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Thermal management is becoming a critical issue in the packaging and
design of nanoelectronics. Advanced cooling solutions and efficient en-
ergy harvesting are key aspects to help keep the trend for ever smaller and
faster electronics. This thesis is focused on thermal management and the
use of heat waste in emerging materials for electronics. In particular, two-
dimensional materials (2DM), and related heterostructures, are amongst
the most intriguing prospects for future electronics and are being inten-
sively investigated. Here, two main subjects were explored. First, the
thermal transport of suspended 2DMs, including CVD graphene, transi-
tion metal dichalcogenides (TMDCs) and heterostructures of TMDCs with
hexagonal boron nitride (hBN) and, second, the thermal properties and
thermoelectricity of (Bij_,Sby),Tez (BST) thin films. These materials are
being considered for interconnects and THz transistors (graphene), digital
electronics (TMDCs) and electrical insulation (hBN) and are well known
as thermoelectric generators, as are also materials that have recently been
identified as topological insulators (BST).

In the first part, the objective was to demonstrate the measurement of
the thermal conductivity of 2DMs using the recently developed two-laser
Raman spectroscopy method. Its implementation was rendered difficult by
the relatively small exfoliated flakes of the materials investigated and their
high thermal conductivity. The thermal conductivity of CVD graphene
was found to be about 300 W/(m.K). Although smaller than exfoliated
graphene, it is argued that this could be due to grain boundaries and dis-
order. Exfoliated MoS; and MoSe; (two well-known TMDCs) presented
thermal conductivities of 12 to 24 W/(m.K) and 60 W/(m.K). Measure-
ments on different membranes of MoS, further showed that the conduc-
tivity increases with the thickness in thin membranes (few monolayers).
Furthermore, stacking an exfoliated hBN membrane on top of a previously
characterized MoS, sample allowed us to demonstrate a notorious increase
of the thermal conductivity in the hBN/MoS; heterostructure, when heat
is introduced on MoS; . Indeed, when compared with MoS, alone the ther-
mal conductivity is found to be almost one order of magnitude larger, 185
W/(m.K).



For the second part, BST thin films were grown by molecular beam
epitaxy. The main objective was to investigate the correlation of the ther-
moelectric properties of these materials with the Fermi level, which would
tune the relative weight of bulk and topological surface state (TSS) trans-
port. It was first demonstrated that controlling the concentration of Sb
we could engineer the band structure and tune the Fermi level from the
valence to the conduction band. Such demonstration was achieved by us-
ing angle-resolved photoemission spectroscopy in combination with con-
ductivity and Hall measurements in relatively thin (10 nm) films. The Sb
concentration at which TSS dominated the transport was also identified.
Thermoelectric experiments on the same films were then carried out but
no clear correlation between the thermopower and the carrier nature was
found when the TSSs were dominant. These results indicate that TSS trans-
port has limited influence on the thermoelectric properties. Further studies
should be carried our using even thinner films. Finally, a side characteriza-
tion of the BST thin films using Raman spectroscopy demonstrated specific
variations in the behaviour associated to Sb concentration. An increase
of the laser power showed the emergence of non-active Raman peaks of
undetermined origin. However, they can indicate the presence of broken
structural symmetries, surface phonon modes or other effects such as plas-
monic resonances. This interesting response is worthy of for further inves-
tigation.
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Chapter 1

Introduction

Thermal dissipation and energy harvesting have become critical issues in
the packaging and design of nanoelectronics, with increased efficiency re-
quirements for ever smaller and faster electronic devices. Advanced cool-
ing solutions and pragmatic designs require breakthroughs on chip and
packaging levels. Sophisticated packaging and cooling technology ma-
terials are required to deliver high thermal transfer efficiency, well con-
trolled heat transient behavior, environmental compatibility, low weight
while achieving acceptable manufacturing costs. New concepts and mate-
rials for converting heat to usable electricity are also in high demand. Two
dimensional materials (2DMs) and topological insulators (TIs) are good
candidates to spread the heat or convert it into electricity, respectively. This
chapter presents an outline of thermal challenges in advanced packaging
technology as well as studied materials and their related physics that could
help in the thermal management for future generation electronics [38].

1.1 Energy management

Each and every fresh generation of microelectronics and product sys-
tems, driven by demands for increasing performance, requires advances
in electronic device processing and packaging. The market forces to drop
the product prices, increase the user experience via miniaturized devices,
wireless connectivity, and enhance battery life, making each generation of
devices (commonly referred as nodes) ever more complex.[66]

Nowadays more than 50% of the energy used in microprocessors is lost
in the production of heat. This is not going to change in the near future,



2 Chapter 1. Introduction

increasing device density leads to major increases in local heat production.
Because it is mandatory to keep the temperature of the working chip rela-
tively low, thermal management is a significant factor for new product de-
signs for electronics. Catastrophic heat failure is generally the consequence
of material breakdown of semiconductors due to overheating or thermal
fracture of a mechanical component in the electronic package. Suitable
heat management is therefore required to prevent heat failure but also to
extend the electronic systems lifetime.

Joule heating: when a current I moves through a conductor it produces
a Joule heating dissipation P = IR?, where P is the dissipated power, and R
is the resistance of the material.

This obviously implies that thinner, smaller conductors and finer pitch

interconnections would result in high heat generation within the package.
Careful design can effectively manage interconnection, which involves min-
imizing current concentration and spreading heat by selecting materials for
thermal management.
The main objective of thermal design is thus to arrange the product’s heat
balance so that it operates consistently throughout its service life under
specific environmental conditions. Typically, this is accomplished by tak-
ing into consideration all relevant variables:

* Optimizing the integrated circuit heat removal pathways.

* Selecting the best cooling methods via smart constructive designs
such as heatsink, thermal vias (Fig. 1.1)and insulated metal sub-
strates.

¢ Using of high-conductivity materials to reduce heat and intercon-
necting ability.

* Ensuring cost effectiveness and environmental compliance.

However, the problem of miniaturizing the interconnects is exacerbated
by the fact that, as wires are reduced to nm-scale diameter, the surface dis-
order dominates, bulk transport becomes irrelevant, and the resistance of
the wire increases at a very fast pace. The Joule dissipation increases much
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faster than inversely proportional to the wire diameter. In addition, the in-
crease of resistance of interconnects leads to slower response of the circuit,
and the high concentration of wires to capacitive leakage.

Heat

Die Generation

Die Attach
111

Top Metal
Plane vy v

1311 133

Substrate

Vi Heat
L Bottom Metal Plane Extraction

FIGURE 1.1: Thermal vias representation. Mechanically
drilled through-hole-contacts (vias) are placed directly un-
der the components yielding heat dissipation.

Moore’s law - Modern electronics have experienced miniaturization
and high-power densification significantly over the past century. That phe-
nomenon is still continuing nowadays. Moore’s law presents the theory
that approximately every eighteen months the number of transistors by
square area will double. Considerably, this estimate of electronics growth
is directly related to thermal dispersion. Thermal design power (TDP) in
industrial use is described as the highest quantity of heat a chip can pro-
duce in its working condition. The Figure 1.2 represents the thermal design
power and number of transistor of Intel microprocessors as a function of
the year introduced in the market with the overall goal to reduce the first
one and increase second [41, 91].

Therefore, collecting data on materials and component mechanisms
failure is a requirement in the heat design operations. Detailed informa-
tion are required to prevent a bad impact on the product’s functionality
and efficiency. On the one hand, design can be effective in improving heat
dissipation, although it has limitations and new materials are constantly
evaluated. On the other hand, there is always going to be large quantities
of Joule heating being created, thus it is becoming more an more important
to find ways to take advantage of that heat and design uses that harvest the
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FIGURE 1.2: Thermal design power and number of transis-
tors for the case of Intel microprocessors vs. year of intro-
duction.

associated energy. This thesis explores unique type of materials that might
assist in the future adequate of thermal management and thermoelectric
energy harvesting. The materials investigated include two dimensional
materials (2DMs) and topological insulators (TIs).

On the one hand, 2DMs have drawn outstanding interest for heat pro-
cessing, in particular graphene and hexagonal boron nitride (hBN) due to
their superior thermal properties. On another hand, TIs have a huge po-
tential in electronics and magnetism. Their boundary states are topolog-
ically robust against non-magnetic impurities and defects of their bound-
ary states, making them, in principle highly conducting even when their
dimension is reduced to nm scales. They are also great thermoelectric ma-
terials, which in overheated environments can be very beneficial.

1.2 Two-dimensional materials

Since the isolation of atomically-thin layers of graphene in 2004 by Geim
and Novoselov, graphene research has grown tremendously. In large part
graphene research has been driven by exciting possibilities for device ap-
plications, which span from electronic to optoelectronic, thermoelectronic
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and sensing devices. This flurry of research has been accompanied by the
subsequent emergence of other 2DMs exhibiting metallic, insulating, semi-
conducting, superconducting and ferromagnetic behaviors, which have
fostered a paradigm shift in materials science owing to their rich under-
lying physics and multitude of novel phenomena. Further progress in the
tield on a pace with advances in sample fabrication have enabled to com-
bine such 2DMs in complex heterostructures with engineered properties.
Such van der Waals heterostructures are a new class of artificial materials
formed by a controlled assembly of atomically thin crystals in which prop-
erties can be borrowed among the constituent materials [30, 71].

In this thesis we have studied three 2DMs as potential systems for fu-
ture thermal management: graphene, hexagonal boron nitride (hBN) and
transition metal dichalcogenides (TMDCs).

Graphene is the basic structural element of other allotropes such as
0-dimensional fullerenes , one-dimensional carbon nanotubes and three-
dimensional graphite. It is a zero-gap material made of a single atomic
layer of carbon atoms arranged in two triangular lattices forming ¢ bonds
from sp2 in-plane hybridization of the valence electron orbitals. Partic-
ularly relevant for thermal management is its large thermal conductivity
measured in freely-suspended membranes of single-layer (~ 2000 W/ m
K) [11,27,52,100] and bilayer graphene (~600 W/m K) [75], which are sig-
nificantly higher than that of conventional bulk materials used as heatsinks
such as aluminium (~240 W/ m K)and copper (~400 W/ m K).

hBN, on the other hand, is the most typical 2D insulator material, which
has a similar structure to graphene where nitrogen and boron atoms are ar-
ranged in an hexagonal lattice bounded by covalent forces [26]. It has an
atomically smooth and chemically inert surface free of dangling bonds and
charge traps, providing an excellent insulating substrate for electronics[21].
It has been predicted to exhibit a high thermal conductivity of about 550
W/m K at room temperature [44]. First studies on hBN bulk thermal con-
ductivity reported values ranging from 200 to 400 W/ m K [44, 89] in its
pristine form, whereas in controlled boron isotope concentration layers the
thermal conductivity can be enhanced up to 550 W/m K [106].
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TMDCs are established by the chemical formula MX;, where M is for
the transition metal from the 4th, 5th, or 6th group of the periodic table and
X represents a chalcogen, such as S, Te or Se (Figure 1.3). Owing to their
semiconducting character, these materials offer potential for advanced de-
vices and an alternative to graphene. We have focused our studies to
Molybdenum disulfide (M0S;), that is one of the best examined TMDCs.
As to the thermal properties, its thermal conductivity is significantly lower
than that of graphene with reported values of ~35 W/ m K for monolayer
[103] and ~50 W/m K for bilayer suspended samples [102].
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FIGURE 1.3: Periodic table representation of the TMDCs

1.3 Topological insulators

TIs represent a non-trivial class of gapped materials whose band symmetry
leads to conducting surface (or boundary states) states. Such states appear
due to band inversion due to large spin-orbit coupling. Therefore typically
TIs are composed of heavy elements. If the Fermi level lies in the gap, the
bulk is insulating, which means that electrons can only travel along the sur-
face of the material. Other type of band insulators can also have conductive
surface states, but they are susceptible to disorder and electrons become lo-
calized and do not contribute to the transport. A unique property of TIs is
that, as long as time-reversal symmetry is conserved, their surface states
are protected against localization (backscattering is suppressed).
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It is not by chance that TIs are also excellent thermoelectric materials.
Indeed, a large thermoelectric figure of merit, ZT, is typically found in ma-
terials in which there is a large change of conductivity with energy (Fermi
level) and that are bad thermal conductors. Because the gap of TIs can-
not be larger than the spin orbit interaction (a few 100s of meV), TIs are
in fact narrow gap semiconductors with necessary change in the electrical
conductivity at room temperature as a function of energy. This first con-
dition ensures a large thermopower (or Seebeck coefficient). In addition,
because they are composed of heavy elements, thermal transport through
phonons is typically suppressed. Many of the best thermoelectric materi-
als known turn out to be topological insulators. However, because the exis-
tence of the topologically boundary states has been discovered recently, the
influence on the thermoelectric properties of these materials is unexplored.
In this thesis, the thermoelectric properties of a family of such materials
(Bij_xSby)sTes, with < x <1 is re-examined (Chapter 4 and 5).






Chapter 2

Experimental Techniques

This chapter deals with the instrumentation and experimental techniques
used in this thesis. In the first part, we describe Raman-based techniques
for measuring the thermal conductivity of materials. Our survey on Ra-
man spectroscopy does not intend to be exhaustive. We have omitted sev-
eral unnecessary advanced concepts to the reader. In exchange, we present
a more detailed description of the single and two-laser Raman thermome-
try techniques that we have used for measuring the thermal conductivity
in thin films and freely-suspended membranes. In the second part, we
summarize basic thermoelectric phenomena, with special emphasis on the
Seebeck effect that shall be needed in the sequel. We then follow with a
description of the experimental setup used for measuring the Seebeck co-
efficient in (Bi1_Sby), Tez (BST) thin films.

2.1 Raman Spectroscopy

2.1.1 Background

Raman spectroscopy is a versatile contactless technique based on the study
of vibrational modes of molecules and atoms of a medium. Unlike infrared
(IR) spectroscopy, based on the absorption of electromagnetic radiation by
molecules, Raman spectroscopy relies on analyzing the inelastically scat-
tered radiation of a monochromatic beam of light (laser) that interacts with
molecules. The oscillating electromagnetic field of the beam causes a pe-
riodic fluctuation in the electronic density of the molecules that conform
the material, resulting in an induced oscillating electric dipole moment.
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This electronic perturbation is then propagated and give rise to the scatter-
ing of light. The scattering mechanism can be separated into two classes:
elastic and inelastic scattering. In the first one, called Rayleigh scattering,
incident and scattered lights have the same frequency vy, whereas in the
inelastic process, also known as Raman and Brillouin scattering, light is
scattered at a different frequency v compared to the incident one. The shift

in frequency, known as Raman shift [79] and commonly express in cm !,

is given by
Av = <1 - 1) , (2.1)

Ap and AR being the wavelength of the excitation source and the Raman
spectra, respectively.

