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Two-dimensional (2D) materials received large amount of studies because of the enormous potential in basic sci-
ence and industrial applications. Monolayer Pd,Ses is a fascinating 2D material that was predicted to possess excellent
thermoelectric, electronic, transport, and optical properties. However, the fabrication of large-scale and high-quality mono-
layer Pd;Ses is still challenging. Here, we report the synthesis of large-scale and high-quality monolayer Pd;Ses on
graphene-SiC (0001) by a two-step epitaxial growth. The atomic structure of Pd;Se3 was investigated by scanning tun-
neling microscope (STM) and confirmed by non-contact atomic force microscope (nc-AFM). Two subgroups of Se atoms
have been identified by nc-AFM image in agreement with the theoretically predicted atomic structure. Scanning tunneling
spectroscopy (STS) reveals a bandgap of 1.2 eV, suggesting that monolayer Pd;Se; can be a candidate for photoelectronic
applications. The atomic structure and defect levels of a single Se vacancy were also investigated. The spatial distribu-
tion of STS near the Se vacancy reveals a highly anisotropic electronic behavior. The two-step epitaxial synthesis and
characterization of Pd,Ses provide a promising platform for future investigations and applications.

Keywords: 2D material, Pd;Ses, scanning tunneling microscope/spectroscopy, non-contact atomic force mi-
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1. Introduction

Two-dimensional (2D) materials with unique properties
have generated a vast body of research into applications in
nanoscale electronics, thermoelectric devices, and optoelec-

[1-101' Among the large 2D family, transition

tronics devices.
metal selenides attract much attention because of the excellent
electronic properties and potential applications in nanoscale
devices.!''=1°1 Recently, Lin er al. reported the fabrication of
a new Pd,Ses; 2D phase,[zo] which has never been discov-
ered before. The following theoretical calculations predicted
that monolayer Pd;Ses is a good thermoelectric material. It
has a small lattice thermal conductivities k1, and high power-
factor because of the complex crystal structure formed by
[Se,]?~ dimers, Se?~ anions, and Pd?T cations coordinated

(211 1t is also predicted that mono-

in a square-planar manner.
layer Pd;Ses has good carrier mobility comparable to MoS;
and anisotropic transport properties.?>?3 Due to its excel-
lent physical properties, monolayer Pd;Ses is a very promising

candidate for thermoelectrics, anisotropic optoelectronics, and
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electronic devices.

As there is no layered bulk parent,>”) monolayer Pd,Se;
cannot be obtained by mechanical exfoliation. Until now,
monolayer Pd;Ses with a scale of several nanometers has only
been fabricated by transforming bilayer PdSe, using a mi-
croscope’s electron beam, which has been analyzed by scan-
ning transmission electron microscopy (STEM).!20:24251 Tn
this synthesized method, the mix of Pd;Se; and PdSe; im-
pedes the investigation and application of monolayer Pd,Ses,
hence the fabrication of large-scale and high-quality mono-
layer Pd,Ses is required. Moreover, an investigation of related
physical/electronic properties is still missing.

Motivated by the electron beam induced transformation
from bilayer PdSe, to monolayer Pd;Ses;, we designed a
two-step thermal-annealing procedure to fabricate monolayer
Pd;Ses;. We first synthesized bilayer PdSe,; on a graphene-
SiC (0001) substrate in a selenium-rich atmosphere (the ratio
of Pd and Se is 1:10). Then, monolayer Pd;Se; with a scale
of tens of nanometers was fabricated by annealing the bilayer

PdSe, in a selenium-deficient atmosphere (no selenium was
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deposited). The atomic structure of the as-fabricated mono-
layer Pd,Ses was then investigated by a combination of low-
temperature scanning tunneling microscope/spectroscopy (LT-
STM/S), non-contact atomic force microscope (nc-AFM), and
density functional theory (DFT) calculations. By employing
STS at 4 K, a bandgap of 1.2 eV in the basal plane of mono-
layer Pd;Ses was revealed. Se vacancies were also explored
by combining LT-STM, nc-AFM, and density functional the-
ory (DFT) calculations. It is found that the vacancy is formed
by the disappearance of one Se atom of a [Se,]>~ dimer and
rebounding of the other Se atom with four neighboring Pd
atoms. Three defect states at different energies have been ex-
plored. The spatially resolved STS indicates that the defect
state near the valance band is anisotropic in different crystal

directions.

