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1. Introduction

Anisotropic in-plane thermal transport in
monolayer ReSe, and its modulation through layer
control and selenium vacancies: experiment vs.
theory
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Understanding phonon transport and thermal anisotropy in two-dimensional (2D) materials is essential
for their integration into electronic and thermal nanoscale devices. In this work, we achieved the growth
of large-area, contamination-free monolayer rhenium diselenide (ReSe;) via chemical vapor deposition,
confirmed by atomic force microscopy and HAADF-STEM imaging. To probe its anisotropic thermal pro-
perties, we employed non-contact low-temperature Raman spectroscopy with unpolarized laser exci-
tation to measure its thermal conductivity (k). We report an exceptionally low value of in-plane thermal
conductivity k ~ 25.2 Wm™ K2 for the pristine monolayer, the lowest among the TMDs. Critically, we
found that the introduction of more selenium vacancies further decreases the thermal conductivity to x ~
20.7 Wm™ KL, Polarization-dependent Raman analysis reveals a layer-dependent change in the an-
isotropy ratio, with the ratio decreasing from 6.23 (pristine monolayer) to 4.42 (monolayer with vacancies)
and further to 3.82 (trilayer), highlighting the distinct effects of both interlayer interactions and point
defects on phonon transport. The decrease of k with increasing thickness suggests enhanced phonon
scattering from structural distortions and weak van der Waals coupling. These findings provide critical
insights into how both layer thickness and intrinsic defects such as Se vacancies can be used to modulate
anisotropic transport in low-symmetry 2D materials. In addition, we employed density functional theory
and Boltzmann transport theory to elucidate the lattice phonon dynamics and thermal transport behav-
iour of monolayer ReSe,. The computed lattice thermal conductivity (k) exhibits excellent agreement («*
~ 215 Wm™ Kt and K ~ 238 Wm™ K1) with the experimental data, thereby providing strong validation
for our experimental approach. This work establishes ReSe, as a strong candidate for thermoelectric and
nanoelectronic applications where tunable thermal properties are paramount.

thermal properties,” has inspired researchers to explore
alternative 2D materials that offer tunable properties for

The discovery of two-dimensional (2D) materials has revolutio-
nized materials science, opening doors to groundbreaking
applications in optoelectronics,” thermoelectrics,> molecular
sensors,” biosensors® and energy devices.” The remarkable
success of graphene, with its unparalleled electronic and
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diverse applications. While graphene exhibits exceptional
thermal conductivity (~4000 Wm™ K™*)® and high structural
stability, its lack of a bandgap and isotropic nature limit its
application in semiconductor devices, anisotropic opto-
electronics, electronic packaging, and thermal management.
This challenge has driven the search for novel 2D materials
with tailored thermal’ and optoelectronic properties,® such as
hexagonal boron nitride (h-BN), black phosphorus (BP), group
VI transition metal dichalcogenides (TMDs), and less-explored
group VII chalcogenides.

Unlike graphene and widely studied group VI TMDs, such
as MoS, and WS,, which exhibit in-plane isotropic behavior
due to their symmetric lattice structure, certain emerging 2D
materials, such as BP and group VII TMDs, exhibit intrinsic in-
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plane anisotropy.® This anisotropy, originating from their low-
symmetry crystal structures, is highly desirable for various
advanced applications. Among van der Waals (vdW) aniso-
tropic 2D materials, group VII chalcogenides, particularly
rhenium dichalcogenides (ReX,), have garnered significant
attention due to their strong structural anisotropy and excep-
tional optoelectronic properties. ReX, crystallizes in a layered
structure, with each monolayer consisting of covalently
bonded metal and chalcogen atoms arranged in an X-Re-X
configuration (where X represents S or Se). However, unlike
MoS, and WS,, which exhibit high in-plane symmetry with a
hexagonal structure, ReSe, adopts a distorted 17T octahedral
configuration with triclinic symmetry (space group: P1)."° This
unique structural distortion gives rise to inherent in-plane an-
isotropy in its electronic, optical, and mechanical properties,
making it highly promising for polarization-sensitive
optoelectronics,"*™® optical communication systems,'*"
photonic circuits, strain sensors,'® and direction-depen-
dent electronic devices. Additionally, ReSe, exhibits significant
linear dichroism,'* further enhancing its potential in optical
and photonic technologies. Along with its anisotropic charac-
teristics, ReSe, possesses excellent air stability,"” high electron
and hole mobilities,"® ambipolar transport behavior,>**" and
mechanical flexibility,>* extending its applications to mole-
cular  sensing,”®  photocatalysis,>»*>  ion  storage,’®
bioimaging,>”*® rechargeable batteries,>® FETs,"®*° and flex-
ible electronics.'®?' Furthermore, its strong saturable absorp-
tion'* and polarization-dependent emission'' make it an
attractive candidate for photonic and optoelectronic appli-
cations, including polarization-dependent photodetection and
tunable light absorption technologies.

Beyond optoelectronic applications, the anisotropic pro-
perties of ReSe, also make it a promising material for thermo-
electric energy harvesting. The ability to directly convert heat
into electricity via the Seebeck effect makes 2D materials
attractive for flexible and wearable thermoelectric devices. The
energy conversion efficiency of such devices is characterized by
the dimensionless figure-of-merit, ZT = S*6T/k, where S is the
Seebeck coefficient, o is the electrical conductivity, T is the
temperature, and « is the thermal conductivity. Since thermal
conductivity plays a key role in optimizing ZT, the tunability of
k in ReSe, offers a pathway for enhancing thermoelectric per-
formance.?” Given its strong in-plane anisotropy and moderate
electrical conductivity, ReSe, has the potential to serve as an
efficient thermoelectric material, bridging the gap between
high-performance electronic materials and energy-efficient
heat-to-electricity conversion. However, despite the extensive
studies on graphene and MoS,, the anisotropic thermal trans-
port properties of ReSe, and how they can be controlled
remain largely unexplored.

Fabricating high-quality ReSe, is a significant challenge
due to the vast difference in melting points between rhenium
(~3180 °C) and selenium (~155 °C). While methods like
mechanical exfoliation produce pristine flakes, they are not
scalable. Other techniques like liquid-phase exfoliation and
solvothermal synthesis sacrifice crystal quality or struggle with
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precursor control. Chemical vapor deposition (CVD), however,
offers a promising solution. It enables large-area, uniform
growth with precise control over thickness, morphology, and
crystal quality by carefully adjusting the growth parameters
like temperature and gas flow. This makes CVD an ideal, scal-
able method for fabricating 2D ReSe, for optoelectronic and
energy applications. However, while CVD has achieved signifi-
cant success in growing 2D TMDs like MoS,** and WS,,*
extending this level of control to anisotropic materials like
ReSe, on Si0,/Si remains a challenge. Large-area synthesis is
essential for developing flexible, thermally sensitive opto-
electronic devices and ensuring compatibility with industrial-
scale applications.

