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Abstract. Silicene is a two-dimensional (2D) material with very promising electronic properties for applications
in silicon modern technology. However, the first experimental synthesis of silicene on metallic surfaces shows
strong interactions between the silicene and its substrate, which can alter its electronic properties. Here, we
report on the first steps of silicene growth on an insulating surface (NaCl) using scanning tunneling microscopy
(STM), low energy electron diffraction (LEED), Auger electron spectroscopy (AES), and angle-resolved
photoemission spectroscopy (ARPES). We demonstrate the importance of temperature annealing in the growth
of silicene on NaCl. Indeed, after deposition of silicon on the NaCl/Ag(110) surface, we observe the following
stages: (i) at room temperature, the silicon atoms accumulate on top of the NaCl layer without any given order.
(ii) At 60 °C, silicon dimers start to grow on the NaCl. (iii) At 140 °C, these dimers form a 2D silicon chains on the
surface. (iv) After a post-annealing at 200 °C, evident 2D silicon nanoribbons with a honeycomb-like structure
were observed. Our results of the first silicene growth stages on an insulating surface are a necessary step for

exploring its growth mechanism further.

1 Introduction

Following the successful synthesis of graphene [1,2], an
extensive research work has been put into exploring similar
new two-dimensional (2D) materials, notably germanene
[3,4], metal dichalcogenide [5], boron nitride [6], stanine [7],
phosphorene [8,9], and silicene [10-15]. The early theoreti-
cal calculations predicted that silicene possesses similar
electronic properties to graphene, such as a quantum spin
Hall effect [16] and a Dirac cone at the high symmetry k-point
of the Brillouin zone [17]. In addition, silicene shows a giant
magnetoresistance higher than graphene [18]. Considering
that the early theoretical models of silicene report that
freestanding 2D silicon layer is unstable compared to
graphene [19,20], the first experimental synthesis of silicene
has been made almost exclusively on metal surfaces by
molecular beam epitaxy (MBE) of silicon atoms: Si/Ag [11-
13], Si/Au [14,15], Si/Ir [21], and Si/ZrB,[22]. A detailed
summary of these studies is given in the recent review about
silicene growth [23]. Previous studies show that the growth of
silicene on metallic surfaces will lead to strong interactions
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between the silicene ad-layer and the metal. These
interactions can modify the electronic properties of silicene.
Indeed, it has been demonstrated [24] that in the case of
silicene grown on Ag surfaces, a hybridization state rises
between the Si (3p) and Ag (4d). Another work [25] reported
the existence of strong electrostatic interactions between the
silicene and the Ag substrate due to charge transfer between
the metallic surface and the silicon ad-layer. Therefore, no
intrinsic linear crossing bands near the k-point of silicene
(Dirac cone) were confirmed [26,27]. Based on this, a huge
debate has been rising through the years about the electronic
properties of silicene. This opens a new challenge about the
growth of silicene and offers a motivation to explore other
potential substrates having weaker interactions with
silicene. In this context, Alkali metal halide films such as
sodium chloride (NaCl) provides an interesting solution as an
alternative surface because it can behave as a dielectric layer,
which means decoupling the electronic structure of the
adsorbed species from the metal substrates [28,29]. The first
experimental growth of silicene on an insulating NaCl thin
film has been reported on previous work [30,31]. However,
having to deposit in sequence, a NaCl film and a silicon ad-
layer, many aspects of the growth process have to be clarified.
In this work, we report on the complexity of the first stages of
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Fig. 1. LEED diffraction patterns of (a) clean Ag(110) substrate and (b) after 1ML NaCl deposition, recorded at 70eV and 71eV
electron energies, respectively. The black and blue dashed rectangles show the unit cell of the (1 x 1) and (4 x 1) structures of Ag(110)

and NaCl/Ag(110) surfaces, respectively.

silicene growth on a thin NaCl film deposited on an Ag(110)
surface, using scanning tunneling microscopy (STM), low
energy electron diffraction (LEED), Auger electron spec-
troscopy (AES), and angle-resolved photoemission spectros-
copy (ARPES).