Besides the elastic Rayleigh mode, the inelastic scattering process en-
closes two different modes in the Raman spectra known as Stokes and anti-
Stokes peaks, with frequencies vy — v,;, and vp + v, respectively (see Fig.
2.1).

As each material has a set of characteristic atomic and molecular vi-
brations which depends on the crystalline structure and the nature of the
chemical bonds, it is possible to use this technique as a tool of elementary
and structural characterization of the materials. In addition, perturbations
in the crystal structure induced by: embedded strain, thermal expansion,
sample compositional and structural disorder, impurities and contamina-
tion of the sample as well as the presence of pseudo-phases and deforma-
tion of the material can be also detected using this technique [13, 67,12, 19].
In the case of 2DMs, since the advent of graphene, and followed by a flurry
of research on related layered crystals, Raman spectroscopy has positioned
as a fundamental tool to extract key structural and electronic information
on these materials such as the number of layers, the edge termination, or
the effects of external perturbations including electric field, magnetic field
and mechanical strain.[64, 65, 84, 35, 59, 17, 8].

2.1.2 Raman thermometry

Another particular application of Raman spectroscopy is the estimation of
the local temperature of the material under analysis, and, consequently;, its
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thermal properties. The thermal conductivity x, that quantifies how well a
material conducts heat, is defined by the Fourier law

q = —kAT (2.2)

where g denotes the heat flux density and AT the temperature gradi-
ent. Increasing or decreasing the temperature of a material produces a
displacement of atoms from their equilibrium positions, resulting in an
overall volumetric expansion or contraction of the lattice. The enlargement
(shrinkage) of the lattice leads to a change in the interatomic forces and, as
consequence, a shift to lower (higher) wave numbers in the Raman modes
as the temperature increases (decreases), so that Av = xA T. Similarly, the
linewidth of the Raman spectrum is broadened (narrowed) as the temper-
ature increases (decreases) as consequence of the temperature dependence
of the phonon lifetime. In addition, owing to the temperature dependence
of the phonon population the Stokes and anti-Stokes peaks have a different
amplitude.

(a) Increasing temperature (b) l l
virtual state virtual state  virtual state
A
> > I L — T
= = i
[z 2 I
o) <FWHM [} Stokes Rayleigh  Anti-Stokes
-— -— :
< — < | |
Vo - Wb Vo Vo + Wb
Raman shift Raman shift

FIGURE 2.1: Schematic examples of Raman mode as ther-

mometer. (a) Redshift, intensity decrease and broadening

of the linewidth of an active Raman mode due to temper-

ature increasing. (b) Raman spectrum showing the anti-
Stokes, Rayleigh, and Stokes signal.

As schematically shown in Fig. 2.1, the local temperature of a sample
can be probed using: (i) the shift in peak position, (ii) the change in the
mode intensity, (iii) the broadening of the linewidth or (iv) the change in
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the Stoke anti-Stoke amplitude ratio.

Figure 2.2 shows a schematic representation of simple application of
Raman thermometry in suspended membranes.

-
local heating < e .  suspended membrane

L

FIGURE 2.2: Artistic view of the Raman thermometry
method applied in suspended thin films membranes

If one uses the red-shift of the Raman mode as a thermometer, the lo-
cal temperature of a focused spot can be easily determined by fitting the
spectral position of the observed Raman mode, given a previous calibra-
tion of its spectral position with temperature. Then, if a given material
absorbs certain power arising from the laser source, an increase of the inci-
dent power leads to local heating and, thus, to a red-shift of the observed
Raman signal. The temperature rise in the impinged region will depend on
the intrinsic thermal properties of the investigated material. Alternatively,
if the material is heated by an external source (e.g., by passing an electrical
current or illuminating with a second laser) it is possible to probe the tem-
perature gradients driven by this source based on the red-shift of its Raman
signal. Once the thermal map or the local temperature rise is measured, the
thermal conductivity value of the sample can be extracted by solving the
heat diffussion equation with boundary conditions given by the specific
sample geometry. For bulk materials, the three-dimensional heat equation
has to be solved considering a Gaussian power source [77]. For systems
with thicknesses & much smaller than their lateral dimensions such as thin
films and 2DMs, the heat diffusion equation can be approximated as [73].

2
—V2T = Pabs exp( r> (2.3)

"~ 27hok o?
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where ¢ is the electrical conductivity, and P, is the power absorbed in
the material.

For supported thin films, the solution to the heat equation is more com-
plex due to the interface resistances between the film and the substrate[Huang2009,
39, 32], while for suspended membranes the analytical expression of the
thermal conductivity «, is given by

S @)

where v is the Raman peak position.

Measurements in Fig.2.3 are examples of temperature depependent Ra-
man spectra of two different active phonon modes in few layers MoS; [83].
From the peak position as a function of temperature x was estimated to be
k ~50 W/mK.
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FIGURE 2.3: Raman thermometry in few layers MoS,. Left

panel: (a) Raman spectra for different temperatures. Tem-

perature dependence of the (b) Ez; and (c) Ajg Raman

peaks. Rigth panel(a) Raman spectra for different incident

laser powers.(b) Power dependence of the A;; phonon
mode. Figure adapted from [83]
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2.1.3 Two-Laser Raman thermometry

The technique was developed in the Phononic and Photonic Nanostrcu-
tures group and validated in a seminal work investigating the thermal
properties of free-standing single crystalline Si membranes with thicknesses
from 200 to 2000 nm. The technique is based on pump-probe measure-
ments in which a thermal distribution of phonons is created using a heat-
ing laser, while a second laser is used to determine the local temperature
through the spectral position of a Raman active mode. The schematics of
the technique is shown in Fig. 2.4. The bottom laser with a continuous
wavelength of A, = 405 nm is used as heating source. The laser spot im-
pinges on the material creating a Gaussian distribution of heat. A second
laser with a continuous wavelength of A, = 532 nm impinges on the sample
from the top and probes the local temperature through the spectral shift of
an active Raman mode. Pump and probe laser powers have a 10:1 ratio in
order to avoid any additional perturbation in the sample.

Considering an isotropic membrane, the measured temperature pro-
files is given by the solution to Eq. 2.2 with q= P,;;/A, where A the cross
sectional area of the heat flux. In the case of freely-suspended membranes
A= 27rh, and considering a temperature independent k¥ = x, the temper-
ature profile is given by

T(r) = Ty — —2its ln<r> (2.5)

B 27hK 7o

In this thesis, we have used two different Raman experimental setups
depending on the samples to be characterized. The first setup, allows
to measure x and to perform thermal field mapping of freely-suspended
membranes either using single or two-laser Raman thermometry. The lasers
are focused using a long distance 50x optical objective with numerical aper-
ture of NA = 0.55, enabling to measure « under variable temperature con-
ditions with a spacial resolution of ~ 500 nm. The second setup, allows
to determine the thermal expansion of supported thin films by measuring
their temperature dependent Raman spectra. The laser is focused using a
long distance 50x optical objective with NA = 0.5 and spatial resolution of
~ 800 nm. Additionally, the setup is endowed with or a short distance 100x
objective with NA = 0.9 providing a higher spatial resolution of ~ 400 nm
that has been used to measure high-resolution Raman spectra in BST thin
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FIGURE 2.4: Schematic representation of the Two-laser Ra-
man thermometry [36].

films.

2.2 Thermoelectric transport measurements

2.2.1 Thermoelectric effects

Thermoelectric effects encompass phenomena in which temperature dif-
ferences are converted to electric voltages and viceversa. These classical
effects have been observed in solids dating back to the XIX century [87, 74,
93]. Since then, thermoelectricity has become a major field of research in
solid state physics, especially since the beginning of the integrated circuit
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era, in which inefficient heat dissipation in ever smaller chips and inter-
connects may cause device failure [23]. Thus, nanostructured and low di-
mensional thermoelectric materials are gathering increasing attention as a
means of managing heat in nanoscale structures [90, 24].

We consider first the Seebeck effect, in which a temperature difference AT
between the two ends of a material results in a voltage difference AV.

AV = SAT (2.6)

The magnitude of this effect is given by the Seebeck coefficient S of
the material, also called thermopower. The Seebeck coefficient in metallic
samples is well described by the semi-classical Mott relation [20, 29]

?k3T (dIno(E)
sMMf——-3‘e( s )EEF @7)

where e is the electron charge, kg the Boltzmann constant, and Er the
Fermi energy.
The density of states (DOS) at finite temperature is given by the Fermi-
Dirac distribution

-1
oo (E) = exp(C ) +1]

(2.8)

with different number of states in the cold and hot sides of the material,
as shown in Fig. 5.12. Owing to the dependence of the electrical conductiv-
ity o with energy E, carriers in the hot side with higher energy will diffuse
to the cold region. This heat flow is accompanied of a charge accumulation
process that results in a thermoelectric voltage.

A second ubiquitous phenomenon in thermoelectricity is the Peltier ef-
fect, in which the flow of an electric current can either produce or absorb
heat at the junction between two different materials. The Peltier heat gen-
erated at the junction between the two materials with Peltier coefficients
I1, and IT; is given by

Q= (I, —T1,) -1 2.9)

where [ is the current across the junction.
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FIGURE 2.5: Schematics of the Seebeck effect. (a) A temper-

ature difference across two reservoirs with temperatures

Thot > Teo1q drives a heat current J;, leading to a built-in

thermoelectric voltage. (b) Carriers in the left reservoir

have an average energy E,, larger than in the right reser-

voir, resulting in a net carrier diffusion from hot to cold
end, building up a thermoelectric voltage

The Seebeck and Peltier effects are related by means of the second Thom-

son relation
I1=ST

The maximum efficiency of a thermoelectric device for both thermo-
electric power generation and cooling efficiency is given by its figure of
merit zT,

S20T
K

zT =

(2.10)

where ¥ = k, + k., with xyand . the phononic and electronic thermal
conductivity respectively, and ¢ is related with the carrier concentration n
by the formula ¢ = neu, with p the carrier mobility. The carrier concen-
tration n of the sample can be varied in semiconductor-based compounds
by controlling the doping level, which in principle could be used as a tune
knob parameter for maximizing zT. Figure 2.6(a) shows the influence of n
on zT, x, o and S, exhibiting a peak between in zT at concentrations n ~
10%-10'° cm~3. From the temperature dependence measurement of zT for
different n-type and p-type semiconductors (Figs. 2.6.b and 2.6.c) it can
be deduced the high room-temperature performance of Bl,Tes (Sb,Tes3) as
n-type (p-type) thermoelectric materials.

As detailed in Chapter 5, we have carried out thermoelectric measure-
ments in in thin films of BST as a function of temperature at different Sb
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FIGURE 2.6: a) Maximization of figure of merit zT involves

a compromise among x, ¢ and S parameters- Figure of

merit for conventional (c) p-type and (d) n-type thermo-
electric materials. Figure adapted from [90]

concentrations with the aim to look at the influence of topological surface
states on their thermoelectric response.

2.2.2 Thermoelectric measurement set-up

Thermoelectric measurements have been carried out in a cryogen-free cryo-
stat with a temperature operation range from 350 K down to 6.5 K and
temperature stabilization better than 50 mK. The set-up allows to apply
magnetic fields up to 0.7 T by means of an external electromagnet. The
samples, placed in 24-pin socket inside the crysotat, are connected to the
electronics using a Fisher connector. The electronics comprises a current
pulse source (Keithley 6621) used for heat generation. Current pulses of
750 ms width and f = 0.2 Hz are triggered to a nano-voltmeter (Keithley
2182A) that measures the d.c voltage that results from a temperature dif-
ference in the sample. The set-up is fully computer controlled using the
Labview software interface.

The schematic of the measurement configuration and device are shown
in Fig. 2.7(a) and 2.7(b). As explained bellow, the metal contacts attached
to the sample act as voltage probes and thermometers.

The generation and quantification of the temperature gradient is as fol-
lows. The temperature gradient is generated by a current Iy, flowing
through a microfabricated Pd heater that produces a Joule heating in the
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FIGURE 2.7: (a) Sample geometry and measurements con-
figuration. (b) Schematics of the current bias configuration
for calibration of the two thermometers (top panel) and
for thermoelectric voltage measurements (bottom panel).
(c) Resistance of sensor 1 as a function of the current in
the heater measured at Ty, = 240 K. The quadratic depen-
dence is due to Joule heating. (d) Resistance of sensor 1
as a function of the bath temperature for calibration of the
thermometers.

contacts. We quantify the temperature using two two resistive Pd ther-
mometers attached to the sample. We monitor the resistance of both ther-
mometers, Rg; and R, with a standard four probe technique as a function
of Ijeqter and obtaining Rgy and Rg; as a function of the dissipated power
(Fig.2.7(b) and 2.7(c)). Each thermometer has to be previously calibrated by
measuring their resistance as a function of the bath temperature Tj,y,. As
shown in Fig. 2.7(d) we have observed a linear relationship between Ty,
and Rg; 5o down to 200 K. At lower temperatures we have observed a devi-
ation from the linear scaling. Thus, the resistance-temperature conversion
coefficient is obtained by a sixth-order polynomial extrapolation.
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Chapter 3

Thermal conductivity of
suspended 2D materials

The main goal of the current chapter is to study the thermal conductivity of
crystalline two-dimensional (2D) materials, such as graphene, hexagonal
boron nitride (hBN) and transition metal dichalcogenides (TMDC), and the
possibility to used them as thermal management materials. Progress in the
electronics industry has led to an increased need for novel thermal man-
agement (i.e. ability to control the temperature of a system) technologies to
improve the system performance. Two-dimensional materials, and related
heterostructures, are amongst the most intriguing prospects for future elec-
tronics and are being intensively investigated, gaining significant interest
in nanoelectronic applications. They are relatively simple to produce in
small scale and complex structures and can have outstanding thermal and
electrical properties, and could present in metallic, semiconducting and in-
sulating character. For example, the ability to reduce the thickness of the
channel down to atomic scales would result into enhanced gate control,
both relaxing the requirements on gate dielectrics and suppressing short-
channel effects. However, the behaviour of the material in working condi-
tions is still not well understood, and this includes how the heat dissipates
from a hot spot (ballistically or diffusively). In this chapter, significant ef-
forts have been invested in fine-tuning device fabrication parameters and
protocols and to adapt measurement techniques to the peculiarities and
constrains imposed by the selected materials. They include methods to
transfer and fabricate few-layer suspended membranes by exfoliation and



22 Chapter 3. Thermal conductivity of suspended 2D materials

deterministic transfer, and adapting the recently developed two-laser Ra-
man thermometry (2LRT)for determining heat propagation and the ther-
mal properties of the systems.

