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Abstract

The miniaturization of electronic devices leads to the rapid increase of heat power
densities. The management of high heat power densities in nanoscale devices is a
significant scientific and engineering challenge. In microelectronics and nanoelectronics,
the self-heating effects significantly reduce both transistor efficiency and lifetime, and in
a very large-scale integrated circuit (VLSI), the heat generation and thermal management
become one of the bottlenecks to further improve clock speed and make smaller feature
sizes. Moreover, the recent development of embedded systems in an internet of things
viewpoint will require local and on-chip thermal management abilities. Solid-state
thermionic (SSTI) coolers integrated with these devices are among the few viable options
for addressing some of these issues. The same SSTI devices with the same design can also
be used as heat to electrical power generators for applications such as wearable
electronics. The primary objective of this dissertation is to theoretically design highly
efficient SSTI devices based on two-dimensional (2D) van der Waals (vdW)
heterostructures. This work also theoretically investigates the effect of asymmetry of the
electrode, electron-phonon interaction, and defects on the SSTI device performance. The
size effect and the significance of electron-phonon interaction in nanoscale thermionic
devices are evaluated by knowing the mean-free path of electrons in the bulk version of
the 2D semiconductor material used as the channel in the SSTI device. To evaluate the

effect of electron-phonon interaction, the highly accurate electron-phonon scattering rates
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of the bulk form of the 2D semiconductor channel are computed from the first-principles.
The calculated electron-phonon scattering rates are then utilized to investigate the effect
of electron-phonon interaction on electron transport of the same bulk semiconductor
from full first-principles calculations. In addition, in this work, the first SSTI device based
on 2D vdW heterostructures is fabricated and characterized in collaboration with
experimental groups. The figure of merit of the fabricated device is measured using a
hybrid technique that combines thermoreflectance and cooling curve measurements.
Finally, as a separate route, this work theoretically and experimentally investigates how

polymorphism in BizSes allows it to be tuned for unique thermoelectric properties.
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Chapter 1: Introduction

1.1 Thermionic Energy Conversion

Thermionic energy conversion is the process of converting heat directly into electricity
using heat as the source of energy and electrons as the working fluid. A thermionic
converter essentially is a heat engine converting thermal energy directly to electricity.
Similar to most other heat engines, thermionic devices can operate in different
operational modes. In its power generation mode, heat is used to ‘boil off” electrons in
the cathode (emitter). These electrons are then collected by a colder anode (collector). A
part of the thermal energy is thus converted directly to electricity and the rest is rejected
as heat to the cold side. The very same devices can also operate in the refrigeration mode
where the current is passed through the device to pump heat from the cold side to the
hot side. The most common operational mode of these devices is however their rectifying
mode. Vacuum thermionic diodes were once the heart of the electronic industry. They
have been mostly replaced by solid-state devices nowadays, but still have a reasonable
market and are the basis for cathode-ray tubes, radio tubes, and broadcast transmitters.
Thermionic devices are simple in construction and, having no moving parts, are quiet in
operation. They are environmentally friendly as no emissions of greenhouse gases are
involved and are highly reliable. Thermionic devices have attracted a lot of interest for

several decades due to these excellent features.

There are two main types of thermionic converters: vacuum state thermionic converters
(VSTIC) and solid-state thermionic converters (SSTIC). VSTICs operate at very high

temperatures (above 1500°K), produce high power, yet occupy a very small volume. They



are suitable for applications such as solar concentrated power generators, waste heat
conversion from nuclear reactors, and fossil fuel combustion. SSTICs work at much lower
temperatures and under smaller temperature differences and are more suitable for power
generation applications involving less amount of heat such as residential and industrial
waste heat recovery (less than 600°K). Both VSTICs and SSTICs can be used in power
generation as well as refrigeration mode as the parameters affecting their performances
in both modes are similar. Hence, if a VSTIC or an SSTIC exhibits good performance in
power generation mode, a similar level of performance can be expected in its refrigeration
mode. It is also possible to use TICs as thermal switches [1,2] and/or active coolers [3] that
are actively pumping heat from the hot side to the cold side. However, in these last two
modes of operation, the design parameters are different. Finally, the Photon-enhanced
Thermionic Converter (PETIC), recently proposed, is essentially a hybrid version of the
VSTIC. It utilizes both light and heat as its energy source and could be viewed as a hybrid
photoelectric-thermionic device. PETIC has been demonstrated in the power generation

mode. [4]

1.2 History of Thermionic Converter

The discovery of thermionic emission by Edison in 1885 paved the way for developing a
new method of energy conversion using the thermal emission of electrons. Thermionic
diodes (also called thermionic valves or thermionic tubes) were invented by Fleming in
1904. They have been widely used in radio and telephone communications. A thermionic
converter is very similar in operation to a thermionic diode. Even though, the idea of

thermionic energy conversion was first suggested by Schlicter [5] in 1915, extensive

2



theoretical and experimental investigations for practical level power generation using
this concept were not carried out until the 1950s. In 1956, Murphy and Good published a
rigorous study of thermionic and field-emission theory. [6] Hatsopoulos studied vacuum
thermionic and vapor thermionic converters during his Ph.D. work on the thermo-
electron engine. There, he discussed the single and the multiple emitter-collector
configurations for power generation. [7] In 1957, Ioffe briefly discussed vacuum thermo-
elements in his book [8] on thermoelectric conversion. H. Moss [9] evaluated the
importance of many of the device parameters in her calculations on thermionic devices.
Herngqvist et al demonstrated a practical thermionic converter with an efficiency of several
percent in 1957. [10] In 1958, Webster evaluated the performance of a high-vacuum
thermionic converter using Langmuir’s work on thermionic diodes. [11] Hatsopoulos et
al used cylindrical emitter and collector with 0.125-inch diameter in their preliminary
experiment on thermionic diode model. With an interelectrode separation of 10 um to
minimize the so-called space charge effect, and an emitter temperature of 1540 'K, a 13%
energy conversion efficiency was obtained. [12] Wilson used positively charged cesium
ion gas (plasma diode) to cancel the negative inter-electrode space charge effect and has

demonstrated 9.2% conversion efficiency and output power of 3.1 Wem ™2, [13]

In 1959, the first thermionic converter exhibiting promising results was installed into the
water-moderated core of the Omega West Reactor. A short circuit current of 35 A and an
open-circuit voltage of 3.5 V was produced by this converter although it had a fairly large
interelectrode space of about 6 mm. [14] Initial development of thermionic converter in
the United States took place using the solar energy and the radioisotopes as the thermal

source. In the 1960s, the Jet Propulsion Laboratory Solar Energy Technology Thermionic



Program started a solar thermionic converter evaluation and generation program, where
they developed and tested several converters. The majority of the converters were
operated at an emitter temperature of about 1900°K with a lifetime of 11,000 hours
including one particular converter with a lifetime of 20,000 hours. The converters
generated 150watts power exhibiting an energy conversion efficiency of 7 to 11 percent.
However, the program was discontinued in the 1970s as the thermionic converters could
no longer compete with the evolving solid-state-based photovoltaic and thermoelectric

energy conversion techniques. [14,15]

Later the focus shifted to space power generation systems using nuclear heat sources.
NASA and the Atomic Energy Commission (AEC) started to fund the development of in-
core and out-of-core thermionic fuel elements. Experimental testing of a prototype of an
in-core thermionic converter advanced to multi-cell TI fuel element design using
tungsten-clad UO: emitters started in 1970, which operated at an emitter temperature of
1900°K with a lifetime of 10,000 hours. In 1970, General Atomics (GA) developed a Mark
III reactor that could operate at 1900°K with a lifetime of 12,500 hours. The thermionic
space reactor development program was canceled in 1973 as congress and the executive
branch shifted funding out of the space power field. In the 1970s, there was no major
development in thermionic research except for the USSR’s TOPAZ (Russian acronym for
Thermionic Experiment with Conversion in Active Zone) project. The TOPAZ reactor
system generated 5 to 10 kW of power with a lifetime of 3,000 to 5,000 hours. TOPAZ-II,
a 6 kW converter with an energy conversion efficiency of 10 percent and an interelectrode
gap of 100 um was flown by the Soviet space program in 1987. This project was then

terminated due to budget restrictions. [14-16]



In 1973, thermionic application in the area of fossil-fueled terrestrial power systems
attracted the attention of researchers. A significant development in this time includes a
new type of converter designed applying advanced electrode and plasma technologies to
improve the thermionic cell lifetime and performance. During this time, a flame-fired
thermionic conversion unit was developed to generate electricity using the waste heat

produced from an environment where high temperature is attained by combustion. [17]

In 1979, a rebirth of the space program was brought about by the joint initiative of NASA,
the Department of Energy (DOE), and the Department of Defense (DoD). Together they
launched the space power advanced reactor (SPAR) program focusing exclusively on
heat pipe technology. In 1982, the SPAR program was extended and renamed as SP-100
program. The main focus of the SP-100 program was to design a 100-kW nuclear power
system suitable for outer space applications. Research from 1984 to 1986 was primarily
focused on a better understanding of the system design, but no major reactor was

demonstrated. [14,15,18]

A number of government programs as well as many individual researchers continued
research in the field of thermionic converters over the next decade. In 2001, a report
published by the National Research Council projected a negative perspective on the
viability of thermionic energy conversion. [15] However, increasing demand for clean
energy and advancement in nanotechnology helped create a renewed interest in

thermionic conversion in recent years.

In 1997, Shakouri and Bowers [19] proposed a single-layer solid-state thermionic diode
in which the vacuum is replaced by a semiconducting material. In this structure, the

semiconductor layer is the energy barrier that an electron experiences. In the following
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year, Mahan proposed the idea of using multi-layer barriers in which each layer
maintains a small temperature difference. [20,21] These proposed structures created a
sudden surge in SSTIC research. Over the next several years, extensive studies were
carried out in search of suitable materials which would enhance the performance of
SSTICs in both power generation and refrigeration modes. As these structures can be
grown directly on a chip. Scientists soon realized the potential of SSTICs as integrated
coolers for hotspots in electronic and optical devices. [22-25] A large number of thin-film
coolers lattice-matched to Si, GaAs, or InP were fabricated and characterized.
InGaAsP/InP®, [26-28] and InGaAs/InP [29] lattice-matched to InP and
AlGaAs/GaAs [30] lattice-matched to GaAs, all grown by metal-organic chemical vapor
deposition (MOCVD) and InGaAs/InAlAs [31], InGaAsSb/InGaAs [32], SiGe/Si [33-35]
and SiGeC/Si [36] deposited by molecular beam epitaxy (MBE) were all reported around
this period. In 2015, for the first time, Cronin used a 2D van der Waals heterostructure, a
stack of atomic layers, to build an SSTIC. [37] The unstable nature of the van der Waals
heterostructures and the difficulty in providing a proper metallic contact to these
structures were identified as the main stumbling blocks preventing the experimental
demonstration of highly efficient van der Waals heterostructure-based SSTICs. Recent in-
depth theoretical calculations indicate the potential these structures hold in thermionic

energy research. [38,39]



1.3 Theory of Thermionic Converters

1.3.1 Basic Working Principle

The simplest form of a thermionic converter consists of two electrodes, an emitter
(cathode) and a collector (anode). A general schematic diagram of a VSTIC is shown in
Figure 1.1(a) and that of an SSTIC is shown in Figure 1.1(b). In the case of VSTICs, the
emitter and the collector electrodes are enclosed in a vacuum container. The electrodes
are separated from one another by an inter-electrode vacuum gap. The emitter is in
thermal contact with a heat source and the collector is in thermal contact with a cold heat
sink. The heat source supplies thermal energy to the emitter raising the emitter's
temperature. Thus, the high-energy electrons in the tail of the Fermi-Dirac distribution
function acquire a sufficient amount of energy to overcome the work function energy
barrier and escape the emitter. These electrons enter the vacuum gap and are then
absorbed by the collector. Once in the collector, they reject their extra energy to the heat
sink. Finally, the electrons flow back from the collector to the emitter through an external

load. This flow of electrons delivers useful electrical work to the external load.
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Figure 1.1: A general schematic diagram of a (a) VSTIC, an (b) SSTIC, and a (c) heat
engine.



SSTICs operate in a similar manner. The vacuum gap is replaced by a semiconductor
giving rise to several consequences. First, the energy barrier is smaller, so the SSTICs can
operate at lower temperatures. The energy barrier in the case of VSTICs is the work
function of the emitter (¢g), but for the SSTICs, it is the difference between the emitter
work function and the electron affinity of the semiconducting layer (¢ — xs). Second,
the vacuum gap is micron to millimeter size while the semiconducting layer thickness is
much smaller (<100nm) to ensure ballistic transport. Third, radiation, the only heat
transfer mechanism in a vacuum, for VSTICs is replaced by conduction in SSTICs. As a
consequence, SSTICs suffer from large heat leaks compared to VSTICs and in
comparison, they can only operate at much smaller temperature differences. Fourth, lack
of background positive charges, create a space charge effect in VSTICs which to an extent
is absent in SSTICs when the proper level of doping is provided in the semiconducting
layer. The absence of the space charge effect is an advantage for SSTICs as the presence
of space charges would otherwise lower the performance of the thermionic converters.
Finally, connection to a heat source and heat sink is much easier in SSTICs due to the

absence of a vacuum.

A thermionic converter can be viewed as a heat engine as shown in Figure 1.1(c) in which
the emitter receives heat from a high-temperature source, the collector rejects heat to a
cold sink, and some part of the input thermal energy converts to electrical energy as
useful work. The energy conversion efficiency of a heat engine is limited by the Carnot

efficiency, which is defined as



where, 1. is the Carnot efficiency, Tc is the temperature of the cold side (collector in this
case), and Tu is the temperature of the hot side (emitter). The upper bound of emitter
temperature is limited by the melting point and the chemical and mechanical stability of
the emitter material. The emitter and the collector, in VSTICs, are separated by a vacuum
gap. This gap allows only a very small amount of radiative heat to be transferred through
it. Consequently, it is possible to maintain a very high-temperature difference between
the emitter and the collector and achieve a higher Carnot efficiency compared to other
heat engines. For instance, a typical VSTIC operating with a collector temperature of
1100°K, and an emitter temperature of 2000°K will reach a Carnot efficiency of 45%. On
the other hand, SSTICs operate at lower temperatures and with smaller temperature
differences. As a result, they are more suitable for applications such as waste heat
recovery wherein the available temperature is in the 400-600°K range. As the temperature
difference is smaller the Carnot efficiency of SSTIC is also relatively smaller compared to

VSTIC.

1.3.2 Ideal Output Current, Voltage, and Power

Consider the simplest type of thermionic converters, a single barrier structure. Figure 1.2
shows the energy diagram of it. The energy barrier is represented by ®; which is equal
to ¢y for VSTICs and is equal to ¢ — xs for SSTICs. Similarly, we named the barrier

height (the energy offset) at the collector side as ®,which is equal to ¢, for VSTICs and

9



@; — xs for SSTICs. In Figure 1.2, it is assumed that the emitter energy barrier @ is larger
than the collector energy barrier, @, plus the total voltage V (V = IR + IR, , R is the load

resistance and R is the internal resistance of the thermionic converter).

In order to overcome the potential energy barrier, electrons inside the emitter must be
energized above the energy barrier. When thermal energy from the heat source is
supplied to the electrons inside the emitter, they obtain enough energy to escape the
emitter surface. The net current density of the electron flux from the emitter to the

collector is given by the Richardson-Dushman equation [40,41] which can be written as

] = AgT exp (— q¢E) — ARTE exp (— M) (1)

kpTy kpTc

where Tu is the emitter temperature, Tc is the collector temperature, ®: is the work
function of the emitter material, kp is the Boltzmann constant, q is the electron charge

constant, V is the total voltage and Ar is the Richardson constant. The theoretical value
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Figure 1.2: Potential energy diagram of a (a) VSTIC and an (b) SSTIC
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of Ap = is calculated assuming parabolic band structure. Assuming effective

mass to be the same as the mass of a free electron, Ay = 120 ﬁ. However, the

experimental values of Ar vary with materials arising from the complex Fermi surface of
the metals. As current depends on the energy barrier exponentially (Eq. 1), a small change
in the value of the energy barrier results in a significant change in the current density.
The first term in Eq. 1 is the flux of electrons from emitter to collector and the second term
is the leak current flux going backward from the collector to the emitter. The power

density delivered to the load is

Pioaa = (V —IR)]. 2)

Similarly, the thermal current of the thermionic converters can be written as:

— 2 _ a%e _ 2 _a(¢@e-V) 2kpTc
Joc = ArTH exp( kBTH) (g + 2kpTy/q) — ARTE exp ( KpTe ) (¢E + 4 ) +

]Q—leak (3)

Th —Tc

for SSTICs
]Q—leak = R,
oe(Tg —TF) for VSTICs
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2kpT
Here, ¢ + =212

is the average energy of the electrons passing above the energy barrier.

The 2kpT factor comes from Fermi Dirac statistics and is considered as the excess energy
factor that lowers the efficiency. Jo_;eqk is the thermal leak current which is mainly due
to radiation in VSTICs and conduction in SSTICs. In the case of VSTICs, it is proportional
to the effective emissivity of the cathode and anode, €. To minimize the radiation, one can
use cathode and anode materials with low emissivity at the operating temperature of
VSTICs. In the end, radiation is much weaker compared to other channels of heat
transport. In this context, in most VSTICs, plasma gas is used to minimize the space
charge effect. When used, plasma gas creates a convective channel of heat transport
which increases the heat leak significantly. In the case of SSTICs, the leak problem is even
more serious. Jo_jeqk in this case, is due to conduction and is inversely proportional to
the thermal resistance, R;. To minimize J;_;.qx , we need to maximize R, which is a very

difficult task considering the small required size of the semiconducting layer (<100nm).

Finally, the conversion efficiency of a thermionic converter is defined as the ratio of the
output electrical power to the heating power supplied to the emitter and can be calculated

as

T’ — p]load (4)
Qc

where pjqq is the power density delivered to the load and ] is the thermal current. To
optimize the efficiency, instead of matching resistance conditions, the resistance of the
load (R,;) should be adjusted according to the internal resistance of the thermionic diode

(R) and the Richardson current to satisfy: [42]
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_ kg -V
Ry = S aq XP (q —kBTa) + R )

The barrier height can also be optimized, and it is shown that the optimum barrier height
to maximize the efficiency is on the order of 2-5kgT. The theoretical analysis
demonstrated that the total energy conversion efficiency of a VSTIC can exceed 30% but
cannot be greater than 90% of the Carnot efficiency. [43] Mahan theoretically showed that

the efficiency of a SSTI refrigerator can be greater than 80% of the Carnot value. [44]

1.4 Limitation of VSTICs and the emergence of SSTICs

There are several non-ideal effects that lower the efficiency and need to be considered in
the design of highly efficient VSTICs. Radiation leak from the hot cathode to the anode
lowers the efficiency as shown in the theory section (Eq. 3 and 4). We note that radiation
is weak at low temperatures, however, the VSTICs work at high temperatures and as a
result, the radiation leak plays a role in lowering the efficiency. This leak could be
minimized if the cathode and the anode are made out of materials with low emissivity.
Unoxidized tungsten for example is a material with low emissivity (0.15 at 1000 °K and
0.28 at 2000 °K) [45] and is suitable for highly efficient VSTICs. Any internal electrical
resistance including the resistances of the leads further lowers the efficiency as the RI>
generated as a result of internal resistance is subtracted from the total power generated

(see Eq. 2). Another problem is the inaccessibility of the cathode and anode for the
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purpose of cooling and heating. The electrodes are inside a vacuum, and it is not possible
to put their surface in direct contact with the external heat source and the heat sink. The
space charge effect also has a significant effect on the performance of a VSTIC.
Considering that VSTICs are only operating at very high temperatures, it is desirable to
extend their operation to lower temperatures where the heat sources are more abundant.
The biggest challenge in lowering the operating temperature comes from the high energy
barrier developed due to the large work function of the electrodes which the electrons
cannot overcome at lower temperatures. The difficulty in finding low work function
electrodes restricts the performance of the VSTICs at very high temperatures. The need
for a vacuum restricts direct access to the electrodes. These and many other challenges

aspired to the design of a solid-state replacement.

1.4.1 SSTICs Design considerations

SSTICs were introduced to resolve many of the challenges of VSTICs but they also posed
some new difficulties. In particular, the high work function of the metals and the space
charge effect are not relevant to SSTICs. Instead, SSTICs suffer from conduction heat
leakage due to the small thickness of the semiconducting layer. Thermionic conditions
impose the requirement of ballistic transport in the semiconducting layer. Note that if the
transport is diffusive in the semiconducting layer, then the device should be described as
a thermoelectric device working based on the Seebeck effect. In that case, within the bulk
semiconducting layer, electrons will lose their memory and reach near equilibrium with
lattice. To maintain ballistic transport of the hot electrons, the semiconducting layer

thickness, L, should be equal to or less than the mean free path,4, of the electrons inside
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the barrier: L < A. On the other hand, too thin of a barrier results in tunneling of electrons,
which is undesirable since low-energy electrons (with energies smaller than the chemical
potential, ) will act as holes and lower the efficiency of the electron transmitting device
(similar to the bipolar effect in the case of thermoelectric transport). If the height of a
square-shaped barrier of length L, is e¢, the probability of electron tunneling through is

2m*e¢
K2

proportional to exp (2L, ) while the probability of thermionic emission is

proportional to exp (:—(ﬁ;). [21] Thus, the minimum thickness L: which makes the
B

thermionic emission dominant while suppressing the tunneling part is L, =

Lz [21] So, the semiconducting layer thickness should satisfy the condition: L, <
2kpT \ 2m*
L<A

It is known that for an ideal SSTIC, internal electrical resistance, R, is zero. Non-zero
values of R lower the performance. [9] Therefore, having a small thickness and ballistic
transport is beneficial since it will result in smaller values of R. Effect of non-zero value
of R could be considered negligible for R < 0.5(kzT;/eJA), where ] is the Richardson
current, A is the electrode area, and T is the temperature of the cold side. [42] For
example, the output power of an SSTIC operating with a barrier height of 5kzT, anode
and cathode area of 1 cm?, Ty at 400K and T, at 360K, would be close to that of the ideal
TICs if the value of is R smaller than 1077 Q. Therefore, any internal resistance below the
limit could be neglected and the SSTIC, in that case, could be approximated by an ideal
diode. In SSTICs, R represents the total electrical resistance that has a contribution from
the semiconductor layer, the electrodes, and the semiconductor-electrode interfaces. The

electrical resistance of the semiconductor layer is very small as its thickness is less than
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100 nm. Typical electrodes with 1 mm thickness and 1 cm? area have very small electrical
resistances on the order of 1077(Q. Therefore, the interfacial electrical resistance plays the
most important role among the three components of R. To minimize the internal
resistance, the work function of the barrier and the cathode should be aligned to prevent
the formation of a Schottky barrier and to form Ohmic contacts with low interfacial

resistance. [42]

Small thickness is inherently useful for maintaining low electrical resistances but is also
the cause of a decrease in the thermal resistance which increases the heat leak of SSTICs.
The low thermal resistance prevents a large temperature difference between the
electrodes to develop and sustain. While there are no optimum thermal resistance values,
it is desirable to have thermal resistance, R;, larger than (e/kg/). This criterion essentially
reduces the conduction loss to a minimum value that arises due to the use of a solid
barrier. If R; is much larger than (e/kpJ), then the thermal leak is negligible. If it is only
larger, the thermal leak is not negligible but low and the device can still work with high
efficiency. To be highly efficient, an SSTIC operating with the same parameter as
described above would need R, > 9 X 107*m?KW ! or G, < 0.1 MWm™2K~1, which is a
very small number to attain practically considering the size of the device. R; represents
the total thermal resistance contribution from the semiconductor layer and the
semiconductor-electrode interface. In the diffusive limit, a way of increasing R; is by
increasing the thickness of the barrier. But thermionic devices are working in the ballistic
limit where resistance is independent of length. Therefore, a good design should address
the issue of making the semiconductor-electrode interfacial thermal resistance to be as

large as possible and find a suitable semiconductor layer that will have very high thermal
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resistance within a thickness less than the electron mean free path. An SSTIC with all the
optimization discussed above is estimated to achieve efficiency higher than that of the

state-of-the-art thermoelectric modules. [42]

1.4.2 Single vs. Multi-barrier SSTI Structures

So far, both single-layer and multilayer SSTICs have been investigated. In 1997, it was
predicted that an optimized single-layer SSTIC, operating in refrigeration mode, will
result in 20-30 °K of cooling with cooling power density exceeding kW/cm?. [19] High
barrier height at the anode side was suggested as a means to reduce the backflow of the
reverse current in this configuration [19]. Shakouri et al introduced the idea of using high
barriers in superlattices and theoretically demonstrated an order of magnitude
improvement in efficiency with respect to the bulk materials. [46] Increased Seebeck
coefficient and reduced thermal conductivity in the superlattice compared to the bulk
were cited as the main reason behind this improvement. Though ballistic transport was
not taken into account during the calculation, it was suggested that the addition of this
transport will improve the efficiency further. Later on, it was found that non-ideal effects
like contact resistance, the finite thermal resistance of the substrate, and the heat sink
limit the actual cooling to 1 to 4 degrees experimentally. [47] Monte Carlo simulation of
a single-barrier InGaAs/GaAs/InGaAs thermionic cooler indicated that most of the
heating and cooling happens at the contact region. [48] At low temperatures and low
carrier concentrations, the linear Peltier coefficient reduces remarkably but the non-linear
part of the Peltier coefficient (that is nonlinear with respect to current) survives and

dominates the transport. This dominant behavior can be achieved at a current in the order
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of 10°Acm™. A single barrier device operated in this condition could achieve a seven-

order increase in maximum cooling efficiency. [49]

Mahan and Woods, in 1998, argued that the optimum temperature drop which gives the
maximum efficiency for an SSTIC is only about 20°K. To obtain larger temperature
differences they proposed the multilayer structure. [21] The idea is to maintain a small
temperature difference in each layer, the sum of which results in a large temperature
difference and high efficiency. This device was estimated to have a performance twice
that of conventional thermoelectric devices. A suitable superlattice that facilitates the
flow of hot electrons but blocks that of the cold electron was used for this purpose. Later
on, the reduction in thermal conductivity was identified as the only benefit of using a
multilayer geometry. [50,51] Superlattices, including metallic ones, with very low
thermal conductivity, were studied extensively. Regular metals have a low Seebeck
coefficient because of the symmetric distribution of conduction electrons around the
Fermi energy. The symmetry can break when tall energy barriers are inserted, filtering
only high-energy electrons (electrons with energies above the Fermi energy) to enhance
the Seebeck coefficient. [52] HfN/ScN and ZrN/ScN metal/semiconductor superlattice
were studied theoretically and found to exhibit low thermal conductivity in cross-plane
directions. [22,23]. Thermoelectric properties of mercury cadmium telluride (HgCdTe)
based superlattices have also been studied which is the primary material for high-
performance infrared imaging systems. Bulk HgCdTe has a low Seebeck coefficient
because of its low effective mass and non-degenerate single conduction band. Tall
barriers were found to create asymmetric differential conductivity near the Fermi energy

and increase the Seebeck coefficient. Hgi-«CdxTe at different compositions has also been
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studied for thermoelectric application.? An increase in the Seebeck coefficient was
predicted to be observed by increasing the carrier concentration. But, doping HgCdTe

superlattices to as high as 10" cm™ has proven to be a difficult challenge to overcome. [53]

