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Abstract

The exotic electrodynamics properties of graphene come from the linearly dispersive electronic bands that host
massless Dirac electrons. A similar behavior was predicted to manifest in freestanding silicene, the silicon
counterpart of graphene, thereby envisaging a new route for a silicon photonics. However, the access to silicene
exploitation in photonics was hindered so far by the use of optically inappropriate substrates in experimentally
realized silicene. Here we report on the optical conductivity of silicon nanosheets epitaxially grown on the
optically transparent Al,O3(0001) from a thickness of a few tens of nanometers down to the extreme two-
dimensional (2D) limit. When approaching a 2D regime, a Dirac-like electrodynamics can be deduced from
the observation of a low-energy optical conductivity feature owing to a silicene-based interfacing to the

substrate.



Since its rise, graphene has been fostering unprecedented advances in a number of multidisciplinary
applications.' A ubiquitous exploitation of graphene is limited by integration issues in many nanotechnology
branches that are still based on silicon. Nowadays, silicon still offers the unique potential to co-integrate
electronics and photonics at the nanoscale on a single chip.? Reducing silicon to a graphene-like form would
bring to a substantial technology throughput in this framework. The recently discovered two-dimensional (2D)
allotropic phase of silicon, namely silicene, followed up by other X-enes (X belongs to group-II1A, -IVA, and
-VA) renewed the interest in silicon-based nanomaterials as candidates for applications in nanotechnology.>*
In fact, dimensional reduction of silicon opens new and intriguing routes for silicon nanoelectronics and
photonics, like engineered and tunable in-gap absorption for photovoltaic application. Hitherto, most of the
published reports are related to silicene growth on metallic templates, e.g. Ag(111), hence these substrates
cannot be easily used to directly access the optical properties of silicene and, more generally, of most of the
X-enes sharing the same issue.” Nonetheless, even the optical properties of silicene, as well as the electronic
ones, are predicted to closely resemble those of the forerunning graphene. In particular, ideal freestanding
silicene shares with graphene the low-frequency electrodynamics, characterized by a universal absorption
value o where o is the fine-structure constant.®® Intriguingly, the rise of massless Dirac fermions at low-
energy occurs despite either the buckling amount or the mixed sp*-sp® hybridization.® For higher-energy, the
theoretical absorbance spectrum of freestanding silicene is characterized by two main interband transitions at
M (n—=* transition, hereafter termed I) and I' (c—oc* transition, termed II) points of the first Brillouin zone
(BZ) at 1.6 and 4 eV, respectively, corresponding to van Hove singularities of the joint density of states
(JDOS).® Nonetheless, when silicene is supported by a metallic substrate, most of these properties vanishes
as far as spurious hybridization come into play. For instance, for the silicene on Ag(111) case, the strong Si-
Ag hybridization has been proven to deeply affect the electronic and optical properties of the supported
silicene,”'® giving rise to a complicated absorbance spectrum showing superimposition of different
contributions with mixed Si-Ag and Ag-Ag transitions.'' In this light, many efforts should be then devoted to
the synthesis of silicene or, generally speaking, of low-dimensional silicon nanosheets (SiNSs), on dielectric

(transparent) substrates in order to reduce the interaction, providing a more ideal case to investigate silicene
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optical properties and therein enabling a silicene-based photonics. In this framework, Al,O3(0001), with a
reported experimental bandgap of 8.8 eV,'? has been recently proposed as a commensurate substrate either for
silicene or for germanene epitaxy."* Indeed, based on first-principles calculations, Chen et al. suggested that
the Al-terminated surface of Al,O3(0001) can stabilize a monolayer honeycomb structure of silicene (also
germanene) without destroying the Dirac states, because the substrate, being a large-gap semiconductor with
a proper work function, imposes the Dirac point to lie in the gap and far from the substrate states when their
bands align. Silicene on Al;O3(0001) retains the main structural profile of the low-buckled honeycomb
lattice.”® Stimulated by this theoretical prediction, here we report on the innovative synthesis of SiNSs on
Al,03(0001) substrates by molecular beam epitaxy (MBE), under carefully tailored conditions, and on the
related optical response from infrared (IR) to ultraviolet (UV). The first time measured optical conductivity
shows a low-energy electrodynamics behavior in agreement with a Dirac-like electronic dispersion. This
experimental result is further corroborated and critically interpreted by density functional theory (DFT) ab
initio calculations of the structural, electronic, and optical properties based on a silicene model. Our outcomes
demonstrate that, at the pure 2D limit, SINSs grown on Al,O3(0001) retain the properties of freestanding
silicene in their optical conductivity.

