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ABSTRACT: Stanene is one of the most intriguing two-dimensional (2D)
materials because of its nontrivial topological properties. Here, the optical
properties from THz to UV of molecular beam deposited tin nanosheets on
Al2O3(0001) are reported. The experimental absorption coefficient cannot be
described in terms of metallic tin or tin oxides. Nonetheless, a similar optical
behavior was predicted by theory for freestanding stanene, thus suggesting the
formation of the 2D tin nanosheets with stanene-like properties. These findings
show that 2D tin bears appealing optical properties in a broad range of the
electromagnetic spectrum, thus paving the way to Xenes-based nanophotonics.
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Recent years have witnessed the rise of two-dimensional
(2D) materials after the astonishing and unprecedented

properties of graphene. In this framework, the revolution
started by graphene shed light on a new world where the third
dimension is dramatically reduced below the nanometer scale.
A wealth of 2D materials, including Xenes,1 transition metal
(TM) dichalcogenides,2 TM carbides and nitrides,3 and TM
oxides,4 are today probably among the most flourishing topic
related to condensed matter physics. In particular, the different
electronic properties of 2D materials look promising to cover
the electromagnetic spectrum, thus paving the way to
unprecedented applications in photonics.5−7 However, most
importantly and complementary to the 2D downscaling, the
recent discoveries about topological insulators focused
attention on a renewed interest in those materials already
studied in the past. One of the most intriguing examples in this
framework is represented by α-Sn whose topological properties
have been disclosed only recently.8,9 Following the synthesis of
silicene on Al2O3(0001)

10 and aiming at investigating the
properties of heavy Xenes like stanene on the same substrate,11

here we report on the unconventional optical properties of 2D
tin nanosheets in the photon range from THz to UV. On one
hand, the rush in synthesizing heavy Xenes like stanene on
nonconductive substrates is highly demanded to exploit their
quantum spin Hall (QSH) insulator state because of the large
spin−orbit coupling (SOC). Indeed, the heavier mass of tin in
comparison to those of the elements above, e.g., silicon, makes
stanene appealing from the topological point of view, thus
representing a suitable single-element candidate for the long-
sought 2D topological insulator. Indeed, the SOC converts a
honeycomb lattice from an ideal semimetal to a QSH insulator.
On the other hand, the revisited properties of α-Sn

demonstrate that unexpected behaviors could be hints of
novel states of matter as well, e.g., Ising superconductivity in
few-layer stanene.12 Therefore, in the present study, aiming at
synthesizing stanene on the transparent substrate Al2O3(0001),
so-called C-plane sapphire, we report on an unexpected and
novel optical behavior of 2D tin films with spectral features
demonstrating stanene-like properties differing from conven-
tional metallic and oxide tin phases reported to date. These
outcomes on the first-time reported synthesis of stanene-like
nanosheets on a transparent substrate pave the way to
photonics applications in Xenes-based devices operating in a
broad range of the electromagnetic spectrum.
In order to access the 2D properties of tin on the

Al2O3(0001) substrate grown by molecular beam epitaxy
(MBE) deposition, first the chemical environment was
scrutinized by X-ray photoelectron spectroscopy (XPS), and
subsequently the optical properties were unraveled by
transmittance and reflectance measurements. The starting
growth nominal thickness considered is 0.5 nm, whereas the
growth temperature (TG) has been varied among room
temperature (RT), 470, and 570 °C (see Methods and
Supporting Information Table S1). The chemical interaction
between tin and Al2O3(0001) is disclosed through in situ XPS.
The XPS analysis performed on the tin films deposited on
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Al2O3(0001) substrates accounted for C 1s (used as reference
for charging effects),10 Al 2p, O 1s, and Sn 3d (hereafter, only
the Sn 3d5/2 will be considered) core levels. Figure 1 reports
the representative XPS spectra before the Al2O3 capping
necessary for ex situ investigation (see Methods and Figure 1a
for a schematic sketch of the samples), just after the tin
deposition, thus preventing oxidation. Independently of the
substrate temperature (at the same tin thickness), all the
samples scrutinized showed two components of the Sn 3d5/2
core level (hereafter Sn0 and Snx+), where the one at higher
binding energy (BE) can be likely related to an oxidation state
(Snx+). Figure 1b reports on the deposition of 0.5 nm at RT
showing two components: Sn0 narrower at lower BE [BE =
484.93 eV and full-width half-maximum (fwhm) = 1.18 eV]
and Snx+ broader at higher BE (BE = 486.4 eV and fwhm = 2
eV). It is interesting to note that even at RT tin undergoes
oxidation, as other metals on the same substrate.13−15 The
difference in BE between the metallic and the oxidized
components is about 1.5 eV in all the 0.5 nm-thick nanosheet
samples (RT to 570 °C), whereas the ratio between the metal
and oxide components is not (see below). From the literature,
the BE of the elemental component Sn0 is placed on average at
484.98 eV and the SnO and SnO2 oxidation states are at
486.16 and 486.79 eV, respectively.16−18 Moreover, on the R-
plane sapphire, i.e., Al2O3(−1012), the Sn 3d5/2 core level was
observed at BE = 486.2 eV with a SnO stoichiometry.19

