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ABSTRACT

Strain engineering is a vital way to manipulate the electronic properties of
two-dimensional  (2D)  materials.  As  a  typical  representative  of  transition
metal  mono-chalcogenides  (TMMs),  a  honeycomb  CuSe  monolayer
features  with  one-dimensional  (1D)  moiré  patterns  owing  to  the  uniaxial
strain  along  one  of  three  equivalent  orientations  of  Cu(111)  substrates.
Here, by combining low-temperature scanning tunneling microscopy/spec-
troscopy (STM/S) experiments and density functional theory (DFT) calcu-
lations,  we  systematically  investigate  the  electronic  properties  of  the
strained  CuSe  monolayer  on  the  Cu(111)  substrate.  Our  results  show  the
semiconducting  feature  of  CuSe  monolayer  with  a  band  gap  of 1.28  eV  and  the 1D  periodical  modulation  of  electronic
properties  by  the 1D moiré  patterns.  Except  for  the  uniaxially  strained CuSe monolayer,  we observed domain boundary
and line defects in the CuSe monolayer, where the biaxial-strain and strain-free conditions can be investigated respectively.
STS measurements for the three different strain regions show that the first peak in conduction band will move downward
with the increasing strain. DFT calculations based on the three CuSe atomic models with different strain inside reproduced
the peak movement. The present findings not only enrich the fundamental comprehension toward the influence of strain
on electronic properties at 2D limit, but also offer the benchmark for the development of 2D semiconductor materials.
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 1   Introduction

Two-dimensional  (2D)  materials  have  drawn  much
attention  in  the  past  few  years,  owing  to  their  novel
physical and chemical properties and potential applications
in various fields [1–7]. As a member of the 2D material
family,  monolayer  transition  metal  mono  chalcogenides
(TMMs)  have  sparked  tremendous  interest  in  recent
years [8–17]. Monolayer CuSe with graphene-like honey-
comb lattice, a typical representative of 2D TMMs, had
been theoretical predicted to possess 2D Dirac nodal line

fermion  (DNLF)  protected  by  mirror  reflection  symme-
try,  making  CuSe  monolayer  a  new  platform  to  study
2D DNLFs and potential applications in the field of high-
speed low-dissipation devices [12, 16].

Moiré  patterns  formed  by  the  lattice  mismatch
between  the  attached  2D  materials  and  underlying
substrates  can  introduce  additional  periodic  potential
field into 2D materials, which are expected to efficiently
modulate  the  electronic  properties  of  2D  materials
[18–21].  Normally,  the  symmetry  of  moiré  patterns  is
highly  related  to  the  2D  materials  and  the  substrate.
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For  instance,  the  3-fold  symmetry  of  graphene  grown
epitaxially on the 6-fold symmetry of Ru(0001) substrate
will produce the 6-fold symmetry of moiré patterns [22].
However,  CuSe  monolayer  grown  on  Cu(111)  substrate
presents  a  completely  different  situation.  Due  to  the
strong interaction between CuSe monolayer and Cu(111)
substrate,  the  honeycomb  lattice  structure  of  CuSe
monolayer  tends  to  be  stretched  in  one  direction  by  a
uniaxial strain, resulting in the formation of an unprece-
dented one-dimensional (1D) moiré patterns [12]. It had
been reported that 2D materials with 1D moiré patterns
can host 1D topological interface mode arrays at smooth
interfaces  between  local  regions  of  distinct  topological
properties  across  the  moiré  [23–24].  CuSe  monolayer
with  1D  moiré  patterns  hosts  a  uniaxial  strain.  It  is
natural to ask how strain affects the electronic properties
of CuSe monolayer on the Cu(111) substrate.

