbit coupling of a material via chemical doping or hydrostatic
pressure.?l"2 For example, several inorganic materials such as TIBiS,,>* SbySes,?
BiTel,?* and BiTeBr?° are found to exhibit hydrostatic pressure induced TQPT.

Since ETT is accompanied by redistribution of the DOS, it is expected to affect the
transport properties of a material significantly.?”*® Among different transport phenomena,
thermopower (S) is the most sensitive to the variation of Fermi surface, as according to
the semiclassical Boltzmann theory, S is directly proportional to the energy derivative of
the DOS near the Fermi energy.? Thus, it is obvious that the ETT can greatly influence
the thermoelectric performance of a material. Few reports indicate that the pressure
induced ETT has significantly enhanced the thermoelectric performance of some of the

low dimensional systems where the competition between intra-layers covalent bonds and
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inter-layers van der Waals forces plays a pivotal role.!*?7932 Recently, Nishimura et al.
have studied the pressure dependent thermoelectric properties of a low dimensional
compound SnSe where they have observed a pressure induced Lifshitz transition which
leads to huge (>100%) enhancement in the thermoelectric power factor.!* Thus, it is
pertinent to study the pressure induced ETT in exciting low-dimensional thermoelectric
materials.

Among several low-dimensional systems, metal chalcogenides with general formula
A2B3 (A = Bi, Sb and B = Te, Se, S) are the most studied one due to their exceptional
near-room temperature thermoelectric performance and various technological
applications.**” Three narrow band gap (E,) semiconductors with nominal composition
BixTes (E; = 0.12 eV), BixSes (Eg = 0.30 eV), and SboTes (E; = 0.28 eV) of the A2B3
family are found to be three dimensional (3D) topological insulators which show
insulating behaviour in the bulk but conducting nature at their surface.*®* High-pressure
studies on these above-mentioned semiconductors have increased tremendously in the
last few years after the discovery of 3D topological insulators. At ambient conditions,
these compounds exhibit layered tetradymite crystal structure (space group: R3m) and
with the application of pressure they undergo a series of structural phase transitions from
rhombohedral to monoclinic to body-cantered cubic.?***> Some of them exhibit ETT
and superconductivity under applied pressure.?’ Recently, Bai et al. have shown that the
pressure induced ETT in BiosSbi.sTes has enhanced the thermoelectric figure of merit
(zT) up to 1.6 at room temperature under the application of 1.8 GPa pressure.*® Motivated
by these facts, we have purposefully chosen BiSe, an excellent n-type thermoelectric
material with ultra-low lattice thermal conductivity*’ for the pressure dependent studies.
At ambient conditions, BiSe, an exciting member of (BixSe3)m(Bi2)n homologous series,
exhibits a two-dimensional trigonal crystal structure (P3ml), where Bi-bilayer is
sandwiched between two BixSes quintuple layers and it can be considered as a natural van
der Waals heterostructure of Bi»Ses-Bi>-BixSes (Figure 6.1a).%” Interestingly, BiSe has
emerged as a weak topological insulator, whereas BiSes, a popular member of
(Bi2Se3)m(Bi2)a series, is a well-established strong topological insulator.*® Till date,
several pressure dependent studies have been performed on Bi>Se; and it has been proven

to show ETT at ~ 5 GPa.2%* However, we thought it would worthy to investigate pressure
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Figure 6.1. (a) Layered structure of BiSe viewed along b-axis. (b) Rietveld refinement of
synchrotron PXRD pattern of BiSe recorded at 0 GPa inside the diamond anvil cell. (c)
Pressure dependence of the synchrotron XRD patterns (1. = 0.4957 A) of BiSe at selected
pressure values. The appearance of new Bragg'’s peaks is marked by asterisk (*) in the
diffraction patterns of 8.93 and 10.10 GPa. “R” denotes released pressure. The arrow in
the diffraction pattern of 10.10 GPa indicates the splitting of the (104) peak suggesting
the onset of structural phase transition in BiSe. Pressure dependent (d) lattice constants,

(e) c/a ratio, and (f) reduced volume (VK) The dotted lines in (d) and (e) are guide to the
0

eyes and black arrows denote the position of anomalies. The solid lines in (f) represents
the Murnaghan EOS fit.

dependent studies on BiSe due to its unique crystal and electronic structure.

In this chapter, I have performed a detailed pressure (0 - 10 GPa) dependent studies
on BiSe by in-situ synchrotron powder X-ray diffraction (PXRD) and Raman
spectroscopy. Ambient phase of BiSe (trigonal, P3m1) is stable up to ~ 7 GPa. However,
we have noticed anomalies in the pressure dependent crystal lattice parameter, volume,
Raman mode shift and Raman mode line widths, which suggest the onset of multiple
ETTs in BiSe. We have corroborated emergence of multiple Lifshitz transition from the
pressure-induced change of Fermi surface topology near the vicinity of the ETT by the

first-principles density functional theory (DFT). Additionally, electronic structure
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calculation by DFT have demonstrated that BiSe undergoes a semiconductor to semimetal
transition at ~ 6 GPa. We have also noticed that the emergence of multiple band extrema
in the valence and conduction bands as a function of pressure which may tailor the

thermopower and thermoelectric performance of BiSe.

6.2. Methods

Reagents. The high purity elements utilized for the synthesis are bismuth (Bi, SRL
chemicals, 99.99%), and selenium (Se, Alfa Aesar 99.9999%).

Synthesis. Desired polycrystalline sample with nominal composition BiSe was prepared
by mixing stoichiometric amounts of high purity Bi, and Se in a quartz ampule. The
ampule was sealed under vacuum (10 Torr) and were slowly heated to 723 K and then
to 1123 K over a time of 12 and 5 h, respectively. Then it was soaked for 6 h at 1123 K
and cooled slowly to 893 K and was annealed for 6 h. Finally, it was cooled down to room
temperature over 8 h. The obtained ingot was crushed into fine powder and used for high-

pressure XRD and Raman experiments.

