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Abstract

The conventional methods of MoS; preparation are challenged in this work by integrating
MoS: synthesis using a modified version of CVD technique in different stages of developing
a multilayer stack. The modified technique used in this work is referred to as thermally-
assisted conversion (TAC) that directly sulphurises a transition metal. This gets rid of the
exfoliation and transferring process which can be very time consuming and incompatible
with industrial processes and reduces the market value of scientifically known extraordinary
materials like TMDs. This technique is also photolithographically compatible paving way
for large scale synthesis of devices that aim to utilize the extraordinary properties of TMDs
like MoS> but are limited by tricky transferring processes, thin film degradation, difficulty
in patterning TMDs to a desired shape and contacting issues. Additionally, the
conventionally utilized monolayers of MoS; exhibiting high absorption and hosting strongly
bound room temperature excitons in the visible range of the electromagnetic spectrum were
used as a reference to obtain similar performance from few-layer MoS; thin films. Given the
direct correlation of MoS; excitons with its absorption, this work aimed at establishing active
control on exciton properties and investigating the tunable optical properties of MoS; as a
response to applied electrical bias. Depending upon the application, few-layer thin films of
MoS; produced using the TAC process perform similar to monolayer MoS; for instance in
the case of Fabry-Pérot based active modulation of refractive index. For photodetector
applications, thicker films serve the purpose better especially when backed with metal
reflector. This makes MoS, more desirable in the field of integrated photonics since much
of the monolayer properties were shown to be retained even in few-layer MoS; films and
thicker MoS; films were shown to be suitable for many sensor applications based on
pyroelectricity, photodetection and bolometric detectors. This work reported photo-
pyroelectricity in mixed/3R phase of MoS,. A thorough analysis following this observation
concluded that this mechanism too can be controlled which is dependent on laser frequency,
modulation frequency, external applied bias and load. This work also presents a thorough
electrical and optical characterization of TAC based few-layer MoS; films to understand

light-matter interaction better in films beyond the monolayer limit.



Publications

Papers
[1] N. Shelly, E. Roy et al., “Strong Absorption and Modulation in Deeply
Subwavelength Transition Metal Dichalcogenide Thin Films.” In prep, 2025
[l  N. Shelly, C. P. Murray, E. Roy, D. McCloskey, “Enhanced Photoconductivity in
Ultrathin MoS; Films Using Lithography Free Structural Colour”, In prep, 2025
[I1] D. Khicher, E. Roy, N. Shelly, C. Murray, D. McCloskey, “Enhanced Coloration

Efficiency and Cycling Stability in Ultrathin NiOx Films Utilizing Zeroth Order
Fabry — Perot Resonance”, Under review (ACS applied materials and interface)

Posters

[1]

[h]

[11]

[IV]

[VI]

N. Shelly, E. Roy, C. Murray, D. McCloskey, “Investigating effect of heat and light
interaction on electrical properties of thin film MoS,,” 9" instalment of the Biennial
Photonics Ireland Conference, Virtual, 2021.

N. Shelly, E. Roy, C. Murray, D. McCloskey, “Investigating effect of heat and light
interaction on electrical properties of thin film MoS,,” SFI Science Summit, Virtual,
2021.

N. Shelly, E. Roy, C. Murray, D. McCloskey, “Field Effect Modulation using
Transparent  Conductive  Oxides and  Multilayer — Transition  Metal
Dichalcogenides”, 43" Conference of CLEO. San Jose California USA, 2023.

E. Roy, N. Shelly, C. Murray, D, McCloskey, “Investigation of Field Effect Tuning
of Refractive Index in Transparent Conducting Oxide Thin Film Fabry-Perot
Cavity Structures”, META The 13" International Conference. Paris, 2023.

N. Shelly, C. Murray, D. McCloskey, “Electro-optic Modulation in Large Area
Multilayer MoS; Pixel Arrays”, ItsHer Women in STEMM summit. Dublin, 2024.



Acknowledgements

At a time when the world was fighting a pandemic, people were losing jobs and economies
were crashing, my life found a new direction when I joined Prof. David McCloskey’s group.
| would therefore like to convey my deepest thanks to my supervisor for giving me a chance
to learn and in realising my potential. He has guided me in every difficult direction that this
project took over the course of 4 years and gave me every opportunity to enhance my skills
be it in experimental work or theory. | could have not asked for a better PhD supervisor. |
am also immensely grateful for having Christopher P. Murray in my group. He not just
trained me for practically everything in the labs in CRANN and cleanroom but also mentored
me and stood as a firm support in times of extreme burn out. He is absolutely an expert at
what he does given his 30 years of industry experience and | feel very fortunate to have
learnt from his precious experience. | will try my best to work according to his valuable
advice and the skills he imparted in me. The gloomy days in Dublin could have been diffciult
to manage amid the stresses of a PhD if it was not for my awesome group members. Dr.
Kenny Yu was my first point of contact and go to person whenever | felt a little anxious,
Evan Roy was always there for a good chat on geopolitics, history and science fiction and
Dilkhush Khicher was the sunshine on a rainy cold Dublin day. | greatly appreciate their
presence around me everyday in our labs and offices and I can’t thank them enough for all
their support. Also, many thanks to Dr. Erik Soderholm and Eoin Cotter for helping me out
in setting up experiments and running to different labs to get missing components. A big
thanks goes to Dr. Simon Corbett for training me in the CCD-DR technigue and having the
patience to answer my questions at odd times. A special thanks to Dr. David Caffrey, Dr.
Riley Gatensby and Dr. Peter Gleeson for the engaging conversations during lunch, for
teaching me and helping me repair tools, training me in Hall measurements and cleanroom
equipment. A big shoutout to my landlady Geraldine Keane for taking care of me in times
of sickness and baking delicious pastries regulalrly.

My biggest support system without whom none of this would be possible is firstly my father
who gave up his dream of being a physicist to fulfil my dreams and my mother who gave up
her teaching career to raise me. | will forever be indebted to your sacrifices. Lastly, | would
like to express my thanks to Science Foundation Ireland for not only giving me an
opportunity to partake in valuable research but for also being a medium in sealing my fate
with my fiancé whom I wouldn’t meet if I didn’t move to Ireland. Thank you Dr. Manish

Dama for being my safe house, thank you for everthing.



List of Acronyms & Chemical Abbreviations

Acronymns

2D Two Dimensional

4PP Four-point-probe
AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

CCD Charge-Coupled Device

CCD-DR  Charge-Coupled Device based Differential reflectance

CNT Carbon Nanotube

C-v Capacitance — Voltage

CvD Chemical VVapour Deposition

Cw Continuous Wave

DC Direct Current

DI Deionized

EBL Electron Beam Lithography
FDTR Frequency Domain Thermoreflectance

FP Fabry Peérot
FWHM Full Width Half Maximum
IDE Inter-digitated Electrode
IR Infrared
-V Current — voltage

KHz Kilohertz
KK Kramers-Kronig
LIA Lock-in Amplifier
LLID Liquid-Liquid Interface Deposition
MHz Megahertz
M-1-M Metal-Insulator-Metal
MSE Mean Square Error
M-S-M Metal-Semiconductor-Metal
NIR Near Infrared
NPVD Nano Physical VVapour Deposition
PPC Persistant photoconductivity

PV Photovoltaics
PVD Physical Vapour Deposition

RF Radio Frequnecy
RMS Root mean Square
sccm Standard Cubic Centimeter Per Minute
S-D Source-Drain

SE Spectroscopic Ellipsometry
SEM Scanning Electron Microscopy

SFI Science Foundation Ireland

STM Scanning Tunnnleing Microscopy
TAC Thermally-Assisted Conversion

TCO Transparent Conudctive Oxide

TCR Temperature Coefficient of Resistance

Vi



THz Terahertz

TIA Trans-impedance amplifier

TLM Transfer Length Method

TMD Transition Metal Dichalcogenides
TMM Transfer Matrix Method

uv Ultraviolet
UV-Vis Ultraviolet-Visible

Vdw Van Der Waals

W.I.L. With respect to

XRD X-Ray Diffraction

Chemical Abbreviations

Ag Silver

Al Aluminium
Al,O3 Alumina

Au Gold

Cds Cadmium Sulphide

hBN Hexagonal Boron Nitride
HfO, Hafnia

ITO Indium Tin Oxide

Mo Molybdenum

MoS; Molybdenum Disulphide
Si Silicon
SizNg Silicon Nitride

SiO; Silica
Ti Titanium

WS, Tungsten Disulphide
Zn Zinc

ZnO Zinc Oxide
ZnSnO Zinc Tin Oxide
ZnTe Zinc Telluride

Vi



Table of Contents

B TTol - =Y o o [E PP PPPPPPPPPRt i

ADSTIACT .o, iii
U] o] [Tor LA o] o SRS PRSPRSPRRRTRN \Y;
ACKNOWIBAGEIMENTS ...t v
List of Acronyms & Chemical ADDIeVIations............cooveiiiiiieiiiiiiee e vi
o] 0] 0177 101 0 S P PP PP PP PP PUPP PPN vi
Chemical ADDIeVIAtIONS ........ccuiiiiiee et vii
Table Of CONTENTS ......eeii e e e e e e rae e e snaaeeannee e viii
Chapter 1. INTrOQUCTION ......couiiiiieiie ettt 1
1.1 M0S and itS general PrOPEITIES. ......ciuieiiiiiee ittt 4
1.1.1 Stability considerations and disadvantages of thin film MoSz...........c.ccccceiiennn 6
1.1.2 Electrical propertieS 0f MOS2........uviiiiie et 7
1.1.3 Optical properties and origin of eXCItONS ..........ccocvveiiiie i 7
1.2 Light matter INtEraCtiON.........cccviiiiiie e e e snaa e e saee e 8
1.3 Effect of dielectric encapsulation.............cccveeiii e 10
1.4 Role of excitons and gating effect on absorption of light...............ccccoevieinnnn. 11
ISR AN o] o] [ oF 1 o] o S PSR 12
1.6 TNESIS OULIINE.....eoiiiiiiie bbb 13
RETEIEINCES ...ttt e et e bt et e e nbe e 15
Chapter 2. Thermally-assisted conversion (TAC) and optical characterization of TAC
DASEA IMOS2 ...t 21
P20 R 1 4 oo [0 Tox 4 o] o TP OPR PSP 22
2.2 Thermally-assiSted CONVEISION.........c..cciiuiieiiiieeeiiee e ciee e eeeese e sre e srae e e seee e 23
2.2.1 Static colouration using metal backing..........ccceeviiiiiiie e 27
2.3 Raman SPectroSCOPY MEASUFNEIMENTS .. ...uiiieeiiiiiiiiiiiieeeeeesssiirrereeee e s s s snnirereeneeeeeasnns 29
2.3. 1 PAttErNEU IMOS2 ...ttt sttt ettt 33
2.3.1.1 Raman measurements on MoS; directly on Si/SiO; region vs on Au............... 34
2.3.1.2 Raman and PL mapping of patterned MoS; monolayers and bilayers........... 35
2.3.1.3 Resonant Raman measurements using 633 NM laser ............ccccoceveevive i, 38
2.4 Optical measurements using spectroscopic ellipsometry (SE) and UV-Vis.......... 40
2.5 SEM and AFM MEASUIEMENTS.......ccuuiiiiiiiiiiie ettt 42

viii



2.6 X-ray dIffraCtion........c.oiiiiiiiiii et 45

2.7 SUMMAry and CONCIUSIONS. .........oiiiiiiiiiiei e 46
=] (=] =] (o0 SRS 48
Chapter 3. Electrical properties and contact engineering ..........ccccocccveevveeiiiveesnennenn 52
K200 A [ a1 0T [ Tox 4 o o PSPPSRI 53
3.2 1=V MEASUIEIMEINTS ..ottt ettt et e ettt e e ettt e e s enbb e e e s anbaeaa e 56
3. 2.1 FOUI-POINT PrODE ... 57
3.2.2 TWO terminal 1=V SWEBPS........eieiiiiiieiii et 59

3.2.2.1 1-V sweep using simple 2-point probe top electrodes (channel length =2 pm) 61

3.2.2.2 1-V sweep using bottom-side IDE (channel length =50 pm)...............cc..ccoe.. 62
3.3 Capacitance — Voltage (C-V) MeasUremMENtS........ccceiuireiiireeiireesiieesiieesieeesieeens 63
3.4 CONTACE BNGINEETING ...viiiiiiiie ittt ettt ettt et e st 65
3.4.1 Transfer length Mmethod (TLM) ....cooiiiiiii e 66
3.4.2 Choice of contact Material............ccocouiveiiiiiiiie e 68
3.4.3 Choice of CONTACT GEOMETIY .....cveiiiieiiiieiee et 69
3.5 Thermal coefficient Of reSISTANCE ........cocviiiiiiiiere s 74
3.6 CONCIUSION ..ttt ettt e e b 77
RETEIEINCES. ...ttt et ettt et et 79
Chapter 4. Electrical modulation in few-layer TAC MoS; films...........ccccevivveiinnnne, 82
it o o To (U T o] o F TR PR PP 83
4.2 CCD-DR setup and exXplanation ...........c.cccccveeiiieeiiiee e 84
4.3 Differential reflectance in CVD MOS: ......cccvviiiiiiiiiieiie e 85
4.4 Differential reflectance in TAC based MOSz.......cccoviiiiiiiiieiiieiice e 87
4.4.1 Cross Plane tOPO0I0gY ...ccccveeeiiieeiiie et 89
4.4.1.1 Case-1: MOS2 DIASEA .....c..eiiiieiiieiie ettt 90
4.4.1.2 CaSse-2: AU DIASEA ....ccuviiiiiiiieiic et 94
4.4.2 IN-Plane tOPOI0GY ....ccvvee e 96
4.4.2.1 TAC based M0S; 0n quartz SUDSEFate ............cccveeviiieeiiiie e 96
4.4.2.2 TAC based MoS; on Si/SiO; substrate using Ossila design.............ccccccevveennen. 97
4.5 Possible mechanisms of exciton tuning in TAC based MoS; stacks...................... 99
4.6 CONCIUSION ...ttt e e st e et e anb e e nreeenbeeanaee e 102
RETEIEINCES. ...ttt e e 103
Chapter 5. Photo-induced response in MOSz.........cooovviiieiiiiiieiiieiecec e 106
TR0 [ a1 oo [ Tox £ o] o F ORI 107
5.1.1 PhotocondUCEIVILY (PC) ...ccoiiiiiiiiiiiie ettt 107



5.1.2 PhotovoltaiC (PV) effECT........cooiieiii e 108

5.1.3 Photothermal (PT) €ffeCt........ccuoiiiiiiiiie e 109
5.1.3.1 Photo-thermoelectric (PTE) €ffeCt.........ccvviiiiieiiieceee e 109
5.1.3.2 Photo-Bolometric (PB) effeCt ..........cooviiiiiiieieceee e 109
5.1.3.3 PYr0eleCtriC effECt .........ooiiieiieiie e 110
5.1.4 Resonant effects in thin filmsS ... 111
5.2 Photoresponse in CVD grown MOS2........coiiiiiieiiiiiiesiie e 111
5.3 Photoresponse in Liquid-liquid interface deposited (LLID) M0S.............ccceee.. 112
5.4 Photoresponse iN TAC IMOS2 ...c.vviiiiiiiieiie ittt 114
5.4.1 CW HIUMINATION ..ottt e e e e e nnnee e 117
5.4.1.1 Sample Set-1: IDE AESIGN ...ccueiiiiiiiieiieiiee sttt 117
5.4.1.1.1 Investigation of photocurrent scaling with geometrical parameters of IDE

(0 XS To | o PSP PP UPPTPPRRPPRRURPPIN 126
5.4.1.2 Sample Set-2: LLID d8SIGN ....coiiiiiiieiieiiie ettt 127
5.4.1.3 Sample set-3: Observation of NPC in TAC based MoS: films..........c............ 128
5.4.2 Modulated ilIUMINATION.........ociiiiiiiii e 132
5.4.2.1 Time response of unbiased MoS; with varying laser power .............cccccccvee.. 137
5.4.2.2 Time response of Diased MOS2 .......coovveiiiii i 138
5.4.3 DISCUSSION ...ttt ettt ettt ettt ettt ekttt e bt be e et et e bt e e beeanbeeanbeenbne s 139
5.4.3.1 Origin of spontaneous polarization in MOSz...........ccccveiiiieiiiie e 139
5.5 CONCIUSION 1.ttt ettt et e sttt e e nree s 145
RETEIEINCES ...ttt e bbb be et nae e 148
Chapter 6. Conclusions and future WOrk .............cccceeiiiieiiii s 152
0.1 SUIMIMBIY ...ttt e e e e e st e e e e e e e s s e bbb b e e e e e e e s s s nnbb b b e eaaeeas 152
6.2 Additional results and future direCtionsS...........cccoovviiieiiienie e 155
RETEIEINCES ...ttt et et e e e re e e beesnae e 160



This thesis is dedicated to my parents.

Xi



Chapter 1. Introduction

1.1 MoS; and its general properties
1.1.1 Stability considerations and disadvantages of thin film MoS;
1.1.2 Electrical properties of MoS:
1.1.3 Optical properties and origin of excitons

1.2 Light matter interaction

1.3 Effect of dielectric encapsulation

1.4 Role of excitons and gating effect on absorption of light

1.5 Applications

1.6 Thesis outline



To maximize the number of devices on a single chip as predicted by Moore’s law, future
devices need to be smaller while still being functional and efficient. However, user
experience is limited by bandwidth according to Nielsen’s law of internet bandwidth which
claims that internet connectivity need increases by 50% every year [1]. To combat this,
communication systems need external optical modulators with faster switching
characteristics and higher bandwidth. Broadly, two modulator geometries are prevalent in
the high speed communication technology - planar geometry and surface normal geometry
[2]. Many advances have been made in the direction of the former with microring or Mach-
Zehnder geometry based electro-optic modulators having bandwidth ranging from 2.7 GHz
[3] to more than 25 GHz [4] and operating at visible to near infrared frequencies. Also, the
latter is utilized in the long wavelength ranges of around 1.3 - 1.5 um [5], [6] but is less
explored in the visible range of electromagnetic spectrum. Surface normal modulators not
just provide ease of fabrication, possibility of making two dimensional (2D) arrays and cost
effectiveness but are also desirable for making optical interconnects [7], [8] hence aiding in
optical signal and information systems. Advances in thin film material synthesis has opened
new avenues to explore such designs by utilizing new materials in their 2D limit. M. A. Kats
and F. Capasso showed strong optical absorption of visible light in metal backed Germanium
films of thickness much smaller than the wavelength (1;,.) incident light (sub-wavelength
thick) [9]. Therefore, in the sub-wavelength limit of the visible light, high optical absorption
can be achieved by opting for a high refractive index material which also has an extinction
coefficient (k) comparable to its real part (n). A certain class of 2D materials namely
Transition Metal Dichalcogenides (TMDs) having a stronger interaction with light
compared to Germanium satisfy these conditions and thus are being researched on for their
electro-optic properties. They are semiconducting in nature and possess a complex refractive
index (n+ik) with a very high positive valued real part (n>4) as well as imaginary part i.e.,
‘extinction coefficient’ or ‘absorption coefficient’ (k~ 1-3) across a broad energy spectrum

[10]; ‘n’ results in strong interference of light ‘k’ is responsible for its strong absorption.

Backing with a metal makes the interface of metal and sub-wavelength thick TMD absorber
layer reflecting and causes a non-trivial phase shift between 0 and = in the propagation of

light at the absorber layer/substrate interface which increases its path length. This happens
at the thicknesses below %. Due to the phase difference between reflected light waves,

there is destructive interference at the TMD layer/air interface. This interference is even

stronger in the case of TMD because of a large value of ‘n’ as mentioned previously. This
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is because light bending and delay while travelling inside the medium is more due to higher
phase change in its velocity. Additionally, due to the presence of the absorption coefficient
‘k’, TMD layer becomes a lossy thin film meaning there is high absorption of light inside it
and it almost absorbs all the incoming and reflected light thereby not allowing any
transmission. Such a stack device where light is absorbed each time it circulates within the
film in a narrow range of wavelength is known to be based on the Fabry-Pérot cavity (FP)
effect. A FP cavity is a resonant cavity with two parallel mirrors to enhance the optical gain
of the incoming light by facilitating repetitive reflection (destructive interference) and
transmission (constructive interference) thus providing a greater chance of light-matter
interaction. Fig. 1.1 illustrates this phenomenon aptly. Traditionally, FP cavities have been
used to enhance optical response of CVD based micron sized MoS, monolayer flakes [11],
[12] but this can also be achieved with large area few-layers. Such few-layer MoS; films

with a large lateral area have been employed in the present work.
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Fig. 1.1: Light absorption using a lossy film of sub-wavelength thickness [9].

Furthermore, due to reduced dielectric screening and strong Coulombic forces in d-orbital
electrons of the transition metal, quasi-particles known as ‘excitons’ exist in the visible range
at room temperature [13], [14]. These reasons make TMDs interesting materials for
absorption-based modulators since absorption peaks near excitons’ wavelengths [10] and
active tuning of exciton properties in TMDs can be utilized [15] to realize electro-optic

modulators.

Till date, absorption-based surface normal electro-optic modulators reported utilize
monolayer TMDs. But synthesizing a high-quality monolayer film is difficult using
conventional methods like CVD [16], [17], mechanical exfoliation [18], RF sputtering [19],
[20], liquid phase exfoliation [21] and very recently a combination of hot pick up and stamp
(dry) technique [22], [23], [24] and wetting polydimethylsiloxane (PDMS) technique [25],
[26], [27]. These methods generally, don’t provide a control on the placement of thin film



on the substrate (with an exception of the dry technique) and also the shape and size of the
thin film which makes post processing like making contacts or characterization a difficult
and time-consuming task. Therefore, main focus is put on pushing the thickness limit of the
TMD beyond the monolayer limit and utilizing an alternative synthesis technique to obtain
large lateral area films for easy device fabrication and characterization while still keeping

the optical properties intact.

Objectives
This work elaborates on optimization of lithography-compatible, TMD based multi-layer
stack for realization of surface normal electro-optic modulator via active control of excitons.

Broadly, the objectives of this work are:

1. Synthesize a multi-layer stack based on Fabry-Pérot design using lossy thin films

with metal backing.

2. Optimize stack design based on film quality, electrical and optical parameters by

material characterization.
3. Test the multi-layer stack to probe the change in reflectivity.

This chapter aims to introduce one of the TMDs under consideration, Molybdenum
Disulphide (MoSy), its properties, structural defects, influence of defects on its electrical

properties, interaction with light and finally its applications.

1.1 MoS; and its general properties

Apart from Graphene which is a layered 2D material made from graphite and has no
bandgap, other materials with similar extraordinary optical, electrical, magnetic properties
but having a finite bandgap unlike graphene have also been discovered. As introduced
previously, TMDs are one such category of materials with the formula MXz, where M is a
transition metal (like Mo, W, Pt) and X is a chalcogen atom (like S, Se, Te). A unit cell of
Molybdenum Disulphide (MoSz) is shown in fig. 1.2.
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Fig. 1.2: Monolayer of MoS,. Brown atom depicts Molybdenum (Mo) and yellow atom depicts

Sulphur (S) [28].

A summary of general properties of MoS; is tabulated in tab. 1.1. It is noteworthy how some
physical properties vary depending upon the thickness of MoS;, thereby, validating the

significance of establishing control over synthesis of 2D materials.

Table 1.1: Physical properties of Molybdenum Disulphide

Property Value
Chemical Formula MoS;
Breakdown Current density (A/cm?) 5% 107 [29]
Lattice constant (&) DFT study: a=3.125 (1 layer), 3.126 (2

layers), 3.127 (bulk); c=12.066 [30]

Experimental: a=3.15; ¢=12.3 [31]
Band gap (eV) 0.9 (bulk), 1.6 (monolayer) [32], [33]
Electron mobility (cm?/V-s) 200-500 [34], 0.5-3 [35], ~ 200 [36]

(monolayer)

Previously, graphene has been extensively used for a myriad of applications including
nanolasers, electro-optic modulators, photodetectors and other optoelectronic devices. Now,
there is an increased interest to achieve similar but better functionalities using TMD
materials. Photoluminescence (PL) experiments on TMDs have shown that their bandgap
ranges from near infrared to visible frequencies of the electromagnetic spectrum. This makes
TMDs superior to graphene as the former covers a frequency range that is significant to
advanced technological inventions [37]. On the other hand, graphene is a zero bandgap
material and also requires time consuming, painstaking and non-scalable manufacturing

processes. For instance, Chien Chung Lee et al., demonstrated the very first graphene based



electro-optic modulator [38] and even though CVD was used as the process of monolayer
graphene sheet synthesis which is a scalable industry level process, yet the manufactured
graphene suffered from the drawback of transfer process. CVD grown graphene requires the
graphene to be grown first on copper foils and then later transferred onto the desired
substrate which is in fact very tricky and requires skills of precision and handiwork. This is
because while the graphene floats on liquid, the process of picking up a fragile monolayer
or even a few multilayers and putting it on the substrate can often lead to twisting or breaking
of sheets. Moreover, as noted by Cedric Huyghebaert et al., the interfacial interaction of
graphene with polymers (like PMMA) and liquid (like water) may also impact electrical
properties of graphene-based device [39] and local strain may result in alteration of local
bandgap [40].

So, apart from attractive physical properties, TMDs are also preferred for ease of fabrication
and scalable manufacturing processes with industrial relevance like direct RF sputtering and

hot pick up and stamp technique as mentioned previously.

1.1.1 Stability considerations and disadvantages of thin film MoS;

Also, fromtab. 1.1, it is clear that MoS; is a very advantageous material for optoelectronics,
but it has its disadvantages too. Controlling these disadvantages will lead to enhanced
functionality of 2D TMD materials. Jian Gao et al., [41] have shown a time lapse comparison
of WS; and MoS; monolayers on selected substrates for up to a year. They show that TMD
monolayers adsorb organic molecules from air and oxidise at grain boundaries. They claim
that the otherwise accepted opinion of TMDs being stable in ambient environment is in
reality wrong and suggest a possible solution to it. The solution proposed by Jian Gao et al.,
is polymer encapsulation. Finally, their study shows a quantifiable effect of MoS;
degradation in terms of reduced transistor current by 2 orders of magnitude and increased
threshold voltage for the aged transistor devices made by MoS,. Jian Gao et al., also noted
that aged MoS; transistor devices show p-type doping which is induced by oxidation of
MoS: sheets over time. Other DFT simulation studies on the other hand conducted along
similar lines by Jana Martincova et al., [42] and Hongsheng Liu et al., [43] also conclude
that monolayer MoS: is unstable in air due to exposed edge sites which get oxidised which
is a result of low energetic barrier at Mo edges. Due to this, oxygen molecules are dissociated

easily especially at Mo edges of MoS..



1.1.2 Electrical properties of MoS:

Furthermore, mobility studies by Branimir Radisavljevic and Andras Kis reveal the presence
of charge traps at the substrate-MoS; interface that reduce the room temperature mobility of
MoS; devices [44]. They further report that dielectric environment effects the electron
transport and hence link it to the electrical mobility of the TMD material. They show that
encapsulation with high - k dielectrics can compensate for the otherwise reduced mobilities
by damping scattering from Coulombic impurities and improve the electrical mobility by an
order of magnitude [45]. In fact, thin film MoS; transistor devices with top gated or back
gated dielectric are relatively easier to fabricate as compared to graphene-based devices.
Coating of dielectrics such as Al>Os can be carried out directly on MoS; by commercially
compatible fabrication processes like atomic layer deposition (ALD) at low temperatures
[46] which enhances the measured room temperature mobility to more than 100 cm?/V-s
[47]. Also, a reduction in contact resistance was also reported by Aravindh Kumar et al., by
comparing MoS; TLM structures with gold contacts before and after Al.Oz encapsulation
[48].

1.1.3 Optical properties and origin of excitons

Optical spectra of different monolayer TMDs - MoS;, MoSe;, WS, WSe> have been
obtained by different methods like Spectroscopic Ellipsometry (SE), Photo-luminescence
(PL) measurements and Ultraviolet-visible (UV-Vis) spectroscopy [10], [33], [49], [50],
[51], [52]. These measurements show that MoS, has an extraordinarily high real part of
refractive index (n) of 6.5 at 450 nm. In fact, complex refractive indices of all monolayer
TMDs (MX2; M = Mo, Wand X =S, Se) are feature-rich in the visible range of wavelengths
and saturate from near infrared wavelength onwards to a high and constant value [33]. These
features dominating the visible range are direct optical transitions [49] emanating due to
Spin Orbit (S-O) coupling of the d-orbitals of the transition metal (say, Mo) at the K-point
of the TMD. This S-O coupling induces splitting of the valence band maxima (VBM)
(shown as v1 and v2 in fig. 1.3) of which d,, and dy2_,2 Mo orbitals constitute its major
part with very little contribution from the p, and p, orbitals of the Chalcogen atom (S or
Se). The conduction band minimum (CBM) on the other hand is constituted mainly of d,z
orbital of Mo and minor contributions from s-orbital of Mo, p, and p, orbitals of the

Chalcogen atom [53], [54]. Direct optical transition from the spin split VBM to the CBM



gives rise to excitons (A and B in fig. 1.3) in the TMDs and appear as strong features in the
absorption spectrum and that of refractive index as mentioned previously. In fact, S-O
coupling (Aso) distinguishes TMDs (Aso ~150 meV [33]) greatly from graphene (Aso ~4
meV [55]) resulting in ~40 times stronger S-O coupling in TMDs than graphene. While the
above-mentioned is true for monolayer MoS;, for bilayer and multilayer MoS,, VBM

splitting is due to a combination of S-O coupling and interlayer interactions [56].
H K r A H

cl

Fig. 1.3: Bandstructure of bulk MoS; [49]. vI and v2 are the split branches of the valence band.A
and B are the excitonic transitions at K-point, E; represents the indirect bandgap of bulk MoS; and

E, the direct bandgap for monolayer MoS,.

1.2 Light matter interaction

In order to understand the significance of complex refractive index for better absorption in
TMDs, it is important to understand the very process of refraction and derive an expression
of refractive index ‘n’ based on the fundamental atomic quantities (such as electron density,
mass, charge) rather than just being defined as a ratio of speeds in two media. The latter
definition of refractive index does not justify the process of refraction, rather is an outcome

of the refraction process. In the first instance, refractive index ‘n’ is very simply defined as:

n=-: (1-1)

v
Where, n is the refractive index, c is the speed of light in vacuum and v is the speed of light
in a medium. However, this description is quite basic and can be misleading when the subject
of discussion is the physics occurring inside the very medium of reference. Eq. (1-1) only
reveals the after effect of refraction i.e., the result of refraction which is the reduction in
speed of light but does not give any information as to what brings about this reduction.

Therefore, the further discussion is aimed at introducing a complete expression of ‘n’ that

takes into account the absorption process in materials like TMDs.



An electric field (Eo) entering a medium of thickness ‘z’ interacts with its atoms which
consists of electrons having mass ‘m’ and charge ‘ge’. This incoming electric field having
an angular frequency ‘w’ exerts an electric force on electrons due to which they start
oscillating in the medium with a resonant frequency ‘w,’and in turn produce fields - like

new radiators. The field thus produced by a sheet of moving charges has velocity of its

charges retarded in time by z/c times a constant A (= g, where, 1 is number of atoms per
0

unit area) [57]:
E=—A |io i piot-2/0)| (1-2)

Upon applying equation of motion on electron oscillators and on comparing it with eq. (1-
2), ‘n’ can be computed:

Nq3

n=1+———-
2eom(wi-w?)

(1-3)

The above dispersion equation [57] defines ‘n’ based on atomic quantities and shows its
dependence on frequency of light as well as the electron density in a medium. Frequency of
electron oscillations differs among materials which gives them a unique refractive index.
This also reveals the fact that while a material can be opaque to visible light, it might be

transparent to other frequencies of light.

