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Few-layer and multilayer pentagonal PdSe. nanosheets were directly grown on sapphire by chemical vapor transport, exhibiting
pronounced second-harmonic generation and strong in-plane optical/electrical anisotropy.
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ABSTRACT: Two-dimensional (2D) PdSe; has garnered sustained interest due to its unique puckered pentagonal lattice, which endows it
with nonlinear optical activity, strong in-plane anisotropy, sizable bandgap, and environmental stability. However, the advancement of this
system toward optoelectronic device applications has been limited by the lack of reliable direct-growth routes for high-quality 2D PdSe»
crystals with regulated thickness. In this paper, we report the bottom-up growth of few-layer and multilayer 2D PdSe> nanosheets on sapphire
substrates via a growth-parameter-regulated chemical vapor transport reaction. The high quality of the as-grown PdSe> nanosheets is
confirmed by aberration-corrected scanning transmission electron microscopy images and low-frequency Raman spectroscopy. We further
investigate the strong optical anisotropy of PdSe; nanosheets using the second-harmonic generation response and angle-resolved polarized
Raman spectroscopy. Moreover, electrical transport measurements reveal large anisotropic ratios of 4.9 for electrical conductivity and 6.3 for
carrier mobility. This work opens a new route for the synthesis of variable-thickness 2D pentagonal materials and establishes PdSe; as an
excellent candidate for polarization-sensitive optoelectronic devices.

KEYWORDS: chemical vapor transport, pentagonal PdSe, nonlinear, anisotropy, variable thickness

properties, such as a strongly thickness-tunable bandgap (0-1.3

1 Introduction eV) [7], wavelength-tunable linear dichroism [8, 9], excellent air

Two-dimensional (2D) materials have garnered increasing
attention in the fields of nanophotonics and optoelectronics due
to their unique physicochemical properties. Unlike conventional
isotropic materials such as graphene and MoS,, which possess
highly symmetrical hexagonal lattices, in-plane anisotropic 2D
materials exhibit pronounced orientation-dependent optical,
electrical, and  thermal  properties along  different
crystallographic directions [1, 2]. This anisotropy provides an
additional degree of freedom for directional transport of charge
and energy, as well as on-demand regulation of device
functionality. For instance, owing to their low lattice symmetry,
2D materials like GeSe and NbS3; demonstrate strong directional
dependence in optical and electrical properties, highlighting
their potential for polarization-resolved optoelectronic
applications [3-6]. Among the emerging anisotropic 2D
candidates, pentagonal PdSe, exhibits a range of intriguing

stability [10], and structural reconstruction flexibility [11-13].
These characteristics originate from its unique puckered
pentagonal network with strong interlayer coupling and
hybridization. Since Xiao et al. first experimentally reported 2D
PdSe, in 2017, tremendous efforts have been devoted to
exploring its direct synthesis [14—16], fundamental properties
[17, 18], and applications in diverse scenarios [19-21]. For
example, Xiao’s group grew few-layer PdSe, crystals with
different morphologies and investigated their optical anisotropy
and electrical performance [22]. Zhai et al. reported strong in-
plane anisotropy and orientation-selective behavior in 2D PdSe;,
achieving an anisotropic ratio of electron mobility up to
approximately 2.3 at room temperature [8]. More recently, Li et
al. studied the layer-dependent second harmonic generation
(SHG) polarization responses of PdSe,, revealing distinct
differences in SHG polarization orientation and ellipticity
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between bilayer and four-layer samples [23]. Beyond these
experimental studies, pentagon-based 2D materials have
attracted increasing attention because their low-symmetry non-
hexagonal lattices can give rise to diverse physical properties,
while recent theoretical studies on penta-PdSe;-based systems,
including predicted sliding ferroelectricity and a Boson-peak-
like hump induced by phonon localization, further highlight the
importance of developing reliable direct-growth strategies for
high-quality PdSe> nanosheets and exploring their anisotropic
properties [24-26]. To date, studies on the anisotropic properties
of PdSe; have been mainly restricted to mechanically exfoliated
few-layer samples and those grown by chemical vapor
deposition (CVD) [27-31]. Owing to phase variations and the
rich polymorphic nature of PdSe» [15, 32], the efficient
preparation of high-quality 2D PdSe, with variable thickness
remains  insufficiently explored and requires further
investigation.