In order to get through the optical properties of silicon at the 2D limit, three main issues should be firstly
addressed, i.e. silicon growth, precise thickness determination, integrity and stability of specifically designed
samples. Hence, we studied samples with different SiNSs thicknesses down to 0.5 nm (see Methods) on the
ultra-high vacuum (UHV) prepared Al,O3(0001) surface, which is Al-terminated.'*'> However, to take into
account substrate-induced effects on the optical measurements, we fabricated a specific type of sample with
variable silicon thickness, which ranges from 1.5 to 7 nm through 1 cm wide Al,Os substrate, as well as a

constant thickness (CT) (0.5 nm) sample at the pure 2D limit (Figure 1a).



)]
o

12

7_

° ’ / 10 —_
£ 5 il 3 Los &
5 1cm 3 g
8 41 Z 106 =

c

C
D s 0e g
= 24 2]
) . o8 &

1] X e o tO02 1]

A A A A

0 T T T T T T T T T 0.0

0.0 0.2 04 0.6 0.8 1.0 104 103 102 101 100 99 98
d Sample position (cm) c Binding Energy (eV)

1.2 104
1.0 < 103 A
5 E 2
S +0.8 & Z 102
z s 2
2 06°7% W 1014
E s 2
- 042 21004
£ E @
S 02 & 994
x M ‘ N
)
0 0 98 T T T T T T
470 480 490 500 510 520 530 540 550 560 0.0 0.2 0.4 0.6 0.8 1.0
Raman shift (cm™) Sample position (cm)

Figure 1. (a) SiNSs thickness by AFM for the VT sample (black dots, line is a guide for the eye) and the CT
sample (red triangles). Inset displays schematics of the Al,Os-capped (green) VT sample showing the
increasing silicon thickness (red) along one Al,03(0001) substrate (blue) direction. (b) XPS spectra and (¢)
binding energy of the Si 2p core level along the increasing silicon thickness of the VT sample, where grey
dashed line is the average value (black line is a guide for the eye). (d) Raman spectroscopy of the first-order

mode along the increasing thickness direction as for (b).

The former one is deemed to illustrate the optical behavior of the increasing silicon thickness of which the
latter is the lower limit. A 25 nm-thick amorphous sample was further grown at room temperature with the
same MBE technique, as reference for comparison. Precise control on the SiNSs thickness is confirmed
through ex situ atomic force microscopy (AFM) survey (see Figure 1a and Supporting Information Figures
S1-S3) and plays a crucial role for the optical properties. The variable thickness (VT) SiNS sample allowed us
to access the properties of the SiNSs avoiding background issues related to substrate variability and it is
schematically depicted in the inset of Figure 1a. In situ x-ray photoelectron spectroscopy (XPS) was carried

