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Stabilization of silicene and preservation of its structural and
electronic properties are essential for its processing and future
integration into devices. The stacking of silicene on stanene, creat-
ing a Xene-based heterostructure, proves to be a viable new route
in this respect. Here we demonstrate the effectiveness of a stanene
layer in breaking the strong interaction between silicene and the
Ag(111) substrate. The role of stanene as a ‘buffer’ layer is investi-
gated by analyzing the optical response of epitaxial silicene through
both power-dependent Raman spectroscopy and reflectivity mea-
surements in the near infrared (NIR)-ultraviolet (UV) spectral range.
Finally, we point out a Xene-induced shift of the silver plasma edge
that paves the way for the development of a new approach to
engineering the metal plasmonic response.

Introduction

For years silicene, the two-dimensional (2D) allotropic phase of
silicon, has been considered a promising candidate for new
technological applications due to its theoretically predicted
electronic and optical properties'” as well as its intrinsic
allotropic affinity for currently used silicon-based technology.
The electronic band structure of freestanding silicene closely
resembles that of graphene.® Nonetheless, the silicon atoms
that form the honeycomb lattice present an intermediate
hybridization between sp® and sp®> and this makes silicene
extremely reactive under ambient conditions. The instability
in air and strong hybridization effects with the native substrate
(e.g., Ag) are the main obstacles limiting the widespread use of
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New concepts

After the outstanding outcomes on bilayer graphene, epitaxial hetero-
structures of silicene and stanene layers have been introduced only
recently as a new milestone in two-dimensional (2D) materials science
and nanotechnology. As a combination of 2D materials at the forefront of
scientific research, this configuration represents a versatile platform for
the observation of new and unconventional physical properties that
sensibly differ of the single of the
heterostructure. Using Raman scattering and optical reflectivity as non-

from those constituents

destructive probes, we unveil the optical and thermal responses of mono-
and multi-layer silicene/stanene combination for the first time, revealing
that the stanene layer is key to weakening the interaction between silicene
and the silver substrate. In the heterostructure, the strong and
unavoidable hybridization of the electronic orbitals, a well-known issue
that plagues the direct epitaxy of silicene on silver, has been overcome
thus allowing the silicene layers to respond to the thermal excitation
induced by power-dependent laser probing as a quasi-free-standing Xene.
Novel insights are also provided into the use of epitaxial 2D materials to
tailor the plasmonic response of noble metal thin films. The so-proposed
Xene heterostructure layout discloses a viable route for silicene (and
possibly other Xenes) to be exploited in thermoelectrics and plasmonics.

silicene in the design and development of real devices. While
the stability in air can be controlled by introducing a non-
reactive capping layer such as amorphous Al,O;,* decoupling
silicene and its substrate is still an unsolved issue. Different
experimental and theoretical studies pointed out that interface
states, built up by mixed silicon and the native substrate wave
functions, have a great impact on the optical response of
epitaxial silicene. Moreover, to the best of our knowledge, for
silicene on silver, no evidence is found of Si adlayers maintain-
ing freestanding silicene optical properties.® In this frame-
work, the Xene-based heterostructure concept takes on a
certain relevance. As an inert capping layer isolates the silicene
from air, similarly one can think of growing a sacrificial layer
before the silicene in order to isolate it from the substrate.
Indeed, it has recently been shown that silicene-on-silver and
stanene-on-silver can operate as templates for the epitaxy of the
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reciprocal Xene single-layer, giving rise to two different types of
heterostructures.” The advent of 2D heterostructures is reshaping
the frontiers of emerging materials research. The benefits of
assembling layers of different materials include not only an increase
of the options available in terms of functionality but also a better
stability of the heterostructure components.® Here we show how the
introduction of stanene is effective in breaking the strong inter-
action between silicene and silver and thus allowing us to single out
the optical and thermal properties of the so decoupled silicene. The
role of stanene as a “buffer” layer is investigated by analysing the
optical response of epitaxial silicene both through power-dependent
Raman spectroscopy and near-infrared (NIR)-ultraviolet (UV)
spectroscopy.

