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Bulk group IB transition-metal chalcogenides have been widely explored due to their applications in thermoelectrics.
However, a layered two-dimensional form of these materials has been rarely reported. Here, we realize semiconducting
Cu;Se by direct selenization of Cu(111). Scanning tunneling microcopy measurements combined with first-principles
calculations allow us to determine the structural and electronic properties of the obtained structure. X-ray photoelectron
spectroscopy data reveal chemical composition of the sample, which is CuySe. The observed moiré pattern indicates
a lattice mismatch between Cu,Se and the underlying Cu(111)-v/3 x v/3 surface. Differential conductivity obtained by
scanning tunneling spectroscopy demonstrates that the synthesized Cu,Se exhibits a band gap of 0.78 eV. Furthermore,
the calculated density of states and band structure demonstrate that the isolated Cu,Se is a semiconductor with an indirect
band gap of ~ 0.8 eV, which agrees quite well with the experimental results. Our study provides a simple pathway varying
toward the synthesis of novel layered 2D transition chalcogenides materials.

Keywords: Cu;Se, scanning tunneling microscopy, scanning tunneling spectroscopy, semiconducting, sel-

enization
PACS: 68.37.Ef, 71.15.Mb

1. Introduction

The discovery of graphene ignited the research of other
two-dimensional (2D) materials with exotic properties.!!=
For instance, elemental 2D materials such as silicene,>7]
germanene, 313! stanene!!'¥ and bismuthene!">! are predicted
to exhibit quantum spin Hall effect, which would have ap-
plication in low-power electronics to fault-tolerant quantum
computing.!'® Transition metal dichalcogenides (TMDs) are
typical 2D materials with intriguing properties like tunable
bandgaps and inherently stronger spin—orbit coupling, which
can be exploited for various device applications.!!”-2° Bulk
group IB transition metal chalcogenides are well known for
their thermoelectric properties especially the application for
solar cells materials.!>!l Recently, 2D form of group IB tran-
sition metal chalcogenides starts to receive attention although
their bulk parent materials are not layered. Shah et al.!*?! con-
firmed the formation of honeycomb structure of AgTe, and
Unzelmann et al.'>3 found experimentally the Rashba-type
spin splitting in different bands of AgTe related to the exis-
tence of orbital angular momentum. CuSe is a fascinating tran-
sition metal monochalcogenide that has been calculated to host
the Dirac nodal line fermion, protected by mirror reflection
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symmetry.[>#! It has been reported that CuSe can be grown on
Cu(11 1).[25] However, the fabricated monolayer CuSe shows
varying features, such as, with intrinsic nanopores/?> and in

24,26

1D moiré pattern.>*2°1 Walen et al. systemically investigated

low coverage of Se on Cu(111) forming variable overlayer

[27] Cu,Se has long been known to be an excellent

structures.
thermoelectric material serving as energy storage. It is also
quite important for the synthesis of a class of thin film solar
cells, Cu(In, Ga)Se; (CIGS).[28] Layered structure of Cu,Se
was raised recently.[*”! Previous reports have shown the fab-
rication of CuySe by co-evaporation of Cu and Se and found
the phase transformation with pure thermo driven.*°! Wang et
al. developed a straightforward way to synthesis PtSe; by di-
rect selenization of Pt(111).13!) Based on this strategy, a few
reports have shown the feasibility of fabricating new layered
structures without layered bulk counterpart.3>~3*! With this re-
gards, direct selenization of Cu to form Cu;Se has not been
reported yet.

Here, we report the synthesis of large-scale monolayer
Cu;,Se by direct selenization of Cu(111). Scanning tunneling
microscopy and spectroscopy (STM/STS) were employed to
explore its structural and electronic properties. X-ray pho-
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toelectron spectroscopy (XPS) data reveals the composition
of the sample as Cu;Se. First-principles calculations indicate
monolayer semiconductor CuySe with an indirect band gap of
0.8 eV, which agrees quite well with the STS measurement.

