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Abstract

In the last years, epitaxial graphene (epi-Gr) demonstrated to be an excellent substrate for the epitaxial or
intercalated synthesis of two dimensional (2D) materials. Among 2D materials, silicene has been for a long
time a dream for the scientific community, for its importance both from fundamental and application point
of view. Despite, the theoretical prediction of silicene energetic viability, experimentally it is not so simple to
induce silicon to hybridize in sp? configuration. In this respect, the substrate proved to play a fundamental
role in the Si atom absorption process, leading in case of metal substrates to a mixed phase formation. For
van der Waals chemical inert substrates, instead, like highly oriented pyrolytic graphite and MoS,, Si atom
intercalation even at room temperature has been reported and associated to non-ideality of their surfaces.
Interestingly, very recently it has been shown that hundreds of nanometer area quasi-free standing silicene
can be grown on top an almost ideal epi-Gr layer synthesized on 6H-SiC substrate. In the present paper, using
scanning tunneling microscopy and spectroscopy and Raman analysis, we demonstrate that a non-ideal
(slightly defected) epi-Gr network obtained by thermal decomposition of Si-terminated 4H-SiC(0001) enables
the Si atoms penetration forming intercalated silicene nanosheets at RT, thus opening a path toward
controlling intercalated silicene nanosheet formation through pristine graphene defect concentration

managing and silicene application in nanotechnology.

Keywords: 2D materials, Silicene, Graphene, Van der Waals heterostructure, Raman spectroscopy, scanning
tunneling spectroscopy, scanning tunneling microscopy
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Introduction

In the last decade, epitaxial graphene (epi-Gr) demonstrated to be an optimal substrate for the epitaxial or
intercalated synthesis of two dimensional (2D) materials, like transition metal dichalcogenides, 13 2D-nitrides
45 and two dimensional metals. 7 Indeed, exploiting graphene intercalation ability enabled the growth of
2D materials which are not easy to render 2D since such a form is not the most energetically stable or
inherently modifies interacting with environment. In addition, vertical heterostructures constituted by two
or more 2D materials attract much interest because of unprecedented interfacial interactions and promises
of novel electronics and optoelectronics applications. Among substrates used to synthesize epi-Gr, SiC(0001)
offers several technological advantages like uniform large-area control of graphene number of layers, easy
intercalation of H or other atomic species to tailor the interactions between SiC and graphene enabling future
potential integration in wafer-scale fabrication processes. As far as 2D materials concern, probably one of
the most fascinating though elusive is silicene. Silicene consists of a honeycomb lattice of atoms with non-
conventional sp? hybridization of Si atoms thus presenting unique conductive properties due to its massless
fermion carriers, ®° the possibility to engineer its small energy bandgap by doping, applying electric or
magnetic fields and to exploit its abilities in vertical and/or all metal (e.g. graphene/silicene) devices. 111 A
huge effort has been reported to synthetize quasi-free-standing silicene on several metal > and inert (i.e.
MoS,, 17, graphite, %, epi-Gr 2 22) substrates, giving rise to debates on the real possibility to obtain an

air-stable, large area extended silicene layer on such substrates. Indeed, large lattice parameter differences

18, 20-23 12,15, 24

favor Si sp? cluster formation and a number of Si atom superstructures while the character of
outmost substrate atoms dictates the potential interaction with Si. % 26 In addition, several studies
demonstrated Si atoms intercalation through the monoatomic carbon atom honeycomb network after a

22,27,28 or even in case of room temperature (RT) growth, 2%2° though

thermal treatment at high temperature
theoretically unexpected. 2* 2° Defects of the honeycomb carbon atom monolayer have been suggested to
be at the origin of the observed Si atom intercalation at RT based on scanning tunneling microscopy (STM),
Raman spectroscopy and ab-initio theoretical predictions. In ref. 25, ab-initio molecular dynamics calculations
showed that atomic vacancies on the epi-Gr/Ni(111) surface are necessary for Si intercalation at RT and that
no ordered 2D Si nanosheet formation is possible due to the covalent bonds formed between Si and Ni atoms.
Moreover, interestingly enough, upon Si deposition on a highly oriented pyrolytic graphite substrate (HOPG),
the observation of the graphite G mode redshift associated with the appearance of a 538 cm™ Raman peak
has been ascribed to the tensile strain induced by silicene nanosheet formation under the outermost
monoatomic carbon layer. 2° In this case, being HOPG a van der Waals structure, charge density calculations
predicted that intercalated Si atoms presents no bonds with overlayer and downlayer carbon atoms. 2 In this
scenario, slightly defected epi-Gr grown on SiC(0001) substrate looks the most promising substrate for
intercalated silicene formation at RT, since epi-Gr is separated from the bulk by a carbon interface layer
(hereafter called the buffer layer (BL)) which do not binds to epi-Gr thus promising to prevent intercalated Si
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- BL carbon atoms strong interactions. Very recently, it has been reported that silicene sheets some hundreds
of nanometers large exhibiting a Raman peak at 560 cm™, very close to the theoretical value of 570 cm™ for
free-standing silicene, have been obtained for very low Si coverages on epi-Gr grown on 6H-SiC(0001)
substrates. 3° In this paper the authors indicate as one of the prerequisites for such a silicene growth, the use
of an almost defect free epi-Gr substrate with a Raman D/G band intensity ratio being of 0.09. This claim
opens the pathway towards obtaining continuous silicene layer on epi-Gr and looks to confirm the previous

hints for obtaining the RT synthesis of intercalated silicene nanosheets through epi-Gr defects.