Results and discussion

Samples were grown following the procedure developed for the
silicene layers and heterostructures reported elsewhere.” Fig. 1a
presents the sketch of silicene-based configurations that were
considered in the reported analysis (from top to bottom): (i)
monolayer silicene directly grown on Ag(111), (ii) monolayer
silicene grown on the stanene-Ag(111) template, (iii) multilayer
silicene on Ag(111) and (iv) multilayer silicene on the stanene-
Ag(111) template. The nominal number of layers for multilayer
silicene samples is three (see the Experimental section for more
details). The epitaxial deposition of silicene and stanene layers
is confirmed by the low energy electron diffraction (LEED)
patterns acquired in situ and reported in Fig. S1 (see the ESIT).
An amorphous 5 nm thick Al,O; capping layer is deposited on
the samples to avoid degradation of Xenes during the ex situ
measurements.”
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Raman spectroscopy is widely recognized as a versatile and
non-destructive technique that is extremely sensitive to the
structural properties of 2D materials. Therefore, a preliminary
investigation was performed at an incident laser power below
3 mW to avoid damage and uncontrolled heating effects on
silicene (see the Experimental section). The spectra, acquired at
a laser power of 1.8 mW, are reported in Fig. 1b. Accurate
positions of the Raman peaks were obtained through a two-
component Lorentzian-Gaussian fitting, so that the asym-
metric shape of the spectrum could be described, as shown
in Fig. 1c for a monolayer and a multilayer silicene on stanene-
Ag(111). For a single layer of silicene, supported by Ag(111) or
stanene-Ag(111), the spectra are dominated by an intense band
located at 518 cm ™" with a full width half maximum (FWHM) of
8.0 cm ' and 9.5 cm ™!, respectively. This is in agreement with
the first order Raman peak expected for a low-dimensional
crystalline silicon phase.” Conversely for thicker samples the
change of the spectral peak position to higher Raman shifts, up
to 522 cm ™, is consistent with the reported multilayer silicene
growth.'® The protection by Al,O; encapsulation provides a
durable preservation of the samples. In this regard, we show in
Fig. S2 (ESIT) the Raman signal acquired after two months of air
exposure for a single layer of silicene on Ag(111). The optical
images of the samples of silicene on Ag(111) and silicene on
stanene-Ag(111) (Fig. S3, ESIT) highlight growth areas on the
order of ~cm?. Punctual Raman measurements, from which
the characteristic spectra are obtained, support their large-scale
homogeneity.

Besides being used as a probe, however, the laser excitation
can also be applied to induce a localized temperature increase
in the system under investigation. In fact, due to the relatively
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(a) Sketches of Xene stacking on the Ag(111) substrate. From top to bottom: silicene on Ag(111), silicene on stanene-Ag(111), multilayer silicene on

Ag(111) and multilayer silicene on stanene-Ag(111). (b) Room temperature normalized Raman spectra obtained at a low incident laser power. (c) Fitted
Raman spectra of a single- (top) and a multi-layer (bottom) silicene on stanene-Ag(111). In both cases the raw data are shown as circles (blue and violet,
respectively). Black dashed lines are the fit results, while yellow and orange curves are the two used Lorentzian—Gaussian components.
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Fig. 2 Effect of the incident laser power increase on the Raman spectra of (a) silicene, (b) silicene on stanene, (c) multilayer silicene and (d) multilayer

silicene on stanene. All configurations are supported by an Ag(111) substrate.

small thicknesses involved in the case of 2D materials, even a
low absorbed laser power can result in local heating and
subsequent temperature rise in the surroundings of the illumi-
nated area. This increase in temperature in turn produces
appreciable changes in the Raman spectrum that can be related
to several physical properties at the very 2D level, which include
anharmonic effects in the phonon-phonon interactions,'* ther-
mal properties,’* " and thermal-mechanical responses of the
2D layer'®"” to the optically absorbed power, all of them being
completely unexplored in silicene. The increase in the local
temperature as a function of the incident power is related to the
thermal properties of the sample.

