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Construction of twisted graphene–silicene heterostructures
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ABSTRACT
Van  der  Waals  stacking  of  two-dimensional  crystals  with  rotation  or  mismatch  in  lattice  constants  gives  rise  to  rich  physical
phenomena that are closely related to the strong correlations and band topology. Twisted graphene and silicene heterobilayers
have  been  theoretically  predicted  to  host  a  tunable  transport  gap  due  to  the  mismatch  of  Dirac  cones  in  the  graphene  and
silicene  layers.  However,  experimental  realization  of  such  twisted  structure  is  challenging.  Here,  we  report  the  formation  of
twisted  graphene/silicene  bilayers  on  Ru  (0001)  crystal  via  intercalation.  Different  moiré  patterns  form  as  single-crystalline
graphene grows over different grains of the Ru surface. After silicon intercalation, graphene/silicene bilayers are observed with
different twisting angles on top of different grains of the Ru substrate. Our work provides a new pathway towards construction of
graphene based twisted heterobilayers.
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 1    Introduction
The moiré materials, composed by two dimensional (2D) crystals
with  mismatch  in  lattice  orientations  and/or  constants,  act  as
versatile and tunable platforms for investigating exotic phenomena
in  condensed  matter  physics  [1, 2].  The  moiré  superstructure
imposes  additional  periodic  potential  to  the  stacked  2D  systems,
reshaping  their  band  structures.  Starting  from  the  discovery  of
correlated insulator and superconductivity in magic-angle twisted
bilayer  graphene  [3, 4],  orbital  magnetism  [5],  Chern  insulators
[6],  and  Wigner  crystals  [7],  and  other  intriguing  phenomena
[8–10]  have  been  identified  in  different  moiré  materials.  So  far,
graphene  [3–5, 11–13],  hexagonal  boron  nitride  [14],  transition
metal  dichalcogenides  [15–20],  and  other  2D  crystals  [8, 10, 21]
have  been  employed  as  building  blocks  to  construct  the  moiré
materials.

Among  the  various  moiré  materials,  the  twisted
graphene/silicene  (TGS)  heterobilayers  have  received  lots  of
interest  due  to  its  fascinating  physical  properties.  It  has  been
predicted  that  the  stacking  of  these  two  pieces  of  semi-metallic
layers surprisingly leads to the formation of a semiconductor with
pronounced transport  gap,  regardless  of  their  relative  orientation
[22]. The reason is that the different lattice constants in graphene
and silicene guarantee that the electron tunneling cannot happen
without compensating the momentum difference at the two Dirac
cones. It has also been proposed that the graphene/silicene bilayer
is  potentially  applicable  for  a  nanocapacitor  with  piezoelectric
capabilities [23].

However,  experimental  fabrication  of  the  TGS  is  challenging.

On  the  one  hand,  silicon  does  not  have  a  layered  bulk  allotrope
[24]  and  2D  silicene  cannot  be  fabricated  using  mechanical
exfoliation  technique  [25].  On  the  other  hand,  the  epitaxially-
grown  silicene  atomic  layer  requires  the  supporting  from  the
epitaxial  substrate  and  cannot  be  transferred  to  other  substrates.
As  a  result,  the  traditional  manual  stacking  method  cannot  be
implemented  to  fabricate  the  graphene/silicene  bilayers.  It  has
been  previously  reported  that  graphene  and  silicene
heterostructures  can  be  fabricated  on  solid  surfaces  through
graphene  intercalation  [26–28]  or  molecular  beam  epitaxy  [29].
However,  to  the  best  of  our  knowledge,  the  TGS  heterobilayers
with controllable twisting angles have not been realized.

Here  we  present  the  construction  of  TGS  heterobilayers  with
different twisting angles on Ru (0001) substrate. The Ru crystal is
first  treated  by  multiple  times  of  high  temperature  (~  1200  K)
annealing  and fast  cooling  process  to  create  grains  with  different
orientations on the surface (Fig. 1(a)). Monolayer graphene is then
grown  on  the  treated  Ru  surface  through  a  standard  epitaxial
technique  [30, 31].  The  single-crystalline  graphene  stretches  over
different  grains,  giving rise  to different  moiré patterns (Fig. 1(b)).
According  to  a  previous  density  functional  theory  (DFT)
prediction,  even  more  orientations  could  exist  under  certain
conditions [32, 33].  The silicon is then deposited and intercalated
between graphene and the Ru substrate where silicene grows. The
lattice orientation of  silicene is  determined by the Ru grains,  and
as a result TGS with different twisting angles forms on top of the
polycrystalline  Ru  surface  (Figs.  1(c) and 1(d)).  Moreover,  DFT
calculations  demonstrate  the  Si  intercalation  and  silicene
formation behaviors on the twisted region under graphene moiré
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patterns,  and  provide  theoretical  evidence  of  the  ordered  growth
of TGS.