Pressure dependent synchrotron XRD. The in-situ high-pressure XRD measurements
were performed at Xpress beamline of the Elettra synchrotron radiation facility, Trieste,
Italy. The wavelength (1) of the synchrotron radiation was ~0.4957 A and the beam
diameter was 40 um. The MAR-345 imaging plate detector is used for the present
experiment. Initially, the sample to detector distance was calibrated with a CeO, sample
and found to be ~ 273.41 mm. Pressure was applied in-situ using a membrane diamond
anvil cell (DAC) with diamonds having a cullet size of 500 um. The sample chamber for
the pressure studies were prepared by pre-indenting a 200 um thick steel gasket to about
80 um and preparing a hole of diameter 160 um in the middle. Pressed pellets of the
sample occupied roughly 20 percent of the sample chamber volume, the rest being
silicone oil as the pressure transmitting medium. One or more Ruby chips of diameter in
the range of 5-20 um were also included in the sample chamber for in-situ pressure
monitoring using fluorescence measurements. Pressure was applied using an automatic
membrane pressure drive. Pressure stability during diffraction measurements was ensured

by several successive Ruby fluorescence measurements before the actual data collection
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at various pressure points in addition to a fixed waiting time between the pressure points.
Typical accumulation time for each collected synchrotron XRD pattern is 10 minutes.
The collected two-dimensional (2D) diffraction image patterns were converted to one-
dimensional (1D) patterns (intensity versus 26) using the fit2D software.’ The Le Bail
method fitting of the powder XRD patterns was performed using the FULLPROF
software.>1+>

High pressure XRD experiments were performed in collaboration with Dr. Boby

Joseph, Elettra Sincrotrone, Trieste, Italy.

High-pressure Raman spectroscopy. Horiba, LabRAM HR Evolution spectrometer
linked to the Labspec6 software was used for Raman measurements and data collection.
In order to avoid surface oxidation and local heating of the material, we used the 785 nm
solid state laser (with high penetration depth) with an optimized the power of at 6 mW on
the sample. The spectra were gathered in back-scattering geometry (180°), with an
accumulation time of around 300 s for each spectrum. With a grating of 1800 grooves per
mm and an entry slit width of 200 pum, the spectral resolution is around 1 cm™'. The in-
situ high-pressure Raman scattering measurements were performed using a Mao—Bell
type DAC with a culet size of 400 um. Starting with a thickness of 250 um, a completely
hardened stainless steel (T301) gasket was pre-intended to a thickness of 100 um. A 150
um diameter hole was made in the center of the pre-intended region using a tungsten
carbide drill bit to act as the sample chamber. The sample chamber was filled with a 4:1
combination of methanol and ethanol as the pressure transmitting medium (PTM). This
liquid PTM holds the hydrostatic limit up to 10.5 GPa.’* Along with the sample and the
PTM, 5 to 10 um Ruby spheres were loaded within the sample chamber. The Ruby
fluorescence technique was used for in-situ pressure calibration.>

Pressure dependent Raman experiments were performed in collaboration with Prof.

Chandrabhas Narayana, JNCASR, India.

Computational details. All density functional theory (DFT) simulations are performed
using the Vienna Ab-initio Simulation Package (VASP)*>*® utilizing the projector
augmented-wave (PAW)>78 potentials for Bi (5d'° 6s 6p?), and Se (4s* 4p*). We used
the PBEsol*>%° exchange-correlation functional in our calculations, which reproduces (a

=4.196 A, ¢ =22.654 A) the experimental lattice constants (a = 4.179 A, ¢ =23.080 4)
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well at ambient conditions. The kinetic energy cut-off was set to 350 eV and a k-point
mesh of 16 x 16 x 2 was used for the full relaxation of the unit cell parameters at different
hydrostatic pressures with a tight threshold for energy (10® eV) and force (107 eV/A)
convergence. The electronic structure and Fermi surfaces of BiSe were calculated at each
pressure taking the optimized unit cells and with the inclusion of the spin-orbit coupling
(SOC).%! For the calculations of Fermi surfaces, a relatively dense grid of k-points (16 x
16 x 4) was used spanning the entire Brillouin zone. We visualized the Fermi surfaces
using the IFermi tool.®* We estimated the topological invariants of BiSe at each pressure
using the topological quantum chemistry approach.%®> The phonon frequencies of BiSe
were calculated at each pressure using Phonopy® code which uses a finite-displacement
method to calculate the second-order harmonic interatomic force constants (IFCs). We
used 2 x 2 x 1 supercells (48 atoms) of the relaxed primitive unit cells containing 12
atoms for generating the displaced configurations and calculated the forces on the atoms
using 4 x 4 x 4 k-points. The SOC was not included in the phonon calculations.
Theoretical calculations were performed in collaboration with Dr. Koushik Pal,

Northwestern University, United States.

6.3. Results and Discussions

At ambient condition, BiSe crystallizes in a layered trigonal structure with space
group P3m1. The Rietveld refinement of the powder XRD pattern of BiSe recorded at 0
GPa (when loaded in the DAC) has shown in Figure 6.1b. The obtained lattice parameters
from the refinement (a = 4.2198 A, ¢ = 22.9751 A, and V = 354.30 A®) are in good
agreement with the previous literature.*”*® Figure 6.1c represents the typical pressure
dependent diffraction patterns of BiSe up to ~ 10 GPa (at few selected P points) which
indicates that the trigonal phase of BiSe is stable up to ~ 7 GPa. However, upon further
increasing the pressure, we have observed appearance of new Bragg’s peak in the
diffraction pattern (marked with asterisks in Figure 6.1c) suggesting the onset of
structural phase transition in BiSe. At 10.10 GPa, we have noticed the splitting of the
(104) peak which signifies the emergence of another structure at higher pressure regime.
The pressure induced phase transition is fully reversible as after releasing the pressure

(denoted by R_0 GPa), BiSe retains its initial structure (see the top diffraction pattern of
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Figure 1c). Here, we have restricted our detailed investigation up to ~ 7 GPa to study the

possible electronic topological transition in the trigonal (P3m1) phase of BiSe.
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Figure 6.2. Le Bail fit to the synchrotron XRD patterns (. = 0.4957 A) of BiSe at (a) 1.80
GPa, (b) 2.25 GPa, (c) 3.25 GPa, and (d) 4.87 GPa.

