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Silicene, a silicon analog of graphene, holds promise for next-generation electronics due to its tunable bandgap and
larger spin—orbit coupling. Despite extensive efforts to synthesize and characterize silicene on metal substrates, bond-
resolved imaging of its atomic structure has remained elusive. Here, we report the fabrication and bond-resolved character-
ization of silicene on Au(111) substrate. Three silicene phases tuned by surface reconstruction and annealing temperatures
are achieved. Using CO-terminated scanning tunneling microscopy (STM) tips, we resolve these silicene phases with
atomic precision, determining their bond lengths, local strain, and geometric configurations. Furthermore, we correlate
these structural features with their electronic properties, revealing the effect of strain and substrate interactions on the
electronic properties of silicene. This work establishes silicene’s intrinsic bonding topology and resolves longstanding

controversies in silicene research.

Keywords: scanning tunneling microscope, synthesis of silicene on Au(111), bond resolved imaging, bond

length, local strain
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1. Introduction

The discovery of graphene has revolutionized materials
science due to its remarkable electronic, mechanical, and ther-
mal properties.!!! Silicene, the counterpart of graphene, shares
most of graphene’s exceptional properties owing to its analo-
gous honeycomb structure.!?! In particular, silicene exhibits
much stronger spin—orbit coupling than graphene, facilitat-
ing the emergence of the quantum spin Hall effect at exper-
imentally accessible temperatures.?! Moreover, its band gap
can be tuned through external stimuli such as electric fields
or chemical functionalization.!*”! These enhanced proper-
ties make silicene a promising candidate for broad appli-
cations in fields like electronics, spintronics, chemical sen-

8-11]

sors, and beyond.[ For instance, silicene-based field-

effect transistors operating at room temperature have been
demonstrated.[!?)

Unlike graphene, silicene does not exist in nature, and
synthetic approaches have to be developed.!'3] The primary
method for fabricating high-quality silicene involves epitaxial
growth on metallic substrates.!!'4] Initial breakthroughs in syn-
thesis were achieved using Ag(111)-2%1 and ZrB,(0001)!!°]
surfaces, followed by exploration of various substrates includ-
ing Ir(111), Au(111), MoS;, among others. [22-35] Substrate se-
lection critically impacts the structural and electronic proper-
ties of silicene, due to variations in lattice mismatch, interfa-
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cial bonding, and the buckled geometry of silicene. Epitax-
ial growth on different substrates produces different silicene
superstructures.!'*l Even on the same substrate, multiple su-
perstructures can emerge depending on the coverage, substrate
temperatures, and preparation methods, as seen with silicene
on Ag(lll)lg] and Au(111).[26:29:36] Determining the atomic
arrangements of these superstructures is challenging due to
the buckled geometry of silicene. Controversies and debates
persist about superstructure models and their correlation with
electronic properties. 514!

To address these issues, bond-resolved scanning tunnel-
ing microscope (BR-STM) images of the superstructures are
essential, as they can provide detailed information such as
bond length, bond angle, and local strain. These parameters
are critical for determining the exact atomic structures of these
superstructures, clarifying previous debates. Despite recent
progress in the determination of atomic buckled geometry 371,
achieving such high-resolution images with Si—Si bond reso-
lution of these superstructures remains to be accomplished.

Here we present bond-resolved characterization of sil-
icene synthesized on an Au(111) substrate. Three distinct
superstructures are observed, whose formation can be con-
trolled by adjusting annealing temperatures or surface recon-
structions. Using CO-terminated tips, we acquire BR-STM

images of all three phases. These images reveal that one su-
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perstructure corresponds to a perfectly planar silicene lattice,
with a measured Si-Si bond length of 2.46 A. The other two
superstructures are identified as strained silicene in buckled
and non-buckled geometries, conclusively ruling out prior hy-
potheses of alloy formation. The strain in one superstructure
reaches up to 20%, probably leading to a band gap of around
0.25 eV. Our results also indicate that the surface reconstruc-
tion plays an important role in the formation of silicene and its
electronic properties.