In this context, to investigate the role of the stanene inter-
layer in mediating the interactions between silicene and silver,
we analyzed the effect of laser-induced heating by taking the
silicene-related Raman modes as a benchmark. Fig. 2 shows the
Raman spectra acquired by varying the incident laser power in
the range of 3.3-60 mW for silicene on Ag(111) (panel a),
silicene on stanene-Ag(111) (panel b), multilayer silicene on
Ag(111) (panel c) and multilayer silicene on stanene-Ag(111)
(panel d). In contrast to silicene directly grown on Ag(111), the
spectrum of silicene in contact with stanene shows a significant
redshift (Aw) as the power of the incident radiation increases
(see Fig. 2b). As mentioned above and in agreement with the
calibration curve reported by Solonenko et al.,'® the redshift is
consistent with a local increase in the temperature. Further-
more, we observe that the power-dependent redshift increases
in the multilayer case. Specifically, the silicene-related first
order Raman peak is shifted by about 0.8 cm™" for multilayer

926 | Nanoscale Horiz., 2022, 7, 924-930

silicene directly grown on silver and by about 4.0 cm™" for
multilayer silicene with the same thickness on stanene-Ag(111),
when the incident laser power changes from 3.3 to 60.0 mW.
Therefore, we observe that Aw progressively increases when
multiple silicene layers are grown on stanene, but in the same
incident power range the effect is less evident if silicene layers
are not separated from the Ag substrate by the stanene inter-
layer. We also point out that the heating process is reversible
(see Fig. S4, ESIY), thus indicating that the power-dependent
study does not induce structural modifications or damage to
the supported silicene layers. The trend of the Raman peak
positions as a function of the incident laser power follows, to a
good approximation, a linear behavior as shown in Fig. 3 (panel a).
We, therefore, quantified the heating-induced response by
fitting data according to the equation w(P) = w, + P, where
®, is the interpolated frequency when no laser power is applied,
z is the first order power coefficient and P is the incident
laser power.

The slope y = 0w/0P extracted for each of the configurations
scrutinized is reported in Table 1.

The modulus of the slope increases with the number of
layers and is up to 6 times greater in samples where the stanene
interlayer is present for the same number of silicene layers.
Deviations among the power coefficient values confirm a dis-
tinct response of silicene on Ag(111) and silicene on stanene-
Ag(111) to the increase in the incident laser power. Indeed, the
trends observed in Fig. 3a indicate that when silicene is in
direct contact with the Ag(111) substrate the power dependence
of Aw is much weaker. In order to rationalize the effect just

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 First order silicene-related Raman peak (a) position and (b) full width at half maximum versus incident laser power, extracted from two-
component fit analysis of the silicene Raman spectrum. In (a) the lines result from a linear fit made on the data distribution, while in the second one they
are eye guides. (c) Reflectance of bare silver (black dash), silicene on Ag(111) (red), stanene on Ag(111) (green) and silicene on stanene-Ag(111) (blue) in the
spectral range from 10 000 to 40 000 cm™2. (d) Relative change of the reflectance caused by the Xene layers on the Ag(111) substrate. In (c and d) the
yellow vertical line indicates the position of the laser frequency used during Raman characterization.

Table 1 Results of the linear fit on the peak position as a function of
incident laser power

Configuration % (em™'/mw) Error (cm™'/mW)
Silicene —0.009 0.002
Multilayer silicene —0.012 0.001
Silicene on stanene —0.035 0.003
Multilayer silicene on stanene —0.069 0.003

described, we also evaluated the power dependence of the
FWHM of the main peak, reported in Fig. 3b. This study may
help in differentiating the mechanisms at the origin of the
observed redshift. As a matter of fact, the Raman FWHM in
unsupported 2D materials is more influenced by anharmonic
phonon interactions than by thermal expansion effects.'®*°
While the incident power dependence of the FWHM is weak
for all configurations, it increases for silicene on stanene-
Ag(111) and shows dependence on silicene thickness. Specifi-
cally, the increase in bandwidth as a function of laser power is
maximum for the single layer of silicene on stanene-Ag(111).
On the other hand, the case of silicene on Ag(111) is similar to
that of the multilayer heterostructure. This can be interpreted
as if the increase of the thickness of silicene reduces the impact

This journal is © The Royal Society of Chemistry 2022

of the interface in the thermal dissipation. The shift in the
Raman spectrum can be caused by the phonon-phonon anhar-
monic interaction, the deformation of the lattice due to the
thermal energy contribution, and the effect of the mechanical
strain induced by a thermal expansion coefficient mismatch
between different layers."" Therefore, considering the nearly
power-independent FWHM, the variation of Aw shown in
Fig. 3a can be explained in terms of mechanical strain induced
by a different thermal expansion coefficient mismatch at the
silicene-stanene interface compared with that of silicene-silver
one." In particular, the latter contribution calls for a deeper
understanding of the interaction between silicene and the
supporting substrate. We point out that the peak located at
the lowest Raman shift in the decomposition of the spectrum of
silicene was excluded from the discussion due to its broad
spectral width. Indeed, regarding our method of analysis, with
an initial FWHM of the order of tens of cm ™", this component
showed a completely negligible sensitivity to the laser-induced
heating effect.

