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ABSTRACT

Since the discovery of graphene much effort has been
put into the development of comparable two dimensional
graphene analoga to the carbon group. Silicene is prob-
ably the most famous representative of these graphene
analoga. Different silicene allotropes exist depending
on the growth conditions, e.g. the substrate temper-
ature during growth and the substrate itself. In this
study we report on the successful preparation of sil-
icene nano-ribbons on Ag(110) substrate and we address
the question of the interaction between the substrate
and the absorbed silicene nano-ribbons. We utilize low
energy electron diffraction (LEED) and photoelectron
spectroscopy (XPS) techniques for verifying growth of
the nano-ribbons and analyzing substrate-absorbate in-
teraction due to their high surface sensitivity.
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1 INTRODUCTION

During the last years much interest arose in two-
dimensional materials that are formed by elements from
the same main group of the periodic system than carbon.
The probably most famous representative is silicon with
its allotrope called silicene nano-ribbons. These nano-
ribbons typically grow on Ag(110) substrates along the
[1̄10] direction and have a (5×2) periodicity with respect
to the substrate [1]. Many approaches of determining
the precise atom positions inside the unit cell resulted in
a multiplicity of proposed structure models. The range
of proposed structure models is from rectangular over
pentagonal to hexagonal and from planar over buck-
eld to stacked [2-13]. We performed LEED- and XPS-
measurements for proving a successful preparation of
silicene nano-ribbons on Ag(110). Furthermore, we uti-
lize XPS measurements for deducing a line of arguments
that can be used for evaluating the proposed structure
models. We will apply this line of arguments for eval-
uating the most recent proposed structure model, the
so-called pentamer structure [6, 13].

2 EXPERIMENT

The sample preparation and XPS measurements were
performed in an ultra-high vacuum chamber located at
Beamlime 11 at the Dortmunder Elektronen Speicher-
ring Anlage DELTA. The chamber is equipped with a
5-axes manipulator which allows moving the sample in
x, y, and z direction as well as rotations of the azimuthal
angle ϕ and the polar angle Θ. Also, the sample holder
is equipped with an integrated heating stage. For sam-
ple preparation a sputter-gun and a direct-current sili-
con evaporator are mounted at the chamber. For XPS
measurements a hemispherical electron analyser is avail-
able.
Preparation of the Ag(110) sample was performed by
several cycles of sputtering and annealing with Ebeam =
600 eV and Tanneal = 400 ◦C. It turned out that sput-
tering of the Ag(110) sample under an incident angle
45 ◦ resulted in a foggy surface. This behaviour of the
sample was preserved even if sputtered with Neon in-
stead of Argon. Also, reduction of the Ar+-ion energy
down to 500 eV did not suppress the foggy haze at the
surface. Only an increase of the sputtering angle to 70 ◦

yielded a perfect Ag(110) surface. A LEED pattern of
the (1x1)-reconstructed Ag(110) surface is shown in fig-
ure 1.

The XPS-spectrum of figure 2 shows the chemical
composition of the sample. It is obvious that there are
solely core-level peaks from pure silver, in particular Ag
4s at a kinetic energy of Ekin = 560 eV, Ag 4p at 590 eV,
and Ag 3d at 280 eV. Due to their small cross-sections
the Ag 4p and Ag 4s signals are much smaller than the
prominent Ag 3d signal.
The Ag Auger-signals at kinetic energies of Ekin = 275 eV,
300 eV, 355 eV, and 340 eV correspond to the M45N1N,
M45N23V, M5VV, and M4VV transitions, respectively.
Typical contaminations like carbon 1s and oxygen 1s
are expected at kinetic energies of Ekin = 350 eV, and
Ekin = 110 eV, respectively.
For a more in-depth analysis a high resolution XPS spec-
trum of the Ag 3d signal was recorded. The incoming
photon energy was hν = 480 eV and the spectrum was
measured in normal emission mode. For background
substraction the Tougaard-background was applied to
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Figure 1: LEED pattern of the (1x1)-reconstructed
Ag(110) surface. The energy of the incoming electrons
is Ekin = 120 eV.

the spectrum [14]. For analysis of the high-resolution
spectrum a fitting procedure was performed. The peak
shape f(E) can be described by a convolution of Gaus-
sian function G and a Doniach-Sunjic function D

f(E) =
∑
i

Ai · (G(σg,i) ∗D(σds,i, αi, Ei)) (E) (1)

+Ai · hSO · (G(σg,i) ∗D(σds,i, αi, Ei − ∆ESO)) (E),

where Ai denotes the amplitude, σg,i the Gaussian full
width at half maximum (FWHM), σds,i the FWHM of
the Doniach-Sunjic profile, and αi the asymmetry pa-
rameters [15]. Ei is related to the kinetic energy of
the component. Component splitting due to spin-orbit-
coupling (SO) was taken into account by the parameters
hSO and ∆ESO. The XPS spectrum of the Ag 3d signal
was fitted to one spin-orbit splitted component as shown
in figure 3. Furthermore, three dominant plasmon exci-
tations are clearly visible in the XPS spectrum. These
plasmon excitations are EP1, EP2, and EP3 and they
are shifted by 4 eV, 8 eV, and 10 eV with respect to the
Ag 3d5/2 component, respectively.
From these in-depth analysis of LEED pattern and XPS
spectra we can conclude that we have a well-ordered and
well-reconstructed clean Ag(110) surface for the growth
of silicene nano-ribbons.

