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Abstract: Low-symmetry two-dimensional (2D) materials have exhibited novel anisotropic prop-
erties in optics, electronics, and mechanics. Such characteristics have opened up new avenues for
fundamental research on nano-electronic devices. In-plane thermal conductivity plays a pivotal
role in the electronic performance of devices. This article reports a systematic study of the in-plane
anisotropic thermal conductivity of PdSe2 with a pentagonal, low-symmetry structure. An in-plane
anisotropic ratio up to 1.42 was observed by the micro-Raman thermometry method. In the Raman
scattering spectrum, we extracted a frequency shift from the A3

g mode with the most sensitivity to
temperature. The anisotropic thermal conductivity was deduced by analyzing the heat diffusion
equations of suspended PdSe2 films. With the increase in thickness, the anisotropy ratio decreased
gradually because the thermal conductivity in the x-direction increased faster than in the y-direction.
The anisotropic thermal conductivity provides thermal management strategies for the next generation
of nano-electronic devices based on PdSe2.

Keywords: PdSe2; thermal conductivity; Raman spectrum

1. Introduction

Two-dimensional (2D) materials have rapidly attracted widespread attention as
promising materials for their novel physical properties and dramatic application pros-
pects [1–4]. After discovering and studying 2D materials such as graphene and black
phosphorus (BP), scientific and engineering communities are more inclined to seek ma-
terials with adjustable band gaps and relative environmental stability. Recently, a new
family of 2D materials, noble-metal dichalcogenides (NMDCs: MX2, M = Pd, Pt, X = S,
Se), has inspired interest because of their strong interlayer interactions and remarkable
layer-dependent physical properties [5–9]. Besides, NMDCs have shown outstanding
performance in electron and photoelectric devices with high air stability, such as a field-
effect transistor (FET) with a tunable ambipolar charge carrier [10] and a photoelectric
detector with high sensitivity [11]. Among them, PdSe2 possesses an infrequently puckered
low-symmetry pentagonal, layered structure. This unique atomic arrangement leads to in-
teresting mechanical properties, including unusual negative Poisson’s ratio and ultra-high
mechanical strength [12–15]. Notably, this low-symmetry structure offers new characteris-
tics for in-plane anisotropy in optics and electronics [16,17]. For example, PdSe2 possesses
a strong linear dichroism ratio, up to 1.9, which can act as a high polarization-sensitive
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photodetector [18,19]. Notably, both chemical vapor deposition (CVD) grown and exfoli-
ated PdSe2 exhibit extremely high air quality stability and device performance stability,
which provides an excellent opportunity for future large-scale electronic device appli-
cations [20,21]. Interestingly, it has been forecasted that, in the in-plane directions, the
carrier mobility along the x-direction would be greater than along the y-direction, yet
thermal conductivity was the opposite [22]. This unique property indicates that PdSe2 has
significant potential for thermoelectric applications, probably providing greater freedom
in the thermal nano-devices’ design [21–25]. Although it has been theoretically predicted
that the anisotropy ratio of in-plane thermal conductivity will reach 1.9 [22], experimental
evidence is still lacking.

Hitherto, the micro-Raman thermometry (MRT) has been a common and effective
method for the experimental study of thermal conductivity, which can directly and non-
destructively explore the phonon information of semiconductor heat transfer. One of the
significant advantages of the presented method is needless micro-nano device fabrica-
tion [26–28]. In this procedure, the laser focuses on the suspended film center to form a
temperature gradient. With the increase in Raman laser power, the thermal conductivity
can be extracted from the Raman spectrum’s significant redshift due to phonon softening.
Because of the anisotropic scattering of phonons in low-symmetric materials, MRT has
been widely used in the study of anisotropic thermal conductivity, such as WTe2, BP, and
Te [26,29,30]. In this study, we systematically investigated the in-plane thermal conductivity
of suspended PdSe2 flakes with different thicknesses. Firstly, the lattice orientation was de-
termined by angle-dependent polarized Raman spectra (ADPRS) and polarized-dependent
optical absorption spectra. Then, the MRT method was used to measure the in-plane
anisotropic thermal conductivity. The obtained anisotropic ratio of thermal conductiv-
ity was up to 1.42. The layer-dependent anisotropic thermal conductivity of PdSe2 was
also the first demonstration of 2D NMDCs, which is of great significance for the thermal
management of the next generation of PdSe2-based electronic devices.

2. Materials and Methods

A single crystal of PdSe2 was purchased from HQ Graphene Company (purity = 99.998%).
Few-layered PdSe2 were mechanically exfoliated from bulk crystals at room temperature.
The thinner flakes were initially identified by optical microscopy (WMJ-9688), utilizing
polydime-thylsiloxane (PDMS) transferred onto pre-cleaned, 200 nm Si3N4/Si with a hole
of 6 µm in diameter. The atomic force microscopy (AFM) images were obtained through
the non-contact mode (Hitachi, AFM5500M).

