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ABSTRACT

OPTOELECTRONIC AND THERMAL PROPERTIES
OF METALLIC TRANSITION METAL
DICHALCOGENIDES

Naveed Mehmood
Ph.D. in Materials Science and Nanotechnology
Advisor: Talip Serkan Kasirga
November 2020

After the successful isolation of graphene monolayer from its bulky counterpart,
there has been tremendous advancement in the field of 2D material. Transi-
tion metal dichalcogenides(TMDCs) is family of 2D materials comprising of a
transition metal atom sandwiched between two chalcogen atoms. Photoresponse
of semiconducting TMDCs has been studied extensively in literature. However,
photoresponse from metallic TMDCs is unprecedented and hence has not been
studied to explore which mechanism might prevail. Among our findings, we dis-
covered that photocurrent generation through metallic TMDCs is possible and
has a photo-thermal origin. Using scanning photo-current microscopy, we were
able to obtain spatial photocurrent maps for both, zero biased and biased sam-
ples. At zero applied bias, the photocurrent generation is localized to metal-metal
junction and governed by Seebeck effect. At finite applied bias, photocurrent
from the whole crystal is observed and is due to photobolometric effect. As
Photo-bolometric effect relies on photo-thermally induced resistance change of
the material, we extended our study to extract thermal conductivity of metal-
lic TMDCs via bolometric effect. As contact of crystal with substrate act as a
heat sink, we used suspended crystals over a hole to thermally isolate it from
any heat sink. Resistance change via laser induced heating is experimentally
measured at the center of the suspended part of crystal. Measured resistance
change is matched with expected resistance change which is calculated using ther-
mal conductivity(x) as a fitting parameter via commercially available finite ele-
ment method package(COMSOL). This way, thermal conductivity of the metallic
TMDCs is calculated with very high accuracy and precision.

Keywords: Opto-electronics, Photo-current, Seebeck Effect, Photo Bolometric
effect, TMDCs, Thermal conductivity .
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OZET

GECIS METAL DIKALKOJENITLERININ
OPTOELEKTRONIK VE TERMAL OZELLIKLERI

Naveed Mehmood
Malzeme bilimi ve Nanoteknoloji, Doktora
Tez Danigmani: Talip Serkan Kasirga
Kasim 2020

Tek katmanl grafenin bulk muadilinden basar 1l1 bir sekilde izolasyonunda sonra,
iki boyutlu malzemeler alaninda biiytik bir ilerleme oldu. Gegis metal kalkojenleri
(GMK) bir ge¢ig metal atomun iki kalkojen atomu arasina sikiltirilmasimiigeren iki
boyutlu malzemelerin ailesidir. Yar1 iletken GMK’larin 1g18a tepkileri literatiirde
kapsamli bir gekilde incelendi. Ancak, metalik GMK’larin 1518a tepkilerine daha
onceden gortilmedi ve dolayisiyla gegerli olan igleyis seklini kesfedecek galigmalar
olmadi. Bulgularimiz arasinda, metalik GMK’lar araciligi ile fotoakim tiret-
menin miimkiin oldugunu ve bir foto-termal kokene sahip oldugunu kesfettik.
Taramali foto-akim mikroskobunu numunelerin hem sifir 6nakim hem de 6n
akimsiz kullanarak, uzamsal fotoakim haritalarini elde edebildik. Uygulanan sifir
onakiminda, foto akim iiretimi metal-metal baglantisinda yer alir ve Seebeck etkisi
ile yonetilir. Uygulanan 6l¢iilebilir 6n akimda, fotobolometrik etkiden dolay1, tiim
kristalden gelen foto akim gozlemlendi. Foto-bolometrik etki malzemenin foto-
termal indiiklenen direng degisimine dayandigindan, metallic GMK’larin termal
iletimlerini bolometrik etki aracihigi ile elde etmek igin ¢aligmamizi genislettik.
Kristalin altag ile temasi, bir 1s1 havuzu gibi davrandigindan, herhangi bir 1s1
havuzudan termal olarak izolasyon saglamak icin bir delik iizerine birakilan
kristalleri kullandik. Lazerin kaynaklandigi isima ile olusan direng degigimi
kristalin merkezinden deneysel olarak ol¢iilmiistiir. Piyasada satilan sonlu eleman
metodu paketi ( COMSOL) araciligi ile, Termal iletkenligin (x) uyma paramatresi
olarak kullanildigr ol¢giim degigimleri ve beklenen direng degisimi eglesmektedir.
Bu sekilde, metallik GMK’larin termal iletkenligi ytiksek kesinlik ve dogruluk ile
hesapland.

Anahtar sozcikler: Opto-elektronik, Foto-akim, Seebeck Etkisi, Foto Bolometrik
etki, GMK, Termal iletkenlik .
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Chapter 1

Introduction

We are surrounded by the world of 3D objects if we look around. Most materials
that we encounter in our daily lives are three dimensional materials. If we look at
their structure, we will notice that atoms in those materials are stacked up and
arranged in a regular crystalline pattern. This arrangement can be analogous
to the pile of oranges stacked up in a market shop. There exist another class
material in which atoms are arranged in layers with each layer stacked on top of
each other. It can be analogous to sheet of papers lying on top of each other.
Materials with stronger in-plane bonds and weaker out of plane bonds can be
categorized as layered material[l]. As a consequence of weak out of plane bonds,
these layers can be separated from their bulk counterpart down to single layer of
material. Based on composition there can be two major classifications of layered

materials.

1. Elemental layered materials

2. Compound layered materials



1.1 Elemental Layered Materials

As suggested by the name, layered materials constitute of single element can
be termed as elemental layered material. As we thin down from few layer to
monolayer, the material can be called 2D material. Isolation of atomically thin
single layer of carbon atoms led to the discovery of graphene by Novoselov and
Geim back in 2004[2]. This was first detailed study on 2D materials. Their
ground breaking experiments on graphene won them 2010 Nobel prize in physics.
Graphene is single layer of carbon atoms which are very strongly bonded with each
other via covalent bonds but has very weak van der Waals forces between layers
which make it easier to exfoliate. It has closely packed carbon atoms arranged
in a honey comb lattice. It has sp? hybridization between carbon atoms. Fig.1.1

shows the schematic of single layer of graphene.

Figure 1.1: Schematic of graphene layer containing carbon atoms closely packed
in honey comb lattice.

Other examples of elemental 2D materials include germanene|[3][4], phosporene|[5][6],
borophene[7][8], antimonene[9][10], silicene[11][12] etc. All of these mentioned
material exhibits very unique properties in the 2D limit due to strong quantum

confinement and higher surface area which yields high surface activity[13][14].



1.2 Compound Layered Materials

Layered materials constitute of more than one elements in their layers are termed
as compound layered materials. Some examples of compound layered materi-
als include transition metal dichalcogenides(TMDCs), transition metal oxides,
double hydroxides, boron nitride etc. TMDCs have gathered quite significant
importance because of their extraordinary properties when exfoliated down to
monolayer. One of the major advantage of TMDCs is the presence of tunable
band gap which is absent in graphene[15]. TMDCs have been studied extensively
in past decade and found potential applications in biosensors[16][17][18], photo
detectors[19][20], memristors[21][22], field effect transistors (FET)[23] etc.

1.3 Transition Metal Dichalcogenides

Transition metal dichalcogenides is a family of 2D materials with a general for-
mula MXs where M refers to transition metal atom(Mo, W, Nb, V, Ta etc.)
and X refers to chalcogen atom(S, Se, Te). Historically, TMDCs were discovered
structurally for the first time by Linus Pauling back in 1923[24]. More than 40
layered TMDCs were known by the end of 1960. Obtaining very thin layers of
MoS, using adhesive tape was realized back in 1963. Monolayer suspension of
MoS, was obtained in 1986 for the first time. Followed by this, Reshef Tenne suc-
cessfully synthesized WS, nanotubes along with MoSs nanotubes later on. After
the discovery of graphene in 2004, the research in the field of layered materials
including TMDCs accelerated tremendously.

1.3.1 Structure

TMDCs exist in several structural phases depending on the coordination of tran-
sition metal atom. The most common phases are named as 2H, 3R and 1T . 2H

crystal phase is hexagonal symmetric with trigonal prismatic coordination having
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Figure 1.2: Atomic structure schematics of TMDCs showing tetragonal octa-
hedral(1T), hexagonal trigonalprismatic(2H), and rhombohedral trigonal pris-
matic(3R) crystal phases in monolayer form[25]. Copyright Springer Nature 2019.

two layers per hexagonal unit cell. 1T phase is trigonal symmetric with octahe-
dral coordination having one layer per unit cell[26]. 3R phase has rhombohedral
symmetry with trigonal prismatic coordination with three atomic layers per unit
cell. These crystal phases can be characterized in terms of different stacking order
of the three planes of transition metal and chalcogen atoms which are involved
in the formation of single layer of these materials . The 2H phase corresponds
to ABA stacking where A refers to chalcogen atomic layer and B corresponds
to transition metal atomic layer. Chalcogen atoms occupy the same position in
different atomic layers named as A and lie on top of each other in the direction
normal to the layer. Contrary to this, in ABC stacking, chalcogen atoms does not

occupy the same position and this type of stacking is present in 1T phase. In both



stacking, transition metal atom is sandwiched between chalcogen atoms. If we
look at periodic table, groups IV, V, VI, VII, IX and X contain transition metal
elements. Chalcogen elements (S, Se and Te) lie in group XVI of the periodic
table. Depending on the specific combination of transition metal and chalcogen
atom, 2H, 3R and 1T are thermodynamically stable phases. Apart from these,
some other meta-stable phases also exist like orthorohmbic 1T, phase. If we look
at group VI Mo and W elements, there are six possible combination of TMDCs
formation with S, Se and Te. Out of these six, five can exist as stable 2H phase
and meta-stable phase 1T[27][28][29][30]. Only WTe, is an exception where room
temperature stable phase is orthorohmbic 1T 4[31][32].

Periodic table of the elements

[J Alkali metals [[] Halogens

T group [J Alkaline-earth metals [] Noble gases

g 1 ] Transition metals [] Rare-earth elements (21, 39, 57-71) 18
1 and lanthanoid elements (57-71 only) 2

1 [] Other metals

H| 2 o ot o O] Actinoid slement 13 14 15 16 17 | He

o 7 er nonmetals ctinoid elements 5 5 = 3 5 o

2/ Li | Be B|[C|N|O|F/|Ne
1 12 13 14 15 16 17 18

Na | Mg | 3 4 5 6 7 8 9 10 11 12 | Al | Si P S | Cl | Ar
19 (20 (21 (22 |23 |24 |25 |26 (27 (28 (29 (30 (31 |32 |33 (34 (35 (36
K | Ca| Sc | Ti Vv Cr |[Mn | Fe [Co| Ni |Cu|Zn |Ga | Ge | As | Se | Br | Kr
37 |38 |39 (40 (41 (42 (43 |44 |45 |46 (47 (48 (49 (50 |51 |52 |53 (54
Rb | Sr | Y Zr |[Nb |[Mo | Tc | Ru | Rh | Pd [ Ag ([Cd | In | Sn | Sb | Te | Xe
55 |56 |57 (72 (78 (74 (75 |76 |77 |78 (79 [80 (81 (82 (83 |84 |85 (86
Cs|Ba|La|Hf | Ta| W [ Re | Os | Ir Pt [Au |Hg | Tl | Pb | Bi | Po | At | Rn
87 |88 |89 (104 (105 [106 (107 [108 [109 (110 [111 [112 (113 (114 [115 [116 |117 (118
Fr |Ra | Ac [ Rf |Db | Sg ([Bh |Hs | Mt | Ds [Rg ([Cn [ Nh | FI | Mc | Lv | Ts | Og

58 (59 |60 (61 |62 (63 |64 (65 |66 |67 (68 |69 (70 |71
Ce ([Pr |Nd ([Pm |[Sm | Eu |Gd | Tb | Dy | Ho | Er [ Tm | Yb | Lu

91 |92 (93 (94 (95 |96 (97 |98 (99 [100 (101 [102 (103

Th |Pa| U |Np (|Pu |[Am ([Cm | Bk | Cf | Es | Fm | Md | No | Lr

lanthanoid series 6

actinoid series 7

*Numbering system adopted by the International Union of Pure and Applied Chemistry (IUPAC). © Encyclopaedia Britannica, Inc.

Figure 1.3: Periodic table showing classification of different elements. Each color
describe certain type of element. Purple color on this table represents transition
metal elements and orange color is representing S, Se and Te along with some
other elements. Copyright Encyclopedia Britannica

Apart from these phases mentioned above, TMDCs can also exist in distorted
phases like 1T’. In this scenario, metal-metal bond can result in dimerization of
1T phase which ultimately yields formation of 1T” phase. Some of the examples of
1T’ phase include MoTe; and MoS2[33][34]. Transition from one phase to other is

5



also possible by different methods. Laser induced transformation from 2H phase
to 1T’ phase of MoTe; has been demonstrated by Suyeon Cho et.al[35]. Phase
engineering using chemical treatment has already been demonstrated for the case
of MoS,. Treating MoS, with n-butyle lithium can assist electron donation in
the system which lead to selective phase transformation as can be seen in figure
1.4(b) [36].

(b)

Figure 1.4: (a) Laser induced phase transformation of MoTes from 2H phase to
1T". Copyright American Association for the Advancement of Science 2015(b)
CVD grown 2H-MoS, crystal selectively converted to 1T phase upon treatment
with n-butyl lithium. Copyright Springer Nature 2014

1.4 Metallic Transition Metal Dichalcogenides

Metallic transition metal dichalcogenides (MTMDC) posses a finite density of
state at the Fermi level which is not the case for semiconducting TMDCs. This
makes the research field of MTMDCs quite distinguished when compared with
STMDCs. MTMDCs can be synthesized with various chemical deposition meth-
ods like CVDI[37], MOCVD[38], CVT[39], MBE[40] and as simple as mechanical



exfoliation of atomically thin layers of these materials from the bulky counter
part[41]. Some of the exotic phenomena that these material exhibit include
charge density wave, superconductivity and magnetism. Charge density wave
is an ordered quantum fluid of conduction electrons which act as a standing wave
and some time may carry electric current. 2H-TaS, is one of the exemplary ma-
terial which exhibits both charge density wave transition and superconductivity
at cryogenic temperatures. The external parameters can effect the transitions
very significantly. The affect of pressure on these properties has been reported by
Hafeiz et.al[42]. As can be seen in 1.5 (a), the kink around 75K represent CDW
transition for both in-plane and out of plane resistivity represented by p,, and p.
respectively. The inset of figure shows superconducting transition beyond temper-
ature 0.9K. Figure 1.5 (b) shows the effect of pressure on the transport properties.
The CDW transition becomes insignificant at elevated pressures while the super-
conducting transition temperature increases from 0.9K(atmospheric pressure) to
4.2K(3.1 GPa) and 9K(8.7GPa) as shown in the inset of same figure.

