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In-Plane Anisotropic Thermal Conductivity of Few-Layered
Transition Metal Dichalcogenide Td-WTe,

Yu Chen, Bo Peng, Chunxiao Cong,* Jingzhi Shang, Lishu Wu, Weihuang Yang,
Jiadong Zhou, Peng Yu, Hongbo Zhang, Yanlong Wang, Chenji Zou, Jing Zhang, Sheng Liu,
Qihua Xiong, Hezhu Shao, Zheng Liu,* Hao Zhang,* Wei Huang, and Ting Yu*

2D Td-WTe, has attracted increasing attention due to its promising appli-
cations in spintronic, field-effect chiral, and high-efficiency thermoelectric
devices. It is known that thermal conductivity plays a crucial role in con-
densed matter devices, especially in 2D systems where phonons, electrons,
and magnons are highly confined and coupled. This work reports the first
experimental evidence of in-plane anisotropic thermal conductivities in sus-
pended Td-WTe, samples of different thicknesses, and is also the first dem-
onstration of such anisotropy in 2D transition metal dichalcogenides. The
results reveal an obvious anisotropy in the thermal conductivities between
the zigzag and armchair axes. The theoretical calculation implies that the
in-plane anisotropy is attributed to the different mean free paths along

the two orientations. As thickness decreases, the phonon-boundary scat-
tering increases faster along the armchair direction, resulting in stronger
anisotropy. The findings here are crucial for developing efficient thermal

Layered transition metal dichalcogenides
(TMDs), whose transition metal atoms are
sandwiched between two chalcogen layers,
have drawn widespread attention in the
field of condensed matter physics.!! These
van der Waals materials exhibit fascinating
optical, electronic, and thermal properties
when they are thinned down from bulk
crystals to an atomically thin layer.>- Nat-
urally formed tungsten ditelluride (WTe,)
has been proven to have the lowest energy
in the Td-polytype, a distorted 1T phase,
and exhibits semimetallic properties.®7]
Excitingly, nonmagnetic Td-WTe, has been
brought to the attention of researchers
due to recent experiments that discov-
ered its extremely large and nonsaturating

management schemes when engineering thermal-related applications

of a 2D system.

positive magnetoresistance at low tem-
peratures, where the magnetoresistance
increases up to 1.3 X 10’% at 60 T without
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any sign of saturation.’! In addition, Zhou and co-workers
observed that Td-WTe, could be completely transformed into
the monoclinic 1T” phase under high pressure, and supercon-
ductivity was found in the 1T” phase when the pressure was
higher than 15.5 GPa.”!% Very recent studies have recognized
that Td-WTe, is an ideal contact for 2D semiconductors to
effectively tune the Schottky barrier due to its comparatively
low work function.!!] All of these intriguing physical proper-
ties show the promising applications of Td-WTe, in nanoscale
magnetic devices. It is known that the thermal transport prop-
erties are of great significance to the design and operation of
these ultrathin nanodevices.'? For instance, thermal conduc-
tivity plays a vital role in adjusting the heat dissipation and
thermoelectric efficiency. One effective approach to improve the
performance of thermoelectric and thermal insulating mate-
rials is to lower the thermal conductivity without impacting
the electronic properties.['¥l Specifically, ultralow thermal con-
ductivity is crucial to avoiding hot reflux from the cold end of
the material with respect to the heat source, which is crucial
to achieving an enormous improvement in the energy conver-
sion efficiency.'* Semimetal Td-WTe, is theoretically predicted
to have a low thermal conductivity because of its heavy atomic
mass and low Debye temperature, which makes it a prominent
candidate for thermoelectric materials.’> Nonetheless, the
studies on the in-plane thermal conductivity of Td-WTe, are
still in the initial stages. The recent first-principles calculations
predicted that anisotropy exists in the in-plane thermal conduc-
tivity of bulk Td-WTe, along different lattice directions, with a
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maximum value along the [010] direction (a-axis) whereas the
minimum value is in the [100] direction (b-axis).'®) In contrast,
Ma et al. revealed that the calculated anisotropic thermal con-
ductivity of monolayer Td-WTe, has its maximum value along
the b-axis.'”! The only experimental results to date indicated
that the lateral thermal conductivity of Td-WTe, thin flakes
is smaller than 2 W m™ K! at room temperature without
any anisotropy.'®1% Although the distinct crystal structure of
Td-WTe, implies notable anisotropic properties, experimental
demonstrations of such in-plane anisotropic thermal conduc-
tivity are still lacking, even in layered 2D TMDs.2% Moreover,
the large discrepancy in both the theoretical calculations and
experimental results also require further investigation.

