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Less-ordered structures of silicene on Ag(111) surface revealed by atomic force microscopy
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Silicene, a silicon analog of graphene, has the potential to become a candidate next-generation material by
virtue of its novel physical and chemical properties. Although a rich variety of rotationally nonequivalent silicene
structures have been observed with silicene grown on Ag(111) surfaces, the T phase, which has been considered
a precursor phase, has a less-ordered structure, and thus, it is difficult to clarify its atomic structure. In this
paper, we report the atomic structures of the 7" phase observed by high-resolution atomic force microscopy
(AFM). While scanning tunneling microscopy images of the 7" phase show characteristic round dots, AFM
reveals that the 7' phase has a continuous Si honeycomb arrangement, thus forming silicene. We identify two
types of T phases with different silicene rotation angles with respect to the Ag substrate: the (+/13 x +/13) type-I
T phase and the tiling-pattern 7' phase. The former has a unit cell corresponding to the conventionally proposed
(/13 x +/13) type I with less periodicity of Si buckling, while the latter is identified by the tessellation with
four different rhombuses. We also investigate the T phase by site-specific force spectroscopy and find that some
Si atoms at the 7 phase have slightly different chemical reactivities.
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I. INTRODUCTION

The discovery of graphene [1] has stimulated interest in
exploring various new two-dimensional (2D) materials [2].
Among them, silicene has the potential to enable the ultimate
miniaturization of Si devices for the semiconductor indus-
try [3]. On the other hand, a recent surprising achievement
in the field of 2D materials is that twisted bilayer graphene
with a magic angle gives rise to exotic physical properties
such as unconventional superconductivity [4] and the Mott
insulating state [5]. These results naturally provoke the quest
for the tunability of electronic properties in other atomically
thin systems through interactions with supporting substrates.
According to previous studies, silicene growth requires parent
substrates such as Ag [6,7] and ZrB, [8]. As revealed by
recent angle-resolved photoemission spectroscopy measure-
ments [9,10], the electronic properties of silicene on Ag(111)
can be modified by external periodic potentials originating
from the interaction between the substrate and the overlayer.
Thus, it is important to measure the rotation of the silicene
sheet with respect to the substrate and the resulting buckling
structure of Si atoms, which would induce novel electronic
properties of silicene.

Silicene on Ag(111) surfaces has been intensively in-
vestigated as a prototypical system. A variety of super-
structures have been observed, such as (4 x 4) [6,7,11-17],
(v/13 x +/13)R13.9° type II [7,11,13,18-26], and (2+/3 x
2\/5) [12-14,24,27-31] with respect to the Ag(111) unit cell.
These phases are characterized by the rotation angle of the
topmost silicene sheet with respect to the substrate. When we
define o (—30° < o < 30°) as the rotation angle of silicene
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layer and set it as &« = 0° in the (4 x 4) phase [25,30], (V13 x
V13)R13.9° type-II and (2+/3 x 2+/3) structures have o =
5.2° and 10.9°, respectively.

Among such various phases, the T phase emerges at the
lowest-temperature regime where other ordered phases start
to appear [32]. The T phase frequently coexists with (4 x 4)
and (v/13 x +/13)R13.9° type II but tends to disappear when
annealed at relatively high temperature, leaving (4 x 4) and
(/13 x +/13)R13.9° type-II phases on the Ag(111) surface.
Thus, the T phase is considered a “precursor phase” for
the other ordered phases. In scanning tunneling microscopy
(STM) images, the T phase appears as big and round pro-
trusions in a hexagonal arrangement [7,11,13,20,22,33] or
parallel linear chains [34,35]. These less-ordered STM pat-
terns make it difficult to investigate the detailed structure
of the T phase, and several structural models have been
proposed. This phase is initially interpreted as a partially
disordered phase consisting of incomplete pieces of honey-
comb Si rings [11,34,36]. On the other hand, it is suggested
that the T phase is the (3.5 x 3.5)R26° phase originating
from Si films but not forming silicene [33]. As for a silicene
model for the T phase, the superstructure in a hexagonal
arrangement is referred to as the (v/13 x +/13)R13.9° type-I
phase [12,13,20,22]. The (+/13 x +/13)R13.9° type-I phase is
supposed to have o = 27°. While one of the suggested models
has a unit cell where one Si atom distinctly protrudes upward
and leads to the round dots in STM images [22,37,38], another
model has a unit cell in which one Si hexagonal ring bumps
up as a whole [12]. Hence, the structural model of the T phase
is still under debate.