In this chapter we demonstrate the fabrication of suspended 2D mate-
rials such as: CVD graphene, MoS; and MoSe, (TMDCs) and hBN. These
delicate membranes, comprising few monolayers, were placed in 20 ym
diameter holes to perform two-laser Raman spectroscopy measurements.
The relatively large diameter of the holes was necessary to achieve enough
lateral resolution in heat spreading, given the size of the laser spot (around
1.0 um) and the relatively large thermal conductivities of investigated ma-
terials. As described in Chapter 2, the advantage of the use of two-laser
Raman is to avoid any assumptions in the flow of heat, as the actual local
temperature is directly measured. We measured the thermal conductiv-
ity of monolayer CVD graphene of, 300 W/(m.K), which is one order of
magnitude smaller than the values reported for exfoliated graphene. This
discrepancy could be attributed to grain boundaries and disorder. Similar
measurements were also carried out in multilayer MoS, and MoSe; . The
thermal conductivity measurements in the former were estimated to be 24
W/(m.K), several orders of magnitude larger than in the polycrystalline
version of the material. In regards to MoSe; the thermal conductivity of an
8-layer membrane was about 60 W /(m.K), very close to that reported with
bilayer MoSe, . The larger value in comparison to MoS2 is currently not
fully understood and must be further investigated. In addition and het-
erostructure out of hBN and MoS, was fabricated. The heat was released
in MoS; , using a laser with energy surpassing its bandgap (2 eV) but not
that of hBN (6eV), and then the change of the overall thermal conductiv-
ity between bare MoS2 and hBN/ MoS; was evaluated. This experiments
roughly recreate the Joule heating in an MoS2 device surrounded by hBN
dielectric material. Notably, the bilayer exhibited about a factor 8 increase
in the effective thermal conductivity, demonstrating not only the capacity
of hBN to transport heat but also of heat transfer between the two materi-
als.

Note that the demonstrating thermal conductivity measurements on
2D materials single crystals using 2LRT was a main goal of this thesis. This
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explains the effort dedicated to fabrication of the samples. Indeed, as men-
tioned in Chapter 2, 2LRT was first implemented to measure the conduc-
tivity of Si membranes. The large size of these membranes (in the range of
100 ) allows to minimize heat transfer to the substrate and generate large
measurable temperature gradients with Raman, with a first laser focused
in its center, to induce the gradient, and a second scanned laser to measure
the temperature [80]. The technique was later on successfully implemented
in membranes of polycrystalline MoS; . The suspended membranes were
smaller, but the thermal gradients that could be generated were still large
due to the low thermal conductivity k of these membranes, which is of the
order of 1 WmK~1.

In the samples studied in this thesis, the size of the membranes is lim-
ited by the lateral dimensions of the flakes, that is, few 10s of ym. In addi-
tion, the thermal conductivity of the materials of interests is orders of mag-
nitude larger than that of polycrystalline MoS, . This results in a reduced
thermal gradient, making more difficult their direct measurements. It was
thus not obvious that two-laser thermometry would be sensitive enough to
be implemented with small crystals with high k and small lateral dimen-
sionsions.

3.1 Fabrication of the 2D material based suspended
membranes

In this first section, the process to fabricate suspended 2D materials is pre-
sented in detail. This includes methods to transfer and fabricate few-layer
suspended membranes by exfoliation and deterministic transfer. A de-
tailed and systematic description of the fabrication steps can be found in
Appendix C.

3.1.1 Mechanical exfoliation of 2d materials

The 2D materials research was triggered by the ability to separate and ma-
nipulate very thin layers from bulk crystals. Graphene was the first 2D
material to be isolated. The method was very simple by repeatedly thin-
ning down the thick layers of graphite with adhesive tape. This method is
called "mechanical exfoliation". Since then, other methods were invented,
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one of the most frequently implemented being chemical synthesis and lig-
uid exfoliation. Graphene-based on chemical synthesis was initially shown
to be of inferior quality compared to exfoliated flakes in terms of carrier
mobility. Nowadays, it is possible to fabricate high-quality graphene over
large areas using chemical vapor deposition (CVD). Therefore it becomes
paramount to investigates its transport properties. CVD graphene is poly-
crystalline and a main goal is the understand the relevance of impact of
grain size, grain boundaries and disorder in its transport properties.

On the other hand, the focus of recent fundamental research has been
shifted to other 2D materials. In particular, transition metal dichalcogenide
(TMDC) can be semiconductors. Their composition is of the type MX2,
with M as a transition metal atom (Mo, W, etc.) and X is a chalcogen atom
(S, Se, or Te.). These materials exhibit attractive electronic, optoelectronic
and mechanical properties.

Graphene exfoliation. "Mechanical exfoliation" method was used to
obtain thin and long graphene flakes (details are described in Appendix
C). Mechanical exfoliation, was the method discovered initially by An-
dre Geim and Konstantin Novoselov, and uses an adhesive tape to cleave
graphite into graphene. Achieving single-layer graphene typically requires
multiple exfoliation steps. This exfoliation method, in principle, can be
used for any layered van der Waals material, as described below. The in-
spection of the exfoliated flakes was done using optical microscopy and,
more precisely, by using Raman spectroscopy. Raman spectra presents a
definite change in its peak position depending on the number of layers.

hBN exfoliation. hBN mon+,olayer flakes are very harder to exfoliate
than graphene. The hBN’s crystal source is small (around 1mm) and ev-
ery exfoliation reduces not only its the thickness but also the lateral area,
becoming then very difficult to have larger monolayer flakes. hBN flakes
are often used as an intermediate between SiO, /Si or other 2D materials to
achieve an atomically smooth and inert substrate (SiO, has nm roughness
and trapped charges). The thinnest layers (1L to 3L) can also be used as a
tunneling barrier.
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TMDCs exfoliation. Similar exfoliation methods are used for the TMDCs.
This thesis only focuses on MoS; and MoSe;. TMDC exfoliation with can
be done with PDMS. To obtain large monolayer of TMDCs that contain
Sulfur gold can be deposited onto it. This method has been implemented
in MoS; . The Sulfur atoms have a strong interaction with the gold which
will enable a controlled exfoliation.

TIs film exfoliation It is also possible to exfoliate film topological insu-
lators grown by the MBE.[47] Since the TIs are sensitive to oxidation thus
great care needs to be taken. Such surface oxidation is the origin of the
degradation of topological surface states, and typically these materials are
capped in ultrahigh vacuum to avoid oxidation.

3.1.2 Fabrication of the suspended membranes

A prerequisite to properly estimate the thermal conductivity of 2D ma-
terials is to measure them suspended to avoid any interaction with the
substrate. A non-destructive technique like Raman thermometry allows
obtaining the thermal conductivity without the need of electrical contacts.
Yet, to limit the risk of damaging the 2D materials requires that the sus-
pended area is not too large. After performing several tests, we selected
holes with diameters from 10um to 20um. A larger diameter would lead
to a very small yield of membranes, as they would break in the transfer
and release process. In addition, multiple substrates and hole were tested
during this thesis to optimize the measurements.

Initially, simple substrates were designed by spin coating polymer on
top of glass slide and then the holes were defined by lithography. However,
heat spreading at the border of the suspended flake was unreliable, it also
raised problems due to reflections in the glass. To avoid this issues, a 200
pm silicon substrate was used with tubular holes all the way though. Un-
fortunately, the geometry had the drawback that transmission of the light
through the holes required perfect focus and an alignment. Even then, the
light was reflected in the hole walls and the hole behaved like as a cavity.
In the final design, the 2D membranes were deposited on wholes made on
thin Si layers (much thinner than the width of the holes). This was achieved
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with Silicon-on-Insulator (SOI) wafers.

a) - b)

FIGURE 3.1: a) Picture of the suspended Silicon membrane
from a) bottom view and b) top view.

Figure 3.1 shows pictures of SOI chips in which Si membranes were de-
signed by etching a) bottom view an b) top view. The membranes were de-
sign with different areas. There are 5 membrane sizes around 70x70ym on
the left a) and 4 membranes were made around 130x130um on the right b).
The membranes were fabricated at the national Center for Microelectroni-
cis (CNM) using a recipe developed by us. Briefly it consisted in depositing
a layer of silicon nitride that would be used as a wet-etching mask, pho-
tolithography to followed by reactive ion etching (RIE) of silicon nitride to
define the windows in which the membranes would be placed, and finally
wet potassium hydroxide etching(KOH) to remove the handle of the SOI
wafer. The Si oxide (box) can then be removed using a hydrogen fluoride
(HF) solution. This leaves the so call silicon (a few micrometeres thick)
membranes suspended.

As a final step, circular hole were carved in the membrane with a Fo-
cused Ion Beam (FIB). Several sizes were first used but finally we settled
for holes with diameters of 10ym and 20um. Figure 3.1 b) shows a picture
taken with scanning electron microscope (SEM) of one of the holes.

In the next step, the selected 2D material is picked up from a substrate
in which it was exfoliated, or directly exfoliated on a stamp, and subse-
quently transferred on top of the hole.
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FIGURE 3.2: a) Schematic representation of the FIB [82] and
b) SEM picture of a hole in the Silicon membrane.

3.1.3 Transfering of 2D materials onto the membranes

Several transfer techniques were used in this thesis. Some of them are
novel while others were adapted from techniques in the literature. The
main goal was to design and fabricate heterostructure based on the stack-
ing of 2D materials. It is possible to control the position and so create com-
plex van der Waals heterostructures based devices which can lead to novel
phenomena. The most common technique for stacking is the all-dry trans-
fer method that involves a viscoelastic stamp and wet chemistry step.

Transfer set-up. To transfer exfoliated 2D materials, an optical micro-
scope with XYZ stage was used to find the flakes, characterized roughly
their thickness and then aim to the location of transfer. The second part is
the stamping stage that can also move in different directions. A glass slide
is attached to the stamping stage with the viscoelastic stamp with materi-
als on top.

If the exfoliation of the flake was not implemented directly on a trans-
ferred stamp then there is an additional step consisting of picking up the
materials from a substrate by either etching or stamping. The foregoing
section summarizes the different types of transfer.
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FIGURE 3.3: a) On the right, picture of the Nikon with the
stamping stage and the left. b) Utilization of viscoelastic
stamping technique.

Transfer using PDMS, all dry viscoelastic transfer. The PDMS transfer
refers to the technique releasing 2D materials without any added polymer
on top [16]. This is the most common technique after exfoliating on top
the PDMS transfer the identified flake where it is needed. One issue with
this technique is that the polymer is transparent and it is difficult or even
impossible to observe thin layers of hBN on top, due to its large band gap
(6 eV). Graphene can be glanced with the highest magnification(100X ob-
jective) but it is difficult to transfer it at a wanted position.
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Transfer using PDMS, capillary-force assisted transfer. This transfer
technique uses the capillarity force created by evaporating water on top of
the PDMS. The problem with this technique is that the flakes may break
during the transfer. A more secure way to transfer is then to use a polymer
on top of the PDMS.

PPC or PMMA Transfer. By adding an extra layered polymer, this tech-
nique allows to create clean 2D heterostructure materials. Typically, some
2D flakes are hard to remove from the substrate due to a strong adhesion
to it. Fortunately, it is possible to handle the in-between flakes without
touching any polymer. This process can be referred as the van der Waals
pick-up/transfer with the assistance of, typically, a hBN flake. The larger
van der Waals interaction between the 2D material and hBN, allows to re-
move the flakes from the substrate. This enables the creation of very clean
2D materials heterostructure [76].

There are two highly efficient polymers that can be used on top of
the PDMS, Polypropylene carbonate (PPC) and Poly(methyl methacrylate)
(PMMA). The difference between the them is their melting point tempera-
ture. PPC is employed to pick up graphene from Si0,/Si and PMMA can
help pick up monocrystals of CVD graphene from copper [5]. In the Ap-
pendix C, all steps involved on this technique are described.

PLLA Transfer. This transfer method was commonly used for struc-
tures with different dimensions and various surface properties [56]. It can
be easily transferred on hydrophobic, hyrophilic and flexible substrate.

Wet Transfer of CVD graphene. In this case, the CVD graphene is first
grown on copper and then transferred with fishing technique on a sub-
strate. This process is described as a wet chemical transfer. It uses PMMA
as a temporary support during the etching of the copper by etchants like
iron chloride (FeCl3), hydrochloric acid (HCI) or ammoium persulfate (NHy),
S,0g5 [57] [49]. The process results in graphene membranes with larger im-
purities than the dry transfer described above, but it allows much larger
flakes and higher reproducibility.
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FIGURE 3.4: Picture a) is a stamp of CVD graphene/
PMMA /PDMS with hole in the etching solution. b) Dry-
ing of the CVD graphene/PMMA membrane

In the case of suspended membranes, some extra steps were added to
avoid wet processes. Suspended membranes are very fragile. For exam-
ple, to remove the PMMA, it is not possible to simply dip the substrate
in acetone, because of surface tension when the acetone evaporates, the
membranes systematically break. To fix this problem, it is possible to use
a Critical Point Dryer. Such system uses the fact that along the boundary
between the liquid and vapor phases it is possible to choose a particular
temperature and pressure, where liquid and vapor co-exist and surface
tension is minimized. Typically the original liquid (in this case water or
acetone) is replaced with liquid CO2 and the temperature then raised to
above its critical temperature. When the liquid CO2 changes to vapour,
its density is constant and no tension is generated. Afterwards the gas is
pumped away. This technique helps to preserve the sample morphology
and avoiding damaging effects [48].

3.2 Measurements of Graphene thermal conductivity

In many 2D materials, heat is carried primarily by phonons due to the ab-
sence of high density of free electrons. Graphene is a semi-metal and has a
strong covalent sp2 bond between the carbon atoms, also in this scenario,
phonons are the main heat carriers . ZA phonons are dominant in thermal
conduction for graphene or hBN [58]. This type of phonons dominate the
heating transport in the in-plane direction [51]. In order to understand the
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thermal transport of graphene, it is important to study the role of different
phonons in thermal conduction regime.

The measured thermal conductivity of exfoliated graphene is in the
range 3000 - 5000 Wm1K1 at room temperature [4], [53]. While graphite
has approximately 2000 Wm1K1 at room temperature, still among the high-
est of any known material. However some discrepancies in the thermal
conductivity values can be found in the literature for example Faugeras et
al.measured a thermal conductivity of 600 Wm1K1. This discrepancy may
be attributed to the techniques used to measure thermal conductivity or to
the quality of graphene. Nevertheless, thanks to the excellent heat conduc-
tivity, graphene has the potential for use in thermal management applica-
tions. As previously stated, here we do not focus on exfoliated graphene
but on CVD graphene instead, given the promise of large scale production.

Figure 3.5shows Raman and the thermal maps of 7ym x 7um suspended
few-layer CVD graphene obtained by 2LRT . The Raman spectroscopy equip-
ment used for 2RLT is provided by Horiba.
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FIGURE 3.5: 2LRT suspended CVD graphene depending
on the laser position (left) and temperature conversion
based on the logarithm of the laser position (right)
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Using the following equation:

T(r) =Ty — ?Qdkln (:())

one can calculate the thermal conductivity of suspended CVD graphene
by using these formula:

Pabs o Pinc * 2.3%

- e = Slope(ﬁ) o 271(0.34nm) * Slope(lnz))

Where d is the thickness of the monolayer, P, is the power absorbed

by the graphene which absorbs 2.3% of the incident power P;,.. The slope
f(Ls d form the Fi 3.5
0 (ln(r)) was extracted form the Figure 3.5.