2. Experimental and theory details

The sample was fabricated by physical vapor deposition
of Se on Cu(l11) in a ultrahigh vacuum (UHV) chamber
equipped with an STM (Unisoku). The base pressure of the
system is below 2.0 x 10~'° mbar. Prior to the Se deposition,
Cu(111) (purchased from MaTeck) was cleaned via cycles of
argon-ion (1.2 nA, 1 kV) sputtering followed by annealing at
~ 550 °C. Molecular beams of Se (99.999%, Alfa Aesar) were
deposited onto the clean Cu(111) surface from a home-built
evaporator. During the evaporation the substrate was kept at
room temperature whereas the pressure of the vacuum cham-
ber went to 10~7 mbar. We calibrated the Se deposition rate
by checking the condition of overlayer coverage on Cu(111)
surface. Here, in our experiment, more than one monolayer
amount of Se has been deposited on the substrate. All the STM
measurements were performed at room temperature. Differen-
tial conductance (df/dV) spectra were acquired by a standard
lock-in amplifier at a frequency of 973 Hz with a 50 mV mod-
ulation. The tip calibration was performed on an Au(111) sub-
strate.

The calculations were performed within the projected
augmented wave formalism®! as implemented in the Vi-

36.37] To calcu-

enna ab-initio simulation package (VASP).!
late the electronic structure of CuySe, we used the GWO
scheme.[38! The initial Green’s functions were calculated us-
ing density functional theory (DFT) within the generalized
gradient approximation,3°! and self-consistently iterated four
times, which is sufficient to achieve numerical convergence.
The screened Coulomb interaction was calculated at the full
RPA level, and not updated during the calculation. To this
end, we performed a numerical integration over the frequency
axis with 50 grid points. In the calculation of the quasiparticle
energies, both diagonal and off-diagonal elements of the self-
energy matrix were considered. In all calculations, we used
an energy cutoff of 400 eV for the plane-waves, and a conver-
gence threshold of 10~® eV. The number of unoccupied states
in GW calculations was set to 700 per unit cell, which spans
an energy interval of around 90 eV. The Brillouin zone was
sampled by a (4 x 4) k-point mesh. In order to avoid spurious
interactions between the Cu,Se layers in the nonperiodic di-
rection, a 30 A thick vacuum slab was added in the direction
normal to the Cu,Se layer. The crystal structure of Cu,Se was
adopted from Ref. [30], with the lattice constant 4.0 A. We
checked that the numerical parameters ensure that the quasi-
particle gap is accurate to within 10 meV.

3. Results and discussion

A schematic sample preparation process is shown in
Fig. 1(a). Prior to Se deposition, an atomic clean Cu(111)
substrate is required. Large-scale empty state STM image
of Cu(111) substrate is shown in Fig. 1(b). Clear Cu step
edges are visible revealing the cleanness of the substrate. Af-
terwards, we deposited a few monolayers of Se on the sub-
strate. The surface was dramatically modified and covered by
full of protrusions (see Fig. 1(c)). We cannot get high res-
olution STM images at this condition since the unlikely for-
mation of ordered structure without annealing. Subsequently,
we annealed the sample mildly at a temperature of ~ 200 °C
for 10 min. Figure 2(a) shows a large-scale STM image of
the surface, which contains a few ordered structural terraces
with hexagonal-like shape. The height difference of these ter-
races is ~ 0.2 nm (see the line profile in the inset of Fig. 2(a)),
which is in good consistence with the step height of Cu(111)
single crystal. We zoom-in on a random position of the ter-
race (marked by a green square), a clear moiré pattern with a
periodicity of 3.7 nm is visible. Further zoom-in small-scale
atomic resolution STM image is shown in Fig. 2(c). A line
profile indicates the periodicity of the structure, revealing the
lattice constant of ~ 0.4 nm. Fast Fourier transform (FFT),
presented in the inset of Fig. 2(b) shows clear double period-
icities, which agrees quite well with the measured ones.