Here,  we  thoroughly  investigated  the  effect  of  strain
on the electronic properties of the CuSe monolayer with
1D moiré patterns on the Cu(111) substrate by a combi-
nation  of  scanning  tunneling  microscopy/spectroscopy
(STM/S)  and  density  functional  theory  (DFT).  Our
results show that three distinct regions of CuSe monolayer
with  1D moiré  patterns  on  the  Cu(111)  substrate  have
similar electronic properties, but a slightly different peak
intensity at –0.66 eV, presenting a periodically modulated
electronic properties of CuSe monolayer. We observe the
domain  boundary  between  two  different  orientations  of
1D  moiré  patterns,  and  confirm  that  the  boundary
region  suffers  from a  biaxial  strain.  STS  measurements
for the uniaxial strain, the biaxial strain and the strain-
free regions (near the line defect) reveal the first peak in
the  conduction  band  will  move  slightly.  The  calculated
local density of states (LDOS) for three models of CuSe
monolayer  with  different  strains  reproduced  the  experi-
mental STS spectra.

 2   Methods

 2.1   Sample preparation and characterization

Our  experiment  was  performed  by  a  commercial  LT-
STM/STS system (Scienta Omicron) operating at a base
pressure below 1.0 × 10–10 mbar, equipped with a standard
molecular  beam  epitaxy  (MBE)  system.  All  STM  and
STS results  were acquired at  liquid-helium temperature
(4.2K). Cu(111) single crystal  substrate was cleaned by
cycles of argon-ion sputtering and subsequent annealing
to  773  K.  The  Cu(111)  surface  quality  was  clarified
through STM imaging. High purity Se powder (99.99%,
Sigma-Aldrich)  evaporated  from  a  Knudsen  cell  at
~393  K  was  deposited  onto  the  room-temperature
Cu(111)  substrate.  Subsequently,  the  sample  was
annealed to 473 K for 20 min to grow CuSe monolayer
with  1D  moiré  patterns  by  a  one-step  selenization  of
Cu(111)  substrate.  All  STM images  were  acquired  in  a

constant-current  mode,  using  an  electrochemically
etched  tungsten  tip.  All  bias  voltages  were  applied  to
the sample with respect to the tip. The Nanotec Electronica
WSxM  software  was  used  to  process  the  STM  images
[25]. dI/dV spectra were recorded by a lock-in amplifier
with  a  bias  modulation  of  10  mV  and  a  frequency  of
599 Hz.

 2.2   First-principle calculations

First-principles calculations were performed by using the
Vienna  ab  initio  simulation  package  (VASP).  The
projector  augmented  wave  method  was  employed  to
describe the core electrons. The local density approxima-
tion (LDA) was used for exchange and correlation. The
rotationally  invariant  LDA+U formalism was  used  and
Ueff was chosen as 6.52 eV for Cu. Electronic wavefunc-
tions  were  expanded  in  plane  waves  with  a  kinetic
energy  cutoff  of  400  eV.  The  structures  were  relaxed
until  the  energy  and  residual  force  on  each  atom  were
smaller than 10–4 eV and 0.02 eV·Å–1, respectively. The
k-points sampling was 16 × 16 × 1, generated automatically
with the origin at the Γ-point. The vacuum layer of the
model was larger than 15 Å.

 3   Results and discussion

The  CuSe  monolayer  with  1D  moiré  patterns  is  grown
by a direct one-step selenization of a Cu(111) substrate
at  low  Se  coverage  as  described  in  our  previously
published papers  [11, 12,  14,  16].  Due to the uniaxially
strained  honeycomb  lattice  of  CuSe  monolayer  with
respect  to  the  Cu(111)  substrate,  large-scale  and  well-
defined  1D  moiré  patterns  are  formed  [12].  Moreover,
some  mirror  twin  boundaries  locate  on  the  1D  moiré
patterns  of  the  CuSe  monolayer,  which  will  make  the
CuSe  lattice  at  both  ends  of  the  line  defects  mirror-
symmetrically arranged (Fig. S1). Figure 1(a) shows an
atomically  resolved  STM image  of  the  CuSe  monolayer
endowed  with  a  well  arrangement  1D  moiré  patterns
[12, 16].  Based  on  the  space  variation  between  bright
stripes  [see  a  line-profile  in  Fig.  S2(c)],  CuSe  surface
could  be  divided  into  three  regions:  deep  valley  (DV),
shallow  valley  (SV)  and  bright  ridge  (BR)  regions,  as
shown  in Fig.  1(a).  For  clarity,  the  three  regions  are
marked  with  three  straight  colored  dashed  lines  in  the
lower right corner of Fig. 1(a). To investigate the electronic
properties  of  the  CuSe  monolayer,  we  then  performed
the  STS  characterization.  Figure  S2(b)  shows  three
waterfall  plots  of  normalized  dI/dV curves  along  the
gradient  arrows  in  the  three  distinct  regions  in  Fig.
S2(a),  indicating  a  uniform  electronic  distribution  in
each region. Figure 1(b) shows three representative dI/
dV curves collected at blue, green and red dots in three
regions,  respectively.  All  three  curves  show  the  same
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semiconducting  behavior  with  valence  band  maximum
(VBM) located at –0.52 eV and conductance band mini-
mum (CBM) located at 0.76 eV, resulting an electronic
bandgap of ~1.28 eV.