Since pressure strongly affects the texture of the sample inside a DAC, we were unable
to perform the complete Rietveld refinement of the measured XRD data accurately.
Similar limitation has also been identified in several reports previously.?** Thus, we have
only used the Le Bail method*? to fit the synchrotron XRD data collected up to 4.87 GPa
and extracted the lattice constants and volume from the fitted data. The patterns were
fitted with the trigonal crystal symmetry P3m1 of BiSe. The refinements at few selected
pressure points are shown in Figure 6.2. The change in lattice parameters (@ & ¢) as a

function of pressure is represented in Figure 6.1d. The pressure dependent trend of c-axis
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is quite different from the a-axis. We have noticed two anomalies in the pressure
dependent ¢ parameter near ~ 0.9 and ~ 2.2 GPa (marked by black arrows in Figure 6.1d).
At P = 4.87 GPa, the obtained lattice parameters are a = 4.0976 A and ¢ = 22.1545 A
which are shorter by ~ 2.9 % and 3.6 % respectively from the P = 0 GPa values indicating
that c-axis is more compressible than a-axis. The pressure dependent c/a ratio is plotted
in Figure 6.1e. The high value of the c/a ratio (5.4) at ambient pressure suggests the
presence of strong anisotropy in the system as observed earlier in the electrical and
thermal transport measurements.*’ Interestingly we have observed a parabolic behavior
of the c/a vs. pressure graph with a minima at ~ 2.2 GPa. This anomaly in the c¢/a ratio
indicates the existence of isostructural electronic transition in BiSe. Similar type of
parabolic nature is also observed previously in Bi»Se; and Bi>Tes.***¢ This behavior is
further supported by the DFT calculated pressure dependent lattice parameters (Figure
6.3).

(a) 4201 (b) (€)s.40-
226
24 5.37
/\4'15 /\222
$ GE(/ N (\G534
© © 2204 oo
4.10 218
5.314
21.6
4.05 T T T T T T T 21.4 — T T T T T T T 5.28 T T T T T T T
4 0 1 2 3 4 5 6 7 8 14 0 1 2 3 4 5 6 7 8 4 0 1 2 3 4 5 6 7 8
P (GPa) P (GPa) P (GPa)

Figure 6.3. DFT calculated (a) a-axis length, (b) c-axis length, and (c) c/a ratio as a
function of pressure.

To get further insights, we have plotted the unit cell volume (7) of BiSe as a function of
pressure (Figure 6.4). We have not observed any significant discontinuity in the pressure
dependent volume plot which confirms the absence of any first order structural transition
up to 5 GPa. However, at higher pressure of 4.87 GPa, the unit cell volume compresses
to ~ 9 % as compared to its atmospheric value (at 0 GPa). We have used the following
)7

Murnaghan equation of state (EOS)®’ to fit the pressure dependent unit cell volume data:

£l @A »

where V,, By, and By, are volume at 0 GPa, isothermal bulk modulus at ambient conditions
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and first-order derivative of bulk modulus, respectively. First, we have fitted the reduced

%4

volume ( ) in the pressure region 0 - 1.60 GPa by using equation (1) and obtained B,=

Vo
31.2 £ 0.8 GPa and B}, =20.3 £+ 0.5 GPa (Figure 6.1f). The fit in the pressure range 1.80
- 4.87 GPa yields By, and B, values of 44.8 + 1.4 GPa and 2.8 = 0.2 GPa. The fact that

. 14 ) .
the pressure dependent change in the reduced volume (V—) could not be fitted with a single
0
Murnaghan EOS suggests the presence of an anomaly or isostructural transition ~ 2 GPa
in BiSe. It also infers that the decrease of interatomic distances on the application of high
pressure has significant impact on the electronic interactions between the adjacent

atoms.!?

19
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Figure 6.4. Pressure dependent change in volume as obtained from the refinement of the
synchrotron PXRD patterns.

Moreover, the obtained value of the average bulk modulus (By= 38.2 GPa) indicates
that BiSe is relatively softer than the other tetradymite semiconductors like Bi>Ses (By=
53 GPa),* Bi,Tes (By= 39.7 GPa)®®, and SbaTes (B,= 54.7 GPa).* Recent reports on
BiSes* and BiTe;?”%¢ suggests that the change in compressibility or bulk modulus
without any discontinuity in volume and a pronounced slope change in c/a ratio
experimentally verifies the presence of ETT in these systems. Our present results also
show a slope change in c/a ratio and a significant change in the bulk modulus at ~ 2 GPa
indicating the onset of ETT in BiSe. Relatively weak change of slope in ¢ versus P data

at around 0.9 GPa may suggest the presence of an additional ETT in the system.
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Figure 6.5. (a) Ambient Raman spectra of BiSe. (b) High-pressure evolution of Raman
spectra of BiSe at selected pressure points. Pressure dependent (c) frequencies and (d)
FWHM of various Raman modes. The black solid lines in (c) represent the linear fits to
the observed frequencies. The black vertical lines indicate the isostructural transition
pressures.

To address the above-mentioned anomalies in the pressure dependent XRD data, we
have performed the high-pressure Raman scattering experiments up to 7.6 GPa. Raman
spectroscopy is a sensitive method that can shed light on the structural, electronic, and
topological changes in a system. At ambient conditions, the Raman spectrum of BiSe

shows 6 Raman modes between 60 cm™ and 200 cm™!, as shown in Figure 6.5a. Factor
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group analysis reveals the presence of twelve Raman active modes at the I' point,
including six Ajg modes and six E; modes. Since, the experimental detection is limited
by the signal-to-noise ratio of the used spectrometer, we could not be able to detect the
other Raman active modes having lower scattering cross sections.®” The observed Raman

modes are assigned based on the DFT calculated phonon modes and tabulated Table 6.1.

