MBE GROWTH OF 2D MoTe> AND HETEROSTRUCTURES
WITH INVESTIGATIONS ON PHASE ENGINEERING AND
CHARGE TRANSFER EFFECTS

KAMLESH

DEPARTMENT OF PHYSICS
INDIAN INSTITUTE OF TECHNOLOGY DELHI
JANUARY 2026



© Indian Institute of Technology Delhi (IITD), New Delhi, 2026



MBE GROWTH OF 2D MoTe> AND HETEROSTRUCTURES
WITH INVESTIGATIONS ON PHASE ENGINEERING AND
CHARGE TRANSFER EFFECTS

by

KAMLESH

DEPARTMENT OF PHYSICS

Submitted
in fulfilment of requirements of degree of

Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
January 2026



To my parents, Shri Jaikishan and Smt. Kamla,

and my sister Sunanda



Certificate

This is to certify that the thesis entitled “MBE Growth of 2D MoTe2z and
Heterostructures With Investigations on Phase Engineering and Charge
Transfer Effects” submitted by Mr. Kamlesh, a research scholar in the
Department of Physics, Indian Institute of Technology Delhi for the award of
the degree of Doctor of Philosophy, is a record of original and bonafide
research work carried out by him. He has worked under my guidance and
supervision, and has fulfilled the requirements, which, to my knowledge, have
reached the requisite standard for the submission of the thesis. The results
contained in it have not been submitted in part or in full to any other

university or institute for the award of any degree or diploma.

Prof. Rajendra Singh

Department of Physics

Indian Institute of Technology Delhi
New Delhi-110016

India

Date: January 30, 2026



ii



Acknowledgements

This Ph.D. journey has been like living a mini full life. Most of the time, it has
been joyful and full of confidence, while other times it has come up with hard
challenges. However, the presence of some special people in this journey has
been that guiding light and source of positive energy for me to overcome the
challenges and move forward to the next stage. It is really a precious feeling
for me as I get the opportunity to present my gratitude to all these people who,
academically or personally, have influenced and contributed positively to this
work. This thesis would have never been in its present form without the
support and encouragement of these people.

Firstly, I would like to express my sincere gratitude to my Ph.D. advisor, Prof.
Rajendra Singh. It was an honor for me to carry out my work under his
supervision. He has directly and indirectly taught me how to proceed with the
Ph.D. research, problem selection and even time management during Ph.D.
in the most realistic way possible. I am very grateful to him for providing the
valuable experimental suggestions, pushing to address the research problems
and importantly, for providing freedom to execute my plans, which comes
from his belief in me. I remember him emphasizing the importance of having
a set of goals in almost every meeting, which has been a key for me. I
appreciate all of his contributions of valuable time, suggestions, evaluation,
collaborations and research funding, to make this thesis work very impactful
and stimulating. Finally, I would like to extend my special thanks to him for
choosing me to work with the MBE and for showing his belief in me to take
the responsibility of setting up the MBE lab.

In addition to my supervisor, I would like to sincerely thank my Ph.D. research
committee members Prof. J. P. Singh, Prof. Pankaj Srivastava and Prof.
Samaresh Das for assessing my work time to time during different evaluation
presentations and providing insightful comments, feedback and
encouragement during my Ph.D., which has motivated me to probe deeper
into my research and has significant contribution in adding new dimensions

to my thesis work.

iii



[ would also like to acknowledge the Department of Physics, Indian Institute
of Technology Delhi, for providing the essential facilities and giving me the
opportunity to work here. I also acknowledge the Central Research Facility
(CRF) and Nano Research Facility (NRF), IIT Delhi, for providing different
experimental facilities used to carry out the work presented in this thesis.

I acknowledge the University Grant Commission (UGC), India, for providing
the fellowship and contingency funds to support me during my Ph.D. I am
also grateful to Indian Institute of Technology Delhi for providing funds to
attend and present my work in international conferences outside India.

I extend my gratitude to all the Advanced Semiconductor Materials and
Devices Laboratory members, especially Dr. Pallavi Aggarwal, Dr.
Hardhyan Sheoran, Dr. Tasleem Khan, Dr. Nahid Chaudhary, Ms.
Sakshi, Ms. Deeksha, Ms. Sonika, Mr. Shivansh Tiwari and Mr. Manish
Rautela, for their support at crucial times and for sharing valuable research
inputs. My gratitude extends to Mr. Rahul Sharma and Mr. Hemant Kumar
for their support with different technical and non-technical works during this
Ph.D.