dxy/dx2−y2/dz2

Figure 1(d) shows zoom-in dI/dV curves from Fig. 1(b)
with the energy range from –1.2 eV to 0.2 eV. Interest-
ingly,  the  blue  and  red  curves  obtained  at  the  SV and
DV regions manifest a small peak at –0.66 eV, while the
green  curve  from  the  BR  region  has  no  this  feature.
Additionally,  the  peak  intensity  for  the  DV  region  is
slightly stronger than that for the SV regions. The peak
intensity difference can be clearly identified in a dI/dV
map at –0.66 eV [Fig. 1(c)], showing an obvious 1D periodic
modulation  of  the  electronic  structure  for  the  CuSe
monolayer  on  the  Cu(111)  substrate.  To  figure  out  the
physical  origin  of  the  –0.66  eV  peak,  the  projected
density of states (PDOSs) in different regions are further
calculated. As shown in Fig.  S3,  the –0.5 eV peaks are
clearly  observed  in  both  blue  and  red  curves  in  the
calculated  PDOSs  contributed  by  in-plane  orbitals  (Se
px/py and Cu ) [Fig. S3(d)], while the green
curve  had  no  –0.5  eV  peak.  The  trend  of  the  –0.5  eV

peaks in  Fig.  S3(d)  is  consistent  with that  of  –0.66 eV
peaks  in  dI/dV  curves  [Fig.  1(c)],  indicating  that  the
–0.66 eV peak in dI/dV curves is mainly contributed by
in-plane  orbitals  of  CuSe  monolayer  at  SV  and  DV
regions.

Due to the 6-fold symmetry of Cu(111) substrate, the
as-synthesized 1D moiré patterns in the CuSe monolayer
manifest  three  equivalent  domains  [12]. Figure  2(a)
depicts  a  typical  STM  image  showing  a  boundary
formed  by  two  different  orientations  of  1D  moiré
patterns.  Interestingly,  the  partial  connection  area
between  two  domains  shows  regularly  arranged  and
continuous  six-membered  rings  (see  the  high  resolution
STM  image  for  the  domain  boundary  in  Fig.  S4b).
Figure 2(d) shows three line-profiles along three directions
of CuSe monolayer at the domain boundary as indicated
by red, green and yellow dashed lines in Fig. 2(a), where
the  directions  of  the  red  and  yellow  dashed  lines  are
parallel  to  the  orientation  of  1D  moiré  pattern  of  two
domains  on  both  sides  of  the  boundary,  respectively.
The measured periodicity of CuSe honeycomb lattice in
three directions is 0.439 nm (red curve), 0.417 nm (green
curve),  and  0.435  nm  (yellow  curve).  Obviously,  the
periodicity in the red and yellow directions is very similar
and significantly larger than that in the green direction.

 
Fig. 1  Electronic  properties  of  CuSe  monolayer  with  1D
moiré patterns. (a) An atomically resolved STM image of 1D
moiré  patterns  CuSe  monolayer  with  hexagonal  honeycomb
lattice. (b) Three dI/dV curves collected at different positions
which are marked by blue, green and red dots in (a). (c) A
corresponding dI/dV map obtained at the energy of –0.66 V.
Red, blue and green dashed lines in (a) and (c) indicate three
different  regions  in  1D  moiré  patterns. (d) Zoom-in  dI/dV
curves from a gray square in (b). Two black triangles represent
a peak at –0.66 V. Scanning parameters:  (a) Vs = –0.42 V,
It = 300 pA; (b) Vs = 1.5 V, It = 400 pA, Vrms = 10 mV;
(c) Vs = –0.66 V, It = 300 pA.

