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OZET

OPTOELEKTRONIK UYDULAMALAR ICIN 2B MALZEMELER VE BUNLARIN
HETERO 2-KATMANLI SYSTEMLERI

Yahaya SHEHU
Elektrik ve Elektronik Miihendisligi Anabilim Dali
Elektronik Bilim Dali

Anadolu Universitesi, Fen Bilimler Enstitiisii, Aralik, 2019

Danisman: Dog. Dr. Nthan KOSKU PEKGOZ

Gelecekteki optoelektronik uygulamalarinda meydana gelebilecek degisimlerle uyumlu
malzeme sistemleri ¢alismalar devam ederken, bu konuda iki boyutlu malzemelerin potansiyelini
arastirmak icin biiyilkk caba harcanmaktadir. Bu sebeple, bu tezde iki boyutlu gecis metali
dikalgonitleri ve bunlarin hetero yapili ¢ift katmanli sistemlerinin optoelektronik uygulamalar i¢in
kapsamli bir ¢aligmasi sunulmaktadir. Bu ¢alisma igin tek katmanli MoS, ve MoSe, materyalleri,
dikalgonitler Kiikiirt ve Selenyum olarak degisirken geg¢is metali Molibden ayni tutulmustur.
Boylece, yapisal ve optik karakterizasyonlar: sayesinde, etkilesimlerini inceleyebiliriz. Tek
katmanli MoS; ve MoSe; sirasiyla ~ 1.82 eV ve ~ 1.55 eV dogrusal bant araliklarina sahiptir. Tek
katmanlt MoS,, hem SiO/Si alttaglar tizerinde ALD y6ntemi destekli CVD yontemi hem de cam
bir alttas lizerinde geleneksel CVD yontemi kullanilarak biiyiitiilebilir. MoSe> iginse, CVD
sisteminde kullanilan NaCl ¢ozeltisi ile kaplanmis SiO./Si alttaglar tercih edilebilir. Biiyiime
parametreleri optimize edilirken iiriiniin yiiksek oranda alttas yiizeyini kaplamasi, yiiksek kaliteli
olmasi kosullarma dikkat edilmistir. M0oS,/MoSe; iki tabakali heteroyapi sistemi Polimetil
Metakrilat (PMMA) destekli 1slak transfer yontemi kullanilarak transfer edilir. Transfer edilen
tek katmanlh gecis metali dikalgonitleri ve bunlarin iki tabakali heteroyapilari sistematik olarak
Raman, Fotoliiminesans ve Atomik Kuvvet Mikroskobu spektroskopileri kullanilarak karakterize
edilir. Ayrica iki katmanli bu heteroyap: sicakligin 83-483 Kelvin sicaklik degerleri arasinda
degistilerek, sicakliga bagli mikro Raman spektroskopisi ile karakterize edilir. Burada
malzemelerin her birindeki sicakliga gére Raman modunun pik pozisyonundaki degisim ve
maksimum yarist tam genislik (MYTGQG) analiz edilmistir. Sicaklik artig1 bizim MoS, ve MoSe;
Raman modlarmin karakteristik yumusamasini gézlemlememizi sagladi. Malzemelerin sicaklik

katsayisi, iki katmanli heteroyapilarda izole bolgeye gore daha biiyiiktiir.

Anahtar Soézciikler: 2B malzemeler, MoS,, MoSe», ALD, CVD, Optoelektronic
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ABSTRACT

2D MATERIALS AND THEIR HETERO BILAYER SYSTEMS FOR
OPTOELECTRONIC APPLICATIONS

Yahaya SHEHU
Department of Electrical and Electronics Engineering
Programme in Electronics Engineering

Anadolu University, Graduate School of Science, December 2019

Supervisor: Assoc. Prof. Dr. Nihan KOSKU PERKGOZ

In the pursuit of the materials systems compatible with the paradigm shift in the future
optoelectronics, immense effort is devoted to exploring the potential of 2D materials. Motivated
by this, a comprehensive study of 2D TMD and their hetero bilayer systems for optoelectronic
applications is presented in this thesis. Monolayer MoS; and MoSe; have been chosen by keeping
the transition metal (Mo) the same while changing the dichalcogenides from S to Se, so we could
investigate their interaction by structural and optical characterizations. Single layer MoS, and
MoSe; have direct bandgaps of ~ 1.82 eV and ~ 1.55 eV, respectively. Monolayer MoS; is grown
both by using the ALD-assisted CVD method on SiO./Si substrates and conventional CVD
method on glass substrates. For MoSez, SiO-/Si substrates coated with NaCl solution as are used
in the conventional CVD system. The growth parameters are carefully optimized for high
coverage of high-quality and large area monolayers. Subsequently, MoS./MoSe; hetero bilayer
system is formed by PMMA-assisted wet transfer method. The Monolayer TMDs and their hetero
bilayer system are systematically characterized by Raman, PL, and AFM spectroscopies. The
hetero bilayer system is further characterized by temperature dependent pRaman spectroscopy by
varying the temperature between 83 K and 483K. Change in the Raman mode’s peak position and
FWHM with respect to temperature in each of the materials has been analyzed. We observed
characteristic softening of the MoS, and MoSe, Raman modes with an increase in temperature,
and the temperature coefficient of the materials is larger in the hetero bilayer system than in the

isolated region.

Keywords: 2D materials, TMD, MoOgz, MoSz, MoSez, ALD, CVD, Optoelectronic



ACKNOWLEDGEMENT

All thanks be to Almighty God for sparing my life. My sincere gratitude goes to my
supervisor, Assoc. Prof. Dr. Nihan Kosku PERKGOZ for her profound support both
academic and otherwise. | also express my gratitude to Prof. Dr. Feridun AY for his
immense contributions to my studies. My acknowledgment goes to the Turkiye Burslari
(YTB) for funding my M.Sc. education. | thank the entire MIDAS research group
members for their kind support during my studies. | especially want to acknowledge
Mustafa DEMIRTAS, Hussayin SAR, Merve OPER, and Mehmet BAY for their support
during my laboratory experiments. | also want to acknowledge the Carbon-based
Materials Research Group of under the leadership of Assoc. Prof. Dr. Yasemin CELIK for
letting me use some of their laboratory facilities in the course of my studies. I thank every
individual and body that contributed directly or indirectly to the successful completion of
my M.Sc. study.

Yahaya SHEHU
December 2019



27/12/2019

STATEMENT OF COMPLIANCE WITH ETHICAL PRINCIPLES AND RULES

I hereby truthfully declare that this thesis is an original work prepared by me; that
I have behaved in accordance with the scientific ethical principles and rules throughout
the stages of preparation, data collection, analysis and presentation of my work; that |
have cited the sources of all the data and information that could be obtained within the
scope of this study, and included these sources in the references section; and that this
study has been scanned for plagiarism with “scientific plagiarism detection program”
used by Anadolu University, and that “it does not have any plagiarism” whatsoever. I also

declare that, if a case contrary to my declaration is detected in my work at any time, |

hereby express my consent to all the ethical and legal consequences that are involved.

Yahaya SHEHU



TABLE OF CONTENTS

FINAL APPROVAL FOR THESIS ... i
OZET ... I
ABSTRACT ..ottt bbbt n ettt r et e re s i
ACKNOWLEDGEMENT ...ttt v
STATEMENT OF COMPLIANCE WITH ETHICAL PRINCIPLES AND
RULES ..ottt sttt ettt ne et %
TABLE OF CONTENTS ..ottt Vi
INDEX OF ABBREVIATIONS AND SYMBOLS ........ccooi i Xii
1. INTRODUCTION ..ottt e snae e a e nne e 1
1.1 INTFOAUCTION ..ottt bbbt 1
1.2 Motivation of the STUAY ..........ccooveiiiie e 2
1.3 Scope and Objectives Of the STUAY ........cccooiiiiiiiiiiiece e, 2
1.4 Organization Of the STUAY ..........ccooriiiiiii e 3
1.5 Challenges of the StUAY .........cccooieiiiiiec e 3
2. LITERATURE REVIEW ....ccociiiiiitieeieseses et 5
2.1 Overview Of 2D MaterialS........c.ccoveiiiieiieiice e 5
P20 00§ Y oo [T o] o SR 5
2.1.2 Brief history of 2D materials ...........cccoceoveieiiiii e 5
2.2 Production Techniques of 2D Materials ..........c.cccooeviiiieicicie e 7
2.2.1 Mechanical eXfoliation ...........cccceviiieiieiiee e 7
2.2.2 Liquid exXfoliation.........cccooiiiiiniiiicee e 7
2.2.3 Chemical vapor deposition (CVD) ......ccccceveiieii e 8
2.2.4 Atomic layer deposition (ALD) ......cccooveiiiieiieie e 9
2.2.5 Molecular beam epitaxy.........ccooiieiiiiieierse e 9
2.3 Characterization Techniques of 2D Materials .........cccccooeveniieniiinieeen, 10
2.4 Properties 2D Materials and Their Hetero Bilayer ...........c..ccccooveevveiinnne. 11
2.4.1 GraPNBNe ..ot 11
2.4.2 Transition metal dichalcogenides (TMDS) .......ccccceveiineieneniniesieiee. 12
2.4.3 Hetero bilayer system based on 2D TMDS ........ccccooeiiieienininisieien. 14

2.3 Optoelectronic Applications of 2D Materials and Their Hetero Bilayer...15

2.3.1 Photodetectors/phototransiStors ..........cccccovveiieeiii i 16
Vi



2.3.2 Solar cells/photovoltaiCc deVICES ...........ccceiiiiiiiiiieee e 17

2.3.3 Light emitting diode (LED) ......cccccviiiiiriieecieseeeee e 19
2.3.4 LLASEIS ...ttt 20
3. EXPERIMENTAL PROCEDURE .......cccooiiiiiiiiiice e 22
3.1 Material GrOWEN........cooiiee s 22
3.1.1 Atomic Layer DepOSItiON .........ccoveieiieiiiiiisiesie e 22
3.1.2 CVD growth of monolayer MoSz and MOSe€z..........ccccevvvenininieninienn. 23
3.2 PMMA ASSIStEd TranSTer.........ccoeieiiiiie e 24
3.3 ANNEAIING ... 25
3.4 Material Characterization Methods..........ccccceviiiiiieniiie e 26
3.4.1 Spectrometric eHliPSOMELIY .........ccoveiiiieiiee e 26
3.4.2 Atomic force microscopy (AFM)........ccoiveiiiiiieece e 26
3.4.3 pRaman and photoluminescence Spectroscopy .............ccccccoeverivrrinnnne 27
3.4.4 Fourier transform infrared (FTIR) SPECtroSCOPY ........ccocevvvrvrvreeinene. 28

4, LAYER AND SIZE DISTRIBUTION CONTROL OF 2D MoS: BY
ALD-ASSISTED CVD METHOD .....covotiiiiiiceieiee e 30
4.1 INTFOAUCTION ...ttt ettt e steanaesbeenteeneenrees 30
4.2 ALD Growth and Characterization of MoOs Films .........cccccooviviinennn, 30
4.3 Growth and Characterization of 2D MoSz by CVD Using MoOs Film .....38
4.3.1 Sulfurization/CVD growth procedure.............cccooeevveiieiieieene e 38
4.3.2 pRaman, PL and AFM analysis ..............cccoooiiiiniini 38
O o] o[£ T o ST 41

S. CVD GROWTH AND CHARACTERIZATION OF MONOLAYER
MOS2 AND IMIOSE2.....etiiiiiiieieie ettt ettt bbbt e e 42
5.1 INEFOAUCTION ...t 42
5.2 CVD Growth Procedure of M0S2 and MOSEz..........cccuvrreriiinineinincees 42
5.3 pnRaman, PL, and AFM Analysis of Monolayer MoSo...............ccoeeieeen. 44
5.4 pRaman, PL, and AFM analysis of monolayer MoSe€z.............c.cccccevininnn, 46
5.5 CONCIUSION.....oiiiiiii et 47
6. MoS2/MoSe2 HETERO BILAYER SYSTEM ... 49
G T8 1 a1 oo [ Tox £ o o ISR 49

vii



6.2 uRaman, PL, and AFM Analysis of the MoS2/Mo0Se2 Hetero Bilayer

)Y (=] 0 T PO P TP 49

6.3 Temperature Dependent pRaman Analysis of MoS2/MoSe: Hetero

Bilayer SYSTEIM .....oiiiicce e s 53
6.3.1 INTrOAUCTION ... 53
6.3.2 Experimental ProCeAUIE ...........cooiiiiiiiieic e 54

6.3.3 Temperature Dependence of the Raman Modes of Monolayer MoS:2.55

6.3.4 Temperature Dependence of the Raman Modes of Monolayer MoSe2

............................................................................................................................. 59

R o] Tod 111 L] o 1SRRI 64
7. CONCLUSION AND FUTURE WORK ..ot 65
7.1 CONCIUSION....c.viiiiticiieie et bbbttt bbb e 65
7.2 FUTUIE WOTK ..ottt sttt e e steeneeeneenne e 65
8. REFERENGCES.........co ittt srea e snae e nee e 66
APPENDIX ...ttt sttt bbbttt n e re s 82
RESUMIE ...ttt sttt ane ettt er e bt neane s 83

viii



LIST OF FIGURES

Figure 2.1. Overview of layer structure of 2D materials (Geng et al., 2018).............. 6
Figure 2.2. Family of 2D materials that have been confirmed experimentally
(Shavanova et al., 2016)........ccciveieiieriecie e 6
Figure 2.3. (a) TMDs constituent elements in the periodic table (Han et al., 2015)
(b) atomic structure of different phases of TMDs (Friedman et al., 2017)
(c) E-k diagram of different layers of MoS; (Duan et al., 2015) (d) TMDs
hexagonal Brillion zone (Wong et al., 2016) ..........cccocvevveveiieieee e, 12
Figure 3.1. Schematic illustration of PMMA-assisted wet transfer of MoS; flakes
from glass substrate to SiO2/Si or MoSe2/SiO>/Si to form heterostructure
OF MOS2/IMOSE. ...ttt bbb 25
Figure 4.1. MoOg thin film thickness as function of ALD number of cycles.............. 32
Figure 4.2. Dark field optical images of the a-MoO3 annealed at 400 °C and 600
°C respectively (a-b) 150-cycle (c-d) 300-cycle (e-f) 600-cycle. Scale bar
30 um (Demirtas et al., 2020) .......ccvevveiiieiieeceece e 33
Figure 4.3. Raman vibrational modes (a) 600-cycle a-MoQO3, f-M0O3 and a-MoOs
film (b and c) 150- and 600-cycle MoOz phase transition respectively by

thermal annealing from 300 °C to 600 °C (Demirtas et al., 2020)............ 34
Figure 4.4. ATR-FTIR spectra of the a-MoO3z, f-M0O3 and a-MoOs film (Demirtas

Bt al., 2020). .. it 35
Figure 4.5. 2D AFM images and line profiles of the 150-cycle MoOg film annealed

at 400°C and 600°C (Demirtas et al., 2020)........ccccovereriniiniininiieieens 37
Figure 4.6. Growth configuration used the CVD experiment of 2D MoS; using

MoO:s films grown by PEALD (Demirtag et al., 2020)...........cccovvveveeennnn. 38

Figure 4.7. Optical images MoS> grown by varying the number of MoOs ALD-cycle
0N the UPPET SUDSIFALES ........oiviiiiiiieiieieese e 39

Figure 4.8. MoS> flakes grown using 150-cycle MoOzthin film (a) uRaman spectra
(b) 2D AFM image (c) AFM line profile (d) PL spectra (Demirtas et al.,



Figure 5.2. Characterization of the MoS: (a-b) bright field and dark field optical
images (c) Raman spectra and Raman map in the inset (d) PL spectra
and PL map in the inset (e-f) 2D AFM image and its line profile.............. 45
Figure 5.3. Monolayer MoSe, grown by NaCl-assisted CVD method (a-b) bright
and dark field optical images (c) Raman spectrum with Raman map in
the inset (d) PL spectrum (e-f) 2D AFM image and line profile................ 47
Figure 6.1. Characterization of the MoS2/MoSe; hetero bilayer system (a-b) bright
Dark field optical images (c-d) 2D AFM image and line profile (e) fitted
Raman spectra (f) Raman spectra of in comparison with those of the
isolated monolayer components (g) fitted PL spectra (h) PL spectra in
comparison with those of the isolated monolayer components.................. 50
Figure 6.2. Temperature-dependent Raman measurement (a-b) setup and zoomed
in temperature control stage (c) optical images of the isolated hetero
bilayer taken at different temperature..........c.ccoovveieienencnneeeee 55
Figure 6.3. Raman shifts of isolated the MoS; with the change in temperature........ 56
Figure 6.4. (a) peak position (b) FWHM and (c) peaks difference of the Raman
modes of the ISOlated MOS2 ......cccvevveiiiieece e 57
Figure 6.5. (a) peak position (b) FWHM and (c) peaks difference of the Raman
modes of the MoS: in the hetero bilayer system ...........ccccvviiniiiiieinnn, 58
Figure 6.6. Expanded view of the MoSe, Raman spectrum measured different
TEMPEIALUIE ..o e et e e s e e e nee e 59
Figure 6.7. (a) peak position (b) FWHM and (c) peaks difference of the Raman
modes of the iSolated MOSE.........cccveiiiieie e 60
Figure 6.8. (a) peak position (b) FWHM and (c) peaks difference of the Raman
modes of the MoSe: in the hetero bilayer system ...........cccccocvvvviviiniiinnn, 61
Figure Al.1. Optical images of the CVD grown MoS: on the first glass substrates
grown by using different recipes (a) recipe #1 (b) recipe #2-3 (c) recipe
#4 (d) recipe #5 () d2 =3 cm (f) N2 = 250 SCCM ...oovveveriiiiiiiiieeeee, 82