2. Methods
2.1. Sample preparation and characterization

The sample was synthesized by molecular beam epi-
taxy in a commercial ultrahigh vacuum (UHV) STM system
with a base pressure of 2.0 x 10719 mbar (1 bar = 10’ Pa).
A nitrogen-doped 6H-SiC (0001) was flashed to 1550 K,
leading to a graphene terminated surface.!??7] The atomic
beams of Pd (99.95%, Alfa Aesar) and Se (99.999%, Alfa
Aesar) were simultaneously deposited at a ratio of ~ 1 : 10
with the substrate maintained at 500 K.[?8] Before UHV LT-
STM/STS (UNISOKU) measurements, the sample was an-
nealed at 475 K for 30 minutes.
(dI/dV) spectra were acquired by a standard lock-in ampli-

Differential conductance

fier at a frequency of 973.1 Hz with a 20-mV rms modulation.
The tip calibration were performed on an Au (111) substrate.
All nc-AFM measurements were performed using a commer-
cial qPlus tuning fork sensor in frequency modulation mode
with a CO-terminated Pt/Ir tip.[*”) The resonance frequency
was about 27.9 kHz, and stiffness about 1800 N/m. The res-
onance amplitude was 0.1 nm. The imaging heights for all
nc-AFM measurements were —4.5 A referred to the STM tun-
neling junction height (Vy; = —2 V and [; = 10 pA) on Pd;Se;
substrate.

2.2. First-principle calculations

First-principle calculations were performed within the Vi-

301 version 5.4.1,

enna ab initio simulation package (VASP),
using the projector augmented-wave (PAW) method. !l Elec-
tron exchange and correlation effects were treated using gener-
alized gradient approximation (GGA) in the form of Perdew—
Burke-Ernzerhof (PBE).[?2] The STM simulations were based

on the Tersoff-Hamann approximation.*3 Within this ap-

proximation, the STM image was a contour of the local density
of states (LDOS) of the system. In the calculation of mono-
layer Pd,Ses, a vacuum layer of 25 A was used and all atoms
were relaxed until the net force on every atom was smaller
than 0.01 eV/A. The energy cutoff of the plane-wave basis set
was 400 eV, and a 21 x 21 x 1 Monkhost-Pack k-point mesh
was used to sample the Brillouin zone. To model the effect of
defects on the surface, a 4 x 4 x 1 supercell structure of the op-
timized monolayer Pd;Ses was considered, and then a single
Se vacancy was introduced on Pd,Ses layer. For both pristine
and defective supercell structures, 3 x 3 x 1 k-point samplings
were used, and the atoms were relaxed until the residual forces
were below 0.01 eV/A. The structure figures were produced
with VESTA.

3. Results and discussion

The fabrication process of monolayer Pd;Ses is shown
schematically in Fig. 1(a). Firstly, bilayer or monolayer
graphene was formed on a nitrogen-doped SiC (0001) by
flashing the substrate to 1550 K. Then, palladium (Pd) and
selenium (Se) were deposited at a ratio of 1 to 10 on
graphene/SiC (0001) whose temperature was kept at 500 K,
resulting in the successful fabrication of bilayer PdSe, (mid-
dle panel of Fig. 1(a)).”?8! The sample was further annealed
at 475 K for 30 minutes. As the second round of annealing
was processed in a selenium-deficient atmosphere, the emer-
gence of Se vacancies results in the decreasing of interlayer
distance, the merging of bilayer PdSe, and finally the for-
mation of Pd;Se; as shown in the lower panel of Fig. 1(a).
Figure 1(b) shows a large scale and high-quality monolayer
Pd,Sejs island on bilayer-graphene/SiC. The line profile in the
inset of Fig. 1(b) indicates that the height of the step edge is
7.7 A. Figure 1(c) shows an atomically resolved STM im-
age obtained after the second-round annealing process in a
selenium-deficient atmosphere. The blue box in Fig. 1(c) in-
dicates one unit cell with a = 0.6 nm and b = 0.61 nm. The
neighboring elliptical protrusions form dimers in b direction.
The inset shows the simulated STM image, which is consistent
to the experimental results. The line profile across the patterns
presented in the lower panel of Fig. 1(c) clearly shows the for-
mation of the dimers.