Raman spectra were obtained by the FST2-Ahdx-DZ system using an incident laser
(532 nm) in the back-scattering geometry. The detector was an Andor CCD with ther-
moelectric cooling to −60 ◦C. A 50× objective (numerical aperture = 0.42) was used to
focus the incident light (ei) and collect the Raman scattering (es) signal. In the parallel
configuration (ei‖es) and the cross configuration (ei ⊥ es), the polarization direction (ei) of
the incident light was rotated every 15 degrees relative to the sample to obtain ADPRS.
The temperature control was achieved by a Linkam thermal stage THMS600. The nitrogen
atmosphere was maintained during the experiment to avoid the hydrolysis or oxidation of
the PdSe2 nanosheet.

3. Results and Discussion

The bulk PdSe2 crystallizes in the space group of PbCa (point group D2h) with an
orthorhombic structure and unit cell of a = 5.75 Å and b = 5.87 Å [31,32]. The pentagonal
lattice structure of PdSe2 is shown in Figure 1a. The side view explicitly stresses the
layered essence and the relationship of the van der Waals (vdW) forces in each layer. Pd
and Se atoms show different configurations along the x- and y-directions, respectively.
Typical layered structures had a single thickness of 6 Å [7], and each layer was coupled
with a powerful van der Waals force (190 meV/atom) [21]. From the top view, we can
see that the single layer of PdSe2 was wholly composed of a pentagon ring, exhibiting a
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unique pattern known as the Cairo pentagonal tiling. The pentagon has an asymmetric
lattice structure and potential anisotropic physical properties exist in the plane [7,33,34].
Compared with other pentagonal 2D materials that are still in theory, PdSe2 has already
shown superior performance in practical applications [35–37]. A typical, non-polarized
Raman spectrum of exfoliated PdSe2 flakes on 200 nm Si3N4/Si substrate is shown in
Figure S1 in the supplementary materials. Six prominent Raman peaks can be clearly
observed. The 227 cm−1 peak can be attributed to the Bg modes, whereas the 144, 208, and
258 cm−1 peaks correspond to the Ag modes. Such a result is consistent with previous
reports [38].

Figure 1. (a) Typical side view (up) and top view (down) of the layered, PdSe2 anisotropic crystal structure. The contour
maps of the angle–dependent polarized Raman spectra (ADPRS) of a PdSe2 flake under (b) parallel–polarized and (d)
cross–polarized configurations. Polar plots and fit curves of A1

g peak intensities under (c) parallel–polarized and (e)
cross–polarized configurations.

In order to determine lattice orientation in thermal conductivity measurements, the
ADPRS was employed to understand the anisotropic phonon vibration of PdSe2. The
contour map of parallel configuration is shown in Figure 1b, from which we can see that
each of those peaks is shifting periodically (209 and 144 cm−1), whereas others display a
four-leaf pattern (e.g., 227 and 258 cm−1). To demonstrate this phenomenon more clearly,
we extracted the angle-dependent Raman intensity of a typical A1

g mode, as shown in
Figure 1c, in which the maximum intensities occurred at 90◦ and 270◦, and the secondary
maxima at 0◦ and 180◦. In contrast to the parallel configuration, the cross configuration
presented another symmetric pattern, shown in Figure 1d. Most of them exhibited a four-
leaf pattern (e.g., 118, 127, 144, and 258 cm−1), and another displayed a two-leaf pattern
(e.g., 208 cm−1). Unlike parallel configurations, the polar plots of the angle-dependent
Raman intensity of A1

g modes in cross configurations are shown in Figure 1e, which displays
four-leaf patterns where the symmetry axis of the pattern was deflected by 45◦, and the
maximum intensities of all the A1

g modes were at 45◦, 135◦, 225◦, and 295◦. The ADPRS
experimental findings were in full agreement with the relationship between the Raman
tensor fitting (more details can be found in the Supplementary Material Note S1) and
the angle of polarization orientation. The results indicate that the two in-plane principal
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axes of PdSe2 can be classified by ADPRS. However, since the Raman intensity was also
related to the absorption of PdSe2, the definitive a or b cannot be identified. Thus, after
distinguishing the two in-plane principal axes, we employed polarized-dependent optical
absorption spectra to confirm the in-plane lattice orientation [18].