Vining and Mahan did a comparative study between a thermoelectric and an SSTIC
module using linearized Richardson’s equation and showed that the efficiency of the
thermoelectric module is always dominant if they both have similar parameters. [51]
Their analysis is valid and reliable when transport is linear and most importantly when
thermal interfacial resistances are small compared to the thermal conductance of the
semiconducting layer. The latter can easily break into nanoscale devices. Later on, in a
detailed study of SSTICs operating in a non-linear regime, it was found that thermionic
power generators can achieve efficiencies higher than those of the state-of-the-art

thermoelectric modules. [54]

1.4.3 2D Van-der-Waals Heterostructures based SSTIC

2D materials and in particular, the stack of 2D materials, are the latest class of low-
dimensional materials studied for SSTI converters. We refer to such stacks as 2D van der
Waals heterostructures (2DvdWH). In these structures, the in-plane atoms are covalently
bonded to each other while the cross-plane atoms are weakly bonded by van-der Waals
force. Due to weak interlayer bonding, it is possible to stack different 2D materials on top
of each other without any strain that would otherwise develop because of lattice
mismatch in presence of strong bonding. [55] The bandgap of 2D materials can be tuned

by applying strain, electric field, and also by changing the number of stacked layers. For
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example, silicene and germanene are semimetals, but their bandgap opens up when a
vertical field is applied and the gap size increases linearly with the electric field. [56] TiSe>

gap opens up under the biaxial strain. [57]

Another important property of 2D van der Waals heterostructures is their low value of
thermal conductance in the cross-plane direction developed due to the presence of the
weak van der Waals bonding between each layer. Earlier it was discussed that the thermal
conductance should be as small as possible and extremely small values of
0.1 MWm™2K~! are desirable for achieving high efficiency in SSTIC [42]. The super-low
thermal conductance together with the other beneficial properties of the 2D van der
Waals heterostructure mentioned above thus has grabbed the attention of researchers in
this field. Several theoretical studies of SSTICs based on this structure have been reported
to predict high ZT. [38,39,58] Chen et al experimentally measured a very low thermal
conductance of 4.25 x 107 W/K for graphene/h-BN/graphene heterostructure. [37]
Though this structure exhibited superior thermal properties suitable for thermionic
devices, its electronic properties were poor. Insulating nature of hBN means too large of
a barrier for the electrons to overcome and consequently they found a very small ZT of
1.05 x 107°. By using seven layers of MoSz, Yuan et al experimentally obtained thermal
conductance smaller than 1 MWm™2K 1. [59] Afterwards, a cross-plane ZT of 2.8 has
been calculated theoretically for a graphene/MoS:/graphene heterostructure. [60]
Massicotte et al experimentally reported a cross-plane thermal conductance of
0.5 MWm™2K~! in graphene/WSez/graphene heterostructure that was tested for photo-
thermionic emission [61]. The cross-plane phonon thermal conductance of the

Au/G/P/G/Au heterostructure was found to be as small as 4.1 MW m=2 K from first-
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principle calculation and an equivalent ZT of 0.13 was predicted for a thermionic device
based on this structure. [38] Recently, a ZT of 1.2 at room temperature and 3 at 600K has
been calculated theoretically using first principles calculations and Green’s function
formalism for a Sc/WSe2/MoSe2/WSe2/Sc van der Waals heterostructure. [39] In 2DvdWH
structures, it is crucial to have enough layers to block the tunneling current. Transmission
function in Au/G/P/G/Au heterostructure with varying number of phosphorene layers is

shown in Figure 1.3. [38] The averaged electron transmission of 2P and 5P structures was
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Figure 1.3 (a) The averaged electron transmission of the heterostructures. 1P, 2P and 5P
are short for the heterostructures with monolayer, bilayer and quintuple layer
phosphorene, respectively. Inset shows the zoom-in of the 1P transmission around the
Fermi level. (b) The band-resolved trans- mission of 1P by HSE. The black and magenta
curves are the local band structures of phosphorene and graphene, respectively. The 1D
g-resolved transmission of (c) 1P, (d) 2P and (e) 5P. The data of 2P and 5P are calculated
by PBE.
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theoretically studied by Wang et al and is shown in Figure 1.3(a). In the case of 1P and 2P,
phosphorene layers are still not thick enough to eliminate the quantum tunneling effect,
which results in non-zero transmission within the band gap, as seen in Figure 1.3(d). They
observed no quantum tunneling for 5P, as indicated by the zero transmission right above

the Fermi level shown in Figure 1.3(a) and the white region in Figure 1.3(e). [38]

Achieving a good degree of chemical and thermal stability in 2D materials is very
difficult. [62,63] Stacking them is the next challenging task. The interfaces between the
layers need to be clean to obtain large electrical conductance. An ohmic contact is
required between the metallic contact and the 2DvdWHs. At the same time, the thermal
conductance needs to be extremely small. For these reasons, there has not been any
experimental demonstration of SSTICs with a large equivalent figure of merit based on

2DvdWHs thus far.

1.5 Dissertation Organization

The main objective of this dissertation is to theoretically design highly efficient SSTI
devices based on 2D vdW heterostructures. This work also theoretically investigates the
effect of asymmetry of the electrode, electron-phonon interaction, and defects on the SSTI
device performance. Knowing the mean-free path of electrons in bulk form of the 2D
semiconducting channel, the size effect and the importance of electron-phonon
interaction in nanoscale thermionic devices are evaluated. In doing so, the highly accurate
electron-phonon scattering rates of the bulk form of the 2D channel are calculated from

the first-principles. The computed electron-phonon scattering rates are then used to
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investigate the effect of electron-phonon interaction on electron transport of the bulk form
semiconductor material from full first-principles. In addition, the first SSTI device based
on 2D vdW heterostructures is fabricated and characterized in collaboration with
experimental groups. Finally, this study analyzes theoretically and experimentally how
polymorphism in Bi2Se3 allows it to be tuned for unique thermoelectric properties.

The dissertation contains six main chapters. The history of thermionic converters is
discussed in the first chapter, as was already presented, and is then followed by the
theory of thermionic converters, which outlines the fundamental operating concept and
provides the mathematical equations for the ideal output current, voltage, power, and
efficiency of thermionic converters. The chapter then discusses the drawbacks of VSTICs
and the need to develop SSTICs, a solid-state alternative. In addition, the design
considerations of SSTI devices are discussed in this chapter. The next section of the
chapter explains why 2D vdW materials are the best option for creating SSTICs that are
highly efficient. The second chapter presents the study of the transport properties of
MoSez-based SSTI devices. First, a systematic study of the contact between the MoSezand
various metals is conducted and the metal that forms the Ohmic contact is identified.
Then the thickness-dependent thermionic performance of the MoSez-based SSTI devices
is studied. Finally, the effect of asymmetric metallic contact, electron-phonon interaction,
and defects is investigated theoretically. To investigate the effect of electron-phonon
interaction on the performance of MoSez-based SSTI devices, highly accurate electron-
phonon scattering rates of bulk MoSe: are calculated from the full first principle. The third
chapter uses the calculated electron-phonon scattering rates of bulk MoSe: to investigate

their effect on electronic and thermoelectric transport properties. In this work, the effect
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of electron-phonon scattering along with ionized impurity scattering on the electronic
and thermoelectric properties of bulk MoSe: in the in-plane and cross-plane direction at
room temperature without and with including the effect of vdW interaction is
investigated theoretically. The calculated in-plane mobility and electrical conductivity
are compared with experimentally obtained values. Finally, the developed method was
used to optimize the in-plane power factor times temperature (PFT) of MoSe2 with respect
to carrier concentration and temperature. In the fourth chapter, thermionic transport
across a gold-graphene-3 layer of WSez-graphene-gold (Au-Gr-3WSez-Gr-Au) structure
is studied computationally and experimentally. In this work, the first 2D vdW-based SSTI
device is fabricated and characterized. A new experimental technique that combines the
thermoreflectance and cooling curve measurements are used to extract the equivalent
tigure merit of the SSTI converter. Finally, the theoretically obtained figure of merit is
compared with the experimentally obtained value. As a separate route, the fifth chapter
investigates how polymorphism in BizSes allows it to be tuned for unique thermoelectric
properties. The commonly reported rhombohedral structure is a topological insulator, a
narrow gap semiconductor with a bandgap of 0.2-0.3 eV, and has been widely studied
for thermoelectric applications. The alternative orthorhombic structure is a
semiconductor with a larger bandgap of 0.9-1.2 eV. The opportunity to fabricate a
mixture of these orthorhombic and rhombohedral structures provides a chance for
materials engineering to optimize its electrical and thermal properties. In this work,
mixed-phase, Se-rich, n-type Bi:Ses films are prepared by electrodeposition using an
acidic bath and the Seebeck coefficient of the films is measured experimentally. First-

principles calculations are used to determine the Seebeck coefficient of the orthorhombic

24



and rhombohedral phases. Finally, the experimentally measured Seebeck coefficients are
compared with the theoretically calculated ones. The sixth chapter summarizes the key

outcomes of the research work.
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Chapter 2: Low-resistance contact in MoSe2-based
SSTICs: effect of asymmetry, electron-phonon

interaction, and defects on the device performance

The advent of low-power portable and wearable electronics signifies the need for
mesoscale power generators and coolers [19,20,64-66]. Mechanical generators cannot be
miniaturized to such scales and hence currently we rely on batteries to power portable
electronics. Thermionic power generators and coolers can be built with nanoscale
thickness and provide a solid-state solution for energy scavenging and integrated

cooling.

A thermionic converter essentially is a heat engine that converts thermal energy directly
to electricity using electrons as the working fluid. Similar to most other heat engines,
thermionic devices can operate either as power generators or coolers. There are two main
types of thermionic converters: vacuum state thermionic (VSTI) converters and solid-
state thermionic (SSTI) converters [19-21,42,67]. In the power generation mode, heat is
used to increase the energy of electrons in the cathode. The hot electrons with energies
higher than the energy barrier can pass above the barrier with a Richardson flux. These
electrons are then collected by a colder anode. A part of the thermal energy is thus
converted directly to electricity and the rest is rejected as heat to the cold side. The energy
barrier in the case of VSTI is the cathode work function, which is on the order of a few

electron volts in typical metals. Therefore, vacuum thermionic power generators can only
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operate at very high temperatures. Also, the need for a vacuum in a VSTI restricts direct
access to the electrodes. To overcome these difficulties, Shakouri and Bowers [19]
proposed a single-layer solid-state thermionic in 1997 diodes in which the vacuum is
replaced by a semiconducting material. In this structure, the semiconductor layer is the
energy barrier that an electron experiences. In the following year, Mahan proposed the
idea of using multi-layer barriers in which each layer maintains a small temperature
difference [20,21]. Electrons in a solid-state thermionic device can face an effective energy
barrier height on the order of meV as the energy barrier is the difference between the
electron affinity of the semiconductor and the work function of the metal. This is
compared to a few eVs barrier heights in a vacuum thermionic device. Hence, SSTICs can
operate at much lower temperatures compared to VSTICs. Our previous theoretical work
focusing on the mathematical optimization of solid-state thermionic devices concluded
that for optimum performance the optimum barrier height should be on the order of a

few KsT [54].

The transport inside the semiconducting layer of an SSTIC has to be ballistic to avoid
electron-phonon thermalization. To maintain ballistic transport in a solid-state
thermionic device, the semiconducting layer thickness should be lower than the electron
mean free path. At the same time, a minimum barrier thickness is needed to suppress
the tunneling of electrons in the device. If electrons of energy lower than the
semiconductor barrier height tunnel through, they carry less energy if their energy is
above the Fermi level, and will carry negative heat (a rare event) if their energy is below
the Fermi level. This leads to a lower Seebeck as our previous and present studies have

shown. Hence, SSTICs are considered nanoscale devices appropriate for integrated
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circuits [67-69]. At such small scales, the main challenge of SSTICs, is their thermal
leakage [44]. To maintain a noticeable temperature difference at such a small length scale,
the thermal conductance of an SSTIC needs to be very small. Our recent work has shown
that the thermal conductance of a solid-state thermionic device should be smaller than
0.1 MWmZK! to obtain reasonable efficiencies [54]. To our best knowledge, within
ordered and nonporous systems, this very small thermal conductance is only possible in
the van der Waals heterostructures [70,71] due to their weak van der Waals interactions
compared to covalent bonding [72]. In one work, our group showed that five layers of
black phosphorene sandwiched between gold and graphene have a thermal conductance
value of 4-6 MWmZK" [73]. In another work, our group theoretically calculated a thermal
conductance value of 16 MWm-2K-1 for the Sc-WSe2-MoSe2-WSe2-Sc structure [74].
Other weakly bonded structures also demonstrated extremely low thermal conductance
values. It was shown that interfacial thermal conductance between seven layers of MoS2
and crystalline silicon (c-Si) is smaller than IMWm=2K-. [59] In another work, it was
experimentally shown that 5-10 MWm2K"! thermal conductance can be obtained in the
van der Waals structure [75]. A theoretical work based on molecular dynamic simulation
obtained a slightly higher thermal conductance value of 17 MWm-2K"! for both graphene-
WSez-graphene and graphene-MoSez-graphene structures. In another experimental
work, a very low thermal conductance value of 0.5 MWm?K! was estimated for a
graphene-WSe:-graphene structure [61]. In addition, in a van der Waals heterostructure,
the barrier height, which plays a significant role in improving the device performance
can be tuned by changing the number of layers in the heterostructure from 0 in the

tunneling regime (one layer) to the bulk bandgap value for a large enough number of
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Left Contact MoSe, Channel Right Contact

Figure 2.1. Ball stick model of a metal-MoSez2-metal device configuration.

layers (typically 10 layers) [73]. In recent years, these two important features of van der
Waals heterostructure have renewed interest in solid-state thermionic

devices [37,39,66,73,76,77].

In this chapter, we represent the study of thermionic transport properties of metal-MoSe2-
metal structure as shown in Figure 2.1 by using density functional theory (DFT)-based
first-principles calculations combined with real-space Green’s function (GF) transport
formalism. MoSe2, a layered two-dimensional (2D) transition metal dichalcogenides
(TMDs) used as the semiconducting material in these calculations. An advantage of
layered TMD materials such as MoSe: is that the saturated covalent bonds within one
layer and noncovalent binding between the layers allow for atomically sharp and stress-
free interfaces between similar or dissimilar materials [78]. Another important feature of
MoSe: is that the electronic properties depend on the number of layers. For example, bulk
MoSe: has an indirect bandgap of 0.85 eV while monolayer MoSe: has a direct bandgap
of 1.55 eV [79,80]. Moreover, the thermal transport in MoSe: in the cross-plane direction
is greatly reduced due to the lack of covalent bonding between layers. These electrical
and thermal properties make MoSe: a suitable material for designing efficient solid-state

thermionic devices.
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In nanoscale electronics contacts often play a more important role than the
semiconducting material itself [81,82]. While contact in Si-based devices is no longer
challenging after many years of engineering optimization, contact with nanoscale
electronic devices based on 2D TMD materials has become a major challenge [83-86]. A
strong interface bonding creating interface states that pin the Fermi level [87] or a weak
bonding creating a potential step due to Pauli repulsion [88,89] at the interface can cause
a high barrier height between the metal contact and the 2D TMDs. Therefore, for the
applicability of novel 2D TMDs such as MoSe: as nanoscale devices, a comprehensive
study of metal contacts to the 2D TMDs is very important. There are several ways to
extract the metal-2D TMD barrier height [90]. In this work, we extract the barrier height
between metal-MoSe: from the electronic transmission function. We first systematically
study the contact between MoSe:z and various metals (Au, Pt, Ni, Cu). We then study the
thickness dependence of the contact and identify Ohmic contacts. We also study the

thermionic performance of these structures.

Next, we investigate the effect of asymmetric metallic contact on the performance of SSTI
devices. In a VSTI device, the output power is proportional to the work function
difference between the cathode and the anode. Hence, it is desired to have asymmetric
electrodes wherein the cathode has a larger work function compared to the
anode [9,11,13]. The solid-state thermionic devices designed so far have similar metallic
contact as cathode and anode [39,66,73]. Therefore, the effect of asymmetric metallic
contact with different work functions on the device performance is unknown. In our
work, we evaluate the performance of two sets of asymmetric structures (Au-MoSe2-Pt

and Cu-MoSe2>-Au) and compare their performance with their symmetric counterparts
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(Au-MoSe2-Au, Pt-MoSex-Pt, and Cu-MoSez>-Cu). Finally, we investigate the effect of
point defects, namely substitutional and vacancy defects, on the performance of the Au-

3L MoSe2-Au SSTI device.

2.1 Computational Method

2.1.1 DFT calculation details

To model the proposed device, we use open boundary conditions along the z-axis, while
periodicity is imposed in the xy plane. To study the structural and electronic properties
of the metali-MoSe:-metal>: van der Waals heterostructure, we used the state-of-the-art
density functional theory (DFT) based first-principles calculations combined with real-
space Green’s function (GF) transport formalism, as implemented in the SIESTA
package [91]. We wused the exchange-correlation functional of Perdew-Burke-
Ernzerhof [92] revised for solids [93] and standard basis set, namely, double zeta plus
polarization (DZP). Real-space mesh cutoff energy was set to 300 Ry. A single k point in
the cross-plane direction whereas a 5x5 k mesh in the basal plane was used for the

Brillouin zone sampling.

2.1.2 Making and optimization of the SSTI structures

We ftirst optimized the lattice parameters of Au, Pt, Cu, Ni, and MoSe: separately for the
purpose of obtaining the optimized in-plane lattice parameters of the structures. The
optimized in-plane lattice constants are 4.08 A, 393 A 3.61 A, 352 A, and 331 A

respectively. Our calculated in-plane lattice parameter of MoSe: matches the reported
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value in the literature [39,94-96]. Therefore, the in-plane lattice parameters of the relaxed
<111> plane of the metallic contacts (Au, Pt, Cu, Ni) are 2.885 A, 2.779 A, 2.553 A, and
2.489 A respectively. In the structures, 3-6 layers of MoSe: are sandwiched between 6
layers of <111> plane of the metallic contacts. In the DFT-GF method, the electrodes are
assumed to be semi-infinite and using 6 layers we achieved convergence in the results.
The transport properties will not change when the number of layers of the metallic
contact increased beyond 6. The in-plane lattice parameters of the structures are fixed to
the optimized metal <111> plane for the symmetric structures while the average of
relaxed metal: <111> plane and relaxed metal. <111> plane for asymmetric structures and
in-plane MoSe: lattice parameters were adapted accordingly (2V/3a,, /Pt<111> =
4acy/Ni<111> = 3AMose,, a is the lattice constant) to minimize the strain. Thus, the MoSe:
in the Au-MoSe2-Au, Pt-MoSe2-Pt, Cu-MoSe2-Cu, Ni-MoSe2-Ni, Au-MoSe2-Pt, and Au-
MoSe2-Cu structures experience 0.65% tensile, 3% compressive, 2.8% tensile, 0.26%
tensile, 1.24% compressive and 1.73% tensile strain respectively. It is known that the
tensile strain increases the bandgap while the compressive strain decreases the
bandgap [97,98]. After forming the devices, all the structures are optimized again. In the
optimization process, the atomic positions of two inner layers of metal from each side
along with all the MoSe: layers, called the channel region, are allowed to relax without
any constraints along the cross-plane direction until the forces on all atoms are less than
0.01 eV/A while the atomic positions of the outer four metallic layers from each side,
considered as left and right contacts, are kept fixed. We use the non-local van der Waals
DFT functional (vdW-DF-optb86) [99,100] to correctly take the van der Waals interaction

into account during the structure optimization.
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2.1.3 Electron transport calculations

The electronic transport properties of the SSTI devices are studied by using density
functional theory (DFT)-based first-principles calculations combined with real-space
Green’s function (GF) transport formalism. The transport properties calculations of the
optimized structures are performed using PBE functionals. Although the GGA functional
such as PBE used in this work underestimate the bandgaps, due to the presence of two
metallic electrodes which strongly screen the Coulomb interaction, the bandgap becomes
small so that we have a cancellation of this underestimation error. This was confirmed in
our previous work by comparing with the GW calculations on the same structure [39].
The electron transmission functions are calculated using real-space Green’s function
method as in the TranSIESTA implementation [101]. TranSIESTA deals fully with the
atomistic structure of the whole system, treating both the contact and the electrodes on
the same footing. After calculating the electron transmission function using TranSIESTA,

the transport coefficients are obtained using the linear response approximation [102]:

Conductance, G = g°L,
Seebeck coefficient, S = L, /qTL,

Electronic thermal conductance, k., = (L, — L%/Ly)/T
where, L, = 2/h [ dET(E)(E — p"(- )

T SE

where q is the electron charge, and f is the Fermi-Dirac distribution function.
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2.1.4 Electron-phonon scattering rate and mean free path (MFP)

calculation

We compute the electron-phonon scattering rate and the MFPs in bulk MoSe: using the
tirst principles. The equilibrium properties of electrons and phonons are calculated using
the density functional theory (DFT) and density functional perturbation theory (DFPT)
as implemented in the QUANTUM ESPRESSO package [103]. The norm-conserving
pseudopotentials [104] with the Perdew-Burke-Ernzerhof (PBE) [105] functional for the
exchange-correlation are used. A 6x6x2 and a 12x12x4 Monkhorst-Pack k-point mesh are
used for the self-consistent and non-self-consistent field calculations, respectively and the
cutoff energy of the plane wave is chosen as 60 Ry. The convergence threshold of energy
is set to be 102 Ry. Lattice was relaxed with the force convergence threshold of 10+
Ry/Bohr. The obtained relaxed lattice constant of bulk MoSe: in the hexagonal structure
are a=b=3.31 A and c=12.89 A. The dynamical matrices and phonon perturbations are
computed on a 6x6x2 q point mesh in the phonon calculations. To obtain the electron-
phonon scattering rates, the EPW package [106] is employed to interpolate the electron-
phonon coupling matrices as well as electron and phonon eigenvalues obtained by DFT
and DFPT calculations from coarse to fine k and q point meshes (30x30x30) using the
Wannier interpolation scheme [107]. Further details of the electron-phonon scattering
rate calculations can be found in the method section of chapter 3. The electron group
velocities are obtained from the BoltzTrap package [108]. Finally, the MFP is obtained by

multiplying the electron-phonon scattering rates with the group velocities.
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2.2 Results and Discussion

2.2.1 Metallic contact for MoSe: based electronics

Today, a large number of 2D layered materials are identified. Monolayers can be peeled
off and stacked on top of each other to form a variety of desired thermal, optical, and
electronic properties, opening the possibility of nanoscale electronic devices for a variety
of medical, environmental, security, and sensing applications. A challenge to making the
desired planar electronics out of these lego-type stacked layers is the formation of low-
resistance metallic contacts. The contact resistance and in particular the potential barrier
height are important parameters for thermionic transport as well as making metallic
contact in a 2D planar device consisting of TMD materials. To form low-resistance contact
between the metal and the 2D TMD materials, the potential barrier height needs to be
very low (on the order of ksT). We calculate the potential barrier height of metal-MoSe2-
metal SSTI structure consisting of 5 layers of MoSe: for different metals (Au, Pt, Cu, Ni)
as well as Au-MoSez-Au structure for 3-6 layers of MoSez. A simple way to estimate the
potential barrier height is the Schottky-Mott (SM) rule, Ev=I-W (for holes) or Ev= W-x
(for electrons), where Evis the potential barrier height, W is the metal’s work function, I
is the ionization potential of the semiconductor, and x is the electron affinity of the
semiconductor. However, this simple and approximate method does not always predict
the correct potential barrier height [73] and certainly does not work well for our studied
structures. Here, we use a more accurate first-principles-based method to extract the
potential barrier height. First, we use first-principles calculations to relax the metal-
MoSe2-metal structures. Next, we calculate the transmission functions of the structures

using Green’s function method shown in Figure 2.2. We then calculate the E}, for electrons
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by measuring the E; — Ep for electrons and Er — Ey for holes from the transmission
function, where E} is the Fermi energy, E.(Ey) refers to the corresponding energy levels
at the start of non-zero transmission above (below) the Fermi level. As an example, the
work function of gold (111) is 5.1 eV and the ionization potential of a single layer of MoSe:
is 5.22 eV [109]. Therefore, the SM rule predicts a barrier height of 0.12 eV and a p-type
transport, whereas our first-principles calculation indicates a barrier height of 0.26 eV
and an n-type transport. Similarly, the calculated barrier height is n-type for Cu, while
the SM rule predicts p-type barrier height. Table 2.1 summarizes the calculated potential
barrier height of metal-5 MoSe:-metal structure, and a range of barrier height predicted
by the SM rule for Au, Pt, Cu, and Ni. The table also shows the transmission gap E, for
MoSez in each structure, where E; = E; — Ej,. We note that it is more difficult to extract
this information from the local density of states as the screening effect of the metal on its

adjacent layer results in a tail in the density of states, hence we define the transmission
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Figure 2.2 Transmission function of metali-5 MoSex-metal: SSTI structure. (b)
Transmission function T(E) and thermal transmission window T(E) * (— %;E))at 300K
and 1000K of Cu-5 MoSe>-Cu structure.
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Table 2.1 Calculated bandgap & barrier height of metal-5 MoSez2-metal SSTI structure

Metal contact Au Pt Cu Ni

5L MoSe2 0.89 0.89 0.87 0.80

Transmission gap (eV)

Barrier Height (eV) | 0.26 0.42 0.10 0.30
(Calculated) (n type) (p type) (n type) (n type)
Barrier Height (eV) | 0-0.14 0-0.12 0.62 (n-type) | 0-0.20
(SM rule) (p-type) (p-type) 0.14(p-type) | (p-type)

gap instead of bandgap. From the calculated potential barrier heights listed in the table,
we see that Cu makes low energy contact for MoSez, which becomes n-type, with a barrier
height of 0.10 eV. Therefore, it is expected that the Cu-MoSez-based SSTI device to have

the highest electrical conductance among the studied metals.