LIST OF TABLES
Table 2.1. Optical bandgap, PL peak, work function, and Raman peaks of MoS>

AN MOSE2. .t 11
Table 4.1. uRaman and ATR-FTIR vibrational modes of - and o-M0Qis................. 36
Table 4.2. Height and grain size of the 50-, 150-, and 600-cycle MoOs film

annealed at 400°C and 600°C.............ccoceeiveeeiiiee e 37
Table 4.3. ALD assisted CVD growth of MoS; result

1] 10111F= 1 PP |
Table 5.1. Recipe used to coat SiO2/Si with NaCl solution.............cccoevveiieiiinnnnn, 43

Table 5.2. The recipes used for the CVD growth of monolayer MoS, and MoSez.....44
Table 6.1. Comparison of the PL peaks of the MoS, and MoSe; in the isolated

region and hetero bilayer system. CP stands for cumulative peak and

|[E stands for interlayer exciton. The PL peaks are in nm unit................... 52
Table 6.2. MoSz Raman modes y values compared to those reported in the

=] = L0 OSSR 59
Table 6.3. MoSe2 Raman modes’ y values compared to those in the literature......... 62
Table Al.1. Summary of MoS; CVD growth experiments. Parameters changed

are highlighted YElIOW ..o 82

Xi



INDEX OF ABBREVIATIONS AND SYMBOLS

0D : Zero dimensional

1D : One dimensional

2D : Two dimensional

3D : Three dimensional

AFM . Atomic force microscopy/microscope
ALD : Atomic layer deposition

APD : Avalanche photodiode

ATR . Attenuated total reflection

CBM : Conduction band minimum
CCD : Charge couple device

CNT : Carbon nanotube

CvD : Chemical vapor deposition

CVvT : Chemical vapor transport

DI : De-ionized

EBL : Electron beam lithography

EBR : Edge bread removal

EHP : Electron hole pair

E-k : Energy - wavenumber

ELR : Extrapolation in the linear region
EQE : External quantum efficiency
FET : Field effect transistor

FTIRS : Fourier transform infrared spectroscopy/spectroscope
GPC : Growth per cycle

HER : Hydrogen evolution reduction
HF : High force

IC . Integrated circuit

IQE . Internal quantum efficiency

-V : Current-voltage

Laser . Light amplification by stimulated emission of radiation
LED . Light emission diode

LF : Low force

Xii



MBE
MFC
MSE
NA
NIR
NOE
ORAM
PEALD
PL
PPM
PV
PVD
QCM
QW
rpm
SCCM
SCTD
SE
SEM
SESAM
SMU
SWCNT
TEM

Ti
TMD
TVD
TVS
VASE
VBM
vdwW

: Molecular beam epitaxy

: Mass flow controller

: Mean square error

: Numerical aperture

: Near infrared

: Nonlinear optical element

: Optical random access memory

: Plasma Enhanced ALD

: Photoluminescence

: Parts per million

: Photovoltaic

: Physical vapor deposition

: Quartz crystal microbalance

: Quantum well

: rotation per minute

. Standard cubic centimeter per minute

: Surface charge transfer doping

: Spectroscopic ellipsometry/ellipsometer
: Scanning electron microscopy/microscope
: Semiconductor saturable absorber mirror
: Simple measure unit

: Single-walled carbon nanotube

: Transmission electron microscopy/microscope
: Topological insulator

: Transition metal dichalcogenides

: Thermal vapor deposition

: Thermal vapor sulfurization

: Variable Angle Spectroscopic ellipsometry/ellipsometer
: Valence band maximum

: van der Waals

: Wavelength

: Absorption coefficient

Xiii



-1 R X £

: Photon vibrational frequency

: Temperature coefficient

: Partial differential

: Volume of thermal coefficient

: Background contribution

Xiv



1. INTRODUCTION
1.1 Introduction

Optoelectronic devices are among the essential components of modern-day
technology. Millions of optoelectronic devices have been produced since the first
discovery of laser in the early 1960s. The use of these devices pervades our daily lives in
lighting, medicine, computing, entertainment, communications, security, transportation,
to mention but a few. Perhaps, the greatest impact of the optoelectronic devices on
humankind is their application in optical fiber communication which enable inexpensive
and high-quality data and voice transmission across the globe. In contrast to the majority
of electronic devices which are made using silicon, optoelectronic devices are
predominantly based on Il1-1V semiconductor materials such as GaSh, GaAs, InP, GaN
and their alloys [1, 2]. These materials are strategically prioritized due to their direct band
gap which gives them more favorable optoelectronic device performance. Despite their
interesting properties and the remarkable achievements that using them brought about,
I11-1V semiconductors have some peculiar shortcomings which have been profiled by
researchers across the world [3, 4]. In addition, the recent trend in device miniaturization
necessitate the pursuit for new materials as alternatives to 111-V semiconductor.

The consequence of this endeavor is the discovery of two dimensional (2D)
materials. The success recorded in the isolation of a layer of graphite (called graphene)
in 2004 marked the era of 2D materials [5]. High expectations from graphene increased
after the observation of its high carrier mobility (100,000 cm? V! s) and have been
considered as the successor of the current semiconductor materials. Even though Nobel
prized, graphene did not meet the expectations in optoelectronic applications due its zero
band gap. It nonetheless demonstrated promising performance when applied in heat sink,
sensing, radio frequency (RF), plasmonic, energy storage, etc. [6-10] and also pioneered
and inspired the research for other 2D materials.

A new momentum for 2D materials increased after the discovery of superior field-
effect mobility of up to 200 cm2V-1S and room temperature on/off ratio of up to 108 by
Radisavljevic et al. [11] as well as the photoresponsivity reaching up to 7.5 mA/W by
Yin et al. [12] for single layer MoS; as a member of transition metals dichalcogenides
(TMDs). Since then, the family of 2D materials (that include insulators, metals, and

semiconductors) have been expanding due to their novel physical phenomena unveiled
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by the fist principle calculations and future applications [13, 14]. Interest in the 2D
materials has witnessed an exponential growth in research output since 2011. The data
obtained from the Web of Science shows that the number of publications per year on 2D
material research have been increasing significantly (1325 publication/year in 2011 to
6114 publication/year in 2019) [15]. This massive increase in research productivity has
revealed the possibility of stacking different layers of different 2D materials to form what
is called “heterostructure” and as a result, novel optoelectronic devices that cannot be
achieved otherwise are produced [14, 16, 17].

1.2 Motivation of the Study

In the nearest future, optoelectronic devices are anticipated to be wearable,
transparent, flexible and ultrathin. As the industry is experiencing a paradigm shift,
2DTMDs (such as MoS,, MoSez, WS>, and WSe2) have receive massive attention by
researchers across the globe due to their interesting properties such as their direct band
gap when confined to a single layer. More of this interest arose after discovering the
functionality of 2D TMDs heterostructure and their possible novel optoelectronic
applications. The application of 2D TMD heterostructures for optoelectronic devices is
influenced mainly by factors that include (a) higher light absorption [18] (b) preservation
of the direct band gap of the 2D TMDs in the heterostructure [19-21]. Consequently, 2D
TMDs and their heterostructure have been considered promising candidates for future
optoelectronic devices [14, 16]. To meet this fundamental goal, 2D TMDs need to be
grown with high quality and in large area, so that commercial scale production of their
optoelectronic devices can be possible. Also, since the heterostructure based on 2D TMDs
is rather newly discovered, understanding the properties of the structure, such as its
durability under extreme temperature condition, will be of great importance for the
development of novel optoelectronic devices.

1.3 Scope and Objectives of the Study

In this studies, atomic layer deposition (ALD) method is used to grow MoO3 films
while chemical vapor deposition (CVD) methods are used to grow 2D MoS; and 2D
MoSez. Characterization of the materials is carried out using upRaman,
photoluminescence (PL), atomic force microscopy (AFM), spectroscopic ellipsometry
(SE), and Fourier transform infrared spectroscopy (FTIR). The objectives of the study are

centered around the following objectives:



1.  To control the layer and size distribution of 2D MoS; by ALD-assisted CVD
method

2. To grow high quality and large area MoS> and MoSe; on glass substrates by CVD
method

3. To fabricate and characterize a high-quality MoS2/MoSe> hetero bilayer system

4.  To carryout temperature-dependent uRaman spectroscopy of the MoS>/MoSe;
hetero bilayer system, with the with the aim of characterizing its thermal properties
under extreme temperature

1.4 Organization of the Study

To meet the objectives of this study, this report has been organized into seven
chapters. In chapter 1, the author introduces the chapter with the general perspectives of
the use of 2D materials for optoelectronic applications and motivation of the study. The
author presents further the scope and objectives of the study, organization of the study,
and concludes with the challenges faced in the course of the study. In chapter 2, the author
presents a brief literature review about the thesis topic. In chapter 3, the author presents
the experimental methodologies and the parameters used in the study. In chapter 4, the
author presents layer and size distribution control of 2D MoS: by the ALD-assisted CVD
method. The author splits this chapter into two subsections namely ALD growth and
characterization of MoO3 films and CVD growth of 2D MoS; using ALD grown MoO3
films.

In chapter 5, the author presents the CVVD growth and characterization of 2D MoS>
and MoSe; by changing various parameters. In chapter 6, the author presents formation
and various characterization of the MoS2/MoSe; hetero bilayer. This chapter includes the
temperature dependent pRaman spectroscopy of the hetero bilayer and comparative
analysis of the result with that of the monolayer MoS2 and MoSez. In chapter 7, the author
makes the concluding remarks drawn from each chapter and finalized the thesis with some
recommendations for future work.

1.5 Challenges of the Study

In the course of the study, the author faces the following challenges:

1. Uniform and large scale atomically thin TMDS: TMD materials’ growth by CVD or
ALD can be very challenging. The use of suitable parameters to ensure uniform and

large area growth is time consuming and requires lots of patience. The machines used
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to grow TMDs stops functioning easily and even when they are fully functional the
experiments can be unsuccessful due to some environmental factors.

CVD Growth of MoSe>: Several experiments to grow 2D MoSe> on glass substrate
were performed, however the results were a MoSepxSx) alloy due to sulfur
contamination of the CVD system and or the sulfur compounds present in the glass
substrate. With little success achieved using glass substrates, research attention was
diverted to NaCl-assisted CVD growth of MoSe2 on SiO>/Si substrate.

Formation of MoS,/MoSe, HB: formation of the HB was very challenging as well.
The PMMA assisted wet transfer method adopted in this study required the
separation of the MoS; flakes from the glass substrate by the DI water. The films
were delicate and had to be handled painstakingly.

Locating same flake for characterization: It is required that the same flake on a
sample be characterized by optical microscope, AFM, Raman, PL, etc. This can be
very easy for say mechanically exfoliated flake where there is only one or a few
flakes. In CVD methods thousands of the identical flakes are grown with a non-
regular distribution. Locating one flake to be used for various characterization was

very challenging.



2. LITERATURE REVIEW
2.1 Overview of 2D Materials
2.1.1 Introduction

Progress in science and technology has paved the way for humankind to developed
techniques for manipulating matter, manufacturing of materials, and fabrication of
devices on an atomic or molecular scale. These techniques are encompassed in a new
discipline called “Nanotechnology”. Nanotechnology is multi-disciplinary and is applied
in Electronics to develop a new area called Nanoelectronics. Materials used in the
Nanoelectronics are categorized by their dimension into three-dimensional (3D, bulk),
two-dimensional (monolayer or single layer), one-dimensional (1D, nanowire), and zero-
dimensional (0D, quantum dot) [22]. This categorization is based on the fact that
properties of materials, such as electronic and optical, change as a function of their
dimensionality [23]. In particular, quantum confinement is a dimension dependent
phenomenon [24]. 2D materials are monolayer of their bulk having a thickness in the
range of 0.3 nm and 10 nm [23, 25-31]. 2D materials possess superior properties over
their bulk counterpart and have the potential of becoming the candidate materials for the
future electronics and optoelectronics.

2.1.2 Brief history of 2D materials

The history of 2D materials can be traced back to more than a half century ago when
Richard P. Feyman in his lecture titled “There is Plenty of Room at the Bottom” inspired
the scientist of the generation especially when he asked the questions “What could we do
with layered structures with just the right layers? What would the properties of materials
be if we could really arrange the atoms the way we want them [32]? Since then, Frindt et
al. was able to exfoliate few-layer MoS> by scotch tape method [33, 34] and interaction
of Li ions between MoS: layers [35]. In the end, Novoselov, Geim and his colleagues
demonstrated that it is possible to isolate a monolayer of a material from its bulk. In 2004,
they exfoliated an sp-hybridized carbon sheet from graphite, later known as Graphene,
using mechanical exfoliation by scotch tape method [5]. The following year, the same
group reported the isolation of monolayer of other materials [36]. In 2010, Novoselov and

Geim received a Nobel Award in Physics for their work.



Phosphorene Borophene

Figure 2.1. Overview of layer structure of 2D materials (Geng et al., 2018)

Thanks to Novoselov and Geim, scientists around the world have discovered nearly
2000 other materials that have strong in-plane and weak van der Waals out-of-plane bonds
and can easily be exfoliated into monolayer [37]. Figure 2.2 shows the categorization of
2D materials into different families in accordance with materials’ constituent elements
and atomic/molecular shape pattern. As shown in the table, 2D materials exhibit different

stability depending on the environmental conditions [13].

Graphene  p—{ Fluorographene
Graphene > BCN
family hBN
Graphene oxide —
g “white graphene”
L) 2D MoS:, WS:, MoSe:, WSe:
'g chalcogenides
E‘ Micas
2D oxides B5CCo
muaterials are stable in ambient room . potentially stable materialy in ambient
temperatures conditions
materials are stable only in an inert . 30 compounds that have been
- atmosphere exfoliated into monolayers

Figure 2.2. Family of 2D materials that have been confirmed experimentally (Shavanova et al., 2016)



2.2 Production Techniques of 2D Materials

2D materials production techniques are broadly categorized into two namely, top-
bottom and bottom-top. Top-bottom approach involves the preparation of 2D materials
from their bulk counterpart either mechanically or chemically. This approach includes
methods such as liquid exfoliation and mechanical exfoliation. On the other hand, bottom-
top approach encompasses the growth of 2D materials by reaction of the constituent
element(s) of such materials. This approach includes several sophisticated methods such
as CVD, ALD, and molecular beam epitaxy (MBE). In many of these techniques, 2D
materials are grown in a reaction chamber, and the use of the appropriate parameters is
critical for successful growth of the 2D material of interest. 2D materials produced by the
top-bottom methods are of higher quality, yet the bottom-top methods is more scalable
for commercial optoelectronic applications [38].

2.2.1 Mechanical exfoliation

This method involves the peeling of a monolayer of a material from its bulk
counterpart. After the isolation of graphene from its bulk form using scotch tape [5], this
method is later called mechanical exfoliation. Subsequently, Geim and Noveselov et al.
later use this method to exfoliate other 2D materials such as MoS;, NbSez, BN, and
Bi>SroCaCu»Ox [5, 36, 39]. 2D materials produced by this method are of high quality.
However, the flakes size produced by this method is in the order of 20 um [38]. Even
though this method is not scalable, it is commonly used to prepare flakes of 2D TMDs
and study their properties [11, 12, 40, 41]. Other drawbacks of this method are the
production of 2D materials flakes with some defects, random sizes and a number of layers
[42, 43].

2.2.2 Liquid exfoliation

This method, also known as chemical exfoliation, is more scalable than the
mechanical exfoliation method. In this method, 2D materials are produced by spreading
the powder of a bulk material on water and applying physical force such as
ultrasonication. A solution processing step is then applied to obtain flakes of 2D
materials. To increase the yield of monolayer flakes, the use of a proper solution with
high surface energy is critical to break the van der Waals forces between the crystal layers.
Another method used to break the van der Waals force is by including lithium ion in the

solution to intercalate the layers of a crystal material [44]. This method is mostly used to
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prepare samples of 2D MoS: for use as cathodes in a setup of electrochemical exfoliation
[35, 45, 46]. Liquid exfoliation is more promising for 2D materials sample preparation
for flexible optoelectronics.