out along the slope of the VT sample to check the chemical status of the SiNSs after the growth. Figure 1b
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shows that Si 2p core level is placed on average at 100.89 eV thus resulting in a moderate shift to higher
binding energy than that of silicene on Ag(111),"® on M0S2(0002),'” and on ZrB,(0001)."® Figure 1c¢ indicates
there is a small variation in binding energy along the thickness slope (within the experimental error of +0.08
eV), with a higher binding energy for the thinner part of the VT sample, i.e. for the SiNSs in close contact with
the substrate. Furthermore, the observed shift of the silicon core level to higher binding energy is strictly related
to the low-dimensionality of the SiNSs, as demonstrated by its thickness-dependent behavior (Figure 1c),
which refers to the change in the (size-dependent) ionization potential."” Indeed, a similar binding energy
(100.73 eV) is found even in the thinnest CT investigated sample (see Supporting Information Figure S2). On
the other hand, the binding energy of bulk silicon (~99 eV) is almost recovered for the ~25 nm-thick amorphous
sample (see Supporting Information Figure S3), in good agreement with the optical measurements (see below).
In order to prevent the oxidation when taking samples out of UHV environment, SiNSs were encapsulated
with 5 nm-thick Al,O; amorphous capping layer (see Methods and Ref.'®). After capping, the Si 2p core level
shifts to lower binding energy (99.54 eV). This shift is likely related to charge transfer between silicon and
amorphous oxide at the interface, as reported for silicene on Ag(111),'® rather than chemical modifications
within the SiNSs. Indeed, no signatures of silicon oxides have been disclosed throughout the XPS analysis and
also confirmed by the unchanged full width half maximum values of the Al 2p and O 1s core levels before and
after silicon deposition (Supporting Information Table S1). Moreover, this amorphous capping layer does not
affect the optical properties of SiNSs on Al,O3(0001), due to its small thickness and intrinsic transparency.
Hence, top and bottom interfaces of SiNSs are protected by transparent films. Accordingly, the Raman
scattering investigation depicted in Figure 1d shows the first-order Raman mode of the encapsulated SiNSs at
different spatial positions along the thickness slope of the VT sample. At each position, a clear Raman feature
is observed at ~520.5 cm™, close to the /2, mode of cubic silicon at 520.6 cm™' (or equivalently of thin silicon-
on-insulator films),?’ thus confirming the presence of the SiNSs even after the encapsulation process and the
subsequent exposure of the samples to ambient condition. Furthermore, the increase of the Raman mode
intensity as a function of the spatial position (along the direction shown in the inset of Figure 1a) confirms the
thickness variation along the slope in agreement with the AFM and XPS measurements. The low-intensity of
the Raman mode in the thinnest part of the VT sample (black spectrum in Figure 1d) can be likely related to
the small Raman scattering efficiency for the encapsulated SiNSs at the used laser frequency. This similarly
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occurs on the CT sample. These Raman modes were successfully recovered even months after the growth,
without hints of amorphous or deteriorated silicon, thus confirming the stability of the encapsulated SiNSs in
ambient conditions. Combining XPS and Raman spectroscopy, the effectiveness of the Al,O3 capping layer to
durably protect 2D silicon on substrates other than Ag(111) is demonstrated. It is not surprising to find out a
Raman mode placed so close to those of bulk Si(111) and silicene on Ag(111), as far as the predicted Si-Si
bond length / in silicene on ALLO3(0001) (2.34</<2.37 A, see also Supplementary Information) is very close
to those of bulk Si(111) (2.34 A) or silicene on Ag(111) (2.28</<2.39 A).?' Additional evidence on the SiNSs
growth is provided by transmission electron microscopy (TEM) imaging that shows the formation of a
continuous crystalline silicon film sandwiched in between the amorphous AlLO; capping layer and the

Al,03(0001) substrate (Figure 2a).

Counts (a.u.)

0 25 50 75 100 1é5 150
Distance (nm)

Figure 2. (a) TEM image of the cross-section view (from top to bottom) of the Cr/a-Al,03/Si/Al,O3(0001)
stack. (b) Sketch of the stacking cross sectional cut (top) and EDX line scans of Kqi of chromium (purple),
aluminum (green), silicon (red), and oxygen (blue) (bottom) extracted from the respective maps reported in

Figure S4.

Higher-resolution TEM images are hampered by the well-known issue on the electron beam-induced
crystallization of the amorphous Al,03,** with a progressive deterioration of the whole lamella in a few

seconds. However, the SiNSs in the thicker part of VT sample (see cross-section cut in Figure 2b) are clearly
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confined without any chemical intermixing between the substrate and the capping layer, as evidenced by the
energy dispersive x-rays (EDX) analysis (Figure 2b), thus suggesting a chemically protected environment for
the SiNSs. Line profiles of the corresponding EDX maps (reported in Supporting Information Figure S4) shows
that the silicon signal (red curve) is maximum where both aluminum (green curve) and oxygen (blue curve)
have a (local) minimum intensity.