 2    Results and discussion
All  the  experiments  were  performed  in  an  home-built  low-
temperature  scanning  probe  microscopy  system [34]  with  a  base
pressure  below 2 × 10−10 mbar .  The Ru (0001)  crystal  purchased
from  MaTeck  Material  Technologie  &  Kristalle  GmbH  with  a
diameter  of  10  mm  and  a  thickness  of  0.8  mm  is  repeatedly
sputtered with argon ion source, annealed from 300 to 1200 K in
7 min using an ultra-high vacuum electron beam heater, and fast-
cooled  to  300  K in  20  min  to  yield  the  polycrystalline  surface.
Single  layer  graphene is  fabricated by  exposing the  Ru surface  to
ethylene  with  a  pressure  of  2  ×  10−6 mbar  at  1300  K  [30, 31].  Si

atoms  were  evaporated  from  a  home-built  E-beam  evaporator
with  the  calibrated  evaporation  rate  of  0.33  monolayer/min
(calibrated  by  a  low  energy  electron  diffraction  system  in  the
deposition tests).  Intercalated silicene is  realized by annealing the
sample  under  800  K for  30  min.  The  scanning  tunneling
microscopy (STM) images are taken under 4.2 K with chemically
etched  tungsten  tips.  Scanning  tunneling  spectra  are  acquired  by
keeping the feedback of Z-controller on and the sample bias being
ramped from 2 to 10 V. The dI/dV signals are recorded by a lock-
in amplifier with a bias modulation of 15 mV at 723 Hz [35]. The
calculations  were  carried  out  using  Vienna ab  initio simulation
package (VASP) [36, 37].  The projected augmented wave (PAW)
method  [38]  was  used  to  describe  the  core–valence  interactions.
The  generalized  gradient  approximation  (GGA)  in  the  form  of
Perdew–Burke–Ernzerhof  (PBE)  is  adopted  for  the  exchange-
correlation  functional  [39].  All  the  periodic  slab  models  include
four  layers  of  Ru,  one  layer  of  graphene,  and  a  vacuum  layer  of
more than 15 Å. During the calculations, all the atoms except the
bottom  two  layers  of  Ru  (0001)  were  fully  relaxed  until  the  net
force on each relaxed atom was less than 0.01 eV/Å, and a Γ point
k-sampling  was  employed  for  Brillouin  zone  matrix  integrations
due to the numerical limitations.

The repeated annealing and fast cooling of the Ru crystal create
randomly aligned grains. It has been shown that polycrystalline Ru
film  possesses  multiple  grains  with  in-plane  rotations,  and  the
epitaxial  graphene  grown  on  top  of  the  polycrystalline  film  is
single-crystalline  [32]. Figure  2(a) shows  a  typical  STM
topography  of  single  layer  graphene  stretching  across  three
different  grains  of  the  Ru  surface.  Based  on  the  current
experimental  technique,  we  normally  observe  grain  size  of
~  100  nm  (Fig. S1  in  the  Electronic  Supplementary  Material
(ESM)).  Occasionally,  we can find regions of several  hundreds of
nanometers or even in micron scale. The grain boundaries can be
easily  differentiated  given  the  different  moiré  patterns  between
graphene and the Ru substrate.  It  has  been shown that  graphene
forms regular  moiré  structure  on the  single-crystalline  Ru (0001)
substrate without any rotations between the graphene and the Ru
lattice (moiré pattern R0, with 11 × 11 graphene on 12 × 12 Ru in
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Figure 1    Schematic of the formation of the TGS heterobilayer. (a) Grains with
in-plane  rotations  in  Ru  substrate  form  during  annealing  and  fast  cooling
treatment.  (b)  Single  crystalline  graphene  layer  grows  across  the  Ru  grains,
forming different types of moiré patterns. (c) Intercalated Si atoms form silicene
nano flakes below the domes of the moiré pattern. (d) The lattice orientation of
the  silicene  layer  is  locked  with  the  underlying  Ru  grain,  leading  to  TGS
heterobilayers.
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Figure 2    STM topography of graphene moiré patterns on Ru grains. (a) Large scale STM image of the R0, R9, and R37 moiré patterns of single crystalline graphene
on Ru grains (scanning settings: bias Vs = −3 V, It = 50 pA). (b) Line profiles along the moiré patterns in the R0, R9, and R37 regions, showing different periodicity. (c)
DFT simulations  of  moiré  patterns  of  R0,  R9,  and  R37  formed  by  different  orientations  between  graphene  and  Ru  lattices.  (d)  Zoom-in  STM image  of  the  green
dashed square in (a) (Vs = −3 V, It = 50 pA). (e) Zoom-in STM image of the green dashed square in (d), showing single crystalline graphene across the grain boundary
between the R0 and R37 regions (Vs = −0.3 V, It = 400 pA).
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a  unit  cell).  Due  to  the  strong interaction between graphene  and
the Ru substrate, the as-grown graphene layer is single-crystalline
[30, 31, 40]. However, in the presence of nano scale Ru grains, the
graphene  layer  could  either  be  single  crystalline  across  Ru  grains
and form different moiré pattern, or rotate with the underlying Ru
grains  by  forming  one  dimensional  (1D)  atomic  defects  at  the
grain boundaries. The structure of the graphene layer depends on
the  competition  between  the  formation  energy  of  a  new  moiré
pattern and that of 1D atomic defect. Our calculation (Table S1 in
the ESM) shows that the total energy in R37 increases ~ 1.7 meV
per  carbon  atom  as  compared  with  that  in  R0,  which  is  much
smaller  than  the  energy  needed  to  form  a  4°  graphene  grain
boundary  [41].  As  a  result,  the  graphene  keeps  single  crystalline
across  the  Ru  grain  boundary,  leading  to  other  types  of  moiré
patterns  [32, 33],  e.g.,  moiré  pattern  R9  (
graphene/  Ru),  R19  (  graphene/