2.2.3 Chemical vapor deposition (CVD)

This is one of the bottom-top approaches to grow 2D materials. In CVD, 2D
materials are grown by the reaction of the vapor phase of the material’s constituent(s)
which can be solid or gaseous precursors. It can be commented that CVD overcomes the
limitations and drawbacks of the top-down approaches to the production of 2D materials
by providing repeatable production of large area and low cost 2D materials. Details about
2D materials growth methods by CVD are presented in the relevant sections of this report.
Flake size, distribution, and morphology of 2D materials grown by CVD depend on
several parameters such as the pressure, carrier gas flow, temperature, precursor ratio,
substrate, and use of coregents [16, 30]. These parameters affect the growth of each 2D
material differently. In the following section, related literature review of 2D MoS; and
2D MoSe; grown by CVD method is presented.
2.2.3.1 CVD Growth of 2D TMDs: MoS; and MoSe>

Unlike graphene and other carbon based 2D materials, CVD growth of 2D TMDs
can be achieved by using solid precursors. The use of these solid precursors presents
many challenges to uniform and large area growth of 2D TMDs. Some of these challenges
include absence of self-limiting growth mechanism, non-uniform carrier gas and
precursor vapor pressure in the growth tube, melting point difference of the solid
precursors, sensitivity of the growth to the environment, to mention but a few. Therefore,
researcher have done tremendous efforts to overcome these challenges. Such research
efforts can be categorized into thermal vapor deposition (TVD), thermal vapor
sulfurization (TVS), and other innovative methods.

In the TVD method, 2D materials are realized by the reaction of vapor precursors,
such as MoQOg, S (for MoS>), and Se (for MoSez). The vaporized precursors are carried
to the substrates by the carrier gas for adsorption mechanism. Details of the CVD growth
by TVD method are presented in section 3.1.2. The challenges mentioned above are
peculiar to this method, and the efforts made by the researcher to overcome these
challenges and grow large area and uniform 2D MoS; and MoSe; are summarized in high

index review articles [16, 30, 47].



TVS technique, on the other hand, involves the annealing of transition metal
precursor, deposited on the substrate, under chalcogen ambient (S or Se). The metal
precursor deposition on the substrate has been achieved in several methods that include
coating of (NH4)2MoS; by spin and dip [48-50], and thermal evaporation of MoO [51]
or MoOs [52]. Similarly, TVS growth of MoSez using MoOs film deposited by atomic
layer deposition has been reported even though the recipe has to grow monolayer MoSe>
has not been fully optimized [53]. Compared to the TVD this method has some merits
and demerits: surface coverage with 2D materials is limited only by the size of the
substrate on which the metal precursor is deposited; meanwhile, the 2D material grown
by this method has small grain size and low crystallinity. To overcome these, post-
deposition treatments, such as sintering, have been proposed [52]. Despite this, the film
is reported to be polycrystalline, and the intrinsic properties of the film are affected by
heat treatment.

2.2.4 Atomic layer deposition (ALD)

Atomic layer deposition is a modified version of CVD in which thin films are grown
by introducing the vapor phase of the precursors to the reaction chamber stepwise. It can
be said that ALD can overcome some of the drawbacks of the CVD method (outline in
the previous section) by providing a self-limiting growth mechanism. Details about ALD
can be found in section 3.1.2 of this report. TMDs are the common 2D materials that are
reported to be grown by ALD. For instance, ALD growth of 2D MoS; and MoSe; are
reported using metal precursors such as Mo(CO)s [54-56], MoCls [56-59], and Mo(thd.)
[60] and chalcogen precursors such as H.S [55, 57-59] or (CHz3)2S2 [54] for MoS> and
((CH3)3Si)2Se [56] for MoSe». Despite the successes recorded by using ALD, it has some
drawbacks: the TMDs film grown by ALD is either amorphous or low crystalline, hence
post deposition annealing under HS or S (for MoS») or Se ambient is necessary. Even
after thermal annealing, the TMD flakes grown are by far smaller than those reported
through CVD method (2.2 mm) [25].

2.2.5 Molecular beam epitaxy

MBE is also one of the top-bottom approach to the production of 2D materials. In
this technique, film’s deposition is achieved in an atomic layer by atomic layer manner
by the reaction of atomic or molecular beams with a heated substrate. The deposition

chamber needs to be under an ultra-high vacuum (UHV) to provide the atomic or
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molecular beams with a mean free path (MFP) to the heated substrate [61]. By the
sublimation of subtle materials residing in ultra-pure crucibles, the beams are produced.
This, in addition to the lack of need for the carrier gas results in the deposition of film
with ultra-high purity. Inspired by these, MBE have been used to grow a wide variety of
2D materials since the last four years; these include borophene, graphene, silicene, and
stanene [62]. Among the 2D TMDs, MoSe> is grown by this method, and due so many
factors that include the low sticking coefficient of the selenium atoms, the MoSe; flakes
are reported to contain Se-vacancy [63]. Substrate dependence deposition is the major
drawbacks of using MBE to grow 2D materials [64].

2.3 Characterization Techniques of 2D Materials

Characterization is the process of probing and measuring material’s properties.
After the production of a 2D material, it must be properly characterized to ascertain its
properties such as its chemical signature and thickness. Some of the characterization
methods of 2D material include optical microscopy, Raman spectroscopy,
photoluminescence (PL) spectroscopy, Fourier transform infrared spectroscopy (FTIR),
atomic force microscope (AFM), and spectroscopic ellipsometer (SE), scanning electron
microscopy (SEM), transmission electron microscopy (TEM), x-ray photoelectron
spectroscopy (XPS), x-ray diffraction (XRD), Hall effect measurement, etc. The use of
these characterization techniques revolves around probing the materials properties such
as physical, chemical, optical, electrical, magnetic and thermal. The most common
characterization methods of 2D MoS; and 2D MoSe; are pRaman and PL spectroscopies.
The working principles and necessary parameters for characterizing 2D TMDs using
uRaman and PL spectroscopies are discussed in detail in section 3.4.3. In many cases,
these characterization methods can be used to ascertain the number of layers in 2D TMDs
as there exist literature works that can be used as a benchmark. The table below
summarizes the peaks of the Raman vibrational modes and PL of 2D MoS; and 2D MoSe>

as reported by several studies.

10



Table 2.1. Optical bandgap, PL peak, work function, and Raman peaks of MoS, and MoSes.

PL Peak (eV) Ref. Raman Peak (cm™) Ref.
Elg Alg E12g A®

MoS: 1.82 [65-67] - 404.0 383.0 21.0 [28]

1.88 [29, 68] 406.2 385.7 20.5 [29]

1.85 [27] 405.0 388.0 17.0 [69]

1.83 [69] 403.4 384.6 18.8 [27]

- - 400.0 384.0 16.0 [12]

MoSe: 1.57 [69-71] - 238.5 284.2 - [25]
1.55 [72] - 239.4 287.0 - [70, 73]

1.56 [25] - 241.2 287.0 - [72]

1.48 [74] - 239.0 301.0 - [74]

1.53 [73, 75] - - 289.0 - [69]

- - - 240.8 287.6 - [71]

145.7 240.4 286.8 - [75]

2.4 Properties 2D Materials and Their Hetero Bilayer

What makes 2D materials more interesting and promising is the diversity of their
properties. While some of the 2D materials are insulators, others are metals or semi-metal
such as graphene and semiconductors such as TMDs. As a result of these different
properties, they are strategically used for electronics and optoelectronics. Herein, a brief
literature review about the fundamental properties electronic and optoelectronic
properties of 2D materials (graphene and TMDs) is presented.

2.4.1 Graphene

Among the 2D materials, graphene is the most widely studied due to its exceptional
properties that include mechanical strength of 130 GP [76], light absorption of 2.3% [77],
thermal conductivity of 300 W mK™* [78], and carrier mobility of 2.5 x 10° cm?V-1S1[79]
and this can go up to 106cm?V1s ! at low temperature [13]. Its chemical structure
comprises of sp2-hybridized carbon atoms which are connected to each other by strong
covalent bond forming hexagonal shape pattern with a unit cell parked in a honeycomb
structure. Detail description of the electronic and optoelectronic properties of graphene
are presented in these review articles [6, 80, 81]. Due to the unique properties of graphene,
it is used for various applications, as outlined in the previous sections. Nevertheless,
graphene has found limited application in electronics and optoelectronics due to the lack
of band gap. Among other 2D materials found to have bandgap within visible and near

infrared (NIR) are phosphorene, borophene, and TMDs [31].
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2.4.2 Transition metal dichalcogenides (TMDs)

Due to the zero-band gap of graphene, interest in the study of the TMDs materials
continue to gather momentum. TMDs are represented with the formula, MXz where M is
a transition metal element from group 4 — 10 and X is a chalcogen element which can be
either selenium (Se), Sulfur (S), or Tellurium (Te). Figure 2.4a shows the possible
element combination, from transition metal as well as chalcogen, that results in TMDs.
TMDs of transition metal elements from group 4 — 7 have layered structure, and about 40
of them exist. In the Figure 2.4a, partially highlighted elements from the transition metals
in group 9 — 10 form layered structure with not all the chalcogen atoms. For instance,
NiTe2 and NiSz were found to have layered structure and a pyrite structure respectively
[82]. In a unit cell of 1L TMD, there are 3 atoms which participate in a strong in-plane
covalent bonding. In this bonding, the transition metal atom donates 4 electrons to the
chalcogen atom, and consequently, the metal and chalcogen atoms end up having +4 and
-2 oxidation states respectively [83]. Depending on the size of the chalcogen and
transition metal ions, the bonding length of M — X atoms is between 0.315 nm and 0.403
nm [47, 83]. As a result, layered TMDs form a hexagonal pack of metal atoms

sandwiched between two layers of chalcogen atoms, as shown in Figure 2.4b.
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Figure 2.3. (a) TMDs constituent elements in the periodic table (Han et al., 2015) (b) atomic structure of different
phases of TMDs (Friedman et al., 2017) (c) E-k diagram of different layers of MoS: (Duan et al., 2015) (d) TMDs
hexagonal Brillion zone (Wong et al., 2016)

12



The most studied TMDs are MoSz, MoSez, WS, and WSe». Each of these materials
have two phases which have different electronic properties. These phases are octahedral
metallic phase (1T) and trigonal prismatic semiconducting phase (2H). The major
difference between these two phases is the coordination of chalcogen atoms with the
transition metal atom as shown in figure 2.4b. ABA and ABC labeling are used to
represent sequence of atomic transition metal (B) and chalcogen atomic (A and C) in 2H-
and 1T-phase respectively [82, 84]. There exist an intermediate non-stable 1T’-phase
which emerges due to lattice strain. This strain in TMDs is a result of excess charge
supplied by surface dopants [84]. 2H-phase can be grown using either top-bottom [14,
70] or bottom-top [26, 47, 65, 66, 85, 86] approaches. 1T-phase is not the naturally default
phase of the available TMDs, and it can be prepared by liquid exfoliation methods such
as by oxidation of potassium thiomolybdate and lithium ion intercalation [87, 88]. In
many cases, after the preparation process, 1T-2H mixed phase is observed [84, 89-91].
Studies also show the 1T-phase is meta stable and can transit to 2H-phase easily after
aging or heating [46, 92].

In an ideal case, the surface of 2D TMDs is expected have no dangling bonds due
to chalcogen atom termination [82, 93]. Therefore, a robust surface that is free from any
defect or impurity, induced by the environment, is anticipated for the TMDs. These
properties are essential for optoelectronic devices that are intended to be used for high
performance because the number of trap-states is reduced [83]. Unfortunately, the
dangling bonds are reported to be present in exfoliated or CVD grown TMDs flakes, in
the form of S-vacancy. They emanate from processing during preparation or growth [94].

2H-TMDs are the most promising in optoelectronics because of their band gap.
Interestingly, the band gap can transit from indirect to direct optical bandgap as a function
of decrease in number of layers. In solid state Physics, E-k diagram, where E (eV) is
energy and k (m™?) is wavenumber, is used to illustrate the relationship between
momentum and energy of the electrons and holes quantum states in a material. Difference
between conduction band minimum (CBM) and valence band maximum (VBM) is called
the band gap (Eg). Curvature of these bands is used to determine effective mass of the
electrons and hole. The curve equally shows electrons and holes states in k space. Figure
2.4c shows the E-k diagram of bulk, 4-layer (4L), bi-layer (2L), and monolayer (1L)
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MoSo. Solid blue lines show the VBs while solid red lines show CBs. The horizontal solid
dash lines show the energy of VBM at K point. Solid arrows show the lowest energy
transition. Bulk — 2L MoS; have indirect optical bandgap with VBM at I" point and CMB
at K point. However, 1L MoS; has direct (vertical solid arrow) optical bandgap with CBM
and VBM coinciding at K point. This phenomenon can be extended to MoSex.

The indirect to direct band gap transition from bulk to monolayer is as a result of
quantum confinement effect [82] that originates from the strong spin orbital coupling and
inversion symmetry breaking in the monolayer TMDs at K point of the Brillion zone [68]
as depicted in figure 2.4d. These effects are an important area of study in the emerging
field of Valleytronics in which 2D TMD valleys and spins are manipulated to process and
encode information [95]. Besides, after the indirect-direct bandgap transition, optical
bandgap energy of these materials increases due to quantum confinement effect. For
instance, the indirect optical bandgap energy of bulk MoS; is ~ 1.2 eV and direct optical
bandgap energy of 1L MoS; is ~1.8 eV [47]. This increase in bandgap energy is
manifested in a strong PL emission intensity in monolayer compared to its bulk
counterpart. In addition to their direct bandgap, 2D TMDs have a high absorption
coefficient (o). For instance, the o value of 2D MoS; reaches up to ~10° cm™, and this is
higher than those of Si, Perovskite, and GaAs [68, 96].

2.4.3 Hetero bilayer system based on 2D TMDs

Following the remarkable achievements in the growth of 2D materials, research
advancement has made possible the formation of heterostructures of different materials
with different number of layers. The resulting heterostructure will have tailored properties
that cannot be achieved otherwise. The simplest form of heterostructure is the hetero
bilayer just as the one fabricated in this study. Hetero bilayer can be formed by epitaxial
growth or transfer on the second layer to first layer. To achieve functional hero bilayer,
the lattices of the layered materials must be aligned. Interestingly, for the hetero bilayer
based on 2D TMDs, the alignment of the lattices is not a requirement [14, 17].

Hetero bilayer based on 2D TMDs can be formed in two ways, i.e. vertically or
laterally. While the lateral hetero bilayer can be formed only by one-step or two-step
CVD, the vertical hetero bilayer can be formed by mechanical exfoliation, CVD (one- or
two-step), or transfer methods [13, 14, 16, 17, 20, 21, 71, 97-108]. Clean interface of the
vertical hetero bilayer is a determinant factor of its quality. As a result, the CVD method
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produces the highest quality structures. Nevertheless, hetero bilayer with high-quality can
be produced by using either mechanical exfoliation or transfer methods, depending on
cleanliness of the environment and post-treatment parameters used. The purpose of the
heterostructure formation is to take advantage of the individual layer properties some of
which add up. For instance, report shows that the light absorption of MoS, and MoSe>
adds up in the hetero bilayer [18]. Moreover, it is possible for monolayer materials that
participate in the hetero bilayer to retain their direct band gaps with the optimum
interlayer distance [20].

TMDs hetero bilayer forms a staggered type-11 band alignment due to the difference
in their bandgaps, as will be seen in the subsequent chapters. Also, because of the
difference in the work function and Fermi levels in these materials, charge transfer occurs
between the layers [18, 20, 21, 105, 107, 108]. For instance, in MoS2/MoSe; hetero
bilayer, electrons at the CBM of the low work function material (MoSe;) flow to the CBM
of the high work function material (MoSz). Conversely, holes at the VBM of a MoS flow
to the VBM of MoSe». As a result, there will be net positive charge in the MoSe, and net
negative charges MoS,. This effect is manifested by a strong PL quenching of the hetero
bilayer relative to that of the individual layers as a result of indirect recombination of the
EHPs [20]. This is true only in the case of hetero bilayer formed by one- or two-step CVD
method. Hetero bilayer formed by transfer method needs to be annealed to reduce the
interlayer distance to an optimum condition, thereby achieving some interlayer coupling.
It shall be noted that even in the hetero bilayer formed by one- or two-step CVD method,
there exist 0.1 nm exists interlayer distance [99]. Detail about the hetero bilayer formation
and properties are presented in the relevant sections of this report.

2.3 Optoelectronic Applications of 2D Materials and Their Hetero Bilayer

Optoelectronics is a field of study, considered as a branch of photonics, that focuses
on the theory, design, production, and operation of devices and systems that detect,
source, or control light. In this perspective, light consists of any radiation that has a
wavelength within the visible, infrared, ultraviolet, X-rays, and gamma rays.
Optoelectronic devices either generate electric charge to produce light, like lasers and
light emitting diodes (LED), or utilize light to produce electric charge, like
photodetectors, phototransistors, photovoltaic, and optical random access memory

(ORAM). Depending on the physical process responsible for the charge or photon
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generation, an optoelectronic device working principle can be divided into
photoconductivity, photoelectric effect, radiative recombination, stimulated emission,
and photoemission [109].

Optoelectronic device development began in 1960s, and then, attention is on the
LED and laser applications. The semiconductor materials used are the I11-V such as
GaAs, InP, GaSh, GaN and their alloys, owing to their direct bandgap which make them
suitable as light source [2]. However, these materials — especially GaAs — are expensive
due to their scarcity. The natural abundance of silicon has been the motivation for its
exploitation in optoelectronics, especially solar cells. Meanwhile, on a general note,
silicon has seen limited optoelectronics applications (especially, in photo-emission
applications) due to its indirect ban gap.