We obtained a thermal conductivity for our suspended CVD graphene

of 305 Wm—1K~!, which is lower than in exfoliated graphene as reported
in the literature.
This discrepancy could be attributed to quality of the CVD graphene and
some polymer residues from the fabrication process. It was also shown
that the polymer residues can increase the phonon scattering on the sur-
face [46]. Figure 3.6 evidences the presence of the residues resting on top
of the membrane..

The size of the membrane is also an important parameter, and implies
that the domain size can have an effect on thermal properties. In an ideal
case where only "Umklapp scattering" inhibits heat transfer. Graphene
could exceed the bulk limit if the flake domain size is a few micrometers
[70]. For suspended pad measurement, the thermal conductivity keeps in-
creasing logarithmically [101]. A theoretical study emphasizes that for a
size of 30 ym that would give larger values [69].
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FIGURE 3.6: Optical microscope images after transfer the

suspended graphene on a silicone membrane with an of

hole of 10 um a) bright light and b) dark-field mode. Dif-

ferent samples are shown with hole diameter of 20 ym and
d) 30 ym.

3.3 MoS,; and hBN/MoS, heterostructures thermal con-
ductivity

Molybdenum disulfide, MoS,, belongs to a class of materials called "tran-
sition metal dichalcogenides’ (TMDCs). Due to its suitability for future ap-
plications in electronic, piezoelectric and optoelectronic devices [99] [98].
MoS; has attracted increasing research interest. The fabrication of few-
layer to single layer sample is rather simple with mechanical cleavage tech-
nique. Large area are also possible to be prepared by CVD technique [43].

In addition, a tunable bandgap structure in MoS; is relevant for next
generation of devices. For example, mono-layer or bilayer of MoS; has a
direct bandgap of 1.8 eV [63], it can therefore be used as a nano-transistor
channel with an on/off ratio [78]. However, from bilayer to bulk MoS,
has an indirect bandgap of 1.3 eV [2] [25]. This thickness bandgap depen-
dence characteristic could hold a possibility for optoelectronic and photo-
detection applications [61].
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Here, the thermal conductivity of a few layer MoS, samples is reported
and also one sample measured after the transfer of few layer hBN on a pre-
viously tested MoS; flake.

Figure 3.7 shows the optical picture of a 4-layer thickness MoS, flake on
top of 10 ym hole. Two holes can be seen on the picture, in the one on the
left the membrane is fully suspended and in the one on the right is broken.
Only the perfectly suspended membrane was used. This sample will be
referred has SAMPLE A.

e

FIGURE 3.7: SAMPLE A - Optical microscope picture of 10
um suspended MoS2

We tried to implement two-laser Raman spectroscopy on this sample.
However, we realized that the membrane size was too small to achieve a
measurable temperature gradient. This result help us establish a minimum
whole size of 20 ym for such measurements. This also implied that very
thin flakes were more difficult to suspend over such wholes, and thicker
membranes had to be measured. In any case, we used one-laser Raman
thermometry as explained in Section ??. Figure 3.8 shows such measure-
ments from which a thermal conductivity of 23.3 W/(m K) was obtained.
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FIGURE 3.8: SAMPLE A - Graphics of 10um suspended
MoS2

3.3.1 Two laser Raman thermometry of MoS,;

In subsequent attempts, MoS; flakes were transferred onto larger holes in
order to achieve larger temperature gradients. Larger temperatures are

also achieved by the larger thermal impedance from the center of the mem-
brane to the walls of the hole in which it rests.

FIGURE 3.9: SAMPLE B - Optical microscope picture of
suspended 7-layer MoS,

Figure 3.9 shows a flake of 7-layer MoS, transferred on a 20 ym hole.
This sample is referenced as SAMPLE B and it was made with simple
PDMS transfer technique ( 3.1.3). In this case, with a larger membrane,
it was possible to demonstrate the suitability of the 2LRT method [80].
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FIGURE 3.10: SAMPLE B - 2LRT scan and 3D map

Figure 3.10 (left) shows the measured temperature increase (left axis)
as a function of position, when the heating laser is focused on the cen-
ter of the membrane. The right axis reveals the Raman shift of the A,
peak. Here, the heating laser is Aj, = 405 nm and the scanning probe is A},
= 532 nm. The heating absorbed power was 39.8 yW measured by differ-
ent power meters. Figure 3.10 (left) shows a 3D heating map of the same
membrane. This measurement reveals that a small wrinkle, which can be
distinguished in 3.10, has not a major effect on the thermal measurement.
The thermal conductivity of this membrane was estimated to be around 12
W/m.K. The model is described in detail in the Appendix A and uses the
software COMSOL ®to implement it.

Similarly, a second MoS; membrane was produced on a 20 ym hole
(SAMPLE C). In this case the flake had a 20-layer thickness. Figure 3.11
provides the picture of SAMPLE C (a) and the Raman spectra of the MoS,
membrane in the top left inset. Figure 3.11 (b) and (c) show 2D maps of the
membrane for a laser wavelength of A = 488nm.
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FIGURE 3.11: SAMPLE C - Optical microscope picture of
20 pum suspended MoS; and 2D Raman maps made with
Witec Raman.

Finally, Figure 3.12 shows the 2RLT scan, and is equivalent to Figure
3.10. The signal obtained with SAMPLE C is larger than in SAMPLE B
due to the larger number of layer in the former. In this case, the absorbed
laser power was also significantly larger 425 yW. A small asymmetry is
distinguished in the thermal scan (left panel) that is due to the laser posi-
tion not being exactly in the center of the membrane. The position of the
heating laser is done manually and the sample is under vacuum. A shift
of the order of a micrometer in the laser position off-center is therefore not
surprising. The model in the Appendix A supports this hypothesis. The
model takes into consideration such a shift and the fit is in a very close
agreement with the experiments (Appendix A). The obtained thermal con-
ductivity is 24 W/mK.
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FIGURE 3.12: SAMPLE C - 2LRT scan and 3D map.

3.3.2 Two laser Raman thermometry of hBN/MoS, heterostruc-
ture

Using 2D van der Waals heterostructure new physical phenomenon can
emerge including intra-layer phonon modes and inter-layer charge trans-
fer. New phenomena can be observed in such heterostructuures that are
not found in bulk crystals. Phonons modes can appear due to the vertical
bonding and lattice distortion between the 2D crystals [72]. TMDCs have
showed layer breathing phonon modes with the support of ultralow fre-
quency Raman spectroscopy Raman breathing modes” intensity are corre-
lated with the suppression of photoluminescence. This results from the in-
terlayer charge transfer. It is important to ensure clean surfaces to observe
the layer breathing mode. The orientation between the layers is also very
important as the frequency will be impacted. These type of heterostructure
are either fabricated by PDMS transfer or generated by CVD growth.

Here we focus on hBN/MoS; in order to evaluate the change change
of the thermal conductivity of the stack in comparison with MoS; alone.
Note that photon energy of the laser that heats the sample is lower than
the band gap of hBN thus the heat is deposited only on hBN. Therefore a
change of the effective conductivity indicates a large conductivity of hBN
and an efficient heat transfer from MoS; to hBN. In order to make a proper
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comparison, the the hBN flake was transferred onto a previously character-
ized MoS; membrane (SAMPLE C). We call the hBN /MoS, stack SAMPLE
D. Figure 3.13 shows SAMPLE D, the thickness of hBn was determined to
correspond to 11-layers. The dash line in Figure 3.13 indicates the perime-
ter of the hBN flake. The top right inset shows the Raman spectra with the
characteristic peak of hBN. The intensity of the hBN peak is found to be
less intense than the corresponding ones for MoS; (it was captured with
the Witec equipment).

Intensity (a.u.)
L L

T T T T T T T T T
1000 1100 1200 1300 1400 1500 1600 1700 1800
Raman Shift (cm™)

FIGURE 3.13: SAMPLE D - Optical microscope picture of
Sample C with a transferred flake hBN on top

The 2LRT (Horiba Raman) was then carried out to obtain the thermal
conductivity of this heterostructure. Figure 3.14 shows the scans from
which the temperature is obtained.Then by using the model described in
the A), the measured thermal conductivity was 185 W/m K For this mea-
surements the input power was increased due to the larger thermal con-
ductivity in the system.

This result demonstrates a significant increase from the thermal con-
ductivity of MoS; to that of the hBN/MoS; heterostructure. Indeed, the
efective thermal conductivity of the latter has increased by a factor 8. This
in turn demonstrates the presence of heat transfer from MoS, to hBN and
the subsequent behaviour of hBN as an efficient thermal dissipator. Un-
fortunately, the temperature of hBN could not be resolved, further experi-
ments with more sensitivity on this aspect could be used to map the tem-
perature of both hBN and MoS;. In this scenario, it would be possible to
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determine the heat transfer between them.
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FIGURE 3.14: SAMPLE D - 2LRT scan and 3D map

3.3.3 Layer thickness and thermal conductivity

After having determined the thermal conductivity of different membranes,
which have different thicknesses, it appears that the thermal conductivity
is thickness dependent. The table below summarizes the results obtained
with the different samples in this thesis. Using 2LRT, we found that the the
thermal conductivity is smaller in the thinner membrane (k = 12 W/mK in
the 7-layer SAMPLE B versus k = 24 W/mK in the 20-layer SAMPLE C).
Prior studies studies have found a reduction of the thermal conductivity of
MoS, with the decreasing of the number of layers [105].

Note that k = 23.59 W/mK in the 4-layer SAMPLE A does not follow
this trend. However, these measurements were carried out with one-laser
Raman thermometry (1LRT). As explained in Chapter 2, this method uses
one laser to both heat and measure the local temperature of the membrane.
As the temperature as a function of position cannot be obviously deter-
mined with this technique, then the temperature gradient is unknown.
This requires assumptions on the temperature of the membrane in contact
with the hole boundary and also the position of the laser. The typical as-
sumption is that the boundary temperature is equal to ambient. However,
this depends on the thermal contact between the flake and the substrate.




3.3. MoS, and hBN/MoS, heterostructures thermal conductivity 41

If the contact is poor and the temperature higher than assumed, then the
temperature gradient would be overestimated. In contrast, if the laser is
off-centered, the temperature at the center would be smaller than expected.
This artifacts are difficult to evaluate and obvious drawbacks of the 1RLT.
Whenever possible the 2RLT should be used.

Sample Nb Atomic Layer k(W/m.K) Diameter Technique
A MoS, 4 23,59 10um RT
B MoS; 7 12 20um 2LRT
C MoS; 20 24 20um 2LRT
D hBN/MoS, 11/20 185 20um 2LRT

TABLE 3.1: Summary of studied MoS; samples

Figure 3.15 shows the thermal conductivity of MoS, (black circles) and
hBN (red circle) obtained in this thesis in comparison with recent results
found in the literature for MoS, (left panel) [83] [104] [1] [45] [108] [3] [105]
and hBN (right panel) [96] [10] [46]. The comparison permits to conclude
that the conductivity of the heterostructure is dominated by hBN. Indeed,
the obtained k in hBN is much larger than any values of k for MoS; and is
very similar to the conductivity of a hBN layer of similar thickness. If we
take as a reference the thermal conductivity from Insun Jo et al.[46] that has
the same number of layers, we can recognize a relative small influence of
the MoS; flake. This observation represents further confirmation that heat
transfer from MoS, to hBN is very effective.

Figure 3.15 shows also shows not clear trend in k as a function of thick-
ness when all the results in the literature are taken into account. However,
several of those measurements are carried out with 1LRT, which as ex-
plained above, can suffer from artifacts. One could speculate that the scat-
tering of the data might be associated to the measurement technique and
inadequate assumptions (such as the boundary condition at the perimeter).
The comparison could also suggest that other parameters are in play. For
example, the size of the suspended membrane, their quality or the pres-
ence of polymer residues, which can have an impact in the reduction or
the increase of the thermal conductivity. The scatter of the data calls for
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systematic studies that take into account all of these parameters.
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FIGURE 3.15: Thermal conductivity of different number of
layer for MoS, (left) [83] [104] [1] [45] [108] [3] [105] and
hBN (right) [96] [10] [46] layers

3.4 Measurements of MoSe; thermal conductivity

As a final example of the measurement of thermal conductivity using Ra-
man thermometry [83], we measured the conductivity of a MoSe;, another
2D material member of TMDC family which as MoS; is a semiconductor.
These material exhibits a highly anisotropic thermal behavior, with a much
larger thermal conductivity in-plane than out-of-plane [18] but has been
barely investigated. At the moment, it is not yet well understood how the
thickness of the layer affects the thermal transport. Exfoliation with PDMS
and dry transfer were used for fabrication.
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FIGURE 3.16: Optical microscope picture of MoSe; sus-
pended 8-layer flake

We could then measure the flake shown in Figure 3.16 which has a
thickness of 8-layers. Representation of the experimental results are shown
in Figure 3.17. A first measurement was performed to calibrate the MoSe;
material with the Raman shift of A peak for the bulk a) and for the sus-
pended 8-layer flake b) depending on the ambient temperature. The Ra-
man spectra of Alg peak can actually be seen in 3.17 d). Next, owing to the
small size of the membrane, 1LRT was carried out with the increase of the
laser power for A = 532 nm while measuring the absorbed power. Using
finite element simulations, we could extract a steady state thermal conduc-
tivity of k=63 W/(m.K). This value is in close agreement to the obtained
in monolayer and bilayer MoSe; [108]. However, the dependence of the
thermal conductivity on the thickness has never been measured. Yet, some
improvements are worth noticing in our experiments: such as a larger sus-
pended MoSe, membrane, the measurement being performed in vacuum
to reduce the convection phenomenon and, finally, the direct measurement
of the power absorbed P ;.
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3.5 Summary

In this work, we have developed the process to fabricate suspended 2D
materials and measure their in-plane thermal conductivity k. A large num-
ber of transfer methods using different polymers and processes were de-
veloped and implemented to maximize the quality of the suspended flake
and minimizing the amount of residues to a minimum. We have used both
one and two laser Raman thermometry (1LRT and 2LRT). The latter be-
ing implemented in small membranes of high thermal conductivity for the
first time. Because the local temperature is directly measured, we argue
that the determination of k this technique is more accurate. This will allow
therefore systematic investigations of the thermal properties of 2D materi-
als and heterostructures as a function of thickness, interface properties, the
component materials and the degree of disorder. As a proof of the capabil-
ities of the 2LRT technique we measured k of graphene, and of 7-layer and
20-layer MoS; resulting in k equal to 12 W/(m.K) and 24 W/(m.K), respec-
tively, which suggests a larger k for thicker membranes. There is however
a discrepancy in the conductivity of a thinner layer. Indeed, 1LRT mea-
surements resulted in k of 23.3 W/(m.K) for 4-layer membrane. The dis-
crepancy can be simply due to some inaccuracies of the 1LRT technique.
It could also be due to changes in the sample quality and its level of con-
tamination. Unfortunately, during the course of the thesis we could not
measure k using both techniques in the same sample. This is possible in
the larger membranes and would have allowed us to carry out an accurate
comparison between the techniques and probably help us identify (and
correct) artifacts (if any) in the 1RLT method. An additional sample was
fabricated in which a 11-layer hBN flake was stacked on top of a previ-
ously studied MoS; flake. The effective conductivity of the heterostructure
increased by nearly a factor 8, when compared with bare MoS,. This indi-
cates that hBN is, not surprisingly, an effective material to spread heat and
that the transfer of heat from the MoS—2 to hBN is also very effective. This
is a promising result to combine TMDCs with hBN for digital electronics.

