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High-resolution imaging of silicene on an Ag(111) surface by atomic force microscopy
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Silicene, a two-dimensional (2D) honeycomb arrangement of Si atoms, is expected to have better electronic
properties than graphene and has been mostly synthesized on Ag surfaces. Although scanning tunneling
microscopy (STM) has been used for visualizing its atomic structure in real space, the interpretation of STM
contrast is not straightforward and only the topmost Si atoms were observed on the (4 x 4) silicene/Ag(111)
surface. Here, we demonstrate that high-resolution atomic force microscopy (AFM) can resolve all constituent Si
atoms in the buckled honeycomb arrangement of the (4 x 4) silicene. Site-specific force spectroscopy attributes
the origin of the high-resolution AFM images to chemical bonds between the AFM probe apex and the individual
Si atoms on the (4 x 4) silicene. A detailed analysis of the geometric parameters suggests that the pulling up
of lower-buckled Si atoms by the AFM tip could be a key for high-resolution AFM, implying a weakening of
the Si-Ag interactions at the interface. We expect that high-resolution AFM will also unveil atomic structures of
edges and defects of silicene, or other emerging 2D materials.
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Silicene, a Si analog of graphene forming a two-
dimensional (2D) honeycomb structure, has attracted increas-
ing attention for the past few years. Compared with graphene,
silicene has a buckled structure along with stronger spin-orbit
coupling strength. Therefore, a quantum-spin Hall effect at
experimentally accessible temperatures and the tunability of
the band gap by external fields has been anticipated [1]. Despite
the intriguing electronic properties, we had to wait until 2012
for a breakthrough in the experimental synthesis of silicene
[2,3]. The most common substrate for the preparation of
single-monolayer silicene is the Ag(111) surface. Depending
on the Si coverage and substrate temperature during growth,
silicene can form a variety of commensurate superstructures
relative to the substrate, such as (4 x 4) [2-11], («/1—3 X
VI3)R £ 13.9° [3-6,10,12-16], (2+/3 x 2+/3) [5-7,16-21],
and (4//3 x 4/+/3) [4,10,15-17,22-25]. Regarding the con-
troversy on the electronic structure of the (4 x 4) phase, it has
been suggested that the Dirac cones do not survive at the K
points of the silicene (1 x 1) Brillouin zone due to the strong
interaction between silicene and the Ag(111) substrate [26].
On the other hand, Feng et al. recently reported the surprising
finding of six pairs of Dirac cones at the edges of the first
Brillouin zone of Ag(111) [27]. Thus, it remains open for
debate whether silicene deposited on an Ag(111) surface could
be a material that harnesses unique massless Dirac fermions.

To better understand the electronic structure of the above
various phases, we must properly understand the geometric
structures of silicene. So far, the atomic structure of silicene has
been mainly characterized by low-energy electron diffraction
(LEED) or scanning tunneling microscopy (STM). Although
STM in particular allows real-space imaging of silicene at
atomic resolutions, the contrast is mainly dominated by the
electronic structure at around the Fermi level and/or subtle
differences in the topographic heights; thus there is ambiguity
in the interpretation of the obtained images. On the other hand,
over the past decade, noncontact atomic force microscopy
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(AFM) has been established as an extremely powerful and
versatile tool for structure analyses. Especially fascinating
are recent observations of the chemical structure of various
organic molecules with CO-functionalized tips [28]. While
high-resolution AFM has begun to be applied to the surfaces
of various 2D materials [29-32], few AFM studies of silicene
using qPlus sensors [10,11] have been reported to date. The
information regarding the geometric structure of silicene given
by the AFM studies is comparable with that acquired by a
previous STM study [2].

Here, we report an AFM observation of honeycomb
structures of silicene grown on Ag(111). We found that
AFM equipped with Si cantilevers can resolve the upper-
and lower-buckled Si atoms in the (4 x 4) silicene sheet, the
latter of which were not accessible in previous STM and AFM
studies. The high-resolution AFM images enable us to discuss
the geometric structures of silicene. We also carry out force
spectroscopy measurements, with the result that the origin of
the high-resolution AFM images is attributed to the chemical
bond between the tip apex atom and the surface Si atoms of
the (4 x 4) silicene on Ag(111).

