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Silicene and other two-dimensional materials, such as germanene and stanene, have chemically
reactive surfaces and are prone to oxidation in air, and thus require an encapsulation layer
for ex situ studies or integration in an electronic device. In this work, we investigated NaCl as
an encapsulation material for silicene. NaCl was deposited on the surface of epitaxial silicene on
ZrB,(0001) thin films near room temperature and studied using synchrotron-based high-resolution
photoelectron spectroscopy. The deposition of NaCl resulted in dissociative chemisorption, where
the majority of epitaxial silicene reacted to form Si—Cly species. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4985895]

INTRODUCTION

Silicene is a two-dimensional (2D) material with a honey-
comb lattice of Si atoms.! As a Dirac material, it is predicted to
exhibit unique properties, such as the quantum spin Hall effect”
corresponding to a 2D topological insulator phase, with appli-
cations in spintronics. Epitaxial silicene layers have been syn-
thesized in ultra-high vacuum on a number of substrates, such
as Ag(111),3 Ir(111),* and ZrB,(0001),> and have been char-
acterized using surface science techniques. Unlike graphene,
silicene is chemically reactive and can react with, e.g., oxygen
and water in the air, significantly altering its electronic prop-
erties. While this property can be favorably exploited for
chemical modification, it hampers ex situ characterization and
integration in an electronic device. This can be solved by
encapsulation of the single-atom-thick layer. The encapsu-
lation layer then functions as both a protective layer and a
gate dielectric layer, enabling characterization and integration.
The recent synthesis of quasi-freestanding silicene on oxidized
silicon,® thereby electrically isolating it from its substrate,
emphasizes the need for the development of a compatible
encapsulation layer. In addition, ultra-thin films and other two-
dimensional materials, such as germanene and stanene, that are
also chemically reactive would also benefit from an encapsula-
tion layer that preserves the structural and electronic properties
of the layer underneath.

Since silicene is chemically reactive, encapsulating it
without altering either its lattice or electronic structure poses
a serious challenge. To date, there are only two reported meth-
ods for encapsulation of silicene with a dielectric material.
The first method requires the growth of multilayer silicene,
where a thin native Si oxide layer in the surface region of
the film that is exposed to air preserves the integrity of the
rest of the silicene.” The second method involves the encap-
sulation of silicene with Al,03.% This was accomplished by
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depositing Al with an oxygen pressure of 10~® mbar. How-
ever, such a process requires careful tailoring to prevent an
excess of elemental Al or oxidation of the silicene layer.
The latter difficulty was observed in our previous work with
the deposition and subsequent oxidation of a sub-monolayer
of Al on silicene on ZrB,(0001) with O,.° It was found
that the Al atoms catalyze the chemical dissociation of the
O, molecules into oxygen atoms that then also react with
silicene.

An encapsulation layer that involves a simpler and more
robust deposition method would therefore be of great advan-
tage. In this regard, alkali metal halides offer an attractive
solution since they are electrically insulating and do not con-
tain oxygen or carbon atoms. We investigated the deposi-
tion of NaCl on epitaxial silicene. There are drawbacks to
using NaCl as an encapsulation layer: (i) the strongly vary-
ing surface potential associated with the ionic bonds could
affect the electronic properties of the silicene layer, and (ii)
it may absorb water from air leading to degradation of the
encapsulation layer. However, it has been reported previously
that NaCl was successfully used to encapsulate and protect
a surface from oxidation.'? In addition, long-term stability
can be ensured by depositing an additional layer that func-
tions specifically as a barrier to water and air, e.g., Al,Os.
The advantages of using NaCl as an encapsulation mate-
rial are clear as it involves a single-step evaporation process
and provides an electrically insulating and optically transpar-
ent layer, owing to its 8.5 eV bandgap.!' In addition, NaCl
does not exhibit first-order Raman scattering,'? minimizing
interference with ex situ measurements of silicene by Raman
spectroscopy.