My special gratitude extends to my MBE group members. I sincerely thank
Dr. Ashok Kapoor from the bottom of my heart for all the experimental
support, the fruitful discussions regarding my work and for being like a
mentor to me throughout this journey. I have been greatly inspired by his
curiosity-driven, never-ending learning approach and by the simplicity with
which he shares knowledge with everyone, which strongly echoed with my
approach. I would also like to thank Dr. Nand Kumar for his kind assistance
and for sharing his experience in communicating the publications. My special
thanks extend to Dr. Santanu Kandar for his invaluable support,
companionship and most importantly, for sharing such a great level of mutual
understanding.

I would also like to acknowledge Solid State Physics Laboratory (SSPL), New
Delhi and thank Dr. Akhilesh Pandey, Dr. R. Raman, Ms. Sharmila and
Mr. Anand Kumar for the initial AFM, XRD and FESEM measurements. I
would also like to thank Mr. Biswajit Khan for his help with the frequency-

response photodetection measurements. I express my thanks to Ms. Lipika

iv



for helping me with DFT calculations and supporting me at times with
different aspects of the Ph.D.

[ also express my gratitude to the CRF Sonipat members, especially Dr.
Ganga BG for sharing her expertise and the valuable discussions with me
regarding XPS and beyond, Dr. Atul Kumar for the extensive XPS
measurements and giving his key support at times for ensuring a smoother
functioning of the MBE lab, Mr. Kshitij Sharma for giving extra efforts and
time with XRD measurements of 2D films. I believe that unsuccessful
attempts in research, particularly in the experimental field, are as worthy as
successful attempts, contributing to a deeper understanding. Therefore, I
extend my thanks to Dr. Somendra Singh, Dr. Dinesh Kumar, Ms. Neelam
and Dr. Veer Singh for their support with PPMS, TOF-SIMS and glovebox
facility.

The acknowledgement would be incomplete without thanking my friends at
IIT Delhi, without whom this journey would not have been memorable. The
early time spent with Sandeep, Siddharth and Uzair has been short but
pleasant. The Pakoda sessions of Santanu, complemented by the performance
of Deeksha, will always be cherished as joyful moments. The post-lab
sessions, walks and drives in Sonipat campus, especially with Lipika, Ganga
ma’am, Kshitij, Somendra sir, Neelam, Dinesh sir, Atul sir, Sonali ma’am and
Manjari ma’am, will be treasured forever.

Finally, no words can truly capture my gratitude to my beautiful family, whose
blessings, love and care have been my constant strength. [ am grateful to my
family for their patience and silent sacrifices, which have carried me through

every stage of this Ph.D. This achievement is as much theirs as it is mine.

@/‘
Kamlesh

New Delhi, India
Date: January 30, 2026



vi



Abstract

The fundamental limitations of bulk silicon at the nanoscale, such as
quantum tunneling, short-channel effects, and reduced gate controllability,
pose critical challenges to further scaling of semiconductor-based devices.
These limitations have motivated the exploration of alternative materials that
can extend beyond Moore’s law. In this context, two-dimensional (2D) layered
materials have emerged as promising candidates owing to their atomic-scale
thickness, tunable electronic properties, and potential for seamless
heterointegration. Among them, molybdenum ditelluride (MoTe;) is uniquely
suited for integration and device engineering because its semiconducting 2H
and semimetallic 1T phases are separated by only a small ground state energy
(~40-60 meV per atom), enabling controllable phase switching as well as
access to rich physics beyond the semiconducting aspect. The dual-phase
stability, coupled with its narrow bandgap in the near-infrared (NIR) range,
makes MoTe, a compelling material for next-generation electronics and

optoelectronics, as well as for exploring rich material aspects.

In this thesis, molecular beam epitaxy (MBE) has been employed to achieve
large-area, phase-pure growth of MoTe, thin films on technologically relevant
substrates, including silicon and sapphire. Initially, a tellurium-rich pre-
wetting growth recipe is combined with careful optimization of growth
temperature to achieve the direct integration of crystalline 2H-MoTe, on
silicon, overcoming the interface challenges posed by dangling bonds. This
achievement represents a crucial step toward the integration of 2D

semiconductors with established silicon platforms.

Leveraging this foundation, the growth conditions have been established to
selectively stabilize semiconducting 2H-MoTe, as well as the semimetallic 1T’
phase. By systematically tuning the effective concentration ratio of Mo and Te
during MBE growth, the study clarifies the existing discrepancies in the
literature regarding phase stability. Both the semiconducting 2H and

semimetallic 1T' phases, as well as their coexistence, have been achieved
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uniformly over centimeter-scale areas in a controllable manner. The findings
have shown that the phase engineering in MoTe, can be achieved
independently of a single growth parameter, such as growth temperature or
flux, which is crucial for seamless integration of the hetero phase-based 2D-
2D vertical heterostructures and superlattices for tailoring the material

properties.