Based on the unique linear dichroism transition of PdSe2, for example, Figure S2 has
shown the absorption intensity at 405 and 580 nm wavelengths, which have prominent
angular dependence characteristics. It is easy to define the x and y lattice directions. For
example, at 405 nm, the angle of the strongest absorption intensity corresponds to the y-
direction, whereas, at 580 nm, the position of the strongest absorption intensity corresponds
to the x-direction. Combining the optical absorption spectrum and Raman spectrum, we
can determine the x-direction corresponding to the angle with a relatively large Raman
intensity in yjr A1

g mode. These observations truly imply that the polarized Raman signals
of PdSe2 are intensely dependent on its crystalline orientation. This basic non-destructive
process of ensuring crystal orientation is often commonly utilized in other 2D anisotropy
materials [39,40].

To find the anisotropic thermal conductivity, we employed an MRT method to sys-
tematically study the thermal conductivity of 2D PdSe2 [26,29,30]. Figure 2a shows the
schematic diagram of the experimental setup, in which the polarized light was focused on
the center of the hole, while the polarization direction of incident light was controlled by a
rotating half-wave plate. The heat input and diffusion by the laser beam was subject to
Gaussian distribution. Most heat was concentrated at the center of the suspended PdSe2.
The results provide a convenient way to obtain the temperature-related phonon informa-
tion. To achieve high precision, the hole under the sample was much larger than the laser
spot, which can minimize the substratum’s influence and establish an appropriate temper-
ature gradient from the hole center and the substrate. In our experiment, the hole diameter
was 6 µm, which is adequate and much greater than the laser spot (about 2 µm); a typical
suspended PdSe2 is shown in the inset of Figure 2b. Then, we employed a temperature-
dependent Raman spectrum under parallel configuration to obtain the temperature meter,
reflecting Raman spectra’s sensitivity to temperature. Embodying the temperature sensitiv-
ity of phonon vibration in PdSe2, the two most apparent Raman peaks of 7.2 nm PdSe2 are
highlighted in Figure 2c. With the temperature increase from 100 K to room temperature,
both the A1

g (145 cm−1) and A3
g (256 cm−1) modes’ peaks had a dramatic redshift, which

originated from thermal expansion and anharmonic lattice vibrations [41,42]. Similarly,
with the increase in laser power, the peaks of A1

g and A3
g modes also exhibited significant

redshifts because of the laser heating effect, as shown in Figure 2d. In order to intuitively
show the shift in peak position with temperature and power, we fit the peaks of A1

g and
A3

g modes in Figure 3. The two peaks exhibited the same trend. The A3
g peak was more

apparent than the A1
g peak, and the former’s redshift was more remarkable. This result

indicates that A3
g mode is more sensitive to temperature, so we selected the A3

g peak shift
on a microscale as the temperature meter.

The evolution of the peak frequency, ω, as a function of the temperature was linearly
fit by the equation ω = ω0 + χ T, where ω0 intercepted with the temperature at 0 K and χ
= δω/δT was the first order of the temperature coefficient. Figure 3a,b shows the linear
fitting results of the A3

g mode with respect to temperature in the x- and y-directions. The
derived slopes related to temperature are χx = −0.00867 and χy = −0.00881 cm−1 K−1;
they exhibited a lattice orientation dependence. The A3

g peak shift was also measured as
a function of laser power for the suspended PdSe2. When the laser power was increased,
the noticeable Raman peak shift due to phonon softening caused by the suspended film’s
temperature increased. Under a different laser power, the frequency fitting of the A3

g mode,
as shown in Figure 3d,e, derived slopes (δω/δP) in the x- and y-directions equal to−0.00301
and −0.00264 cm−1 (µW)−1, respectively. Obtaining the relationship between Raman peak
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shift and the calculated temperature, the average temperature (inside the laser spot) caused
by the incident laser is expressed in the formula as [43]:

Tm =

∫ R
0 T(r)q(r)rdr∫ R

0 q(r)rdr
(1)

where R is the radius of the hole, and r is the value of position from the center of the hole.
Furthermore, we needed to consider the interfacial heat transfer and boundary conditions
(see the Supplementary Material Note S2 for details). Figure 4a shows the relation between
the average temperature and the thermal conductivity of the suspended films. In addition,
we further obtained the expression curve of δTm/δP and the thermal conductivity, as shown
in Figure 4b, which was easily obtained by our experiment.