All experiments were carried out using a custom-built
frequency-modulation AFM at room temperature (RT) in
ultrahigh vacuum (UHV; base pressure 5 x 107 Pa). We
used commercial Pt-coated or uncoated Si cantilevers whose
apices were cleaned by Ar" sputtering for the removal
of native oxides. Our system is based on an optical fiber
interferometer for detecting the oscillation of the cantilevers,
which are mechanically excited. The voltage corresponding
to the contact potential difference between the tip and sample
was applied to the sample to minimize the effect of long-range
electrostatic force. More details are described elsewhere [33].
Clean Ag(111) was prepared by repeated Ar' sputtering
(2 keV, 1 x 1073 Pa for 20 min) and annealing (600 °C) in
UHYV. The Si source for preparing silicene consisted of an Si
wafer (10 x 3 x 0.5 mm?) subjected to resistive heating. We
deposited Si onto the clean Ag(111) surface by holding it at
230 °C. By optimizing the sample preparation, we could obtain
a surface predominantly covered by the (4 x 4) phase.
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FIG. 1. Structural model and AFM topographic image of the
(4 x 4) silicene on Ag(111) surface. (a) Structural model of the
(4 x 4) unit cell determined by LEED [8]. Si(u) and Si(d) atoms
are colored in yellow and blue, while first and second layer Ag
atoms are painted with lighter and darker gray, respectively. (b) A
typical AFM image (10 x 10 nm?) of the (4 x 4) silicene on Ag(111)
surface. The green rhombus represents the (4 x 4) unit cell. The
acquisition parameters are the resonance frequency (fy) = 153.407
kHz, the cantilever-oscillation amplitude (A) = 168 A, the spring
constant (k) = 28.4 N/m, the sample bias (Vs) =0 mV, and Af =
—10.0 Hz.

Figure 1(a) shows the structural model of the (4 x 4)
silicene on the Ag(l111) surface determined by a tensor
low-energy electron diffraction (LEED) analysis [8]. There are
six upper-buckled Si [Si(u)] and 12 lower-buckled Si [Si(d)]
atoms in the unit cell with slight height differences depending
on their positions in the right or left triangle in Fig. 1(a).
In previous STM and AFM studies, only the protruded Si(u)
atoms were resolved, while the other Si(d) atoms were not.
Figure 1(b) shows a typical AFM image of the (4 x 4) silicene
formed on an Ag(111) substrate. Here, we observed the surface
with the constant-frequency-shift (A f) mode and the present
AFM feedback regulation was working in the attractive force
regime. The AFM image of the (4 x 4) phase represents six
protrusions inside and the corner hollow (CH) site at the edge
of the unit cell [green rthombus in Fig. 1(b)]. The observed
feature is similar to those obtained by STM [2,3] and AFM
[10,11].

