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Structure of one-dimensional monolayer Si nanoribbons on Ag(111)
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One-dimensional silicon nanoribbons (SiNRs) have the potential for application to future electronic devices
because of their compatibility with current silicon-based electronic devices and their theoretical outstanding
electronic properties, such as the size-dependent band gap. Here we grew SiNRs by the deposition of Si on
a Ag(111) surface. We investigated SiNRs on the Ag(111) surface using a combination of scanning tunneling
microscopy (STM), atomic force microscopy (AFM), and density functional theory (DFT) calculations. The
atomic resolution STM and AFM images revealed that SiNRs have the same width and align along the equivalent
orientations of Ag(111). The main body of SiNRs was found to be symmetric about the long axes of the ribbons,
but the terminals of SiNRs break the symmetry. The DFT calculation results revealed a buckled single-layer
structure of SiNRs, which is composed of Si hexagonal and tetragonal rings.
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I. INTRODUCTION

In recent years, progress in the development and miniatur-
ization of high-functionality electronic devices has stimulated
interest in one-dimensional materials. Graphene nanorib-
bons are the best-known and most widely researched one-
dimensional materials. Depending on the crystallographic
orientation of the edges, graphene nanoribbons have different
electronic and magnetic behaviors [1,2]. Besides graphene
nanoribbons, other nanoribbon materials, such as borophene
nanoribbons [3], silicon carbon nanoribbons [4], and boron
nitride nanoribbons [5] have also been studied.

Compared with the above-mentioned one-dimensional
materials, silicon one-dimensional materials, such as Si nan-
otubes and Si nanoribbons (SiNRs), are more compatible with
current Si-based electronics devices. SiNRs and silicon nan-
otubes with widths or diameters from several tens to several
hundreds of nanometers have been successfully fabricated
[6–8]. SiNR field-effect sensors have also been fabricated
[9,10].

In recent years, theoretical and experimental studies have
also investigated graphenelike SiNRs, which are composed
of only a single layer of silicon atoms. Theoretical studies
predicted that single-atomic-layer-thick SiNRs have several
outstanding electronic properties, such as size-dependent en-
ergy band gaps [11,12], that are essential for application to
field-effect transistors. Additionally, the magnetic properties
of SiNRs, such as giant magnetoresistance [13,14] were re-
ported, showing the potential for the application of SiNRs to
future Si-based spintronic devices [15].

Experimentally, perfectly ordered SiNRs were found to
form spontaneously on Ag(001) [16], Ag(110) [17–19], and
Au(110) [20] surfaces. These SiNRs are commensurate with
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the substrate and are several angstroms or several nanometers
in width. Among them, SiNRs on Ag(110) have been well
investigated. Under scanning tunneling microscopy (STM)
observation, SiNRs appeared as two or four rows of pro-
trusions with a zigzag arrangement [21]; these are named
single- and double-strand Si nanoribbons, respectively. The
atomic structure of SiNRs on Ag(110) had remained an open
question for a long time. Various different structural models
were proposed for them. In 2016, a pentagon model was
proposed based on the density functional theory (DFT) cal-
culation [22]. After that, the pentagon model was confirmed
by grazing-incidence x-ray diffraction [23], and Si pentagonal
rings were successfully visualized by high-resolution atomic
force microscopy (AFM) imaging [24]. Diverse experimental
methods combined with theoretical calculations are impor-
tant for determining the exact atomic structure of SiNRs on
Ag(110).

On the other hand, Ag(111) has been widely used as a
substrate for the epitaxial growth of silicene, which is a two-
dimensional material composed of single-layer Si atoms with
a hexagonal buckled structure [25–27]. Those studies found
that deposited Si formed various superstructures on Ag(111),
such as (4 × 4) [25] and (

√
13 × √

13)R13.9◦ phases [26].
Other Si structures, such as one-dimensional SiNRs, can also
be expected to form on Ag(111). In the present paper, we re-
port the self-assembled SiNRs on Ag(111). Here we present a
synthesis method, the results of STM and AFM observations,
and an atomic structure model based on the results of DFT
calculations.