In the present work, we investigated the RT deposition of silicon atoms on epi-Gr layer on a 4H-SiC (0001)
substrate using low energy electron diffraction (LEED), x-ray photoelectron spectroscopy (XPS), scanning
tunneling microscopy (STM) and Raman spectroscopy. We first note the weakening of the typical
(6@3x6[3)R30° LEED spots of the carbon buffer layer present between the epi-Gr and the Si-terminated SiC
substrate, (while the (1x1) graphene spots remain unchanged). Secondly, we observe on the STM images the
presence of nanometer sized clusters, appearing rather flat on top, and intercalated under the epi-Gr
network. No hints of Si 3D clusters on the graphene surface are observed by STM. Raman spectroscopy shows
three main modifications of the epi-Gr modes: the splitting of the G band, the increase of the intensity of the
D/G ratio from the pristine epi-Gr values and shift and intensity decrease of the 2D mode. Moreover, no
typical crystalline sp*® Si Raman mode (located around 520 cm™) is recorded while a peak at 538.5 cm™ is
displayed. These indications suggest the formation of silicene nanosheets intercalated underneath the epi-
Gr layer, which is locally affected by a tensile stress due to the presence of such 2D silicon nanosheets. The
present outcomes are all consistent with the presence of defects (e.g. atomic vacancies, dislocations, step
and graphene sheet edges, ...) on the pristine epi-Gr network as measured by Raman spectroscopy revealing,
a D/G band intensity ratio reaching values up to 0.25, i.e. a factor 3 higher than in the ref. 30 case. These
results suggest a route to manage the RT synthesis of more extended silicene nanosheets under epi-Gr on

SiC(0001) substrate.
Experimental

A High-Purity Semi Insulating (HPSI) 4H-SiC(0001) substrate from CREE with a doping level of Np~ 1x10%* cm™
was graphitized at 1680°C for 10 minutes in P=850 mbar Argon. 3!

Graphitized 4H-SiC(0001) samples were introduced in the ultra-high vacuum (UHV) chamber (base pressure
low 10%° Torr) and in situ cleaned by annealing at 400°C for 10 minutes. Si evaporation was performed by
direct heating of a high-purity silicon (Sil'tronix STEBARRHERAR epi-Gr/4H-
SiC(0001) substrate. The deposition was done at a constant rate of 0.02 nm/min (0.07 ML/min) monitored
by a quartz balance (Inficon). Deposition was carried out keeping the substrate at room temperature (RT).

LEED patterns were recorded in-situ before and after the Si deposition by using an Omicron reverse LEED.

3
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Samples were studied in situ by XPS as well as by scanning tunneling microscopy and spectroscopy (STS). C

1s, Si 2p, and Si 2s XPS photoemission spectra were measured using a non-monochromatized BERERPR

(1486.6 eV) and a double-pass CMA operating in retarding mode. The energy scale was calibrated with
reference to the binding energy of the Si 2ps/, peak from a clean Si(100) (2 x 1) reconstructed sample which
has been set t0 99.9 £ 0.9 eV with respect to the Fermi level. XPS spectra were analyzed using Fityk software.
STM imaging was performed using an Omicron-STM system operating at RT, with electrochemically etched
tungsten tips. The STM was calibrated with atomically resolved images of the bare highly oriented pyrolytic
graphite surface. * All images were acquired in the constant current mode and were unfiltered apart from a
rigid plane subtraction. The local electron density of states near the Fermi level were investigated by STS.
During the acquisition, the tunneling current was registered as a function of the applied bias (I vs V), the

feedback loop was disabled, the bias-voltage set at 0.14 V and the set-point current, which regulates the

BAX BARAR during the voltage scan. |-V curves were collected over grids of
points equally spaced on the scanned sB-ARSALM were averaged over a set of several

curves. The differential conduction was obtained by performing a derivative procedure.

