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Thermal transport and exciton dynamics of semiconducting transition metal dichalcogenides (TMDCs) play
an immense role in next-generation electronic, photonic, and thermoelectric devices. In this work, we
synthesize distinct morphologies (snow-like and hexagonal) of a trilayer MoSe, film over the SiO,/Si
substrate via the chemical vapor deposition (CVD) method and investigated their morphological
dependent exciton dynamics and thermal transport behaviour for the first time to the best of our
knowledge. Firstly, we studied the role of spin—orbit and interlayer couplings both theoretically as well as
experimentally via first-principles density functional theory and photoluminescence study, respectively.
Further, we demonstrate morphological dependent thermal sensitive exciton response at low
temperatures (93-300 K), showing more dominant defect-bound excitons (E|) in snow-like MoSe,
compared to hexagonal morphology. We also examined the morphological-dependent phonon
confinement and thermal transport behaviour using the optothermal Raman spectroscopy technique. To
provide insights into the nonlinear temperature-dependent phonon anharmonicity, a semi-quantitative
model comprising volume and temperature effects was used, divulging the dominance of three-phonon
(four-phonon) scattering processes for thermal transport in hexagonal (snow-like) MoSe,. The
morphological impact on thermal conductivity (ks) of MoSe, has also been examined here by performing
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Accepted 11th April 2023 the optothermal Raman spectroscopy, showing ks ~ 36 +£ 6 W m™ K™~ for snow-like and ~41 + 7 W
m~t K for hexagonal MoSe,. Our research will contribute to the understanding of thermal transport
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Introduction

Recently, atomically thin layered structures of transition metal
dichalcogenides (TMDCs) have provided extraordinary deliber-
ation in research interest due to their unique electronic, optical,
chemical, and thermal properties with high crystal quality.
Unlike graphene, TMDCs nanostructures show tunable
bandgap in the region of 1-2 eV, which makes them suitable for
low-dimension semiconductors based on next-generation
photonic and optoelectronic devices. In comparison to other
conventional semiconductors, TMDCs are easy to integrate with
various substrates due to their dangling bond-free interface and
atomically thin structures. High-quality 2D TMDCs have low
interface scattering, high charge carrier mobility, and
outstanding electronic performance.* Additionally, 2D TMDCs
materials also delivered a new approach for quantum emitters
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to study the quantum physical phenomena such as quantum
entanglement between phonon and photon. In recent years,
there have been few efforts to demonstrate TMDCs as single-
photon emitters (SPEs) by creating defect states.>* Among 2D
TMDCs, the less-explored molybdenum diselenide (MoSe,) is
expected to be one of the most imperative and superior candi-
dates for optoelectronic behaviour due to its high optical
absorbance of ~10% (775 nm) to 30% (476 nm), low direct
bandgap (~1.58 eV) and good photoactivity, making it suitable
for phototransistor, photovoltaic single-junction solar cells,
photocatalysis, and photoelectrochemical cells.>® Theoretical
and experimental investigations of MoSe, are being explored for
atomically thin spintronic and valleytronic devices due to its
spin-splitting energy at the top of the valence band.”®

Among different methods such as mechanical/chemical
exfoliations, chemical vapor deposition (CVD), and physical
methods such as sputtering/pulsed laser deposition involving
physical deposition of atoms, ions, or molecules on a substrate,
the CVD technique can generate large areas of thin films of
MoSe, with and without intrinsic defects.® This defect tunability
in CVD-grown MoSe, can be utilized for the development of new
quantum light sources such as SPEs, flexible nano-electronics,
and optoelectronic devices.'™" Integrated electronic circuits,
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made with millions of transistors, generate excess heat during
operation, which affects the performance and stability, leading
to the probable failure of the device. Hence, it is important to
understand the thermal transport behaviour of MoSe, for the
development of its devices. The thermal behaviour of MoSe, can
be explained by the exchange of phonon-electron interaction
and vibrational properties, where heat can be transferred due to
the transport of electrons and phonons.*> Kandemir et al. pre-
dicted the thermal conductivity of MoSe, crystal in the range 75
to 25 Wm ™ K * at different temperatures between 200 and 500
K using molecular dynamics (MD) simulation.”® Hong et al.
predicted the thermal conductivities of 43.88 + 1.33 and 41.63
+0.66 Wm ' K ' for armchair and zigzag directions of MoSe,,
respectively, using classical nonequilibrium MD simulation
study.™ Zobeiri et al. performed the frequency-resolved energy
transport technique to investigate the in-plane thermal
conductivity of different thicknesses of suspended MoSe,
samples. They observed that the thermal conductivity value
increased from 6.2 + 7.7 to 25.7 = 7.7 W m ™" K~ ' with varying
thicknesses from 5 to 80 nm." Zhang et al. chose the opto-
thermal Raman technique to determine the thermal transport
properties of mechanically exfoliated MoSe, and observed the
thermal conductivities of 59 + 18 and 42 = 13 W m™ ' K ' for
monolayer and bilayer MoSe,, respectively.'® Recently, Sun et al.
determined the thermal conductivity of polycrystalline MoSe, to
be around 28.48 W m~ ' K™, suspended on a gold substrate.'”
These studies on the thermal conductivity of MoSe, are pre-
dicted either theoretically or mechanically exfoliated MoSe,,
which are good for fundamental understanding but not for real
application in devices.