To date, Raman spectroscopy has been the most conven-
tional and nondestructive technique for characterization of the
thermal conductivities of 2D materials.?'-23] The focused laser
enables anharmonic lattice vibrations and thermal expansion
due to the temperature increase.?*?l The thermal conductivity
can then be extracted by combining the temperature- and laser-
induced phonon softening. In this work, suspended Td-WTe,
layers with different thicknesses were systematically investi-
gated using various types of optical probes. First, the crystal
orientation (zigzag and armchair directions) is identified by
linear polarization-dependent Raman spectroscopy and second
harmonic generation (SHG). Then, in situ micro Raman spec-
troscopy is employed to reveal the thermal conductivities of the
layers. To the best of our knowledge, the remarkable in-plane
anisotropic thermal conductivities and layer dependency of

%

» "
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Figure 1. Angular-dependent Raman contour maps and polar plots of few-layered WTe,. a,c) The contour maps of the angular-dependent Raman
intensity of a Td-WTe, flake under the parallel-polarized configuration (a) and cross-polarized configuration (c). b,d) The polar plots and fit curves of
the 3A; and 3A, peak intensities in the two configurations. In elle,, the intensity of the 8A; mode exhibits two-fold symmetry, while the intensity of the
3A, peak displays four-fold symmetry. In e, Le, the angular dependences of both the A, and A, modes show four-fold symmetry patterns.
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these 2D systems have been experimentally explored for the
first time in this report. Theoretical modeling of the thermal
conductivity in few-layered Td-WTe, reveals that the phonons
along the armchair direction, which have a longer mean free
path, are accountable for the suppression of the thermal con-
ductivity. With decreasing thickness, the phonon-boundary
scattering in the armchair orientation increased rapidly, further
suppressing its thermal conductivity and leading to stronger
anisotropy. Our findings remind us that we should carefully
consider the anisotropic thermal effects when we develop 2D
Td-WTe, nanoscale magnetic devices. The observation of the in-
plane anisotropic thermal conductivities in the Td-WTe, layers
is also the first demonstration of such interesting anisotropy in
2D TMDs, which should be meaningful for further exploring
the potentials of 2D TMDs in thermoelectric devices.

The nonpolarized Raman spectra and irreducible representa-
tions of exfoliated Td-WTe, flakes on 300 nm SiO,/Si substrate
are shown in Figures S1 and S2 in the Supporting Information.
The seven prominent Raman peaks are easily assigned by com-
parison with the theoretical predictions (Table S1, Supporting
Information). The angular-dependent polarized Raman spectra
and their peak intensities as a function of the rotation angle, 6,
are shown in Figure 1 and Figure S3 (Supporting Information).
It is found that the intensities of nearly all of the Raman peaks
demonstrate a periodical change as the sample was rotated.
Figure 1a displays a contour map of the angular-dependent
Raman intensity under the parallel-polarized configuration,
where the incident light polarization (e;) is parallel to the scat-
tered light polarization (e;). With the sample rotated from 0°
to 360°, the intensities of the A; modes exhibit twofold sym-
metry, while the intensities of the A, modes display fourfold
symmetry. For example, the polar plots and fit curves of the A
peak intensities clearly demonstrate that its intensity reaches
maximum value at 0 = 0° and 180°, as illustrated in Figure 1b,
and the intensity of the *A, mode has four maximums at 45°,
135°, 225°, and 315°. In the cross-polarized configuration
(eiLeg), the angular dependences of both the A; and A, modes
show fourfold symmetric patterns (Figure 1c,d; Figure S4,
Supporting Information). Nevertheless, the polar plots and fit
curves in Figure 1d reveal that the four-lobed shape of the ®A;
mode is rotated by 45° with respect to that of the 3A, mode.
Our experimental results are in strict accordance with the rela-
tionship between Raman tensors and laser polarizations, and
imply the noteworthy anisotropic structure of Td-WTe,, which
could be used to conveniently and rapidly identify the zigzag
and armchair directions of Td-WTe,.[2%!