Ex-situ Raman spectroscopy and mapping were performed without capping the samples. The Raman analysis
was carried out with a Renishaw Invia spectrometer equipped with a confocal optical microscope and a 532
nm excitation laser. The Raman spectrum are acquired with a 100X objective with a numerical aperture
NA=0.9, a laser power of 1 mW and an acquisition time of 5 s. The laser spot diameter size is evaluated to be

800 nm.* The spectral resolution is 2 cm®,

Results
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Figure 1 displays the LEED patterns of the pristine epi-Gr on 4H-SiC(0001) (hereafter indicated as SiC) and of
the sample surface after the evaporation of 0.5 and 1 ML of Si. In Figure 1a the white and yellow arrows
indicate the reciprocal unit vectors of SiC and epi-Gr, respectively. The network of epi-Gr is rotated by 30°
with respect to the SiC ones. Around the Gr (1x1) spots there are the six fractional order spots belonging to
a superstructure with (6B3x6E3)R30° periodicity. This is caused by the marked atomic displacements induced
by the formation of a carbon underlayer (standardly named buffer layer (BL) or zero-layer graphene), with a
fraction of C atoms covalently bound to the outermost Si-terminated SiC surface. ** The higher intensity of
the epi-Gr spots with respect to six-fractional order spots of the (6E3x6F3)R30° BL is ascribed to the presence
of the top monolayer epi-Gr. 34 Figure 1b and 1c exhibit the LEED evolution as Si deposition takes place. By
increasing the Si amount, the spots of the (6@3x6E3)R30° BL and those of the (1x1) SiC become fainter and

fainter. The epi-Gr spots, though, remaining well visible, reduce their intensity, and suffer a broadening. This

Figure 1 a. LEED pattern of the pristine epi-Gr on 4H-SiC(0001) after an annealing at 400°C for 10 minutes in UHV. The
white arrow points to the reciprocal unit cell lattice parameter of 4H-SiC(0001) and the yellow one to the reciprocal unit
cell lattice parameter of graphene, whose network is rotated by 30° with respect to the 4H-SiC(0001) ones. Around the
graphene (1x1) spots there are the six factional order spots of the (6@3x6@3)R30° superstructure periodicity produced by
the presence of the carbon atom buffer layer. b. LEED pattern after 0.5 ML Si deposition. c. LEED pattern for 1 ML Si
coverage. Primary electron beam energy for all three LEED patterns is 63 eV.
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indicates that the Si atoms degrade the crystallinity of the epi-Gr layer within a certain degree. For 3ML of
deposited Si, the epi-Gr LEED spots also disappear behind a blurred background (data not shown). This can
be interpreted as the loss of the epi-Gr long-range order and/or the formation of a few nanometer thick

amorphous or short-range ordered 3D Si structures.
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Figure 2 XPS spectra recorded at C 1s (left panel) and Si 2p (right panel) for the pristine epi-Gr on
4H-SiC(0001) (a,c); for the 1 ML (b,d) and 3 ML (e,f) of evaporated Si. The figures show the
experimental data (black dots) and the constituent curves as resulting from a fitting procedure. The
legends of the colored curves resulting from the fit procedure are reported in the figure.

Figure 2 reports the XPS spectra recorded at C 1s (left panel) and Si 2p (right panel) for the pristine epi-Gr on

4H-SiC(0001), the 1 ML and 3 ML of evaporated Si. XPS spectra have been arbitrarily normalized. The figures

show the experimental data (black dots) and the curves resulting from a fitting procedure carried out after

the Shirley background subtraction. In the case of Si 2p, due to the low XPS resolution induced by the use of

the non-monochromatized X-ray source, the spin-orbit splitting was not accounted for. In Figure 2a, the C 1s
6
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peak reveals the presence of a SiC (blue curve), epi-Gr (red curve) and two BL (green and magenta curves)
components, named S; and S, respectively. The S; and S, components are due to the carbon atoms which
are not bound (green curve) and bound (magenta curve) to the outermost Si atoms of the SiC substrate in
accordance with the results reported in ref. 3. In addition, a small contribution of the C-O feature (dark red
curve) is also visible at 286.2 eV. The Si 2p shows the SiC component (blue curve), the one due to the Si atoms
bound to the BL C atoms (magenta curve) and a weak SiO; peak. Silicon and carbon oxides were formed
either during the graphitization process or during air exposure of epi-Gr defects. After 1 ML Si deposition, a
small peak ascribed to Si-Si bonds (Figure 2d, red curve) appears in the Si 2p spectrum while the epi-Gr and
the C-O features (Figure 2b, red and dark red curves) decrease in the C 1s one. These last findings indicate
that Si mainly affects the epi-Gr layer and C-O bonds, while all the other C 1s components are preserved. This
excludes the presence of thin (8 1-2 nm) Si structures on top of the epi-Gr layer, because in this case all the
C 1s components would have their intensity reduced by the same factor. After the deposition of 3MLs of Si,
the Si-Si peak dramatically increases (Figure 2f, red curve). At the same time, the C 1s spectrum (Figure 2e,
blue curve) displays a huge reduction of the SiC component probably caused by the formation of thicker Si
structures on the substrate surface. Such a high increase of the signal due to Si structures with respect to the
one measured for the SiC substrate is consistent with the ratio between the area of the Si and C features
obtained from the survey XPS spectra, which amounts to 0.27 for the pristine sample and increases to 0.31

and 0.60 after 1 ML and 3 ML Si deposition, respectively.