Recently, 2D TMDs has attracted tremendous research interest due to their
interesting properties that include a direct band gap ranging between 1 eV and 2.3 eV,
within the visible and near infrared (NIR) spectrum, and their absorption coefficient of
105 cm™. Inspired by this, researcher across the globe have reported different success
stories about 2D TMDs device performance especially in the area of photo-detection and
photoemission. Reported herein is a brief literature review on the 2D materials (with
emphasis on 2D TMDs and their hetero bilayer systems) as applied in photodetector,
phototransistor, LED, and laser.

2.3.1 Photodetectors/phototransistors

For the fast 20 years, the research in semiconductor optoelectronics has focused on
the optical communications, imaging, and spectroscopy. Optical communication market
especially have seen a high demands in the ability to sense low optical signals, during a
high data rate transmission (>40 Gbit/s) [1]. In this context, photodetectors and
phototransistors are the relevant optoelectronic devices used, and their prerequisites
figures of merits include high responsivity, sensitivity, fast response time, and low dark
current. The operation of these devices is based on the principle of photoconductivity
effect, i.e. EHPs generation by an incident photon leading to the transition of an electron
from the valence band to the conduction band in a semiconductor material. Quantum
efficiency is the ultimate figure of merit that is used to determine the number of electrons
per incident photon. The working principles of the photodetector and phototransistor are

the same, except that the phototransistor uses a gate voltage to modulate the flow of the
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charge carriers from source to drain of the circuit. Detailed information about the working
principles of the photodetectors and phototransistors can be found in review articles [110,
111].

In recent years, 2D TMDs have attracted attention to fill a niche in optoelectronic
applications due to their interesting electrical and optical properties outlined in the
previous sections, and MoSez, MoS,, and WS, are the TMDs members that are at the
forefront. The first photodetector based on monolayer MoS; prepared by mechanical
exfoliation exhibits a significant photoresponsivity of up to 7.5 mAW™ at 670 nm [12].
Later, a significant improvement in the photoresponsivity of monolayer MoS; to 880 AW"
! at 561 nm is reported by Lopez-Sanchez et al. [112]. MoSe; also shows an promising
photoresponsivity of 238 AW by an excitation laser within the near-infrared spectrum
[113].

To date, various innovative designs, aimed at improving the quantum efficiency of
the photodetector, are proposed in various studies. Some of the problems the researchers
endeavor to address in this area include improving the spectral absorption (limited by the
band gaps), the overall absorptions (owing to the low thickness of 2D material), and faster
photocurrent separation and transport. To mitigate these problems, photodetectors based
on heterostructure of different materials, like graphene or TMDs, are fabricated. Yu et al.
reports a highly efficient phototransistor based on graphene/MoS; (16 nm)/graphene, and
the device shows an internal quantum efficiency (IQE) of 85% and external quantum
efficiency of 55% [114]. Also, Xue et al. reports a scalable fabrication of photodetector
array based on few layer MoS2/WS; heterostructure [115]. The research in this area is a
work in progress as researchers try to fix the major drawbacks of the of photodetectors
based on heterostructure that include the limitation of the device performance due to
photoresponsive area (the metal-2D material contact region) and defects within the hetero
interface [116]. A more detailed information about the progress made so far are reported
in various review articles [38, 116-118].

2.3.2 Solar cells/photovoltaic devices

Photovoltaic cell or solar device is an optoelectronic device that detects and
converts light directly into electricity by photovoltaic effect. Solar cell is a form of
photoelectric device whose voltage, current, and resistance change upon illumination with

light. To form a solar panel, otherwise known as solar module, individual solar cells are
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ensembled. Three attributes are required for the operation of solar cell: (a) light absorption
to generate EHPs (b) separation of charge carriers and (c) transportation of the charge
carriers to the external circuit. Semiconductor devices such as Si, Ge, and GaAs are used
as active materials in solar cell. The use of Si dominates the solar cell industry due to its
natural abundance. The recent paradigm shift in the electronic and optoelectronic industry
necessitates the pursuit for the next generation materials that are suitable for ultrathin and
flexible yet cost effective solar cells. This results in the dedication of endeavors to explore
the potential of 2D materials in the solar cells applications [119].

The work in the area of photovoltaic cells based on 2D materials is still at an infant
stage [120, 121]. There are few attempts to use TMD materials for photovoltaic device,
and the results are promising. Perhaps the use of the TMD materials in solar cells
application is inspired by their absorption within visible and near infrared bands of the
solar spectrum [18]. In addition to their relatively high absorption coefficient (~10° cm-
1y, monolayer TMD material can absorb up to ~ 10 % of solar irradiance; and this can be
scaled up by absorption engineering [68]. For the first time, Kis et all. report the MoS/p-
silicon heterojunction [122]. The device exhibits light harvesting and facilitates
separation of photocurrent EHPs due to the built-in electric field, and the device shows
an EQE of 4 % [123]. Later, further improvement in the solar cell’s EQE of 5.25 % is
reported by Jr-Hau He et al. [67].

The performance of solar cells can be improved by (a) growing a large-area material
with layer and size control, (b) careful control of the doping levels of silicon and TMDs
(to reduce the series resistance of the device) [124-126], forming a heterostructure with
another 2D material of different band gap to compensate for the absorption spectral range
each other. Therefore, Mueller et al. reports a p-n junction of WSe; that is electrostatically
doped to exhibit photovoltaic characteristics with a power conversion efficiency (PCE)
of ~0.5% [124]. Later, Duan et al. reports a sharp and atomically thin photovoltaic device,
using WSe and few layer n-type MoSz, with an EQE of up to 12% [127]. Sun et al.
reports an ultrathin solar cell, by incorporating PTB7:PC7:BM with MoS; nanosheets
(prepared by liquid exfoliation technique), to exhibit a PCE of up to 8.11% [128]. A 100%
improvement to this is reported by Chen et al. via incorporating a layer of graphene with
silicon and using an interfacial layer of MoS; [129]. This achievement is due the type 1l

band alignment formed between the MoS: and n-silicon, which facilitate the carrier
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transportation between the two materials. With an increase in the thickness of MoS,, they
observe a steady rise in a solar cell’s PCE, which saturates with 2 nm thick MoS». A more
promising solar absorption of up to 90% is observed by using MoSz/graphene/hBN
heterostructure rolled up in a spiral structure [130]. More information about the progress
and challenges of using 2D materials for solar cell/photovoltaic application are presented
in a recent review article [96].

2.3.3 Light emitting diode (LED)

In a direct band gap semiconductor, light emission or luminescence can occur
spontaneously. Electrons at the conduction band (with an energy E2) recombine with the
holes at the valence band (with an energy E:) to release photons with the energy, E2 — Es.
In this process, photons are randomly emitted in any polarization and direction. The
probability of spontaneous emission is directly dependent on the density of holes (p) in
the valence band and electrons (n) at the conduction band [1]. Due to their direct bandgap,
2D TMDs have seen applications in the area of LED. To fabricate LED using TMDs, a
p-n junction is a perquisite for recombination of the EHPs [122, 124, 125, 127, 131, 132].
As a result, two propositions are made (a) forming a vertical heterostructure with distinct
semiconducting type and (b) applying an adequate source-drain voltage locally to invert
the channel’s potential with respect to the gate [131]. Therefore, Steiner et al., inspired
by carbon nanotube (CNT), shows luminescence at 1.8 eV in a monolayer MoS; FET
device by electrostatic excitation [127]. Later, Morpurgo et al. demonstrates LEDs based
on monolayer and bilayer of WSe> by introducing an electrolyte gating [133, 134]; the
electrolyte’s anions and cations migrate to the semiconductor surface and the gate
electron respectively when the gate voltage is applied, forming large capacitance electric
double layer [134].

For light emission in the ambipolar regime of the TMDs based FET, electron and
hole charges are accumulated in the channel to create a tunable p-n depletion region for
the recombination of the charge carriers. By this method, Zhang et al. reports that to break
the inversion symmetry in a multilayer TMDs, effective gate bias is enough [135]. By
forming a vertical heterostructure that consists of various layers of TMDs, graphene, and
hBN, recently, Noveselov et al. reports a 2D quantum well (QW) that shows an EQE of
up to 10% with tunable emission over a broad range of wavelength [132]. By increasing

the number of layers of the 2D active materials to enhance electronic quality of the
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heterostructure, the work by Noveselov et al. can have more functionality. In this regard,
the future research endeavor will be devoted to the design of a suitable landscape for
electrons life the heterojunction of different 2D crystals by band alignment engineering
[132]. Also, the fabrication of the heterostructures on transparent and flexible substrates
Is another area of research interest.

2.3.4 Lasers

Lasers are among the light emitting optoelectronic devices that is based on the
stimulated emission of photons in a semiconductor material. Light emission, in lasers,
occur when a photon (with an energy, E2 — E1) induces a recombination of an electron, in
a conduction band, with a hole, in valence band, leading to a generation of a photon
having identical wavelength, momentum, and phase with the incident photon. Unlike the
spontaneous emission, the chances of a stimulated emission occurring further depend on
the photon density [1]. A candidate semiconductor material for laser (especially pulse
laser) application shall therefore be such that have nonlinear optical properties. Of all the
types of laser, ultrafast laser is the most promising for variety of applications such as in
materials processing, telecommunications, medicine, high-speed optical communication,
etc. [128, 136]. In the majority of ultrafast laser, a mode-locking technique is used, in
which a saturable absorber (as a nonlinear optical element (NOE)) changes a wavelength
that is continuous into a pulse train. The NOE can achieve the mode-locking either in an
active or passive way. In the former, the NOE serves as a modulator, providing a
frequency or amplitude modulation; while in the latter NOE is added into the cavity that
provides the modulation to generate the pulses train [116].

Therefore, the following properties are required for a candidate NOE: (a) strong
nonlinearity, (b) fast response time, (c) low optical loss, (d) broad range of wavelength,
low cost and power consumption, (d) handling high power and (e) ability to be integrated
into an optical system easily [137]. Single-walled CNT and semiconductor mirrors are
the conventional materials used as saturable absorbers. The drawbacks of using the
semiconductor saturable absorber mirror (SESAM) include complex fabrication and
packaging processes. On the other hand, SWCNT saturable absorber is easy to fabricate
to obtain a wavelength with variable resonance by simply playing with the chirality and
diameter of the CNT; however, one of the major drawbacks of SWCNT is the extreme

optical loss beyond its wavelength [137-141]. Even though graphene exhibits various
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saturable absorber properties, it undergoes non-saturable losses [142, 143]. The best
option for saturable absorption turns out to be the topological insulators (TIs) 2D
materials analogs of graphene such as BizSes, BizTes, and Sh.Tes, etc. The bulk
counterpart of these material behaves as a narrow band gap insulator, with a surface area
that is conductive [143-146]. The surface of these materials exhibits a linear band
dispersion that is Dirac-like, similar to graphene [140, 147]. Due to the Pauli blocking,
upon excitation of the Tls with light that have an energy greater than their insulating band
gap, they display ultrabroadband saturable absorption [138, 140]. An in depth information
on the progress made in this area is presented in a review article [116].
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3. EXPERIMENTAL PROCEDURE
3.1 Material Growth

Each material used for this study is grown either on SiO2/Si or glass substrates. A
Si substrate has a thickness of 525 + 25 um with 300 nm SiO2 coating and variable
dimensions. Glass substrate has a thickness of 0.13 — 0.17 mm and dimension of 2 x 2
cm?. 3-solvent cleaning procedure is applied in cleaning each substrate. This involved
cleaning using acetone, isopropanol and DI water for 5 minutes each in ultrasonic bath at
53 Hz. Subsequently, each substrate is dried by purging with N2 (99.99%) followed by 5
minutes annealing on a hot plate at 70°C.

3.1.1 Atomic Layer Deposition

ALD is amodified CVD system in which vapor phase deposition technique is used
to deposit films of various materials. It is based on self-limiting growth mechanism, and
this means there will not be additional chemical bonding once the reaction sites are fully
covered. ALD provides 3D conformal deposition on a high aspect ratio structure. Unlike
CVD, gas phase reaction is avoided in ALD by introducing precursors vapor into the
chamber separately and deposited in cycles. Each ALD cycle comprises of at least four
steps: (1) pulsing of the first precursor (2) followed by purging (3) pulsing of the second
precursor and (2) followed by purging. In practice, growth rate in ALD is ~ 1 A/cycle
[148]. Film thickness can be controlled in ALD by changing the precursor pulse time.
Theoretically, each pulse results in one atomic layer; however, sometimes the result is a
sub-monolayer due to steric hindrance in which a large molecule of a precursor occupies
space making it impossible for another precursor molecule to come close and for surface
atoms to react with it.

Unlike CVD, ALD operates at lower temperature, usually < 500 °C. Additionally,
plasma gas can be used in plasma enhanced-ALD (PEALD) to break precursor’s atomic
bonds, thus reducing the heat energy requirement of the process, as used in this study.
Operating parameters in ALD include deposition and precursor temperature, deposition
pressure, carrier gas flow rate, plasma power (for PEALD), number of cycles, precursors
pulse and purge time. A very critical parameter in ALD growth is the deposition
temperature window. For instance, MoOg has a temperature window of 150°C - 172°C
outside which there will be low reactivity (<150°C) or thermal decomposition of

Mo(CO)e precursor (>172°C) [149]. Real time monitoring of the deposition process can
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be possible by integrating either SE or quartz crystal microbalance (QCM) with the ALD
tool. Our ALD tool is shown in figure 3.1b. Beneq TFS 200 ALD reactor, has deposition
temperature range of 25°C — 500°C, plasma option with up to 300W, 4 liquid precursor
source (5°C —ambient), 3 hot source (2x ambient — 300 °C and ambient to 500 °C).

In this study, Beneq TFS 200 ALD reactor is used to grow MoOgz with different
number of cycles. The parameters used for the deposition process are mentioned in the
relevant sections of this report. The deposition and precursor temperature are monitored
by two thermocouples which measure the sample holder and chamber ambient. The
reactor base pressure is < 1 mbar before deposition and 5-7 mbar when the deposition is
in progress. Each of the MoOs deposition parameter is kept constant except the number
of cycles which is varied between 1 to 600 in order to have MoO3 films with different
thickness.

3.1.2 CVD growth of monolayer MoSz and MoSe2

CVD is one of the most powerful and widely used vapor phase deposition
techniques for 2D materials growth. CVD reaction is determined by choice of reactor.
CVD reactors can be categorized by architecture (such as tube reactor) or growth process
(such as hot wall or cold wall). In a typical tube reactor hot wall CVD system, key
parameters for film growth are temperature, precursors ratio, distance between precursors
and substrate (d2), pressure, and carrier gas flow. The choice of these parameters affects
the material crystal morphology, phase, orientation, doping, number of layer, and quality
[16, 150]. A typical growth process of 2D materials in CVD is as follows: precursors and
substrates arranged on a quartz glass and then inserted into tube reactor. A program,
which includes temperature and time, is set. A pressure is set, and carrier gas(es) in sccm
is(are) introduced.

As soon as the program is started, temperature ramps up to reach the growth
temperature, and this is maintained for a time duration as set in the recipe. It is during this
time that material growth occurs. In CVD growth of 2D TMDs for instance, there are two
important steps namely nucleation and growth [150]. Nucleation begins at ~700 °C when
metal oxide (i.e. M0Os3) begins to vaporize and deposit onto the substrate surface, creating
nucleation centers. Growth occurs at the growth temperature when the chalcogen (S or
Se) vapor, carried by carrier gas, reduces the metal oxides to form a volatile suboxide

(MoOz.); and subsequently, the S or Se reacts with the MoOs.x leading to the growth of
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either MoS, or MoSe, and some bi-products [85]. 2D TMDs growth starts at the
nucleation centers and laterally increases in dimension to form a crystal morphology
determined by growth experimental parameters [151]. The glass that is used to grow 2D
TMDs in this study contains NaO» compound, and report show that during the growth, an
intermediate Na-containing compound is formed after the reduction of the MoOs by sulfur
vapor [103].

In this study, a home-built CVD system (PROTHERM furnace) is used to grow
monolayer MoS; and MoSe; flakes. The system comprises of 140 cm long quartz tube
with 7 cm (used for ALD assisted CVD experiments) or 8 cm in diameter (used for the
conventional CVD experiments), two controllable heat zones, carrier gas mass flow
controller (MFC), stainless flanges, vacuum pump, chiller and pressure gauge. Before
each experiment, the tube is cleaned at 1000°C with 500 sccm N2 flow under vacuum,
and the furnace furnace is allowed to cool down naturally. Except for the ALD assisted
CVD experiment, point to point growth configuration is adopted as shown in the
subsequent sections. S/Se precursor is kept upstream outside the movable heatzones so as
to avoid its early evaporation which may result in an unsuccessful experiment. Upon
reaching growth temperature, the furnace is pulled upstream in order to bring the S/Se
precursor into the heatzones for sufficient mass flux of the precursor’s vapor. After each
experiment, the furnace is turned off; the upper part is open and allowed to cool naturally.
Details about the growth configuration and parameters used for the growth of monolayer
MoS> and MoSe; are presented in the relevant sections of this report.