To study the stability of as-grown Pd;Ses3, we covered the
sample with Se layers in the vacuum condition and exposed
it in air for 30 minutes. Then we loaded it back to vacuum
chamber and annealed it at 475 K for 20 minutes. The STM
image shows similar features to the ones in the STM image ob-
tained before air exposure, indicating that the Se layer-covered

Pd,Ses is chemically stable in air.
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Fig. 1. Schematic diagrams of the fabrication process of monolayer Pd;Ses; and STM images. (a) The schematic diagram of the fabrication process. Firstly,
Pd and Se atoms were deposited simultaneously with the substrate maintained at 500 K for 10 minutes (top panel). Bilayer PdSe, was fabricated (middle
panel). After annealed at selenium-deficient atmosphere, monolayer Pd,Ses was successfully synthesized (bottom panel). (b) A large scale STM image
(Vs = —1 V, I; = 10 pA) of Pd,Se;. The inset is the line-profile cross the step edge, highlighted by the black dashed line. (c) A zoom-in STM image
(Vs = =1V, I; =100 pA) of Pd,Se; and line-profile cross the patterns. The inset shows simulated STM image (Vs = —0.8 V). Scale bar: 0.5 nm. The lattice

constants are 0.60 nm in a direction and 0.61 nm in b direction.

To confirm that the as-fabricated material is monolayer
Pd;Ses, we characterized the layer with nc-AFM. Figure 2(a)
is an atomically resolved AFM image. The unit cell is high-
lighted by a blue box with lattice constants a = 0.6 nm and
b = 0.61 nm, which are the same as that shown in Fig. 1(c).
Figure 2(b) shows the top-view, side-view, and front-view
of atomic structure of Pd,Ses;. The lattice constants, a =
0.595 nm and b = 0.615 nm,*?! agree well with our observa-
tions from the STM and nc-AFM images. From the top-view
in Fig. 2(b), we found that the Se atoms in the top layer can be
distinguished by two groups, the Se atoms in yellow (labeled
as Sey ) form dimer structures, while those in orange (labeled
as Sep) distribute dispersedly. From the side view and front
view, it is clearly seen that the yellow ones are slightly higher
than the orange ones. As nc-AFM can resolve all the top-layer
Se atoms, we superimpose the top-layer Se atoms of Pd;Se;
onto the AFM image. The nc-AFM image exhibits two groups
of protrusions that are clearly resolved by different brightness.
Since the brightness corresponds to the height of an atom, the
brighter protrusions are slightly higher in position than the oth-
ers. The brighter protrusions exhibit dimer patterns similar

to that observed in the STM image (Fig. 1(c)), corresponding
to the dimerization of neighboring Se atoms in the top layer
with higher position (yellow balls). Moreover, the Se atoms
in the top layer with lower positions, not clearly enough in
STM image (Fig. 1(c)), are seen in Fig. 2(a) with less bright-
ness, corresponding to the orange balls. Therefore, by combin-
ing nc-AFM image with DFT calculation, we demonstrate that
the material we fabricated is monolayer Pd,Ses;. DFT calcu-
lations also reveal that there is significant difference between
the Raman frequencies of monolayer PdSe, and monolayer
Pd,Ses,?% which means that Raman spectrum can be used to
distinguish these two materials in the future.

The electronic structure of monolayer Pd,;Se; was inves-
tigated by combining low-temperature STS and DFT calcula-
tions. The d/dV spectrum was collected on the perfect plane
of monolayer Pd;Ses, as shown in Fig. 2(c). The valence band
maximum (VBM) and conductance band minimum (CBM) are
indicated by red dashed lines. The bandgap is ~ 1.2 eV. The
blue line in Fig. 2(c) is the calculated density of state (DOS) of
monolayer Pd,Ses using a hybrid functional (see the method

section), which agrees well with the experimental observation.
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Fig. 2. The atomic structure and electronic properties of monolayer Pd,Ses. (a) A high-resolution AFM image (A = 100 pm, Z = —4.5 A) of monolayer
Pd,Ses;. A model of the topmost layer is superimposed on the image. The red ellipse highlights Se—Se dimer, which is higher than undimerized Se atoms.
(b) Side-view, top-view, and front-view of monolayer Pd,Ses. (c) dI/dV spectra (red line (V; = —1V, I = 100 pA)) and the calculated density of states

(blue line) of monolayer Pd,Ses.
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Fig. 3. The atomic structure of the Se vacancy in monolayer Pd,Ses. (a) and (b) The STM images (/; = 100 pA) of Se vacancies at the sample bias voltages
of —1 V and 1V, respectively. The butterfly-like and pitlike structures are Se vacancies. (c) An atomic-resolution AFM image (A = 100 pm, Z = —4.5 A)
containing a Se vacancy. The red dashed circle highlights one Se vacancy. (d) DFT calculated structure of a Se vacancy. The red dashed circle corresponds
to the one shown in panel (c). The black dashed circles indicate the Se-Se dimer before Se vacancy forms. When one of the Se atoms disappears, the other

moves to the position of the red dot and binds to the four neighboring Pd atoms.