2. Methods

The experiments were performed with a low-temperature
ultra-high-vacuum (UHV) STM (Unisoku USM 1300). The
Au(111) single crystal (MaTecK GmbH, 99.999%) was
cleaned via repeated cycles of Ar" sputtering (1 eV) and sub-
sequent annealing at 550 °C. Silicon was evaporated from
a heated p-type Si wafer stripe (0.01 Q-cm, 10 mmx2 mm
x0.5 mm ) onto room-temperature Au(111) substrate. The
coverage of silicon was controlled by evaporation time. The
evaporation source temperature reached 1000 °C, monitored
by an infrared pyrometer with 70% emissivity. The anneal-
ing of the Au(111) substrate with pre-evaporated silicon is de-
scribed in the paper. A tungsten tip functionalized with a CO
molecule was used for high-resolution imaging. The dI/dV
signals were recorded using a lock-in amplifier with a bias
modulation of Vi =5 mV. All the STM images were pro-
cessed with WSxM. 38!

3. Results

Figure 1 summarizes the fabricated silicene on Au(111)
substrate at different annealing temperatures. Silicon atoms
are sublimed from a heated wafer (around 1000 °C) onto
Au(111) surface kept at room temperature. At low coverage,
silicon atoms form clusters on the surface, while the herring-
bone reconstruction of Au(111) is preserved (Fig. 1(a)). In-
creasing the coverage of silicon to a monolayer, no ordered
structures appear (Fig. 1(b)). When the fully covered sam-
ple is annealed at 200 °C, nano-domains of ordered structures
emerge, with sizes reaching about 4 x 4 nm?. These ordered
structures feature round protrusions arranged in a rectangular
pattern (indicated by arrows in Fig. 1(c)). Further annealing at
250 °C results in large-area uniform phases with the same rect-
angular arrangements (named as RT-phase), probably formed
by the merging of lower temperature nano-domains. A close-
up view reveals two kinds of protrusion alternately arranged
(highlighted with dashed ovals in Fig. 1(g)). This RT-phase
was also observed with the silicon atoms evaporated on the
hot Au(111) substrate kept at 260 °C,** and on Au(111) thin
films on Si(111) substrate via surface segregation.>”! The ex-
act structure of this phase, Si—Au alloy or pure silicene, is in

debate.>62%1 Tt is also worth noting that similar protrusions
are also observed on silicene prepared on Ag(111), except for
their hexagon arrangement. [16-39-41]

Upon annealing at 300 °C, more complex periodic pat-
terns emerge (Fig. 1(e)). A close-up view (Fig. 1(h)) reveals
that these structures consist of small domains of hexagonal
rings interconnected by disordered regions (named as HG-
phase). This phase is similar to silicene 2v/3 x 2+/3 recon-
struction on Ag(111)[®) and has also been observed in Au(111)
thin films on Si(111) through segregation.?! In both systems,
prior studies attribute the disordered areas to distortions in the
hexagonal lattice.!'%>%4] The structural interpretations differ
between substrates: for Ag(111), the silicene layer is proposed
to adopt a buckled configuration,'®#?1 whereas on Au(111),
the silicene remains planar. >°!

Elevated annealing at 350 °C induces another drastic
structural transformation. The system reverts to a configura-
tion dominated by protrusions, though now organized into an
elongated zigzag arrangement (named as ZZ-phase), as high-
lighted by dashed lines in Fig. 1(f). At the same time, pore-like
features emerge within the lattice (highlighted by dashed oval
in Fig. 1(f)). Close-up views reveal that these pores consist of
a few hexagonal rings. This phase is also observed in previous
reports, yet not analyzed in detail.[>¥

Fig. 1. Synthesis of silicene on Au(111) substrate. (a) STM image of
Au(111) substrate after low-coverage deposition of silicon atoms. Arrows
indicate the formed silicon clusters. (b) STM image of Au(111) substrate
fully covered with evaporated silicon atoms. (c)—(f) STM images of the
same sample after annealing at 200 °C (c), 250 °C (d), 300 °C (e), and
350 °C (f), respectively, as noted on the images. Arrows in (c) indicate
the ordered structures. Dashed line (oval) in (f) indicates the elongated
zigzag arrangement (pore-like features). (g)—(i) Close-up view of the im-
ages in (d)—(f), respectively. Dashed ovals in (g) highlight the two kinds
of protrusions. Hexagons in (h) and (i) highlight the formed hexagonal
rings. Tunneling parameters: V = 1V for images (a)—(f); V = —0.1 V for
image (g); V = —4 mV for image (h); and V = 0.3 V for image (i).
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In addition to temperature, the structural evolution of sil-
icene on Au(l11) is strongly influenced by substrate recon-
struction. The herringbone reconstruction of Au(l111) can
be modified through silicon deposition and subsequent an-
nealing. After low-coverage silicon deposition followed by
200 °C annealing, the surface transitions from its characteris-
tic herringbone pattern to networks formed by triangular do-
main walls (named as triangular reconstruction, Fig. 2(a)),
with an average area of 5 x 5 nm?. High-resolution imaging
(inset, Fig. 2(a)) demonstrates that Au atoms retain a close-
packed arrangement, though with different surface ripple (sup-
plementary Fig. S3). Notably, the interatomic distance be-
tween neighboring Au atoms decreases from 2.72 A in the
herringbone reconstruction to approximately 2.6 A in the tri-
angular reconstructions (supplementary Fig. S3).