Next, we study the effect of the number of MoSe: layers on metal-MoSe: contact
resistance. The energy states of the metal significantly affect the energy states of the
adjacent layers. This screening effect damps with distance and hence it is expected that
the barrier height to be dependent on the number of layers. Here, we calculate the

potential barrier height for Au-MoSe2>-Au SSTI structure where the number of layers of

Table 2.2 Variation of barrier height with the numbers of MoSe2 layers

Number of layers 3 layers 4 layers 5 layers 6 layers

Barrier Height (eV) 0.20 0.23 0.26 0.32
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MoSe: varied from 3 to 6 layers in the heterostructure. Table 2.2 shows the potential
barrier height for the Au-3-6 MoSez-Au SSTI structure. We see that the SSTI structure with
3 layers of MoSe2 shows the lowest barrier height of 0.2 eV, therefore, expected to show
the highest electrical conductance as more electrons will overcome the energy barrier. We
note that the transmission gap closes for 1 and 2 layers and transport is dominantly

through tunneling.

Next, we evaluate the performance of the Au-3-6 MoSez-Au SSTI structure. Figure 2.3(a)
shows the transmission function of the structure containing 3-6 layers of MoSe:. Figure
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Figure 2.3. (a) Transmission function (b) electrical conductance (c) Seebeck coefficient
and (d) power factor times temperature of heterostructure containing 3-6 layers of
MoSe:. The inset of figure (a) shows a close-up of the transmission functions.
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2.3(b) and Figure 2.3(c) show the electrical conductance (o) and Seebeck coefficient (S) of
all the structures. The electrical conductance of the structure with 3 layers of MoSe: is
maximum and electrical conductance decreases as the number of MoSe: layers in the
structure increases. This is consistent with the barrier height of the structures as shown
in Table 2.2. Also due to the increase in the number of thermally excited electrons, the
electrical conductance increases as the temperature increases as shown in Figure 2.3(b).
The Seebeck coefficient increases with the number of MoSe: layers in the heterostructure
because the transmission gap increases with the number of layers. The power factor times

temperature (PFT=0S5?T) is a parameter that is used to characterize the power generated
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Figure 2.4 Power factor time temperature (PFT) of 3-6 layers of MoSe2 for (a) 200-500 K
(b) 500-750K (c) 750-970K (d) 970-1200K.
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by the SSTI device is shown in Figure 2.3(d) for all the structures. The PFT is optimum for
the structure with 3 layers of MoSe: at the temperature range of 200-500K and 970-1200K
while structures with 4 and 5 layers of MoSe2 show optimum PFT at the temperature
range of 500-750K and 750-970K respectively. A breakdown of the PFT for each of these
temperature ranges is shown in Figure 2.4. The maximum power factor for the structure
with 3 layers of MoSe: is 327 MWm?2K" at 1200K. For comparison, our previously
calculated structure Au-Gr-3 WSex>-Gr-Au, Pt-Gr-3 WSex>-Gr-Pt showed a PFT of 0.83
MWm2K?! and 60 MWm?2K" respectively at 800K [66] and Sc-WSe2>-3 MoSe2-WSe2-Sc
showed a PFT of 427 MWm2K- at 1200K [39]. Note that the unit used here is for 2D

structures and is different from those used for bulk thermoelectric power factors.

2.2.2 Asymmetric MoSez-based SSTI

In VSTI, two dissimilar metals with work function differences larger than 1 eV are used
as cathode and anode and the output power is proportional to the work function
difference between the metals. The solid-state thermionic devices designed so far have
similar metallic contact as cathode and anode [39,66,73]. Therefore, the effect of
asymmetric metallic contact with different work functions on the device performance is
not understood. In this section, we evaluate and compare the performance of two sets of
symmetric and asymmetric SSTI devices. In the first set of calculations, we evaluate the
performance of symmetric Au-5 MoSez-Au, symmetric Pt-5 MoSe2-Pt, and asymmetric
Au-5 MoSe:-Pt structures and in the second set of calculations, we evaluate the
performance of symmetric Au-3 MoSez-Au, symmetric Cu-3 MoSe2-Cu, and asymmetric

Au-3 MoSe:-Cu structures. Since in the previous part we identified 3-5 layers as
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Pt and their corresponding transmission functions.

optimally performed devices, for all calculations in this section, 3 or 5 layers of MoSe: are

used.

Figure 2.5 shows the local density of states (LDOS) of symmetric gold, symmetric
platinum, and the asymmetric structure with one side gold and another side platinum
and their corresponding transmission functions. Gold and platinum are chosen since they
have similar work functions. From the LDOS we see that the Fermi level Er is located near
the conduction band of the gold and gold-platinum asymmetric structure which means
these structures are n-type while the Fermi level of the platinum structure is located near
the valence band making it p-type. The transmission function, Seebeck coefficient,
electrical conductance, and the power factor times temperature for all three structures are

shown in Figure 2.6. As can be seen from the LDOS and the transmission function, the
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gold structure has a lower barrier height compared to the other two structures. Therefore,
the gold structure shows higher electrical conductance values as shown in Figure 2.6(b).

The platinum structure shows a positive Seebeck coefficient while the gold and the gold-
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Figure 2.6. Transmission function (b) Seebeck coefficient (c) electrical conductance and
(d) power factor times temperature of the gold, platinum, and gold-platinum asymmetric
structure containing 5 layers of MoSez. The black line represents the gold structure, the
blue line represents the platinum structure, and the red line represents the gold-platinum

asymmetric structure. The inset of figure (a) shows a close-up of the transmission
functions.

platinum asymmetric structure show a negative Seebeck coefficient, as shown in Figure
2.6(c), which is consistent with the p-type and n-type barrier height of the respective

structures. The platinum structure shows a maximum Seebeck coefficient of 620 uV/K at
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620K while the maximum Seebeck coefficient of the gold and gold-platinum asymmetric
structure is -792 uV/K and -795 uV/K at 572K and 740K respectively. The presence of the
bandgap in these structures contributes to the large Seebeck coefficients. The PFT of all
three structures is shown in Figure 2.6(d). The high electrical conductance due to low
barrier height and the high Seebeck coefficient of the gold structure results in the highest
PFT at high temperatures. The low electrical conductance combined with the low Seebeck
coefficient makes the platinum structure the worst performing among the three
structures while the PFT of the platinum-gold asymmetric structure is in between the PFT

of the gold and platinum structure.

In the previous set of calculations, we see that while the gold and gold-platinum

asymmetric structure is n-type, the platinum structure is p-type. For the next set of
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Figure 2.7. Local density of states of (a) Au-3 MoSez2-Au (b) Cu-3 MoSe2-Cu (c) Au-3
MoSe>-Cu and their corresponding transmission functions.
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calculations, we find another metal contact that has a very close work function to gold
and creates a structure that is n-type doped. We choose copper for this calculation which
has a work function value of 4.53-5.10 eV. Therefore, Au-3 MoSe2-Au, Cu-3 MoSe:-Cu are
the symmetric structures and Au-3 MoSe:-Cu is the asymmetric structure for these

calculations. The local density of states and the corresponding transmission function of
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Figure 2.8. (a) Transmission function (b) electrical conductance (c) Seebeck coefficient
and (d) power factor times temperature of the gold, copper, and gold-copper asymmetric
structure containing 3 layers of MoSez. The blue line represents the gold structure, the
red line represents the copper structure, and the black line represents the gold-copper
asymmetric structures. The inset of figure (a) shows a close-up of the transmission
functions.

symmetric gold, symmetric copper, and a gold-copper asymmetric structure are shown

in Figure 2.7. The Fermi level Er for all these structures is close to the conduction band
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which means all the structures are n-type doped. The energy barrier height of the copper
structure is significantly lower than the other two structures. The electrical conductance
of all the structures is shown in Figure 2.8(b). The electrical conductance of the copper
structure is very high compared to the other two structures due to the significantly lower
barrier height. The n-type doping of all the structures can be further verified by the
negative Seebeck coefficient as shown in Figure 2.8(c). The maximum Seebeck coefficient
of the gold, copper, and gold-copper asymmetric structures are -451 uV/K, -321 uV/K,
and -373 uV/K respectively at 1200 K. The PFT of the gold, copper, and gold-copper
asymmetric structures are 327 MWm?K-, 917 MWm?K", and 373 MWmZK respectively
at 1200 K (Figure 2.8(d)). The PFT of the copper structure is the highest among all the SSTI

structures that have been calculated so far [39,66,110].

We note that the transport properties of the asymmetric structure are always in between
the two symmetric ones. The only exception is the Seebeck coefficient in the range of 600K
to about 1000K wherein the asymmetric structure shows a Seebeck coefficient smaller

than both symmetric counterparts.

From these two sets of calculations, we see that the PFT of the asymmetric structure is in
between the PFT of its symmetric counterpart. Although the asymmetry of the metallic
contact improves the performance of VSTI devices, the asymmetry of metallic contact
does not affect the performance of SSTI devices. This is possibly due to the difference in
the operating temperature and barrier height between the two types. One has to keep in
mind that given the nanoscale thickness of these devices only a very small temperature
difference can be maintained between the electrodes. Since the optimal operating

temperatures of symmetric structures are very different, the performance of the
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asymmetric structure can never be superior to the symmetric ones unless their barrier
height is the same. Whereas the VSTI barrier height is a few eVs, the ideal barrier height
of SST1s is only on the order of meV. Given the small temperature difference which can
be maintained in these structures, we can linearize the theory of thermionic transport,
and define equivalent Seebeck coefficient and power factor. Upon doing so, the
asymmetric structure shows average properties, in between the two symmetric
counterparts similar to how averaging is done in thermoelectric structures. The most
important parameter in these structures seems to be the barrier height itself. The lower
the barrier height, the higher the power factor. We know the optimum barrier height is
about 2KvT which corresponds to 50 meV at room temperature and 100 meV at 600K. The

latter is close to the barrier height of the Cu structure.

2.3 Effect of Electron-Phonon Scattering

Finally, since we are describing electron transport using a coherent formalism and have
neglected inelastic scatterings, our results are only approximate at very high
temperatures where the electron mean free path can become shorter than the barrier
thickness. In practice, the electrical conductance and power factor should start decreasing
with T at high enough temperatures. We calculated the mean free path (MFP) of bulk
MoSe: along the z-axis at different temperatures from first-principles to estimate the
effect of inelastic electron-phonon scattering on the transport properties. The energy-
dependent electron-phonon scattering rates and MFP is shown in Figure 2.9. The electron
mean free path at the bottom of the conduction band at 300K is 200A and at 1000K is 35A.

The length of the 3 layers and 5 layers of MoSe: devices are 19.35A and 32.25A
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Figure 2.9. (a) Electron-phonon scattering rate for bulk MoSe2. (b) Electron mean free
path calculated along the z-axis.

respectively. Therefore, up to 1000K, the inelastic electron-phonon scattering should not

affect the performance of the 3 layers and 5 layers of MoSe:-based SSTI devices. We would
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(f) 5 layers of MoSez. The bulk band structure (in brown) is superimposed on the band
structures of 1-5 layers (in blue) of MoSe:.

47



like to point out that the mean free path of bulk MoSe: was merely performed as a
guideline. We simply compared the bulk mean free path with the length of the device
and claimed since the bulk mean free path is larger than the size of the device, therefore,
our coherent transport calculation is justifiable. The band structure of the 3-5 layers of
MoSe: is similar to that of the bulk MoSe: as shown in Figure 2.10. The significant
difference in band structure is only true for monolayer and bilayer MoSe2 which we have

avoided in this work.

2.4 Effect of Defects

We have developed the tools and methodology to compute the thermionic transport
properties of SSTI devices based on 2D vdW heterostructures from the first principles.
The remaining task is to include the effect of imperfections in the calculation. The most
important effects are lattice mismatch and impurities such as vacancies and foreign atoms
or molecules or eventual oxide layers that can exist at interfaces. In this work, we
investigate the effect of point defects such as vacancies and substitutional defects on the
performance of the MoSe:-based SSTI device performance. The point defects that are
considered in this work are the substitution of a Mo atom by a W atom, the substitution

of a Se atom by an S atom, Se vacancy, and Mo vacancy.

2.4.1 Mo and Se Substitution

First, we investigated the effect of the substitutional defect on the performance of the Au-

MoSe2-Au structure containing 3 layers of MoSe2. We substituted a Mo atom with a W
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Figure 2.11 (a) Transmission function (b) electrical conductance (c) Seebeck coefficient
and (d) power factor times temperature of the Au-MoSez-Au structure containing 3 layers
of MoSez. The black line represents the SSTI structure with no point defect, the red line
represents the structure where a Mo atom is substituted by a W atom, and the blue line
represents the structure where a Se atom is substituted by a S atom.

atom and a Se atom with an S atom. The transmission function, Seebeck coefficient,
electrical conductance, and the power factor times temperature of the non-defective and
defective structures are shown in Figure 2.11. We can see that the electrical conductivity
and Seebeck coefficient is not significantly affected by the substitutional point defect.

Consequently, the PFTs of these three structures are very similar.
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Figure 2.12 (a) Transmission function (b) electrical conductance (c) Seebeck coefficient
and (d) power factor times temperature of the Au-MoSe2-Au structure containing 3 layers
of MoSe:. The black line represents the SSTI structure with no point defect, the red line
represents the structure with a Se vacancy in the first layer, and the blue line represents
the structure with a Se vacancy in the second layer.

2.4.2 Mo and Se Vacancy

Next, we investigate the effect of vacancy defects on thermionic transport. We created Se
vacancy and Mo vacancy by removing one Se atom and one Mo atom respectively from
the structures. The transmission function, Seebeck coefficient, electrical conductance, and
the power factor times temperature for the Se vacancy are shown in Figure 2.12 and for
Mo vacancy in shown in Figure 2.13. From Figure 2.12(a) and Figure 2.13(a), we can see

that the transmission gap increases due to both Se vacancy and Mo vacancy. However,
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the increase in the transmission gap due to Mo vacancy is higher than the Se vacancy.
Consequently, the electrical conductivity significantly decreases in both types of
defective structures as can be seen in Figure 2.12(b) and Figure 2.13(b). While at high
temperature the electrical conductivity in Se vacant structures decreases by
approximately three times, and the electrical conductivity in Mo vacant structure
decreases by approximately five times. The Seebeck coefficient also decreases in both
types of defective structures. As a result, while both the PFT of the Se vacant structure

and the PFT of the Mo vacant structure fall considerably, the decrease in the Mo vacant
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Figure 2.13 (a) Transmission function (b) electrical conductance (c) Seebeck coefficient
and (d) power factor times temperature of the Au-MoSe2-Au structure containing 3 layers
of MoSe:. The black line represents the SSTI structure with no point defect, the red line
represents the structure with a Mo vacancy.
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structure is far higher. The reduction of PFT is mainly contributed by the significant

decrease in the electrical conductivity in both types of defective structures.

We calculated the partial density of states of bulk MoSe:2 as shown in Figure 2.14 in order
to explain why the effect of Mo vacancy is significantly greater than the Se vacancy. The
Au-MoSex-Au SSTI structure with 3 layers of MoSe2 is an n-type structure. The
transmission function above the Fermi level will thus be most impacted by the vacancy
of the atoms that contribute the most to the density of states above that level. The majority

of the contribution of the density of states of MoSe: above the Fermi level comes from the

B

DOS (states/eV)
N

E-E. (eV)

Figure 2.14 Partial density of states of bulk MoSe2. The d orbital of Mo contributes the
most to the density of states, followed by the p orbital of Se.
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d orbital of Mo, followed by the p orbital of Se as shown by the red and blue lines in

Figure 2.14 respectively.

2.5 Summary

We used first-principle density functional theory (DFT) combined with real-space
Green’s functions formalism to evaluate the performance of SSTI devices with a varying
number of MoSe: layers and with a variety of metallic electrodes. Among the studied
metals, copper makes the lowest energy contact for electron transport while platinum
makes low energy contact for hole transport with MoSe:. The Cu-3 MoSe:-Cu structure
shows an extremely large PFT of 917 MWm?K! at 1200K which is the largest power factor
calculated for thermionic structure based on TMDs. Since the barrier height can be tuned
with the number of layers, we investigated the contact barrier dependence on the number
of layers by studying the contact between gold and 3 to 6 layers of MoSez. We found that
Au with 3 layers of MoSe: shows the lowest barrier height, hence, making better ohmic
contact. Furthermore, we evaluated the performance of solid-state thermionic devices
with 3-6 layers of MoSe: sandwiched between two gold contacts and evaluated how their
performance changes with the number of layers. Structures with 1 & 2 layers of MoSe:
are not included as the transport in these structures is dominated by tunneling of carriers
which is not desirable for SSTI devices. We find that SSTI devices with 3 layers of MoSe2
show optimum performance at the temperature range of 200-500K and 970-1200K while
devices with 4 and 5 layers of MoSe: show optimum performance at the temperature
range of 500-750K and 750K-970K respectively. Therefore, the number of layers can be

optimized for a given target operating temperature. Next, we studied the performance of
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two sets of asymmetric SSTI. Although an asymmetric metallic electrode enhances the
efficiency of a VSTI device, we find that asymmetry of the electrode does not play any
role in improving the performance of SSTI devices because the temperature difference
across the device is very small, and one is in the linear regime. The most important
parameter seems to be the energy barrier height and the structure with the lowest barrier
height (0.10 eV) shows the highest performance. We also estimated the electron mean free
path at the Fermi level and across the MoSe: planes to be 200 A, and 35A at 300K and
1000K respectively which is larger than the thickness of the structures considered here.
Finally, we investigated the impact of point defects, namely substitutional and vacancy
defects, on the performance of MoSe2-based SSTI devices. We find that, whereas both Mo
vacancy and Se vacancy have a significant impact on device performance, the effect of
Mo vacancy is considerably greater. The substitutional defect, on the other hand, has a

minor impact on device performance.
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Chapter 3: Thermoelectric properties of bulk
MoSe2: effect of vdW interaction, electron-phonon

interaction, and ionized impurity scattering

Thermoelectric materials can convert heat energy directly to electricity and vice versa.
Thermoelectric materials are considered to have great potential for power generation,
energy-saving, and heat management [111-116]. Devices made of thermoelectric
materials are extremely simple, have no moving parts, use no greenhouse gases, have a
quiet operation, are environmentally friendly, and are highly reliable [117,118]. Because
of these excellent features, thermoelectric devices have attracted extensive interest for
nearly two centuries. Solid-state thermoelectric devices are generally based on heavily
doped semiconductors such as chalcogenides [119,120], zintl phases[121],
clathrates [122], complex oxides [123], and skutterudites [124,125], and can be used for
cooling applications or electricity generation directly from a heat source. The efficiency
of these devices is determined by a dimensionless figure-of-merit ZT = (5%0/k)T where Z
is the figure-of-merit, T is the absolute temperature, S is the Seebeck coefficient, o is the
electrical conductivity, and k is the total thermal conductivity with contributions from the
lattice (kv) and the electrons (ke) [126]. Besides the traditional power generator and cooling
applications, thermoelectric materials can also be applied to active cooling [3,127], where
large thermal conductivity and power factor are both desired to transfer heat from high-
temperature heat sources to low-temperature heat sinks, and in thermal switches where

heat flux is required to adjust based on ambient conditions [128].
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Two-dimensional (2D) layered materials such as transition metal dichalcogenides
(TMDCs) are good candidates for thermoelectric[64,129-135] as well as
thermionic [66,67,74,136] energy conversion applications because of their large Seebeck
coefficients and low thermal conductivities. Due to weak van der Waals interactions, the
thermal conductivity in the cross-plane direction is small making them ideal candidates
for nanoscale cooling [68,69,137] and power generation. Another important feature of 2D
materialsis that the thermoelectric properties such as electrical conductivity and Seebeck
coefficient depend on the number of layers as the band structure and the bandgap change
with it. In the case of MoSex its bulk has an indirect bandgap of 0.80 eV while monolayer

MoSe: has a direct bandgap of 1.55 eV [79,80,138].

MoSe2, a TMDC material, consists of a transition metal Mo, sandwiched between two
chalcogen layers of Se in which Mo’s and Se’s are covalently bonded within the plane.
However, the Se layer constructs weak van der Waals (vdW) interaction with the next Se
layer perpendicular to the plane to construct bulk MoSe2. Therefore, it is important to
include the van der Waals interaction in the theoretical calculation to correctly obtain the
thermoelectric transport properties of MoSez. It is expected that the inclusion of vdW
interaction in the theoretical calculation affects the cross-plane transport properties

significantly.

Thermoelectricity in semiconductors is the response of electron and phonon currents to
temperature gradients. The interaction between the electrons and phonons plays a crucial
role in this response. To maximize the thermoelectric response, one needs to selectively
heat electrons and minimize the electron-phonon interaction to avoid heat leakage to the

lattice. Only the energy delivered by the electrons is the conversion of heat to electrical
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energy, the part delivered by phonons is wasted. In practice, phonons always exist at
finite temperatures and take some of the input heat directly from the source and some
through electron-phonon energy exchange. Both, lower the performance and serve as
heat leaks. Electron-phonon interaction is an important phenomenon in condensed
matter physics beyond thermoelectricity. Many experimental observations such as
temperature-dependent band structures, zero-point renormalization of the bandgap in
semiconductors, conventional phonon-mediated superconductivity, phonon-assisted
light absorption, Peierls instability [139], the Kohn effect [140], temperature-dependent
electrical resistivity as well as traditional superconductivity [141] are caused by the
electron-phonon interaction. The role of electron-phonon interactions in the transport
properties of systems with strong electron-phonon correlations is one of the central issues

in the theory of strongly correlated systems.

Electron-phonon scattering plays a central role in electron transport in relatively pure
materials [142]. While the impurity and defects lower the electron mobility, their values
are not intrinsic and depend on the quality of the material growth and the number of
impurity and defect centers. In contrast, electron-phonon interaction is an intrinsic
property of a given semiconductor and hence the first step in evaluating the potential of
a semiconductor for thermoelectric applications is to evaluate the electron-phonon
interaction. Over the years, several different open-source codes have been developed to
compute the electron-phonon scattering rate from first-principles calculations [106,143—
146]. These fully first-principles approaches to calculating the electron-phonon
interaction employing density functional perturbation theory (DFPT) combined with

Wannier interpolation [147] can now produce highly accurate electron lifetimes and have
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shown close agreement with experimental measurements of electron mobility and

conductivity of intrinsic samples [106,145].

In the case of doped semiconductors, it is important to include ionized impurity
scattering in addition to electron-phonon interactions. The carrier density in a doped
semiconductor is determined by the relative position of the impurity states to the band
edges (the binding energy) and the temperature. When ionized, the charged impurity
centers scatter the free carriers via Coulomb interactions, affecting their lifetimes. At low
temperatures, when phonon effects are minimal, carrier scattering by ionized impurities
is the dominant scattering determining the carrier mobility. In heavily doped
semiconductors, this regime might be extended to room temperatures. Therefore, it is
important to incorporate ionized impurity scattering along with electron-phonon
scattering in the theoretical transport calculation to accurately predict experimental

results.

In this work, we theoretically evaluate the effect of electron-phonon scattering (EPS) and
ionized impurity scattering (IIS) on the electronic and thermoelectric properties of bulk
MoSe: in the in-plane and cross-plane direction at room temperature without and with
including the effect of vdW interaction. We obtain the EPS rates from the first-principle
calculations and the IIS rates using Brooks-Herring [148] approach. The electronic and
thermoelectric transport properties such as mobility (i), electrical conductivity (o), and
Seebeck coefficient (S) of bulk MoSe: at room temperature in the in-plane and cross-plane
direction are calculated by solving the linearized electron Boltzmann transport equation
(BTE) under the relaxation time approximation (RTA) with the aid of the EPS rates and

IIS rates evaluated at different Fermi Level positions. We compare the calculated in-plane
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mobility and electrical conductivity with experimentally obtained values. Finally, we use
our developed method to optimize the in-plane power factor times temperature (PFT) of

MoSe: with respect to carrier concentration and temperature.

3.1 Computational Details

We compute the EPS rates in bulk MoSe: using first-principles calculations. The EPS rates
are calculated using the PERTURBO package [145]. In the preparation stage, five
calculations are performed before calculating the electron-phonon scattering rates using
PERTURBO. (i) A self-consistent (scf) DFT calculation, (ii) a phonon calculation using
DFPT (iii) a non-self-consistent (nscf) DFT calculation (iv) obtain the Wannier functions
(v) compute the e-ph matrix elements at the coarse k and q points (determined by the nscf
step and the phonon step respectively) grids of Brillouin zones. The DFT and DFPT
calculations are performed using the QUANTUM ESPRESSO package [103]. The

Wannier functions are obtained using the Wannier90 package [99].

For the scf and nscf calculations, the norm-conserving pseudopotentials [104] with the
Perdew-Burke-Ernzerhof (PBE) [92] functional for the exchange-correlation are used. We
used the non-local van der Waals DFT functional (vdW-DF-optb86) [99,100] to correctly
take the vdW interaction into account. A 12x12x4 mesh and an 18x18x6 Monkhorst-Pack
k-point mesh are used for the self-consistent and non-self-consistent field calculations,
respectively and the cutoff energy of the plane wave is chosen as 60 Ry. The convergence
threshold of energy is set to be 102 Ry. Lattice was relaxed with the force convergence

threshold of 1.0e* Ry/Bohr. The obtained relaxed lattice constants of bulk MoSe: in the
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hexagonal structure are a=b=3.31 A and c=12.89 A. Our calculated lattice constants match
the experimentally reported value in the literature [96]. The dynamical matrices and
phonon perturbations are computed on a 6x6x2 q-point mesh in the phonon calculations
using DFPT. The Wannier90 package [99] is employed to obtain the Wannier functions.
For MoSe:, the Wannier function consists of dxy, dxz, dyz, d-2, dx2y2 orbitals on each Mo atom
and px, py, p- orbitals on each Se atom, leading to the wannierization of a total of 22 bands.
Then the e-ph matrix elements on the coarse k-point and g-point Brillouin zone grid is

obtained by the PERTUBO package.

Finally, to obtain the EPS rates (7,_p,), the PERTURBO package [145] is employed to
interpolate the electron-phonon coupling matrices as well as electron and phonon
eigenvalues obtained by DFT and DFPT calculations from coarse to fine k and q point
meshes (40x40x40) using the Wannier interpolation scheme [107]. In addition, and for
comparison and validation, the EPS rates are also computed using the electron-phonon
Wannier (EPW) [106] package based on maximally localized Wannier functions [107,149],
which allows accurate interpolation of electron-phonon couplings from coarse grids to
arbitrarily dense grids. The EPS rates calculated using these two packages show similar

values.

We calculated the IIS rates (7;,,) using the Brooks-Herring approach for different doping

concentrations [148]. The IIS rate is given by,

-1

8m3h3e2e Y?
- % DOS(E)v?(E)
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Timp (E) =

where Y2 = 4n2L2hDOS(E)v(E), h is the reduced Plank constant, &, is the relative
permittivity, €, is the permittivity of free space, N; is the impurity concentration, q is the
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electronic charge, L, is the Debye length, DOS(E) is the density of states, and v(E) is the
group velocity. To obtain the effect of both EPS and IIS scattering both are combined

using Matthiessen's rule (z7!

