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Effective Out-Of-Plane Thermal Conductivity of Silicene by
Optothermal Raman Spectroscopy

Eleonora Bonaventura,* Daya. S. Dhungana, Chiara Massetti, Jacopo Pedrini,
Carlo Grazianetti, Christian Martella, Fabio Pezzoli, Alessandro Molle,*
and Emiliano Bonera*

Silicene has recently been revisited as a 2D material with potential
thermoelectric applications. Here, the thermal properties of supported silicene
are determined by optothermal Raman spectroscopy. Single and multilayer
silicene is grown either directly on silver (Ag) substrates or on an intermediate
tin (Sn) monolayer, introduced to reduce the influence of the substrate on the
physical properties of silicene. Experimental values of an effective cross-plane
thermal conductivity of 0.5 W/mK are obtained for silicene on Ag and 0.3 W/mK
for silicene on stanene-Ag. The values of the interfacial thermal conductance,
on the other hand, are 0.3 and 0.5 GW/m2K, respectively. Heterostack
engineering is confirmed as a versatile strategy for extracting relevant physical
parameters in silicene and for modulating the thermal response in the 2D limit.

1. Introduction

Silicene, the 2D form of silicon (Si), has been showing great
promise for technological applications since its discovery.[1,2]

Driven by the intrinsic compatibility with the semiconductor
technology and the peculiar band structure – which can host
Dirac electrons as graphene – research based on silicene has been
ever evolving.[3] However, despite advances in growth and pro-
cesses that bring the 2D Si allotrope closer to integration into
functional devices,[4,5] substrate requirements remain an open
issue. The (111)-terminated silver surface is the most used tem-
plate for the experimental realization of silicene. A stanene buffer
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layer can also be grown on this substrate,
which has been shown to favor decoupling
between silicene and Ag.[6,7] An in-depth
knowledge of the properties of the inter-
face between the silicene and the support
or protective layers is therefore essential
to facilitate the development of emerging
technologies.

Recently, silicene has been proposed
as a valuable candidate for thermoelectric
applications.[8] Thermoelectric devices al-
low for the direct conversion of heat into
electrical energy and vice versa. A ther-
moelectric generator could effectively in-
crease energy efficiency and reduce green-
house gas emissions using waste heat as
a power source. The applicable scenarios

for thermoelectrics can include transportation, ex-
treme environments, electronics, and sensors.[9,10]

The conversion efficiency of a thermoelectric mate-
rial is quantified by the dimensionless figure of merit
zT = (𝛼2 𝜎)T/k where 𝛼, 𝜎, k, T are Seebeck coefficient, electrical
conductivity, thermal conductivity, and absolute temperature.
Boosting zT (>1), which is inversely proportional to the inherent
thermal conductivity, is a key requirement for the design of
advanced thermoelectric materials.[11] On top of this technology
evolution, the cross-plane heat transfer, which is directly related
to critical aspects of exploiting properties in new nanomaterials
such as heat dissipation, energy consumption and conversion, is
scarcely explored in silicon at the 2D level, that is, at a targeted
body thickness relevant to produce electronic devices.

The number of theoretical works reporting on the thermal con-
ductivity of silicene is extremely small, in contrast to the range
of calculated values. Furthermore, to the best of our knowledge,
the thermal properties of silicene have not been investigated ex-
perimentally due to the lack of suitable configurations. Molecular
dynamics simulations based on classical potentials developed for
bulk silicon yield values in the range of 20 to 40 W/mK.[12–14] Us-
ing first-principles calculations, Xie et al.[15] obtain 9.4 W/mK for
monolayer silicene. A similar result is also highlighted by Zhang
and co-workers by applying different computational methods.[16]

In another work, the thermal conductivity is reported for free-
standing silicene and its supported form.[17] When silicene is
modeled on a SiO2 substrate, a decrease in thermal conductivity
is suggested. Wang et al. explain this effect in terms of reduced
phonon relaxation times.
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Figure 1. a) Sketch of the silicene-based configurations used in this work. From left to right: directly grown silicene and buffered silicene. All samples are
deposited on Ag(111) substrate. The relative thickness is not to scale. b) Scheme of the optical system used for the optothermal Raman measurements.
bp: band pass filter, bs: beam splitter; obj: objective; edge: edge pass filter. c) Raman spectra at low temperature, obtained with a low incident laser
power.