On the triangular reconstructed surface, silicon atoms
form protrusions resembling those in Figs. 1(c), 1(d), and 1(f)
at low coverages (Fig. 2(b)). These protrusions are not orga-
nized into ordered phases. Increasing the silicon coverage pro-
motes phase ordering, as shown in Fig. 2(c), where coexisting
rectangular patterns, elongated zigzag motifs, and pore-like
features emerge. Beyond monolayer coverage, the zigzag mo-
tif dominates (Fig. 2(d)), with second- and third-layer silicene
adopting similar configurations. Annealing further enhances
structural uniformity: both half- and full-coverage samples ex-
hibit more ordered zigzag patterns after annealing at 300 °C
(Figs. 2(e) and 2(f)), analogous to the configuration observed
after 350 °C annealing in Fig. 1(f). It is worth noting that un-
like silicene prepared on herringbone-reconstructed surfaces,
annealing does not alter the superstructure phase in this sys-
tem.

Fig. 2. Effect of surface reconstruction on the synthesis of silicene.
(a) STM image of reconstructed Au(l111) surface induced by low-
coverage silicon deposition followed by annealing. Inset shows a close-
up view with atomic resolution. (b)—(d) STM images of the same surface
after additional silicon deposition at room temperature, with coverages
of approximately 0.2 monolayers (b), 0.6 monolayers (c), and 1.5 mono-
layers (d). (e) STM image of a half-coverage silicon surface prepared as
in (b) after annealing at 300 °C. (f) STM image of full-coverage surface
prepared as in (b) after annealing at 300 °C. Dashed lines and ovals indi-
cate the rectangular patterns, the elongated zigzag pattern, and pore-like
features. Tunneling parameters: V =1 V for all the images.

To resolve the structural details of the three observed
phases, BR-STM imaging was performed using a CO-
terminated tip. Figure 3 compares the STM images acquired
with metal tip and CO-terminated tip for the three phases.
For the RT-phase, instead of rectangular protrusion patterns,
the BR-STM image reveals well-defined hexagonal structures
(Figs. 3(a) and 3(b)). These hexagon structures are thus iden-
tified as the silicene honeycomb lattices, which resolves prior
debates about its formation on Au(111).1262I The two protru-
sion types are identified, as one protrusion is brighter at the
center of the silicene ring, while the other type of protrusion
is brighter over the Si—Si bond, likely due to the mismatch be-
tween silicene lattices and underlying Au substrate. The BR-
STM images also indicate the buckled geometry of silicene,
as some silicon sites appear dark on the image (highlighted
by red circles in Fig. 3(b)). The buckled height is determined
to be around 0.24 A (supplementary Fig. S4), lower than the
value of silicene grown on other substrates.!!*! Additionally,
the BR-STM images reveal anisotropic strain in silicene (high-
lighted by the imposed model structure in Fig. 3(b)), reaching
magnitudes of 20%. This finding aligns with prior low energy
electron diffraction (LEED) studies reporting significant strain
in silicene. 3

Fig. 3. Bond-resolved STM images of silicene. (a), (c), (¢) STM im-
ages of the three primary phases recorded with a metal tip. (b), (d), (f)
are the corresponding STM images recorded with a CO-terminated tip.
Chemical model structures are superimposed on the images for clarity.
Tunneling parameters: (a) V =400 mV, (b) V =—4 mV, (c) V = 100 mV,
(dV=2mV, () V=-2mV, (f)V=2mV. (a)-(e) are constant-current
images, while (f) is a constant-height image.

