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COMMUNICATION

Two-Dimensional Silicene–Stanene Heterostructures  
by Epitaxy
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The synthesis of new Xenes and their potential applications prototypes 
have achieved significant milestones so far. However, to date the realiza-
tion of Xene heterostructures in analogy with the well known van der Waals 
heterostructures remains an unresolved issue. Here, a Xene heterostruc-
ture concept based on the epitaxial combination of silicene and stanene 
on Ag(111) is introduced, and how one Xene layer enables another Xene 
layer of a different nature to grow on top is demonstrated. Single-phase 
(4 × 4) silicene is synthesized using stanene as a template, and stanene is 
grown on top of silicene on the other way around. In both heterostructures, 
in situ and ex situ probes confirm layer-by-layer growth without intercala-
tions and intermixing. Modeling via density functional theory shows that 
the atomic layers in the heterostructures are strongly interacting, and 
hexagonal symmetry conservation in each individual layer is sequence 
selective. The results provide a substantial step toward currently missing 
Xene heterostructures and may inspire new paths for atomic-scale mate-
rials engineering.
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materials toward the exploitation of a 
richer spectrum of physical properties 
arising from the sequential coupling 
in the stack kept together through vdW 
interactions at variance with the epitaxy 
of conventional heterostructures.[12–15] 
This was the case of graphene layer and 
hBN-based tunneling field effect transis-
tors and plasmonics devices, photo diodes 
constructed with graphene and TMDCs 
layers, Li-ion battery built with MoS2 and 
graphene layers, and many more as elabo-
rated in refs. [12–15]. Making Xene hetero-
structures would bring substantial ben-
efits in the framework of the science and 
technology of emerging 2D materials, for 
example, enabling the combination of dif-
ferent Xenes toward functionally coupled 
heterojunctions, facilitating the individual 
Xene layer disassembly from its native 
substrate, and ultimately paving the way 
to Xene-based superlattices (namely mul-

tiple elementary atomically thin layers stacked together). How-
ever, while Xenes are individually isolated with sophisticated 
epitaxial methods on compliant substrates,[1,6,7] the synthesis 
of Xene heterostructures by design is quite puzzling, whereas 
some hints of homostructures have been already reported.[16] 
One work in this respect reported on the inability of germa-
nium to grow as germanene on a silicene template.[17] This was 
a clear warning on the requested matching when arranging a 
Xene on top of another one of different chemical species in 
order to avoid 3D growth like clustering or amorphization. 
Other approaches to the issue include the vertical and lateral 
interfacing of silicene with graphene,[18–20] differential segrega-
tion from substrate,[21] and topotactic intercalation.[22]

In the present work, we show how two well-established 
Xene configurations, that is, silicene-on-silver[4] and stanene-
on-silver,[23] may serve as suitable templates for the epitaxy 
of the reciprocal Xene single-layer on top. More specifically, 
based on an epitaxial method aiming at the Xene production 
on the macro-scale, we demonstrate the scalable production 
of silicene–stanene heterostructures by design starting from a 
(111)-terminated silver substrate by means of carefully tailored 
process parameters, and quick and reliable diagnostics, therein 
enabling a more facile scheme to isolate a single Xene layer (by 
sacrificing the other one in the heterostructure) or the whole het-
erostructure (by taking benefit from the competing Si-Sn inter-
action with respect to that with the Ag substrate) by means of 
already developed process protocols.[24] The initial configuration  

The advent of Xenes has recently reshaped the research fron-
tiers of the emerging 2D materials[1,2] by expanding the avail-
able options beyond well-known members like graphene 
and transition metal dichalcogenides (TMDCs) and, hence, 
the inherent recombination in complex and mixed hetero-
structures.[3] Silicene[4,5] has paved the way to the currently 
increasing number of successive Xenes on the stage of poten-
tial applications to be derived from refs. [6–11].