Further attempts were carried out to obtain large and thin layers of
MoS; and graphene. The results were mixed, while it was possible to
transfer large membranes there were still some residues on top. Figure
3.18 shows the optical picture of a 4-layer suspended flake on a 20 ym hole
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after removing the PLLA polymer with acetone, then isopropanol and fi-
nally the use of the critical point dryer. Some remaining residues can be
seen and will affect the thermal conductivity; these could be identified if
thermal gradients are found to be asymmetric. The polymer residues af-
fect the phonon propagation but can also heat up and burn the membrane.
This is why the PDMS dry transfer is so far the best even though also leaves
some contaminants on top of the 2D material.

It is possible to treat the PDMS in order to have less compounds [42]
but this will affect the exfoliation part to have large flakes. In contrast,
the main difficulty of the dry transfer technique for large and thin flakes
would be due to the interaction with the substrate. The FIB technique helps
make the hole but can also contaminate the surroundings. To overcome
this difficulty we were able to imprint holes with photolithography and
subsequent reactive ion etching. Figure 3.19 shows the optical images of
these holes under reflected light a) and transmitted light b).

Finally, we were able to transfer a very thin flake of MoSe; on top of two
holes (Figure 3.20) made by photolithography. Unfortunately, the holes
were not completely etched which prevent us to performed 2LRT. How-
ever, this is a very promising result to obtain large thin membranes of 2D
materials suspended.

The above discussion demonstrates that there is room to improve the
transfer process and to achieve suspended membranes of a variety of 2D
materials to determine accurately their conductivity with the reliable method
of 2LRT. This is demonstrated by the several materials that were character-
ized in this thesis, which hope the door for systematic studies to investigate
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heat propagation in heterostructures and for optimizing it for applications.
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FIGURE 3.18: Optical image of 20 ym suspended 4-layer
MoS; flake with visible polymer residues

FIGURE 3.19: Optical image of holes made by photolithog-
raphy under refection a) and transmission b) mode.

FIGURE 3.20: Optical image of very thin layer of MoSe; on
top of (around) 10 ym hole.
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Chapter 4

Thermal expansion and Raman
spectra of (Bi;_,Sby),Tes
alloys

In this Chapter, the Raman spectra of topological insulator (Bij_,Sby)>Tes
(BST) are investigated. The films, with variable x, were prepared by molec-
ular beam epitaxy (MBE) on BaF, substrates, in a chamber fully dedicated
to the growth of such films. Details on the film growth and subsequent
preparation can be found in Chapter 5. First the Raman spectra of this
type of material is introduced. In particular, the temperature dependence
of the Raman spectra of BST films with different concentration of bismuth
and antimony were investigated. The Raman peaks are observe to shift
with the thermal expansion of the alloy due to the temperature change but
only active Raman modes are observed. However, as the laser power is
increased new peaks develop, which are associated to non-active Raman
modes,. Such peaks are observed below the threshold at which the films
are damaged. Although the origin of the peaks remains unknown, we pro-
vide evidence that their study will provide a deeper understanding of the
microstructure and vibration modes for this type of thermoelectric films.

4,1 Raman Characterization

The Raman active modes of BST films are equivalent to those in Bi;Tes,
Bi,Ses and Sb,Tes alloys. They all correspond to R3m space group with
four Raman modes of E; and Aj,. The BST alloys differ in the Sb and
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>0 alloys

Bi concentration and are expressed in term of percentage. In the notation
adopted across this thesis, the precentage refers to the amount of Sb, thus
BiyTes is at 0% of Sb to Sb,Tes at 100% of Sb.

Figure 4.1 (a) is the crystal representation of Bi;Tez. The reason why
the Raman modes are not modified with Sb concentration is that Sb atoms
directly substitutes the Bi atoms in the lattice. The primitive unit cell con-
tains five atoms which is going to give 15 lattice vibration modes [81]. At
the Brillouin zone,

T = 2A1g +3A1, + 2E; + 3E,

where there are 3 acoustic phonons Ay, + E, and 12 optical phonons

2A1g + 241, +2Eg + 2E,

[ >
& F E(ﬂé

o e

FIGURE 4.1: (a) Crystal structure representation of BipTe3
and (b) Raman active modes of Biy Tes [97].

Figure 4.2 show the Raman spectra for specific Sb concentrations using
a laser power of 250uW. At this power laser heating effects are observed
to be negligible. In these spectra the Raman active peaks E§ and A%g dare

clearly identified. Note that besides Ez, and A%g,
Raman active modes E;, and Aé. However, thee two modes are not ob-

served due to the filter of the laser in our set-up.

there are actually 2 other
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The peaks positions were determined by fitting the spectra with Lorentzians
(using the software Peak-o-mat). By following their evolution with temper-
ature it is possible to characterize the thermal expansion of theses alloys.
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FIGURE 4.2: Two graphics of a) Raman spectra of
(Bij_4xSby)2Tes and b) is the peak position of E§ and A%g
based on different concentration.

4.2 Thermal transport

BST films have long attracted a interest due to their extraordinary thermo-
electric properties. Indeed they are some of the best performing room tem-
perature thermoelectrics with a temperature-independent figure-of-merit,
ZT, of about 1.0 in bulk form. Furthermore, reports in thin multilayer sys-
tems claim ZT values of up to 2.4 Besides being excellent thermoelectric
materials, it has been recently demonstrated that BST films can also be
topological insulators (TI). The TIs are characterized by being insulating
in the bulk and by having robust metallic surface states. The latter being
a consequence of the band topology of the material. The presence of the
surface states was not taken into account in the original thermoelectricity
studies on these materials. Because they can play a dominant role in de-
termining their transport properties, specially when the films are thin, it is
necessary to revisit the interpretation, and perhaps origin, of the large ZT
values. Several studies predict that the contribution of the surface states
can have an impact on the electrical transport which would lead to further
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improvement on the ZT. Changes in the efficiency can be due to the reduc-
tion of the thermal conductivity depending on the surface phonon disper-
sion and the quantum confinement. Thus, it is first necessary to investigate
the effect of the temperature on the material.

4.2.1 Thermal expansion

The measurement was performed with the Witec Raman Spectrometer un-
der vacuum to avoid heat convection. On top of microscope stage a cryo-
stat was placed that allowed us to control the sample temperature. The
evolution of the Raman E§ peak in MBE-grogn BST was investigated as a
function of temperature for several Sb concentrations amd a film thickness
of 10 nm.

The Eg, is more intense than the A%g one and its position can be deter-
mined more precisely. Figure 4.3 shows the Raman shift as a function of
temperature, from 300 to 480 degrees Celsius. In this temperature range a
linear decrease is observed with temperature, with an slope that is largely
independent of the Sb concentration. The laser power was 200 W, the
acquisition time was 120s, for a laser wavelength of 488nm.

The slope values are listed in Table ??. As a reference, the results from
Duanhui Li et al.are also shown. Note that the thermal expansion in those
samples are similar even though they are orders of magnitude thicker (around
4 ym) and they have used a laser with wavelength of 533 nm.

Concentration of Sb (%) Thermal expansion cm /K  Reference

0 -0,0169 In this work
23,3 -0,0154 In this work
60,9 -0,0171 In this work
73,3 -0,0236 In this work
100 -0,0197 In this work

0 -0,0137 [55]

75 -0,0156 [55]

TABLE 4.1: Thermal expansion values of BST films for dif-
ferent concentration
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FIGURE 4.3: Temperature dependence of the E§ peak posi-
tion of BST films.

4.2.2 Determination of the absorption coefficient

Here we investigate the dependence of the reflectance and the transmit-
tance of the light in our films as a function of wavelength in the visible re-
gion. Figure 4.4 a) shows typical film transmittance and reflectance results
for the indicated Sb concentrations. The curves close to 0 are the measured
transmittances and those around 0.3 to to 0.6 are the measured reflectances.
Figure 4.4 b) shows reference measurements using the bare BaF, substrates
substrates (with no films grown onto them). Various substrates were used
to calibrate the absorption of the films. BaF; is a salt-like type of substrate,
which is transparent and does not absorb light. However, Figure 4.4 b)
shows that the transmittance is well below 1, which means that the light is
partially scattered and reflected.

Figure 4.5 is a schematic representation of the different BaF, substrates
investigated. The first one is double side polished and is expected to present
a large transmission and an absorption close to 0. The films were grown on
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for different concentration. b) Reflectance and Transmit-
tance on reference BaF, substrates.

One side
Double One side polished
side polished polished with film

I | | | | |

FIGURE 4.5: Schematic different BaF, substrate.

one side polished substrates that scatter the light and reduce the transmis-
sion. It is observed that even though the double side polished substrate has
a better transmission than the one side polished, in both types of substrates
the transmission is significantly suppressed.

Once thermal expansion parameter is known, the thermal conductivity
could in principle be obtained. This would allow the determination of the
temperature profile as a function of laser power. For that, the absorption
coefficient of each film is required. The reflectance and transmittance will
give the absorbance and the absorbance is linked to the absorption of the
material. Unfortunately, because of the uncertainty introduced by the sub-
strate light scattering, it has not been possible to precisely determine the
absorption and therefore the thermal conductivity of the films.
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4.3 Evolution of the Raman spectra with laser inten-
sity

Even though the thermal conductivity is unknown, it is still possible to
investigate the evolution of the Raman spectra when the laser power in-
creases and deposits heat at a localized position. Below 500uW the spec-
tra remains largely unchanged. Notably, once laser power is increased to
500uW additional new peaks start to appear for SbyTes. They can be seen
in Figure 4.6 and they are numbered from 1 to 5.
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FIGURE 4.6: Raman Spectra of SbyTe; for a power of
500uW.

Similar behaviour is observed for different Sb concentrations, however,
the dependence on laser power is strongly material dependent. As ob-
served in Figure 4.7, the additional appearance of peaks and their intensity
are strongly dependent on Sb concentration are appearing for the different
laser power. While the peaks in Sb,Te; are well developed at 500uW, they
are not observed in any of the other concentrations with the same power.
For the films in which the Fermi level is within the bulk gap (54.4%), the
peaks are only distinguished in the 3000W measurements; BirTez (0% Sb)
never develops new peaks.
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The laser power at which the crystal structure is affected or changed
is also material dependent. Such changes are identified by the appearance
of irreversibility when the power is cycled. For Sb,Tez,and a laser wave-
length of 488nm, the threshold is below 2000uW, after which the material
is damaged and the low-power spectra is never recovered. For the other
concentrations, the irreversibility arises beyond 3000uW, at 4000uW the
films are clearly damaged (burnt). The damage can be seen directly with
naked-eye as a black spot on the material.
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FIGURE 4.7: BST Raman Spectra for different concentra-
tion at 500uW, 1000uW, 2000uW and 3000uW. The region
around 80cm ™! is not shown due to the laser filter cut off.

The evolution of the Raman Shift at the different power and material
are summarized in Figure 4.8, Figure 4.9 and Figure 4.10 for a laser power
of 500uW, 1000W and 2000 W, respectively.
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FIGURE 4.8: Raman Shift position for different concentra-
tion at 500uW.

The increase of the laser power at 10004W reveals the new peaks for
all the concentration of Sb expect at 0% Sb. In Figure 4.9 the red circles
represents peaks that are "shoulder” of another peak next to them with a
higher intensity. These peaks can be fitted even though they are not clearly
expressed. The purple circle is the dispersion of the EZ; peak (Peak 1) could
be to the advantage of the identified A, peak (Peak 2).

The extinction of the E§, is using a first sign for non reversibility. At
this power for SbyTes, it is still reversible but for higher ones it will not
be the case. The Figure of 4.10 is the Raman Shift position for different
concentration without 100% Sb because the film is already damaged.
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FIGURE 4.9: Raman Shift position for different concentra-
tion at 1000puW.

Once again, Figure 4.10 is the Raman Shift position at 2000uW where
peaks appeared and others disappeared. The purple circle represents the
extinction of some peaks in favor of others. At 73.3% Sb, the new peaks
took over Raman active mode peaks found in lower power. The green cir-
cle is there to represent the idea that at 23.3% Sb Peak 3 and Peak 4 could be
at the same position. It is then impossible to distinguish which one there
is. On another hand, it is also interesting to point out that the band gap is
changing with the concentration.

The Raman spectra expression of the BST films for different powers
have shown the appearance of new peaks in favor of normal Raman-active
modes. So now it is also possible to change other parameters that can have
an effect the Raman Spectra. Figure 4.11 is the Raman spectra for vari-
able laser focus at the previous studied laser power for a concentration of
73.3% Sb. The change in the laser focus impacts the development of the
new peaks. The psctra in previous figures were obtained in the focused sit-
uation, implying maximum power density, which will be referred as the 0
position. As the stage changes the focus position, say to 0.5um, the spectra
evolves due to the change in power.
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FIGURE 4.10: Raman Shift position for different concentra-
tion at 2000 W.

The measurement were performed by first increasing the z-position.
Then in a second part, the z-position was decreased and focused more on
the substrate. It is possible to see the peak of the BaF, increase with the
reduction of z-position. At 1000uW, the 0 position the new peaks show
maximum intensity. But once the position is increased or decreased, taking
the laser out of focus, the intensity of the Raman active modes are clearly
dominant. Once the laser focus is far enough, the new peaks disappear.

At 3000uW, the film starts to burn and the Raman is no longer re-
versible. It is enticing to modify the laser wavelength. Figure 4.12 repeats
the above experiments but with a wavelength of 633nm. The z-position
variation changes is 1ym and the two new peaks start only to appear at
3000pW and for that particular case, the film is not damaged.
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FIGURE 4.11: Raman Spectra for distinct z-position laser
focus and for a wavelength of 488nm at 500uW, 1000uW,
20001W and 3000 W.