Table 6.1. Comparison between the experimentally observed and theoretically calculated
Raman frequencies. The origin of the corresponding Raman modes is also tabulated.

Raman Calculated Peak Experimental Peak | Origin of the Raman
mode Position (cm™) Position (cm™) Mode

o L 75| Poenevinaton”
Eq(1) 99.6 94.5 Bi2;?§r;1:i-([))rllane
Arg(2) 121.3 110 Biz la.‘/jirb ?;ltti-oorf-plane
- P ion
Eq(3) 137.8 146 Se-Se in-plane
Aig(3) 150.3 155 Se-Si i(}))l;;;(i)(f;lplane

The corresponding Eigen mode visualizations are also provided in Figure 6.6. Figure 6.5b
shows the pressure evolution of Raman spectrum till 7.6 GPa. With the initial increase in
pressure, the intensity of most of the Raman modes shows a gradual reduction, except the
E¢(2) and A1g(3) modes. At around 7.6 GPa, we have observed a broad weak hump in the
range of 130 — 170 cm™ which may suggest the onset of a structural transition in the
material, further supported by the high-pressure synchrotron XRD studies.

To get more information about the lattice dynamics of the system under pressure, we
have studied the Raman shift of various modes as a function of pressure. Due to the
difficulty in precisely deconvoluting the broad peaks, the Raman shift and FWHM of the
A1¢(3) and E¢(3) modes are not plotted. The Raman shift of the Aig(1), A1g(2), Eg(1) and
E¢(2) modes plotted against pressure up to ~ 6.4 GPa is shown in Figure 6.5¢c. After 6.4
GPa, the peaks show very low intensity and hence it is difficult to deconvolute from the

background. Generally, under hydrostatic compression, a systematic increase in Raman
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frequency (hardening) is expected for a phonon mode. Here, all the plots show a gradual
hardening of the modes, with a clear slope change around 0.8 GPa. However, A1g(2) mode
and Eg(1) mode corresponding to the out-of-plane and in-plane vibrations of the Bi>
bilayer, respectively show two additional changes of slope ~ 2.2 GPa and ~ 3.5 GPa. The
regions 0 - 0.8 GPa, 0.8 - 6.4 GPa are linearly fitted separately for Aig(1) and Eg(2) modes
to obtain the pressure coefficients, while for Aig(2) and E¢(1) modes the linear fitting is
further divided to four regions, 0 - 0.8 GPa, 0.8 - 2.2 GPa, 2.2 - 3.5 GPa, and 3.5 - 6.4

GPa. The pressure coefficients are listed in Table 6.2.

Figure 6.6. Eigenvector visualizations of Raman active modes at I’ point for BiSe. Green,
blue, and black colors represent Bi of Bi> layer, Bi of BixSes layer, and Se atoms,
respectively.

In general, for crystalline materials, Raman linewidth is inversely proportional to

phonon lifetime. Thus, the linewidth of the Raman active phonon modes can reveal
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essential information about the system's excitation-phonon interactions such as electron-
phonon and spin-phonon coupling, in addition to phonon-phonon interactions.®>’* Here,
to acquire a better understanding of the changes occurring in the system, the FWHM of
various A1g and E; modes are plotted against pressure as shown in Figure 6.5d. According

to the anharmonic approximation, a linear increase in FWHM with pressure is expected.”!

Table 6.2. Pressure coefficients (a,) of various Raman modes of BiSe. To obtain the
pressure coefficients, the Raman shifts were fitted in various pressure ranges using the

equation®: w(P) = w(P) + ay(P — Py), where a; = (aw)'

aP
o (Po a1
Mode Pressure Region (cr(n'l)) (em! GPa™)
Aig (1) 0.0- 0.8 GPa 67.18 4.20
Aig (1) 0.8 -6.4 GPa 68.57 2.563
E, (1) 0.0-0.8 GPa 96.21 3.37
E; (1) 0.8-2.2GPa 97.53 2.01
E; (1) 2.2-35GPa 96.11 2.64
E; (1) 3.5-6.4GPa 91.04 4.09
A1 (2) 0.0-0.8 GPa 110.89 3.71
A (2) 0.8-2.2GPa 112.64 2.19
Aig (2) 2.2-3.5GPa 112.44 2.44
Aig (2) 3.5-6.4GPa 114.06 1.96
E¢ (2) 0.0-0.8 GPa 120.79 4.31
E; (2) 0.8 -6.4 GPa 122.04 2.61

However, FWHM for all the modes are showing deviation from this expected behavior
with 3 anomalies, ~ 0.8 GPa, ~ 2.2 GPa and ~ 3.5 GPa. From Figure 6.5d, the Aig(1)
mode shows the expected linear increase in FWHM from ambient pressure to 0.8 GPa.
But after 0.8 GPa, the FWHM show a linear decrease between 0.8 to 2.2 GPa and linear
increase between 2.2 GPa and 3.5 GPa. From 3.5 GPa, a non-linear decrease in FWHM
is observed. The FWHM of E¢(2) mode corresponding to the in-plane vibrations of the
BizxSe; quintuple layers, also shows a similar behavior. On the other hand, the FWHM of
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both Aig(2) and E¢(1) modes associated with the Bi, bilayer show the opposite trends
compared to Bi,Ses layers between 0 GPa and 3.5 GPa. Contrary to normal behavior,
FWHM starts to decrease with pressure up to 0.8 GPa. After 0.8 GPa, there is a linear
increase in the FWHM up to 2.2 GPa followed by a linear decrease till 3.5 GPa. Above
3.5 GPa, the modes show a non-linear increase in FWHM with pressure. It is interesting
to note that the modes originating from the vibrations in Bi» layer and the modes that are
originated from the Bi>Ses quintuple layer shows opposite behavior in their FWHM with
respect to the pressure.