To overcome the limitations of STM imaging, we need
structural analysis methods suitable for the 7 phase, whose
domain is relatively small compared to other phases.
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FIG. 1. (a) STM image of the mixture of the superstructures of
silicene on Ag(111). Sample bias Vg = —1.0V, tunneling current
I = 30pA. (b) STM image of the T phase. Vs = —1.0V, I = 30 pA.
(c) Line profile along the black line in (b).

Although diffraction methods such as low-energy electron
diffraction [15] and grazing x-ray diffraction [38] are
powerful tools for structural determination, these need a
relatively large and uniformly formed area on the sample
surface. On the other hand, atomic force microscopy (AFM)
is a complementary method to STM. AFM can resolve all the
constituent Si atoms of the (4 x 4) phase [17]. Subsequently,
structural identification for the (/13 x +/13)R13.9° type-II
phase is achieved by AFM [26]. In this paper, we report AFM
observations of the T phase on the Ag(111) surface. We found
that the complex structure of the T phase is composed of a
continuous silicene sheet, and thus, the honeycomb structure
made from Si atoms is retained. Depending on the rotation
angle of « at the T phase, at least two types of short-range
ordered superstructures were found; we refer to them as the
(/13 x /13)R13.9° type-I T phase and the tiling-pattern
T phase, the latter of which is identified by the tessellation
with four different rhombuses. We also conducted force
spectroscopy at the T phase and the (4 x 4) phase and found
that some Si atoms at the T phase have slightly different
chemical reactivities than others.

II. EXPERIMENTAL METHODS

All experiments were carried out using a custom-built
frequency-modulation AFM/STM at room temperature in
ultrahigh vacuum (UHYV; base pressure of 5 x 10~° Pa). We
used commercial Pt-coated or uncoated Si cantilevers, whose
apices were cleaned by Ar™ sputtering for removal of the
native oxides. Our system is based on an optical fiber inter-
ferometer to detect the oscillation of mechanically excited
cantilevers. When we carried out the AFM experiments,
the voltage corresponding to the contact potential difference
between the tip and sample was applied to the sample in
order to minimize the effect of long-range electrostatic force.

More details are described elsewhere [39]. Clean Ag(111)
was prepared by repeated Ar™ sputtering (2 keV, 1 x 1073 Pa
for 20 min) and annealing (600 °C) in UHV. The Si source
for preparing silicene was achieved by resistively heating the
Si wafer (10 x 3 x 0.5 mm?). We deposited Si onto a clean
Ag(111) surface by holding it at 230 °C.

III. RESULTS AND DISCUSSION
A. STM/AFM observations of the T phase

Figure 1(a) shows an STM image of the silicene prepared
on the Ag(111) surface. About half of the total area in Fig. 1(a)
represents well-ordered phases such as (4 x 4) and (V13 x
«/E)R13.9° type II, while the other half shows round dots
with a close-packed hexagonal arrangement. Except for these
areas, the bright disordered islands on the terrace could be
composed of expelled Ag atoms, which are formed during
the initial growth [35]. Figure 1(b) shows a close-up of
the dotted areas at the boundaries between the (4 x 4) and
(/13 x +/13)R13.9° type-II phases. The line scan [Fig. 1(c)]
as measured in Fig. 1(b) gives us an approximately 1-nm
distance between nearest-neighbor protrusions. Thus, the area
should correspond to the 7 phase observed in the previous
STM studies [7,11,13,20,22,33].
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FIG. 2. (a)-(c) AFM images of the (W13 x +/13) type-1 T phase.
Unit cells are represented by black rhombuses. (a) The dashed black
rhombus represents an irregular unit cell. The acquisition parameters
are the resonance frequency f; = 136.056 kHz, the cantilever-
oscillation amplitude A = 150 A, the spring constant k = 21.9N/m,
Ve =294mV, and Af =—123Hz. (b) f, = 154.612kHz, A =
150 A, k =262N/m, Vs = —-27mV, Af = —16.6Hz. (c) fo =
133.146kHz, A =150A, k =20.5N/m, Vg = —145mV, Af =
—21.8 Hz. (d) Structural model for the (v/13 x +/13) type-1T phase.
The black honeycomb lattice and balls represent silicene and Ag
atoms, respectively. Red hexagonal rings in the silicene honeycomb
lattice represent bumped hexagonal rings at the 7' phase in the AFM
image. The green rhombus represents a unit cell.