Therefore, the BE shift observed can be likely related to an
intermediate oxidation state between SnO and SnO2 in all the
considered samples (hence, 2 < x < 4). On the other hand, an
uncertainty in the determination of the oxidation state is still
present because of the final effect states of photoemission
related to small metallic particles on insulating substrates,
namely, a Coulomb shift superimposed to the chemical shift, as

reported for vanadium deposition on Al2O3(0001).
14 Addi-

tional experiments will be necessary to unravel the precise
stoichiometry of such an oxide. However, the origin of this
oxidation can be likely related to the interaction between tin
and oxygen atoms of the Al2O3(0001), even if the surface is Al-
terminated,20 as confirmed by the shift at higher BE of the O
1s core levels, showing two components (Figure 1c) even on
the pristine sample (data not shown), whereas the Al 2p core
level is unaffected by tin deposition (see Supporting
Information Figure S1), either BE or fwhm. The surface
oxygens can then be related to the presence of adsorbed
hydroxyl group (−OH) on the surface of Al2O3(0001) as
demonstrated by ion-scattering experiments (see also the
Supporting Information).21 When the TG is increased from RT
to 570 °C, the fwhm values of the two tin components (Sn0

and Snx+) are as those of Figure 1b (1.2 and 2 eV,
respectively), but the ratio between the metallic and oxide
components Sn0/Snx+ drops from 4.99 to 0.69, thus evidencing
an increased interaction between tin and the substrate. The
overall trend of the ratio between metal and oxide decreases
with increasing growth temperature from RT to 570 °C, as
reported in Figure 1d.
Reflectance R(ω) and transmittance T(ω) optical measure-

ments were performed in the range from THz to UV (0.01−
6.45 eV or 80−52000 cm−1) and are reported in Figure S2 of
the Supporting Information. In particular, transmittance
measurements have been performed in the substrate trans-
parency region, i.e., below 0.035 eV and above 0.12 eV, while
reflectance measurements have been collected in the range
from 0.035 to 0.12 eV because of the strong IR phonon
absorption of the Al2O3(0001) substrate.22 In the FIR region
(0.01−0.035 eV in transmittance and 0.025−0.17 eV in
reflectance), no optical signatures of the tin nanosheets can be

Figure 1. (a) Scheme of the samples from top to bottom: amorphous Al2O3 capping layer grown by codeposition, 2D tin nanosheets grown by
MBE (TG from RT to 570 °C), and Al2O3(0001) substrate. (b) XPS Sn 3d5/2 core level of 0.5 nm tin grown at RT on Al2O3(0001) showing Sn