Munoz-Sanjose et al., have studied the pressure induced ETT in topological insulators
like Bi>Ses, BizTes, and Sb,Tes *° where they observed the decrease in FWHM of the A,
and E; modes with pressure, however the Raman mode shifts exhibited linear hardening
with little to no slope change around the transition pressure points. In the case of weak
topological insulator BiSe, the decrease in the FWHM of modes associated with Bi»
bilayers is observed from 0 to 0.8 GPa, whereas for Bi>Ses quintuple layers the same
behavior is noticed from 0.8 to 2.2 GPa. Thus, we can infer that the two anomalies at ~
0.8 GPa and ~ 2.2 GPa indicates two ETTs in the system, mediated by Bi> layers and

BixSe; layers, respectively.

W
\

|

=0.

P=0GPa P

A
|
1

-0.2

1 GPa , P=2GPa P =3 GPa

ST

IR,
T ORI
WElRT

M L H : L H T L H

—
[y
~

o o
o

—
—_ |
—
O
~
o o o
BN

—

—_

o

(=] Ov
2 8

—

e
o

Energy (eV)
& 5 o
5 =

Energy (eV)
S & o
S o 5

|
o

—
)
-

o o
~

o
o

L
a—u
_
) @

P
—_
s
o o o
2 %
—
e
—
—
>
o o
2 5

Energy (eV)

s o

Energy (eV)
o

o
~

/f> e
—
Energy (eV)
1 i
=] = =
=
Energy (eV.
g &

Energy (eV)
S o
Energy (eV.
s &
b

T H —0.

Figure 6.7. Spin-orbit coupled electronic structures of BiSe at different pressures (0 - 7
GPa). The dashed lines at 0 eV denotes the Fermi level for the undoped system. The blue
dashed line corresponds to the energy level 0.017 eV above the conduction band minimum
(CBM) in each electronic structure. The Fermi surface has been visualized at this energy
for the conduction band in Figure 6.8 in 0 - 4 GPa range.
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To understand the origin of pressure dependent anomalies observed in the synchrotron
XRD and Raman data, we have studied the electronic structures and band topology of
BiSe as a function of hydrostatic pressure using the DFT calculations. The spin-orbit
coupled electronic structures of BiSe are shown in Figure 6.7, which reveals intriguing
changes as a function of pressure. At 0 GPa (i.e., ambient conditions), BiSe is a
semiconductor which has a band gap of 53 meV. The black dashed line which is set at the
top of valence band maximum (VBM) appearing along the I'-M line in Figure 6.7a
denotes the Fermi level for the undoped compound. It is seen that a second maximum in

the valence band appears along the A-L line just a few meV below the VBM in BiSe.

P =0 GPa

(@)

6 T T '
(f) 0GPa
— 1GPa
2GPa
_ —— 3GPa
- & E4r —— 4GPa
b=
- g
!
o - a2
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0 1 L 1
:¥—_: - -03 -02 =01 0.0 0.1 0.2 0.3

Energy (eV)

Figure 6.8. (a-e) Visualization of Fermi surfaces in the 0 - 4 GPa range. The Fermi
surface has been visualized at 0.017 eV (blue dashed line in Figure 6.7) above the CBM
in the conduction band. The arrows in (a) and (d) indicates the Fermi surface pockets
that disappears from 0 to 1 GPa and reappears at 3 GPa again before disappearing at 4
GPa. (f) The total electronic density of states (DOS) of BiSe under pressure, which shows
sharp peak appears at 1 GPa and 3 GPa, signifying the appearance of van Hove
singularities (indicated by black arrows).

However, as the compound is intrinsically doped with electrons, the Fermi level rises and

crosses the conduction bands, shown by the blue dashed line. The n-type carrier
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concentration in BiSe sample is experimentally measured to be 3.2 x 10! cm™ at 0 GPa.
Our DFT analysis suggests that this change in carriers in an undoped BiSe lead to a
change in a Fermi level by 0.017 eV into the conduction band. Hence, we mark the Fermi
level at 0.017 eV above the CBM in each pressure by a blue dashed line in Figure 6.7,
assuming that the carrier concentration does not change significantly as a function of
pressure. At this position of the Fermi level, three bands cross the Fermi level along I'-M,
K-T', and H-A directions in the Brillouin zone at 0 GPa. The conduction band minimum
(CBM) appears along the I'-M direction and the other two band extrema appearing along
K-T', and H-A directions are nearly degenerate in energy with the CBM. These three
degenerate bands signify the presence of band convergence in BiSe. The visualization of
Femi surfaces at this position of the Fermi level reveals the presence of electron pockets
along I'-M, K-T', and H-A directions in the hexagonal BZ shown in a top-down view in

Figure 6.8a.

0 1 2 3 45 6 7
Pressure (GPa)

Figure 6.9. The band gap (with spin-orbit coupling) of BiSe as a function of hydrostatic
pressure.

As we increase the hydrostatic pressure to 1 GPa, the band gap decreases to 44 meV
with the CBM staying along the I'-M direction. However, the two other peaks in the
lowest conduction bands along the K-I" and H-A directions go up in energy with respect

to the CBM. Therefore, the Fermi level only crosses the CBM along the I'-M direction.
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As a result, the Fermi surface electron pockets that appeared along K-I', and H-A
directions in the BZ at 0 GPa (marked with arrows in Figure 6.8a) disappears at 1 GPa
(Figure 6.8b). The disappearance of the electron pockets marks the onset of first electronic
topological transition or Lifshitz transition in BiSe. At 2 GPa, the band gap increases to
56 meV with no significant changes in the electronic structure and the CBM stays along
the I'-M direction. Consequently, the Fermi surface at 2 GPa remains qualitatively
unchanged (Figure 6.8c). However, with further increase in pressure, the band gap
increases to 65 meV up to 3 GPa, where the CBM changes it position and appears at L
point. At this pressure, a new electron pocket appears (larger electron clouds in Figure
6.8d) at the L point that extends towards to the I'-L direction in the BZ. The smaller
electron packets (indicated by arrows in Figure 6.8d) correspond to the crossing of the
lowest conduction bands along the H-A direction. Thus, comparing Figure 6.8c and
Figure 6.8d, it can be said the BiSe exhibits second ETT at 3 GPa. At 4 GPa, the CBM at
L points further lowers its energy, reducing the band gap of BiSe to 51 meV. At the same
time the Fermi level (blue dashed line) no longer crosses the lowest conduction band
along the H-A direction, resulting in disappearance of the smaller electron pockets in
Figure 6.8d. Thus, the appearance and disappearance of electron pockets at 1 and 3 GPa
signifies the presence of multiple ETTs in BiSe which is affirmed by the sharp peaks (i.e.,
van Hove singularities that are marked by black arrows in Figure 6.8f) in electronic
density of states at those pressures. From Figure 6.7, it is also seen that pressure induces
band convergence in the valence bands as well as in the conduction bands as we increase
the pressure. The valence band extrema at A point increases its energy as a function of
pressure and become nearly degenerate (within a few meV) with the band extrema
appearing along I'-M and A-L direction in the BZ, signifying band convergence that is
concomitant with the emergence of ETTs in BiSe. Therefore, it is expected that the
thermopower hence the thermoelectric performance can be further improved with the
application of pressure for both the n and p-type dopants in BiSe.