II. EXPERIMENT AND THEORY

All the experiments were carried out in ultra-high-vacuum
conditions [(UHV); base pressure of ∼5 × 10−9 Pa]. Before
Si deposition, we cleaned an Ag(111) sample by Ar+ ion sput-
tering and subsequent annealing at 600 ◦C for about 15 min.
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Then less than 1 monolayer (ML) of Si was deposited onto
the prepared Ag(111) surface by holding it at 180 ◦C to form
SiNRs. A Sb-doped Si(111) wafer (size: 6 × 3 × 0.5 mm3,
electrical resistivity: 0.01 � cm) was used as the deposition
source. The Si wafer and Ag(111) substrate used in this
research were also used to form silicene in previous stud-
ies [28–30]. The synthesis difference between them are the
temperature of Ag(111) during deposition (about 230 ◦C for
silicene) and the flux of evaporated Si (more for silicene), i.e.,
less current is needed to flow through the Si wafer to form
SiNRs.

The STM/AFM observation was carried out at both 4.8 K
and room temperature in different UHV chambers. The
STM/AFM observations at 4.8 K were conducted in an Omi-
cron low-temperature STM/AFM system. A quartz tuning
fork with an etched W tip was used for frequency modu-
lation AFM [resonance frequency ( f0) of 26.2 kHz, spring
constant (k) of 1800 N/m, quality factor of ∼2 × 104]. A CO
molecule coadsorbed on the surfaces was picked up to attach
to the tip apex [31]. AFM images were obtained in a constant
height mode at sample bias Vs = 0 mV and an oscillation
amplitude (A) of 0.10 nm. The origin of the tip height �z is
the set-point height determined by STM at Vs = 30 mV and
tunneling current I = 20 pA over the bare Ag surface. The
STM/AFM observations at room temperature were conducted
in a custom-built STM/AFM system [32]. Commercial Pt-
coated Si cantilevers, cleaned by Ar+ ion sputtering, were
used.

Low-energy electron diffraction was used to determine the
crystallographic orientation of the Ag substrate.

DFT calculations within a generalized gradient approxi-
mation [33] were performed by using the OPENMX code [34]
based on norm-conserving pseudopotentials generated with
multireference energies [35] and optimized pseudoatomic ba-
sis functions [36]. For each Si atom, two, two, and one
optimized radial functions were allocated for the s, p, and
d orbitals, respectively, as denoted by s2p2d1. For the Ag
atom, s3p2d2 basis functions were adopted. A cutoff radius
of 7 bohr was chosen for the basis functions of Si and Ag
atoms. A regular mesh of 220 Ry in real space was used for
the numerical integrations and for the solution of the Poisson
equation. One k point, the � point, was adopted to study a slab
consisting of a nanoribbon on three Ag layers. The bottom
Ag layer, whose coordinates were obtained by geometrical
optimization of the bulk calculation, was kept fixed to sim-
ulate the bulk crystal termination of the surface. A 7 × 1 × 1
mesh of k points was adopted for a periodic model of SiNRs.
The periodic slab approach with a vacuum layer of about
20 Å was used to prevent interaction between periodic layers.
The geometry was optimized using a threshold of 0.0003
Hartree/bohr for the forces.

The AFM simulations were conducted using the probe
particle model [37] taking account of pairwise Lennard-Jones
potentials together with electrostatic force between the tip and
the sample [38]. To model a CO-decorated tip, we used a
dz2 -like quadrupole tip [39] with a bending stiffness of 0.25
N/m and a quadrupole moment of −0.15 eÅ−2. The equi-
librium position of the probe particle was set at 4 Å below
the metal-tip apex. The stimulated images in the main text
were obtained with the distance between the metal-tip apex

and the topmost Ag atom of 11.2 Å. The details of the AFM
simulations are described in the Supplemental Material [40].

III. RESULTS AND DISCUSSIONS

Figure 1(a) shows an STM image of the Ag(111) surface
with Si deposition. This STM image was obtained at 4.8 K.
Five one-dimensional ribbon structures (shown by blue ar-
rows) are shown in this image. With the deposition of 1 ML
of Si atoms onto Ag(111), the formation of silicene has been
confirmed. Therefore, the one-dimensional ribbon structures
shown are assumed to be SiNRs. Two of them align along the
[011̄] direction, two of them align along the [101̄] direction,
and the other one aligns along the [11̄0] direction. SiNRs grow
along these three equivalent directions because the Ag(111)
substrate has a threefold symmetry about the [111] axis. The
dark areas appear as mixtures of atoms that are assumed to be
an alloy of silver and silicon.