To fully understand and optimize ReSe, for these appli-
cations, Raman spectroscopy is an indispensable tool.
Polarization-resolved Raman studies have been used to probe
the anisotropic vibrational modes of ReSe,, revealing unique
phonon behavior linked to its triclinic symmetry.>® A signifi-
cant gap remains in understanding how this in-plane an-
isotropy is affected by layer stacking and the presence of sel-
enium vacancies. Furthermore, while temperature-dependent
Raman spectroscopy is a well-established method for gaining
insights into phonon-phonon interactions and thermal con-
ductivity, there have been no attempts to apply this to CVD-
grown ReSe, to systematically quantify its layer- and defect-
dependent thermal properties. This study fills this gap by uti-
lizing comprehensive Raman measurements—including
power-, polarization-, and temperature-dependent analysis—to
directly quantify the effects of both layer thickness and sel-
enium vacancies on the anisotropic thermal transport of
ReSe,. Furthermore, using first-principles calculations com-
bined with the phonon Boltzmann transport formalism, we
investigated the lattice phonon dynamics and thermal trans-
port mechanisms in monolayer ReSe,. To replicate the actual
experimental conditions, boundary scattering was incorpor-
ated into the simulations, yielding more accurate results.

In this work, we report the large-area synthesis of mono-
layer and trilayer ReSe, via CVD, ensuring excellent structural
and chemical uniformity. The core of our investigation lies in
a comprehensive Raman spectroscopic analysis, which
includes polarization, power, and temperature-dependent
measurements, to understand how the 2D ReSe, thermal pro-
perties can be modulated. We systematically analyzed the an-
isotropic vibrational modes and thermal conductivity, particu-
larly focusing on the effects of both layer thickness and temp-
erature annealing, which generates Se vacancies. Using a sim-
plified radial heat dissipation model, we quantified the
thermal conductivity and anisotropy. To our knowledge, this is
the first study to estimate the layer- and defect-dependent in-
plane thermal conductivity of CVD-grown ReSe, using laser
excitation, establishing a critical foundation for its use in an-
isotropic optoelectronics and thermoelectrics. Theoretically
predicted thermal conductivity values show excellent agree-
ment with the experimental measurements. We provide a
detailed analysis of both harmonic and anharmonic contri-
butions to phonon transport in monolayer ReSe,.
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2. Experimental details
2.1. Materials

Rhenium(vi) oxide (ReOj, 99.9%) was purchased from Alfa
Aesar Company. Selenium powder (Se, 99.9%) and NaCl
(99.9%) were purchased from Sigma-Aldrich. All chemicals
were used without any further purification or alteration.

2.2. CVD growth of 2D ReSe,

We synthesized pristine monolayer ReSe, (1L-ReSe,) films and
few-layer ReSe, (3L-ReSe,) flakes on SiO,/Si, along with Se-
vacancy-rich monolayer ReSe, (named 1L-AReSe,), using a two-
zone thermal CVD system. For pristine growth, the substrates
were strategically placed upside down above the ReO; precursor
in the high-temperature zone 2, while the Se powder was kept in
a separate, cooler zone 1. High-purity argon (95%) with 5%
hydrogen acted as the carrier gas. As shown in Fig. S1 (SI), the
process involved a pre-heating phase at 150 °C under 300 sccm
Ar to remove moisture and other contaminants, followed by
heating to the target growth temperature for 12 minutes—at
650 °C for monolayer synthesis and at 700 °C for few-layer syn-
thesis—before natural cooling. To create a Se-vacancy-rich
monolayer (1L-AReSe,) for modulating the ReSe, anisotropic
properties, we performed a post-growth annealing step. This
controlled fabrication approach allowed us to produce high-
quality ReSe, with varying layer thicknesses and defect concen-
trations, which is essential for our subsequent characterization.

2.3. Sample-transfer method

Efficient and reliable transfer techniques are essential for
studying 2D materials on alternative platforms. In this study,
we employed a simple yet effective stepwise method to transfer
CVD-grown ReSe, layers from a SiO,/Si substrate onto a
Quantifoil holey carbon Cu grid for HAADF-STEM characteriz-
ation. A PMMA solution was first drop-cast onto the ReSe,
layer and spin-coated at 1500 rpm for 60 seconds to ensure
uniform coverage, followed by baking at 50 °C to solidify the
PMMA film. The sample was then immersed in a KOH solution
for 3 hours, enabling the detachment of the ReSe, layer from
the SiO,/Si substrate. The released film was transferred to dis-
tilled water to prevent damage and facilitate handling before
being carefully placed onto the grid. Finally, the PMMA layer
was removed using an extended 24 hour immersion in hot
acetone, followed by overnight hot ethanol treatment ensuring
minimal residue and enabling atomicresolution STEM
imaging. This extended PMMA removal step is critical for
obtaining high-quality, contamination-free atomic-resolution
STEM data. The same transfer method was successfully applied
to prepare suspended ReSe, samples on a 300 mesh Cu grid
(without carbon coating) for the excitation power-dependent
Raman study, demonstrating its versatility. A schematic illus-
tration of the transfer process is provided in Fig. S2 (SI).

2.4. Characterization techniques

The CVD-grown 2D ReSe, samples were thoroughly analyzed in
this study using various characterization tools. An optical
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microscope attached within a micro-Raman measurement
system (LabRam HR800, Horiba) was used for morphological
characterization of the as-grown ReSe,. Raman spectroscopy
was performed using a LabRam HR800 (Horiba Scientific)
system with excitation wavelengths of 514 nm (Ar ion laser)
and 633 nm (He-Ne laser). The spectra were collected in a
backscattering geometry through a multimode fiber grating
(1800 grooves per mm) with a charge-coupled device (CCD)
detector. A 100x objective lens provided a spot size of approxi-
mately 1 pm, and the laser power was set to 0.5 mW (514 nm)
and 1 mW (633 nm). The thickness of ReSe, was estimated
using a non-contact scanning-mode atomic force microscope
(AFM) (Cypher, Oxford Instruments) operating in tapping
mode, ensuring minimal surface interaction while providing
high-resolution topographic data. X-ray Photoelectron
Spectroscopy (XPS) was carried out using a PHI 5000
VersaProbe III (Physical Electronics, USA) with a monochro-
matic K-Alpha X-ray source (1486.7 €V) to analyze the chemical
composition and oxidation states of ReSe,. Auger electron
spectroscopy and elemental mapping were performed using a
Jeol JAMP-9510F Auger microprobe equipped with a hemi-
spherical electron analyzer operating in constant retardation
ratio mode with an energy resolution of AE/E = 0.6% with a 10
keV and 10 nA excitation beam. Both incident and emission
angles were set to 30°. The atomic structure and crystallinity of
ReSe, were analyzed by HAADF-STEM imaging using a JEOL
JEM-ARM200cF aberration-corrected transmission electron
microscope operating at 80 kV and equipped with a 100 mm?
JED-2300 silicon drift detector (JEOL, Japan) for EDS spec-
troscopy. For STEM imaging, the probe convergence semi-
angle was 22 mrad and the beam current was 10.5 pA. HAADF
images were obtained using a HAADF detector having inner
and outer semi-angles of 68 and 280 mrad, respectively. The
samples were transferred onto a Quantifoil holey carbon R2/2
Cu grid (300 mesh) for improved imaging contrast.
HAADF-STEM imaging provided insight into the interplanar
spacing, structural uniformity, and crystallinity of the as-grown
ReSe,. Low-temperature Raman measurements were con-
ducted using a temperature-controlled stage with a 50x objec-
tive lens, with liquid nitrogen used as the coolant. Power-
dependent Raman spectra were recorded using a 100x objec-
tive (NA = 0.9) at varying laser power levels with a 514 nm exci-
tation source. The exact laser power at the sample surface was
measured using a commercial power meter (Horiba). The low-
temperature and power-dependent measurements were per-
formed on a Linkam stage, without a vacuum.