The onset of superconducting transition can heavily depend on the number
of layers of the material. Thickness dependent superconductivity has also been
reported in 2H-NbS,[43]. Figure 1.6 (a) shows resistance vs temperature mea-
surements performed on 2H-NbS, crystals with different thicknesses. Supercon-
ductivity transition can be observed at a temperature as high as 6K for a crystal
of thickness 12nm. Upon decreasing the number of layers, the transition tem-
perature shifts to lower temperature values. For crystals below 6nm thickness,
no superconducting transition is observed due to possible inevitable degradation

due to oxidation of the material.

Apart from interesting exotic phenomena that exist in MTMDCs, these mate-
rials can be used as a promising 2D electrode instead of gold or platinum. Several
report have been made to date in which using MTMDCs as electrode material en-
hanced the performance of 2D material based field effect transistors. Zhang et.al.
demonstrated that edge epitaxially grown NbS, along the WS, flake enhanced
the on and off ratio of the fabricated transistor where NbSsy acted as electrode
material[44]. The use of these materials in flexible electronics can also increase
the durability of such devices[45].
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Figure 1.5: (a) In-plan (p.) and out of plane (p.) resistivity plotted as a func-
tion of temperature at ambient pressure. The kink shows CDW transition. Inset
shows superconducting transition below 0.9K temperature. (b) Resistivity mea-
surements at higher pressure. The CDW transition suppresses at very high pres-
sure while the shift towards higher temperature for superconducting transition is
observed(inset). Copyright Springer Nature 2016

1.5 Photocurrent Generation in Semiconduct-

ing Transition Metal Dichalcogenides

Upon illumination, almost all semiconducting transition metal dichalcogenides
yield photocurrent generation. However, the mechanism that are responsible
may vary from material to material. MoS, is very well studied member of semi-
conducting TMDCs. Buscema et.al. showed that the photoresponse in monolayer

across metal-semiconductor junction is dominated by photothermal effect which
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Figure 1.6: (a) Normalized resistance vs temperature plotted for 2H-NbS, for
various thickness crystals. (b) The data in the rectangular window in (a) to
see superconducting transition between 0K to 10K. Copyright IOP Science, The
Japan Society of Applied Physics, 2019

results due to the difference in the Seebeck coefficients of MoSs and gold[46].
Later on, Chiang Wu et.al demonstrated that at finite applied bias the photocur-
rent generation in MoS; monolayer is due to electric field induced separation of
the carriers[47]. Similar studies are reported for several other semiconducting
TMDCs as well. The detailed discussion of mechanisms will be provided in the

next chapter.

1.6 Thermal Conductivity of TMDCs and
Nano-Sheets

Thermal conductivity is characterized by the ability of a material to conduct
heat. Several methods in literature have been reported so far to measure thermal
conductivity of TMDCs and nano-sheets. Each of the reported methods have its

own advantages and disadvantages as compared to each other. 2D materials like



graphene and hexaboron nitride exhibits exceptionally high thermal conductiv-
ity as compared to other similar materials[48]. Graphene has a reported value
of thermal conductivity in the range of 4800-5300 Wm'K~! as compared to
its bulk counterpart graphite which has thermal conductivity of as high as 470
WmK~1[49][50][51]. Reported thermal conductivity of most studied TMDCs
like MoS, and WS, are 34.5Wm1K~1[52] and 32Wm ' K~1[53] respectively. De-
tailed discussion on different methodologies to calculate thermal conductivity of

TMDCs and nano sheet is provided in chapter 4.

1.7 Thesis Motivation and Outline

Photocurrent generation has been studied extensively for semiconducting tran-
sition metal dichalcogenides with several proposed mechanism in the literature.
However, no studies have reported photocurrent generation in metallic TMDCs.
As photocurrent generation in metallic TMDCs is unprecedented, the mecha-
nism for such phenomenon required investigation. Few examples in literature
exist where photocurrent generation through metallic materials is demonstrated.
These include carbon nano-tubes and gold nano-particles. In this thesis, we ex-
plore the mechanism which will be responsible for photocurrent generation in
metallic TMDCs. We discussed in detail photo-thermal and photo-bolometric
origin of photocurrent through metallic TMDCs starting with NbS, as an ex-
emplary material. Once we established photo-bolometric origin of photocurrent
through metallic TMDCs, we utilized this property to introduce a novel method
to calculate thermal conductivity of nano-sheet using photo-bolometric effect.
Our proposed method is simple in terms of calculation and device fabrication as

compared to other methods that already exist in literature.

First of all, in this thesis, I will discuss several photocurrent generation mech-
anisms that exist in 2D materials as can be seen in chapter 2. In chapter 3, 1
will discuss the photocurrent generation metallic TMDCs and governing mech-
anism. Chapter 4 gives brief introduction to methods of thermal conductivity

that has already been reported in literature. In chapter 5, I describe in detail our

10



proposed method based on bolometric effect to calculate thermal conductivity
of nano-sheets along with its pros and cons. Finally, In last chapter I will give

concluding remarks regarding our findings during my PhD studies.
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Chapter 2

Photocurrent generation and
possible mechanisms in 2D

materials

When a photo-sensitive device like a photo diode is exposed to a certain threshold
radiant power, it results in generation of photocurrent through the device. Based
on nature of the material used in the device fabrication, we can have several dif-
ferent mechanism that can explain the origin of current produced upon exposure
to radiation. I will be discussing each of these possible mechanism one by one in

the below text.

2.1 Mechanisms of photocurrent generation

Generation of photocurrrent in 2D materials can be explained by many mecha-
nisms. Some mechanisms involve electric field driven separation of electron-hole
induced by photon absorption. Photoconduction, photovoltaic effect and the
photogating mechanisms can fall under this category. Photocurrent can also

be generated by a thermal process which may include photothermoelectric and

12



bolometric effect. Brief discussion on each of the above mentioned mechanisms

is discussed below.

2.1.1 Photo-conductive effect

When some non-metallic materials absorb photon energy, they exhibit an increase
in the electrical conduction (or reduction in resistance)[54][55][56][57]. Some semi-
conducting materials which are normally poor electrical conductor can observe
increase in their conductivity upon illumination by a certain wavelength light[58].
The incoming photon can interact with the electrons by exciting them and ulti-
mately move them to the conduction band where they can move more freely. This
results in enhanced electrical conductivity[59]. This increase in the available free
charge carrier makes these materials better conductors upon illumination. The
rate of excitation and relaxation of these extra free charge carriers can play a
determining role in estimating the change in the conductivity caused by the in-
cident flux of photons[60]. The term describing the excitation and relaxation
time is referred as lifetime of the the excited charge carriers. The time these
excited charge carriers spend in conduction band before relaxation is termed as
lifetime[61].

Fig.2.1 shows schematic of the band alignment of a semiconducting material
upon contact with two metal electrodes under applied bias. In Fig.2.1(a), the
schematic shows movement of carriers in dark condition under certain applied
bias. A small drain source current (Ij,) passes through the system. When
illuminated by light of energy larger than the band gap (E,, >E,), the electron
hole pairs are generated which are separated by the applied voltage bias. The
photogenerated free electron hole carriers drift in the opposite direction towards
metal electrodes. This in turn results in the enhancement of the conductivity
and hence a photocurrent (I,pe,) of magnitude higher than I, flows through

the system.

When we consider case, where mobilities of both electron and holes possess

large difference from each other, it will result huge difference in electron-hole

13



Dark lllumination

RS
\/M

M | Semicond.

Idark il

I|Humination

Figure 2.1: (a) Schematic of band alignment when two metal contacts are made
to semiconducting material under some applied bias without illumination. (b)
Bang alignment under applied bias when a device is illuminated with photons
of energy E,), greater than band gap E,. (c) Current plotted against applied
gate voltage with and without illumination. (d) IV plots in dark (black line) and
under illumination(red solid line). Reproduced from Ref. [62] with permission
from The Royal Society of Chemistry.

transit time which can be referred as Tipqnsi: and is given by equation 2.1[56].

L2
p-Vas

(2.1)

Ttransit =

Here, L is the transistor channel lengt, p is the mobility of charge carriers and
Vs is the applied drain-source bias. If the electron mobility is much higher than
the hole mobility, the photogenerated electron will pass the channel much quicker
as compared to the photogenerated holes. Many electrons can contribute towards
photoconductive gain (G) until electron-hole recombination. In simple words, we
can say that we can extract more and more electron from a single photon which

can result in a quantum efficiency greater than one. The photo-conductive gain

14



can be defined as the ratio of photo-generated carriers life time and transit time
and can be represented by the equation 2.2. It can be clearly seen in the equation

that larger value of Tpnotocarriers Will result in larger value of G[56].

G — Tphotocarriers (22)

Teransit

2.1.2 Photo-gating effect

Another mechanism which is based on electron-hole separation is photo-gating.
It can be considered as special case of photo-conductive effect in which electron or
holes can get trapped in local states where they start acting like a local gate which
in result modulates the resistance of the material[63][64][65][66]. In this scenario,
photo-carrier lifetime is only restricted to recombination life time of the trap
states which are localized. Surface of the materials which are semiconducting in
nature and defects sites acts as a host for these trap states where these trap states
can last for longer period of time. This effect become very significant in materials
like colloidal quantum dots, 2D semiconducting materials and nano wires in which

electrical properties rely on larger surface and reduced screening[67][68][69].

Fig. 2.2(a) shows band diagram of a semiconducting material in contact with
two metal electrodes under applied bias in dark condition. As can be seen, small
current (Izq1) passes through the system. Upon illumination, generation of elec-
tron hole pair occur. As can be seen in fig. 2.2 (b) schematic, hole are trapped at
band edge where they act like a local gate. This produces a field effect which in
response drives the photocurrent(L,;q,) through the system. Fig. 2.2 (c¢) reflects
the variation of source drain current(I;) with respect to applied gate voltage (V).
There occurs a horizontal shift in the curve upon illumination termed as AV,
also marked on the plot. Solid black line shows response under dark condition
while solid blue/red line shows the curve behavior under illumination. Fig. 2.2
(d)shows the IV characteristic curve under dark condition demonstrated by solid
black line and under illumination at different applied gate voltage represented by

solid red and blue lines. It can be seen that red IV (positive photocurrent) curve
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Figure 2.2: (a) Schematic of band alignment when two metal contacts are made
to semiconducting material under some applied bias without illumination. (b)
Bang alignment under applied bias when a device is illuminated with photons of
energy E,;, greater than band gap E,. Holes are shown to be trapped at th band
edge. Upon illumination and under applied bias, field effect produces electrons
in the channel which contribute towards photocurrent generation. (c) Current
plotted against applied gate voltage with and without illumination. (d) IV plots
in dark (black line) and under illumination(red and blue solid lines). Reproduced
from Ref. [62] with permission from The Royal Society of Chemistry.

is obtained by the gate values used from the triangle marked range in fig. 2.2 (c)
while blue IV curve (negative photocurrent) is obtained by square marked range

in the panel c.

Practically, both photoconductive and photogating effect are not easily dis-
tinguishable. They may co-exist in the same system. However, Furchi et al
successfully demonstrated that both effect can be distinguished based on their

difference in the time scales[70].
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2.1.3 Photovoltaic effect

When an internal electric field separates the photogenerated electron-hole pair,
then this effect is called photo voltaic effect[71][72][73]. This internal electric
field can originate from the formation of PN-junction or a schottky barrier at the
metal and semiconductor interface as can be seen in fig.2.3(a). IV characteristic
curve exhibits non-linear behavior in both of these junction formation under
dark condition. In PN junction formation, the forward bias current increases

exponentially as given by relation in equation 2.3 [74].

Igg ox e¥as — 1 (2.3)

In reverse bias configuration, negligibly small current pass through the device
until the break down voltage of the junction. When the device is illuminated
under zero applied bias, the photo excited electron-hole pairs gets separated by
the internal electric field. This in response produces significant amount of photo-
current which can be referred as short-circuit current(I.). If the circuit is kept
open, the charge carriers with opposite polarities can be restricted in different
parts which in response will lead to generation of a voltage. This net voltage is
termed as open circuit voltage(V,.). When we illuminate the device and apply
reverse bias, an increase in reverse current is observed as the junction electric filed
sweeps the photoexcited charge carriers in the opposite direction. Compared to
photoconducting effect, in photovoltaic effect, generated photocurrent can be

converted to electrical power|[75].

Current vs voltage graph of the PN junction both in dark (solid black line)
and under illumination (solid red line) is shown in the fig. 2.3(b). The curve
under illumination appear shifted downwards when compared to dark current
curve as the generated photocurrent has similar sign as the reverse bias current.
It is worth noting that the portion of the curve lying in the lower left quadrant
of the plot where the current has negative values under positive applied bias, can

be used to calculate maximum electrical power as indicated by PJ;** on the plot.
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Figure 2.3: (a) Schematic of a PN-junction formation. Common fermi energy
(Ef) level for both P and N doped semiconductor can be seen in the schematic
represented by dashed black line. The incident photon of energy larger than band
gap of the material (E,,; Eyy) generates the electron hole pair as represented by
black and white dot respectively. The built in electric field at the PN-junction
then separates the electron hole pair and gets accelerated. (b) Izs vs Vgs curves
plotted in dark and under illumination represented by black and red lines respec-
tively. A short circuit current due to open circuit voltage is generated in the
device upon illumination. An electrical power is generated by the device indi-
cated by P7% (maximum power). Reproduced from Ref. [62] with permission
from The Royal Society of Chemistry.

2.1.4 Photo-thermoelectric effect

When a heat gradient is generated through a material by light induced heating,
there will appear a temperature gradient between the two ends of the material.
This temperature gradient can be termed as AT. This AT can be converted to a
potential difference because of the Seebeck effect or photothermal effect[76]. This
potential difference is linearly proportional to the temperature gradient and can

be expressed by the equation

AV = —S.AT (2.4)

Where S is the seebeck coefficient.