The absolute optical transmittance T(w) (Supporting Information) was measured on CT (0.5 nm), VT (from
1.5 to 7 nm), 25 nm “bulk” samples, and on the bare Al,O3(0001) substrate, in the photon frequency (®) range
from IR (0.25 eV) to UV (4.5 eV). It is worth noting that outside this energy range and in particular in the mid-
IR range below 0.25 eV, Al:03(0001) strongly absorbs, thereby preventing a reliable transmittance
measurement of SiNSs films. From the knowledge of the real and the imaginary parts of the refraction index
of ALLO3(0001) substrate (determined from its absolute transmittance and shown in Supporting Information
Figure S5) and of T(w) of SiNSs we have determined the optical conductivity o(m)= ci(®)+ic2(®) of SINSs
through the use of a Kramers-Kronig constrained fit (see Methods and Supporting Information). Figure 3a
shows the real part of the optical conductivity for different thicknesses. ¢i(®) at the lowest thickness (CT
sample, 0.5 nm, black curve in Figure 3a) shows a small absorption peak around 1.4 eV superimposed to a

nearly flat background in the whole IR range.
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Figure 3. (a) The real part of the optical conductivity oi(w) for the five thickness scrutinized: 0.5 (black), 1.5

(red), 3 (green), 5 (blue), and 7 nm (purple). (b) The absorption coefficient a.(w) for the 0.5 and 1.5 nm-thick

film (black and red curves), of the 25 nm-thick bulk reference (dashed-dotted blue line) and that of crystalline

bulk silicon (dashed gray line). Black and red arrows point out the transition I for 0.5 and 1.5 nm, respectively.

At 25 nm, one nearly recovers the bulk properties of 3D silicon. (¢) The real part of the optical conductance

Gi(®) normalized to the universal optical conductance Gy for the 0.5 (black line) and 1.5 nm (red line) thickness

SiNSs. In order to properly compare these spectra with those of single layer (black dotted line) and two layers

(red dotted line) graphene, the frequency axis is normalized to the bonding-antibonding 7 transition appearing

around 1.4 eV in SiNSs and around 4.6 eV in graphene.” (d) SW calculated from 0,=0.25 to om=4.5 eV for

the five thicknesses scrutinized in a and reference 25 nm-thick sample (red dashed line is a guide for the eye).



In the visible spectral range, ¢1(®) drops with a broad gap and rises linearly around 3 eV up to the UV range.
Interestingly, the spectral feature around 1.4 eV and the increasing absorption around 4 eV, closely resemble
those arising from I and II interband transitions in freestanding silicene by ab initio calculation.®* When
increasing the SiNS thickness to 1.5 nm (red curve in Figure 3a), oi(®) is still nearly flat below 1 eV, the
absorption peak around 1.4 eV is now very well defined and the linearly increasing absorption starts around 2
eV. A close inspection of Figure 3a clearly evidences that the absorption feature around 1.4 eV is reminiscent
of the calculated peak I appearing at about 1.6 eV in the freestanding silicene (see below).®® For a further
increase of the thickness, one observes a softening and broadening of the UV absorption which progressively
superimposes to the peak around 1.4 eV. The flat absorption region, although still visible up to the maximum
thickness of 7 nm, is more and more reduced to the low-frequency part of the conductivity spectrum. In order
to investigate the evolution of the optical properties of SiNSs samples with thickness and to recover the
expected optical behavior of bulk silicon, Figure 3b compares the absorption coefficient ou(w) of the 0.5 and
1.5 nm-thick SiNSs (black and red curves), of the reference amorphous 25 nm-thick sample (blue dashed-
dotted curve), and of bulk crystalline silicon (dashed-line black curve).”* At first glance, we notice that the
optical behavior of SiNSs strikingly deviates from that of a bulk silicon whose absorption is partially restored
only for the thickness of 25 nm with a well-defined band gap around 1.3 eV. The finite absorption in the IR
region is therefore strongly indicative of an exotic electronic structure reminiscent of the massless Dirac
fermions. Although not as direct evidence as provided by other experimental techniques, e.g. angle-resolved
photoelectron spectroscopy, we notice the sensitivity of the optical conductivity is inherently related to the
JDOS, thus bringing to a reliable evidence of the electronic structure of the SiNSs. Indeed, similar to graphene,
the optical conductivity over the corresponding spectral range can be demonstrated to be a robust quantity.”
In particular, not only all the 1(®) spectra reported here (up to 7 nm-thick SiNSs) markedly differ from the
absorbance spectrum of cubic diamond bulk silicon, but also from that of silicite (the surmised silicon
counterpart of graphite), or other reported silicon allotropes.”** Nonetheless, such a different behavior can be
explained by the stabilization of a 2D hexagonal phase of silicon in the early stage of the epitaxy on the
Al,03(0001) substrate, which consequently affects the subsequent three-dimensional (3D) growth regime. This
argument is further corroborated by the comparison with graphene. Figure 3¢ shows the low-frequency