2.5. Computational details

The first-principles calculations in this work were performed
within the framework of density functional theory (DFT)***” as
implemented in the Vienna Ab initio Simulation Package
(VASP).*® The electron-ion interactions were treated using the
projector augmented-wave (PAW) method,*® and the exchange-
correlation energy was described within the Perdew-Burke-
Ernzerhof (PBE) generalized gradient approximation (GGA).*
A plane-wave energy cutoff of 450 eV was employed. For struc-
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tural optimization, convergence thresholds of 10~ eV for the
total energy and 10~ ev A" for the Hellmann-Feynman
forces were used. The Brillouin zone was sampled using the
Monkhorst-Pack scheme*' with a 16 x 16 x 1 k-point grid. A
vacuum spacing of 20 A along the z-direction was applied to
avoid interaction between periodic images.

The second-order (harmonic) interatomic force constants
(IFCs) and phonon dispersions were obtained using the finite-
displacement method in the Phonopy package** with a 4 x 4 x
1 supercell and a 2 x 2 x 1 k-mesh. The lattice thermal conduc-
tivity (x;) was calculated by solving the phonon Boltzmann
transport equation (BTE) iteratively using the ShengBTE
code:*

1
aff
A kBTZVNZ: Cwiie @)

where V is the unit cell volume, N is the number of g points
sampled in the Brillouin zone, C; and v§ are the mode-specific
heat and group velocity of phonon branch 4 along direction a,
and 7, is the phonon lifetime. The total lifetime is given by:
1 1 1 1

i _— 2
T Tﬁ“h 7° TE 2)

where 72" arises from intrinsic three-phonon anharmonic pro-
cesses, 75 accounts for elastic phonon scattering due to isoto-
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pic mass disorder, and 7} represents diffuse scattering at
sample boundaries.

The third-order (anharmonic) IFCs were computed using
thirdorder.py.**** For calculations, we have considered a 4 x 4
x 1 supercell and interactions up to the 12th nearest neighbor
with a cutoff radius of 4.5 A. A 2 x 2 x 1 k-mesh was considered
for Brillouin zone sampling. The harmonic and anharmonic
IFCs were then used in ShengBTE to solve the BTE on a 25 x
25 x 1 g-grid. For 2D compounds, the calculated x; was normal-
ized by the factor c¢/z, where c is the unit cell height (including
vacuum) and z is the physical layer thickness.

3. Results and discussion

3.1. Controlled CVD-growth of 1L-ReSe,, 3L-ReSe, and
1L-AReSe,

The successful CVD growth of high-quality ReSe, films depends
on the precise control of key parameters, including growth
temperature, carrier gas composition, precursors, and substrate
positioning. Our process was performed in a double-zone tube
furnace using freshly cleaned SiO,/Si as the growth substrate,
with an Ar/H, mixture as the carrier gas, as illustrated schemati-
cally in Fig. 1(a). The growth mechanism involved the decompo-
sition of ReO; into gaseous Re,O; and less volatile ReO,*

1L-ReSe,
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Fig. 1 (a) Schematic illustration of the thermal CVD setup used for synthesizing 2D ReSe,. (b) Raman spectra of 1L-ReSe,, 1L-AReSe,, and 3L-ReSe;
under 514 nm excitation showing the Raman shift with layer thickness and defect integration. (c and d) The deconvoluted Raman spectra of

1L-ReSe, and 3L-ReSe, under 633 nm excitation showing mode separation of 12 cm™ and 8 cm™

! respectively, between vibrational modes | and Ill,

highlighting the layer-dependent phonon interaction. (e and f) AFM height profile analyses of 1L-ReSe, and 3L-ReSe,, with thicknesses of ~0.7 nm

and ~2.2 nm, respectively.
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around 400 °C, which then reacted with selenium vapor in the
presence of H, to form ReSe, nucleation sites:*

Re,0,(g) + ReO,(g) + Se(g) + H, — ReSe,(s) + H,O + H,Se.

The substrate temperature is a critical factor in controlling
the morphology and quality of the ReSe, flakes. We achieved a
monolayer ReSe, film at an optimized substrate temperature of
650 °C with a growth duration of 12 minutes and a pressure of
10 mbar. Deviations from this temperature were found to sig-
nificantly alter the growth outcome. As shown in Fig. S3 (SI), a
lower temperature of 600 °C resulted in insufficient nucleation
energy, leading to the formation of smaller nanoparticles.
Conversely, a higher temperature of 700 °C led to thicker, few-
layer flakes due to increased reaction rates and a higher
material supply. Precise control over temperature, pressure,
and gas flow was essential for achieving a uniform, high-
quality monolayer film, as any deviation could lead to either
incomplete growth or excessive material deposition. To modu-
late the thermal properties of the material, we intentionally
introduced selenium vacancies. This was achieved by a slow
ramp heating of the pristine monolayer sample in the same
CVD furnace. The sample was annealed at 400 °C for
20 minutes under a continuous 10 sccm Ar flow, which created
a significant concentration of Se vacancies.

3.2. Structural and morphological analysis of 2D ReSe,

Large-area 2D ReSe, films were successfully grown on SiO,/Si
substrates using a CVD system, as schematically illustrated in
Fig. 1(a). The as-grown ReSe, exhibited full coverage growth on
the substrate, demonstrating the scalability and high-quality
growth crucial for large-area applications. The successful syn-
thesis of 1L-ReSe,, 3L-ReSe, and 1L-AReSe, was confirmed by
Raman spectroscopy with characteristic Eg-like and A,-like
vibrational modes observed under 514 nm laser excitation,*”*8
as shown in Fig. 1(b). The full Raman spectrum, displaying all
18 deconvoluted phonon modes characteristic of 2D ReSe;,,*
is presented in Fig. S4 and further detailed in Table S1, along
with their mode number.

Unlike 2D MoS,, where Raman peaks can be distinctly
assigned to pure E, and A, modes, 1L-ReSe, exhibits a more
complex vibrational structure due to its lower triclinic sym-
metry 17 distorted crystal structure. As a result, phonon modes
are classified as Eg-like or Aglike based on their dominant
vibrational characteristics. The Raman peak at 124.7 cm™" is
identified as an Eg-like mode, primarily exhibiting in-plane
vibrations, while the peaks at 161.5 cm ™" and 175.4 cm™'
correspond to Ag-like modes, characterized by their predomi-
nant out-of-plane vibrational components®® (Fig. S4(a)). As
shown in Fig. 1(c), under 633 nm laser excitation, the separ-
ation between modes I and III remains approximately
12 em™%,*° a characteristic feature of 1L-ReSe,, indirectly con-
firming the monolayer growth. In contrast, these respective
modes of separation reduce to 8 cm™" for 3L-ReSe,,*® as shown
in Fig. 1(d), showing layer-dependent phonon dynamics. AFM
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height profile analysis further validates the monolayer nature
of ReSe,, as shown in Fig. 1(e), with a measured thickness of
~0.7 nm,*® which is consistent with previously reported values
for monolayer ReSe,. Fig. 1(f) depicts a sample thickness of
approximately 2.2 nm, indicating 3L-ReSe,.