With precise phase control achieved, the thesis advances towards fabricating
van der Waals heterostructures, where MoTe, is combined with other layered
chalcogenides such as MoSe; and GaSe. First, scalable layer-by-layer growth
of MoSe,/MoTe, heterostructures is demonstrated, focusing on probing
interfacial electronic interaction effects. Using XPS, UPS and Kelvin probe
force microscopy, unconventional interfacial charge transfer effects have been
observed in the heterostructure band alignment. The tunable probing depth
of angle-dependent XPS has been utilized to understand this anomaly, which
shows that site-to-site interactions between Se and Te alter the intrinsic
chemical bonding near the interface. The Te vacancies pin the MoTe, Fermi
level, while modified bonding in MoSe, raises its valence-band maximum
abnormally. Overall, the experimentally observed heterostructure band
alignment shows a reduced barrier for the holes, which can be advantageous

for bidirectional carrier transport.

Insights from these vacancy-induced carrier doping have further motivated
us to carry out intrinsic charge carrier-type control in 2H-MoTe, without
extrinsic dopants. The chalcogen-to-metal flux has been tuned precisely to
achieve n-type behavior in MoTes via Te-vacancies and p-type behavior via Te-
rich incorporation. Further, UHV annealing has been demonstrated as an
approach to drive p-to-n type transition in MoTez. The Fermi-level shifts in
the valence band spectra validate this stoichiometry-driven doping, enabling

reliable, wafer-scale ambipolar tuning.

Finally, the potential of the 2D-2D heterostructures has been explored
through optoelectronic device demonstrations. The MBE-grown, few-layer
GaSe/MoTe, heterostructure has revealed a type-II band alignment with a

relatively higher conduction-band offset. The heterostructure-based device
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shows a low dark current and asymmetric I-V behavior. The device has
achieved a stable and repeatable photoresponse across UV to NIR wavelengths
with fast response times on the sub-millisecond scale. Furthermore, the high-
frequency optical response of the device is studied, which shows switching of
the device up to 3 kHz with an optical response bandwidth of ~2 kHz at 660
nm, highlighting its potential for high-speed optoelectronic applications.

Collectively, this work has established a comprehensive platform for MoTe,-
based device engineering, from scalable synthesis and phase control to
interfacial effects in heterostructures, intrinsic ambipolar control and
functional heterostructure devices, which significantly contributes to the

future integration of 2D materials into practical semiconductor technologies.
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TR W deob Rifeiopi= B Fayd WA, oY sicH eAfdw, Aic-d=d uuE audr i
gz emar o S, srefara® oneTia IUSHRON @ faR-emar & fow MR gAfaar
TRAd Rt &1 37 ireft 3 Jovfetss uerdf & @i & fow ofka frar mn 8, SN &
am § oMt dg4 B efd ¥&d 8l 39 geH ¥ fg-smamh (2D) WaeR uerd A
RAMIH-TR &1 Alers, FAfFd feu o1 ¥%+ ara gaeei=e o aur Aty ooy
THIHRU] Bt AT b HRUT AT HATATOMS TR & 0 H W &1 3749, Mfcies1
@W%(MOT@)W@TWWWQSWWWQ C‘Wﬁaﬁ%,
Fifh 3T SaTad 2H R LSNP 1T HTRIN Had ~40-60 meV Ui TRHTY
DI YR TR Sl F GUYF 8Id 5l T8 YT Soll-3(R MoTe, DI AT AR
ORad qut srefarae Ui @ W ot Tg Hifde! d Ugd B JerH $Ral gl 39B! fg-
3T FRRAT 9T Fdhe-3iaRad (NIR) &3 H Tahivf d&iy 30 sfTelt Uigl & gaae-ad
g JHPIgdaciHa & AY-1Y TS Tarifa ugqsil &t I o ot I6 3idd hud
Terf s g

9 MY-g&Y H Aifrager a9 TSR (MBE) db1e &1 SUTNT HRb ddb-iid! e I
Hg@yul geicey — o RIferia (Si) 3R YBRR (A1203) — TR MoTe, &1 fawqd
&FHA 3R G TR 1A Uae! WRal B gfg 8TId $I s g1 IRY H, Rferepy W
fohecelld 2H-MoTe, & & THIHRU B U HH & o WRd fHAfor aes &
TaYUHIYd® SIHad & 1Y Th CogRaq-THG d-URIpRul Uihal &1 Sitel oIl g,
Y Tag & SRiqW deFl gRT SO Sy gHIfadl IR HIg Irdl o 9@ gl I8
Iudfsl Rifid Rfd®ia Wew™l & WY 2D s & JHea- B QM | e
mg@yuf Her &1 Ufaffia Bt 7l