The temperature gradient can be created with focused laser spot locally whose

dimensions are much smaller than the whole device[77]. Global illumination can
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Figure 2.4: (a) Schematic of a FET which is being illuminated locally using a fo-
cused laser spot at one of the metal-semiconducting junction. The configuration
represent the open circuit case where the thermoelectric potential is generated
between the two junctions. (b) represents the circuit diagram of the same device
depicted in (a). (c) IV characteristic curve in both dark (black) and under illu-
mination(red) are plotted. Under zero bias, a current is generated in the system
driven by the thermoelectric potential difference(Vprg). Reproduced from Ref.
[62] with permission from The Royal Society of Chemistry.

also generate such regions of temperature gradients in a material which exhibits

different absorption of photon energy in different part of the device[78].

Due to photo-thermoelectric effect, a temperature gradient generates a poten-
tial difference through the device which in response can drive current through
the system even under zero applied bias. A schematic of such device is shown in
fig. 2.4(a) where two junctions are maintained at different temperatures by the
aid of focused laser spot. A potential difference (Vprg) is generated due to this
constant temperature gradient between the two junctions which can be expressed
by the equation 2.5[79].

A‘/PTE = (Ssemiconductor - Smetal)-AT (25)
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In this equation, we can neglect the term S,,c10;. AT because of smaller values
of seebeck coefficients of metals as compared to semiconducting materials. The
estimation of AT can be done using finite element analysis methods or incorpo-
rating on chip thermometers on the device[80][81]. After knowing the value of
AT, the corresponding Seebeck coefficient can be estimated. Potential difference
values generated by photothermal effect can range from tens of micro-volts to
tens of mili-volts. It is important to have ohmic contact formation in order to
observe photo-thermoelectric effect. In a scenario, where illumination is on top of
uniform semicoducting channel, no current will low through the device as there
is no bias applied to system. Also, the temperature gradient will be negligibly
small in this case and the required potential difference will not be created to drive

the current.

IV curves of a device in which PTE is dominant is shown in fig. 2.4(c). As
the curve under dark condition exhibit linear behavior giving strong indication
of formation of ohmic contacts with negligibly small schottky barrier. When the
device is illuminated, current at zero applied bias is observed with out changing
the resistance of the device due to the photothermoelectric effect. Intersection
of red curve with the zero current axis give the value of AVprg as indicated by
black arrow in fig. 2.4(c).

2.1.5 Photo-bolometric effect

When the uniform heating induced by photon absorption ultimately change the
resistance of the material, such effect is termed as photo-bolometric effect[82][83].
This effect has direct relationship with the change of conductance of a material
with temperature (dG/dT) and uniform increment in the temperature by the
laser induced heating of the material. Many IR detectors works based on this
principle in a four terminal configuration which enhance the detectivity of the

operational device[84].
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Chapter 3

Photo-current generation in
metallic transition metal

dichalcogenides

Several mechanisms play their role in generation of photocurrent in 2D semicon-
ducting layered materials[85][86]. These mechanism may involve photothermal
effect, photovoltaic effect, photoconduction and photogating. I have discussed
briefly all these mechanism in the previous chapter. Apart from few exceptions,
the above mentioned mechanisms do not result photocurrent generation in metal-
lic materials. As the thermal conductivity of metallic materials is generally higher
and have low absorption of optical excitation, the photothermal effect becomes
very insignificant in these materials. Also, Under certain applied bias, electron
that are being excited optically in metals will have negligible contribution to-
wards the already existing huge number of intrinsic electron close to the Fermi
level. Some of the metallic systems in which photocurrent generation has been
reported include gold nano particle network[87], graphene[85][88] and metallic
carbon nanotubes[89]. As photocurrent generation in metallic transition metal
dichalcogenides(TMDCs) is not expected, the possible mechanism for such phe-
nomenon has not been explored so far. In this chapter, I will be discussing pho-

tocurrent generation through mechanically exfoliated Niobium Disulfide(NbS,)
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using scanning photocurrent microscopy. According to our findings, the pho-
tocurrent generation in such system is mainly due to photothermal effect and

will be discussed in detail later in this chapter.

3.1 Experimental methods

3.1.1 Bottom contact devices

Bottom contact devices are fabricated by transferring selected crystal on top of
pre-patterned gold electrodes. In these devices, the gold electrode are lying under
crystal making contact to the bottom side of the crystal. This is why these devices
are referred as bottom contact devices. The fabrication process is described in

detail in the following sections.

3.1.1.1 Mechanical exfoliation

3R-NbS, bulk source is purchased from HQ graphene. The bulk source is pasted
against a yellow kapton tape and peeled off very carefully using clean tweezers
to avoid any contamination. This will leave layers of the pasted material onto
the tape. The tape containing NbS, crystals is pasted against a cleaned 280nm
SiO,/Si chip and placed on hot plate heated to 90°C for 1 minute. Then the
tape is peeled off from the SiO5/Si substrate leaving behind exfoliated crystals of
NbS, onto the substrate. The sample is observed under microscope in order to

target a suitable crystal for device fabrication.

3.1.1.2 Optical lithography and metal evaporation

Gold electrodes are pre-patterned onto a clean 280nm SiOs/Si substrate using
optical lithography. First of all the sample is rinsed with acetone, iso-propanol

followed by thorough rinsing with DI water. The substrate is placed onto hot
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plate set at 120°C for 10 minutes to get rid of all possible moisture. Positive
toned photo-resist AZ-5214 is spin coated onto the cleaned substrate at 4000rpm.
The sample is then placed onto hot plate for soft bake to activate the photo-
resist. The chip containing photo-resist is exposed to UV light mounted onto a
mask aligner under a mask containing desired features. The dose of exposure
is set to 40mJ/cm?. After exposure, the chip is dipped in developer AZ-400K.
The developer is a solution of 20mL AZ-400k in 80mL water which make it 1:4
solution. The optimized development time is 45 seconds. After that the required
feature are patterned onto the desired substrate. Followed by this, we evaporate
gold as metal contact material. 5nm chrome is first deposited as an adhesion
layer for gold using thermal evaporator. 100nm gold is then deposited which act
as electrodes after the successful lift-off. Fig.3.1 shows final result of electrodes

patterned following the above mentioned procedure.

Figure 3.1: Array of two terminal electrodes patterned using optical lithography

3.1.1.3 Deterministic crystal transfer

Selected crystals after mechanical exfoliation are transferred on top of pre-
patterned electrodes deterministically using a polymer film. We use poly-

carbonate(PC) as a polymer for this purpose. A small piece of thin PC film
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Figure 3.2: Schematic of the deterministic crystal transfer starting from mechan-
ical exfoliation of the NbS, till the selected flake aligned and transferred on top
of metal electrode.

is cut and placed on top of our desired crystal. The film is allowed to melt by
increasing the stage temperature to 165°C. Once the film is melted, the sample
is removed from the stage and the PC film solidifies again. The film is carefully
peeled from the substrate which will pick up our desired crystal from the sub-
strate. This film then placed on the pre-patterned substrate containing several
gold electrode. The film is then manipulated using a fine needle mounted on
a micro-manipulator to align our desired crystal accurately with the electrodes.
Once the crystal is aligned, the stage temperature is increased again to melt the
PC film again. This step will make sure that our film does not move once we put
it into organic solvent for dissolution of the PC film. The sample is then immersed
in chloroform to dissolve PC film for 15 minutes. The samples is removed very
gently from chloroform solution after 15 minutes and observed under microscope.
Schematic of the whole process can be seen in figure 3.2. Optical microscope
and scanning electron microscope images of the fabricated devices can be seen in

figures 3.3 and 3.4 respectively.
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Figure 3.3: Optical microscope images of back contact devices. scale bar is 30um
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Figure 3.4: Electron microscope images of back contact devices showing top view
and side view of the devices.
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3.1.2 Top contact devices

In top contact devices, the gold electrodes are deposited on top of selected crystal.

In order to obtain such devices, I utilized two different lithography techniques.

1. Optical lithography

2. Electron beam lithography

3.1.2.1 Optical lithography

After doing mechanical exfoliation of the selected material, a suitable crystal is
chosen to put metal contact on top of it. The orientation along with the location
of the crystal is roughly noted under microscope. If needed a scratch mark is
placed near the crystal using a diamond scriber. It helps in locating the crystal
under mask aligner in a more efficient and less time consuming way. The pat-
terning parameters are same as described in section 3.1.1.2. After spotting the
crystal under the mask aligner, the crystal is aligned with the electrode terminals
followed by UV exposure. After development, the patterned crystal is observed
under microscope. If patterning is successful, the sample is placed safely in a
container and more similar samples are prepared for metal evaporation. After
metal evaporation and successful lift-off process, we observe fabricated devices

under microscope.
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Figure 3.5: Optical micrographs of the fabricated devices top contact devices
using optical lithography. Scale bar is 30um

Figure 3.6: Electron microscope images of top contact devices showing top view
and side view of the selected device.
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3.1.2.2 Electron beam lithography

Some of the devices in this study are fabricated using electron beam lithography.
It is a direct writing technique which does not require any physical mask for
patterning and we can control the dimensions of each pattern separately that
we want to print. This technique can easily have a nano-meter precision in
patterning. It is a two step electron beam lithography process. In order to
be able to pattern, mechanical exfoliation of desired material is performed on a
rectangular chip with flat sides and sharp corner. We can choose one sharp corner
of the chip as origin and get the coordinates of the crystal lying on the chip using
an on-screen digital ruler named MB-ruler. The precision of the coordinates can

be of the order of few tens of micrometer.

In next step, spin coating of electron resist is performed. We use polymethyl
methacrylate(PMMA) resist for this purpose. A double layer of two different
type of PMMA resist is spin coated. First layer is spin coated PMMA 495(A6)
at 4000rpm for 60 seconds followed by a prebaking step for two minutes at a
temperature of 180°C. After this another layer of PMMA 950(A6) is spin coated

following similar parameters followed by same duration of baking at 180°C.

First of all, four alignment cross marks along with three squares are patterned
in the vicinity of the target crystal. As sample is coated with electron beam resist,
we can not image the crystal in the electron microscope. We use these alignments
crosses and squares to match with the actual design prepared as a GDS file in
K-Layout software. Once these alignment marks are match perfectly with the
actual GDS design, we can draw the desired features and electrodes on the same
file. We used EFI Nova 600 NanoSEM for our electron beam lithography process.
The used voltage for our process is 30KV to ensure maximum penetration depth.
The beam current is chosen according to the feature size. For smaller feature of
the order of 2 to 3 um I used 52pA. For larger features of the order of 100 to 300
pm, T used 80nA. The dose was chosen to be 100uC/cm?.

The development of exposed resist is done in a developer solution of
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MIBK (methyl isobutyl ketone) and IPA (isopropyl alcohol) in ratio of 3:1. Sam-
ple is dipped in this solution for 65 second followed by rinsing with IPA for 15

seconds and 20 seconds with DI water. The sample is finally nitrogen dried.

After development, the image of printed alignment marks is captured using op-
tical microscope. This image is used to prepare design in computer software name
K-Layout. Spatial orientation is determined using the three squares patterned
on the sample and fine adjustments are made using much smaller four crosses.
This is all done to have exact match of patterned alignment marks and actual de-
sign of the alignment marks prepared on K-Layout software. As these alignment
marks act as a coordinate system, any feature designed on the K-layout software
in any specified orientation will ultimately be patterned in EBL exactly how we
prepared the design. Finally, the exposed regions are developed in developer just

like alignment marks development as mentioned earlier.

3.1.3 Current vs voltage measurements

Current vs voltage measurements are performed on a home built probe station.
Tungsten needles are used as the probes to make connection with the electrode
pads. Probes are connected to a preamplifier which act as a bias source. One
probe is connected to the ground of the pre-amplifier and the second probe is
connected to bias source of pre-amplifier. The current pre-amplifier is integrated
with a DAQ (Data Aquisition card) card and controlled with Labview program.
Under a bias sweep the current passing through the device is measured and plotted

to get the resistance of the device.

3.1.4 Scanning photocurrent microscopy

Scanning photocurrent microscopy(SPCM) is a technique to obtain the spatial
mapping of the photoresponse of a chosen material. A device with metal contacts

is raster scanned by a focused laser spot to obtain the photocurrent maps. The
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experimental setup is comprised of a modulated laser beam at a certain frequency
f. Lock-in amplifier uses this frequency and input of the lock-in amplifier is
connected to the output of the current pre-amplifier in order to measure the
signal generated by the laser beam scanning. The scanning speed and integration
time are adjusted accordingly. In our measurements, we used integration time of
3ms. It physically means that if the generated photoresponse by any mechanism

is greater than 3ms, it can be feasibly measured.

A commercially available inverted microscope setup is used for the SPCM mea-
surements with all the optic components compacted in a single column assembly.
The whole microscope assembly can move over the sample to achieve the scanning
purpose. A 40x objective is used to focus the laser beam on to the sample with
a spot size of 400nm (532nm laser wavelength). The step size can be controlled
with a Labview program. In our study we used fine scans down to 100nm step
size. Both Photocurrent maps and reflection maps are recorded using a labview
program. For reflection maps, the reflected light from the sample during the scan
is detected by a silicon detector. In order to collect data, the Labview program

that we use is capable of performing following tasks

e Scanning in x-y direction

Controlling scan size and step size

Collecting and plotting of data in real time

Exporting the collected data as an ASCII file

After collecting the data from Labview program, the data analysis is performed

on Origin software for all of our measurements.
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3.2 Results and discussion

3.2.1 Material Characterizations

We performed SPCM experiments on mechanically exfoliated niobium disulfide
(NbS;). NbSs belongs to family of metallic transition metal dichalcogenides which
we chose as an exemplary material for our study. NbSs exists in two layered poly-
morphs named 2H(hexagonal) and 3R(rhombohedral). For our study, we chose
3R poly-type schematic of which can be seen in Figure3.7. While both poly-
morphs are metallic[90], only 2H phase exhibits superconducting transition at

cryogenic low temperatures[43].