behavior of SiNSs (0.5 and 1.5 nm-thick), described in terms of the real part of the optical conductance Gi(w).
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This quantity, which is related to the optical conductivity through the equation Gi(®) = 61(®)-d, where d is the
film thickness, is conventionally used to describe the optical properties of 2D materials like graphene® and
topological insulators.”’*° In Figure 3¢ Gi(o) is derived and then normalized to the universal conductance Go=
e?/4h,>' which is an intrinsic property of 2D massless electrons as experimentally measured in graphene and
confirmed by theoretical predictions.”**> Moreover, in order to facilitate the comparison with graphene, a
universal frequency axis is obtained by normalizing the actual frequency with respect to the bonding-
antibonding 7 transition appearing around 1.4 eV in SiNSs and around 4.6 eV in graphene, respectively.” As
observed in Figure 3¢, Gi/Gy below 1 eV saturates (as a flat background) to the universal value 1 and 2 for
d=0.5 and 1.5 nm, respectively. This is in good agreement with measurements reported on the single- and two-
layers graphene (see for instance Ref.**) and represented in the same figure by black- and red-dotted curves,
respectively. The normalized optical conductance spectra of SiNSs in the lowest photon energies look
comparatively flatter than those of graphene due to the absence of doping (sample-dependent) issues.” This
universal scaling behavior, i.e. an integer value of universal conductance as a function of the layer thickness,
is a characteristic hallmark of 2D Dirac fermions in graphene, and suggests that 2D silicon grown on a
Al,03(0001) substrate retains the properties of freestanding silicene, whose low-energy electrodynamics is
related to a linear (Dirac-like) electronic dispersion. Furthermore, by comparison with graphene (Figure 3c),
we can speculate that 0.5 and 1.5 nm-thick SiNSs may be regarded as if they were single and double-layers
silicene, respectively. Additional experimental and theoretical efforts are therefore highly demanded to unravel
this surmise.

Finally, we study the redistribution of the optical spectral weight (SW) using the f~sum rule analysis. Figure

3d shows the experimental S = @ o o (w)dw for a frequency range between wm=0.25 and om=4.5 eV
Vs

w,,

for all the SiNSs thicknesses considered. The SW plot exhibits a twofold fashion, namely a steep monotonic
increase with thickness up to ~3 nm and then a nearly flat behavior for thicker SiNSs, with saturation at ~25
nm (amorphous silicon reference), indicative of a 2D-to-3D crossover. Although other measurements are
necessary to elucidate the transition from 2D silicene-like to 3D silicon-like optical behavior, the thickness

range here considered can offer a great potential for applications beyond the state-of-the-art on IR-visible
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photonics and optoelectronics based on dimensionally reduced silicon, where a unique benefit is gained from
silicon being sandwiched in between transparent substrate and capping layer.