T SMYR HI @H Iold gU, WRd FAi-Rufodt & 39 yeR wifta fear m &
3AA®H 2H-MoTe, IUT UfAP 1T'-MoTe, IR I TINHD 0 I RR foam o
g% | MBE gRT AT & SRM HiIfdssH (Mo) 3R TIRTH (Te) & YT Figur SuTd
o AT &7 ¥ Ffd e, Tt o Iuasy SrawiT-RRar deedt sriwfoat &1 wy




fopan | S SraRTE (2H SR 1TY) TYT 3T Ue- 31, e TR R fafid &y
J Ut fopar man| a8 ey ewfdr § 5 MoTe, B 3ra=u1-3ifmifFet o fed) +f fFmfor
WRteR, S dIHM a1 Wi 9§ Wad U 9 U {6 o gebdT g, St 2D-2D FHeafer

BCRCIR qUT GIRATS T & ey THIHR01 8 Hew@qUl ¢ |

TE® TR0 U 8 & U MY BT 99 IR a1 geReaar (fawmeRe)
0T Y 3R SRR 31T, T8l MoTe, HI 37 TRAGR dlehIoHISSY (G MoSe, 3R
GaSe) & 1Y JYiford foar | ﬂa‘qam, MoSe,/MoTe, %ﬁg@ﬁmﬁmﬂ&m Ud-
R oo yelRfa fem m, e 3T ety (3% ad) R IddeHd
3ic:fobam TUTAl BT SITE HRAT UT| XPS TUT Dica Ui B ATShRebIT! BT IGANTT HIb
TR dS-TRWU H SR SeBY TTol-CIRHR (MY 3HR0T) YT < T
DR XPs & gRad-1a SE-TeRTs BT SUAN 59 STHRIA &1 FHSH 8 hal
7, SR T fF se 3R Te & URWRS UHG Sy & U 3fdRe I-IND
deq P gikafda @R 81 Tgiad Rfaqal MoTe, & HHI-WR &1 RS0 Hd 8,
Safh MoSe, T TN §eF ITH doid-d8 HIHIH B SHW 3o 8| T ¥4 J
TN =Y J 7T 747 {6 U ReRRe R §5-TGUT 81t & fofu a1 1 gerar g, o
fgfer argep-ufag gq TMHBRI 8 Fhdl 3|

S BIA-URT agdH-SITUT Siaedadl 7 3N 2H-MoTe, H d16X! flsd & fom siafifed
faqgata uefa-fAa=ur ot fazn O 9ikd foar| gremioq-urg wed &1 9dle w4 9§ fAdfd
IRP Te-RfGAl GRT n-UBHR ARFT AU Te-THG AT gRI p-UHR AR U foban
T m\’rﬁﬁﬂﬁ, UHVWﬁMoTezﬁp—ﬁ—nwwaﬁaﬁﬁWaﬁ
WA & ¥U § yelid fear mn Jdv-§8 Wael # wHl-wR &1 R 39
WRGIHS-URT Sift &t g oxar &, e Ay, dwmR-wasa fgyda Ao
THT gl g

3idd:, AP AaI® SUBRU YRl & H1eqH ¥ 2D-2D fauH WRa-18f &1 & &1
UdT RTRIT TT § | MBE-fd%Rid, $6-WRdl a1 GaSe/MoTe, ReIREFR 3 3fU&THd
I& HSRMA-d8 AT F I TIZY-11 dS-IRWUN Yefid fobar| gerReamr-3imeamid
JUB] A HH TTh HIC (IYHT UdTe) 3R RHHT [-V(URT-dlecs) SdeR feama|
2 IR 7 IU-Fcids Trm R dig ufaferar 999 & Iy wRIs A (Uv) S 9HY-

xi



3faRad (NIR) a7 ¢&f ¥ Uep fRR IR TTodies BleRwg gifiia fear g1 39%
3ctar, feargy &1 = g siifpdha ufdfehar &1 srerg= fobar T, fS9+ 3 kHz d&
i aur ~2 kHz (fhdiedy) @t sifPwd uldfhar-dsfagy yalkia &t g, S =-71fd
qrdt HTPIZae - SIIVNT & foTT SH®! &HdT B XWifdhd Bl &

Y ¥U I, T8 BT MoTe,-3MUTRT SUHUI- TS 5 Udh SIS Hd VTS Bl
g — Wad (faxga) i 3R sfae-fFEu & daR, geiReamr] § $etkhy T,
feydla A0 quT FAfE® geiReadR IUSRUN ddh — ol AEEING  SHed®
Wefiiferal # 2D gl & TR0l &l Hew@yul © 0 ¥ UK HRT 6
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