Figures 1(b) and 1(c) show enlarged STM images of SiNRs
obtained at 4.8 K. The SiNR in Fig. 1(b) is indicated by the
black dotted rectangle in the overview image [Fig. 1(a)]. The
enlarged STM images reveal more details of the atomic struc-
ture of SiNRs on Ag(111). Under STM observation, SiNRs
appear as two rows of protrusions. SiNRs in Figs. 1(b) and
1(c) contain four pairs and two pairs of protrusions, respec-
tively. Unlike the SiNRs on Ag(110), whose protrusions are in
a zigzag arrangement under STM observation, the protrusion
pairs of SiNRs on Ag(111) have a mirror symmetry about the
long axis. Besides that, both SiNRs in Figs. 1(b) and 1(c) also
contain two separate protrusions at each terminal [see green
circles in Fig. 3(a)].

Figure 1(d) shows an STM image obtained at room temper-
ature. It shows a SiNR consisting of ten pairs of protrusions.
Under STM observation, the SiNRs observed at room temper-
ature appear to be the same as those observed at 4.8 K. This
indicates the stability of SiNRs even at room temperature.

In this paper, we observed more than 30 SiNRs, all having
the same width and only differing in length. The observed
shortest and longest SiNRs have lengths of 2 nm [Fig. 1(c)]
and 9 nm (14 pairs of protrusions), respectively. STM was
measured in the range of ±1000 mV. There was no significant
change in appearance among SiNRs, indicating that STM
resolved only geometrically protruded Si atoms.

In previous studies, high-resolution AFM imaging for
silicene on Ag(111) [28–30] and SiNRs on Ag(110) [24]
visualized all the constituent Si atoms, which provided solid
evidence for atomic structure determinations. These studies
motivated us to achieve high-resolution AFM imaging for
SiNRs on Ag(111) to reveal the atomic structures of SiNRs.
Figure 1(e) shows an AFM image of the SiNR shown in
Fig. 1(b). This AFM image was measured in constant-height
mode at 4.8 K. The tip was decorated by a CO molecule.
The SiNRs under AFM observation showed a similar appear-
ance to SiNRs under STM observations [Figs. 1(b)–1(d)].
This supports the above-mentioned interpretation that STM
resolves the protruded Si atoms. The lateral and longitudinal
distances of the protrusions measured from AFM images and
STM images are almost the same: 0.57 ± 0.02 and 0.59 ±
0.02 nm, respectively. Here we note that the longitudinal dis-
tance is twice the lattice constant of the Ag(111) substrate.
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FIG. 1. (a)–(d) STM topography images of SiNRs. [(a) 25.0 × 25.0 nm2, Vs = 30 mV, It = 0.02 nA, and 4.8 K. (b) and (c) 3.0 ×
4.0 nm2, Vs = 30 mV, It = 0.02 nA, and 4.8 K. (d) 8.0 × 8.0 nm2, Vs = −1000 mV, It = 0.03 nA, room temperature.] (e) AFM image
of SiNR shown in (b) working in a repulsive force regime [3.0 × 4.0 nm2, �z = +50 pm, 4.8 K, color-map white: 3.8 Hz, black: −3.1 Hz].
(f) AFM image of another SiNR working in an attractive force regime [3.0 × 4.0 nm2, �z = +50 pm, 4.8 K, color-map white:−12.4 Hz,
black: −25.8 Hz].

This suggests that SiNRs are commensurate with the Ag(111)
substrate.

AFM imaging in an attractive force regime was also carried
out at 4.8 K with tips without CO decoration. Compared
with the AFM image obtained in a repulsive force regime
[Fig. 1(e)] where atomic features appear as more positive
frequency shifts (� f ), the atomic features in the AFM image
obtained in the attractive force regime [Fig. 1(f)] appear as
more negative � f . We found that the resolution of SiNRs on
Ag(111) under AFM imaging in both repulsive [Fig. 1(e)] and
attractive force regimes [Fig. 1(f)] is almost the same with
STM. It is difficult to consider that these visualized Si atoms
are all the constituent Si atoms of SiNRs. This is because
the distances of the observed protrusions are much larger
compared with Si-Si bond length. Under both STM and AFM,
the lateral and longitudinal distances of visualized protrusions
are 0.57 and 0.59 nm, respectively. However, the Si-Si bond
length is 2.35 Å for the bulk Si; 2.28–2.31 Å, for silicene
[41,42], and 2.35–2.37 Å for SiNRs on Ag(110) [22]. Such
a Si-Si covalent bond would be essential to stabilize the Si
nanostructures. Therefore, we assume that SiNRs on Ag(111)
have invisible Si atoms that are located at the lower position
rather than the STM/AFM-visible Si atoms. It is because if
all of the constituent atoms are at the same height, AFM must

resolve more. For these reasons, SiNRs should be composed
of Si atoms with, at least, two different heights.