0

(blue line) and Snx+ (blue dashed line) components related to the elemental and oxidized states of tin along with raw data (open circles) and full fit
(blue dotted line). (c) XPS O 1s core level showing two components related to the substrate (low-BE, blue line) and to the hydroxyl groups (high-
BE, blue dashed line). (d) Ratio Sn0/Snx+ of the three samples grown at different substrate temperature (RT, 470, and 570 °C). All the XPS spectra
are recorded before Al2O3 capping layer.
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observed, thus suggesting an optical bandgap fairly compatible
with theoretical prediction for stanene.11 Indeed, a gap as large
as 0.25 eV opens after SOC is turned on in ab initio
calculations, indicative of the nontrivial topological feature of
stanene/Al2O3(0001). Conversely, in the MIR-Vis-UV photon
energy range the tin nanosheets show an optical response
different from the substrate (from 0.17 to 6.45 eV) as reported
in Supporting Information Figures S2−S4. Figure 2 reports on

the absorption coefficients of the 0.5 nm-thick films deposited
at increasing TG (from RT to 570 °C). The absorption
coefficient α(ω) is extracted from the multilayer model by
considering both the measured T(ω) and R(ω) via the
imaginary part of the refractive index: α(ω) = 2ωk(ω)/c,
where k(ω) is the imaginary part of the refractive index ñ and c
is the speed of light. The amorphous capping layer, because of
its small thickness and intrinsic transparency, does not affect
the optical properties of tin nanosheets on Al2O3(0001) (see
Supporting Information Figure S1); moreover, α(ω) has been
obtained by considering the actual complex refractive index of
Al2O3(0001) as determined from its absolute transmittance
and reflectance measured for a bare substrate coming from the
same batch (see Supporting Information Figures S3 and S4).
The optical response is shown to be nearly TG-independent for

the three scrutinized samples (Figure 2), despite the different
ratio between the metallic and oxidized components (see
Figure 1d). Indeed, their absorption coefficients show a quite
similar shape characterized by two broad peaks centered at
nearly 1.25 and 3 eV. In order to assign those absorption
features, in the same figure we compare the experimental
absorption spectra (left scale) with that calculated for
freestanding stanene (right scale) reported by Matthes et al.
(gray dashed line in Figure 2).23 The theoretical absorbance
spectrum shows a first peak around 1.8 eV as a consequence of
2D saddle points in the π−π* interband structure of stanene
located at the six M points at the Brillouin zone boundary. The
higher-energy peaks near 3.1 and 4.0 eV are instead related to
σ−σ* transitions mainly at the Γ point of the 2D Brillouin
zone.23,24 It is possible to notice that the experimental
absorption feature of tin nanosheets at nearly 1.25 eV is red-
shifted with respect to the theoretical one (at about 1.8 eV) of
freestanding stanene, while the theoretical two-peak structure
(at 3.1 and 4 eV) merges in a single broad feature (located
around 3 eV) in the experimental data, likely because of
interaction with Al2O3(0001) substrate, as already demon-
strated for silicene.10 The experimental absorption coefficients
in the low-energy part of the photon range, i.e., α(ω → 0),
show a vanishing intensity toward the THz region [where
α(ω) = 0 as mentioned before] without a sharp absorption
edge as shown in the theoretical calculation.23 However, it is
important to observe that the reported calculation has been
performed at zero temperature, and hence, the expected gap
should be smoothed at finite temperature. On the other hand,
John et al. theoretically separated the contribution to
absorbance coming from parallel and normal (to the basal
plane) polarized incident light for stanene and other Xenes.25

In Figure 2 their calculated absorbance A(ω) (black dashed
line, parallel polarization like in the present experiments)
shows even better agreement with the experimental data.
Indeed, the broad theoretical peak centered at 3.27 eV (due to
transitions among parallel bands formed along the K−Γ
direction by pz and σ* orbitals) can be easily compared to the
experimental broad feature centered around 3 eV. Conversely,
the next peak at 5.21 eV (electronic transition from px
hybridized orbital and π*) is not experimentally observed,
being probably confused in the high-energy experimental
absorption tail. Finally, absorption starts at 1.27 eV photon

Figure 2. Absorption coefficients α(ω) of 0.5 nm-thick samples
grown at RT (blue), 470 °C (orange), and 570 °C (red). The
theoretical absorbance A(ω) of freestanding stanene (black and gray
dashed lines) is reported for comparison (data from refs 23 and 25).