4.4 Discussion

The new Raman peaks observed in our experiments are most likely de-
riving from Infrared Raman modes. Indeed, they can be identified as [81]:
1:E§, ;20 A3 A4 A%g ; 5: Ey,. These new vibrational modes can originate
from quantum size effects and symmetry breaking of the crystallographic
structure. For higher laser power, the symmetry breaking of the structure
will happen when the Raman spectra are no longer reversible. However, it
is still surprising the fact that the same peaks are observed even though no
irreversibility is detected.

Chunxiao Wang et al.[97] observed new vibrational modes by chang-
ing the layer thickness of their BiTe; films and interpret their observations
as being related to surface phonon modes. For very thin two quintuple
layer (QL), they observe a shoulder on the Eé peak which they attribute to
surface phonons, which occur at the surface of solids for structural abrupt
crystal termination. These type of phonons can give important amounts of
information on surface relaxation but also on the quantity and type of de-
fects present in the surface. The surface phonons are important since they
can couple with electrons thus impact the electrical and optical properties
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FIGURE 4.12: Raman Spectra for distinct z-position laser
focus and for a wavelength of 633nm at 500uW, 1000puW,
2000pW and 3000 W.

of semiconductor devices. In our case study, the films are around 10 QL. It
is then hard to associate the arising new peaks to surface phonons. Surface
phonons can also appear at lower temperature due to the symmetry break-
ing [9] or with the presence of surface carrier pockets. This also suggests
the possible existence of density waves of surface charging and associated
collective electron excitations including phasons and amplitudons [14].

Crystal symmetry breaking has been taken into consideration to ex-
plain the presence of similar modes [6] in several reports. Shahil et al.[88]
found that Bi Tes presents a phonon mode A;,, which is not Raman active.
They also calibrate the intensities ratios I(A1,)/ I(Eé) and I(A%g)/ I(E;) that
they correlate to the number of QLs. Furthermore, German et al.[31] ob-
served new Raman modes for BiSbTeSe; , from 6K to room temperature,
and associated them to a local inversion symmetry breaking space group
going from R3m and locally turning into R3m.

In our experiment, the change in concentration is to peform band engi-
neering to reduce the bulk transport in the topological insulator. The aim is
to achieve dominant transport at the surface states and a strong insulating
bulk (Chapter ??). Figure 4.7 shows the different Raman spectra indicating
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FIGURE 4.13: Raman spectra of BiyTes for different thick-
nesses [97].

that the intensities and the peaks are impacted differently by the concentra-
tion of Sb. With already these previous studies it is interesting to point out
the affect by the phonons and the electrons and their interaction electron-
phonon. That interaction could lead to anomalies in the observed Raman
spectra.

In the work of Bera et al.[7], some form of pressure is used to create a
transition from band to topological insulator in Sby Se3. So, the pressure
is going to induce a sharp change in the electronic topology which can im-
pact the electron-phonon anomalies seen in the Raman spectra. Conduct-
ing surface state on 3D TIs were investigated by helical Raman scattering
for Bip Sez [33] . The impact of the surface conductive states are masked by
the bulk contribution. Electronic surface contribution could be observed
by electronic resonance and symmetry constraint in the case of the Raman
scattering. These two previous experiments can be expressed by the theory
of surface optical and Raman conductivity [85]. It is difficult to measure the
surface conductivity effect due to the fact that the bulk electrons are also
going to contribute to the conductivity.

So, let’s take Ag the inverted band characteristic of TI and u the chemi-
cal potential. If there is s > A, then both the bulk and the surface conduct,
the main contribution will be given by the bulk. For the case of i < A the
bulk will have no effect and the conductivity will be given by the gapless
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surface states. Raman scattering can then be a good technique to evaluate
the surface conductivity. For that to happen the laser frequency must be
smaller than the TI gap and larger than the chemical potential. That give
the following relation Ay > 6, > 1 where 6, is the frequency of the laser.

Here, the laser wavelength is 488nm, converted it is 2,54 eV which is
much larger than the gap, that is around 0,3eV. The conditions are there to
cancel the bulk contribution. It can also be found that the different Raman
spectra do not have any background noise that could be representative of
a metallic behavior.

The surface and the interface of the films are probed by the Raman scat-
tering. In the their experiment Humlicek et al.[40] studied the modification
of the surface by intense illumination. The exciting laser light affects the
accumulation of the tellurium at the surface. However in this study, the
spectra can have new peaks and be reversible, thus the peaks are not likely
related to changes in the Te distribution. The penetration depth of the light
is important in this context for this type of films. They used spectroellip-
sometric measurements to obtain response functions. Biy Te; and Sb; Tes
are interesting elements for optical properties from ultraviolet to near in-
frared. The light absorption can be linked to plasmonic resonances related
to the excitation of free charge carriers and dielectric Mie resonances based
on optical interferences [94]. The dielectric function is express by € = €1 +
iep. For topological insulators €; value is negative. Their resonance was
initially called plasmonic. However, the resonance is not caused by the
excitation of free charge carriers but by the excitation of strong interband
transitions, maybe with the conducting states of the TIs for some cases.
More experiments like the ellipsometric measurement will be needed to
help understand the true nature of these modes and maybe their role for
other properties such as thermal transport.

4.5 Summary

In this chapter, the thermal expansions of (Bi;_,Sby),Tes films was inves-
tigated together with the evolution on Sb concentration. When the laser
power was increased over certain threshold, which is Sb-concentration de-
pendent, non active Raman modes developed. The modes are observed in
a range of power where no irreversibility appears, thus no damage in the
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films is detected. Below we summarize the different parameters that are
relevant for the observation of this fascinating new physical phenomena

* The Sb concentration has an impact on the Raman spectra. Even
though at low powers the observed peaks are equivalent in all films,
the peaks appear at different powers depending on Sb concentration.

¢ Z-plane focus height could be changed and is reveling or not the in-
frared modes, which also is well explained by the local laser intensity.

¢ Thelaser wavelength affects the development of the new modes prob-
ably due to the difference in terms of absorption.

¢ The electronic properties of these compounds appears to be relevant
as the peaks are never observed when the Fermi level is tuned in the
bulk band gap

¢ Sb seems to have a primary role, as the nonactive peaks are not ob-
served in Bij Tes

Distinct causes has been discussed to explain the appearance of the
non-active Raman modes. The laser power could affect the atomic struc-
ture of the films changing the crystal symmetry. However, this process can
be discarded, as it is likely irreversible. At low thickness surface phonons
or some contribution of the surface conductivity from the complex elec-
tronic properties of these compounds. However, the films are two thick
for the phonon modes to dominate, while the surface states are dominant
when the Fermi level is in the bang gap, a situation in which the peaks dis-
appear. The Raman line shape can be affected by the mass gap. Therefore,
Raman scattering technique could give possibilities on topological prop-
erties of TIs and be complementary to ARPES study on the topological
protected surface states. More experiments are needed to understand how
the light is absorbed by the films, how the concentration and the electronic
surface states could have an impact or not on the revelation of these new
Raman modes.
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Chapter 5

Seebeck measurement of
(Bi;_,Sby),Tes alloys

This chapter explores the thermopower measurements of 3D topological
insulator, (Bi;_,Sby),Tes, thin films with different Sb concentrations. Re-
cent evidence suggests that by tuning the Sb composition topological in-
sulators with ultra-low carrier concentration and surface dominant trans-
port can be grown. When the Sb composition is about 60%, the bulk elec-
tron density is reduced and the electrical transport is dominated by sur-
face states. While various experiments were based on the electrical trans-
port and spectroscopic methods, only two studies have attempted to in-
vestigate the surface states” contribution to the thermoelectric effect. Thus,
there is very little scientific understanding of the topological coupling to
the thermoelectric effect. The major objective of this study was to investi-
gate this coupling. The final chapter of this dissertation is divided into two
parts. The first part deals with the BST growth process, followed by electri-
cal transport, Hall effect, and angle-resolved photoemission spectroscopy
(ARPES) characterization. The second part moves on to describe in greater
detail the thermopower measurements in specially designed devices at se-
lected Sb concentration, as a function of temperature.

5.1 Growth characterization

Molecular beam epitaxy (MBE) is the selected growth method. MBE allows
full control of the thickness and composition of the material, therefore al-
lowing it to address the influence of bulk carriers. The growth is carried
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out in ultrahigh vacuum (UHV) and using ultra-pure materials (6N purity).
The base pressure of the chamber is in the range of 107!° mBar.

FIGURE 5.1: Picture of the Molecular Beam Epitaxy system.

The MBE chamber own by the PEND group has two reactors. One is
fully dedicated to the growth of TIs, with effusion cells of Bi, Sb, Se, and
Te. The other combines effusion cells and electron-beam evaporators. This
reactor is used for low-vapor pressure materials (Al, Co, Py Al) and insu-
lators (MgO, EuS), etc. The chambers are connected with a UHV transfer
chamber, thus films grown in one chamber can be transferred to the other
without breaking vacuum. This is used for example to protect TI films from
oxidation. It has been found that 2 nm of Al, which forms aluminum oxide
when exposed to air, protects the surface of the TI efficiently.

For the films used in this thesis, the growth and parameter calibration
were performed by Dr. Frederic Bonell and Dr. Adriana Figueroa. The
quality and the growth rates of the thin films are characterized in situ using
reflection high-energy electron diffraction (RHEED). This method to char-
acterize the films is widespread in the MBE community and is typically the
first information that is obtained about the quality of the film. Briefly, for
RHEED an electron source is a high-energy electron source is used in com-
bination with a photoluminescent detector. The electron "gun" produces
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a beam of electrons that the sample at a relative (small) angle on the sur-
face. The diffraction of the electrons from the surface generates patterns
on the detector, which provide information on the surface crystalline prop-
erties and the growth dynamics (e.g. crystalline vs poly-crystalline vs tex-
tured vs amorphous structure and two-dimensional vs three-dimensional
growth. Figure 5.1 shows a typical example for the RHEED for a Bi,Te3
film.

FIGURE 5.2: RHEED pattern for BipTes.

The TIs at the PEND group on BaF, substrates are arguably amongst
the TIs with best crystalline quality available worldwide. They are charac-
terized by a very small density of structural defects, in particular in regards
to planar twins. Twins are large planar defects that are believed introduce
bulk doping. Indeed, as discussed below the PEND pristine untwinned
tilms of Bi,Tes are only slightly n-doped when with the Fermi level well in
the bangap. Unfortunately, when removed from UHV and after processing
the BiyTes films become highly n-doped (due most likely to band bending
or Te out-diffusion due to required heating or etching) and the introduc-
tion of Sb is required to counteract such change.

The atomic concentrations of all present elements that form the TI was
measured with X-ray photoelectron spectroscopy (XPS), which was used
as a means of calibration. After growth optimization, BiyTe; is perfectly
stoichiometric and then the growth of TIs with specific Sb concentrations
is carried out. As observed in Figure 5.3, the intensity of Bi and Sb peak
changes with the film composition which allows to verify the deposition
calibration.
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FIGURE 5.3: X-ray photoelectron spectroscopy of
(BilxSbx)2Te3 thin films for different Sb concentrations.

Once the concentration of Bi and Sb is established, the films are studied
by means of angle-resolved photoemission spectroscopy (ARPES), which
is necessary to carry out band gap engineering and bring the doping con-
centration down back to minimum values. ARPES allows the observation
of the electrons in the reciprocal space to gain information on the energy
and the momentum of an electron, and the Fermi surface and band disper-
sion. ARPES is a surface sensitive technique and, as such, is a very direct
method to observe the electronic structure for the surface of solids. Figure
5.4 presents the ARPES results for TIs films with different Sb concentra-
tion. As discussed above the Fermi level is well within the bandgad in
BiyTes. The inset shows a detail of the Dirac cone associated to the surface
sates, which are very well resolved. By simply adding 25% of Sb, the films
become highly p-doped.

The films are also characterized using electronic transport both using
sheet-resistance and Hall measurements. Figure ?? shows typical sheet-
resistance measurements and the evolution from n-type to p-type doping
when the concentration of Sb increase.

A drop in the resistance when lowering the temperature is typically as-
cribed to a metallic behavior (highly doped material). However, around
50% Sb, the slope reverts and the resistance increases with decreasing tem-
perature, which is typically attributed to an insulating behavior. In this
case, an incipient maximum and subsequent decrease in the sheet resis-
tance is observed at about and below 100K. The maximum is commonly
interpreted as a transition when the surface transport becomes dominant
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FIGURE 5.4: ARPES measurements of the grown BST films.

against the bulk. At lower temperatures, the decrease in the resistance
would then be due to an increase in the mobility of the carriers flowing
in the surface. Note that Bi2Te3 behaves as a metal and that the change
from n to p doping occurs at much higher Sb concentrations than those
deduced from ARPES. As mentioned above, when the films are removed
from UHV and processed into devices, the doping level changes dramat-
ically making necessary the characterization with transport, ideally in the
devices identical to those designed for other experiments (e.g., thermal or
thermoelectric).

5.2 Nanofabrication process

To measure the thermoelecric properties of the TlIs, and obtain their corre-
sponding Seebeck coefficients, it is necessary to develop specific nanofab-
rication protocols. These thermoelectric devices require the fabrication of
heaters, and thermometers to generate and measure, respectively, tempera-
ture gradients. Their implementation has to be compatible with electronic
transport and Hall devices. A key objective is to fabricate devices for all
of these purposes, during the same process, using different regions of the
same TI films. This approach ensures the most accurate determination pos-
sible of the carrier nature, density (the Fermi level position) and mobility,
which will later on help interpret the thermopower results and the trends
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FIGURE 5.5: Characteristic sheet resistance vs temperature
for variable Sb concentration.

observed in Seebeck coefficient as a function of Sb concentration.

The TIs and the BaF,(111) substrates, are very sensitive to chemicals
used on standard nanofabrication and handling protocols, which lead to
significant damage of the structures. For example, BaF; is sensitive to wa-
ter and typically cannot be in contact with any aqueous solution, although
this is used to our advantage. In addition, metal films easily peal from
the BaF; substrate, which is also extremely brittle, thus even a simple step
such as wirebonding has to be revisited. Therefore the fabrication and han-
dling protocols, which are described below and summarized in Figure 5.6,
were developed exclusively for this thesis and have required significant
optimization. The main steps are as follows:

1. Spin coating of MMA (EL 6) layer at 2500rpm for the 40s followed by
baking for 1 minute at 180°C. Another layer of negative resist is also
spin coated on top at 2000rpm for the 60s and baked for 2 minutes at
85°C.

2. Electron-beam lithography is then used to define the TI structure that
will remain in the device. The structure is patterned using the neg-
ative resist, which will act as a mask for etching, thus the developer
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only acts on it. The rest of the TI film is etched away using a two-
step process. First, the exposed MMA after development is removed
using O; plasma and then the TI using Ar-ion plasma.