Figures 3a and 3b show the (150 nm x 150 nm) and the (40 nm x 40 nm) STM images of the epi-Gr/BL/4H-
SiC(0001) surface after 1 ML Si evaporation at RT. Here and hereafter, the STM measurement parameters
are reported in the figure captions. These images show the formation of nanostructures randomly distributed
on the substrate terraces. The periodicity of the surface, not occupied by the islands, is 6X6, i.e. the same as
observed on a pristine epi-Gr/BL/4H-SiC(0001) surface, with a superstructure distance of 1.65 + 0.25 nm
measured both on the line profile (Figure 3c) and on the two-dimensional Fast Fourier Transform (2D-FFT)
reported in the inset of Figure 3a. This 6x6 corrugation is indeed often imaged by STM and reflects the
presence of the (6R3x6R3)R30° superstructure imposed by the registry match of Si outermost atoms of the
SiC and the carbon BL. 3° In our STM acquisition conditions, the apparent height modulation of the 6x6
superstructure amounts to about 0.1 nm, as reported in the literature. 3> 3¢ Some nanostructures appear very
small, with a diameter around 1 nm, while others reach sizes up to 10 nm. The apparent nanostructure height
ranges between 0.2 and 0.4 nm (see the line profile reported in Figure 3d). In addition, on the STM atomic
resolution images, the graphene network is clearly visible everywhere (see Figure 4a, Figure 4b and Figure
4e), as also shown by the 2D-FFT reported in Figure 4c, Figure 4f and in Figure SM1 in the Supplementary
Materials. All this suggests the intercalation of Si atoms at RT. Moreover, if we observe the STM high

magnified images (Figure 4a and Figure 4b white square), the Si nanometric islands appear to be in
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correspondence with the bumps of the (6x6) superstructure. This observation appears without ambiguity in

the line profile reported in Figure 4d (see arrow). Figure 4b also shows a very large nanostructure which

o 1 2 3 4 5 6 7
Distance (nm)

Apparent height (nm)

" 1

1

0 4 8 12 16

Distance (nm)

Figure 3 a, b: STM images of the Gr/BL/4H-SiC(0001) surface after 1 ML Si deposition at RT, (150
nmx150 nm) and (40 nmx40 nm) respectively. Bias voltage 0.8 V, feedback current 0.5 nA. The inset
in panel a reports the 2D-FFT of the entire scanned surface, showing a hexagonal pattern with a
lattice periodicity of 1.65 + 0.25 nm, typical of the (6x6) superstructure observed on a bare
Gr/BL/4H-SiC(0001) surface. The scale bar equals to 1 nm™. c: line profile measured along the blue
line in b, showing the apparent height and lateral size of the (6x6) superstructure due to the BL. d:
line profile measured along the green line in b, displaying the apparent height of the large

nanostructure and isolated islands.

seems to be constituted by several touching and nanometer sized islands under the graphene network. This

closeness of small nanostructures is also clearly displayed by the line profile (Figure SM2c) taken along the

green line in Figure SM2a. Interestingly, the graphene network in Figure 4e appears partially distorted with

the respect to the ideal one, probably due to the presence of a tensile stress experienced because of the Si

underneath. This is also confirmed by the presence of elongated spots in the 2D-FFT reported in Figure 4c,

hints of the existence of honeycomb lattice parameters a little bit different from that of the epi-Gr. In

addition, the red arrow shows the presence of a dislocation in the graphene network suggesting that this

could be the point defect enabling Si atom penetration under the graphene layer. In Figure SM3 are reported