 
Fig. 2  Atomic  structures  and  electronic  properties  of
domain boundary of  CuSe monolayer  on Cu(111)  substrate.
(a) A high resolution STM image of  the  domain boundary.
(b) dI/dV curves collected at three positions, as indicated by
colored dots in (a). Black dashed lines indicate the positions
of  C1 peak  in  the  conduction  band. (c,  f) STM image  and
corresponding dI/dV map at the energy of 0.92 V. (d) Three
line-profiles  at  the  domain  boundary  across  the  red,  green,
and yellow lines in (a). (e) Waterfall  plots of  dI/dV curves
along a blue arrow in (a). A black curved dashed line indicates
the  C1 peak  movement.  Scanning  parameters:  (a) Vs =
50  mV, It =  1.3  nA;  (b) Vs =  2  V, It =  300  pA, Vrms =
10  mV;  (c) Vs = 0.92  V, It = 300  pA;  (e) Vs = 2  V, It =
300 pA, Vrms = 10 mV; (f) Vs = 0.92 mV, It = 300 pA, Vrms =
10 mV.
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We  then  confirm  that  the  lattice  structure  of  CuSe
monolayer  in  this  area  of  the  domain  boundary  is
stretched  by  a  biaxial  strain.  However,  the  domain
boundary also exists few large irregularly shaped defects
shown  in Fig.  2(a).  This  confirms  that  the  perfect
connection between two domains of CuSe monolayer will
produce great strain accumulation at the boundary, thus
resulting in the formation of large defects. A convincing
evidence is that the lattice constant around the irregularly
shaped defect in Fig. S4(c) (0.406 nm) is slightly smaller
than that in the internal biaxial strain (BS) [0.435 nm in
Fig. 2(d)]. It should be noted that thanks to the formed
large defects in the domain boundary, the CuSe honeycomb
lattice  near  the  large  defect  will  be  not  affected  by
strain.

To  investigate  the  effect  of  strain  on  the  electronic
structures of CuSe monolayer, we carried out the differ-
ential conductance spectroscopy (dI/dV) measurements.
Figure  2(b)  shows  three  dI/dV curves  collected  from
three distinct regions in the Fig. 2(a). The orange curve
taken near the edge of a large irregularly shaped defect
represents  the  electronic  properties  of  CuSe  monolayer
without strain, while the green curve collected from the
DV  region  reflects  the  electronic  properties  of  CuSe
monolayer  distorted  by  uniaxial  strain  (US),  and  the
purple  curve  obtained from the  domain boundary gives
access  to  the  electronic  properties  of  CuSe  monolayer
distorted  by  biaxial  strain  (BS).  Although  the  three
curves  show  similar  semiconducting  behavior,  the  first
peak labelled by C1 in conduction band has an obvious
movement, as marked by a series of black dashed lines.
The C1 peak locates at 1.06 eV for the strain-free region,
while for the US region and BS region,  this  peak shifts
down to 0.95 eV and 0.92 eV, respectively (see Fig.  S5
for more dI/dV curves near the strain-free region). Addi-
tionally, in order to further investigate the movement of
C1 peak, we took a series of dI/dV spectra along a blue
arrow  from  one  1D  moiré  pattern  domain  to  another
domain  via  domain  boundary  in Fig.  2(a),  where  the
stain in the CuSe monolayer changes from US vis BS to
US. Figure  2(e)  shows  waterfall  plots  of  normalized
dI/dV curves, and a black curved dashed line describes
the  changing  trend  of  C1 peak  in  conduction  band.
Evidently,  the  C1 peak  slightly  moves  down  from
0.93  eV  to  0.92  eV  and  then  gradually  increases  to
0.93 eV, which further confirms the strain can modulate
the  electronic  structures  of  CuSe  monolayer  on  the
Cu(111) substrate. Figures 2(c) and (f) are STM image
around  the  domain  boundary  and  its  corresponding
dI/dV map  at  0.92  eV,  respectively.  It  can  be  clearly
found that the electronic states are strongly concentrated
in  the  BS area  (domain boundary)  at  0.92  eV,  in  good
agreement with STS results in Figs. 2(b) and (e).

