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ABSTRACT
Functionalized  two-dimensional  (2D)  materials  play  an  important  role  in  both  fundamental  sciences  and  practical  applications.
The construction and precise control  of  patterns at  the atomic-scale are necessary for  selective and multiple  functionalization.
Here we report the fabrication of monolayer pentasilver diselenide (Ag5Se2), a new type of intrinsically patterned 2D material, by
direct  selenization  of  a  Ag(111)  surface.  The  atomic  arrangement  is  determined  by  a  combination  of  scanning  tunneling
microscopy  (STM),  low-energy  electron  diffraction  (LEED),  and  density-functional-theory  (DFT)  calculations.  Large-scale  STM
images exhibit a quasi-periodic pattern of stoichiometric triangular domains with a side length of ~ 15 nm and apical offsets. The
boundaries  between  triangular  domains  are  sub-stoichiometric.  Deposition  of  different  molecules  on  the  patterned  Ag5Se2
exhibits  selective  adsorption  behavior.  Pentacene  molecules  preferentially  adsorb  on  the  boundaries,  while
tetracyanoquinodimethane  (TCNQ)  molecules  adsorb  both  on  the  boundaries  and  the  triangular  domains.  By  co-depositing
pentacene  and  TCNQ  molecules,  we  successfully  construct  molecular  corrals  with  pentacene  on  the  boundaries  encircling
TCNQ molecules on the triangular domains. The realization of epitaxial large-scale and high-quality, monolayer Ag5Se2 extends
the family of intrinsically patterned 2D materials and provides a paradigm for dual functionalization of 2D materials.
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1    Introduction
Since  the  discovery  of  graphene,  two-dimensional  (2D)  materials
attract  intense  attention  due  to  their  novel  properties  [1–5]  and
potential applications [6–8]. 2D materials often possess properties
that  are  quite  different  from  their  bulk  counterparts  [9, 10].  For
example,  monolayer  MoSe2 features  a  direct  bandgap  compared
with an indirect bandgap in the bulk form [11, 12]; unlike the bulk
form,  a  2D  MoS2 nanosheet  can  serve  as  an  efficient  catalyst  for
hydrogen-evolution  reactions  [13].  Functionalization  of  2D
materials,  which  further  enhances  their  versatility  and
applications, can be realized in several ways, such as intercalation
[14],  doping  [15],  molecular  adsorption  [16],  and  covalent
functionalization [17].

To  achieve  selective  functionalization  by  adsorbates,  moiré
patterns,  which  originate  from  lattice  mismatch  between  the
substrate  and  the  2D  material,  have  been  widely  used  [18].  For
instance,  at  low coverage,  pentacene molecules  mainly adsorb on
the face-centered cubic (fcc) regions of the moiré patterns formed
on  a  graphene/Ru(0001)  structure  [19].  Copper  phthalocyanine
(CuPc) molecules and Xe atoms get trapped by dipole rings on a

boron nitride nanomesh formed on Rh(111) [20]. Recently, there
have  been  reports  of  intrinsically  patterned  2D  materials,  e.g.,
PtSe2 monolayers featuring alternating 1H and 1T triangles, CuSe
monolayers featuring periodic arrays of triangular nanopores [21],
and  VSe2 monolayers  featuring  one-dimensional  (1D)  sub-
stoichiometric  chains  [22].  Some  of  them  show  that  individual
atoms  or  molecules  can  be  selectively  adsorbed  at  particular
regions  [21–23].  Though  selective  adsorption  behavior  has  been
reported when two species were deposited on metal substrate [24],
the selective adsorption on 2D materials remains a challenge when
co-adsorption of two or more species.