3.2 PMMA Assisted Transfer

2D materials are bonded to a substrate by a weak van der Walls (vdW) force. Using
a proper approach, they can be removed easily and transferred to another substrate.
PMMA assisted wet transfer is one of such approach. Poly(methyl methacrylate), PMMA,
is a transparent thermoplastic polymer which is in liquid form and solidifies after being
heated. Itis used in this study to transfer materials from glass substrate to a target substrate
either SiO2/Si or MoSe2/SiO/Si (for hetero bilayer case). First, each sample is spin coated
with PMMA at a spin speed, acceleration, and spin time of 750 rpm, 500 rpm/s, and 40 s
respectively. The sample is annealed on a hot plate at 130°C for 2 minutes. The PMMA
on the edges of the annealed sample is gently removed using a sharp knife. In order to

separate PMMA from substrate, the sample is slowly inserted into a beaker full of DI
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water at an angle of ~45°. This causes the PMMA to delaminate from the glass substrate
due to its hydrophilicity. The PMMAJ/TMDs, floating on water, is then fished out using a
target substrate and baked at 70°C until it completely adheres to the substrate. The PMMA
is dissolved in an acetone bath at 65°C for ~30 minutes. Schematic illustration of this

method is shown below in figure 3.3.
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Figure 3.1. Schematic illustration of PMMA-assisted wet transfer of MoS; flakes from glass substrate to
SiO,/Si or MoSe/SiO»/Si to form heterostructure of MoS,/MoSe;

3.3 Annealing

In this study, we perform annealing process using two different methods. Firstly,
the as-deposited MoOs (a-Mo0Os) films are annealed under atmospheric ambient at a
temperature varied between 200 °C and 600 °C and time varied between 6 and 10 minutes.
This annealing procedure is adopted to significantly minimize the rate of MoO3 crystal
vaporization in the course by avoiding any carrier gas flow and maintaining atmospheric
ambient. Secondly, the MoS./MoSe; hetero bilayer system and transferred MoS; are at
200 °C for 2 hours with 100 sccm Ar flow and at 200 torr. The recipe used in this
annealing experiment is an optimized recipe that is reported to get rid PMMA residues
introduced during the transfer and fabrication process, and improve the flakes-substrate

and metal contact-flake adherence (to reduce the contact resistance) [86].
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3.4 Material Characterization Methods
3.4.1 Spectrometric ellipsometry

Variable angle spectroscopic ellipsometer (VASE) is a powerful and precise tool
for characterizing the thickness and refractive index of thin film using polarized light. In
this study, J. A. Woollam Co., Inc. WVASE Spectroscopic Ellipsometer is used to
characterize the a-MoOs films. The VASE is equipped with rotation analyzer which
ensures maximum data accuracy near Brewster’s condition. Likewise, it enables
measurement at a wide spectral range between 240 nm and 1200 nm. During the
measurement, the polarized light interacts with the a-MoOQs thin film at an angle near
Brewster’s angle. Polarization change of this light is detected by the polarization analyzer
and presented in a graph of psi and delta against wavelength. To find the thickness, this
data is fitted using a model of the film existing in the library. By careful optimization of
the model, a match with the measured data, with the least mean square error (MSE), is
determined. Using this data, refractive index of the a-MoQs film is obtained at 632 nm

wavelength.

3.4.2 Atomic force microscopy (AFM)

AFM is used to measure surface topography of a material by scanning a sample
with a nanometer scale cantilever. Basically, an image is produced in AFM by measuring
forces between sample surface and a cantilever tip (probe). Nanomagnetics Instrument
azAFM tool is used to take the measurements. The tool has a maximum scan range of 40
x 40 x 4 um and a sample of size up to 10 x 10 x 5 mm can be scanned. In this study,
tapping mode is used to obtain each AFM image. In tapping mode, the cantilever tip
oscillates near its resonance frequency very close to the sample surface. As the ZY motor
moves the cantilever across the sample surface, the oscillation amplitude and resonance
frequency change due to the change in forces between the probe and sample surface. A
feedback loop is used to keep track of these changes and ensure that constant root mean
square amplitude is maintained. This mechanism provides surface roughness information
of a sample which includes sample thickness that is important in determining material
number of layers. In this study, AFM measurements are carried on the MoO3 films,
monolayer MoS,, monolayer MoSe, and hetero bilayer MoS2/MoSe,. In each
measurement, the scanned area is 1600 pm?, and tapping mode is used to avoid damaging

the test sample and to keep the material intact.
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3.4.3 nRaman and photoluminescence spectroscopy

Raman spectroscopy is one of the most common nondestructive tools for 2D
materials’ characterization. The method is based on inelastic scattering of monochromatic
light from lattices vibrations of a sample. Basically, a sample is illuminated with a laser
beam. From the illuminated laser spot, electromagnetic (EM) radiation is passed through
a monochromator. The monochromatic light with a wavelength within visible, near
infrared, or near ultraviolet (UV) interacts with a molecule in the sample. This interaction
makes band electrons to absorb the light and because of inelastic scattering with phonons
of certain momentum and energy values, they transit across virtual energy states.
Subsequently, deexcitation occurs at the optical bandgaps, other defects or phonon within
the crystal.

During the interaction of molecule with light, there are two forms of scattering that
take place: elastic and inelastic scattering. The former, also called Rayleigh scattering, is
very strong in crystals and has photon energy equal to that of the incident light. The latter
is called Raman scattering and has photon energy less (strokes Raman scattering) or more
(anti-strokes Raman scattering) than that of the incident light. The shift in energy relative
to that of the incident energy is called Raman shift and is directly proportional to the
vibrational energy of some phonon modes at the Brillion zone’s symmetry points of the
material. This phonon mode is unique for every material’s compound hence provides
chemical fingerprint for a sample. In a typical Raman spectrum of a material, only strokes
scattering is shown as a line filters and notch filter are used to separate the very intense
Rayleigh and high-energy anti-strokes scatterings from weak Raman (strokes) scattering.
Other information obtainable from Raman includes strain and stress state, number of
layers, defect, degree of crystallinity, and crystal orientation and symmetry.

PL spectroscopy is also a nondestructive and widely used characterization
technique for semiconductor materials. PL occurs when monochromatic light, having an
energy that is equal or higher than the material’s bandgap, is absorbed by the material.
Electrons at the lower energy band/states of the material are excited to higher electronic
band/state; the electrons relax to certain energy state and after some time, they fall back
to the ground energy state by releasing some photon. The energy or the wavelenght of the
PL peak, in a direct bandgap semiconductor is approximately equal to the optical optical

bandgap of the material. As a result, PL is considered to be a measure of the material’s
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bandgap. Excited electrons are binded to their holes by some binding energy in form of
electron-hole pair (EHP), and this binding energy is greater than few millielectron volts.

Both Raman scattering and PL can occur when a sample is illuminated with a
monochromatic light. However, Raman scattering is many times weaker than PL and
involves photon interaction with the phonon. PL depends on band to band transition of
electrons. For instance, this transition, in a direct optical bandgap materials such as 2D
TMDs, is purely vertical and accounts for only electron energy change excluding
momentum change, as shown in figure 3.7c. This results in radiative recombination
without any inelastic process. From this process, PL peaks are generated which are
dependent on deexcitations of electron-hole pairs of direct optical bandgaps.

In this study, WITec Alfa 300 R — Confocal Raman and PL tool is used. In both the
pRaman and PL characterization, 532 nm excitation. 1200 grooves/mm and 600
grooves/mm gratings are used respectively for the pRaman and PL spectroscopy. The
choice of the laser wavelength is for spatial resolution and sensitivity of the charge couple
device (CCD) camera. Unless otherwise stated, an objective with 100x lens, numerical
aperture (NA) = 0.9, is used to provide a laser spot size of 2A4/mNA = 0.4 um.
Throughout the study, a laser power of 0.5 mW is used. For the image scan, the number
of vertical and horizontal points scanned are at least 5 times the height of the scanned
area. The fittings of the uRaman and PL spectra are performed using the inbuilt Lorentz
model and Gaussian models respectively in the OriginPro 9.0 to find out the peak and full
width half maximum (FWHM) of each material. Raman peaks of MoS, and MoSe>
corresponds to either of the vibrational modes shown in figure 3.8.

3.4.4 Fourier transform infrared (FTIR) spectroscopy

While Raman-active vibration occurs when there is change in the polarization,
infrared-active vibration occurs when there is change in dipole moment. Molecules of
some materials are exhibit infrared-active type of vibration, so their lattice vibrations can
be probed using light within mid-IR region of the EM spectrum. Therefore, FTIR
spectroscopy, which uses IR light source, is used to probe these materials and determine
their molecular fingerprints. Stretching and bonding are the two types of vibrations in
molecules probed in the FTIR technique. Stretching vibration (v) is related to the
movement of atoms along its bond with change in distance. Bending vibration (d) is only

observed in poly-atomic bonds, and it involves movement of atoms exhibiting angular
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changes of its bonds such as wagging, twisting, scissoring and rocking. These vibrations

are a direct consequence of mid-IR light absorption of the molecule and are observed (in

a wave number range of approximately 500 — 4000 cm™) only when the vibrations cause

changes in the molecular dipole moment of the test sample. An attenuated total

reflectance (ATR) mode can be used together with FTIR. Some of the advantages of

ATR-FTIR include the minimal or non-convoluted sample preparation, real-time analysis

of processes, simultaneous measurement of a sample [152]. In this study, ART Tracer-

130 FTIR with ATR mode is used to characterize both the as-grown and annealed MoOs

films. The FTIR measurements of the samples are performed as follows:

1.  Before placing the sample on the stage, a background signal is collected and later
subtracted from the spectra of the measured sample.

2. The sample is placed on the stage, and spectra of the material on the sample are
gathered either in absorbance, transmittance, or reflection mode. In this study,
absorbance mode is used.

3. The collected spectra are then transferred to a library program where they are
compared with the spectra in the library. The measured spectra are confirmed if a

best match is found in the library.

29



4. LAYER AND SIZE DISTRIBUTION CONTROL OF 2D MoS:2 BY ALD-
ASSISTED CVD METHOD

4.1 Introduction

As a member of 2D TMDs, MoS: is a promising candidate for future optoelectronic
applications due to its interesting properties such as direct band gap of 1.82 eV [65] and
absorption coefficient of 108 cm™ [68]. 2D MoS, was first produced by mechanical
exfoliation [11] and later on using a more scalable production method such as CVD.
Unlike in the mechanical exfoliation method, the growth of 2D MoS; by CVD method is
more complicated as many parameters (such as the precursor ratio, temperature, carrier
gas flow rate, growth time, to mention but a few) need to be under control. The control
of these parameters provides a convenient ambient for the S and Mo (usually MoO3)
precursors to react in vapor phase and form monolayer MoS; flakes on a substrate. In
many cases, this method does not yield large area and uniformly distributed MoS: crystals
[26, 65, 66, 85]. Consequently, optimization of multiple parameters such as gas flow [28],
ramp-rate [153], growth configuration type [65], precursor ratio [65], and use of co-
reagents such as O [154], and H> [65] become necessary to achieve this goal.

Alternatively, monolayer TMDs can be grown using metal oxide films deposited
by ALD. Recently, a different route was followed by Dai et al. to grow few layers of
MoSe; using the sulfurization of MoOs film grown by PEALD [53]. However, this
method has not yet been optimized for the growth of monolayer MoSe,. Before this
report, Song et al. reported the growth of monolayer WS, by sulfurization of WOs3
deposited by ALD [155]. By characterization using XPS, uRaman and PL, the monolayer
WS was found to have good stoichiometry.

Herein, we report the growth of monolayer MoS; on a SiO2/Si substrate with size
and layer control. In this method, instead of the MoO3 powder used in the conventional
CVD method, MoOs films that are grown by PEALD are used. We have demonstrated
that by using MoOs film of different number of cycles, the number of layers and flakes
size and distribution can be controlled. The MoOgz films grown are amorphous as
confirmed by the SE, pRaman, AFM, and ATR-FTIR characterizations. The pRaman,
PL, and AFM analysis confirms that the 2D MoS flakes are of high quality.

4.2 ALD Growth and Characterization of MoOs Films

ALD growth of MoOs film can be achieved by using different parameters and
precursors, and depending on these, MoO3 films can be grown at different temperature.
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The first growth of MoOs film by ALD is achieved using Mo(CO)es and Oz as Mo and O
precursors respectively at 163 °C as reported by Diskus et al. [156] and at 120 °C by Liu
et al. [157]. Mattinen et al. reported the growth of MoO3 films, but instead of Mo(CO)s,
they used MoO3(th)2 [158]. Unlike the previous reports, they obtain a highly crystalline
MoO:s film, but their growth temperature window is between 200 °C and 275 °C. In their
newly developed PEALD method, Macco et al. also reported the deposition of MoOs3 by
using a similar O precursor but a different Mo precursor being the (NtBu)2(NMez)2Mo
[159]. They were able to grow the MoO3 film at a drastically low temperature (50 °C).
Dai et al. recently reported the high-k dielectric property of MoOs film deposited by ALD
using Mo(CO)s and O at 162 °C [149].

In this study, MoOs thin films are deposited on a 1x1 cm Si substrate at 160°C.
Mo(CO)es (99.99%) and O are used as Mo and O precursors respectively. The Mo
precursor is heated to 35 °C (~ 0.5 mbar) to produce enough pressure for the process. N2
is made to flow into the MoOz precursor holder, carries and delivers it into the chamber
at 300 sccm. O, with a pressure of 2 bar first flows through the plasma and is then carried
into the reaction chamber by N> through the top of the reaction chamber with a pulse time
of 3 seconds. 3 seconds purge time is used for each precursor, and N2 gas with a flow rate
of 250 sccm is used throughout the experiment. Oz plasma is used as an oxidant and is
generated using the 100 W RF.

Figure 3.1 shows the thickness of the a-Mo0Oz as a function of number cycles for
150-, 300-, and 600-cycles a-MoOs films. From the graph a steady increase in the
thickness with the increase in the number cycles are observed. After fitting the curve with
the linear function, growth per cycle (GPC) of 0.09 £0.05 nm/cycle is obtained. It can be
observed that a considerable number of error margins exist on the calculated GPC, and
this suggests that the thickness of 1- and 25-cycle a-MoO3 film is ~ 0.1 and 1 nm
respectively. It also shows that the < 50-cycle a-MoOs films are not continuous as there
is quite a considerable amount of SiO>/Si surface not coated with the a-MoOs. Therefore,
it can be commented that 50-cycle is the beginning of a continuous a-MoOs film
deposition. Similar growth mechanism has been observed in the previous reports [160,
161]. Subsequently, at 632 nm the refractive index of the a-MoOs is calculated to be
2.086, and this is in good agreement with the refractive index of the amorphous MoOs3

reported in the literature [162].