8
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1
2
i two STM images of the pristine epi-Gr exhibiting defects presence both in the 6x6 periodicity of the BL and
5 in epi-Gr network, thus indicating that the starting substrate is slightly defected.
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23 d
24
25 E
26 £
27 3
28 g
29 5
30 <
31 Distance (nm)
32
33
34
35
;? Figure 4 a: STM (6.5 nm x 6.5 nm) image of the epi-Gr/BL/4H-SiC(0001) surface after 1 ML Si evaporation at RT. It is worth
38 noting the extra-protrusion induced by the Si atom intercalation located in one of the (6x6) BL bumps. Its apparent height
39 is demonstrated by the line profile (green line) reported in d (see red arrow). Bias voltage 0.1 V, feedback current 0.36 nA.
40 The scale bars are indicated on the image. b: STM (12 nm x 12 nm) image of the epi-Gr/BL/4H-SiC(0001) surface after 1 ML
Si evaporation at RT, showing two nanostructures of different size. Bias voltage 0.17 V, feedback current 0.5 nA. c: 2D-FFT
41 of the area imaged in b. Though faint, note the hexagonal pattern typical of the graphene honeycomb lattice and the
42 . . . .
elongation of the 6 spots suggesting the presence of several graphene lattice parameters, probably due to the strain
43 . . . . .
suffered by epi-Gr as a consequence of intercalation. e: Zoom of the smaller nanostructure framed in the square white box
44 in b, showing the graphene network and the presence of a dislocation indicated by the red arrow. f. 2D-FFT of the area
45 zoomed in e, showing the presence of hexagonal pattern typical of the honeycomb network of graphene. The graphene
46 network is visible in all areas scanned on the STM images in a and b. The apparent height of this nanostructure is reported
47 in the line profile in SM2c.
48
49 Figure 5a reports the STM image of 3 ML Si deposited at RT on a epi-Gr/BL/4H-SiC(0001) surface. We observe
g? that the entire surface is covered by three-dimensional (3D) islands of various sizes. The smaller ones (Figure
g; 5b) have nanometric size (see line profile in Figure 5c) while the bigger ones result of an agglomeration of
54 these nanometric islands (see line profile in Figure 5d). This means that by increasing the deposited Si
55
56 amount, the formation of 3D island is becoming prevalent compared to the intercalation process, as was also
;73 observed in the case of Si on a graphite substrate. 2° Unfortunately, the atomic resolution of such islands was
59 not reached in the high magnification STM images.
60
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Figure 5 a: STM (150 nm x 150 nm) image of the Gr/BL/4H-SiC(0001) surface after 3 ML Si deposition at RT. The surface

is covered by 3D Si islands of several sizes. Bias voltage 2 V, feedback current 0.3 nA. b: STM (60 nm x 60 nm) image

of the Gr/BL/4H-SiC(0001) surface after 3 ML Si deposition at RT. The island appears as an agglomeration of smaller

nanometric 3D Si islands, whose dimensions are demonstrated by the line profile taken along the orange line and

displayed in c. Bias voltage 2 V, feedback current 0.3 nA. d: apparent height profile measured along the magenta line

in b, exhibiting the lateral size of about 20-30 nm of these agglomerations and their apparent height of about 3 nm.
Figure 6 shows the STS differential conductance acquired for the same 1 ML Si sample on the epi-Gr (black
curve), on the intercalated nanostructure (reported in Figure 4 on top of which a graphene network is visible
on the surface, red curve) and on the 3D Si islands (blue curve) (reported in Figure 5). While the red curve
recorded for 1ML of Si resembles closely the graphene metallic nature (black curve) due to the finite value
around the Fermi level (e.g. around zero voltage value), the blue curve has a marked semiconductor behavior
with a very low conductance. This dl/dV behavior confirms the hypothesis of Si intercalation under the
graphene layer after 1ML Si evaporation. This suggests that the graphene electronic properties are not

modified by the presence of silicon underlayer within the limitations of this STS technique performed at RT.

This is a further hint of no interaction between the Si nanostructure and the graphene layer.
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Figure 6 STS differential conductance recorded on the bare Gr/BL/4H-SiC(0001) surface (black curve), on an intercalated Si island
(red curve) reported in Figure 4 and on a 3D Siisland (blue curve) displayed in Figure 5. The first two curves show a metallic Dirac
like behavior modulated by the Fermi Dirac function at room temperature, the blue one presents a semiconducting behavior
confirming the Si sp3 hybridization.

In Figure 7a the Raman spectra acquired in the silicon range (200-650 cm™) for the pristine epi-Gr sample
(red curve), the 1 ML (green curve) and 3 ML (blue curve) of deposited Si show the typical Raman peak
attributed to the 4H-SiC(0001) substrate located at 265 cm™. All the spectra have been renormalized to the
4H-SiC(0001) TO peak at 777 cm®, see the whole spectra in Figure SM4. After the deposition of 1 ML of Si a
Raman mode appears at around 538 cm, while in the 3 Si ML case, a similar Raman feature is found at 532
cm ! together with a broad band, peaked at 470 cm?, that is most likely due to amorphous silicon. The Raman
spectra of the 1ML and 3ML cases, where the pristine epi-Gr spectrum was subtracted, are reported in Figure
SMS5. Recently, a similar Raman mode, peaked at 542 cm™, has been reported for Si deposited at RT on a
HOPG substrate. Based on a detailed theoretical calculation, this Raman mode was attributed to the
formation of silicene nanosheets on the HOPG substrate. 1° A possible explanation to the shift of the silicene
Raman mode can be due to the different doping caused by the intercalation in an epi-Gr substrate with
respect to the HOPG substrate. It has been predicted by theoretical calculation that the doping (with electron
or holes) affects the Raman shift position in the same way. 3’ Therefore, considering the 5 cm™ shift in case
of the 1 ML silicon deposition it can be due to a doping of +0.05 eV. While the shift of 10 cm™in case of the
3 ML silicon deposition could be the demonstration of doping of £0.1 eV. We don’t expect any particular
strain related shift due to the similar nature in terms of lattice parameters between epitaxial graphene and
HOPG. The histogram, reported in Figure 7b, displays the distribution of the intensity of the 2D silicon peak
in case of 1 ML (green line) and 3 ML (blue line) silicon depositions on epitaxial graphene. For the 1 ML Si
deposition the histogram presents a single peak distribution, while the 3 ML deposition case presents a three