The Raman modes of the 3L-ReSe, samples exhibit a mar-
ginal redshift and significant broadening in Raman modes
compared to the monolayer samples (Table S1 (SI)). This shift
is much less significant than in other TMDs due to the pres-
ence of weak interlayer vdW interactions. The reduced inter-
layer coupling in ReSe, arises from its larger interlayer spacing
(~0.7 nm) and unique structural characteristics, leading to
minimal frequency shifts in Raman modes as the number of
layers increases. Similar behaviour was observed in other VII
TMDs with weak interlayer coupling,®® where only minor thick-
ness-induced frequency shifts are observed in its Raman
modes.

The observed redshift in Raman peaks with increasing layer
number results from a balance between two competing effects:
(i) vdw forces, which tend to stiffen the lattice and induce a
blueshift, and (ii) long-range Coulomb interactions, which
lead to increased Coulomb screening with additional layers,
softening the atomic vibrations and causing a redshift. In
ReSe,, the weak interlayer vdW interaction is insufficient to
dominate the layer-dependent phonon behavior, allowing the
Coulomb screening effect to prevail, resulting in a redshift of
most Raman modes.”’ Comparatively, WSe,, which has a
similar atomic mass to ReSe,, exhibits significantly stronger
interlayer coupling,®® leading to more pronounced Raman
shifts. The additional optical phonon modes align well with
theoretical predictions and previously reported experimental
values, as detailed in Table S1 (SI). A noticeable redshift in the
Raman modes of monolayer ReSe, is attributed to marginal
n-type doping®®** in our as-grown sample.

A clear red shift and spectral broadening were observed in
the Raman spectrum of the annealed 1L-AReSe, sample com-
pared to the pristine 1L-ReSe, (Fig. 1(b)). This is predomi-
nantly a result of the significant n-type doping effect caused by
the introduction of Se vacancies. The presence of these
vacancies is directly supported by the observed shifts in the
Raman modes as detailed in Table S1 (SI), particularly in the
Ag-like vibrational mode.

3.3. XPS and Auger spectroscopy analysis

The chemical composition and stoichiometry of the ReSe, film
were thoroughly examined using XPS analysis. The survey scan
spectrum shown in Fig. S5(a) confirms the synthesis of ReSe,
using ReO; and Se precursors, indicated by the presence of
characteristic peaks for rhenium and selenium. All binding
energy values were referenced to the carbon peak at 284.8 eV,
as shown in Fig. S5(b). High-resolution XPS spectra provided
further insight into the sample chemical state. The Re 4f spec-
trum in Fig. 2(a) shows two prominent peaks at 41.7 eV and
44.1 eV with a splitting of 2.4 eV, corresponding to Re 4f;,, and
Re 4fs),,® respectively, associated with the Re** oxidation state.
Similarly, the Se 3d spectrum in Fig. 2(b) displays a doublet
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Fig. 2 (a and b) High-resolution core-level XPS spectra of Re and Se in 1L-ReSe, and 1L-AReSe,. (c) Auger spectra of the as-grown ReSe; in the
marked region shown in the inset. (d) Auger elemental mapping of the as-grown 1L-ReSe,, showing the distribution of Re and Se, with regions
lacking these elements exhibiting enhanced oxygen signals arising from the SiO, substrate.

with a splitting of 0.9 eV with peaks at 54.9 eV and 55.8 eV,
corresponding to Se 3ds, and Se 3d;, respectively.23 These
peaks confirm the Se*” reduction state, validating the for-
mation of ReSe,. Together, these results underscore the high
quality of the ReSe, film synthesized via the CVD method. To
quantify the stoichiometry, the Se to Re atomic ratio was calcu-
lated using the formula:

ASeX
Se T Sysen)
Re a ARex

Sv(Rex)

where A, is the area under the fitted curve for the x-orbital and
Syx is the corresponding sensitivity factor.

The calculated Se/Re ratio of 1.96 closely aligns with the
anticipated stoichiometric value of 2.0, showing the presence

This journal is © The Royal Society of Chemistry 2026

of marginal intrinsic Se vacancies in 1L-ReSe,. In contrast, the
annealed 1L-AReSe, sample showed significant changes con-
sistent with defect formation. As shown in Fig. 2(a and b), the
binding energy of the core Re 4f spectrum of 1L-AReSe, slightly
decreased, shifting to 41.5 eV and 43.9 eV, while the Se 3d
peaks shifted to 54.7 eV and 55.5 eV. Concurrently, the Se/Re
ratio decreased significantly to 1.56. Furthermore, the FWHM
of both the core Re 4f and Se 3d XPS spectra increased, as
detailed in Table S2. These changes—including the decreased
binding energies, the reduced Se/Re ratio, and the increased
spectral broadening—all provide compelling evidence for the
abundant formation of selenium vacancies in the annealed
1L-AReSe,, modulating its crystal structure.

Auger electron spectroscopy of ReSe, grown on SiO,/Si sub-
strates provides a detailed understanding of the elemental
composition of the material system. The characteristic Auger
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transitions observed for rhenium and selenium reveal their
presence in the as-grown sample, as shown in Fig. 2(c). For Re,
the dominant Auger transitions identified include the MNN
peaks at 1787 eV and 1853 eV, as well as the NVV transition at
173 eV.”” These features confirm the presence of Re within the
ReSe, structure. Se exhibits multiple prominent Auger peaks,
including Se LMM transitions present at 1088 eV, 1202 eV,
1307 eV, and 1346 eV, along with an MVV transition at 101
eV.”” In addition to the signals from Re and Se, substrate-
related transitions are also observed. The peaks at 1565 eV and
1613 eV correspond to Si KLL transitions and the peak at
around 75 eV corresponds to Si LVV transitions, clearly indicat-
ing the presence of Si from the underlying Si dioxide sub-
strate.”® Furthermore, the peaks near 515 eV are attributed to
oxygen, indicative of oxygen species and corroborating the
presence of SiO, on the substrate surface.

The elemental analysis performed using AES, shown at the
marked position, as presented in the inset of Fig. 2(c), shows
an elemental ratio of Re to Se of 1.96, which is fully consistent
with the elemental composition observed in the XPS data. The
AES elemental mapping analysis confirms the presence of Re,
Se, and O, affirming the successful growth of ReSe, on the
SiO,/Si substrate, as shown in Fig. 2(d). The oxygen is from the
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substrate, and the signal exponentially decreases with film
thickness, vanishing in thicker parts (approx. 3-5 nm).