Furthermore, we also need to consider some damping because electrons cannot go on
oscillating forever. This damping can be represented by the damping coefficient, ‘y” which
accounts for ‘absorption’ of light in the medium. Also, there are more than one electron in a
material and hence multiple oscillators (say, ‘Nk’ electrons per unit volume having natural
frequency, ‘w;’ and damping coefficient ‘y;’), therefore, eq. (1-3) now becomes:

Nk
—w2+iyRw

2
n=1+_—"%, — (1-4)
k

2€egm

Eq. (1-4) [57] shows that refractive index is a complex quantity n = n’ — in". The effect of
complex refractive index on the light that has passed through a medium of thickness Az is
shown in eq. (1-5) [57] below:

" = s F § - ;
_ a—wmn Azfc —iw(n—1)Az/c iwt—z/c
Eft:ss_}.f £ = : i E{]E ( )

e —— - - (1-5)
1 2




Eiossy here refers to the electric field in the region beyond the medium through which light
passes and the term takes consideration (qualitatively) the attenuation of transmitted light
waves after having passed through the medium. While the second term is representative of
light that passes through a lossless medium (for example, glass), term 1 is a negative
exponent which represents the decrease in magnitude of the resultant electric field of light
emerging out of a lossy, absorbing medium having a complex refractive index. Hence, the
light wave loses its energy after having passed the material due to the presence of the
damping factor introduced previously. Also, note that this reduction depends on n™ and Az
meaning that the greater the imaginary component of refractive index (n") and the thickness
of the material, the greater will be the absorption (or reduction in the magnitude of E). This

‘n™ is actually ‘K’ introduced previously as the absorption coefficient.

1.3 Effect of dielectric encapsulation

There are also optical advantages of having a dielectric in the TMD device. Since the aim of
this project is to investigate active light modulation meaning change in light interaction
inside a TMD upon application of an external stimulus, therefore this work heavily relies on
absorption of light and optical properties of TMDs. Transition metals (or d-band metals) are
especially prone to adsorption processes like chemisorption and physisorption due to high
density of states (DOS) near the Fermi level. Since s-bands are similarly filled across a
transition metal period, therefore the interaction with an incoming adsorbing species seems
similar across that period. The only difference arises from the d-band and since it is a narrow
band, the interaction with an adsorbate, results in splitting to form anti-bonding and bonding
states. The reactivity is therefore dependent on these interactions which further have a
profound effect on the surface properties of TMDs [58], [59]. Thus, incorporating a
dielectric buffer layer has shown to greatly alter and protect optical properties of monolayer
TMDs [60] and this idea was further exploited in past studies to fully encapsulate the TMD
monolayer with Hexagonal Boron Nitride (h-BN) which showed narrowing of the PL
linewidth at room temperature and a greater narrowing at cryogenic temperatures [61], [62].
Furthermore, other dielectrics like Al.Oz and HfO2 have also been used as gate dielectrics
in multilayer MoS; based transistor devices to improve their electrical performance [63],
[64], [65]. These experimental reports of increased electrical performance and enhanced PL

signal of encapsulated TMDs can be explained by decrease in bandgap due to reduction in
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Coulomb interaction of electrons caused by dielectric screening corroborated by J. Ryou et

al.’s calculations [66].

1.4 Role of excitons and gating effect on absorption of light

Now that the process of refraction and its link with absorption in materials is established,
the ways in which absorption can be controlled in materials having complex refractive index
(like TMDs) can be discussed. A phenomenon that is exhibited in TMDs is that of exciton
formation. Exciton is a stable state of an electron and a hole in unison held by Coulombic
force. Presence of excitons (direct transitions at K points) at room temperature despite of
the availability of a lower energy value of indirect transition is an explicit evidence of
exciton stability in TMDs [49]. Absorption is seen to peak near exciton resonances [10],
[49] and Y. Yu et al., have further extended this phenomenon to show tunability of
reflectance (or absorption) in monolayer TMDs by gating them [15]. Tuning the absorption
in turn is responsible for the modulation of refractive index according to Kramers-Kronig

relations.

Furthermore, monolayer TMDs host intralayer excitons while bilayers, few layers and
multilayer TMDs may host interlayer excitons as well depending upon the layer stacking
i.e., polytypism (the most stable being 2H followed by 3R [67]). While it is shown that MoS;
homobilayers of 2H stacking host interlayer excitons [68], 3R stacking does not [69], [70].
This is an important point of consideration since this project deals with few and multi-

layered MoS:; instead of being restricted to monolayers.

Building upon these findings, active electrical control over interlayer excitons has been
experimentally achieved in up to bilayer TMDs [71], [72]. Here the application of an out-
of-plane electric field brings about a change from symmetric to type-1l band alignment
(conduction band minimum lies in one of the materials and valence band maximum lies in
the other material of the heterostructure) which is otherwise observed and studied in TMD
heterostructures that also forms the basis of existence of interlayer excitons in them [73],
[74], [75]. Alternatively, B. Chakraborty et al., and V. G. Kravets et al, have shown
tunability in monolayer WS; [76] and MoS: [77] respectively by electrostatically inducing

free carriers directly in the TMD layer and changing excitons’ oscillator strengths.
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Present work extends the above-mentioned ideas to large area few and multilayers of MoS>
prepared with a photolithography compatible technique and a control over the shape and

placement of the film on the Fabry-Pérot based cavity stack.

1.5 Applications

TMDs have taken the spotlight when it comes to manipulating light to suit many
applications. For instance, open pore structure leads to larger available surface area in um
thick directly sputtered MoS; films which result in sustainable high capacitance
measurements, reported by N. Choudhary et al. [19] and making MoS; a potential candidate
for supercapacitors. MoS; thin films also serve as low cost and efficient electrocatalysts for
hydrogen evolution reactions (HER) thus replacing Pt-based catalysts. Conventionally, only
edge sites on MoS; flakes were believed to be catalytically active [78] but more recently, it
has been reported that continuous monolayer MoS; film without edge sites is more
catalytically active [79] having ~10 [80] — 55 [78] times higher current densities at 0.19 V.
The HER activity is further enhanced by introducing Mo Frenkel defects in monolayer MoS>
as shown by J. Xu et al. [81]. In fact, MoS; is not limited to energy storage and catalysis
applications but also serves a useful platform for energy conversion. CVD grown few-layer
MoS: has reportedly shown significantly high in-plane thermopower (Seebeck coefficient)
~ 742 pVIK at room temperature [82]. Though, lower than the previously reported
thermopowers for CVD [17] and mechanically exfoliated [18] based monolayer MoS;, but
this is the first study to investigate thermo-electric (TE) properties of large area and few

layers thick MoS; as well as measure cross-plane thermopower ~ 115 pV/K.

Y. Zhang et al., further reported combined photo-induced thermoelectric and photovoltaic
effects in multilayer MoS; which makes it a good candidate for solar and photodetection
applications too [83]. And indeed, MoS: photoelectric properties were investigated by C.
Wau et al., and the study concluded that the same thickness of MoS; responds differently
under different wavelengths of light [84]. Monolayer MoS; showed a higher photosensitivity
when it was illuminated by a UV light source (365 nm) compared to when illuminated by
532 nm and 650 nm light. Based on this property of high photoresponse, TMD based
phototransistors with active pixel control in the visible light range [65] and waveguide-led
photodetectors in the infrared regime [85] have been successfully demonstrated by S. Hong

et al. and Shayan Parhizkar et al. respectively justifying the versatality of 2D TMDs. They
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further emphasized on the following: high carrier mobility which is theoretically calculated
to be as high as 410 cm?/V-s [86] (experimental: 2.7 cm?/V-s to 3.7 cm?/V-s [85]), easy
back-end-of-line (BEOL) integration in optoelectronic circuits, stability in ambient
conditions, the ability to transition between semiconducting and semi-metallic phase so as
to attain a finite and zero band gap (based on application) by controlling layer thickness and

compatibility with various other substrates.

Finally, S. Parhizkar et al., also proved the superiority of direct chalcogenization of
transition metals by a less explored technique known as Thermally-Assisted Conversion
(TAC) over wet transfer process as the former rendered conformal deposition of TMD films
while the latter does not and in fact leads to wrinkles and breaking of the thin film near edges
or waveguides. Therefore, we extend the use of the TAC technique to other TMDs like MoS;

and compare all the devices based on electrical and optical characteristics.

1.6 Thesis Outline

Chapter 2 elaborates on the TMD synthesis process focussing on the TAC method used in
this work. This is followed by a material and optical characterisation measurements for
different stack design consisting of MoS. This includes optical characterization -
spectroscopic ellipsometry, UV-Vis spectroscopy, XRD, Raman and photoluminescence
spectroscopy. To learn about the surface morphology, atomic force microscopy and
scanning electron microscopy were also performed and the results are presented for the

Same.

Chapter 3 deals with electrical characterization of MoS; films (based on thermally assisted
conversion (TAC) method of synthesis) that includes capacitance - voltage (C-V), current -
voltage (I-V) and resistance - temperature (R-T) measurements. It also discusses about the
different material combinations and designs for both contacts and dielectrics that can be used
to obtain the best performance for the TAC based TMD stack.

Chapter 4 includes differential reflectance (DR) results of stacks that include MoS; which
was synthesised using the TAC process. DR results were obtained from our in-house CCD
based DR measuring tool. The chapter further attempts to establish links between MoS;
exciton dynamics and theory of tuning mechanisms with the experimentally obtained results
to explain the underlying exciton-light mechanisms responsible for the change in reflectance

upon gating the TMD stack.
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Chapter 5 deals with photo-induced response of TAC based MoS; under a broad spectrum
of light as well as when illuminated a focussed laser of fixed wavelength. An investigative
study of pyroelectricity observed in TAC based MoS: films was carried out and the main

parameters influencing this effect are discussed.

Chapter 6 finally concludes the main observations based on the experimental results

obtained and future prospects in this field.
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2.1 Introduction

Many techniques have been utilised for synthesising 2D thin films of transition metal
dichalcogenides (TMDs). Following the evolution of graphene synthesis from graphene
nanoparticles to thin films, synthesis of TMDs like MoS; has also undergone its own
synthesis evolution from solution processed methods like liquid exfoliation [1], [2], liquid-
liquid interfacial thin-film assembly [3], mechanical exfoliation [4] to vapour phase
sulphurisation methods like chemical vapour deposition (CVD) [5], [6], [7], dry transfer
using viscoelastic stamping [8] to bypass the use of any wet solvents to dissolve polymer
supports, hot pick up and stamp [9], [10] technique and etch-free MoS;, synthesis using
PMMA [11]. Another method though less explored but holds massive potential in large scale
synthesis of thin films goes by the names — vapour phase sulphurisation or thermal vapour
sulphurisation or thermally assisted conversion (TAC) [12], [13], [14]. Here pre-deposited
Mo film on a substrate is sulphurised by sulphur vapour flowing over it. In a way, this
method of synthesis can be considered to be a modified version of CVD. Y. Zhan et al., have
highlighted the scalability of this modified CVD method of synthesis by showing uniform
deposition of atomically thin MoS: layers on a SiO» substrate [15]. The significance of this
technique is proven when SiO is etched away to obtain 0.8 cm? continuous MoS; showing
the lateral area of the film to be dependent on the substrate’s lateral size. They further relate
the starting Mo thickness with MoS; obtained after sulphurisation, claiming the starting Mo
thickness as a useful parameter to control the thickness of the MoS; layer obtained at the
end. D. Kong et. al., synthesised edge-terminated MoS; using the same setup and a rapid
sulphurisation process [16]. MoS; based large area ammonia sensors were also synthesized
using this vapour phase sulphurisation which proves that this can be the preferred method

of synthesis to achieve MoS; film integration in a device [17].

In this chapter, our in-house modified version of this CVD-like technique is introduced
where metal evaporated films (of Mo in this work, but generally, other transition metals can
also be used) are sulphurised in a quartz tube in the presence of forming gas and sulphur
vapour. This was setup by previous owners (Niall McEvoy’s group) of our lab that included
Dr. Riley Gatensby who assembled this setup and got it operational. The same setup is used
to make MoS; films in this work. The samples include MoS; films just by themselves on a
substrate as well as multilayer stacks that include MoS; films as one of the layers. In this

work, this method will be referred to as — thermally assisted conversion (TAC).
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2.2 Thermally-assisted conversion

This section presents the details of our in-house TAC process. Other sample preparation
techniques like CVD, ALD and magnetron sputtering were also used to synthesize certain
sample stacks presented in this work (other chapters) but that was done to compare the
performance of MoS; synthesised by those methods with the TAC based MoS;. So, main
emphasis is put on detailing the TAC process in this section which is capable of producing
thin TMD layers. Due to the reasons of film homogeneity and process scalability, a process
that can be employed at the semiconductor industry level and very similar to CVD process
is chosen. Thus, TAC is explored in this work. It converts a transition metal to a transition
metal dichalcogenide (TMD). Here, the transition metal layer is deposited on a substrate
using sputtering or metal evaporation techniques and then chalcogenized in a controlled
temperature and pressure environment in a furnace. Fig. 2.1 shows the step-by-step process
of TAC.

Raman and PL
Sputtering/PVD 600-900 °C, Hy+Ar —_ Material Il
—_— . .
Transition Sulphurisation characterization
Substrate Metal *“M” ‘M’ on Substrate MS, on

Substrate [ s ]
Metal contacts and/or

more layers via

| 2 and 4 point |-V sweep

C-V measurements

| R. (TLM) measurements

measurements

‘ Differential reflectance measurements

|
|
|
Temperature coefficient of resistance (TCR) |
|
|

‘ Photoresponse measurements

Fig. 2.1: A schematic flow diagram of TAC process showing the steps of a transition metal (Mo)
being chalcogenized (sulphurized) to form a transition metal dichalcogenide (MoSz).

In this process, the focus is on sulphides and especially Molybdenum Disulphide (MoS).
All metal and dielectric depositions in this work were carried out using a tabletop magnetron
sputtering tool capable of physical vapur deposition (PVD). The one used here was called
the nano-PVD or nPVD system by Moorfield Nanotechnology Ltd., UK. Mo was deposited
at 2% DC power and 5 sccm Ar flow rate in a vacuum chamber at a deposition pressure
around the range 102 mbar and calibrated with a deposition rate of 0.03 nm/s. Calibration
was done by depositing Mo for a long time around 600 s and then measuring under XRR
and ellipsometry to confirm the thickness. Depositing Mo at 2% DC power and 5 sccm Ar

in the nPVD sputtering tool for 600 s and 900 s resulted in around 18.4 nm and 28.4 nm
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thick Mo films respectively confirmed by XRR. Deposition rate was thus calculated by
dividing the measured thickness by the time of deposition which came out to be 0.03 nm/s.
Room temperature was maintained during all metal depositions at the substrate holder plate.
After having deposited the Mo metal on a suitable substrate, the sample placed on a ceramic
boat which is then carefully inserted into the middle of the TAC furnace by sliding it using
a long rod. Sulphur powder is kept alongside on a separate boat and the entire system is
pumped down to 30 mTorr. At this point, no gas is flowing inside the tube and everything
is around room temperature. Then the temperature is increased around 700-900 °C with Ar
flowing in the tube. TAC process starts when the temperature at the sample boat reaches the
set-point and a mixture of Hydrogen and Argon (Ar/Hz: 10%/90%) gas is made to flow
inside the furnace that carries with it the sulphur molecules evaporated at the other end of
the furnace. The heat generated by a halogen lamp around the sulphur boat sublimates the
sulphur powder to sulphur vapour that flows towards the sample boat. This is pictorially
represented in fig. 2.3(a). The melting point of sulphur is 112.8 °C and the halogen lamp
provides enough heat for the sulphur powder to sublime. The sublimination temperature is
measured via a thermocouple (TC-2) installed inside the sulphur boat and monitored from
outside the setup. The actual in-house constructed setup is shown in fig. 2.2. Fig. 2.2(a)
shows the view from one end of the TAC setup showing a sulphur trap (S-trap) to protect
the vacuum pump and the end of the tube (end-1) from where the sample boat is inserted.
Fig. 2.2(b) shows the mid-section of the setup with the quartz tube passing through the
benchtop furnace and its other end going through the halogen lamp. A thermocouple (TC-
1) placed inside the furnace monitors and controls the temperature of the sample boat placed
in the middle of the furnace. The sample is kept approximately in the common geometric
centre of the tube and furnace shown in fig. 2.2(b). The furnace shown is open since it is at
room temperature but lid is closed during the TAC process because a temperature of around
850°C needs to be maintained in it. The last section of the setup is shown in fig. 2.2(c) which
shows the placement of the halogen lamp near the other end (end-2) of the quartz tube. The

sulphur boat is inserted from this end along with TC-2 readout cable.

Sulphurisation using TAC process produces thickness controlled, continuous, large area
TMD thin films [12]. The large lateral area of the TMD depends on the area of the starting
transition metal so wherever the transition metal is evaporated on the substrate,
sulphurisation via TAC will convert the transition metal in that area to transition metal

dichalcogenides.

24



Fig. 2.2: (a) left hand-side section of the TAC setup showing S-trap and end-1 to insert the sample.
(b) Mid-section of the setup showing the furnace and quartz tube passing through it where the sample
boat is placed. (c) Right hand-side section of the setup showing halogen lamp to heat up the Sulphur
boat, TC-2 and end-2.

In the following sections, different samples will be referred to, which include TAC MoS; of

different thicknesses, either by itself on a substrate or as a part of a stack with other layers.

Some of these samples are restricted to just this chapter but some of them will also be

discussed in other chapters. For convenience, Table 2.1 lists all these samples including

their synthesis details and most importantly a label to quickly identify them from this look

up table whenever the sample name comes up in the chapter text.

Table 2.1: List of samples used in this chapter with details including stack structure, sulphurisation
temperature and time

Sample Substrate Stack structure Starting Starting TAC TAC
name Mo Mo temperature time
thickness = deposition (°C) (min)
(nm) time (s)
SC-A Quartz Substrate/MoS,/ 1 750 30
SC-B Au (100 nm) 2
SC-C 3
SC-D 4
SC-E 5
SC-F Quartz Substrate/Au (100 65 850 30
SC-G nm) /SisNg4 (30 100
nm) /MoS,
MoIDE17 Si/SiO, Substrate/Ti (1 17 850 30
MoIDE21 (300nm) nm)/ Au IDEs (50 21
MolIDE30 nm)/MoS; 30
MoIDEG60 60
MolDE120 120
MolDE150 150
MolDE200 200
MoTLM150 Si/SiO, Substrate/MoS; 150 750 30
(300nm) (TLM bar) / Sn
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(10 nm)-Au (25
nm) TLM contacts

A Quartz Substrate/MoS; 15 57 850 30
B 1.3 46
Cc 0.8 30
Samplel Si/SiO, Substrate/ HfO 30 750 5
(300nm) (30 nm)/ MoS;
Sample2 Quartz Substrate/ Ti (1 21 750 5

nm)/Au (100 nm)/
HfO, (30 nm)/

MOSz
Sample3 Quartz Substrate/MoS; 3 750 40
Sample4 10
Mod-A Quartz Substrate/ Ti (1 30 850 30
Mod-B nm)/Au (100 nm)/ 46
Mod-C SisN4 (30 nm)/ 57
MOSz
Sampleb Glass Glass/ Indium Tin

Oxide (185 nm)
(commercially

bought)

Sample6 Sample5 Glass/ Indium Tin 35 750 30

Oxide (185

nm)/MoS;
Sample7 Sample5 Glass/ Indium Tin 16 750 30

Oxide (185 nm)/Ti
(0.5 nm)/ MoS;

Sample8 SizNa Substrate/MoS; 46 750 30
Sample9 SizNa4 Substrate/MoS; 435 750 30
Samplel0 Quartz Substrate/MoS; 46 750 30

It should be noted that in this table, TAC temperature and time varies across samples but
other parameters like the pressure maintained inside the tube during TAC (~ 0.7 Torr), Ar/H;
gas flow (150 sccm), sulphur furnace temperature (113°C) remain the same. Also, Mo
deposition parameters inside the nano-PVD system remain the same to assume the same
calibration for deposition rate. In reality, as the sputtering tool is used with time, it does not
always deliver at its optimum capacity. Deposition rate of a sputtering target changes slightly
due to deterioration of power over time which is supplied to the target. And so, the deposition
rate must be calibrated regularly just as a procedural check. This is normal wear and tear of
such tools and slight changes in the voltage, current and power to the sputtering target can
bring about change in the amount of material being sputtered. Therefore, the samples used
in this study had Mo sputtered with a deposition rate around 0.027-0.03 nm/s. For this
reason, the thicknesses mentioned for Mo and/or MoS; in this thesis are approximated to a
nearest value when relying purely on the calibrated deposition rate to calculate thickness.
Since, thickness measurement was not performed at every stage of every stack, relying on

the calibrated deposition rate is the easiest choice. And since the deposition rate did not
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change much over time, Mo starting thickness can thus be used as a parameter to distinguish

between different samples with confidence.

2.2.1 Static colouration using metal backing

A good example depicting the TAC process and ease of sulphurisation over a large area is
shown in fig. 2.3(a). Here the transition metal, Mo was sputtered all over the 1 cm? quartz
substrate and so after sulphurisation via TAC, MoS; is formed all over the area of the
substrate. The reason of strong coloration in the samples (‘SC-A to E’ from tab. 2.1.) shown
in fig. 2.3(b) is that MoS; is deposited on quartz (a transparent insulating substrate) and has
Au metal coating on top of it. When the substrate is flipped over, what is viewed is the light
passing through the quartz, interacting with MoS; and then reflected back from Au after it
has changed its phase and path length. Therefore, what appears is coloured or tinted shades
ranging from pale yellow, pink and blue depending upon the MoS; thickness as depicted in
fig. 2.3(b). This coloration which is a function of MoS; thickness and occurs without using
any active control or external stimulus is thus referred to as ‘static coloration’ in this work.
Itis also a good example which demonstrates film thickness control because the difference
in the colour and shade among the samples shown depict the different starting thicknesses

of the transition metal (Mo).

(a) 113°C
o~ Ar Flow A
S Powder
U B
“ C
D
Si/sio, &
Sputtered Mo

Fig. 2.3: (@) TAC process inside the closed furnace. The melting point of Sulphur is 112.8 °C
therefore the halogen lamp provides sufficient heat for the Sulphur to evaporate which is carried
towards the sample placed in the vicinity forming gas. (b) MoSz samples (samples ‘SC-A to E’ from
tab. 2.1.) of different thicknesses showing coloration that is dependent on the thickness of starting
metal (Mo). Here, samples A, B, C and D are shown with thicknesses 1 nm, 2 nm, 3 nm, 4 nm and 5
nm respectively.
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Sample A with a yellow tint is the thinnest MoS; since the Mo starting thickness was around
1 nm while sample E that shows deep blue colour had a 5 nm Mo deposited first which was

then sulphurised to form around 17-layer thick MoS;.

Another notable observation is around the corners of the substrate where the sample was
taped off using Kapton tape for the metal depositions. Metal is only deposited in the areas
with no Kapton tape and therefore colouration is observed only for those regions on the
substrate that are backed by metal i.e., the middle regions of the substrate. Therefore, it
becomes easier to observe this colouration due to the optical interference caused by metal
backing, thus highlighting the regions with MoS; (seen as different colours and shades as
mentioned previously) on quartz leaving out the corners because Kapton tape prevented the

metal to be deposited in those regions and are clearly demarked from the MoS; regions.

Static colouration can also be achieved in patterned stacks as shown in fig. 2.4(c), (d). For
reference, the same five samples (‘SC-Ato E’ from tab. 2.1.) are shown in fig. 2.4(a) again
with quartz substrate and varying starting Mo thicknesses along with their corresponding
number of layers of MoS; obtained after the TAC. As mentioned previously, these samples
show distinct colours according to their thickness i.e., number of layers and occurs due to
optical interference between the TAC MoS; and Au deposited on them. Since these patterned
layers (using photolithography) are deposited on a quartz substrate, the samples are also
flipped and observed from the back side depicted in fig. 2.4(b) to observe the colouration

due to interference.

@ ®)
Mostarting 1nm 2nm 3pm  4nm  Som Top view Side view
thickness:

MoS,
thickness: (~3.5L) (~7L) (~10L) (~14L) (~17L)

C 1. INle
s

Fig. 2.4: (a) Samples with varying thicknesses backed by gold. (b) descriptive image of the samples
in (a) showing top view and side view. The arrow shows the direction from which the sample is
viewed when flipped. Similar design implemented in patterned samples viewed through quartz after
flipping for (c) SC-F and (d) SC-G.
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Once again, in this case as well, the flipped side of the quartz substrate allows us to view
MoS; on Au through it i.e., light passes through the quartz layer first, then MoS; and then
experiences the MoS/Au interface and bounces back from Au coming out to show the static
coloration phenomenon. Images were taken with the samples being flipped and showing
static colouration while also proving successful MoS; deposition in a patterned area along
with the desired optical interference caused by Au on it. The MoS; shown in fig. 2.4(c)
(sample ‘SC-F’ from tab. 2.1.) got uniformly deposited on the photolithographically
patterned square pad with initial Mo layer but the Au layer on top of it was not lifted off
properly and so the colouration caused by the interference of the two layers is seen as an
arbitrary shape consistent with the region where Au stayed after lift-off. Nonetheless, when
compared with fig. 2.4(a), it matches the colour corresponding to 7L. In fig. 2.4(d) (sample
‘SC-G’ from tab. 2.1.), both the consecutive processes — 1) MoS; deposition using TAC
followed by 2) Au lift-off — were done successfully and a clean patterned region was

obtained. Here, the colour matches with 10L sample shown in fig. 2.4(a).

2.3 Raman spectroscopy measurements

Raman spectroscopy determines the chemical fingerprint of a material by measuring change
in its vibrational state as a response to incoming monochromatic light. While most of the
incident light scatters elastically from an atom, a tiny proportion of it on the other hand,
undergoes inelastic scattering thereby placing the specimen's atoms in a new vibrational
state. To preserve the total energy of the system consisting of incoming photon and
specimen’s atomic vibrations, the inelastically scattered photons thus acquire or lose energy
which is probed in the form of its shift in frequency, wavelength or wavenumber in Raman
spectroscopy measurements. This is represented as scattering intensity (counts) asa function
of change in wavenumber (cm™) also known as a ‘Raman spectrum’. Every material has
certain vibrational modes which are different on surface than its bulk and this makes Raman
spectroscopy highly surface sensitive as well. This is because Raman laser interacts with
atomic vibrations (phonons) which are different on surface due to symmetry breaking and
change in atomic arrangement compared to bulk. While in bulk, it can be visualized that
atoms have satisfied bonds in all directions but on the surface, termination of bonds occurs
due to symmetry breaking and so phonon activity also changes. In fact, Raman spectroscopy

is an excellent method to carry out in-depth experimental study on electron-phonon
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interaction and mobility-limiting property of phonons [18]. Additionally, phonons also

determine thermal conductivity [19] and mechanical strength [20].

Raman spectroscopy in this work was performed using Witec Alpha 300R confocal Raman
microscope with integrated 532 nm and 632 nm laser lines. Grating of 1800 lines/mm was

chosen for Raman measurements.

The Raman spectra of TAC based MoS; samples with varying thicknesses is shown in fig.
2.5 and fig. 2.6. The ones in fig. 2.5 were deposited on 50 nm Au inter-digitated electrode
(IDEs), with inter-electrode spacing of the order of um range and are from the sample group
‘MoIDE17-MoIDE150’ in tab. 2.1. Given the significant inter-electrode spacing between
the IDEs, MoS; thus deposited as the last layer gets to be on top of Au IDEs as well as the
inter-electrode region between IDEs i.e., directly on the substrate. So, the Raman spectra of
the 6 MoS, samples (corresponding to Mo deposition time varying from 17s to 150s) shown
in fig. 2.5(a) were taken from the interelectrode spacing regions or ‘MoS; on substrate’
region i.e., from the region in between the IDEs. A comparison of Raman spectra from the
two regions will be discussed in sec. 2.3.1.1. And the samples in fig. 2.6 were deposited
directly on Si/SiO, substrate and are from the sample group ‘A-C’ in tab. 2.1. For these
Raman spectroscopy measurements, a laser source of 532 nm was used. The deposition time
has been used as a parameter to distinguish between the samples, their spectra and
qualtitatively characterize the samples in fig. 2.5(a). This is because the higher the
deposition time, the higher is the starting Mo thickness as per the calibration calculations
discussed in sec. 2.2 and therefore higher is the MoS; thickness.
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Fig. 2.5: (a) Raman spectra of MoSz samples (‘MoIDE17-MoIDE150° from tab. 2.1) formed from
varying starting Mo deposition times on Si/SiO: (b) Difference between 4, , and Ezlg peak positions

from (a) plotted against Mo deposition time.
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Fig. 2.5(a) shows the two characteristic peaks of MoS; (marked by Eég and A,g) used to
quickly identify the material. Eég peak represents in-plane vibrations while A, represents
out-of-plane vibrations. So, a high ratio of intensities of Eig and A, peaks shows the extent

to which the deposited MoS; layers are in-plane.

The evolution of the A, peak slightly drifting away from the Eﬁg peak signifies increase in

MoS; thickness because the greater the difference (marked by AK) between them, the thicker
the MoS; film is. Fig. 2.5(b) shows this variation by plotting Ak as a function of increasing
starting Mo deposition time. Raman spectroscopy here can be only used to characterize
thickness of MoS; qualitatively and should not be used to quantify thickness because not all
TAC based MoS; few-layer films are oriented in the same plane. Different modes (peaks)
are enhanced when using different excitation light energies and UV enhances certain second
order and inactive modes in 2D TMDs like Bég because of its lower penetration depth in the
material [21], [22], [23]. This gives more insight into the phonon activity in such materials
and link between phonons and electronic structure of the material. The E%g and A, peaks
can be identified easily in the Raman spectra shown in fig. 2.5(a) and compares well with
literature based on large lateral area synthesis of MoS; [24], [25]. The values of the peak
locations match with the ‘bulk’ values mentioned in [21] which correspond to few-layer
MoS: films of thickness more than 4 layers which is the case in this project. Therefore, these
films are thin enough to be called 2D but are not atomically thin. Monolayer MoS; has also

been produced in this work which will be discussed later.

A closer look reveals this slight drifting of A, peak from Eig peak as plotted in fig. 2.6.
These TAC based MoS; films referred to as “‘A’, ‘B’ and ‘C’ in tab. 2.1 were deposited

directly on a quartz substrate with starting Mo thickness of 1.5 nm, 1.3 nm and 0.8 nm
respectively, (calculations based on calibration discussed previously and thickness measured
by AFM and ellipsometry). A, peak of each of these measured samples was fit using a
pseudo-Voight function to precisely obtain its position on the x-axis i.e., the Raman shift
(cm™). The difference between the two characteristic peaks of MoS; i.e., Ag— Eig depicted
by ‘AKk’ relates to the thickness of MoS; films. As marked by dashed vertical lines in fig.

2.6, the peak position of Eﬁg peak remains constant across the three thicknesses of the

measured Raman spectra while A, peak undergoes a slight shift.
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Fig. 2.6: Few-layer TAC based MoS: films showing slight deviation of the A, peak with increasing
thickness.

Assuming the peak positions marked by dashed lines for ‘C’ sample as reference, the A4
peaks of both sample ‘A’ and ‘B’ are slightly shifted from it indicating increasing thickness
of the samples. Apart from the peak positions, peak intensity ratios and FWHM also provide
significant information about the deposited MoS, film. While peak ratio hints at the
orientation of the grown MoS; film [26], [27], FWHM of the peaks indicates atomic order
in their layers [28]. E§g peak relates to in-plane vibrations of the MoS, molecules while A,
peak is associated with their out-of-plane motion. So, the ratio of the intensities of the two
peaks signifies which motion dominates the other or whether they are equal in which case

the ratio is 1.
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Fig. 2.7: MoS: prepared by (a) CVD and (b) Hot pick-up and stamp technique.
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Generally, this ratio equals to or tends to 1 for MoS; prepared by the CVD technique and
hot-pickup-stamp technique. CVD MoS; was prepared in our furnace by Dr. Niall McEvoy's
group and MoS; prepared using the hot pick-up technique was acquired from our
collaborators — Dr. Jose Caridad’s group in University of Salamanca, Spain. And then I
performed Raman spectroscopy on them, results for which are shown in fig. 2.7(a), (b)

respectively. These data sets are good for comparing with Raman results of TAC MoS..

The narrower the peaks are, the more pristine and ordered the deposited MoS; isand FWHM
of the peaks quantifies this parameter. In the spectra shown in fig. 2.7, it was observed that
MoS; prepared by CVD has intensity of E§g peak to be almost equal to that of A, but
comparatively broader FWHM compared to MoS; prepared by hot pick-up and stamp

technique while E%g peak is slightly lower in intensity than the A, peak in this case.