peaks distribution. This can be an indication that in the case of 1 ML deposition, silicene is mainly monolayer,
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while, in case of the 3 ML silicon deposition, the formation of bilayer patches of silicene or the presence of

areas with a higher silicene density become possible. Figure 7c and 7d show the Raman maps of the intensity

of the 2D silicon mode for the 1 ML and 3 ML silicon deposition, respectively. The spatial distribution of the

2D silicon, in case of the 1 ML deposition, is randomly distributed, while for the 3 ML deposition, there is an

indication that the bilayer islands or the areas with higher silicene density are formed along certain direction,

most likely parallel to the step-edges of the SiC substrates.
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Figure 7 a: Raman spectra in the silicon range for the pristine epi-Gr/BL/4H-SiC(0001) (red curve), the 1 ML (green curve)
and 3 ML (blue curve) of deposited Si. b: Histogram of the 2D Silicon Raman mode intensity c: 20 @m x 20 Bm Intensity
map of the 2D silicon mode after 1 ML deposition. d: 20 B@m x 20 BIm Intensity map of the 2D silicon mode after 3 ML

deposition. Pay attention to the different color scale bar in c and d Raman maps.

By analyzing representative Raman spectra in the graphene range (Figure 8a), it is possible to highlight some

strong modifications of the epitaxial graphene after the silicon deposition. It is worth noting that all the

spectra are renormalized to the second-order peak of silicon carbide, peaked at 1516 cm™. The bare epitaxial

graphene sample presents the 2D Raman mode as single Lorentzian peak, indication of single-layer graphene.

3832 After the silicon deposition the 2D peak concurrently suffers a shift toward lower wavenumbers and a

broadening, that monotonically increases with the number of deposited Si MLs. The 2D broadening as
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ig function of the number of Si MLs is clearly resumed in Figure 8b, where the histogram reveals that the bare
41 epitaxial graphene has an average width of the 2D peak of 37.5 cm™ (with a secondary peak at about 52.5
42
43 cm® due to bilayer epi-graphene) that increases up to 55 cm™ in the case of 1ML Si deposition, reaching the
j;" maximum value of 67.5 cm™ after the deposition of 3 ML of silicon. The shift of the 2D peak is statistically
46 highlighted in Figure 8c, where the histogram reveals that the average 2D Raman shift in case of bare epitaxial
47
48 graphene is peaked at 2721 cm?, and it decreases down to 2718 cm™ for 1 ML Si deposition, and further
:g decreases down to 2699 cm™ when 3 ML of Si are deposited. A further effect, evident by the comparison of
51 the Raman spectra in Fig 8b, is the splitting of the G peak after the silicon deposition. In fact, as summarized
52
53 in Figure 8e, in the bare epitaxial graphene sample, the Raman shift of the G mode ranges from 1595 cm™ to
54 . . s . . . .
55 1605 cm?, while after the Si deposition is possible to define G* and G Raman modes; in case of 1 ML of Si the
56 G* and G modes range from 1596 cm™and 1580 cm™ to 1602 cm™ and 1583 cm?, respectively. When 3 Si
57
58 MLs are deposited the ranges of the G* and G- modes are slightly modified (G* from 1600 cm™to 1605 cm
59
60 and G from 1579 cm™ to 1583 cm™?). The presence of the splitting of the G peak and the 2D downshift are a
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clear evidence of a tensile strain affecting the epitaxial graphene layer. 3 In addition, from the analysis of
the G" and G™ distance, we can infer that the graphene layer is subjected to a tensile strain of about 0.5 %
after silicon deposition. This result is consistent with the Raman spectra observed for silicene nanosheets
intercalated under the outermost carbon atom layer of a HOPG substrate reported in ref. %, where a density
functional theory calculation demonstrated that a graphene layer on the silicene nanosheet suffers a tensile
strain ranging from 0 to 4 % of the graphene lattice parameter.?’ The last effect evolution of the Raman
spectra presented in Figure 8b is the increase in intensity of the D peak, related to the intervalley phonon
and defect scattering. In fact, in the spectrum of the bare epi-Gr, the D peak is low but detectable, while after
the deposition of silicon an evident peak appears. Considering the splitting of the G peak after Si deposition
it is difficult to assess from the D/G intensity ratio, that is reported in Figure SM6, a detailed evaluation of
the defect concentration. Nonetheless, this is not the case for the pristine epi-Gr substrate, for which the
D/G intensity ratio reaches values up to 0.25, corresponding to a defect concentration of 5.6 x 10%° cm2 or
equivalently to an average distance, Lp, between defects of about 24 nm. *° All the graphene Raman maps