Although the experimental data for the thinnest SiNSs surveyed show a fair agreement with the theoretical
predictions of freestanding silicene, it is demanding to unravel the role of the Al,O3(0001) substrate, in
consideration of the strong influence of the substrate in the optical properties of other silicene systems, e.g.
silicene supported by Ag(111)."" Moreover, the observed experimental data are apparently not compatible with
the calculated electronic bandstructure of the supported silicene proposed by Chen et al., which actually reveals
that the Dirac cone disappears, and just a vague reminiscence of it survives at the K point of the BZ with a
bandgap of 0.44 eV."” Hence, in order to elucidate the experimental scenario, we performed ab initio
calculations of the structural, electronic, and optical properties of silicene on Al,O3(0001), thus focusing on
the comparison with the thinnest (CT) SiNS. We theoretically deposit a single layer of silicon atoms on the
surface, exploring different possible adsorption geometries (see Supporting Information Figures S7 and S8).
The AlO3(0001) surface periodicity is 3x3 with respect to the clean one, whereas the silicon overlayer’s
periodicity becomes V13xV13R13.9° with respect to the ideal freestanding silicene. The Born-Oppenheimer
energy surface of the so-composed system, i.e. silicene and Al,O3(0001), presents many local minima. Several
different and metastable V13xV13 silicene geometries on the 3x3 ALO3(0001) substrate were indeed found in
addition to the structures modeled by Chen et al." Differences among them rely on the mutual position of
silicon and aluminum/oxygen atoms. In all the cases, the silicene overlayer is subjected to a strain of about
3.3% because of the lattice mismatch with the substrate and also silicene loses its pristine D3¢ symmetry.
Basically, all the studied geometries can be grouped into two categories, where the subsystems Al,O3(0001)
and silicene are either strongly interacting (with average distance between the substrate and the overlayer of
about 2.8 A), or weakly interacting (with an average distance of about 3.3 A). Table S2 summarizes the main
properties of the two representative cases, the SIS (strongly-interacting silicene, belonging to the former group)
and the WIS (weakly-interacting silicene, belonging to the latter group). The energy differences among the
reported geometries are small, hence their coexistence is possible even at room temperature. Even if the
binding energy is moderate, indicating a quite limited interaction with the substrate, a gap as large as 0.44 eV

opens at K point of BZ in the case of the SIS configuration, in agreement with the results by Chen et al."* The
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Dirac cone is affected being hardly identifiable, as shown in Figure 4a, where the calculated electronic band

structure is reported in the BZ of the V13xV13 lattice.
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Figure 4. (a) Calculated electronic band structure for SIS geometry (inset shows zoom of the indirect bandgap)
and (b) for the WIS geometry. (¢) Normalized conductance G1/Gy for SIS (green dashed) and WIS (blue) on
Al,O3(0001) configurations. Corresponding quantities for ideal freestanding silicene (black) and for
freestanding silicene with 3% strain (red) are also reported for comparison. (d) Squared modulus of the
electronic wavefunctions at the highest occupied bands and (e) at the lowest unoccupied bands at the K point

for the WIS configuration.

On the contrary, when the interaction is smaller, as in the WIS geometry, the Dirac cone still survives but the
Dirac fermions become massive. In fact, as shown in Figure 4b, a small gap of about 0.05 eV opens at K point
but a significant similarity with the linear band behavior of freestanding silicene close to the Fermi level still
survives. In other words, the degree of interaction of the silicon overlayer with Al,O3(0001) tunes the electronic
band structures which, as we will show in the following, have profound consequences on the low-energy part