= 7,20 + Timp). The electron mobilities, electrical
conductivities, and the Seebeck coefficients are calculated using the PERTURBO [145]

code based on the BTE under the RTA.

3.2 Result and Discussion

3.2.1 Band structure and Phonon Dispersion

The electronic band structures of bulk MoSe: with and without the inclusion of vdW
interaction are shown in Figure 3.1(a). The band structure calculated in this work is in
agreement with the previous calculation [150]. The bulk MoSe: shows an indirect
bandgap of 0.80 eV. This is in agreement with the previously reported theoretical

value [80,138]. The calculated phonon dispersions using DFPT with and without the
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Figure 3.1. (a) Electronic band structure and (b) phonon dispersion of bulk MoSe2
without (red) and with (blue) the inclusion of vdW interaction.
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Figure 3.2 The band structure of MoSe2. Results from DFT calculations (blue solid lines)

and Wannier interpolation (red solid lines) are overlaid.

inclusion of vdW interaction are shown in Figure 3.1(b). The DFT band structure was then
interpolated using the maximally localized Wannier function. The DFT calculated band
structures and the band structure obtained from Wannier interpolation show very good
agreement as shown in Figure 3.2. We observe that the effect of vdW interactions is

minimal on the band structure and the phonon dispersions.

3.2.2 Mobility and Electrical Conductivity

We focus on the n-type samples and study the electron-phonon interaction within the
conduction band. Figure 3.3(a) shows the calculated EPS rates obtained from the EPW and

PERTURBO codes together with the electronic density of states (DOS) with respect to the
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Figure 3.3 (a) Electron-phonon scattering rates in MoSe:z calculated using EPW and
PERTURBO code together with the electronic density of states. (b) Electron-phonon
scattering rates and ionized-impurity scattering rates with carrier concentration between

10 and 10 cm™ at 300 K.
conduction band minimum (CBM). The EPS rates obtained from these two codes show
close agreement. The scattering rates versus electron energy show a similar trend to that
of the electronic DOS, consistent with the fact that the DOS regulates the phase space for
electron-phonon scattering [151]. The IIS rates for the carrier concentration of 10, 107,

and 10" cm?® at 300K along with the EPS rates are shown in Figure 3.3(b).

Using our calculated scattering rates, the room-temperature electron mobilities and
electrical conductivities are calculated using the BTE under the RTA. In this work, we
mainly focus on electron transport in the in-plane and cross-plane directions at room
temperature. The electron transport properties namely the mobility and conductivity are
calculated for four combinations as shown in Figure 3.4 and Figure 3.5: (i) without vdW
interaction and inclusion of only EPS rates (red curves), (ii) with vdW interaction and
inclusion of only EPS rates (blue curves), (iii) without vdW interaction and inclusion of

the combination of EPS and IIS rates (green curves), and (iv) with vdW interaction and
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Figure 3.4 The (a) in-plane and (b) cross-plane mobility vs carrier concentration are
calculated using the Boltzmann transport equation under the constant relaxation time
approximation. The in-plane electrical mobilities are compared with the in-plane
experimental Hall mobilities from literature.

inclusion of the combination of EPS and IIS rates (black curves). Figure 3.4 shows the room
temperature electron mobility in the in-plane and cross-plane direction for the carrier
concentration range of 10 to 10 cm?3. Our calculated in-plane electron mobility at room
temperature with the inclusion of only EPS rates and without vdW interaction is 192
cm?/Vs while including the vdW interaction is 200 cm?/Vs. These values are independent
of the carrier concentration. The obtained cross-plane mobility with the inclusion of only
EPS rates and without including the vdW interaction is 2.47 cm?/Vs while with including
the vdW interaction is 1.46 cm?/Vs. We can see that the effect of vdW interaction on the
in-plane mobility is small while the cross-plane mobility decreased by a factor of 1.7. This
is expected as Mo’s and Se’s are covalently bonded within the plane while the Se layer
constructs weak vdW interaction with the next Se layer in the cross-plane direction in the
MoSe: structure and to accurately predict the electronic transport in the cross-plane

direction this vdW interaction needs to be accounted for in the calculations.
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The theoretical mobility with the inclusion of only EPS rate is relatively insensitive to
carrier concentration within the carrier concentration range of 10'® to 10%® cm?. The
experimentally measured in-plane room temperature Hall mobilities of single-crystal
MoSe: are extracted from literature for different carrier concentrations. Within the range
of carrier concentration from 3x10' to 1.4x10'” cm, the Hall mobility varies from -55 to
~175 cm?/Vs as shown in Figure 3.4(a). The calculated in-plane mobility is overestimated
compared to all the experimentally measured values. This is because we only included
the EPS rates in the transport calculation which is the dominant scattering mechanism at
low carrier concentration. However, as the carrier concentration increases, the
contribution of the IIS rates in the transport properties is no longer negligible. Therefore,
we need to include both the EPS rates and IIS rates in the transport calculation to correctly
predict the experimental results. We can see from Figure 3.4(a) that with the inclusion of
both EPS rates and IIS rates in the transport calculation, mobility gradually decreases as
the carrier concentration increases in the in-plane and cross-plane directions.
Furthermore, we can see from Figure 3.4(a) that the in-plane theoretical mobility closely
matches the experimental mobility with the inclusion of both EPS rates and IIS rates thus
confirming that the IIS rates need to be accounted for in the transport calculation to

accurately predict electronic transport properties.

Next, we calculate the in-plane and cross-plane electrical conductivities at room
temperature for the same four combinations. The calculated in-plane and cross-plane
room temperature electrical conductivity for carrier concentrations from 10 to 10'® cm
are shown in Figure 3.5. First, we calculate the in-plane and cross-plane electrical

conductivities with the inclusion of only EPS rates. The in-plane and cross-plane electrical
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Figure 3.5 The (a) in-plane and (b) cross-plane electrical conductivity vs carrier
concentration are calculated using the Boltzmann transport equation under the constant
relaxation time approximation. The in-plane electrical conductivity is compared with
the electrical conductivity of single crystal MoSe: from the literature.

conductivities increase as the carrier concentrations increase, which is consistent with the
behavior of semiconductor materials. The inclusion of vdW interaction does not affect the
in-plane electrical conductivity as shown by the overlap of red and blue lines in Figure
3.5(a). However, the vdW interaction reduces the cross-plane electrical conductivity as
shown in Figure 3.5(b). We compare our calculated in-plane electrical conductivity with
the experimentally measured in-plane electrical conductivity of single crystal
MoSe: [152-155]. Our calculated in-plane values are larger than the experimental values
as shown in Figure 3.5(a). This is consistent with the fact that other scattering mechanisms
are present in real materials along with EPS whereas we only included the EPS rates in
the transport calculation. Therefore, we included the combination of both EPS rate and
IIS rate in the transport calculation. We can see from Figure 3.5 that the inclusion of IIS
rates along with EPS rates has a small effect on the electrical conductivity at low carrier

concentration but significantly modifies it as the carrier concentration becomes large.

Now, our calculated in-plane electrical conductivity values closely match the
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experimental values as shown in Figure 3.5(a) implying that the inclusion of both the EPS
rate and IIS rate is important in the transport calculation of bulk MoSe: at room

temperature.

3.2.3 Seebeck Coefficient

The in-plane and cross-plane Seebeck coefficients are calculated using the BTE under the
RTA. In this case, only the theoretically calculated EPS rates from the first principles are
used to estimate the relaxation time. To carry out the quantitative comparison, we
calculate the Seebeck coefficient using the constant relaxation time approximation
(CRTA) employing the BoltzTrap code [108]. Figure 3.6(a) and Figure 3.6 show the room
temperature in-plane and cross-plane Seebeck coefficient vs chemical potential with

respect to the conduction band minimum (CBM) calculated using RTA and CRTA. The
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Figure 3.6 Room temperature Seebeck coefficient vs chemical potential in the (a) in-plane
and (b) cross-plane direction. The conduction band minima calculated from Boltztrap and
Perturbo code are taken as the reference point, zero. The red star represents the
experimentally measured Seebeck coefficient.
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Seebeck coefficient from RTA and CRTA show very good agreement confirming that the
Seebeck coefficient is not sensitive to the details of relaxation times. The calculated
Seebeck coefficients with and without including the vdW interaction are also shown in
Figure 3.6. The Seebeck coefficient value decreases as the chemical potential increases,
which is consistent with the fact that higher chemical potential represents higher carrier
concentration which contributes to the reduction of the Seebeck coefficient. The cross-
plane Seebeck coefficient is larger than the in-plane Seebeck coefficient for the same
chemical potential. In the case of the Seebeck coefficient, there is no effect of vdW
interaction in the in-plane direction while there is a small but insignificant effect in the
cross-plane direction. Agarwal et al. reported experimentally measured room
temperature Seebeck coefficient of -960 uV/K at a carrier concentration of 1.78x10' cm-
3[156]. The chemical potential that corresponds to this carrier concentration is 0.21 eV
below the CBM. In Figure 3.6(a), the experimental Seebeck coefficient is shown as a red
star. The calculated Seebeck coefficient of -1035 uV/K at room temperature at the chemical
potential of 0.21 eV below the CBM is a reasonable estimate of the experimentally
measured value. The inclusion of the combination of both the EPS rates and IIS rates in
the Seebeck calculation does not have any effect on the Seebeck coefficients further

confirming the insensitiveness of the Seebeck coefficient on the details of relaxation times.

3.2.4 Power Factor Optimization

After reproducing the experimental in-plane transport properties of MoSe: with
reasonable accuracy, we used our developed method to optimize the PFT with respect to
carrier concentration and temperature. Figure 3.7(a) shows the optimized in-plane power
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Figure 3.7 (a) In-plane power factor times temperature vs carrier concentration of bulk
MoSe: at 300K. (b) In-plane power factor times temperature vs temperature of bulk
MoSe: at a carrier concentration of 1.5x10% cm?.
factor with respect to carrier concentration at 300K. The in-plane PFT reaches a maximum
value of 0.6 Wm K" at a carrier concentration of 1.5x10% cm=?at 300K. Then we fixed the
carrier concentration at 1.5x10% ¢cm?® and varied the temperature from 300K to 1200K.

Figure 3.7(b) shows in-pane PFT vs temperature at a carrier concentration of 1.5x10% cm-

3. The PFT shows a maximum value of 1.07 Wm1K-"at 1000K.

3.3 Summary

In summary, we calculated the electron-phonon scattering rates of bulk MoSe: using two
tull first principle-based codes, PERTURBO and EPW. The ionized impurity scattering
rates are calculated using the Brooks-Herring method. The calculated rates are then used
to obtain the in-plane and the cross-plane electronic and thermoelectric properties of bulk

MoSe: at room temperature with and without including the vdW interaction using the
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BTE under the RTA. The calculated in-plane and cross-plane electron mobility with the
inclusion of only electron-phonon scattering rates at room temperature without and with
incorporating the vdW interaction is relatively insensitive to carrier concentration for a
carrier concentration range of 10'° to 10’ cm?. The in-plane mobilities are not affected by
the vdW interaction while the cross-plane mobilities are reduced by 1.7 times thus
confirming that the inclusion of vdW interaction is important to accurately predict the
cross-plane transport properties of MoSez. The theoretically calculated in-plane electron
mobilities and electrical conductivity values are overestimated compared to the
experimental mobilities when electron-phonon scattering rates are only included. At high
doping levels, the electron transport is affected by ionized impurity scatterings in
addition to the electron-phonon scattering. We were able to reproduce the experimentally
measured in-plane electron mobilities and electrical conductivities after the inclusion of
both rates and with no fitting parameters. The Seebeck coefficients are calculated by
solving the linearized electron BTE under the RTA with the aid of the first-principles
electron-phonon scattering rates evaluated at different Fermi Level positions. To compare
the calculated Seebeck coefficient under RTA, the Seebeck coefficients are again
calculated using BTE under CRTA. The RTA and CRTA Seebeck coefficients show a good
agreement indicating that the Seebeck coefficient is not sensitive to the details of the
relaxation time. The inclusion of both the electron-phonon scattering rates and the
ionized-impurity scattering rates in the Seebeck calculation did not influence the Seebeck
coefficients, further proving the insensitivity of the Seebeck coefficient to the specifics of

relaxation times. Finally, we used our developed method to optimize the PFT in terms of
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carrier concentration and temperature. We find that MoSe2 shows a maximum PFT of 1.07

Wm1K? at 1000K with a carrier concentration of 1.5x10%° cm3.
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Chapter 4: Theoretical and experimental thermionic
transport across gold-graphene-WSe: van der Waals

Heterostructures

Solid-state thermionic (SSTI) power generators can be viewed as intermediate between
vacuum-state thermionic converters and thermoelectric power generators. Like many
other heat engines, these devices can work either as power generators where they convert
input heat to electricity, or coolers where applied electricity is used to pump heat. The
SSTI power generators and refrigerators were first proposed by Shakouri [19] and
Mahan [21] independently as an alternative to vacuum state thermionic converters. These
devices are made by inserting a semiconducting layer between metallic electrodes. The
semiconducting layer forms an energy barrier for charge carriers allowing only hot ones
to pass [64,157,158]. This current flow is referred to as thermionic current. The SSTI
devices are similar to vacuum state thermionic ones wherein the vacuum is replaced by
the semiconducting layer. Due to the lower energy barrier, the SSTI devices operate at
temperatures much smaller than the vacuum state thermionic devices. The SSTI devices
are also very similar to thermoelectric devices. The most important difference is that the
thermionic transport in SSTI devices is ballistic, whereas the thermoelectric transport is
diffusive. Like thermoelectric devices, it is possible to define an equivalent figure of merit,
ZT for SSTI devices. The figure of merit concept is borrowed from the thermoelectric field

2
and is defined as ZT = GSK T, where o is the electrical conductivity, S is the Seebeck

coefficient and k is the thermal conductivity. We note that the energy conversion

72



efficiency and the coefficient of performance (COP) equations of SSTI devices are not the
same as the ones for thermoelectric devices [20,21]. Only after linearizing the equations
(that is under small temperature drops and small voltage drops), an analogy to
thermoelectric modules could be drawn. In this analogy, the Seebeck coefficient is the
energy barrier height (in units of volt) divided by the temperature plus a constant. It can
be shown numerically that thermoelectric equations can reproduce thermionic results
accurately, which is a remarkable observation by Mahan [44]. Theoretical investigations
had conflicting predictions comparing the efficiency of SSTI converters to those of
thermoelectric devices [19-21,51,76]. In SSTI converters, in order to maintain ballistic
transport of the hot electrons, the semiconducting layer thickness, L, should be equal to
or less than the electron mean free path, . On the other hand, a minimum length, L,, is
needed to suppress the tunneling of electrons, which is undesirable since low energy
electrons (with energies smaller than the chemical potential, u) act as holes and lower the
efficiency of the electron transmitting device (similar to bipolar effect in the case of
thermoelectric transport). Thus, the semiconducting layer thickness should satisfy the

condition: L; < L < A.

Recently, highly efficient SSTI converters made out of 2D layered materials were
proposed theoretically and computationally [39,73,76]. In these structures, the in-plane
atoms are covalently bonded while the layers in the cross-plane direction, are weakly
bonded by van der Waals forces. Due to weak interlayer bonding, it is possible to stack
different 2D materials on top of each other without any strain that would otherwise
develop because of lattice mismatch in the presence of a strong bonding [55]. The

bandgap of 2D materials can be tuned by applying strain, electric field, and also by
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changing the number of stacked layers. Arsenene, the monolayer of arsenic, for example,
has been reported to show a smooth transition from semi-metallic to semiconducting
state for a different number of stacked layers [159]. It is also reported that arsenene, an
indirect bandgap semiconductor can be converted to a direct bandgap semiconductor by
applying compressive and tensile strain along its a-axis [159]. Another important
property of 2D layered heterostructures is their low value of thermal conductance in the
cross-plane direction which is the result of the weak van der Waals interlayer bonding.
In solid-state thermionic devices, the thermal conductance should be minimized, and
extremely small values of 0.1 MWm~™2K ! are desirable for achieving high efficiency [42].
The main challenge is to achieve these small conductance values at small length scales to
preserve the ballistic nature of thermionic transport. Extremely small conductance values
have already been demonstrated in several 2D layered structures and at nanometer
length scales. For example, Yuan et al. reported thermal conductance values smaller than
1 MWm™2K~"! across seven layers of MoS: [59]. Zhang et al. estimated the interfacial
thermal conductance across monolayer and bilayer MoSe: to be of the order 0.1-1
MWm™2K~ [160]. Massicotte et al. reported a cross-plane thermal conductance of
0.5 MWm™2K~! across graphene-WSezx-graphene heterostructure that were tested for
photo-thermionic emission [61]. Chen et al. reported a low thermal conductance of 2.36
MWm~™2K~! for Graphene-h-BN-graphene heterostructure [37]. In this structure, h-BN
forms too high of an energy barrier for electrons and results in poor electronic properties.
Therefore, the structure’s figure of merit at room temperature is only on the order of 10-
6. To our knowledge, this is the only experimentally measured ZT for layered structures

across a few nanometers.
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Due to the lack of well-established measurement methods [77,161], currently, there are
very few experimental studies focused on the efficiency of the solid-state thermionic
converters made out of 2D van der Waals heterostructures. In this work, we study
thermionic transport across a gold-graphene-3 layer of WSez-graphene-gold (Au-Gr-
3WSe2-Gr-Au) structure computationally and experimentally. We report a new
experimental technique that combines the thermoreflectance and cooling curve
measurements to extract the equivalent figure merit of the SSTI converter. Although our
measured room temperature figure of merit is small (ZT = 1.5 x 103), this value is three
orders of magnitude higher than the previously reported value for similar types of 2D
heterostructures [37]. The experimental values are in close agreement with the

theoretical values calculated for this structure.

4.1 Materials and Methods

4.1.1 Device Fabrication

A bottom graphene layer, 3 layers of WSe2, and a top graphene layer were mechanically
exfoliated and transferred on the substrate in sequence using a polydimethylsiloxane
(PDMS)-assisted transfer method. The thickness of WSe: was identified by using optical
contrasts on an optical microscope image of the WSe2 on the PDMS where thicknesses of
reference samples (from 1 to 5 layers) were measured by atomic force microscopy (AFM)
and their optical contrasts in the green channel of a charge-coupled device camera were
served as reference values. Metal electrodes (Ti/Au-3nm/100nm) were deposited by using

a general photolithography process and electron-beam evaporation. The fabricated
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device was annealed at 200°C in a vacuum chamber overnight to achieve the Ohmic

contact between metal and graphene.

4.1.2 Transport Characterization

The I-V curve of the device is measured using the two probe method. The
thermoreflectance measurement is based on the relative change in the reflectivity (due to
change of refractive index) of a device surface as a function of change in temperature,

which can be represented by the following first-order relationship [162]:

AR 1 SR
R_o = (R_o E) AT = CthAT

where AR is the change in reflectivity, R is the reflected light, Cs is the thermoreflectance
calibration coefficient and AT is the change in temperature. The calibration coefficient is
typical of the order of 10 to 10°and dependent on the sample material, the wavelength
of the illuminating light, the angle of incidence (and thus, by extension, the surface
roughness), and the composition of the sample in the case of multi-layer structures.
Therefore, calibration for each material is required to determine the exact value of the
calibration coefficient. The calibration method consists of heating the sample using an
external thermoelectric (TE) heating stage and a micro-thermocouple to record the
induced temperature change. The sample is heated at two distinct temperatures where
the reflectance distribution of the surface is measured. By measuring the change in

reflectance, the thermoreflectance coefficient can be calculated at each location across the
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sample surface. The measured calibration coefficient using 530nm LED on the overlap

region of our sample is 2.0 (+ 0.3) x 10

Thermoreflectance measurement is carried out on the sample using the Microsanj
NT220B system. The thermoreflectance measurement system consists of a pulse
generator, a signal generator, and a control unit. A 530nm green LED was used as an
illuminator and was focused onto the sample’s top surface through a beam splitter and a
high magnification objective. The reflected light that contained the information on the
sample's surface temperature change was collected by a charge-coupled device (CCD)
detector. A 100us voltage pulse was applied to the metallic contacts and the temperature
response of the sample was measured at 90us. Steady-state conditions were achieved

after 50 to 70ps.

We use time-domain thermoreflectance (TDTR) to characterize the conductance of the
Gr-3WSex-Gr structure. Our two-tint implementation of the technique is discussed
elsewhere in the literature [163], along with the associated analysis of the
technique [164-166]. We first coat a nominal 80 nm Al transducer onto our Gr-3WSez-Gr
structure, which has been mechanically exfoliated previously onto silicon with a thermal
oxide of 300 nm. The thickness of the Al was confirmed via picosecond
acoustics [167,168], while its thermal conductivity was determined from reference
specimens placed near the Gr-3WSe:-Gr sample during deposition. The effective 1/e?
pump/probe radii are ~1.5um. The measured conductance at the Al-Gr-5iO: interface is
found to be 20 MW m=2 K1, while that of the Al-Gr-3WSe:-Gr-SiO: interface is 9 MWm2K-

1. Because these two measurements reflect the series resistances of the structures, we can
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use these values to determine the thermal conductance of the Gr-3WSe:-Gr structure

alone. Doing so allows us to extract a conductance of 17 MW m2K- for the structure.

4.1.3 Computational Methods

To study the structural and electronic properties of the Au-Gr-WSe2-Gr-Au van der Waals
heterostructure, we used the state-of-the-art density functional theory-based first-
principles calculations, as implemented in the Siesta package [91]. We used the
exchange-correlation functional of Perdew-Burke-Ernzerhof [92] revised for solids [93]
and standard basis set, namely, double zeta plus polarization (DZP). Real space mesh
cutoff energy was set to 300 Ry. A single k point in the cross-plane direction whereas a
5x5x1 k mesh in the basal plane was used for the Brillouin zone sampling. The in-plane
lattice constants were fixed to the relaxed gold <111> plane while the graphene and WSe:
lattices were adapted accordingly (2V3apuci11> = 4ag, = V7 Awse,, a is the lattice
constant). The cross-plane direction was relaxed without any constraint. The forces of all
the atoms were relaxed within 0.01 eV/A. The ballistic transport properties were
calculated using the real space Green’s function method as in the TranSiesta
implementation [101]. Phonon thermal conductance was calculated using Green’s

function method simplified for the 1D model [73].
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4.2 Results
4.2.1 Electrical Transport

Au-Gr-3WSe:-Gr-Au device was fabricated on Si/SiO: substrate where the device
structure is illustrated in Figure 4.1A. A bottom graphene layer, a 3-layers WSe:, and a top

graphene layer were mechanically exfoliated and transferred on the substrate in sequence
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Figure 4.1 Au-Gr-3WSe>-Gr-Au device. (A) Illustration of the cross-section of the Au-Gr-
3WSe2-Gr-Au structure. The three layers of WSe: flake are sandwiched by the top and
bottom graphene layers on a Si/SiO: substrate, and contact metals (Ti/Au) are deposited
on the top and bottom graphene layers. (B) Optical microscope image of an Au-Gr-3WSe:-
Gr-Au device. The three layers of WSe:, top graphene, and bottom graphene are

highlighted by red, white, and black dashed lines, respectively. Scale bar, 20mm. (C) I-V
curve of the fabricated Au-Gr-3WSe2-Gr-Au device.
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using a polydimethylsiloxane (PDMS)-assisted transfer method. The thickness of WSe:
was identified by using optical contrasts on an optical microscope image of the WSez on
the PDMS where thicknesses of reference samples (from 1 to 5 layers) were measured by
atomic force microscopy (AFM) and their optical contrasts in the green channel of a
charge-coupled device camera were served as reference values. Metal electrodes (Ti/Au-
3nm/100nm) were deposited by using a general photolithography process and electron-
beam evaporation. The fabricated device was annealed at 200°C in a vacuum chamber
overnight to achieve the Ohmic contact between metal and graphene. The optical
microscope image of the fabricated device is shown in Figure 4.1B, and Figure 4.1C shows
the current-voltage characteristic measured across the top and bottom metal contacts,
indicating a near-Ohmic contact. Our further analysis shows that the measured value is
dominated by the contact resistance between Au/Ti and graphene (see supplementary

materials section).

The room-temperature Seebeck coefficient of this structure is measured by the set-up

schematically shown in Figure 4.2A. A small external heater was placed close to one of
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Figure 4.2 Seebeck measurement. (A) Schematic of the Seebeck measurement setup. (B)
Seebeck voltage measured versus applied temperature difference. The measured
Seebeck coefficient is 72 + 12 uV/K.
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the metallic pads to create a local hot spot. We then used two thermocouples and two
electrical probes directly connected to the gold pads (contacts) to simultaneously measure
the temperature differential and the Seebeck voltage across the Au-Gr-WSe:-Gr-Au
device. The device-level Seebeck coefficient can be estimated by linearly fitting the
measured Seebeck voltage (V) with respect to the measured temperature differential AT
(°K) as shown in Figure 4.2B. It is noted that the data suffer from a large noise due to the
non-uniformity of the induced temperature gradient across the sample. Nevertheless,
our obtained experimental Seebeck coefficient ~ 72+12 uV/K is in good agreement with
the theoretically calculated value of 86 uV/K using first principles and Green’s function

calculations.

We note that the measured Seebeck coefficient should be interpreted as the device-level
Seebeck coefficient and includes contributions from the graphene ribbons as well as the
Gr-3WSe:-Gr overlap region. While it is not possible to separate the contribution of these
two regions, we note that the majority of the Seebeck signal is from the overlap region.
The thermal resistance of the overlap region is much larger than that of the graphene

ribbons, hence the majority of the temperature drop is in the overlap region.

Thermionic transport across Au-Gr-WSe:-Gr-Au structure with 3-5 layers of WSe: is
studied computationally using first-principles calculations combined with real-space
Green’s function formalism. The schematic of the studied structure is shown in Figure 4.3
and the local density of states of the structure is shown in Figure 4.3B. The energy barrier
height is about 0.1 eV. It is expected that the optimal barrier height for thermionic
application is around 2ksT [20], therefore it is expected that this device works best at

temperatures above 600°K. To reduce the energy barrier, one way is to replace gold with
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another metal with a larger work function. Figure 4.3C shows the calculated local density
of states for platinum with a larger work function which is a better match to the work
function of the current structure and hence has a lower energy barrier. In addition,
platinum has a larger density of the states at the Fermi level resulting in higher carrier
conductance. The electronic transmission function of both gold and platinum structures

is shown in Figure 4.4A. Both structures show a clear gap when more than 3 layers of
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Figure 4.3 Electronic structure of Au/Pt-Gr-WSe2>-Gr-Au/Pt.(A) Ball-stick model for the
configuration of Au/Pt-Gr-WSe:-Gr-Au/Pt. The yellow, green, gray, and brown balls
denote Au/Pt, Se, W, and C atoms, respectively. (B) Contour plot of the LDOS of the Au-
Gr-WSe2-G.