2 Experimental procedure

The experiments were performed in a commercial ultra-
high vacuum (UHV) apparatus with a base pressure of
10~ " mbar, equipped with standard surface science tools:
an ion gun for surface sputtering, AES, LEED, and an
Omicron GmbH LT-STM. The single crystal Ag(110)
substrate was cleaned by several cycles of Ar+ sputtering
followed by annealing at the temperature of 500°C for
45 min. Rock-salt NaCl was deposited by sublimation from
a solid source Knudsen cell at 520°C. Silicon was
evaporated by direct current heating of a 10 x 5mm Si
wafer at about 1200 °C. The temperature of the substrate
was controlled during the NaCl and Si deposition. We note
that prior to each Si deposition, the NaCl growth was
always performed on an Ag substrate kept at 140°C. The
quantity of the deposited material was monitored by a
quartz microbalance with 0.05 mL/min and 0.02 mL/min
evaporation rates for NaCl and Si, respectively. The
ARPES experiments were performed at TEMPO beamline
at SOLEIL Synchrotron facility, the data were recorded at
room temperature at low photon energy (60eV).

3 Results and discussion
3.1 NaCl surface coverage

Figure 1 shows LEED diffraction recorded from: (a) clean
Ag(110) surface, (b) after the deposition of about one
mono-layer (ML) of NaCl at 140 °C. Figure la clearly shows
a (1 x 1) pattern of the rectangular symmetry of the Ag

(110) surface. After NaCl deposition (Fig. 1b), new
diffraction spots are visible and form a (4 x 1) superstruc-
ture with respect to the Ag unit cell. This superstructure
can be explained by means of a small lattice mismatch
between the structural parameters of the Ag(110) surface
and the NaCl(100) layer rotated by 45° related to the
substrate. Indeed, if we consider the substrate Ag[1-10]
direction, we find that 4 x aa,[1_19) = 1.155 nm is very close
to 3 X anacijo1y) = 1.196 nm, with a small lattice mismatch
of 3.55%. As for the other direction Ag[001], the NaCl
lattice parameter anacijo1—1)= 0.400nm is close to aag 001
=0.408 nm with a small lattice mismatch of 2.00%. From
the LEED pattern, a lattice constant of 0.54nm for the
NaCl film has been measured using the Ag diffraction spots
as a reference. It is close to the bulk lattice constant of NaCl
of 0.56 nm.

Figure 2 shows the STM topography of 1 mL NaCl on
Ag(110) surface, here the optimized growth conditions to
obtain large NaCl islands that cover almost completely the
Agsubstrate hasalready been found in previous work [32,33].
Indeed, as shown in Figure 2a, with the Ag surface kept at
140°C, the growth of large-area NaCl islands with a size of
450 x 450 nm? can be achieved. The atomically resolved
STM image presented in Figure 2b, shows a 0.40 nm x 0.40
nm square unit cell which corresponds to NaCl(100).
The preferred NaCl (100)-surface growth has also been
observed on other metallic surfaces [34,35] and has been
found to be independent of the substrate plane symmetry
[36,37], because the surface energy of the (100) plane is
lower than that of the (111) plane [38]. In addition to the
low surface energy, NaCl (100) is electrically neutral in
contrast to the (111) surface, which is polar due to the
alternation of the Na and Cl planes in the NaCl [111]
direction.

Figure 3 shows ARPES band mappings recorded from a
clean Ag(110) substrate and after deposition of 1ML NaCl.
They were measured at room temperature at low photon
energy (60eV) along the I'— X direction of the substrate
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Fig. 2. (a) STM image (800 x 800 nm?, U=-1V, I=0.7nA) of 1ML NaCl on Ag(110) surface (b) atomically resolved STM image of
the NaCl layer (3 x 3 nm? U=-0.2V, I=0.7 nA), the NaCl unit cell is indicated by black square line.
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Fig. 3. High resolution ARPES measurements on (a) clean Ag(110) and (b) upon deposition of 1 mL NaCl. The experiments were

performed at room temperature at low photon energy of 60eV.

and were acquired simultaneously at an angular range of
F 10°. On the clean Ag(110) we observe the Ag sp band as
indicated in Figure 3a. In addition, Shockley-type surface
states with a parabolic dispersion shape are localized close
to the Fermi level. In general, any modification of the
surface will be reflected in the existence and intensity of
such states. Figure 3b shows the same ARPES measure-
ment after the deposition of 1 mL NaCl over the Ag surface.
Here, the Ag sp band is still observed, but we notice the
absence of Shockley surface states. This could indicate that
the metal surface is almost fully covered with the NaCl
layer.