104002-2



LESS-ORDERED STRUCTURES OF SILICENE ON ...

PHYSICAL REVIEW MATERIALS 3, 104002 (2019)

(@

"
“s
it !
W

.

(b) Ag[110] 47
a=30°

Si[110]

&) &)

JE IS S
Xegze 0208

e 4 =§(_ 3
Fogese

FIG. 3. (a), (c), and (d) AFM images of the tiling-pattern 7 phase. Unit cells are represented by four black rhombuses. (a) fy =
153.407 kHz, A = 168 A, k =284 N/m, V¢ = 0 mV, Af = —11.0Hz. (b) Structural model for the tiling-pattern 7 phase. The black
honeycomb lattice and balls represent silicene and Ag atoms, respectively. Red hexagonal rings in the silicene honeycomb lattice represent
bumped hexagonal rings at the 7' phase in the AFM image. Four rhombuses are colored red, green, yellow, and blue. The large yellow rhombus
represents the unit cell corresponding to (7 x 7) with respect to Ag(111)-(1 x 1). (¢) fo = 153.407 kHz, A = 168 A, k=284 N/m, Vg =
0mV, Af = —10.6Hz. (d) fy = 136.056 kHz, A = 150 A, k = 21.9 N/m, Vs = 122 mV, Af = —18.3Hz.

We conducted AFM observations of such dotted areas in
the topographic mode. As represented in Figs. 2(a)-2(c), AFM
topographic images reveal the detailed atomic structures of
the T phase. We found that the round dots observed in the
STM images are hexagonal rings. As shown in Fig. 2(b), a
continuous honeycomb pattern is clearly visualized at the T
phase. Moreover, the same silicene honeycomb lattice can
be superimposed at both the 7" phase and the (4 x 4) phase
[Fig. 2(c)]. Thus, the T phase can be regarded as a continuous
silicene sheet. This result rules out the previous interpretations
that the T phase is an incomplete silicene lattice [11,36].
We can define the center of each bright hexagonal ring as
the corner of the unit cell of the superstructure [Fig. 2(b)],
although we found that the (+/13 x +/13) type-I T phase has
some irregular unit cells, as represented by the dashed black
rhombus in Fig. 2(a). The angle between Ag[110] and the
line where the bright honeycomb rings align with the nearest-
neighbor distance [blue line in Fig. 2(c)] is estimated to be
about —14°. We also measured the rotation angle of « at the T
phase in Fig. 2(c), the result of which is 27°. Note that because
of the mirror symmetry with respect to Ag[110], we also

found the T phase with « = —27° as well (not shown). The
coexisting (4 x 4) also enables us to figure out the positions
of underlying Ag atoms. On the basis of this result, we
construct the structural model shown in Fig. 2(d) [here, we
use lattice constants of ax, = 2.89 A for Ag(111)-(1 x 1) and

Agilicene= 3.84 A for silicene-(1 x 1)]. The primary feature
of the buckling pattern of silicene is the same as the one in
Ref. [12] for (x/ﬁ X «/1_3)R13.9° type I, clearly ruling out
another plausible structural model with one Si atom in a unit
cell protruding upward [22,37,38]. We thus refer to this type
of T phase as the (+/13 x +/13) type-I T phase. However,
when we focus on the details of the brighter hexagonal rings in
the unit cell [Figs. 2(a)-2(c)], we see a variation in the vertical
positions of the Si atoms, and the pattern of the bumped Si
atoms is less periodic. The features of the Si atoms in the
hexagonal rings with different heights and less periodicity
can explain the previous STM observation that there are two
or three smaller protrusions with different rotations inside
the big protrusions [11]. It should be noted that the ideal
model for (+/13 x +/13)R13.9° type I, where the Si atoms in
the hexagonal rings are leveled, is found to be energetically
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unfavorable in the theoretical calculations [38]. We speculate
that the less-periodic deformation of the Si hexagonal rings
could play some role in stabilizing the (+/13 x +/13) type-I T
phase.