Piling up 2D crystal layers in so-called van der Waals (vdW) 
heterostructures was a key cross-point in the evolution of 2D 
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of both silicene-on-silver and stanene-on-silver replicate previ-
ously reported standards[4,23] while the second layer is identi-
fied by in situ probing of the diffraction pattern by means of 
low energy electron diffraction (LEED), and by in situ and ex 
situ spectroscopies. We show the sequential order in the layer 
stacking dramatically affects the details of the layer atomic sym-
metry. Hence, making silicene–stanene heterostructures aims 
at opening the door to a completely unexplored field of Xene 
heterostructures where different Xene combinations are made 
by design and may take benefit from the synergy of the two 
constituting components (e.g., topological effect and electronic 
band structure engineering).

In this framework, we first report on the type-I heterostruc-
ture (top-to-bottom: Al2O3–Si–Sn–Ag(111)/mica) in Figure 1 
where epitaxial 1.33 monolayers-thick Sn and amorphous Al2O3 
capping layer[25] (≈5 nm) sandwich a Si monolayer in between. 
The LEED patterns acquired from freshly prepared Ag(111) 
(Figure  1a) and post Sn deposition, that is, after 1.33 Sn mon-
olayers at 225 °C, (Figure  1b and Figure S1, Supporting Infor-
mation) show that Sn grows by assuming a √3  ×  √3  R30° 
reconstruction on the pristine (111)-terminated Ag surface. This 
scenario is consistent with the emergence of a highly planar 
stanene observed by Yuhara et al.[23] as a result of the Sn grown 
on a preformed Ag2Sn template (Yuhara-like stanene in the 
following). A similar arrangement has been recently observed 

by Sn epitaxy on Au(111) with interfacial engineering of the 
released strain.[26,27] On top of this so-reconstructed stanene, we 
observe Si to grow with a 4 ×  4-reconstructed  silicene single-
phase fashion (Figure  1c and Figure S2, Supporting Informa-
tion; Figure S5, Supporting Information, for silicene growths 
at different temperatures). The latter evidence strikingly devi-
ates from silicene directly grown on top of Ag(111) where the 
same 4  ×  4  reconstruction mixes up with √13  ×  √13 phases 
(and other minority phases),[28–30] and claims for the realiza-
tion of a single-phase silicene monolayer. The corresponding 
in situ Auger spectra (Figure  1e–g) first confirm the attenua-
tion of the Ag peak at Ei = 354 eV in Figure  1f after piling up 
sequential layers from the initial Ag(111) surface (Figure  1a; 
black curve in Figure 1f) up to the √3 × √3 R30°-reconstructed 
stanene (Figure  1b; red curve in Figure  1f) and finally to a 
4 × 4 silicene superstructure (Figure 1c; blue curve in Figure 1f). 
The same behavior holds on for the Sn peaks (Figure  1g at 
Ei  =  430 and 437  eV) when Si comes on top (Figure  1c; blue 
curve in Figure  1g) thus making evidence of a layer-by-layer 
growth mechanism of the atomic single layers.

Now we turn the attention toward the type-II heterostruc-
ture (Al2O3–Sn–Si–Ag(111)/mica from top to bottom), in 
Figure 2, where the Xenes sequence is reversed with respect to 
the type-I heterostructure (Figure  1), while the growth param-
eters for each single layer are left unchanged. First, mixed 