(a) }
\Ar
*

sputtering

annealing

(b)

Fig. 1. Fabrication process of Cu(111) selenization. (a) Schematics of
the substrate cleaning and Se deposition. (b) Large scale STM image
of a clean Cu(111) (set points: sample bias 1 V and tunneling current
100 pA). (c) STM image of the surface after a few monolayers of Se
deposited on the surface before annealing (scanning parameter: sample
bias 1 V and tunneling current 2 pA).

Moiré pattern can be formed either by the lattice mis-
match and/or the rotation of stacked periodic structure layers.
We analyzed the relations of the hexagonal moiré pattern su-
perstructure wavelength and the precise atomic lattice struc-
ture of the overlayer and found that the bottom layer should
also be a hexagonal shape. The relation of the given lattice
constants of the stacking layers a (top) and b (bottom), the

relative rotation angle ¢, and the moiré wavelength A can be
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described as follow: 49

a2

A= . 1
/a2 —2abcos ¢ + b2 M

Based on the top layer lattice constant and the periodicity
of the moiré pattern, we calculate that the bottom layer should
have the lattice constant of reconstructed v/3 x /3 Cu(111)
i.e., 4.43 A with the assumption that no twist can fit perfectly.
We would like to mention here that the formation of v/3 x /3
reconstruction of Cu(111) is of common phenomenon for the
deposition of Se on Cu(111).71 In previous studies, less than
one monolayer amount of Se deposited on Cu(111) showed
a significant different feature, forming either nanoscale holes
or 1D chains caused by the mismatch of the overlayer CuSe
with the Cu(111) substrate.[>*2>#!] The significant difference
of the feature reflects the critical role of the amount of the Se
deposition. A systemic study of low coverage Se on Cu(111)
revealed the formation of 2D copper selenide on Cu(111).127]
To the best of our knowledge, all the previous studies have not
shown a similar structure with what we found here.

Therefore, STS measurements were performed to explore
the electronic properties of the synthetic overlayer. Figure 2(d)
shows the distinctive differential conductivity (dI/dV) spec-
tra, recorded on top of the overlayer at different positions.
According to the df/dV curve, we deduce its conductive
band minimum (CBM) and valence band maximum (VBM)
at 0.70 eV and —0.08 eV, respectively. These values alto-
gether give a quasi-particle band gap of ~ 0.78 eV. There
is no obvious variation of all the d//dV curves performed
on other positions of the overlayer, revealing uniform elec-
tronic properties of the synthesized monolayer structure. The
finding of semiconducting feature here is obviously differ-
ent from the previous formed CuSe on Cu(111),[>*1 where
combined DFT calculations and angle resolved photoemission
spectroscopy (ARPES) measurements have revealed its metal-
lic properties. Furthermore, our measured band gap is also
significantly larger than the value obtained by Guo et al. on
CuSe/Cu(111) recently.[*!l Hence, we carefully exclude the
possibility of forming CuSe in our case. Recently, a new lay-
ered structure of Cu,Se has been raised by Nguyen et al.>”)
Based on the theoretical calculations, they found that the new
structure of Cu,Se is energetically, dynamically and mechan-
ically stable. Furthermore, they also found that Cu;Se has a
band gap of 0.74 eV,[>”) which is quite close with our experi-
mental results. Because of these stability and layered nature,
the newly proposed Cu,Se structure can be fabricated on sub-
strate. With a careful scrutiny of the structural and electronic
properties of the obtained structure, we find that this newly
reported structure CusSe can fits our findings quite well. In-
terestingly, recently Qian ef al. co-deposited Se and Cu in

ultra-high vacuum condition on bilayer graphene terminated
of SiC substrate.%) They proposed the synthesized structure
as A-phase of Cu,Se at room temperature. The top Se atoms
were resolved by STM as a triangle/hexagonal shape.