From the above discussion, the thermal conductivity of 7.2 nm thickness PdSe2 along
the x- and y-directions were calculated to be 28.45 and 25.35 W m−1 K−1, respectively.
The extracted thickness-dependent thermal conductivity is shown in Figure 4c, indicating
the existence of robust anisotropy in the few-layered PdSe2, with an anisotropy ratio as
high as 1.42 (for the calculation of the error bar, see the Supplementary Material Note S3).
Such thickness-dependent anisotropic thermal conductivity has been observed in few-
layered Te and BP [29,30]. By increasing the thickness of PdSe2, the anisotropy of thermal
conductivity decreased gradually in the in-plane, as shown in Figure 4d. (The thickness
was determined by AFM, as shown in Figure S3). The thermal conductivity ratio (κx/κy)
decreased from 1.42 to 1.08 because of the thermal conductivity in the x-direction but
increased faster than the y-direction with increasing thickness. This size effect resulted
from strong surface scattering of longer mean-free-path phonons [30]. The relatively thinner
PdSe2 had a lower group velocity and a longer phonon lifetime and was more likely to be
affected by surface defects. The anisotropic thermal conductivity was mainly attributed
to phonon scattering along the x-direction more than the y-direction, and the anisotropy
of phonon scattering decreases with an increase in thickness [22]. The strong size effects
on thermal and electric transport due to surface scattering were also observed in Bi2Te3
thermoelectric material [44]. In particular, as for the heat diffusion in the direction of the
z-axis, the strong interlayer action of PdSe2 may affect the experimental measurement,
which requires further investigation. To get an intuitive understanding of the in-plane
anisotropic thermal conductivity in PdSe2, Table 1 summarizes the thermal conductivity
of anisotropic 2D materials studied in recent years. Based on our work, the anisotropic
thermal conductivity ratio of PdSe2 was relatively large among the reported 2D materials.
In contrast to previous theoretical reports [22], our experimental data are slightly higher
than theoretical calculations but still on the same order of magnitude. The possible reason
is the uncertainty of interfacial heat transfer between the material and the substrate [45].
However, for low-thermal-conductivity materials, most of the laser heat caused by a small
speckle is concentrated in the hole, which has a minimal effect on the results.
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Figure 2. (a) Schematic diagram of the experimental setup for the thermal conductivity measurements.
(b) Schematic of the suspended PdSe2 on a hole 6 µm in diameter. The bar in the inset is 10 µm.
(c,d) Temperature–dependent and incident–laser–power–dependent Raman spectra of the 7.2 nm-
thick suspended PdSe2 with incident laser polarization fixed along the x– and y–directions.

Figure 3. (a,b) were the A1
g and A3

g peak frequencies as a function of temperature along x– and
y–directions, respectively. (c,d) were the A1

g peak frequencies as a function of laser power along the x–
and y–directions, respectively.
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Figure 4. (a) The average temperature versus the thermal conductivity of the suspended, 7.2 nm–
thick PdSe2 nanosheet at different laser powers. (b) The calculated curve of δTm/δP as a function
of the thermal conductivity. The thermal conductivity along the x– and y–directions were extracted
by experimental measure. (c) The extracted in–plane thermal conductivity of different thicknesses.
(d) The anisotropic ratio of thermal conductivity versus the thickness of PdSe2.

Table 1. Thermal conductivities of anisotropic 2D materials compared.

Material Fabrication Thickness
(nm) Method In-Plane κ

(W m−1 K−1) Ratio Resource

Td-WTe2 Exfoliation 11.2
Micro-Raman
thermometry

(MRT)
0.639 0.743 1.16 Ref. [26]

TiS3 Exfoliation 100 Thermal bridge 2.84 5.78 2.04 Ref. [46]

Te
Solution

phase
syntheses

100 MRT 1.7 2.15 1.26 Ref. [30]

BP Exfoliation 9.5 MRT ~10 ~20 2.00 Ref. [29]

ReS2 Exfoliation 150
Time-domaint

hermoreflectance
(TDTR)

50 70 1.40 Ref. [47]

PdSe2 Exfoliation 1.62 MRT 10.95 15.58 1.42 This
study

4. Conclusions

To conclude, we investigated the anisotropic in-plane thermal conductivity of the
suspended 2D PdSe2 through Raman spectroscopy. The anisotropic thermal conductivity in
low-symmetry pentagonal 2D PdSe2 was first demonstrated in our experiment. We engaged
linear polarization-dependent Raman spectroscopy and absorption spectrum to determine
the crystal orientation (x- and y-directions) of PdSe2 flakes due to the strong direction
dependence of the anisotropic structure. The prominent anisotropy ratio of the thermal
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conductivity of PdSe2 flakes measured by MRT was found to be 1.42. This result provides
a valuable reference for anisotropic thermoelectric applications. Our study may play a
ground-breaking position regarding the anisotropic in-plane thermal conductivity of PdSe2,
which will greatly facilitate applications in energy conversion and in electronic devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13084155/s1. Figure S1: Typical Raman spectra of PdSe2, Figure S2: Polarized light
absorption spectrum, Figure S3. Optical imaging and AFM height profiles of suspended few-layered
PdSe2, Note S1: Raman tensors fitting, Note S2: Determination of the average temperature profile
through the boundary conditions, Note S3: The error bar of thermal conductance.
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