Figure 1. Heterostructure type-I: Silicene on top of Sn:√3  ×  √3 R30°/Ag(111). a–d) LEED patterns obtained: post preparation at incident energy 
(Ei) = 49 eV (a), after Sn deposition at Ei = 33 eV (b), after Si deposition at Ei = 52 eV (c), and after non-reactive Al2O3 encapsulation at Ei = 49 eV (d). 
Sharp hexagonal Ag:1 × 1 LEED patterns (black circles) following sputtering and subsequent annealing (a). First order Sn:√3 × √3 R30° patterns (red 
circles) observed after 1.33 monolayers Sn deposition at 225 °C (b). Silicene: 4 × 4 LEED spots (blue circles) acquired after depositing one monolayer 
Si on top of Sn (b) at 225 °C (c) and capping layer (amorphous and non-reactive Al2O3) in order to facilitate ex situ analysis (d). e–g) Auger spectra: 
(black) post-preparation curve corresponding to the as-prepared Ag(111) surface (a), (red) post Sn deposition curve corresponding to the as-grown 
stanene layer (b), and (blue) post Si deposition curve corresponding to surface (c). (e), (f), and (g), respectively, feature the region of interest for Si 
(Ei = 92 eV), Ag (Ei = 354 eV), and Sn (Ei = 430 and 437 eV). Figures S1 and S2, Supporting Information, report LEED patterns acquired at different Ei, 
respectively, for (b) and (c).
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silicene phases[28–30] (gathering 4 × 4, √13 × √13 R13.9° phases 
altogether) are clearly visible on top of Ag(111) from the LEED 
pattern in Figure 2b (and Figure S3, Supporting Information), 
as expected after silicene epitaxy.[28–30] Next, following Sn depo-
sition on top of the same mixed silicene surface, the charac-
teristic √3 × √3 R30° structure can be deduced from the LEED 
pattern (Figure 2c and Figure S4, Supporting Information; and 
Figures S6 and S7, Supporting Information, for Sn depositions 
on top of various silicene surfaces) that is apparently similar to 
that observed in the type-I heterostructure (for Sn being under 
Si) and again consistent with the Yuhara-like stanene.[23] Along 
with these characteristics are traces of silicene lattice under-
neath in the LEED pattern. Similarly, the in situ Auger spectra 
(Figure 2e–g) also follow the same trend of the previously scru-
tinized type-I heterostructure. In detail, the attenuation of Ag 
peak at Ei = 354 eV in Figure 2f, from black-to-blue and blue-to-
red, consecutively with two depositions rounds as well as the Si 
peak at Ei = 92 eV in Figure 1e from blue-to-red post Sn depo-
sition (Figure  2c) again suggest a layer-by-layer growth in this 
heterostructure with no evidence of intercalations or interlayer 
or intrasubstrate diffusions.[31] Scalability of the two hetero-
structures is demonstrated by means of in situ LEED surface 
mapping (Figure S8, Supporting Information) throughout the 
whole sample area (4 × 3 mm2) therein displaying no variation 

as a function of the position. The layer-by-layer character of the 
growth sequence is consistent with the behavior of the Auger 
peak intensity with each process stage for both heterostructures 
(see Table S1, Supporting Information). In addition, sequential 
LEED monitoring stage allows us to rule out the significant 
emergence of 3D structures after second Xene growth as no dif-
fraction spot splitting, deformation, or intensity spread can be 
observed.

We stabilized the heterostructures with a non-reactive 
Al2O3 encapsulation (see ref. [25] for more details), protecting 
them from degradation out of the growth environment and 
hence enabling ex situ characterization via Raman spectros-
copy (Figure 3a,b) and X-ray photoelectron spectroscopy (XPS) 
(Figure  3c–f). First, both Raman spectra, blue (Figure  3a) and 
red (Figure  3b), respectively, for heterostructure type-I and 
type-II, are characterized by an intense first-order silicene peak 
and an asymmetric and broad shoulder at lower frequency. 
The main silicene peaks are located at Raman shifts in the 
range 518–519 cm−1, that are slightly larger than that reported 
for encapsulated silicene single-layer on silver obtained in the 
same growth condition.[32–34] This frequency upshift stems 
from the specific details of the Sn–Si interaction, which, based 
on the density functional theory (DFT) calculations reported in 
Figure S11a, Supporting Information, can be related to several 