In this work, we studied the deposition of NaCl on
the surface of epitaxial silicene on ZrB,(0001) thin films
using synchrotron-based high-resolution photoelectron spec-
troscopy (HR-PES). Core-level binding energies are very sen-
sitive to the chemical environment and the bonding configura-
tion in the vicinity of the atoms where the excitation occurs.
Using this powerful spectroscopic technique, we provide
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information on the chemical interaction between NaCl and
epitaxial silicene.

EXPERIMENTAL

Single-crystalline ZrB, epitaxial thin films were grown
on Si(111) substrates by ultra-high vacuum chemical vapor
epitaxy, which is described elsewhere.! All subsequent sam-
ple preparation steps and measurements were performed at the
MatLine beamline of the ASTRID2 synchrotron at the Univer-
sity of Aarhus, Denmark. The endstation consists of a loadlock
(base pressure 1 X 10~7 mbar) and an analysis chamber (base
pressure 4 x 107!9 mbar) equipped with a Scienta SES200
hemispherical analyzer for HR-PES measurements. Anneal-
ing is carried out in the analysis chamber by means of e-beam
heating, while the temperature is measured using a thermo-
couple and a pyrometer. The same chamber is also equipped
with a LEED system. The loadlock is equipped with the NaCl
deposition source.

Sample preparation involves annealing at 800 °C in ultra-
high vacuum, which is known to terminate the surface with
a monolayer of silicene, with Si originating from the Si
substrate.” Following sample preparation, the samples were
investigated in situ by LEED and HR-PES. All HR-PES mea-
surements were carried out with the sample normal directed
towards the photoelectron analyzer and with the photon source
at a 45° angle to the surface normal.

The Si 2p spectra were measured using a photon energy
of 150 eV. The binding energy scale of the Si 2p spectrum
of the as-annealed surface is calibrated using the dominant
Si 2p3/p peak at 98.98 eV of pristine silicene on ZrB,.'* The
possible errors in binding energy in the subsequent spectra
caused by varying conditions of the beamline and storage ring
are corrected for by measuring the Si 2p spectrum immediately
before and after any sample treatment. The binding energy
scale of the B 1s and Zr 3d spectrum of the pristine surface,
measured using a photon energy of 240 eV, has been calibrated
using 181.4 eV and 179.0 eV for the Zr 3d3/; and Zr 3dsp
peaks, respectively, corresponding to Zr atoms in a silicene-
terminated ZrB,(0001) thin film. The same correction value
has also been applied to all subsequent spectra. The Na 2p
and Cl 2p spectra were measured using a photon energy of
80 eV and 250 eV, respectively. The Na 2p and Cl 2p binding
energy scales are calibrated using the errors found by linear
extrapolation using the errors in the binding energy scales of
the Si 2p and Zr 3d spectra. All spectra are normalized to the
beam current in the storage ring.

The NaCl deposition source consists of a glass lightbulb
enclosed by a Ta shroud, to which a thermocouple is attached,
except for an opening at the top, and operates by thermal
evaporation of NaCl powder (>99.5% purity, Sigma Aldrich)
contained within. NaCl deposition was carried out by exposing
the sample surface, held within the line-of-sight of the source
opening and filament at a distance of approximately 10 cm, at
room temperature to the NaCl flux at a background pressure
of 2 x 107 mbar. We note that the actual sample temperature
was slightly higher than room temperature due to radiative
heating from the source. Previous mass spectrometry stud-
ies have shown that NaCl vaporizes as NaCl (monomer) and
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Na;Cl, (dimer) molecules. The monomers (majority species)
and the dimers (minority species) have partial pressures of the
same order of magnitude.'> The amount of NaCl deposited is
estimated based on the suppression of core levels.