A better insight into the role of the stanene interlayer in
mediating silicene-silver interactions was achieved through a
comparative study of the reflectance of heterostructure build-
ing blocks. For this purpose, we set a control group consisting

Nanoscale Horiz., 2022, 7, 924-930 | 927
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of bare and capped Ag(111), Al,O; capped silicene on Ag(111)
and Al,O; capped stanene on Ag(111). This set of samples
allowed us to experimentally observe the optical response of a
monolayer of silicene emphasizing the effect of the Si-Ag and
Si-Sn interfaces, while simultaneously overshadowing the
effects due to increasing the number of silicene layers. Fig. 3c
shows near-normal incidence reflectance measurements car-
ried out in the wavenumber range of 10 000-40 000 cm ™ * (1.25-
5 eV), for bare Ag(111), silicene on Ag(111), stanene on Ag(111),
and silicene on stanene-Ag(111) (see the Experimental section).
Both theoretical and experimental reports have shown how the
spectral range under investigation is of exceptional interest for
evaluating the optical response of silicene and stanene. It is
precisely between IR and UV regions that the characteristic
absorptions of their band structures are placed.>*! All the
curves in Fig. 3c are dominated by the substrate response
although distinctive elements can be attributed to silicene,
stanene, or a combination of both as will be discussed below.
The main recognizable spectral feature is related to the plasma
edge near 30000 cm ™ (3.8 eV) which is, for silver, the result of
a combination between the free-carrier (intraband) response
and the onset of interband electronic transitions.>” To exclude
the effects due to the optical properties of the Ag substrate and
highlight the response attributable to the Xenes, we calculated
the change of the measured reflectance between 10000 and
30000 cm™ "' (1.25-3.8 eV) as:

AR - Rsubstrate — RSamplc

R RSubstratc

where Rsample and Rsubstrate are the reflectance of silver with and
without the Xene deposition, respectively. At the 2D limit, the
so-defined AR/R is proportional to the variation in the real part
of the sheet conductivity and to the absorption of the thin film.?
Thus, the behaviour of the spectra shown in Fig. 3d can be
considered to be strongly suggestive of the optical absorption of
Xene layers. We observe that with respect to the excitation laser
frequency (indicated with a yellow line in Fig. 3c and d) the
introduction of the stanene layer in between silicene and the
Ag(111) substrate results in an increase of |AR/R|, and therefore
of the optical absorption, which increases from 8% to 20%
compared to the case of a direct silicene/Ag coupling. This
finding can explain the higher slope, y = 0w/0P, measured for
the heterostructure in terms of an increase in the local tem-
perature because of the optical absorption. We speculate that
the distinct response may be due to a different thermal
dissipation effect occurring at the silicene-silver and silicene-
stanene interfaces. The reflectance behaviour in various Xene
configurations also discloses an unprecedented opportunity to
gain a tunable optical response from silver by Xene layer
mediation. A thorough analysis of the optical reflectance spec-
tra provides deeper insight in this respect. For a single layer of
silicene on Ag(111) (red line in Fig. 3c), the silver-related plasma
edge shifts to lower wavenumbers and a small bump appears
around 27 000 cm™ "' (3.35 eV). It is worth noting that the latter
spectral features can be a marker of the strong Si/Ag electronic
interaction, as predicted within the density functional theory