Figure 3(a) shows a different type of 7' phase from the
(/13 x +/13) type-I1 T phase. This kind of T phase has a
characteristic in which the line where the bright honeycomb
rings align with the nearest-neighbor distance [blue line in
Fig. 3(a)] is directed toward Ag[110]. By superimposing the
silicene honeycomb lattice on the AFM image [Fig. 3(a)], «
is estimated at 30°. By connecting the center of each bright
hexagonal ring in Fig. 3(a), we found that the 7' phase can
be expressed by the tessellation of four kinds of rhombuses.
Considering the underlying Ag atoms, we can draw a model
for this T phase, as shown in Fig. 3(b). The four kinds of
rhombuses have the same lattice constant of ﬁasﬂicene, two
of which [red and green rhombuses in Fig. 3(b)] are similar
to a unit cell of the (+/13 x +/13)R13.9° type-I1 T phase. We
refer to this superstructure as the tiling-pattern 7' phase. In
the tiling-pattern 7 phase, as highlighted in Fig. 3(b), we
can find a large unit cell composed of the four kinds of
rhombuses. The unit cell corresponds to the (7 x 7) phase
with respect to Ag(111)-(1 x 1) or the (3+/3 x 3+/3)R30°
phase with respect to silicene-(1 x 1), with 0.1% mismatch.
We applied the above model to another T phase in Fig. 3(c).
As a result, we found that the 7 phase can be characterized
overall by the tessellation with the four different rhombuses,
as represented in Fig. 3(c). The upward deformation of the
bright honeycomb rings in the tiling-pattern 7 phase shows
better regularity than the (+/13 x +/13)R13.9° type-I T phase;
for example, in the rhombus in Fig. 3(c) which corresponds
to the blue one in Fig. 3(b), the lower side of the tilted ring is
toward the nearest ring among its neighboring rings. We guess
such ordering might be related to the stability of the structure.
We also observed the area where the (v/13 x +/13) type-I and
tiling-pattern 7' phases are connected [Fig. 3(d)]. Comparing
the tiling-pattern 7 phase in Fig. 3(d) with those in Figs. 3(a)
and 3(c), we see that the pattern is rotated by 120° with
respect to Ag[110]. Considering the symmetry of Ag(111), the
tiling-pattern 7 phase can have three different domains on the
Ag surface. Even in a previous STM study [40], we can find
some areas are characterized by the tiling-pattern 7' phase.

There are slight variations in the rotation angles of the T
phase. We measured nine different 7 phases (not all images
are shown) and obtained the range of rotation angle as o =
+(27°-30°). Figures 4(a) and 4(b) show two examples of
them, where « is estimated at —28° and 29°, respectively.
The difference between the rotation angles is subtle, but the
resulting structures represent the (v/13 x +/13) type-I T phase
and the tiling-pattern T phase, respectively. We found that
some of the irregular unit cells in Fig. 4(a) are composed of
some of the unit cells for the tiling-pattern 7' phase [yellow
and blue rhombuses in Fig. 3(b)]. The variation of the rotation
angle means that the T phase has relatively weak interactions
with the Ag substrate compared to other well-ordered phases,
such as the (4 x 4) and (v/13 x +/13)R13.9° type-II phases.
Such flexibility of the rotation angle generally leads to in-
commensurate superstructures with respect to the substrate,
eventually causing the less-ordered buckling pattern and thus
less periodicity of the T phase.
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FIG. 4. (a) and (b) AFM images of the (V13 x /13) type-1 T
phase and tiling-pattern 7 phase, respectively. Unit cells are repre-
sented by black rhombuses. (a) fo = 133.146 kHz, A = 150 A, k=
20.5N/m, Vs = —145mV, Af = —22.3Hz. (b) fo = 136.056 kHz,
A=150A,k=219N/m, Vs =0mV, Af = —28.3Hz.