Here, we report on the investigation of the thermal response
of supported silicene using an optothermal method based on Ra-
man spectroscopy. Two different configurations were considered:
silicene directly grown on silver and silicene grown on a stanene
buffer layer. The optothermal Raman technique relies on a direct
relationship between the Raman signal and the temperature. In
fact, the phonon frequencies and lifetimes, induced by the anhar-
monicity in the interatomic potentials, are temperature depen-
dent, and so are also the intensity, frequency, and width of the
corresponding Raman peak. Using the same incident radiation
to locally heat the system, non-contact thermal measurements
can be performed.[18–21] The thermal conductivity can indeed be
extracted by quantifying the Raman shift. This approach can be
readily applied to silicene, which exhibits a characteristic Raman
spectrum in both its single- and multi-layer forms when prop-
erly stabilized.[22] Although the atomic scale control and quan-
tum confinement effects can generally affect the thermoelectric
performance in a nanomaterial,[23,24] configuring silicene in di-
verse heterostructure schemes allows us to quantify some pivotal
thermoelectric quantities in real cases.

2. Results and Discussion

2.1. Growth and Characterization

We explore epitaxial silicene in the form of single- and multi-
layers. All the samples are supported by an Ag(111) epilayer on
mica. The silicene layers have been grown directly on silver and
on a 2D tin buffer layer (termed stanene). While the direct growth
results in a 2D polycrystalline texture, stanene buffering leads
to a single-phase formation eventually giving rise to a silicene-
stanene heterostacked structure.[6,7] Silicene and silicene-stanene
layers have been deposited by molecular beam epitaxy on Ag(111)
substrates, as described in more detail in the experimental sec-
tion. The single layer of silicene on Ag(111) is therefore a mixture
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3
single phase is stabilized for multilayer silicene and silicene-
stanene configurations. One and three layers of silicene were
considered for direct growth on Ag, while one, two, and three
layers were considered for the stanene-Ag substrate. We will re-
fer to the latter as the “buffered” samples. A 5 nm-thick Al2O3
encapsulating layer was deposited on all the samples for protec-
tion against oxidation. A sketch of directly grown and buffered
silicene is shown in Figure 1a.

Raman spectroscopy in backscattering configuration was per-
formed using a hot-cold stage to control the temperature of the
sample as in Figure 1b. The 532 nm incident laser power was kept
below 3 mW. The room-temperature spectra in Figure 1c show
the typical asymmetrical shape. For silicene, the Raman spec-
trum can be described as a superposition of two components. The
most intense peak is centered at ≈520 cm−1. It corresponds to the
E2g mode of the hexagonal Si rings in monolayer silicene. The
other one is broader and is located at lower wavenumbers (480–
500 cm−1). This feature is related to the intrinsic disorder of the
bidimensional structure or to unresolved breathing modes.[25]

The outcomes of the Raman analysis are consistent with the pre-
viously reported Raman data of supported single and multilayer
silicene.[26,27] The sharp and intense Raman band of silicene can
thus be used to probe and quantify its thermal response in the
diverse silicene layouts.

2.2. Temperature and Raman Spectrum

The first step for investigating the thermal properties of sup-
ported silicene is to determine the temperature dependence
of its Raman spectrum. The two silicene-based configurations
(directly grown and buffered) were measured at constant inci-
dent light power (P) by varying the external temperature (T) be-
tween 123 and 423 K. P was kept low to avoid alteration of the
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Figure 2. a) Wavenumber variation in the Raman peak of silicene as a function of temperature T. The fixed incident power P is 5.8 mW. b) Wavenumber
change in the Raman band of silicene as a function of the incident power P. All the measurements were taken with the samples cooled at 123 K.

spectra due to illumination-induced local heating. The positions
of the Raman peaks were obtained by fitting a pseudo-Voigt func-
tion to the experimental data. In addition to silicene, a bulk
silicon reference was also measured under the same experimen-
tal conditions. In the temperature range under consideration, the
wavenumber variation Δ𝜔(T) follows the linear trend already re-
ported for other supported 2D materials.[28–30] The linearity in the
Raman peak position as a function of the temperature is shown
in Figure 2a. The proportionality constant 𝜒 = d𝜔∕dT, obtained
from the linear fit, amounts to −0.020 cm−1 K−1 for all the sam-
ples. The thermal coefficient 𝜒 , which is larger in modulus than
that reported in the literature for a single layer of silicene grown
on Ag,[31] appears to be independent of the stacking and compat-
ible with the value obtained for bulk silicon.

2.3. Thermal Properties of the Stacks

According to the Fourier theory, the coherence length of the
phonons is assumed to be smaller than the thickness of the
material.[32] However, this condition breaks down in case of
an atomically thin layer. Nonetheless, the Fourier description
has been effectively adopted to interpret the heat conduction in
2D materials like black phosphorus and therein infer the rele-
vant thermal characteristics.[18,33,34] Phenomenologically, the heat
transfer in a medium can be described by Fourier’s law:

q = −k∇T (1)

Equation (1) relates the heat flow density q through a surface
to the temperature gradient ∇T. The proportionality constant k
is the integral thermal conductivity.The study presented here in-
volves multilayered structures from the stacking of different ma-
terials. Let us first consider the simplest configuration of a sil-
icene layer of thickness tSi grown on Ag(111).