Chemical vapor transport (CVT) is a reliable growth method for
synthesizing various high-quality bulk single crystals. In recent
years, a surge of attention has been directed toward extending
this bulk crystal growth method to produce atomically thin 2D
materials with crystallinity comparable to that of mechanically
exfoliated counterparts. In contrast to conventional CVD growth,
which is generally conducted in an open-flow environment, the
CVT process proceeds in a vacuum-sealed quartz tube with a
controlled temperature gradient and a confined precursor
environment. The confined geometry is beneficial for
suppressing oxygen-related interference and regulating the
transport and crystallization process through the control of
growth temperature and precursor amounts [33]. Unlike flux-
assisted growth, the CVT route does not rely on an external flux
medium and enables direct growth of 2D nanosheets on different
substrates. For example, Jiao et al. successfully synthesized a
series of isotropic 2D transition metal dichalcogenides,
including TiSe2, MoS,, WSz, MoSe», and PtSe;, via CVT by
tuning the growth kinetics [34-36]. This approach has also
proven effective for producing anisotropic low-dimensional
materials with nanoscale thickness, such as red phosphorus (RP)
[37], ReSe2 [38], and Te [39]. Qiu et al. employed CVT to grow
Ti-doped MoS: monolayers and perovskite/MoS, vertical
heterostructures, demonstrating an effective route for 2D
material modification and heterostructure fabrication [40, 41].
Very recently, Duan et al. fabricated centimeter-scale uniform
MoS; and WS films using an enclosed CVT method at a low
temperature (<450 ‘C) [42]. These advances suggest that CVT
may offer a new strategy for the lateral growth of 2D PdSe:,
while the anisotropic properties of the resulting products remain
to be explored.

In this work, we report the direct growth of PdSe, nanosheets
via a one-step CVT reaction. By controlling the growth
parameters, we successfully synthesized high-crystallinity PdSe:
nanosheets on sapphire substrates, with lateral dimensions up to
tens of micrometers and thicknesses down to approximately 4
nm. The as-grown PdSe: nanosheets exhibited a strong SHG
effect under 880 nm excitation. A comprehensive investigation
was conducted into the in-plane optical anisotropy of the PdSe:
nanosheets using angle-resolved polarized Raman spectroscopy.
Moreover, field-effect transistor devices based on CVT-grown
PdSe; nanosheets exhibited angle-resolved electrical transport
properties, with a large anisotropic conductance ratio of 4.9 and

an anisotropic mobility ratio of 6.3. This study not only provides
a reliable method for the direct synthesis of high-quality 2D
pentagonal materials but also offers important insights for
exploring the polarization-sensitive functionality of the PdSex
system.

2 Experimental

2.1 CVT synthesis of 2D PdSe; crystals

Prior to crystal growth, high-purity Se powders were thoroughly
ground and dried in a vacuum oven at 80 °C for ten hours.
Stoichiometric (8:1) amounts of Se powder (0.067 g) and Pdl»
powder (0.038 g) were weighed and loaded into a quartz tube at
one end inside an Ar-filled glovebox. A double-side polished c-
plane sapphire substrate was placed at the other end of the
quartz tube and separated from the precursors by a neck in the
tube. The tube was then connected to a custom-made vacuum
isolation valve to avoid air contamination, followed by
evacuation and flame-sealing to create an enclosed chamber for
subsequent crystal growth. The 15-cm-long sealed tube was
loaded into the central hot zone of the furnace, heated to 800—
900 °C at a rate of 20 °C min!, and maintained at this
temperature for 1 h. Note that the substrate was positioned 8 cm
away from the source materials to establish a temperature
gradient of approximately 50 °C, as measured by a
thermocouple. After that, the furnace was cooled to 500 °C over
2 h and then rapidly cooled to room temperature by opening the
furnace cover. In our experiments, the inner diameter of the
necking was fixed at 5 mm, and its position was set at 8§ cm from
the source materials. The thickness and lateral size of the target
products were carefully tuned by controlling experimental
conditions, including growth temperature and substrate (Figures
S1 and S2).