Morphological-dependent exciton dynamics and thermal
transport studies of CVD-grown MoSe, are still missing in the
literature. Here, we studied the morphological-dependent
exciton dynamics of CVD-grown snow-like and hexagonal
MosSe, film over SiO,/Si substrate at low temperatures using the
temperature-dependent photoluminescence studies, showing
contrasting exciton behaviour of two morphologies. We also
demonstrate the linear and non-linear thermal transport
behaviour along with thermal conductivity and interfacial
thermal conductance for snow-like and hexagonal MoSe, using
the optothermal Raman spectroscopy technique. To the best of
our knowledge, this is the first time, we are reporting the
morphological dependent exciton dynamics and thermal
transport properties of the CVD-grown MoSe, film.

Experimental and computational
details
Synthesis of the MoSe, film

The snow-like and hexagonal morphologies of MoSe, film over
the SiO,/Si substrate were grown using the CVD process. Sele-
nium (Se) and molybdenum trioxide (MoO;) powder were used
as precursors with SiO,/Si as a substrate in a two-zone furnace.
The substrate was initially cleaned with piranha solution,
washed with DI water and isopropanol (IPA), and then soni-
cated in acetone for 15 minutes. A quartz boat containing 15 mg
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of MoOj; was placed in a zone-1 with the SiO,/Si substrate on top
of the boat. In zone-2, the second quartz boat was placed with
150 mg of Se powder. A vacuum was produced and successive
purging of Ar gas with 10% H, was performed to remove the
residual oxygen from the reaction chamber. Zones 1 and 2 were
heated to temperatures of 750 °C and 300 °C, respectively, for
the synthesis of the MoSe, film. Over the course of a 15 minute
reaction time, the Ar/H, was set at 50 sccm. The system was
cooled down quickly after finishing the reaction process.

Characterization of the MoSe, film

The shape and lateral dimensions of the grown film were
initially observed using an optical microscope (Nikon Eclipse
LV150N). The thickness and surface topography of MoSe, were
determined using an atomic force microscope (AFM type NT-
MDT, Russia). A micro-Raman spectrometer (STR-300, Arix
Corporation) with a 532 nm excitation source was used to
conduct the Raman and PL measurements. The temperature
and power-dependent Raman measurements were performed
using 100 x and LWD 50x objective lenses and a grating of 2400
grooves per mm with a spectral resolution of 0.4 cm ™' and
a Linkam thermal stage (HFS600E).

Computational details

Theoretical calculations were performed for trilayer MoSe, by
density functional theory using QUANTUM ESPRESSO. The
exchange-correlation potential was depicted by Perdew-Burke-
Ernzerhof (PBE) within generalized gradient approximation
(GGA) formalism. The unit cell for MoSe, was modelled in the
form of supercells by applying a vacuum of 15 A to prevent
adjacent layer interaction beyond three layers along the z-direc-
tion. A kinetic energy cut-off for plane wave expansion and
charge density were 85 Ry and 510 Ry, respectively. Initially, the
structure was optimized up to minimum energy, until the total
energy attains the value order of 10~* Ry and then self-consistent
field calculations for band structure including spin-orbit
coupling among all atoms were performed. The van der Waals
interaction merges in our calculation by using the Grimme-D2
correction. The Fermi level was set at 0 eV for all calculations.

Results and discussion
Growth of the MoSe, film and morphological analysis

The schematic diagram of the thermal CVD process for the
growth of the MoSe, nanostructure film over the SiO,/Si
substrate is shown in Fig. S1a of the ESL.} As suggested in the
literature,® the CVD growth process of MoSe, follows below eqn
(1) and (2)-

MoO; + gSe—>MooH n gsw2 (1)
7 3
MoOs_, + ——"Se—MoSe, + T”Seo2 2)

