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The electronic structures of monolayer silicenes (4 x 4 and V13 x v/13R13.9°) grown on Ag (111) surface are studied
by scanning tunneling spectroscopy (STS) and density functional theory (DFT) calculations. While both phases have similar
electronic structures around the Fermi level, significant differences are observed in the higher energy unoccupied states.
The DFT calculations show that the contributions of Si 3p, orbitals to the unoccupied states are different because of their

different buckled configurations.

Keywords: silicene, electronic structure, STM, DFT

PACS: 73.22.—f, 68.37.Ef, 61.46.—w, 81.05.Zx

1. Introduction

Silicene, the two-dimensional (2D) honeycomb lattice of
Si atoms, has received a lot of attention because it shares re-
markable properties with graphene. Density functional the-
ory (DFT) calculations!!-?] have demonstrated that freestand-
ing silicene takes a buckled structure where two Si atoms in
the unit cell are displaced in the opposite directions perpen-
dicular to the basal plane. In spite of the buckling, silicene
hosts Dirac fermions similarly to graphene. The combination
of the Dirac fermion characteristics with sizable spin-orbital
coupling (SOC) of Si adds exotic properties to silicene.3-¢!
An energy gap opens at the Dirac cone where two linear bands
cross at the Fermi level, and topologically protected states
emerge at the edges of 2D silicene. This indicates that silicene
is promising as a material for realizing the theoretical predic-
tion of Kane and Mele.!”! Besides, silicene is expected to be
compatible with the current process technologies to fabricate
electronic devices on Si platform.

In the last few years, silicene has not been only in the the-
oretical calculation; it has successfully been synthesized on
many different substrates, such as Ag (110),18 Ag (111),1°-11]
Ir (111),1'2) ZrBs-covered Si (111),1*! and MoS, crystal,['4]
of which, the silicene synthesized on Ag (111) is investi-
gated most.*- 1115391 Several phases such as 4 x 4, /13 x
V13R13.9°, 4/\/§ X 4/\/§, etc. are observed by using low-
energy electron diffraction (LEED) and scanning tunnel-
ing microscopy (STM). For some of them, the structural
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models consisting of buckled honeycomb lattice have been
proposed. [°-11:15-211 Although it has been proved that Dirac
fermions disappear in the monolayer silicene on the Ag (111)
surface due to the strong hybridization with the Ag (111)
substrate,2>-28-3-391 theoretical calculations predicted that the
Dirac fermion characteristics can be preserved in some struc-
tures of silicene after they have been extracted from the
Ag (111) substrate.[?733341 Recently, a field effect transis-
tor (FET) has been fabricated by transferring silicene from
Ag (111) to an Al,03/SiO, substrate.!*"! Since various dif-
ferent monolayer phases appear on Ag (111) surface, it is of
great importance to reveal the electronic structures of silicenes
in different configurations if they are used in the devices. In
this paper, we compare the electronic structures of two domi-
nant phases, 4 x 4 and V13 x v/13R13.9°, based on the results
acquired by both scanning tunneling spectroscopy (STS) and
DFT calculations.

2. Experiment

The whole experiments were performed in an ultra-high
vacuum chamber with a base pressure less than 1 x 10~1° Torr
(1 Torr = 1.33322 x 102 Pa). To grow silicene on Ag (111)
substrate, Si atoms were deposited onto the clean Ag (111)
substrate in a constant rate of 0.03 ML/min (1 ML = 1 x
105 atoms-cm~2) from a heated (> 1100 °C) Si wafer. The
Ag (111) substrate was cleaned by repeated cycles of Ar™
sputtering and annealing at 500 °C. The trick to crystalize sil-
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icene is the precise control of the Ag (111) substrate tempera-
ture. In our experiments, the temperature was kept at 260 °C
during the deposition. After sample preparation, the STM and
STS measurements were carried out at 6 K.

The DFT calculations were carried out by the plane-
wave-based Vienna Ab initio Simulation Package (short as
VASP)[#142] with the projected augmented wave (PAW)43]
potentials in the generalized gradient approximation (GGA).
The exchange—correlation functional of Perdew—Burke—
Ernzerhof (PBE)*4! was used. The kinetic-energy cutoff for
the plane-wave basis was set to be 400 eV. The silicene grown
on Ag (111) was modeled by using a supercell, which con-
sists of a silicene layer on a 5-layer Ag slab with a vacuum of
~18 A thick along the surface normal. The supercell used for
the 4 x 4 (v/13 x v/13R13.9°) phase was composed of 80 Ag
and 18 Si (65 Ag and 18 Si) atoms. The atoms in the bottom
two layers were fixed at their ideal bulk positions during the
structure optimization. The positions of atoms in silicene and
top three layers of the Ag slab were optimized without any
constraint until the forces on individual atoms were less than
0.01 eV/A. In the self-consistent total energy calculations, the
Brillouin zone was sampled with (5 x 5 x 1) k-points.