In  this  paper,  we  report  the  fabrication  of  an  intrinsically
patterned  2D  material,  Ag5Se2,  exhibiting  the  possibility  of  dual
functionalization.  Ag5Se2 was  prepared  by  direct  selenization  of
Ag(111)  [10, 25, 26],  i.e.,  depositing  selenium  on  the  silver
substrate  and  annealing  in  ultrahigh-vacuum  (UHV).  The  as-
formed monolayer Ag5Se2 features triangular patterns, ~ 15 nm in
size,  with  apical  offsets.  The  atomic  structure  of  the  triangular
domains  features  a  hexagonal  lattice,  confirmed  by  low-energy-
electron  diffraction  (LEED),  scanning  tunneling  microscopy
(STM),  and  density/functional-theory  (DFT)  calculations.  The
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structure of the triangular-domain boundaries was determined by
combining atomically resolved STM images and DFT calculations.
The hexagon orientations in adjacent domains are the same, but a
relative  shift  between  domains  that  is  induced  by  the  substrate
leads  to  the  distinct  domain  boundaries.  Finally,  the  adsorption
behaviors  of  several  kinds  of  molecules  on  Ag5Se2 have  been
investigated.  Pentacene  molecules  preferentially  adsorb  on  the
boundaries,  while  tetracyanoquinodimethane  (TCNQ)  molecules
do  not  exhibit  selectivity,  adsorbing  both  on  the  boundaries  and
terraces  and  disturbing  the  boundary  network.  Nevertheless,  we
find  that  co-deposition  of  pentacene  and  TCNQ  leads  to
pentacene-decorated  boundaries  and  TCNQ  on  the  terraces,
forming  molecular  corrals.  This  kind  of  co-deposition  of  two
molecules  is  a  new  paradigm  that  may  lead  to  successful  dual
functionalization of intrinsically patterned 2D materials. 

2    Results and discussion
The  fabrication  process  of  the  sample  is  illustrated  in Fig. 1(a).
Selenium  atoms  are  deposited  on  the  Ag(111)  substrate  and  the
sample is annealed (see the Experimental Section for more details).
A typical  large-area STM image shown in Fig. 1(b) indicates  that
the  material  is  intrinsically  patterned.  The  surface  is  divided  into
many triangular domains ~ 15 nm in size (one of the triangles is
highlighted  by  a  black  triangle  in Fig. 1(b))  with  apical  offsets
(indicated by a black dotted circle).
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Figure  2(a) presents  a  magnified  STM  image  of  triangular