928 | Nanoscale Horiz., 2022, 7, 924-930
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framework. Cinquanta and co-workers®> have shown that elec-
tronic transitions involving mixed Si — Ag and Ag — Si states
are responsible for almost all the absorption between 24 000
and 32000 cm ™! (3-4 eV). Conversely, the presence of stanene
on Ag(111) (green line) strongly compensates for the silver
plasma edge. The decrease of reflectance before its minimum
value is less sharp and less deep than that observed for bare
Ag(111) and it also results in a weak shift towards higher
wavenumbers. Hence, single layer silicene and stanene yield
different and opposite effects on the optical response of the
system when they are deposited separately on the Ag(111)
surface. The former results in a shift of the reflectance mini-
mum from 31050 cm™" (3.85 €V) to 30450 cm ™' (3.77 eV),
whereas the latter to 32430 cm ™" (4.02 eV). It is intriguing to
observe the overall result of the combined silicene and stanene
layers when they are piled up in a heterostructure fashion. As
pointed out above, the reflectance of the silicene-stanene
heterostructure (blue curve) shows a gradual decrease, and its
minimum is still shifted to a higher wavenumber as with the
stanene layer. The plasma edge compensation is less steep than
for a single layer of silicene or stanene. More importantly, the
spectral marker at 27 000 cm ™' is not present, thus confirming
the role of the stanene layer in preventing the silicene/Ag
electronic hybridization. As a final remark, we stress that
although the tuning of the plasmonic response by changing
the local dielectric environment of the metal is well known, in
the present case a shift of the silver plasma edge is obtained by
combining different atomically thin layers, for which the defi-
nition of the dielectric constant has been recently questioned in
favor of the local polarizability of the electronic distribution.>?
This scenario discloses promising opportunities to tune the
plasmonic response of Ag-based nanostructures® by stacking
Xenes of different nature on top.

Conclusions

We investigated for the first time the optical response of
silicene in the new context of Xene-based heterostructures.
Although we carried out an indirect evaluation of the thermal
response through Raman spectroscopy, our results pave the
way for the validation of the thermal properties of silicene. In
particular, embedding silicene (or generally, other Xenes) in the
heterostructures proves to be a viable layout to target thermo-
electric applications as theoretically proposed.*>*® We also
establish a connection between the opto-thermal Raman
responses and the optical reflectances from differently config-
ured silicene and silicene-stanene heterostructures on silver in
terms of increased optical absorption in the visible spectral
range. Surprisingly, although experimental determination of
the effects due to each Xene is challenging, we showed that the
optical reflectance is conditioned by the details of the Xene-
silver interfaces, thus providing a quick tool for ex situ
identification of the heterostructure constituents. Finally, the
Xene-induced shifts of the silver plasma edge open up the
possibility of engineering the metal’s plasmonic response by

This journal is © The Royal Society of Chemistry 2022
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piling up Xenes of different nature on top of the Ag(111)
substrate.

Experimental
Xene growth

Silicene and stanene layers were grown using a Scienta Omic-
ron LAB10 MBE system that is equipped with the low energy
electron diffraction (LEED) and Auger electron spectroscopy
(AES) probes for in situ characterization. As mentioned else-
where in detail, a typical sample production scheme follows
three steps: preparation, growth, and encapsulation. Several
cycles of sputtering and consecutive high temperature anneal-
ing (~550 °C) were performed on commercial Ag(111) sub-
strates before Xene growth. For heterostructures, first a Sn layer
was deposited on the prepared substrate, then the Si layer is
deposited on top of tin. The multilayered silicene samples were
obtained by increasing the deposition time and monitoring the
thickness by means of a calibrated quartz microbalance. Before
unloading, the samples were encapsulated with a non-reactive
and amorphous Al,O; capping layer to prevent degradation
under ambient conditions and allow ex situ characterization.

Raman spectroscopy

Raman measurements were performed using a Jobin-Yvon T6400
spectrometer in backscattering configuration with 532 nm
continuous-wave excitation and a 50 x (0.75 numerical aperture)
objective. To obtain the variation of Raman response versus the
incident laser power we introduced a neutral density filter in the
optical path and irradiated the sample surface with a series of laser
power from 1.8 to 60.0 mW at room temperature. We measured the
output laser power before the objective to take into account the laser
energy loss in the optical path and the attenuation due to the filter.
All the spectra were acquired with an exposure time of 20 seconds,
considering 3 accumulations.

NIR-UV spectroscopy

Additional characterization of the samples was performed
using a JASCO 760v spectrometer, covering the NIR-UV spectral
region from 10000 to 40 000 cm™ ' at room temperature. The
reflectance at near-normal incidence with respect to the surface
(capping layer side) was measured by taking as reference an
aluminum mirror. The possibility of neglecting the encapsulat-
ing layer from the optical analysis was confirmed by comparing
the reflectances of bare and capped Ag (see Fig. S5, ESIT). It is
worth stressing that the high reflectivity of the silver substrate
made the measurements extremely sensitive to inhomogene-
ities and tilts of the reflective surface. Several spectral acquisi-
tions have therefore been necessary to control the experimental
errors.
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