2.3.1 Patterned MoS:

Drawing attention back to TAC based MoS;, the following results were obtained from
patterned (using photolithography) TAC based MoS; samples measured under the 532 nm
laser. 3 designs will be discussed here. Firstly, TAC MoS; was deposited on 50 nm thick Au
source-drain (S-D) interdigitated electrodes (IDEs). This design will be explained in detail
in chapter 3, sec. 3.2.2 (3-3.2.2). Si/SiO; substrate prepatterned with Au S-D IDEs was used
for this sample and since MoS; was deposited over each IDE set (as per the design explained
in detail in 3-3.2.2), there were regions with MoS; deposited directly on Si/SiO; and on Au
IDEs. Raman measurements were carried out on both these regions. Note that a thin (~ 1
nm) film of Ti was deposited beneath Au to increase its adhesion with the substrate.
Secondly, measurement was carried out for MoS; patterned as 5 um wide bar using TAC on
HfO2 (30 nm) coated Si/ 300 nm SiO> substrate shown in fig. 2.9 (top-left image). This is
referred to as ‘sample 1’ in tab. 2.1. The pattern was obtained by utilizing standard
photolithography processes and depositing the starting metal (Mo) followed by its
sulphurisation. After sulphurisation, MoS, formed at sites where Mo was present i.e., the
initial patterned bar of Mo became bar of MoS,. Lastly TAC MoS; was deposited with the
same methodology on top of patterned Au and HfO> (using photolithography). This is
referred to as ‘sample 2’in tab. 2.1. In this design, Au was patterned on quartz substrate as
two square pads and a horizontal bar connecting the two for continuity and HfO, was

patterned as another square pad on top of one of the Au pads. MoS; was included in this 3-
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layer stack as the topmost layer. It overlaps the Au/ HfO, area and extends out perpendicular
to the Au pattern. This stack is represented as: MoS,/ HfO,/Au/quartz and is shown in fig.
2.9 (bottom-left image). This structure will be explained in detail in chapter 4 due to its use
in active modulation of light but here this stack is simply characterized to show continuity
and uniformity of TAC based MoS; prepared at high temperatures like 750°C without
causing damage to underlying layers — L1 and L2. This stack was measured under the same

conditions as the one shown in fig. 2.9 (top-left image).

2.3.1.1 Raman measurements on MoSz directly on Si/SiO2 region vs on Au

Considering the sample with IDEs (MoIDE21 from tab. 2.1), as mentioned previously, there
are regions where MoS; has Au directly beneath it and there are adjacent regions where
MoS:; has the substrate (Si/SiO2) below it. Raman laser spot was first focussed on the region
of MoS; with Au electrode beneath it and then on the region of MoS; lying directly on
Si/SiO; substrate. The corresponding spectra for both the regions are shown in fig. 2.8(a),
(b) respectively. The Raman spectrum corresponding to MoS; directly on the Si/SiO>
substrate (fig. 2.8 (b)) is smoother and less noisy compared to the spectrum from MoS; on
AU/SI/SIO: (fig. 2.8(a)).
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Fig. 2.8: Raman single spectrum of ‘MoIDE21’ taken from (a) MoSz on Au (IDE) region and (b)
MoS:z on Si/SiOz

Both cases show the two characteristic peaks of MoS,. The peak around 520 cm-
corresponds to Si and so it is more prominent in the case where MoS; is deposited directly
on Si/SiO; as seen in fig. 2.8(b). This peak reduces in the case where MoS; is deposited on

the Au region as seen in fig. 2.8(a). There are some more differences in the two spectra in
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terms of the FWHMSs of each peak, peak intensity ratios and area ratios. The Eig peak
FWHM change is around 21.5% and Aiq peak FWHM change is around 8.7% which goes
to show that MoS, on Au is more ordered and has better crystalline quality than when
deposited directly on Si/SiO». Additionally, the relative difference in the heights of the two
peaks also changes slightly when MoS; on Au is compared with MoS; directly on Si/SiO,.

Taking ratio of the peak intensities (IE%g/IAlg) as the measure of relative difference in peak

heights in both the cases, it can be observed that in the case of MoS; directly on Si/SiOa, Eég
peak is much smaller as compared to the Eég peak in the case of MoS, on Au in reference
to their respective Aiq peaks. Therefore, the intensity ratio in MoS; on Au is higher than that
of MoS; on Si/SiO2. This hints at possibly more in-plane oriented deposition of MoS; on

Au and less in-plane deposition of MoS; on Si/SiOa.

2.3.1.2 Raman and PL mapping of patterned MoSz monolayers and bilayers

The results shown in fig. 2.8 are for patterned MoS; of a large lateral area (4 mm?) on top
of Au IDEs. Fig. 3.8(a) shows the top view of this design and as mentioned earlier more
details of this are mentioned in chapter 3, sec. 3.2.2 (3-3.2.2). But using photolithography to
pattern TAC MoS; as a thin bar of width 5 pm was successfully implemented as shown in
the microscopic image in fig. 2.9. Its corresponding Raman spectrum is also shown and is

represented by ‘Sample 1° in fig. 2.9.
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Fig. 2.9: Raman single spectrum taken from (a) MoS: patterned as 5 um wide bar on HfO: coated
Si/SiOz substrate (‘sample 1 from tab. 2.1°) and (b) MoS: patterned as 50 pm wide box on HfO2/Au
on quartz (‘sample 2 from tab. 2.1°).
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Moreover, TAC based MoS; can also be patterned as a part of a multilayer stack without
getting damaged itself or damaging other layers during the multi-step lithography processes
that require spinning of photoresist and lift-off (corresponding spectrum represented by
‘Sample 2’ in fig. 2.9). The single spectrum in ‘sample 2’ is taken from the spot marked by
the red cross which is the region with all three layers overlapping: MoS,/ HfO./Au on quartz
substrate and is 50 um wide. The difference in the two characteristic peaks, Ak is 19.6 cm-?

and 22.34 cm for ‘sample 1’ and ‘sample 2’ respectively.
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Fig. 2.10: (a) Optical image of a representative sample ‘Mod-C’ based on the same stack design as
used in ‘sample 2°. Orange region is the active area: M0S2/SisN4/Au. (b) Zoomed-in optical image
of a section of the active area from a similar sample based on the stack design explained in (a). (c),
(d) Raman maps of the region shown in (b) maximised at the Ezlg and A, 4, peak positions depicted

in (e) and (f) respectively.

To investigate the stack structure introduced in sample 2 further, Raman mapping was done
on the same design but a different stack having MoS; of thickness ~4 nm (measured by
AFM). Fig. 2.10(a) shows one such stack with three layers. Layer 1 (L1) is 100 nm Au
comprising of two square pads connected with a horizontal strip, layer 2 (L2) isa 30 nm
SisN4 square pad slightly bigger than the Au square pads and covering one of the Au pads
entirely (right pad is covered by SisN4 shown in fig. 2.10(a)) and finally layer 3 (L3) of
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MoS; consisting of a vertical bar shape (orange colour) on the middle of Au/SisN4 square

pad and extending out as a square pad in the bottom.

The image shown in fig. 2.10(a) is a zoomed-out image of how every device looks when
this stack design is implemented using either of the photolithographic tools — Suss Mask
aligner or Heidelberg direct writing. The latter gives cleaner edges though. Focussing on the
orange active area (i.e., the area formed by intersection of the three layers) of the device, red
dashed box in fig. 2.10(a), marks the area selected for Raman mapping. A zoomed-in optical
image of this region in the device measured under Raman spectroscopy tool is shown in fig.
2.10(b), it was observed through Raman mapping of the focussed area (um? range) that
MoS; deposited via TAC in the overlapping regions of underlying Au and SisNs4 was
continuous and uniform across the entire active area. This occurs clearly in the overlapping
area i.e., the area of all 3 layers (Au, SisN4, Mo0S;) overlapping. Any area beyond this
overlapping area does not contain one of the 3 layers and results in a height difference
relative to the overlapping area which is being probed. As a result, no signal comes out of
those areas because the laser is focussed to probe the signal from the height corresponding
to the overlapping area of the 3 layers and anything beyond this goes out of focus for the

laser spot.

This is observed in fig. 2.10(c), (d) which show the Raman maps of the area shown in fig.

2.10(b) maximised for intensity at Eﬁg (fig. 2.10(e)) and A4, peak (fig. 2.10(f)) respectively.

This maximisation at each peak is shown as blue boxes spanning a range of wavenumbers
across the two characteristic peaks. The uniform colour in both cases (fig. 2.10(c), (d))
indicates uniform quality of MoS; across the entire area. As expected, the surrounding areas
do not show any Raman signal indicating deposition of MoS; is only in the patterned region.
‘Sample 1’ was introduced in fig. 2.9, and it showed Ak equal to 19.6 cm™ indicating a
monolayer of MoS; deposited asa 5 pm wide bar on Si/SiO2 substrate covered entirely with
30 nm of HfO2. A clearer and larger optical image of this is shown in fig. 2.11(a) while fig.
2.11(b) shows photoluminescence (PL) map of a portion of this MoS; bar marked by a red
dashed box in fig. 2.11(a). A reference PL single spectrum measured at a random point on
the MoS; bar is shown in fig. 2.11(c) and the PL map in fig. 2.11(b) is obtained by choosing
to plot the maximum intensity of PL signal coming from the 1.9 eV peak to map out the PL

intensity along the MoS; strip associated with only this peak.
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Fig. 2.11: (@) 5 um wide bar of MoS2/HfO2 ‘sample 1 from tab. 2.1’ on Si/SiOz. (b) Corresponding
uniform PL map maximised at PL peak around 1.9 eV. (c) Single spectrum from the bar showing a

PL signal.

It can be observed from the colour bar that the CCD counts are highest (red colour) along
the middle part of the length of the bar and PL signal fades out towards the edges going
down to the lowest number of counts (purple colour) for the regions corresponding to the
substrate where MoS; is not present. A single PL spectrum was also taken for ‘sample 2’
described earlier and shown again (fig. 2.12(a)) with more clarity along with the red cross
mark showing the point of measurement. The PL spectrum plotted in fig. 2.12(b) matches

well with previous studies in literature [13], [24], [29].
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Fig. 2.12: (a) MoS2/HfO2/Au ‘sample 2 from tab. 2.1° multilayer stack with red cross marking the
spot from where PL single spectrum is collected. (b) Plot of the corresponding PL single spectrum.

Raman and PL mapping on both ‘sample 1’ and ‘sample 2’ prove that TAC is capable of

producing monolayers and bilayers with large area film uniformity and continuity.

2.3.1.3 Resonant Raman measurements using 633 nm laser

While Raman measurement using 532 nm laser line reveals the thickness, orientation (edge

enriched or in-plane layers) and atomic order in the deposited MoS;, using 633 nm laser line
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on the other hand reveals many other peaks in the spectrum not present with the 532 nm
laser excitation. This is because 633 nm coincides with the band gap of MoS; and causes
resonant Raman scattering [30], [31], [32], [33], thus revealing many other peaks. These
peaks provide a greater insight into the electronic transitions at other symmetry points of the
Brillouin zone in MoS; [34] and help in identifying defects [35].

To investigate TAC based MoS, further, it was also characterised under the Raman
spectroscopy tool utilising the 633 nm laser line. 3 samples of varying thicknesses were
measured. Their respective starting Mo deposition time serves as a qualitative parameter to
distinguish between their thicknesses as well as their label to identify them. They are
therefore marked as ‘Mo 30s’, ‘Mo 46s’ and ‘Mo 57s’ in fig. 2.13 and referred to as ‘Mod-
A’, ‘Mod-B’, ‘Mod-C’ respectively in tab. 2.1.

(450.48) — Mo 30s (Mod-A)
(417.60) [ 4s508) —— i
(179.83)  (229.03) (407.83) A ) _mo ggs (mog (E:i)
(189.40) (382.15) 0 57s (Mod-C)
(149.36) .~
125.96 (288.53)
( 1 )/ /
S (417.60) (455.68)
o (220.03) (408 58) s
L (183.82) -
0 (179.83)|(190.19) (38139)
5 12598 |/
o (125.96)
o
8 (450||,88)
o (18070)  (22580) o7 se 00 o)
(188.67) 380 40
(126.12) e (380,40)
(289.22)
/{ (418.06)
I ! ! I | T T T
100 200 300 400 500 600 700

Raman shift (cm™)
Fig. 2.13: Raman spectra of varying thicknesses of TAC based MoS; under 633 nm laser line.

Apart from the characteristic peaks, many second order phonon scattering peaks and defect
peaks (~180 cm?, ~229 cm™?) can be seen. The occurrence of different phases (due to
different synthesis methods) is called polytypism and has been widely reported in MoS; in
the past [36], [37]. However, it is difficult to determine the phase from this data. The closest
analysis was done by analysing Davydov splitting of the second characteristic peak ~407

cm, which is a superposition of many other shoulder peaks. So, it will be referred to as  A-
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like peak’. W. Na et al., have shown that Davydov splitting of this peak depends on the
stacking type [38]. By matching with their spectra that correspond to 2H, 3R and mixed
phase MoS; samples, it seems that spectra presented in fig. 2.13, hints at 3R or mixed phase
of MoS;. This is because the higher frequency side of the A-like peak has shoulder peaks
while the lower frequency side of this peak is smooth. A further validation of this could have
been obtained by analysing low frequency Raman spectrum which was unsuccessful in this
case despite of obtaining a spectrum. This was because of the limited resolution of the tool
used. The Raman spectra obtained for the MoS, samples of different thicknesses match well
with previously reported studies [23], [38], [29], [33], [39]. The shoulder at the A-like peak
has been assigned to a Raman inactive mode By and the broad peak around 440 cm is
known to be due to formation of oxysulphide species [18] due to oxygen adsorption at MoS;
edge sites which is supported by Raman measurements from 532 nm laser that showed a

higher out-of-plane orientation of MoS:.

2.4 Optical measurements using spectroscopic ellipsometry (SE) and UV-Vis

Spectroscopic Ellipsometry (SE) is a non-invasive and surface sensitive optical technique
that is used to mainly deduce optical properties like complex refractive index (‘n’, °k’) and
dielectric permittivity (€). It requires linearly polarized light to be incident on the specimen
and due to light-matter interaction, the amplitude and phase of the ‘s’ and ‘p’ components
of the linearly polarized incident light change with respect to each other thereby giving out
an elliptically polarized light that hits the detector. These changes are recorded in the form
of amplitude ratio (W) and phase difference (A) of the ‘s’ and ‘p’ components of the detected
light. ¥ and A are measured as a function of light energy (the range varies with the
instrument model) and a suitable model that associates optical parameters like € with ¥ and
A is used to fit the experimental data by varying the coefficients in the selected model and
thickness of the specimen until a lowest mean squared error (MSE) is achieved. This results
in a complex dielectric function that is further used to derive the complex refractive index

from the model using Kramers-Kronig (KK) dispersion relations [40].

KK relations are a type of complex analytic functions that relate the real part of the function
to its imaginary part. So, from SE measurements, once the imaginary part of complex
dielectric function that relates to the absorption in a material is measured, it can be used to

calculate the real part of the complex dielectric function that relates to refractive index. In
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fact, change in the real part of refractive index An near absorption edge of a material i.e., the
region in electromagnetic spectrum where the absorption () of a material changes rapidly,
can be calculated by applying the KK dispersion relations from SE measurements which
relates An with Aa. This has been previously shown for GaAs and GalnAs-InP material
systems [41], [42] as well as monolayer and bulk MoS; [43]. This makes SE an extremely
useful tool to calculate optical properties of a material directly. Ellipsometry can also be
used for layer resolved determination of dielectric function of multilayers by fitting a
suitable model for each of them. Therefore, this is a good technique to estimate thickness,
surface roughness and uniformity of thin films. In this work, J.A Woollam Alpha SE system
is used which allows to adjust to four angles of incidence: 60°, 70°, 75° and 90°. It uses a
broadband linearly polarised light and quartz tungsten halogen lamp as the light source

allowing wavelength range of 400 nm to 900 nm.

Non-destructive optical measurements like UV-Vis were also performed on TAC based
MoS: by my colleague Dr. Evan Roy. Reflectance (%) was obtained via UV-Vis (Perkin
Elmer LAMBDA 1050 UV/VIS/NIR) for two samples - 7 nm and 23 nm thick TAC based
MoS; on quartz and is shown in fig. 2.14(a). They both clearly show excitonic dips in the
visible range of the electromagnetic spectra. On the other hand, the added advantage with
ellipsometry is that it is a layer resolved technique meaning that it can analyse multilayers
in a stack separately from each other as discussed before. Here, a 4 nm TAC based MoS;
sample was measured under a variable angle ellipsometer and the data was modelled on
CompleteEASE - an integrated software with SE tool. The estimated thickness came out to
be ~4.6 nm and extracted ‘n’ and ‘k’ spectra as shown in fig. 2.14(b). It also shows the

positions of A and B excitons to be around 681 nm and 630 nm respectively.
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Fig. 2.14: (a) UV-Vis spectra of 7 nm and 23 nm MoS:z on quartz. (b) =’ and ‘k’ plots of 4 nm MoS:
from ellipsometry measurement.
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2.5 SEM and AFM measurements

This subsection discusses some of the atomic force microscopy (AFM) and scanning
electron microscopy (SEM) measurements to investigate and better understand the surface
morphology of TAC based MoS; and its adhesion to substrates. Consider fig. 2.15(a) first
which shows AFM image of a portion of MoS; (green) on Si/SiO; (blue) and 3 arbitrarily
marked lines that correspond to line profiles shown in fig. 2.15(b). This portion is from the
region between consecutive IDEs in sample ‘MoIDE200’ from tab. 2.1 where MoS; sits
directly on top of Si/SiO2. The deposition time of Mo to start with was 200s which leads to

around 26 nm of MoS; after sulphurisation according to the 3 line profiles.
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Fig. 2.15: (a) AFM image of sample ‘MoIDE200° from tab. 2.1- MoSz (green region) on Si/SiOz
(blue region). (b) 3 height profiles across the MoS:z edge on Si/SiO2 showing ~26 nm of MoS:
thickness.

Apart from quartz and Si/SiO2, MoS; deposition utilizing TAC method of synthesis was also
tried on transparent conductive oxide substrates. Substrates of Indium Tin Oxide (ITO)
coated on quartz were obtained from Biotain Crystal Co., Ltd. and they were investigated
via AFM and SEM to understand their surface morphology right after unpacking them (as
received) and then compared with the case after they had undergone sulphurisation

conditions in the TAC furnace.

AFM and SEM images of an area of ITO substrates before and after being placed inside the
TAC furnace is shown in fig. 2.16. RMS roughness obtained from the red box region through

AFM measurements (shown in fig. 2.16(a), (b)) shows almost two times increase after being
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exposed to TAC conditions inside the furnace for 10 mins and under 750°C. Similarly, fig.

2.16(c), (d) show the corresponding SEM images.
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Fig. 2.16: AFM images of (a) ITO substrate as received ‘sample5’ from tab. 2.1 and (b) ITO
substrate after being inside the TAC furnace for 10 mins under 750°C. SEM images of (c) ITO
substrate as received and (d) ITO substrate after being inside the TAC furnace for 10 mins under
750°C.

Mo was then deposited on the ITO coated glass substrates and then sulphurised in the TAC
furnace for 30 min at 750°C. The MoS; thus formed is approximately 35 nm thick with RMS
roughness around 9.8 nm shown in fig. 2.17(a). Both AFM and SEM images (fig. 2.17(a),
(b)) show more clustered islands compared to bare ITO substrate (fig. 2.16(b)).

To investigate the material that forms these clusters of significant height, energy dispersive
x-ray (EDX) was performed on the region having clusters marked by ‘spectrum 3’ in fig.
2.17(c) and the region underneath it marked by °‘spectrum 1’ in fig. 2.17(d). The
corresponding EDX plots are shown in fig. 2.17(e), (f) which indicate ‘spectrum 3’ region
to be Molybdenum (Mo) and Sulphur (S) rich and ‘spectrum 1’ to be both Mo/S and Indium
(In) rich. This means that the clusters are majorly formed by MoS; and the TAC based MoS;

film is not continuous and uniform in this case.

To make the MoS; deposit uniformly on rough substrates like Biotain ITO, a thin adhesion
layer of Titanium (Ti) was used before depositing MoS; on ITO. Generally, 5 nm or thicker
Tiis used for adhesion purposes but 1 nm Ti layer suffices as well without diffusing through

other layers and changing their properties [44].
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Fig. 2.17: Distinguishing between islands and background seen in (@) AFM image (b) SEM image
of a 35 nm MoSz on ITO substrate ‘sample6’ from tab. 2.1 post TAC process of 30 mins at 750°C.
Point chosen to probe (c) islands and (d) region under islands. (¢) EDX spectrum from island regions
in (c) and (f) region underneath the islands in (d).

This was shown by W. M. Abbott et. al., where they prevented dewetting of gold (Au)
sputtered on substrates coated with different adhesion metals of extremely low thickness ~
0.5 nm. They showed successful integration of 0.5 nm Ti sandwiched between Au and the
substrate to make Au adhere more to the substrate at elevated temperature of 250°C without
changing the electrical properties of the combined Au/Ti layer structure. Here, the same
concept is used not just for MoS> adhesion to tricky substrates like ITO that get porous at
elevated temperatures but also for better adhesion of contact materials with MoS, which will

be discussed in greater detail in ch. 3.

Utilising the adhesive property of thin Ti film, protects the sputtered Mo from dewetting
from the ITO substrate while undergoing the TAC process. Fig. 2.18 shows AFM and SEM
images of a ~16 nm MoS; deposited by TAC on an ITO substrate with 0.5 nm Ti adhesion
layer sandwiched between ITO and MoS; (‘sample7’ from tab. 2.1). AFM image in fig.
2.18(a) shows the surface morphology of this sample and a region of this area highlighted
by a red mask estimated the RMS roughness to be around 9.7 nm. When compared with the
roughness of a 35 nm thick MoS; on ITO substrate without Ti adhesion layer shown in fig.
2.17(a), the roughness in this case is comparable to it. However, SEM images reveals that
the MoS; formed after TAC in this case (having a 0.5 nm layer of Ti between ITO substrate
and MoS;) is more uniform and continuous (shown in fig. 2.18(b)) and looks very different

from the case where there is no Ti adhesion layer beneath MoS; (shown in fig. 2.17(b)).
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Fig. 2.18: (a) AFM image showing MoSz on ITO with a 0.5 nm Ti adhesion layer ‘sample7 . (b)-(d)
SEM images with different magnifications revealing the porous ITO substrate beneath MoS:. Inset
in (d): SEM image of MoS: surface taken from ref. [27] for comparison.

A - Y
Mag= 3429KX Signal A= SE2 Signal A= SE2 Date :30 Mar 2021

Even in the areas where it seems to chip off from ITO (as shown in fig. 2.18(c)), it comes
off as a continuous sheet thus revealing the extremely porous ITO substrate that causes this
chip off after being subjected to elevated temperature and conditions of the TAC process. A
magnified image of the same sample is shown in fig. 2.18(d) and for comparison, the inset
shows a similar surface morphology of MoS; obtained from CVD process [27] that matches

well with MoS; obtained from the TAC process.

2.6 X-ray diffraction

To confirm the phase and crystallinity of TAC based MoS;, x-ray diffraction (XRD) was
performed on ‘MoIDE200°. It has been slightly difficult to obtain a measurable signal from
TAC based MoS; and moreover differentiate between the two very naturally occurring
phases of MoS: i.e., 2H (hexagonal) and 3R (rhombohedral) [45]. The XRD spectrum shown
in fig. 2.19 shows some peaks that are difficult to analyse but J. Strachan et. al., mention the
range between ~40° — 50° where the peaks from the 2 polytypes can be distinguished [37].

Based on this, the peak around ~38° corresponding to the 3R phase is also seen in fig. 2.19
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marked as 38.32° while the peak around 40° corresponding to 2H phase is absent. Apart
from this peak, other peaks corresponding to both the phases are present that are almost
superimposed on each other which makes the further analysis difficult. So based on all these
observations, it can be said that the data from this TAC based MoS, sample is consistent
with both 2H and 3R phase or having a mixed phase. Additionally, it should be noted that
the peak at 14.25°, that determines crystallinity and order along c-axis [46] is present but
having a very low intensity. Polycrystallinity has also been reported in MoS; produced via
similar techniques but with a different naming convention like thermal vapour sulphurisation
(TVS) method discussed previously [47]. The spectrum matches well with studies reported
previously [48], [49], [50], [51] and compared with XRD databases [52].

(69.15)

(32.98)—__

(14.25)

Intensity (a.u.)

10 20 30 80

26 (deg)

Fig. 2.19: XRD spectrum of a ~26 nm TAC based MoSz ‘MoIDE200 .

2.7 Summary and conclusions

Many designs utilizing TAC MoS; were discussed above for their morphology, roughness,
optical properties, crystal structure and stacking. It was also shown that TAC based TMDs
like MoS; can be integrated as any layer in between a multilayer stack while still retaining
its static coloration caused by other layers. The damage caused to underlying layers (like
ITO) caused in the TAC furnace which affects MoS;, deposition can be mitigated by
increasing adhesion by using a thin Ti layer that renders a continuous MoS; deposition even

when ITO beneath it becomes porous.
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From Raman measurements, it seems that CVD MoS; is oriented more in-plane as compared
to the one prepared by hot pick-up and stamp technique obtained by our collaborator- Dr.
Jose Caridad’s group in University of Salamanca. On the other hand, MoS; prepared by hot
pick-up and stamp technique encapsulated by hBN from top and bottom appears more
pristine and ordered than CVD MoS;.

MoS; was also deposited on commercially bought rough substrates like ITO coated quartz
with and without using 0.5 nm Ti adhesion layer. 16 nm TAC based MoS; was deposited
with a Ti adhesion layer while 35 nm MoS; was deposited on the ITO substrates without Ti
adhesion layer. Reducing the thickness to more than half and utilising a thin Ti adhesion
film does not change the roughness but leads to a significant change in surface morphology
and continuity of the MoS; film. The film looks more put together instead of separate islands
above a porous substrate. Roughness is still less than what has been reported in past studies
[27]. It was also shown that TAC method can produce transfer-free, site specific MoSz which
is also compatible with standard photolithographic processes, easy integration in a large
fabrication process requiring multilayer patterning. TAC few-layer filmsare continuous, and
uniform over large areas (cm?). Finally, it was shown that monolayers and bilayers of TAC

based MoS; can be produced in patterned stacks as well.
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3.1 Introduction

For successful integration within an integrated circuit, a semiconductor-based device needs
to have at least two metal contacts. This applies to our TAC based MoS; thin films as well
where metal contacts are required not just for electrical characterization of the material but
also for fabricating a working device out of it. However, this comes with its own
complexities since unlike a metal-metal or semiconductor-semiconductor junction, metal-
semiconductor junction is quite peculiar. This is because of the difference in energy bands
of the two (depicted in fig. 3.1(a)) and bringing them very close together to form an
electrical contact for charge carriers to flow results in band bending at the interface and
formation of a Schottky barrier. More specifically, the band bending depends on the work
function ¢ of both metal (¢.) and semiconductor (¢s), temperature and doping level of the
semiconductor. For instance, considering an n-type semiconductor, when ¢.> @, the
metal-semiconductor contact (also known as Schottky contact) will result in rectifying
contacts as shown in fig. 3.1(b) while in the case of . < @5, @ non-rectifying Ohmic contact
is obtained where current is allowed to flow in both directions i.e. from semiconductor to
metal and from metal to semiconductor across the junction (fig. 3.2(a)) [1]. Another way
of obtaining such bi-directional current flow while still having a Schottky contact is by
doping the semiconductor heavily which will reduce the width of the depletion region at
the junction enough for electrons to quantum mechanically tunnel in both directions. This

is represented by the second leftward pointed arrow and marked by 2 in fig. 3.2(b).

Theoretically, there are five main current transport mechanisms at a metal-semiconductor
junction [2] (fig. 3.2(b)) but two out of them are especially relevant here - Thermionic
Emission (TE) and Field Emission (FE) (or tunnelling). For moderately doped
semiconductors, a metal-semiconductor junction experiences a rectifying (Schottky)
contact where current transport is governed by the TE process while for heavily doped
semiconductors, tunnelling dominates the current transport through the metal-
semiconductor junction [2] as mentioned previously. This has been experimentally verified
for a metal-MoS;-metal device (metal = Au, Pd) in a study by N. Kaushik et al., where
they showed that at low gate voltages, when charge density in the channel is low, current
shows a higher dependence on temperature indicating TE as the main current transport
mechanism whereas at larger back gate voltages, due to higher doping in the

semiconductor channel, FE takes over and the current gets independent of temperature [3].
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In yet another study the same was observed for a metal-carbon nanotube-metal device
where active control over nature (rectifying or near-linear) of 1-V characteristics was

established by varying the gate bias voltage [4].

n-type n-type
Metal semiconductor Metal semiconductor

Fig. 3.1: Formation of a Schottky junction for the case (pm > ¢s ) When metal and semiconductor (a)
just come in contact and (b) after reaching equilibrium [1].

Fig. 3.2: (a) Formation of a Schottky junction between a metal and n-type semiconductor after
reaching equilibrium, for the case (pm < @s) [1]. (b) The five current transport mechanisms across
a metal-semiconductor junction (pm > @s) under forward bias. (1) and (2) represent TE and FE
processes respectively [2].

While TE is intuitive to understand for Schottky contacts, Ohmic behaviour may seem to

occur due to FE when thermal energy is much lower than Eqo (an energy parameter that is

directly proportional to +/N; N=carrier density) [2] or when the contacts have different
Schottky barrier heights i.e., they are a pair of asymmetric Schottky diodes. In such a case,
I-V curve is dominated by the contact of higher Schottky barrier height and looks like a
single Schottky diode characteristic i.e., as if having one Schottky contact and one Ohmic
contact [5]. When in reality the other contact is also a Schottky contact just with a relatively
lower barrier height compared to the other Schottky contact. In short, TE results in diode-
like (rectifying) behaviour while FE or tunnelling forms Ohmic contact at a metal-
semiconductor junction with a Schottky barrier, but the reverse i.e., when a contact appears

to be Ohmic, FE being its transport mechanism may or may not be true. J. Osvald has shown
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a thorough analysis of Schottky contacts having a very low Schottky barrier height and a
high series resistance coming from a moderately doped semiconductor, but apparently
showing Ohmic I-V (linear and symmetric) characteristics in a certain voltage range [6]. In
some cases, absence of this knowledge may result in misleading analysis of electrical
characterization but on the other hand, knowledge of this concept can be used to achieve
near-Ohmic contacts in a certain voltage range while still using materials that result in
Schottky contacts. Alternatively, observing Ohmic-like 1-V characteristics in a structure
which by conventional knowledge should show Schottky characteristics, should not be very
surprising provided the structure’s series resistance dominates the Schottky junction
resistance. This is also observed in TAC based MoS: devices discussed in the sections to

follow.

Double Schottky or back-to-back diode model perfectly considers the rectifying nature of
both metal-MoS; contacts and the high resistance of especially TAC based MoS,. This is
modelled as a series resistor (MoS;) sandwiched between two Schottky diodes (junction of
the metal-MoS; contact) in the opposite direction to each other such that current flows in
series through all three circuit elements and separate voltage drops are experienced by each
[5], [7], [8], thus forming a metal-semiconductor-metal (MSM) structure. The following
schematic in fig. 3.3(a) depicts this perfectly and the associated eq. (3-1) analytically
explains this concept.
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Fig. 3.3 (a) Back-to-back double Schottky model for a MSM device with both rectifying contacts. (b)
Energy band diagram showing band bending at the two junctions for an n-type semiconductor and
metal with higher workfunction than it. Taken from [7].
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(3-1)
Where Vb1, Vb1, Vrare voltage drops across diodes D1, D2 and resistor R respectively. f =

S—T where k is the Boltzmann constant, T is the absolute temperature, q is the charge of an
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electron and ny, n, are the ideality factors of the two diodes. lo1, lo2 are the saturation currents
of D1 and D2 respectively that incorporate the effect of band bending and rectification at
the junctions due to misalignment of fermi levels given by eq. (3-2). This misalignment is
reflected by the difference in their respective work functions shown in fig. 3.1(a) with
respect to semiconductor’s electron affinity x. The difference between ¢., in each case and
x leads to Schottky barrier height - SBH (¢4, ¢,) formation at each junction depicted in fig.

3.3(b) and is related to saturation current as:
lop oz =S+ A" -T2 e PFe12

(3-2)
Where, S is the contact area and A* is the Richardson constant.

Finally, in order to experimentally measure and analyse these parameters (contact type,
SBH, n), it is first essential to measure contact resistance (R¢) and sheet resistance (Rs) which
are important figures-of-merit and easy to perform measurements using techniques like 4-
point probe, current-voltage (I-V) sweeps, capacitance-voltage (C-V) sweeps, Hall bar
measurements and transfer length method (TLM) measurements. These methods of
characterization are discussed in the following sections and additionally, a study on
temperature dependent resistance of TAC based MoS; is also included for a complete

understanding of its electrical properties.

