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Abstract

The discovery of graphene!?, with its unique physical properties has driven an intense research effort to find new
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2D materials based on other elements®*. Many have been discovered: boron nitride’, silicene®!?, germanene
14 phosphorene'>!¢, stanene!’, and metal dichalcogenides!®'°. The widespread use of silicon in modern technology
makes silicene a particularly logical choice. A silicene-based field effect transistor operating at room temperature
has been demonstrated recently?®. However, producing free-standing silicene has proved to be a huge challenge.
Until now, silicene could be synthesized only on metal surfaces where it naturally forms strong interactions with
the metal substrate that modify its electronic properties. Here, we report the first experimental evidence of
silicene sheet on an insulating NaCl thin film. This work represents a major breakthrough; for the study of the

intrinsic properties of silicene, and by extension to other 2D materials that have so far only been grown on metal

surfaces.



Among the properties unique to 2D materials, silicene should show a quantum spin Hall effect??,
and giant magnetoresistance??. For historical reasons®1°, the early investigations of silicene were
performed almost exclusively on metal substrates by epitaxial growth of silicon atoms: Si/Ag89,
Si/Autt1?, Si/zrB,%3, and Si/Ir?*. However, a number of questions remained unanswered due to
diverging evidence, crucially over the existence or not of Dirac fermions in silicene. Angular-
resolved photoemission spectroscopy (ARPES) and scanning tunneling spectroscopy (STS)%>26
claimed to observe them, while other experiments indicated a strong interaction between silicene
and the metallic surfaces?”?%, indicating that the observed linear dependence was due to an
interface state of the silver. Using a metal substrate was obviously a hindrance to observing the
intrinsic properties of silicene. This alone has motivated the exploration of other potential
substrates to reduce the interaction with silicene. From this point of view, Alkali metal halides,
such as NaCl, present an ideal alternative substrate, particularly in the form of a thin film, simply
because the thin NaCl film behaves as a dielectric layer which decouples the electronic states of
adsorbed species?3! from the metallic substrates.

Here, we present a comprehensive study of the growth of silicene on a thin NaCl film deposited
on the Ag(110) surface. Using scanning tunneling microscopy (STM), low energy electron
diffraction (LEED), X-ray photoemission spectroscopy (XPS), extended x-ray absorption fine
structure spectroscopy (EXAFS) and density functional theory (DFT) calculations, we demonstrate
that silicene forms an extended 2D structure on the thin NaCl film. The STM images show a highly
ordered sheet with honeycomb-like structure. The XPS and EXAFS measurements reveal that the
silicon atoms have a single chemical environment, and that the silicon environment is consistent

with that of silicene. Finally, DFT calculations confirm the formation of weakly bound silicene



composed of a densely packed array of nanoribbons on the NaCl film in line with the experimental
results. This is the first clear evidence of the formation of silicene on an insulating thin film. The
best growth conditions for obtaining large-area NaCl thin films on the Ag(110) surface has already
been optimized successfully3? (see Methods).

Figure 1 presents the LEED patterns obtained on a) the bare Ag(110) surface, b) after deposition
of ~1 ML of NaCl, and c) after the deposition of about 1 ML of silicon on the NaCl/Ag(110) surface,

respectively. Figure 1-a shows a sharp (1x1) pattern characteristic of the clean Ag(110) surface. In
Figure 1-b, the formation of the NaCl layer creates a (4x1) superstructure with respect to the Ag
unit cell. In Figure 1c, the LEED pattern presents a (3x4) superstructure of the Silicene layer with
respect to the Ag unit cell. In both Figures 1-b and 1-c, the underlying layers of Ag and NaCl/Ag,

respectively, are visible through the top layer.

a)

Figure 1: LEED patterns of (a) bare Ag(110) substrate, (b) after a deposition of ~1 ML of NaCl, (c)
after the deposition of ~1 ML of silicon on NaCl/Ag(110). The Ag(110) unit cell, the x3 and x4

periodicities are indicated. The diffraction spot corresponding to NaCl film is highlighted by the
small black circles in b and c. The LEED patterns were recorded at an energy of 70 eV.

Figure 2a shows a typical STM image of the thin NaCl film grown on Ag(110). It is well known that
NaCl forms islands on different metallic substrates33-36, In this experiment, the surface is covered

by NaCl islands more than 160 x 160 nm? in size, with very few bare areas of silver still remaining.