3. Results and discussion

Figure 1(a) shows an STM image of monolayer silicene
grown on Ag (111). Both 4 x 4 and v/13 x /13R13.9° phases
coexist on the surface. A zoom-in image of the green square
in Fig. 1(a) is shown in Fig. 1(b). Taking a careful look at the
high-resolution image on the left side of the image, one can
see six protrusions and a darker hole in the unit cell. This
feature indicates that the left side is attributed to the 4 x 4
phase. On the right side separated by a domain boundary,
V13 x v/13R13.9° phase appears. The angle difference be-
tween two phases is ~ 14° as indicated by the black and blue
arrows.

Figure 1(c) shows the typical STS spectra acquired on
4 x 4 and /13 x v/13R13.9° phases. The spectra are obtained
by a lock-in technique with a modulation voltage of 4 mV at
512 Hz added to the sample voltage. The spectra do not show
strong dependence on the position inside the unit cell. The
spectrum of 4 x 4 phase is similar to that of V13 x v/13R13.9°
phase. Two spectra almost overlap each other in the range
from —1.0 V to 0.5 V. A difference is observed in the range
from 0.5 V to 1.0 V; the intensity of 4 x 4 phase is stronger
than that of /13 x v/13R13.9° phase. We consider that this
difference is minor and the electronic structures of 4 x 4 and
V13 x v/13R13.9° phases are essentially analogous around
the Fermi level.

In contrast, the unoccupied electronic states in higher
Figure 1(d) shows the dZ/dV
spectra acquired in a bias range from 1.0 V to 3.8 V. In the
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Fig. 1. (color online) (a) Topographic STM image of monolayer sil-
icene on Ag (111) at a sample bias of V; = 0.5 V and tunneling cur-
rent of J; = 0.2 nA. The image size is 60 nmx60 nm. Both 4 x 4 and
V13 x v/13R13.9° phases coexist on the surface. The blue curves indi-
cate the domain boundaries. (b) The zoom-in image of the green square
in panel (a) with V5 = 0.5V, It = 0.2 nA, and size is 30 nmx30 nm. The
4 x 4 phase matches the symmetry axes of the Ag (111) substrate while
the \/ﬁ x v/13R13.9° phase rotates an angle of 14°. High resolution im-
ages (3.5 nmx3.5 nm, V; = —0.02 V, and I; = 0.2 nA) of defined areas are
attached in the image. (c) dI/dV spectra and (d) dZ/dV spectra of the 4 x 4
and /13 x v/13R13.9° phases taken by a lock-in technique. The modula-
tion voltages of panel (c) 4 mV at 512 Hz and panel (d) 14 mV at 512 Hz
are added to the sample voltage in the lock-in measurements.

Z-V spectrum, the displacement of the tip (Z) is measured as
a function of bias voltage (V) applied to the STM junction
with holding the feedback loop on. The tip promptly retracts
from the surface to keep the tunneling current constant when
the density of states increases at certain voltages. In other
words, the displacement of the tip depends on how the den-
sity of states varies with energy. By differentiating the Z-V
curve, peaks appear at the voltages where the density of states
is relatively high. Therefore, the dZ/dV spectrum is basically
proportional to the density of states; it reveals the electronic
structure as well as the conventional STS spectrum.[*>#7] The
spectra shown here are obtained by a lock-in technique with a

087307-2



Chin. Phys. B  Vol. 24, No. 8 (2015) 087307

modulation voltage of 14 mV at 512 Hz. A sharp peak appears
at 2.95 V in 4 x 4 phase while a broad peak around 2.70 V and
a shoulder near 3.40 V are observed for v/13 x v/13R13.9°
phase. These spectral signatures show the difference in elec-
tronic structures between the two phases.