patterns.  The  orientations  of  the  silver  substrate  (Ag  and
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Ag ) are labelled by black arrows. The bright dots in the image,
some  of  which  are  marked  by  purple  arrows,  are  likely  to  be
clusters  of  unreacted  Se  atoms.  An  atomically  resolved  zoom-in
STM  image  in  one  triangular  domain,  indicated  by  a  dashed
rectangle  in Fig. 2(a),  is  displayed  in Fig. 2(b),  clearly  revealing  a
well-ordered  honeycomb-like  structure  (marked  by  a  colored
hexagon). One unit cell of the honeycomb lattice is represented by
a  blue  rhombus  in Fig. 2(b).  Based  on  STM  measurements,  the
angles  between  the  lattice  orientations  of  the  unit  cell  (the  blue
rhombus) and the silver substrate direction  (black arrow) are
19°  and  41°,  while  the  side  of  the  blue  rhombus  is  ~  7.6  ±
0.2  Å.  These  STM  measurements,  as  well  as  the  LEED  results
shown in Fig. S1 in the Electronic Supplementary Material (ESM),
reveal  that  the  honeycomb  lattice  forms  a 
superstructure with respect to the Ag(111) substrate.
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In  order  to  explore  the  atomic  configurations,  we  built  three
models  (Fig. 2(c) and  Figs.  S2(a)  and  S2(b)  in  the  ESM) and did
corresponding  STM  simulations  in  an  effort  to  match  the
atomically resolved STM image shown in Fig. 2(b). By comparing
the distance between the neighboring bright spots and the height
of  the  bright  features,  we  found  that  the  DFT-optimized  model
and  the  corresponding  STM  simulation  of  a  Ag5Se2 monolayer
(Figs.  2(c) and 2(d))  agree  well  with  the  STM image of Fig. 2(b).
Figure 2(c) shows the top and side view of a fully relaxed atomic
geometry  for  Ag5Se2/Ag(111).  The  2D  unit  cell  of  monolayer
Ag5Se2 is outlined with a blue rhombus. There are seven atoms per
unit cell, two selenium atoms, and five silver atoms. The Se atoms
in  the  Ag5Se2 monolayer  form  a  honeycomb-like  structure,  as
indicated  by  the  colorful  hexagon,  with  different  colored  sides
representing  different  lengths.  More  specifically,  the  silver  atoms
in  the  Ag5Se2 layer  follow  the  structure  and  directions  of  the  Ag
substrate.  In  other  words,  the  structure  of  the  monolayer  Ag5Se2
could  be  considered  as  a  Ag(111)  surface  with  periodic
replacement  of  two  adjacent  Ag  atoms  with  two  Se  atoms  but
having a small offset in the opposite directions. The offset can be
clearly  identified  in  the  zoom-in  atomic  structure  of  Ag5Se2 as
shown in Fig. S3(b) in the ESM, where the paired Se atoms do not
exactly  sit  on  the  high-symmetry  sites  of  the  Ag(111)  substrate,
but  have  a  small  offset.  Figure  S3(c)  in  the  ESM  is  the
corresponding  side  view  of  Ag5Se2/Ag(111)  system,  which
demonstrates the vertical distance of monolayer Ag5Se2 relative to
the  substrate.  Based  on  this  optimized  structure  of
Ag5Se2/Ag(111),  an STM image was simulated at  the sample bias
of –0.5  V  as  shown  in Fig. 2(d).  Only  the  left  part  of Fig. 2(d) is
overlaid by the atomic model for clarity. The overall features in the
simulated STM image (Fig. 2(d))  are  in  excellent  agreement  with
the experimental STM image (Fig. 2(b)), confirming the model of
the  Ag5Se2/  Ag(111).

Figure  3(a) is  a  typical  STM  image  showing  several  triangular
domains with sides measuring ~ 15 nm. Figure 3(b) is a zoom-in
STM image  from Fig. 3(a),  showing  the  highly  resolved  domain-
boundary  structure.  An  armchair-edge  configuration  is  clearly
identified, as indicated by the blue and black hexagons in Fig. 3(b).
The two domains (domain 1 and domain 2) in Fig. 3(b) have the
same  structure  and  the  same  orientations,  but  with  a  shift,
resulting in a domain boundary.

(13.20×45.70)

To  figure  out  the  atomic  configuration  of  the  highly  ordered
boundary, we carried out DFT calculations. We built a slab model
in a large supercell of  with an intersection angle of
95.2°, as shown in Fig. S4 in the ESM. Figure 3(c) is the top view
of  the  relaxed  model  of  a  boundary.  To  make  the  boundary
configuration  more  explicit,  the  atomic  structure  of  the  two
domains is superimposed by hexagons formed by Se atoms. There
are  two  noteworthy  characteristics  in  the  Ag5Se2 boundary

 

Figure 1    Large-area STM image of Se atoms deposited on a Ag(111) substrate.
(a)  Schematic  illustration  of  the  growth  process.  (b)  Large-scale  STM  image
shows triangular domains (Vs = –2.0 V and It = 0.2 nA). The black triangle is a
guide to the eye. The black dotted circle marks the apical connection of several
triangular domains.
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configuration.  First,  the  shift  from  domain  1  to  domain  2  is  a
distance  between  two  nearest  silver  atoms  as  indicated  by  black
dashed  hexagons  and  the  red  arrow  in Fig. 3(c).  The  shifting

distance is the bond length of Ag–Ag. Figure S5 in the ESM shows
detail information of boundary formation. Second, there are seven
extra silver atoms between two domains and four of them missing

 