RESULTS AND DISCUSSION

After introducing the sample into the ultra-high vacuum
system, it was annealed at 800 °C to remove the native oxide
and prepare a pristine surface of silicene-terminated ZrB,.
This is confirmed by the Si 2p spectrum, shown in Fig.
1(a)(spectrum 1), that features the characteristic spectral enve-
lope corresponding to silicene-terminated ZrB,, as reported
previously,® and is further supported by peak-fitting results, as
discussed later. The Zr 3d and B 1s spectrum shown in Fig.
1(b) (spectrum 1) features a Zr 3d doublet, with the 3d3,, and
3ds;, peaks at 181.4 eV and 179.0 eV, and a B 1s peak, at
188.1 eV, corresponding to Zr and B atoms in the ZrB; thin
film. In addition, LEED measurements (data not shown) fea-
ture the ZrB,(0001)-(2 x 2) pattern, which is equivalent to the
(4/3 X 4/3)-reconstruction pattern of silicene.

NaCl was deposited step-wise by five repetitions of depo-
sition and HR-PES measurements, with the sample always at
room temperature. The first four depositions were performed
with an identical deposition time of 5 min and with identical
NaCl source settings. The fifth and last deposition of NaCl
also consisted of 5 min deposition time but with a higher NaCl
source temperature.

The deposition of NaCl is confirmed by the appearance
of Na 2p and C1 2p peaks, as can be seen in Figs. 1(c) and 1(d)
(spectra 1-2). Each deposition results in a continued increase
in intensity for the Na 2p and Cl 2p peaks, as shown in Figs.
1(c) and 1(d) (spectra 3-6). The distance in binding energy of
1.6 eV between the two resolved peaks in the Cl 2p spectra
corresponds to the spin-orbit splitting of the Cl 2p doublet.'¢
The two weak peaks visible in the Na 2p spectrum in Fig. 1(c)
(spectrum 1), centered at 27.6 eV and 29.1 eV binding energy,
correspond to the Zr 4p doublet.

As aresult of the deposition of NaCl on top of the silicene-
terminated ZrB,, the intensities of the Si 2p, Zr 3d, and B 1s
peaks decrease, as shown in Figs. 1(a) and 1(b) (spectra 1-6). It
is noted that with each of the first four depositions, the distance
in binding energy between the B 1s and Zr 3d peaks decreases,
causing a total shift of 50 meV. This can be explained by the
outer Zr atoms that terminate the ZrB, thin film,>!” which are
affected by the deposition and/or dissociative chemisorption
of NaCl, which will be discussed later, resulting in an increase
of the binding energy of the surface-related Zr 3d peak.

The integrated intensities of the core levels are shown
in Fig. 2, normalized to their maximum areal intensity. The
decrease in intensities of the Si 2p, Zr 3d, and B 1s core
levels correlates well with the increase in Na 2p and CI 2p
intensities. The normalized intensities of the Na 2p and C1 2p
peaks are observed to increase linearly with the same rate for
the first four depositions. This indicates that the stoichiometry
of the deposited NaCl remains constant. The amount of NaCl
deposited is estimated based on the suppression of the Si2p, Zr
3d, and B 1s core levels. After the first four depositions, their
intensities decrease to 31%-36%, corresponding to an effective
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rate of 0.03 nm/min. The larger increase and decrease for,
respectively, Na 2p and Cl 2p, and Si 2p, Zr 3d, and B ls,
after the last deposition, are consistent with the increase in
temperature of the NaCl source. After the final deposition, the
intensities of the Si 2p, Zr 3d, and B 1s peaks decrease to 8%-
14% corresponding to an effective NaCl thickness of 2 4, i.e.,
1.2 nm. This corresponds to a deposition rate of 0.12 nm/min
for the final deposition. The growth mode of NaCl on sil-
icene at room temperature is however not known and could
also involve 3D island growth. Therefore, the results from
the overlayer-substrate model should be regarded as a lower
limit for the amount of NaCl that was deposited. Further, the
suppression of 86% of the Si 2p core level after the final depo-
sition step indicates that at least 86% of the Si is covered with
NaCl.