Figure 2. Heterostructure type-II: Sn:√3 × √3 R30° on top of mixed Silicene/Ag(111). a–d) LEED patterns obtained: post preparation at incident energy 
(Ei) = 49 eV (a), after Si deposition at Ei = 56 eV (b), after Sn deposition at Ei = 33 eV (c), and after non-reactive Al2O3 encapsulation at Ei = 49 eV (d). 
Ag:1 × 1 LEED patterns (black circles) following sputtering and subsequent annealing (a). Mixed silicene phases (represented once): √13 × √13 R13.9° 
type I (green circle), √13 × √13 R13.9° type II (yellow circle), and 4 × 4 (blue circle) observed following the one monolayer Si deposition at 225 °C (b). 
√3 × √3 R30° LEED spots (red circles) acquired by depositing 1.33 monolayers Sn on top of silicene (b) at 225 °C (c). Capping layer (amorphous and 
non-reactive Al2O3) in order to facilitate ex situ analysis (d). e–g) Auger spectra: (black) post-preparation curve corresponding to a freshly prepared 
Ag(111) surface (a), (blue) post Si deposition curve corresponding to the as-grown silicene layer (b), and (red) post Sn deposition curve corresponding 
to the as-grown stanene layer (c). Similar to Figure 1e–g, (e), (f), and (g) feature the region of interest, respectively, Si (Ei = 92eV), Ag (Ei = 354 eV), 
and Sn (Ei = 430 and 437 eV). Figures S3 and S4, Supporting Information, present LEED patterns acquired at different Ei, respectively, for (b) and (c).
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Figure 3. Ex situ characterizations: a,b) Micro-Raman spectra of heterostructure type-I (blue) (a) and heterostructure type-II (red) (b). In both the 
cases, the faint curve represents raw data; while solid, dashed, and dotted curves are fits obtained using Lorentzian–Gaussian components. For both, 
the spectra are characterized by an intense first-order silicene peak centered ≈518–519 cm−1 and an asymmetric and broad shoulder at lower frequency. 
c–f) XPS core levels of type-I and type-II Xenes heterostructures. Si 2p core level where light blue (type-I heterostructure) (c) and light red (type-II het-
erostructure) (d) are raw data while dark blue and red are full fit for heterostructure type-I and II, respectively. Sn 3d5/2 core level where dark blue (type-I 
heterostructure) (e) and red curve (type-II heterostructure) (f) are full fit respective for raw data in light blue and light red. Dashed and dotted lines 
curves are metallic and oxidized components, respectively, in both the cases. For both heterostructures, Si 2p and Sn 3d5/2 core level are, respectively, 
centered at 98.53 and 486 eV. See Figure S9, Supporting Information, for Ag 3d5/2 core levels.

Adv. Funct. Mater. 2021, 2102797



www.afm-journal.dewww.advancedsciencenews.com

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH2102797 (5 of 8)

physical effects including charge transfer, modifications of 
the projected density of states, and of the lattice coordinates 
(buckling). Furthermore, the Raman evidence per se confirms 
the silicene layer is robust against Sn incorporation in the 
heterostructure either above (by deposition) or below (as tem-
plate). On the other hand, Raman investigation of both het-
erostructures does not show characteristic spectral signatures 
of Sn, even when probed with diverse excitation wavelengths. 
This fact is common to other stanene configurations[26] and is 
likely due to an intrinsic metallic character in the so-structured 
Yuhara-like stanene.[23] Consistent with the in situ LEED sur-
face mapping, large-area uniformity of the encapsulated hetero-
structures is validated by µ-Raman spectroscopy monitoring as 
a function of the position on the sample surface.