of optical spectra of the system. Al,03(0001) surface possesses a DFT gap of about 5 eV, hence it is transparent
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in the energy range where instead ideal silicene absorbs. From the two representative geometries WIS and SIS,
the optical properties of silicene on Al,03(0001) have been calculated in terms of Gi(®) (Figure 4¢ and
Supporting Information) and compared to that of the ideal system. For the SIS investigated geometry the low-
energy optical conductivity (green dashed line, Figure 4c¢) strongly differs from that of freestanding silicene
(black line), due to the opening of a significant gap in the mid-IR (about 0.5 ¢V), which has not been observed
in the experimental data, and a no discernible peak I. On the other hand, the WIS geometry (blue line) shows
optical properties that are similar to those of ideal silicene and qualitatively comparable to the experimental
data of the CT sample (Figure 3a). In particular, the WIS configuration still shows a discernible peak I slightly
softened with respect to the freestanding silicene (the same softening trend has been observed experimentally)
and a nearly flat conductivity below the peak I. Strain effects due to the lattice mismatch between silicene and
Al,03(0001) in the weak-interacting configuration are responsible of the small shift in the peak II, which in
the unstrained silicene (black curve in Figure 4c¢) is at 3.9 eV (due to the interband 6—c* transition at I'), in
artificially strained freestanding silicene appears at 3.6 eV (red curve), and in the WIS appears at 3.8 eV (blue
line). Also, the spectrum in the energy region between 2.2 and 3.0 eV clearly shows similarities with the
strained freestanding silicene. The peak I around 1.6 eV is almost unaffected by the presence of the substrate
and by the strain, and is very close to the experimentally observed one. At lower-energies, the normalized
conductance G1/Go of the WIS structure, still related to low-energy m—n* transitions but close to K point,
tends to 1 as occurs for ideal silicene and the CT sample (Figure 3c¢). The squared modulus of the wavefunction
at K point for the highest occupied band (Figure 4d) and the lowest unoccupied band (Figure 4e) are
essentially due to silicon, indicating that silicon is atomically bonded to but almost electronically decoupled
from the substrate. Although the WIS structure significantly helps to understand the conductivity spectrum of
the supported silicene on Al,O3(0001), especially in comparison with the experimental data of SiNSs at the 2D
limit on the same substrate, it is not clear yet why the WIS should set in instead of the other energetically
competing configuration. Bearing in mind that the energy difference between the SIS and WIS structures is
not large, a possible argument for the stabilization of the latter relies on the high-temperature growth condition
(670 °C, see Methods) as promoter for the growth of a silicene configuration with a relatively lower-stability.
By and large, we speculate that as much as the interaction between (reconstructed) silicene and Al,O3(0001)

is relaxed, the theoretical electronic and optical descriptions turn out to improve the agreement with the
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experimental data. Our work is anyway demanding for further specific investigation devoted to understand the
possible presence of a buffer layer decreasing the interaction between silicon and substrate, and to further
explore the manifold configurations in which SiNSs may accommodate on Al,O3(0001).

Summarizing, we investigated the optical properties of silicon at the 2D limit on Al,O3(0001) by fabricating
and encapsulating specific SINSs with spatially constant and variable thickness. In this way, a Dirac-like
behavior is observed in the IR part of the optical conductivity spectra of the 2D SiNSs, thus suggesting the
presence of Dirac fermions hosted by a silicene-like structure. This argument is supported by the following
evidences. First, the observed oi(®) of the CT sample shows an overall behavior similar to that expected from
the ideal silicene with a clear t—* interband transition feature. Second, the quantized conductance depending
on the silicon thickness further suggests that the SiNSs at the 2D limit possess silicene-like properties, as
already proved for graphene. Third, this experimental scenario is consistent with the ab initio model of a
V13xV13 structured silicene that is weakly interacting with the substrate. The identification of a Dirac-like
optical conductivity peaked in the near-IR regime from a 2D silicon grown on an optical transparent substrate
opens unexplored avenues in establishing a silicene-based photonics. In perspective, the proposed
methodology can be further extended to other (also heavier) X-enes, paving the way to the exploitation of their
exotic properties related to the non-trivial topology for applications in the optoelectronics and photonics fields,
especially for the silicon case, in light of the well-known long lasting expertise on the silicon on sapphire to

provide reliable multifunctional devices.

Methods

SiNSs were grown in a UHV chamber (base pressure 107 mbar) system equipped with interconnected
chambers for sample growth via MBE and chemical analysis via XPS. Several hours degassing at 250 °C was
performed on the single side polished Al,O3(0001) samples (Crystec®) before silicon growth. SiNSs were
deposited from a heated crucible in the built-in evaporator or from a piece of silicon wafer with a rate of ~1
nm/hour at substrate temperature of 670 °C and compared with a reference ~25 nm-thick amorphous sample
grown at room temperature. Temperature reading was crosschecked by pyrometer-based calibration of the
thermocouple attached under the sample holder and the deposition rate was confirmed ex situ by means of

