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ABSTRACT: The atomic structures of self-assembled silicon nanoribbons and magic clusters on Ag(110) substrate have been
studied by high-resolution noncontact atomic force microscopy (nc-AFM) and tip-enhanced Raman spectroscopy (TERS).
Pentagon-ring structures in Si nanoribbons and clusters have been directly visualized. Moreover, the vibrational fingerprints of
individual Si nanoribbon and cluster retrieved by subnanometer resolution TERS confirm the pentagonal nature of both Si
nanoribbons and clusters. This work demonstrates that Si pentagon can be an important element in building silicon
nanostructures, which may find important applications for future nanoelectronic devices based on silicon.

KEYWORDS: Noncontact atomic force microscopy (nc-AFM), tip-enhanced Raman spectroscopy (TERS), pentagon silicon chains,
magic cluster

Pentagon is one of the most beautiful geometric structures
in nature, but it is rarely seen in crystals because 5-fold

symmetry is mathematically forbidden in a two-dimensional
(2D) or 3D periodic lattices. Fortunately, a pentagon can be an
elementary building block in 1D or 0D systems because
translational symmetry is not required there. For example,
pentagons can often be found in low-dimensional carbon
systems, such as the Stone−Wales defects at the boundaries of
graphene,1−3 in carbon nanotube,4 or in fullerene molecules.5,6

However, in these systems pentagons only compose a small
portion of the structure. So far, 1D or 0D systems consisting of
purely pentagons are still rare.

It has been known that on anisotropic Ag(110) surface,
silicon atoms spontaneously form 1D nanoribbons (SiNRs)
aligned along the [1 ̅10] direction of Ag(110) substrate, as was
first reported by Leandri et al.7 The atomic structure of the
SiNRs, however, has remained controversial. More than 10
structure models have been proposed in literature, including
chainlike mode, hexagonal silicene model, and Ag−Si alloy
model.8−16 Remarkably, a recent model proposed by Cerda ́ et
al. suggested that the SiNRs are composed of purely silicon
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pentagons,17 which was supported by a following experiment
based on grazing incidence X-ray diffraction (GIXD).18

However, because scanning tunneling microscopy (STM)
reflects surface electronic states instead of the exact atomic
geometry, and GIXD is a macro-probe method, this model still
largely relied on theoretical modeling and cannot completely
rule out other possibilities.
In this Letter, we provide two forms of solid experimental

evidence that the SiNRs on Ag(110) is composed of purely Si
pentagons. First, by using noncontact atomic force microscopy
(nc-AFM) with the tip decorated by a CO molecule, we were
able to visualize the Si pentagon rings directly. Second, by using
tip-enhanced Raman spectroscopy (TERS), we were able to
retrieve the local vibrational fingerprint of SiNRs, which fits
perfectly to the Si pentagon model rather a hexagon model.
These two experiments unambiguously pin-down the pentag-
onal nature of the SiNRs. Moreover, we have achieved single-
cluster TERS spectrum for Si magic clusters that coexist with
SiNRs on Ag(110) surface at low Si coverage. In contrast to the
so-far proposed hexagonal model for Si magic clusters,17 our
results based on both nc-AFM and TERS revealed that they are
composed of a pair of Si pentamers. This work demonstrates
that Si pentagon can be an important element in building
silicon nanostructures, which may be important for future
nanoelectronic devices based on silicon.
Experimental Section. The Si NRs were grown in a

ultrahigh vacuum system (based pressure <10−10 Torr) by
deposition of Si to a clean Ag(110) substrate with a piece of Si
wafer heated to about 1300 K. The STM and AFM images were
performed with a STM/nc-AFM system (Createc, Germany) at
5 K using a qPlus sensor equipped with a W tip (spring
constant k0 ≈ 1800 N/m, resonance frequency f 0 = 26.7 kHz,
and quality factor Q ≈ 60000). A CO molecule was attached to
the tip for high-resolution AFM imaging.19 The methods for
first-principles calculations and STM/AFM image simulations
were included in Supporting Information.20−26 The TERS
experiment were carried out in a homemade LT-UHV-STM
based TERS system at 77 K and with a base pressure about 2 ×