3. In order to deal with the wirebonding issues, the contacts to the TIs,
heaters and thermometers, were implemented in a two step process.
First a lithography step is performed to expose only the large con-
tact pads onto which the bonding is made. This process required
the following steps. Spin coating of MMA at 2500rpm for the 40s;
baking for 1 minute at 180°C. Two other layers of PMMA (A4) are
added at 5000rpm for the 40s, subsequently baked during 1 minute
and then 5 minutes at 180°C. A thin layer of AR PC 5090 is spin coated
at 2000rpm for the 60s and baked at 85°C for 2 minutes. The BaF; is
then place in deionized water for 3 minutes.

4. Spin coating of AR PC 5090 charge remover to carry out a second
lithography step to pattern the small features of the devices and con-
nections from the bonding pads to the TI structures. In this step water
exposure is avoided. The devices are completed by the deposition of
contact electrodes and bonding pads using an electron-beam evap-
orator: 4 nm of titanium and 50 nm of palladium finished by the
lift-off.
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FIGURE 5.6: Schematic representation of the nanofabrica-
tion process.

The addition of a lithography step for bonding pads, followed by water,
is implemented to improve the addition of the Ti/Pd films. This is neces-
sary otherwise wirebonding proved to be a highly irreproducible process.
The layer of AR PC 5090 is required to minimize charging build-up during
electron beam lithography.

Figure 5.7 shows corresponding optical images of typical Hall bar (left)
and thermopower characterization (right) devices. The Hall device com-
prises six contacts that allows us to characterize both the sheet resistance
and the Hall response of the TIs. A current is applied horizontally using
the far left and far right electrodes. For the sheet resistance measurements,
the voltage is measured between either the top two or the bottom two re-
maining electrodes. For the Hall measurements, the voltage is measured
between one top electrode and the bottom electrode right below.
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The thermopower is measured across the small rectangular TI island
at the center of the right image in Figure 5.7. The TI is contacted by two
long horizontal Ti/Pd pads that also act as thermometers. The temperature
is determined by the calibrated resistance of these pads with a four probe
measurement technique. The large pattern at the bottom of the image run-
ning parallel to the thermometer pads, and perpendicular to the TI length,
is the heater, which has four electrodes to further characterize its resistance
as a function of temperature. The dimensions of the heater is selected to be
much larger than any other structure (the TI and thermoemeters) so as to
achieve a uniform temperature oriented in the vertical direction.

FIGURE 5.7: Optical microscope picture of a Hall bar de-

vice (left) and thermoelectric device (right). The width of

the wire in the Hall bar and the length of the TI wire for
thermoelectric measurements are 10 ym by 3 ym.

5.3 Thermopower and Seebeck coefficient estimation

In this section we describe the results obtained for the Seebeck coefficient
in our topological insulator thin films. However, prior to measuring the
thermopower, we have characterized the transport properties of the films.
Figure 5.8 shows the resistance of the films as a function of temperature for
selected Sb concentrations. The concentration of Sb was varied from 0% to
100%. These measurements shows that the transition from n to p doped
films occurs at about 50% Sb. Indeed for 54,4% Sb, the response is clearly
that of an insulator, with low doping and the Fermi level in the bandgap.
The resistance increases sharply from room temperature down to 100 K. As
previously reported at 100 K the resistance reaches a maximum and then
at lower temperatures start to decrease, which is believed to be a hallmark
of the dominant transport by the surface states.
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FIGURE 5.8: TI resistance ve temperature for selected Sb
concentrations, going from no Sb (left) to 100% Sb (right).

The nature, density and mobility of the carriers can in principle be ex-
tracted from Hall measurements. Nevertheless, although the interpreta-
tion is straightforward when there is only one type of dopant, the exis-
tence of multiple dopants, and the coexistence of electrons and holes, make
the interpretation significantly more complex. In any case, Hall experi-
ments allows us to easily establish the nature of the dominant carriers and
demonstrate the transition from electron to hole transport at about 50%
antimony. In addition, as observed in Figure 5.9, the carrier concentration
drastically drops from |n| ~ 4 x 10" ecm~2 for BiyTe; and Sb,Te; down to
1| ~ 1 x 10" cm~2 for (Bi;_,Sby),Tes with Sb concentrations of 38% and
60.9% (x = 0.38,0.609).
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FIGURE 5.9: Carrier concentration in TI thin films with dif-
ferent Sb concentration, as estimated from Hall measure-
ments assuming one type of carriers

The mobility also is seen to change, Figure 5.10 indicates that as the
decrease in the carrier concentration is accompanied by an increase in the
mobility, in accordance with the increasing relevance of the surface states
in the transport and the suppressed back scattering.



76 Chapter 5. Seebeck measurement of (Bij_,Sby ), Tes alloys

300 o H|—o— 0%
TO~0—0—0_0_, —0—23.3%

£250 4 ~O0—o__ q|—o—38%
> 7os, —o— 60.9%
S 200 \ 7 73.3%

. o . 0
b T °  1l—o—100%
G 150 - o— -
g —o—

(e}

9—o=—e—0r=v=0ug=g=Qgeg—

— O

T T T T T
0 50 100 150 200 250 300
Temperature (K)

FIGURE 5.10: Carrier mobility in TI thin films with differ-
ent Sb concentration, as estimated from Hall measurements
assuming one type of carriers

The carrier densities of the binary alloys are too large for them to be
just located at the surfaces. However, it is possible that for Sb concentra-
tions of 38% and 60.9%, the Fermi level is in the gap above and below the
Dirac point to the surface states, respectively. The carrier density and mo-
bility for 54.4%Sb are not shown Figures 5.9 and 5.10. The reason for this
is the difficulty to estimate their values stemming from the non-trivial co-
existence of electron and hole carriers in this material. The character of the
dominant carrier, however, can be obtained, yielding interesting results.

Figure A.3 (left panel) shows the Hall resistance, R,,, versus out-of-
plane magnetic field B at different temperatures from room temperature
(300 K) down to 140 K. While at room temperature the dominant carriers
are hole-type, their character switches to electron type at 210 K and below.
This is reflected in the change of slope in R, versus B from negative to pos-
itive, which occurs at about 220 K (see right panel). Al low temperatures,
the transport is clearly dominated by n-type carriers, which would indi-
cate that the Fermi level is slightly above the Dirac point of the topological
surface bands. Assuming one type of carriers, the carrier concentration
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at 50 K per surface is found to be as low as |n| ~ 1 x 102 ecm~2, with a
mobility that is larger than any of the other films (x > 350cm?/Vs) at all
temperatures.[68]
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FIGURE 5.11: Hall resistance RY* for 54.4%Sb at different
temperature

Having characterized the nature of the carriers as a function of Sb con-
centration, we now concentrate on the behavior of the thermopower. The
experimental set-up is described in Chapter 2, together with the funda-
mental concepts of the data acquisition. Figure 5.12 summarizes the main
results. There, the Seebeck coefficient is shown for different Sb concentra-
tion as a function of temperature. The sign of the coefficient directly corre-
lates with the type of carriers, when one of the carries is clearly dominant,
changing from negative to positive when from n-type to p-type carriers.
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Remarkably the largest Seebeck coefficient is observed in the optimally-
doped TI with 54.4% Sb. However, the sign does not follow the trend ob-
served with the other films. Indeed, even though the Hall measurements
in Figure A.3 suggest n-type transport, below 210 K, the Seebeck coeffi-
cient remains positive all the way down to the lowest temperatures mea-
sured (60 K). This is not unusual, as electronic and thermal transport are
governed by different physical phenomena. For example, while electronic
transport is characterized by the conductivity, the thermoelectric coeffi-
cient instead follows the derivative of the conductivity in energy, as per
the well-known Mott relation. In addition, the Seebeck coefficient seems
to reach a plateau below 100 K, when the electronic transport is dominated
by the n-doped surface states. However, the current sensitivity of our mea-
surements does not allow us to make any claims.

Overall, the general trend is that the Seebeck coefficient increases (in
magnitude) both for electrons and holes when approaching the charge neu-
trality point. Such a behaviour agrees very well with that expected in a
Dirac material. Furthermore, the results observed with our MBE grown
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films are in close agreement with those reported in nanowires of the same
materials, which were interpreted as being dominated by surface states
[37].

The nanowires, with a thickness of from 30 to 190 nm and different Sb
concentration, were synthesised with a vapor-liquid-solid (VLS) method.
The agreement includes the magnitude of the Seebeck coefficients as a
function of Sb concentration, as well as the change in sign at about 50%
Sb, and the tendency to increase nearby the charge neutrality point. The
only significant discrepancy between our results with those of Ref. [37]
is that the nanowires in Ref. [37] do not present any signature of surface-
dominated transport in the conductivity measurement; their conductivity
is observed to always increase monotonically all the way down to 50 K.

The observations in the previous paragraph seems to suggest that sur-
face states might not play a dominant role in the magnitude of the Seebeck
coefficient. In other words, surface transport does not dominate the con-
ductivity in the nanowires of Ref. [37]. Even though in our films, which
are significant thinner (9 nm), this has been achieved, the change is not
reflected in the Seebeck coefficient, which follow the same trend in both
studies. The lack of correlation between surface transport and the Seebeck
coefficient is further supported by the lack of correlation between the carri-
ers that dominate the two phenomena. In our devices, the surface carriers
appear to be electrons, but the thermopower is generated by holes.

54 Summary

The growth of (Bi;_,Sby),Te; with different concentration of antimony was
made. The films were processed into thermoelectric and Hall bars devices.
The Seebeck coefficient was measured as well as the Hall the nature of
the carriers, using Hall measurements. The thermoelectric study of TIs
with the position of the Fermi level indicates a lack of correlation between
Seebeck coefficient and surface electric transport. Overall this indicates
that the implications of the surface states on the Seebeck coefficient are not
straightforward. These observations lead us to conclude that scaling down
the thickness to improve the thermoelectric response does not necessarily
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represents a good approach. First, surface and bulk thermoelectric proper-
ties might be optimum at different Fermi levels. Second, the Seebeck coeffi-
cient for surface transport is expected to be negative for our optimal T but,
in contrast, the actual Seebeck coefficient in positive. Surface states might
be therefore suppressing the total thermopower that is dominated by the
bulk. Our results are almost identical to those obtained with much thicker
nanowires, which are a factor 3 ro 20 thicker than our films. This further
indicates that surface states are perhaps no playing a dominant role. It
might be necessary to carry out experiments with just a few quintuple lay-
ers, that is, films of 5 nm or less in order to reveal the signatures of surface
states in the Seebeck coefficient. Another approach is the fabrication of
super-lattices as those in Ref. [95], where a record large thermoelectric fig-
ure of merit ZT of 2.4 was reported but never reproduced. Future studies
on the current topic are therefore recommended.
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Chapter 6

Conclusion and perspective

With the rapid development of electronic and optoelectronic devices, ther-
mal management has become a field of critical importance over the last two
decades. The heat generated by a microprocessor accounts for more than
50% of its power usage and thus only half of it is employed in useful logical
operations. In a broad sense, thermal management involves two aspects,
the first is the dissipation created by the electronics, the second is the use of
the heat that currently is just wasted. This thesis deals with topics that are
related to these two main challenges from a material and material charac-
terization perspective. Two-dimensional (2D) materials have exceptional
electrical, optical, mechanical, thermal and thermoelectric properties, they
also offer numerous opportunities for future electronic, optoelectronic and
other devices. However, their integration into electronics will face major
challenges. Most notably, they include scaling to mass produce them, but
also developing methods to characterize their properties both when iso-
lated and as a part of heterostructures. Because of the limitation to obtain
high quality single crystals beyond a few tens of micrometres, and because
they have very high thermal conductivities the use of established proper-
ties to measure their thermal conductivity might not be straightforward.
In addition, 2D thermoelectric materials based on bismuth and antimony
chalcogenides have been discovered to be also topological insulators (TI),
with intriguing topological surface states. However, it is still unknown if
the surface states influence the thermoelectric properties of these materials,
specially when the thickness is scaled doen and the surface states dominate
the electric transport. Furthermore, 2D materials give us an opportunity to
study some interesting thermal phenomena that are novel or are hard to
observe in bulk materials.
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In this work, we focused on a recently developed technique at ICN2 to
measure the thermal properties of suspended membranes. Such a method,
dubbed two-laser Raman thermometry, uses a laser to heat the central part
of the membrane. Then a second is scanned over the membrane to mea-
sure the local temperature (using Raman spectroscopy). It was first used
in large (100 #m) suspended membranes of Si, and on small (10’s of ym)
membranes of poly crystalline MoS2, which has very low thermal conduc-
tivity. However, it was not obvious that this technique could be trans-
lated to small membranes of 2D single crystals that are expected to have
some of the largest known thermal conductivities, as thermal gradients
could turn out to be two small to measure. Therefore, on this thesis efforts
were directed to i) fabrication techniques and sample design protocols and
ii) investigate the thermal conductivity using tw-laser Raman thermome-
try in different 2D materials and compare with available literature (which
is rather scarce). After establishing suitable sample fabrication protocols,
we first measured the thermal conductivity of CVD graphene, which was
found to be k 305 W/(m.K). This value is one order of magnitude smaller
than the reported exfoliated graphene which can be explained by the grain
boundaries and disorder. The polymer residues from the transfer tech-
nique can also have an affect on the heat transport. Large membranes of
CVD graphene have been processed with always some remaining polymer
residues on top. Some new techniques allow us to reduce the impact of
the polymer by using anthracene (or PMMA) as a sacrificial layer. The pro-
cess enables the dry removal of the sacrificial layer at temperatures below
150 °C in combination with annealing in air and in the presence of Pt cat-
alyst achieve a cleaner CVD graphene [107]. Future investigation should
focus on the degree of disorder (density of grains and defects), they can
even be focused on the influence of high temperature resistive polymers,
which could affect the phonon heat transport in an anisotropic fashion; for
example chemical modification of graphene can obtained by photopoly-
merization with styrene [92].

We were also able to measure the thermal conductivity of MoS; mem-
branes, of variable thicknesses. Using two-laser Raman we observed and
increased thermal conductivity as a function of thickness, k at room tem-
perature from 12 W/mX for a 7-layer membrane to 24 W/m.K for a 20-
layer one (suspended on a 20um hole). However, more samples are needed
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to establish this trend. In addition, an even thinner membrane of a 4-layer
MoS; (10um hole) was characterized with one-laser Raman thermometry
obtaining k = 23,6 ym, similar to the 20-layer membrane. However, this
may indicate that in this case tha k is overestimated due to additional heat
transport to the substrate in the small hole, which is difficult to quantify.
With the same technique (and hole size) a flake of MoSe, was measured
with thermal conductivity of 63 W/m.K. Note that it was not possible to
use two-laser Raman thermometry on these latter two samples because, be-
ing the membrane two small, the thermal gradients were suppressed and
the spatial resolution limited. However, the demonstration of both tech-
niques on similar suspended membranes opens the door for investigating
and establishing the advantages and disadvantages of using two or one-
laser Raman thermometry in membranes larger than 20um. Although, an
interesting and rather straightforward goal to aim at, it was not possible to
achieve it thoroughly in this thesis due to the sample degradation.