To understand the variations in the electronic structures
of two phases, the electronic band structures are calculated
for both 4 x 4 and /13 x v/13R13.9° phases. The calculated
band structures of 4 x 4 and /13 x v/13R13.9° phases are
shown in Figs. 2(a) and 2(b), respectively. The contribution of
Si 3p, orbital is indicated by the gradient bar. The higher con-
tribution appears in darker colors. The Brillouin zone (BZ) of
each structure is shown in Figs. 2(c) and 2(d). Note that the K
point (K ) in the BZ of silicene 1 x 1 overlaps with the I" point
(I3) in the extended BZs of 4 x 4 or V13 x v/13R13.9° phases.
Thus the band structures in Figs. 2(a) and 2(b) are drawn along
the high symmetry directions in the BZs. Both band structures
become complicated because of the following reasons. (i) The
bulk bands are discretized because we describe the system as
a slab model. Although the bulk Ag bands essentially should
appear as a background, they appear as many branches to
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Fig. 2. (color online) Calculated band structures of (a) 4 x 4 and (b)
V13 x /13R13.9°. The gradient bar manifests the contribution of Si 3p,
orbital to each branch. The darker the region, the higher the contribution
in the region is. Panels (c) and (d) indicate the Brillouin zones (BZs) of
4 x 4 and v/13 x v/13R13.9° phases together with the BZs of Ag (111)
1 x 1 and silicene 1 x 1. The yellow hexagons in panels (c) and (d) rep-
resent the BZs of 4 x 4 and v/13 x v/13R13.9° phases, respectively. The
blue hexagons refer to the BZs of corresponding 1 x 1 honeycomb lattice
in each structure. The black hexagons denote the BZs of the Ag (111) sur-
face. I, K, and M, are the highly symmetric points in the BZ of silicene
1 x 1 and I3, K>, and M, are the highly symmetric points in the BZ of 4 x 4

or 13 x v/13R13.9°.

overlap with the bands derived from Si. (ii) The bands relevant
to the Si 3p, orbital hybridize with the substrate Ag states and
their contributions are scattered.

The band structures of the 4 x 4 and /13 x v/13R13.9°
phases are essentially similar especially near the Fermi level.
The Dirac cone feature observed for the freestanding silicene
disappears for both phases. The Ag (111) surface has a band
gap extending between —0.4 eV and 3.9 eV from the lower to

48-50 Although the band gap opens at the

the upper sp-band.!
Fermi level, the lower sp-band is distributed near the Fermi
level so that it strongly hybridizes with the Si 3p, orbital. The
hybridization strikingly reduces the contribution of Si 3p, or-
bital near the Fermi level. Although the Dirac cone feature
observed for the freestanding silicene should appear at the I
point for both phases, it cannot be found in Fig. 2(a) nor in
Fig. 2(b). Near the I3 point, the bands derived from Si 3p,
orbital contribute at 1 eV above the Fermi level in both 4 x 4
and /13 x v/13R13.9° phases as marked by the blue circles
in Figs. 2(a) and 2(b). These features are matched with the
increase of spectral intensity near 1 eV above the Fermi level
in the STS spectra as shown in Fig. 1(c).

One can easily see the difference in band structure be-
tween the 4 x 4 and /13 x v/13R13.9° phases. The contribu-
tions of Si 3p, orbital almost disappear for the energy above
1 eV in the v/13 x v/13R13.9° phase but several bands gener-
ated by Si 3p, orbital appear near 3 eV above the Fermi level
in the 4 x 4 phase as marked by the red circle in Fig. 2(a). This
difference between the band structures can help us explain the
huge diversity found in the dZ/dV spectra. A peak near 3 eV
above the Fermi level is found on the 4 x 4 phase as shown in
Fig. 1(d). In contrast, the spectrum of the v/13 x v/13R13.9°
phase is relatively broad because most of the bands near 3 eV
come from the Ag substrate. The striking difference in elec-
tronic structure, originating from the different buckled config-
urations, is observed in the higher energy regions. This is also
solid evidence to show that the different structures of silicene
grown on Ag (111) are not moiré patterns, in contrast to other
honeycomb lattices on metal substrates such as graphene on
Ir (111),P1 Pt (111),5% Ru (0001),13! Cu (111),P* and h-
BN on Cu (111)!5], The moiré patterns can be observed due to
the mismatch between the overlayers and the substrate lattices.
For example, two kinds of moiré patterns with different peri-
odicities are observed for graphene on Cu (111) surface while
rotating the graphene lattice 7° with respect to the Cu (111)

.4 In the case of silicene on Ag (111), it is more than

lattic
the rotations of a honeycomb lattice; in fact different phases
reveal different buckled configurations. The electronic struc-
tures of silicene seriously correlate with their own geometric
configurations.