10−10 mbar. Chemically etched Ag tips were used for STM
imaging and TERS measurements. A p-polarized laser with
wavelength at 532 nm was used as pump source for Raman
measurement, and the polarization is along the tip axis for
TERS experiments.27

Results and Discussion. At room temperature, Si
nanoribbons formed on Ag(110) surface consists of a single-
strand (SNRs, 0.8 nm in width). Upon annealing at about 460
K, most ribbons are converted to double-strand ones (DNRs,
1.6 nm in width). Figure 1a shows a typical STM image of Si
SNRs, which features a 2× superstructure with respect to the
Ag(110) substrate. The image is consistent with previous
reports and the simulated STM image with the pentagon model
(Figure 1b). However, it is beyond the capability of STM to
resolve a finer structure other than the zigzag protrusions along
the chain. In contrast, the simultaneously obtained high
resolution nc-AFM image of SNR, as shown in Figure 1c,
gives clearly more details of the structure. Pentagonal rings
aligned in a zigzag manner along the chain can be directly
visualized, as outlined by red dash lines as a guide to the eyes.
We notice that the pentagons are slightly distorted, probably
due to the inhomogeneous relaxation of the CO molecule at
the tip apex during the scanning.28

It is worth to note that in the pentagon structural model, a
row of Ag atoms underneath the Si SNRs is missing.
Accordingly, in each Si pentagon four inner Si atoms are
laying in the missing-silver trough, and the one at the outer
corner is located on a silver bridge site (Figure 1e). This corner
Si atom is thus slightly buckled up by 70 pm.17 This structural
feature perfectly explains the relatively bright outer corner of
the Si pentagon observed in nc-AFM images. Figure 1d shows
the simulated AFM image of the Si SNR with the pentagon
model, which fits the experiment very well.
Similarly, the experimental and simulated STM images of a

double-strand ribbon (DNR) are shown in Figure 1f,g. For the
DNRs, the nc-AFM image (Figure 1h) shows many spiral,
interconnecting bright lines between two NRs. This feature is
perfectly reproduced by the simulated AFM image (Figure 1i)

Figure 1. Si SNR and DNR on Ag(110) surface. (a,b) Experimental and simulated STM images of Si SNR, respectively. (c,d) Experimental and
simulated nc-AFM images of Si SNR, respectively. (e) Atomic structure of the SNR on Ag(110) in top and side views. Ag, Si atoms are denoted as
white and blue spheres, respectively. (f−i) STM (f) and AFM (h) images of Si DNR and the corresponding simulated ones (g,i). (j) Atomic
structure of the DNR on Ag(110) in top and side views. Set point of STM images for (a,f) are V = 100 mV and I = 20 pA. The tip height of
experimental (simulated) AFM images in (c,d,h,i) are −150 pm (8.91 Å) and −200 pm (8.91 Å), respectively. The tip height of experimental AFM
images is referenced to the STM set point on the Ag surface next to the NRs (100 mV, 50 pA). The oscillation amplitudes of experimental images
are 100 pm. All the AFM simulations were done with a quadrupole (dz

2) tip (k = 0.5 N/m, Q = 0.0 e).
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based on the pentagon model (Figure 1j). The interconnecting
lines should not be automatically related to presence of
interatomic bonds, instead they represent ridges of the
potential energy landscape experienced by the functionalized
probe.24,29

Raman spectroscopy provides vibrational information on
chemical bonds, which serves as chemical fingerprints of
molecules. Raman spectrum of DNRs has been measured with
488 nm excitation laser previously,30 however, the Raman
spectrum of SNRs has not been reported so far. We performed
Raman spectroscopy (without tip enhancement) measurements
of both SNRs and DNRs. In this case, we prepared two samples
with dominating SNRs and DNRs, respectively, by controlling
the sample temperature, as shown in Figure 2a,b. Note that a
long Raman spectrum accumulation time is necessary in order
to obtain a reasonable signal-to-noise ratio. The Raman spectra
of SNRs and DNRs, as shown in Figure 2c, are almost identical
to each other. This indicates that their atomic structures are the
same, with no chemical bonds between the two strands of Si
atoms in DNRs (Figure 1j). There are three major peaks at
about 265, 440, and 465 cm−1 and two weak peaks at 165 and
201 cm−1. These peaks are completely different from the
vibrational frequencies predicted base on a hexagonal model of
Si NRs.31 Remarkably, we calculated the vibrational frequencies
based on the pentagon model of Si SNRs, and they match with
the experimental ones very well, as details discussed later.
Therefore, our Raman data provides another solid evidence that