As shown in Fig. 2(a), a closer look at the (4 x 4) phase
shows a more detailed atomic structure. Surprisingly, not only
the six Si(u) but also the 12 Si(d) atoms were able to be
resolved by AFM. We found that some of the underlying Si(d)
atoms in Fig. 2(a) form honeycomb rings surrounding CH, as
shown in the (4 x 4) silicene model [Fig. 1(a)]. Henceforth,
we refer to this imaging mode as the (4 x 4) mode. The reason
why our AFM showed such high-resolution images could be
that Si cantilevers have sharper apices in comparison with
qPlus sensors [10,11], and also that the apices form reactive
chemical bonds with surface Si atoms, as will be discussed.
Moreover, during the AFM characterization of the (4 x 4)
phase, we occasionally observed contrast changes. As shown
in Fig. 2(b), when we scanned the area from the upper to lower
with the (4 x 4) mode, the tip state suddenly changed [arrow
in Fig. 2(b); the tip approached the surface by 0.6 A in this
particular case] and the AFM contrast switched from (4 x 4) to
the honeycomb feature (referred to as the honeycomb mode).
The AFM image of Fig. 2(c) showing the honeycomb mode
represents more clearly the individual Si atoms of the (4 x 4)
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FIG. 2. High-resolution AFM images of the (4 x 4) silicene
with different imaging modes. (a) (4 x 4) mode (3.5 x 3.6 nm?,
fo=158348kHz, A =142A, k=313N/m, Vs =0mV, and
Af = —20.7 Hz). (b) Transition from (4 x4) to honeycomb
modes (5 x 5 nm?, fo =153.407 kHz, A = 168 10\, k =28.4 N/m,
Ve =0mV, and Af = —15.2 Hz). The green rhombuses repre-
sent the (4 x 4) unit cells under different modes. (c) Honey-
comb mode (2.3 x 2.5 nm?, fo=153.862kHz, A = 15210%, k=
28.4N/m, Vs =0 mV,and Af = —56.1 Hz). (d) and (e) show AFM
images under (4 x 4) and honeycomb modes [cropped from (a) and
(c)] and line profiles in the (4 x 4) unit cell, respectively.

silicene. It is well known that AFM topographic patterns can
be changed by structural and chemical elements at the tip apex
[34], even if we use the same Si cantilever. Thus, the difference
between the (4 x 4) and honeycomb modes is derived from
such a subtle modification at the tip apex.

Since it is important to know to what extent we can
extract structural information quantitatively, we discuss the
geometric values of the silicene on Ag(111) acquired by AFM.
Figures 2(d) and 2(e) show line profiles in the unit cell in the
(4 x 4) and honeycomb modes, respectively. It is obvious that
height differences between Si(u) and Si(d) atoms are more
distinct for the (4 x 4) contrast mode. Although the AFM
topographic height is dependent on the set point of Af [33],
we attempt to statistically estimate the lateral and vertical
displacements of the relevant Si atoms [see Fig. 1(a) for the
definition] using AFM images in the (4 x 4) and honeycomb
modes (see Sec. I of the Supplemental Material [35] for
measurements of the structural parameters). A summary of
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TABLE I. Structural parameters for (4 x 4) silicene on Ag(111).

di (A) d> (A) el (A) e (A) hi (A) hy (A)
AFM [(4 x 4) mode] 2.24+0.1 2.6 +0.1 2.54+0.1 22402 0.15+0.04 0.12+0.02
AFM (honeycomb mode) 22 4+0.1 22402 2.54+0.1 2.41 £ 0.05 0.05 +£0.02 0.04 +0.01
LEED [8] 2.31 2.29 2.17 2.17 0.77 0.74
RHEPD [36] 0.83 +£0.05
DFT [2] 0.75
DFT [3] 0.7
DFT [9] 2.30 2.34 2.17 2.18 0.77 0.76

the geometric values in each imaging mode is shown in Table
I, which also includes those obtained by LEED [8], reflection
high-energy positron diffraction (RHEPD) [36], and density
functional theory (DFT) calculations [2,3,9].

In terms of the lateral displacements, d; and d, actually
correspond to the bond length of Si(d)-Si(d) [see Fig. 1(a)].
We found that d; and d; in both imaging modes showed
good agreement with those acquired by LEED (Table I). On
the other hand, the values for the lateral displacements of
e; and e, were systematically estimated at more than 2.4 A.
Taking into consideration that ¢; and e, are Si(u)-Si(d) bond
lengths projected onto the surface plane, the values are clearly
overestimated compared to those by LEED and DFT (Table I).
Although we consider that some of the deviated values such as
d, and e; in the (4 x 4) mode are derived from the asymmetry
of the tip apex (see Table S1 in the Supplemental Material
[35]), the tendency that e; and e, in both imaging modes
showed larger values than those by LEED could be related to
other factors.