Figure 3. (a) Comparison between the absorption coefficients of Figure 2 and those of SnO (black) and SnO2 (gray) (data from refs 27 and 28).
(b) Comparison between the absorption coefficients of Figure 2 and those of α-Sn (black) and β-Sn (gray) (data from refs 29 and 30).
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energies with a small hump (and not a sharp peak) because
stanene bands do not become as flat as the other Xenes
(graphene, silicene, and germanene), and hence, the van Hove
singularity related to π−π* interband transition is broadened,
in good agreement with the experimental feature placed at 1.25
eV. Finally, the experimental absorption coefficients of Figure 2
show also similar features reported in the theoretical
absorbance spectrum of fully hydrogenated stanene, i.e.,
stanane, which is characterized by a larger bandgap opening
at the Γ point of the Brillouin zone (1.22 eV) but still keeps
the π−π* interband transition around 3 eV.26

The comparison between experimental data and theoretical
calculations suggests that, when scaled down to 2D regime, 2D
tin nanosheets on Al2O3(0001) are endowed with stanene-like
properties. In order to further support this finding, we compare
in Figure 3 the observed optical response of tin nanosheets
with the absorption coming from known elemental allotropes
of tin and various tin oxides. Figure 3a presents the absorption
coefficients of 0.5 nm-thick 2D tin nanosheets from RT to 570
°C with those of SnO and SnO2.

27,28 Both oxides are electric
insulators and present a large optical gap, around 3 eV for SnO
and 4 eV for SnO2. Although the photon energy range
scrutinized is different, an overall behavior can be clearly
observed because of the lack of a large gap in the α(ω) curves
of the 2D tin nanosheets. By and large, the optical contribution
of the tin oxides to the observed spectra can potentially be
taken into account only for ℏω > 3 eV, thus ruling out an
optical response related to the oxide component below this
threshold. On the other hand, a similar comparison with the α-
and β-Sn phases,29,30 namely, gray and white tin (the former is
a zero bandgap semiconductor with cubic diamond structure,
whereas the latter is a metal with body-centered tetragonal
structure), is reported in Figure 3b. The absorption coefficient
of the 2D tin nanosheets does not resemble either α- and β-Sn
absorption coefficients or a linear combination of both, thus
suggesting an unprecedented phase for tin in this growth
regime. Therefore, both results in Figure 3a,b further suggest
that 2D tin films on Al2O3(0001) show stanene-like properties.
In light of the recent discoveries about few-layer stanene and

α-Sn,8,9,12 it is interesting to explore a thicker growth regime.
Figure 4 shows the comparison between 0.5 and 1.5 nm-thick
samples grown at RT. The real part of the optical conductivity
σ1 = α(ω)nc/4π, where σ(ω) = σ1 + iσ2 (α is the absorption

coefficient, and n is the refractive index), is reported in Figure
4a. An intriguing trend is observed when increasing the
thickness of the 2D tin nanosheets from 0.5 to 1.5 nm, showing
an inverse behavior of σ1 intensity versus the film thickness.
Remarkably the optical conductivity of the 1.5 nm-thick
nanosheet displays the same optical spectrum characterized by
stanene-like features of the thinnest sample (broad peaks at
1.25 and 3 eV are clearly observed). The introduction of the
thickness parameter, i.e., a dimensional parameter, might
suggest a dimensional crossover as already observed for silicon
on the same substrate.10 However, unlike the silicon case we
do not observe changes in the optical conductivity spectrum
when increasing thickness from 0.5 to 1.5 nm. Further
comparison can be carried out by considering the optical
conductance, G1. When considering the optical conductance
G1 = σ1d where d is the film thickness in terms of the universal
optical conductance G0 = 6.08 × 10−5 Ω−1, it is possible to
observe that the low-energy spectral features of 0.5 and 1.5 nm
G1/G0 spectra nearly superimpose, whereas the high-energy
feature is slightly blue-shifted in the 1.5 nm G1/G0 spectrum
compared to the 0.5 nm spectrum (Figure 4b). This
comparison based on a dimensional renormalization thus
evidences a thickness-dependent behavior of the optical
response intensity of 2D tin nanosheets, whereas the
stanene-like optical fingerprints are nearly conserved (see
Figure 2), suggesting the presence of a single active stanene-
like layer in both samples, which is likely superimposed to an
optically inert layer in the 1.5 nm-thick sample.
In summary, 2D tin nanosheets on Al2O3(0001) substrate