AFM thickness measurements. AFM investigations were performed ex sifu on the capped samples by means
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of an AFM-Bruker® system operating in tapping mode and equipped with ultra-sharp silicon probe (tip
diameter <10 nm). XPS characterization was carried out by means of a non-monochromatized Mg and Al K,
sources (1253.6 and 1486.6 eV, respectively) at a take-off angle of 37°. Adventitious C 1s binding energy at
285.0 eV was used as reference to calibrate the energy shift of core levels due to substrate-induced charging
effects. Amorphous 5 nm-thick AL,O; capping layer was grown in situ through reactive co-deposition.'® Ex
situ Raman spectroscopy was performed by using a Renishaw® Invia spectrometer equipped with the 2.54
eV/488 nm line of an Ar" laser line focused on the sample by a 100x Leica objective (0.9 numerical aperture)
providing a spot diameter of about 0.4 pm. The power at the sample was maintained below 5 mW in order to
prevent laser induced sample heating. All the measurements were carried out in a z-backscattering geometry.
For the TEM studies, lamellae were covered with metal (chromium) deposition to protect them during the
procedure and prepared using focus ion beam. The lamella was cut out by milling with 30 kV gallium ions and
thinned down with subsequent steps of 30 and 5 kV ion milling and then mechanically transferred to a copper
TEM grid. Scanning TEM (STEM) analyses were conducted using an aberration-corrected TEM operated at
200 kV. For the chemical analysis, EDX measurements were carried out using the same microscope equipped
with a 80 mm? EDX silicon drift detector. In addition to EDX, the cross-sectional uniformity of the SiNSs has
also been verified by Raman spectroscopy and IR microscopy with sampling steps of 0.2 cm and 100 um,
respectively. In order to investigate the optical properties of SiNSs grown on Al,O3(0001), we measured the
absolute transmittance T(®) on both type of samples, i.e. constant-thickness (CT, 0.5 nm), variable-thickness
(VT, from 1.5 to 7 nm), and reference 25 nm-thick amorphous film, in the frequency (®) range from 0.25 to
4.5 eV by using a Michelson IFS66V Bruker® interferometer in the IR and a JASCO® spectrometer in the
visible/UV region. From the measured T(w) (see Figure S6 of Supporting Information), we have derived the
optical conductivity o(®) = o1(®)+ic2(®) of SINSs through the use of the Reffit program by means of Kramers-
Kronig transformations, which takes into account the stratified structure of samples.*® 61(») has been obtained
by considering the actual complex refractive index of Al,03(0001) as determined from its absolute
transmittance measured for a bare substrate coming from the same batch. The optical conductivity as extracted
through Reffit from T(w®) by considering a two layers system (substrate and film) or three layers system

(substrate, film, and amorphous capping layer) does not depend of the presence of the capping layer.
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The electronic and optical properties of silicon on Al,O3(0001) were calculated within ab initio DFT using
norm-conserving pseudopotential with a Perdew-Burke-Ernzerhof exchange and correlation potential in the
Quantum Espresso code.** The Al,O3(0001) substrate was simulated with a symmetric slab made of 18 layers
relaxed using 3x3x1 k-points and an energy cutoff of 65 Ry. Silicene was added on the top Al,O3(0001) surface
and relaxed with the inclusion of van der Waals forces. A vacuum of 14 A ensured that periodic images of the
slab do not interact. Optical spectra were calculated within the single particle approximation (Fermi golden
rule) using 18x18x1 k-points for the V13xV13 R13.9° silicene on substrate and 400x400x1 k-points for 1x1

freestanding silicene.
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The Supporting Information is available free of charge on the ACS Publications website at DOI:

Additional data on VT, CT, and amorphous reference samples (Figures S1, S2, and S3), XPS data (Table S1),
EDX maps (Figure S4), real and imaginary parts of the Al,O3(0001) refraction index (Figure S5), optical
transmittance of SiNSs (Figure S6), structural models of SIS and WIS configurations (Figure S7 and S8) and

their properties (Table S2), and supporting text on the calculation of the optical properties.
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