3.4 STEM analysis

The large-area monolayer ReSe, film is grown by the lateral
coalescence of multiple single-crystalline domains that nucle-
ate at different sites. The SAED pattern near the grain bound-
ary shows its polycrystalline nature (Fig. S6(a)), while the
single-crystalline grains/domains are evident from the SAED
pattern shown in Fig. S6(b). The HAADF-STEM image of the
CVD-grown 1L-ReSe, film is displayed in Fig. 3(a), revealing its
distorted octahedral 17T (17T") crystal structure. This structure is
depicted schematically from a side view (along the a axis) in
Fig. 3(b) and a top-down view (in the ab basal plane) in
Fig. 3(d). Fig. 3(c) shows the filtered atomic resolution HAADF
Z-contrast STEM image of freestanding monolayer ReSe,
grown by our CVD process, showing the lattice parameters. A
notable structural feature of the 17" phase ReSe, is that every
four Re atoms form a parallelogram Re, cluster, and these Re,
clusters interconnect to form quasi-one-dimensional (quasi-
1D) chains through intercluster Re-Re bonds, as shown in the
schematic in Fig. 3(e). As depicted in Fig. 3(c), the interplanar
spacings of ~0.31 and ~0.39 nm are associated with the (100)

© Topse

@ Bottom Se

L» a1T Distorted Crystal Structure

Fig. 3 (a) A STEM HAADF image of the transferred ReSe, monolayer showing the crystal structure and the presence of Se vacancies (encircled
points). (b) Schematic representation of the ReSe, 1T distorted crystal structure along the a axis. (c) Atomic-resolution HAADF-STEM image of mono-
layer ReSe; showing typical Re—Re spacings and lattice parameters. (d) Schematic of the structure showing different equivalent positions of rhenium
and selenium atoms in the 1T distorted crystal structure in the basal plane; the absence of particular Se atoms at the respective sites leads to Se;-,
Se,-, Ses-, and Sey4-types of vacancies. (e) Schematic representation of Re, clusters interconnecting to form a quasi-one-dimensional chain.
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and (010) crystallographic planes of triclinic ReSe,, which
match well with previously reported values.>* The STEM-ADF
image (Fig. 3(a)) highlights the presence of Se vacancies (indi-
cated by cyan circles). There is the presence of Se;-, Se,-, Se;-,
Ses-type selenium sites,®® as evident from the schematics in
Fig. 3(d). Line profiling of the HAADF-STEM image along the b
[010] direction in Fig. S7(a and b) (SI) reveals the distribution
of Re and Se atoms and confirms the existence of Se, type-
vacancies (Vse,) along the [010] direction.’® The composition
of the sample was further analyzed using EDS elemental
mapping via TEM, as shown in Fig. S7(c) (SI), which gives a Re
to Se ratio of 1.95. The presence of intrinsic Se vacancies sup-
ports the measured atomic ratio of 1.95. The observed value of
the Se to Re ratio matches the XPS data. The line profiles of Re
atoms along the [100] and [010] directions are used to estimate
lattice spacings a and b, respectively. The lattice parameters
obtained from the line profiles of the STEM-ADF (Fig. 3(c))
image are a = 6.76 A, b = 6.66 A, and y = 118.6°, which are con-
sistent with those obtained from calculations within the accu-
racy of the experimental data.>%*°

The Re-Re spacing along the 1D parallelogram Re, cluster
and the lattice spacing obtained using atomic resolution
STEM data, namely spacings A, B, C, D, and E, as shown in
Fig. 3(e), and the line profile, are presented in Table 1. The
measured experimental values of the Re-Re spacing match
well with the theoretical ones within the error limits of 0.1 A.*°

View Article Online

Paper

3.5. Low-temperature Raman studies

A detailed low-temperature Raman study was conducted on
CVD-grown 1L-ReSe,, 1L-AReSe,, and 3L-ReSe,, in a temperature
range of 93-293 K, to examine the temperature dependence of
the vibrational modes of 2D ReSe, and its modulation with the
layer stacking and Se vacancies. The low-temperature Raman
spectra, depicted in Fig. 4(a,—c), reveal distinct trends in the
characteristic Raman modes, specifically the Ag-like and Eg-like
peaks®™® of 1L-ReSe,, 1L-AReSe,, and 3L-ReSe,, respectively.
The schematics of Eglike mode vibration and A,-like mode
vibration are shown in Fig. S8 (SI), respectively. A pronounced
blue shift of these peaks was observed as the temperature
decreased. This shift is attributed to the anharmonicity in
lattice vibrations, which arises due to reduced phonon-phonon
interactions at lower temperatures.®’”® The Raman spectra were
carefully analyzed by fitting with a Lorentzian line shape func-
tion to ensure precise identification of the peak positions. To
gain deeper insights into the anharmonic effects within the
crystal lattice and assess the thermal stability of monolayer
ReSe, under varying temperature conditions, we determined the
temperature coefficient (@) by employing a linear relationship:

® = w, +aT.

This gives a correlation between the frequency » of the
Raman mode and the temperature (7). The parameters w, and

Table 1 Comparison of experimental and theoretical lattice parameters, along with typical Re—Re spacings in monolayer ReSe,

alA b/A 7/° A/A B/A C/A D/A E/A
Experimental 6.76 6.66 118.6 2.85 2.92 2.67 3.02 3.75
Theoretical 6.77 6.66 118.9 2.85 2.89 2.76 3.03 3.78
1L-ReS - -
a) eSe, b) m1lLlé\ReSez 3L-ReSe,

Raman intensity (a.u.)

Raman Intensity (a.u.)

_J\AM

! 203K

T = c) T
| 1 1

Raman Intensity (a.u.)

133K

! 153 K

I 173K

193K

7 L

77—t

110 120 180 190
Wavenumber (cm™)
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l L
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Fig. 4 Temperature-dependent Raman spectra of (a) monolayer ReSe,, (b) annealed monolayer ReSe, and (c) trilayer ReSe, showing a systematic

blue-shift with a decrease in the temperature in each case.
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Fig. 5 Temperature-dependent Raman shifts of the E4-like mode at ~124 cm™ for (a) 1L-ReSe,, (c) 1L-AReSe,, and (e) 3L-ReSe,. Temperature-
dependent Raman shifts of the Aj-like mode at ~175 cm™! for (b) 1L-ReSe,, (d) 1L-AReSe,, and (f) 3L-ReSe..

a represent the frequency at absolute zero temperature and the
first-order temperature coefficient, respectively. From the
linear plot in Fig. 5(a) and (b), we obtained values of the first-
order temperature coefficient (a) as —0.0060 + 0.00032 cm ™"
K ' and —0.0097 + 0.00030 cm™' K ! for the Eg-like mode at
124.7 em ™! and the A like mode at 175.4 em™, respectively,
for 1L-ReSe,. Similarly, in the case of 1L-AReSe,, we obtained
values of the first-order temperature coefficient (a) as —0.0031
+ 0.00013 em™' K ' for the Eglike mode at 124.7 em™" and
—0.0069 =+ 0.00033 cm™' K ' for the Aglike mode at
174.8 em™', as shown in Fig. 5(c and d), respectively. This con-
siderable reduction in the temperature coefficients in the
annealed sample is a direct consequence of the Se vacancies
introduced during the annealing process. These vacancies
disrupt the crystal lattice and scatter phonons, which in turn
significantly reduce phonon-phonon interactions and alter the
thermal transport in the material. Similarly, in the case of
3L-ReSe,, we obtained values of the first-order temperature
coefficient (@) as —0.0062 + 0.00044 cm™' K™ ' for the Ey-like
mode at 123.9 cm™' and —0.0089 + 0.00031 cm™' K ! for the
Aglike mode at 173.4 cm™', as shown in Fig. 5(e and f),
respectively. The results indicate a subtle variation in the
temperature coefficients (TECs) with layer stacking, reflecting
changes in phonon-phonon interactions that occur as inter-
layer coupling becomes a more significant factor in the trilayer
system.