The equivalent of 1 ML of silicon was then deposited on the NaCl/Ag(110) surface. The STM
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topography in Figure 2b shows a Si layer that covers the entire surface of the NaCl film. Figure 2c
displays a close-up of the STM image (Figure 2b). The image shows hexagons of Si atoms forming
a chain-like structure all oriented along the same [1-10] direction. Figure 2d displays an atomically
resolved image of these chains revealing a highly ordered honeycomb-like structure. The line
profiles recorded along the lines A and B in Figure 2d are shown on Figure 2e and 2f respectively.
In these line profiles we observe a periodicity of 0.86 nm and 1.60 nm, respectively, in good
agreement with the (3x4) LEED pattern. Indeed, 0.86 nm corresponds to 3x aag[1-10 and 1.60 nm
corresponds to 4xaagoo1] (aagi1-101= 0.289 nm and aagjoo1) = 4.07 nm). In addition, the line profile C
along the edge of the hexagon in Figure 2d, gives a lateral distance between the two nearest
protrusions of 0.45 nm with a very small buckling (see figure 2g). The distance between the
nearest-neighbor protrusions is larger than the Si-Si distance of 0.23 nm measured in other
hexagonal silicene layers indicating that only some of the atoms contribute to the Density of

States (DOS) in these STM images.

Figure 2: Occupied-state STM images corresponding to (a) 1ML NaCl film on Ag(110) (500x500
nm?, U=-1.05V, I=0.7 nA), (b) 1 ML of silicon deposited over the NaCl film (100x100 hm?, U= -1V,
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I= 0,8 nA), (c) zooming on Figure 2b (20x20 nm?, U= -0.7 V, I= 0.8 nA), (d) High-resolution STM
image on silicon layer (6.5x6.5 nm?, U= -0.04 V,I= 2.6 nA). (e), (f) and (g) are line scans
corresponding to A, B and C on Figure 2d respectively.

The electronic structure of the silicene layer can be understood further using X-ray photoemission
spectroscopy to probe the environment of the Si atoms within the silicene layer. The peaks
corresponding to the Ag 3d, Si 2p, Cl 2p and Na 2s core levels were fitted with spin-orbit split
Doniach-Sunjich (D-S) function®’ (see Methods). First, the Ag 3d core level spectra recorded at

normal emission (0° to the surface normal), with a photon energy of 700 eV, before and after

deposition of the NaCl film are shown in Figure 3a and 3b, respectively.
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Figure 3: High-resolution core level spectra of Ag 3d recorded on bare Ag(110) surface (a) and
after deposition of NaCl film (b) and after deposition on Silicon layer on NaCl (c). Dots correspond



to data and black line overlapping the data corresponds to the best fit. For each spectrum, the
component giving the best fit is indicated in black.

On the bare Ag(110) substrate, we observe two peaks in the XPS spectra at binding energies of
374.2 eV and 368.2 eV corresponding to the Ag 3ds/2 and 3ds/, core level peaks. The peaks require
a fit with only one spin—orbit split component, and are located energies similar to those reported
in the literature3®, The two small peaks located at Ep1 = 372.0 eV and Epz = 378.0 eV are the two
dominant plasmon excitations of silver3’. After deposition of the NaCl film on Ag(110), the Ag 3d
peaks are located at the same binding energies, and only one spin—orbit split component is
required to fit the Ag 3d core level. This indicates that the interaction between Ag and NaCl is
weak as expected. The two plasmon peaks of silver are still visible after deposition of NaCl
indicating that the NaCl film has not affected the surface plasmons at the NaCl/Ag interface.
Figure 3c shows the Ag 3d after deposition of the silicon layer on NaCl/Ag(110). Here again only
one spin—orbit split component is required to fit the Ag 3d core level. We observe that the
deposition of silicon does not affect the plasmon peaks of silver. That they are still visible is an
indication that Si atoms have not adsorbed on Ag surface, since these plasmons would be
quenched following the adsorption of silicon on Ag(110) as has been shown previously®. It is clear
that the silicene layer has grown on top of the NaCl layer.