The first reaction mainly occurs during the ramp-up
temperature and the second reaction occurs in a constant
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temperature range, which is called the epitaxial process. The
evolution of different morphologies in the CVD process
depends upon various parameters such as the vapor pressure of
precursors, reaction temperature, chemical potential, and
distance between the precursors and substrate. The atomic ratio
of Mo : Se controls the final morphologies of the MoSe, nano-
structure. As reported in the literature,"*° a large number of
nucleation sites as MoOj;_,Se, are formed initially on the
surface of the substrate, and thereafter the interfacial growth of
MoSe, nanostructure takes place and different morphologies
evolve depending upon Mo : Se ratio. When the stoichiometric
ratio of Mo and Se is 1: 2, then the hexagonal shape is formed.
Whereas, when the ratio of Mo: Se is greater than 1:2, the
initially truncated triangles with Mo-terminated edges are
formed and with rate limiting selenization snow-like structure
is formed, as shown schematically in Fig. S1b-d of the ESI.T We
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optical microscopy and atomic force microscopy (AFM) tech-
niques. The optical images of the grown snow-like and hexag-
onal MoSe, nanostructure films over the SiO,/Si substrate are
shown in Fig. 1a and d, respectively. Fig. 1a clearly indicates the
sharp edges formed in a snow-like structure, which are absent
in hexagonal-shaped MoSe,. AFM studies also confirmed the
same morphologies of the prepared MoSe, film (Fig. 1b and e)
and the height profile (Fig. 1c and f) study showed a thickness of
around 2.4 and 2.3 nm for snow-like and hexagonal
morphology, respectively. The thickness of the monolayer
MoSe, is around 0.7 nm based on crystallographic orientation,>
hence, the thickness of our film clearly indicates the formation
of trilayer (3L) snow-like and hexagonal MoSe, film. To examine
the phase of the prepared MoSe, film, we characterized it using
Raman spectroscopy. Fig. 1g shows the Lorentzian fitted Raman
spectra of snow-like and hexagonal 3L-MoSe,, indicating the

examined the morphology of the prepared MoSe, film using presence of A;; mode around 240.9 and 240 cm ™', respectively,
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(a and d) Optical images, (b and e) AFM images, and (c and f) corresponding height profiles of snow-like and hexagonal MoSe, grown over

SiO,/Si substrate; (g) room temperature Raman spectra (Lorentzian fitting of A;g mode); and (h) PL spectra for snow-like and hexagonal MoSe;.
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which represents out-of-plane plane vibrations of Se atoms in
MoSe,. The broad and low intense peak at higher wavenumbers
of 287.4 and 286.8 cm ™' is observed for snow-like and hexag-
onal, respectively, corresponding to the Ej, mode associated
with the in-plane vibrations of Mo and Se atoms.** The presence
of these peaks clearly indicates the formation of the 2H phase of
MoSe,. Interestingly, an additional peak at ~252.5 cm ™' was
observed in snow-like nanostructure, which is usually associ-
ated with some kind of lattice disorder and/or Se vacancies by
thermal annealing and hydrogen etching in the CVD process.*
Moreover, Raman mapping was performed to examine the
distribution of defects in snow-like and hexagonal MoSe,, as
shown in Fig. S2 of the ESLf It clearly shows the uniform
distribution of defects in snow-like MoSe, and the absence of
defects throughout the region in hexagonal MoSe,_ Further, the
semiconducting behaviour of the prepared film was examined
using the PL spectroscopy technique. The Gaussian fitted room
temperature PL spectra of the synthesized MoSe, film are
depicted in Fig. 1h, showing similar PL emissions for both
morphologies. The exciton transition at the K-valley of the
Brillouin zone of MoSe, is the origin of the prominent peak for
snow-like and hexagonal-shaped MoSe, at approximately 1.57
and 1.58 eV, respectively.”* The strong PL emission clearly
indicates the presence of direct bandgap in the prepared MoSe,
film, which can be suitable for optoelectronic applications.

Density functional study

Since the synthesized film of MoSe, consists of three layers, hence
we have performed the density functional theory (DFT)

Energy (eV)
o
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calculations to obtain the electronic band structure and theoret-
ically estimate the band gap of 3L-MoSe, at 0 K, which can be
confirmed experimentally by the temperature-dependent PL
study of the prepared MoSe, film. The lattice structure of MoSe,
contains one Mo atom sandwiched between two chalcogen atoms
as shown in Fig. 2a, representing the top and side view of MoSe,,
while Fig. 2b shows the unit cell of MoSe,. Successive layers are
stacked one by one in such a way that the Mo atom is lined up
with the Se atom of the next layer to generate a multilayer system
and these layers interact via weak van der Waals forces. We used
a 12 x 12 x 1 Monkhorst-Pack of K-points grids with path I'-M-
K-T of high symmetry points in the Brillouin zone for electronic
band structure calculations. Fig. 2c and d show the electronic
band structure and density of states, respectively, for 3L-MoSe,.
We observed the lowest indirect bandgap of ~0.98 eV for 3L-
MoSe,, which matches well with the literature.>>*® The spin-orbit
coupling effect shows a significant effect on the band structure
and structural symmetry of a particular system. The energy levels
at the K-point of the valence band and the A-point of the
conduction band are corresponding to d,-_,» and d,, orbitals of
Mo atoms where the effect of spin-orbit coupling is very signifi-
cant as compared to the energy levels corresponding to d.
orbitals at I'-point of the valence band and K-point of the
conduction band. Fig. 2d shows the density of states (DOS) versus
energy plot indicating the bandgap of 0.98 eV between the
conduction band and valence band, which are generated by the
hybridization of Mo-4d and Se-4p orbitals.