Based on the results of the STM and AFM observations,
DFT calculations were performed to determine the exact
atomic structure of the SiNRs on Ag(111). The atomic struc-
ture should satisfy the following conditions:

(1) SiNRs are commensurate with the 〈110〉 directions of
Ag(111). The periodicity length of the structural unit is twice
the lattice constant of Ag(111).

(2) The periodic units inside SiNRs have mirror symmetry
about the 〈110〉 orientations of Ag(111).

(3) The constituent Si atoms of SiNRs must be of, at least,
two different heights.

Based on the above conditions, an atomic structure model
was proposed. It is shown in Fig. 2(a).

Figure 2(a) shows a SiNR with infinite length. In each
periodic unit (represented by a green rectangle), there are
eight Si atoms in a stacking structure. Six of these atoms are
at relatively low positions and are not visualized by AFM or
STM imaging. The other two Si atoms are supported by these
low Si atoms and are at high positions; they correspond to the
atomic features in the AFM and STM images. The left and
right halves of the periodic unit are mirror symmetric. In each
half of the periodic unit, three lower Si atoms and a higher one
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FIG. 2. (a) Top view (upper panel) and side view (lower panel)
of repetition of calculated periodic unit model of SiNR. Blue circles
represent Si atoms. The white, light-gray, and dark-gray circles rep-
resent the Ag atoms in the first, second, and third layers, respectively.
(b) Simulated AFM image of the repeated periodic unit model of the
calculated SiNR on Ag(111).

forming a pyramid structure can be regarded as the minimal
structure unit of SiNRs. Its physical origin is that Si atoms
prefer sp3 hybridization to sp2, which causes SiNRs have
the buckled monolayer structure similar to silicene. These
minimal structure units are positioned such that the highest
Si atoms are above the Ag hollow site. The highest atoms
of the minimal structure units on the left and right sides of
SiNRs are above the hcp and fcc hollow sites, respectively.
The pyramid vertices of four adjacent minimal structure units
bond with each other, forming a Si tetragonal ring. In this
structural model, the Si-Si bond length is 2.36–2.49 Å. It is
in good agreement with above-mentioned Si-Si bond lengths
in other Si structures. The whole SiNR is composed of Si
hexagonal rings and tetragonal rings, which alternate with
each other along the SiNR chain aligned along 〈110〉 orienta-
tions [Fig. 2(a)]. For this reason, the SiNR shown in Fig. 1(c)
should be the shortest possible SiNR. Figure 2(b) shows the
simulated AFM image of SiNR, which agrees well with the
experimental AFM images [Fig. 1(e)].

In this structural model, the height difference between the
higher Si atoms and the first-layer Ag atoms is about 0.40 nm.
In contrast, the height difference between the lower Si atoms
and the first-layer Ag atoms is about 0.24 nm. This large
buckled height of about 0.16 nm should be the reason why
we cannot visualize the lower Si atoms by AFM working in
either a repulsive or an attractive force regime.

With the CO-decorated tip, high-resolution AFM imaging
was achieved for SiNRs on Ag(110) [24]. The buckled height
between higher and lower Si atoms of SiNRs on Ag(110) is
0.07 nm [22], which is much smaller than that of SiNRs on
Ag(111). For this reason, it is very difficult for AFM with
a CO-decorated tip to visualize more Si atoms of SiNRs on

Ag(111) in this paper. This also is the case for the simulated
AFM image [Fig. 2(b)].

On the other hand, high-resolution AFM imaging was re-
ported for (4 × 4) [29], (

√
13 × √

13)R13.9◦ [28], and the
T phase [30] of silicene on Ag(111). With AFM working in
an attractive force regime, all the constituent Si atoms form-
ing a honeycomb pattern are visualized. The high-resolution
imaging mechanism was figured out in the studies of the
(
√

13 × √
13)R13.9◦ phase [28]. In the case of the (

√
13 ×√

13)R13.9◦ phase of silicene on Ag(111), the height differ-
ence between the topmost Si atoms and the lower Si atoms is
about 0.09 nm. The lower Si atoms of silicene were pulled up
by the attractive force with a tip. Thus, high-resolution AFM
imaging was achieved. However, the high buckling of SiNRs
causes a sharp bonding angle between the lower and the higher
Si atoms. Moreover, four lower Si atoms form a tetragonal
ring together, which gives the SiNRs a rigid structure. For
these reasons, it is difficult for attractive AFM tips to affect
these lower Si atoms.