To complete the observations, the Cl 2p and Na 2s core level spectra were recorded, in normal
emission (0°) at photon energies of 700 eV and 147 eV, respectively, after deposition of Si
deposition on NaCl/Ag(110). In Figure 4a and 4b, the Cl and Na spectra require only one spin—
orbit split component to fit the spectra. This indicates that Na and Cl ions have only one chemical

environment (Na surrounded by Cl atoms and Cl atoms surrounded by Na). This again is further



evidence for a weak interaction both between the NaCl film and Si as well between the NaCl film
and the silver substrate. Finally, Figure 4c presents the Si 2p core level spectra of the silicon layer
recorded in normal emission (0°) at a photon energy of 147 eV. The Si 2p spectrum requires only
one spin-orbit split component to fit the spectrum indicating that the silicon atoms are all
equivalent in having only one chemical environment. Given that Si atoms are adsorbed on top of
the NaCl film, this indicates that the Si-NaCl interaction is weak. This contrasts clearly with
previous XPS studies of silicon on silver surfaces that showed two distinct components resulting

from the two Si-Si and Si-Ag environments®-104°,
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Figure 4: High-resolution core level spectra corresponding to: (a) Na 2s, (b) Cl 2p, recorded after
deposition of 1 ML of NaCl on Ag(110), (c) Si 2p, recorded after deposition of 1 ML over
NaCl/Ag(110). All spectra are recorded at normal emission (0°). Dots correspond to the raw data
and the overlapping black line corresponds to the best fit. For each spectrum, the component
giving the best fit is indicated in black.

EXAFS measurements recorded at the Si K-edge provide complementary information on the local
structure of the 2D silicon layer grown on NaCl/Ag(110) surface. EXAFS spectra give a precise
determination of the interatomic distance between the excited atom (here Si) and its neighbors.
Figure 5 shows the modulus and the imaginary part of the Fourier transform of k3X(k) for bulk

silicon and for the silicon layer grown on NaCl/Ag(110) surface. First, there is a high similarity

between the two local structures. This indicates that the local structure around the Si atoms of



the silicon layer is highly ordered. The peaks located at 1.92 Aand3.4Ain Figure 5a are assigned
to the first and second interatomic distances in the bulk silicon crystal*'. These values are shifted
with respect to the expected lattice parameters of 2.35 A and 3.83 A due to the well-known effect
of the phase shift between the absorbing atom and the backscattering one*?. The first and second
interatomic Si-Si distances from the EXAFS spectra are very close to the values reported for
silicene grown directly on Ag(110) or Ag(111) surfaces*'. However, an interatomic distance of 2.7
A was attributed to the Si-Ag bond“!. In our study, this particular distance is not observed so Si-
Ag bond formation is absent. Again, this indicates that the Si atoms are located on top of NacCl
film. Taking together all the information from the STM, XPS and EXAFS studies, we can conclude
that silicon atoms form a 2D layer with a local structure similar to silicene decoupled from silver

substrate by the thin NaCl film.
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Figure 5: (a) modulus and (b) imaginary parts of the Fourier transforms of bulk silicon and 2D Si
sheet deposited on NaCl/Ag(110)



To support the experimental findings, a computational study was performed using Density
Functional Theory (DFT) (see Methods). From the LEED pattern shown in Figure 1b, along the
close-packed direction, 3 Na-Na (or CI-Cl) distances correspond to 4 Ag-Ag distances. Since the
periodicity along this direction was x3 in the LEED after deposition of silicon (see Figure 1c), we
have chosen a slab of 12 Ag-Ag lengths along this direction. As the NaCl and silicene layers form
x1 and x4 periodicities along the direction perpendicular to the channels respectively (see Figure
1b and 1c), a x4 was adopted along this direction. The corresponding silicene structure which
fulfills all these conditions is a silicene nanoribbon aligned along the long direction of the 12 by 4
slab. Obviously, the resulting dangling bonds at the edge of the ribbon will have a strong influence
on the electronic structure, and to overcome this difficulty, we have added hydrogen atoms in
order to saturate these bonds. This is fully justified by the presence of residual hydrogen in the
vacuum chamber which is known to react with semiconductor surfaces even at very low pressure
(10 mbar)*3. We have optimized this hydrogen-terminated structure using the DFT calculations.
Figure 6 shows the top and side views of the relaxed system. After full relaxation of the system,
we found an interlayer distance of 0.33 nm between the silicene sheet and the NaCl layer. The
silicene sheet is much more corrugated than in the gas phase with a maximum corrugation of 0.67
A. Note that even after having chosen a 12x4 cell of silver for the calculation, the Si presents a
(3x4) structure with respect to the silver in good agreement with STM and LEED results. The (1x1)
and the (3x4) cells are indicated in Figure 6. The first nearest neighbor Si-Si average distance is
found to be 0.237 nm in good agreement with the EXAFS results and with the values reported
previously for Silicene/Ag*'. The separation between silicene layer and the NaCl of 0.33 nm is

similar to that found in graphite. Taking into consideration the adsorption energy values of around



