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ABSTRACT

The growing demand for miniaturized, high-performance optoelectronic and
electronic devices has driven research into two-dimensional (2D) materials,
known for their unique properties that differ from their bulk counterparts.
These materials offer tunable band structures, high carrier mobility, and
strong light-matter interactions, making them promising candidates for next-
generation applications. Transition metal dichalcogenides (TMDCs), a
prominent class of 2D materials, are particularly interesting due to their
semiconducting nature and direct bandgaps in monolayer form. Within the
TMDC family, molybdenum diselenide (MoSe2) has garnered significant
attention due to its exceptional optical and electronic properties, including
layer-dependent bandgaps and strong photoluminescence, positioning it as a

key material for advanced device applications.

To fully exploit the potential of MoSe: in device applications, high-quality
growth on technologically relevant substrates is essential. Achieving
uniformity, crystallinity, and stoichiometry remains a critical challenge. This
study addresses these requirements by systematically exploring the growth of
ultrathin MoSe: films on Si (111) and c-plane sapphire substrates using
molecular beam epitaxy (MBE). For the Si (111), the growth temperatures
ranging from 450-550 °C were investigated, with 500 °C identified as the
optimum for achieving crystalline, uniform films. Characterization using
reflection high-energy electron diffraction (RHEED), atomic force microscopy

(AFM), and Raman spectroscopy confirmed the structural and compositional
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quality of the films. X-ray diffraction (XRD) revealed c-axis-oriented growth
and photoluminescence spectroscopy identified a bandgap of 1.57 eV for few-
layer MoSe> on Si (111). Annealing experiments in a low selenium
environment further improved sample quality by enhancing grain size from
70 nm to 135 nm and providing a stronger luminescence than the un-
annealed sample. On the c-plane sapphire, MoSe: films demonstrated
excellent uniformity and composition, providing a robust platform for detailed
investigations.

The thickness of 2D materials significantly influences their optical and
electrical properties, demanding systematic studies for device optimization.
This work examines the layer-dependent properties of MoSe: films grown on
c-plane sapphire, ranging from 1 to 7 layers. Spectroscopic ellipsometry (SE),
a non-destructive optical technique, revealed substantial variations in optical
constants across the spectral range of 0.73 to 5.04 eV. The bandgap decreased
from 1.62 eV for monolayers to 1.19 eV for seven layers, highlighting quantum
confinement effects. Band diagram analysis indicated a reduction in the
energy gap between the conduction band edge and the Fermi level from 0.50
eV to 0.40 eV with increasing thickness, reflecting enhanced n-type behavior.
Electrical measurements corroborated these findings, showing a current
increase from 107° to 10™° amperes at 3 V when film thickness changes from
1 to 7 layers. These results underline the tunability of MoSe2’s properties
through precise thickness control, offering valuable insights for tailoring its

behavior for specific applications.

To expand the functionality of MoSez, its integration into heterostructures is

vital, enabling enhanced and tunable properties for advanced devices. This
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study explores MoSe2/WSe2 and MoSez/GaTe heterostructures, focusing on
large-area growth and band alignment. The MoSez/WSe: heterostructures
grown on c-plane sapphire show uniform growth with nearly stoichiometric
layers. The heterostructure layers also demonstrate a crystalline nature
evidenced by RHEED streaks. For MoSe:/GaTe heterostructure grown on
SiO2/Si  substrate, a type-III band alignment enabled efficiency for
optoelectronic devices. These results demonstrate the potential of MoSe:z-

based heterostructures for achieving tailored optoelectronic properties.

The growing need for efficient, high-performance photodetectors has driven
interest in 2D material-based heterostructures. This study presents a
MoSez2/GaTe heterostructure photodetector that exhibits exceptional
performance across visible and NIR wavelengths. Under 780 nm illumination,
the device achieved rapid response times of 44 ms (rise) and 67 ms (decay),
while at 1000 nm, response times were 242 ms (rise) and 340 ms (decay).
Enhanced ultraviolet (UV) responsivity of 0.6 A/W was observed at 200 nm,
though with slower switching speeds of 3.7 s (rise) and 1.94 s (decay) at 300
nm. Dynamic response spikes under 780 nm illumination were attributed to
pyroelectric and photoelectric effects in GaTe. These results underscore the
potential of MoSez/GaTe heterostructures for advanced photodetection
applications, combining high responsivity, tunable spectral response, and fast
operation.