3.2 Silicon ad-layer deposition

The following results of silicon deposition are made on the
NaCl/Ag(110) surface with the same growth conditions
and LEED pattern as described above. The only changing
parameters will be the silicon deposition duration and the
substrate temperature. In order to investigate the surface
chemical composition, Auger electron spectroscopy (AES)
was used. The AES spectrum shown in Figure 4 is
composed of peaks assigned to Ag (356 eV), C1 (181 eV) and
Si(92eV). The Na Auger peak cannot be detected due to its
higher kinetic energy (Na [KLL] transition at 990eV) and
to its weaker ionization cross section compared to Ag and
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Fig. 4. Differential AES spectrum recorded after deposition of 0.5 mL Si on a NaCl/Ag(110) surface.
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Fig. 5. 0.2 ML of silicon deposited on NaCl/Ag(110) at room temperature. (a) LEED diffraction pattern showing a (4 x 1) in blue and
(2 x 5) in red periodicities assigned to NaCl/Ag(110) surface and silicene/Ag(110) NRs, respectively. (b) STM image (12.5 x 12.5 nm?,
U=-1V, I=1nA) showing silicene NRs and a NaCl island (c) STM image (5.5 x 5.5 nm? U=-1V, I=0,8nA) showing accumulation

of Si atoms on the NaCl island.

C1[39]. From the spectrum, we can also note the absence of
contaminants such as carbon (272eV) or oxygen (503 V).
The silicon peak located at 92eV demonstrates that
deposited silicon is not bonding with other chemical
components such as chlorine, silver or oxygen. In this case,
a shift towards lower kinetic energy would be seen for the
silicon (e.g. Sipeak at 76 eV for SiO, [39]). We note that the
same AES observations were found in all the studied
samples presented here. For simplicity, we just show the
AES spectrum recorder for 0.5 ML of Si deposited on the
NaCl/Ag(110) substrate.

Figure 5 shows LEED Pattern and STM topography of
the first silicene growth stage where a 0.2 mL of silicon was
deposited on a NaCl/Ag(110) at room temperature (RT).
The LEED pattern (Fig. 5a) shows a clear (4 x 1) and a
weak (2 x 5) diffraction spots characteristic of NaCl/Ag

(110) surface and Si/Ag(110) nanoribbons (NRs) [40],
respectively. The STM images confirm the LEED results
showing only ordered silicon nanoribbons on NaCl free area
(Fig. 5b), while Si atoms accumulate on top of the NaCl
islands without any order (Fig. 5¢). However, annealing at
60 °C during Si deposition, an ordered surface structure was
observed with STM and confirmed with LEED new
diffraction spots (Fig. 6a). As can be seen from the STM
image in Figure 6b, an interesting feature is observed on the
NaCl island in which silicon atoms tend to arrange as of Si
dimers. Furthermore, after increasing the temperature of
annealing to 140°C during Si deposition (0.7mL), we
observe from the STM image in Figure 7b that the Si
dimers self-organized to form a 1D chains oriented along
the substrate Ag[1-10] direction. From LEED pattern in
Figure 7a, a new (3 x 4) superstructure related to the Si
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Fig. 6. 0.2mL of silicon deposited on NaCl/Ag(110) at 60 °C. (a) LEED pattern showing diffraction spots of Ag, NaCl, and Si in black,
blue, and red circles, respectively. (b) STM image (8 x 8 nm? U=-1.16V, I=1nA) showing an ordered Si structures (yellow
rectangle) on a NaCl island with its square symmetry (blue square).
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Fig. 7. 0.7mL of silicon deposited on NaCl/Ag(110) at 140°C. (a) LEED pattern showing diffraction spots of Ag, NaCl, and Si in
black, blue, and red circles, respectively. (b) STM image (11 x 11 nm?, U=-1V, I=1nA) showing Si chains (yellow rectangle)
oriented along the Ag[1-10] direction. (c¢) Presents the line scans A and B in (b), respectively.

chains is observed. Indeed, the line profiles taking along the
lines A and B in Figure 7b show a periodicity of 0.86 nm and
1.60 nm which corresponds to 3 X aag(1—10)= 0.86 nm and
4 X apg[oo1) = 1.60nm. The apparent structure of these Si
chains appears like the structure of silicene first stages
growth on Ag(100) [12].