50 meV/atom as well, is strong evidence that silicene is held on the substrate by weak

electrostatic van der Waals forces.
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Figure 6: Top view (up) and side view (down) of silicene nanoribbons on Ag(110), after full
relaxation. Ag, Cl, Na, H, and Si atoms are in grey, green, yellow, red and blue purple. Top view
(up) and side view (down). The (1x1) and the (3x4) cells are indicated by the small and large
rectangles, respectively.

Method

Th?e e:()p:riments were performed in ultra-high vacuum apparatus with pressure in the 101! mbar
range, equipped with special tools for surface preparation and characterization: an ion gun for
surface sputtering, Low Energy Electron Diffraction (LEED), Auger electron spectroscopy (AES) and
a commercial Omicron LT-STM. The growth of NaCl and Silicon was controlled systematically by

Auger and LEED measurements.
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Surface preparation

The Ag(110) commercial crystal with 99.99999% purity was cleaned by multiple cycles of
sputtering (650 eV Ar* ions, P ~ 10> mbar) followed by annealing at 500 °C. NaCl deposition was
done using a Knudsen cell heated at 520 °C. The Ag substrate was kept at 140°C during NaCl
deposition to grow large NaCl islands3?. Silicon was evaporated (~ 0.02 Si ML/min) by direct
current heating of a Si wafer to about 1200 °C onto NaCl/Ag(110) held at 140 °C. A post-annealing
was performed at 200 °C in order to improve the diffusion of silicon. All the STM images where
recorded at 78 K and Nanotec WSxM software** was used to process and analyze the data.
Spectroscopy

The XPS and EXAFS experiments were carried out at TEMPO and LUCIA beam-lines respectively at
SOLEIL Synchrotron facility in France. The same Ag(110) crystal was used for all the experiments.
The core level spectra were adjusted with spin-orbit split Doniach-Sunjich (D-S) function®®. The
Ag3d was fitted with a 140 meV eV Gaussian profile and a 280 meV Lorentzian profile, the spin-
orbit splitting is 6 eV, and the branching ratio is 0.78. The best fit for Cl 2p was obtained with a
0.83 eV Gaussian profile and a 0.12 eV Lorentzian profile, the spin-orbit splitting is 1.63 eV, and
the branching ratio is 0.49. For Na 2s, the best fit is obtained with 0.53 eV Gaussian profile and a
0.55 eV Lorentzian profile, while for the Si 2p spectra, the best fit was obtained with a 0.255 eV
Gaussian profile, a 0.07 eV Lorentzian profile, the spin-orbit splitting is 0.61 eV, and the branching
ratio is 0.48. The background of each spectrum was fitted with polynomic of second order. The
EXAFS spectra were collected in total electron yield mode. The full analysis of the experimental

data has been conducted with the Athena code®. A frequency cutoff below 1.4 A was used to
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filter out the background oscillations and a Kaiser-Bessel window function?® from k=2 to 9.5 A
has been performed before the Fourier transform.

Structure computation

The computational study has been performed using Density Functional Theory (DFT) as
implemented in the Fireball code?’. This code uses the local density approximation (LDA) for the
exchange and correlation functional according to the McWeda approach® and a combination of
atomic-like orbitals as basis set*. Basis sets of sp3d° for Ag and Cl, sp3 for C and Si and s for H and
Na were used with cutoff radii (in atomic units) s =4.5, p=5.5,d=4.0(Ag),s=3.9,p=4.4,d =
5.4(Cl),s=4.5p=4.5(C),s=4.8,p=5.4(Si),s=4.1(H) and s = 8.0 (Na). These basis sets have
been already used successfully in the study of graphene and two-dimensional materials>®>%, We
have considered a Ag(110) slab of 5 layers containing 12 atoms each in a 3x4 structure, with a
NaCl monolayer on top plus a hydrogenated silicene nanoribbon. Calculations have been
performed using a set of 32 k-points in the first Brillouin zone, and structures have been optimized

until the forces were lower than 0.1 eV/A.
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