 Ru),  R37  (  graphene  on  Ru),  and
R55  (11  ×  11  graphene/  Ru)  (Fig. 2(a) and  Table  S1
and Fig. S2 in the ESM). According to a previous DFT prediction
[33], even more orientations could exist under certain conditions.
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Notably, the moiré patterns in different grains differ not only in
orientations,  but  also  in  periodicity  (Figs.  2(b) and 2(c))  and
corrugation.  For  example,  the  graphene  ripples  stronger  in  R0
moiré pattern region than that in R37 moiré pattern region (green
and  yellow  curves  in Fig. 2(b)).  The  space  between  the  graphene
domes  of  the  moiré  pattern  and  the  Ru  substrate  confines
electrons,  leading to existence of  quantum well  states  revealed by
scanning  tunneling  spectroscopy  (STS)  [42].  The  scanning
tunneling spectra show a lower quantum well state on the dome of
the  R0  region  than  that  on  the  dome  of  R37  region,  further
confirming that the spacing between the graphene dome and the
substrate  in  the  R0  structure  is  larger  (Fig. S3  in  the  ESM).  The
formation of different moiré patterns is different from that in the
epitaxial systems where the interaction between graphene and the
substrate  is  weak [43] and polycrystalline graphene grows.  In the
current  case,  the  graphene  layer  remains  single-crystalline  across
grain  boundaries  (Figs.  2(d) and 2(e) and Fig. S4  in  the  ESM).
Silicon  intercalation  happens  upon  annealing  the  silicon  clusters
deposited  on  the  graphene/Ru  surface  [44, 45].  Due  to  a  strong
interaction  between  the  interfacial  silicon  atoms  and  the  Ru
substrate, the lattice orientation of the as-grown silicene is locked
with  the  Ru  grain.  As  a  result,  rotation  angles  are  expected
between  graphene  and  silicene  at  the  different  moiré  regions.
Figure 3(a) displays the STM topography of adjacent R0 and R37
regions after small amount of Si intercalation. Below the domes of
the  moiré  pattern,  the  silicon  atoms  diffuse  and  grow  as  silicene
nano  flakes—a  configuration  of  silicene/3  ×  3  Ru.  The
lattice  of  the  silicene layer  at  the  interface  between graphene and
Ru  can  be  differentiated  under  certain  bias  voltages  (Fig. 3(b))
[27].  Given  the  fact  that  the  graphene  lattice  is  single-crystalline
and that the silicene lattice is locked to the Ru grain orientation, a
twisting  angle  forms  between  the  graphene  and  silicene  lattice
(Fig. S6 in the ESM).