In CVD-grown ReSe,, TECs exhibit distinct behaviors for in-
plane (Eg-like) and out-of-plane (Ag-like) vibrational modes as
the number of layers increases. Specifically, the TEC for the in-
plane Eglike mode slightly increases with additional layers,
while the TEC for the out-of-plane Ag-like mode decreases.
This phenomenon aligns with observations in other aniso-
tropic 2D materials.®” The decrease in the TEC of the out-of-

982 | Nanoscale, 2026, 18, 974-989

plane Ag-like mode with increasing layers can be attributed to
enhanced interlayer vdW interactions. These interactions
restrict atomic vibrations perpendicular to the plane, reducing
anharmonic effects and, consequently, a lower TEC was
obtained. In contrast, the in-plane Eg-like mode is less affected
by interlayer coupling, allowing its TEC to increase slightly
with additional layers. In summary, the observed variations in
TECs for the in-plane and out-of-plane modes in ReSe, with
increasing layer numbers are primarily due to the interplay
between interlayer vdW interactions and the inherent aniso-
tropic properties of 2D materials.®>®* The relatively low values
of a suggest that ReSe,, as compared to other TMDs (shown in
Table S3 (SI)), exhibits strong lattice stability and weak anhar-
monic effects, making it a promising material for temperature-
sensitive applications.

3.6. In-plane anisotropic ratio (AR)

Different optical methodologies have been used to evaluate the
anisotropic ratios in anisotropic 2D by systematically rotating
the polarization angle (). As the polarization angle changes,
the intensity of the characteristic Raman peaks varies with the
structure of anisotropic materials. Using polarized excitation,
it was reported that ReSe, has an anisotropic ratio of up to
~2.62 from the absorbance peak at 800 nm.*> However, to the
best of our knowledge, there are no prior reports quantifying
the anisotropic ratio of monolayer ReSe, using laser-based
excitation, nor are there systematic studies on how this ratio
varies with defect content or layer stacking. In our study, we
employed polarized Raman spectroscopy to quantify the aniso-
tropic ratio in CVD-grown 2D ReSe,. The schematic of the
polarization configuration of the polarized Raman measure-
ment is displayed in Fig. 6(a). To investigate the structural an-
isotropy of ReSe,, the experimental setup begins with a verti-
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Fig. 6 (a) Schematic of polarization-dependent Raman measurement on 2D ReSe;. (b) Polar plots of the variation of intensity of the E,-like mode at
~124 cm™ for 1L-ReSe,, 1L-AReSe,, and 3L-ReSe,. (c) Power-dependent Raman spectra of monolayer 1L-ReSe,. (d) Raman shifts of the Ag-like

mode at ~175 cm™! with variation in laser power for 1L-ReSe..

cally plane-polarized laser beam that passes through a half-
wave plate. This plate is positioned in the common optical
path, allowing it to control the polarization of both the incom-
ing and outgoing light. By rotating the fast axis of the half-
wave plate by an angle of 6/2, the polarization plane of the inci-
dent laser light is precisely rotated by an angle 6. This rotated
light is then focused onto the sample. The backscattered
Raman signal from the sample is collected and passed
through an analyzer, which is fixed in a parallel configuration
to the polarizer (v configuration). Finally, the signal enters a
spectrometer, where its intensity is measured. The variation in
the detected intensity as the angle 8 is changed is a direct
result of the anisotropic crystal structure of ReSe,, providing a
clear measurement of its optical anisotropic behaviour.

To quantify this variation, we used Lorentzian line shapes
to deconvolute the Raman peaks and accurately determine

This journal is © The Royal Society of Chemistry 2026

their intensity at each angle (). The polarization-dependent
Raman spectra of 1L-ReSe,, 1L-AReSe,, and 3L-ReSe, are dis-
played in Fig. S9 (SI). The anisotropic ratio is defined as the
ratio of the maximum intensity to the minimum intensity of
the fitted in-plane mode intensity variation, given by I, = |
acos® @ + dsin® @ + 2bd cos sin 0|*,>"* where a, b, and d are con-
stant parameters. Using this methodology, we found a giant
anisotropic behaviour in monolayer ReSe,, with a calculated
ratio of 6.23 + 1.44, as depicted in Fig. 6(b). This value is sig-
nificantly higher than that reported from optical absorption
measurements, highlighting the profound anisotropy in the
phonon dynamics of 1L-ReSe,. Furthermore, we explored how
structural defects in 1L-ReSe, influence this anisotropy.
Selenium vacancies were introduced into 1L-ReSe, through
controlled annealing, which led to a substantial reduction in
the anisotropic ratio to 4.42 + 0.42 in 1L-AReSe,. This
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reduction is attributed to the phonon scattering caused by
vacancies, which disrupts the lattice periodicity and weakens
the directional vibrational contrast. We also extended our
measurements to 3L-ReSe,, where the anisotropic ratio was
found to be 3.82 + 0.50. This notable decrease compared to the
monolayer case is likely due to the increasing role of interlayer
vdW interactions, which suppress the inherent in-plane an-
isotropy by facilitating more isotropic phonon coupling across
layers.

3.7. Power-dependent Raman study and calculation of in-
plane thermal conductivity

An excitation-power-dependent Raman study was performed
on a CVD-grown suspended 2D ReSe, layer to assess its
thermal conductivity. The experiments utilized a 514 nm laser
as the excitation source. The suspended configuration was
specifically selected to eliminate the heat dissipation that typi-
cally occurs in the supported samples, which can compromise
the  accuracy of  in-plane  thermal  conductivity
measurements.®' " This configuration ensured that the laser-
induced heat was conducted solely through the suspended
ReSe, film, providing a more reliable evaluation of its thermal
properties. To evaluate how optical irradiation influences
thermal transport in ReSe,, we estimated the change in in-
plane thermal conductivity using Raman data. Given that the
1 pm laser spot size is significantly smaller than the hole dia-
meter (~40 pm) of the suspended film holder, heat dissipation
can be approximated as radial diffusion from the center of the
hole to the edges. For suspended ReSe,, the thermal conduc-

- . vp .
tivity (x) follows Fourier’s law: K=Y g where VP is the

change in laser power, VT is the temperature difference
between the excitation spot and the suspended film edge, and
v is a structural factor given by y = iln (&).66 Here, Ry, R,
2mt Ry
and t represent the laser spot radius, hole diameter, and
sample thickness, respectively. Since the Raman peak position
of the Aglike mode shifts linearly with temperature under
low laser power, we can rewrite the thermal conductivity