3.2 I-V measurements

Measuring the current through a device in response to a driving voltage is the simplest way
to interrogate the electrical properties of the device and materials. For TAC based MoS;
films, firstly it quickly verifies whether the metallic Mo sputtered films were fully
sulphurised to form MoS; because the slope of the I-V sweep gives conductance which is
comparatively low for partially sulphurised MoS; films as compared to fully sulphurised
films.

Secondly, a deeper analysis reveals charge transport mechanism as discussed previously.
Thirdly, it provides insight into contact-MoS; junction which is important to consider
while integrating TMDs in a larger and integrated design of photonic circuits and devices
as this junction is the most probable place for damage due to heat, degradation, and

electrical failure to occur. Finally, 1-V measurements under different light conditions helps
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to understand light-matter interaction in TMDs in detail which will discussed in more
depth in ch. 5.

3.2.1 Four-point probe

The 4-point probe (fig. 3.4) used here is an easy to operate tool that presses down 4
equidistant probes (1 mm apart) on a large lateral area MoS, sample. Electrical resistivity
and sheet resistance were measured using a 4-point probe. The aim is to pass a small amount
of DC current of a few milli Amperes and sense voltage across the sample. From this
information, resistance can be calculated and hence the electrical resistivity.

Fig. 3.4: (a) 4-point probe setup in our lab (b) zoomed-in picture of a piece of gold wafer under the
4-point probe tool.

4-point probe technique is more advantageous than the 2-probe technique and is preferred
because the latter uses the same probes for both sourcing current as well as measuring
voltage as shown in fig. 3.5(a). This leads to erroneous results because the calculated sample
resistance is accompanied by probe and contact resistance (fig. 3.5(b)). Whereas, in a 4-point
probe method as shown in fig. 3.5(c), this error is prevented by using separate probes for
current source and voltage measurement, hence separating out the contact and probe
resistance from sample resistance (fig. 3.5(d)). Therefore, the 4-point probe method of
resistivity measurement gives more accurate results. This can then be used to calculate sheet
resistance, Rs and resistivity, p of a thin film having thickness ‘t’ less than half of the

spacing between probes:

_ T AV LAY
ST I T T

(3-3)
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Fig. 3.5: (a) Schematic of 2-point probe arrangement. (b) Current is passed via 2 probes into the
sample and voltage drop is measured across the sample via the same pair of probes. (¢) Schematic
of 4-point probe arrangement (d) Current is passed via the 2 outer probes into the sample and
voltage drop is measured across the sample via the pair of inner probes.

Based on the measured V, | values and eq. (3-3), (3-4), Rs and p respectively were obtained

for large area TAC MoS; films shown in fig. 3.6. Here, samples sulphurised at 750°C and

above seem to be forming insulating MoS; (with occasional outliers) and the ones

sulphurised at lower temperatures like 450°C and 600°C seem to still be at an upper limit of

semiconducting nature even after 60 minutes of sulphurisation as evident by their low sheet

resistance.
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Fig. 3.6: Average sheet resistance (left axis) and resistivity (right axis) of thick (15 nm, 40 nm and
50 nm) MoS; films produced by TAC at different temperatures and durations.

This can be attributed to partial sulphurisation of starting Mo film but might be advantageous

for obtaining a semiconducting material produced at low temperatures. This can be used to
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disrupt the conventional Si based semiconductor industry while reaping the benefits of
extraordinary optical properties of MoS..

3.2.2 Two terminal I-V sweeps

The 4-point probe used here is a quick way to obtain a rough estimate of a material’s
conductance over a large lateral area, but it fails to deliver the same for patterned devices
and laterally smaller area devices. For such microscale devices, patterned contacts were used
for 2-terminal current-voltage (I-V) sweeps (discussed in this section) and transfer length
method (TLM) of contact and sheet resistance measurements (discussed in sec. 3.4). I-V
sweeps of MoS; provide a great insight into its semiconducting properties, nature of contacts
it forms (Schottky or Ohmic) and charge transport mechanisms apart from a simple measure
of resistance. Keeping the substrate (Si/SiO2 300 nm), MoS; thickness (15 nm), contact
material and thickness (1 nm Ti/50 nm Au) the same for both, two contact designs are
explored:

1. 2-point probe top electrodes: This is the simplest and most common design where
contacts are lithographically patterned directly on top of the material that is to be
measured at a desired channel length. Shown in fig. 3.7(a), are 4 such contacts on a thin

MoS:; bar and I-V sweeps can be performed utilising any pair from this set.

15 nm MoS2 with Ti-Au top contacts
0.5
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Fig. 3.7: (a) Optical image of 15 nm MoS; of channel length = 2 um on Si/SiO, (300 nm) substrate.
(b) Schottky contacts are formed when 1 nm Ti/25 nm Au top contacts are used on MoS; shown in

(@).

2. Inter-digitated bottom-edge electrodes (IDE): This design was adopted from and for

compatibility with electrical characterization tools from Ossila Ltd., UK. Ossila provides
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a complete kit for measurement of current vs voltage and time with convenient extended
contact design and a push-fit test board compatible with this design. The design consists
of 5 sets of IDEs with varying inter-electrode spacing with each set.

The contacts were patterned and deposited first on the substrate and subsequently, MoS;
was grown on them as layer-2 (fig. 3.8(a)) thus forming a bottom contact to MoS; which
gets deposited directly on top of it and for MoS; that gets deposited in between the
consecutive Au IDEs, the Au IDEs can be considered to be somewhat like side contacts.
This is depicted in fig. 3.8(b) and was also discussed in chapter 2 and included in tab.
2.1 as ‘MoIDE17-200’. This device under test (DUT) was then inserted in the push-fit
test board and connected to a source measuring unit (SMU) interfaced with Ossila

software to perform and record various electrical sweeps.
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Fig. 3.8: (a) Optical image of 5 MoS; devices on Si/SiO, with IDE based on commercially available
Ossila mask design. The 5 lime green boxes are MoS; devices of 15 nm thickness each, 2 mm x 2 mm
(lateral area=4 mm?) with varying inter-electrode spacing. The inter-electrode distances for devices
DI, D2, D3, D4 and D5 are 200 um, 150 um, 100 um, 75 um, 50 um respectively. (b) Side view of
the cross-section (along the red dashed line in (a)) of a device depicting a not-to-scale hybrid
inverted top-edge contact between Au (yellow) and MoS; (purple). (c) I-V sweeps of devices D1 to
D4 (d) 1-V sweep of D5.
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I-V sweeps from both the contact designs introduced above are discussed in the following
part of this section. It should be noted that the first contact design (simple 2-terminal
electrodes) consists of consecutive electrodes very closely spaced ~ 2 um, 4 um and 8 pm.
while the IDE design consists of 5 sets of comb-like interdigitated electrodes with the least
inter-electrode spacing of ~ 50 um. So, this analysis is a good way to understand the transport

mechanism in MoS; with different channel lengths and top vs top-edge (hybrid) contacts.

3.2.2.1 1-V sweep using simple 2-point probe top electrodes (channel length =2 pm)

As observed by A. D. Bartolomeo et al., single Schottky diode model based on thermionic
theory is not compatible with 1-V characteristics (at zero gate bias) of a MoS> device having
Ti/Au contacts [9]. These contacts are inherently rectifying in nature [10] and occur at both
the contacts’ junctions [11]. Local contact chemistry, MoS; defects as well as pressure at
which Ti is evaporated as a contact govern parameters like SBH and ideality factor to a large
extent [9] [12]. It is therefore advised to not use the single diode equation for such cases.
Instead, A. Grillo and A. D. Bartolomeo proposed a model for a 2-terminal device which
aptly describes conduction in it with both rectifying contacts [11] as opposed to assuming
only one rectifying contact while the other to be Ohmic as in the case of a single diode

model.

Experimental data presented in fig. 3.7(b) is compatible with these findings as 2-terminal
Ti/Au contacts were evaporated at a pressure ranging from 102 to 10”7 mbar which leads to
some degree of Ti oxidation [9], [11], [12] and these devices were stored at room
temperature and pressure before measurement causing further degradation (oxidation) of
MoS; /Ti interface. Therefore, the model proposed by A. Grillo and A. D. Bartolomeo is

best suited here to calculate SBH and ideality factor.

Here, fitting of the 1-V characteristics of a 15 nm MoS; sample was attempted according to
eq. (3-1) to extract SBH and ideality factor ‘n’ but even though the fit got close to the shape
of the experimentally measured I-V curve shown in fig. 3.7(b), ‘n’ was far from being
realistic and the same order of magnitude of the current was not obtained. Perhaps, the error
is arising from an erroneous relationship assumed between ‘Io” and ‘T’ as in eq. (3-2) since
TAC based MoS; might not be following thermionic mechanism of electron transport even

at room temperature.

61



3.2.2.2 1-V sweep using bottom-side IDE (channel length = 50 pm)

As described previously, 1-V sweeps were performed on another set of 15 nm MoS; samples
with IDE of varying inter-electrode distance to study the effect of channel length on current
flow in multilayer MoS,. Apart from having IDE, this set is different from the previous set
(sec. 3.2.2.1) in having larger area (4 mm?) MoS; boxes patterned by photolithography,
having the same material and thickness of contacts (1 nm Ti/ 50 nm Au) acting like bottom
contacts which makes 50 nm Au to be directly in contact with MoS. It can also be viewed
as an inverted top or bottom-side hybrid contact (fig. 3.8 (b)) since Au (yellow) is deposited
as layer-1 on the substrate (blue) and MoS: (purple) is grown on top of it making a contact
with Au from its bottom surface. So, the important point to note is that here MoS; is being
electrically contacted by a metal (Au in this case) at 2 surfaces forming a bottom-side hybrid
contact instead of a pair of simple top electrodes where there is only 1 contact interface per

electrode.

Following the tracks of work done by S. Walia et al., where they show Schottky contacts
formation between few layer n-type MoS; and four metals (Al, W, Au, Pt) with different
work functions but higher than that of MoSz, which is exactly the case depicted in fig. 3.1,
it can be understood firstly, that Al contact offers the smallest barrier for current conduction
through the junction and secondly, the most popular and conventionally used contact
materials form rectifying Schottky contacts with n-type MoS; [13]. N. Kaushik et al., further
claim that the TE mechanism of current transport dominates at Au-MoS; junction [3] which

results in rectifying I-V characteristics as discussed previously.

It should also be noted that the lateral size of MoS: nanoflake in S. Walia et al.’s study is ~
100 nm, so from this it can be inferred that the contacts were spaced not more than 100 nm
apart. This inter-electrode spacing is way smaller than the spacing between electrodes of
TAC based MoS; samples in fig. 3.7(a) and fig. 3.8(a). Yet, the rectifying trend is seen in
the samples with inter-electrode spacing of 2 um and 50 um and in fig. 3.7(b) and fig. 3.8(d)
respectively. It is therefore safe to say that TAC based MoS; films start showing clear
rectifying characteristics in the applied bias range of £10V given that Au is used as a contact
metal with an inter-electrode spacing equal to or below 50 um. Fig. 3.7(b) and fig. 3.8(d)
confirm that as one approaches the smaller limits of inter-electrode spacing, current is
observed to be rectifying for both polarities of applied voltage indicating presence and

domination of Schottky nature of both electrodes (source and drain) formed with MoS..
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However, fig. 3.8(c) shows I-V sweeps of D1-D4 which are linear in the applied voltage
range of 10V. They differ by an increasing slope with each device that indicates an increase
in current as the interelectrode spacing decreases from 200 um (D1) to 75 um (D4). This
indicates that MoS: is behaving like a highly resistive resistor (as expected) whose resistance
keeps on decreasing as the distance (inter-electrode spacing, ‘L’) between a pair of
electrodes decreases because resistance o« ‘L’. Linear characteristics in a certain range of
applied voltage don’t necessarily mean Ohmic contacts because the barrier height might be
low as compared to the series resistance at both contact interfaces and that gives an
impression of linear sweep in that voltage range [5].

3.3 Capacitance — Voltage (C-V) measurements

Given that TAC based MoS: is a highly resistive material, it makes a good MSM device and
an even better metal-insulator-metal (MIM) device. Therefore, capacitance vs voltage (C-
V) measurement here becomes inevitable and more so since SBH extraction wasn’t
successful through I-V measurements. C-V measurement was performed across the devices
by utilising consecutive IDEs as metal surfaces that encase the MoS; thin film as shown in

fig. 3.8(b). This can be visualised as a metal-MoS,-metal capacitor.
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Fig. 3.9: (a) C-V plot for a 6 nm MoS; with IDE based design (b) a section of the structure showing
highly resistive almost insulating MoS; (purple) sandwiched between metal (Au) electrodes.
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The structure in fig. 3.8(b) forms what is commonly known as interdigital capacitor (IDC)
and was used for the C-V measurements shown in fig. 3.9(a). Capacitance was measured
across these structures while sweeping voltage from negative to positive values. C-V
measurement thus provides an avenue to delve again into SBH extraction and also

understand the doping type and level of TAC based MoS:; thin films.

R. Igreja and C. J. Dias have modelled a similar structure with 6 IDEs as bottom contacts to
a sensitive layer on top of them for which capacitance is to be measured [14]. Using a
conformal mapping technique, they proposed a generalised model for a multilayered
material with IDEs to calculate the total capacitance while also taking into account the effect
from all the N-layers, substrate as well as capacitance between electrodes and fringing
effects at the outer electrodes. Other studies use similar techniques like capacitive
transduction modelling to model coplanar IDC structures [15], [16], [17]. None of the
methods were suitable to model this peculiar case presented here since the IDEs are
sandwiched between two dielectric layers (SiO2 and MoS;) and the studies referenced above
are for cases with complete dielectric encapsulation of the IDEs i.e., the dielectric above the
IDEs is a very thick film exceeding the thickness of the electrodes which is not the case here
since MoS; thickness (6 nm) is of the same order as that of the electrode thickness (50 nm).
Also, unlike the case in [14], where substrate thickness (tsio,) is much greater than the
spatial wavelength (A: distance between alternating electrode) of the unit cell shown in fig.

3.10(b), here it is the opposite, where A (of the order of 1 mm) >> tg;o, (Which is 300 nm).
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Fig. 3.10: (a), (b) taken from [14] and (c), (d) taken from [18], show top view (a), (c) and cross-
sectional view (b), (d) of IDC. Difference between (b) and (d) lies in the thickness of the MUT relative
to the thickness of electrode.
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Therefore, another method was used to model the results shown in fig. 3.9(a) which
considers the material under test (MUT) as a parallel plate capacitor (fig. 3.9(b)) and the
interelectrode capacitances arising from curved electric field lines passing through MUT and
substrate to be modelled by a method that utilises complete elliptic integral of the first kind
(K) [18].

From the measurements, the trend seems to follow the capacitance of a parallel plate
capacitor as seen from C-V curves for 5 devices differing only in their inter-electrode
spacing with D1 having the highest and D5 the lowest in fig. 3.9(a). The curve seems to
follow a shape characteristic of p-type doping (with accumulation region on the negative
side and inversion region on the positive axis of applied voltage) and the transition from
accumulation to inversion seems to be prominent until D4 and seems to get distorted for D5
with the least inter-electrode spacing. Another noticeable point is that capacitance increases
with decreasing ‘d’ (interelectrode spacing) as expected for a parallel plate capacitor.
Assuming that these curves are indeed indicating MoS; capacitance, which shows a p-type
behaviour then this explains why certain devices show non-rectifying 1-V characteristics
when Ti/Au contacts are used which is the case when ¢, > ¢, for a p-type semiconductor [1]
(for example, D1-D4 as shown in fig. 3.8(c)).

Utilising the equations in [18] and assuming dielectric constant of SiO2 and MoS; to be 3.9
and 5 respectively, the capacitances for D1, D2, D3, D4 and D5 are calculated to be: 0.30
pF, 0.31 pF, 0.33 pF, 0.34 pF and 0.37 pF respectively. But back calculating dielectric
constant for MoS; from the measured capacitance values, it turns out to be 12800, which
seems extremely high and unrealistic. Perhaps some other effects are causing such a high

measured capacitive value which are beyond the scope of this work.

3.4 Contact engineering

Making contacts to 2D MoS:; thin films is tricky from the point of view of lithography as
thicker metal contacts might chip off fragile thin films during lift off. This happened in some
of the devices in this work, one of which was also showed in chapter 2 — fig. 2.4(c). Another
consideration is fermi level pinning where the work function of the metal contact aligns with
a defect induced energy level in between the band gap of MoS,, thereby leaving the work

function of the metal contact to be irrelevant [19], [20], [21]. This can bring disadvantages
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to the overall device structure as it leads to high Schottky barrier and energy loss due to joule
heating at the junctions as result of high contact resistance and might also damage the device
due to current crowding. In this work, modulation of optical properties of MoS; greatly
depend on its thickness and the modulation results along with their details will be discussed
more in ch. 4. That is why the implications of having suitable contacts that can form a low
enough SBH for current to flow through our highly resistive TAC based MoS; are desirable
and will be discussed. Contact engineering thus refers to selecting the most appropriate
contact material, thickness and design of contacts that are to be deposited on a device (thin
film MoS:; in this case) in order to be able to measure the most out of the device while
limiting the effects of contacts themselves on the device.

This section first explains the basics of transfer length method (TLM) and then presents
contact resistance calculations using this method for two sets of samples that differ by choice
of contact material and contact design.

3.4.1 Transfer length method (TLM)

As mentioned previously, a 4-point probe is an easy method to estimate a material’s
resistance quickly; however, it underestimates critical parameters like sheet resistance (R)
and contact resistance (R.) due to current shunting between the inner sensing electrodes in

most cases [22].

(a) (b)

Fig. 3.11: (a) Standard top contact design (b) Phase engineered contacts by co-sulphurising bulk
Mo along with thin Mo to form a thin film MoS; channel (middle red box) transitioning into metallic
Mo phase whose topmost layers only form MoS; (green).

TLM is therefore more suitable and accurate to determine R. and Ry.. This sub-section will
discuss the results obtained using TLM for two sets of samples based on:
1. Contact material- Here, top contacts using Sn/Au and Mo will be compared. Ti/Au
top contacts are deliberately left out from comparison due to low current and rectifying

behaviour which is difficult to analyse by this method.
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2. Contact architecture - Here, standard top contact design will be compared with Mo
co-sulphurised hybrid top-edge design shown in fig. 3.11(a) and (b) respectively.

Simply put, TLM is a method of estimating Rc and Rsh, also separates out both. A TLM
design typically has 4 or more contacts on a material to be measured. These contacts are
separated by increasing distance between them as shown in fig. 3.12(a) and resistance is
measured between each consecutive pair. The resistance between each pair is plotted as a
function of the distance (L1, L2...) between them in a plot referred to as Rt Vs length. Fig.
3.12(b) depicts this plot which should be linear, and it is extrapolated to the point of zero
length resistor i.e., y-intercept which signifies the point where the contacts are right next to
each other with no material in between them.
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Fig. 3.12: (a) Arrangement of contacts for a TLM measurement showing increasing separation
between consecutive contacts. The spacings are labelled as ‘L1°, ‘L2°, ‘L3’and so on [23]. (b)
Reciprocal of the slope from I-V measurement between each consecutive pair of contacts
corresponds to the resistance between them and is plotted against the corresponding spacing. The
linear fit is extrapolated to zero-length resistance to calculate R and the slope is used to calculate
Rsh [23]. (c) Optical image of a sample consisting of channel (teal blue) with Ti/Au TLM contacts
extending out to larger area pads (faded brownish-copper colour) (d) Zoomed-in view showing the
unequally spaced TLM contacts.

So, total resistance is just a function of the contact resistance, Rc. The slope of this plot is
used to calculate Rsh. Fig. 3.12(c) shows a TLM sample with 4 um wide MoS; channel and
four TLM contacts separated by distances L1, L2, L3 (shown in a zoomed-in image in fig.
3.12(d)) and extended large area contact pads for ease of use with needle probes. The

equations below explain this analytically and are used to calculate R and Rsh:
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Riot = 2Rym + 2R + Rgemi
(3-5)
where, Rwm is the resistance of metallic conductors, Rc is the contact resistance at the metal-
semiconductor junction and Rsemi is the resistance of the semiconductor (here, MoSy)
channel. Rm can be neglected here since it is very small compared to Rc and Rsemi. SO, Riot
can be written as:

Riot = 2R + Rgemi

(3-6)
And
L
Rsemi Rsh W
(3-7)
where, W is the width of the TLM channel. This implies that:
L
Riot = 2R¢ + RshW
(3-8)

Comparing eg. (3-8) to the general equation of a line: y=mx+c, where y= Rtand X =1L, ¢ =

. R .
2Rc and m is the slope = ﬁh From here, contact resistance can be calculated as,

R — c _ y — intercept
© 2 2
(3-9)
And
R, = W -slope
(3-10)

Following sub-sections discuss the significance of using different contact materials and

contact architecture and how they affect R of TAC based MoS: devices used here.

3.4.2 Choice of contact material

Conventionally, Au contacts have been used to contact devices owing to high conductivity
and low contact resistance. However, as discussed previously, this introduces a level of
complexity when the material to be contacted is a semiconductor and more so if it is MoS>

- a well-known lubricant which makes adhesion difficult. Additionally, due to dewetting
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property of Au, a layer as thin as 0.5 nm -1 nm of Ti is sufficient to aid in adhesion of Au
with MoS; [24]. Alternatively, Ag paste can also be used but since it is solvent based, the
paste can be very messy to apply and due to the high diffusion property of Ag particles, thin
film layers can get shorted among themselves in a stack. So, sputtered Ti/Au was initially
the best option to start with, but since it forms rectifying contacts with a high junction
resistance with MoS;, I-V characteristics in this case are not compatible with TLM analysis
and determination of R.. Therefore, following the statistical study done by A. Kumar et. al.,
where they experimentally characterised 720 MoS; transistors with In/Au and Sn/Au
contacts [25], another set of devices was also made in this work, this time replacing Ti/Au
top contacts with Sn/Au top contacts. A. Kumar et. al., reported low contact resistance
materials made of low melting point metals like Indium (In) and Tin (Sn) that are less

damaging to MoS; layers.

(a) (b)

15 nm MoS2 with Sn-Au top contacts

, s

5 0 5
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Fig. 3.13 (a) Optical image of MoS, TLM bar (‘MoTLM150° from tab. 2.1) with with increasing
distance of TLM contacts on it. (b) 1-V sweeps of channel lengths L1 = 2 um, L2 = 6 um, L3 = 10
wm on Si/SiO, (300 nm) substrate shows linear characteristics with 10 nm Sn/25 nm Au contacts.

Fig. 3.13(a) shows a TLM arrangement of Sn/Au contacts patterned by UV-lithography and
deposited by magnetron sputtering without breaking vacuum between Sn and Au deposition
runs. The maximum current here corresponding to L1 = 2 um at +5V is almost 10 times

higher than that in the case of 1 nm Ti/25 nm Au contacts shown in Fig. 3.7(b).

3.4.3 Choice of contact geometry

Various contact architectures have also been proposed from top, edge and a hybrid of top-

side contacts. Sec. 3.2.2 discussed standard top contacts on MoS; as this is the easiest to
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make and serves as a good starting point. But later, a hybrid design of top-side contacts (fig.
3.11(b)) were made by co-sulphurisation of 75 nm thick Molybdenum (Mo) contacts along
with the thin Mo channel which is to be measured by TLM after sulphurization. The
procedure used to do this was to first deposit the TLM bar of desired thickness (much thinner
than the contacts’ thickness in the next step), then photolithography pattern of top contacts
and deposition of Mo of much greater thickness followed by lift off. This gives a Mo TLM
bar of a low thickness along with Mo contacts of relatively high thickness. The entire device
(the TLM bar as well as the contacts) is now made up of Mo, just of different thicknesses.
This entire device is then sulphurised in the TAC furnace and so each of the two Mo regions
(thin TLM bar and thick contacts) becomes MoS. In essence the thin TLM bar sulphurises
completely to form MoSz while only the top few layers sulphurise in the thick regions to
form MoS,. This is depicted in fig. 3.11. The contacts thus have predominantly partially
sulphurised Mo or regions of Mo not sulphurised at all at the bottom. So, the regions
overlapping with TLM bar remain Mo (metallic) and so this can be viewed as Mo-MoS;-
Mo interface. Since the sulphurisation of the thin Mo TLM bar and thick Mo metal contacts
is occurring together, therefore these contacts are being referred to as co-sulphurised
contacts.

According to the current transport mechanisms at a metal-semiconductor junction, to obtain
low Rc values, charge injection from the metal to the semiconductor should be as efficient
as possible by either doping the semiconductor or lowering the Schottky barrier height or
both [2]. Low Rc is desirable in a metal-MoS; device for applications pertaining to
transistors, photodetectors and for any application where charge injection into MoS; or
current readout is crucial. Fig. 3.14 shows I-V sweeps of MoS; TLM bars for different
channel lengths for three different contact materials — Ti/Au, Sn/Au, Mo. While Sn/Au and
Mo contacts appear to have linear characteristics, Ti/Au shows non-linear characteristics.
This is the reason that for Rc comparison, Ti/Au contact material was not considered. For a
monolayer of MoSz, Sn/Au contacts render an average R¢ of around 1.3 kQ-um [25]. Here,
at no gate bias, few layer TAC based MoS; has a mean R¢ of ~ 1.22x10°® kQ-um (using eq.
3.9) when Sn/Au contacts are used. Mo top contacts are comparable to Sn/Au contacts with
a mean R of ~ 1.44x10% kQ-um. However, Mo top-edge hybrid contacts made by co-
sulphurising the contacts along with MoS; in the furnace showed an anomalous and
unexpected behaviour by showing much greater R¢ of ~ 65.8x10% kQ-um. These results are

summarised in fig. 3.15.
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Several studies have reported different methods and analysis to determine R of a metal-
MoS; contact. Most of them use a gate voltage to dope the active channel in MoS: to obtain
a low value of R¢ using different contact materials [22], [25], [26], [27], [28], [29]. One such
experimental study introduced the concept of ‘lateral access resistance’ and showed that it
has a profound effect on R¢ and is independent of current transport mechanisms at the
junction which greatly depend on doping, temperature and even deposition pressure of the
contacts [22]. It goes on to explain that when Au contacts are deposited on multilayer MoS;
under ultra-high vacuum ~ 10 Torr, it facilitates clean Au deposition and prevents any
adsorbates to be trapped at the Au-MoS: interface resulting during the deposition resulting
in higher mobility of charge under the contacts.

Furthermore, Kang et al., explain why Schottky theory based on work functions of the metal
and MoS; is not sufficient and non-intuitive to understand certain abnormal observations at
the metal-thin film TMDs interface. They show from an atomistic modelling perspective
that ohmic contacts with high charge injection can be formed with MoS; despite using a
high work function metal as long as MoS; under the contact is metallised forming an alloy

with the metal contact due to d-orbital hybridization [30].

(a) (b) 2 (©)

Fig. 3.14: I-V sweeps normalised by channel width (4 um) using different materials used as contacts
for multilayer MoS;. (a) Ti/Au (b) Sn/Au (c) Mo patterned according to TLM arrangement where
channel lengths are L1 =2 um, L2 = 6 um, L3 = 10 um.

In another study, they also show how a high work function (4.5 eV) Mo contact forms a
lower Schottky barrier (0.1 eV) as compared to Ti, a lower work function (4.3 eV) metal
that forms a higher Schottky barrier (0.33 eV) with MoS; [31]. This is particularly interesting
because in the case of TAC based multilayer MoS; presented here, Ti/Au contacts are much
worse (high resistance) as compared to Mo top contacts. This is evident from the high

resistance rectifying contacts formed by Ti/Au (as discussed in sec. 3.2) and linear contacts
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formed by Mo contacts that allow higher current to pass through as shown in fig. 3.14(a)
and (c) respectively.

Combining the concept of orbital overlap and edge contacts being superior to top contacts
for multilayer TMDs, R. Kappera et al., demonstrated phase engineered MoS; contacts for
MoS; channel [27]. They used metallic 1T MoS; to contact semiconducting 2H MoS.. Along
similar lines, a third set of samples - top-edge hybrid Mo co-sulphurised contacts - was made
as described previously and shown in fig. 3.11 with the rationale that while TAC process
can sulphurise Mo under ~ 20 nm completely, it only partially sulphurises very thick Mo.
For Mo of thickness ~ 75 nm (used here), TAC process only sulphurises top few layers while
leaving the bottom Mo as it is, and it is this Mo at the bottom which is in direct contact to
the thin Mo channel that becomes the thin MoS; after sulphurisation and which is to be
measured. This work was performed by by Mr. Christopher P. Murray (postdoc of the group)
and Dr. G. S. Duesberg in a currently unpublished work. The fact that thin Mo (pre-
sulphurisation) is a part of the thick Mo (that forms the hybrid contact), they are very
intimately connected and should have a good orbital overlap even after they have been
sulphurised. Therefore, these contacts were fabricated with the assumption that they will
give the least contact resistance and will be the most compatible with MoS,; TLM bar.
However, the results show something different — Mo co-sulphurised (Mo-co) contacts

showed much higher contact resistance than Mo and Sn-Au contacts (fig. 3.15).
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Fig. 3.15: Measured contact resistances of devices with (left) Mo top contacts, (middle) Sn-Au top
contacts and (right) Mo co-sulphurised hybrid top-edge contacts with their respective mean R
values and standard deviation among the devices depicted by error bars.
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Two very possible reasons for this can be that since the entire device undergoes TAC process
at 850°C, the partially sulphurised Mo that forms the contact might have lost its metallicity
or undergone distortion in its structure and secondly, TAC produces polycrystalline MoS;
and all layers are not uniformly arranged in a horizontal direction.

Fig. 3.15 shows R values of various devices for each set of contacts mentioned previously.
From this, it can be concluded that 10 nm Sn/25 nm Au contacts worked best for TAC based
multilayer films with the lowest Rcobtained with Sn/Au top contacts to be 53.8 KQ-um. It is
to be noted that TAC based multilayer TMD films are not uniformly oriented in one direction
so edge contacts would lose their efficiency of charge injection across all layers as they will
lose access to direct in-plane contact with the individual layers [32]. Also, TLM
measurements shown here were performed under room ambient conditions without using

any dielectric encapsulation on MoS; and any gate bias.

Fig. 3.16 depicts the lowest R¢ values plotted against MoS: thickness for each case (Mo top
contacts, Mo co-sulphurised (Mo-co) contacts and Sn-Au top contacts). From this, it is seen
that Mo-co contacts perform well under ~ 15 nm with R¢ value of 11 nm thick MoS> being
even lower than the R¢ value of 1.5 nm thick MoS; with Mo top contacts, while R value of
15 nm MoS; with Mo top contact is somewhat comparable to 15 nm MoS; having Mo-co
contacts. But R¢ value of 15 nm MoS; with Sn-Au top contacts outperforms the other two

contacts with the lowest Rc ~ 53.8 kQ-um.
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Fig. 3.16: Lowest calculated contact resistances at different M0S, thicknesses for each of the
contact material and contact geometry case.
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3.5 Thermal coefficient of resistance

Closed cycle refrigerator (CCR) setup with a helium cooled cold head (RDK-1xx) from
Sumitomo Heavy Industries Ltd. suited to operate at a temperature range of 4 — 320 K,
Lakeshore 331 temperature controller to sweep the temperature of the CCR with the sample
placed inside it under vacuum and Keithley source meters were used to provide an electrical
bias. The entire experiment setup including temperature sweep with simultaneous
application of voltage bias and current readout was controlled remotely using LabView
which was also used for data collection at the end of the experiment. Fig. 3.17(a) shows
resistance as a function of temperature R(T) for 3 nm and 30 nm on MoS;on SizNsand 3
nm MoS; on quartz.

70G

(a) 3 nm MoS, on Si;N, Experimental data (C) ‘
. - - Exponential fit + LOWESS plot
* 30 mm MoS, on Si,N, 30M

60G

- -Linear fit

® 3 nm MoS, on quartz 15 4
50G 4 :

40G +

log(R)

30G 4

20G

Resistance (Q)
Resistance (Q)

4 10M
10G

R A ———— - Jd0
-10G 12 T T

T T T R i
0 50 100 150 200 250 300 350 0.15 0.175 0.2 0.225 0.25 0.275 03

Temperature (K) VT (/KY3)

12k 4 (b) 3 Experimental data 240 4

s ) +—s1
® LOWESS plot (d)
10k — = Linear fit 220 .