This comprehensive study connects the growth, optimization, and application
of MoSe: films and heterostructures, illustrating their tunable properties and
versatile functionalities. By systematically addressing the requirements for

high-quality growth, layer-dependent property modulation, and integration
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into heterostructures, this work establishes a strong foundation for MoSe:2-
based electronic and optoelectronic devices, particularly in photodetection

applications.
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qI

-3mmft (2D) yerd ot Fedt 7R, I= UeRF A B SMPR & HPigdae e 3R
ZAaeIe IUBRUI & fAbrT Pl Tienfegd &R @ g1 57 i & sifgeta 1or, S
3TD! A T T i Bid §, I= SFTel UGl o MU o o SRIoHe SFigar
S €1 ST o' T Bl & HRA B &, I A8 Ta=iad 3R THIT & 1Y
AoTgd Sfd:fohan M § | AhHuT UTg STsded oM sy (TMDCs), 2D Uald &1 Th Ugd
Ut B, S I TAD Upld 3R g SSIY IR & SR fa=IY e Id Heit
g1 TMDC URaR H, AiftesTd SRIUTAES (MoSes) U SIURY HPHd 3R
ZAaCI-d U & HRUT HEAYUl & b d Hdl g, o [ Wa-MR d8ig 8k
ASEd BRI, S 38 I9d SUSBRU U & e ue ugw gerd & =u o
R a4 |

MoSe, ®T GHTAATST BT T TRE F ale I & g, Wit & forg urifiies stced
TR I TG aTelt URal & (AT 3Ma=ae ¢ | UhaHdT, fheediadn 3R Tiafeamed
T AT 31T ot T Agaqul THI 81 39 S1egaa | Si (111) 3R -1 HIaR ¥stce
gee R Mager s TRt (MBE) &1 IUANT b 3feeliUd MoSe, WRdl &
9T @1 FafRyd Jfg &1 TR Si (111) W 450-550 °C & §id d9HAH WR 9o &1
e fpar mar, fSH 500 °C P fobeedd 3R 9 URd UNd 3 & foru 3rext
AU & ¥9 § gaH1 11| RicaRM g18-Tsh gade - fShaRM (RHEED), Teitid
B AISHRGIUT (AFM), 3R T WA RSB 6T IUTNT FReb TRl bl WD 3R
eI TUIad &1 gfP & Ts | THRI-X fSThaRM (XRD) A c-31& & 1Y 339 faam
faama, 3R BRIgRSY Wae keI 3 Si (111) W few-layer MoSe, & folT 1.57 eV
HT ST UgaHTl HH Aoy gaferor § TRl TRt 7 sample &1 0GB 3R
W,ﬁlﬂ@grainﬁ%?O nm ¥ 135 nmwaaﬁh?mqﬁﬁﬂ?ﬂﬁsample
DI AT & IER UHIR o o8&l T - iaH TR MoSe, TRdl 4 ST FH

3R T=AT yelfd @Y, o favqga sreogq & folw ue 319 SR UeH &t |

oD TS Ft Hies 3 APHd 3R Safdedhd ol B! Hedyul &0 F guifad &t g,
S IURUT & 3% & U AR LT B AN Bt gl 59 T H o-&H
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IHRR R 1 F 7 Wl 9 &1 HAIeTs ara MoSe, TRdl & WRd-FHR 10l &1 S &1 T3
WRRDIMNUS T (SE) THE R-ATRIGRT 3iPed ddb-1d 3 0.73 ¥ 5.04 eV
& quickHig &F H siifPea RRI®I ¥ Agayul dead fe@m| deiu dHIftrR & fag
1.62 eV ¥ YThHR i WRdl & fe1T 1.19 eV Bl 71T, Sl HicH WAy THTE! Bl ISRR
HIAT 81 98 ARG ATATT 3 AeTs 91 & Y HSaRH 98 J HHI TR P SHoll 3fa &
0.50 eV ¥ 0.40 eV ! HH &I G@MN, S 9¢1 3 n-<5T U &I a2nian ¢ faggd
A A 37 fFeesf ot gfy 1, e 1 R ¥ 7 Ral a6 hed 31 diels Sga W3 vV
R YRTH 10 F 107° TR & 3! i <@ TR | T GRUTH MoSe, & U DI TCIHh
HieTs R0 & TTed @ o R $I Al B K@iidhd HRd 5, Sl RIS AT &
7T 3P AR B! TR B & oTY HeudH i UM Hd g