In addition to the domain boundaries consisted of two
different  orientations  of  1D  moiré  patterns  of  CuSe
monolayer  on  the  Cu(111)  substrate,  we  also  observed

two  kinds  of  line  defects  formed  by  mirror-symmetric
domains on both sides [Figs. 3(a) and (c)]. Figures 3(b)
and (d) are zoom-in STM images of Figs.  3(a) and (c),
showing atomically resolved structures of the line defects,
respectively. A schematic description of edge terminations
of  a  CuSe  hexagonal  island  is  illustrated  in  Fig.  S6,
where the Cu-edge and Se-edge are represented by blue
and  yellow  dashed  lines,  respectively. Figure  3(e)
presents  a  schematic  diagram of  the  line  defect  formed
by  two  mirror-symmetric  CuSe  monolayer  domains,
where  the  mirror  domains  can  be  clearly  identified  by

 
Fig. 3  Line defects in the CuSe monolayer on the Cu(111)
substrate. (a, b) A large-scale STM image and corresponding
high-resolution  STM  image  of  the  folding  line-defect.
(c, d) A large-scale STM image and corresponding high-reso-
lution STM image of the straight line-defect. Atomic models
are covered into (b) and (d) to shed light on the edge terma-
tions. (e) Schematic  description  of  straight  line-defect  in
CuSe atomic model, where blue and yellwo triangles indicate
that  the  left  and  right  modles  are  two  mirror-symmetric
domains. (f) dI/dV curves  taken  at  three  positions,  as
marked by black, red and blue stars in (a). Scanning parame-
ters: (a) Vs = 0.4 V, It = 200 pA; (b) Vs = 2 V, It = 300 pA;
(c) Vs = 0.2 V, It = 100 pA; (d) Vs = 0.2 V, It = 100 pA;
(f) Vs = 2 V, It = 400 pA, Vrms = 10 mV.
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blue and yellow triangles. To identify the edge terminations
of the observed line defects, we superimpose the atomic
models  of  two  mirror  domains  of  CuSe  monolayer  into
Figs.  3(b)  and  (d).  The  results  show  that  the  edge
terminations  are  an  alternate  Cu-edge  and  Se  edge  in
Fig.  3(b),  forming  a  folding  line  defect,  while Fig.  3(d)
presents  a  straight  Se  edge,  forming  a  straight  line
defect.  In  order  to  study  the  electronic  properties  of
CuSe  monolayer  near  the  line  defect,  where  the  lattice
structure should be free of strain, we carried out dI/dV
measurements. Figure  3f shows  STS  curves  taken  near
the  line  defect  and  terrace  of  CuSe  monolayer,  as
marked  by  black,  red  and  blue  stars  in Fig.  3(a).  The
STS results  clearly  show the  movement  of  the  C1 peak
positions, as indicated by black dashed lines in Fig. 3(g),
further  confirming  that  the  strain  will  induce  the  peak
position to move towards downward. In addition, due to
the existence of edge dangling bonds outside the defect,
the freestanding CuSe has trivial and non-trivial boundary
states [12]. However, on the Cu(111) substrate, the edge
dangling  bond  of  CuSe  is  saturated  by  the  Cu(111)
substrate, so there is no doubt that it doesn’t show the
boundary state externally (Fig. S7).