The spin-orbit coupling leads to the splitting of the valence
band at the K-point resulting in the formation of high energy
(Ey) and low energy (Ep) excitons. It was theoretically

(b)

KI

Energy (eV)

k-points

Fig. 2
3L-MoSe;.
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demonstrated in the literature for molybdenum-based TMDCs
that the energy separation between splitting energy levels at K-
point is always positive, resulting in the low energy excitons (Ey)
as bright and high energy excitons (Ey) as dark ones.*” Our
theoretically calculated electronic band structure for 3L-MoSe,
shows the energy separation between dark and bright exciton
around 0.184 eV due to the spin-orbit coupling. The interlayer
coupling breaks the degeneracy of the energy level at the K-
point. In 3L-MoSe,, the combination of interlayer and spin-
orbit couplings results in the splitting of valence and conduc-
tion bands at the K-point because of the absence of inversion
symmetry, as shown in Fig. S3 of ESL.}

Temperature-dependent PL study

To understand the thermal sensitive exciton behaviour of the
prepared semiconducting MoSe, film, we performed a temper-
ature-dependent PL study in the temperature range 93-300 K
for both morphologies (snow-like and hexagonal) of MoSe,.
Fig. 3a and d show the Gaussian-fitted PL spectra for snow-like
and hexagonal-shaped MoSe, films, respectively at different
temperatures. The room temperature PL spectra for both
morphologies indicate the existence of high energy excitons
(Ew), which are blue-shifted at lower temperatures. The inten-
sity of high-energy excitons increases at lower temperatures due
to reduced non-radiative transitions via electron-phonon and
phonon-phonon scatterings for both morphologies of MoSe,.
Interestingly, we observed an additional feature when the
surrounding temperature of MoSe, film reached down to 213 K,
aweak low-energy exciton peak (E;) appeared at lower energy for
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both morphologies. As per literature reports, the defect-bound
excitons are the origin of this low-energy exciton peak at low
temperatures.”® This low-energy exciton also follows the same
trend as a high-energy exciton, i.e., it is blue-shifted and its
intensity increases at lower temperatures, as observed in Fig. 3a
and d. The binding energy of the defect-bound excitons for the
prepared MoSe, film was found to be 31-33 meV, lower than the
high energy exciton at low temperatures, as suggested in the
literature.” Moreover, it was found that when the temperature
was lowered to 123 K, the proportional intensities of Ey; and Ey,
are in contrast for the snow-like and hexagonal MoSe, films. It
clearly showed that the defect-bound excitons (E;) are more
dominant in snow-like MoSe, compared to those in hexagonal
MoSe,, which can be attributed to the presence of additional Se
vacancies as defects in a snow-like MoSe, film. The presence of
defect has been confirmed by the Raman study, where we
observed an additional D peak (at 252.5 cm™ ') due to defects
besides the A;, peak for snow-like MoSe,. The temperature-
dependent PL study clearly suggests that emission
phenomena in MoSe, nanostructures can be tuned by changing
morphologies, which can be used for developing desired
atomically thin spintronic and valleytronic devices.

The electron undergoes the transition from an excited state
of the recombination centre to the ground state via direct or
indirect routes. At higher temperatures, radiative transitions are
gradually replaced by non-radiative ones comprising the same
defects, resulting in PL quenching as suggested by Mott-Seitz
model.**?** The temperature dependence of PL intensity of the
MoSe, film is shown in Fig. 3b and e and can be expressed as
follows-
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(a) £ Snowlike 11k (b) * Total PL intensity of E, exciton (C) = E, Exciton
\ ——— Fitting of total PL intensity % Varshni
10} 164 F \\ -O'Donnell and Chen
St
_ 309 N,
El - =
s %'0'5 i L>’}1 62} \\\
2 c a o
" Lo S N
c £ ° i !
8 L5 £
£ Fosf 5 .
- = o 1.60 |- N
\ 505t N
s \.\
2 ——————x—— ] 04} LN
:ﬁﬂL T 158 N
03 e
L L . L . . s N " " n . " L "
720 740 760 780 800 100 150 200 250 300 100 150 200 250 300
Wavelength (nm) Temperature (K) Temperature (K)
El Hexagonal 11F * Total PL intensity of E,; exciton = E, Exciton
L (d) ; (e) ~——— Mott-Seitz fitting of total PL intensity n\(f) Varshni
I 1.0} 1.64 | O'Donnell and Chen
I 3 Sosk
~ 93K " \ s 09 =
al 3 208} Tre2f
; | 123K ) \ g o
o P | 2orf 8 -
c 5 E e N\
g F 153K : 0.6k g 1.60 |
L ~ ® "
W—_—_/\:‘\\,_ S 05F
213K m L
243K ] 04 1.58 b A
) EE———caerlRRE S S E——— -
00K R — 034
1 1 1 1 1 - L . - = A - A - A
720 740 760 780 800 100 150 200 250 300 100 160 200 25 00