We also compared the height differences between silicene
and bare silver and that of SiNRs and bare silver. Under AFM
measurements, the results for the silicene (4 × 4) phase and
SiNRs are about 0.10 and 0.15 nm, respectively, indicating
that the height of SiNRs should be larger than that of silicene.
On the other hands, in a DFT-calculated model, the height of
the highest silicene atoms and first-layer silver atoms is about
0.3 nm [28]. In our proposed atomic model for SiNRs, the
height of the topmost Si atoms and first-layer silver atoms
is about 0.4 nm. It is also in good agreement with the AFM
results.

We also performed the calculations to investigate the elec-
tronic structure of SiNRs. The results show that the band
structure of SiNR cross the Fermi level, and the interaction
between SiNR and the Ag substrate is strong. The detailed
results are shown in the Supplemental Material [40].

Besides this atomic structure model, we also performed
calculations for other atomic structure models (see the Sup-
plemental Material [40]). In the trial structural model shown in
Fig. S1 of the Supplemental Material [40], there are two more
Si atoms in each periodic unit (shown by arrows) compared
with the proposed model shown in Fig. 2(a). However, this
trial model did not converge during the structural optimiza-
tion. In the trial structural model shown in Fig. S2 of the
Supplemental Material [40], in each periodic unit, the two
highest Si atoms are removed compared with structural model
in Fig. 2(a). The stabilized atomic structure does not satisfy
the condition that constituent Si atoms cannot be the same
height. In the trial structural model shown in Fig. S3 of the
Supplemental Material [40], the initial atomic structure of
SiNR is the same as the finally proposed structure, but their
relative positions with the Ag substrate are different. Here the
highest Si atoms are at the top sites of the Ag substrate but
not the hollow sites. The stabilized structure was flattened
so that all the constituent Si atoms are at almost the same
height, hence, it does not satisfy the condition mentioned
above, either.

Another interesting characteristic of SiNRs is that, under
STM and AFM observations, the attachment atoms are always
located on the single side of SiNR terminals [Figs. 1(a)–1(f)
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FIG. 3. (a) Schematic of the attachment atoms of SiNRs. (b) Top
view (upper panel) and side view (lower panel) of calculated stable
structure model of SiNR. The blue circles represent Si atoms. The
white, light-gray, and dark-gray circles represent the Ag atoms in
the first, second, and third layers, respectively. (c) Simulated AFM
image of the calculated SiNR on Ag(111).

and 3(a)], which breaks the symmetry of SiNR about the long
axis. In STM and AFM images, these attachment atoms are
located slightly towards the center axis of SiNRs compared
with the Si atoms forming the periodic units. Considering the
asymmetry of Ag(111) crystal about the 〈110〉 orientations,
the second-layer Ag atoms of the substrate should influence
the position of the attachment atoms. The DFT calculation
was also carried out to reveal the asymmetric attached Si
atoms at the terminals of SiNRs. Figures 3(b) and 3(c) show

a stable structure and the simulated AFM image of a SiNR
composed of three periodic unit and attachment atoms. In
the calculated stable structure, the terminal of SiNRs are
composed of four Si atoms in which the highest Si atom is
supported by the other three Si atoms. These four Si atoms
form the pyramidal structure, which is the same as the mini-
mal structure unit in the body of SiNRs. The highest Si atoms
are located on the silver hcp hollow sites. The simulated AFM
image [Fig. 3(c)] well reproduces the experimental AFM im-
ages. The atomic structure that attached Si atoms are at the
positions that are opposite to the positions of attached atoms
in Fig. 3, that is, the highest Si atoms of the pyramid structure
are above the silver fcc hollow sites are also calculated. The
result shows that, in this case, SiNR structure cannot be stable
and collapses into a cluster structure.

IV. SUMMARY

In conclusion, this paper presented a new one-dimensional
material, SiNR on Ag(111), that is, stable under room
temperature. We investigated it by STM, AFM, and DFT
calculations. We proposed its atomic structure, which is com-
posed of Si hexagonal and tetragonal rings. Under STM and
AFM observations, attachment Si atoms always locate on
the terminals of SiNRs, which was also explained by DFT
calculations. We believe that this paper will help to reveal
the interesting electronic properties of SiNRs on Ag(111) in
future works. We also expect that our results can promote
the fabrication of analogous Si low-dimensional structures
on other surfaces with outstanding properties, such as size-
dependent energy band gaps, which are predicted in the
calculation studies, as well as their application in future elec-
tronic devices.
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