THE Si 2p CORE LEVEL

The Si atoms in the silicene lattice on ZrB, occupy three
distinct sites such that each contributes a Si 2p doublet to the
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Si 2p spectrum.!” The intensity ratio of Si 2py, to Si 2p3p in
each doublet is 1:2. The ratio of the 2p;,; and 2ps, features in
the Si 2p spectrum appears to decrease with each deposition
step, as can be seen in Fig. 1(a) (spectra 1-6). This trend coin-
cides with the appearance and subsequent increase in relative
intensity of a component at 100.2 eV binding energy, forming
a shoulder on the silicene spectrum. With the third deposition
of NaCl, a weak, broad component appears at 102.0 eV, as
shown in Fig. 1(a) (spectrum 4). These two new components
are more easily observed in Fig. 3.

In order to better understand the changes in the Si 2p spec-
tra, the spectra were peak fitted by least-squares fitting using a
Shirley background and symmetric Gaussian line shapes, with
each component consisting of a doublet with an area ratio of
1:2 for the Si 2py/; and Si 2p3/, peaks and 0.6 eV spin-orbit
splitting. The silicene-related peaks are based on a model of the
silicene honeycomb lattice that consists of three unique sites
occupied by Si atoms on the Zr-terminated ZrB, thin film.>!°
These atomic sites give rise to peaks a, 3, and 7y in core-level
PES'® and were fitted with an area ratio of 2:3:1. The distance
in binding energy of 230 meV between « and S, and 160 meV
between [ and v, is the result of fitting using initial binding

Si2p
hv=150 eV

Normalized intensity

103 102 101 100 99 98
Binding energy (eV)

FIG. 3. The Si 2p spectra of Fig. 1(a) are normalized with respect to their
maximum intensity and shown together with peak-fitting results. The sum
of the fitted data is plotted behind the measured data, while the individual
components and the background are offset.
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energies based on previously reported fitting parameters.'” The
full-width-at-half-maximum (FWHM) was constrained to be
equal among the three components of silicene in the spectrum
of the as-annealed sample, and was fitted as 240 meV, and was
fixed for subsequent spectra. For a more detailed discussion
of the fitting parameters for epitaxial silicene on ZrB,(0001),
see the work of Lee et al.®

Figure 3 (spectrum 1) shows the peak-fitting results for
the as-annealed sample, with 76% of the intensity attributed to
silicene. The remaining intensity, in the broad component, can
be explained by disordered Si or remaining Si sub-oxide after
annealing. After NaCl deposition, the silicene-related peaks
alone cannot be used to explain the spectral envelope, requiring
a minimum of two additional peaks. These additional peaks,
Sia and Sig, are on average centered at 101.1 eV and 99.4 eV,
respectively. The combination of these components is able to
account for the complete spectral envelope through all spectra,
as can been seen in Fig. 3.

The progression of the intensity of the Sis, Sip, and
silicene-related components, normalized to the total Si 2p
intensity, is shown in Fig. 4. Initially, silicene accounts for
76% of the total intensity, and the remaining intensity is repre-
sented by the broad feature Sig. Note that the same feature Sip
is used to represent Si species formed after NaCl deposition,
as it is difficult to separate the contributions at similar binding
energies, as shown in the spectra that follow. With increasing
number of NaCl depositions, the relative intensity of silicene
is observed to decrease. During the first few depositions, the
increase in relative intensity of Sip is the easiest to notice. This
explains the shoulder that is observed to form in the experimen-
tal data and also the apparent change in the Si 2p;/, to Si 2p3/»
intensity ratio of silicene. After the third deposition (spectrum
4), the Siy component has increased noticeably and accounts
for a significant portion of the total Si intensity. After the final
deposition, 22% of the total Si intensity is attributed to sil-
icene, suggesting that the majority of the silicene has reacted,
as discussed below. The intensity attributed to remaining “sil-
icene” can also be explained by Si atoms, formerly part of the
silicene lattice, that did not react. The other 78 % of the Si inten-
sity resides in the two components Sis and Sig, which are very
broad peaks with 2.7 eV and 1.2 eV FWHM, respectively. It is
therefore likely that these two components actually consist of
multiple, unresolved components. As a consequence, assign-
ing Sip and Sip to specific chemical species is not meaningful.
Instead, in the following, we discuss two explanations that