Finally, one MoS, sample was stacked, after being characterized, with
a hBN flake after measurement to create a MoS, /hBN van der Waals het-
erostructure. This type of heterostructure is attracting aincreasing attention
because of new properties that cannot be achieved with the materials in-
dividually and the potential applications deriving from them. In this case
MoS; is a candidate for digital electronics (transistors) while hBN is a di-
electric that could also can help dissipate heat. Indeed, we demonstrate
that the addition of the hBN flake increases the thermal conductivity from
24 W/m.K MoS2 to 185 W/m.K hBN/MoS, , which shows the potential
impact of layer assembly can have for heat managing. Heat generated (or
in our case deposited by the laser) in MoS, can be taken away from the
hot spot by hBN. This result is in agrement with recent studies addressing
the thermal conductivity of hBN and its interface with MoS, . Indeed, the
thermal conductivity in a similar 11-layer hBN membrane was reported to
be of 360 W/m.K [46], whereas the interface thermal conductance of MoS,
/hBN was found to be 17 MW ~2K~!, which is lower than the graphene
hBN interface 52 MW 2K~! [60]. Such a result illustrates a strong trans-
fer of heat from hBN/MoS, . Further, systematic studies must therefore
focus on the interfacial coupling, the phonon modes involved in the heat
transfer, and in finding ways to optimize it. A key parameter to vary is
the respective thickness of all the layers in the heterostructure to separate
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the bulk from the interfacial effects. Further in the future, effects like heat
rectification can be investigated, as described for Si with phonon mean free
paths comparable to a specific hole arrays [86]. For 2D materials, this can
perhaps be achieved with holes or even changes in the layer thickness.

In addition to thermal properties, we investigated energy harvesting
by means of thermoelectricity. Here the goal was to evaluate whether the
thermoelectric properties of BTS materials were affected by their intrin-
sic topological surface states. BST thin films have been grown by molec-
ular beam epitaxy and had a nominal thickness of 10 nm, thin enough to
observe electronic transport dominated by surface sates. The films were
grown with controlled thickness of Bi and Sb in order to vary the Fermi
level. We first demonstrated with our films, using electrical conductiv-
ity, Hall measurements and ARPES that the carrier nature continuously
changes from electron to hole when the concentrations of Sb goes from 0
to 100%. This is in agreement with literature results. We also found that
at about 50% aSb the Fermi level is in the gap, in the fabricated devices,
and that the conductivity is dominated by surface states, also in agreement
with literature. We then investigated the thermoelectric properties of the
same films. Surprisingly, we have found no correlation between the domi-
nant carriers for electronic transport and the thermoelectric properties. For
example, while electronic transport in the surface states presents electron
character, the thermoeletricity presents hole character. Moreover, the tran-
sition between surface to bulk transport occurs at a threshold temperature
of about 100 K. This results in a peak on the resistivity at that temperature
(at lower temperatures the carrier mobility in the surface is enhanced). The
distinct character of the carriers in the surface and bulk suggests that not
only surface states do not enhance the thermopower, but they might even
suppress it by opposing the bulk contribution. Further studies must ad-
dress the optimization of the contributions of the bulk and surface states, as
they might be optimal at different temperatures or Sb concentrations. Our
results leave little hope for enhance thermoelectric properties of bare films
using surface states; perhaps multilayers might offer a promising route,
but this has been not studied yet, specially taking into consideration the
topological states. To separate the surface state contribution from that of
the bulk, we recommend using thinner films.
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Lastly, the characterization of BST thin films using Raman thermome-
try revealed Raman shifts that correlated with the concentration of Sb. The
increase in laser power revealed the appearance of the non-active Raman
peaks, which can indicate the presence of broken structural symmetries,
surface phonon modes or other effects such as plasmonic resonances. The
interesting response is worth for further investigation, using complemen-
tary techniques such as ellipsometry. even though the results are worth
mentioning in this thesis, they have not been central to it.
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Appendix A

Thermal conductivity
modelisation

Some specifics of the simulation procedure for fitting the two-laser Raman
thermometry experiments: The simulations have been made using a fi-
nite element method commercial software (COMSOL). We have assumed
an effective medium model that simulate the temperature spatial profile
over the circular membranes volume aiming to mimic the two-laser Ra-
man thermometry experiment. As input parameters we use the absorbed
power (distributed in a Gaussian profile, which can be shifted from the
centre of the membrane by an amount parametrized as x0), the effective
thickness and radius of the membrane (the temperature of the edges of the
membrane, i.e., where the MoS2 contacts the substrate, is kept to be 300K),
a temperature-independent thermal conductivity (k0) and the relative spa-
tial shift between the centre of the heating laser and the probe laser (yshift).
The latter means that, when doing the line profile, the probe laser does not
exactly pass over the heating laser, the minmum distance between them
being yshift. In particular we have simulated spatial profiles for a wide
range of values for x0, kO and yshift (having the other parameters fixed to
the values measured experimentally) with the objective of minimizing the
difference between the experimental and simulated temperature curves.
The figures reported afterwards reflect the results of this study, putting a
special focus on the results obtained for the set of parameters that generate
a simulated temperature profile that fits better to the experimental results.
The COMSOL model was made by Dr. Daniel Navarro Urri6s.
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Appendix A. Thermal conductivity modelisation
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Appendix A. Thermal conductivity modelisation

Absorbed Power=7078.21 uW
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Appendix C

Exfoliation and transfer
technique

Graphene exfoliation

1. The first thing to do is to start exfoliating with the "blue tape" by
placing the bulk graphite on it. After applying some pressure the
bulk materials is removed.

2. The residues of the bulk materials are then repeatedly exfoliated be-
tween tapes. After some times, the materials on the tape look thin
(brighter color).

3. This step is made to clean the Si/SiO; substrate with oxygen plasma
at 400 and 50 rpm during 5 minutes.

4. Putinto contact the substrate and the tape that possesses some graphene
flake on top.
hBN exfoliation

The work of Gorbachev et al. [34] shows that the Raman shift can be caused
by the strain applied to the hBN layer. Below two methods of exfoliation
are described depending on the desired thickness.

Thicker and large layer: This technique will help to have large layers

more than 100 yz with thickness around 10 nm. For that, we need to use
visoelastic silicone polymer also known as Polydimethylsiloxane (PDMS).
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. First take cut several pieces of PDMS from ®Gel-pak - WF - with a

retention level of X4.

. This PDMS is encapsulated with two covers, one being thinner than

the other one.

. Place a hBN crystal on top of the PDMS press on with another one.

. Remove the crystal and repeat the exfoliation between the PDMS

polymer. New PDMS can be added to the exfolation in order to get
uniform and large flakes.

Thin and small layer: This method is quite similar to the exfoliation of

graphene because it is using a substrate of 5iO,/Si. This time, the oxide
layer is of 90 nm. This allows a better identification of thin layers.

1. It’s possible to exfoliate thin layers with PDMS or blue tape. The idea

is to repeat the exfoliation and end up by pressuring the exfoliated
crystal on top of a 90 nm SiO, /Si substrate.

2. hBN crystal is placed on top of a blue tape and the other side of the

tape is placed on top. The goal is to exfoliate by creating lines of hBN.

. For the exfoliation with PDMS we use DGL films X4 from ®Gel-pak.

Cut a small piece and place it on a glass slide. Exfoliate two PDMS
several times that have some hBN flakes.
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4.
5.

Pressure the tape or the PDMS on top of the substrate.

Final step is the inspection of the hBN flakes under the microscope.

TMDCs exfoliation:

Similar to hBN exfoliation methods described above we use for the TMDCs
exfoliation. This thesis only focuses on MoS; and MoSe;.

TMDC exfoliation with PDMS:

The first step is to exfoliate for the bulk source with a tape. Place the
tape onto the crystal and remove it leaving some crystal.

Put the tape on the table and stick to it.
Take some SVP244 (yellow tape) tape to exfoliate again.

Put the PDMS WF X4 from ®Gel-pak on the tape that has exfoliated
materials.

Remove it slowly and check under the microscope with the transmis-
sion mode.

MoS2 exfoliation with gold: This technique can be used to have large

monolayer of TMDC that contain Sulfur atoms. The Sulfur atoms are going
to have a strong interaction with the gold which will allow control exfolia-
tion [22].

1.

Exfoliation some MoS2 on blue tape.

2. Evaporate gold on top of MoS2/tape.

3. Place Thermal releasing tape (TRT) on top of the gold.
4.
5
6

Put the MoS2/gold/TRT on top of the desired substrate.

. Remove the TRT.

. Use gold etchant to remove the gold.

Residues of gold can remain in this type of exfoliation. The picture be-
low shows it is possible to get monolayer MoS,.
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TIs film exfoliation:

It is also possible to exfoliate film topological insulators grown by the MBE.[47]
Since the TIs are sensitive to oxidation thus great care needs to be taken.
Such surface oxidation is the origin of the degradation of topological sur-
face states.

1. Spin coat PMMA at 5000 rpm during the 40s, at least 5 times to make
it thick on top the TI/BaF,.

2. Stick the substrate and use TRT tape to take off some of the materials.

3. Release the materials by putting in on as substrate at temperature
around 90 C during 15 minutes.

FIGURE C.3: Picture of exfoliated Topological Insulator
material from BaF ; with PMMA and TRT [47].
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C.0.1 Transfer of 2d materials on the membranes

All dry viscoelastic transfer: This is the most common technique after ex-
foliating on top the PDMS transfer the identified flake where it is needed.
One issue with this technique is that the polymer is transparent and it is
impossible to see thin layers of hBN on top, due to its large band gap (6
eV). Graphene can be glanced with the highest objective (x100) but it is
then almost impossible to transfer it at a wanted position. The TMDCs are
the perfect candidate for this technique, they have indirect to direct band
gap small enough to be looked at with the transmission mode of the mi-
croscope.
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FIGURE C.4: Picture of an MoS; flake a) on top of PDMS

film b) on 90 nm SiO,/Si. c) Picture of an graphene flake

with an flake of MoS, on top. d) Schematic representation
of the transfer technique with a WF PDMS film [28].
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The figure ?? shows the identification of monolayer MoS; exfoliated on
PDMS, and transferred on 90 nm SiO, /Si.

Capillary-force assisted Transfer: This transfer technique is using the
capillarity force created by evaporating some water on top of the PDMS.
The figure C.5 a) is the schematic representation of this method. And in the
figure C.5b) it is shown a twisted triangle of MoS, grown on Sapphire by
the company 2Dlayer. The problem with this technique is that the flakes
may break during the transfer. A more secure way to transfer is then to use
a polymer on top of the PDMS.

Peel off PDMS

qv‘\ PDMS

—
r w / Preparation
Substrate

Put on the
target substrate

Peel off
PDMS
—
Target Target

B) Substratc Substraic

FIGURE C.5: Schematic representation a) of the capillarity

transfer [62]. Optical picture of twisted CVD MoS, triangle

flakes picked up from sapphire and transfer twice onto 90
nm Si0, /Si

PPC or PMMA Transfer:

By adding an extra layered polymer, this technique allows to create clean
2d heterostructure materials. Typically, some 2d flakes are hard to take
from the substrate due to a strong adhesion to it. Fortunately, it is possible
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to handle the in-between flakes without touching any polymer. This pro-
cess can be referred as the van der Waals pick-up/transfer with the support
of typically a hBN flake, the interaction of van der Waals between different
2d materials are lifting the flakes that is on the substrate. This enable to
create clean 2d materials heterostructure [76].

There are two highly efficient polymer that can be used on top of the
PDMS, Polypropylene carbonate (PPC) and Poly(methyl methacrylate) (PMMA).
The difference between the two polymer is their melting point property.

PPC is employed to pick up graphene from Si0, /Si and PMMA can help to
manage to pick up monocrystal of CVD graphene from copper [5].

PDMS
PP
’ Si/Si0,
) 2 |

T

\ ®C b\
\' I — —

A Repeat for
multilayer

FIGURE C.6: Transfer method using PMMA/PDMS or
PPC/PDMS stamp [54]

The figure C.6 is representative of the different steps of the van der
Waals transfer technique. A flake of hBN needs to pick up from Si0,/Si
to PPC/ PDMS stamp. Then hBN/PPC/PDMS is brought in contact with
the intended flake and is removed slowly with the new flake attached to
it. The stack can be then aligned on a new substrate and put in contact
to then being released. It is also possible to take only some part of flake,
then rotate it with a desired angle [50]. This kind of transfer helps to make
heterostructure where the angle between the layers is taking into aspect
and can have an important impact of physics properties of the structure.
Twisted angle of graphene superlattices has an effect on superconductivity
[15].
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PLLA Transfer:

This transfer method was commonly used for structures with different di-
mensions on various surface properties [56]. It can be easily transferred on
hydrophobic, hyrophilic and flexible substrate.

The first step of this transfer method is to spin coat the PLLA polymer
previously made concentration at 2000rpm for 20s. The polymer is going
to be spread all around the sample and only has to be pick-up. Therefore, a
cut in all around the polymer edges is needed to lift the full stack. A PDMS
polymer is placed on top of the PLLA and a drop of water is used to detach
the PLLA/PMMA stamp from substrate. It is then possible to release the
PLLA from the PMMA by heating the substrate/PLLA/PMMA to 90° C
and gently remove the PDMS.

Spin coat Scratch Cover
PDMS film

90 nm Si0,/Si

Peel off
o PDMS/polymer!
polymer
Peel off Cover PDMS/polymer/

nanomaterial film
L nanomaterial film g
FOMEHin @ on 300 nm Si0,/Si -

FIGURE C.7: Transfer method using PLLA/PDMS stamp
[56]

CVD graphene:

In this case, the CVD graphene is first grown on copper and then trans-
ferred with fishing technique on a substrate. This process is considered
has a wet chemical transfer and it uses PMMA as a temporary support
during the etching of the copper by etchants like iron chloride (FeCl3), hy-
drochloric acid (HCI) or ammoium persulfate (NHy)>S,Og [57] [49]. This
transfer is using the following step :

1. Spin coating of PMMA on the chosen graphene side. The copper is
placed on a PDMS WF x4 to effectuate the spin coating.
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2. The back side of the unwanted CVD graphene is etch either by O, or
chemically.

3. Then etching of the Cu foil followed by several cleaning steps under
deionized water.

4. The PMMA /graphene stack is "fished out" off the water and trans-
ferred on a substrate.

5. Removal of PMMA by putting it in acetone and cleaning with iso-
propanol.

FIGURE C.8: Picture a) is a stamp of CVD graphene/
PMMA /PDMS with hole in the etching solution. b) Dry-
ing of the CVD graphene/PMMA membrane
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