We also found discrepancies in the values for vertical
displacements. As shown in Table I, 4 and A, in the (4 x 4)
mode were estimated at about 0.14 A. On the other hand, those
for the honeycomb mode were almost one third of the values
for the (4 x 4) mode, ~0.05 A. This is the reason why Si(u)
and Si(d) atoms appear to be almost identical in this imaging
mode. In either imaging mode, the vertical displacements
between Si(u) and Si(d) atoms estimated by AFM are much
smaller compared to those obtained by other experiments and
calculations, i.e., 0.7-0.8 A (see Table I). We will discuss
the reasons for the discrepancies in the lateral and vertical
displacements of Si(u)-Si(d).

To obtain more insight into the imaging mechanism
of high-resolution AFM, we performed site-specific force
spectroscopy on the surface. Figure 3(a) shows the measured
distance dependences of the frequency shift [ Af ., (z) curves]
at S(u) and Si(d) under the (4 x 4) mode, as marked in the inset
of Fig. 3(a). As depicted in Fig. S2(a) in the Supplemental
Material [35], we deduced the background (BG) curve by
analytically fitting the A fro,1(z) curve acquired at the CH site,
and then obtained short-range (SR) frequency shift [A fsg(2)]
curves [Fig. S2(b) in the Supplemental Material [35]]. Finally,
the A fsr(z) curves were converted to Fsr(z) curves [Fig. 3(b)]
using the inversion method [37]. In Fig. 3(b), we can see the
magnitude of the maximum interaction forces of 1.0 nN on the
Si(u) site and 0.9 nN on the Si(d) site, respectively. We also
find that the maximum attractive forces can vary in the range
of 1-2 nN depending on the tip state (not shown here). Such
large attractive forces are comparable with those on Si adatom

sites on the Si(111)-(7 x 7) surface [38—40], indicating the
formation of chemical bonds between the tip and surface Si
atoms [41,42]. Under the present experimental condition, it
was found that AFM topographic images could be obtained
with almost the maximum attractive force [Fig. 3(b)], which
corresponds to the region where the magnitude of Afrwi(z)
steeply decreases [0 < z < 1A in Fig. 3(a)]. It is noteworthy
that the A fro1(z) curves for Si(u) and Si(d) in a such region
have slopes parallel to each other with a separation of 0.17
/3;; thus the values of & and %, could be almost independent
from the set point of A f. While Majzik et al. observed (4 x 4)
silicene at the repulsive force regimes on Si atoms [11], we
observed the atoms at the attractive force regimes, as did
Resta et al. [10]. The present results are also comparable
with the AFM observation using CO tips [28,29,31], where
the Pauli repulsive force gives high-resolution images on flat
2D materials. We anticipate that high-resolution AFM by an
attractive chemical force can be applied to many other buckled
2D materials.
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FIG. 3. Site-specific force spectroscopy. (a) Af curves measured
on Si(u) and Si(d) sites on the (4 x 4) silicene, as indicated in the
inset. The background (BG) curve is also included for subtraction of
the long-range components [see Fig. S2(a)]. (b) Fsr(z) curves on the
Si(u) and Si(d) sites. The origin of z is adjusted to the point where A f
becomes the set point for AFM topographic images. The acquisition
parameters are fp = 158.348 kHz, A = 142 /f\, k =31.3 N/m, and
VS =0mV.
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One of the reasons for the discrepancy in the lateral and
vertical displacements of Si(u)-Si(d) is considered to be the
different mechanical responses on the Si(u) and Si(d) atoms
toward the vertical direction. We can see such examples in
previous AFM studies of buckled dimer atoms on a Si(100)
surface [43-45]. With regard to the lateral displacements
between the dimer atoms, experimentally obtained values
became 2.9 A [45] or 3.0 A [43], which are larger than those
found by LEED (about 2.28 A) [46]. This was explained by
the flipping of the dimer atoms induced by the AFM tip during
scanning [43,45]. Similarly, while Si(u) atoms in the (4 x 4)
silicene tend to maintain their original height during scanning,
Si(d) atoms can be pulled up by the formation of a chemical
bond with the tip, resulting in the larger lateral displacements
of e; and e;. Here, we can consider various tip-induced events
accompanying the vertical pulling of Si(d) atoms, such as
flipping or popping (see Sec. III in the Supplemental Material
[35] for a discussion of the tip-induced events), though a
theoretical calculation is necessary for further discussion. In
any case, the tip-induced displacement of Si(d) atoms can
cause hysteresis in the force curve in one oscillation cycle
because after Si(d) atoms are pulled up in the approach path,
they can be disconnected at a different vertical position in the
retraction path. Such a nonconservative tip-surface interaction
is detected as a dissipation signal in AFM [34,47,48]. As
shown in Fig. S4 in the Supplemental Material [35], we
actually observed dissipation signals only at the Si(d) atom
sites with particular tip states. According to the transition
state theory taking into account the soft mode caused by
the tip and the bistable potential energy surface [49], a force
curve under a nonconservative interaction at finite temperature
can be a kind of an average of the approach and retraction
curves. Thus, AFM topographic images would have errors
at the relevant sites. We could see the effects of bistability
on AFM topography also in the studies of buckled dimer
atoms. While the height of the buckled dimer atoms was
experimentally evaluated as 0.73 + 0.06 A by LEED [46],
it was demonstrated that the apparent height between the
higher and lower dimer atoms could become about 0.1 A in
the AFM topography simulation at intermediate temperatures
(70-200 K) [44]. Therefore, provided a similar situation occurs
on the (4 x 4) silicene on an Ag(111) surface at RT, it is
reasonable to observe apparently small vertical displacements
of h; and h, by AFM (Table I). Moreover, based on this
concept, we can ascribe even the difference between the (4 x
4) and honeycomb imaging modes to different mechanical
responses at the tip apex side, since the shape of the hysteresis
in the force curve strongly depends on the tip apex structures
[50]. Note that the formation of a chemical bond at an Si(d) site
suggests a weakening of Si(d)-Ag interactions at the interface,
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thus such relaxations of the surface and/or tip atoms could be
keys to high-resolution AFM.