Considering the obvious anisotropy of the lattice vibrational
strength (phonon mode intensity) as revealed by the angular-
dependent polarized Raman measurements, we hypothesize
that the thermal conductivity of Td-WTe, may also exhibit
anisotropy. To further investigate the anisotropic thermal con-
ductivities of few-layered Td-WTe,, it is of great significance to
identify the crystalline orientation of the samples first. An exfo-
liated few-layered Td-WTe, flake was transferred onto a SiO,/
Si substrate with pre-etched holes, as shown in Figure 2a. The
thickness and uniformity of the Td-WTe, flake were character-
ized by topological atomic force microscopy (AFM). The height
profile shows that the thickness at the thinnest part is =11.2 nm
(Figure S5, Supporting Information). Figure 2b depicts a
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schematic diagram of our experimental setup for the thermal
conductivity measurements. To avoid unintentional damage to
the suspended flake, before measuring the thermal conductivity
of the suspended Td-WTe, flake, systematic measurements of
the angular-dependent Raman spectroscopy and SHG under
a parallel-polarized configuration were conducted on the sup-
ported side of the suspended sample by rotating the Td-WTe,
flakes to identify its crystalline orientation (Figure S6, Sup-
porting Information). The periodic polar response presented
in both the Raman and SHG spectra clearly shows that the
zigzag direction is along the sharp edge of the sample, which
is initially aligned with the x-axis, as shown in Figure 2a (see
details in the Supporting Information). Here, we identified the
crystalline orientations of few-layered Td-WTe, by combining
the angular-dependent Raman spectroscopy and SHG measure-
ments, and this method could have great application prospects
for other 2D materials, especially anisotropic crystal structures.

Considering the likely existence of in-plane anisotropic
thermal conductivity in the ultrathin Td-WTe, layers, we per-
formed in situ temperature dependent Raman spectroscopy
under a linear polarization configuration, where the excitation
laser polarization was aligned to the zigzag and armchair axes.
Here, we only focus on the two pronounced Raman peaks at
approximately 164 cm™ (8A;) and 214 cm™ (1°A)). Figure 2c
shows the Raman spectra along the zigzag-axis of an 11.2 nm-
thick Td-WTe, flake with a temperature range from liquid
nitrogen to room temperature. Both the 8A; and 1°A, peaks have a
drastic redshift with the increase in temperature, resulting from
the anharmonic lattice vibrations and the thermal expansion.[?’]
The Lorentz fitting of these two Raman modes (Figure S7, Sup-
porting Information) indicates that the 1°A; mode at =214 cm™
is more sensitive to the temperature change compared to the
8A; mode. This effect could be attributed to the high sensitivity
of the 1°A; mode to decreases in the interlayer coupling with
increasing temperature.’”l Thus, the '°A; mode was chosen
for further thermal conductivity studies. The evolution of the
peak frequency, , as a function of the temperature was linearly
fit by the equation @ = @, + T, where @, is the Raman peak
position at 0 K and the slope ) = 6w/dT is the first-order tem-
perature coefficient. The linearly fit results of the °A; mode
along both the zigzag and armchair directions are plotted in
Figure 2d. The extracted first-order temperature coefficients
are Yyigrag = —0.01231 and Japmchair = —0.00889 cm™ K™', which
are within the same order of magnitude as those reported in
previous work.[?’]