WSe: are present indicating that three layers are enough to suppress the tunneling
current. Using the density of the state and the transmission function, the electronic
transport properties could be calculated using linear response integrals. The results

indicate a very small electrical conductance value of 3.5x 107 in units of quantum
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Figure 4.4 Transport properties of Au/Pt-Gr-WSe>-Gr-Au/Pt.(A) Electron transmission
function in the cross-plane direction of the gold structure (solid blue line) and the
platinum structure (red dotted line). (B) Calculated Seebeck coefficient (S, red line) and
electrical conductance (G, blue line) versus temperature of both gold and platinum
structure. The red circle is the experimentally measured Seebeck coefficient at room
temperature. (C) Phonon transmission function in the cross-plane direction of the gold
structure (solid blue line) and the platinum structure (red dotted line). (D) Calculated
electronic thermal conductance (Ge, red line) and lattice thermal conductance (Gph, blue
line) versus temperature of both gold and platinum structure.

conductance for Au-Gr-3WSe:-Gr-Au structure. This value is equivalent to a resistance
times area of 3.7x 107'°Qm? which is too small for efficient performance. The
conductance is greatly enhanced when gold is replaced by platinum as shown in Figure

4.4B due to the lower energy barrier of the platinum structure. The calculated equivalent
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Seebeck coefficient of Au-Gr-3WSe>-Gr-Au structure is 86 uV/K at room temperatures
consistent with our experimentally measured value and increases to 292 pV/K at high

temperatures (T~700°K) as shown in Figure 4.4B.

4.2.2 Thermal transport

Due to the large size of the supercell, full first-principles calculations of lattice thermal
conductance values are too costly for the current structure. Therefore, we used a simpler
1D model as described in our previous publication [73]. The calculated phonon thermal
conductance of Au-Gr-3WSez-Gr-Au is about 14 MWm™2K™*. Due to the ballistic nature
of transport, at temperatures above 200°K, the thermal conductance values do not change
significantly as shown in Figure 4.4D. The electronic part of the thermal conductance is
an order of magnitude smaller compared to the lattice part at room temperatures but
reaches 0.2 MWm™2K ™! at 680K. Finally, overall ZT is small. The calculated electronic and
phononic transmission functions, the Seebeck coefficient, and the electrical and thermal
conductance are shown in Figure 4.4. As mentioned, the small electronic conductance is
the main drawback of the current structure. To demonstrate the importance of metallic
contact, we also report theoretical results of replacing gold with platinum. Due to
improved conductance values, the platinum structure shows much larger ZT values as

shown in the supplementary materials.

To check the validity of the theory, we used time-domain thermoreflectance (TDTR)
measurements to experimentally measure the thermal conductance of the fabricated

device [163]. We deposit a nominal 80 nm thick aluminum layer via electron-beam
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evaporation to serve as a transducer for the Gr-3WSe>-Gr device. The measured resistance
thus encompasses contributions from the Al-Gr interface, the Gr-3WSe:-Gr structure, and
the Gr-5iO: interface. The measured conductance accounting for each of these
contributions is determined to be 9 MWm™2K~*. We also measure the conductance of the

Al-Gr-SiO: interface and determine this to be 20 MW m2 K-,

Using a series resistor model, discussed further in the Supplementary Materials, the
thermal conductance of the Gr-WSe>-Gr layer can be extracted to be 17 MWm~2K ™. This
is in good agreement with the theoretically calculated value. We note that the Au-Gr
contacts are not included in the experiment and if included, they will lower the overall

thermal conductance value.

Finally, we evaluate the device-level ZT by directly measuring the cooling curve of the
device using a thermoreflectance imaging technique. We borrow the cooling curve
concept from the thermoelectric field. This measurement is done routinely for testing the
device performance of thermoelectric devices. The principle is as follows: A temperature
difference develops as a result of applying an electric current to a Peltier module. This
temperature difference is due to the Peltier effect and the Joule heating. The temperature
difference is measured at a steady state for a range of applied currents. It is shown that
the maximum cooling (AT;,) is achieved when the cold side is fully isolated (zero heat
tlux), the hot side is connected to a heat sink (constant temperature boundary conditions)

and the current is equal to I, = % where T¢ is the temperature on the cold side, and R

is the resistance of the device. Under these conditions, AT, is proportional to the ZT of

the device following Eq. (E4) [169,170]:
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To perform cooling curve measurements, we use the thermoreflectance technique
wherein a pulsed voltage is applied across the device and the 2D temperature profile of
the device is obtained by mapping the local changes in the reflectance coefficient to the
local temperature. To help visually perceive the thermal condition in the device under

bias for thermoreflectance imaging, we demonstrate the temperature mapping of the
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Figure 4.5 Thermal imaging of the Joule heating inside the structure and cooling curve.
(A) Joule heating: 2D temperature map of the Au-Gr-WSe2-Gr-Au device under a
relatively high-voltage 2 V obtained using the thermoreflectance method. Joule heating
dominates in the Gr-WSe2-Gr junction and leaks through the graphene ribbon and gold
contacts. (B) Cooling curve: The temperature difference between the substrate and top of
the active device in Kelvin versus applied voltage at small applied voltages.

device under a relatively large pulsed voltage of 2V, shown in Figure 4.5A. Joule heating

of up to 9°C is observed at the top surface of the Gr-WSe:-Gr junction. The hot spots
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indicate the inhomogeneity or defects at the interface. It is observed that the heat is mostly
generated in the active layers and leaks through the graphene ribbons and gold contacts.
Figure 4.5B shows the cooling curve obtained by using the thermoreflectance imaging
technique under low bias voltages up to ~0.06V. Using Eq. E1, we can estimate an
equivalent ZT to be 1.5 x 10® for the Au-Gr-3WSe:-Gr-Au structure. The boundary
conditions used to obtain Eq. E4 is not satisfied with our experiment. First, the device is
fabricated on a 5iOz layer, which cannot dissipate the heat effectively and cannot serve as
a perfect heat sink. Second, the cold side is not thermally isolated and there is a small
heat leak due to convection since the measurement is not performed in a vacuum.
Therefore, our measured ZT is considered to be underestimated for this device structure.
While still too small for practical application, our measured ZT already shows three
orders of magnitude enhancement compared with the previously reported ZT values for

similar nanometer-thick 2D layered heterostructures [37].

4.3 Summary and Discussion

To summarize, we have used first-principles calculations combined with Green’s
function formalism to estimate the thermionic performance of Au-Gr-1 to 5 layers of
WSe2-Gr-Au structures. We further fabricated the device and measured its performance
to validate the theory. The calculated transmission function indicated a clear suppression
of tunneling current for structures with more than 3 layers of WSez. Therefore, 3 layers
are enough to build a thermionic device. The calculated barrier heightis 0.1 eV indicating
that this device operates best at temperatures above 600°K. The electronic conductance

and the Seebeck coefficient, both increases with temperature as shown in Figure 4.4B. The
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room temperature calculated Seebeck coefficient is in close agreement with the
experimentally measured value of 72 nV/K signifying the accuracy of the calculations.

In the cross-plane direction, the thermal conductivity of the WSe: layered structure has
been reported to be as low as 0.05 W m K1, which is among the lowest possible thermal
conductivity values in a solid [171]. This ultra-low thermal conductivity, along with the
large thermal boundary resistance values reported for interfaces of 2D layered
heterostructures, points to small values for the thermal conductance of the studied

structure.

The calculated lattice thermal conductance of 14 MWm™2K™? for Au-Gr-3WSe>-G-Au is
close to the measured value of 17 MWm™2K ™! for Gr-3WSe>-Gr. The thermal conductance
at Au-Gr contacts is low and is about 20 MWm~2K™1. It is shown that the limited phonon
density of states in Au, is the determining factor in thermal transport at Au-Gr
interfaces [172,173]. If we add the thermal resistance of the Au-Gr contacts in series to
the Gr-3WSe>-Gr, we obtain a value of 6.3 MWm™?K~!. The experimentally measured
conductance value is smaller than the theoretically calculated one due to the inevitable
presence of defects. Values for similar structures have been reported in the literature.
Massicotte et al. reported a conductance of 0.5 MW m2 K for Au-Gr-4WSe>-Gr-Au [61].
However, we note that the conductance reported reflects that of electron-phonon
coupling at Gr-hBN interfaces, a parallel process to the phonon-mediated conductance
across these interfaces. Thus, we cannot make direct comparisons between values
determined in our work and those found in the literature. The contribution of electron-
phonon coupling to the conductance of 3- and 4-layer WSe: are reported to be similar due

to the ballistic nature of transport in these layers [61], however, the total thermal
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conductance across metal-WSez-substrate interfaces have been shown to decrease
following an increase in the number of WSe: layers [174]. The trend in the latter is
consistent with the ultralow thermal conductivity of WSe2 [171], as the resistances

compound follows an increase in the number of layers.

The I-V curve of the fabricated structure indicates a near-Ohmic contact. The overall
electrical conductance value calculated for the Au-Gr-3WSe:-Gr-Au is small. For the
fabricated structure with an area of roughly 3 um X 3um, the resistance is about 40Q. Our
contact resistance measurements indicate Au-Ti-Gr contact varies from device to device
and has a range from 0.5 to 2 kQ. In other words, contact resistance is the dominant
resistance in the experiment. If we use the measured Seebeck coefficient, the calculated
resistance, and the measured thermal conductance, we obtain a ZT of 7x 10~ for the
current structure which is twice smaller than the directly measured ZT value using
thermoreflectance measurements. There are many sources of error when calculating ZT
from the three transport properties. First, while TDTR measurements are reliable for these
measurements, we used a resistive model to add the thermal resistance of Au-Gr and Gr-
3WSe:-Gr which only gives a rough idea about the overall thermal resistance of the
device. Second, we were not able to extract the electrical conductance of the device due
to the large contact resistance and hence we used the theoretical value for it. Finally, there
are sample variations due to the presence of defects and we note that the TDTR

measurement was performed on a different sample.

The directly measured ZT value using the thermoreflectance method, 1.5 x 1073, is small
but it is significantly larger compared with other similar structures. We have recently

measured the ZT of monolayer and bilayer WSe: layers sandwiched between gold and
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graphite and only observed ZT values on the order of 10° due to the dominance of the
tunneling current. Similarly, ZT of Gr-hBN-Gr is reported to be on the order of 10-. Our
measured ZT value is also consistent with the small calculated ZT values for this structure
at room temperatures. As discussed before, the studied structure is suitable for elevated
temperatures. To improve the ZT values at room temperatures, structures with lower
electron energy barriers are needed. The barrier height of the current structure is 0.1eV.
If we replace the gold contacts with another metal that can form a lower energy barrier
(~0.05eV), we can extend the high performance of the device to room temperatures. We
studied several possible metals. The most optimistic one for this structure is platinum.
Transport properties of Pt-Gr-3WSe:-Gr-Pt are reported in Figure 4.4. The main advantage
of Pt is to lower the energy barrier and therefore improve the electrical conductance. As
shown in Figure 4.4B two orders of magnitude enhancement in the electrical conductance

is expected when replacing Au with Pt without deteriorating other transport properties.
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Chapter 5: Morphology and Seebeck Coefficients
of Electrodeposited Bi:Ses films grown onto

Au(111)/Si Substrates

5.1 Introduction

V-VI chalcogenide compounds such as Bi2Chs (Ch = S, Se, or Te) and the homologous
series based on Sb, exhibit a wide range of properties and functionalities. These materials
and in particular their alloys have been long studied for thermoelectric (TE) applications
around room temperature. Bi,_,Sb,Te; and Bi,Te;_,Se, are the two main p-type and n-
type thermoelectric compounds respectively, used in commercial thermoelectric modules
designed for room-temperature applications [8,175-178]. The thermoelectric module’s
power generation efficiency and the Peltier refrigerators’ coefficient of performance are
increasing function of the TE materials figure of merit, zT, where the figure of merit zT =
0S*T/e (where o is conductivity, S the Seebeck coefficient, T the absolute temperature and
o the thermal conductivity). Bi,_,Sb,Te; compounds have shown zT values close and
larger than unity [125,179-183]. While in general the reported values for Bi,Te;_,Se, are

smaller, the peak value of zT is still reported to be larger than unity [184-188].

Some of these semiconducting intermetallic compounds have been recognized as three-
dimensional (3D) topological insulators (TIs) [189]. This new form of electronic structure
in matter exhibits strong spin-orbit coupling and symmetry that contribute to generating

an insulator behavior in the bulk and conducting electronic states at surfaces and
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interfaces [190-192]. Bi:Ses, in particular, has been among one of the first 3D topological
insulators being identified [189]; this compound exhibits a rhombohedral phase (r-Bi-Ses)
and a small direct bandgap of about 0.2-0.3 eV [193-196] if grown at a relatively high
temperature of the order of 200°C or above. However, growth at or below 70°C results in
the crystallization of a metastable orthorhombic structure (o-Bi2Ses) [197], homologous to
that of the compounds Bi2Ss [198], Sb2Ss [199], and Sb:Ses [200]. These crystal structures
have larger band gaps, of the order of 0.9 — 1.2 eV, suitable for solar cells and photonic
applications [201,202]. However, the growth of a purely o-Bi:Ses is difficult and rarely

reported in the literature [203-205].

Electrodeposition from nitric acidic electrolytes in particular results in a mixed-phase
rhombohedral/orthorhombic variable with the relative phase fraction and the conditions
of growth [205]. The conductivity of these materials is highly dependent on defect
formation during growth, among which two types of Se vacancies are the dominant
donor defects [206]. This results in a propensity for n-type defects, and therefore n-type
conduction; the conductivity, in particular, is heavily dependent on the condition of
synthesis due to the variation of defect density. Among the two phases, r-Bi:Ses is widely
studied for thermoelectric applications [205,207-213]. The r-BizSes shows a large value of
the Seebeck coefficient which makes it suitable for thermoelectric applications. The
existing literature reported a Seebeck coefficient value for undoped n-type r-Bi-Ses in the
range of -110 uV/K to -120 uV/K [208,214-216]. On the other hand, due to the growth
issues, the only reported Seebeck coefficient of the pure orthorhombic phase by Tumelero
et. al. shows a much higher value of -350 uV/K consistent with the large bandgap of this

phase [205].
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In this chapter, we focus on the morphology and Seebeck coefficients of electrodeposited
BizSes films on Au (111)/5i substrate with film thickness ranging from 0.54 pm to 5.72 um.
The films form continuous layers, seemingly through an anomalous Stransky-Krastanov
(layer plus island) growth process, resulting in the formation of smooth films up to about
740 nm, followed by a significant roughening afterward. XRD patterns confirmed that
the films are purely rhombohedral when the thickness is below 1.84 um while films are
mixed-phase when the thickness is 1.84 um and above. The experimentally measured
Seebeck coefficient shows a maximum value of -184 uV/K at the thickness of 1.84 um
which is considered to be the onset of 0-Bi:Ses on top of the r-Bi:Ses. Furthermore, we
theoretically calculated the Seebeck coefficients of bulk r-Bi:Ses and o-BizSes separately
from the first principle density functional theory (DFT) and showed that the experimental
Seebeck coefficients match with the value of r-Bi:Ses below 1.84 yum thickness while

falling between the values of pure r-Bi2Ses and 0-Bi:Ses for 1.84 um and above thicknesses.

5.2 Experimental Details

5.2.1 Electrodeposition

Bi:Ses films were grown onto 100 nm sputtered Au(111)/n-type Si (100) substrates. The
electrolyte for electrodeposition consisted of 5 mM Bi(NOs)s, 5 mM SeO:, and 0.5 M HNOs
to increase the electrolyte conductivity and the solubility of the ionic species. The solution
pH ranged from 0.2 to 0.4. The potential window to deposit Bi2Ses films was between -0.1
V and -0.25 V vs. SCE. Beyond this potential, the film deposited with an applied potential

of -0.3 V appeared to have cracks on the surface. The morphology of films that could
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deposit in this potential window exhibited variation in morphology (Figure 7.9) and the
Bi:Se atomic fraction for the films deposited within this potential window was found to
be 38:62 (Figure 7.10). However, the films deposited at -0.1 V were gray in color and
appeared to be most planar and smooth from SEM images (Figure 7.11). Thus, -0.1 V was

chosen for potentiostatic deposition of Bi-Ses on the Au/Si substrates.

Electrodeposition experiments were carried out using the EG&G potentiostat/galvanostat
by applying a constant potential of -0.1 V vs. SCE, with a front contact to the Au layer. A
platinum mesh was used as the counter electrode (CE). To deposit films in a wide range
of thicknesses, the charge density during each experiment varied between 2 C/cm? and
13 C/cm? corresponding to 0.74 um and 5.72 um, respectively. The Faradaic efficiency
was estimated to be around 80% by comparing the experimental thickness measured by
SEM cross-sections against the thickness calculated assuming a 100% deposition
efficiency. Film thickness in some cases is only indicative, due to the different
morphologies of the films. The measured thickness was an average of 16 different

measurements taken from two different samples grown under the same conditions.

5.2.2 Characterization

The stoichiometry of BizSes films was measured by an Energy Dispersive Spectroscopy
(EDS) instrument, integrated with a Scanning Electron Microscope (SEM, FEI Quanta
650). The SEM was also used to image the morphology and microstructure of the films.
The crystal structure of the films was identified with an X-ray diffractometer

(PANalytical Empyrean) with a Cu Ka source (wavelength, A = 0.154 nm), both in a
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Bragg-Brentano and grazing incidence modes. The average grain size of Bi:Ses films was
calculated using the Scherrer equation below where k, B, and 0 are the dimensionless
shape factor, line broadening at the full width half maximum (FWHM) point of the

diffraction features in the XRD pattern and the Bragg angle, respectively.

L _ka
" BCos6

(1)

Hall measurements are typically the preferred method for obtaining in-plane carrier
density and mobility profiles of semiconductor thin films. Since the accuracy of carrier
density profiles depends on conduction solely through the film, a non-conductive
substrate is an absolute requirement for this method. Electrodeposition, on the other
hand, requires the growth of thin films on a conductive substrate. Hence to perform in-
plane conductivity and mobility measurements, the films need to be transferred to

insulating substrates.

As a consequence, in this work, we focus on cross-plane electrical transport properties.
An electrochemical technique, Mott-Schottky analysis, is more suitable for cross-plane
carrier density analysis and was performed to obtain carrier density profiles of the Bi2Ses
films using a BioLogic SP-150 instrument in the frequency range of 10 Hz to 1 kHz. A 0.1
M phosphate buffer solution (PBS) was used as the electrolyte for the Mott-Schottky
measurements. Carrier concentration, Na in cm?, is determined from Eq. 2, where ¢ is the
permittivity of Bi2Ses in F/cm, €. is the permittivity of free space, A is the 2-D area exposed
to the electrolyte, q is the charge of an electron in C, and m is the rate of the C2 (cm*uF-?)

change versus applied potential (V vs. RHE). [217]
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The cross-plane electrical conductivity measurement on these samples proved to be
difficult to measure. The measured values were dominated by contact resistance. To
eliminate the contact resistance, usually, the transfer length measurement (TLM) is used
in which resistance of samples of different thicknesses is measured and the contact
resistance is extracted from the resistance versus thickness curve. However, since the
mobility of the films depends on the thickness of the film (as the morphology depends
on the thickness), it is not possible to separate the contact resistance using the TLM in our
samples. The Seebeck coefficients were measured in the cross-plane direction using a
homemade experimental setup. A 200 nm thick Au layer was deposited on the Bi-Ses films
as top contact for the Seebeck measurement. To obtain the Seebeck coefficient, a
temperature gradient was applied to the sample along the cross-plane direction by
placing the sample on top of a Peltier module. Two thermocouples and two voltage
probes were used to measure the temperature difference and the Seebeck voltage across
the films respectively. The Seebeck coefficient was obtained by linearly fitting the Seebeck
voltage curve with respect to the temperature difference (S = —AV /AT). All Seebeck and

resistance measurements were carried out at room temperature.

5.3 Computational Details

We used density functional theory (DFT) calculation to calculate the theoretical Seebeck
coefficients under constant relaxation time approximation. The Seebeck coefficient values

of the rhombohedral phase and the orthorhombic phase were calculated separately. The
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rhombohedral unit cell of the bulk Bi2Ses exhibits a space group of R3m with five atoms
in the trigonal unit cell, while the orthorhombic unit cell has a space group Pnma with
20 atoms in the unit cell. The band structure and density of states were calculated using
the plane wave DFT code, Quantum-ESPRESSO (QE) [103], treating exchange-correlation
functional with generalized gradient approximation (GGA) in the form of Perdew-Burke-
Ernzerhof (PBE) [92]and modified Perdew-Burke-Ernzerhof (PBEsol)[93] functional.
Scalar relativistic and fully relativistic pseudopotentials are used throughout the
calculation. We set the plane-wave kinetic energy cut-off at 80 Ry with a charge density
of 800 Ry for both crystal structures. A 6x6x6 Monkhorst-Pack grid of k-points for the
rhombohedral phase and 9x3x3 for the orthorhombic phase was used to sample the
Brillouin zone [218]. The geometry relaxation calculations were performed as a result of
the Born Oppenheimer approximation. [219] In this stage, the lattice parameters and the
atomic coordinates were determined by minimizing the energy function within the
adopted numerical approximations using the Broyden-Fletcher—-Goldfarb-Shanno
(BFGS) algorithm [220]. In the self-consistent calculation, the convergence threshold for
energy is set to 10 eV. The band structures and density of states of the orthorhombic
and rhombohedral phases are shown in Figure 5.6. Finally, the Seebeck coefficient
calculation is based on the BoltzTrap [108] package with the semi-classical Boltzmann
transport method in the constant relaxation-time [221] approximation. Within the
constant relaxation-time approximation, the Seebeck coefficient can be obtained directly

from the electronic structure without any adjustable parameters.
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5.4 Results & Discussion

Figure 5.1 Surface morphology of electrodeposited Bi:Ses films with varying thicknesses.

Figure 5.1(a) shows the surface morphology of the Bi:Ses films having thicknesses in the
range of 0.74 — 5.72 ym. Planar film deposition was observed in the early stage of growth.
As the films grew in thickness, crystallized nuclei of micron-scale started to appear on
the planar films. The average crystal nuclei increased with the overall film thickness;
furthermore, the density of nuclei increased, and the nuclei also increased in size, forming
elongated particles. The number density of these crystals presents on the surface

gradually increased and at a film thickness of -1.84 um, the BizSes films were completely

Figure 5.2 Cross-section of Bi2Se3 films for varying thickness.
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covered with crystalline features approximately 1 um in length. A close-up image of one

of these crystals is shown in the inset of Figure 5.1.

Cross-sections for the various films are shown in Figure 5.2. The films with 440 nm
thickness exhibit occasional nuclei grown on the surfaces (not shown here). Around a 740
nm thickness, these nuclei transform into lamellar irregular features that result in an
increase of roughness at a thickness of about 770 nm. Thicker films (1 to 5 um) in contrast
exhibit features similar to tip shapes, mostly directed in the perpendicular direction.
Based on the previous SEM morphology analysis the growth mode of these films is most
likely a Stransky-Krastanov mode, where the film grows initially in an epitaxial layer-by-
layer, and later, beyond a critical layer thickness, which depends on the strain and
the chemical potential of the deposited film, growth continues through
the nucleation and coalescence of adsorbate islands. The formation of nuclei on top of the
smooth BizSes, however, occurs on a much larger scale than the usual Stransky-Krastanov,
whereby few monolayers are sufficient to complete the Stransky-Krastanov growth
mode. If so, we assume that the initial growth does not fully progress in an epitaxial
manner, but instead follows a smooth growth where dislocations allow a quasi-epitaxial

growth.

The XRD pattern of the films is shown in Figure 5.3. The films corresponding to 0.74 um
thickness show diffraction features at 20 positions of 24.83°, 28.98°, 43.4°, and 52.79°
which correspond to rhombohedral (labeled as R) planes of (001), (015), (110) and (024),
respectively. However, numerous new diffraction features appear in the XRD pattern of
Bi:Ses films having a thickness of 1.84 um, all of which corresponded to the orthorhombic

(labeled O) crystal planes. The crystal structure of the Bi:Ses as a function of thickness
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shows a dominant presence of the orthorhombic phase with respect to the rhombohedral
accompanied by a gradual narrowing of the reflections from the (001), (015), (110, 0111),
and (024) planes suggesting the formation of larger grains in the rhombohedral phase.
This is confirmed by the calculation of average grain sizes based on the Scherrer equation.
The average grain size for the characteristic (015) rhombohedral plane has been included

in Table 5.1. For further analysis, the films with thicknesses from 1.84 pum and beyond
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Figure 5.3 XRD pattern of the Bi2Se3 with film thicknesses between 0.74 pm and 5.7 pm
electrodeposited on Au (111) substrates.
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Table 5.1 Average film thickness, grain size, and carrier concentration in BizSes films.

Deposited charge Average Average grain size Carrier
density (C/cm?) thickness (nm) concentration
(um) (cm?)
2 0.74 12.9 1.2 x 108
4 1.84 25.9 3.04 x 1018
9 3.97 222 5.67 x 10
13 5.72 30 1.04 x 10"

were assumed to exhibit a mixture of semiconducting orthorhombic and semi-metallic
rhombohedral phases while those below 1.84 um and less were assumed to be pure

rhombohedral.

The Mott-Schottky method was used to estimate the surface carrier concentration of the
tilms; these data show a monotonic increase by an order of magnitude, starting from 1.2
x 10" cm* for a 0.74 um thick film, up to 1.04 x 10" cm™ for 5.72 pum films. The 1/C? vs.
potential plot used to determine the carrier concentration for the films is shown in Figure
5.4, and Nua values are included in Table 5.1. The positive slope of the Mott-Schottky plots
confirms the n-type conductivity of the films (Figure 5.4), as validated by the negative
Seebeck coefficients. This is consistent with Se-rich films. The atomic ratio of Bi:Se in these
electrodeposited films was 38:62. Under such Se-rich conditions, Se-antisites (Sesi) show

the lowest formation energy and therefore the most likely point defect, leading to n-type
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Figure 5.4 Mott-Schottky plots of the Bi2Se3 with film thicknesses between 0.74 um and
5.72 pm electrodeposited on Au (111) substrates.

conductivity in rhombohedral Bi-Ses. [206] In the case of the pure orthorhombic phase, Se
antisites (Sesi) are more likely owing to lower formation energies in Se-rich films, thus

leading to an n-type conductivity. [222]

The variation of experimentally measured room temperature Seebeck coefficients (S) as
a function of BizSes film thickness is shown in Figure 5.5. The negative sign of the Seebeck
values indicates n-type conduction in the films. The room temperature Seebeck
coefficient for 0.74 pm thick films was around -90.5 uV/K which gradually increased to a

maximum of -184.5 uV/K when the film thickness reached 1.84 um. The Seebeck
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coefficient of the films decreases beyond this thickness value to -100.8 uV/K for a film

thickness of 5.72 pm.