expression as:
aux R2 1
k=—In{—)
ont \Ry) do

dp

where dw/dP represents the Raman peak shift per unit laser
power, « is the first-order temperature coefficient, and a
denotes optical absorption of the sample. The power-depen-
dent Raman spectra for the suspended ReSe, layer are shown
in Fig. 6(c). A systematic redshift in the Raman peak positions
with increasing laser power was observed, indicative of loca-
lized heating effects. This behavior was analyzed to extract the
thermal conductivity of the ReSe, layer using the established
heat diffusion model. This approach underscores the impor-
tance of eliminating substrate-induced heat dissipation to
obtain accurate measurements of thermal conductivity in 2D
materials.®?
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The Raman spectra were fitted using a Lorentzian lineshape
to extract the power-dependent frequency shifts accurately.
With increasing laser excitation intensity, a systematic redshift
in the Raman peak positions was observed, attributed to loca-
lized heat generated by the laser. This localized heating
enhances phonon-phonon interactions in the system, result-
ing in both the redshift and a broadening of the Raman line-
width. The broadened linewidth reflects increased vibrational
coupling induced by thermal effects. The characteristic shifts
of the Ay like Raman mode at 175 cm™" of 1L-ReSe, with
increasing laser power are shown in Fig. 6(c). The schematics
of the power-dependent Raman setup are shown in Fig. S10(a)
(SI). The shifts in the out-of-plane mode directly correspond to
thermal conduction within the suspended ReSe, layer, as the
heat generated by the laser is entirely conducted through the
material without dissipation to a substrate. From the slopes of
the plot shown in Fig. 6(d), the frequency shift per unit power
(dw/dP) for 1L-ReSe, is —0.049 + 0.0035 cm™' pW'. Putting
the value of @, = —0.0097 + 0.00030 cm ™' K, the height of
the monolayer is ~0.7 nm, and a ~ 0.15*® in the thermal con-
ductivity formula. Thus, the measured in-plane thermal con-
ductivity for monolayer ReSe, is 25.2 + 3.5 Wm™' K.
Furthermore, for the annealed 1L-AReSe,, as shown in
Fig. S10(b) (SI), the power-dependent Raman spectra depict
the introduction of Se vacancies, causing a decrease in the
slope (dw/dP) to —0.0415 + 0.0012 cm™" pW ™', resulting in a
lower in-plane thermal conductivity of 20.7 + 2.5 Wm™" K.
For the layer stacking case, 3L-ReSe,, as depicted in Fig. S10(c)
(SI), shows a slope of (dw/dP) —0.0532 + 0.0092 cm™' pW " and
a value of @ ~ 0.25,® leading to a much lower in-plane thermal
conductivity of 10.3 + 1.8 Wm™" K. These values place ReSe,
among the lowest in-plane thermal conductivity materials in
the TMD family, as shown in Table 2, underscoring its strong
potential for thermoelectric applications and fitting well in the
trend of previously reported values.’” Note that the model
used for the in-plane thermal conductivity calculation
assumes an isotropic homogeneous medium, while ReSe, is
anisotropic even in the basal plane. In anisotropic 2D
materials, such as PdSe, and ReSe,, the in-plane thermal con-

Table 2 Comparison of the thermal conductivity of CVD-grown isotro-
pic and anisotropic 2D materials using micro-Raman analysis

Thermal conductivity

Material (Wm™ K™ Ref.
Monolayer graphene ~3600 69
Nine-layer BN ~280 70
Bilayer MoS, ~15.6 71
Multi-layer MoS, ~43.4

Monolayer WS, ~32 72
Bilayer WS, ~53

Monolayer WSe, ~246 73
Multilayer MoSe, ~28.48 74
Bilayer PdSe, ~36.8 62
Five-layer PdSe, ~10.1

Monolayer ReSe, ~25.2 This work
Se-vacancy-rich monolayer ReSe,  ~20.7

Trilayer ReSe, ~10.3
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ductivity is usually lower than that of isotropic 2D materials
because of the significant difference in bonding strength
between the in-plane (strongly bonded) and out-of-plane
(weakly bonded) directions, leading to increased phonon scat-
tering when heat tries to transfer through the weaker, out-of-
plane direction, effectively hindering heat flow and resulting
in a lower overall thermal conductivity. This is a kind of
“boundary scattering” due to the limitations imposed by the
material layered structure. With the introduction of Se
vacancies, these values fall even further. When phonons
attempt to travel from one layer to another, they experience fre-
quent scattering at the interface due to the large difference in
atomic arrangement, reducing their mean free path and lower-
ing thermal conductivity. It may be noted that the contribution
of heat loss to surrounding air molecules during the Raman
measurement is not considered here. As a result, the obtained
thermal conductivity value may have been overestimated
here,®® in particular for monolayer ReSe,. Nevertheless, these
results are crucial for advancing our understanding of temp-
erature-dependent phonon modes in ReSe,, offering valuable
insights into phonon-phonon and electron-phonon inter-
actions in this 2D material. It is also important to point that
we have used an simplified expression for the calculation of
thermal conductivity where we neglected the effect of heat lost
to the air, which will further reduce the calculated value.

For our results, it is evident that the in-plane thermal con-
ductivity (k) of ReSe, is strongly dependent on both layer thick-
ness and selenium vacancies. We found that, unlike many iso-
tropic 2D materials,*”> where x increases with the number of
layers, ReSe, exhibits an inverse trend, with its in-plane
thermal conductivity decreasing from the monolayer to the tri-
layer. This behavior is attributed to enhanced interlayer inter-
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actions, which suppress out-of-plane phonon transport and
increase overall phonon scattering in the anisotropic lattice.
The introduction of selenium vacancies further reduces «, as
these point defects act as additional scattering centres that
impede phonon propagation. These results provide valuable
insights into modulating heat transport in anisotropic 2D
materials through both structural stacking and defect engin-
eering, reinforcing the potential of ReSe, for applications in
thermal management and nanoscale optoelectronic devices.

3.7. First-principles investigation of lattice dynamics and
thermal transport properties using DFT

The optimized lattice constants obtained from our DFT calcu-
lations are in excellent agreement with experimental values,
confirming the accuracy of our calculation. The obtained
lattice parameters for ReSe, (@ ~ 6.78 A, b ~ 6.66 A, and y ~
118.86°) closely match the experimental values (a ~ 6.76 A, b ~
6.66 A, and y ~ 118.6°). This agreement assures that the
theoretical framework can reliably predict phonon and lattice
thermal conductivity (k).

Fig. 7(a) shows the phonon dispersion of monolayer ReSe,
along with the Brillouin zone and the corresponding high-sym-
metry paths. The absence of any imaginary frequencies indi-
cates that the structure is dynamically stable. Monolayer ReSe,
possesses 12 atoms in its unit cell (due to its distorted crystal
structure), yielding 36 phonon branches in total (3N, where N
= 12). Among these, the three low-lying branches are the acous-
tic modes: one out-of-plane flexural mode (ZA) and two in-
plane modes, transverse acoustic (TA) and longitudinal acous-
tic (LA). The remaining 33 branches are higher-energy optical
phonon modes. As expected for two-dimensional materials,
the flexural ZA mode exhibits a quadratic dispersion near the
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Brillouin zone center (I'), whereas the in-plane TA and LA
modes show linear dispersion near I'. This behavior is a well-
known characteristic of 2D monolayers.

Importantly, the acoustic phonon branches of ReSe, are
highly anisotropic. In particular, the ZA and TA branches
possess a softening feature (lower in frequency) along the I'-M
direction (x-direction) compared to the I'-K direction (y-direc-
tion). This anisotropic dispersion implies that phonon group
velocities will differ between the two in-plane directions,
suggesting anisotropic thermal transport. Thus, phonons
along the x-direction may have lower velocities than those
along the y-direction, as corroborated below.

Fig. 7(b) displays the lattice thermal conductivity x of
monolayer ReSe, as a function of temperature for various
sample sizes L. We have calculated the «; values for several
representative sample sizes (from L = 10 nm up to L =
10 000 nm) to account for boundary scattering effects and to
mimic experimental conditions. In typical thermal conduc-
tivity measurements on 2D materials using indirect methods
such as Raman analysis, the laser spot size or thermal trans-
port distance is on the order of microns, typically ~1.2 pm (for
a 514 nm laser with a 100x short working distance objective),
so considering finite sample sizes is important. The x; value
decreases with increasing temperature for all sample sizes,
indicating Umklapp-type phonon scattering. We also observe
that the x value increases with increasing sample length L: for
example, a 1000 nm sample shows a higher thermal conduc-
tivity than a 10 nm sample at the same temperature. This
trend occurs because small samples experience significant
boundary scattering, which limits the phonon mean free path
and thus reduces thermal conductivity. As the sample size
increases (approaching the quasi-infinite or bulk limit),
boundary scattering becomes less significant and the «; value
increases accordingly.