In order to get through the chemical stability of the so-grown 
Xene heterostructures, XPS analysis was carried out in a second 
ultrahigh vacuum (UHV) system after air exposure of the 
encapsulated Xene heterostructures as reported in Figure 3c–f. 
Interestingly, the binding energy of Si 2p is not affected by the 
heterostructure type as they both show a single narrow com-
ponent at binding energy (Eb) of 98.53  eV (Figures  3c [blue] 
and 3d [red] lines for type-I and type-II heterostructure, respec-
tively) in good agreement with previous studies.[35–37] Con-
versely, in both heterostructures considered, Sn is more prone 
to partially undergo oxidation as results from the deconvolu-
tion of the Sn 3d5/2 line in a narrow elemental bonding com-
ponent at lower Eb and a broader oxide-related component at 
higher Eb that is consistent with the formation of minor SnO2 
content[38] (Figures  3e [blue] and  3f [red] lines for type-I and 
type-II heterostructure, respectively, and Figure S9, Supporting 
Information, about the Ag 3d5/2 line). It can be noticed that the 

oxide component in the Sn 3d5/2 line is more intense in the 
type-II heterostructure than in the type-I one; this fact being 
likely related to the preferential oxidation of Sn closer to the 
capping layer as in type-II heterostructure. On the other hand, 
the elemental Sn component is placed at Eb = 484.58 eV (484.6) 
for type-I (type-II) heterostructure in substantial agreement 
with the binding energy positioning reported for elemental 
Sn.[39] The binding energies of the Si 2p and Sn 3d5/2 core-level  
photoemission lines therefore rule out the chemical inter-
mixing or alloying between the Xene layers.

For a deeper insight into the structural stability and elec-
tronic structure of the experimentally reported Xene hetero-
structures, we performed DFT calculations of the two cases in 
point, taking the experimental data as inputs for the starting 
models (see Experimental Section) and then performing struc-
tural optimization. In the type-I heterostructure (Figure 4a), Sn 
is modeled as a pristine honeycomb stanene lattice supported 
by an Ag2Sn template as computed by Yuhara et al.[23] Overlap-
ping a silicene layer bends the pristine stanene into a distorted 
lattice then breaking the original honeycomb structure on the 
substrate while retaining the original √3 × √3 R30° symmetry. 
The destroyed structural symmetry stems from the local Si–Sn 
interaction but the Sn layer keeps a moderate buckling (0.52 Å 
at most) and does not intermix with the upper Si layer. Despite 
the symmetry breaking in the pristine stanene, silicene turns 
out to preserve its hexagonal structure. This outcome allows us 
to redefine the atomistic details of the type-I heterostructure as a 
stacking of an originally grown Yuhara-like stanene ending up, 
after deposition of a silicene layer on top, in a distorted struc-
ture of an atomically thin (non-stanene) Sn nanosheet, pos-
sibly lacking a specific order, on top of an Ag2Sn substrate layer  

Figure 4. Theoretical models resulting from DFT structural optimizations: a) type-I heterostructure and b) type-II heterostructure. In all cases a top- 
and a side-view are shown with the larger white spheres representing Ag atoms, medium-sized gray Sn ones, and smaller orange Si ones. The thin 
red line marks our 4√3 × 4√3 R30° supercell. The numbers in red (on the left of each plot) indicate the average height z of the Si and Sn layers over 
the bulk-truncated Ag surface, and those in green (right) the corresponding buckling (b = zmax − zmin). Magenta/blue circles in (b) mark Sn hexagons 
at higher/lower height over the surface.
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but still retaining an (overall) √3 × √3 R30° symmetry. Type-I 
heterostructure then recasts as an alternation of atomically thin 
sheets where the Sn layer loses its original honeycomb struc-
ture and serves as a template for the epitaxy of a single-phase  
4 × 4 silicene otherwise not achievable in (111)-terminated metal 
surfaces.