Figure 3.7: Schematic of the side view (a) and top view (b) of the crystal structure
of 3R-NbSs. Reproduced from ref. [91]. Copyright American Physical Society
2018

Raman spectrum of mechanically exfoliated 3R-NbSy can be seen in Figure
3.8. Peak positions A; (383cm™!) and Ay(451cm™!) corresponds to out of plane
vibration modes of the molecules. E; (324.75cm™!) and Ey(285cm™!) corresponds
to in-plane vibration modes of the molecules. All these marked peak values
matches very well with the reported values in literature for 3R-NbS5[92]. Energy
dispersive x-ray spectroscopic (EDS) measurements are performed to confirm

chemical composition of the exfoliated crystals. EDS maps of the crystal are
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shown in Figure 3.9. Yellow and purple EDS maps correspond to the sulfur and
niobium respectively. From the intensity of the maps, we can extract the ratio
between niobium and sulfur atoms to be 1:2. The inset at the center shows SEM
image of the same NbS, flake. Figure 3.10 (a) shows low resolution transmission
electron microscope(TEM) image of NbS, flake transferred onto a TEM grid.
The selected area electron diffraction(SAED) pattern can be seen in Fig. 3.10
(b). Using SAED, we calculated the in-plane lattice constant to be 0.333nm

which is in good agreement with the reported value in the literature[93].

Intensity (a.u.)
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Figure 3.8: Schematic of the side view (a) and top view (b) of the crystal structure
of 3R-NbSs. Reproduced from ref. [91]. Copyright American Physical Society
2018
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Figure 3.9: Schematic of the side view (a) and top view (b) of the crystal structure
of 3R-NbSs. Reproduced from ref. [91]. Copyright American Physical Society
2018

Figure 3.10: (a) Low resolution transmission electron microscopy image of NbSy
flake. (b) Selected area diffraction pattern from the same crystal. Reproduced
from ref. [91]. Copyright American Physical Society 2018
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3.2.2 Top contact devices

First of all, I will discuss results of experiments performed on top contact (TC)
devices. Fabrication of these devices have been discussed in details in section
3.1.2. Figure 3.11 shows the scanning electron micrograph of a TC device on
which electrical configuration for the measurements has been drawn. Laser beam
schematic is also sketched which raster scans the whole sample in x-y direction.
The same configuration has been used for all devices in this study. The left

terminal is set to ground and right terminal is used to flush bias through it.

Laser beam

Au/Cr
Contact

Figure 3.11: SEM micrograph of two terminal device with measurement configu-
ration depicted on it. A diffraction limited laser spot raster scans the samples in
x-y direction. In all our experiments, left electrode is grounded and the bias is
applied from the right electrode. Reproduced from ref. [91]. Copyright American
Physical Society 2018

Figure 3.12(a) shows optical image of the measured device named TC-1. 532nm
wavelength laser focused to a diffraction limited spot is used to obtain reflection
and photocurrent maps with a laser power P=85uW as can be seen in figure
3.12 (b-c). Resistance vs temperature measurements performed on TC-1 can be
seen in figure3.12 (d). It shows room temperature resistance value of around
21.5€2. As we decrease the temperature, the resistance of the device decreases
which confirms the metallic nature of the NbSy crystal. Thickness of the crystal
is determined my atomic force microscopy. As can be seen in Figure 3.13, there

is a slope in the height retrace so we took the average value extracted from the
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height profile which is approximately 180nm.

Photocurrent maps obtained under zero applied bias reveals that the maximum
intensity of the current is generated at the junction of NbS, with the deposited
gold metal electrodes. As we are dealing here with metal/metal junction, the
generated photocurrent must have photothermal origin and any other mechanism

is not likely to be responsible for this photo-induced current generation.
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Figure 3.12: (a) Optical micrograph of the TC1 is shown with marked square re-
gion in which SPCM is performed. Scale bar is 10um (b) Reflection map obtained
by scanning the laser on top of the device and (c) corresponding photocurrent
map under zero applied bias. The photocurrent is confined around the edges
which are marked by the dashed black lines. (d) Resistance vs temperature plot
of the same device showing characteristic metallic behavior. The inset shows
OR/OT as a reference. (e) Upper panel shows Vpe plotted as a function of laser
power The measurement is taken from NbS,; metal junction marked by yellow
dashed circle on the photocurrent map. Red and blue points from left and right
electrodes respectively. By using V¢ vs P data, calculated AT /P is plotted in
the lower panel. Reproduced from ref. [91]. Copyright American Physical Society
2018

Let us discuss the photocurrent generation in TC-1 under zero applied bias in
more details. The Seebeck effect is responsible for the generation of a thermoelec-
tric electromotive force (Vr) because of the lattice temperature difference AT

produced between the two electrodes due to laser induced heating over one of the

35



electrodes. Mathematically, this can be written as equation 3.1. Here, AS 4, /nps,
is the difference between the Seebeck coefficient of the gold and NbS,. Using the
values of the Seebeck coefficients of gold and NbS, reported in literature, -4uV /K
and 21V /K repectively[94][95], the difference between them can be written as
A S Au/NbS,= Sau - Snes, ~ -6V /K.

VT - _ASAU/NbSQATC (31)
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Figure 3.13: Atomic force microscopy image along with height profile along the
vertical red line. Reproduced from ref. [91]. Copyright American Physical Society
2018

As we focus laser on left junction, the maximum generated emf can be written
by the equation 3.2 where R is the 2-terminal resistance and Ip¢ is the generated
photocurrent. The values of maximum emf generated at the junction is calcu-
lated as 4.5 V. The corresponding photocurrent generated at both right and left
junction is calculated as -130nm and 150nm respectively. By comparing the Vpeo
to Vr, the calculated temperature change (AT¢) at both right and left junc-
tion is 0.54K and 0.46K respectively. For the laser power 85uW, corresponding
AT /P for right and left junctions are 6.3mK/uW and 5.5mK/uW respectively.
These calculated values of AT /P are of similar order as has been reported in
literature[96].
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Vpe = Rlpe (3.2)

In order to check if we get consistent response from the device at different laser
powers, we parked the laser at the NbSy/metal junction where the photocurrent
was minimum and maximum. This can be seen in Figure 3.12 (c) by the dashed
circular yellow marks. A variable neutral filter was used to tune the laser power.
The laser power was read simultaneously through a 50:50 beam splitter. In figure
3.12(e), Vpe is plotted against increasing laser power. As can be seen from the
figure, for both junctions we observed that V p¢c increased linearly with increasing
laser power in a similar fashion. Corresponding calculated temperature increase
per unit laser power (A T /P) is plotted in lower panel of figure 3.12(e) against
increasing laser power. At both junctions, A T¢ /P stay invariant with increasing
laser power and shows very similar value with a small difference. This small
difference can come from difference in gold edge at opposing junctions and also

due to positioning of the laser spot.

Now we will discuss the photo-response under applied bias. When we ap-
ply bias, the photo-response of NbS,/metal junction shows significant change.
Also, now we observe photocurrent generation throughout the crystal between
the metal electrodes. Photocurrent maps of TC-1 under -50mV and 50mV ap-
plied bias can be seen in figure 3.14 (a) and (b) respectively. Upper panel of figure
3.14 (c) shows line trace through middle of device at several finite biases. Pho-
toconductance, as can be seen in lower panel of figure 3.14(c), can be calculated

by the formula given in equation 3.3

I, — I
Gpr = 3.3
pC 7 (3.3)

Where I, is photocurrent at any applied bias V, and I is photocurrent under
zero applied bias. For all applied biases, photoconductance remains invariant and
will be explained in coming paragraph.

The photoresponse coming from all over the flake can be explained by local
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Figure 3.14: (a) Photocurrent map of TC-1 under 50mV applied and (b) -50mV
applied bias. The photocurrent is generated from whole crystal between the
metal electrodes. (c) Upper panel shows line trace of the photocurrent intensity
map going from one electrode to other through center of the crystal for applied
biases -50mV, -20-, 0-, 20- and 50mV. Lower panel shows the corresponding bias
independent photo-conductance. Reproduced from ref. [91]. Copyright American
Physical Society 2018

temperature change caused by laser heating and can be written as 0T;. The
focused laser beam will increase the temperature of the crystal locally which will
cause electrical conductivity to decrease at and in the vicinity of the laser spot.
As the dc current due to applied bias will decrease because of laser heating, it
will lead to negative photoconductance. As this decrease in conductivity is only
being caused by temperature rise due to laser heating, applied bias will have no
effect on the conductivity change. For this specific reason, the photoconductance

here is bias independent.

We calculated the change in resistance caused by the laser heating. Figure
3.15 shows schematic of device parameter for §T; calculation. Here we assume
that the temperature rise will occur inside a disk of 1um spot size of laser beam
uniformly and outside that temperature rise will be zero. As the laser spot is
diffraction limited and has a Gaussian profile, the approximation we made is not
bad at all.
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Laser beam

Figure 3.15: Schematic model showing different parameters used to calculate 9T,
using a python code. Reproduced from ref. [91]. Copyright American Physical
Society 2018

To make our calculations less complicated, we choose laser spot at the middle
of the crystal which is at a distance of x from the metal electrodes. We choose
coordinates of the laser spot as (x,0). D is the diameter of the laser spot. Inside
this diameter, the resistance will have different value as compared to rest of the
crystal. Considering infinitesimally small piece of crystal which passes through
the laser beam, the change in resistance across the contacts can be written as

equation

T L —xy
dR = py—
PoA+Po 1

A

+ pr (3.4)

po is the room temperature resistivity. pr is the resistance of the crystal under
the laser spot. L is the length between the metal electrodes. Cross-sectional
area of the crystal is given A. 2y = D + \/D? —y? and 2; = D — /D? — 2

correspond to the edges of laser beam disk in which temperature rise occur along
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x axis. Based on our resistance vs temperature measurements, the slope dpr /0T
is determined around room temperature. Here we can write pr = 8TL%’% + po-
We can write the total conductance of the crystal as sum of infinitesimally small

pieces of resistance connected together under laser illumination as equation

Y2

1 it (w—y)t / tdy
- = + + 3.5
Ry poL poL po(L — (zy — xi)) + pr(zs — x3) (35)

Y1

w is the total width of the crystal. t represents thickness of the crystal that we
measure using atomic force microscopy. Defining the limits as y; = 0 to yo = D/2
and evalutaing the integral followed by multiplying the result by 2 is similar to
evaluating integral under limits y; = —D/2 to yo = D/2.

b a.D
om/4 —\/2btan (v/2-=) + v 2btan (—=)
L > V2ol Jlw=D) L g

Ry a.o 2 poL

Based on equation 3.6, we wrote a python code to calculate the estimated
temperature rise 0T;. We tune the value of 0T, in order to obtain Ips. If the
calculated Ipc matches with the value obtained through experiments, that spe-
cific value of §T; will be our temperature rise caused by laser heating. For the
device TC-1, the calculated value for temperature rise per applied laser power
is 40mK/pW. This value is higher than the value calculated for the NbSs/metal
junction. It is expected as the crystal is contact with SiO5 which has poor ther-
mal conductivity as compared to gold. So the heat dissipation through SiO,
will be significantly less causing the temperature rise to increase as compared to

NbSs /metal junction.
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3.2.2.1 Indium contact device

In order to see if choosing a different metal as a contact material will effect the
photoresponse from the device, we prepared indium top contact devices for the
measurements. An indium needle is drawn using a micro manipulator from a
molten indium source. As indium is a soft metal and has a very low melting
point of around 156°C, such kind of device fabrication does not require usage of
sophisticated metal evaporator. The drawn indium needle solidifies immediately
as it leaves the hot indium source surface. We then place this needle on top of
hot NbS, surface with very careful alignment. As the sample cools down, the
indium solidifies making an electrical contact with the NbSy. Optical image of
the fabricated IC-1 device is shown in figure 3.16 (a).The resistance of this device
is 196.465).

As compared to TC devices, in IC devices Seebeck effect at zero applied bias
is quite significantly diminished as can be see in figure 3.16(c). As the thickness
of the indium needle is huge as compare to gold contacts in TC devices, this
effectively block the laser beam. In result, the NbS,/metal junction can not be
heated by laser beam and Seebeck effect is diminished. Figure 3.16(g) shows the
photocurrent dependence on the applied laser power. It can be seen that the
photocurrent increases linearly, just like TC devices with gold contacts, as we

increase the laser power.

3.2.3 Bottom contact devices

In bottom contact(BC) devices, contact resistance plays a major role in genera-
tion of photocurrent through the crystal. It diminishes the negative photocon-
ductance which is observed in the middle of the crystal due to decrease in effective
bias(Vsr) on crystal due to poor electrical contact. It is because of the potential

drop in the device due to huge contact resistance R¢.

Our measurements on bottom contact devices prepared by transferring NbS,
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Figure 3.16: (a) Optical micrograph of prepared indium top contact device (IC-1).
Dashed white region shows the area where SPCM is performed. Scale bar is 10um.
(b) Reflection map (c)(d) and (e) photocurrent maps at zero, -50mV and 50mV
applied bias respectively. Dashed line in the (d) corresponds to line traces plotted
in upper panel of (f) at several different biases. As can be seen the Seebeck effect is
significantly diminished but the photoconductance remain invariant (lower panel
(f)) for all applied biases through the crystal. (g) Photocurrent plotted against
increasing laser power showing linear dependence. Reproduced from ref. [91].
Copyright American Physical Society 2018

crystal on top of pre-patterned thin gold electrodes shows photoresponse as de-
scribed in previous paragraph. Optical image of the BC-1 device can be seen
in 3.17(a). The thickness of the crystal is 100nm as measured by atomic force
microscopy. The measured resistance of a BC-1 device is R = 6002 in ambient
conditions. First of all, we will discuss zero bias photoresponse. Unlike TC de-
vices, BC-1 exhibit local photoresponse which is a order of a magnitude smaller
than that of TC devices. 532nm laser with power P=32uW is used for the experi-
ment. The reduction in photoresponse magnitude can be due to higher resistance
of the BC-1 device. The calculated value of AT¢ /P is 50mK/uW. Compared to

TC devices, this value is higher and is expected because of poor thermal contact
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Figure 3.17: (a)Optical micrograph of a bottom contact device. scale bar is 10um.
(b) Photocurrent map under zero applied bias. The photoresponse is localized to a
small region and is a magnitude smaller than TC device. (c¢) and (d) photocurrent
maps at H0mv and -50mV applied biases respectively. Photoresponse changed
only at the NbSy/metal junction and no response is observed through middle of
the crystal. Reproduced from ref. [91]. Copyright American Physical Society
2018

of the crystal to the gold electrodes which offers poor heat dissipation upon laser

heating.