Previous reports on experimental Seebeck coefficients of Bi:Ses are summarized in Table
5.2. A majority of the existing literature reports Seebeck coefficients between -100 uV/K
and -120 uV/K for n-type conductivity. The increase of surface roughness in the
morphology of the films due to crystal formations in the 0.74 — 1.84 um film range was
also taken into consideration to explain the increasing Seebeck coefficient trend. The
presence of porosity in the film morphology may result in enhanced scattering of low

energy carriers with higher efficiency compared to planar structures; this results in an
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Figure 5.5 Experimentally measured Seebeck coefficients of the Bi2Se3 films with film
thickness between 0.74 pm to 5.72 um.
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enhanced Seebeck effect. [223] The only reported Seebeck coefficient of the pure

orthorhombic phase shows a much higher value of -350 uV/K which is significantly

Table 5.2 Reported Seebeck coefficients of Bi2Se3.

Deposition Method Film type Crystal Seebeck
Structure Coefficient
(uV/K)
Solvothermal Nanostructures R’ -115 [208]
R +26.46 [213]
Electrodeposition Films
M +6.53 [213]
Aqueous Chemical Nanostructured films R -119 [227]
Growth
Electrodeposition Films o -350 [205]
MOCVD Films R -120 [214]
MBE 30 quintuple layers - -104.3 [215]
Aqueous Chemical Nanostructured films R -113 [216]
growth
Electrodeposition Films R +20 [228]

"The rhombohedral, mixed-phase and orthorhombic crystal structures are denoted as

R, M, and O
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higher than those observed for the rhombohedral phase. [205] Thus, the emergence of a
dominant orthorhombic phase in our films (higher in phase fraction) around 1.84 pum
thickness was most likely the factor that contributed to the improvement of the Seebeck

coefficient.

To further explain the variation of Seebeck coefficients, we theoretically calculated the
Seebeck coefficients. In theory, it is not feasible to calculate the Seebeck coefficients of
mixed-phase Bi:Ses using first-principles calculations. Instead, the Seebeck coefficients of
bulk r-Bi:Ses and o-Bi:Ses are calculated separately. The films are thick enough to be
considered bulk. Since the exact volume fractions are not known, we can only determine
the range of the Seebeck coefficient variations. The differential conductivity o(E), the

conductivity o, and the Seebeck coefficient S are given respectively by Eq. 3 - 5.

o(E) = q*g(E)v*(E)T(E) — — — (3)

azfa(E)(—g—’;)dE———(zl)

1 Jo®) - (-55)aE

ST [ a(E) (—g—g)dE

==

Where E is the energy, g(E) is the density of states, q is the electronic charge, v(E) is the
group velocity, T(E) is the relaxation time, f is the Fermi-Dirac distribution function, p is
the chemical potential and T is the temperature. For metals and degenerate

semiconductors, the Seebeck coefficient can be approximated by the Mott formula. [224]

m? (kiT\ (dlogo(E)
() (&),

3
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Thus, the electronic band structure and density of states of material play a key role in

determining the thermoelectric properties of the system in question. The r-BizSes and the
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Figure 5.6 Theoretically calculated band structure and density of states of (a)
rhombohedral phase Bi2Se3 and (b) orthorhombic phase Bi2Se3.
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0-BizSes have completely different electronic band structures and density of states as
shown in Figure 5.6. The r-Bi>Ses shows a narrow bandgap of 0.24 eV while the o0-BizSes
shows a wide bandgap of around 0.95 eV. The calculated bandgaps of r-Bi-Ses and o-
Bi:Ses are consistent with previous theoretical and experimental bandgaps of 0.2-0.3

eV [193-196] and 0.9-1.2 eV [201,202] respectively.

The Seebeck coefficient depends mainly on the position of the Fermi level (carrier
concentration) and the energy dependence of the density of state and the relaxation times.
Owing to their different electronic structure, the r-Bi:Ses and o-Bi:Ses give rise to a
different range of Seebeck coefficients which are plotted as a function of carrier
concentration in Figure 5.7a. The Seebeck coefficients of r-Bi-Ses and o0-BizSes are extracted
for each film using the carrier concentration values that are obtained from the Mott-

Schottky analysis.

The theoretical Seebeck coefficients of the pure r-BizSes and o0-Bi2Ses are shown in Figure
5.7b along with our experimental Seebeck coefficients of the mixed phases. Our observed
experimental values match those for the pure rhombohedral phase in the 0.74 — 1.02 ym
thickness range. However, for films with 1.84 um thickness, the experimental Seebeck
coefficient matches that for the pure orthorhombic phase more closely. For thicker films
(3.97 um and 5.72 um) the experimental values were within the limits set by the theory
for pure r-Bi:Ses and o-BizSes. These results agree with our conclusions about the mixed-

phase structure of films based on the analysis of XRD patterns.

The increasing trend of carrier concentration with film thickness (Figure 5.5d) would
generally lead to decreasing Seebeck coefficient values. However, in our study, we

observe that this trend holds only in the 1.84 — 5.72 um thickness range, where a mixture
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of rhombohedral and orthorhombic phases co-exists. On the other hand, the increasing
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Figure 5.7 (a) Theoretically calculated Seebeck coefficient vs. carrier or doping density
plots and (b) comparison of experimental measurements of mixed-phase Bi:Ses films
(black squares) and theoretical Seebeck coefficients of pure rhombohedral (red circles) and
pure orthorhombic (purple triangles) phases of Bi:Ses films.
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Seebeck coefficient trend is observed in the 0.74 — 1.84 um thickness range, where the
onset of crystal formation and growth of the orthorhombic phase in the films occurred.
The phase fraction of the films could not be estimated with a reasonable degree of
certainty by analyzing data from XRD pattern and Raman spectroscopy, which limited
our ability to match the observed values to the predicted Seebeck coefficient values with

higher accuracy.

5.5 Summary

The electrodeposited BizSes films upon nucleation form continuous layers following the
Stransky-Krastanov (layer plus island) growth process and resulting in the formation of
smooth films up to about 700 nm thickness. In later stages, film growth is dominated by
the formation of crystals which coalesce together to form a rougher film. XRD patterns
confirmed that the films are purely r-Bi:Ses below 1.84 um thickness while they are
mixed-phase Bi:Ses for 1.84 um thickness and beyond. The Seebeck coefficient shows n-
type conductivity, exhibiting a maximum value of -184 uV/K at 1.84 um thickness. First-
principles calculations were implemented to calculate the band structure of the
rhombohedral and orthorhombic phases and the obtained bandgaps closely replicate
those of the experiment. The Seebeck coefficient values were calculated using constant
relaxation times. From the theoretically obtained Seebeck coefficients, it is shown that the
experimental Seebeck coefficients match the values of the rhombohedral phase when the
film thickness is below 1.84 um while falling between the Seebeck coefficients of pure

rhombohedral and orthorhombic phase when the film thickness is 1.84 um and above.
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Chapter 6: Summary

The primary objective of this dissertation is to theoretically design highly efficient SSTI
devices based on 2D vdW heterostructures. This work also theoretically investigates the
effect of asymmetry of the electrode, electron-phonon interaction, and defects on the SSTI
device performance. Knowing the mean-free path of electrons in the bulk version of the
2D semiconductor material used as the channel in the SSTI device, the size effect, and the
importance of electron-phonon interaction in nanoscale thermionic devices are evaluated.
The highly accurate electron-phonon scattering rates of the bulk form of the 2D
semiconductor channel are computed from the first-principles in order to determine the
effect of electron-phonon interaction on the performance of the 2D vdW-based SSTI
device. The calculated electron-phonon scattering rates are then utilized to investigate
the effect of electron-phonon interaction on thermoelectric transport of the same bulk
semiconductor from full first-principles calculations. In addition, in this work, the first
SSTI device based on 2D vdW heterostructures is fabricated and characterized in

collaboration with experimental groups.

Solid-state thermionic structures made from layered van der Waals heterostructures have
shown promising thermal-to-electrical energy conversion efficiencies theoretically. These
structures are further studied using first-principles calculations combined with Green’s
function method in this dissertation. By calculating the electron-phonon relaxation
length, ballistic transport in these structures is confirmed. The effect of the number of
layers, the energy barrier, the asymmetry of the contacts, and defects on the performance

of MoSe>-based thermionic converters are also studied in this work. It is demonstrated
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that making a low-energy barrier and low-resistance metallic contact is the key to high-
performance thermionic diodes, and copper is identified as the optimum metallic contact
for MoSez-based devices. It is further shown that, unlike the vacuum-based thermionic
diodes, asymmetry does not result in improved performance within the linearized
transport theory. Finally, we investigated the impact of point defects, namely
substitutional and vacancy defects, on the performance of MoSe2-based SSTI devices. We
find that, whereas both Mo vacancy and Se vacancy have a significant impact on device
performance, the effect of Mo vacancy is considerably greater. The substitutional defect,

on the other hand, has a minor impact on device performance.

In the preceding section of this dissertation, the MoSe: is used as the 2D semiconducting
channel in SSTI devices. To obtain the effect of electron-phonon scattering on the
performance of MoSex-based SSTI devices, the highly accurate electron-phonon
scattering of the bulk form of MoSe: is calculated from the first-principles. The computed
electron-phonon scattering rates are utilized to further investigate their effect on the
thermoelectric transport of bulk MoSe:. In this work, the thermoelectric properties of bulk
MoSe: within relaxation time approximation including electron-phonon and ionized
impurity interactions using first-principles calculations and at room temperatures are
studied. The anisotropy of this two-dimensional layered metal dichalcogenide is studied
by calculations of electron mobility in the cross-plane and the in-plane directions. The
cross-plane mobility is found to be two orders of magnitude less than the in-plane
mobility. The inclusion of van der Waals interactions further lowers the carrier mobility
in the cross-plane direction but minimally affects the in-plane one. The results for in-

plane electrical mobility and conductivity are in close agreement with experimentally
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reported values indicating the accuracy of the calculations. The Seebeck coefficient
calculations show that this coefficient is primarily dictated by the band structure. The
details of relaxation times and inclusion of van der Waals interactions only slightly
change the Seebeck coefficient. The in-plane thermoelectric power factor reaches a
maximum value of 20 uWcmK2 at a carrier concentration of 1.5x10% cm at 300K. In the
future, this work can be extended to include electron-electron scattering and defect

scattering to more accurately capture material properties.

In this work, thermionic cooling across gold-graphene-WSe2-graphene-gold structures is
also studied computationally and experimentally. Graphene and WSe: layers were
stacked, followed by deposition of gold contacts. The I-V curve of the structure suggests
near-ohmic contact. A hybrid technique that combines thermoreflectance and cooling
curve measurements are used to extract the device ZT. The measured Seebeck coefficient,
thermal and electrical conductance, and ZT values at room temperatures are in agreement
with the theoretical predictions using first-principles calculations combined with real-
space Green’s function formalism. This work lays the foundation for the development of

efficient thermionic devices.

Lastly in this dissertation, as a separate route, it is investigated how polymorphism in
BizSes allows it to be tuned for unique thermoelectric properties. The commonly reported
rhombohedral structure is a topological insulator, a narrow gap semiconductor with a
bandgap of 0.2-0.3 eV, and has been widely studied for thermoelectric applications. The
alternative orthorhombic structure is a semiconductor with a larger bandgap of 0.9-1.2
eV. The opportunity to fabricate a mixture of these orthorhombic and rhombohedral

structures provides a chance for materials engineering to optimize its electrical and
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thermal properties. In this work, the morphology and the Seebeck coefficient of mixed-
phase, Se-rich, n-type Bi2Ses films were prepared by electrodeposition using an acidic
bath. Post-nucleation formation of smooth films was observed to be followed by the
emergence of crystals and continued growth through the coalescence of the newly
formed crystals. The room temperature Seebeck coefficients of the films were also
observed to vary as a function of the film thickness, increasing from -90 uV/K (0.74 um
thickness) to a maximum of -184.4 uV/K (1.84 um thickness) and gradually decreasing to
-100.8 uV/K (5.72 pm thickness). Analysis of XRD patterns for the Bi2Ses films showed
that the thickness dependence of Seebeck coefficients was related to the transition from
pure rhombohedral to a mixture of orthorhombic and rhombohedral phases. The
thickness-dependent Seebeck effect was further discussed by the computational study of
the Bi2Ses band structures and Seebeck coefficients of pure rhombohedral and pure

orthorhombic structures.
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Chapter 7: Appendices

Supplementary Materials

Supplementary materials of Chapter 2

Gold-platinum symmetric and asymmetric structure with 3 layers of

MoSe:2

In chapter 2, we presented the SSTI performance of gold-platinum symmetric and
asymmetric structures with 5 layers of MoSe2. Here, we evaluate the performance of gold-
platinum symmetric and asymmetric structures with 3 layers of MoSe:z. The local density
of states (LDOS) of symmetric gold, symmetric platinum, and the asymmetric structure

with one side gold and another side platinum and their corresponding transmission

E-E, (V)
E-E. (eV)

E-E (eV)

o
E-E,. (eV)
o
EE, (eV)

Transmission Transmission Transmission

Figure 7.1 Local density of states of (a) Au-3 MoSe2-Au (b) Pt-3 MoSe:-Pt (c) Au-3 MoSe:-
Pt and their corresponding transmission functions.
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Figure 7.2 Transmission function (b) Seebeck coefficient (c) electrical conductance and (d)
power factor times temperature of the gold, platinum, and gold-platinum asymmetric
structure.

functions are shown in Figure 7.1. From the LDOS we see that the Fermi level Er is located
near the conduction band of the gold and gold-platinum asymmetric structure which
means these structures are n-type while the Fermi level of the platinum structure is
located around the middle of the gap. The transmission function, Seebeck coefficient,
electrical conductance, and the power factor times temperature for all three structures are
shown in Figure 7.2. We can see from the LDOS and the transmission function that the
gold structure has a lower barrier height compared to the other two structures. Because
of the lower barrier height, the gold structure shows significantly higher conductance at
high temperatures as shown in Figure 7.2(b). From Figure 7.2(c) we can see that the gold

structure shows the highest Seebeck coefficient while the platinum structure shows the
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lowest Seebeck coefficient. Figure 7.2(d) shows the power factor times temperature (PFT)
of all three structures. The combination of high electrical conductance and high Seebeck
coefficient makes the PFT of the gold structure significantly higher at high temperatures
compared to the other two structures. The platinum structure shows the lowest PFT due
to low electrical conductance and the lowest Seebeck coefficient. Similar to the gold-
platinum asymmetric structures with 5 layers of MoSe:, the PFT of the structure with 3

layers of MoSe: falls in between the symmetric gold and symmetric platinum structure.
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Figure 7.3 Transmission function (b) Seebeck coefficient (c) electrical conductance and (d)
power factor times temperature of the Cu-3 MoSe>-Cu and Cu-5 MoSe>-Cu structures.
The blue line represents the 3-layer structure, and the red line represents the 5-layer
structure.
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SSTI performance comparison of Cu-3 MoSez-Cu and Cu-5 MoSez-Cu

structure

Among all our calculations, the SSTI structure with 3 layers of MoSez2 with Cu contact
showed the highest PFT. We showed that SSTI structures with 3-5 layers of MoSe2 with
metal contact show optimum performance. In the main manuscript, we presented the
performance of the copper structure with 3 layers of MoSez. Here, we compare the SSTI
performance of the copper structure with 3 and 5 layers of MoSe:. Figure 7.3 shows the
transmission function, electrical conductance, Seebeck coefficient, and PFT of both
structures. From Figure 7.3(a) we can see that the 3-layer structure has a lower barrier
height compared to the 5-layer structure. The 3-layer structure has higher electrical
conductance compared to the 5-layer structure as shown in Figure 7.3(b) due to the lower
barrier height of the 3-layer structure. However, the 5-layer structure has a higher
Seebeck coefficient compared to the 3-layers structure as shown in Figure 7.3(c) due to
the higher transmission gap of the 5-layer structure. Because of the high electrical
conductance and low Seebeck coefficient of the 3-layer structure and low electrical
conductance and high Seebeck coefficient of the 5-layer structure, both structures have

similar PFT over the entire temperature range as shown in Figure 7.3(d).

Electron-Phonon Scattering rate and mean free path (MFP) of bulk MoSe:

Figure 7.4(a) shows the full phonon dispersion that is used to calculate the electron-
phonon scattering rates. Figure 7.4(b) shows the energy-dependent electron-phonon

scattering rate 7(E) of bulk MoSe:2 from 300K to 1000K. The energy-dependent electron
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Figure 7.4 Full phonon dispersion of MoSe: used to calculate the electron-phonon. (b)
Electron-phonon scattering rates. The solid lines show the fitted curve. (c) Electron group
velocity along the z-axis.

group velocity v(E) along the z-axis is shown in Figure 7.4(c). The energy-dependent

electron MFP A along the z-axis is obtained by: A = 2t(E)v(E).

Supplementary materials of Chapter 4

Series Resistor Model

We model the resistances of the interfaces as measured via TDTR using a series resistor

model. The Al-Gr-3WSe:-Gr-SiO:2 conductance values can be modeled as follows:
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1 SR I T ——

hymeasured,Al-Gr—3wse2—Gr-sioz hg ai-6r hg Gr-3wsez-6r hg Gr-sioz2

In this equation, himesuredarGrswsez-cr-sio2 is the conductance measured via TDTR of the
device, while hkarcr and hxcrsio2 are representative of the associated conductance values
with the Al-Gr and Gr-SiO: interfaces, respectively. The variable hk crswse2-cr encompasses
the intrinsic resistances of the graphene and WSe:, as well as the associated resistances at
the two Gr-WSe: interfaces. Similarly, the Al-Gr-5iO: conductance values are governed

by the equation

! =—1 4+ 1 (52

Rk measured,Al-Gr-sioz2 hg,ai-¢r  hk,Gr-sioz

So long as the cross-plane thermal conductivity of the graphene layer is on the order of 1
W m* K7, it will have a negligible contribution to the measured conductance, hence the
negligence of the contribution from the graphene layer. By subtracting Eq. S2 from Eq.

S1, the conductance of the Gr-3WSe>-Gr layer can be extracted to be

1 _ 1 _ 1 . (S3)

hk Gr-swse2—Gr  Nkmeasured Al-Gr-3wse2—6r-sio2  Rikmeasured,Al-Gr-sioz
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Figure 7.5 Time-domain thermoreflectance measurement. Best fits for the Al-Gr-5iOz and
Al-Gr-3WSe2-Gr-SiO: interfacial regions.
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Figure 7.6 Figure of merit (ZT) of Au-G-WSe2-G-Au structure and Pt-G-WSe2-G-Pt
structure. (A) Calculated ZT vs temperature of Au-G-WSe2-G-Au structure shown by the
solid blue line. The red circle is the experimentally measured ZT at room temperature.
(B) Calculated ZT vs temperature of Pt-G-WSe2-G-Pt structure.
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Figure 7.7 Repeatable cooling curve measurement. (A) Optical image of the first sample.
(B) Cooling curve of the first sample. (C) Optical image of the second sample. (D) Cooling
curve of the second sample.

Analysis of contact resistance
We extract the contact resistances from two-probe and four-probe resistance
measurements from sample 1 and sample 2 as shown in Figure 7.8 to get a range of the

contact resistance value.

The method explained here uses sample 1. First, we measure two probe resistance (see

Table 7.1) between contact 2 and contact 3 which include the resistance of contact 2 (R2),

121



Figure 7.8 Contact resistance measurement. The optical image of the samples fabricated
to measure the contact resistance. (A) Sample 1. (B) Sample 2.

the resistance of contact 3 (Rs), and resistance of graphene flake between contact 2 and

contact 3 (R23). We can write,

From the four-probe resistance measurements (current supplied between contact 1 and
contact 4 and voltage measured between contact 2 and contact 3 (see Table 7.2)) we get
only the resistance of graphene flake (52002) between contact 2 and contact 3 (Rz). By

subtracting the value of R23 (520 Q) from Eq. S4 we get,
R, + Rs = 29800 (S5)
Similarly, we can write,

R, + R, = 18700 (S6)
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Table 7.1 Two probe resistance data for sample 1 and sample 2 (see Figure 7.8).

No. Resistance Sample 1 Sample 2
measured between
contacts Resistance (Ohm) Resistance (Ohm)
1 2-3 3500 3500
2 2-4 2800 2100
3 3-4 2400 2400

Table 7.2 Four probe resistance data for sample 1 and sample2 (see Figure 7.8).

No. Current Voltage Resistance Resistance
supplied measured (Ohm) (Ohm)
between contacts | between contacts

Sample 1 Sample 2

1 1-4 2-3 520 27

2 1-5 2-4 930 72

3 2-5 34 425 44

Table 7.3 Contact resistances.
Sample Contact 2 Contact 3 resistance, | Contact 4 resistance,
resistance, Rz R3 (Ohm) R4(Ohm)
(Ohm)
Sample 1 1437.5 1542.5 432.5
Sample 2 1900.0 1572.0 784.0
R;+ R, =1975Q (57)
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Solving equations S5, S6 and S7 we get the contact resistance of contact 2 (Rz), contact 3
(Rs), and contact 4 (R4), which are summarized in Table 7.3 below. Similarly, we can
extract the contact resistance values for Sample 2. From our contact resistance analysis,

we see that the contact resistance varies from ~0.5kQ to ~2.0kQ.

Supplementary materials of Chapter 5

5.{{

Figure 7.9 Physical appearance of electrodeposited BizSes films on Au/Si substrates at
potentials varying from -0.1 V to -0.3 V vs. SCE.

Figure 7.10 SEM images of Bi:Ses film surface electrodeposited with applied potentials
of -0.1 to -0.3 V vs. SCE
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Figure 7.11 Current density vs. time profile for electrodeposited Bi>Ses film

Experimental Characterization Methods

Thermoreflectance imaging

In chapter 5, thermoreflectance imaging is used to obtain the temperature profile of the
SSTI device. Thermoreflectance imaging is a non-invasive technique based on the physics
of light reflectance which responds proportionally to the material’'s temperature
change [225], as the refractive index of the sample surface changes with temperature (4T)
resulting in a change in the reflection intensity (4R /R) following the relation expressed
as % = xAT [226] where y is the thermoreflectance coefficient, which mainly depends
on the studied material and the wavelength of the illuminated light. Except for some well-

documented elemental materials such as Au, Pt, Si, etc, the thermoreflectance coefficient
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Figure 7.12 Working schematic diagram of a Microsanj thermoreflectance imaging
system.

needs to be calibrated to obtain the absolute temperature values. The schematic diagram
of the thermoreflectance imaging system (MicroSanj) in our laboratory is shown in Figure
7.12. It has a control unit that generates and synchronizes a LED light source for
illumination, and a pulsed electrical current is applied to the measuring device. The
temperature change due to the applied current modifies the reflection intensity, which
can be captured by a charge-coupled device (CCD) camera and sent back to the control
unit for analysis. The synchronized diagram for a typical transient thermoreflectance
measurement can be found in Ref. [225]. A precise lock-in of the light and electrical
signals allows the system to capture the transient temperature mapping under bias.
However, since the proportional reflectivity change corresponding to the temperature
change is usually very small being on the order of 10+ [225], the signal measured by the

CCD camera is averaged over many device thermal excitation cycles to improve the
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signal to noise ratio. Using this technique, we can measure either transient or steady-state

temperature profile of the device surface under pulsed voltage bias.

Gold pad deposited on top of the film to
measure cross plane electrical resistance
and Sccbeck cocfficient

Voltage Probe 1 Voltage Probe 2

//
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S~
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Figure 7.13 Home-built Seebeck coefficient measurement setup

Home-built Seebeck Measurement setup

In chapter 5, the Seebeck coefficients of Bi2Ses samples are measured using a home-built
setup as shown in Figure 7.13. To measure the Seebeck coefficients of the film we
deposited a gold pad on top of the film. To create a cross-plane temperature difference in
the sample, we placed it on top of a thermoelectric module. Two voltage probes were
used to measure the Seebeck voltage and two thermocouples were used to measure the
temperature difference. We tested the accuracy of the setup by measuring the Seebeck

coefficient of some known samples.

127



Publications and Presentations

Book Chapter

1. Md Golam Rosul, Md Sabbir Akhanda, Mona Zebarjadi, Thermionic energy conversion,

IOP Publishing, 2020

Journal Articles

2. Md Golam Rosul, Xiaoming Wang, Keivan Esfarjani, Mona Zebarjadi, Low-resistance

contact in MoSe2-based solid-state thermionic devices, Phys. Rev. B 105, 115412 (2022).
DOI

3. Md Golam Rosul, Mona Zebarjadi, Effect of electron-phonon interaction on the

thermoelectric properties of bulk MoSe:. arXiv:2204.02596

4. Md Golam Rosul, Doeon Lee, David H. Olson, Naiming Liu, Xiaoming Wang, Patrick

E. Hopkins, Kyusang Lee, Mona Zebarjadi, Thermionic transport across gold-graphene-
WSe2van der Waals heterostructures, Science Advances, 2019;5: eaax7827 DOI

5. Rasin Ahmed’, Md Golam Rosul’, Yin Xu, Mona Zebarjadi, Giovanni Zangari,

Morphology and Seebeck coefficient of BizSes films electrodeposited on Au (111) substrates,
Electrochimica Acta, 368 (2021) 137554 (*Equal contribution) DOI

6. Tianhui Zhu, Peter Litwin, Md Golam Rosul, Farjana Ferdous Tonni, Stephen John

McDonnell and Mona Zebarjadi, Transport Properties of Few-Layer NbSe:: from Electronic

Structure to Thermoelectric Properties, Material Today Physics (2022). DOI

128


https://iopscience.iop.org/chapter/978-0-7503-1738-2/bk978-0-7503-1738-2ch14.pdf
https://doi.org/10.1103/PhysRevB.105.115412
https://arxiv.org/abs/2204.02596
https://doi.org/10.1126/sciadv.aax7827
https://doi.org/10.1016/j.electacta.2020.137554
https://doi.org/10.1016/j.mtphys.2022.100789

7.

Naiming Liu, Tianhui Zhu, Md Golam Rosul, Jon Peters, John E Bowers, Mona

Zebarjadi, Thermoelectric Properties of Holely Silicon at Elevated Temperatures, Materials

Today Physics, 14 (2020) 100224 DOI

Conference Presentations

10.

11.

12.