(d)
>
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g I ~ =
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= 0 [ I._
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Fig. 2. The atomic structure and electronic properties of Cu,Se. (a) A large
scale STM image (sample bias 1 V and tunneling current 10 pA) of Cu;Se.
A line-profile across the step edge presented in the inset with a height of
around 0.2 nm. (b) A zoom-in STM image (sample bias 700 mV and tun-
neling current 100 pA) of Cu,Se. Image inset is the FFT at (b). (c) Atomic
configuration of Cu;Se at the top panel and the lower panel is the line-profile
of CuSe. (d) dI/dV spectra of Cu,Se indicating a semiconducting feature
with a band gap of 0.78 eV.
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Fig. 3. The core level XPS spectrum of Cu,Se sample on Cu(111) substrate.
(a) Two peaks can be resolved in the Se 3d signal, 54.3 eV and 55.0 eV. (b)
Two well-defined peaks of Cu locate at 932.5 eV and 952.4 eV.

In order to further verify the composition of the synthe-
sized sample, we performed x-ray photoelectron spectroscopy
(XPS) on the surface. Monochromatic radiation light was real-
ized by four high resolution gratings and controlled by a hemi-
spherical energy analyzer that possesses a photon energy in the
range from 10 eV to 1100 eV. High-resolution XPS spectra of
Cu 2p and Se 3d regions are plotted in Figs. 3(a) and 3(b). The
binding energies of Cu 2p;/, and Cu 2p; , are 932.5 eV and
952.4 eV, respectively. It demonstrates that the 932.5 eV peak
can be ascribed to Cu™ ions.[*?l In addition, compared with
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the XPS data of Cu,_,Se, the binding energy peak position of
Se 3ds ), in our case is quite different. (431 However, our results
are in good agreement with the XPS data of Cu;,Se reported
recently, 3%* revealing that the composition of the sample is
indeed Cu,Se.

First-principles GW calculations were carried out to fur-
ther clarify the electronic properties of the synthesized Cu;Se.
Figures 4(a) and 4(b) show ball and stick models of top and
side views of CuySe, where yellow balls represent Se atoms
and brown ones are Cu atoms. The model was inspired by
Ref. [30], from which we adopt the A-phase of Cu,Se. In
the calculation, we consider an isolated monolayer A-Cu,Se
and investigate its electronic properties. The calculated project
density of state reveals an indirect band gap of ~ 0.8 eV, which
is in accordance with our STS measurement of 0.78 eV. Devi-
ation of the band gap between the theoretical calculation and
the experimental results can be attributed to the Cu(111) sub-
strate screening, which is neglected in our calculations. There-
fore, the calculations provide additional evidences regarding

the fabrication of monolayer Cu,Se.

(a) (b)
O Se @ Cu

2 . —_ 2 0.9
(c) 0
—~ 1 1t 11 0.6
> ; . 0.5
I <08 eV 409 ev o Hoi
> all S~ 03
80 — Cu 0.1
g —1 —Se 1 [ 1-1 B§
=}
A _9 | r\ N —_2  %Se

-3 . : - -3
DOS M r K M

Fig. 4. First-principles GW calculations of monolayer Cu;Se. (a)
Top and (b) side views of monolayer Cu;ySe structure. (c) Density of
states (DOS) and band structure calculated in this work within the GW0
scheme for monolayer Cu,Se. Red and blue lines in DOS correspond
to the contributions of Cu and Se states, respectively. The color bar
indicates the contribution of Se states in the band structure.

4. Conclusion

In summary, we deposited a few monolayers Se on
Cu(111) to form Cu,Se, a new layered 2D transition metal
chalcogenide material. Combining STM/STS, XPS and the
first-principles calculations, we confirmed the synthesized
overlayer of Cu,Se. Differential conductivity reveals the semi-
conducting properties. The formed moiré pattern origins from
the mismatch of CuySe overlayer and underlayer Cu(111) but
no moiré potential related electronic states were found. First-
principles calculations verified the semiconducting properties

which agrees quite well with scanning tunneling spectroscopy

results. This work indicates the successful synthesis of Cu;Se
by direct selenization of Cu(111), which paves a way of the
fabrication of group IB transition metal chalcogenides.
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