38k
36k 4
34k 4

32k 4

Resistance (QQ)

30k

Value Ervor
28k  latercept 161997.64903 12692051

26k 4

20K {2 S

T T T T
T T T T T ' 25 30 35 40 45 50 55
275 280 285 290 295 300 305 310 315 320

Temperature (K) Temperature (°C)

Fig. 3.17: (a)Temperature dependent resistance plots for MoS; of different thicknesses on SizsN4 and
quartz substrates (“sample8-10’ from tab. 2.1). Exponential fit for 3 nm MoS; on SizN, substrate
(‘sample8’ from tab. 2.1) is shown with red dashed curve. (b) Zoomed-in plot and linear fit after
smoothing of ‘sample8’ in the temperature range marked by red box in (a). (¢) Logarithm of
resistance showing dependence on temperature (for ‘sample8’) based on Mott-VRH theory. (d)
Resistance vs temperature plots of thicker TAC based samples showing similar behaviour as in (b)
upon heating on a hot plate in ambient temperature and pressure.

These unpatterned samples were made on 1 cm? large area substrates and mounted on a

carrier plate placed inside a cryogenic chamber capable of creating vacuum and sweeping
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temperature down to 5 K and up to 323.15 K (50 °C). Thin conducting wires were pasted
using Ag paste on the samples’ surfaces in a 4-point probe type of arrangement on the sample
surface and left to dry. These thin wires extending out of the sample surface can then be
soldered onto the built-in electrodes on the carrier plate which extend out of the vacuum
chamber and are connected to a Keithley source and measurement unit outside the chamber.
This is used to control applied voltage or current from outside when the chamber is under

vacuum.

A bias of 100V was applied to the outer probes and current was measured between the inner
probes at each temperature point while temperature was swept from room temperature to 5
K and back to room temperature for 3 nm and 30 nm MoS; on quartz and SizNa respectively
while the 3 nm MoS; on quartz sample was swept from room temperature to 5 K and back
to room temperature and even beyond i.e., ~ 50 °C). While the plot corresponding to
‘sample8’ clearly shows a typical semiconducting behaviour of resistance with decrease in
temperature, the other two plots corresponding to ‘sample9’ and ‘sample10’ start showing
some saturation around 70 K and 200 K. Fig. 3.17(b) shows the resistance variation in the
temperature range going above room temperature marked by red box in fig. 3.17(a). After
applying locally weighted scatter plot smoothing (LOWESS) — an in-built functionality in
Origin pro plotting software — which reduces the influence of outliers on the bulk of
meaningful trend in a data, the plot was linearly fit to obtain the slope which gives a change
in resistance over a range of temperature. This was done because the measured data looked
scattered in certain temperature ranges and extracting meaningful trend was difficult. This
technique makes it easy to visualise trends in noisy data like the one here by smoothing

fluctuations and outliers in data. Temperature coefficient of resistance (TCR), ‘a’ relates

, . , 1 (R-R 1 (AR .
temperature ‘T’ and resistance ‘R %.az—(—i):—(—)WMW,Rlsmhmme
Ry \T-T, Ry \AT

temperature and Ra is the resistance at reference temperature (Ta). % is the slope of the R(T)

plot shown in fig. 3.17(b) and is used to calculate TCR for 3 nm MoS; on SisN4 in the

-431
25x103

temperature range shown in fig. 3.17(b). This gives ay,s, = = —0.01724 K 1 or -

1.724 %K1,
The negative sign here indicates that MoS; is semiconducting since its resistance increases
exponentially with decreasing temperature as is also evident from the fit of 3 nm MoSz on

quartz in fig. 3.17(a).
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Additionally, thicker samples of TAC based MoS; - S1, S2, S3 were made, and they were
heated (post-deposition) on a hotplate under ambient pressure conditions and resistance was
measured at different points in temperature. The details of the TAC process are mentioned
in tab. 3.1 and the plots of R(T) for these samples are shown in fig. 3.17(d). Anneal time in
tab. 3.1 refers to the in-furnace annealing time of the samples at their respective deposition
temperature without forming gas (Ar+H.) but only Ar gas. For the samples S1, S2 and S3
the TCR calculated is 1.12, 1.33 and 1.2 % °C respectively.

Table 3.1: TAC details of MoS, samples that underwent post-deposition heating in ambient pressure
conditions for measurement of R(T).

Sample MoS: Deposition Deposition Annealing
thickness (nm) | temperature time (min) time (min)
(°0)
S1 15 800 30 30
S2 55 750 30 -
S3 55 900 30 30

While disordered solids are known to follow Mott-variable range hopping (VRH) at low
temperatures, there are contradicting studies about transport mechanisms in MoS; at low
temperature. Transport studies are important to understand behaviour of charge mobility in
2D field effect transistors (FETSs) [33].
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Fig. 3.18: (a) Logarithm of resistance against (a) T-¥2 and (b) T-*®is plotted that shows ES-VRH and

Mott-VRH mechanism of carrier transport respectively. The data seems to fit more closely to ES-
VRH model.
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Fig. 3.17(c) shows log(R) vs T for ~ 296 K (room temperature) to 50 K (mid temperature
range) for ‘sample8’ and fits very well to Mott-VRH but plotting the data for very low
temperature range ~ 2.7 K to 11 K, the data fits slightly better to Efros-Shklovskii (ES) VRH
than Mott-VRH as shown by linear fits of log(R) vs T2 and log(R) vs T respectively in
fig. 3.18(a), (b). J. Xue et al., reported MoS; nanoflakes to fit Mott-VRH trend more than
ES-VRH in the 6 K to 25 K temperature range [34]. Contrary to this, N. Papadopoulos et
al., claim ES-VRH dominated behaviour for 1T/1T” MoS; [35] which is also backed by
study done by Jana Hrda. The data presented in this section and log (R) fits to both T-*2 and
T, can be used to conclude that TAC based MoS; also seems to follow ES-VRH transport

mechanism at low temperatures.

3.6 Conclusion

4-point probe data of multilayer MoS, samples were presented that reveal an optimum
temperature of sulphurisation using TAC process to be around 750-850°C. Any temperature
below this is not able to fully sulphurise the transition metal (Mo) and the resulting MoS;
largely remains metallic perhaps due to sulphurisation of only its topmost layers. It can also
be inferred that temperature plays a bigger role than time for the TAC process since films
sulphurised at lower temperatures than 750°C for as long as 60 mins show much lower sheet
resistance and resistivity compared to when sulphurised at 750°C or higher temperature
possibly due to partial conversion of Mo into MoS: leaving behind significant metallicity
coming from Mo. This corroborates well with studies on TAC based MoS; performed by

another group [36].

The semiconducting nature of TAC based MoS; is also proven by resistivity vs temperature
measurements where measured resistivity data fits exponentially as a function of decreasing
temperature. It further shows that at mid-room temperature, MoS, seems to use Mott-VRH
mechanism for current transport but at very low temperatures, it is more aligned to follow
ES-VRH mechanism. The data becomes very noisy at such temperatures for the samples
measured here so an accurate distinction between the two mechanisms was difficult to
observe, perhaps these measurements can be repeated with thinner MoS; and with a slower

scan rate at low temperatures to study the transport mechanism at low temperatures better.
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Other I-V measurements were carried out at room temperature which showed Ti/Au top
contacts to be rectifying when deposited on ~ 15 nm thick MoS; and spaced ~ 2 um apart.
The most probable reason for this lies in fermi level pinning mechanism at the MoS»-contact
interface. Such curves follow a typical back-to-back double Schottky diode model that
consists of a series resistance sandwiched between them which has also been studied
previously. More knowledge of modelling techniques is required to successfully extract a
realistic value of ideality factor and Schottky barrier height which when combined with the
knowledge of transport mechanism and whether n-type or p-type nature of MoS; can provide
greater insight in to TAC based TMD materials.

I-V sweeps were also done using an IDE design that serves as bottom-edge hybrid contacts
to MoS,. The material used was Ti/Au and since this layer was deposited prior to MoS>
sulphurisation, the contact interfaces thus consisted of Au/MoS,. Such a design was
implemented to be compatible with Ossila’s I-V and solar tool kit that includes easy to use
push-fit test boards and integrated SMUs interfaced with a measuring software. The same
IDE design was used to fabricate IDC structures to carry out C-V measurements on a 6 nm
MoS,. The C-V curves showed accumulation region at the negative voltage bias and

inversion at positive voltage bias thus indicating its p-type nature.

Finally, not just the contact design but also contact materials were engineered to form the
best contacts with TAC based MoS: with the aim to achieve as low contact resistance as
possible. For this, other materials apart from Ti/Au were used, like — Sn/Au top contacts,
Mo top contacts and Mo co-sulphurised top-edge contacts. After a comparison of all of them
thorough I-V characterisation and TLM calculations, the best performing contact design and
material for TAC based MoS; studied here was found to be Sn/Au top contacts that formed
Ohmic contacts in a voltage range of -10V to 10V as well as gave the lowest R; ~ 53.8
kQ-pm.

Some inherent properties of TAC based multilayer MoS;, like layers not being oriented in
the same direction and fermi level pinning with metal contacts make it especially difficult
to analyse TLM results. Nonetheless, this study sheds light on characterising multilayer
MoS: films using conventional methods of characterisation to the best of the capability and

scope of this project and serves as a platform for future advanced studies.
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4.1 Introduction

In this chapter we will investigate the active control on exciton properties which directly
influence the change in reflection from MoS; thin films. MoS; is a lossy semiconductor in
the visible range with a relatively high refractive index and extinction coefficient. As such
they exhibit strong optical interference effects and can support what is known as a zeroth
order Fabry Perot mode [1]. This mode can be used to achieve total destructive interference
with films that are much thinner than usual ~ 10 nm when they are deposited on a metallic
substrate [2]. MoS> has strong exitonic features in its n and k values in the visible range
which can be seen even at room temperature and these excitons give access to optical
interferences brought about by FP cavities. The position and width of these excitonic
features can be controlled by external bias. When combined with the interference effects in
these thin films we can enhance the change in reflectivity and investigate the possibility of
using these nanoscale films as optical modulators. Surface normal design is achieved by
stacking layers on top of each other and allows for such interference effects. Therefore, this
geometry is used which also opens up new research directions to fabricate surface normal
photodetectors, tuneable optical filters, opto-electronic modulators etc. in the future. The
novelty in doing so is purely based on the naturally occurring excitons in MoS; coupled with
a less explored optical interference effect with respect to TMD films but mostly discussed

in reference to transparent dielectrics.

While FP interference is more relevant to transparent and absorbing dielectrics [3] and 1%
order FP modes have been utilised for various applications, 0" order FP mode hasn’t been
implemented yet. As C. Bueno-Blanco et. al., have modelled MoS: in various different stack
designs, they show 0" order FP interference at the MoS, and metal of finite optical

conductivity to be of enormous use [4].

This chapter aims to explore light-matter interaction and active light manipulation in TAC
based MoS; by utilising 0™ and 1% order FP modes facilitated by sub-wavelength thick
MoS>. While the light-matter interaction is intrinsic to thin TMD films because of the
presence of room temperature excitons which facilitate strong absorption [5], [6], [7] in the

visible spectrum, active manipulation of light can be achieved by:

1. Inducing change in exciton properties by an externally applied voltage.
2. Performing the experiments around exciton resonances to observe maximum change

in response to the external stimulus.
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3. Maximize absorption and minimize reflection by integrating thin MoS; films in a FP
cavity design.

As discussed in ch. 1, externally applied voltage can change exciton oscillator strength,
induce more free carriers and change the overall band alignment of a monolayer TMD with
respect to its electrical contacts. The work presented in this chapter takes off from here to
push the capability of MoS> beyond its monolayer limit and achieve change in its optical
properties like absorption (or reflectance) in few-layer, large lateral area (um? to mm2) upon
application of in-plane as well as cross-plane voltage bias (electric field). The CCD based
differential reflectance technique (CCD-DR) is our in-house setup to visually detect this

change in reflectance upon an external voltage stimulus.

4.2 CCD-DR setup and explanation

The in-house setup to measure local reflectivity change was initially used for application of
thermoreflectance imaging and so most of the working principle explained here is based on
conventional and modified CCD based thermoreflectance (CCD-TR) technique [8], [9]. The
thermoreflectance technique is actually about evaluating change in refractive index which is

assumed to be related to change in local temperature.
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Fig. 4.1: Schematic depicting the optical arrangement of the CCD-DR setup.

84



As such this is more generally classified as a differential reflectance technique. The
schematic of this setup is shown in fig. 4.1. Its spatial resolution is ~250 nm and is sensitive

enough to pick up change in reflectance signals as low as 1E-4.

The region of interest (ROI) on the DUT is adjusted under the objective with needle probes
contacting it and the white light source brightness is set to a value that illuminates the ROI
sufficiently without saturating it. The CCD camera is triggered at 8 times the frequency of
the driving signal (voltage bias) and captures instantaneous images (of the ROI) averaged
over 5000 frames. Each on and off cycle of the driving voltage is divided into 4 parts (or
bins) and the captured instantaneous images are categorized into each bin over the course of
one voltage cycle i.e., 8 bins per cycle in total. The resulting data thus consists of ROI’s
spatial map of reflectance in response to voltage’s on and off-state. The off-state here, refers
to OV bias while the on-state refers to a non-zero voltage amplitude that differs according to
the DUT. Since voltage signal is used as the cause of change in reflectance in this work
instead of a thermal input, voltage bringing out this change in the TAC MoS; based stack
had to be calibrated first and this is also the reason that CCD-differential reflectance (CCD-
DR) terminology is used here instead of CCD-TR.

The reflectance data of the captured instantaneous images in the first bin (in the on-state), is
subtracted from the first bin (in the off state) during post processing of the data. Like this,
data of each bin in the on cycle is subtracted from the bins of the off cycle for comparison.
This gives the change in reflectance (AR) at each pixel of the ROI. When plotted against the
2-D coordinates of the ROI, this gives a colour map of AR in response to the applied

alternating voltage signal under a suitable light illumination.

4.3 Differential reflectance in CVD MoS;

The very first signature of differential reflectance under the CCD-DR setup was observed in
CVD based single layers of MoS; procured from Dr. Niall McEvoy’s group. This MoS; was
grown in the same setup as shown in ch. 2 and used the same apparatus as used for TAC
MoS>. The difference being in the precursor used, arrangement of the substrate inside the
furnace relative to the precursor, inert gas flow rate and temperature. The characteristic
triangular flakes of MoS> can be seen in the optical image shown in fig. 4.2(a). Contact pads
were patterned using electron-beam lithography (EBL) and gold was deposited later. Due to

the underlying alignment marks (+ symbol), the two contact pads that were otherwise
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supposed to be electrically isolated from each other form a conducting path between
themselves as one of the alignment markers shorted them. Therefore, electrically biasing
one of them with a needle probe (using substrate as back contact for ground) as shown in
fig. 4.2(a) also contacts the adjacent pad and so all the CVD MoS: flakes beneath them get
electrically biased. Observing this under the CCD-DR setup where white light uniformly
illuminated the region shown in fig. 4.2(a), while a 10 V bipolar square wave biased the
MoS; flakes and the CCD camera captured reflectance images in the on and off cycle of the
square wave after the light passed through a filter in the range of 600-650 nm, a surface map
showing the differential reflectance was obtained as can be seen in fig. 4.2(b). It is
noteworthy that all the flakes beneath the biased pads show change in reflectance in response
to an electrical bias whereas the isolated flakes around them show no change at all. This
proves that when observed at a wavelength around A-exciton, change in reflectance of
around 0.3% can be uniformly obtained across the biased MoS; flakes. This change is
attributed to the trion (quasiparticle of an exciton + electron) formation. This will be
explained in detail further in this chapter. These MoS; flakes had relatively high electrical
conductivity so the charge uniformly distributes across many flakes which are physically

(and electrically) in contact.

Fig. 4.2: (a) Optical micrograph of top contacted 2D material single layer MoS; on 300nm SiO;
with highly p-doped Silicon substrate as back gate (b) Differential reflectance image with 10Vpp
bipolar square wave applied.

Another sample was prepared by CVD method with MoOs3 seed layer deposited first and
then sulphurised in the furnace to form very pristine MoS,. The dark regions seen at the
centre in some of the flakes in fig. 4.3(a) is the underlying seed layer. Similar experiment
was repeated with this sample but this time using two contact pads for in-plane or lateral
CCD-DR measurements across an isolated flake. The pads chosen were the farthest apart

from each other and a 5V square wave was applied while the ROI was uniformly illuminated

86



with white light and CCD-DR images were captured with a narrowband filter of 650 nm.
Fig. 4.3(b) shows a clear down-scaling of DR with the increasing distance from the positive
potential electrode (top edge of the image) to the ground potential electrode (bottom left of
the image). The flake intended to be contacted did not show any DR but all the flakes in a

cluster under the biased contact pad show around 0.2% change in the reflectance.

Fig. 4.3: MoOs seed layer first which is then sulphurised in a CVD furnace to form very pristine
MoS; (dark areas are the seed layer)- just not large area but TAC has that advantage.

This hints at voltage dependence for DR and can be explored further to understand it in the
context of exciton tuning. It can be observed that the DR is restricted to small area (limited
by flake dimensions) and its location is dependent on the randomness of the CVD grown
MoS: flakes. Also, isolating a single flake for this application is not just difficult but very
time consuming. Furthermore, patterning such small lateral area flakes required e-beam

lithography which is much more cumbersome than photolithography.

Therefore, there is a need to explore other synthesis methods to produce MoS; with similar
pristine level, better compatibility with patterning techniques and photolithography, the
ability to be deposited at any desired location, and have continuous and larger area films.
All this was achieved using TAC based MoS: films along with additional novelty that these
films were not limited to single layers but were made to be a few layers thick so as to push

the limit of active exciton tuning beyond the monolayer limit.

4.4 Differential reflectance in TAC based MoS;

Theoretically, excitons in MoS; stay bound up to ~ 7 layers of thickness as shown in fig.
4.4.Y. Yu et al., have depicted this geometric confinement of excitons in MoS; by fitting
their experimental results to a suitable model based on quantum confinement [5]. Exciton is
most strongly bound when the thickness of MoS; film is less than its radius i.e., single layer

as shown in fig. 4.4(b) which is a possible reason for strong exciton-based effects in
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monolayer MoS,. This study however, gave us a large enough window to fabricate few-layer

MoS: devices to show amplitude modulation of reflectance beyond the single layer limit.
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Fig. 4.4: Taken from [5], (a) shows the exciton confinement strength as a function of MoS; thickness
which can be visualised as in (b)-(e).

Another important consideration in the design of few-layer TAC based MoS; devices for
DR application taken into account here is the effect of dielectric encapsulation. To limit the
negative effects of ambient environment on MoS,, especially in the in-plane DR
measurement, where DR measured is over a longer distance (on the order of um) across the
surface of MoS; as compared to cross-plane measurements which are performed across the
MoS:; thickness in the range of nm. Cross-plane measurement not just ensures shorter
distance for the electric field strength resulting from the applied bias but also limits the
surface effects since the applied electric field travels inside the plane of the thin film but
surface effects become more prominent in the measurement when it is applied in-plane. The
in-plane design consists of electrical contacts around pm distance apart which reduces the
electric field strength for the same bias applied when compared to the cross-plane case.
Additionally, top surface layer has a greater effect in this case than the underlying layers of
the thin film. Therefore, it becomes more important to protect this top layer from oxidation
and other ambient adsorbates from damaging the surface when it is under in-plane DR
measurement. Here, dielectric encapsulation plays a very important role and Al,O3 has been
used to coat the top surface of a ~3-4 nm TAC based MoS; film presented in section 4.4.2.1.
However, before diving into the in-plane measurements, it was more intuitive to perform
out-of-plane or cross-plane DR measurements using TAC based MoS, FP cavity design and

exciton absorption theory.
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4.4.1 Cross plane topology

Incorporating a dielectric layer makes the FP cavity a first order one and V. G. Kravets et.
al., have shown tuning of reflection spectra at ~665 nm in such a stack consisting of a
monolayer of MoS; (deposited by CVD) on SisN4/Au [10]. Similarly, ~ 3-4 nm MoS; was
prepared by TAC on pre-patterned and deposited SisN4 (~30 nm thick) on Au according to
a custom-made mask. The custom-made mask was designed to achieve layer by layer
patterning and deposition of the stack layers consisting of TAC based MoS; in tandem with
a metal back reflector and a sandwiched layer of dielectric between the metal and MoS:.
This design was introduced in chapter 2 (sec. 2.3.1). As a recap, the explanation of the mask
design is: first layer (L1) pattern consisted of two square pads with horizontal bar connecting
the two for continuity, then second layer (L2) patterned as another bigger square pad on top
of one of the L1 square pads to completely cover it. Finally, the third layer (L3) was included
which overlaps L1 and L2 in such a way that part of it lies directly on top of L1 and L2 while
the rest of the part extends out perpendicular to L1 pattern. The top view of this stack is
shown in fig. 4.6(b). Au being L1 in this case, its thickness was chosen to be 100 nm with a
1 nm Ti adhesion layer so that Au stays intact after subsequent lithography steps and can
survive TAC furnace temperature of 850°C. SisN4 formed L2 and MoSz was L3. This stack
is represented as: MoS,/SizN4/Au/quartz. AFM line scans in fig. 4.5 show the thicknesses of
MoS; and SisN4 designed to be 3 nm and 31 nm respectively using our nanoPVD sputtering

tool.

Fig. 4.5: AFM images showing (a) L2 (SisN4) thickness and (b) L3 (MoS,) thickness.

As mentioned previously, since this stack was being made for a measurement requiring
cross-plane contacts, therefore, it was very necessary to do so without damaging the active
area (overlapping region of L1, L2 and L3) and the stack’s optical interference. The contacts

used in this setup were sharp needle probes that can pierce through the active area if the
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needle probes are made to land directly on it. For this, photomask was designed keeping in
mind that first layer (100 nm Au) and the MoS; layers should be easily accessible for
electrical contacting.

TMD
@ 10-200V |
| | _ Dielectric
|
Metal
Substrate

Fig. 4.6: (a) order of layers in the stack starting from quartz substrate, then Au as the metal reflector
followed by SisN4 as the dielectric and finally MoS; (pink). (b) Top view of the stack with different
sizes of the active area across the pixel array and showing extended portions of L1: Au and L3:
MoS;.

Therefore, both of these layers were extended out of the active area region and were designed
to be placed laterally perpendicular to each other so as to avoid overlap. The sandwiched
SisN4 layer was designed to have larger area than both these layers to prevent shorting as
mentioned earlier. The arrangement of layers and top view of the stack are shown in fig.
4.6(a), (b) respectively. The width of the active areas in the pixel array are 50 um, 75 um,
100 pm, 150 um. Orange colour is due to optical interference of all 3 layers (L1: Au, L2:
SisNs, L3: M0S;) and golden-yellow colour is due to optical interference between L1: Au
and L2: SizNa.

4.4.1.1 Case-1: MoS; biased

Voltage bias was applied between L1 (Au) and L3 (MoS;) as shown in fig. 4.6(a) ranging
from as low as 10 V to as high as 200 V. It was good to see the stability of unencapsulated
few-layer TAC based MoS; being measured under ambient conditions to survive such large
voltages without getting damaged. Due to small active area and limited resources, SE could
be only performed for unbiased and un-patterned stacks (having the same layer
arrangement), though it would be the best-case scenario if the sample shown in fig. 4.6 was

measured while being biased.
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Fig. 4.7: (left axis) Experimentally extracted n, k values for unbiased 4 nm MoS; on SisN4/Au fit to
the model presented in [11] along with simulated n, k spectra of biased 4 nm MoS; based on
ellipsometric model in [10]. (right) Simulated reflectivity spectra of biased 4 hm MoS,/SisN4/Au
showing dips around ~670 nm.

Yet making the best use of the available facilities, unbiased sample was measured under the
ellipsometer described in 2-2.4 and the data was fit according to a multi-Lorentzian function
to extract ‘n” and ‘k’ plotted as purple and cyan colour curves in fig. 4.7. The closest match
to these curves was found in K. M. Islam et. al.’s work [11] where they provided ‘n’ and ‘k’
values extracted from ellipsometry performed on monolayer, thin and few-layer thick MoS;
films. The dark grey and light grey curves show ‘n’ and ‘k’ values respectively across the
visible spectrum for thin MoS: films. Using TMM and multi-Lorentzian model (that relates
the dielectric function with a material’s electric dipoles in response to oscillating electric
field) used in [10], the experimentally extracted ‘n’, ‘k’ values were simulated for the
positive and negative biased cases (colleague Evan Roy’s PhD work). A Lorentzian model
treats electron — nucleus system as a small mass attached to a large mass via a spring. It takes
into consideration the oscillations of electrons’ motion around the nucleus in response to
electromagnetic radiation. Oscillation of electrons with respect to nucleus creates an atomic
dipole ‘p’ which in this case can be interpreted as an exciton and relates to the dielectric

function ‘g,.” through:

(4-1)
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Where ‘N’ is the number of dipoles, ‘p’ is the dipole moment, ‘g, is permittivity of free
space and E is the electric field (from electromagnetic radiation) driving the oscillations of
electrons. Furthermore, this relationship can be expressed in terms of refractive index as
well given the direct relation between refractive index and dielectric function (n=v,). The
Lorentzian model thus takes into consideration the excitons’ oscillator strength ‘f* (the
strength of exciton coupling with electromagnetic field), linewidth ‘T’,” that accounts for all
kinds of damping mechanisms (radiative decay, scattering etc.), exciton resonant energy ‘Ex’

and background permittivity ‘€.’ to relate with complex dielectric function ‘e(E)’ [12]:

€(E) =€ + B (4-2)
® ' EZ-E2-iT,E

Fig. 4.7 shows the change in amplitude and width of the exciton peaks indicating a strong
change in absorption (and reflection) when thin MoS; films are subjected to externally
applied bias. Expected change in reflection from the TMM calculations was large (~10%)
that is evident from the plots associated with the right axis (% reflectivity). This is of course
large compared to what was experimentally obtained as will be discussed in the sections to
follow. Possible reasons will also be discussed later but in short, the main reason for the
mismatch between calculated change in reflectivity compared to experimentally obtained
data is that in simulations, pristine, continuous thin films with no defects are considered
while in reality this is very difficult to obtain. Especially in this project, MoS; thin films
were incorporated in multilayer stack devices without any dielectric encapsulation and were
measured under ambient temperature and pressure conditions to test their feasibility as a

commercially available device that can be used in real life applications.
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Fig. 4.8: (a) Top view of the stack (ROI) with the smallest active area (orange region). (b)
Corresponding change in reflectance in the active area. The colour bar depicts the magnitude in the
order of 1E-3. (c) Evolution of change in reflectance with time follows the 40 V p-p sine wave driving
signal.
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Such a device was experimentally tested by measuring the DR of the stack described
previously and shown in fig. 4.6 biased with a sine wave with different amplitudes ranging
from 10-200V. Time varying voltage is required to compare reflectance images from the on

cycle to off cycle as explained in sec. 4.2.

An optical filter of 670 nm was chosen since simulated reflectivity (%) in fig. 4.7 shows
change around exciton dips and is seen to be more pronounced ~ 670 nm. Out of all the sizes
of active area shown in fig. 4.6(b), only the smallest of the lot (50 pum wide) showed change
in reflectance. This is clearly observed through CCD-DR measurement when the active area
(orange colour region in fig. 4.8(a)) formed from the overlap of L1, L2 and L3 showed a
clear change in reflectance ~ 2E-3 (red region in fig. 4.8(b)) with 670 nm filter (10 nm
bandwidth) on white light source, leaving the rest of the ROl predominantly at zero change
(blue background in fig. 4.8(b)). The voltage signal used to drive this process was a sine
wave of frequency 5 Hz, 40 V p-p amplitude phase synchronised with the camera triggered
at 8 times the voltage frequency i.e., 40 Hz. The CCD-DR signal follows the voltage signal
as seen in the plot fig. 4.8(c) which was picked from a random point in the active area
(orange region) in fig. 4.8(a). Similarly, change of reflectance was probed under the above
explained setup and settings at different voltage biases. Fig. 4.9 shows the percentage
change in reflectance of the active area in (orange region in fig. 4.8 (a)) as a function of
changing amplitude of the driving voltage signal (sine wave with a frequency of 5 Hz). At
the largest applied voltage of 200 V, ~ 0.32 % change in reflectance was observed in the 1st
order FP based stack design formed from overlap and optical interference between Au back

reflector, SisN4 and 4 nm MoS..
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Fig. 4.9: Change in reflectance increases with increasing applied bias keeping the same illumination
settings.

Another notable observation was quality of dielectric (SisN4 in this case) sandwiched

between the L3: MoS;, and L1: Au. If not continuous and/or of the correct thickness, then it
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can result in shorting between the two layers or fail to provide the desired optical
interference needed for light trapping inside the cavity. This results in a reduced signal and
was especially the cause of failure for larger active area devices in the pixel array. In fact,
this even showed up in certain smallest (50 um wide) devices, where the change in
reflectance signal fell continuously as it went away from the biasing electrode. Shown in
fig. 4.10 (a) is one such device from the array with two needle probes contacting L1 and L3
each. Probe near the top edge of the image is placed on L1 extended Au pad and the probe
at the left edge of the image is placed on L3 extended pad of MoS> with an additional Au
contact pad to achieve a better electrical contact between the needle probe and MoS,. Fig.
4.10(b) shows change in reflectance in the active area falling across its length. It is maximum
around the edge nearest to the electrode at x=~1000 pum mark after which its magnitude
decreases to zero as it reaches the farthest edge of the active area length around x=1500
mark. Such issues can be mitigated by using better quality of dielectric perhaps deposited
using less aggressive methods like atomic layer deposition (ALD) instead of sputtering that
was used here so that the dielectric can electrically isolate L1: Au and L3: MoS>

successfully.
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Fig. 4.10: (a) Gray-scale image of the ROI. (b) Corresponding DR map showing reduction in DR
signal as a function of increasing needle probe distance in the active area.

4.4.1.2 Case-2: Au biased
Lastly, electric configuration was changed slightly, i.e., Au layer forming the bottom
reflector was biased with the driving signal (square wave of p-p amplitude =160 V) and

MoS; layer was connected to the negative (ground) electrode.
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Fig. 4.11(c) shows this layer arrangement which is the same as before (shown in fig. 4.8(a),
fig. 4.10(a)) but the biased and ground electrodes are switched. Among the array consisting
of different sized active region pads, 75 pum wide pad is shown in fig. 4.11(a) and fig.
4.11(b) shows a maximum of around 0.06% change in reflectance observed upon measuring
under the CCD-DR setup with the same settings. The spatial colour map in fig. 4.11(b) is
also seen to follow the frequency of the driving voltage bias shown in fig. 4.11(d). Here, yet

again leaking through the dielectric is visibly evident.
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Fig. 4.11: (a) Gray-scale image showing top view of the ROI. (b) CCD-DR signal of the ROI
measured with 670 nm filter. (¢) Layer arrangement and electrical bias configuration, this time
biasing Au layer with the driving signal. (d) % change in reflectance following the driving signal
frequency.

Lastly, this stack was measured under 630 nm optical filter as well with a 10 V p-p square
wave. This was done to test the contribution from the B-exciton which reportedly shows low
tunability with charge modulation [10]. The change in reflectance under this setting is shown
in fig. 4.12. it can be noted that the signal is the weakest in this case compared to the results
shown before and what will be also presented in subsequent sections. This corroborates with
V. G. Kravets et. al.’s findings [10] and can also be attributed to either low quality of
dielectric beneath it or insufficient thickness of dielectric responsible for the optical
interference that can happen due to non-uniform evaporation of this layer during the
fabrication process or phonon-assisted polariton scattering [13], [14], [15] or a mix of all

these concerns.
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Fig. 4.12: (a) Optical image of the ROI under test illuminated by light passing through a 630 nm
optical filter. (b) Corresponding DR spatial map across the ROI obtained by aplying 10 V p-p time
varying square wave.

4.4.2 In-plane topology

Using a similar approach but slightly different execution, MoS; of two different thicknesses
were deposited on two different substrates and layer arrangements. The first one presented
in sec. 4.4.2.1 was deposited directly on unpatterned quartz substrate followed by top
electrode patterning and deposition and then top dielectric encapsulation of the entire
substrate area. On the other hand, the stack presented in sec. 4.4.2.2 was based on Ossila’s
FET design but only the layer consisting of source-drain IDEs was used to achieve the
desired function and the gate layer was not used. In this sample stack, Si/300 nm SiO;
substrate was used followed by S-D IDEs and then MoS:; as the last layer giving alternate

regions of two different optical interferences as explained later in that section.