Md Golam Rosul, Rasin Ahmed, Mona Zebarjadi, Giovanni Zangari, Study of

Thermoelectric Properties of Mixed Phase Bi:Ses Films Made by Electrodeposition, in MRS
spring meeting and exhibit (Phoenix, AZ, April 2019)

Mona Zebarjadi, Md Golam Rosul, Solid State Thermionic Devices based on 2D van der

Waals Heterostructure, in 3rd Annual Energy Harvesting Society Meeting (Falls Church,
VA, September 2019)

Md Golam Rosul, Doeon Lee, David H. Olson, Naiming Liu, Xiaoming Wang, Patrick

E. Hopkins, Kyusang Lee, Mona Zebarjadi, van der Waals heterostructure based solid-
state thermionic coolers, Virtual Conference on Thermoelectrics (Virtual Conference on
Thermoelectrics, July 2020)

Md Golam Rosul, Xiaoming Wang, Mona Zebarjadi, Solid-state thermionic devices:

Effect of asymmetry on the device performance (TMS 2021 Annual Meeting and Exhibition,
March 2021)

Md Golam Rosul, Xiaoming Wang, Keivan Esfarjani, Mona Zebarjadi, Asymmetric

MoSez-based solid-state thermionic devices (AVS Mid-Atlantic Virtual Chapter Meeting

2021, April 2021)

129


https://doi.org/10.1016/j.mtphys.2020.100224

References

[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

K. Kim and M. Kaviany, Thermal Conductivity Switch: Optimal Semiconductor/Metal
Melting Transition, Phys. Rev. B 94, 155203 (2016).

M. J. Adams, M. Verosky, M. Zebarjadi, and J. P. Heremans, High Switching Ratio
Variable-Temperature Solid-State Thermal Switch Based on Thermoelectric Effects, Int. .
Heat Mass Transf. 134, 114 (2019).

M. Zebarjadi, Electronic Cooling Using Thermoelectric Devices, Appl. Phys. Lett. 106,
203506 (2015).

J. W. Schwede, I. Bargatin, D. C. Riley, B. E. Hardin, S. ]J. Rosenthal, Y. Sun, F.
Schmitt, P. Pianetta, R. T. Howe, Z.-X. Shen, and N. A. Melosh, Photon-Enhanced
Thermionic Emission for Solar Concentrator Systems, Nat. Mater. 9, 762 (2010).

W. Schlichter, Die Spontane Elektronenemission Gliihender Metalle Und Das
Gliihelektrische Element, Ann. Phys. 352, 573 (1915).

E. L. Murphy and R. H. Good, Thermionic Emission, Field Emission, and the Transition
Region, Phys. Rev. 102, 1464 (1956).

G. N. Hatsopoulos, The Thermo-Electron Engine, Massachusetts Inst. Technol.,
Cambridge, MA, USA, 1965.

A.F.Ioffe, Semiconductor Thermoelements and Thermoelectric Cooling (Infosearch Ltd.,
London, 1957).

H. MOSS, Thermionic Diodes as Energy Converters, J. Electron. Control 2, 305 (1957).

K. G. Hernqvist; M. Kanefsky; F. H. Norman, Thermionic Energy Converter, RCA.
Rev 19, 244 (1958).

H. F. Webster, Calculation of the Performance of a High-Vacuum Thermionic Energy
Converter, J. Appl. Phys. 30, 488 (1959).

G. N. Hatsopoulos and J. Kaye, Measured Thermal Efficiencies of a Diode Configuration
of a Thermo Electron Engine, J. Appl. Phys. 29, 1124 (1958).

V. C. Wilson, Conversion of Heat to Electricity by Thermionic Emission, ]. Appl. Phys.
30, 475 (1959).

M. C. White, An Overview of Thermionic Power Conversion Technology, Uniersity
of Florida, Gainesville, FL, 1996.

National Research Council, Termionics Quo Vadis? An Assessment of the DTRA’s

130



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Advanced Termionics Research and Development Program (The National Academies
Press, Washington,DC, 2001).

N. N. P.-S5. V. M. T. V. A. Usov, Russian Space Nuclear Power and Nuclear Thermal
Propulsion Systems, Nucl.News 43, 33 (2000).

O. S. Merrill, The Changing Emphasis of the DOE Thermionic Program, in IEEE
Conference Record-Abstracts, 1980 International Conference of Plasma Science (Institute
of Electrical and Electronics Engineers, 1980), p. 14.

N. S. Rasor, Thermionic Energy Conversion Plasmas, IEEE Trans. Plasma Sci. (1991).

A. Shakouri and J. E. Bowers, Heterostructure Integrated Thermionic Coolers, Appl.
Phys. Lett. 71, 1234 (1997).

G. D. Mahan, J. O. Sofo, and M. Bartkowiak, Multilayer Thermionic Refrigerator and
Generator, J. Appl. Phys. 83, 4683 (1998).

G. D. Mahan and L. M. Woods, Multilayer Thermionic Refrigeration, Phys. Rev. Lett.
80, 4016 (1998).

B. Saha, T. D. Sands, and U. V Waghmare, Thermoelectric Properties of HfN/ScN
Metal/Semiconductor Superlattices: A First-Principles Study, J. Phys. Condens. Matter
24, 415303 (2012).

B. Saha, T. D. Sands, and U. V. Waghmare, First-Principles Analysis of ZrN/ScN
Metal/Semiconductor Superlattices for Thermoelectric Energy Conversion, J. Appl. Phys.
109, 083717 (2011).

J. O. Sofo, G. D. Mahan, and ]. Baars, Transport Coefficients and Thermoelectric Figure
of Merit of n -Hg 1- x Cd x Te, ]. Appl. Phys. 76, 2249 (1994).

S. Velicu, C. H. Grein, J. Zhao, Y. Chang, S.-Y. An, A. Yadav, K. Pipe, and W. Clark,
Thermoelectric Characteristics in MBE-Grown HgCdTe-Based Superlattices, ]. Electron.
Mater. 37, 1504 (2008).

C. LaBounty, A. Shakouri, P. Abraham, and J. E. Bowers, Monolithic Integration of
Thin-Film Coolers with Optoelectronic Devices, Opt. Eng. 39, 2847 (2000).

A. Shakouri, C. LaBounty, J. Piprek, P. Abraham, and J. E. Bowers, Thermionic
Emission Cooling in Single Barrier Heterostructures, Appl. Phys. Lett. 74, 88 (1999).

R. Singh, D. Vashaee, Y. Zhang, M. Negassi, A. Shakouri, Y. Okuno, G. Zeng, C.
LaBounty, and J. E. Bowers, Experimental Characterization and Modeling of InP-Based
Microcoolers, MRS Proc. 793, 1 (2004).

C.J. Labounty, A. Shakouri, G. Robinson, L. Esparza, P. Abraham, and J. E. Bowers,

131



[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Experimental Investigation of Thin Film InGaAsP Coolers, Mater. Res. Soc. Symp. Proc.
626, Z14.4.1 (2001).

J. Zhang, N. G. Anderson, and K. M. Lau, AlGaAs Superlattice Microcoolers, Appl.
Phys. Lett. 83, 374 (2003).

Y. Zhang, D. Vashaee, R. Singh, A. Shakouri, G. Zeng, and Y.-J. Chiu, Influence of
Doping Concentration and Ambient Temperature on the Cross-Plane Seebeck Coefficient
of InGaAs/InAlAs Superlattices, MRS Proc. 793, 52.4 (2003).

C. LaBounty, G. Almuneau, A. Shakouri, and J. E. Bowers, Sb-Based I1I-V Cooler, in
19th International Conference on Thermoelectrics (Cardiff, Wales, 2000).

G. Zeng, A. Shakouri, C. LaBounty, G. Robinson, E. Croke, P. Abraham, X. Fan, H.
Reese, and J. E. Bowers, SiGe Micro-Cooler, Electron. Lett. 35, 2146 (1999).

X. Fan, G. Zeng, E. Croke, C. LaBounty, C. C. Ahn, D. Vashaee, A. Shakouri, and J.
E. Bowers, High Cooling Power Density SiGe/Si Micro-Coolers, Electron. Lett. 37, 126
(2001).

X. Fan, G. Zeng, C. LaBounty, D. Vashaee, ]. Christofferson, A. Shakouri, and ]J. E.
Bowers, Integrated Cooling for Si-Based Microelectronics, in Proceedings ICT2001. 20
International Conference on Thermoelectrics (Cat. No.01TH8589) (IEEE, 2001), pp. 405-
408.

X. Fan, G. Zeng, C. LaBounty, J. E. Bowers, E. Croke, C. C. Ahn, S. Huxtable, A.
Majumdar, and A. Shakouri, SiGeC/Si Superlattice Microcoolers, Appl. Phys. Lett. 78,
1580 (2001).

C.-C. Chen, Z. Li, L. Shi, and S. B. Cronin, Thermoelectric Transport across
Graphene/Hexagonal Boron Nitride/Graphene Heterostructures, Nano Res. 8, 666 (2015).

X. Wang, M. Zebarjadi, and K. Esfarjani, First Principles Calculations of Solid-State
Thermionic Transport in Layered van Der Waals Heterostructures, Nanoscale 8, 14695
(2016).

X. Wang, M. Zebarjadi, and K. Esfarjani, High-Performance Solid-State Thermionic
Energy Conversion Based on 2D van Der Waals Heterostructures: A First-Principles
Study, Sci. Rep. 8, 9303 (2018).

O. W. Richardson, LI. Some Applications of the Electron Theory of Matter, London,
Edinburgh, Dublin Philos. Mag. J. Sci. 23, 594 (1912).

S. Dushman, Electron Emission from Metals as a Function of Temperature, Phys. Rev.
21, 623 (1923).

132



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

M. Zebarjadi, Solid-State Thermionic Power Generators: An Analytical Analysis in the
Nonlinear Regime, Phys. Rev. Appl. 8, 014008 (2017).

J. M. Houston, Theoretical Efficiency of the Thermionic Energy Converter, J. Appl. Phys.
30, 481 (1959).

G. D. Mahan, Thermionic Refrigeration, ]. Appl. Phys. 76, 4362 (1994).

Table of Emissivity of Various Surfaces, http://www-
eng.lbl.gov/~dw/projects/DW4229 LHC_detector_analysis/calculations/emissivity
2.pdf.

A. Shakouri, C. LaBounty, P. Abraham, J. Piprek, and ]. E. Bowers, Enhanced
Thermionic Emission Cooling in High Barrier Superlattice Heterostructures, MRS Proc.
545, 449 (1998).

D. Vashaee, ]J. Christofferson, Y. Zhang, A. Shakouri, G. Zeng, C. LaBounty, X. Fan,
J. Piprek, J. E. Bowers, and E. Croke, MODELING AND OPTIMIZATION OF
SINGLE-ELEMENT BULK SiGe THIN-FILM COOLERS, Microscale Thermophys.
Eng. 9, 99 (2005).

M. Zebarjadi, A. Shakouri, and K. Esfarjani, Thermoelectric Transport Perpendicular
to Thin-Film Heterostructures Calculated Using the Monte Carlo Technique, Phys. Rev.
B 74, 195331 (2006).

M. Zebarjadi, K. Esfarjani, and A. Shakouri, Nonlinear Peltier Effect in
Semiconductors, Appl. Phys. Lett. 91, 122104 (2007).

R. J. Radtke, H. Ehrenreich, and C. H. Grein, Multilayer Thermoelectric Refrigeration
in Hg1-xCdxTe Superlattices, ]. Appl. Phys. 86, 3195 (1999).

C. B. Vining and G. D. Mahan, The B Factor in Multilayer Thermionic Refrigeration, ].
Appl. Phys. 86, 6852 (1999).

D. Vashaee and A. Shakouri, Electronic and Thermoelectric Transport in Semiconductor
and Metallic Superlattices, J. Appl. Phys. 95, 1233 (2004).

J. Schmidt, K. Ortner, J. E. Jensen, and C. R. Becker, Molecular Beam Epitaxially Grown
n Type Hg[Sub 0.80]Cd[Sub 0.20]Te(112)B Using lodine, J. Appl. Phys. 91, 451 (2002).

M. Zebarjadi, Solid-State Thermionic Power Generators: An Analytical Analysis in the
Nonlinear Regime, Phys. Rev. Appl. 8, 014008 (2017).

Y. Liu, N. O. Weiss, X. Duan, H.-C. Cheng, Y. Huang, and X. Duan, Van Der Waals
Heterostructures and Devices, Nat. Rev. Mater. 1, 16042 (2016).

Z.Nji, Q. Liu, K. Tang, J. Zheng, ]J. Zhou, R. Qin, Z. Gao, D. Yu, and J. Lu, Tunable

133



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Bandgap in Silicene and Germanene, Nano Lett. (2012).

S. Nayeb Sadeghi, M. Zebarjadi, and K. Esfarjani, Biaxial Tensile Strain-Induced
Enhancement of Thermoelectric Performance of TiSe2 Monolayer Based on First-Principles
Calculations (Submitted for Publication), (2019).

S.-]. Liang, B. Liu, W. Hu, K. Zhou, and L. K. Ang, Thermionic Energy Conversion
Based on Graphene van Der Waals Heterostructures., Sci. Rep. 7, 46211 (2017).

P. Yuan, C. Li, S. Xu, J. Liu, and X. Wang, Interfacial Thermal Conductance between
Few to Tens of Layered-MoS2 and c-Si: Effect of MoS2 Thickness, Acta Mater. 122, 152
(2017).

H. Sadeghi, S. Sangtarash, and C. J. Lambert, Cross-Plane Enhanced Thermoelectricity
and Phonon Suppression in Graphene/MoS 2 van Der Waals Heterostructures, 2D Mater.
4, 015012 (2016).

M. Massicotte, P. Schmidt, F. Vialla, K. Watanabe, T. Taniguchi, K. J. Tielrooij, and
F. H. L. Koppens, Photo-Thermionic Effect in Vertical Graphene Heterostructures, Nat.
Commun. 7, 12174 (2016).

P. Vogt, P. De Padova, C. Quaresima, J. Avila, E. Frantzeskakis, M. C. Asensio, A.
Resta, B. Ealet, and G. Le Lay, Silicene: Compelling Experimental Evidence for
Graphenelike Two-Dimensional Silicon, Phys. Rev. Lett. 108, 155501 (2012).

A. Fleurence, R. Friedlein, T. Ozaki, H. Kawai, Y. Wang, and Y. Yamada-Takamura,
Experimental Evidence for Epitaxial Silicene on Diboride Thin Films, Phys. Rev. Lett.
108, 245501 (2012).

M. Markov and M. Zebarjadi, Thermoelectric Transport in Graphene and 2D Layered
Materials, Nanoscale Microscale Thermophys. Eng. 23, 117 (2019).

Y. Hishinuma, T. H. Geballe, B. Y. Moyzhes, and T. W. Kenny, Refrigeration by
Combined Tunneling and Thermionic Emission in Vacuum: Use of Nanometer Scale
Design, Appl. Phys. Lett. 78, 2572 (2001).

M. G. Rosul, D. Lee, D. H. Olson, N. Liu, X. Wang, P. E. Hopkins, K. Lee, and M.
Zebarjadi, Thermionic Transport across Gold-Graphene-WSe 2 wvan Der Waals
Heterostructures, Sci. Adv. 5, eaax7827 (2019).

M. G. Rosul, M. S. Akhanda, and M. Zebarjadi, Thermionic Energy Conversion, in
Nanoscale Energy Transport (IOP Publishing, 2020), pp. 14-1-14-29.

Q. Li, Q. Hao, T. Zhu, M. Zebarjadi, and K. Takahashi, Nanostructured and
Heterostructured 2D Materials for Thermoelectrics, Eng. Sci. 13, 24 (2020).

134



[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

A. Ziabari, M. Zebarjadi, D. Vashaee, and A. Shakouri, Nanoscale Solid-State Cooling:
A Review, Reports Prog. Phys. 79, 095901 (2016).

A. K. Geim and I. V Grigorieva, Van Der Waals Heterostructures, Nature 499, 419
(2013).

J. E. Padilha, A. Fazzio, and A. ]J. R. da Silva, Van Der Waals Heterostructure of
Phosphorene and Graphene: Tuning the Schottky Barrier and Doping by Electrostatic
Gating, Phys. Rev. Lett. 114, 066803 (2015).

A. L. Moore and L. Shi, Emerging Challenges and Materials for Thermal Management of
Electronics, Mater. Today 17, 163 (2014).

X. Wang, M. Zebarjadi, and K. Esfarjani, First Principles Calculations of Solid-State
Thermionic Transport in Layered van Der Waals Heterostructures, Nanoscale 8, 14695
(2016).

X. Wang, M. Zebarjadi, and K. Esfarjani, High-Performance Solid-State Thermionic
Energy Conversion Based on 2D van Der Waals Heterostructures: A First-Principles
Study, Sci. Rep. 8, 9303 (2018).

S. Vaziri, E. Yalon, M. Munoz Rojo, S. V. Suryavanshi, H. Zhang, C. ]J. McClellan,
C. S. Bailey, K. K. H. Smithe, A.J. Gabourie, V. Chen, S. Deshmukh, L. Bendersky,
A.V.Davydov, and E. Pop, Ultrahigh Thermal Isolation across Heterogeneously Layered
Two-Dimensional Materials, Sci. Adv. 5, eaax1325 (2019).

S.-]. Liang, B. Liu, W. Hu, K. Zhou, and L. K. Ang, Thermionic Energy Conversion
Based on Graphene van Der Waals Heterostructures, Sci. Rep. 7, 46211 (2017).

N. Poudel, S.-J. Liang, D. Choi, B. Hou, L. Shen, H. Shi, L. K. Ang, L. Shi, and S.
Cronin, Cross-Plane Thermoelectric and Thermionic Transport across Au/h-BN/Graphene
Heterostructures, Sci. Rep. 7, 14148 (2017).

N. Flory, A. Jain, P. Bharadwaj, M. Parzefall, T. Taniguchi, K. Watanabe, and L.
Novotny, A WSe 2 /MoSe 2 Heterostructure Photovoltaic Device, Appl. Phys. Lett. 107,
123106 (2015).

G. Kioseoglou, A. T. Hanbicki, M. Currie, A. L. Friedman, and B. T. Jonker, Optical
Polarization and Intervalley Scattering in Single Layers of MoS2 and MoSe2, Sci. Rep. 6,
25041 (2016).

W.S.Yun, S. W. Han, S. C. Hong, I. G. Kim, and J. D. Lee, Thickness and Strain Effects
on Electronic Structures of Transition Metal Dichalcogenides: 2H- M X2 Semiconductors
(M=Mo, W; X =5, Se, Te), Phys. Rev. B 85, 033305 (2012).

F. Léonard and A. A. Talin, Size-Dependent Effects on Electrical Contacts to Nanotubes

135



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

and Nanowires, Phys. Rev. Lett. 97, 026804 (2006).

Y.-F. Lin and W.-B. Jian, The Impact of Nanocontact on Nanowire Based Nanoelectronics,
Nano Lett. 8, 3146 (2008).

J. Kang, W. Liu, D. Sarkar, D. Jena, and K. Banerjee, Computational Study of Metal
Contacts to Monolayer Transition-Metal Dichalcogenide Semiconductors, Phys. Rev. X 4,
031005 (2014).

J.-R. Chen, P. M. Odenthal, A. G. Swartz, G. C. Floyd, H. Wen, K. Y. Luo, and R. K.
Kawakami, Control of Schottky Barriers in Single Layer MoS 2 Transistors with
Ferromagnetic Contacts, Nano Lett. 13, 3106 (2013).

S. Das, H.-Y. Chen, A. V. Penumatcha, and ]. Appenzeller, High Performance
Multilayer MoS 2 Transistors with Scandium Contacts, Nano Lett. 13, 100 (2013).

M. Fontana, T. Deppe, A. K. Boyd, M. Rinzan, A. Y. Liu, M. Paranjape, and P.
Barbara, Electron-Hole Transport and Photovoltaic Effect in Gated MoS2 Schottky
Junctions, Sci. Rep. 3, 1634 (2013).

M. Farmanbar and G. Brocks, Controlling the Schottky Barrier at MoS2/Metal Contacts
by Inserting a BN Monolayer, Phys. Rev. B 91, 161304 (2015).

M. Bokdam, G. Brocks, M. 1. Katsnelson, and P. ]J. Kelly, Schottky Barriers at
Hexagonal Boron Nitride/Metal Interfaces: A First-Principles Study, Phys. Rev. B 90,
085415 (2014).

M. Bokdam, G. Brocks, and P. J. Kelly, Large Potential Steps at Weakly Interacting
Metal-Insulator Interfaces, Phys. Rev. B 90, 201411 (2014).

C. P. Y. Wong, C. Troadec, A. T. S. Wee, and K. E. ]J. Goh, Gaussian Thermionic
Emission Model for Analysis of Au/MoS2 Schottky-Barrier Devices, Phys. Rev. Appl. 14,
054027 (2020).

J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera, P. Ordejon, and D. Sanchez-
Portal, The SIESTA Method for Ab Initio Order- N Materials Simulation, J. Phys.
Condens. Matter 14, 2745 (2002).

J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gradient Approximation Made
Simple, Phys. Rev. Lett. 77, 3865 (1996).

J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov, G. E. Scuseria, L. A.
Constantin, X. Zhou, and K. Burke, Restoring the Density-Gradient Expansion for
Exchange in Solids and Surfaces, Phys. Rev. Lett. 100, 136406 (2008).

C. Huang, S. Wu, A. M. Sanchez, J. ]. P. Peters, R. Beanland, J. S. Ross, P. Rivera, W.

136



[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Yao, D. H. Cobden, and X. Xu, Lateral Heterojunctions within Monolayer MoSe2-WSe2
Semiconductors, Nat. Mater. 13, (2014).

F. A.Rasmussen and K. S. Thygesen, Computational 2D Materials Database: Electronic
Structure of Transition-Metal Dichalcogenides and Oxides, ]. Phys. Chem. C 119, (2015).

P. B. James and M. T. Lavik, The Crystal Structure of MoSe2, Acta Crystallogr. 16,
1183 (1963).

S. Nayeb Sadeghi, M. Zebarjadi, and K. Esfarjani, Non-Linear Enhancement of
Thermoelectric Performance of a TiSe 2 Monolayer Due to Tensile Strain, from First-
Principles Calculations, ]. Mater. Chem. C 7, 7308 (2019).

A. P. Nayak, S. Bhattacharyya, J. Zhu, J. Liu, X. Wu, T. Pandey, C. Jin, A. K. Singh,
D. Akinwande, and J.-F. Lin, Pressure-Induced Semiconducting to Metallic Transition
in Multilayered Molybdenum Disulphide, Nat. Commun. 5, 3731 (2014).

M. Dion, H. Rydberg, E. Schroder, D. C. Langreth, and B. I. Lundqvist, Van Der
Waals Density Functional for General Geometries, Phys. Rev. Lett. 92, 246401 (2004).

J. Klimes$, D. R. Bowler, and A. Michaelides, Van Der Waals Density Functionals
Applied to Solids, Phys. Rev. B 83, 195131 (2011).

M. Brandbyge, J.-L. Mozos, P. Ordejon, J. Taylor, and K. Stokbro, Density-Functional
Method for Nonequilibrium Electron Transport, Phys. Rev. B 65, 165401 (2002).

K. Esfarjani, M. Zebarjadi, and Y. Kawazoe, Thermoelectric Properties of a Nanocontact
Made of Two-Capped Single-Wall Carbon Nanotubes Calculated within the Tight-Binding
Approximation, Phys. Rev. B 73, 085406 (2006).

P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresolij,
G. L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G.
Fratesi, R. Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-
Samos, N. Marzari, F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, and
R. M. Wentzcovitch, QUANTUM ESPRESSO: A Modular and Open-Source Software
Project for Quantum Simulations of Materials, J. Phys. Condens. Matter 21, 395502
(2009).

N. Troullier and J. L. Martins, Efficient Pseudopotentials for Plane-Wave Calculations,
Phys. Rev. B 43, 1993 (1991).

J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gradient Approximation Made
Simple, Phys. Rev. Lett. 77, 3865 (1996).

S. Poncé, E. R. Margine, C. Verdi, and F. Giustino, EPW: Electron—Phonon Coupling,
137



Transport and Superconducting Properties Using Maximally Localized Wannier
Functions, Comput. Phys. Commun. 209, 116 (2016).

[107] F. Giustino, M. L. Cohen, and S. G. Louie, Electron-Phonon Interaction Using Wannier
Functions, Phys. Rev. B 76, 165108 (2007).

[108] G. K. H. Madsen and D. J. Singh, BoltzTraP. A Code for Calculating Band-Structure
Dependent Quantities, Comput. Phys. Commun. 175, 67 (2006).

[109] A.Rawat, N. Jena, D. Dimple, and A. De Sarkar, A Comprehensive Study on Carrier
Mobility and Artificial Photosynthetic Properties in Group VI B Transition Metal
Dichalcogenide Monolayers, J. Mater. Chem. A 6, 8693 (2018).

[110] Z.Li, S.R. Bauers, N. Poudel, D. Hamann, X. Wang, D. S. Choi, K. Esfarjani, L. Shi,
D. C. Johnson, and S. B. Cronin, Cross-Plane Seebeck Coefficient Measurement of Misfit
Layered Compounds (SnSe) n (TiSe 2 ) n (n=1,3,4,5), Nano Lett. 17, 1978 (2017).

[111] W. Liang, A. I. Hochbaum, M. Fardy, O. Rabin, M. Zhang, and P. Yang, Field-Effect
Modulation of Seebeck Coefficient in Single PbSe Nanowires, Nano Lett. 9, 1689 (2009).

[112] K. P. Pernstich, B. Rossner, and B. Batlogg, Field-Effect-Modulated Seebeck Coefficient
in Organic Semiconductors, Nat. Mater. 7, 321 (2008).

[113] M. S. Dresselhaus, G. Chen, M. Y. Tang, R. G. Yang, H. Lee, D. Z. Wang, Z. F. Ren,
J.-P. Fleurial, and P. Gogna, New Directions for Low-Dimensional Thermoelectric
Materials, Adv. Mater. 19, 1043 (2007).

[114] K. Biswas, ]J. He, I. D. Blum, C.-I. Wu, T. P. Hogan, D. N. Seidman, V. P. Dravid,
and M. G. Kanatzidis, High-Performance Bulk Thermoelectrics with All-Scale
Hierarchical Architectures, Nature 489, 414 (2012).

[115] G.]. Snyder and E. S. Toberer, Complex Thermoelectric Materials, Nature Materials.

[116] M. Zebarjadi, K. Esfarjani, M. S. Dresselhaus, Z. F. Ren, and G. Chen, Perspectives
on Thermoelectrics: From Fundamentals to Device Applications, Energy Environ. Sci. 5,
5147 (2012).