To reduce the heat dissipation of the substrate, the excita-
tion laser power-dependent Raman spectra were studied for
suspended Td-WTe,. A prerequisite to extracting highly accu-
rate thermal conductivities is for the hole under the sample
to be adequately large. The size of the smallest hole in our
measurements is 2.2 um in diameter, which is sufficiently
larger than the diameter of the laser spot (0.5 um). The laser
power-dependent Raman spectra of the suspended 11.2 nm
thick sample are shown in Figure 2e. The excitation laser power
was lower than 0.2 mW to avoid laser-induced damage. As the
laser power increases, the rise in the local temperatures of the
suspended films results in phonon softening. Figure 2f shows
the frequency fitting of the 1°A; mode at varying laser powers.
The linear redshifts of the '°A; mode when probed along
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Figure 2. Temperature- and laser power-dependent Raman spectra of 11.2 nm thick suspended Td-WTe,. a) Optical microscopy image of few-layered
Td-WTe, flakes suspended on an array of holes. The angle between the laser polarization and the sample edge is defined as 6. b) Schematic diagram
of the experimental setup for the thermal conductivity measurements. The black arrow represents the direction of the incident laser polarization.
c) Temperature-dependent and e) excitation-laser-power-dependent Raman spectra of the 11.2 nm thick suspended Td-WTe, with incident laser polari-
zation fixed along the zigzag direction. d,f) The linear fitting of the '°A; peak frequency as a function of temperature (d) and excitation laser power (f)

along both the zigzag and armchair directions.

both crystalline orientations are clearly presented. The slopes
(6ew/8P) are —0.02637 and —0.02202 cm™ (uW)~! for the zigzag
and armchair directions, respectively.

By solving the heat dissipation equations and considering
the boundary conditions, the temperature diffusion at different
laser powers can be obtained (more details are discussed in the
Supporting Information). In our Raman experiments, the laser-
induced weighted average temperature inside the laser spot is
expressed as

T _[ORT(r)q(r)rdr

" iORq(r)rdr
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where r is the distance between the position and the hole
center, R is the radius of the hole, T{(r) is the temperature distri-
bution inside the hole, and q(r) indicates the volumetric optical
heating.

Figure 3a shows the average temperature of a suspended
11.2 nm thick Td-WTe, flake as a function of the thermal
conductivity under different excitation laser powers. Accord-
ingly, the theoretical curve of 0T,,/8P, which is related to the
value of thermal conductivity, can be obtained, as shown
in Figure 3b. The experimental value of OT,/0P is easily
determined by the slope of both the temperature- and laser
power-dependent redshifts of the °A; mode. Thus, we can
extract the thermal conductivity of suspended Td-WTe, by

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Anisotropic in-plane thermal conductivities of few-layered WTe,. a) The weighted average temperature of suspended 11.2 nm thick Td-WTe,
flakes versus the thermal conductivity under different laser powers. b) The calculated curve of 8T,,/0P as a function of the thermal conductivity. The
thermal conductivities along the zigzag and armchair directions are extracted by plugging the experimentally obtained 6T,,/dP into the theoretical calcu-
lation. c) The extracted thermal conductivities along the zigzag and armchair directions of Td-WTe, with different thicknesses. d) The anisotropic differ-
ence in thermal conductivities as a function of the sample thickness. Error bars were evaluated from the standard deviation of the Raman peak position.

comparing the experimental value with the calculated curve of
6T;,/S8P. From the above measurements, the 6T;,/5P of 11.2 nm
thick Td-WTe, along the zigzag and armchair directions are
2.142 x 10° and 2.477 x 10® K W1, respectively. As a result,
the extracted thermal conductivity along the zigzag direction,
Kyigzag = 0.743 W m™' K, is 16.3% larger than that along the
armchair direction, K,ymehair = 0.639 W m~! K71, showing a strong
anisotropy in the thermal conductivity. The obtained thermal
conductivities in our work are comparable with the previous
results determined by the beam-offset-time-domain thermore-
flectance (TDTR) technique.'! Furthermore, we also extracted
the thermal conductivities from other suspended samples of
12.6, 21.1, and 27.0 nm in thickness (Figure S8, Supporting
Information), as summarized in Figure 3c. With increasing
thickness, K,ig,,q Tises to 1.697 W m™ K for the thickest film,
an analogous tendency also appears in the armchair direction,
where K,mcpairincreases to a value of 1.539 W m=! K-1. Similar
results have been verified in few-layered Bi,Te; and black phos-
phorus.?82 Figure 3d shows that the in-plane anisotropy of the
thermal conductivity becomes less remarkable as the thickness
increases, which is reflected by a decreasing rate of the thermal
conductivity increment ((%igzag — Karmchair) / Karmchair) from 16.3%
to 10.3%, resulting from the faster incremental increase of
Karmehair With increasing thickness.