Temperature (K)

Fig. 3 Gaussian fitted PL spectra in the temperature range 93-300 K for (a) snow-like and (d) hexagonal MoSe;; variation of total PL intensity for
Ey, exciton with temperature (b) snow-like and (e) hexagonal MoSe,; and fitting of variation in bandgap with temperature for (c) snow-like and (f)

hexagonal MoSe; film.
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I(T) = ! (3)

1+ 4 exp<ka—"‘T)
B

where I(T) is the PL intensity at a given temperature 7, A is
known as a ratio of the nonradiative to radiative transitions
probability, E, is the activation energy for nonradiative recom-
bination and kg is the Boltzmann constant. The configuration
coordinate diagram is provided in Fig. S4 of the ESI,{ which
comprises thermally induced excitation of the defect to the level
at which adiabatic potentials of its ground and excited states
cross, followed by nonradiative transition leading to phonon
emission. The energy separation between the potential
minimum of the excited state and the cross-over point of the
excited and ground states provides the activation energy (E,).
The obtained values of A and E, for snow-like and hexagonal
MoSe, are summarized in Table 1. The lattice expansion along
with increased phonon-phonon and electron-phonon interac-
tions leads to the reduced intensity and red shifting of PL peaks
with increasing temperature. The red-shift of Ey excitons with
temperature for prepared snow-like and hexagonal MoSe, on
SiO,/Si substrate is shown in Fig. 3c and f, respectively. This
behaviour follows the Varshni and the O'Donnell and Chen
models.**** The modified Varshni equation can be expressed as
follows-

al?

Ey(T) = Ey(0) — T+8) (4)
where Ey(T) and E,(0) represent the energy of Ey exciton at
temperature 7 and 0 K, respectively. The « and § are Varshni
coefficients related to the temperature-dependent dilation of
lattice and electron-phonon interaction. The obtained values of
E,(0) and Varshni coefficients of high energy exciton for snow-
like and hexagonal MoSe, are given in Table 1.

We further fit the variation of bandgap using an additional
formula, known as the O'Donnell and Chen equation to obtain
the electron-phonon coupling constant (S) and the average
energy of the phonon (%w). This equation can be expressed as
follows-

Table1 Fitting parameters related to thermal response of high energy
excitons (Ey) for snow-like and hexagonal MoSe;

Snow-like Hexagonal
Parameter MoSe, MoSe,
Mott-Seitz equation
E, (meV) 69.64 77.98
A 22.86 38.91
Varshni's equation
E, (eV) 1.66 1.65
a (107" eVK™ 4.03 5.11
8 (K) 108.35 260.52
O'Donnell's equation
E, (eV) 1.65 1.64
S 2.24 2.38
(hw) (meV) 17.06 25.83

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The obtained values of E4(0), S, and Aw for snow-like and
hexagonal MoSe, are given in Table 1. Similar values of E,(0) for
both morphologies are obtained using eqn (4) and (5). The
higher values of coupling constant ‘S’ and average phonon
energy ‘(hw)’ for hexagonal MoSe, compared to snow-like MoSe,
show a greater extent of phonon interaction with Ey exciton in
hexagonal MoSe,. The enhanced phonon-exciton interaction
and lattice expansion with increasing temperature led to the
linear increase of full width at half maximum (FWHM) for Ey
exciton, as shown in Fig. S5 of the ESL{ In summary, the
temperature-dependent PL study of MoSe, clearly suggests that
the low energy excitons are predominant in snow-like MoSe,
due to the presence of defects and the electron-phonon
coupling is stronger in hexagonal MoSe,. This study also indi-
cates the tunability of bandgap in MoSe, with morphology and
external physical stimuli-like temperature.