Figure 2    STM images, atomic structure, and STM simulation of the honeycomb lattice on Ag(111). (a) A zoom-in large-scale STM image of the triangular pattern on
Ag(111) (Vs = – 3 V and It = 0.5 nA). (b) Zoom-in, atomically resolved STM image of the dotted rectangle in (a) (Vs =  ‒  0.05  V and It = 1.0 nA). The multicolor
hexagon illustrates the honeycomb-like structure and the blue rhombus represents the 2D primitive unit cell of the honeycomb lattice with a side of 7.6 ± 0.2 Å. (c)
DFT  optimized  atomic  model  of  the  honeycomb  lattice  containing  five  silver  and  two  selenium  atoms  in  one  unit  cell  (Ag5Se2)  on  the  Ag(111)  substrate.  (d)
Corresponding simulation image with the atomic model overlaid at the left part.

 

Figure 3    Domain-boundary structure of monolayer Ag5Se2. (a) STM image of Ag5Se2/Ag(111) shows triangular domains with ordered boundaries. (Vs = −2.0 V and
It = 0.2 nA) (b) Atomically resolved STM image clearly reveals the structure of the domain boundary. Black and blue hexagons indicate the hexagons from Domain 1
and Domain 2, respectively. (Vs = −0.5 V and It = 1.5 nA) (c) DFT-calculated atomic model of Ag5Se2 boundary. The dashed hexagons and the red arrow indicate the
shift between domain 1 and domain 2. Four black dotted circles indicate the four missing silver atoms in a domain boundary. Detail information about the formation
of boundary can be found in Fig. S5 in the ESM. (d) Simulated STM image of the boundary based on (c) agrees well with the experimental image in (b).
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in the dark regions as marked by black dotted circles in Fig. 3(c),
which correspond to the black holes on the boundary in the STM
image (Fig. 3(b)). On the basis of the domain-boundary structure
in Fig. 3(c),  we  obtained  a  simulated  STM  image  (Fig. 3(d))  that
agrees  well  with  the  experimental  STM  image  (Fig. 3(b)).  In
addition,  our  q-Plus  atomic  force  microscopy  (AFM)
measurements of monolayer Ag5Se2 on Ag(111) substrate (Fig. S6
in  the  ESM)  confirm  that  the  boundary  is  indeed  missing  some
atoms. Furthermore, the stoichiometric ratio of the domain is 5:2
(Ag:Se), while that of the domain boundary is 7:4 (Ag:Se) (Fig. S5
in the ESM). The loss of Ag atoms at domain boundaries indicates
that the replacement of Se atoms with Ag atoms introduces strain
in  the  monolayer  Ag5Se2.  In  other  words,  Ag  atoms  are
periodically  squeezed  out  to  release  the  strain,  and  the  Ag
vacancies  synchronously  form  at  domain  boundaries.  It  is  a
common  phenomenon  in  the  growth  process  of  material  to
release  strain  by  losing  some  atoms.  For  example,  the  growth  of
monolayer  CuSe  on  Cu(111)  exhibits  the  distinct  parallelogram-
shaped nanopores formed by losing 13 atoms [21].

In  order  to  investigate  electronic  property  of  the  monolayer
Ag5Se2 on  Ag(111)  substrate,  we  performed  the  scanning
tunneling  spectroscopy  (STS)  measurement  at  the  domain
boundary  and  terrace  of  the  monolayer  Ag5Se2.  Both  the  dI/dV
curves acquired at the boundary and terrace show a “U” shape at
the bias voltage of –2 to 2 V shown in Fig. S7(b) in the ESM. The
main  difference  between  two  dI/dV curves  is  reflected  in  the
positive  bias  voltage,  where  the  intensity  of  the  dI/dV curve
obtained at the boundary is stronger than that at the terrace. At a
smaller  voltage range of –1 to 1  V and –0.5 to 0.5  V,  two dI/dV
curves show same behaviour shown in Figs. S7(c) and S7(d) in the
ESM.  In  addition,  it  should  be  noted  that  there  are  still  some
electronic state at the Fermi level, indicating a metallic feature for