The variation of the theoretically calculated band gap as a function of pressure shows
that after 3 GPa the band gap starts to decrease drastically and eventually it becomes zero
at 6 GPa, i.e.,, BiSe becomes a semimetal at this pressure (Figure 6.9). In the Raman

studies, we have observed a sharp drop in the intensity of all the Raman modes after 6.4
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GPa (Figure 6.5b) which can be correlated with metallic state of BiSe. It is important to
note that the drop of intensity of Raman modes owing to the decreased penetration depth
during metallization is a well-known phenomenon. Metallization would increase the
number of conduction electrons and screen the incident radiation, which would in turn
reduce the scattering cross section.®> Similar anomalies during semiconductor to metal
transitions have been observed previously in the Raman studies of InTe,* and AgBiSe,.”?
The slight discrepancy of applied pressure between the experimental Raman studies and
the theoretical calculations regarding the semiconductor to semimetal transition may arise
from several aspects like temperature, the typical error in calculated lattice parameters
and band gaps (depends on the pseudo-potential and exchange correlation functional),
etc. Plenty of previous studies have also reported this type of mismatch between the
experimentally obtained critical pressure values with the DFT studies which may
primarily originate from different approximations considered during the theoretical

calculations.?>7%7

Table 6.3. Pressure dependent topological indices of BiSe.

Topological Indices
P (GPa) P (gZM)
0 1
1 1
2 1
3 1
4 1
5 1
6 1
7 1

DFT calculations have also revealed the absence of band gap closing and re-opening
as a function of hydrostatic pressure which excludes the band inversion phenomena in
BiSe. This indicates that there is no pressure induced TQPT present in this system. To
confirm this, we have calculated the topological invariants of BiSe using the ideas of

topological quantum chemistry,® which reveals that between 0 and 7 GPa, the topological
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indices remain unchanged to Zw,3 = 1 (Table 6.3), which signifies its weak topological

insulating phase.

6.4. Conclusion

In summary, the in-situ high pressure synchrotron XRD and Raman studies reveal that
the trigonal (P3m1) phase of BiSe is stable up to ~ 7 GPa. The anomalies at ~ 1 and ~ 2.2
GPa in the pressure dependent lattice parameters (a, ¢, and c/a ratio), cell volume, Raman
shift and Raman linewidth data suggest the onset of multiple electronic topological
transitions in this system which was further verified by first-principles DFT calculations
of electronic structure under pressure. We have also observed a change in the Fermi
surface topology and appearance of van Hove singularities near the vicinity of ETTs in
BiSe. Our DFT calculations have also predicted that BiSe undergoes a semiconductor to
semimetal transition at ~ 6 GPa. Moreover, we observe emergence of multiple band
extrema both in the valence and conduction bands at high pressure condition which may
enhance the thermopower and hence improve the thermoelectric performance of BiSe
under pressure. The two ETT’s in BiSe have different origins; the first transition is
associated with the Biz bilayer, whereas the second ETT is due to the presence of Bi>Se;
quintuple layers. Hence, the structural heterogeneity with natural van der Waals like
heterostructure of BiSe plays a crucial role behind such novel observation. Our present
study suggests that other heterostructure compounds (with different m and n values) of
the homologous family (Bi2)m(Bi2E3). [E = Se/Te] can also be explored in the context of

pressure induced Lifshitz transition in near future, which have significant new scope.
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7.1. Summary

Recently, two dimensional (2D) layered materials have gained enormous attention
among researchers due to their outstanding physical and chemical properties. Unique
optical, electronic, and thermal transport properties make this class of compounds as
potential candidates for energy conversion. Very recently, metal-based chalcogenides
with 2D layered structure are found to show superior thermoelectric performance. In my
Ph.D. work, I have synthesized and investigated detailed structure-property relationships
of a few novel 2D layered metal chalcogenides and studied their fundamental physical
properties and applicability in thermoelectric research. The thesis is divided into seven
parts.

In part 1, I have given a brief introduction to the 2D layered metal chalcogenides and
their importance in the field of thermoelectrics. Then, I have discussed about the
intriguing crystal structure, lattice dynamics, and electronic structure of tin selenide and
addressed the key challenges in the way of optimizing the thermoelectric performance of
SnSe. I have also discussed about the favourable electronic and phonon transport of a
charge density wave (CDW) material, gadolinium tri-telluride (GdTes) and why CDW
materials are potential candidates for thermoelectrics. Further, I have discussed about the
effect of pressure on the electronic transition in topological quantum materials and
provided a brief introduction about the crystal and electronic structure of bismuth selenide
(BiSe), a weak topological insulator. Lastly, I have described the experimental details
including various synthesis, characterizations, and measurement techniques.