On the other hand, an energetically stable stanene-on-
silicene configuration takes place for a type-II heterostructure 
(Figure  4b) starting from 4  ×  4  silicene on Ag(111) and over-
imposing a √3 × √3 R30° stanene sheet. This condition allows 
silicene to host a stable √3 × √3 R30° stanene structure which 
only shows small displacements from the ideal honeycomb 
lattice consistent with the experimentally observed LEED pat-
tern (Figure  2). In this picture, one can observe Sn hexagons 
at different heights over the surface, bridged by Sn atoms sig-
nificantly closer to the surface (see the Figure S10, Supporting 
Information). Inspection of the electronic properties of both 
heterostructures (reported in the Figure S11, Supporting Infor-
mation) leads us to conclude that the interface components 
are strongly hybridized, as already found for the silicene–silver 
interface as far as all layers exhibit a high electronic density of 
states around the Fermi energy[40–44] and clear signatures of the 
electronic structure of free-standing layers are only present at 
energies below the Ag d band. Hybridization with substrate 
states in adsorbed silicene could be reduced by growth on non-
metallic substrates,[45,46] or by intercalation of O atoms.[37] Mül-
liken charges show that in both interfaces the sandwiched layer 
becomes negatively charged (type-I, Sn: 0.02e/atom; type-II, Si: 
0.06e/atom), whereas the upper layer is almost neutral (type-I, 
Si: −0.01e/atom; type-II, Sn: 0.00e/atom).

The DFT modeling gives us a direction to understand to 
what extent Xenes may be exchanged in the sequence of a het-
erostructure with or without keeping their individual atomic 
lattice. This scenario is reconciled with the experimental one 
with the following conditions: a) the Si growth results in a 
silicene lattice irrespectively of the given epitaxial template, 
namely silicene sets in as a top or bottom layer when grown 
on Sn (type-I heterostructure) or Ag (type-II heterostructure), 
respectively; b) the Sn may result in a stanene lattice only when 
deposited onto a silicene template on the bottom (type-II het-
erostructure), whereas the honeycomb symmetry is broken and 
a distorted layer takes place whenever stanene buffers silicene 
from Ag (type-I heterostructure). Although the so-grown het-
erostructures exhibit exchangeable atomically thin and chemi-
cally defined layers of Si and Sn with no apparent chemical or 
physical recombination, the (buckled) honeycomb character 
of silicene and stanene cannot commute with the growth 
sequence and only the Sn–Si–Ag directional growth (resulting 
in the so-called type-II heterostructure) identifies a true Xene 
heterostructure fashion. The epitaxy on an Ag(111)/mica sub-
strate and the Al2O3 encapsulation enable the Xene hetero-
structures to be disassembled from the pristine substrate for 
transfer to secondary substrate thus allowing for their device or 
functional applications.[24]

In summary, we unveiled a novel heterostructure growth 
regime where the Sn and Si growth order is exchangeable. Based 
on DFT calculations, only the top-to-bottom sequence Sn–Si–Ag 
(type-II heterostructure) can preserve the emergence and sta-
bility of buckled honeycomb layers (pure Xene heterostructure), 

namely stanene and silicene, whereas the reversed order affects 
the stanene symmetry though keeping an atomic Sn sheet in 
between the Ag substrate and the top silicene (pseudo-Xene het-
erostructure). This new concept of Xene heterostructures can be 
interesting to probe quantum physics in the Xene regime and 
to expand the technology potential of the Xenes upon recombi-
nation in heterostructures by design. Epitaxial Xenes like ger-
manene,[47] borophene,[48,49] antimonene,[50] phosphorene,[51] 
and tellurene[52] (and others yet to come) may fit the purpose 
thus expanding the number of possible Xene heterostructures 
onward. Our in situ LEED and Auger analysis indicate a new 
crystalline phase occurs in both cases, and the growth is layer-
by-layer without any signs of intercalation or chemical alloying. 
We also showed that it is possible to realize single phase silicene 
4 × 4 by growing on top of Sn:√3 × √3 R30° surface which can be 
easily grown on top of the Ag(111) surface. We further believe this 
single phase 4 × 4 silicene addresses one of the critical bottlenecks 
(along with the Ag layer removal) in view of silicene transistor 
fabrication. Having addressed the large-scale epitaxy of silicene–
stanene heterostructures, the disclosed scenario provides an 
open room for atomically resolved investigations to elucidate  
would the details of the second Xene layer locally. These out-
comes thus extend the so called Lego-like approach originally 
deemed for assembling 2D vdW crystals to the Xenes family thus 
opening new routes to artificial materials fabrication on-demand.