> 08+ Silicene
‘@ —— Si,
E 0.6 —5- Sig
T 041
N
g 02
2 00
L I I I I I
1 2 3 4 5 6

Spectrum number

FIG. 4. The intensities of the fitted Si 2p components for each NaCl depo-
sition step are shown, normalized with respect to the total Si intensity. The
spectrum number corresponds to the identification given in Fig. 3.
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involve chemical species with a chemical shift that places their
Si 2p core level in the same binding energy range as covered
by Sia and Sip.

One possible explanation is the dissociative chemisorp-
tion of NaCl, resulting in the formation of metallic Na, and
Si—Cly species. This was previously observed by Chung et al.
upon deposition of NaCl on Si(100), with a chemical shift
of +0.9 eV for Si—Cl species relative to the bulk Si 2ps/;
peak.??! Matsuo et al. studied the surface reaction of molec-
ular and atomic chlorine on Si(100) and Si(111) and found not
only Si—Cl by exposure to molecular chlorine but also Si—Clx
(x = 2-4) by exposure to atomic chlorine.?? They reported Si—
Cl at a binding energy of 100.5 eV and an additional chemical
shift of +1 eV for every additional chlorine bond. Rivillon
et al. reported a shift of +0.83 eV and +1.37 eV for Si-Cl
and Si—Cl,, respectively, relative to the bulk Si 2ps3;, peak
on chlorine-terminated Si(111).%3 In the current work, based
on the reported chemical shifts, the Siy and Sig components
overlap well with the expected binding energies of the Si—Cly
(x = 1-3) species.

However, similar chemical shifts can also be caused by Si
oxidation, which is possible as NaCl deposition took place with
a background pressure of 10~/ mbar in a baked-out loadlock.
Lu et al. reported on the chemical shift of Si oxidation states:
+0.97 eV, +1.80 eV, +2.60 eV, and +3.82 eV shift, with respect
to the Si bulk peak, for Si*!, Si*?, Si*3, and Si*4, respectively.?*
However, in a previous report, we showed that only a minor
amount of Si sub-oxide is formed after exposing silicene on
ZrB; to a dose of 4500 L of O, molecules, resulting in a Si 2p
peak at 100.2 eV.° In the current work, the sample surface was
exposed to a dose of 900 L while present in the loadlock, sug-
gesting that Si (sub-)oxide formation is insignificant, assuming
the background pressure was due to O, molecules. It is noted
that although no O 1s peak was observed (data not shown),
the sensitivity for the O 1s signal is low compared with Si 2p,
resulting in a limit of detection corresponding to 0.4 ML of O
atoms.

Given the large Si 2p chemical shift associated with Si
bonding with Cl, the large intensity closer in binding energy
to that of the silicene-related peaks, well represented by com-
ponent Sig, could be explained by Si atoms affected by the
formation of nearby Si—Cl species.

In summary, a majority of the silicene was affected after
NaCl deposition, but from peak fitting, it followed that a small
amount of intensity remained at the binding energies asso-
ciated with silicene. The total Si 2p intensity decreased by
86%, suggesting that at least 86% of the Si was covered by
NaCl.

THE Na 2p AND CI 2p CORE LEVELS

After NaCl deposition, the Na 2p and CI 2p spectra feature
a doublet, as shown in Figs. 1(c) and 1(d) (spectrum 2). In
addition, peak fitting performed on the final Na 2p and Cl 2p
spectra, shown in Figs. 1(c) and 1(d) (spectrum 6), shows that
a single doublet cannot explain the spectral line shapes and
provides evidence for a second doublet for each core level,
labelled B and D, respectively. It is assumed that the binding
energy of 199.51 eV of the D component, corresponding to
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the CI 2p3,» peak, remains the same between deposition steps,
while component C shifts. Note that it is then increasingly
difficult to peak fit the previous Cl 2p spectra 2-5, as the C
component appears to shift closer in binding energy. The same
explanation applies to B, at 31.44 eV binding energy, and A in
the Na 2p spectrum.