In Part 2, I have optimized the thermoelectric properties of solution grown SnSe
nanocrystals by adopting various doping strategies. It is divided into 3 chapters. Chapter

1 deals with the high thermoelectric figure of merit (z7 = 2.1) in two dimensional (2D)

Y4 part of this chapter is published in M. Samanta, T. Ghosh, S. Chandra, and K. Biswas, J. Mater.
Chemistry A, 2020, 8, 12226-12261 (Invited Review), S. Chandra, P. Dutta, and K. Biswas, ACS Nano,
2022, 16, 7-14 (Invited Perspective).
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nanoplates of Ge doped SnSe synthesized by a simple hydrothermal route followed by
spark plasma sintering (SPS). Ge-doping in SnSe nanoplates significantly enhances the
p-type carrier concentration which results in high electrical conductivity and power
factor. In addition to nanoscale grain boundary and high lattice anharmonicity in SnSe
nanoplates, phonon scattering due to Ge precipitates in the SnSe matrix gives rise to an
ultralow lattice thermal conductivity (ki) of ~0.18 W/mK at 873 K in 3 mol% Ge doped
SnSe nanoplates. In Chapter 2, [ have obtained significant enhancement in thermoelectric
performance in 2D SnSe nanoplates by introducing magnetic Gd dopants. The p-type
carrier concentration increases significantly upon 3 mol% Gd addition in SnSe nanoplates
due to phase separation of Gd>Ses nanoprecipitates (2-5 nm) and subsequent Sn>* vacancy
formation. The presence of magnetic fluctuations induced by small nano-precipitates of
Gd>Ses provides additional scattering of the phonons in SnSe, which reduces the #
significantly in Sng97Gdo.o3Se. Chapter 3 deals with the solution phase synthesis and
thermoelectric transport properties of ultrathin (1.2-3 nm thick) few layered n-type Bi
doped SnSe nanosheets. Bi-doped nanosheets exhibit ultralow i (~ 0.3 W/mK)
throughout the temperature range of 300-720 K which can be ascribed to the effective
phonon scattering by interface of SnSe layers, nanoscale grain boundaries and point
defects.

Part 3 is divided into 2 chapters. In Chapter 1, I have reported record high z7 of 2.0 in
n-type polycrystalline SnSep92 + 1 mol% MoCls resulting from the simultaneous
optimization of n-type carrier concentration and enhanced phonon scattering due to the
formation of modular of layered intergrowth [(SnSe)ios]lm(MoSe2). like compounds
within the SnSe matrix. These 2D layered modular intergrowth compound resembles the
natural nano-heterostructures and their periodicity of 1.2 - 2.6 nm matches the phonon
mean free path of SnSe. Thus, the heat carrying phonons were blocked effectively and an
ultra-low low xi. and ultra-high thermoelectric performance were obtained in n-type
polycrystalline SnSe. Chapter 2 deals with the high thermoelectric performance of n-type
SnSeo.92 upon WClg doping. The successful creation of Se vacancy and substitution of
WO at Sn?* and CI ions at Se* sites effectively enhance the total n-type carrier
concentration, thus improving its electrical conductivity. The occurrence of WSe:

precipitates in the SnSe matrix drastically reduces the lattice thermal conductivity which
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gives rise to high z7 in SnSeo.92 + 2 mol% WCls sample.

In part 4, I have reported the successful stabilization of the high-pressure cubic rock-
salt phase of SnSe at ambient conditions by introducing chemical pressure into the lattice
upon alloying with 30 mol% AgBiSe>. The band gap of the pristine orthorhombic SnSe
1s 0.90 eV, whereas, when SnSe is alloyed with AgBiSe, band gap closes rapidly near to
zero at X = 0.30 due to increase in chemical pressure originating from a sharp decrease in
unit cell volume. We confirm the stabilization of the cubic structure and its associated
changes in electronic structure using first-principles theoretical calculations. Pristine
cubic SnSe exhibits topological crystalline insulator (TCI) quantum phase, but the cubic
(SnSe)1x(AgBiSe2)x (x = 0.33) possesses semi-metallic electronic structure with
overlapping conduction and valence bands. Cubic polycrystalline (SnSe)o.70(AgBiSe2)o.30
sample shows n-type conduction at room temperature while the orthorhombic (SnSe);:-
x(AgBiSe2)x (0.00 <x <0.28) samples retain its p-type character. Thus, by optimizing the
electronic structure and the thermoelectric properties of polycrystalline SnSe, a high zT
of 1.3 at 823 K has been achieved in (SnSe)o.78(AgBiSe2)o.22.

In part 5, I have investigated the origin of low lattice thermal conductivity in GdTes,
a charge density wave (CDW) material. GdTe; possess a quasi-2D layered structure
where one corrugated GdTe slab is sandwiched between two Te sheets. From, first-
principles theoretical calculations, it was verified that charge transfer take place from the
GdTe slab to the adjacent Te sheets and there is a presence of van der Waals gap between
the two neighbouring Te-sheets. Thus, the structure can be considered as a natural
heterostructure of charge and vdW layers. Strong electron-phonon coupling, and Fermi
surface nesting play the crucial role behind the CDW transition (7cpw ~ 380 K) in GdTes.
Large anisotropic behaviour was observed both in the electrical and thermal conductivity
data of GdTes when measured along parallel and perpendicular to the SPS pressing, which
is quite unusual in polycrystalline materials. From the theoretical calculations and Raman
spectroscopic analysis, we have confirmed the existence of low-lying optical phonon
modes in GdTes which couples with the heat carrying acoustic phonon branches. Thus,
the presence of strong electron-phonon coupling and natural heterostructure of charge and
vdW layers effectively scatter the phonons which gives rise to low lattice thermal

conductivity in GdTes.



274 Part 7

In part 6, I have studied the impact of hydrostatic pressure on the weak topological
insulator BiSe, a promising thermoelectric material. We have performed detailed pressure
dependent powder X-ray diffraction and Raman spectroscopic analysis of BiSe and
inferred that the room temperature trigonal (P3m1) phase is stable up to ~ 7 GPa.
Interestingly, we have observed clear anomalies at ~ 1 and ~ 2.2 GPa in the pressure
dependent lattice parameters (a, ¢, and c/a ratio), cell volume, Raman mode shift and
Raman mode linewidth data suggesting the onset of two electronic topological transitions
(ETTs) in this system which is further verified by DFT calculations of electronic structure
under pressure. The origin of these ETTs is associated with the two different vibrational
modes arising from of Bi; bilayer and BixSes quintuple layers of BiSe. Detailed electronic
band structure calculations also indicate that the emergence of multiple band extrema
both in the valence and conduction bands near the vicinity of ETT can improve the
thermopower and thermoelectric performance of BiSe.