31



Growth Rate=0 090,05 nmicycle ® Measured Thickness
~ = Linear Fit
E 604
c
= -
" -
€ s 2 age
c -
- -
33 -
= -
- ¢ - - :
© - "
® -
4 -
5 -
- s’ 2
© -
- -~
-
E

Y T T
200 300 400 SO0 8C

Number of Cycle

Figure 4.1. MoOs thin film thickness as function of ALD number of cycles

There are three phases of MoO3, namely: monoclinic f-M0Os3, orthorhombic a-
MoOs, and hexagonal h-MoOs. The latter has been obtained only by hydrothermal
method [163]. It is mentioned that MoO3 transition to f-MoOs starts at 355 °C and to a-
Mo003438 °C up until melting point at ~729°C [164]. Therefore, each of the as-deposited
MoOs3 (a-Mo03) samples are annealed at 400 °C and 600 °C to obtain 3-Mo0O3 and a-
MoOs respectively. Each of the as deposited and annealed samples is inspected under
optical microscope (Nikon Eclipse, LV100NDA). However, each of the optical images
(brightfield and darkfield) of the a-MoOs samples shows only a single color.
Nevertheless, the optical images of the annealed a-MoO3z (50-cycle and above) reveals
readily visible grains as shown in Figure 3.2a-f. On the contrary, the optical images of the
annealed a-MoO3 samples (< 50-cycle) do not reveal any visible grains. This shows that,
in addition to the SE revelation that the films are not continuous, and that there is
sublimation of some of the nanoparticles of these samples during thermal annealing. The
aim of the annealing of the a-MoOs is partly to gain insight about the final MoO3s before
sulfurization/CVD of MoS,, and this final MoOs grains structures can be observed after

annealing at 600 °C.
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Figure 4.2. Dark field optical images of the a-Mo0O; annealed at 400 °C and 600 °C respectively (a-b)
150-cycle (c-d) 300-cycle (e-f) 600-cycle. Scale bar 30 um (Demirtas et al., 2020)

To have better understanding of the crystallinity of the a-MoOz samples and phase
transition in the annealed samples, pRaman spectroscopy is carried out. From all as-
grown samples, there is no peak observed except for the strong signals of Si (at 520 cm-
1y and SiO; (between 940-990 cm™). This further confirms that the as-grown MoOs film
is amorphous, in agreement with [149]. However, the Raman signal is observed in the
400 °C annealed samples at 351 cm™, 775 cm™, 849 cm™, and 901 cm™ which are reported
to be for f-MoO3 [163]. Similarly, from samples annealed at 600°C, Raman peaks are
observed at 115, 157, 245 cm™, 285 cm, 337 cm™?, 667 cm™, 818 cm™ and 995 cm™.
Some of these peaks (667 cm™, , 818 cm™ and 995 cm™) are reported to be Raman modes
of a-MoQ3 [163, 165]. Raman spectra of 600-cycle MoOs thin film annealed at 400 and

600 are shown in figure 4.3a, and phonon mode of each peak is summarized in table 4.1.
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Figure 4.3. Raman vibrational modes (a) 600-cycle a-MoOs3 -MoO3 and a-MoOsfilm (b and ¢) 150-
and 600-cycle MoOs phase transition respectively by thermal annealing from 300 °C to 600 °C
(Demirtas et al., 2020)

To investigate, in detail, the phase transitions of the MoOs films, 150- and 600-
cycle MoOs are annealed each at 300 °C, 400 °C, 500 °C, and 600 °C. The effects of this
annealing experiment are captured in the Rama spectra that is shown in Figure 4.3b-c.
We realize that for the 150-cycle, transition from a-phase to p-phase starts from 300 °C
to 400 °C, and transition from f-phase to a-phase starts from 500 °C to 600 °C. On the
other hand, B-phase transition temperature increased to 500 °C in the 600-cycle MoOsa.
Therefore, we conclude that the 3-phase transition temperature of the MoO3z film depends

on the number of cycles.
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Figure 4.4. ATR-FTIR spectra of the a-MoQOg3, f-M0O3 and a-MoOs film (Demirtas et al., 2020)

Since some of the vibrational modes of MoO3 are infrared-active, the samples are
further characterized using FTIR spectroscopy. Attenuated total reflection (ATR) FTIR
mode is used because it provides high quality data about the samples’ reflection in the
mid-IR (650-4000 cm™). Figure 4.4 shows the IR spectra of the as-grown, B- and a-MoOs.
Signal peaks between 750 cm™ and 1050 cm™ are observed for all the samples. For -
MoOs, the peaks at 960 cm™ and 875 cm™ are the characteristic peaks of molybdenum-
oxygen symmetric stretching (Mo=0) vibrations. The vibrational frequencies between
770 cm* and 800 cm™ correspond to the Mo-O-Mo asymmetric stretching vibrations.
However, for the a-M0Qs, a strong and broaden band appeared at 1004 cm™ and 815 cm
! that are attributed to the terminal oxygen symmetric stretching of Mo=0, and these are
the indicators of the layered structure and stretching of oxygen in Mo-O-Mo bonds. When
the annealing temperature increased to 600 °C, all the vibrational peaks change
remarkably and shifted to higher wavenumbers: The Mo=0 is shifted from 960 cm™ to
1004 cm™ and became sharper. The Mo-O-Mo band became clearer and shifted from the
770-800 cm™ to 875 cm™. Details of the ATR-FTIR vibrational modes are identified and

summarized in Table 4.1.
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Table 4.1. uRaman and ATR-FTIR vibrational modes of - and a-MoQOj3 (Demirtay et al., 2020)

8 g ~ o _ Wavenumber
< © < Vibration Mode Detail Ref.
2 g 4 (cm™)
1 0O-Mo-0 symmetric bending 350 [166]
o) 2 corner-sharing octahedra stretching 775 [167, 168]
(E? 3 Mo-O symmetric stretching 849 [166, 168]
= 4 corner-sharing octahedra stretching 901 [166, 168]
5 MoQ, chain mode 115 [166, 168, 169]
= 6 MoQ, chain mode 157 [167, 168, 170]
% 7 O=M=0 twisting, scissor 245 [167, 168, 170]
Qé. - 8 0O=M=0 wagging 285 [167, 168, 170]
% 9 O-M-0 bending 337 [167, 168, 170]
3 10 Mo-O=Muo stretching 667 [167, 168, 170]
11 Mo-O-Mo stretching 818 [167, 168, 170]
12 Mo=0 stretching 995 [163, 166, 168,
170]
- 1 Mo-O-Mo stretching 770-800 [171]
. CEO) 2 Mo=0 stretching 875 [169, 172]
E & 3 Mo=0 asymmetric stretching 960 [173]
& S 4 Mo-0O-Mo stretching 815 [169, 171]
< ‘23 5 Mo=0 stretching 1004 [169, 171]
=]

To understand the thickness and space between the MoO3 grains after annealing,
AFM measurement of the samples is carried out. On each AFM image of the as-MoO3
and annealed samples (i.e. < 50-cycle), there is not any visible grain therefore, the grains
thickness and inter-grain spacing cannot be determined. Nevertheless, table 4.2 illustrates
that the root mean square (RMS) of each of these MoO3s samples is ~ 1 nm [53], and this
can be regarded as an additional indication that the a-MoQOs film is not continuous and
that substantial amount of MoOs is sublimated during the thermal annealing. However,
the < 50-cycle MoO3 film and grains can be observed by using SEM or high-resolution
AFM.
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Table 4.2. Height and grain size of the 50-, 150-, and 600-cycle MoOQs film annealed at 400°C and 600°C
(Demirtas et al., 2020)

No. of Cycle As-grown 400°C Annealed 600°C Annealed
RMS (nm) RMS (nm)  Grain Size (um) RMS (nm) Grain Size (um)
1-25 1-1.6 0.9-1 - 0.8-1 -
50 0.52 5.51 0.60—2.30 2.39 0.10-0.50
150 0.68 14.89 0.20-3.20 21.28 1.00 - 6.00
300 1.25 3.37 0.50 - 3.00 35.09 2.00-22.0
600 0.74 1.49 0.32-5.50 17.38 8.20-52.3

Figure 4.5 shows the AFM images and line profiles of the 150-cycle a-MoOs3
annealed at 400 °C and 600 °C. The line profiles show that the MoO3 grains are sparsely
distributed compared to the 300 and 600 cycled a-MoOs. The 150-cycle inter-grain
distance and height/thickness increases with increase in temperature: grain size 1.70 -
3.50 pm and height (RMS) 14.89 nm - 21.28 nm after annealing from 400 °C to 600 °C
respectively. An increase in the grain size and height is observed in the 300- and 600-
cycle MoOs after annealing from 400 °C to 600 °C as illustrated in the table above.
However, by comparing the 150-, 300- and 600-cycle grain size and height, the 150-cycle
samples exhibited moderate grain size and height.
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Figure 4.5. 2D AFM images and line profiles of the 150-cycle MoOs film annealed at 400°C and 600°C
(Demirtas et al., 2020)

37



4.3 Growth and Characterization of 2D MoS:z by CVD Using MoOs Film
4.3.1 Sulfurization/CVD growth procedure
The MoOs films, grown by PEALD, are used as the Mo precursor in the to

synthesize MoS,, instead of the MoO3 powder used in the conventional CVD methods.
For the CVD process, 150 mg of Sulfur power (99.95 %) is put in a quartz boat and placed
at 1.5 cm with respect to the MoOg film as shown in the Figure 4.6. The CVD experiment
is performed under 740 torr pressure with 100 sccm N2 flow. Growth temperature of 690
°C ramped at a rate of 11.5 °C/minute is used. When the growth temperature is reached,
the furnace is pulled upstream for a 4 minutes duration in order to bring S into the heat
zones. This experiment is repeated by using the same parameters and growth
configuration while changing only the MoOs film with different number of PEALD cycle.

Quarlz‘ tube
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Figure 4.6. Growth configuration used the CVD experiment of 2D MoS; using MoOs films grown by
PEALD (Demirtas et al., 2020)

4.3.2 pRaman, PL and AFM analysis

During the MoS, experiment there are two growth processes occurring
simultaneously: sulfurization and CVD. The former occurs on the bottom substrate while
the latter occurs on the upper substrate. The CVD growth of MoS; on the upper substrate
Is as a result of the reactions of the MoOx (trapped by the substrate) with the sulfur vapor.
After each sulfurization/CVD growth, both the bottom and upper substrates are examined
under the optical microscope. On both the top and the bottom substrates, identical MoS>
flakes or grains size and distribution are observed, and we call this the “mirror effect”.
Because of this, only the optical images of the MoS: that is grown on the upper substrates
are shown in Figure 4.6. As shown in the figure, by using 1-cycle > MoOs3 film < 50-

cycles, MoS; flakes, with edge lengths less than or equal to 1 um, are observed. In these
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experiments, flakes density is found to depend on the number of the MoOs cycles.
Triangular MoS:; flakes emerged when the MoOs with 150-cycle and above are used, and
in each of the experiments mirror effect is observed. However, flake size and distribution
are different when compared to those that are obtained using < 50-cycle MoOs films, as
shown in Figure 4.7. For instance, the MoS: flakes that are grown using the 600-cycle
MoO:s film are found to have the highest flakes density and at some areas, the flakes
overlap to form discontinuous film. The flakes density reduces when the 300-cycle MoOs
film is used. Subsequently, MoS: flakes with the optimum density and size (maximum
edge length of ~40 um) are grown when the 150-cycle MoOs film is used [174]. These
results are summarized in the Table 4.3.

Figure 4.7. Optical images MoS, grown by varying the number of MoO3; ALD-cycle on the upper
substrates

As reported in literature [101, 151], by varying the amount of the MoOs precursor,
TMDs flakes density, size, number of layers, and morphology appear differently. By
using the optimum amount of MoOz film, a moderate nucleation density (which can result
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in TMDs flakes with large size and sparse density) can be obtained. In this context, the
MoO:s films that are used in our experiments have different ALD cycles. Since the number
of ALD-cycles is proportional to the amount of the MoOs, the nucleation structure that
each MoO3z exhibits during the MoS> growth process will be different. 150-cycle MoO3
film results in the growth of MoS: flakes with the optimum size and density possibly due
to the moderate nucleation during the CVD process, as observed in the section 3.2.

Table 4.3. ALD assisted CVD growth of MoS; result summary (Demirtas et al., 2020)

MoS: Structure
PEALD Layer # Flake Size (um)
Remark
cycle Bottom Upper Bottom Upper
Substrate Substrate Substrate Substrate
1-5 Mostly monolayer L
<
10-25 Mostly few layer Dot-like flakes
50 Mostly monolayer <1
150 All monolayer <40 Triangular flakes
Monolayer with few layers Triangular flakes with few
300 <19
spot layer spot at the center
; Triangular flakes and
<
600 Mostly few layer - discontinous film formation

Each of the as-grown MoS> on both the upper and lower substrates are characterized
by uRaman, AFM and PL. Accordingly, the results are summarized in the Table 4.3. In
the Figure 4.8, the AFM image, PL and pRaman spectra of the MoS: flakes that are grown
using 150-cycle MoOs film are presented. The MoS; flakes thickness, as confirmed by
the AFM (Figure 4.8a-b), is found to be 0.78 nm [175]. After the uRaman characterization
(Figure 4.8c), the Aig and Elyq vibrational modes of the MoS; flakes are found to be
404.26 cm* and 383.95 cm™ respectively, with the difference of 20.31 cm™. These values
are comparable to those reported in the literature as shown in the Table 2.1. Furthermore,
the PL spectra of the MoS; (Figure 4.8d), as fitted with the Gaussian function, is found
to exhibit three PL peaks at 635.76 nm, 679.37 nm and 685.27 nm. These peaks are
equivalent to the B-exciton, A-exciton, and Trion (A°), respectively as reported in the
literature [98, 151, 176].

40



(“)IH-

@04
|
i £
| 82,08
-50) Cumulative Fit Peak
® e
nm ok
3
) -
= -{) v - v -——p————— v
J 224 ) o “w 5%
jm 5 10
Ruman shift fred Yiem)
(b) 4 (d) v Bancien
Awncton
1eses
1 Tron
£ 1160 Cumulative P Peak
= ]
~ T Aesiion ,.r,'.y
s | aasom ([
A " I\
- Fu Tran
3 <1 gF - [ | -=t0s08m
| -
- [ 1
| W Bension /I "
yoe | #3204 nm | \
11 . /
' N L AN —
|
am v v
" | “ 5 " L -~ - - " ™ L w
S (um) Wavslength (wm)

Figure 4.8. MoS; flakes grown using 150-cycle MoOs thin film (a) uRaman spectra (b) 2D AFM image
(c) AFM line profile (d) PL spectra (Demirtas et al., 2020)

4.4 Conclusion

In summary, a new route to for the growth of monolayer MoS; with layer, size and
distribution control is presented. This method combines the use of two most powerful
vapor techniques namely, ALD and CVD. Instead of the conventional MoOs powder,
MoOs films grown by ALD with different number of cycles are used. The MoO3 films
have been characterized by Raman, FTIR, AFM, and VASE. An optimized recipe that
yields a MoS: flakes with lateral size of ~ 40um is obtained by using the MoOs film with
150-cycle. The pRaman, PL and AFM analysis of the MoS: film is of high quality. This
new route that is described herein provides a pathway to the growth of a high quality 2D
MoS; with layer and size control with the potential for commercial scale production of

optoelectronic devices.
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S. CVD GROWTH AND CHARACTERIZATION OF MONOLAYER MoS2
AND MoSez

5.1 Introduction

2D TMDs have received to receive immense research attention since 2011 when
Radisavljevic et al. reported the high carrier mobility of mechanically exfoliated 2D
MoS: [11]. A year after, the optoelectronic properties of 2D MoSz were reported by Yin
et al. [12]. Due to scalability issues faced by the mechanical exfoliation method,
researchers turned their attention to the used of CVD method to grow large area and
uniformly distributed 2D TMDs [22, 117, 150]. These research endeavors are aimed at
realizing the fundamental goal of the growth of high-quality 2D TMDs in commercial
scale for the future electronic and optoelectronic devices. To reach this fundamental goal,
one of the most recently proposed methods to achieve the large area and uniform 2D
TMDs is by using glass substrates.

Using CVD technique, Chen et al. successfully grew up to 2.2 mm large MoSe> on
the glass substrates [25]. In their report, they indicate that the surface of a solid substrate
(such as SiO/Si) is rough, and nucleation centers are formed preferably at the rough sites,
causing high nucleation density. Therefore, with uniform surface, nucleation density can
be suppressed, and this uniformity can be achieved in a molten glass substrate. However,
Yang et al. attributed the large-area growth on the catalytic effect of the Na* ions that are
present in the glass substrate. Glass substrates, except the quartz and borate glass, contain
substantial amount of the N* ion especially soda lime glass with ~17% composition of
Na2O. Even though there are other compounds in glass, only the Na* ion activity has been
observed during the CVD growth. Alternatively, the borate or quartz glass can be coated
with a NaCl solution for the CVD growth of 2D TMDs to compensate for its Na* ion
deficiencies [29]. Herein, CVD growth of a large area uniform 2D MoS; and MoSe; on
glass substrates are presented. The MoSe; is grown on SiO2/Si substrates that are coated
by the NaCl solution.

5.2 CVD Growth Procedure of MoS2 and MoSez

In this section, experimental procedure for the growth of monolayer MoS; and
MoSe: is presented. To grow MoSe», the NaCl-assisted CVD growth method is used as
reported in the literature [29]. A 4 x 4 cm? SiO-/Si is coated with a NaCl (99.95%) solution
that is prepared using 2 mg of NaCl dissolved in 5ml of DI water. The SiO»/Si substrate
is coated with the NaCl solution with a spin coating recipe that is shown in the Table 5.1.
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Before the spin coating, the solution is allowed to rest on the substrate for at least 1 minute
to enable the NaCl particles to settle on the substrate. The spin coating recipe comprised
of 4 steps which include dispense, spread, edge bread removal (EBR) and drying as
outlined in Table 5.1. Subsequently, the substrates are annealed on a hot plate for 2

minutes at 70 °C.

Table 5.1. Recipe used to coat SiO/Si with NaCl solution
Dispense Spread EBR Dry

Spin speed (rpm) 5200 10000 500 4000
Spin acceleration (rpm/s) 1000 100 1000 1000
Spin time (s) 50 20 10 20

Figure 5.1 shows the growth configuration adopted to grow monolayer MoS; and
MoSe; using MoOs (99.95%) and S/Se (99.99) solid precursors. The glass substrates used
for the growth of monolayer MoS; are the well-known microscope coverslips that have
the Na* ions concentration of up to 6.4 % [177]. The glasses are arranged and labelled as
S1-S4 (where S stands for sample). The precursors are placed in a strategic position that
have different temperature. The growth process is controlled by using the split furnace
movable heaters. The parameters used for the growth of MoS2 and MOSe; are different.
Therefore, the recipes used for the growth of each of the materials are summarized in

Table 5.1 for comparison. In the table, only the optimized recipe of MoS; is shown.

HEATERS

Glass Substrares

Graphite sheet Bi-products

=

Ouartz Glass

AT ZONE E2
Upstream — HEATS0NE HEATZONE 2 - Downstream

Figure 5.1. Monolayer MoS; and MoSe; Growth Configuration
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During the CVD growth MoSez, H> is used as a reducing agent of the MoO3
precursor. The Hz and Ar gases are introduced at the same time and at the beginning of
the experiment. The growth configuration of this experiment is identical to that which is

shown in Figure 5.1 except that here only one sample is used.