2.2 Characterization

The morphology and topography of the CVT-grown PdSe:
nanosheets were observed using an optical microscope (Nikon
Y-IDP) and AFM (Bruker Dimension ICON system). Raman
spectra were collected using a WITec Alpha 300R confocal
Raman spectrometer with a 532 nm laser source. The
polarization state of the laser was controlled by rotating a half-
wave plate in steps of 10°. STEM images were taken using a Cs-
corrected TEM (FEI Titan Cubed Themis G2 300) operated at
an accelerating voltage of 300 kV. The chemical valence and
bonding states of the PdSe, nanosheets were characterized by
XPS (PHI VersaProbe 4, ULVAC PHI) using Al Ko radiation.
2.3 SHG Measurement

The SHG signal was detected in a reflection geometry.
Femtosecond laser pulses at wavelengths ranging from 780 to
960 nm, with a repetition rate of 80 MHz and a pulse width of
80 fs (Spectra-Physics Solstice Maitai HP), were used as the
excitation source. The laser pulses were focused on the sample
using a 50x objective lens with a numerical aperture of 0.8.

2.4 Transfer of CVT-Grown PdSe; nanosheets

The PdSe: nanosheets grown by CVT were transferred from the
sapphire growth substrate onto a SiO/Si substrate using a
polymer-assisted wet transfer process. First, a solution of
poly(methyl methacrylate) (PMMA, 15 wt%) was spin-coated
(500 rpm for 10 s; 3500 rpm for 1 min) on top of the PdSe:
nanosheets and baked on a hotplate at 105 °C for 2 min. The
edge of the PMMA film was gently peeled off with tweezers to
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facilitate the subsequent etching and removal process. Afterward,
the PMMA/PdSe, stack was released from the sapphire by
etching in 1 mol L™! sodium hydroxide aqueous solution at 60
°C for 20 min. The detached PMMA/PdSe; film was rinsed in
deionized water several times and transferred onto the SiO»/Si
substrate. The SiO2/Si substrate with the PMMA/PdSe; film was
baked on a hotplate at 105 °C for 10 min to dry the sample and
enhance adhesion. Finally, the PMMA film was removed by
repeatedly immersing the sample in hot acetone (50 °C, 10 min)
several times, followed by rinsing with isopropanol and drying
under a flow of N gas.

2.5 Device Fabrication and Characterization

Photoresist (AZ 5214-E) was spin-coated (500 rpm for 10 s;
4000 rpm for 1 min) to uniformly cover the SiO,/Si substrate,

a 850 °C

Intensity (a.u.)

0 50 100 150 200 250 300
Raman Shift (cm-1)

followed by baking at 105 °C for 1 min to solidify. The source
and drain electrodes were patterned using a laser writer
(MicroWriter ML3, Durham Magneto Optics Ltd.). Next, the
sample was immersed in the developer solution (AZ 400K) for
40 s and rinsed in deionized water for 20 s. Finally, Ti/Au (10
nm/40 nm) metals were deposited using an electron-beam
evaporation system. The electrical transport properties of the
samples were measured using a Keithley 4200 semiconductor
characterization system connected to a Lakeshore cryogenic
probe station under ambient conditions.

3 Results and discussion

Figure 1. Synthesis and characterization of PdSe; nanosheets. (a) Schematic illustration of the CVT setup for the growth of 2D PdSe,. (b) Atomic structure of
2D pentagonal PdSe;. (c) Optical microscopy image of as-grown PdSe; nanosheets on a sapphire substrate. (d) Raman spectra of PdSe, nanosheets with

different thicknesses. (e,f) AFM topography image and Raman mapping of the A,> characteristic peak for a ~35-nm-thick PdSe, nanosheet. The inset shows the

corresponding optical microscopy image (scale bar: 5 um). (g,h) AFM topography image and Raman mapping of the A,> characteristic peak for a ~5-nm-thick

PdSe; nanosheet. The inset shows the corresponding optical microscopy image (scale bar: 10 um).