[117] E. J. DiSalvo, Thermoelectric Cooling and Power Generation, Science (80-. ). 285, 703
(1999).

[118] B. C. Sales, THERMOELECTRIC MATERIALS: Smaller Is Cooler, Science (80-. ). 295,
1248 (2002).

[119] C. Wood, Materials for Thermoelectric Energy Conversion, Reports Prog. Phys. 51, 459
(1988).

[120] L. E. Shelimova, O. G. Karpinskii, P. P. Konstantinov, E. S. Avilov, M. A. Kretova,

138



and V. S. Zemskov, Crystal Structures and Thermoelectric Properties of Layered
Compounds in the ATe-Bi 2 Te 3 (A = Ge, Sn, Pb) Systems, Inorg. Mater. 40, 451 (2004).

[121] S. M. Kauzlarich, S. R. Brown, and G. Jeffrey Snyder, Zintl Phases for Thermoelectric
Devices, Dalt. Trans. 2099 (2007).

[122] J. A. Dolyniuk, B. Owens-Baird, J. Wang, J. V. Zaikina, and K. Kovnir, Clathrate
Thermoelectrics, Materials Science and Engineering R: Reports.

[123] K. Koumoto, I. Terasaki, and R. Funahashi, Complex Oxide Materials for Potential
Thermoelectric Applications, MRS Bull. 31, 206 (2006).

[124] G. S. Nolas, D. T. Morelli, and T. M. Tritt, Skutterudites: A Phonon-Glass-Electron
Crystal Approach to Advanced Thermoelectric Energy Conversion Applications, Vol. 29
(1999).

[125] M. Rull-Bravo, A. Moure, ]J. F. Fernandez, and M. Martin-Gonzalez, Skutterudites as
Thermoelectric Materials: Revisited, RSC Adv. 5, 41653 (2015).

[126] Rowe David michael, Introduction. In: CRC Handbook of Thermoelectrics (CRC Press,
1995).

[127] M. J. Adams, Verosky M., Zebarjadi M., and Heremans J. P., Active Peltier Coolers
Based on Correlated and Magnon-Drag Metals, Phys. Rev. Appl. (2019).

[128] M. J. Adams, M. Verosky, M. Zebarjadi, and J. P. Heremans, High Switching Ratio
Variable-Temperature Solid-State Thermal Switch Based on Thermoelectric Effects, Int. J.
Heat Mass Transf. 134, 114 (2019).

[129] K. Hippalgaonkar, Y. Wang, Y. Ye, H. Zhu, Y. Wang, J. Moore, and X. Zhang, Record
High Thermoelectric Powerfactor in Single and Few-Layer MoS$_2$, (2015).

[130] J. Duan, X. Wang, X. Lai, G. Li, K. Watanabe, T. Taniguchi, M. Zebarjadi, and E. Y.
Andrei, High Thermoelectricpower Factor in Graphene/ HBN Devices, Proc. Natl. Acad.
Sci. 113, 14272 (2016).

[131] L. H. Brixner, Preparation and Properties of the Single Crystalline AB2-Type Selenides
and Tellurides of Niobium, Tantalum, Molybdenum and Tungsten, J. Inorg. Nucl. Chem.
24, 257 (1962).

[132] E. Revolinsky and D. Beerntsen, Electrical Properties of the MoTe 2 -WTe 2 and MoSe
2 -WSe 2 Systems, J. Appl. Phys. 35, 2086 (1964).

[133] A.Mavrokefalos, Q. Lin, M. Beekman, J. H. Seol, Y. J. Lee, H. Kong, M. T. Pettes, D.
C.Johnson, and L. Shi, In-Plane Thermal and Thermoelectric Properties of Misfit-Layered
[(PbSe)0.99]x(WSe2)x Superlattice Thin Films, Appl. Phys. Lett. 96, 181908 (2010).

139



[134] S. H. El-Mahalawy and B. L. Evans, Temperature Dependence of the Electrical
Conductivity and Hall Coefficient in 2H-MoS2, MoSe2, WSe2, and MoTe2, Phys. Status
Solidi 79, 713 (1977).

[135] C. Muratore, V. Varshney, J. J. Gengler, J. J. Huy, ]J. E. Bultman, T. M. Smith, P. J.
Shamberger, B. Qiu, X. Ruan, A. K. Roy, and A. A. Voevodin, Cross-Plane Thermal
Properties of Transition Metal Dichalcogenides, Appl. Phys. Lett. 102, 081604 (2013).

[136] M. G. Rosul, X. Wang, K. Esfarjani, and M. Zebarjadi, Low-Resistance Contact in
MoSe2-Based Solid-State Thermionic Devices, Phys. Rev. B 105, 115412 (2022).

[137] P.J.Lowell, G. C. O'Neil, J. M. Underwood, and J. N. Ullom, Macroscale Refrigeration
by Nanoscale Electron Transport, Appl. Phys. Lett. 102, 082601 (2013).

[138] S.Tongay, J. Zhou, C. Ataca, K. Lo, T. S. Matthews, ]. Li, J. C. Grossman, and J. Wu,
Thermally Driven Crossover from Indirect toward Direct Bandgap in 2D Semiconductors:
MoSe 2 versus MoS 2, Nano Lett. 12, 5576 (2012).

[139] R. E. Peierls, Quantum Theory of Solids (Oxford University Press, 2001).

[140] W. Kohn, Image of the Fermi Surface in the Vibration Spectrum of a Metal, Phys. Rev.
Lett. 2, 393 (1959).

[141] J. R. Schrietfer, Theory of Superconductivity (CRC Press, 2018).

[142] J. Zhou, B. Liao, and G. Chen, First-Principles Calculations of Thermal, Electrical, and
Thermoelectric Transport Properties of Semiconductors, Semicond. Sci. Technol. 31,
043001 (2016).

[143] S. Poncé, E. R. Margine, and F. Giustino, Towards Predictive Many-Body Calculations
of Phonon-Limited Carrier Mobilities in Semiconductors, Phys. Rev. B 97, 121201 (2018).

[144] L. A. Agapito and M. Bernardi, Ab Initio Electron-Phonon Interactions Using Atomic
Orbital Wave Functions, Phys. Rev. B 97, 235146 (2018).

[145] J.-]. Zhou, J. Park, L-T. Lu, I. Maliyov, X. Tong, and M. Bernardi, Perturbo: A Software
Package for Ab Initio Electron—Phonon Interactions, Charge Transport and Ultrafast
Dynamics, Comput. Phys. Commun. 264, 107970 (2021).

[146] G.Brunin, H. P. C. Miranda, M. Giantomassi, M. Royo, M. Stengel, M. ]. Verstraete,
X. Gonze, G.-M. Rignanese, and G. Hautier, Phonon-Limited Electron Mobility in Si,
GaAs, and GaP with Exact Treatment of Dynamical Quadrupoles, Phys. Rev. B 102,
094308 (2020).

[147] A. A. Mostofi, J. R. Yates, Y. S. Lee, I. Souza, D. Vanderbilt, and N. Marzari,
Wannier90: A Tool for Obtaining Maximally-Localised Wannier Functions, Comput.

140



Phys. Commun. 178, 685 (2008).

[148] D. Long and J. Myers, lonized-Impurity Scattering Mobility of Electrons in Silicon,
Phys. Rev. 115, 1107 (1959).

[149] N. Marzari, A. A. Mostofi, ]J. R. Yates, I. Souza, and D. Vanderbilt, Maximally
Localized Wannier Functions: Theory and Applications, Rev. Mod. Phys. 84, 1419 (2012).

[150] T. Boker, R. Severin, A. Miiller, C. Janowitz, R. Manzke, D. Vof3, P. Kriiger, A.
Mazur, and J. Pollmann, Band Structure of MoS2, MoSe2, and a-MoTe2: Angle-
Resolved Photoelectron Spectroscopy and Ab Initio Calculations, Phys. Rev. B - Condens.
Matter Mater. Phys. 64, (2001).

[151] G. D. Mahan, Condensed Matter in a Nutshell (2019).

[152] K.-K. Kam, Electrical Properties of WSe2, WS2, MoSe2, MoS2, and Their Use as
Photoanodes in a Semiconductor Liquid Junction Solar Cell, Iowa State University,
1982.

[153] R. Fivaz and E. Mooser, Mobility of Charge Carriers in Semiconducting Layer
Structures, Phys. Rev. 163, 743 (1967).

[154] F. Lévy, P. Schmid, and H. Berger, Electrical Properties of Layered MoSe 2 Single
Crystals Doped with Nb and Re, Philos. Mag. 34, 1129 (1976).

[155] S. Y. Hu, C. H. Liang, K. K. Tiong, Y. C. Lee, and Y. S. Huang, Preparation and
Characterization of Large Niobium-Doped MoSe2 Single Crystals, ]. Cryst. Growth 285,
408 (2005).

[156] M. K. Agarwal, P. D. Patel, and S. K. Gupta, Effect of Doping MoSe2 Single Crystals
with Rhenium, ]. Cryst. Growth 129, 559 (1993).

[157] Y. Hishinuma, T. H. Geballe, B. Y. Moyzhes, and T. W. Kenny, Refrigeration by
Combined Tunneling and Thermionic Emission in Vacuum: Use of Nanometer Scale
Design, Appl. Phys. Lett. 78, 2572 (2001).

[158] G. Chen and A. Shakouri, Heat Transfer in Nanostructures for Solid-State Energy
Conversion, J. Heat Transfer 124, 242 (2002).

[159] C.Kamal and M. Ezawa, Arsenene: Two-Dimensional Buckled and Puckered Honeycomb
Arsenic Systems, Phys. Rev. B 91, 085423 (2015).

[160] J. C. H. Xian Zhang, Dezheng Sun, Yilei Li, Gwan-Hyoung Lee, Xu Cui, Daniel
Chenet, Yumeng You, Tony F. Heinz, Measurement of Lateral and Interfacial Thermal
Conductivity of Single- and Bilayer MoS 2 and MoSe 2 Using Refined Optothermal Raman
Technique, ACS Appl. Mater. Interfaces 7, 25923 (2015).

141



[161] Z.Li, S.R. Bauers, N. Poudel, D. Hamann, X. Wang, D. S. Choi, K. Esfarjani, L. Shi,
D. C. Johnson, and S. B. Cronin, Cross-Plane Seebeck Coefficient Measurement of Misfit
Layered Compounds (SnSe)n(TiSe2)n (n=1,3,4,5), Nano Lett. 17, (2017).

[162] D. Kendig, K. Yazawa, and A. Shakouri, Hyperspectral Thermoreflectance Imaging for
Power Devices, in Annual IEEE Semiconductor Thermal Measurement and Management
Symposium (2017).

[163] K. Kang, Y. K. Koh, C. Chiritescu, X. Zheng, and D. G. Cahill, Two-Tint Pump-Probe
Measurements Using a Femtosecond Laser Oscillator and Sharp-Edged Optical Filters.,
Rev. Sci. Instrum. 79, 114901 (2008).

[164] A.J.Schmidt, X. Chen, and G. Chen, Pulse Accumulation, Radial Heat Conduction, and
Anisotropic Thermal Conductivity in Pump-Probe Transient Thermoreflectance, Rev. Sci.
Instrum. 79, (2008).

[165] D. G. Cahill, Analysis of Heat Flow in Layered Structures for Time-Domain
Thermoreflectance, Rev. Sci. Instrum. 75, (2004).

[166] P. E. Hopkins, J. R. Serrano, L. M. Phinney, S. P. Kearney, T. W. Grasser, and C.
Thomas Harris, Criteria for Cross-Plane Dominated Thermal Transport in Multilayer
Thin Film Systems during Modulated Laser Heating, J. Heat Transfer 132, (2010).

[167] C. Thomsen, H. J. Maris, and J. Tauc, Picosecond Acoustics as a Non-Destructive Tool
for the Characterization of Very Thin Films, Thin Solid Films 154, (1987).

[168] G.T. Hohensee, W. P. Hsieh, M. D. Losego, and D. G. Cahill, Interpreting Picosecond
Acoustics in the Case of Low Interface Stiffness, Rev. Sci. Instrum. 83, (2012).

[169] H.]J. Goldsmid, Introduction to Thermoelectricity (Springer Series in Materials Science)
(Springer, 2009).

[170] A.daRosaand A.V. daRosa, Fundamentals of Renewable Energy Processes, 3rd Editio
(Elsevier Science & Technology, Waltham, 2013).

[171] C. Chiritescu, D. G. Cahill, N. Nguyen, D. Johnson, A. Bodapati, P. Keblinski, and
P. Zschack, Ultralow Thermal Conductivity in Disordered, Layered WSe2 Crystals.,
Science 315, 351 (2007).

[172] Y. K. Koh, M.-H. Bae, D. G. Cahill, and E. Pop, Heat Conduction across Monolayer and
Few-Layer Graphenes, Nano Lett. 10, 4363 (2010).

[173] P. E. Hopkins, M. Baraket, E. V. Barnat, T. E. Beechem, S. P. Kearney, J. C. Duda, J.
T. Robinson, and S. G. Walton, Manipulating Thermal Conductance at Metal-Graphene
Contacts via Chemical Functionalization, Nano Lett. 12, (2012).

142



[174] Y. G. Choj, D. G. Jeong, H. I. Ju, C. J. Roh, G. Kim, and B. Simon, Covalent-Bonding-
Induced Strong Phonon Scattering in the Atomically Thin WSe 2 Layer, ArXiv
1812.02383, 1 (2018).

[175] P. Qiu, X. Shi, L. Chen, J. Sui, J. Li, Z. Liu, Z. Ren, T. Mori, and J. Mao, Other
Thermoelectric Materials, in Advanced Thermoelectrics: Materials, Contacts, Devices, and
Systems (CRC Press, 2017), pp. 371-419.

[176] J. Schilz, L. Helmers, W. E. Muiller, and M. Niino, A Local Selection Criterion for the
Composition of Graded Thermoelectric Generators, ]J. Appl. Phys. 83, 1150 (1998).

[177] H. J. Goldsmid, Introduction to Thermoelectricity, Vol. 121 (Springer Series in
Materials Science, Berlin Heidelberg, 2010).

[178] M. K.Kim, M. S.Kim, S. Lee, C. Kim, and Y. J. Kim, Wearable Thermoelectric Generator
for Harvesting Human Body Heat Energy, Smart Mater. Struct. 23, (2014).

[179] A.Mehdizadeh Dehkordi, M. Zebarjadi, J. He, and T. M. Tritt, Thermoelectric Power
Factor: Enhancement Mechanisms and Strategies for Higher Performance Thermoelectric
Materials, Mater. Sci. Eng. R Reports 97, 1 (2015).

[180] R. Wolfe and G. E. Smith, Thermoelectric Properties of Bismuth-Antimony Alloys, Appl.
Phys. Lett. 1, (1962).

[181] B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X. Yan, D. Wang, A. Muto, D.
Vashaee, X. Chen, J. Liu, M. S. Dresselhaus, G. Chen, and Z. Ren, High-
Thermoelectric Performance of Nanostructured Bismuth Antimony Telluride Bulk Alloys.,
Science 320, 634 (2008).

[182] S. Gao, J. Gaskins, X. Hu, K. Tomko, P. Hopkins, and S. J. Poon, Enhanced Figure of
Merit in Bismuth-Antimony Fine-Grained Alloys at Cryogenic Temperatures, Sci. Rep. 9,
(2019).

[183] S. Kim, K. H. Lee, H. A. Mun, H. S. Kim, S. W. Hwang, J. W. Roh, D. J. Yang, W. H.
Shin, X. S. Li, Y. H. Lee, G. J. Snyder, and S. W. Kim, Dense Dislocation Arrays
Embedded in Grain Boundaries for High-Performance Bulk Thermoelectrics, Science (80-.
)- 348, (2015).

[184] L. T. Witting, F. Ricci, T. C. Chasapis, G. Hautier, and G. J. Snyder, The Thermoelectric
Properties of -Type Bismuth Telluride: Bismuth Selenide Alloys, Research 2020, 4361703
(2020).

[185] O. Yamashita, High Performance N-Type Bismuth Telluride with Highly Stable
Thermoelectric Figure of Merit, J. Appl. Phys. 95, 6277 (2004).

[186] S. Wang, H. Li, R. Lu, G. Zheng, and X. Tang, Metal Nanoparticle Decorated N-Type

143



Bi2Te3-Based Materials with Enhanced Thermoelectric Performances, Nanotechnology
24, (2013).

[187] S. Wang, W. Xie, H. Li, and X. Tang, Enhanced Performances of Melt Spun Bi2(Te,Se)3
for n-Type Thermoelectric Legs, Intermetallics 19, 1024 (2011).

[188] S. Wang, G. Tan, W. Xie, G. Zheng, H. Li, J. Yang, and X. Tang, Enhanced
Thermoelectric Properties of Bi2(Te 1-XSex)3-Based Compounds as n-Type Legs for Low-
Temperature Power Generation, . Mater. Chem. 22, 20943 (2012).

[189] H.Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C. Zhang, Topological Insulators
in Bi2Se3, Bi2Te3 and Sb2Te3 with a Single Dirac Cone on the Surface, Nat. Phys. 5, 438
(2009).

[190] H. Osterhage, J. Gooth, B. Hamdou, P. Gwozdz, R. Zierold, and K. Nielsch,
Thermoelectric Properties of Topological Insulator Bi2Te3, Sb2Te3, and Bi2Se3 Thin Film
Quantum Wells, Appl. Phys. Lett. 105, 123117 (2014).

[191] S. Singh, K. Kaur, and R. Kumar, Quest of Thermoelectricity in Topological Insulators:
A Density Functional Theory Study, Appl. Surf. Sci. 418, 232 (2017).

[192] K. Pal, S. Anand, and U. V. Waghmare, Thermoelectric Properties of Materials with
Nontrivial Electronic Topology, J. Mater. Chem. C 3, 12130 (2015).

[193] S. K. Mishra, S. Satpathy, and O. Jepsen, Electronic Structure and Thermoelectric
Properties of Bismuth Telluride and Bismuth Selenide, J. Phys. Condens. Matter 9, 461
(1997).

[194] H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C. Zhang, Topological Insulators
in Bi2Se3, Bi2Te3 and Sb2Te3 with a Single Dirac Cone on the Surface, Nat. Phys. (2009).

[195] J. Black, E. M. Conwell, L. Seigle, and C. W. Spencer, Electrical and Optical Properties
of Some M2v-bN3vi-b Semiconductors, J. Phys. Chem. Solids 2, 240 (1957).

[196] E. Mooser and W. B. Pearson, New Semiconducting Compounds, Phys. Rev. 101, 492
(1956).

[197] R. Ahmed, Q. Lin, Y. Xu, and G. Zangari, Growth, Morphology and Crystal Structure
of Electrodeposited Bi2Se3 Films: Influence of the Substrate, Electrochim. Acta 299, 654
(2019).

[198] H. Moreno-Garcia, M. T. S. Nair, and P. K. Nair, All-Chemically Deposited Bi2S3/PbS
Solar Cells, Thin Solid Films 519, 7364 (2011).

[199] D.-H.Kim, S.-J. Lee, M. S. Park, J.-K. Kang, J. H. Heo, S. H. Im, and S.-]. Sung, Highly
Reproducible Planar Sb 2 S 3 -Sensitized Solar Cells Based on Atomic Layer Deposition,

144



[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

[208]

[209]

[210]

[211]

Nanoscale 6, 14549 (2014).

Y. Zhou, L. Wang, S. Chen, S. Qin, X. Liu, J. Chen, D.-J. Xue, M. Luo, Y. Cao, Y.
Cheng, E. H. Sargent, and J. Tang, Thin-Film Sb2Se3 Photovoltaics with Oriented One-
Dimensional Ribbons and Benign Grain Boundaries, Nat. Photonics 9, 409 (2015).

M. R. Filip, C. E. Patrick, and F. Giustino, GW Quasiparticle Band Structures of
Stibnite, Antimonselite, Bismuthinite, and Guanajuatite, Phys. Rev. B - Condens.
Matter Mater. Phys. (2013).

M. A. Tumelero, L. C. Benetti, E. Isoppo, R. Faccio, G. Zangari, and A. A. Pasa,
Electrodeposition and Ab Initio Studies of Metastable Orthorhombic Bi2Se3: A Novel
Semiconductor with Bandgap for Photovoltaic Applications, ]J. Phys. Chem. C (2016).

N. S. Patil, A. M. Sargar, S. R. Mane, and P. N. Bhosale, Growth Mechanism and
Characterisation of Chemically Grown Sb Doped Bi2Se3 Thin Films, Appl. Surf. Sci. 254,
5261 (2008).

C. Xiao, J. Yang, W. Zhu, J. Peng, and J. Zhang, Electrodeposition and Characterization
of Bi2Se3 Thin Films by Electrochemical Atomic Layer Epitaxy (ECALE), Electrochim.
Acta (2009).

M. A. Tumelero, M. B. Martins, P. B. Souza, R. D. Della Pace, and A. A. Pasa, Effect
of Electrolyte on the Growth of Thermoelectric Bi2Se3 Thin Films, Electrochim. Acta 300,
357 (2019).

D. O. Scanlon, P. D. C. King, R. P. Singh, A. de la Torre, S. M. Walker, G.
Balakrishnan, F. Baumberger, and C. R. A. Catlow, Controlling Bulk Conductivity in
Topological Insulators: Key Role of Anti-Site Defects, Adv. Mater. 24, 2154 (2012).

Z. Alj, S. Butt, C. Cao, F. K. Butt, M. Tahir, M. Tanveer, 1. Aslam, M. Rizwan, F.
Idrees, and S. Khalid, Thermochemically Evolved Nanoplatelets of Bismuth Selenide with
Enhanced Thermoelectric Figure of Merit, AIP Adv. 4, 117129 (2014).

K. Kadel, L. Kumari, W. Z. Lj, J. Y. Huang, and P. P. Provencio, Synthesis and
Thermoelectric Properties of Bi2Se3 Nanostructures, Nanoscale Res. Lett. (2010).

Y. Sun, H. Cheng, S. Gao, Q. Liu, Z. Sun, C. Xiao, C. Wu, S. Wei, and Y. Xie,
Atomically Thick Bismuth Selenide Freestanding Single Layers Achieving Enhanced
Thermoelectric Energy Harvesting, J. Am. Chem. Soc. 134, 20294 (2012).

C. Kulsi, K. Kargupta, S. Ganguly, and D. Banerjee, Enhanced Thermoelectric
Performance of N-Type Bismuth Selenide Doped with Nickel, Curr. Appl. Phys. 17, 1609
(2017).

Y. S. Hor, A. Richardella, P. Roushan, Y. Xia, J. G. Checkelsky, A. Yazdani, M. Z.

145



Hasan, N. P. Ong, and R. ]J. Cava, P-Type Bi2Se3 for Topological Insulator and Low-
Temperature Thermoelectric Applications, Phys. Rev. B 79, 195208 (2009).

[212] Y. Min, J. W. Roh, H. Yang, M. Park, S. Il Kim, S. Hwang, S. M. Lee, K. H. Lee, and
U. Jeong, Surfactant-Free Scalable Synthesis of Bi 2 Te 3 and Bi 2 Se 3 Nanoflakes and

Enhanced Thermoelectric Properties of Their Nanocomposites, Adv. Mater. 25, 1425
(2013).

[213] X. Li, K. Cai, H. Li, L. Wang, and C. Zhou, Electrodeposition and Characterization of
Thermoelectric Bi2Se3 Thin Films, Int. J. Miner. Metall. Mater. 17, 104 (2010).

[214] A. A. Bayaz, A. Giani, M. A. Khalfioui, A. Foucaran, F. Pascal-Delannoy, and A.
Boyer, Growth Parameters Effect on the Thermoelectric Characteristics of Bi2Se3 Thin

Films Grown by MOCVD System Using Ditertiarybutylselenide as a Precursor, J. Cryst.
Growth 258, 135 (2003).

[215] M. Guo, Z. Wang, Y. Xu, H. Huang, Y. Zang, C. Liu, W. Duan, Z. Gan, S.-C. Zhang,
K. He, X. Ma, Q. Xue, and Y. Wang, Tuning Thermoelectricity in a Bi 2 Se 3 Topological
Insulator via Varied Film Thickness, New ]. Phys. 18, 015008 (2016).

[216] Z. Sun, S. Liufu, and L. Chen, Synthesis and Characterization of Nanostructured
Bismuth Selenide Thin Films, Dalt. Trans. 39, 10883 (2010).

[217] K. Gelderman, L. Lee, and S. W. Donne, Flat-Band Potential of a Semiconductor: Using
the Mott—=Schottky Equation, J. Chem. Educ. 84, 685 (2007).

[218] H. J. Monkhorst and J. D. Pack, Special Points for Brillouin-Zone Integrations, Phys.
Rev. B 13, 5188 (1976).

[219] M. Born and R. Oppenheimer, Zur Quantentheorie Der Molekeln, Ann. Phys. 389, 457
(1927).

[220] R. Fletcher, Practical Methods of Optimization (John Wiley & Sons, Ltd, Chichester,
West Sussex England, 2000).

[221] B.R. Nag, Electron Transport in Compound Semiconductors (Springer-Verlag, Berlin,
1980).

[222] M. A. Tumelero, R. Faccio, and A. A. Pasa, The Role of Interstitial Native Defects in the
Topological Insulator Bi 2 Se 3, ]. Phys. Condens. Matter 28, 425801 (2016).

[223] K. Valalaki, P. Benech, and A. Galiouna Nassiopoulou, High Seebeck Coefficient of
Porous Silicon: Study of the Porosity Dependence, Nanoscale Res. Lett. 11, 201 (2016).

[224] M. Jonson and G. D. Mahan, Mott’s Formula for the Thermopower and the Wiedemann-
Franz Law, Phys. Rev. B 21, 4223 (1980).

146



[225] D. Kendig, K. Yazawa, and A. Shakouri, High Resolution Thermal Characterization of
a GaAs MMIC, in 2015 IEEE Radio Frequency Integrated Circuits Symposium (RFIC),
Vols. 2015-Novem (IEEE, 2015), pp. 51-54.

[226] S. Grauby, B. C. Forget, S. Holé, and D. Fournier, High Resolution Photothermal
Imaging of High Frequency Phenomena Using a Visible Charge Coupled Device Camera
Associated with a Multichannel Lock-in Scheme, Rev. Sci. Instrum. 70, 3603 (1999).

[227] X. Qiu, L. N. Austin, P. A. Muscarella, J. S. Dyck, and C. Burda, Nanostructured
Bi2Se3 Films and Their Thermoelectric Transport Properties, Angew. Chemie Int. Ed.
45, 5656 (2006).

[228] L. Xiaolong and X. Zhen, The Effect of Electrochemical Conditions on Morphology and
Properties of Bi2Se3 Thick Films by Electrodeposition, Mater. Lett. 129, 1 (2014).

147