monolayer  Ag5Se2 on  Ag(111)  substrate.  In  order  to  further
investigate  the  electronic  properties  of  the  monolayer  Ag5Se2 on
Ag(111) substrate, we performed the DFT calculation. Figure S8 in
the  ESM  shows  the  calculated  density  of  states  for  monolayer
Ag5Se2 on  Ag(111)  substrate.  The  calculation  results  indicate
metallic  behaviours  for  both  the  terrace  and  boundary,  and
projected  density  of  states  on  the  terrace  and  boundary  are  no
obvious difference.

The  quasi-periodic  triangular  pattern  of  Ag5Se2/Ag(111)  is  an
ideal  natural  template  for  selective  adsorption  of  molecules.  Two
kinds  of  molecules,  a  non-polar,  chain-like  pentacene  molecule,
and  a  relatively  small  and  polar  TCNQ  molecule,  have  been
chosen  and  deposited  on  the  monolayer  Ag5Se2 samples. Figure
4(a) shows  the  adsorption  behavior  of  the  pentacene  molecules.
All  pentacene  molecules  adsorb  on  the  boundaries  of  the
triangular  domains.  The  size  of  pentacene  fits  the  holes  in  the
boundary very well, which makes pentacene lie exactly on the hole
and in good alignment. DFT calculations show the binding energy
per  pentacene  molecule  on  a  boundary  (2.34  eV)  is  larger  than
that  on  the  triangular  domains  (2.23  eV).  Thus,  pentacene
molecules  prefer  the  boundaries,  in  accord  with  experimental
observations.  As  illustrated  in Fig. 4(b),  TCNQ molecules  do  not
show  specific  selectivity  on  different  sites  of  Ag5Se2,  and  adsorb
both on the terraces and boundaries.  DFT calculations show that
the binding energy per TCNQ molecule on a boundary (2.63 eV)
is  only  slightly  larger  than  that  on  triangular  domains  (2.58  eV),
which is also in agreement with experimental results if the thermal
effect is taken into account.

In  addition  to  the  above  experiments  in  which  a  single
molecular  species  is  adsorbed  on  the  patterned  surface,  we
designed  an  experiment  to  co-deposit  different  molecules,  and
finally  fabricated  molecular  corrals  [27].  The  schematic  model  is

 

Figure 4    Adsorption  behaviors  of  organic  molecules  on  Ag5Se2/Ag(111).  (a)  Pentacene  molecules  preferentially  adsorb  on  the  boundaries  (Vs =  −1  V  and It =
0.05 nA). (b) TCNQ molecules adsorb randomly, both on the boundaries and on the triangular domains (Vs = −2.5 V and It = 0.05 nA). (c) Schematic diagram of two
molecules  (Pentacene  and  TCNQ)  adsorption  on  Ag5Se2.  (d)  Pentacene  molecules  adsorbed  on  the  boundaries  form  molecular  corrals  surrounding  the  TCNQ
molecules. (Vs = −1 V and It = 0.05 nA).
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shown  in Fig. 4(c).  Pentacene  molecules  occupy  the  boundaries
and  TCNQ  molecules  are  encircled  on  the  triangular  domain,
forming a  molecular  corral.  Experimentally,  pentacene  molecules
are  deposited  first  to  occupy  the  boundaries,  which  restricts
TCNQ molecules to subsequently adsorb solely on the triangular
domains  (Fig. 4(d)).  However,  if  we  invert  the  deposition
sequence,  TCNQ  molecules  adsorb  both  on  the  boundaries  and
the triangular domains, while pentacene molecules adsorb only on
the uncovered boundaries. 