Table 5.2. The recipes used for the CVD growth of monolayer MoS; and MoSe;

MoS: MoSe:
Substrate Glass SiOy/Si
Temperature (°C) 750 850
Pressure (torr) 740 750
MoOs powder (mg) 0.3 0.1
S/Se powder (mg) 300 500
Carrier Gas (sccm) N2 (250) Ar (80)/H- (20)
d1 (cm) 11 6
d2 (cm) 3 2
Growth Time (min) 5 15
Ramp Rate (°C/min) 125 21.25

5.3 nRaman, PL, and AFM Analysis of Monolayer MoS2

By using the optimized recipe, MoS> with different flakes sizes are grown on the
substrates. MoS; with the largest flake sizes is obtained on the first substrate as shown in
the appendix 1. Figure 5.2a-c shows the bright field and dark field optical images of the
MoS: flakes on substrate number 4 obtained using the optimized recipe. The size of the
MoS; flakes is between 30 — 40 um. Figure 5.2b-c shows the bright field and optical
images of the MoS; flakes that are transferred to the SiO./Si substrate using the procedure
stated in the section 3.2 of this report. The dark field optical image reveals very sharp
grain boundaries of the MoS: triangles and the absence of any seed structure in the middle
of the triangles. These are some of the indications of the quality of the MoS: flakes and

accuracy of transfer procedure.
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Figure 5.2. Characterization of the MoS; (a-b) bright field and dark field optical images (c) Raman spectra and

Raman map in the inset (d) PL spectra and PL map in the inset (e-f) 2D AFM image and its line profile

Figure 5.2c-f shows the uRaman, PL, and AFM characterization results of the
monolayer MoS; flakes. For the Raman characterization, image scan of the MoS: flakes
is taken as shown in the inset of figure 5.2c. After inspection of the scanned area of the
flakes, the two vibrational Raman peaks, E2 and Asq of the MoS;, are found to be 384.1

+ 0.5 cm™ and 400.2 + 0.2 cm! respectively. The Raman spectrum of Figure 5.3a for a
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single point in the scanned area shows that the difference between the two peaks of the
MoS: is 19.1 cm™[29]. For the PL measurement of the MoS; flakes, image scan is taken
over the same area with the Raman as shown in the inset of Figure 5.2d. After inspection
of the scanned area, it is observed that the PL peak center varies slightly between 670.0
nm and 677.0 nm respectively and each of these PL peaks agrees with the literature as
shown in Table 2.1. Moreover, a single point PL spectrum of the MoS; from the scanned
area is extracted and fitted with the Gaussian function. After the fitting, the A exciton, B
exciton, and Trion (A") PL peaks are found to be 670.6 nm, 627.6 nm, and 685.0 nm [65].
The Raman and PL image scans both show the non-uniform intensity of the MoS: flakes.
This together with the variation in the PL and Raman peaks may be related to the
compositional difference that is observed in flakes of a monolayer TMDs [65, 66]. The
MoS: flakes are characterized further by the AFM. As shown in the Figure 5.2e-f, the
thickness of the MoS; flake is 0.7 nm.

5.4 pRaman, PL, and AFM analysis of monolayer MoSe>

Figure 5.3a-b shows the optical images of the MoSe>. The size of the MoSe:> flakes
is around 5 - 50 um. The dark field optical image shows a clear grain boundary of the
MoSe; flakes; at the center of some of the flakes, the growth of MoSe:> flakes that have a
size within a nanometer range is observed. Also, at the middle of some of the flakes, seed
structures are observed, and these are expected to be the origin of the MoSe: flakes
growth. Figure 5.3c-f shows the pRaman, PL and AFM characterization results of the
MoSe: flakes. For the Raman, image scan of the MoSe> flakes is taken as shown in the
inset of Figure 5.3c. After the inspection of the scanned area and fitting each of the spectra
with the Lorentz model, the out-of-plane Raman peak (A1g) of the MoSe; is found to be
240.0 + 0.7 cm™. Moreover, the E1q and E',qg modes of MoSe; are also found to be 144.4
+0.9 cm™ and 285.8 + 1.1 cm™ respectively agreeing with previous studies [25, 178-180].
For the PL characterization, a single point measurement is taken from four different
locations on the MoSe; flakes (Figure 5.3d). After fitting the spectra with the Gaussian
model, the cumulative PL peak of the MoSe:> is found to be centered at 818.4 nm. The A
exciton, B exciton, and A" are also fitted at 722.6 nm, 818.4 nm, and 827.9 nm
respectively in close agreement with [19, 69]. The MoSe> are further characterized by
AFM to find the thickness of the flakes as shown in Figure 5.3e-f. The thickness of the

MoSe: flake is found to be 0.98 nm and this is consistent with the literature [25].
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Figure 5.3. Monolayer MoSe, grown by NaCl-assisted CVD method (a-b) bright and dark field optical
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5.5 Conclusion

Monolayer MoS; is grown on a glass substrate, and due to the presence of the Na*
ions on the substrate, a MoS> with a lateral size of up to 500 um has been achieved. For
practical optoelectronic applications, the MoS, grown on the glass substrate can be
transferred to any target substrate using etching-free transfer technique. A
nonhomogeneous PL and Raman intensity is observed in the MoS; flakes and is attributed
to the compositional differences in the flakes. Monolayer MoSe> is grown on SiO>/Si

substrate coated with NaCl solution to harness the catalytic effect of the N* ions in the
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growth of large area MoSe>. By this method, a MoSe> fakes with up to 50 um lateral size
are grown. The quality of the monolayer MoS; and MoSe; is ascertained by pRaman, PL,
and AFM analysis. These study reveals that CVD technique is rather scalable in growing
large area 2D TMD materials to be used in commercial scale production of optoelectronic

devices.

48



6. MoS2/MoSe; HETERO BILAYER SYSTEM
6.1 Introduction

2D layered materials have been regarded as promising semiconductors for future
electronic and optoelectronic devices. One of the factors that contributes to the growing
interest of the 2D systems is the possibility of using them to form heterostructures that
enable the fabrication of optoelectronic devices with greater functionalities. The recent
progress in the scalable growth of the 2D TMDs by CVD has open the new possibility to
envisage the formation of unprecedented solids by way of stacking layers of different 2D
materials vertically. Fundamentally, such a stacked heterostructure is different because in
the interface, only the weak van der Walls interaction exist. The preparation of the a
heterointerface that is of high quality can be easily achieved without necessarily fulfilling
the atomic commensurability [20, 21]. It should be noted that the optical properties of 2D
materials change with respect to the van der Waals interaction between the layers in the
heterostructure. These changes are more pronounced in the heterostructures based on 2D
TMDs. For instance, Kim et al. reported that the absorption of the MoSe2/MoS; hetero
bilayer surpass that of the individual monolayers by a factor of two [18]. With an optimum
interlayer distance, it is possible to retain the direct band gap of the individual monolayers
of the hetero bilayer [18-21]. Herein, M0S2/MoSe; hetero bilayer is fabricated. The hetero
bilayer system is achieved by transferring the MoS; flakes to those of the MoSe;, as
illustrated in the section 3.2.
6.2 pnRaman, PL, and AFM Analysis of the MoS2/MoSe2 Hetero Bilayer System

Figure 6.1a-b shows the optical images of the MoS2/MoSe; hetero bilayer system.
The region of interest is demarcated with a dashed-line rectangle. Even though the
transfer procedure adopted in this study is non-deterministic, the chances of the MoS>
flakes coinciding with that MoSe: is high since the flakes of both the MoS2 and MoSe>
are comparable size and distribution. The dark field optical image of the hetero bilayer
shows the sharp grain boundaries of the individual 2D system in the hetero bilayer. In the
hetero bilayer region, shiny spots are noted, and these may be due to defects or the
nanometer scale flakes of the MoSe, noted in the previous section. Henceforth, isolated
MoSz or MoSe> will be used as a nomenclature referring to the 2D MoS; and MoSe; that
does not participate in the hetero bilayer system. The hetero bilayer system is first
characterized by AFM, after annealing the sample, to find its thickness. The AFM
measurement is also aimed at determining the interlayer distance of the hetero bilayer
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system. Figure 6.1c-d shows the characterization result by AFM. The line profile of the
AFM measurement shows that the thickness of the MoS> only part of the hetero bilayer
is 0.95 nm. This may account for the interlayer distance which — even in the MoS,/MoSe>
hetero bilayer system grown by two-step CVD method — is reported by Carozo et al. to
be around 0.1 nm [99].
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comparison with those of the isolated monolayer components (g) fitted PL spectra (h) PL spectra in
comparison with those of the isolated monolayer components

The hetero bilayer system is further characterized using pRaman spectroscopy. The
Raman vibrational modes of the isolated monolayer are also probed. Figure 6.1e-f shows
the Raman vibrational modes of the hetero bilayer as fitted with the Lorentz model. In
addition to the vibrational modes of the 2D MoS; and MoSe, the appearance of a new
peak at 354.7 cm™is noticed both before and after thermal annealing of the hetero bilayer.
As per the literature, the peak is the vibrational mode of MoSe; that is inactive in a
monolayer but become active in a bilayer MoSe; [70] or hetero bilayer [69]. According
to Tonndorf et al, this peak appears as a result of the breakdown of translation symmetry
in a bilayer structure of MoSe> [70]. The Raman spectra of the hetero bilayer is compared
with that of the isolated MoS2 and MoSe> as shown in Figure 6.1f. There is not observable
difference between the Raman peaks of the MoSe; in the hetero bilayer and MoSe in the
isolated regions. However, we observed shifting of the E',q and Aig modes of MoS; in
the hetero bilayer region relative to those of the isolated MoS. it is observed that the E',g
peak red shifts by 1.8 cm™ before annealing and 1.5 cm™ after annealing. On the other
hand, the Aig mode blue shifts by 1.5 cm™ before annealing and 1.0 cm™ after annealing.
As per the literature, the red shift of the E';4 peak indicates tensile strain while the blue
shift of the A1g peak indicates an enhanced electron-phonon interaction due to increased
electron concentration [18].

The MoS,/MoSe: is further characterized by PL spectroscopy as shown in Figure
6.1g-h. After fitting the PL spectra of the hetero bilayer system with the Gaussian
function, the cumulative PL peaks of MoS; and MoSe: in the hetero bilayer are found to
be 662.0 nm and 825.5 nm respectively. In addition, the PL of the hetero bilayer is further
fitted with the A exciton, B exciton, and A" trion. The PL peaks of the MoS: in the hetero
bilayer that correspond to the B exciton, A exciton and A" trion are fitted at 625.1 nm,
660.4 nm, and 675.4 nm respectively [65]. On the other hand, the PL peaks of the MoSe>
in the hetero bilayer system are fitted at 706.5 nm, 825.5 nm, and 848.6 nm corresponding
to the B exciton, A exciton, and A trion [18, 69]. In addition, a new peak is observed in
the hetero bilayer system and is fitted at 914.8 nm. This PL emission perfectly agrees
with the reported interlayer exciton that is formed due the type 11 band alignment leading
to spatial separation of charge carriers [102].
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Table 6.1. Comparison of the PL peaks of the MoS; and MoSe; in the isolated region and hetero bilayer
system. CP stands for cumulative peak and IE stands for interlayer exciton. The PL peaks are in nm unit.
MoS2 MoSe:
B A A- CP B A A- CP IE
Isolated 6276 6706 6850 670.7 7226 8184 8278 8184 -
Hetero Bilayer ~ 625.1 660.4 6754 6620 7065 8255 8488 8255 9148

Figure 6.1h shows the PL spectra of the monolayer MoS; and MoSe: in the isolated
region and hetero bilayer region for comparison. It is realized that the PL peak center of
the MoS; in the hetero bilayer blue shifted by 25 meV and that of the MoSe> red shifted
by 43 meV relative to those of the isolated MoS> and MoSe> respectively. Similar PL
shifts are reported by Kin et al. and they attributed the shifts to the dielectric screening
effect [18]. Furthermore, a strong quenching of the PL peaks of the hetero bilayer,
compared to those of the isolated monolayers, is observed [13, 18-21, 69, 99, 100, 181].
This is reported to occur due to the indirect recombination of the electrons and holes in
the hetero bilayer region [18, 20, 21, 69]. PL peaks of MoS, and MoSe; in the hetero
bilayer and in the isolated region are compared in Table 6.1.

The PL quenching of the monolayer MoS; and MoSe: in the hetero bilayer system
can be avoided by using a spacer to insulate the charge transfer between the layers. In the
work of Kim et al., it is reported that the charge transfer mechanism is the phenomenon
responsible for both the quenching and the shifting of the PL peaks of the MoS. and
MoSe:> in the hetero bilayer system relative to those of the isolated region. To avoid this,
they inserted hexagonal boron nitride (hBN) between the layers (MoS; and MoSey). Their
results show that two layers of hBN can suppress the charge transfer mechanism; and this
can lead to the retention of the direct bandgap of the monolayer materials and higher
absorbance in the hetero bilayer system [18].

52



6.3 Temperature Dependent nRaman Analysis of MoS2/MoSe2 Hetero Bilayer
System

6.3.1 Introduction

In recent years, heterostructure based on 2D TMD and other 2D system-based
devices such as the boron nitride (BN) and graphene have become a hot topic. The 2D
TMDs based heterostructure is particularly important because of the fascinating
phenomena that include high photoluminescence quantum yield [102], the ultrafast
charge transfer [20], strong light-matter interactions [182], excitonic processes [21, 69,
99], high light absorption and direct band gap in the heterostructure [18]. As a result, the
2D TMDs based heterostructures are being used for various optoelectronic devices
especially photodetector and solar cells [38, 67, 96, 110, 115, 117, 183, 184]. Having an
insight about the interfacial thermal resistance between the adjacent layers and thermal
properties of the heterostructure materials is crucial for the operation of a variety of
electronics and optoelectronic devices. Currently, heat dissipation is among the major
constraints in the production of electronic and optoelectronic integrated circuits. Also,
usage of TMD based devices under harsh conditions such as under very high and very
low temperature ambient is still under investigation. Hence, for better design and
fabrication of the electronic and optoelectronic devices based on TMD, to shed light on
the interaction of two heterolayers at different temperatures is imperative.

Raman spectroscopy is a non-destructive technique that is regarded as a rather local,
fast, and sensitive method for characterizing materials. Since the discovery of the Raman
technique in 1928, it has been commonly used to study electronic and vibrational
properties of material [185, 186]. Recently, Raman technique has been used to study the
changes in the vibrational modes of TMDs with respect to the doping concentration [187],
pressure [188], number of layers [189], and strain [190]. Furthermore, the technique has
been used to study the changes in the Raman peaks and full width half maxima (FWHM)
of the TMDs as a function of temperature. In most of the related literatures, a linear
relationship between the Raman shift and temperature is observed. As a result, the
Griineisen model is commonly used to fit the Raman shifts due to the change in
temperature [181, 188, 191-198].

w(T) = wy+ xT (6.1)
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where w, is the room temperature vibrational mode, y is the first order temperature
coefficient, and T is the temperature.

Different y values are reported for MoS: that is grown by different methods such
as mechanical exfoliation (ME) [192, 194] and CVD [181, 191-193, 195] on different
dielectric environment such as SiO./Si [181, 191-193, 195] and air (suspended) [194].
Table 6.2 provides a summary of the y values reported in the literature. By looking at the
table, one can observe a lot of disagreements with the reported y values even for a
monolayer MoS; grown using the same technique. For instance, while Lanzillo et al.
reports that for a CVD grown monolayer MoSz, the y value of the Axq vibrational mode
is higher [191], the opposite is reported by Najmaei et al. [192] even though the
temperature range they used is comparable. On the other hand, the FWHM broadening as
a function of temperature is reported for both the E;y and Aig modes of MoS; [191].
Compared to MoSg, changes in the Raman vibrational modes and FWHM of MoSe; are
sparsely reported. As shown in Table 6.3, there is not any report on the y values of the
E',g vibrational mode for a monolayer MoSe». The E*»g mode’s y value is reported only
for a FL MoSe; that is prepared by chemical exfoliation. Also, throughout our
investigation in the literature, we did not come across any report that shows how the
FWHM of MoSe> changes with respect to temperature. To fill these gaps, herein, a
comprehensive study of the changes in the peak position and FWHM of the Raman
vibrational modes of monolayer MoS; and MoSe; are reported. The study is carried out
for the monolayer MoS; and MoSe; both in the isolated and hetero bilayer regions. For
each of these, the measurement is carried out before and after thermal annealing.