As schematically illustrated in Figure la, PdSe> nanosheets
with high crystalline quality were synthesized using a chemical
vapor transport (CVT) setup, in which a temperature gradient is
established between the source and deposition zones to facilitate
the transport of precursors and the epitaxial crystallization of
products on the substrate. In this work, we used Pdl, and Se
powder as precursors to produce PdSe, nanosheets without
adding an extra transport agent (see the Experimental Section

for details). The orthorhombic lattice of PdSe; consists of single
layers of PdSe; stacking along the c-axis, where each monolayer
is composed entirely of pentagonal rings (Figure 1b). In CVT
routes, the confined geometry allows for modulation of the
reactant partial pressure. By optimizing the growth conditions,
including growth temperature and substrate, PdSe, nanosheets in
rectangular shapes were produced on sapphire substrates at a
growth temperature of 800 ‘C and a Pd:Se atomic ratio of 1:8.
Optical microscopy and atomic force microscopy (AFM) show
that the lateral size and thickness of the as-grown PdSe;
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nanosheets were mainly in the ranges of 10-50 pm and 4-55 nm,
respectively, as shown in Figure 1c and Figures S3-S5. Figure
1d shows the Raman spectra of samples with different
thicknesses. The bulk sample, represented by a PdSe, nanosheet
with a thickness of approximately 44 nm, exhibited four distinct
Raman peaks at ~143.7, 204.8, 221.1, and 256.8 cm™! in the
high-frequency region (>100 cm™), corresponding to the
vibrational modes of A,'-Big!, A%, Big?, and A,°, respectively
[8]. With decreasing layer number, these four Raman peaks
gradually shifted to higher frequencies, indicating strong
interlayer interaction in PdSe: crystals. Furthermore, for few-
layer and multilayer PdSea, the characteristic set of low-
frequency (LF) Raman peaks (<60 cm™') can serve as
fingerprints for unambiguous assignment of the layer number.
Three representative samples with thicknesses of approximately
4, 5, and 10 nm exhibited prominent LF breathing modes of

PdSe», which can be assigned to layer numbers of 6, 8§ and 16,
a =

b SASNAANNANAANN
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respectively, in good agreement with previous reports [43, 44].
Moreover, the Raman peak positions and spectral features of the
typical CVT-grown samples were in good agreement with those
of mechanically exfoliated counterparts at comparable
thicknesses, confirming that the CVT-grown PdSe> nanosheets
retained the intrinsic layer-dependent vibrational features of
pentagonal PdSe: (Figure S6). Raman intensity mappings of the
Ag characteristic peak were further performed on typical
samples with thicknesses of about 35 nm and 5 nm (Figures le—
1h and Figure S7). The uniform distribution indicates the high
crystalline quality and spatial uniformity of the as-grown PdSe;
nanosheets. More importantly, the characteristic Raman peaks
remained nearly unchanged, without obvious peak shift or
intensity attenuation after two months of exposure to ambient air
(Figure S8), suggesting good environmental stability of the as-
grown PdSe; nanosheets.
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Figure 2. Crystal structure and chemical purity characterization of PdSe; nanosheets. (a) HRTEM image of a PdSe; nanosheet, revealing interplanar spacings of
0.287 nm for the (200) plane and 0.587 nm for the (010) plane. The inset shows the corresponding SAED pattern. (b) Atomic-resolution STEM image of the
PdSe; nanosheet viewed along the [001] zone axis (left panel) and the corresponding crystal structure model projected along the c-axis (right panel). (c) The

corresponding FFT pattern derived from the STEM image. (d) EDS elemental mapping of a PdSe, nanosheet, indicating the homogeneous distribution of Pd

and Se. (e,f) XPS core-level spectra of Pd 3d and Se 3d for the PdSe; nanosheets.