The difference in geometric configuration between 4 x 4

and v/13 x +/13R13.9° phases is briefly described below based
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on our structural models. Figures 3(a) and 3(b) show calcu-
lated STM images together with the STM observations of
4 x 4 and v/13 x v/13R13.9° phases, respectively. The yellow
rhombuses in the middle indicate the unit cell of each phase.
The simulated images reasonably agree with the real STM
images, and thus the models of these two structures shown
below should be very close to the real structures. The mod-
els of the 4 x 4 and v/13 x v/13R13.9° phases are shown in
Figs. 3(c) and 3(d), respectively. Although both 4 x 4 and
V13 x v/13R13.9° phases consist of the same number of Si
atoms (18 Si atoms in each unit cell), the cell size and the
buckled configuration are so different: the cell sizes of the
4 x 4 and V13 x v/13R13.9° phases are 11.56 A and 1042 A,
respectively. From the side view of each structural model
shown in Figs. 3(e) and 3(f), it is obvious that the buckled con-
figurations in two phases are different. The V13 x+/13R13.9°
phase takes a typical buckled configuration where the number
of upper Si atoms in the unit cell is equal to that of lower Si
atoms, while the 4 x 4 phase is another scenario. The structural
parameters of these two models are listed in Table 1. It is not
difficult to find that Si slightly adjusts its bond length under
different conditions. For example, the bond lengths of Si-Si
in 4 x 4 phase range from 2.29 A to 2.31 A which have been

(e)‘ ()
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Fig. 3. (color online) (a) and (b) Simulated STM images (SIM) combined
with the real STM images of the 4 x 4 and \/ﬁ x v/13R13.9° phases,
respectively. Structural models of (c) 4 x 4 and (d) V13 x V/13R13.9°
phases optimized by the DFT calculations. The unit cell of each model
is indicated by yellow rhombus and the small blue rhombuses indicate the
corresponding 1 x 1 unit cells. (e) and (f) the side views of each model.

Table 1. Structural parameters of the 4 x 4 and V13 x V13R13.9°
phases: sizes of unit cell, the variation of Si—Si bond lengths, the height
difference between the highest and lowest Si atoms, and the variation of
buckling angles.

Structure 4x4 V13 x v/13R13.9°
Unit cell 11.56 A 1042 A
Si-Si bond 229 A~2.31A 229 A
Si—Ag distance 256 A 2.14 A
Height difference 0.7A 1.0A
Buckling angle 95°~109° 118°

determined by the tensor LEED analysis.*"! They are different
from the value of 2.29 A in v/13 x /13R13.9° phase. There-
fore, different phases of silicene on Ag (111) are caused not
only by the rotation of silicene lattice but also by the modifi-
cation in the Si—Si bonds. The electronic structures therefore
drastically change between the two structures.

Before closing discussion, we come to discuss the geo-
metric structure of v/13 x v/13R13.9°. Up to now, at least
five models have been proposed by different calculations. We
have proposed a typical buckled model as shown in Fig. 3(d).
Jamgotchian et al.!'> and Enriquez et al.!'®! have proposed
two similar models. Other two models have been recently
proposed by Pflugradt e al.'331 A very recent STM observa-
tion done by Liu e al.’% shows that the STM images match
the model proposed by Jamgotchian et al. and Enriquez et
al. Nevertheless, except for our model, the other models con-
tain 14 Si atoms in the unit cell. These models provide an
Si density of 1.077 Si atoms per Ag (111) 1 x 1 unit cell,
which is lower than that of the 4 x 4 phase (1.125 Si atoms
per Ag (111) 1 x 1 unit cell). In the LEED observation, the
V13 x v/13R13.9° phase usually appears in higher coverage
regime after the 4 x 4 phase has been formed.!'>°! It is more
convincing if the v/13 x v/13R13.9° phase consists of a higher
density of Si than the 4 x 4 phase. Since our model contains
18 Si atoms in the unit cell of the v/13 x v/13R13.9° phase,
the Si density is 1.385 Si atoms per Ag (111) unit cell. This
value is higher than that of the 4 x 4 phase and agrees with
most of LEED observations. Besides, the electronic structure
calculated from our model is nearly consistent with our STS
and dZ/dV observations while the electronic structures!33-33]
calculated for the other models!!>-1%33] hardly explain the cur-
rent STS and dZ/dV results.

4. Conclusions

Silicene has been acknowledged as a new allotrope of
Si. Comparing with graphene, silicene is more flexible in
structure. Different buckled configurations are found from
the silicene synthesized on Ag (111) surface. By the combi-
nation of STS measurements and DFT calculations, we suc-
cessfully find the difference in electronic structure between
the 4 x 4 and /13 x v/13R13.9° phases, which arises from
the different buckling configurations. In the STS measure-
ment, similar spectra found near the Fermi level are regarded
as a consequence of the hybridization with Ag (111). The
metal substrate affects the electronic structure near the Fermi
level. However, a sharp peak appears at 2.95 V, far from the
Fermi level, in the 4 x 4 phase whereas it is not observed in
the \/ﬁ X \/ﬁR13.9° phase. This difference originates from
the different buckled configurations in the honeycomb lattice.
This is verified with the DFT calculations; much stronger con-
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tribution of Si 3p, orbital is found in the 4 x 4 phase than in
the v/13 x /13R13.9° phase above 3 eV from the Fermi level.
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