3 RESULTS

For deposition of (5×2)-reconstructed silicene nano-
ribbons on the Ag(110) surface the bare substrate was
heated to T = 230 ◦C during deposition. The deposition
of silicon was performed by a direct current evaporator
with a distance of approximately 25 cm to the substrate.
The time of evaporation was 120 min.
The successful deposition of silicon on Ag(110) form-
ing silicene nano-ribbons was confirmed by analyzing a

Figure 2: XPS spectrum of the clean Ag(110) substrate
after several cycles of annealing and sputtering. Ag 3d,
4s, and 4p core-levels are well resolved. Also, the Ag
MNN Auger lines are visible. No indication for oxygen
or carbon contamination is visible.

high resolution XPS spectrum of the Si 2p signal. This
spectrum is shown in figure 4. The Si 2p spectrum was
recorded at in incoming photon energy of hν = 180 eV
in normal emission mode. The Si 2p signal is split into
two components due to spin-orbit coupling. The spin-
orbit coupled components are shifted by 0.6 eV. This
is in agreement with literature [17]. Additionally each
spin-orbit component consists of two chemical shifted
components. These components are shifted by approx-
imately 0.2 eV. Also, it is obvious that the peak has
an asymmetric shape. The peak shape and the rela-
tive locations of the chemical shifted components are in
great agreement with values reported in previous works
[16]. From the existence of two chemically shifted com-
ponents it can be concluded that the unit cell of silicene
consists of silicon atoms with two different chemical en-
vironments. This has to be taken into account when
proposing structure models of silicene.

A high resolution XPS spectrum of the Ag 3d sig-
nal after successful growth of silicene nano-ribbons is
displayed in figure 5. The spectrum is recorded at an
incoming photon energy of hν = 450 eV in normal emis-
sion mode. In comparison to figure 3 the three plas-
mon excitation peaks vanished. This XPS spectrum
was fitted with one spin-orbit component as the XPS
spectrum before silicon deposition. The fitting param-
eters are nearly the same, and the line-shape remains
unchanged. From comparing the XPS spectra before
and after silicon deposition as shown in figure 3 and 5
we conclude on two different binding scenarios at the
surface. First, conservation of the line-shape indicates
that no new chemical bond was established due to sil-
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Figure 3: High-resolution XPS spectrum of the clean
Ag(110) after successful preparation. Spin-orbit split-
ting of the Ag 3d core-level is clearly visible. Also, the
three dominant plasmon excitations are referenced as
EP1, EP2, and EP3.

icon adsorption. Thus, this is a hint for a weak van-
der-Waals bond between the Ag(110) substrate and the
silicene nano-ribbons. Another scenario could be that
only a bonding type with no or an unresolved chemical
shift is present at the surface.

4 CONCLUSION

In conclusion, we report on the preparation of (1×1)-
reconstructed Ag(110) and (5×2)-reconstructed silicene
nano-ribbons on Ag(110). Evidence of successful prepa-
ration is given by LEED measurements as well as XPS
spectra. The analysis of the Si 2p signal reveals that sil-
icene nano-ribbons on Ag(110) inhibit silicon atoms in
two different chemical environments. From the analysis
of the Ag 3d signal no conclusive confinement could be
deduced for validating different structure models. The
most recent proposed structure of silicene nano-ribbons
on Ag(110) consists of a so-called pentamer structure.
We will link our experimental results with the pentamer
structure shown in figures 6 and 7. The pentamer struc-
ture can be described as a buckeld pentagonal struc-
ture consisting of 12 atoms in its unit cell. The silicon
atoms are existent in two different chemical environ-
ments. This observation fits to our analysis of the Si
2p signal. The distance between the Ag(110) substrate
and the adsorbed silicene nano-ribbons is small, thus a
covalent bonding is likely. This fits to the second men-
tioned scenario indicating an unresolved chemical shift
at the surface.

For a more sophisticated structure analysis we plan
further photoelectron diffraction (XPD) experiments. Since
XPD measurements are sensitive to the atom position of
the individual emitting atoms we expect to conclude on

Figure 4: High-resolution XPS spectrum of the Si 2p sig-
nal after evaporation of silicon on the prepared Ag(110)
substrate. An asymmetric lineshape of the Si 2p signal
is clearly visible. Also, the characteristic double peak
structure of silicene is shown.

the local structural environments of the emitting atoms.
Since the phase information is lost during the measure-
ment, the measured XPD pattern will be compared to
simulated XPD pattern for the various proposed struc-
ture models [2-13]. By this procedure we will be able to
determine the correct structure describing silicene nano-
ribbons.
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Figure 5: High-resolution XPS spectrum of the Ag(110)
after evaporation of silicon. The plasmon excitation
peaks vanished in comparison to figure 3. The shape
of the Ag 3d core-level signal remains unchanged.

Figure 6: Side-view of the latest proposed structure
model by Prevot et al. [13].

Figure 7: Top-view of the latest proposed structure
model by Prevot et al. [13].
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