4.4.2.1 TAC based MoS; on quartz substrate

MoS; of the same thickness (~3-4 nm) as in sec. 4.4.1 was deposited directly on a 1cm?
quartz substrate followed by 50 nm Au top interdigitated electrodes (IDEs) and Al2O3
encapsulation to protect the large area MoS; surface as shown in fig. 4.13(a). Two needle
probes were placed on the extended contact pads piercing through the Al,O3 encapsulation
and reaching the Au contact pads. An optical filter of 640 nm was placed between the white
light source and the CCD camera and a voltage bias of square waveform with an amplitude

of 5V was applied across the two electrodes.

Given the high sensitivity of the CCD-DR setup to probe change in reflectance, it was able
to measure a signal as low as ~5E-4 shown in fig. 4.13(b) upon the application of electrical

bias.
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Fig. 4.13: (a) layer by layer arrangement of the stack (Top) and gray sclae image showing top view
of the contacted stack (bottom). (b) Change in reflectance signal observed between the IDEs shown
in red colour.

4.4.2.2 TAC based MoS; on Si/SiO2 substrate using Ossila design

In this sub-section, the sample set presented utilizes MoS; in 1% order FP cavity. 50 nm Au
IDEs were patterned and deposited on a Si/300 nm SiO; substrate and then 6 nm thick MoS;
produced by TAC was deposited on top of them. This created two regions of different optical
interference; first one consisting of substrate/L1/L2: Si/SiO2/Au/MoS, and the second
region consisting of substrate/L2: Si/SiO2/MoS,. The IDEs were biased as in the previous

sub-section thus also directly biasing the MoS; above them.

Fig. 4.14: Ossila design-based device with alternating regions of 1% order FP stacks produced using
different combination of layers.

As shown in fig. 4.14, the optical image shows the top view of this stack with a zoomed-in
section showing the alternating regions of different 1 order FP cavities formed due to
optical interference between different layers. The blue region is MoS; optically interfering
directly with the substrate while the pink region is caused due to interference between MoS,,
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Au and substrate. The former will be referred to as stack-1 and the latter as stack-2 for

convenience.
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Fig. 4.15: (a) Grey sale image of ROI with marked regions to identify the alternating stacks making
1st order FP by varying layer arrangement. (b) Spatial colour map produced after CCD-DR
measurement with 670 nm filter and 160 V square wave driving signal. (c) % change in reflectance
of the region outlined by a black square in (b) that also follows the driving signal frequency.

Outlined by white dashed square in fig. 4.14, is roughly the chosen ROI measured under the
CCD-DR setup. A grey scale image of this ROI is shown in fig. 4.15(a) that clearly shows
strong reflection (saturated bright regions) of white light from the L2 regions backed by L1
(Au IDEs) on the substrate and a strong absorption evident from dark area between the two

IDEs in the region comprising of L2 (MoS>) directly on substrate.

This sample also shows an unexpected CCD-DR signal from the region forming stack-1
(MoS; on Si/SiOy) i.e., the dark region in fig. 4.15(a). Even reducing the source white light’s
intensity so that the regions forming stack-2 are not saturated by light anymore, did not
produce any DR signal from them under the same settings. It was also noteworthy that
illuminating the stack-1 region with maximum intensity of light (from the same source) that
would otherwise completely saturate the samples presented before in this chapter, failed to
increase the brightness significantly in this case. This is also a proof of strong light
absorption caused possibly due to the 1% order FP or the Salisbury screen effect. This
measurement was repeated for the different amplitudes of the driving voltage signal and
each time, similar result was obtained with the strongest change in reflectance observed for

higher applied voltages.
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Fig. 4.16: Waveforms as a function of time of (top tile) driving voltage and CCD camera and (bottom
tile) the measured DR responses at 10 V, 160 V and 200 V.

Top tile in fig. 4.16 shows an example of camera triggered at 8 times the frequency of the
driving signal as also explained in previous sections and the bottom tile shows the % change
in reflectance as a function of time for three different amplitudes of the driving voltage.
‘HV’ refers to ‘high voltage’ to distinguish between the voltages applied with and without
using a voltage amplifier. The gain of the amplifier used was 20x therefore ‘HV’ mentioned
before an amplitude value (which was the input from the signal generator) means that the
voltage amplitude obtained after passing through the amplifier was 20 times the mentioned
amplitude value and this amplified square wave was used as the input bias to the device for
CCD-DR measurement. The bottom tile thus shows the time variation of the %change in
reflectance as a response to square wave input of amplitude 10 V, 160 V (20 x 8 V) and 200
V (20 x 10 V).

4.5 Possible mechanisms of exciton tuning in TAC based MoS; stacks

The previous section (sec. 4.4) showed a visual representation of change in reflectance in
few-layer MoS:; films upon electrostatically gating the stack: MoS,/SizsN4/Au. The change
in reflectance observed can be attributed to exciton tuning in MoS; and can be explained by
change in exciton properties upon gating. Energetically, excitons lie close to the conduction
band that is in between the valence band maximum (VBM) and conduction band minimum
(CBM). According to eq. 4-2, a change in excitons’ oscillator strength and linewidth can

lead to a change in overall complex permittivity. V. G. Kravets et. al., experimentally
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showed the variation of optical constants near exciton bands as a response to gate voltage
[10]. They observed increasing gate voltage applied in the out-of-plane direction of the MoS>
monolayer causes decrease in exciton (A and B) absorption intensities with a significant
change observed in f (oscillator strength) and y (or ‘I’ as used in eq. 4-2 — spectral width or
damping factor). They also showed that ‘n” and ‘k’ are tuneable only in the spectral range
of 580-750 nm beyond which they are independent of gate voltage. This tunability appears
only near the exciton resonances and is caused due to a decrease in f and broadening of y
(spectral width i.e., exciton bands) of the A and B excitonic transitions brought about by
charge injection. This explains the measured DR in this work which is also a result of gating
the MoS2/SisN4/Au stack. This is also validated by Y. Yu et al., where they observed change
in refractive index due to gating (charge injection) in monolayer WS> caused mainly by
change in f and y [16]. The reduction in f due to charge injection is explained by Pauli
blocking effect [17] and change in exciton orbital wavefunction [18]. Pauli blocking or phase
space filling theory is governed by Pauli-exclusion principle according to which excitons
and conduction electrons should energetically reside in different region of the phase space
and this dynamic gets disturbed upon charge injection causing reduction in f. In contrast, y
broadens due to increased collisions and Coulomb scattering as charge injection increases
[17]. Another point to consider is that in all the stacks showing DR presented above, show
the results around A-exciton resonance i.e., ~ 670 nm. This is supported by [10], [16] which
show that tunability is easier to achieve around A-exciton. The red and blueshifts (caused
by Pauli blocking and/or inelastic interactions between exciton and free charge carriers) are
accounted in experiment by using a 670 nm filter with 10 nm bandwidth. D. Vella et. al.’s
experimental work narrows down the above explained mechanism and points out a clear
distinction between change in reflectance due to 1) motion of free carriers (brought about in
their device by in-plane electric field without injecting charge carriers) to be mainly due to
change in linewidth and 2) charge modulation by applying a gate voltage to their capacitively
coupled device to being caused by transfer of oscillator strength from an uncharged (neutral)
exciton to a negatively charged exciton (trion) [19]. While the change in reflectance in the
former case showed spatial dependence on the magnitude and polarity of their driving signal,
the latter was independent of all this. The latter result therefore supports light modulation in
the MoS,/SisN4/Au stack caused by change in excitons’ oscillator strength as observed in
sec. 4.4.1. This result showing change in reflectance due to gating is of significant use for
applications pertaining to visible range of the electromagnetic spectrum which also happens

to coincide with the spectral range of MoS; excitons.
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The measurements show uniform change in reflectance across the active area (overlap of
MoS,, SizNs and Au). For certain failed devices (not shown) where SisN4 was damaged, any
kind of shorting between bottom Au layer to the top MoS; layer after passing through SisN4
layer would show up as current hotspots (regions of extremely high current density) in the
CCD-DR measurement. These current hotspots would not appear with such small order and
magnitude especially at the high voltages used on these devices and would present
themselves at twice the frequency of that of the applied driving voltage signal. If the
measurement was left running, this would also damage the device stack significantly in other
areas and the results were not reproducible. However, in the work presented here, a working
device was measured multiple times over the course of weeks and months (in some cases)

under different CCD-DR settings without showing any signs of damage.

The differential reflectance signal can be further enhanced by ensuring sustainable photon
interaction with excitons and reducing polariton scattering that are caused by acoustic
phonons [13] especially longitudinal acoustic phonons in the vicinity of K and M points in
the Brillouin zone [14] and are the main causes of dispersive Raman scattering or
translational motion of excitons. This leads to valley depolarisation and so the incident light
frequency should be chosen carefully to access excitons for interaction with light because
excess kinetic energy in the form of light energy or thermal energy can result in intervalley
scattering of excitons. T. Sekine et. al., clearly point out that when the incident light is
slightly above the 1s level of A or B exciton, it gives rise to dispersive Raman peaks
attributed to phonon scattering [13] and G. Kioseoglou et. al, further quantified this excess
energy to be equal to twice the energy of the lowest phonon available in the MoS; system
which is 0.06 eV [15]. While this is true for single layer MoSy, this is still relevant for few-
layer MoS; at least qualitatively. This gives us a frequency window in the vicinity of the
excitons beyond which accessing excitons to tune their properties and using them for opto-
electronic applications can become cumbersome. This is a possible explanation for
observing a weak DR signal with a 630 nm filter as shown in fig. 4.12 which corresponds to
1.968 eV which is well above the A-exciton energy level (1.842 eV) as shown in fig. 4.7
and surpasses the threshold value of 0.06 eV assuming that this remains the same for few-
layer MoS: films as well. Though not very strong, yet B-exciton contributes to the DR signal
since the difference in B-exciton energy and light passing through the 640 nm filter is 1.99-
1.968 eV which equals to 0.022 eV meaning that the condition for 100% valley

depolarization has not been met yet and therefore despite the difficulty in B-exciton tuning
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reported previously, it results in a week CCD-DR signal. This also adds on to the explanation
as to why exciton tuning beyond the exciton energy vicinity is not possible and more so at

the room temperature where phonon effects are more pronounced.

4.6 Conclusion

This chapter showed a direct visualisation of change in reflectance using our in-house CCD
camera based differential reflectance setup via false colour spatial maps. Different
topologies of the stack design were used keeping the thickness of MoS: below 4 nm to take
the advantage of exciton confinement that dictates high absorption in MoS,. To enhance the
absorption further, FP cavity design was used to facilitate light trapping to give MoS: the
best chance to interact with photons as much as possible. Change in reflectance was actively
achieved by applying a time varying voltage signal. The application of a voltage bias is
responsible for charge injection in both cases of the cross-plane topology where first the
time-varying voltage driving signal was applied directly to the MoS: thin film and then to
the Au back reflector; both layers were separated by SisNa layer in both cases. Charge
modulation facilitates significant change in exciton properties like spectral width and
oscillator strength thereby causing change in absorption and light-matter interaction in
MoS:. Both the cases showed change in reflectance of similar magnitude and order (~0.2%)
without causing any damage to MoS; in the first case even after applying voltage as high as
200 V. A slightly better result was obtained in the in-plane topology with the highest change
in reflectance ~ 0.75% was observed at 200 V. Here the region of stack that gave this result
consisted of MoS; directly on Si/SiO; substrate forming a yet another 1% order FP cavity
like the cases discussed in the previous topology. Another design where MoS; was not
backed by any reflector and directly deposited on a quartz substrate was also implemented
which was presented in the in-plane topology section and a very small signal (0.05%) was
detected. In conclusion, TAC based large area (mm?) MoS; on Si/SiO2 substrate showed a
slightly higher % change in reflectance than CVD MoS; deposited on the same substrate.
This is a proof of concept that TAC based large area, continuous MoS; films which are
compatible with photolithography processes can be used in a patterned stack at any stage or
deposited directly on a substrate. Moreover, TAC based MoS: films produce equivalent or
similar % change in reflectance compared to CVD MoS: flakes which is also uniform across

the MoS; based active area.
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5.1 Introduction

This chapter aims to explore the photo-induced response in multilayer large area MoS;
produced using several approaches including chemical vapour deposition (CVD), liquid
phase exfoliation (LPE), and thermally assisted conversion (TAC) process. There are
several mechanisms evident simultaneously in the film which lead to a complex
optoelectronic response. These include photoconductivity, photovoltaic effect, photothermal
effect and photobolometric effect to name a few. The CVD process results in high quality
single and few layer MoS: however there is little control over the position on the sample
where the MoS; forms. LPE allows easy production of large area multilayer films however
these consist of many flakes of different thicknesses and lateral sizes resulting in defect
dominated slow photoresponse. We show that the TAC process provides a compromise
between the previous two methods in terms of photoresponse. At the same time, we can
accurately position the thickness-controlled TAC MoS; using photolithography. This allows
us to do a more complete study of the photo response in terms of electrode geometry, film
thickness and steady-state versus transient response. We show that TAC films demonstrate
a unique combination of photoconductive, photovoltaic and pyroelectric response.
Combined with resonantly enhanced absorption in ultrathin films this could lead to
interesting device applications such as broadband pyroelectric sensors with fast response

time.

5.1.1 Photoconductivity (PC)

Photoconductivity is the change of the electrical conductivity of a material in response to a
light stimulus. A semiconducting material such as MoS, becomes more conductive when
exposed to light with energy greater than the bandgap. This is due to emission of photo-
electrons which can then contribute to the electrical conduction. The change in conductivity
is directly proportional to the number of photons absorbed by a material. Materials with a
high absorption coefficient are desirable to create thin film photoconductive sensors. Several
parameters are considered as figures of merit to assess the performance of a photoconductive

device. The basic and most important ones considered in this work are described as follows:

1) Responsivity relates the optical power input (Popt) to the photoinduced electrical

current output (lpn) as:
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R = -2 [A/W]

Popt

(5-1)
Previous studies have reported photoresponsivity using MoS; ranging from as low as 5.8 x
10 A/W [1] to as high as 273 A/W [2]. Z. Yin et al., reported a photoresponsivity of 7.5
mA/W for single layer MoS; at very low optical power (80uW) and Vg¢s =1V but by gating
MoS; [1] and D.S. Tsai et al., reported a photoresponsivity of 0.57 A/W for few layer MoS;
in a MSM design created by using top interdigitated electrodes (IDE) [2]. It is clear that the

synthesis process and device geometry have a large effect on the photoresponse.

2) Sensitivity is the ratio of photoconductivity (or photocurrent, lIp) to dark
conductivity (dark current, lgark) I.€., current measured in the illuminated/light and
dark conditions respectively.

Ioh

S =
Idark

(5-2)

3) Response time (rise and fall): This is the time it takes for a photoactive material to
respond to change in intensity of light stimulus. It is measured as the time taken for
the sample to reach 90% of its final value under a step impulse (rise time) or decay

to 10% of its original value on switching off the light source. The response time can
have both fast and slow components depending on the underlying effect and defects

in the material. Operating across light modulation frequencies can therefore allow us

to use different underlying photoresponse mechanisms. The rise and fall times are
important for use as a fast detector. Usually, the sensitivity is linked to the response

time because higher sensitivity results in slower response for photoconductors.

5.1.2 Photovoltaic (PV) effect

Due to the presence of room temperature excitons in the visible range of the electromagnetic
spectrum, MoS; is very sensitive to light illumination, contact material and design. PV in
MoS: is greatly governed by the effectiveness of the source-drain contacts to separate the
photo-electrons from holes. But the energy levels where the photo-electrons reside is
governed by light intensity, wavelength and whether it is continuous or pulsed.

Also, MoS; shows a mix of mechanisms altogether that can be difficult to separate out.
These effects are Photovoltaic (PV) [3], Photo-thermoelectric (PTE) [4], photo-bolometric
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(PB) [5], piezo-PV [6] and photoconductivity (PC) [7], pyro-phototronic [8]. In this work,
some of these effects are investigated for TAC based MoS..

5.1.3 Photothermal (PT) effect

Photothermal effects are where the absorbed light in the thin film generates heat which in
turn changes the electrons’ response. There are a broad range of compound effects which
can be generally classed as photothermal. The ones relevant to this work are briefly

described below:

5.1.3.1 Photo-thermoelectric (PTE) effect

In the photo-thermoelectric effect, light absorbed unevenly in the sample creates a
temperature gradient. The temperature gradient generates a voltage due to the Seebeck effect
which if connected to load can drive a small current. Usually, Seebeck effect is small in the
range of a few hundred uV/K yet several studies have utilised this effect to fabricate self-
powered photodetectors. Y. Zhang et. al., reported that in multilayer MoS; based transistors,
PTE and PV effects work in tandem with each other [9] while M. He et. al., utilised the PTE
effect in MoS; to fabricate PTE based flexible nanogenerators (PFTENG) [10]. P. -Y. Huang
proposed a polarisation sensitive photodetector and demonstrated a self-powered single
walled CNT-MoS; based PTE detector in the visible range of electromagnetic spectrum [11].
M. Buscema et. al., on the other hand, claimed that most of the photoresponse in monolayer
MoS:; is attributed to PTE than PV (separation of charge carriers) [12]. Their mechanically
exfoliated single layer MoS; flake showed a Seebeck coefficient between -4 x 102 pV/K to

-1 x 10° pV/K tuned by an externally applied bias.

5.1.3.2 Photo-bolometric (PB) effect

From 3-3.5, strong temperature dependence on resistance of TAC based MoS; thin films
was shown and a high TCR was also calculated. Thus, a conclusion that temperature
variation causes change in electrical conductivity of MoS; thin films was established without
requiring any temperature gradient. This is known as a bolometric effect and when light
induces variation in temperature that brings about a change in electrical conductivity, then
this is regarded as photo-bolometric effect. This is especially found to occur in TCOs where
hot carriers generate photocurrent i.e., when light is absorbed strongly by the TCO, it

increases the temperature of the electrons which is directly proportional to the photocurrent
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generated [13], [14]. J. Y. Wu et. al., have claimed PB effect to be the main cause of negative
photocurrent in MoS; based phototransistors [15]. The NIR radiation in their case, induced
lattice heating leading to the PB effect. In another instance, MoS: nanoflowers were used to
enhance the sensitivity of CNT based infrared sensors by utilising the PB effect in MoS;
[16]. The otherwise outstanding candidates for IR detection i.e., CNTSs, suffer from low TCR
with the exception of SWCNTs which are neither scalable nor cost effective. When
combined with MoS,, CNT-MoS; system achieved this goal by up to 18 folds. Their choice
for MoS; was based on strong broadband absorption of up to 85% observed in extremely
(thin 20 nm) MoS; porous films [17]. The work presented in this thesis does not consider 20
nm to be extremely thin because TAC based MoS; can produce even thinner films which
has been shown in previous chapters and such films have been used to produce results

presented in the subsequent sections.

Both PTE and PV based photodetectors are self-powered since they have a built-in electric
field to drive the photogenerated carriers but PB based ones are not. They need an external

bias to drive hot electrons, which adds a layer of disadvantage to PB based sensors.

5.1.3.3 Pyroelectric effect

In ancient times, civilizations in India, Greece and Ceylon were studying and reporting that
transient change in temperature w.r.t time results in transient voltage spikes [18], [19]. In
fact, ‘pyro’ means ‘fire’ in Greek probably hinting at ‘heat’ property of fire. A subset of
piezoelectric materials naturally shows this property and such materials are known as
pyroelectric materials. Non-centrosymmetry is a pre-requisite condition for being
piezoelectric and thus also for pyroelectric materials. This non-centrosymmetry leads to
spontaneous pyroelectric polarisation and materials that satisfy these conditions fall under
the ferroelectric sub-group [19]. Pyroelectric effect has been observed in the recent past as
well and has been reported for a multitude of applications like a multifunctional
nanogenerator [20], photo-pyroelectric sensors [21], [22], pyro-thermoelectric generators
[23], [24], neuromorphic sensors [25] and biomedical applications like optical synapses to
bio-mimic eye retina [26]. Heat induced by virtue of light illumination, environmental
conditions (changes in ambient temperature, bodily heat, heat plate, resistive heating) can
cause transient electricity spikes. This is an extremely useful property for wearable

electronics, biomedical devices powered by body heat, space applications and heat recovery

110



from an electric vehicle’s internal mechanical and electronic apparatus to drive other

systems thus increasing automobile efficiency.

5.1.4 Resonant effects in thin films

Absorption can be enhanced by using photonic resonances such as Fabry-Pérot (FP) cavities
[27], [28]. In this work we see evidence of 0™ order FP resonances in ultrathin (~10 nm)
MoS: layers. The resonances resulting from non-trivial phase shift on reflection from the
absorbing thin film and can result in destructive interference of the reflected light even in
deeply sub-wavelength films [29]. In general, they require a lossy dielectric film with
reflective metal backing however we can also get strong absorption with MoS; of a sub-
wavelength thickness with reflective backing. Additionally, another absorbing layer can be
added by utilising a lossy dielectric film between metal reflecting layer and MoS; layer
which is similar to a Salisbury screen concept [30]. We are particularly interested in MoS>
based devices in the visible range where room temperature excitons generate sharp features
in the absorption spectrum. This not just provides a platform to explore active light
modulation as discussed in ch. 4 but also leads to the enhancement of photodetection using

high light absorption by MoS; in the visible spectrum.

5.2 Photoresponse in CVD grown MoS;
CVD MoS; flakes were procured from Dr. Niall McEvoy’s group. These flakes are known
to appear randomly and discontinuously on the substrate which makes it difficult to make

devices out of them.

H(c) [+ Lignt]

+  Dark /

Voltage (V)

Fig. 5.1: (a) EBL contacts on CVD MoS; flakes with extended contact pads for easy measurement.
(b) Zoomed-in image of one isolated flake with EBL contacts 4 «~m apart. (c) I-V sweep showing
increase in current upon light illumination (black) compared to dark case (red) when measurement
was done in the dark.
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CVD grown MoS:; flakes have lateral dimensions on the order of tens of microns which
makes placing electrical contacts difficult and must be done on a flake-by-flake basis.
Therefore, great efforts have been made recently to extend these films to large area [31],
[32], [33]. For these samples gold electrical contacts were deposited using EBL patterning
shown in fig. 5.1(a) and (b). Fig. 5.1(a) shows EBL contacts with extended square contact
pads to land needle probes easily and fig. 5.1(b) shows a zoomed-in optical picture of the
same clearly showing triangle MoS; flakes where one of the isolated flakes is used for
placing EBL contacts. I-V sweeps were carried out in dark and white light conditions. These
two sweeps are shown in fig. 5.1(c) for comparison and show a double Schottky type of
trend indicating asymmetric rectifying contacts with CVD MoS. Furthermore, current upon
illumination increases slightly but it is in nA range in both cases. Lastly, some hysteresis is
also observed in both cases which was not investigated at that time and at present the sample
has been degraded, so not much can be said about it at this point. However, relying on past
studies, this trend looks like electromigration mechanism [34] most probably caused due to
atomic defects [35].

5.3 Photoresponse in Liquid-liquid interface deposited (LLID) MoS;

Another novel method of MoS; synthesis is electrochemical exfoliation combined with
liquid -liquid interfaces assembly techniques. Langmuir Schaefer [36] and Langmuir
Blodgett methods use liquids of different densities to form an interface. Here,
electrochemically exfoliated MoS; particles settle towards this interface and form horizontal
nanosheet films with conformal junctions after which the substrate is carefully retrieved out
of the liquid-liquid interface and is left for drying. Post-deposition annealing makes it further
adhere to the substrate and remove the residual liquid solvents [37], [38]. Courtesy of our
collaboration with Prof. Jonathan Coleman’s group in School of Physics, we were able to
get some MoS: prepared by this dipping process onto pre-patterned substrates on request.
The liquid-liquid techniques are required in order to make the films thin and uniform enough
for comparison with CVD and TAC based films. Fig. 5.2 shows the layer-by-layer process
of making a sample of MoS; deposited by liquid-liquid interface exfoliation on our pre-
patterned substrates for photoresponse study. The preliminary patterned structure is shown
in fig. 5.2 (a), (b) where Ti/Au 100 nm square pads were deposited as the first layer. This
mask design is reused from the modulation stack design (4-4.4.1.1) where one of the pads is
used for the active area and the other pad is used as the extended pad for safe landing of

needle contact probes to avoid damage to the active layer structure. It should be noted that
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this mask design was also the very first one to be made and an error of not mirroring the
numbers in the design stage resulted in the actual mask to have mirrored numbers. therefore,
samples made using this mask have mirrored numbers which should not be confused with a
flipped sample. This mask was used to deposit the first layer (L1: Ti 1 nm/Au 100 nm) and

second layer (L2: 30 nm Si3sN4) for many samples like the ones shown in fig. 5.2(a) and (b).

Fig. 5.2: (a) Layer 1: Ti/Au 100 nm deposition. One of the square pads is used to form the active
area of the structure while the other square is used as an extended electric contact. (b) Layer 2:
SisN4 deposition on the active area. (c) Layer 3: All over MoS; deposited by liquid-liquid exfoliation.
(d) Zoomed-in image from (c) showing MoS; coloration effects due to interference with L1: Ti/Au
(pinkish-purple areas on the right-side square) and L2/L1: SisN4 on Au (teal-emerald-blue area on
the inner square on left side).

MoS; deposited by liquid interface exfoliation results in grainy textured MoS, which
consists of a size range of different MoS; particles with different orientations. Flakes of
varying thickness can be easily identified since they optical interfere from the metallic
background resulting in slightly different coloration or shades. It can be noticed in fig.
5.2(d), that certain regions in the square pad on the right side show a range of MoS;
coloration from deep pink or magenta to bluish-purple to light blue. This is another proof of

FP interference of TMDs with metal backing.

Needle probes were placed on either side of the pink-purple square consisting of ~ 15-20
nm MoSz on 100 nm of Au (Region 1). Then voltage of 5V, 10 V was applied and current
vs time was recorded which is shown in fig. 5.3. The photoresponse of these structures is

very slow on the order of seconds as they are very defective and have a lot of junctions.
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Compared to photoconductivity in [7], where MoS, was prepared by a similar solution
processed method, here when backed with Au metal, it exhibited a higher photocurrent. G.
Cunningham et al. presented photoconductivity results for a 6 um thick MoS> sandwiched
between ITO and Au electrodes to make a vertical stack and therefore photocurrent vs time
plots correspond to this out-of-plane arrangement and ~5.5 nA of photocurrent is obtained
at 15 V and 1100 W/m? of illumination in their case. However, in our case presented here,
MoS; is much thinner (~15 nm) having a gold backing, so FP effects appear more prominent.
This is a possible reason as to why much higher photocurrents (~100 nA, 380 nA) are
obtained in the case of LLID MoS; shown in fig. 5.3(b) at 5V and 10 V under a class-3 laser
of 405 nm and 4.5 mW of illumination.

- : 700 - : =
S MoS, on quartz substrate] q'/“; Viias = SV
! “ Vpias = 10V
|
o0 F 1
N / 3
[MoS, on Si3N4/Au z 5007 : { I 5
= 1] '
. 14 '
S 400 i ‘.\.\—\
g 'N:I \ase’ oft
-
O 300 1 :
Laser O :
= r\‘
I |
! |
|
100
: ! (b)
0 100 200 300 400

Time (s)

Fig. 5.3: (a) Representative setup showing the position of two needle probes used for biasing (5 V
and 10 V) the MoS; (topmost layer) deposited by LLID on pre-patterned substrates under 405 nm
laser shown by a green circle. A vertical bar of 5 samples of TAC based MoS; with Au backing is
shown as a colour match chart at bottom right of it. (b) Time vs current plot associated with the
region described in (a) showing rise in current when the laser is turned on and then fall in the current
when laser is turned off for both biases.

5.4 Photoresponse in TAC MoS;
Before delving into details of the different experiments performed and the results obtained,

a summary of the samples used in this section and subsequent sections is given in tab. 5.1.

Table 5.1: Samples consisting of TAC MoS; and used for photoresponse measurements

Sample | Substrate Stack structure Starting TAC TAC
name Mo temperature | time
deposition (°C) (min)
time (s)
SS1A6 Si/SiO, Substrate/Ti (1 nm)-Au (50 6 850 30
SS1A9 nm) IDEs/MoS; 9
SS1A15 15
SS1A20 20
SS1A30 30
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SS1B6 Si/SiO2 Substrate/Ti (1 nm)-Au 6 850 30

SS1B9 (100 nm) IDEs/MoS; 9
SS1B15 15
SS1B20 20
SS1B30 30

SS2 Quartz Substrate/Ti (1 nm)-Au 100 850 30

(100 nm)/SizN4 (30
nm)/MoS;
SS3 Quartz Substrate/Ti (1 nm)-Au 150 850 30

(100 nm) vertical strip/
MoS; / Ti (1 nm)-Au (100
nm) S-D horizontal
contacts

For photoresponse measurements on TAC MoS: films, three sets of samples were prepared
to show different aspects of photoresponsivity in TAC based MoS. The first set of samples
— sample set-1 consists of ‘SS1A’ series and ‘SS1B’ series from tab. 5.1. This set utilised
the IDE mask design (based on Ossila Ltd., U.K. design) as also discussed in 3-3.2.2.2 with
5 devices of varying inter-electrode spacing and with extended S-D contacts for easy
measurement using push-fit test boards and SMUs. One of the representative samples of this
set is shown in fig. 5.4(a). Here, once again, Ti/Au (50 nm, 100 nm) S-D contacts formed
the first layer and MoS; (of thickness varying from ~6 nm to ~ 30 nm) was deposited on top
of them as the second layer. The samples with 50 nm Ti/Au contacts are ‘SS1A6 to SS1A30’
in tab. 5.1 and samples with 100 nm Ti/Au contacts are ‘SS1B6 to SS1B30’ in tab. 5.1. The
lateral distances are the interelectrode spacing between the IDESs. The novelty here is similar
to photoresponsivity studies performed on electrodeposited MoS; [39] by N. M. Abdelazim
et. al. They electrodeposited multilayer, site selective and scalable MoS; films onto
patterned electrodes with insulating top surface but conductive side edges. Similar to TAC
based MoS; presented in this work, their MoS, was not just photolithographically
compatible but also did not cause any harm to pre-existing patterned layers. Their
photocurrent is however still lower than what has been observed in some of the devices
presented in this work which will be discussed in more detail in sections to follow. This is
possibly because devices based on the design of this sample set utilizes the enhanced
absorption of MoS; backed by Au in some regions and Si/SiO- in other regions as will be

explained in subsequent sections.

The second set of samples: sample set-2 (‘SS2” from tab. 5.1) have the same structure as
that of LLID samples in sec. 5.3. As before, 1.5 cm? quartz substrate is used to pattern and

deposit layer 1 (Ti/Au 100 nm) and layer 2 (SisN4 ~30 nm) using the same mask. The only
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difference is in layer 3 which this time is TAC based MoS; (fig. 5.4(b)) deposited all over
the substrate. Finally, a third set of samples: sample set-3 (‘SS3” from tab. 5.1) was
prepared as a part of an extended study from the second set of samples. Here, another
custom-made mask was used that consisted of 7 horizontal strips of TAC MoS; with 5 of
them having a running vertical strip of gold underneath which is thick enough to facilitate
FP interference in the sub-nanometre thick MoS: strips and rest 2 out of the 7 horizontal
strips were left without any metal backing. Then layer 3 of source drain contacts with a
common drain for all the devices was deposited. These S-D contacts were extended out till
the edge of the 1.5 x 2.5 cm? quartz substrate for making an easy electrical contact with an

edge connector whose conducting legs are punched into a breadboard.