The pentagonal PdSe, crystal adopts an orthorhombic
symmetry with lattice parameters a = 0.574 nm, b = 0.586 nm, ¢
= 0.771 nm, and a = = y = 90°. The atomic structure of the
CVT-grown PdSe; nanosheets was characterized using
transmission electron microscopy (TEM). The high-resolution
transmission electron microscopy (HRTEM) image shown in
Figure 2a revealed clear lattice fringes with spacings of 0.287
nm and 0.587 nm, which were assigned to the (200) and (010)
principal crystal planes of the pentagonal PdSe; crystal,
respectively. The selected area electron diffraction (SAED)
pattern exhibited sharp lattice diffraction spots corresponding to
the two labeled (200) and (010) planes, confirming the single-
crystalline nature of the as-grown PdSe,. Atomic-resolution
scanning  transmission  electron  microscopy  (STEM)
characterization of PdSe, revealed a periodic atomic
arrangement with a boomerang-like pattern along the [001]
direction, which matched well with the crystal model viewed
from the c-axis (Figure 2b). The corresponding fast Fourier

transform (FFT) pattern exhibited a set of bright spots arranged
in orthorhombic symmetry, characteristic of the PdSe: lattice
(Figure 2c). The scanning TEM energy-dispersive X-ray
spectroscopy (STEM-EDS) elemental mapping in Figure 2d
demonstrated a homogeneous spatial distribution of Pd and Se
elements. In addition, the X-ray diffraction patterns of two
batches of CVT-grown PdSe; nanosheets exhibited a distinct
(002) diffraction peak, suggesting preferentially oriented growth
of the PdSe> nanosheets on the substrate (Figure S9). X-ray
photoelectron spectroscopy (XPS) analyses were performed to
identify the elemental composition and surface chemical
bonding states of the sample. As shown in Figures 2e and 2f,
two prominent peaks corresponding to the Pd 3ds» and Pd 3ds.
orbitals were observed at 342.1 eV and 336.8 ¢V, with a
separation of =5.3 eV due to spin-orbit splitting. The Se 3d
spectrum was fitted with two peaks located at 55.8 eV and 54.9
eV, which were attributed to the binding states of Se 3d3» and
Se 3dsp, respectively [11]. The absence of other valence states
confirmed the chemical purity of the as-grown PdSe; nanosheets.
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Figure 3. SHG process in few-layer PdSe;. (a) Schematic illustration of the SHG process in 2D PdSe;. (b) Spatial mapping of the integrated SHG signals of a
PdSe; nanosheet. The inset shows the corresponding optical image. (¢) SHG spectra of a 6L PdSe; nanosheet under different laser excitation power (4 = 880 nm).
(d) Power dependence of the SHG intensity for 6L PdSe;. (¢) SHG spectra of 6L PdSe; with excitation wavelengths ranging from 780 to 960 nm. (f)
Polarization-resolved SHG intensity (red dots) as a function of the polarization angle under 880 nm excitation, along with the fitted curves (solid lines) for 6L

PdSe;.

Second-harmonic generation (SHG) activity is a key signature
of inversion-symmetry breaking in 2D materials. In contrast to
common 2D transition metal dichalcogenides, odd-layer PdSe;
crystals belong to the P2i/c space group and Ca, (2/m) point
group with inversion symmetry, while even-numbered layers
belong to the Pca2; space group and C», (mm?2) point group
without inversion symmetry [7, 45]. Therefore, even-layer PdSe;
can exhibit pronounced SHG activity, as illustrated in Figure 3a.
The sample used for nonlinear optical measurements had a
thickness of 6 layers (6L), as shown in Figure S4a. Figure 3b
displays the spatial mapping of the SHG intensity over the PdSe>
sample under an excitation wavelength of 880 nm. The sample
exhibited high uniformity in intensity distribution, suggesting
the single-crystalline nature of the CVT-grown PdSe: nanosheet.
Figure 3c presents the excitation power-dependent SHG spectra
of the 6L PdSe, sample. An emission peak centered at 440 nm
was clearly detected, exactly half the wavelength of the