If we compare resistance of BC devices to the TC devices, a crystal used to
prepare BC-1 should have resistance around 25€) in ambient conditions. The dif-
ference between the measured resistance value and expected resistance(Rg) value
can be attributed to larger contact resistance. The observed photoresponse under
zero applied bias is localized to a small region and the magnitude of amplitude is
smaller as compared to TC devices. Also the amplitude of photocurrent on bias
and ground electrodes are different which is an indication of changing contact
quality at both junctions. Under a finite applied bias, we observe change in only
the photoresponse coming from the NbSy/metal junction and no photoresponse
is visible through the center of the crystal as can be seen in 3.17 (¢) and (d). We

can write effective bias on the crystal by the relation shown in equation 3.7.

VB

x@ﬁ::{}a;17§J<RE (3.7)
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For the case of BC-1, the V. is as low as 4% of applied bias V. So the pho-
tocurrent that we measure from the centre of the crystal is less than a nanoampere
in a device like BC-1.

3.2.4 Photoconductance dependence on Laser Power

We tested effect of laser power on the photoconductance of a top contact device
TC-2. Figure 3.18 (b) and (c) shows photocurrent maps at 50mV and -50mV
applied bias respectively. At several different laser power, the negative photo-
conductance shows linear dependence. When we plot negative photoconductance
per unit laser power, we find that the spread of values is negligibly small and has
a mean value of -0.068 S/W. Also the calculated temperature rise per unit laser

power in TC-2 is 35mK/uW which is similar to the value we found for TC-1.
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Figure 3.18: (a) Optical micrograph of TC-2 device. (b) and (c) are photocurrent
maps of same device under 50mV and -50mV applied biases respectively. (d)
change in photoconductance as a function of applied bias under different laser
illumination powers. (e) Corresponding photoconductance per unit laser power
at several applied bias. Reproduced from ref. [91]. Copyright American Physical
Society 2018
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3.2.5 Low pressure measurements and BC device with low

contact resistance

In order to check if presence of oxygen has any effect on the generated photore-
sponse, we performed low pressure SPCM on a top contact device named TC-3.
Reflection map of the device can be seen in figure 3.19(a). Photocurrent maps
obtained under -50mV applied bias in ambient (b) and in vacuum (c) are plot-
ted. We observe no difference in the intensity of generated photocurrent. Line
traces through the center of the crystal from the photocurrent maps to obtain
photoconductance are plotted in figure 3.19(d). It also show no change in photo-
conductance as well. There is a slight shift which is due to centering if the line

trace through photocurrent map.

We also performed low pressure measurements on a BC device with very low
resistance. Photocurrent maps under ambient and vacuum condition show no
difference as well, as can been seen in figure 3.20 (b) and (c¢). We would like to
mention that BC-2 has very low resistance with minimal contact resistance. Due
to this reason we are able to see photocurrent being generated from all over the
crystal which is consistent with our claim mentioned earlier. BC-2 device was
prepared with a thinner and larger crystal and have a larger contact area with
the electrodes. This lead to significant photocurrent generation at finite applied
bias through out the crystal. The resistance of the BC-2 device is 36€2. IV curves
under ambient and low pressure condition show no variation as well and can been
in figure 3.20(d).
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Figure 3.19: (a) Typical reflection map obtained during SPCM.(b) and (c) pho-
tocurrent maps under -50mV applied bias both under ambient and low pressure
respectively. No change in photoresponse observed under low pressure.(d) Line
trace through the middle of the crystal taken from photocurrent maps. No dif-

ference observed except slight shifting which is because of centering of the line
trace.
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Figure 3.20: (a) Reflection map of BC-2 obtained during SPCM. Scale bar is
10pm. Photocurrent maps obtained under 50mV applied bias (b) in ambient and
(c) in low pressure. (d) IV characteristic curves taken at ambient and 0.3mBar.
There is no resistance change in the device for both cases. Reproduced from ref.
[91]. Copyright American Physical Society 2018
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3.2.6 Effect of polarization on photoresponse

All the previous measurements performed in this study involved unpolarized laser
light. To check the effect of polarization, we performed SPCM with linearly polar-
ized and non-polarized light. For the same laser power 85uW, we used unpolarized
and linearly polarized laser beam to perform SPCM on EBL patterned TC-4 as
can be seen in figure3.21. We observed no difference in the photoresponse for
linear polarization of light on the sample. Also measurements performed under
some finite applied bias show no change in photoresponse under different light

polarizations.
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Figure 3.21: (a) Reflection map of TC-4 obtained during SPCM. Zero bias pho-
toresponse using (a) unpolarized and (b) linearly polarized laser beam. Photore-
sponse under 50mV applied bias for (d) unpolarized and (e) linearly polarized
laser beam. Both zero and 50mV bias measurement show no effect of laser light
polarization. Scale bar is 5um. Reproduced from ref. [91]. Copyright American
Physical Society 2018
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Chapter 4

Thermal conductivity

measurements in 2D Materials,
Methods and Limitations

The measurement of spatial transfer of heat in a material is termed as ther-
mal conductivity[97]. It is important to study this property of material due to
its countless applications in our daily life. Electric irons, cooking stoves, com-
puter CPU, car engines and solar panels are few examples where we utilize ther-
mal properties of materials to construct such sophisticated daily life equipments.

Mathematically, we can write thermal conductivity in the form of equation 4.1.

Q = k.AT and 7T = STUQT (4.1)

Here Q is heat flux through material, x is thermal conductivity, AT is change

in temperature, S is Seebeck coefficient, o is electrical conductivity and T is
the temperature change of the material. First equation is termed as Fourier’s
Law and used to determine heat conduction in materials[98]. Second equation is

related to maximum efficiency of a material and termed as thermo-electric figure
of merit[99].
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2D materials offers unique thermal and thermoelectric properties. Thermal
properties of these materials have been extensively studied using several different
methodologies[100]. Graphene, which is a wonder material in 2D world, exhibits
extraordinary material properties. It also includes exceptionally high thermal
conductivity value of the order of 5300W/mK[49]. 2D materials with extremely
low thermal conductivity value are also part of literature such as SnSe(Thermal
conductivity as low as 0.23W/mK)[99]. This means 2D materials can be used
for thermal and thermoelectric applications over a very wide range. For heat
dissipation applications, 2D materials with high thermal conductivity value can
be used. Similarly, for thermoelectric generation applications, materials with

lower thermal conductivity value can be utilized.

Several thermal conductivity measurements methods have been designed to
calculate thermal conductivity of 2D materials. The most studied materials in this
regard are graphene and molybdenum disulfide (MoS,) due to their abundance
in nature and availability. Let us discuss different types of thermal conductivity
measurements methods one by one. These methods can be categorized in two

different domains.

e Steady state techniques

e Transient techniques

4.1 Steady State Techniques

When temperature of a system does not change with time, the thermal conduc-
tivity measurements performed under such condition will fall in the category of
steady state technique[101]. General strategy to perform thermal conductivity
measurements involve determining a temperature dependent quantity which we
measure by changing the temperature. Following that we need to set a relation
between that quantity and thermal conductivity. Based on this strategy, let us

discuss some of these methods one by one.
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4.1.1 Raman Thermometery

Raman spectroscopy is a very powerful tool for the material characterization as
different raman active phonon modes provide very useful information about the
material and considered as the finger print of the material under observation[102].
Temperature dependent change in Raman modes can be utilized to calculate
thermal conductivity of several 2D materials[102]. A focused laser beam is utilized

in this technique with two fold purpose,

1. Heating the sample suspended over the hole or trench

2. To obtain temperature dependent Raman peaks of materials

Suspension of material is very important for Raman thermometery because of

two reasons

1. To get rid of any heat sink under the focused laser spot in the form of sub-
strate. Heat can flow easily from material to substrate and thermal conduc-
tivity measurement will incorporate thermal conductivity of the substrate

as well.

2. The reflected light from the substrate will add extra heating to the desired

material which will change the temperature of the material.

A Gaussian laser beam is chosen to obtain radial distribution of temperature
rise over the suspended part of the crystal. The generated Raman signal in this
case will show some temperature dependent variation which will be ultimately
utilized to calculate thermal conductivity of the suspended material using the

relation given in equation 4.2[103].

(k) ()

51



Here x is the slope obtained from the temperature dependent peak shift(dw) vs
power(P) graph. If the material is transferred on top of the trench, then L is the
half length of suspended material. Thickness and width of the crystal is denoted
by h and W respectively. 0P is the change in the heating laser power. Among
these parameters, L, W and h are known. y, dw and 0P can be obtained from
measurements. Using equation 4.2, we can easily extract the value of thermal

conductivity (k).

Many researchers have reported thermal conductivity values of monolayer
graphene and MoS, based on Raman thermometery methods. If we look into
literature, we will find too much variation among these findings.Table 4.1 shows
the comparison of thermal conductivity measurements using raman thermome-
tery method. As said earlier, different studies reported different values of the
measured thermal conductivity for the same material with the same number of
atomic layers.

Table 4.1: Comparison of thermal conductivities of different 2D materials mea-

sured using raman thermometery method. Reproduced from ref. [104]. Copyright
John Wiley & Sons, Ltd. 2017

Material Substrate  Preparation Absorption Laser Hole Laser spot  yr em 'K KwmT K
coefficient (%)  wavelength (hm)  size (um)  size (um)
1L-MoS, SizN, Exfoliation 9 488 12 034 E;g: 0011 345
Ayg: 0013
1L-MoS; Au Exfoliation 58 532 40 0.46 Asg: 0.020 84
062
2L-MoS; Au Exfoliation 121 532 3.0 0.46 Ay 0014 77
0.62
FL-MoS; Cu Vapor phase — 532 — 1-1.5 E;g: 0013 52
growth Ayg: 0012
1L-WS, Si0, D 4 532 6.0 0.5 E;g: 0012 32
Aig: 0014
2L-WS; SiO; /D 8 532 6.0 0.5 E;g: 0013 53
Ayg: 0011
1L-MoSe;  SiO» Exfoliation 56 633 25 0.46 Ayg: 0014 59
0.62
2L-MoSe;  SiO; Exfoliation 9.4 633 30 046 Asg: 0.009 42
062
SLG Au /D 5.7 488 75 036 G: 0.015 1800
SLG Si0, Exfoliation 13 488 3 0.5-1 G: 0016 4840-5300
SLG Au /D 33 532 38 038 — 2500
048
OTR, optothermal Raman; SLG, single-layer graphene; CVD, chemical vapor deposited.

The main advantage of raman thermometery is the sample preparation. It

is non-destructive methods and all measurements are performed in non-contact
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mode. Compared to other methods, device fabrication is easier for thermal con-

ductivity measurements.

4.1.2 Micro-Bridge Thermometery

Micro-bridge thermometery is a well established method to calculate thermal
conductivity of material in both their bulk form and 2D form[105]. The mea-
surement setup consist of an heating element and a thermal sensing element[106].
This method utilize Fourier’s law in two probe measurement configuration in or-
der to measure thermal conductivity of the materials and can be written as the

equation

Q = k.AT (4.3)

In four probe configuration, the provision of heat to each probe is done one by
one. This will yield four set of equations with nine unknown parameters. Out of
these nine parameters, six are dependent and three are independent which makes
this method of calculating thermal conductivity of a system very complicated.
Figure 4.1 shows exemplary device fabricated for microbridge thermometery[107].
As can be seen from the figure, the degree of complexity to measure thermal

conductivity using this method is very high and not feasible for all materials.

One of the major disadvantage of this technique is the complicated device
fabrication. It involves several lithography and etching cycles which will introduce
contamination to desired material inevitably. Also not all material can endure
such fabrication process except few strong materials like graphene, HBN and

MoS; in their 2D counter part.
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Figure 4.1: (a) and (b) show SEM image of microbridge structure for supported
and suspended graphene flake respectively. scale bar 5um (c) Close up SEM
image of the device with graphene suspended over the contact pads. Scale bar
lpm (d) Schematic circuit diagram of the fabricated device. Reproduced from
ref. [108]. Copyright American Chemical Society 2011.

4.2 Transient Techniques

When the temperature of sample changes with time, the thermal conductivity
measurement performed under such condition will fall in the category of transient
techniques. Time domain thermal reflectance and 3w methods can be considered

as transient techniques of thermal conductivity measurements.
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4.2.1 Time Domain Thermo-Reflectance Method(TDTR)

Thermal conductivity of materials exhibiting temperature dependent reflectance
change can be calculated using TDTR method. When laser light falls on a mate-
rial, it will reflect and absorb light simultaneously. Temperature can change the
transmission and reflection property of a material. So we can utilize one of these
properties to calculate thermal conductivity of the material[109]. A thin film
acting as transducer is usually coated on the sample. The surface of transducer
should exhibit temperature dependent reflectance change under minute temper-
ature rise. In 1970s and 1980s, first TDTR experiments were carried out using
continuous wave lasers. Paddcock and Eesley were among the first scientist to
demonstrate measurement of thermal diffusivity of metal films by utilizing pi-
cosecond transient thermoreflectance method[110]. In the last twenty year, this
technique has evolved and improved significantly and is capable of measuring
anisotropic thermal conductivity[111]. In TDTR method, pump and probe pulses
are sent to the sample surface where pump beam is used to induce heat flux and
the probe beam is used to detect any temperature change through the change in
reflectance of the sample. Thermoreflectance response is measured as a function

of time delay between the pump and probe pulses.