Fig. 5.4: Optical microscope images showine top view of (a) sample set-1 (b) sample set-2 (c)
sample set-3.
Different devices can be biased separately by using jumper wires corresponding to the
source contact of each device. This setup is shown in fig. 5.18. And one of the representative
samples used for measuring under this setup is shown in fig. 5.4(c). The purple square is the
area consisting of 15 nm MoS, on 1 nm Ti/100 nm Au which is around ~10 pum wide.
The following sections present photo-induced response for each of the three sets of TAC
based MoS; samples described above subjected to:

1) Broad area white light continuous wave (CW) illumination which was achieved

using Ossila’s solar simulator
2) Focused 405 nm laser illumination

3) Square wave modulated illumination using 511 nm diode laser.
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5.4.1 CW illumination

5.4.1.1 Sample set-1: IDE design

The first step of investigating photo-induced response in TAC based MoS; was to measure
current ‘I’ vs voltage ‘V’ (I-V) sweeps of samples prepared from Ossila’s variable IDE mask
design (as discussed previously) under dark condition and then upon illumination from
Ossila’s solar simulator. Samples of varying MoS; thickness based on the bottom-side
hybrid IDE contact design were kept under the solar simulator one at a time. With the solar
simulator turned off initially, 1-V sweep was recorded from 10 V to —10 V and then it was
repeated with the solar simulator turned on. This was done for all the devices (D1 to D5) of
all the samples of MoS; with thicknesses of 6 nm, 9 nm, 15 nm and 20 nm (SS1B6-20). The
solar simulator was set to provide its 100% irradiance output i.e., 1 sun (1000 W/m?) at AM
1.5G. In the following sections, this is the default setting used everywhere unless specified.

For some reason, the first set of these samples couldn’t sustain large negative voltages.

The contacts broke down (burnt out) if swept beyond ~ -3 V towards negative direction. So,
another set of samples with the same design were measured from -3 V to 10V and they
seemed to remain stable after multiple 1-V sweeps in both dark as well as light conditions.
Fig. 5.5(a) shows I-V sweeps of D1-D4 of a 9 nm TAC based MoS;, sample under dark
condition. Since D5 has the shortest inter-electrode spacing, its I-V sweep is non-linear (red
curve in fig. 5.5(c)) unlike D1-D4 which were linear. Similarly, such sweeps were repeated
next with the solar simulator turned on. A comparison of current under light conditions
(referred to as ‘light current’ for simplicity) vs. current measured in dark conditions (referred
to as ‘dark current’ for simplicity) at 10 V bias is represented in the form of bar graphs for
D1-D4 in fig. 5.5(b) and D5 in fig. 5.5(d).

Non-linear behaviour of I-V sweeps was observed for all the thicknesses of MoS; in this
sample set. Fig. 5.5(e) shows light current increasing non-linearly as a function of voltage
and monotonically as a function of thickness until 15 nm after which 1-V sweeps
corresponding to 20 nm thickness falls between that of 6 nm and 9 nm as can be seen by the
green curve in fig. 5.5(e). A more representative picture of this argument is shown in fig.
5.5(f) where both dark and light current for 20 nm MoS: decrease as compared to the 15 nm
MoS; and more generally the dark current peaked for 9 nm MoS; after which it decreases
for higher thicknesses and photocurrent follows the trend of light current across the

thicknesses shown. Another noticeable parameter is the photo-to-dark current ratio (PDCR)
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which is the ratio of photocurrent (teal blue bar graph in fig. 5.5(f)) and dark current (black
bar graph in fig. 5.5(f). A transition from PDCR < 1 to PDCR > 1 is seen when thickness
surpasses 15 nm.

Device 5
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Fig. 5.5: (a) Dark I-V sweeps of 9 nm MoS; (“‘SSIB9’ from tab. 5.1) sample with IDE devices of
varying inter-electrode spacing. (b) Dark current, light current and photocurrent for each device at
10 V for the same sample in (a). (c) Dark I-V sweeps of D5 for 6 nm and 9 nm MoS; 'SS/B6,9". (d)
Dark current, light current and photocurrent for D5 at 10 V for the same samples as in (c). (e) Light
I-V sweeps of D5 for varying MoS; thicknesses. (f) Dark current, light current and photocurrent for
D5 at 10 V for the same samples as in (e).

A special case is device 5 of a ~ 12 nm MoS: film deposited on 50 nm Au IDEs, shown in
fig. 5.6 where the substrate edge was chipped off taking away part of the active area. This
left only a pair of undamaged electrodes to collect the photogenerated carriers while the

entire area marked by white dashed box is used to generate photocarriers.
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Fig. 5.6: I-V sweep of a damaged device with asymmetrical contacts and reduced illuminated area
compared to an undamaged device.
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A combination of asymmetry in the contacts, reduced effective area and expected optical
interferences (0™ order FP and Salisbury effect) mentioned previously in sec. 5.1.4 lead to
an extremely large photocurrent ~ 390 pA at an optical input of 0.1 A/W. The effective

illuminated area is calculated to be around 0.0096 cm?, and responsivity, R is calculated as:

390 pA
R=— = 0.4063 A/W
0.1 i 0.0096 cm?

Like the previous experiment (in sec. 5.3), ‘I’ as a function of ‘t’ was also measured in the
same set of samples under both light and dark conditions. Here the Ossila IDE design based
MoS, sample set is further divided into two kinds: 1) 100 nm Au S-D contacts (SS1B series
in tab. 5.1) and 2) 50 nm Au S-D contacts (SS1A series in tab. 5.1). With the solar simulator
turned off initially and a voltage bias of 10 V applied to the S-D electrodes, the measurement
of ‘I’ vs ‘t’ was recorded using Ossila’s software and after the dark current settled, solar
simulator was turned on until the photo-induced current reached its peak after which the
solar simulator was again turned off to let the current fall to its dark current value. This was
done for devices D3 and D5 of TAC based MoS; samples of both the sub-sets (SS1A and
SS1B series). Fig. 5.7 shows I-t plots of D3 and D5 of sample SS1B6 (fig. 5.7(a), (b)) and
sample SS1A6 (fig. 5.7(c), (d)). In the I-t plots of D3 (fig. 5.7(a), (c)) for both SS1A6 and
SS1B6, not much difference is observed but in the case of D5 (fig. 5.7(b), (d)) where inter-
electrode spacing is the smallest (50 um), an increase of almost 100 times in the order of

magnitude is seen for SS1A6 compared to SS1B6.

Rapid band-to-band transitions due to freeing of electrons from holes and transitioning to
the conduction band [3], [42], [43] are marked by ‘1’ and ‘3’ and comparatively slower rise

and decay are marked by ‘2’ and ‘4’ respectively in fig. 5.7(b).

Both stage-1 and 3 are rapid band-to-band transitions occurring the very next instant the
light is turned on and off respectively. Stage-2 and 4 are attributed to persistent
photoconductivity (PPC) arising from both extrinsic (charge trapping at the MoS»-substrate
interface [44], [45], ambient conditions [46], [47]) and intrinsic effects (structural disorder
[48] and defects like Sulphur vacancies that introduce mid-gap localized donor states [49]).

All these are possible sources of PPC in TAC based MoS; and the measurements presented
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here as well since no post-deposition treatment was done on these devices and no

encapsulating dielectric layer was deposited to protect them from oxidation.
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Fig. 5.7: Time response of 6 nm MoS; with 100 nm Au S-D contacts, (a) device 3 (b) device 5. 6 nm
MoS;, 50 nm Au S-D contacts, (c) device 3 (d) device 5.

Moreover, these measurements were carried out in air and at room temperature and pressure
(humid) carrying water and oxygen in abundance. This analysis is based on the random local

potential fluctuations (RLPF) model which arise due to both extrinsic and intrinsic sources.

The only device that does not follow this trend is D5 of 6 nm MoS; on 50 nm Au S-D
electrodes (SS1A6) shown in fig. 5.7(d). Upon close inspection, it can be seen that this
device also has more than 100 times higher current as mentioned previously and stage-3
component is more pronounced in this case as compared to others. Perhaps, if the
measurement after turning the light off after stage-3 was left to run without starting the
second cycle of measurement, slow decay of current (stage-4) and a sustained PPC effect
could have been observed. It can still be observed slightly upon noticing that the current
doesn’t completely fall to its dark current value after turning the light off and the fact that
the current shows an upwards trend in the second cycle for both on and off states is indicative
of a PPC effect.
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Fig. 5.8: Time response of 15 nm MoS; with 100 nm Au S-D contacts (sample ‘SSI1B15’ from tab.
5.1), (a) device 3 (b) device 5. 15 nm MoS;, 50 nm Au S-D contacts (sample ‘SS1415° from tab. 5.1),
(c) device 3 (d) device 5. Inset shows zoomed-in part marked by black rectangle. Red rectangle shows
the rapid band-to-band transition region

These observations also hold valid for the same devices of thicker TAC based MoS; shown
in fig. 5.8. Sample ‘SS1A15’ from tab. 5.1 -15 nm MoS; on 50 nm Au S-D (D5) contacts
gives the highest light current shown in fig. 5.8(d), however accompanied by slow rise and
decay. Stage-1 rapid transitions corresponds to almost 2 wA which is still higher than light
current obtained from stage-2 of 15 nm MoS; on 100 nm Au S-D (D3) fig. 5.8(a). The spike
in current around 600s is due to movement of the apparatus while switching the illumination
off and not representative of the actual measurement. Measurement shown in fig. 5.8(d) was
performed in ambient air. To validate the effect of surrounding atmosphere and investigate
the effect of oxidation on bare MoS> devices without any protective dielectric encapsulation,
the same device - D5 of 15 nm MoS; on 50 nm Au S-D (sample ‘SS1A15’ from tab. 5.1)
was exposed to 30s of ozone treatment using Ossila UV ozone cleaner. This resulted in
lowering of the current shown in fig. 5.9 upon same illumination and bias settings used for
fig. 5.8(d). This result proved how excess oxygen has a damaging effect on MoS; based
photodetectors and for optimum performance, encapsulation with a transparent dielectric is
the best way forward. Alternatively, devices without encapsulation can be used in ambient

air with controlled oxygen content only for a limited time.
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Fig. 5.9: I-t response of 15 nm MoS; (D5) on 50 nm Au S-D interdigitated contacts (sample ‘SS1415’
from tab. 5.1) measured before and after ozone treatment. Both measurements were done under the
same bias and illumination conditions.

It is noteworthy that the observed photocurrent is dependent on the MoS; thickness as well
as enhanced absorption in MoS; due to metal backing. MoS; by itself on a transparent
substrate like quartz has the absorption spectra shown in fig. 5.10(a) but with a metal
backing like 100 nm Au on S/SiO; substrate, the absorption spectrum changes as in fig.
5.10(b) to match more to the energy spectrum of the sun (fig. 5.10(c)) and absorb more of
its incident visible radiation. The effect of Si is negligible compared to Au which means that
the enhanced absorption in MoS; is mainly due to the underlying Au layer. Effect of this
phenomenon is also realised in photocurrent measurements for different thicknesses of MoS;
shown in fig. 5.11(a)-(c) where same device is measured for MoS; of different thicknesses

and is deposited on 100 nm Au layer on Si/300 nm SiO2 nm substrate.

(a) 30nmMoS,/Quartz (b) 30nmMos,/100nmAu300nmsiO,/Si (©)
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Fig. 5.10: TMM simulation of 30 nm MoS; absorption on (a) quartz and on (b) 100 nm Au. (c) solar
irradiance spectrum.
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Their associated TMM simulations of absorption spectra and stack layers are shown in fig.
5.11(d)-(f) where it is evident that not only the total absorption (Atwta) peak increases but
also its spread across the wavelength range increases with increasing MoS; thickness. Fig.
5.12 shows photocurrent (light — ldark) measured as a function of solar simulator’s individual
wavelengths set at 100% illumination one by one for a 6 nm MoS: film on 50 nm Au/ 300
nm SiO>/ Si substrate.
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Fig. 5.11: I-t plots (a)-(c) of 5 nm, 10 nm and 15 nm MoS; and their respective absorption spectra
simulated by TMM (d)-(f).

Given the assumption that most of the absorbed light (simulated) from the solar simulator is
converted to photocurrent (measured), the measured trend seems to closely follow its
simulated counterpart in fig. 5.11(d). This trend also matches the spectral response of MoS;
in a metal-semiconductor-metal (MSM) structure in O. A. Abbas’s study [50] (just like the
MSM structure presented here) and MoS2-on-ZnO heterojunction photodetector [2].

From fig. 5.12, the responsivity, ‘R’ calculated at 600 nm, no gate bias and a smaller drain
voltage (10 V) for TAC based MoS compares well with what has been reported previously
[50], [51]. With Ipn (130 pA), area of MoS,-D5 (0.085 cm?) and light intensity (0.1 W/cm?),
‘R’ for TAC based MSM MoS; structure presented here is

130 pA
R = W =0.015A/W
0.1 — - 0.085 cm?
cm
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Fig. 5.12: Spectral response of MSM structure using TAC based 6 nm MoS; as the semiconductor
and 50 nm Au as the interdigitated metal contacts. Laterally, they form a MSM structure.

For a complete picture to understand the effect of MoS: thickness and metal backing on its

optical properties, the evolution of MoS; absorption spectra as a function of its thickness in
the stacks: M0S2/100 nm Au/300 nm SiO>/Si and MoS2/50 nm Au/300 nm SiO2/Si are
shown in fig. 5.13 and fig. 5.14.
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Fig. 5.13: Layer resolved TMM simulations of (a) 5 nm (b) 10 nm (c) 15 nm (d) 20 nm (e) 30 nm

MoS; absorption on 100 nm Au/300 nm SiO,/Si

124



MoS: is more absorbing across the visible wavelength range for thicker (MoS; ~ 15 nm and

above) films and Au backing gives a further push to the absorption around ~520 nm. The

highest total absorption bump again seems to mimic Au absorption for films less than 15 nm

in thickness. Doubling MoS; thickness makes a huge difference.
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Fig. 5.14: Layer resolved TMM simulations of (a) 5 nm (b) 10 nm (c) 15 nm (d) 20 nm (e) 30 nm

MoS; absorption on 50 nm Au/300 nm SiO,/Si.

Comparing fig. 5.13(c) and fig. 5.14(c) with fig. 5.13(e) and fig. 5.14(e) respectively, highest
total absorption peak shifts towards 600-700 nm and overall spread also increases across the

visible range for 30 nm MoS; in both 50 nm Au and 100 nm Au metal backing cases.
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Also, total absorption seems to rely more on MoS; than Au for films thicker than 15 nm.
The best-case scenario for maximising absorption in such a stack is to have 25-30 nm thick
TAC based MoS; and illuminating it with light of wavelength around 600 nm as shown in
fig. 5.15.

5.4.1.1.1 Investigation of photocurrent scaling with geometrical parameters of IDE
design

Finally, the solar spectrum was used to study the scaling of light current density with the
area of each device. Referring to fig. 3.8(a) in Ch. 3, the area ‘A’ of M0S; can be considered
in two ways for calculations. The first way is to consider the entire square block confined
within the MoS; deposited layer (light blue area: 2 mm x 2 mm) which makes the area to
be constant in calculations for each device. The second way is to consider the area confined
within the first (topmost) electrode and the last (bottom-most) electrode for each device.
This scales the area according to the inter-electrode spacing of each device respectively.
Assuming MoS; in each device behaves like a resistor (MSM model or 2 diode model

considers MoS; as a resistor with resistance 'r*), current density can be expressed as:
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Fig. 5.16: Current density calculated from measured light current under white light default solar
spectrum considering constant area (red) and as a function of ‘L’ of each device (blue).
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Current density ‘J’ varies linearly with the inverse of electrode spacing ‘L’ which is also
shown by the linear fit of blue scatter plot in fig. 5.16 when the active area is considered to
be a function of electrode spacing i.e., the active area is bound between the topmost and the

bottom-most electrode in each device.

5.4.1.2 Sample set-2: LLID design

An imitation of experiment presented in sec. 5.3 was performed but this time with TAC
based MoS; (sample ‘SS2’ from tab. 5.1). Just like samples shown in fig. 5.2, Au extended
pads and SisN4 square pads were prepatterned as layer-1 (L1) and layer-2 (L2) respectively,
over which Mo was deposited using sputtering and then sulphurised in the TAC furnace to
form MoS; as the top layer (L3). Fig. 5.17(b) shows pale yellow L1 extended across both
columns and L2 as a faded blue square on top of the left extended pad of L1 causing orange
coloration in the overlapping area. It is interesting to note that the rest of the area left outside
of the orange overlapping area appearing as faded blue also forms a Salisbury screen (metal
(Si)-dielectric (SiO2/SizN4)-metal (Mo)). L3 is formed by depositing Mo all over both the
layers. The entire sample was then sulphurised to convert Mo (L3) into MoS; covering the

entire area of the 1.5 cm? sample shown in fig. 5.17(c).
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Fig. 5.17: (a) I-t plots at different biases under 405 nm laser and white light lamp turned on and off
manually (yellow and purple shaded regions show lamp and laser on state respectively). (b) DUTs
pre-sulphurisation i.e., L1 as Ti/Au (pale yellow), L2 as SisN4 (big squares covering the extended Au
pad on left column) and L3 as Mo deposited all over the surface. (c) same DUTSs post-sulphurisation.
(d) L3 changes to MoS; of thickness between ~10-14L layers (~10-11 nm).
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The pink colour corresponds to interference between L1 and L3 (0" order FP), dark blue
colour corresponds to interference effect caused by L1, L2 and L3 (1% order FP). Fig. 5.17(d)
shows a set of TAC based MoS; samples of different thicknesses backed by Au metal to
compare with coloration seen in the patterned samples post sulphurisation (fig. 5.17(c)).
Probes were placed on the pink squares of device 140 and device 116 to bias L3 (MoSy)
lying directly on top of L1 (Au) of device 128. The bias values applied were 0.1V, 1V, 10
V, 20V and device 128 was illuminated by lamp and laser as indicated in fig. 5.17(a). When
laser was used, 405 nm laser spot was focussed roughly in the centre of device 128.
Photoconductivity of TAC based MoS; on prepatterned Au pixels was then measured by
recording current response each time lamp/laser was turned on and off with respect to time
as shown in fig. 5.17(a). Though low in magnitude, the response time is faster than what
was observed in LLID based MoS:; (fig. 5.3). Compared to fig. 5.3 (LLID based MoS), low
current is observed in fig. 5.17(a) (TAC based MoS;) because the probes are stationed much
farther apart from the illumination spot as described previously which increases the overall
resistance thereby causing a decrease in the measured photocurrent. Also, the photocurrent
arising here is purely out of the 0™ order FP optical effect since the Au underneath MoS; on

device 128 which is illuminated is kept electrically unbiased.

5.4.1.3 Sample set-3: Observation of NPC in TAC based MoS; films

Fig. 5.19 shows TAC based MoS; sample with laterally confined dimensions ~ 10 um and
this is the optimum dimension for which MoS; can be patterned in a multilayer structure
successfully for our experiments®. This is sample ‘SS3’ from tab. 5.1. The custom design
shown in fig. 5.19(a) consists of a common drain for all devices and separate source contacts
for each device. Devices D3 to D7 have a 100 nm Au strip running vertically beneath them
responsible for causing thickness dependent coloration in MoS; (fig. 5.19(b)) while D1 and
D2 are left without metal backing. All the individual source electrodes, common drain
electrode and vertical strip (for optical interference) are brought out to the edge of the
substrate (fig. 5.18(b)) with increasing lateral dimension to be compatible with the pitch of

a right-angled PCB edge connector?.

1The minimum TAC based MoS; width patterned using UV-lithography in my experiments was 5 um but was not very robust at
vulnerable regions like near overlapping layers and hence, they did not survive the patterning process of further layers and became
discontinuous especially where there was an abrupt change in the dimensions. Hence 10 um is referred to be optimum as it survived
all the processes.

The vertical strip was not electrically connected to anything for these experiments. The custom-made mask is a general-purpose
design that gives the provision of making FETs where this vertical strip is used as a gate and dielectric layer that covers all the 7 devices
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Shown in fig. 5.18(a) is an edge connector purchased from RS components that was used in
these experiments and the custom-made general-purpose mask was designed according to
the specifications of this edge connector. Only the top row of pins shown in fig. 5.18(a) was
used to electrically extend the common drain and devices 1 through 7 shown in fig. 5.18(b)
out of the sample to a studier platform like breadboard or PCB. The pitch of the spring-
loaded pins that clutch onto the sample when inserted and holds it in place is used to design
the spacing (red dashed box in fig. 5.18(b)) between the S-D contacts. The inner width (blue
arrow in fig. 5.18(a)) of the connector decides the total width of the sample’s substrate,
height of the connector which is the distance between the bottom pins row and top pins row
(yellow arrow in fig. 5.18(a)) determines the thickness of the chosen substrate (quartz in this
case). Given the micron scale of the devices, conventional probes connected to SMUs and
other lab equipment are tricky to use on these devices. This edge connector is used for easy
electrical connection of fragile and small devices to SMUs and can be made compatible with

a variety of probes like crocodile clips, needle probes, banana cables, BnC etc.

Fig. 5.18: (a) Edge connectors from RS components (b) Zoomed-out view of sample set 3 showing
extended contact reaching the edge of the substrate.

Once the sample is lodged into this edge connector from the front, the spring-loaded metal
clasps make robust electrical connection with the extended Au electrodes of the sample and
these metal clasps come out from behind of the connector in the form of PCB or breadboard
mountable pins. These pins represent the common drain and 7 source electrodes which were
biased using a source meter via jumper wires, crocodile clips and copper tape. After
mounting the sample successfully, it is ready for measurement and can now be placed under
Keithley 4200A-SCS parameter analyser integrated with a 405 nm laser of 4.5 mW power.
Spot size was smaller than the active area (purple square region —MoS; on Au), aligned at

its centre and then current vs time plots were recorded for laser on and off. This setup was a

preventing shorting between the vertical gate electrode, S-D electrodes and MoS; active layers is not shown here and purposefully
skipped in the fabrication of devices for this experiment.

129



part of another group’s lab (Prof. John Boland) and so its components were used as they
were setup already i.e., laser spot size was not varied, laser intensity was fixed for all the

experiments and optical alignment was not touched.

L1: Ti/Au
strip 100 nny

Source ®

¢ rain
!l): Ti/Au 50 nm Source Drain contact

Fig. 5.19: Zoomed-in view of sample set 3 showing (a) Source contacts, common drain, gate strip
(b) MoS; active area (purple).

Interestingly, instead of increase in current upon illumination, which was expected before
starting the experiment, a decrease in current was observed every time laser was turned on
and then it attempted to recover to its original magnitude when the laser was switched off.
Fig. 5.20 shows these trends and this phenomenon has been reported previously by others

and referred to as ‘negative photo-conductivity (NPC)’.
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Fig. 5.20: NPC observed in two trials for a 15 nm TAC based MoS; deposited on an electrically
disconnected Au strip (sample ‘SS3’ from tab. 5.1) to facilitate optical interference.

H. Jawa et al. attributed this to recombination of photogenerated electrons with holes of
black phosphorous (BP) in a BP/MoS; heterostructure based FET. They also showed
thickness and wavelength dependent reversible switching of PPC to NPC in their FET [40].

On the other hand, X. Xiao et al, argue that NPC generation is caused due to charge trapping
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in the defect state of their CVD MoS: when the illuminated light energy is not enough to
excite the free carriers in the split valence band to the conduction band and therefore, they
get trapped in the mid-gap defect states [41]. In the TAC based MoS: results shown in fig.
5.20, NPC is observed in a simple S-D design contacting the active area i.e., without
applying any gate voltage, at room temperature and under an illumination of 405 nm i.e., ~
3 eV. This is strange since the band gap shouldn’t be beyond this range which means some
other reason is causing NPC here. The most probable reason for this to happen then is PB
effect [15] coming into play given the small lateral distance between source-drain contacts
and a focussed laser illuminating and heating the active area especially when backed by Au

strip.
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Fig. 5.21: (a) negative photoresponse for dev.5 and dev. 1. Optical image of (b) dev. 5 (with Au
back-strip) and (c) dev.1 (without Au back-strip).

Another interesting result was the enhancement of NPC effect with Au backing. Fig. 5.21(a)
shows a comparison between two devices (dev. 5 and dev. 1) where the MoS; horizontal
strip with and without Au backing is measured using two probes under an illumination of
405 nm laser. When laser is turned on to focus roughly on the centre of the MoS; horizontal
strip in dev. 5 (fig. 5.21(b)), enhancement in NPC effect is observed as compared to the case
in dev. 1 (fig. 5.21(c)) where MoS> horizontal strip has no Au backing and sits directly on
the quartz substrate. MoS; is extremely thin here ~2 nm which should interact strongly with
light especially when backed with Au due to 0™ order FP effect which explains this

enhancement.
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5.4.2 Modulated illumination
This work initially aimed to measure the frequency domain and transient PV and PC
response of MoS; in conjunction with a lock-in amplifier (HF2LI-Zurich Instruments) and

a trans-impedance amplifier (HF2TA — Zurich Instruments).

Initial hypothesis was to first obtain an amplified PV signal from an unbiased sample and
then measure the amplified signal consisting of both PV and PC components when the
sample is biased. PC component can then be isolated by subtracting the PV portion that
would appear as a DC offset. However, there were far more impediments than expected in
executing the same since illuminating from a focused laser would cause local heating that
gave rise to bolometric and thermoelectric effects. Since thermoelectricity requires a
temperature gradient, likelihood of TE effects being involved in the measured signal are as

high as bolometric (p-T measurements discussed in ch. 3) effects (which requires rate of
change of temperature, %) since the focused laser spot spreads as a gaussian on MoS;

surface and the probing contacts are at the edge of the sample. This means that due to the

localised laser spot, any photo-generated electron undergoes non-uniform heating (or a
temperature gradient, %) at the sample surface before reaching the point of contact with the

probe. In summary, the interplay between heat and photon induced current due to the
difference in points of generation and collection of induced current is explained in the
following sections. According to TMM simulations (all TMM simulations were performed
by my colleague Dr. Evan Roy), at 511 nm, ~15-20 nm thick MoS; seems to be the optimum
for maximum absorption of the wavelength when backed with Au (fig. 5.22(a)) as compared
to being directly deposited on SiO: (fig. 5.22(b)). This situation is best explored under a
frequency modulated laser illumination because it can be focussed to illuminate a small area
on the sample thus creating both temperature gradient spatially on the surface of the device

as well as temperature change w.r.t time.

With all these points in mind, the measurement was carried out on various TAC based MoS;
samples with varying thicknesses based on Ossila’s IDE design (sample set-1: SS1A series)
with a frequency modulated laser (511 nm) using our in-house system. This setup consists
of a single mode CW diode laser from Toptica Photonics iIBEAM SMART with an integrated
software to control the laser intensity and communicate with the LIA that can frequency
modulate the laser signal to a desired set frequency lying in the range DC to 50 MHz. The

setup is also capable of recording time as well as frequency response of the connected device
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in response to the laser on/off cycle. On top of these components, a TIA was added later on
to enhance the signal to noise ratio of the measured signal from the TAC based MoS; device.
Time resolved measurements utilising this setup showed repeated positive and negative
current spikes on the LIA at the start of each on and off cycle of the laser beam. These were
consistent across different samples and strongly dependent on laser, LIA and TIA settings
and independent of external electronic circuitry and its associated R-C time constant. This
was the main motivation to investigate TAC based MoS; of varying thicknesses under such

a setup.
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Fig. 5.22: TMM surface plots summarising absorption in MoS; of varying thicknesses across the
visible electromagnetic spectrum (a) with Au backing compared to (b) being on a transparent
dielectric layer of SiO..

Since fig. 5.22 hints at a possible interesting effect, therefore, preliminary characterizations
were done before delving deeper into it. So, frequency responses of each device (D1-D5) of
a ~20 nm thick MoS, sample were measured under 511 nm laser illumination at varying
laser intensities. Since some of the devices of this sample got damaged (contacts burnt out
after I-V sweep under the solar simulator and bad lift off resulting in broken IDES), therefore
frequency response of only D1 under varying laser intensities is shown in fig. 5.23. Under
no externally applied voltage (Auxiliary input (Auxinp) of the TIA = 0 V), ~ 15 nA flows
from the device and through the load resistance (TIA resistance, R1 = 100 MQ) which gets
shifted to higher frequencies as the laser intensity is increased from 10 mW to 100 mW. A
noticeable feature in this frequency response is a dip around 500 Hz which indicates two

parallel processes leading to this PV effect. Measuring the time response of this device under
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a laser illumination modulating at 2 kHz for varying R1 values, an interesting trend was
observed. ‘Demod signal (V)’ is the output voltage signal from TIA after undergoing the
gain (G1) amplifier stage. So, the output current from the device is calculated by dividing
‘demod signal (V)’ by R1 and G1 of the TIA.
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Fig. 5.23: (a) Frequency response of current (b) in-phase (x) vs. quadrature (y) component (c)
frequency response of the phase of the measured signal of a 20 nm TAC based MoS; (SS1A20) with
TIA settings: R1=100M, G1 = 10, opamp offset=10mV, Auxinp=0V.

For instance, taking the example of the plots shown in fig. 5.24(a), setting the gain, G1=10,
the lowest R1=10k corresponds to a current from the device to be around 2 pA while the
highest R1 = 100M leads to a current output from the device to be around 1 nA, both of
which fall in the bounds of what is permissible according to the TIA’s manual as seen in the

snapshot in fig. 5.24(b). Some other plots presented in this chapter already have this back

calculation done and so directly show the calculated current on the y-axis.
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Fig. 5.24: (a) 20 nm MoS; (SS1A20) illuminated by 511 nm laser modulated at 2 kHz and 100 mW
power under varying R1 settings and constant G1=10. (b) Screenshot of the TIA parameters and

range of input current.

134



An interesting observation while performing these experiments was that at lower R1 values,
a transient peak in the output signal is noticed which is camouflaged otherwise at higher R1
values. This camouflaged transient peak lead further exploration under biased/unbiased
conditions, different laser intensities and for lower thicknesses of TAC based MoS,. Fig.
5.24 presents this observation along with a snapshot of the TIA’s manual that explains how
the output signal from the TIA is dependent on the two parameters: R1 and G1. This peak is
also influenced by laser modulation frequency. Fig. 5.25(a) and fig. 5.25(b) show the
appearance of this peak for smaller modulation frequencies at 100 mW and 10 mwW
respectively. These waveforms were compared with [8] where the same observations were

reported.
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Fig. 5.25: Time response of unbiased 20 nm MoS; (SS1A20) (D1) at varying laser frequencies and
fixed TIA4 settings: R1=100 MQ, G1=10 under (a) 100 mW and (b) 10 mW. (c) Photoresponse taken
from [8] for comparison.

Finally, in an attempt to explore what happens to the photo-induced response in the same
sample (~20 nm) and device (D1) upon applying an external bias, same measurement was
performed at 200 kHz, 20 mW laser intensity, R1=1M and G1=10. Fig. 5.26(a) shows the
drifting of the plot vertically from its reference position (corresponding to Auxinp = 0V
plot) when it is biased. Sustenance of the steady state photo-induced signal evident from

flattening of the top of the curve (black) for a longer on-cycle duration at negative biases

135



(Auxinp = -2V) is also interesting to note. Fig. 5.26(b) shows a similar trend in slightly
thinner sample ~15 nm with extremely fast photoresponse to rising and falling laser signal.
The shortest transient response time is 0.19 ps under external bias and this transient response
can be completely curbed thereby increasing the steady state response in the laser on-cycle
by applying 10 V (topmost tile).
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Fig. 5.26: I-t plots (w.r.t modulating laser of 511 nm) of (a) D1 of ~20 nm sample (SS1A20) biased
at -2V, -1V, 0V, 1V, 2V at 20 mW illumination and (b) D3 of ~15 nm biased at 0 V (bottom), 1 V
(middle) and 10 V (top) with their respective rising and falling times at 30 mW illumination.

Such a trend was also observed in thinner TAC based MoS; even though the absorption of
light should be slightly lower according to the TMM simulations. Fig. 5.27 shows the
frequency responses under various biased conditions for a 6 nm TAC based MoS; film on
50 nm Au S-D contacts.
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Fig. 5.27: Frequency response of 6 nm TAC based MoS, on 50 nm Au S-D IDEs (SS1A6) with 50
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It is noteworthy that this response is very different from ~20 nm thick TAC based MoS;
(same device- D1) shown in fig. 5.23 where the device showed a significant signal at lower
frequencies too but in the case presented in fig. 5.27, the signal is very low in low frequency
range whereas it peaks around 1 MHz. The current signal is higher in this case since the TIA
resistance R1 chosen is 10k which is lower than the case in fig. 5.23 while G1 remains the

same as before.

5.4.2.1 Time response of unbiased MoS; with varying laser power
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Fig. 5.28: Photoresponse after passing through a TIA connected to an unbiased 6 nm MoS; (SS1A6)
illuminated by a 50 kHz modulated laser of 511 nm.