The C1 2p spectrum was peak fitted by least-squares fit-
ting using a Shirley background and symmetric Gaussian line
shapes, with each component consisting of a doublet with
an area ratio of 1:2 for the Cl 2pj, and Cl 2p3;, peaks
and 1.60 eV spin-orbit splitting. The Na 2p spectrum was
also peak fitted by least-squares fitting using a Shirley back-
ground, but used asymmetric Gaussian line shapes, with each
component consisting of a doublet with an area ratio of 1:2
for the Na 2p;» and Na 2p3; peaks and 0.16 eV spin-orbit
splitting.

The C and D components of CI 2p in Fig. 1(d) (spectrum
6) are separated by 1.06 eV binding energy and their area ratio
is 7.0. The A and B components of Na 2p in Fig. 1(c) (spec-
trum 6) are separated by 1.02 eV binding energy and their
area ratio is 5.1. The distances in binding energy and the area
ratios are similar and suggest that the A and B components
of Na 2p correspond to the C and D components of Cl 2p,
respectively. The Na 2p and Cl 2p spectra can then be inter-
preted according to the explanation discussed previously for
the Si 2p spectrum: dissociative chemisorption of NaCl and
the formation of Si—Cl species. Based on spectrum 6, the A
and C components are attributed to NaCl, given their greater
intensity and taking into account the large amount of NaCl
that was deposited, suppressing the components related to the
dissociated species on the interface below. Accordingly, the B
and D components are attributed to Na* and Si—Cl species,
respectively.

The gradual increase in binding energies of the A and C
components can be explained by two effects: (i) electrostatic
charging and (ii) decreased screening of core holes by the
metallic silicene/ZrB, substrate or a combination of both. Due
to these effects, the Na and Cl atoms residing at different depths
in the NaCl layer have different binding energies such that the
A and C components actually consist of multiple, unresolved
doublets.

Chang et al. also observed a shift in the peaks associated
with NaCl, upon formation of NaCl by Na deposition on a
Cl-terminated Si(100) surface.”! They suggested that the shift
was likely the result of the formation of a dipole-layer at the
interface due to excess charge transfer from the Na adsorbates
to the Si substrate.

The cumulative shift in binding energy of the Na 2p and
ClI 2p core levels as a function of the NaCl layer thickness
is shown in Fig. 5. The core-level shifts were evaluated from
the binding energy position of maximum intensity. The Na
2p and Cl 2p core levels shift to higher binding energies by
0.91 eV and 1.00 eV in total, respectively. The increase in
binding energy of both core levels between deposition steps is
similar, except between spectra 2 and 3.

Ultra-thin layers of NaCl are reported to be unstable under
electron irradiation as occurs when using LEED.? For this
reason, LEED was performed only after the final HR-PES
measurements. No diffraction pattern was observed, however,
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FIG. 5. The cumulative binding energy shift of the CI 2p and Na 2p core
levels as a function of deposited NaCl layer thickness. The spectrum number
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1(c) and 1(d).

possibly due to electron irradiation induced damage or as a
result of a wide distribution of crystallographic orientations of
NaCl.

CONCLUSIONS

The interaction between NaCl and epitaxial silicene on
ZrB,(0001) thin films was studied using synchrotron-based
high-resolution photoelectron spectroscopy. The deposition of
NaCl caused the appearance of Si 2p intensity overlapping with
the expected binding energies of Si—Cly (x = 1-3) species, as a
result of dissociative chemisorption of NaCl. With increased
NaCl deposition, the majority of epitaxial silicene reacted to
form Si—Cly species.
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