A typical TDTR set-up uses mode-locked Ti:sapphire laser oscillator to act as
a light source. Using this laser oscillator, 150fs laser pulses can be generated at
a repetition rate of 80-MHz. This is the most commonly used laser in this type
of experiment due to its ultra fast nature. Some other type of lasers can also
be used which include dye laser, Yb:doped fiber laser. In order to prevent laser
beam being reflect back to the oscillator, brodband Faraday optical isolator is
used in front of the laser source. To adjust the laser power, a half-wave plate
is placed before the isolator. Polarizor beam splitter (PBS) is used to split the
laser beam into pump and probe beams. The pump beam and the probe beam
are cross polarized with respect to each other. Power ratio between the pump
and probe beams is adjusted by placing another half wave plate before the PBS.
Electro-opto modulator(EOM) modulate the pump beam at a frequency ranging

from 0.2-20MHz before it reaches the sample through an objective. A mechanical
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Figure 4.2: (a) Schematic of typical samples used for TDTR technique. Both
thin film and bulk sample configuration is shown. (b) Drawing of typical setup
used for TDTR setup. Used abbreviation are PBS(Polarizing beam splitter),
BS(Beam splitter), EOM(Electro-optic modulator), \/2(Half wave plate). Re-
produced from ref. [110]. Copyright AIP Publishing 2018.

delay stage is used to delay probe beam with respect to pump beam before it
reaches the sample through same objective. A fast response photo diode detector
is used to collect the reflected probe beam which later on converts the optical
signal to electrical signal. This signal is collected by radio frequency lock in
amplifier which filters the strong background noise. Finally the acquired data is

analyzed to obtain the thermal conductivity values for the selected material.

Major disadvantage of TDTR technique is its inability to measure samples
below 20nm thickness[112]. It makes this method not applicable to 2D materials.
Also the data analysis is very complicated due to time dependent heat transfer
equation. The addition of transducer adds another degree of complexity to the

heat equation and solution is obtained by making many approximations.
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4.2.2 3w Method

This method requires placement of a thin metal line across the material by using
lithographic technique followed by metal evaporation[113]. This deposited metal
line can be used both as a heating source and a thermometer. Heat is supplied
using an AC current via joule heating and hence the temperature rise on the
sample will be frequency dependent. A relation between the thermal conductiv-
ity and applied frequency is derived in such a way that system does not require
to achieve a steady state condition and yet thermal conductivity can be mea-
sured. The frequency of applied AC current is set to 2w resulting in temperature
oscillation in metal line at a frequency 2w. Ultimately, the change in the resis-
tance of the metal line can be detected at third harmonic 3w. “The applicability
of the 3w technique is very limited on two-dimensional due to the electrically
insulated sample requirement of the method. The thermal boundary resistance
across various interfaces must be measured for an accurate extraction of the ther-
mal conductivity, which limits the usability of the method on two-dimensional

materials[114].”

4.3 Bolometric effect based Method

Recently we demonstrated thermal conductivity measurement of nano sheets via
bolometric effect[115]. The laser induced heating can cause change of resistance
of the material locally under applied bias. This temperature dependent resis-
tance change of the material can be used to calculate thermal conductivity of the

material. The details of this method will be discussed in detail in chapter 5.
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Chapter 5

Thermal Conductivity
Measurement via Bolometric
Effect

Temperature dependent resistance change can be observed in all type of materials
(metallic or semiconducting) in a wide range of temperature. Normally, metallic
materials exhibit increase in resistance when temperature of the sample is in-
creased. Contrary to that, semiconducting material show resistance depreciation
upon heating. In our proposed method, first of all, resistance of the material
is determined in absence of local heat source (in our case it is focused laser
beam). Under focused laser beam, the temperature of the sample will increase
locally causing change in resistance of the material upon reaching a steady state.
Using thermal conductivity as a fitting parameter, we can model the thermal
distribution under the focused laser spot precisely. Consequently, the resistance
change(dR) of the sample is calculated to match the experimentally obtained R
value. And hence the thermal conductivity of the specimen can be calculated

precisely.

Just like Raman thermometry, a focused laser beam can be used to locally

heat many 2D material. When a 2D material is placed on top of a substrate,
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considerable amount of heat dissipates to the substrate via thermal contact. In
that scenario, measurement of thermal conductivity becomes very challenging.
Thus it is important to isolate the selected material from the substrate in such
a way that all applied heat can be used to solely elevate the temperature of 2D
material locally. This can be achieved by suspending a 2D material on top of
a hole or trench. A similar methodology of sample preparation is adapted in

Raman thermometery as well which we discussed briefly in previous chapter.

5.1 Bolometric Effect

As discussed briefly in chapter 2, the calibrated change in electrical resistance
of a material caused by the uniform heating induced by photon absorption is
called bolometric effect[116]. The measured electrical resistance change can be
used as a thermometer. All materials exhibit temperature dependent change in
their state. As we pass heat from them, some of their properties will change.
Electrical resistivity is one of the material’s property that shows temperature
dependent variation. For metals, this change is resistivity can be written in the

form of equation 5.1[117].

p(T) = po(1+ B(T — Ty)) (5.1)

Here Ty is room temperature(or reference temperature), § is the tempera-
ture coefficient of resistance and pg is the resistivity of the material at Ty. For

semiconductors, we can write a similar relation given by equation 5.2.

p(T) = pyelalksT (5.2)

Here E4 represents activation energy, kg is the Boltzmann constant. we can

use resistance vs temperature (RT) measurements to calculate E 4 experimentally.
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5.2 Isotropic 2D Materials, Analytical Solution
of the heat Equation

Schematic of device geometry can be seen in figure 5.1(a). We need to solve heat
equation for the supported part of the crystal as well as suspended part of the
crystal over the hole illuminated by a Gaussian laser spot which act as a heat

source. For the suspended part, heat equation can be written as the equation 5.3.

/@% {T%Tl(r)] +q(r)=0 r<a (5.3)
where
0(r) = Frernl ) (5.4
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Figure 5.1: (a) schematic of the measurement system along with fabricated de-
vice is drawn. A thin nanosheet is suspended over the hole with a radius a. (b)
Temperature profile of a 2D material suspended over the hole under certain laser
illumination. Dashed red circular line mark the boundary of the hole. Tempera-
ture rise is maximum at the center of the hole while equiliberate with ambient as
we move far away from center. Lower panel show line trace through the center of
the hole showing both analytical and FEM solution. Reproduced from ref. [117]
.Copyright Springer Nature 2020.
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k is the thermal conductivity of the suspended material, I is laser power per
unit area, « is absorbance of the material , t is the thickness of the crystal, rq is
radius of the Gaussian beam spot and T(r) is temperature distribution function
for r<a. For the supported part of the crystal, the heat equation can be written

as

V

FJ% [T%TZ(T)} - %[Tg(r) “T=0 r>a (5.5)

r' is the thermal conductivity of the supported part of the crystal, Ty(r) is
temperature distribution function for r>a, Ty is the room temperature and G is
the thermal transmittance. Volumetric Gaussian beam heating source is used in
the equations(from paper reference). Newtonian cooling term is ignored in our
equation for the sake of simplicity and also heat loss to air will be very negligible
which makes it a good assumption to obtain an accurate result. General solutions

of above equations can be written by equations 5.6 and 5.7

r alr? —r?
T = — Op(— )
1(7") C1 -+ C2ln(7“0) + At z( Tg ) (5 6)
Tr(v) = eslo(v) + cao(y) + 1o (5.7)

Here, E;(x) is the exponential integral, Iy (first order) and Ky(second order)

. . G
denote the zero order Bassel functions with v = r pre In order to calculate c,
K

we apply appropriate boundry conditions which are given by equation

To(y — 00) =Ty (5.8)
Tl(’l“)
o AL (5.9)
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Ti(a) = T5(7)|r=a (5.10)

(5.11)

The first boundary condition given by equations 5.8 suggest that at very far
away from the center, Ty(r) must possess a finite value and should equiliberate
with ambient. Second boundary condition imply that the temperature rise under
the focused laser spot will have a definite value and position derivative will yield a
zero value. Boundary conditions 5.10 and 5.11 suggest the continuity of the heat
exchange at the boundary of the supported and suspended part of the crystal.

Under these boundary condition, the derived values of ¢, are as follows

aPKy(vr) t d? aP d?
_7 S 11— exp- 2|+ 25 o) — B, (~L
a=dot 2rdt K, (ygr) V GK ep| 7"8] Rl n(d) - E ré

ar
cg=——2

2K

CgZO

Cq = art \/ ! 1—ex [—d—2]
724K, (vr) V GR b re

Using these coefficients in equation 5.6 and 5.7 , temperature distribution under

the focused laser beam can be plotted as shown in figure 5.1 (b). Temperature rise
is maximum at the center of the hole and decreases gradually as we move away
from the center. Red dashed line mark the boundary of the hole. As it can be
seen from the temperature distribution plot, the temperature of the crystal will

equiliberate with ambient as we move very far away from the center as suggested
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by the one of the boundary conditions. Once we obtain the temperature distri-
bution T(r;x) over suspended part of the crystal which has thermal conductivity
dependence, we can calculate the corresponding resistivity change. Ultimately,
we can calculate the resistance change caused by laser heating at the center of the
hole. If this calculated change in resistance matches the value that we obtained
experimentally, thermal conductivity () value that was used as fitting parameter

initially will be our real thermal conductivity of the material.

5.3 Thermal Conductivity Calculation Strategy

via Bolometric Effect

Expected resistance change, 0Rg, caused by photothermal heating can be calcu-
lated by using temperature distribution over the suspended part of the crystal.
As mentioned earlier, we can write resistivity distribution for a semiconducting
material by the relation p(z,y) = poexp(Ea/kpT(x,y)). For metallic samples,
similar relation can be written as p(x,y) = po + o[T(x,y) — To]. These two
relations can be used to calculate resistance of laser heated samples termed as
Ry numerically. p,. can be written as a function of current density and internal

electric field of the sample by the relation given in equation 5.12

p(r) = (5.12)

Using continuity equation for current density J(r) and Poisson’s equation for
internal electric field with in the sample, electrical resistance (Rp) of laser heated
sample can be calculated. In our case, we are dealing with crystals of irregular
geometries and current density is temperature dependent. For such complex
geometries, commercially available finite element method (FEM) method (COM-
SOL Multiphysics) is used to calculate the Ry. Apart from this, analytical solu-
tion can still be used for samples with simpler geometries and lower resistances.

In figure 5.2 (a), a typical SEM image of fabricated device can be seen. Figure

63



5.2 (b) shows results of FEM simulation results for thermal distribution, current
density distribution, and electric potential distribution over the crystal when a
focused Gaussian laser spot heats the crystal at the center of the hole. Expected
resistance change(dRg) under laser illumination can be written as the relation
0Rgp = Ry — R, where R is the dark resistance. Using k as fitting parameter, the
calculated expected resistance is matched with measured resistance change(0 R,y ).
The specific x value for which 0 R = 0 R,,, is the thermal conductivity of the ma-
terial under experiment.

B ey

v

Figure 5.2: (a) SEM image of a typical device suspended over a hole with a di-
ameter of 4um. (b) (i)Temperature profile of the crystal between the electrodes
with Gaussian laser spot focused at the center of hole. (ii) Corresponding cur-
rent density and (iii) electric field potential are plotted based on local resistivity
p(x,y). Reproduced from ref. [115]. Copyright IOP Publishing Ltd. 2020.
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5.4 Experimental Methods

5.4.1 Substrate Preparation and Bottom Contact Devices

Substrate preparation is very important in bolometry based thermal conductivity
measurement method. Step by step substrate preparation is described below

along with fabrication of bottom contact devices.
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5.4.1.1 Optical Lithography

First of all, optical lithography is performed using negative tone photoresist.
The use of negative photoresist ensures that we do not end up with side walls
formation after the lift-off process. AZ-5214 is a positive tone photoresist which
can also be used as negative tone resist by adding an extra image reversal step.
The 280nm Si/SiOq substrate is cleaned thoroughly by acetone, IPA and DI
water sequentially and blow dried with the nitrogen. The substrate is placed
on the hotplate at 120°C for 10 minutes to get rid of any moisture left on the
surface. Photoresist is spin coated on the substrate at 4000rpm for 60 seconds.
Spin coated substrate is placed on hotplate at 100°C for one minute. This will
activate the photoresist for the UV exposure. The substrate is placed on optical
mask aligner under a mask on which patterns are drawn. The optical lithography
is performed in hard contact mode to get rid of any edge beads formed during
spin coating. UV exposure dose is set to 25 mJ/cm?. After this, substrate is
placed onto hotplate again for post exposure bake. This is done at 110°C for 40
seconds. This is the most important step for image reversal. The sample is again
put on mask aligner to do a flood exposure without any mask for image reversal
finally. The dose in this step is set to 250 mJ/cm?. After this sample is developed
in a AZ-400K developer diluted in ratio of 1:4 in DI water for 45 seconds. Figure
5.3 shows fully developed pattern using optical lithography.

5.4.1.2 ICP Etching and metal deposition

Inductive couple plasma etching is a powerful technique to etch SiO, surface
isotropically. We use in our process CH3F and Oy plasma for the etching pur-
pose. Operating parameters of coil and plate are 13.56MHz and 396 KHz at power
250W and 30W respectively. The etching is performed at room temperature for
12 minutes. This will result in etching of SiO, surface with 65nm depth. This
will generate pits in the patterned area that we will fill with gold using thermal
evaporator. We deposited 10nm chromium first which act as adhesion layer fol-

lowed by 55nm gold deposition. In order to control deposition thickness precisely,
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Figure 5.3: Optical micoscope image of patterns developed after optical lithogra-
phy using negative tone photoresist.

the tooling factor of the machine should be very accurately calibrated. If done
otherwise, we might end up having under or overfilling of the pits either of which
is not desirable for our device fabrication. If the depth of these patterns does not
match the metal filling, the transfer of crystals using visco-elastic PDMS stamp-
ing method can fail. The crystal will not get transfer on the desired electrodes
due to height difference of metal electrode and substrate. So controlling this
deposited thickness will make the device fabrication process more reliable and

repeatable.

5.4.1.3 Hole Drilling using Focused Ion Beam Milling

For the sake of suspending crystals, holes need to be drilled between the elec-
trodes. We used focused ion beam milling(FIB) for this purpose. FIB can drill
very high aspect ratio holes in the substrate with desired size. Figure 5.5 shows
scanning electron microscope images of the drilled hole using focused ion beam.
The only disadvantage of using FIB is the slow process of drilling holes and the

usage of FIB machine is costly.
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Figure 5.4: (a)AFM topography of the deposited metal electrodes into the pits
created by ICP etching. (b) Corresponding height profile along the dashed white
line. As can be seen, both metal and SiO, surfaces are on same level.