excitation laser. The SHG intensity scaled quadratically with the
excitation power and was linearly fitted with a slope of 2.01,
confirming the second-order nonlinear process (Figure 3d).
Moreover, the SHG intensity of the CVT-grown PdSe:
nanosheet was measured under different excitation wavelengths
ranging from 780 to 960 nm in steps of 20 nm at the same
excitation power of 3 mW. As shown in Figure 3e, the SHG
intensity was strongly dependent on the excitation wavelength
and reached a maximum under 880 nm excitation. Furthermore,
polarization-resolved SHG signals were collected for the 6L
PdSe; nanosheet under 880 nm excitation with a parallel-
polarization configuration. Figure 3f shows the polar plot of the
angle-dependent SHG emission of 6L PdSe; under 880 nm
excitation in the parallel-polarization configuration, which
exhibited a dumbbell shape with maxima at 90° and minima at
0°. This further confirmed the fundamental anisotropy of the
sample, which was in good agreement with mechanically
exfoliated counterparts [23, 28].
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To investigate the anisotropic vibrational properties of the
CVT-grown PdSe; nanosheets, we performed angle-resolved
polarized Raman spectroscopy (ARPRS) under both parallel-
and cross-polarization configurations. In our measurements, a
half-wave plate was inserted between the filter and the objective,
enabling simultaneous adjustment of the polarization of both the
incident and scattered light (Figure S10). Figures 4a and 4b
show the angle-resolved Raman spectra of the PdSe, nanosheet
as functions of the polarization angle from 0° to 360° under
parallel- and cross-polarization configurations, respectively. For
these two configurations, the Raman peak intensities of the five
vibrational modes (denoted as Ag'-Bis', A2 Big?, and A%)
exhibited a strong correlation with the polarization angle. The
corresponding contour-color maps visualized the periodic
modulation of Raman intensity with polarization angle,
indicating the intrinsic optical anisotropy of the material
(Figures 4c and 4d). To quantitatively analyze the angle-
resolved Raman signals, the Raman tensor (R) was used.
According to group theory, only A, and B, vibrational modes
appear in back-scattering Raman measurements [9], and their
Raman tensors can be expressed as:

R(Ag)=(g 2 8)

0 0 ¢
)
0 d 0
R(Blg)=<d 0 0)
0 0 0
2)

where a—d represent the amplitudes of each tensor element. The
angle-resolved Raman intensity of individual vibrational modes
can be quantitatively described by the following formula:

I« Zles'R'eilz
3)

where es is the polarization vector of the scattered light for
parallel or cross polarization (ey; = [cosf, sind, 0], es. = [—sind,
cosf, 0]), ei is the polarization vector of the incident light (e
[cosf, sind, O]T), and & represents the polarization angle
determined by rotating the half-wave plate by 6/2 [46].
Therefore, the angle-dependent Raman intensities of A, and B,
vibrational modes under parallel and cross polarization
configurations were given by:

I(Ag)" = (a cos®*0 + b sin?*6)?

“4) ,
1(4,)" = (52 sin26)

®)
1(By,)" = (d sin26)?

(6)
I(By,)" = (d cos26)?

(7

Based on the above equations, the Raman scattering intensities
were well fitted for each vibrational mode. In the parallel-
polarization configuration, the mixed Raman peak (Ag'-Big)
was dominated by the A,' vibrational mode, which exhibited a
two-lobed shape with maximum intensity at 90° and 270°, as
shown in Figure 4e. Similarly, the other two peaks (Ag> and A;’)
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displayed intensity modulation with a 180° period, with local
maxima observed at 90° and 270° or at 0° and 180°. In particular,
the direction in which the Ay mode showed the
maximum/minimum corresponded to the a/b crystal axes of
PdSe; [17], enabling the fast identification of crystalline
orientations. For the By,® vibrational mode, it showed a four-
lobed pattern with a periodic variation of 90°, reaching
maximum intensity at 45°, 135°, 225°, and 315°. In the cross-
polarization configuration, the mixed Raman peak of A,!-Big!
became dominated by the Bi,' vibrational mode. It is worth
noting that for this mixed Raman peak, the A;' and Bis' modes
are very close to each other, making them difficult to distinguish
directly in unpolarized Raman spectroscopy. However, using
angle-resolved polarized Raman spectroscopy, the peak