Thermal transport behaviour of MoSe, nanostructures

To evaluate the thermal conductivity and interfacial thermal
conductance of snow-like and hexagonal MoSe, thin film on
a SiO,/Si substrate, we performed the optothermal Raman
technique, which includes temperature and laser power-
dependent Raman studies.”? In a temperature-dependent
Raman study, the Raman shift is utilized to inspect the elec-
tron-phonon and phonon-phonon interactions. The
temperature-dependent Raman study was performed using the
LWD 50x objective lens in the temperature range 93-300 K. The
temperature-dependent Raman spectra for snow-like and
hexagonal MoSe, films over the SiO,/Si substrate at different
temperatures are shown in Fig. 4a and c, respectively. The
remaining Lorentzian-fitted Raman spectra at other tempera-
tures are provided in Fig. S6 of the ESI.f The corresponding
variations in the peak position of A;; modes for both
morphologies of the MoSe, film with temperature are shown in
Fig. 4b and d. Their linear and non-linear responses are
analyzed using the following eqn (6) and (7). The linear
dependence can be expressed as follows-

o(T) = wo + 7T (6)

where »(T) and w, are the frequencies of the Raman mode at
any temperature (7) and at 0 K, respectively, while slope xris the
first-order thermal coefficient. The corresponding xr values for
snow-like and hexagonal MoSe, are found to be —(0.0096 +
0.0004) and —(0.0115 4 0.0002) cm™ " K, respectively. The
thermal response of A;, mode for snow-like MoSe, is found
non-linear, while for hexagonal MoSe, it is found to be more
linear in nature.

The non-linear thermal response of snow-like MoSe, obeys
the following second-order polynomial function, consisting of
first- and second-order thermal coefficients (x4, x2)-**

(1) = wo + x:T + x2T° )

Nanoscale Adv., 2023, 5, 2756-2766 | 2761
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Fig.4 Temperature-dependent Raman spectra of (a) snow-like and (c) hexagonal MoSe;; Raman shifts with temperature in (b) snow-like and (d)

hexagonal MoSe; using LWD 50x objective lens.

The polynomial fit is found better for snow-like MoSe, sug-
gesting that the anharmonic effect of phonon-phonon coupling
is the main cause of the nonlinear thermal response of Raman
mode in snow-like MoSe,. The nonlinear thermal response of
MoSe, can be quantitatively evaluated using a semi-quantitative
model by taking two effects into account. The first effect is the
pure volume effect arising from the lattice thermal expansion
and the second effect is the pure temperature effect resulting
from three- and four-phonon scattering processes in phonon-
phonon interaction. This semi-quantitative model can be
expressed as follows-3>3¢

(T) = wy + Awa + Awg (8)
where Awg and Aw, denote the Raman shifts arising from pure
volume and pure temperature effects, respectively. The effect of
volume expansion on Raman shift can be explained by the
following Gruneisen constant model.*>?*

T

)

Awg (T) = wy exp( fnyJ
0

oszT> — Wy

where n is the degeneracy, and its value in the A;, mode for
MoSe, is 1. The thermal expansion coefficient of the materials is

2762 | Nanoscale Adv., 2023, 5, 2756-2766

denoted by at, while v is the Gruneisen parameter. The integral
shows the decrease in vibration frequency with volume expan-
sion. The value of w, is found by linear fitting. Additionally, the
product yar of the MoSe, nanostructure is given in the form of
the following polynomial expression.®**¢

yor =a+ bT + cT? (10)
where a, b, and c are the fitting constants. The anharmonic
impact of three- and four-phonon scattering processes is the
primary cause of the pure temperature effect comprising
different light-matter interactions such as photon absorption,
emission, and scattering. The semiquantitative model, devel-
oped by Klemens, expresses the pure temperature effect as
follows-*"

hw
24T YT SkT
is the temperature (in kelvin), while coefficients 4 and B denote
the separate contributions of the three- and four-phonon
processes, respectively.