were grown by MBE at different deposition temperature from
RT to 570 °C. Partial oxidation occurring in the tin nanosheets
can be explained by the unavoidable interaction between tin
and hydroxyl groups naturally present on the Al2O3(0001)
surface. The optical behavior of the tin films at the 2D limit is
very similar to each other and strongly differs from those of
common tin oxide (SnO and SnO2) and from those of
conventional elemental tin phases (α- and β-Sn). Most
importantly, absorption spectra show characteristic signatures
that closely resemble those of freestanding stanene endowed
with SOC-induced bandgap as well as absorption peaks due to
electronic interband transitions along high-symmetry direc-
tions of the Brillouin zone. The nontrivial nature of 2D tin
nanosheets on Al2O3(0001) is further corroborated by an

Figure 4. (a) Real part of the optical conductivity σ1 of 0.5 (blue) and 1.5 nm (blue dashed) 2D tin nanosheets. (b) Real part of the optical
conductance normalized to the universal optical conductance G1/G0 of 0.5 (blue) and 1.5 (blue dashed) nm-thick 2D tin nanosheets grown at RT.
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interesting thickness-dependent optical response characterized
by a decrease of the optical conductivity intensity for thicker
films. However, when dimensional renormalization is taken
into account through an optical conductance comparison, the
optical behavior turns out to be almost identical to the
stanene-like spectrum of the thinnest nanosheet throughout
the broad electromagnetic spectrum (from THz to UV) here
scrutinized. Accessing the optical properties of dimensionally
reduced tin nanosheets allowed disclosing an optical behavior
that cannot be related to conventional tin, thus paving the way
to optoelectronic and photonic engineering of novel and high-
performance optoelectronic devices, mostly active in the visible
region.

■ METHODS
MBE Growth and Encapsulation. One-side polished

Al2O3(0001) substrates were degassed in ultrahigh vacuum (base
pressure 10−10 mbar) at ∼250 °C for a few hours before tin
deposition. Tin growth onto substrates was performed by MBE using
a k-cell evaporator after calibration of flux rate through microbalance.
Three different samples were grown at variable temperature ranging
from RT (∼25 °C) to 570 °C. Temperature readings were
crosschecked by pyrometer-based calibration of the thermocouple
attached under the sample holder. The tin films were subsequently
protected using an in situ grown transparent capping layer made of
aluminum oxide (∼5 nm) as for other Xenes like silicene and blue
phosphorene. In detail, the amorphous 5 nm-thick Al2O3 capping
layer was grown in situ through reactive codeposition of a pure
aluminum beam in a molecular oxygen atmosphere (partial pressure
10−6 mbar). Hence, the overall stacking from top to bottom is Al2O3/
Sn/Al2O3(0001), similar to that used for silicene.10

XPS Characterization. Before and after the tin and Al2O3

depositions, the chemical status was monitored by means of in situ
nonmonochromatized XPS (hν = 1253.6 eV). Surface sensitive
measurements were performed at a takeoff angle of 37° between the
sample surface and the hemispherical electron analyzer.
Optical Spectroscopy. The macroscopic optical properties, i.e.,

absolute transmittance T(ω) and reflectance R(ω), were then
measured at RT from THz to UV (0.01−6.45 eV or 80−52000
cm−1) on several thin films from 0.5 to 1.5 nm, and the microscopic
optical properties were extracted using a multilayer model with
RefFIT.31 Measurements were recorded even at low-temperature (78
K) with no differences with those at RT. In particular, the following
spectral regions were scrutinized: 0.01−0.031 eV (80−250 cm−1)
(THz in transmission, vacuum), 0.031−0.18 eV (250−1500 cm−1)
(IR reflectance, vacuum), and 0.17−6.45 eV (1400−52000 cm−1)
(transmittance from IR to UV, vacuum from 1400 to 8000 cm−1, and
in atmosphere from 8000 to 52000 cm−1).
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