are reported in Figure SM7.
Discussion

In the present work, both the XPS and STM measurements indicate room temperature Si intercalation under
the epi-Gr layer. Although graphene is known to be one of the least permeable materials because of its very
small first neighbor distance in the atomic network, intercalation of Si atoms deposited on its surface at room
temperature has previously been observed and suggested to be driven by a diffusion mechanism through
the graphene defects. 2> 28 First principle calculations show that a Si atom needs at least 3 eV to penetrate
the ideal graphene network. ' Si atoms are deposited by thermal evaporation, reaching the graphene
surface at temperatures very close to RT, i.e. with energies of the order of 0.025eV. These experimental
conditions hamper any Si atom intercalation at RT. In ref. 25, ab-initio calculations showed that in presence
of carbon atom vacancies in the free-standing graphene network, the intercalation process occurs in two
steps. First the Si atom tends to repair the vacancy, by substituting to the missing atom or covalently binding
above the defect, then only if the Si atom has an energy of about 0.5 eV, it can penetrate the graphene sheet.
A similar energy value has been obtained by Li et al. **, who also reported the substrate role in lowering to
0.33 eV the Si atom energy required for its intercalation under the epi-Gr on the Ru(0001) surface. On the
other hand, it is well known that there is an energetic gain upon atom adsorption on a surface. This energy
is initially absorbed as vibrational energy of the system adatom/substrate, then it is released in a few ps
through several channels, e.g. phonon dissipation, adatom diffusion on the surface, interaction by reacting
with the surface atoms forming an alloy or intercalation. ** This surplus energy has been calculated, in the
case of a Si atom on free standing graphene, to be between 0.1 and 0.8 eV depending on the Si adsorption

site and between 0.5 and 2.3 eV in the presence of epi-Gr on a Ni(111) substrate. 2°> This means that in the
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presence of a graphene vacancy, Si atoms have enough energy to intercalate under the epi-Gr network even
at RT. The presence of defects on the pristine epi-Gr is imaged in Figure SM3 and confirmed over a more
extended area by Raman analysis (see Figure SM6) proving that the D/G intensity ratio for the pristine epi-
Gr reaches values up to 0.25, corresponding to an underestimated average distance of about 24 nm between
epi-Gr point defects. Such a defect amount, though low, could be sufficient to induce Si atom intercalation
mechanism. In addition, it has been reported that the presence of Si adsorbates on epi-Gr hugely reduces
the energy required for graphene defect formation. % This can allow an increase of epi-Gr defects upon Si
adsorption and can further increase the epi-Gr sites available for Si atom intercalation, thus explaining the
enhancement of the D/G intensity ratio for 1 ML and 3 ML Si deposition (see Figure SM6) as well as the
average distance between Si nanostructures (see e.g. the STM image in Figure 3a) well lower than the Lp
value of 24 nm estimated from the D/G intensity ratio. Very recently, silicene formation only on top of the
epi-Gr surface has been demonstrated to occur for a pristine almost ideal epi-Gr. * Indeed, in that case, the
very low D/G intensity ratio value of 0.09 has been attributed to a D peak intensity mostly due to the
intervalley phonon scattering induced by the observed overall presence of epi-Gr/BL armchair step edges, 3%
34 thus reducing much the defect amount concentration on the epi-Gr so preventing from Si atom
intercalation. For 1 ML of Si deposition, the STM images show the formation under the graphene network of
Si nanostructures with lateral extension up to 10 nm, while no evidence of Si crystalline or amorphous three-
dimensional clusters on the epi-Gr surface is detected. From STM analyses no straightforward indication on
the structural order of these Si intercalated nanostructures can be obtained. Nonetheless, STS measurements
indicate a full decoupling between the epi-Gr and the intercalated Si atoms underneath (see the resemblance
between the red and black curves in Figure 6), therefore suggesting the absence of chemical bonds between
the Si and C atoms of the epi-Gr. In the 3 ML case, the sample surface is covered by three-dimensional islands
of various sizes, with a semiconducting nature as displayed by STS measurements. The Raman spectra of the
1ML and 3ML cases, present peaks at 538 cm™ and 532 cm?, respectively. These Raman modes are very close
to the one located around 542 cm, reported for Si deposited on HOPG substrate and attributed to silicene
nanosheets with 0.05 nm buckling and 0.228 nm average bond length. *° The theoretical Raman mode has
been calculated to be around 577 cm™ for free-standing flat silicene and to shift toward lower wavenumber
with silicene buckling increasing. * Elongation of Si atom bond lengths (with constant buckling) has also been
reported to lead to an even more pronounced silicene Raman mode redshift. ® On the other hand, it has
been theoretically predicted that the finite size of silicene sheets on a HOPG surface gives rise to an extension
of the Si-Si bond length due to the removal of periodic constraints with respect to the interfaces, leading to
a redshift to about 542-550 cm™. ¥° In this framework, the shift of the present Raman modes could be due to
a further small lengthening of the Si atom bond length and/or to the charge transfer between the BL and the
silicene nanosheets as discussed in the Results section. ** The histogram of the 2D silicon Raman intensity