Now, following the last step, a post-annealing to the
same sample at 200 °C is performed in order to improve the
silicon atoms diffusion. As shown in Figures 8a and 8b, this
heat treatment induced a highly ordered Si honeycomb-like
structure composed of parallel nanoribbons oriented along
the Ag[1-10] direction of the substrate. Compared with the
growth at 140°C, we observe the same LEED pattern in
Figure 8c, showing the same (3 x 4) superstructure and the
same 0.86nm and 1.6 nm dimensions along the Ag[1-10]

and Ag|001] directions, respectively. The only difference in
the LEED pattern is the intensity of the diffraction spots,
in which after annealing at 200°C they become more
intense in comparison to the 140 °C heat treatment. From
the Si structure in Figure 8b, the lateral distance between
two nearest protrusions is 0.5nm, which is too large to
represent individual Si-Si atoms (0.23nm). This means
that the imaged silicon honeycomb-like structure is
indicative of a quasi-atomic STM resolution. Here, as
shown on previous work [30], a key point to understand the
complex model of the observed structure is density
functional theory (DFT) simulation [41-43]. Indeed, the
optimization of a Si nanoribbons (NRs) with H-saturated
dangling bonds on a 1 mL NaCl/Ag(110) substrate, showed
that the Si atoms tend to form a honeycomb-like structure.
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Fig. 8. 0.7mL of silicon deposited on NaCl/Ag(110) at 140 °C followed by a post-annealing at 200 °C (a) STM image (21.5 x 21.5 nm?,
U=-0.7V, I=0.8nA) of a Si ad-layer. (b) High-resolution STM image (5 x 5 nm? U=-0.04V, I=2.6nA) showing the atomic
structure of the deposited silicon self-assembled to form honeycomb-like structure. (¢) LEED pattern showing diffraction spots of Ag,
NaCl, and Si in black, blue, and red circles, respectively, (d) STM image (7.5 x 7.5 nm?, U=-0.6 V, I=0.87nA) of a silicon ad-layer

grown on a NaCl film with square symmetry.

More details about the structural model of the Si NRs on
NaCl/Ag(110) substrate as well as its electronic properties
and chemical bonding to the substrate has been elucidated
recently [30,31]. For more investigation, Figure 8d shows a
silicon ad-layer alongside the NaCl film. The hexagonal
lattice is not observed in the image because of the tunneling
parameters used to record the STM topography. Indeed, in
order to atomically resolve the NaCl structure, a low
tunneling current should be used, whereas, the current
must be higher for silicon hexagonal atomic resolution.

4 Conclusion

We have studied the growth of silicene on NaCl/Ag(110)
substrate in the sub-monolayer range using LEED, STM,
AES and ARPES experiments. We demonstrate that
after covering the metallic surface of Ag with NaCl islands
and the deposition of Si atoms by molecular beam
epitaxy, the growth of silicene goes through different

stages depending on the substrate temperature. Indeed,
analysis of the surface after a silicon deposition at room
temperature reveals that the Si atoms accumulate on top
of the NaCl layer without any long-range order.
Furthermore, it was observed that a silicon deposition
at 60 °C and 140 °C leads to the formation of an ordered Si
chains with a superstructure of (3 x4). In addition,
following a post annealing at 200°C we have observed
that the Si atoms self-assembled to form silicene nano-
ribbons with a honeycomb-like structure. These results
help us understand the growth mechanism of silicene on
an insulating substrate and show the importance of the
temperature as a factor that can enhance or limit the Si
atoms diffusion on the surface, eventually control the
growth of silicene [44,45].

This work is supported by a public grant overseen by the French
National Research Agency (ANR) as part of the ¢ Investissements
d’Avenir” program (Labex NanoSaclay, reference: ANR-10-
LABX-0035).
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