Another origin of the discrepancy in &; and h, obtained
by AFM and LEED is the different degrees of propagation
of the dangling bonds out of Si(u) and Si(d) toward the
vertical direction. In this case, the directionality of the dangling
bonds of Si(u) and Si(d) atoms [see Fig. 6(a) in Ref. [51]]
could also play some role in the elongation of the lateral
displacement of e; and e;, as discussed in Ref. [43]. To
elucidate the origin of the discrepancy in the lateral and
vertical displacements between AFM and other techniques,
further theoretical considerations such as force curves based
on first-principles calculations including the tip are necessary.

In summary, we show that AFM can resolve not only Si(u)
but also Si(d) atoms on a (4 x 4) silicene/Ag(111) surface.
We find there are two types of imaging modes representing
(4 x 4) and honeycomb features, respectively, depending on
the AFM tip state. Both imaging modes allow us to discuss
the geometric structure of the (4 x 4) silicene. Site-specific
force spectroscopy revealed that the high resolution of the
AFM images originates from the formation of chemical
bonds between the apex and surface Si atoms. Using the
analogy of buckled dimer atoms on the Si(100) surface, we
succeed in qualitatively interpreting the discrepancy in the
lateral and vertical displacements of Si(u)-Si(d) evaluated
by AFM and LEED. The suggested weakening of Si(d)-Ag
interactions induced by tip pulling gives us the perspective
that measurements of the dissipation signals at the atomic
scale will extend our knowledge of the exfoliation of silicene
from its metal substrates. Such examples can be found in
studies of graphene on different substrates (graphite [52] and Pt
[30]), where individual C atoms are positioned on inequivalent
surface sites. Although features of the detailed AFM imaging
mechanisms remain to be solved theoretically, the ability to
observe underlying Si(d) atoms—and thus all constituent Si
atoms in silicene—will be useful for determining not only
the atomic structures of silicene in other phases, but also
the edge and defect structures, intriguing Si derivatives such
as pentagonal Si nanoribbons [53], or other emerging 2D
materials.
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