(Figure 7b) shows a single peak distribution for 1 ML case and a three peaks distribution for the 3 ML. This
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can be interpreted as a silicene bilayer formation or/and as the presence of regions where the density of
surface occupied by the silicene is higher. Considering the STM observation, this is consistent with the
formation of silicene nanosheets with lateral dimensions up to 10 nm (instead of a continuous intercalated
2D layer) with several of them integrated on the Raman maps (since each pixel of the map counts signals
from a 500 nm x 500 nm area). So, increasing the number of silicene nanosheets in the pixel area, increases
the Raman peak intensity. Raman maps highlight silicene area random distribution for 1 ML case, whereas
they give a hint for higher silicene Raman mode intensities along certain directions, which are likely to
correspond to the step-edges of the SiC substrates. This is a further indication of the role played by the
defects (namely, atomic vacancies, dislocations, graphene sheet borders, step edges, ...) in the Si intercalation
under the epi-Gr layer, as already reported in the case of Si deposition at RT on epi-Gr/Ni(111) system. %
Differently from this last system and from the Si deposition at RT on HOPG substrate, for the 1 ML case, the
absence of Raman modes located at 520 cm™ and around 470 cm™ attested the absence of formation of 3D
crystalline and of amorphous Si structures. This result could be tentatively attributed to the higher amount
of defects present in our epi-Gr with respect to the one on the epi-Gr grown on a Ni(111) substrate or on the
bare HOPG surface, ¥ 20 thus making Si intercalation energetically more favorable than Si diffusion and
aggregation on the epi-Gr surface at low Si coverages. When the Si deposited reaches 3ML, both adsorption
energy releasing mechanisms are active, giving rise to intercalation of Si atoms under the epi-Gr layer and
diffusion on the surface with formation of 3D semiconducting (see the STS differential conductance reported
in Figure 6, blue curve) and amorphous nanostructures, as illustrated by the absence of sharp LEED pattern
detection and Raman spectra. Eventually, for both Si coverages, Raman analyses in the graphene mode
region show evidence for the splitting of the G mode into two bands G* and G and a redshift of the 2D mode.
This effect has been reported to be due to tensile strain experienced by the graphene layer. ¥ From the
analysis of the distance between G* and G™ peak positions, we can infer that the graphene layer suffered an
average tensile strain of about 0.5 % after silicon deposition. This result is consistent with the Raman spectra
observed for silicene nanosheets intercalated under the outermost carbon atom layer of a HOPG substrate
reported in ref. 2 where a density functional theory calculation demonstrated that a graphene layer on the
silicene nanosheet suffers a tensile strain ranging from 0 to 4 % of the graphene lattice parameter, with the
highest amount of strain (1-4%) located only close to the edge of the silicene nanosheet and at the most

external border of the resulting graphene bump and strain values between 0 and 1% elsewhere. 2°
Conclusions

In the present work, for 1 ML Si coverage, XPS and STM measurements indicate Si intercalation under the
epi-Gr layer, forming nanometric-sized structures. All observed nanosheets exhibit a surface lattice network
and STS differential conductance similar to that of non-intercalated epi-Gr nearby. The occurrence of the

intercalation process is corroborated also by Raman measurements assessing: i) the splitting of the G band
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and the 2D downshift, both indicating the presence of a tensile strain on the epi-Gr layer and ii) the 2D
broadening as well as the D feature intensity increase, pointing out the increase of sp® hybridization in the
epi-Gr layer. At the same time, Raman spectra show the occurrence of well-defined features at 538 cm™ and
532 cm™for the 1 ML and 3 ML cases, respectively, very close to the ones already ascribed to low-buckled
silicene nanosheets. All these results constitute a body of evidence to conclude that silicene nanosheets form
at RT under the epi-Gr layer and are all consistent with the presence of defects (e.g. atomic vacancies,
dislocations, step and graphene sheet edges, ...) on the pristine epi-Gr network as measured by Raman
spectroscopy revealing, a D/G band intensity ratio reaching values up to 0.25. In addition, these outcomes
open an avenue to control the RT synthesis of more extended intercalated silicene layers on SiC(0001)
substrate through pristine epi-Gr defect concentration managing and silicene/graphene vertical junction

application in nanotechnology.
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