3    Conclusions
Ag5Se2,  a new 2D material,  was synthesized by direct selenization
on  Ag(111).  The  Ag5Se2 monolayer  exhibits  a  triangular  pattern
with  a  side  length  of  ~  15  nm  and  apical  offsets.  Besides,  the
pattern  enables  selective  adsorption  of  different  molecules.  We
demonstrated  that  co-adsorption  of  pentacene  and  TCNQ
molecules leads to the formation of molecular corrals. This newly
developed approach is  yet  another  step  toward the  fabrication of
molecular devices. 

4    Methods
Sample preparations and in-situ characterizations. Experiments
were performed in an ultrahigh vacuum (UHV) LT-STM system
(Omicron)  with  a  base  pressure  better  than  2  ×  10–10 mbar.  This
system  was  equipped  with  a  preparation  chamber,  LEED,  and
STM.  Single-crystal  Ag(111)  (MaTecK)  substrate  was  cleaned  by
several  cycles  of  Ar+ sputtering  and  annealing,  until  it  yielded  a
distinct Ag(1 × 1) diffraction spots in the LEED pattern and clean
terraces  in  STM  images.  Pure  selenium  (99.99%,  Sigma-Aldrich)
was  evaporated  from  a  standard  Knudsen  cell  onto  the  Ag(111)
substrate,  while keeping the substrate at room temperature.  After
deposition,  the  sample  was  annealed  at  500  K  for  1  h.  Then  the
sample  was  transferred  to  the  STM  stage  operating  at  4  K.
Pentacene  (Sigma-Aldrich,  purity  99%)  and  7,7,8,8-
tetracyanoquinodimethane  (Sigma-Aldrich,  purity  98%)  were
thermally  deposited  by  a  Knudsen  4-fold  cell  evaporator  at  140
and  70  °C  onto  the  monolayer  Ag5Se2/Ag(111)  substrate  held  at
room  temperature,  respectively.  For  the  codeposition  different
molecules  experiment,  the  pentacene  was  firstly  deposited  onto
the  monolayer  Ag5Se2/Ag(111)  substrate  held  at  room
temperature  and  then  the  TCNQ  was  deposited  onto  the
pentacene  covered  monolayer  Ag5Se2/Ag(111)  substrate  held  at
room temperature. After deposition, the sample was transferred to
the STM stage held at 4 K. All STM images were acquired in the
constant-current  mode,  by  using  an  electrochemically  etched
tungsten  tip  and  the  bias  voltage  was  defined  as  the  sample  bias
with respect  to the tip.  The Nanotec Electronica WSxM software
was  used  to  process  the  STM  images  shown  here  [28].  We
performed  q-Plus  AFM  imaging  in  a  Createc  low-temperature
STM/AFM system with base pressure of 2.0 × 10–10 mbar at 4.5 K.
The  AFM  images  were  obtained  at  constant  height  in  frequency
modulation  (FM)  mode.  The  qPlus  sensor  oscillated  at  an
amplitude  of  100  pm  with  a Q factor  of  50,000.  The  resonance
frequency  was  about  27.9  kHz,  and  the  stiffness  was  about
1,800  N/m.  The  dI/dV spectra  were  recorded  by  a  lock-in
technique with a modulation amplitude of 10 mV and a frequency
of 599 Hz.

First-principles calculations. DFT calculations were performed
using  the  projector  augmented  wave  (PAW)  method  with  the
local  density  approximation  (LDA)  functional  [29],  as
implemented in the Vienna ab initio simulation package (VASP)
code  [30, 31].  The  calculation  cell  contained  a  Ag-Se  film  on  a
three-layer  Ag(111)  substrate.  A  vacuum  region  of  ~  15  Å  was

applied  and  a  plane-wave  basis  set  with  energy  cutoff  of  300  eV
was  used.  The  Brillouin  zone  was  sampled  by  the  Γ  point.  The
structures were fully relaxed until energy and force on each atom
were converged to 10–4 eV and 0.01 eV·Å–1, respectively, while the
bottom two layers of silver atoms were fixed. The simulated STM
images were obtained using the constant  current  mode based on
calculated electron densities. 
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