5.4.1.4 Crystal Transfer using Visco-elastic Stamp

Crystals are transferred on top of holes using all dry visco-elastic stamping
method as have been mentioned in literature. Poludimethyl siloxane(PDMS)
is used as visco-elastic stamp. For our experiments, we prepared our own cured
PDMS in the lab. PDMS is prepared by using mixture of curing agent and elas-
tomer base in a ratio 1:10. The mixture is vigorously shaken with a stirrer untill
color of the mixture become whitish opaque due to incorporation of lots of bub-
bles. To get rid of bubbles, a vacuum desiccator is used. Once the bubbles are
released, the solution is poured in glass petri dish after thorough cleaning. The
glass petri dishes are left on hot plate set at 65C for 5 hours. This much time is
enough to completely cure the base elastomer and resulting PDMS is stored in

clean environment.

We perform mechanical exfoliation of bulk crystal on to blue NITTO
tape(model# SPV224). The bulk crystals that we used are purchased from HQ-
Graphene. Once we have desired thickness of crystals on the tape after few
exfoliation, the mechanical exfoliation is performed on the prepared PDMS. The
PDMS stamp is transferred onto a glass slide and mounted onto a home made
crystal transfer setup attached to a micromanipulator. Thin crystals are identified
under optical microscope. Target substrate is placed onto a stage with heating

element. The crystal is aligned with the electrodes and centered with hole. The
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Figure 5.5: (a) SEM image of the drilled hole between the electrodes. Scale
bas 10um(b) Tilted angle close up of the drilled hole with high aspect ratio and
desired shape and size. Scale bar 1um. Reproduced from ref. [117] .Copyright
Springer Nature 2020.

PDMS is brought in contact with substrate very slowly. Once the PDMS and
desired crystal are in hard contact with the substrate, we wait for 3 minutes.
After that we slowly raise the PDMS from the substrate. As adhesion of crystal
is much stronger with the substrate and electrodes as compared to PDMS, the
crystal will be transferred onto the target substrate as we slowly raise and detach
PDMS from the substrate. Short schematic of fabrication process is shown in
figure 5.6.

b)
Si

d) =3

Au Au

a)
Sio,
Si

c)

Hole

Figure 5.6: (a) 280nm thick SiOy wafer is chosen for fabrication (b) Gold metal
evaporated into pits prepared after optical lithography and ICP etching. (c)
Hole drilled using focused ion beam milling between electrodes.(d) 2D material
transferred using all dry visco-elastic stamping method.
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5.4.2 Top Contact Devices

In this work, we also prepared top contact devices for thermal conductivity mea-
surements. Vanadium sesquioxide (V2O3) devices were specifically fabricated by

top contacting indium metal.

5.4.2.1 Polycarbonate Assisted Crystal Transfer

First of all, V503 crystals are grown on sapphire substrate using salt assisted
chemical vapor deposition. As these crystals need to be suspended on top of
pre-patterned FIB drilled holes, we use polymer assisted transfer of CVD grown
crystal from growth substrate to target substrate. Polycarbonate is chosen as
a polymer to pick up the crystals from growth substrate. A solution of 6% by
weight polycarbonate granules are mixed with 100ml of chloroform. Once the
polycarbonate dissolves completely into chloroform, we spin coat this on growth
substrate at 1200rpm. After coating, the substrate is heated at 180°C for 6
minutes to make PC film adhere better to the CVD grown crystals. Spin coated
sample is sonicated in water for one minute. This film is then removed from
the growth substrate by wedging it on top of water surface. The floating film is
picked up by fishing through Si/SiO, substrate. The picked up film is observed
under microscope to target desired crystal for transfer. Once a crystal is chosen,
a small portion of PC film containing that specific crystal is cut and placed onto
the substrate with ICP drilled holes. The alignment of the crystal on top of hole
is done by dragging the PC film using a micro-manipulator. Once the crystal is
aligned, the PC film is melted by raising the stage temperature to 140°C. This
will make film adhere strongly to the substrate and to avoid any movement when
we put substrate in the chloroform to dissolve PC film. Following this, sample
is immersed in the chloroform to dissolve PC film leaving behind crystal on the
hole.
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5.4.2.2 Top Indium Contact

The methodology of putting indium contacts has already been discussed in section
3.2.2.1. One of the fabricated device is shown in figure 5.7.

Figure 5.7: V503 crystal transferred on top of hole marked with red dashed circle.
Two indium needles are drawn using micro-manipulator which act as electrodes.
Scale bar is 5um. Reproduced from ref. [115]. Copyright IOP Publishing Ltd.
2020.

5.4.3 IV Characteristic and Scanning Photocurrent Mi-

Croscopy

Details of IV data acquisition along with scanning photocurrent microscopy has

already been described in sections 3.1.3 and 3.1.4 respectively.
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5.4.4 Full Width Half Maximum Value for Focused Laser
Spot

In order to determine the profile of the laser beam, we utilized very common
methods that is being used by many scientists. As we obtain the spatial reflection
map of our whole device by raster scanning focused laser beam. In reflection map.
gold contacts can be used to obtain laser profile by utilizing very old knife-edge
method. Cross-section of the leaser beam spot can be determined through taking
the position derivative of the intensity line trace taken along the gold contact
edge. The FWHM value is finally obtained by doing Gaussian fit to the 01/0x

vs X plot.

-, Intensity (1) 7~
@ . profle ¢

o 10 20 30
Laser Position, x (um)

Figure 5.8: First position derivative of the intensity from reflection map yields
two Gaussian peaks. Full width half maximum value for laser spot is obtained
by the Gaussian fitting to the peaks. Inset shows reflection map of a fabricated
device with red dashed line indicating the line trace path. Reproduced from ref.
[115]. Copyright IOP Publishing Ltd. 2020.
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5.4.5 Calculating Absorbance of Material

Calculating absorbance(«) of the nano-sheet is the most challenging part of our
bolometry based thermal conductivity measurement method. Absorbance value
of most of the 2D materials is unknown and the value changes with the number
of layers and thickness. For the absorbance measurements, first of all, we do
mechanical exfoliation of the material onto PDMS. The choice of PDMS is ideal
for two reasons. First, it act as a transparent substrate which is very essential for
absorbance measurement as we rely on both transmitted and reflected light in-
tensities. Second, thin flakes identified for absorbance measurements can later be
transferred onto gold electrode for thermal conductivity and thickness measure-
ments. We measured laser beam intensity(Iy) through a CCD camera attached
to a spectrometer. First we measure transmitted intensity of bare PDMS (Ty) in
the vicinity of the specific crystal of which we need to measure absorbance. Then
the transmitted intensity is recorded over the crystal which is termed as T. Next,
corresponding reflected intensities are recorded for bare PDMS and the crystal
which are termed as Ry and R respectively. Once these parameters are recorded,

equation 5.13 can be used to calculate absorbance of the crystal.

yo o= (T+R)— (Torr)

i (5.13)

Thickness dependent absorbance data obtained for 2H-TaS, is plotted in fig-
ure 5.10. To our knowledge, this is first report on absorbance of 2H-TaS, with

thickness dependence.
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Figure 5.9: Absorbance measurement schematic is shown in the figure. Spectrom-
eter is used to measure the intensities of both reflected and transmitted light.

5.5 Thermal Conductivity Measurement of

Metallic Vanadium Sesquioxide(V,03)

Vanadium sesquioxide(V203) belongs to vanadium oxide family which has a
strongly correlated electron system. At room temperature, it can exist in para-
magnetic metallic(PM) or paramagnetic insulator(PI) phase which depends on
the applied stress on the material[118]. A structural phase transition is observed
below 190K from paramagnetic insulator(PI) to antiferromagnetic insulator(AFT)

for free standing crystals. This phase transition temperature termed as critical
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Figure 5.10: Absorbance measurement schematic is shown in the figure. Spec-
trometer is used to measure the intensities of both reflected and transmitted light.
Reproduced from ref. [115]. Copyright IOP Publishing Ltd. 2020.

temperature(T,) highly depends on the external conditions like stress and dop-
ing. A phase diagram indicating all possible structural phases of V,03 under

compressive and tensile stress is shown in figure 5.11.

In previous report, researcher has manipulated stress in V,O3 by choosing
appropriate dopant. If we use titanium as a dopant, it will have similar effect on
the crystal as if applying compressive stress. Contrary to this, chromium doping
will result a net tensile stress on the crystal. Apart from these, temperature
plays a critical role in inducing structural phase transition. As can be seen in
the phase diagram, depending on which compressive stress we are in, below 188K
V503 exhibits PI to AFI or PM to AFT or PI to PM to AFI phase transitions.

In recent study, we have demonstrated salt assisted chemical vapor deposition
of V5,03 single crystalline nanoplates[119]. According to our observations, the
as grown Vo035 nanoplates are under stress due to lattice mismatch between the
growth substrate. We used sapphire as growth substrate in our experiments.

As there is epitaxial growth relation between the synthesized V,03 nanoplates
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Figure 5.11: The phase diagram of V203 based on reference. The paramagnetic
metal (PM) and insulator (PI) phases have corundum structure, while the an-
tiferromagnetic insulator phase (AFI) has a monoclinic structure. Reproduced
from ref. [119]. Copyright American Physical Society 2019.

and sapphire substrate, it introduce intrinsic stress onto the grown material.
The phase of as grown crystals is always PI at room temperature. Once we
release these crystal from sapphire substrate by transferring them onto any other
arbitrary substrate, the stress on the crystals is released and we observe PI to
PM phase transition(see figure 5.12). Upon cooling it enters the AFI phase of the
crystals and upon heating it enters a cross over regime beyond a critical point as
pointed on the phase diagram by arrow in figure 5.11. This cross over regime is
termed as supercritical correlated(SCC) state. Interestingly both as grown and
transferred crystal exhibit transition to SCC state upon heating as can be seen
from the figure 5.12.
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Figure 5.12: Phase diagram indicating that both as grown and transferred crystals
from growth substrate enter supercritical correlated state upon heating. Repro-
duced from ref. [119]. Copyright American Physical Society 2019.

5.5.1 Material Characterization
5.5.1.1 CVD synthesis of V,0;3

Chemical vapor deposition of V503 is performed in custom made reactor chamber
which is equipped with optical access to the growth substrate. Chemical reac-
tions can be optically observed in-situ as the synthesis process progress. This
gives us freedom to control all possible parameters while monitoring the growth
in-situ which helps in optimization of any CVD recipe much quicker than in any
other conventional tubular furnaces where no optical access is possible[120]. We
synthesize Vo003 nanoplates using salt assisted chemical vapor deposition process.
Potassium lodide is reacted with V505 to yield potassium vanadate which is fur-
ther reduced to VO3 upon reacting with hydrogen(H,). Potassium vanadate is
an intermediate compound in this reaction route which is more volatile and results
in formation of very high quality V,O3 crystals at much lower growth tempera-

ture. Optical microscope images of an exemplary salt assisted CVD growth of
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V5,03 is shown in figure 5.13.

Figure 5.13: Optical microscope images of Vo3 crystals with different morpholo-
gies, shapes and thickness grown by salt-assisted chemical vapor deposition. Scale
bar is 20um. Reproduced from ref. [119]. Copyright American Physical Society
2019.

5.5.1.2 EDAX and TEM analysis

We performed energy dispersive x-ray spectroscopy to confirm the chemical com-
position of our grown crystals. Figure 5.14 (a) shows a low resolution transmission
electron microscopy (TEM) image of a V03 flake transferred onto a TEM holey

carbon grid.

Insets shows energy dispersive x-ray spectroscopic maps of the same crystal
corresponding to vanadium(yellow) and oxygen(red) elements. Figure 5.14 (b)
and (c) shows high resolution TEM image and selected area diffraction pattern
respectively of the same crystal. SAED pattern clearly indicate single crystalline

nature of our Vo,03 CVD grown crystals.
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Figure 5.14: (a) Low resolution TEM image of V503 crystal transferred over
holey carbon TEM grid. The insets shows EDS maps of vanadium(yellow) and
oxygen(red) elements. (b) High resolution Cross-sectional TEM image of V503
crystal stackced on top of sapphire substrate. scale bar is 2nm. (c¢) Selected
area diffraction pattern obtain from cross-sectional TEM sample. This pattern
matched uniquely with HCP [0112] diffraction pattern. Reproduced from ref.
[119]. Copyright American Physical Society 2019.

5.5.1.3 Raman Spectroscopy

As discussed earlier, stress play an important role in structural phase transition
of V503. As the crystal grown on sapphire substrate are under stress due to
lattice mismatch, the crystals stay in paramagnetic insulator(PI) phase. Raman
spectrum of as grown crystals on sapphire substrate is plotted in Figure 5.15 with
red line. Peak positions corresponding to E,(in plane) vibration modes are 248,
305, and 590cm ™. Out of plane vibration mode A;, peak position can be found
at 514cm~!. These value are in excellent agreement with the reported values in
literature for the VoO3 PI phase[121].

Once the crystals are transferred from the growth substrate or agitated vig-
orously, the stress on the crystals is released causing a phase change from para-
magnetic insulator to paramagnetic metallic. As can be seen in figure 5.15, the
Raman spectrum plotted in blue exhibits shift in peak positions as compared to
PI phase Raman spectrum. The new peak positions along with shoulder to the

237cm ™! can be clearly seen and matches very well with the reported value of
V3,03 PM phase[122].
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Figure 5.15: Raman spectrum of as-grown (red) and transferred V,O3 crystals
from sapphire substrate. The shift in the peak positions can be seen along with
appearance of a shoulder to the 248cm™' peak. Reproduced from ref. [119].
Copyright American Physical Society 2019.

5.5.2 Thermal Conductivity of Metallic V503

In order to check validity of our proposed technique, we measured thermal con-
ductivity of metallic V5,03 crystals grown by chemical vapor deposition. The
thermal conductivity value of metallic V,O3 is well reported in literature. We
chose this material as a reference material to test our method. From thin layers
to bulk form, V5,03 does not show significant change in the properties. Thermal
conductivity of the metallic V503 is 4.5 W/m.K at room temperature[123]. The
chosen crystal in our experiment has a thickness of 130nm to have a better com-
parison with the samples used in literature. The absorption coefficient that we
used in our calculations is 0.8 that we took from previous report in literature[124].
Figure 5.16 (a) and (b) shows optical micrograph and reflection map obtained by
SPCM respectively. Photoresponse is recorded at -200mV to 200mV biases with
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50mV step. Typical photocurrent map and FEM simulation for thermal profile is
plotted in figure 5.16 (c) and (d) respectively. Under 95uW laser power, the rise
in temperature at the center of the hole is 2.5K above room temperature. The
slightly elongated bolometric response can be due to trapped air pocket under
the crystal near the hole. We measured thermal conductivity of V,03 after using
k as a fitting parameter and matching the expected resistance change value to
the measured resistance change value to be 4.5£1 W/m.K which is in excellent

agreement with the reported value in literature as mentioned earlier.