To summarize, the initial part of the thesis involves the synthesis and enhancement of
the thermoelectric performance of p-type nanocrystals and n-type polycrystals off SnSe
(Part 2 and 3). Then, I have studied the structural attributes of SnSe where I could be able
to successfully stabilize the metastable cubic rock-salt phase of SnSe at ambient
conditions with the aid of chemical pressure (Part 4). I have also performed an in-depth
study to understand the origins of low thermal conductivity in a charge density wave
material, GdTes (Part 4). Finally, I have studied the pressure dependent electronic

topological transitions in a weak topological insulator BiSe (Part 6).

7.2. Future Outlook

The thermoelectric research in the layered materials has truly thrived in recent years.
The overwhelming interest stems from the complex electronic structure and phonon
transport of these materials.'

For example, single crystals of SnSe have recently created sensation in
thermoelectrics. Despite being its simple chemical formula, the electronic and phonon
transport of SnSe is truly unique which garnered attention of researchers among various
fields of chemistry and materials science. However, synthesis of SnSe single crystals is

time consuming and expensive; and the single crystals exhibits poor mechanical strength.
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Thus, there is enormous room to improve the thermoelectric performance of
nanocrystalline and polycrystalline SnSe. But the performance of the polycrystalline
SnSe degrades as it has the thermal conducting SnO» coating on the surface. Over recent
years, the z7 of nano/polycrystalline SnSe has been improved from 0.6 to 2.2 with various
synthetic modulations.? However, new strategies like Hx treatment to remove the surface
oxidation in p-type polycrystalline SnSe,? or surface coating of SnSe nanoparticles with
CdSe molecular complexes® are in the nascent stages and several problems are yet to be
tackled such as: (i) The highly anisotropic thermoelectric properties of SnSe single
crystals, SPS or hot pressed polycrystals and nanocrystals required careful transport
measurements with special care in same direction measurement of electrical and thermal
transport. (i1) In some of the previous reports, it has been debated that the single crystals
of SnSe suffer from a uniform density distribution which may limits their reproducibility
and reversibility thermoelectric properties.’ Similar problem has been also observed in
some of the polycrystalline and nanocrystalline samples which needed to be resolved by
tailoring the synthesis procedure. (iii) To estimate the total thermal conductivity of SnSe
systems, the experimentally measured heat capacity (C,) values either obtained from the
indirectly during measurement of thermal diffusivity or directly obtained by differential
scanning calorimetry (DSC) should be used. C, values of SnSe should be greater than its
Dulong-Petit’s limit above the room temperature as the Debye temperature (205 K)° of
SnSe is much lower than the room temperature. (iv) Most of the SnSe nanocrystals and
polycrystals possess high z7" value at elevated temperatures whereas, the z7,, still
remains low for these systems which results in low thermoelectric power conversion
efficiency.” This problem could be overcome by tuning the synthesis procedure or by
doping-control by innovative strategies. (v) Both the p and n-type doping in
nanocrystalline SnSe during solution growth is extremely challenging, which need to be
addressed. (vi) Two-dimensional heterostructures with SnSe nanostructure along with
other 2D materials should be studied for exploratory thermoelectric property
investigations. Had these problems been addressed properly, nano/polycrystalline SnSe
will serve as a steppingstone towards the research of high performance thermoelectrics
based on 2D layered materials.

Layered interfaces are known to strongly scatter acoustic phonons resulting in low



276 Part 7

lattice thermal conductivity. van der Waals layered heterostructure with vertical stacking
of two different materials can have ultralow thermal conductivity. So, this class of
compounds are found to exhibit low lattice thermal conductivity due to the presence of
bonding heterogeneity and strong lattice anharmonicity. Recently, it has been shown that
the strong electron-phonon coupling (EPC) can effectively reduce the lattice thermal
conductivity of a material when the carrier concentration is above 10!° cm™.® Realizing
the idea of layered disordered crystal structure, as well as strong electron phonon
coupling, charge density wave (CDW) materials can be a good candidate for low lattice
thermal conductivity as they have layered structure where strong EPC breaks the
translation symmetry of the lattice and induces lattice distortion into the system.
However, thermoelectric properties of charge density wave systems have not been studied
yet and there remains a plenty of room to improve its thermoelectric performance.

Recently, topological quantum materials with corrugated layered structure such as
BirTes,>1® BixSes,!! BiSe,!” and BiTe'® have been demonstrated to have promising
thermoelectric performance with low thermal conductivity while retaining the high carrier
mobility (u«). Very recently, pressure-induced electronic topological transition (ETT) and
topological quantum phase transition (TQPT) have gained enormous attention in
thermoelectric research as it can lead to a significant enhancement in the power factor of
these materials.'*!> However, the field is still unexplored with detailed understanding of
the correlation between electronic topological transition and pressure dependent
thermoelectric properties. Thus, the exciting chemistry which have strong influence on
the electron and phonon transports in these materials needs to be better understood to
further improve the thermoelectric performance of these materials.

Although there are large number of layered materials, high thermoelectric
performance has been achieved only in a handful of them. Therefore, there is a continuous
search for new materials with promising thermoelectric performance. In this context, the
recent discovery of 2.5D materials could unlock new breakthroughs in the research of
materials science.'® Moreover, with the advancement of nanotechnology and nano-
electronic devices, there is an ever-increasing attention to develop and integrate nanoscale
thermoelectric devices. The development of atomically thin materials, since the discovery

of graphene, further fuelled this surge in general. The inherent strong anisotropy in
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thermal properties due to layered structure, manifestation of quantum effects in transport

properties and discretized electronic density of states makes these layered materials an

attractive playground for thermoelectrics.!”!®
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