After  more  silicon  atoms  are  intercalated,  the  nano  flakes
connect with each other and form large scale silicene layer with a
twisting  angle  to  the  top  graphene  layer  with  unchanged
orientation  (illustrated  by  the  uninterrupted  moiré  pattern
parameters  of  the  adjacent  part  in Fig. 3(c)),  i.e.,  TGS
heterobilayers.  The  twisting  angle  is  dependent  on  the  grain
orientation  of  the  Ru  grain.  A  typical  TGS  formed  at  the  R37
region  is  displayed  in Fig. 3(c).  According  to  our  density
functional  theory  calculation,  the  TGS  heterobilayer  at  the  R37
region possesses a twisting angle of 4° between the graphene and
the  silicene  lattices  (Fig. 3(d)).  The  other  possible  heterobilayers
are summarized in Table S1 and Fig. S7 in the ESM.

We  note  that  the  different  moiré  patterns  between  graphene
and  Ru  grains  also  influence  the  growth  behavior  of  the  silicene
layer.  Silicene  growth  at  the  interface  starts  from the  nano  flakes
under  the  graphene  moiré  domes  (atop  sites)  [31, 44].  At  R0
region,  the  growth  of  silicene  continues  by  occupying  the
graphene  moiré  valleys  (face  centered  cubic  (fcc)  and  hexagonal
close packed (hcp) sites) and forms triangular islands [44]. At the
TGS  regions,  however,  silicene  grows  in  a  different  manner.  We
take  the  R37  region  as  an  example.  After  the  moiré  domes  are
intercalated  by  silicene  nano  flakes  (Figs.  3(a) and 3(b)),  further
incoming  silicon  atoms  tend  to  occupy  the  space  between
neighboring domes, forming silicene ribbons extending hundreds
of nanometers in length (Fig. S5 in the ESM).

112̄0

112̄0

To understand the growth behavior of the silicene nanoribbon
at the R37 region more clearly, DFT calculations were performed.
When six Si atoms intercalate, they tend to locate at the fcc sites of
the  Ru  (0001)  surface,  as  shown  in Fig. 4(a).  Two  incoming  Si
atoms  tend  to  locate  along  the  fcc-bridge  direction  (or  [ ]
direction)  (the  formation  energy  is  about  2  meV/Si  lower  than
that along the hcp-bridge direction). If more Si atoms intercalate,
the  incoming  Si  atoms  will  further  extend  along  the  [ ]
direction  between  graphene  and  Ru  (0001)  surface,  as  shown  in
Figs.  4(a)–4(d).  The  direction  is  slightly  off  (by  11°)  the  high
symmetry direction of the R37 moiré pattern. The confinement of
the corrugated graphene thus sets constraints to the growth of the
silicene at  the interface,  forming a  wavy structure (Figs.  4(d) and
4(e)) which stabilizes the silicene nanoribbons.
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In Fig. 4(f), we provide the formation energies per Si atom (ΔE
(EF) = (Etotal − Emoiré − μSi × n)/n, where Etotal is the total energy of
the  graphene/silicene/Ru  system, Emoiré is  the  total  energy  of  the
moiré pattern, μSi is the chemical potential of the Si atom, and n is
the number of  the Si  atoms) for  different  number of  Si  atoms in
the  R37  region.  The  orange  dashed  line  indicates  the  formation
energy  of  monolayer  silicene  in  the  R37  region  (
graphene/  silicene/  Ru).  From  this  figure,
we  can  find  that  the  formation  energy  decreases  with  the
increasing of the intercalated Si atoms.
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Figure 3    STM topography and atomic model of the TGS heterobilayers at the
R37  region.  (a)  STM  image  of  graphene  intercalated  with  silicene  nano  flakes
across the grain boundary between the R0 and R37 regions (Vs = −100 mV, It =
500 pA). (b) Zoom-in STM image of the R37 region in (a). Silicene nano flakes
are indicated by black hexagons (Vs = −50 mV, It = 1000 pA). (c) STM image of
the  TGS  heterobilayer  at  the  R37  region  after  more  Si  atoms  intercalate.  (d)
Atomic model of the TGS heterobilayer, showing a twisting angle of 4° between
graphene and silicene.
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 3    Conclusions
In  conclusion,  we  have  constructed  TGS  heterobilayers  with
different  twisting  angles  by  taking  advantage  of  silicon
intercalation  between  graphene  and  Ru  substrate  with  multiple
grains.  The  3pz–2pz orbit  hybridization  may  arouse  the  coupling
of  moiré  super-lattices  and  topological  band  structures  such  as
Dirac  cone,  flat  band,  and  saddle  points.  Moreover,  since
intercalation  phenomenon  is  commonly  observed  in  epitaxial
graphene systems, with recent progress in fabrication of large and
controllable  twinning  metal  substrates,  our  method  could
potentially  be  used  to  create  graphene  based  twisted
heterobilayers.
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