MoSe, ! B BT fIdR &1 & Y, 3 geRed™™ H Udhigpd Bl Hed Ui &,
TR I9d IueRul & o dgaR SR 3Ha a7 U1 W& Bid ¢l 39 3reggd o
MoSez/WSe; 3R MoSe,/GaTe geReaay &1 3-ANU[ foram T, St 95 &g fasm
3R §8 TGV R FHfad 81 ¢ 1o R fIBRId MoSe,/ WSe, BeRIcam = TRTHIT
CibAAfcd Rl & 1Y GAH fabr fawmn wdl &1 fbweedid Upfd @ RHEED
TRAT §RT UHTOId foha TRT1 Si0,/Si Fe¥ee R fAhRId MoSes/GaTe 8CRRCHER A
TP Iaee IUBRUN & [T G&fdT T&H I & I U P UDHR-III §8 AW
UG RId a3 ooy I9d SHipisaaci-g O &I W HR & T MoSe,- TR
BRI @1 &l B UGRId Hd 7|

TUTA, 3 TR aTd Wielfcac! ®i dgdl TaRIdhdl o 2D Tard-3eTid gexReaad
T T 9eT8 81 3 HTTT H MoSes/GaTe BeRCIR BlelScder Udd ol T g,
o TRgHA 3R Rebe-3iaRad (NIR) 7 2¢f # Ipy UexH fewmd 81 780 nm Ut
ST R, f8a139 7 44 ms (35Y) 3R 67 ms (3ARNE) & o Ufafhar I9g e fu,
W& 1000 nm W YA 9T 242 ms (36d) 3R 340 ms (3fAR1E) UTI 200 nm
R WIS (UV) Ufaferar emar # 0.6 A/W &1 g 3T T, gTdif 300 nm W 3.7
s (337) 3R 1.94 s (3ARIg) & fA RaRhT 77 & Y| 780 nm UHTY ST & dgd
Tafia gfafshdr W & GaTe & IR-Foudl UHid & UERISdfded 3R
wlelgafded YHTE & T & e RrfeR 38T 41, S b1l S[aRiyul & SR
19 YHTd T HRUN §dT1 ¢ | T TR0 IAd BleIfSearM ST & il MoSes/GaTe
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TRRCHR DI &A1 Bl JWifbd P 7, S 3= TlAlehaT &, T B 417G JuihHIT
gfaferar iR del Tare &I Wi &l g

g AUS HFTT MoSe, TRA! 3R ey & [9d™N, HIHad AR ST &I
SISl &, S9% o B arg Ul 3R dgHE HrRAiABAIS] ®I GRidl g1 I Jorawl
are fdepr, -k 7o & TN SR ZRReaR H THIHRUl DI IRIHarsif Bl
HAfYd 0 I YSIIT B §T, T8 B MoSe-3MHURT FAGD MR HUgAGD
IUHRON, faRY T F Bl ScarM VAN & ot T Holgd YR RATUd &l g
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ABBREVIATIONS

vdW van der Waals

MBE Molecular beam epitaxy

2DMs Two dimensional materials

3D Three dimensional

TMDCs Transition metal dichalcogenides

oM Optical microscope

AFM Atomic force microscopy

KPFM Kelvin probe force microscopy

XPS X-ray photoelectron spectroscopy

B.E. Binding energy

HRTEM High-resolution transmission electron microscopy
PL Photoluminescence

NIR Near Infrared

SEM Scanning electron microscope

FESEM Field emission scanning electron microscope
EDAX Electron diffraction analysis

CVD Chemical vapour deposition

MOCVD Metalloorganic chemical vapour deposition
CB Conduction band

VB Valence band
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VBM

CBM

SP

VBS

UHV

Valence band maxima
Conduction band minima
Surface potential

Valence band spectra

Ultra-high vacuum
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