the Si NRs is composed of pentagonal Si rings instead of
hexagonal rings. The possibility of surface alloying can also be
ruled out because it will cause significantly different phonon
spectrum.
In additional to normal Raman, we further performed tip-

enhanced Raman spectroscopy (TERS) to clarify the nature of
the vibrational modes. First reported in 2000,32 TERS with
single molecule sensitivity and ultrahigh spatial resolution has
developed into a optical nanoimaging method.33−35 We have
utilized TERS to identify different silicene phases which differ
only in their Si−Si bond directions on Ag(111) surface.27 The
selective enhancement of Raman modes by TERS provides
critical information for identifying the origination of Raman
modes. As shown in Figure 2d, the gap-distance-dependent
TERS spectra of SNRs shows that the intensity of the OM1 to
OM4 peaks, which are below 200 cm−1, are strongly enhanced
in gap-mode TERS and become the dominant peaks at small
tip−sample distance. In contrast, the three major Raman peaks
(IM1, IM2, and IM3) get very little enhancement and becomes
insignificant. Only the IM3 peak is slightly enhanced and
becomes stronger than the IM2 peak. This selective enhance-
ment behavior can be perfectly explained by the vibrational
schematics as shown in Figure 2f. As we know, TERS mainly
enhances the vibration modes which contains out-of-plane
vibration components, that is, model with nonzero αzz

component in the Raman tensor.27,33 As illustrated in Figure
2f, the low energy modes (OM1 to OM5) all have significant

Figure 2. Normal Raman and TERS spectra of Si NRs. (a,b) STM images of SNRs (a) and DNRs (b) grown at room temperature and 460 K,
respectively. (c) The corresponding normal Raman spectra of SNRs (300 s) and DNRs (600 s) in (a,b). (d) Gap-distance dependent TERS spectra
of SNRs (1 V). (e) TERS spectrum of SNRs, experimental data are shown by gray crosses, and the fitting data are plotted by blue solid line. (f) The
atomic vibration schematics of each Raman mode with top and side views.
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vertical components, agreeing with their significant enhance-
ment in TERS. The high energy IM3 also contains a clear
vertical component although not as large as the low energy
modes. In contrast, the IM1 and IM2 modes have almost purely
in-plane vibrations, and therefore they exhibit negligible
enhancement. We shall emphasize that in the normal Raman
spectra, the low frequency modes are too week to perform a
reliable analysis, while in TERS they are clearly unveiled and
can be reliably analyzed. As summarized in Table 1, the

calculated Raman frequencies match exactly with the
experimental results, this shows that TERS is a powerful tool
to study the vibrational properties of low-dimensional materials.
Furthermore, high-resolution TERS spectra obtained in

individual SNRs and DNRs are almost identical (see
Supporting Information Figure S1), further confirming that
there is no chemical bond formation between the two strands
of the DNR. Nevertheless, the repulsive interaction between
them can result in a slight compression of the Si−Si bonds
(∼0.001 Å), as can be revealed by the highly sensitive blue shift
of the TERS peaks.36

Finally, we studied Si magic clusters on Ag(110), which are
very important for studying the origin of pentagon rings in
SiNRs. The clusters coexist with SNRs at room temperature
and low coverage.17,37 All clusters appear identical in the STM
images with a pair of bright spots in the center and two darker
wings at both sides (Figure 3a,f,g). These magic clusters are
considered to be the precursor for self-assembly of SNRs. In ref
17, Cerda ́ et al. proposed a model with a hexagonal Si ring and
4 Si adatoms. On the basis of this assumption, they suggested a
transition from hexagon to pentagon structure during the
formation of SNRs. Here, we show by nc-AFM and TERS
experiments that it is not the case. First, the extremely high
sensitive and spatial resolution of our TERS allow us to obtain
for the first time single-cluster Raman spectrum, as shown in
Figure 3b. One major Raman peak is observed at 203 cm−1