Quantitatively, our calculations yield room-temperature
(300 K) thermal conductivities that agree very well with our
experimental observations when the sample size is taken to be
in the micron range. For a sample length of L = 1000 nm, we
obtain ¥ ~ 21.5 Wm™" K" along the x-direction and « ~ 23.8
Wm™" K" along the y-direction. These values increase to
about 30.6 and 33.8 Wm™' K', respectively, for a larger
sample of L = 10 000 nm. The experimental in-plane thermal
conductivity of ReSe, at 300 K (for a sample with the lateral
size on the order of a few microns) is around 25.2 Wm™" K.
This falls right between our theoretical predictions for L =
1000 nm and L = 10 000 nm, indicating excellent consistency.
The agreement suggests that our first-principles approach,
combined with the phonon Boltzmann transport equation,
successfully captures the key phonon scattering processes and
size effects relevant to the experimental setup.

Another noteworthy result is the difference between «; along
the two principal in-plane directions of monolayer ReSe,. It is
lower along the x-direction than along the y-direction, reflect-
ing the anisotropic phonon dispersion. As shown in Fig. 7(c),
the phonon group velocity v}, of the acoustic modes is smaller
along the x-direction than along the y-direction. Since x; x C
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Vph 7, a lower vy, value along the x-direction yields a lower x;
value. High-frequency optical phonons, having a very small
group velocity and short mean free paths, contribute negligi-
bly, so in-plane heat transport is dominated by acoustic
phonons and a few low-lying optical modes whose anisotropic
dispersion gives rise to anisotropic . Finally, it is important
to note that our first-principles BTE calculations of thermal
conductivity include only intrinsic three-phonon scattering
and boundary scattering in determining phonon lifetimes.
Extrinsic mechanisms—such as isotopic disorder, point
defects, vacancies, impurities, and interface-induced scatter-
ing—are not included here. Therefore, these reported x; values
represent an upper bound within the current theoretical
framework.

Fig. 7(d) shows the phonon scattering rates as a function of
phonon frequency for a 1000 nm sample at 300 K. At low fre-
quencies (below ~50 cm™'), boundary scattering predomi-
nantly limits the phonon lifetime, as long-wavelength acoustic
phonons can readily reach the sample boundaries and be scat-
tered. In the intermediate frequency range, intrinsic three-
phonon processes become increasingly significant. At high fre-
quencies (optical phonon range), boundary scattering, three-
phonon scattering, and isotopic scattering contribute nearly
equally to limiting phonon lifetimes.

To reduce the computational cost, we have limited our cal-
culations to a monolayer only. However, based on our analysis
of phonon scattering, we can anticipate changes in thermal
transport when moving from a monolayer to thicker samples
(e.g., bilayer or trilayer ReSe,). In few-layer samples, additional
phonon scattering channels arise from interlayer interactions.
The presence of multiple layers introduces more interfaces
(e.g., layer-layer boundaries) and additional vibrational modes,
such as layer shear and layer breathing modes, which enhance
phonon scattering. Consequently, both boundary-like scatter-
ing (at external surfaces and interfaces) and intrinsic three-
phonon scattering are expected to increase in multilayer ReSe,.
This would further reduce «; in thicker samples, consistent with
the trends observed in other two-dimensional materials.”®””
Apart from layer-dependent effects, point defects such as Se
vacancies can further lower x; by enhancing phonon scattering.
Similar to S vacancies in Mo0S2,”® the removal of a chalcogen
atom perturbs the local mass distribution and interatomic force
constants through variation in bond lengths and strength,
thereby increasing the lattice anharmonicity and scattering rates
of heat-carrying phonons. These theoretical expectations quali-
tatively support experimental observations that multilayer Se-
vacancy-containing ReSe, samples exhibit lower thermal con-
ductivity than the monolayer, as increased scattering diminishes
the phonon heat-carrying efficiency.

Our first-principles calculations offer a comprehensive
understanding of lattice dynamics and thermal transport in
ReSe, monolayers, validating and complementing experi-
mental findings. The results provide theoretical support for
the measurements and offer deeper insights into how phonon
dispersion and scattering mechanisms govern the material’s
anisotropic thermal conductivity.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5nr03668b

Published on 27 November 2025. Downloaded on 4/30/2026 10:58:46 AM.

Nanoscale

4. Conclusion

In essence, we conducted an in-depth analysis of CVD-grown
ReSe,, a highly anisotropic 2D material, to evaluate its struc-
tural, thermal, and vibrational properties using low-tempera-
ture Raman spectroscopy. Our findings reveal two distinct
pathways for modulating the thermal properties of 2D ReSe,,
i.e., via defect creation and layer stacking. For the annealed
monolayer ReSe,, the introduction of selenium vacancies
resulted in a redshift of the Raman peaks. This redshift is
indicative of an n-type doping effect caused by the Se
vacancies. Crucially, the temperature coefficients for both
modes in the annealed sample decreased compared to the
pristine monolayer, which reflects a reduction in phonon-
phonon interactions due to the enhanced phonon scattering
from the newly introduced defect sites. The Raman spectrum
of trilayer ReSe, exhibited a redshift of characteristic peaks
compared to monolayer ReSe,, which we attribute to weak
interlayer vdW interactions. Furthermore, the first-order temp-
erature coefficients («) showed contrasting trends with increas-
ing layer number, reinforcing the material’s anisotropy.
Specifically, the coefficient for the in-plane Eglike mode
slightly increased, while the coefficient for the out-of-plane A,-
like mode decreased. This behavior is a direct consequence of
enhanced interlayer coupling, which restricts out-of-plane
vibrations and alters phonon-phonon interactions. Using
power-dependent Raman measurement, we determined the
thermal conductivity (k) of ~25.2 Wm™" K~ for the monolayer
and ~10.3 Wm™" K" for the trilayer, confirming a decreasing
trend with increasing layer thickness. Furthermore, the aniso-
tropic ratio, a direct measure of in-plane anisotropy, was found
to be a giant 6.23 for the monolayer and it decreased to 3.82
for the trilayer. Critically, we demonstrated that the introduc-
tion of selenium vacancies further modulates these properties,
reducing the thermal conductivity to ~20.7 Wm ™' K™ and the
anisotropic ratio to ~4.42. These findings are also in excellent
agreement with our first-principles calculations using DFT and
the phonon Boltzmann transport formalism. Our calculations
provide an in-depth understanding of the phonon scattering
process and the anisotropic thermal transport behaviour in
pristine monolayer ReSe, and have also enabled us to under-
stand the thermal transport behaviour in multilayer and
defect-rich ReSe, systems. These findings provide crucial
insights into phonon-phonon interactions and thermal trans-
port in ReSe,, reinforcing its potential for applications in opto-
electronics, thermal management, and sensing. The precise
methodologies employed here establish a strong foundation
for future investigations into the tunable properties of aniso-
tropic 2D materials.
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