Given that the lateral dimension is on the order of millime-
tres, we model the silicene and silicene-stanene stacks as in-
finitely extended in the plane. In order to extract an effective

value for the thermal conductivity of silicene, we consider the
substrate as a constant temperature thermal bath because kAg
is ≈430 W/mK,[35] i.e. much larger than the one expected from
the silicene.[15–17] The alumina capping layer is 5 nm thick with
a thermal conductivity of the order of 1–3 W/mK, and there-
fore its contribution to the heat dispersion can be reasonably
disregarded.[36,37] Similar considerations hold for convection and
irradiation processes. The ultra-scaled thickness of silicene also
suggests that in-plane heat transport is negligible. The presence
of grain boundaries (as well as other defects) can indeed provide
scattering centers for phonons and carriers.[38–40] Therefore, by
considering a homogeneously constant substrate temperature, to
a first approximation we can describe the laser-induced local tem-
perature variation as only depending on the thermal conductivity
of silicene kSi, and on the interface thermal conductance G be-
tween silicon and Ag. We can treat the temperature gradient as
one-directional effect, that is, ∇T → dT

dz
with z pointing out to the

normal direction of the stack. In terms of heat dissipation and
conduction, the silicene samples can be described as a series of
a thermal resistances of the body and the interface(s), in anal-
ogy with the electrical circuit. By specifying the elements of the
system under investigation and neglecting the substrate contri-
bution, the linear dependence of ∆T on ∆q becomes:

ΔT =
[

tSi

kSi
+ 1

G

]
Δq (2)

whereΔT is the temperature change recorded by the Raman mea-
surement, while Δq is the power density absorbed by the silicene
layer, which can instead be extracted by measuring the optother-
mal Raman effect as a function of the incident laser power P.
The temperature variation ΔT is also linearly related to the thick-
ness of silicene. For silicene directly grown on Ag, G is the ac-
tual interfacial thermal conductance of the Si-Ag interface (GSiAg).
For the heterostructures of silicene on stanene-Ag, G is the re-
sultant of different terms: 1/G = 1/GSiSn + tSn/kSn + 1/GSnAg,
where GSiSn and GSnAg are the Si-Sn and Sn-Ag interfacial thermal
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Figure 3. a) Equivalent thermal circuit for directly grown (top) and buffered (bottom) silicene. b) d𝜔/dP as a function of the number of silicene layers. c)
dT/dq as a function of the number of silicene layers. Blue color is used for silicene on Ag, while orange indicates the silicene on stanene-Ag configuration.

conductances, while kSn and tSn are the thermal conductivity and
the thickness of the stanene layer, respectively.

In our experiment, we cannot separate the contributions from
the different interfaces in the heterostructure, and therefore the
extracted G will be an effective value.

2.4. Experimental Determination of k and G

A number of Raman spectra were collected at different incident
laser powers and converted to the local temperature rise at the
laser spot using the previously obtained temperature coefficients.
This highly localized power induces a change in temperature that
can be deduced from the Raman shift variation Δ𝜔. To display
Raman shifts more evidently even with low incident power P, we
set the external temperature at 123 K. At higher base tempera-
tures, the local changes in Δ𝜔 are evident only at higher excita-
tion intensities. The evolution of Δ𝜔 as a function of P for all
the samples is shown in Figure 2b. Bulk silicon, used as refer-
ence, does not show any change with varying P, because of the
heat dissipation deep through the bulk wafer. In fact, its thermal
conductivity is 142 W/mK at room temperature.[41] The silicene
samples, however, show that a higher P corresponds to large Δ𝜔,
and hence a higher local temperature. We also notice that the
slopes d𝜔/dP are sample-dependent, thus suggesting a role of the
thickness and of the stanene layer in the absorption and the dissi-
pation process. For comparison, in a previously published paper
we reported a similar power dependence on a detached silicene
sample.[5] In Figure 2b the dissipation of heat is more effective,
probably because of the better crystalline quality of the stack.

For the determination of the thermal properties the simplified
model described in the previous section and schematized in the
drawing of Figure 3a is used. To get a quantitative description,
in Figure 3b we plot the slope d𝜔/dP as a function of the num-
ber of silicene layers. An increase of the thickness is associated
with an increase of the slope. The corresponding change in T
cannot be directly related to the thermal properties because the
power absorption changes with the structural details of each sam-
ple. The absorbed laser power for each configuration can be es-
timated as: PAbs = A·P where A is the absorbance of the silicene-
based structures. Since the wavelength used for the Raman char-

acterization is below the plasma edge of the Ag substrate, the
light is almost completely reflected, and the substrate absorption
is about zero.[42] In addition, the thin amorphous Al2O3 capping
layer is optically transparent and no contribution is expected from
it.[43] Therefore, we assume the absorption of silicene-based sam-
ples equal to 1-R where the reflectivity R can be measured with a
standard spectrophotometer as reported in ref. [19] In this frame-
work, Figure 3b can thus be replotted as Figure 3c by changing
d𝜔/dP into dT/dq trough the relation:

ΔT
Δq

= d𝜔
dPAbs

S𝜒−1 (3)

where S is the illuminated area as calculated from the diffraction
limited diameter of the focus as 𝜆/2 N.A. (N.A. is the numerical
aperture), and 𝜒−1 is the thermal coefficient obtained from the
data in Figure 2a. Reading the linear dependence in Figure 3c in
a Fourier picture of a homogeneous layer on top of a substrate,
the linear plot is an angular coefficient of tmono/k where tmono is
the thickness of a monolayer of silicene, while the intercept is
1/G. The thermal conductivity values obtained with an average
silicene thickness of 0.31 nm are 0.5 W/mK for the Si/Ag set and
0.3 W/mK for the Si/Sn/Ag set.[4,44] Our values, which are lower
than the thermal conductivity of bulk silicon, are compatible with
those reported for low-dimensional Si-based systems.[24] From
the point of view of the interfacial thermal conductance the val-
ues extracted for the Si/Ag and Si/Sn/Ag configurations are 0.3
and 0.5 GW/m2K, respectively. The stanene buffering turns out
to reduce the thermal flow from the sample to the substrate, re-
sulting in a higher thermal conductivity of the 2D body. As men-
tioned above, these values can only be read as equivalent quan-
tities within the assumed approximations (the application of the
Fourier analysis and the coexistence of multiple layers).

3. Conclusion

In summary, we have investigated the thermal response of
silicene grown directly on Ag(111) and buffered by a layer
of stanene. Using the optothermal Raman method, we mea-
sured the change in Raman shift as a function of stack
temperature for mono- and multi-layer silicene to calibrate the
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Raman shift as a local thermometer. We then measured the in-
crease in local temperature by heating the samples with the exci-
tation laser itself. We interpreted the change in terms of the ef-
fective value of the thermal conductivity and the interfacial ther-
mal conductance, returning their experimental values: 0.5 W/mK
and 0.3 GW/m2K for silicene on Ag, 0.3 W/mK and 0.5 GW/m2K
for silicene on stanene-Ag. This is one of the first attempts to
characterize the thermal behavior of epitaxial silicene. Although
knowledge of electrical conductivity is essential for the correct
definition of the merit factor zT, access to the thermal properties
of silicene opened a new path for exploring its thermoelectric ap-
plications. With the aim of finding a way to single out the proper-
ties of the silicene layers from the substrate, we also observed a
variation of the thermal characteristics as a function of the intro-
duction of a monolayer stanene spacer. Heterostack engineering
thus proved to be a versatile strategy for modulating the effective
thermal response of silicene at the 2D limit.

4. Experimental Section
Growth: Silicene samples were epitaxially grown, on commercially

available 300 nm thick Ag(111) substrates, in a Lab10 MBE system (sup-
plied from Scienta Omicron GmbH) under ultra-high vacuum conditions.
The base pressure was kept <10−10 mbar. Before the thin film depositions,
the Ag surface was pretreated by cycles of Ar+ sputtering, followed by an-
nealing at 550 °C. Standard k-cell and a silicon sublimator were used for
the Sn and Si deposition, respectively. Single and multi-layers silicene were
grown on two surface templates: the bare Ag(111) and the stanene on
Ag(111). According to the growth scheme in ref. [6] the silicene-stanene
heterostructures were realized starting with the deposition of 1.33 mono-
layer Sn on Ag(111). Silicene and stanene thicknesses were determined by
calibration of the silicon/tin flux using a thickness monitor and by post-
growth probing by means of in situ low energy electron diffraction and
Auger electron spectroscopy. Finally, before removing the samples from
the vacuum, a 5 nm non-reactive Al2O3 capping layer was applied to pre-
vent oxidation in ambient conditions.[22]

Raman Measurements: Temperature dependent Raman measure-
ments were performed using a system based on a Horiba T64000 in a
backscattering configuration with an edge filter. A 532 nm laser was fo-
cused on the sample surface by a long working distance 20x objective with
a numerical aperture (N. A.) of 0.40. The samples were heated and cooled
through a nitrogen purged thermal stage Linkam HFS-600. The energy loss
due to the glass window of the thermal stage has been neglected. A neu-
tral density filter at the laser output was used to control the power incident
on the sample surface. The integration time of the Raman measurements
was 15 s and 3 accumulations, the minimum values to obtain a detectable
Raman signal from the silicene layers in this configuration. To better cali-
brate the temperature, a bulk silicon sample was introduced into the stage
to provide a real-time reference for the temperature measurement.
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