The evolution of a photo-induced signal from an unbiased 6 nm MoS; device connected to
a TIA as a response to varying intensity of frequency modulated 511 nm laser using a LIA
is shown in fig. 5.28 in the bottom tile. The top tile shows the laser input signal of varying
intensity and the device signal is seen to be in sync with it. Sharp transient peaks are
observed in the output corresponding to each alternating on state of the laser input similar
to the trend observed for thicker MoS; films discussed before. The amplitude of the output
signal is also observed to increase along with an increase in laser intensity. Compared to
thicker TAC based MoS; devices, the transient peak amplitude is comparable under same
laser intensity but the steady state signal is much lower around similar modulating

frequencies. For instance, steady state signal almost overpowers the transient peak in 20 nm
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MoS: from 10 kHz frequency onwards as shown in fig. 5.25(b) while, here in fig. 5.28 steady
state signal is almost negligible when illuminated with an alternating laser even at a

frequency of 50 kHz.

5.4.2.2 Time response of biased MoS;
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Fig. 5.29: Positively (a) and negatively (b) biased 6 nm MoS; (SS1A6) in sync with the alternating
laser signal depicted by black dashed plot. Zoomed-in plot of peak 1 marked by green dashed box in
(a, b) showing a small change in its transient photo-induced peak amplitude with varying positive
(c) and negative (d) electrical bias.

At the same set laser frequency of 50 kHz, the same sample in fig. 5.28 was now biased in
steps first in the positive direction and then in the negative direction to investigate the
evolution of its response under both light and electrical stimulus. Shown in fig. 5.29(a),(b)
are output voltage signals from the TIA connected to the device as a function of laser on
and off shown as dashed black plot. Only a slight change is seen in the peak for a positive
applied bias fig. 5.29(c) where it decreases by 0.2 V with increasing bias but there is
almost an increase of a Volt when the negative bias increases from -1 V to -10 V (fig.
5.29(d)). However, no change is seen in the ratio of transient peak versus the steady state

signal with applied bias where the latter remains negligible throughout.
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5.4.3 Discussion

5.4.3.1 Origin of spontaneous polarization in MoS>

The observations presented in the above sections though performed under different
conditions of TIA gain, bias and laser intensity yet had one thing in common — a transient
peak at the rising and falling edge of each on and off cycle respectively followed by a slowly
decaying trailing photo-sensitive signal. According to initial assumption, this transient peak
was unexpected and only a steady state photo-induced signal was expected indicating direct
evidence of photoconductivity. However, occurrence of the transient part of the output signal
upon laser illumination indicates that other phenomena are at work beyond simple
photoconductivity. A similar MSM device structure (Pd-MoS2-Pd) used to study
photoresponse in CVD based monolayer MoSz concluded the involvement of thermal to
electrical conversion besides optical to electrical conversion but no further explanation was

given about it [42].

Considering that highly focussed laser spot can induce local heating in the MSM device
(sample set-1) and given the sensitivity of TAC MoS; to temperature changes (both rate and
gradient), a significant thermal to electrical conversion process seems quite inevitable. To
confirm that the observed spikes are related to only the TAC based MoS; and not to the
substrate (Si/SiO2 300 nm), 50 nm Au S-D IDEs or a combination of the two, two samples
(plain substrate - Si/SiO2 and Si/SiO2 with Au IDEs) without TAC MoS; were measured
under the same settings (L1A and TI1A) and conditions (laser intensity and modulation) using
the Ossila push fit test board and no signal was observed out of them. Then to confirm that
the spikes in the TAC MoS. samples were indeed due to a thermal effect and not a secondary
unexplained optical effect, the samples were illuminated from the back (substrate facing the
laser) so that they are heated but not illuminated and the spikes occurred again. This
confirmed that the spikey transient signal is due to a process occurring in TAC based MoS;

region of the device and is associated with heating caused by laser illumination.

This hints at a possible pyroelectric effect being present given that heat can activate
polarization in its crystal structure or its vicinity and the time resolved measurements
discussed previously reveal a possible pyro-photo-thermoelectric combined mechanism.
Based on this assumption and hypothesis, light-induced pyroelectricity has been investigated
further in TAC based MoS; films.
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S. Liu et al., explained the pyro-photo-thermoelectric effects working in tandem to produce
the 4-stage photoresponse in wurtzite structured CdS with asymmetric Ag contacts and the
effect of laser wavelength, power and bias on their sample [55]. Similar studies by D.
Bhattacharya et al., used MoS; nanosheets to create flexible, wearable and self-poled
piezoelectric nanogenerators [56] while A. Abnavi et al., reported laser driven pyro-
phototronic spikes at the water-MoS; interface caused by heating due to laser illumination
[10]. Here again, they show the 4-stage time response at both unbiased and biased conditions
as a function of light intensity, polarization and pulse frequencies measured in air. |-t
response of unbiased ZnO/ZnTe core/shell nanorods was measured in [57] under light
illumination (2.13 mw/cm?) at frequency of 20 Hz showing transient peaks upon turning
light illumination on, which overpower the steady state PV signal present otherwise.
Application of a voltage bias reduces these transient (pyroelectric) peaks and increases the
steady-state PC signal.
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Fig. 5.30: (a) Unbiased TAC M0S; ~15 nm (“SS1A415° from tab. 5.1) measured under 511 nm laser
of 100 mW and frequency modulated at 2 kHz. (b) Unbiased ZnO/ZnTe core/shell nanorods under
325 nm [57]. (c) Zoomed-n view of a peak in (b). (d), (¢) Unbiased MoS; flake showing
pyroelectricity peaks due to water adsorption [10].

Clear evidence of this is also seen when measuring the time response of ~15 nm TAC MoS;
films (sample ‘SS1A15”) under illumination of 511 nm laser where the amplitude of
transient spikes is tuneable and the ratio of amplitude of transient peak to steady state peak
can be controlled by changing the externally applied bias like in [10], [57]. A possible
explanation of this occurrence in this case is that since these measurements were performed
at room temperature and pressure, therefore MoS; is highly prone to adsorbing moisture
from the air and upon illumination from a focused laser, it heats up the water-MoS; interface,

thereby causing the transient spikes. Fig. 5.30(a) shows a plot of the time response
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measurement of TAC based MoS:; illuminated by frequency modulated laser (511) at 2 kHz.

It clearly depicts this phenomenon and compares well with literature (fig. 5.30(b-¢)).

Since 2D MoS: films have a high surface area and inherent defects, S-vacancies/dangling
bonds not just adsorb oxygen but also adsorb water on their surface and edge sites. TAC
MoS; has more vertical edge sites than horizontally oriented sheets (higher A;, peak than
E;, peak from Raman measurements) which is especially favourable for efficient
adsorption. In fact, monolayer MoS; is famous for its applications in catalysis [43], [44],
[45], [46]. Also, water adsorption is enhanced with higher humidity [47] which is inevitable
in Ireland throughout the year so there are enough reasons for water to be adsorbed on the

MoS; surface.

Another reason for the observation of the transient peaks might also be due to the non-
centrosymmetricity in an odd number layered thick MoS; causing an in-built electric field.
Odd layer MoS: films show a high piezoelectric coefficient [48], [49] owing to their non-
centrosymmetric structure. Raman spectroscopy and XRD results of TAC based multilayer
MoS: hint at a possible 3R-phase which was discussed in 2-2.3.1.3 and 2-2.6. 3R - MoS>
exhibits an out-of-plane spontaneous polarization [50] backed by modern Berry phase theory

of polarization [51].

TIA

Lock-in
amplifier

Fig. 5.31: Schematic (not to scale) of polarization vector in MoS; sandwiched between Au electrodes
and the electrical connection between the device and TIA and LIA.

This net spontaneous polarization would decrease (increase) when there is a positive
(negative) change in temperature. As shown in fig. 5.31 change in polarization leads to
change in polarization charges at the interface of MoS; and metal electrodes, further
resulting in the flow of induced mirror charges (electrons) from one contact electrode to the

other [52], [53] that is seen as the transient pyroelectric current (Iry). Upon illumination, Ipy
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is further accompanied by steady state photoconducting current (Irc) resulting in total | = Ipy

+ lpc.

N. Ma et al., report a very high PV effect in BTO with lateral interdigitated 1TO contacts
under 365 nm while in the vertical stack design where BTO was sandwiched between ITO
(top electrode) and Ag (bottom electrode), no PV effect was observed under the same
illumination [52]. PV effect could also arise here from the regions with Ti/Au backing due
to the depolarization (DEP) field [54], [55]. DEP field induced PV effects are more
prominent in up to a few-layer 3R- MoS; films but not in micrometre range thickness like
in-plane devices [50], [56]. So, DEP field induced effects have a higher chance of occurring
in the regions of MoS; on top of Au (fig. 5.32) since the MoS; thickness is restricted to less
than 20 nm but in the region between a pair of Au electrodes (fig. 5.31), the distance is in

the range of microns (inter-electrode spacing) and so this effect is less significant here.

Fig. 5.32: Schematic (not to scale) showing MoS; on top of Au electrode surface - a region with
possible formation of depolarization field.

Finally, another possible source of such transient peaks can be due to photo-induced sliding
ferroelectricity. Tuning of photo-induced sliding ferroelectricity is also studied in 3R-MoS;
and is known to be of two types- 1) structural origin - light distorts the structure and leads
to phase transition in phase change material (PCM). 2) charge origin- distribution of light
induced carriers in the energy band as well as across MoS; layers [57], [58]. I-V sweeps of
the samples presented previously showed a slight hysteresis many times in both dark and
light conditions. This is a clear giveaway of sliding ferroelectricity occurring in TAC based
3R-MoS:.

Fig. 5.33 shows 3 weeks apart status of sample ‘SS1A15” from tab. 5.1. Fig. 5.33(a) shows
the microscopic image when it was a clean, new sample right out of the furnace with the
electrodes showing a purple coloration due to interference between MoS; and Au while fig.
5.33(b) shows burnt-out electrodes (yellow instead of purple especially in D2, D4 and D5)

after performing repeated I-V sweeps under large biases. These measurements damaged the
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top MoSz on Au electrodes exposing them from beneath and resulted in an asymmetrical
contacting where one electrode out of the pair contacted the MoS; from its edge as well as
bottom (hybrid contact) while the burnt-out electrode is just an edge (or side) contact as
depicted in fig. 5.33(c).

(a) Before

Fig. 5.33: Optical image of ~15 nm MoS; on 50 nm Au S-D IDEs (SS1A15) (a) just after sample
preparation and before any measurements and (b) after initial I-V sweeps under dark and light
conditions. (c) pictorial depiction of damaged MoS; on electrodes seen from the cross-sectional
view.

D3 seems to be the most intact device in this sample but despite of the damage to electrodes
on top surface of rest of the devices, they still form at least side contacts to the sandwich
MoS: in between them. Only the ability of the Au electrodes in causing optical interference
has reduced slightly but as conductors of electrical carriers they work fine. In short, this
sample cannot be used to study any I-V sweep trends among its devices nor can it be used
to compare a device of this sample to undamaged devices of other samples but it is an
excellent demonstration of 1) reduced absorption capability due to damage of MoS; on top
of the electrodes thereby changing their coloration, 2) reduction of light current compared
to other devices of the same MoS; thickness and undamaged electrodes, 3) hysteresis in I-V
sweeps under both dark and light conditions shown in fig. 5.34. It is interesting to note that
the most undamaged device (D3) with symmetrical electrode design does not show any
hysteresis while all other devices where alternate electrodes behave as just edge contacts
after having their top MoS: burn out, show significant hysteresis in their I-V sweeps. This
hints at non-uniform polarization at different interfaces/regions of the device due to

asymmetrical contacting with MoSa.
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(a)-(e) 1-V sweeps under dark and light conditions of 15 nm MoS; film deposited on 50

nm Au S-D electrodes (“SS1415°) based devices (D1-D5) with varying inter-electrode spacing (as
per Ossila design sample set-1) and (f) 3 repeated dark I-V sweeps of D5 right after measurement
under light.

Two electrodes on the left side of D1 in fig. 5.33(b) were purposely scratched out to
electrically disconnect them from MoS; and act as non-biased metal backing just to cause
optical interference with MoS,. Photocurrent was measured in the optical interference part
(MoSz on Au: purple) and compared to that of MoS; directly on the substrate (MoS; on
SiO2/Si: teal blue). Fig. 5.35 shows I-t plots of D3 (fig. 5.35(a)) and D1 (fig. 5.35(c)) under
511 nm laser and a 405 nm laser turned on and off manually. D3 is entirely illuminated by
a large laser spot covering the entire device while D1 is illuminated with a very focussed
laser spot first placed on MoS; over Au (the disconnected electrode) region (fig. 5.35(d))
and then on MoS; region between a pair of Au electrodes and directly over SiO./Si (fig.
5.35(e)). The difference in photocurrent magnitude between fig. 5.35(a), (c) is most
probably due to asymmetrical contacts in D1 (fig. 5.35(d)) leading to a larger intrinsic
polarization and sliding ferroelectricity in MoS. which causes a higher photocurrent. But
since D3 has stable symmetrical contacts, its photo-response is not as strong. Delving deeper
into the comparison between photocurrent from the two regions in fig. 5.35(d), (e), the one
corresponding to TAC MoS; on Au (referred to as J1) is lower than that corresponding to
TAC MoS:; directly on Si/SiO> substrate (referred to as J2). This experimental outcome
seems counter-intuitive in the first glance if based on the assumption that MoS; backed with
Au metal should cause zeroth order FP interference and should enhance absorption that
would lead to an increased photocurrent. However, upon close inspection and analysis, this

experimental outcome sits aligned with the previously discussed theory.
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Fig. 5.35: (a) Photocurrent vs time plot of ~15 nm TAC based MoS; (‘SS/415°) at 10 V under varying
laser (511 nm) intensity and laser on/off. (b) Image depicting the way laser spot covers the device in
experiment (c) Photocurrent vs time plot of ‘SS7475° at 10 V under manually modulated (on/off)
405 nm laser focussed at different regions on the device. TAC MoS; on (d) Au region corresponding
to blue plot in (c) and (e) on Si/SiO; substrate region corresponding to red plot in (c). Dark current
is subtracted in all cases as baseline for a cleaner look and easier comparison.

Firstly, according to TMM simulations shown in fig. 5.22, 15 nm MoS: directly on Si/SiO>
absorbs more strongly at 405 nm than on Au meaning that Salisbury effect overpowers
zeroth order FP effect at 405 nm. Secondly, when light illuminated the region of MoS; on
disconnected Au electrode, the photogenerated carriers have to travel a father distance
(interelectrode spacing + half of electrode thickness) towards the next connected electrode
while they have to cover a shorter distance (half of inter-electrode spacing) when light

illuminates MoS; in between two adjacent pairs.

5.5 Conclusion

FET design is usually difficult to achieve for MoS> devices therefore, a simple source-drain
design with MoS; as the active material was explored in this work. Transfer-free,
photolithography compatible few-layer TAC based MoS, was used to achieve a greater
photoresponsivity seen in MoS, monolayers previously [1]. MSM design was used by using
IDE as bottom-edge hybrid contacts with dual purpose - firstly, to behave as electrical
contacts to MoS; and secondly to create 0" order FP regions to enhance optical absorption
in MoS,. To tune the photoresponsivity further, external electric bias was applied and MoS;

active area was varied from mm? to pm? range. While the former behaved as expected, the
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latter showed negative photoconductivity under a low power continuous wave laser of 405
nm wavelength which has its place for instance, in bio-inspired visuomorphic computing
application [59]. For the large area (Ossila’s IDE based design) samples, both continuous
and frequency modulated illumination gave interesting results. Firstly, the 1-V sweeps scaled
with the interelectrode spacing as expected and interestingly, the sensitivity or photo-to-dark
current ratio switched from being less than 1 to more than 1 after the thickness of MoS;
reached 15 nm and above. Also, under the CW illumination, TAC based MoS; devices
followed a typical 4 stage I-t response proving the persistent photoconductivity phenomenon
seen in MoS; synthesised using other techniques previously. Generally, the devices with 50
nm Au IDE S-D contacts showed better I-t results. Based on TMM simulations which took
into account the absorption enhancement by virtue of metal backing and MoS; thickness, a
6 nm device (D5) with symmetrical contacts (in design and contact material) had a
photoresponsivity, R=0.015 A/W at 600 nm and at no gate bias. Though slightly lower than
what has been reported by Tsai et. al., using a similar design (R = 0.57 A/W) [2],
photoresponsivity in this work was calculated to be: R=0.4063 A/W for a 12 nm device (D5)
with asymmetrical contacts. The results presented in this work are in the same order of
magnitude while using 20 times less optical power and obtained under white light
illuminated by Ossila Solar Simulator (AM 1.5G). This proves the broadband operation of
these devices and future application under natural sunlight. These devices were fabricated

to be back-compatible with Ossila solar testing kit which made them very easy to use.

Upon using a frequency modulated laser light source integrated with a LIA and a TIA, a
significant photoinduced response was obtained at zero driving voltage for both thin and
thick TAC based MoS: films. These signals showed a high transient peak in comparison to
a steady state PC/PV signal that would be normally expected. However, the amplitude of
these signals was found to be tuneable with laser modulation frequency, TIA gain settings,
temperature change w.r.t time as well as gradient and externally applied bias. Fixing the
laser modulation frequency, TIA settings and applied bias, time evolution of the
photoresponse was studied to rule out any other possible effects and it can thus be concluded
that TAC based MoS; shows very strong pyroelectric peaks at low (10 Hz) and high
frequencies (up to 50 kHz) depending upon its thickness. Previously, these pyroelectric
peaks have been utilised in several biomedical applications [26], [60], [61] and as pyro

detectors.
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Future studies can be carried out in vacuum and under controlled temperature conditions
with an aim to enhance this design for space applications where this device will be subjected
to vacuum, cold temperature and natural sunlight. Perhaps, operation in outer space will be

the most appropriate since the environment will be least degrading to MoS; based devices.

In conclusion, the high absorption property of MoS: at excitonic resonances was enhanced
by using 0" order FP effect and Salisbury effect by incorporating both MoS; on Si/SiO; as
well as on Au design in conjunction. This chapter showed that TAC process can successfully
produce few-layer MoS; thin film-based devices on a 1.5 cm? substrate with the photoactive
area spanning up to mm? range, without causing any damage to the underlying patterned
layers while still being able to perform photoconductivity studies. These few layer MoS>
devices can be used at room temperature, pressure and natural illumination without any post-

deposition treatment or additional gate voltage.
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Chapter 6. Conclusions and future work

6.1 Summary

Chapter 2 introduced our modified version of CVD method to produce TMD thin films
which we refer to as thermally-assisted conversion (TAC). It was shown that TAC produces
thickness controlled few-layer films of MoS; that are not just uniform and continuous over
large area (up to cm?) substrate but also compatible with photolithographic processes and
therefore TAC based TMD films can be patterned into any shape at a designated area of
interest and at any stage in a multilayer stack. This method of thin film synthesis gets rid of
painstaking contacting of randomly deposited flakes of MoS> where all other pre or post
synthesis processes need to be designed according to the placement of the deposited flake.
Rather, with TAC based TMD thin films, deposition of the films can be adjusted to align to
other process to fabricate a multilayer stack or device. This chapter proved the thickness
control by utilising static coloration property of MoS; that occurs when it is backed by a
metal. So, each thickness has a unique shade when backed by a reflecting metal layer. Here,
MoS: deposited on a transparent quartz substrate was covered by Au reflector film and upon
viewing from the flip side i.e., from the other side of the quartz substrate, the light that
reflects off of the Au reflecting film after interaction with MoS, appeared as a distinct colour
based on the MoS; thickness. Even slight difference in MoS; thickness leads to a different
shade and colour of the TAC based MoS; which is easily observed on large 1 cm? quartz
substrates with naked eyes without the use of optical microscopes due to the uniformity in

thickness achieved by TAC based MoS; films as discussed previously.

Raman single spectrum measurements under 532 nm and 632.8 nm laser line were used to
determine slight variations in thicknesses (qualitatively) of the few-layer MoS; films and to
reveal 3R or mixed polytype being formed via TAC. Raman mapping on the other hand was
used to show continuous and uniformly thick formation of MoS; via TAC across varying
lateral areas (ranging from um? to cm?) directly on the substrate as well as in a multilayer
patterned stack without damaging the layers beneath. This showed the compatibility of TAC
based few-layer TMD films to be produced with any desired shape and size with precise
control on the placement of the film directly on the substrate or as a part of a multilayer
stack. This also makes metallization of contacts easy as compared to MoS, produced by

other techniques like CVD, mechanical exfoliation, hot pick-up and stamp method and liquid
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exfoliation where randomly placed flakes of MoS; are obtained. In these cases, MoS; is not
continuous over a large area, cannot be patterned and poses problems of flake isolation to
deposit metal contacts which can be a very time-consuming process and an impractical
solution at for industries and commercial purposes. In a nutshell, TAC based TMD thin films

mitigate all these issues.

Chapter 3 discussed all aspects of electrical characterization possible with TAC based MoS;
thin films. 1-V measurements were first performed using the four-point probe technique to
screen large area, unpatterned MoS; thin films. Our TAC based MoS; films consistently
showed an average sheet resistance (Rsh) in the order of 1E+9 (©2/0) and average resistivity
(p) in the order of 1E+10 (- m) at 750°C across film thicknesses ranging from 15 nm to
50 nm. These values tend more towards insulating nature. For 15 nm film thickness, both
Rsh and p seem to be independent of the time of sulphurization in the TAC furnace and seem
to depend more on the temperature at which starting Mo is sulphurised. For temperatures
below 750°C, TAC films tend towards an upper range of semiconductor Rs, and p values but
show much higher Rsh and p values indicating insulating nature when the temperature of
sulphurization is 750°C and above. Therefore, the optimum temperature to obtain
semiconducting MoS; films of thicknesses 15 nm and above produced via TAC process as
seen from the four-point probe method is therefore below 750°C i.e., around 450°C to 600°C.
It can thus be concluded that TAC based MoS: thin films are capable of replacing Si as a
semiconductor. Two terminal I-V sweeps gave similar results for 15 nm MoS; with the
exception of IDE design-based samples of the same thickness due to a very different
topology used in that case where MoS: was deposited on top of Au interdigitated contacts
forming a bottom-side hybrid connection. Fermi level pinning at the Au-MoS; interface is
inevitable and also adds a layer of complexity in the analysis. So other contact materials

were also explored.

To quantify the effect of choice of contact material on TAC based MoS; thin films, TLM
measurements were performed on electrodes deposited using different contact architectures
on TAC based MoS: thin films and utilizing different contact materials. These included Mo,
Sn-Au and Mo co-sulphurised top contacts out of which Sn-Au top contacts were found to
have the lowest contact resistance (53.8 kQ-um) while forming Ohmic contacts at the

interface with MoS..
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Finally, temperature dependent resistance measurements were performed under vacuum
from room temperature down to cryogenic temperatures that showed semiconducting
behaviour of MoS; and a significantly high magnitude of temperature coefficient of
resistance (1.724 %K~1). This also opens up avenues to use MoS; prepared by the TAC
method to be used as bolometers and temperature sensitive detectors, perhaps in space

exploration.

In chapter 4, our in-house electro-optic characterization setup is introduced as CCD-DR tool
that maps the change in reflectance in the region of interest as a response to an external
stimulus that can be in the form of electricity (applied electric field or current injection)
and/or heat (local heating due to focussed laser beam or large area heating by hotplate). This
technique was used to obtain a direct visualisation of real time change in reflectance in
response to an applied voltage on few layers TAC based MoS; films. Change in exciton
oscillator strength upon gating manifests as change in absorption (or reflection) when light
resonant with exciton energy illuminates the MoS; thin films. Leveraging the availability of
room temperature excitons in visible range of the electromagnetic spectrum, the strong
exciton confinement property of MoS; up to 4.5 nm thickness, and utilizing the ability to
obtain patterned, stable, continuous and uniformly thick few-layer MoS; films via TAC on
reflecting gold film thus forming a Fabry-Pérot cavity, a maximum change in reflectance
around 0.32% was obtained upon externally gating the few-layer thick MoS; sample. Better
result was obtained with MoS, deposited on Si/SiO> with almost double change in
reflectance around 0.75% with the same magnitude of applied voltage of 200 V. A small
change in reflectance was also obtained when MoS; was deposited on a plain transparent
quartz substrate without using FP cavity advantage. In this case, an in-plane voltage of 5 V
resulted in about 0.05% change in reflectance which is the smallest signal detected using our
in-house CCD-DR setup in this work. This not just shows the impressive resolution of the
CCD-DR setup but also reveals the potential of exciton tuning in few-layer MoS; films to

be pushed beyond their monolayer limit.

Finally, chapter 5 presented photo-induced response in TAC based MoS; films and
compared with those prepared using CVD and liquid-liquid interface deposition (LLID).
TAC based MoS; films outperform both CVD and LLID based MoS; films when illuminated
by a broad white light source as well as focused 405 nm and 511 nm laser. The highest
responsivity ‘R’ of 0.4 A/W was obtained from 12 nm TAC MoS: deposited on 50 nm Au

IDEs on a Si/SiO» substrate. Interestingly, when illuminated by a high frequency modulated
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511 nm focused light source, transient spikes were observed in the photo-induced current as
a function of time along with a steady state component. The relative amplitude of the
transient peaks corresponding to every ‘on’ cycle of the laser was tuneable with laser
modulation frequency, intensity, local temperature, external bias and gain of any
additionally amplifiers.

In summary, MoS; films produced by TAC which is a more industrially relevant and
straightforward method of producing single to few layer TMD films was used to make
devices for different applications. Its unique properties were exploited to fabricate devices
such as active electro-optic modulator, broadband photodetector, pyro-detector and
bolometric applications. In some cases, TAC based MoS, even outperformed its
counterparts. For instance, higher photoconductivity when compared to CVD and LLID
MoS; as discussed before and as a pyro-detector when compared to state of the art,
commercially available pyroelectric sensors (Thorlabs ES4xxC fast sensors with repetition
rate up to 10 kHz).

6.2 Additional results and future directions

While this work focuses on applications of TAC based MoS; films, other methods of MoS>
synthesis were also tried. Etch free transfer of MoS; using PMMA and DI water [1] was
used to exfoliate a thin film of MoS; on an Au coated substrate from a previously deposited
sample using TAC on another substrate. The floating film on DI water surface is shown in
fig. 6.1(a).

Fig. 6.1: (a) Floating MoS; film on DI water after sonification according to the method outlined in
[1]. (b) Floating MoS; transferred on a glass slide partially coated with gold. Purplish-pink region
of MoS; was placed on the gold coating and the bluish-pink region lies directly on quartz. (c) MoS;
transferred on Si/SiO; substrate.
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This was done to figure out a way to transfer TAC MoS> between different substrates like
ITO coated glass and Au coated glass slide that cannot go into the TAC furnace for

photovoltaic and electrochromic applications respectively.

The second method was hot pick up and stamp technique which produced WS, and MoS>
flakes of arbitrary shape and position on different substrates as shown in fig. 6.2(a) and (b)
respectively. Raman measurements show narrower characteristic peaks and close to equal
peak heights indicating pristine, ordered and planar MoS,. However, both the methods came
with their own drawbacks. Extracting MoS; using just PMMA and DI water from a pre-
existing MoS; deposited on another substrate leads to holey film which is neither fit for
vertical solar cell applications nor for electrochromic devices due to shorting issues.
Moreover, MoS; obtained by hot pick up and stamp technique from our collaborators in
University of Salamanca, encapsulated the MoS, between bottom and top hBN films to
protect them from degradation. This is also evident from Raman measurements that do not

show any oxysulphide peaks.

Fig. 6.2: Mechanically exfoliated (a) WS, and hBN flakes on Au and (b) MoS; and hBN flakes on
Si/SiO; via hot pick-up and stamp technique.

Passive modulation of refractive index wherein apparent change in colour was observed in
M-1-M structures comprising of a dielectric sandwiched between metal and TCO. Two
separate stack designs were fabricated for this and shown in fig. 6.3. The general stack
structure for both remains the same as in fig. 6.3(c) but the choice of TCO and dielectric as
well as their thicknesses vary in each case. Sample S1 (shown in fig. 6.3(a)) consists of 55
nm of SiO, sandwiched between 112 nm of RF sputtered TCO — zinc tin oxide (ZnSnO or
ZTO in short) and 25 nm of Au bottom layer on 1.5 cm? quartz substrate. Top contacts were
patterned in four circular pixels of increasing diameters by UV-lithography using OAI mask
aligner and 100 nm Au was deposited after O, plasma cleaning. Both top and bottom Au

156



layers were deposited by thermal evaporation using Temescal tool. The custom mask was
designed using CleWin software and fabricated using Heidelberg direct writing tool in our
cleanroom. Sample S2 (shown in fig. 6.3(b)) was fabricated in the same way except that the
TCO thickness was 125 nm and SiO- thickness was 127 nm in this case. TCO in both S1
and S2 were deposited by Dr. David Caffrey and Dr. Peter Callaghan from Prof. Igor Shvets’
group in school of physics, Trinity College Dublin. Fig. 6.3(a), (b) show S1 and S2 when
viewed from the quartz side. It is noteworthy that 55 nm of SiO> is not enough to cause a
strong colour contrast in S1 but 127 nm of SiO> leads to a significant change of colour of

the gold pixels from mustard yellow to pink when viewed through quartz.

Ilncident light

Quartz Dielectric I¥Au TCO

EE EN

Fig. 6.3: Top view TCO/dielectric-based stacks with 4 top pixel contacts marked as 1, 2, 3 and 4
with varying diameters as 1 mm, 2 mm, 3 mm and 4 mm. (a) S1: Quartz/Au 25 nm/ZnSnO 112 nm/
SiOz 55 nm/Ti 1 nm/Au 100 nm and (b) S2: Quartz/Au 25 nm/ZnSnO 125 nm/ SiO; 127 nm/Ti 1
nm/Au 100 nm viewwed through quartz. (c) General stack design of S1, S2 and S3. (d) Au pixel side
and (e) flipped quartz side of S3: Quartz/Au 25 nm/ZnO:Al 100 nm/ Al,0; 100 nm/Ti 1 nm/Au 100
nm

This is better seen in another sample — S3 produced in the same way as S1 and S2 but ZTO
was replaced by 100 nm of Al doped ZnO (19:1 Zn:Al ratio) and SiO2 was replaced by 100
nm of Al,Oz. Both the TCO and dielectric in this case were deposited using ALD and this
sample was procured from Dr. Ian Povey’s group in Tyndall National Institute, Cork. The
top side of this sample with Au pixels facing up are shown in fig. 6.3(d) and the flipped side
with Au pixels on the back side i.e., when viewed through quartz is shown in fig. 6.3(e).
When viewed from the Au pixels facing up, the pixels appear as they should in colour —
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mustard goldish but upon flipping and viewing through the quartz side, the same pixels
appear green. This colour contrast is due to FP interference among the metal, TCO/dielectric
interface. Previously active modulation has been achieved in a similar stack utilizing Indium
Tin Oxide (ITO) as the TCO [2] and here this was achieved using S3. Applying a 3V bias
between the top and bottom Au layers creates a charge accumulation at the TCO/dielectric
interface which shifts the plasma frequency thereby changing ‘n’ and ‘k’ at the interface.
This resulted in successful change in reflectance ~ 0.2 % under the CCD-DR setup at 670

nm for the 1 mm diameter pixel (shown in fig. 6.4).

Fig. 6.4: (a) Grey-scale image under the CCD-DR microscope and (b) change in reflectance map of
the region in (a) showing a clear 0.2 % change in reflectance when a 3 V bias is applied on the pixel
while rest of the background stays neutral at 0%. The bright red regions correspond to current
hotspots due to shorting.

TCOs are definitely easier to fabricate and characterise but the modulation of reflectance
and corresponding refractive index obtained is restricted by the thickness of accumulation
formed at the TCO/dielectric interface which is around 5 nm. According to [2], the greater
the carrier density and accumulation layer, the higher is the tuneability of refractive index.
Thus, most of the TCO remain under-utilised. So to address the limitation of accumulation
layer formation at only one interface, a better design that forms another TCO/dielectric
interface at the bottom of the same TCO layer can be designed. So, replacing the
metal/TCO/dielectric/metal stack with metal/dielectric/TCO/dielectric/metal stack, both
interfaces of the TCO can be utilised to form a double accumulation layer on gating the

stack.
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Additionally, to enhance the FP effect and make use of the optical interference effects
indicated by passive colour contrast upon flipping the stack, a thin absorbing layer of MoS;
can be included along with the TCO especially when it is already encapsulated with
dielectric which will also protect MoS. Perhaps, MoS; exfoliated via hot pick-up and stamp
technique can be used in such devices. Since we utilised and integrated TCOs (ITO, ZTO,
AZO) in multilayer stack successfully, it is very tempting to also use them for sensor

applications especially as photo-bolometers [3] in future work.
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