B. Site-specific Force Spectroscopy

We investigated the chemical reactivities of surface atoms
at the 7' phase. We performed force spectroscopy on higher
and lower atoms at the 7 phase and also on an upper buckled
Si atom at the (4 x 4) phase, which are referred to as the A, B,
and C sites in Figs. 5(a) and 5(b), respectively. First, we mea-
sured the total frequency shift curves A fro(z) [Fig. 5(c)],
which include components derived from both short-range
(SR) and long-range (LR) forces. Then, we extracted A fsr(z)
curves by subtracting the Afir(z) curve from A from(2),
converting A fsr(z) to Fsr(z) [Fig. 5(d)] using the standard
method [41]. By comparing the Fsr(z) curves in Fig. 5(d),
we see that the maximum attractive forces at the A, B, and
C sites have values similar to each other within about 10%.
Since the maximum attractive force represents the fingerprint
of the chemical identity of a surface atom [42,43], this result
corroborates further that the 7 phase is composed of Si
atoms. However, when we look at the details, we see that
the maximum attractive force at site A shows slightly higher
chemical reactivity compared to the others [Fig. 5(d)]. This
could be explained by the difference in the bond angles of
surface atoms [44], indicating that the T phase is composed of
differently buckling Si atoms. The different chemical reactivi-
ties of Si atoms at the 7 phase suggest the potential tunability
of the electronic properties of silicene by selective adsorption
of gaseous atoms to such reactive sites [45].

It is worth noting that the high-resolution imaging of the
T phase is operated in a regime where almost the maximum
attractive forces are exerted [Fig. 5(d)]. This result is con-
sistent with previous ones regarding force spectroscopy on
(4 x 4) [17] and (/13 x +/13)R13.9° type II [26], indicating
the pulling up of surface Si atoms by the AFM tip. We can
call the high-resolution AFM imaging realized by the pulling
up of surface atoms “active imaging” since surface atoms are
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FIG. 5. (a) AFM images of the 7 phase and (4 x 4) phase.
(b) Magnified image of the T phase in (a). fy = 134.062kHz, A =
150A, k =21.9N/m, Vg =294mV, Af = —10.3Hz. (¢) Af 1o
curves measured on higher (A) and lower (B) atoms at the T
phase and on the upper buckled Si atom (C) at the (4 x 4) phase.
The background LR force is also represented. The origin (z = 0)
corresponds to the topographic height when the tip is located above
site A. (d) Fsr(z) curves on the A, B, and C sites.

actively perturbed by the AFM tip, in contrast to imaging by
a CO-functionalized tip [46]. For stable active imaging in the
topographic mode, a relatively large oscillation amplitude is
needed. Otherwise, if we oscillate a tip at small amplitude
(about 0.1 A), we detect only SR forces. This would make
it more difficult to perform a stable AFM operation because
the sign of the slope of the A froa(z) curve in such a force

regime can change and the AFM topographic mode would
thus be out of control. As shown in Fig. 5(c), the component
from the LR forces is somewhat necessary to ensure the stable
operation of the AFM topographic mode at a specific set point,
promoting the active imaging of the silicene on the Ag(111)
surface.

IV. SUMMARY

In summary, we observed the less-ordered 7' phase by
high-resolution AFM and identified the round dots of the
T phase observed by STM as hexagonal rings of silicene.
Two different types of T phases were found: the (v/13 x
V13) type-I T phase with « = 27° and the tiling-pattern T
phase with o = 30°. The (+/13 x +/13) type-I T phase has a
unit cell in which a Si hexagonal ring is protruded upward
with less periodicity of Si buckling, while the tiling-pattern
T phase is identified by the tessellation with four different
rhombuses. The T phase has slight variations in the rotation
angle «, indicating weak interactions with the Ag substrate.
Site-specific force spectroscopy shows that some Si atoms
at the T phase have slightly different chemical reactivities,
which are presumably derived from the difference in the
buckling of Si atoms. Our result obtained by active imaging
in the AFM topographic mode settled the argument about the
atomic structure of the T phase and can provide a route to
investigate less-ordered or disordered structures in various 2D
materials.
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