Theoretical calculations based on first principles and
the Boltzmann transport equation (BTE) are performed

Adv. Mater. 2019, 31, 1804979
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to understand the thickness dependence of anisotropy in
Td-WTe,. For bulk Td-WTe,, the calculated thermal conductivi-
ties along the a-, b-, and c-axis orientations are 14.93, 14.56, and
4.83 W m! K1, respectively. Previous experiments have shown
that the in-plane thermal conductivity is 15 + 3 W m™* K™! for
Td-WTe, flakes with thicknesses greater than 500 nm,"! veri-
fying our calculations. Our calculated values are slightly higher
than the previous ShengBTE results,!'®! probably because of a
larger supercell and cutoff in our calculations. In addition, in
previous calculations, negative phonon frequencies are observed
along the I'-Y direction. Such negative frequencies may intro-
duce large errors to the solution of the BTE. In our calculated
phonon dispersion, there are no negative phonon frequencies, as
shown in Figure 4a. We also calculated the lattice thermal con-
ductivity of bulk Td-WTe, using relaxation time approximations
(RTA). For all of the a-, b-, and c-axis orientations, RTA offers
accurate conductivities within =5% of the full BTE counterparts.
Because the RTA provides a reasonable estimation, we use this
approach to calculate thin film thermal conductivities hereafter.
At 300 K, the number of thermally active phonon modes
can be determined by the Bose—Einstein distribution function.
The dotted white line shown in Figure 4a represents the fre-
quency (145 cm™) below which the average phonon occupa-
tion number is greater than unity. To understand the role of
these thermally active phonon modes, we calculate the in-plane
cumulative thermal conductivity as a function of the phonon

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. First principles modeling results for Td-WTe,. a) Calculated phonon dispersion in bulk Td-WTe,. The dotted white line represents the frequency
below which the average phonon occupation number is greater than unity. The phonon occupation number is determined from the Bose-Einstein
distribution function n = 1/(eh®/*s” — 1) at T = 300 K, where h is the Planck constant, m is the phonon frequency, and kg is the Boltzmann constant.
b) Thin film thermal conductivity of Td-WTe,. c) Calculated anisotropic ratio of k as a function of film thickness. d) Cumulative k as a function of the

maximum mean free path along the c-axis orientation.

frequency. For both the a- and b-axis orientations, phonons
below 145 cm™ contribute to more than 95% of the total
thermal conductivity.

Figure 4b presents the thin film lattice thermal conductivity
of Td-WTe, computed for a 14 x 14 x 14 wavevector grid. The x
value decreases for the thinner films. We further calculate the
anisotropic ratio in k along the a- and b-axis orientations (cor-
responding to the zigzag and armchair directions, respectively).
As shown in Figure 4c¢, the anisotropy increases to 14% as the
layer thickness becomes thinner than 7 nm. For comparison,
the calculated anisotropic ratio is only 2.6% in bulk Td-WTe,,
which is consistent with the experimental observation that the
in-plane thermal conductivity of Td-WTe, is isotropic at the
bulk level.l'® This isotropy can be attributed to comparable
group velocities along the a- and b -axis orientations (Figure S9,
Supporting Information). Further questions arise as to why the
anisotropy in Td-WTe, can only be observed in thinner films. It
is worth investigating the microscopic origin of the thickness
dependence of the transport anisotropy.