a

positions of each Raman mode can be accurately determined
based on the different polarization periods of the respective
vibrational modes. In this case, all Raman peaks from the Agand
B, vibrational modes showed a periodic variation of 90°, with
the fitted curves exhibiting a four-lobed pattern. Meanwhile, the
polarization orientations of the Ay and Big modes differed by 45°.
The angle-dependent Raman intensity modulation of CVT-
grown PdSe; nanosheets arises from the orthorhombic lattice
symmetry, where the asymmetric pentagonal rings induce
anisotropic polarizability and distinct Raman tensor elements for
Ay and Bj, vibrational modes, resulting in a strongly
polarization-dependent Raman response.
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Figure 5. In-plane electrical anisotropy of PdSe; nanosheets. (a) Schematic representation of the PdSe; transistor fabricated with eight-terminal electrodes. The
direction along the crystallographic a-axis was defined as 0°. (b) AFM topography image of the device fabricated on a 45-nm-thick PdSe; nanosheet. (c) Angle-
dependent output curves of the device at V, = 50 V. (d) Angle-dependent conductivity of the PdSe; device. (¢) Ratio of a»/a, for the device as a function of gate

voltage at Vs = 3 V. (f) Angle-dependent carrier mobility of the device.

Subsequently, angle-resolved electrical transport measurements
were performed on PdSe; nanosheets by fabricating field-effect
transistors to reveal their in-plane electrical anisotropy. As
illustrated in Figure 5a, eight electrodes were arranged evenly in
a circular pattern, with an angle of 45° between adjacent
electrodes. The pair of electrodes aligned along the a-axis was
defined as 0°. The thickness of the PdSe: nanosheet was
measured to be 45 nm based on the AFM image in Figure 5b.
Figure 5¢ shows the output characteristics (las—Vas) of the device
measured across each diagonal electrode pair at V, = 50 V,
revealing a clear angular dependence. Figure 5d plots the
angular variation of electrical conductance (o) for the device,
which was well fitted by the following equation:

6(8) = 0,c05%0 + 0,5in?0

®)

where o, and o, represent the electrical conductivities along the
a- and b-axes, respectively, and 6 is defined as the angle
measured from the a-axis (0°). At Vz = 50 V, the device showed
a notable electrical conductivity ratio (o»/0,4) of 4.9. In addition,
the angle-dependent conductivity was characterized under
various gate voltages (Figure S1la—e). The device displayed
gate-tunable electrical anisotropy along with typical n-type

transport behavior. Specifically, as V; was reduced from 50 V to
0V, the os/0, ratio gradually decreased to 1.5 (Figure 5e), which
can be attributed to the device entering the subthreshold regime
at lower gate voltages, leading to an increase in channel
resistance. Transfer characteristics (les—Vg) of the device were
further measured across each diagonal electrode pair, confirming
angle-dependent performance (Figure S11f). The electron
mobility (u) of the device was derived from the transfer curves
using the following equation:

L d 1 d
u= Wﬁv_dsd_é ©
where L and W represent the channel length and width,
respectively, g = 8.85 x 1072 F m™! is the vacuum permittivity,
& = 3.9 is the relative permittivity of the SiO, dielectric layer,
and d = 300 nm corresponds to the thickness of the SiO, layer.
As shown in Figure 5f, the maximum mobility reached 28.8 cm?
V! s7! along the b-axis, whereas the minimum was 4.6 cm? V™!
s’ along the g-axis, yielding an anisotropic mobility ratio of
approximately 6.3. This value was competitive among reported
anisotropic 2D semiconductors such as GeSe, PdPS, and black
arsenic (Figure S12). The electrical anisotropy can be attributed
to the anisotropic effective masses along different
crystallographic directions, as reported in previous theoretical
studies [47]. The puckered pentagonal structure leads to
different orbital overlaps and carrier scattering rates along the a-
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and b-axes of PdSe, giving rise to the observed directional
dependence of electrical conductivity and mobility.