where, x = kg is the Boltzmann constant, T

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The nonlinear temperature dependency of Raman shifts is
then fitted using eqn (8)—-(11) as was done in our recent study on
MoS,.** The contributions from the processes of thermal
expansion, three-phonon, and four-phonon scatterings for both
the morphologies of MoSe, are shown in Fig. 5. The 4 and B fit
parameters can be extracted by nonlinear temperature
response. The retrieved fitting parameters are A = 0.38357, B =
—0.0405 for snow-like MoSe, and A = —0.66297, B = 0.00289 for
the hexagonal MoSe, film. Here, ¥ = 0.2 as the Gruneisen
parameter and thermal expansion coefficient ar = 10.5 x 107>
K ! are taken for A, mode of MoSe, from literature.**** In
Fig. 5, the observed experimental data are displayed along with
the predicted temperature-dependent phonon profiles, ie.,
contributions of thermal expansion, three- and four-phonon
scattering processes for the A;; mode of snow-like (Fig. 5a),
and hexagonal (Fig. 5b) MoSe, film. The non-linear temperature
dependence of the Raman shift for snow-like MoSe, can be
explained by the four-phonon process at low temperatures, with
thermal expansion mostly acting as a weak linear temperature-
dependent component. This study clearly suggests that the
anharmonic effect arising from the four-phonon process is the
primary cause of the non-linear temperature dependency in
snow-like MoSe,, while the three-phonon process is mainly
responsible for the non-linear temperature response of hexag-
onal MoSe,. The CVD-grown MoSe, film showed a higher degree
of non-linearity in the Raman shift due to the presence of
defects and chemically active sites. The probability of higher-
order phonon scattering is increased as the defect increases.
The four-phonon process is dominant in snow-like MoSe, due
to the additional presence of defects associated with Se vacancy.
In summary, the shift in the Raman modes with temperature for
both morphologies of 3L-MoSe,, film over the SiO,/Si substrate
can be attributed to the thermal expansion of the crystal and the
resulting anharmonicity of phonon modes. The shifts in
phonon energies occur due to the lattice contraction or expan-
sion with temperature variation resulting in the change of
atomic mean positions and interatomic forces. Consequently,
phonon shift with temperature can be utilized to observe local
temperature evolution in the synthesized semiconducting

© 2023 The Author(s). Published by the Royal Society of Chemistry

MosSe, film by measuring the change in A;; Raman mode. The
linear increase of FWHM for the A;, mode with increasing
temperature is shown in Fig. S6 of the ESI,{ suggesting the
softening of the mode in both morphologies of MoSe,. Hence,
our study suggests that phonon confinement in the MoSe, film
is extremely sensitive to thermal energy, signifying its better
thermal transport behaviour, which can play a vital role in
MoSe,-based devices.

Power-dependent Raman study

In order to calculate the thermal conductivity of SiO,/Si
substrate-supported snow-like and hexagonal 3L-MoSe,, we
studied their phonon confinement behaviour in response to
a local rise in temperature by laser heating with different laser
powers. Raman spectra collected at different laser powers using
the LWD 50 x objective lens are shown in Fig. 6a and c for snow-
like and hexagonal MoSe,, respectively, and the linear response
of their corresponding Raman shifts with laser powers are
shown in Fig. 6b and d, respectively. An enhancement in the
intensity of the A;; mode due to increasing incident light
intensity and red shift was observed with increasing laser power
due to the softening of bonds via local temperature rise in
MoSe,. Raman spectra at different laser power using a 100x
objective lens are shown in Fig. S7 of the ESLt{ The linear
Raman shift in power-dependent Raman spectra can be
described as follows-

W(P) = o + 1P (12)

where P is incident laser power at the sample and the slope
dw

Xp = 5P
values are found to be —(0.4797 + 0.0150) and —(0.8307 =+
0.0801) cm™" mW ' for snow-like and hexagonal MoSe,,
respectively, using LWD 50x lens and in the case of 100x lens
xp values are —(0.4919 =+ 0.0234) and —(1.2236 + 0.1367) cm™*
mW ' for snow-like and hexagonal MoSe,, respectively. In
addition to the Raman shift with laser power, we also noticed
the linear increase in FWHM with laser heating, as shown in

is a first-order power-dependent coefficient. The xp

Nanoscale Adv, 2023, 5, 2756-2766 | 2763
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Fig. 6 Lorentzian fitted power-dependent Raman spectra for (a) snow-like and (c) hexagonal MoSe, and (b and d) their corresponding Raman

shifts with incident laser power, using the LWD 50 x objective lens.

Fig. S8 of the ESI.t The increase in FWHM and observed red
shift in the A, mode with increasing laser power can be directly
ascribed to the lattice expansion and softening of bonds.

We have extracted the interfacial thermal conductance per
unit area (g) and thermal conductivity (ks) of the synthesized
MoSe, film over the SiO,/Si substrate using the strategy from
our earlier report on thermal conductivity of MoS,.** Thermal
conduction through MoSe, film over the SiO,/Si substrate can
be described by following heat diffusion eqn (13) in the form of
cylindrical coordinate.****

1 d/ dT(r) g 0
?5<r dr)_txks(T(r)_ k,

Tamb) =7 (13)
where 7T(r) is the radial temperature distribution, Ty, is the
global ambient temperature and r is the distance measured from
centre of the laser beam. Here, ¢ is the thickness of synthesized
MosSe, film, k; is the in-plane thermal conductivity of the SiO,/Si
supported MoSe, film, g is the total interfacial thermal conduc-
tance per unit area between the film and the substrate, and Q is
the volumetric optical heating power density. This equation has
been solved using our developed MATLAB simulation, as
described in our earlier reports.>**® The solution provides an
expression for R, depending on the ratio of g and k,, while two
Ry, values are obtained by different laser spot sizes using two