The effective in-plane thermal conductivity in a Td-WTe, film
using the RTA approach can be evaluated as!3%

Ker (L) = DS (L)Ci || Vic || A cos® 6 )
k

where L is the film thickness, S (L) is the wavevector-resolved

suppression factor that accounts for phonon-boundary scat-
tering, Cy is the mode contribution to heat capacity, v is the
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group velocity, Ay is the mean free path, and 6 is the angle
between the transport axis and . Using the effective Knudsen
number3!l

_Vv/lIvIA _A.
L L

K G)

the suppression function becomes

1-pe* —(1-p)K(1-e"¥
( _I)/K ( ) )

S(L) = e
where p varies with the surface conditions. Here, we assume
the boundary acts as a diffuse scatterer that reradiates phonons
in a random direction (p = 0), which has been done in the K cal-
culations of thin black phosphorus flakes due to the presence of
surface disorder.*”l When p = 0, S(L) becomes

S(L)=1-K(1-e™) (5)

Obviously, S(L) increases as K decreases, i.e., a thicker L and
smaller A, (lower v, and smaller A). When L becomes thicker,
K approaches zero, and S(L) approaches one, corresponding to
bulk transport. For phonons with v, = 0, K approaches zero as
well, indicating that phonons that never interact with the film
boundaries can transport all of their heat regardless of the film
thickness. However, neither L nor v, can directly influence the
anisotropy of the phonon transport properties. Thus, we focus

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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on the mean free path, A,, along the a- and b-axis directions
hereafter.

We investigate the role of the mean free path, A, by
calculating the cumulative thermal conductivity along the c-axis
orientation

1 AL <ATH

Koa(AZT") = 22 ; Civia Ay (6)

where Q is the volume of the unit cell, and « is the transport
axis. The cumulative thermal conductivity of Td-WTe, is plotted
in Figure 4d.

The mean free path, A,, for b-axis transport is much longer
than that for a-axis transport. This means that k along the b-
axis direction is more sensitive to the film thickness than that
along the a-axis direction. Intuitively, phonons with shorter
mean free paths cannot contribute to phonon-boundary scat-
tering because they cannot reach the surfaces. A large A, for
the b-axis transport leads to strong phonon-boundary scattering
and hence a reduced S, which further suppresses the thermal
conductivity. Due to these longer mean free paths along the b-
axis orientation, its S decreases faster than that along the a-axis
orientation as the film thickness decreases, leading to stronger
anisotropy. Consequently, the anisotropy of the thermal conduc-
tivity increases with decreasing thickness. It should be noted
that in few-layered black phosphorus, the maximum mean free
paths along the armchair and zigzag directions are comparable
to each other.?l Therefore, the thickness dependence of anisot-
ropy in Td-WTe, shows a different trend when compared to that
of black phosphorus.

To examine the universality of our findings, we consider an
extreme case where the mean free path is in the small-grain
limit. As the grain size further decreases, nanostructure-
induced phonon scattering becomes dominant over three-
phonon scattering, and the mean free path is uniformly limited
to a constant value, &,. Therefore, the thermal conductivity,
K", becomes proportional to &,**!

K" = Sgég (7)
where K, is the small-grain-limit reduced thermal conduc-
tivity. The calculated K, along the a- and b-axes is 0.59 and
0.37 W m™! K per unit length of the mean free path in the
small-grain limit (nm), respectively. This indicates that at
extremely small sizes, the in-plane anisotropy will further
increase to 60.2%. The small-grain limit calculations verify the
experimental results that the anisotropy increases as the layers
become thinner.

In summary, we explored the anisotropic in-plane thermal
conductivities of suspended few-layered Td-WTe, flakes by
Raman spectroscopy for the first time. This is also the first
experimental demonstration of such anisotropy in 2D TMDs.
Considering the strong angular dependence of an anisotropic
system, we first employed linear polarization-dependent Raman
spectroscopy and SHG to identify the crystalline orientations
(zigzag and armchair axes) of the Td-WTe, flakes. Next, we
investigated the thermal conductivities of the Td-WTe, layers by
in situ micro Raman spectroscopy and found thermal conduc-
tivities of 0.743 and 0.639 W m™! K™! in the 11.2 nm thick layer
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along the zigzag and the armchair axes, respectively. Phonons
with different mean free paths along the zigzag and armchair
directions are responsible for the in-plane anisotropic thermal
conductivities. The studies of the thickness-dependent thermal
conductivity further reveal that increases in the thickness could
weaken such anisotropy as the thermal conductivities along
both directions increase, which results from a longer mean free
path along the armchair axis and hence less phonon-boundary
scattering. The results shed more light on the applications of
Td-WTe, and the design of efficient thermal management
schemes in next-generation thermoelectric devices.
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