4 Conclusions

In summary, we have demonstrated a growth-parameter-
regulated bottom-up CVT route for growing few-layer and
multilayer PdSe> nanosheets on sapphire substrates. By
optimizing the growth temperature and substrate selection, we
obtained rectangular nanosheets with lateral sizes ranging from
10 to 50 pm and thicknesses from 4 to 55 nm. STEM imaging,
SAED patterns, low-frequency Raman spectroscopy, and XRD
measurements collectively confirmed the high crystalline quality
and the formation of the pentagonal PdSe; phase in the as-grown
products. The PdSe: nanosheets exhibited intrinsic nonlinear
optical properties and strong in-plane optical anisotropy, as
revealed by SHG activity and ARPRS. Furthermore, electrical
transport measurements on field-effect transistors fabricated
with the CVT-grown PdSe: nanosheets demonstrated
pronounced anisotropic ratios of 4.9 for electrical conductivity
and 6.3 for carrier mobility. The CVT approach developed here
may be extended to other pentagonal 2D materials, paving the
way for their future applications in anisotropic electronics and
photonics.

Electronic Supplementary Material: Supplementary material,
including growth-parameter optimization, optical microscopy and
AFM topography images, Raman comparison with mechanically
exfoliated nanosheets, ambient-stability characterization, XRD
analysis, polarized Raman setup, angle-dependent electrical
measurements, and anisotropic mobility comparison, is available in
the online version of this article at
https://doi.org/10.26599/NR.2026.94909039.
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Optimization of the growth parameters

1) Growth temperature

The growth temperature played a critical role in determining the number of layers and lateral size of the PdSe; nanosheets, as shown
in Figure S1. At a lower growth temperature of 750 °‘C, smaller PdSe, nanosheets with a higher density were obtained. In contrast,
when the temperature was increased to 850 C, the density of nanosheets on the substrate decreased significantly. On the c-plane
sapphire substrate, the optimal growth temperature for PdSe, was approximately 800 C.

2) Substrate

We also investigated the influence of different growth substrates, including SiO»/Si, mica, and sapphire, on the formation of PdSe»
nanosheets. At a growth temperature of 800 °C, thin rectangular nanosheets were produced on SiO»/Si substrates (Figure S2a).
However, no characteristic Raman peaks corresponding to pentagonal PdSe; were observed, indicating poor crystalline quality (Figure
S2c¢). For mica substrates, the Raman spectrum confirmed the presence of the target product, but the resulting nanosheets exhibited a
lateral size of less than 10 um and a thickness exceeding 100 nm under identical growth conditions (Figures S2b and S2d). Among the
substrates selected, sapphire proved to be the most suitable for growing 2D pentagonal PdSe; nanosheets with variable thicknesses.

Si0,/Si

(¢}

on mica

Intensity(a.u)

on SiO,/Si

0 100 200 300 400 500
Raman Shift (cm-1)
Figure S2. (a,b) Optical microscopy images of products obtained at a growth temperature of 800 ‘C on SiO»/Si and mica substrates. (c)
Raman spectra of the products on SiO2/Si and mica substrates. (d) AFM topography image of the PdSe; nanosheet grown on a mica
substrate.



Figure S3. Optical microscopy images of PdSe; nanosheets on sapphire substrates obtained at a growth temperature of 800 C.



Figure S4. AFM topography images of the as-grown PdSe; nanosheets with variable thicknesses.
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Figure S5. Corresponding height profiles of the as-grown PdSe; nanosheets in Figure S4
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Figure S8. Raman spectra and Raman intensity maps of the Az’ peak collected from a CVT-grown PdSe, nanosheet after two months

of ambient exposure.
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Figure S9. XRD patterns of two batches of CVT-grown PdSe; nanosheets and PdSe; powder for comparison.
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