It has been reported that point defects may have a strong
effect on the thermoelectric efficiency.***3 So, we investi-
gated the atomic structures and electronic structures of Se va-
cancies. We produced Se vacancies by annealing the as-grown
sample at 475 K in the vacuum for more than twenty hours.
Figures 3(a) and 3(b) are STM images of Se vacancies at
negative and positive sample bias, respectively. The STM im-
age of Se vacancies exhibits four-fold flower-like electronic

states at negative bias (Fig. 3(a)) and dark holes at positive

bias (Fig. 3(b)). Figure 3(c) is the nc-AFM image of a single
Se vacancy highlighted by the dashed red circle. It is clearly
seen that one Se atom in a dimer disappears, while the other
Se atom in the dimer moves to the high-symmetric site. The
theoretically optimized atomic structure shown in Fig. 3(d) in-
dicates that after losing one Se atom in a Se—Se dimer (dashed
black circles), the other Se atom moves to the high-symmetric
site and rebound with four neighboring Pd atoms. This struc-

ture has the lowest energy and agrees well with the one in nc-
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AFM measurements.

By measuring the spatial distribution of the d//dV spec-
tra, the anisotropic electronic properties of Se vacancies were
revealed. The waterfall plots of the d//dV spectra along the
green and red arrows in Fig. 4(a) are shown in Figs. 4(b) and
4(c), respectively. There are three main defect states, labeled
by grey (Py), green (P;), and blue (P3) dashed lines in Fig. 4(b)
and Fig. 4(c). It is found that the P, and P3 always decay si-
multaneously in both directions, with a decay length of 1.5 nm,
while the Py shows a highly anisotropic behaviors in the two
directions. It has a larger spatial extension (~ 2.4 nm) in the

direction of the green arrow in Fig. 4(a). The P; state exists in

each spectrum as displayed in Fig. 4(b), respectively. In con-
trast, the P; decays fast in the direction of the red arrow shown
in Fig. 4(a) and extends only 1.5 nm, as shown in Fig. 4(c).
The spatial distribution of the defect state P; was also
investigated. The dI/dV map of the P; state is shown in
Fig. 4(d). The corresponding topographic STM image is high-
lighted by the blue dashed rectangle of Fig. 4(a). The dI/dV
map shows a one-dimensional elliptic pattern extended in b
direction. The pattern is similar to the patterns in STM im-
ages. The spatial decay of this defect state indicates highly

anisotropic electronic properties of monolayer Pd,Ses.
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Fig. 4. Electronic properties of Se vacancy. (a) An STM image (V;

—1V, I = 10 pA) of Se vacancy. (b) and (c) Waterfall plots of a period normalized

STS (Vs = —1V, [; = 100 pA) along the green arrow and the red arrow in panel (a), respectively. The black dashed lines indicate the gap edge at the valance

band. Py (the grey dashed line), P, (the green dashed line), and P3 (the blue dashed line) indicate three main defect levels. (d) The d//dV map (Vs

-1V,

I =100 pA) at —0.6 V of Se vacancy. The corresponding region is highlighted by dashed blue box in panel (a).

4. Conclusion

In summary, large-scale and high-quality monolayered
Pd;Ses islands were successfully synthesized on graphene-
SiC (0001) by epitaxial growth. By combining STM, nc-
AFM, and DFT calculations, the atomic structure of mono-
layer Pd;Se; was revealed. The spectroscopy shows a band
gap of 1.2 eV, which is suitable for absorber materials in ul-
trathin photovoltaic devices. The STM images of Se vacan-
cies show different features at different sample bias voltages.
Further nc-AFM measurements and DFT calculations reveal
the configuration of the Se vacancy. The dI/dV spectra and
map show that the vacancy state is highly anisotropic. With a
suitable band gap size and anisotropic electronic properties,
monolayer Pd,Ses; may offer a potential platform for thin-
film electronics, infrared optoelectronics, and novel devices

in which anisotropic properties are desirable.
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