In order to further investigate the electronic properties
of  monolayer  CuSe,  we  performed first-principles  calcu-
lations  on  (1  ×  1)  CuSe  monolayer  under  strain-free,
uniaxial strain (US) and biaxial strain (BS) respectively,
as  shown  in Figs.  4(a)–(c).  The  magnitude  of  strain  is
defined as ε = (a–a0)/a0, where a and a0 are the lattice
constants  of  the  strained  and  unstrained  structures,
respectively.  According  to  the  published  paper,  the
lattice constants of CuSe monolayer along the orientation
of  1D  moiré  pattern  is  7.3%  larger  than  those  along
other  directions  [12].  The  density  of  states  (DOSs)  of
CuSe monolayer under strain-free condition is shown in
Fig.  4(d).  The  first  peak  (C1)  above  the  Fermi  level  is
about  1.44  eV.  Under  7.3%  US  and  7.3%  BS,  the  C1
peak shifts  left  to 0.95 eV [Fig.  4(e)]  and 0.66 eV [Fig.
4(f)]  respectively,  which  is  in  good  agreement  with  the
experimental dI/dV curves in Fig. 2(b).

To better understand how strain affects the electronic
structures of CuSe monolayer, first-principles calculations
of  CuSe  monolayer  with  US and BS ranging  from –5%
to  5%  were  further  performed.  As  shown  in Fig.  4(g),
the  CBM, VBM and Fermi  level  variations  with  BS of
CuSe  monolayer  are  larger  than  those  with  US.  Under
both US and BS, the CBM and VBM of CuSe monolayer
move more with the increasing strain. Furthermore, the
differential  charge  densities  of  CuSe  monolayer  under
strain-free, 7.3% US and 7.3% BS were also investigated.
The  differential  charge  densities  of  CuSe  monolayer
under strain-free [Fig. 4(h)] shows charge accumulations
between Cu and Se atoms, while charge depletion on Cu
and Se atoms,  hence  demonstrating a  covalent  bonding
character. Under 7.3% US [Fig. 4(i)] and 7.3% BS [Fig.
4(j)],  the  charge  accumulations  between  Cu  and  Se
atoms  and  the  charge  depletions  on  Cu  and  Se  atoms

become  less,  demonstrating  weaker  covalent  bonding
characters which is the main cause of the C1 peak shift
to  the  left.  To  figure  out  the  physical  origin  of  the  C1
peak,  the  PDOSs  of  monolayer  CuSe  under  strain-free,
7.3% uniaxial-strain and 7.3% biaxial-strain on Cu(111)
are further calculated. As shown in Fig. S8, the C1 peak
is mainly dominated by s orbitals of CuSe monolayer.

 4   Conclusion

In summary, we demonstrate the direct investigation of

 
Fig. 4  Atomic  configurations  and  calculated  electronic
structures  of  CuSe  monolayer. (a–c) Atomic  configurations
of  CuSe  monolayer  under  strain-free,  7.3%  uniaxial-strain
and  7.3%  biaxial-strain,  respectively.  The  primitive  cell  of
CuSe  monolayer  is  denoted  by  the  black  dotted  line.
(d–f) DOSs  of  CuSe  monolayer  under  strain-free,  7.3%
uniaxial-strain  and  7.3%  biaxial-strain,  respectively.
(g) CBM,  VBM and  Fermi  level  variations  under  uniaxial-
strain  and  biaxial-strain  of  CuSe  monolayer. (h–j) Cross
sections  of  differential  charge  density  (e/Bohr3)  of  CuSe
monolayer  under  strain-free,  7.3%  uniaxial-strain  and  7.3%
biaxial-strain, respectively.
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electronic properties of CuSe monolayer on the Cu(111)
substrate under different strain conditions, fully charac-
terized  by  combined  STM/STS  measurements,  and
supported  by  DFT  calculations.  The  uniaxial  strain
induced 1D moiré patterns produces 1D periodic modu-
lation of electronic structures of CuSe monolayer. Addi-
tionally,  compared  to  the  uniaxial  strain  region  at  the
terrace, electronic properties of CuSe monolayer at biaxial
strain region existed in the domain boundary and strain-
free region found near the line defects show that the first
peak in conduction band has a tendency to move in the
opposite  direction,  which  has  been  successfully
confirmed  by  DFT  calculations.  The  results  not  only
enrich the fundamental understanding toward the role of
strain in modulating electronic properties of CuSe mono-
layer, but also lay the foundation for the development of
2D semiconductor materials.
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