when the tip is on the top of the cluster, as indicated by the
Raman intensity profile of the mode at 203 cm−1 (Figure 3c).
This profile was measured along the line in the inset STM
image in Figure 3b, in agreement with the topography height
profile of the cluster, confirming the extremely high spatial
resolution of our TERS system. The 203 cm−1 peak is almost
identical to the OM4 peak of the SNRs and differs completely
from the calculated results for a hexagonal Si ring with adatoms,
whose out-of-plane modes is at 143 cm−1 (Figure S2c in the
Supporting Information). In order to explain our data, we
proposed a structural model containing two Si pentagons
sitting side by side, with four Si adatoms attached to the edge
(Figure 3e). In addition, it should be noted that the cluster
model is placed on a Ag divacancy. This structure is similar to
the pentagon chain model of the SNR, and the calculation
indeed gives a main out-of-plane vibrational mode at 207 cm−1

(Figure 3d), consistent with the experiments very well.
To further confirm the cluster structure, high-resolution nc-

AFM image was also obtained, as shown in Figure 3h. The
detailed features of the image fitted perfectly the simulated

Table 1. Calculated Vibrational Modes and Corresponding
Frequencies of the Pentagon Model of Si SNRs

modes exp (cm‑1) theo (cm‑1) diff. (cm‑1)

IM3 464 457 7
IM2 442 440 2
IM1 265 269 −4
OM5 228 233 −5
OM4 201 208 −7
OM3 163 164 −1
OM2 143 145 −2
OM1 115 110 5

Figure 3. TERS spectrum and atomic structure of Si nanocluster. (a) STM of the Si cluster and SNRs at low Si coverage (1 V, 50 pA). (b) TERS
spectrum of the cluster in the inset STM image. (c) TERS intensity profile of the 203 cm−1 mode along the line in (b) with an interval of 0.25 nm
every step, and the STM topography height profile (blue line). (d) Atomic vibration schematic of the 203 cm−1 mode of the cluster. (e) Atomic
structure of the Si cluster on a Ag divacancy Ag(110) surface, with top and perspective views. (f) High-resolution STM images of the cluster (100
mV, 50 pA). (g) Simulated STM image of the cluster (1 V). (h) Corresponding AFM image of the cluster in (f). The tip height of experimental
AFM image is −170 pm, which is referenced to the STM set point on the Ag surface next to the nanocluster (100 mV, 50 pA). (i) Simulated AFM
image of the cluster. The tip height in simulations is 9.21 Å, defined as the vertical distance between the apex atom of the metal tip and the highest
Ag atom of the substrate. All the oscillation amplitudes of experimental and simulated images are 100 pm.
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AFM image of the pentagon structure (Figure 3i), instead of
the hexagon one (Figure S2b in the Supporting Information).
We note that the pentagon structures cannot be easily
distinguished in both the experimental and simulated AFM
images. This is due to the highly buckling nature of the Si
cluster, where the central two Si atoms are located deeply in the
Ag divacancy (Figure 3e). Actually, we found that when more
Ag atoms underneath the cluster are removed from the surface
to form a trough as in the SNR case, the cluster structure
becomes unstable and spontaneously transfer into the NRs
structure. Thus, this model can explain the dynamics transition
from cluster precursor to NRs as well.
In conclusion, our state-of-the-art nc-AFM and TERS

experiments provide solid evidence, including the direct
visualization and vibrational fingerprints, that Si NRs were
composed of purely pentagon rings. Furthermore, the structure
of the Si magic cluster was found to contain also pentagonal Si
rings in contrast to previously proposed hexagonal rings. We
note that Si NRs possesses intriguing properties, such as strong
resistance to oxidation38 and interesting 1D transport character-
istics.9,37 Hydrogenated Si NRs may possess peculiar magnetic
properties such as ferromagnetic or antiferromagnetic.39 These
properties based on pentagonal Si rings are not only
fundamentally important but also potentially applicable in
nanoelectronic and spintronic applications involving low-
dimensional silicon structures.
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