Experimental Section
Synthesis and In Situ Characterization: The epitaxy of Xenes 

heterostructures were carried out at CNR-IMM Unit of Agrate Brianza 
using Scienta Omicron Solid-Source(SS) Lab10 MBE system that was 
equipped with in situ LEED and Auger electron spectroscopy (AES), 
in addition to in situ Ar+ ion sputtering in the preparation chamber, 
that was integrated to the growth chamber. The base pressure of both 
the chambers was <5  ×  10−10 mbar.  LEED and AES acquisitions were 
performed by means of a Scienta Omicron GmbH LEED 600 apparatus 
working with a LaB6 filament and with a nominal beam spot size of 
500  µm during LEED operation. The synthesis part, where each step 
was accompanied with in situ LEED and Auger analysis, comprises 
the three major steps: i) preparation of commercial 300  nm-thick 
(epitaxial) Ag(111)/mica substrate with several cycles of Ar+ sputtering 
(1 kV/10 mA ion source) at room temperature followed with subsequent 
high temperature annealing (550 °C for 30 min); ii) Si and Sn deposition, 
respecting the sequence on heterostructure type, respectively, at  
0.03 and 0.015 monolayers per minute at 225 °C; and iii) a non-reactive 
amorphous Al2O3 capping as described elsewhere.[25]

Ex Situ Characterization: Following encapsulation, ex situ Raman 
spectroscopy was performed in back-scattering configuration using a 
Renishaw InVia spectrometer equipped with the 514 nm (2.41  eV) line 
of a solid state laser. The incident laser power was kept below 1 mW to 
avoid sample damages.

XPS was performed on air exposed samples in a separated UHV 
system. The chemical status of the Xene heterostructures was monitored 
by means of non-monochromatized XPS source (hν =  1253.6 eV). Bulk 
sensitive measurements were performed at take-off angle of 80° between 
sample surface and hemispherical electron analyzer in order to bypass 
the capping layer.

Density Functional Theory Simulations: The authors performed ab 
initio simulations within DFT exploiting the SIESTA code.[53,54] Norm-
conserving pseudopotentials from the software library libPSML[55] and 
the Perdew–Burke–Ernzerhof[56] exchange and correlation functional 
were used. Dispersion forces were added by the Grimme-D2 approach.[57] 
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The Ag(111) support was modeled by a three-layer thick slab, with Sn and 
Si adsorbed on one side, for the structure relaxation calculation, while 
the thickness was increased to six layers for the analysis of the electronic 
properties. The authors started from previously established models 
for the adsorption of individual Sn and Si as honeycomb stanene on 
SnAg2 surface alloy on Ag(111)-(√3  ×  √3)[23] and silicene-(3  ×  3)  on 
Ag(111)-(4  ×  4).[4] To  match the experimentally observed periodicity 
of the heterostructures with periodic boundary conditions imposed 
by the simulations and the periodicity of the pristine Xene layers, the 
authors took a 4√3 ×  4√3 R30° supercell with 230 atoms, noticing that 
this specific choice followed from the experimental characterization 
supplanting the theoretical identification of other candidate structures 
exhibiting a different periodicity. The surface Brillouin zone was sampled 
by a 2  ×  2 mesh of k-points, increased to 10  ×  10  for the calculation 
of the density of states (reported in the Figure S11, Supporting 
Information). The systems had been relaxed until the forces reached the 
imposed threshold of 0.04 eV Å−1. The results were checked for smaller 
supercells by comparison with plane-wave calculations performed by the 
pseudopotential code Quantum ESPRESSO.[58]
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Supporting Information is available from the Wiley Online Library or 
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