Figure 5.16: (a) Optical microscope image of V,03 device prepared for thermal
conductivity measurements. The red dashed line represents the location of hole
under the crystal. (b) Reflection map collected during SPCM of the same device.
(¢) Photocurrent map of the device under applied bias. (d) FEM simulation of
thermal profile of the devices mapped onto optical microscope image. Under 9.5
uW laser power, the maximum temperature rise at the center of the hole is 2.5K
above room temperature. Reproduced from ref. [115]. Copyright IOP Publishing
Ltd. 2020.
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5.6 Thermal Conductivity measurements of 2H

Tantallum DiSulfide(TaS,)

5.6.1 Material Characterization

2H Tantallum DiSulfide (TaS;) is member of metallic transition metal dichalco-
genide family with very interesting properties. At around 0.5K, this material un-
dergoes superconducting phase transition[125] while around 75K, charge density
wave phase transition happens[126]. As we thin down the material and number of
layers decrease, the superconducting transition temperature increases from 0.5K
to 2.5K[127].

Top view

Figure 5.17: schematic of top and side view of the 2H stacked TaS, crystal in the
upper and lower pannel respectively. Lower layer is rotated by an angle of 60°
with respect to upper layer. Ta and S atoms are marked on the schematic.

Crystal structure of 2H-TaS, is shown in figure 5.17. Upper panel show the
top view of 2H stacked layers of the material. The bottom layer is twisted by an
angle of 60° with respect to upper layer. In the lower panel, side view of the TaS,

crystal structure is drawn.

Raman spectroscopy is performed on mechanically exfoliated crystals. Raman

spectrum of the crystal can be seen in figure 5.18. Two characteristic peaks

81



can be seen at peak positions 287cm™! (Eg,) and 332cm™' (Ay,). Eg, mode
corresponds to inplane vibration mode while A;, is out of plane vibration mode.
These peak positions are consistent with the values reported in literature for
2H-TaS, polytype[128].
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Figure 5.18: Raman spectrum of 2H-TaS; mechanical exfoliated crystal. Two
characteristic peak a labeled Ey, and A;, which correspond to inplane and out of
plane vibration modes of phonons respectively.

5.6.2 Thermal conductivity of 2H-TaS,

In this work, we calculated the thermal conductivity of 2H-TaS, for the first time.
Devices with similar thickness values were fabricated to have consistent results.
Figure 5.19 (a) shows typical measurement setup to obtain the photocurrent
map. A crystal of thickness 32nm (determined from atomic force microscopy) is
transferred on top of a pre-patterned gold electrodes using all dry visco-elastic
stamping method[129]. Details of this fabrication process has already been de-

scribed in experimental methods part. The hole with a radius of a=2um drilled
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using FIB to a depth of 1ym. A pre-amplifier act as a virtual ground and mea-
sures current produced by the dc applied bias and focused Gaussian laser beam.
The output current from pre-amplifier is fed to lock-in amplifier which is refer-
enced by a laser chopper operating at a certain frequency. The change in current

due to laser beam can be calculated by this measurement.
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Figure 5.19: (a) Schematic of proposed thermal conductivity measurement
method. The red cone symbolize focused Gaussian beam chopped at a certain fre-
quency. Current under applied dc bias is measured through pre-amplifier which a
fed to lock-in amplifier referenced by the laser chopper.(b) Cross-section schematic
of the fabricated device. (c) Typical reflection map obtained by SPCM. scale bar
is 5um(d) Photocurrent map under zero applied bias. Photocurrent generated
due to Seebeck at the metal-TaS, junctions can be seen. (e) Photocurrent map
under 50mV applied bias. Negative photoresponse can be seen coming from whole
crystal. The photocurrent at suspended part of crystal is distinctly decreased.
(f) Line traces through the dashed lines drawn over zero and 50mV photocurrent
maps. (g) Resistance change extracted for each laser position corresponding to
photocurrent trace line plotted. Reproduced from ref. [115]. Copyright IOP
Publishing Ltd. 2020.

Figure 5.19 (c¢) shows a typical reflection map obtained by scanning photocur-
rent microscopy. Bias is applied from right electrode and left contact act as ground
in the measurement setup. Figure 5.19 (d) and (e) shows the photocurrent maps
obtained under zero and 50mV applied bias respectively using 642nm wavelength
laser. Under no applied bias, we observe a very localized photoresponse from only
metal/TaSs junction. This is due to electromotive force produced by the Seebeck

effect at the metal/metal interface. When we apply bias, the photoresponse is
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observed from all over the crystal along with distinct reduction in photocurrent
at the suspended part of the crystal over the hole. This reduction in photocurrent
is dictated by photo-bolometric effect which is photoresponse generated due to
local resistance change under focused laser beam heating. Figure 5.19 (f) shows
the line traces taken along the black and red dashed line drawn over the zero and
50mV bias photocurrent maps. Negative photoresponse along with pronounced
photocurrent reduction over the suspended part of the crystal can been clearly
in the line trace obtained from 50mV bias photocurrent map. Figure 5.19 (g)
is the corresponding measured change in the resistance taken at each laser posi-
tion. Resistance change from the center of the hole is used to calculate thermal
conductivity of the material. We calculated the in-plane thermal conductivity of
2H-TaSs as 13+1.0 W/m.K. We performed experiments using 532nm wavelength
laser as well which yielded similar thermal conductivity values with in the error

margin.
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Figure 5.20: (a) Optical microscope image of fabricated device.(b) Reflection map
obtained during SPCM.(c),(d) and (e) shows photocurrent maps under OmV,
50mV and -50mV respectively.(f) Corresponding resistance change plotted as a
function of laser position. Reproduced from ref. [115]. Copyright IOP Publishing
Ltd. 2020.

Figure 5.20 (a) shows the optical micrograph of the fabricated 2H-TaS, devices
which is scanned by 532nm laser. Figure 5.20(b) is the reflection map obtained

84



Sampld MeasurementThicknesg Absorption | Laser | Dark p(T) (mQ.cm) OR (Q) k(W/m.K)
# Wave- (nm) Coefficient | Power Resis-

length () (W) | tance

(nm) @
1 642 34.0 0.33 40 124 0.60 (140.0025K ' [T — Tp]) | 0.019+0.001] 12.6 £ 0.7
2 532 19.1 0.28 10 131 0.34 (1+0.0025K -1 [T — Tp]) | 0.027+£0.001] 14.0 + 1.0
3 642 32.1 0.33 211 138 0.25 (1+0.0025K~1 [T — Ty]) | 0.4840.01 14.0 £ 1.0
4 642 33.1 0.33 211 267 0.52 (1+0.0025K~1 [T — Tp]) | 0.75+0.01 12.0 £ 1.0
Average 132 £ 1.0

Table 5.1: Thermal conductivity(x) values calculated for four different samples.
Different laser powers along with wavelengths used to measure thermal conduc-

tivity. All yielded similar x values with in error margin. Reproduced from ref.
[115]. Copyright IOP Publishing Ltd. 2020.

by SPCM. Figure 5.20 (c), (d) and (e) shows photocurrent maps obtained un-
der zero, 50mV and -50mV applied bias. Zero bias scan results in production of
localized photocurrent at metal/2H-TaS, junction due to Seebeck effect. Under
50mV and -50mV the photocurrent produced is due to resistance change caused
by focused laser beam heating (photobolometric effect). The measured resistance
change cause by laser beam heating is plotted at each laser position along a line
passing through the center of the hole. As can be seen, for both 50mV and -50mV
applied bias, the trend of resistance change is similar. From comparing the value
of measured resistance change to expected resistance change(obtained through
COMSOL simulation), the value of thermal conductivity is calculated. Data cal-
culated for four fabricated devices is shown in table 5.1. Different laser power, dif-
ferent illumination wavelengths and different thickness crystals, all yielded similar
thermal conductivity values with in the error margin. Average x value calculated

by our measurement method for 2H-TaS, is 13.2+1.

5.7 Thermal Conductivity Measurement of

Semiconducting Materials

Bolometric response from intrinsic semiconductors is very well defined and can be
described with Arrhenius relation. Under focused laser illumination, the photore-
sponse from these materials can result from many mechanism altogether. So it

becomes extremely challenging to separate contribution of each mechanism in the
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generated photocurrent. We performed experiments on very well studied semi-
conducting TMDCs tungsten disulfide(WS,) and molybdenum disulfide (MoS,).
Thermal conductivity of these materials are well reported in literature using dif-
ferent methods. As photocurrent in semiconducting materials can be a result of
non-equilibrium carrier formation due to absorption of light, built in electric field
induced separation of non-equilibrium carriers and photothermal effect. In order
to apply bolometry based thermal conductivity measurement methods, each of
these effect needs to be distinguished from each other. A WS, device fabricated
using a 12nm thick crystal is shown in figure 5.21 (a). The photoconductance
changes at different applied bias which is a clear indication of existence of more
than one photocurrent generation mechanism. This makes the applicability of
our proposed method to calculate thermal conductivity of WS, very difficult and

sole extraction of bolometric response is not a straightforward thing to do.
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Figure 5.21: (a)Optical image of fabricated top indium contact device.(b) Re-
flection map of the same device obtained by SPCM.(c)-(d) photocurrent maps
collected under 400mV and -400mV applied bias respectively.(e) Characteristic
current vs voltage plot in a bias sweep range of 400mV to -400mV.(f) Line traces
from the photocurrent maps through the center of the hole for different applied
biases.(g) Corresponding resistance change plotted as every laser position. Re-
produced from ref. [115]. Copyright IOP Publishing Ltd. 2020.

When we tried to implement our proposed method to MoS,. Figure5.22(a) and

(b) shows optical image and reflection map of the fabricated device respectively.
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Figure5.22 (¢) and (d) shows plotted photocurrent maps under zero and 1V ap-
plied bias respectively. As can be seen from zero bias photocurrent map, a very
interesting bipolar photoresponse is generated at the suspended part of crystal
which we hypothesize can be due to stress induced local electric field with in the
suspended region. At 1V applied bias, the response is still very complicated and
can not be considered purely bolometeric. This limits the applicability of our

method to MoS, crystals as well.
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Figure 5.22: (a)Optical image of fabricated top indium contact device.(b) Re-
flection map of the same device obtained by SPCM.(c)-(d) photocurrent maps
collected under 400mV and -400mV applied bias respectively.(e) Characteristic
current vs voltage plot in a bias sweep range of 400mV to -400mV.(f) Line traces
from the photocurrent maps through the center of the hole for different applied
biases.(g) Corresponding resistance change plotted as every laser position. Re-
produced from ref. [115]. Copyright IOP Publishing Ltd. 2020.
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Chapter 6

Conclusion

In conclusion, we studied the photoresponse of several novel 2D materials and
explored the possible mechanism responsible for that. We utilized scanning pho-
tocurrent microscopy in order to obtain spatial maps of photocurrent through the
material. The metallic TMDCs exhibit localized photocurrent generation at zero
applied bias due to Seebeck effect. The photothermally induced electromotive
force causes the photocurrent generation at the metal /metal interface under zero
applied bias. Under finite applied bias, the generated photocurrent is observed
through out the crystal which is dominated by photothermally induced photo-
bolometric effect. The local change in resistance caused by the localized heating
by a tightly focused Gaussian laser beam decreases the conductivity of the mate-
rial locally. As a result, negative photocuductance is observed due to reduction in
dc current passing through the crystal because of laser heating. As the change in
conductivity is purely due to localized laser heating, the applied bias has no effect
on the photoconductivity. Hence the measured photoconductivity is independent

of the applied bias.

Once we established that photo-bolometric effect is responsible for the pho-
tocurrent generation through atomically thin TMDCs, we extended our study
to correlate thermal conductivity of these materials with change in resistance

caused by photothermally induced photo-bolometric effect. Using kappa(k) as
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a fitting parameter, we correlated thermal conductivity to the resistance change
of nano-sheets caused by focused laser beam heating. Our proposed method has
several advantages in terms of simplicity, less complicated analysis, easy sam-
ple preparation and non-destructive technique for the material. The accuracy
and sensitivity of the measured thermal conductivity is very high. This gives
researcher another way to compute thermal conductivity of several 2D materials
and nano-sheets with high precision which can help in designing better thermal

and thermo-electric devices.
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6.1 Research Topics Outside Scope of This The-

sis

Some of the techniques that I learned during above mentioned works yielded very
useful contributions towards some more publications. The drilling of holes on
the SiO, substrate was useful for the study of mechanical properties of metallic
TMDCs. Atomically thin layers of different TMDCs were suspended over a hole
using all dry viscoelestic stamping method (see figure6.1 ) and then indented at
the center by a nano-indenter (in our case AFM tip) to measure Young’s modulus
of the material. I performed several crystal transfers and data analysis for this

project. This work will be submitted soon for the publication.

Figure 6.1: TaS, crystal transferred over array of holes prepared by electron
beam lithography and ICP etching. Several similar samples were prepared to
study mechanical properties of this material.
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In another work, we studied electrical properties and chemical composition of
CVD grown Molybdenum carbide Mo,C crystals[130]. I performed scanning elec-
tron microscopy of the samples and collected electron dispersive spectroscopy data
to confirm the chemical composition of the material. Also for electrical character-
ization, I prepared top contact indium devices and performed IV measurements

of the devices, methods of which has been discussed in previous chapters.

Currently we are working on a two dimensional ionic conductor for neuro-
morphic computing application. For this project I am solely responsible for the
device fabrication. We prepare complex Indium contact devices on a graphite
contacted K-MnOQOs crystals which can be seen in figure6.2. 1 performed IV mea-
surements of some devices. For material characterization, I performed Raman
and electron dispersive spectroscopy on these crystals. I prepared several TEM
samples for HRTEM measurements as well. This work is still in progress and will

be submitted soon for publication.

Graphite

Indium

Figure 6.2: Optical image of KMnO, device. Graphite crystals exfoliated and
transferred deterministicaly on top of hexagon shaped KMnO, crystal with ex-
tremely fine alignment. Indium needles can be seen in bright silver contrast
contacted with graphite electrodes for electrical connection.
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