6.3.2 Experimental procedure

Temperature dependent pRaman spectroscopy is performed with LINKAM T95-
PE temperature control system which is integrated with the WITec Alfa 300 Raman
system shown in Figure 6.2a-b. The measurement is carried out using a long-working
distance lens (NA = 0.55) providing a laser spot size of 0.62 um. During the measurement,
temperature is varied between 83 K and 483 K with a step of 50 K at a ramping rate of
150 °C per minute. Upon elevating from one temperature point to another, the system is
allowed for at least 15 minutes of thermal stabilization [199]. Throughout, 0.5 mW laser

power is used to avoid local heating of the sample which may cause shift in the Raman
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peak [181, 199, 200]. During the measurement, especially at the low temperature, the
chamber is frequently purged with N gas to avoid oxidation of the material; also, constant
purging of the interface, between the chamber and the objective with N, is maintained to
avoid condensation of the water vapor which may cause poor Raman signal acquisition.
Figure 6.2c shows the optical images of a hetero bilayer sample with the MoS. and MoSe>
clearly observable both in the hetero and isolated regions. The optical images are taken
at 83 K, 300 K, and 483 K as indicated in figure. The images are distinguishable by their

contrast differences.
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Figure 6.2. Temperature-dependent Raman measurement (a-b) setup and zoomed in temperature control

stage (c) optical images of the isolated hetero bilayer taken at different temperature

6.3.3 Temperature Dependence of the Raman Modes of Monolayer MoS:

Irrespective of the region and annealing condition, each of the Raman peaks of

the MoS: red shifts with increase in temperature. At this point, the differences between
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the rate of shifts of the peaks (of MoS: in the hetero bilayer and isolated region, before
and after annealing) are not observable. Therefore, in Figure 6.3, only the temperature
dependent Raman shifts of the isolated MoS: is exhibited. After fitting each of the Raman
peaks with the Lorentz model, Griincisen model is used to extract the first order

temperature coefficient of each of the peaks.
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Figure 6.3. Raman shifts of isolated the MoS; with the change in temperature

Figure 6.4a-c shows the variation of the peak positions and FWHM of the MoS;
El,y and A1y Raman modes with respect to the change in temperature. The y values for
the Elg and A1g modes are fitted to be —12.8 x 10 3cm™!/K and —11.8 X 10~ 3cm™1/
K before annealing and —13.5x 107 3cm™1/K and —13.5x 10~ 3cm™1/K after
annealing, respectively. These values are comparable with those reported in the literature
as shown in Table 6.2. It is observed that the y values of the two Raman modes increase
before the thermal annealing. On the other hand, the FWHM of the each of the MoS;
Raman modes, as shown in Figure 6.4b, broadens with increase in temperature both
before and after annealing [191]. However, the broadening of the FWHM of the A1g mode
is more than that of the E,q at every temperature increment. Figure 6.4¢ shows the Asg
and E',q peaks difference as a function of temperature. It is observed that at the extreme
temperatures, the difference between the two peaks reaches up to 19 cm™. However, the

difference narrows down to ~17 cm™* at room temperature.
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Figure 6.4. (a) peak position (b) FWHM and (c) peaks difference of the Raman modes of the isolated
MoS;

Figure 6.5a-b shows the peak positions and FWHM of the Raman vibrational modes
of the MoS: in the hetero bilayer system. Like in the isolated region, the peak positions
of the El»g and Aiq modes decrease with the increase in the temperature and have the y
value of —14.8x103cm™1/K and —11.8 x 1073cm~1/K before annealing and
—14.1 x1073cm™1/K and —12.4 x 10~3cm™~1/K after annealing, respectively. These
x values are comparable with the y values reported for the suspended monolayer MoS;
by Taube et al. [194]. This is likely to be influenced by the interlayer distance in the
hetero bilayer system. In comparison with the y values of the isolated MoS, the y values
of the MoS; in the hetero bilayer system are greater. Moreover, the y values of the Ely
mode in the hetero bilayer system are greater than those of the isolated MoS,. However,
the y values of the Aig mode both in the isolated region and in the hetero bilayer system
are comparable. It can be concluded that the E',y mode in the hetero bilayer region, is
more sensitive to temperature. The discrepancy is brought about by the van der Waals
interaction between the layers [181]. By comparing the y values of the MoS: before and
after thermal annealing, it is found that these values are comparable. However,
irrespective of the annealing condition, the Aig mode show less response to the

temperature than the E'2g mode.
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Figure 6.5. (a) peak position (b) FWHM and (c) peaks difference of the Raman modes of the MoS; in the
hetero bilayer system

Figure 6.5b shows the FWHM of the Raman modes of the MoS; in the hetero
bilayer system. Like the isolated MoS>, broadening of the FWHM of the Raman modes
is observed. However, relative to the MoS; in the isolated monolayer region, the
broadening rate in the El,y mode is higher in the hetero bilayer. Figure 6.5¢ shows the
MoS: peaks difference with respect to the change in temperature. It is observed that from
83 K to the room temperature, the peaks difference does not change with the increase in
temperature. However, after 280 K the peaks difference starts to increase steadily with
increase in temperature. This is entirely a different trend compared to that which is
observed in the isolated MoS,. Also, the peaks difference maximum value reaches 21 cm’

! compared to the 19 cm™ in the isolated Monolayer.
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Table 6.2. MoS; Raman modes y values compared to those reported in the literature

-3 -1
Temperature Grovyth Material Description X(x 1077 (e /K) Ref.
Range Technique E%g Ay
1L -13.0 -16.0 101
303-448 K CvD L 150 130 (201]
300-642 K CvD In WS,/MoS, HB -11.1 -11.2 (181]
ME 1L -17.9 -14.3
300-550 K ME FL -13.7 -18.9 (292]
CvD 1L -13.8 -11.5
1L -12.1 -11.6 103
90-540 K CvD oL 118 941 (193]
83-523 K CvD FL -13.2 -12.3 (195]
70-350 K ME 1L, Suspended -14.3 -12.4 [194]

Isolated, before annealing -12.8+1.0 -11.8+0.3

Isolated, after annealing -135+1.0 -135+1.0 This
In HB, before annealing -143+1.0 -11.8£0.3  work
In HB, after annealing -141+£10 -124+0.8

83-483 K CvD

6.3.4 Temperature Dependence of the Raman Modes of Monolayer MoSe2

Figure 6.6 shows the softening of the Raman vibrational modes of the MoSe; in
the isolated region. In the figure, only the A1 peak is shown because the intensity of the
other peaks is very low. Like the MoS,, all the Raman modes of the MoSe> soften with
increase in temperature. After fitting each of the Raman peaks with the Lorentz model,
Griineisen model is used to extract the first order temperature coefficient of each of the

peaks.
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Figure 6.6. Expanded view of the MoSe, Raman spectrum measured different temperature

Figure 6.7a-b shows the peak position and FWHM of the Raman vibrational modes

of MoSe; in the isolated region. The y value for the E';q and Aig modes is calculated to
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be —10.1 x 1073m~1/K and —7.6 X 10~ 3cm™1/K before annealing and —10.0 X
1073cm™1/K and —8.0 x 10~3cm™1/K after annealing, respectively. As shown in
Table 6.3, the y values we obtain for the A1y mode are slightly lower than those reported
in the literature for a monolayer MoSe, grown by ME and chemical exfoliation (CE). Our
reported values are also slightly lower than that of the Aig modes of the FL MoSe, grown
by CE. Our y values for the E',q modes are larger by a factor of 3 than that of the FL
MoSe; grown by CE [198]. Hence, these values, in comparison with those of the Elyg
modes of MoS, are lower by at least —2.84 x 10~3¢cm™1/K. It is also noted that the y
values of each vibrational mode increase after the thermal annealing. Moreover, it is noted
that before and after the thermal annealing, the y values of the E',g modes are larger than
those of the Ayg. It is noted that the E2g mode’s temperature coefficients — in each case —
remain the same. This suggests that the thermal annealing does not affect the temperature
dependence of the Raman mode. Figure 6.7b shows the FWHM of the of the isolated
MoSe; vibrational modes with respect to the change in temperature. It is noted that the
FWHM of the EX;g mode is broader than that of the Aiqat each temperature points. While
the FWHM of the former shows somehow a constant broadening trend, the FWHM of the
latter show an increasing broadening trend with the increase in temperature. The

broadening trend of the FWHM of the Aig mode, irrespective of the annealing condition,

is identical.
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The Raman vibrational modes of the MoSe: in the hetero bilayer system are also
analyzed as shown in the shown in Figure 6.8a-c. The y values for the E'»g and Aig modes
are calculated to be —10.1 X 1073cm™1/K and —9.0 x 10~3¢m™1 /K before annealing
and —11.1 x 1073cm™1/K and —9.0 x 10~3cm~1/K after annealing, respectively. The
x values of the Aig Raman mode are lower compared to those reported in the literature.
On the other hand, the y values of the E',q mode are larger than those of the A1 and are
comparable to the value reported for FL MoSe> grown by CE as shown in the Table 6.3.
We did not observe much difference between the y values of the MoSe> Raman modes in
the hetero bilayer and in the isolated counterpart in each case — except in the case of the
MoSe: after thermal annealing whose temperature coefficients show some slight increase.
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Figure 6.8. (a) peak position (b) FWHM and (c) peaks difference of the Raman modes of the MoSe; in
the hetero bilayer system

The Bl mode of the MoSe; that become active in the hetero bilayer system is also
analyzed as shown in Figure 6.8a-c. The peak position of this Raman mode also shows
linear dependence with temperature. The y values of this peak are calculated to be
—14.5 x 1073¢cm™1 /K before annealing and —12.4 x 10~3cm™1/K after annealing. It
is noted that y values of the peak before annealing are comparable with those of the Elyg

modes of MoS: the hetero bilayer system. While after annealing the value reduces and
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become comparable with the El,q mode of the isolated MoS,. Relative to the y values of
the other vibrational modes of MoSez, y values of the Blyy mode are larger. These y
values are the largest recorded so far for monolayer MoSe». Figure 6.11c shows the
FWHM of the peak with respect to the change in the temperature. According to the figure,
a constant broadening trend in the FWHM of the B,y mode is observed, and this trend is

identical both before and after annealing.

Table 6.3. MoSe, Raman modes’ y values compared to those in the literature

Temperature Growth Material Description x(X 1073 (em™1/K) Ref.
Range Technique
g a E%g Aly B%g
175-575 K ME 1L - -12.0 - [188]
300-500 K ME 1L - 111 - [196]
2L -9.50
77-400 K CE FL - -10.0 - [197]
80-550 K CE FL -4.60 -8.20 -16.0 [198]
83-483 K CVD Isolated, before annealing  -10.1+0.4 -8.0+0.5 - This

Isolated, after annealing -10.0+£0.8 -8.0+0.5 - work
In HB, before annealing -10.0+£0.5 -8.6+0.3 -145+0.8

In HB, after annealing -11.1+£0.5 -99+04 -124+04

The Raman frequency shifts as a function of temperature that is observed in this
study is predominantly due to temperature changes which result in the non-harmonic
contribution of the interatomic potential energy due to phonon-phonon interaction and
thermal expansion or volume contributions [181, 188, 191-198]. The thermal expansion
mismatch between our substrate (SiO2/Si) and the TMDs flakes may introduce some
strain which may induce some shifts in the peak positions of the Raman modes.
Nevertheless, over the temperature range that is used in this study, the low thermal
expansion of SiO2/Si (2.6 x 107¢/°C) is believed to induce an insignificant shift in the
peak positions of the TMDs flakes [192].

The temperature dependent Raman frequency shifts of the TMDs materials due to
the anharmonic process and thermal expansion of material is a complex phenomenon, and
it requires the understanding and the symmetry of the material molecules to perform a
sophisticated calculation called normal coordinate analysis. To calculate the anhamonic
contribution to the phonon mode frequency shifts, Equation (6.2) is used, which expresses

frequency of the Raman vibrational mode as a function of volume and temperature [188,

192].
<alnw) B ((?an) <alnw> N <alnw>
aT Jp,  \aT Jp\ av /; ar /y
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y represents the volume thermal coefficient and k is the isothermal volume
compressibility. The first term from the left of the equation is the temperature contribution
at constant volume while the second term from the right of the equation is the volume
contribution at a constant temperature. Thus, the inharmonic contribution can be
computed from the derivative of the isobaric temperature, isothermal pressure, y and k
of the phonon mode wavenumbers in the materials [197, 201]. On the other hand, the
double resonance phenomenon, that is very active in a monolayer and 2L, is used to
explain the changes in the intensity, FWHM, and shift in the peak position as a function
of temperature. The change in the FWHM of the Raman mode as a function of
temperature can be attributed to “the many body theoretical calculations and phonon
dispersion”. The decay of zone center optical phonon into one acoustic and one optical
phonon and the selection of these two phonons in TMDs phonon density of states
contribute to the change in the FWHM. The change of the FWHM as a function of the
change in temperature is given in Equation (6.3) [202].

['(T) = Ty + A[1 + n(wy, T) + n(w,, T)] (6.3)

where T, is the background contribution, A is the inharmonic coefficient, and n(w, T) is
the Bose-Einstein contribution function. The Iy, A, w, and w, parameters can be used to
calculate the FWHM temperature dependence.

It is noted that, unlike the y values, the FWHM of each of the vibrational modes of
MoSz and MoSe> before and after annealing are comparable. To find out why the y values
differ when annealed and without annealing, it is important to understand the TMDs-
substrate interaction before and after annealing. According to Su et al., the TMDs atomic
bonding between the substrate and the material is weak and non-uniform; also, there is
the existence of chemical contaminants such as the polymer residue, H.O, and O
absorbents in the TMDs film that after being transferred to a substrate. After thermal
annealing, the bonding between the TMDs film and substrate become strong and the

polymer residues and absorbents are burnt up. In a nutshell, thermal annealing modifies
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the morphology of the TMDs film [199] therefore, the y values become larger after
thermal annealing.

6.4 Conclusion

To conclude, the fabrication of the MoS2/MoSe: hetero bilayer system has been
presented. Due to the weak van der Waals forces between the MoS; and glass substrate,
the transfer of the MoS> to the MoS2/SiO>/Si is achieved using an etching-free PMMA
wet transfer method. After puRaman, PL, and AFM analysis, the hetero bilayer system is
confirmed to be of high quality due to the observation of the new Raman vibrational mode
(Bly) at 354.7 cm™ and the interlayer exciton at 914.8 nm. To fill the gap in the literature,
the temperature dependent frequency shift of the Raman phonon modes of monolayer
MoS2/MoSe: hetero bilayer system is studied over the temperature range of 83 K and 483
K. The Raman modes of both the MoS> and MoSe; are found to show linear dependency
with the temperature due to the anharmonicity and thermal expansion effect. Each of the
two 2D TMDs materials are studied in the isolated region and in the hetero bilayer regions
before and after thermal annealing. Due to the van der Waals interaction between the
layers, each of the temperature coefficient in the MoS2 and MoSe; in the hetero bilayer
system is found to be larger than in the isolated case. The FWHM of many of the phonon
modes of the MoS,; and MoSe> show broadening which increase with temperature
irrespective of annealing condition. It is found that, throughout experiment, the MoS; and
MoSe; flakes in the hetero bilayer system are not damaged and the room temperature
Raman frequency does not change suggestive of the hetero bilayer system-based device

durability under extreme temperature.
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7. CONCLUSION AND FUTURE WORK
7.1 Conclusion

To conclude, this work presents a study of 2D materials and their hetero bilayer
system for optoelectronic applications. CVD and ALD methods are used to grow high
quality and large area 2D MoS; and MoSe>. Each material is characterized by pRaman,
PL and AFM analysis; the results are compared with the literature. By extension,
MoS2/MoSe> hetero bilayer system is fabricated by PMMA-assted wet transfer method.
It is observed that the direct bandgap of the MoS; and MoSe, quenched in the hetero
bilayer system due to charge transfer mechanism. A new peak at ~ 254 cm™ and interlayer
exciton at ~ 914 nm are also observed in the hetero bilayer system. To fill gaps in the
literature, temperature dependent uRaman study of the hetero bilayer system is carried
out. Changes in the Raman mode vibrational frequency and FWHM induced by
temperature has been analyzed as per the literature. Through out the measurement, the
MoS; and MoSe; flakes did not show any damage or change in the their instrinsic
properties suggessive of the durability of a MoSz/MoSe, hetero bilayer system based
device under extreme temperatures.

7.2 Future Work

There are still gaps to be filled in literature of both the 2D material and the hetero
bilayer system. Therefore, the future work will focus on the following:

1. The ALD-assisted CVD method has shown promising results and can be
extended to other 2D TMDs. TMDs flakes size could be greatly improved by
incorporating the glass substrate in the growth process or coating the face down
substrate by NaCl solution.

2. Fabrication of the MoS2/MoSe; hetero bilayer system-based device by e-beam
lithography to have more defined metal contacts would greatly simplify the

extraction of the device’s figures of merit.

3. The quality of the MoS2/MoSe> hetero bilayer system would be higher if it is
directly grown by CVD, to significantly reduce the transfer related damages and
defects.

4. Scaling up the heterostructure system to more than 2 layers and tuning their

interlayer distance by annealing or using a spacer (such as hBN) to enable the

system to retain its direct band gap would be a great contribution to the literature.
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APPENDIX

Figure Al1.1. Optical images of the CVD grown MoS; on the first glass substrates grown by using different
recipes (a) recipe #1 (b) recipe #2-3 (c) recipe #4 (d) recipe #5 (e) d2 = 3 cm (f) N> = 250 sccm

Table Al.1. Summary of MoS; CVD growth experiments. Parameters changed are highlighted yellow
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1 300 0.6 300 15 6 750 750°C 12.5 5
2 300 0.5 300 15 6 750 750°C 12.5 5
3 300 0.5 300 11 6 750 750°C 12.5 5
4 300 0.3 300 11 6 750 750°C 12.5 5
5 300 0.3 300 11 4 750 750°C 12.5 5
6 300 0.3 300 11 3 750 750°C 12.5 5
7 250 0.3 300 11 3 750 750°C 12.5 5
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