2764 | Nanoscale Adv., 2023, 5, 2756-2766

distinct objective lenses 100x and LWD 50x to obtain the final
value of g and k,. We calculated the radius of the laser beam spot
size for 100x and LWD 50x objective lenses to be around 0.19
and 0.28 um, respectively, a detailed calculation is provided in
Section S8 of the ESI.f Experimentally the value of thermal
resistance (R,,) of the synthesized MoSe, film can be calculated
via the following relation-

Xr
QX1

Ry = (14)
where, the absorption coefficient o, ~ 0.161 for trilayer MoSe,,
details calculation is provided in the Section S9 of the ESIL.{ For
the snow-like MoSe, film, we found the experimental value of
Ry, = 3.8521 x 10° and 3.2886 x 10° KW' for the spot size 0.19
pm (objective lens 100x) and 0.28 pm (objective lens LWD 50 ),
respectively and for the hexagonal MoSe, film, the experimental
value of R, = 6.6086 x 10> and 4.4871 x 10°> KW' for the spot
size 0.19 and 0.28 um, respectively. We determined the value of
g~6.0788 +1.3707MWm >K "and ks~ 36 =6 Wm™ 'K ' for
snow-like MoSe, and g ~ 3.2278 + 0.58565 MW m > K" and
~ 41 £ 7 W m " K" for hexagonal MoSe,, by solving the
MATLAB simulation. The decrease in phonon group velocity
induced by defects, as well as phonon localization at atomic-
scale lattice defects results in lower thermal conductivity of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Thermal conductivity of 2D materials by the optothermal Raman method

2D materials Raman mode kk(Wm 'K Reference
200 nm-graphene (supported SiO,/Si) G 370 + 650/—320 41
4 nm-PtS, (suspended) Eg 85.6 £ 7.70 43
4.5 nm-PtSe, (suspended) E, 40.4 + 4.67 43
5 to 15L-SnSe, (suspended) Aig 1.80-2.90 44
2L-MoS, (supported SiO,/Si) A 42 + 8 33
2L-MoS, (supported Au-SiO,/Si) A 35+ 7 16
2L-MoSe, (supported Au-SiO,/Si) A 17 + 4 16
Snow-like 3L-MoSe, (supported SiO,/Si) Asg 36 £ 6 This work
Hexagonal 3L-MoSe, (supported SiO,/Si) A 41+7 This work

snow-like MoSe, compared to the hexagonal MoSe,. Addition-
ally, the contribution of low-frequency phonons declines with
increasing defects as a result of enhanced coupling between
low-frequency and high-frequency phonons. The interfacial
thermal conductance of the snow-like MoSe, film is found
higher due to the presence of additional Se vacancy defects.
Table 2 summarizes the comparison of our findings on the
optothermal Raman measurements for thermal conductivity of
3L-MoSe, with other reports on different 2D materials. It clearly
shows that our prepared 3L-MoSe, on SiO,/Si substrate shows
significant thermal conductivity for both morphologies making
them suitable for thermal transport in optoelectronic devices.
The semiconducting response of such optoelectronic devices
can be tuned by using different morphology of MoSe, and/or
applying different temperatures.

Conclusions

In conclusion, we synthesized two different morphologies
(snow-like and hexagonal) of 3L-MoSe, over SiO,/Si substrate
via the CVD technique. We reported for the first time morpho-
logical dependent phonon confinement behaviour of MoSe, at
low temperatures, revealing that the defect-bound excitons (Ey)
are more dominant in snow-like MoSe, compared to hexagonal
MoSe, due to the presence of additional defects in snow-like
MoSe, film. We also demonstrated morphological-dependent
thermal transport properties of MoSe, for the first time to the
best of our knowledge. We observed that four phonon scattering
process is dominant in snow-like MoSe, for thermal transport
in comparison to three phonon process in hexagonal MoSe,. We
also observed the thermal conductivity (k) ~36 26 Wm ' K"
and interfacial thermal conductance (g) ~ 6.0788 + 1.3707 MW
m 2 K * for snow-like MoSe, film and ks ~ 41 £+ 7Wm ' K*
and g ~ 3.2278 + 0.5856 MW m > K for hexagonal MoSe, film.
The higher-order phonon scattering in snow-like MoSe, results
in lower thermal conductivity and higher interfacial thermal
conductance compared to hexagonal MoSe,. Our study paves
the way for developing MoSe, based externally modulated
optoelectronic device by tuning its morphology.
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