In the case of HG-phase, while metal-tip imaging de-
picts ordered hexagonal rings interconnected by disordered re-
gions, BR-STM image displays a defect-free, uniform honey-
comb lattice (Figs. 3(c) and 3(d)). As shown in the supple-
mentary Fig. S6, the images with metal tip at different bias
values show different features, indicating their origin from
the convolution of topographic and electronic features. STM
image with CO-terminated tip at small tip-sample distances
(V=2 mV, I =1 nA) successfully resolves the Si—Si bond.
The silicene layer in this phase is fully planar, exhibiting no
measurable strain. The Si—Si bond length is determined to be
2.4640.07 A (lattice constant: 4.27 A), agreeing well with

096801-3
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the simulation of planar silicene.!?8! For the ZZ-phase, show-
ing protrusions patterns like the RT-phase, BR-STM imaging
also displays hexagonal structures (Figs. 3(c)-3(f)). Unlike the
RT-phase, the ZZ-phase adopts a planar geometry with slight
ripple features and non-uniform strain, as highlighted by su-
perimposed structural models (Fig. 3(f)).

To probe the electronic characteristics of the three sil-
icene phases, differential conductance (dI/dV) spectra were
recorded (Fig. 4). The dI/dV spectrum taken on the RT-
phase and HG-phase exhibit a general V-shaped feature around
the Fermi level. The spectrum of RT-phase shows a flat bot-
tom, indicating a band gap opening of approximately 0.25 eV
(Fig. 4(a)). We speculate that the small gap opening is due
to the uniaxial strain in silicene, consistent with simulations
predicting that uniaxial strain induces uniform gap opening
in silicene’s electronic structure.[**! This result aligns with
high-resolution angle-resolved photoemission spectroscopy
(HRARPES) measurements, 2! which reported a similar band
gap opening. Previous ARPES measurements also show that
the Dirac cones of RT-phase and HG-phase are shifted to
around —0.5 eV and —0.7 eV below the Fermi level.[?+3?]
Kink-like features at these energy locations do appear on the
spectra of RT-phase and HG-phase, which could reflect the
signatures of Dirac cones. In contrast, the spectra taken on ZZ-
phase display a pronounced, position-independent dip (Figs. 4
and S8), suggesting Dirac cone behavior at the Fermi level.
Its relation to Dirac cone behavior may require further ex-
perimental verification. The conductance maps of the three
phases, which demonstrate the spatial distribution of local
density of states (LDOS), are also recorded (supplementary
Figs. S5 and S6). These dI/dV maps show strong modula-
tions of LDOS by the substrate, indicating a strong coupling
between the silicene layer and the underlying Au(111) sub-

strate.
= RT-phase
— HG-phase
= ZZ-phase
—~
%)
=1
=}
=
el
-
<
—
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-1 0
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[y

Fig. 4. Electronic properties of silicene on Au(111) substrate. dI/dV
spectra recorded for the three silicene phases (RT-phase: black curve;
HG-phase: red curve; ZZ-phase: blue curve), with the locations of the
spectra indicated in the inset images. The spectra are shifted vertically
for clarity. Arrows indicate the kink features.

4. Discussion

The silicene-Au(111) interface constitutes a highly com-
plex system. While bond-resolved STM (BR-STM) imaging
has successfully resolved silicene’s atomic structure, the pre-
cise interface configurations and underlying substrate details
remain unresolved. The observed phase transitions in sil-
icene with annealing temperature likely arise from a change
of surface reconstruction. For instance, the transition from
the RT-phase to the ZZ-phase is correlated with a shift from
the herringbone reconstruction to a triangular reconstruction.
The specific Au reconstruction in the HG phase remains un-
clear, though we hypothesize it involves a distinct reconstruc-
tion pattern. As the substrate surface evolves (e.g., rippling,
changes in interatomic distances), the lattice mismatch be-
tween silicene and Au(111) varies, potentially inducing differ-
ences in silicene’s bonding, buckling, and strain, thus result-
ing in the different phases observed in the experiments. Ad-
ditionally, charge transfer between silicene and the substrate
is configuration-dependent. These substrate-mediated strains,
chemical bonding, and charge transfer collectively modulate
the electronic properties of silicene.

5. Conclusion

In conclusion, we have demonstrated the controlled syn-
thesis of silicene on Au(111). The annealing temperatures play
amajor role in the formation of different silicene phases, while
the underlying mechanism is the gold surface reconstruction
induced by annealing. The coverage also has an effect but
only matters for the case of silicon deposited on a surface with
triangular reconstruction. Even in this case, annealing can pro-
mote structural uniformity, mainly due to the enhanced diffu-
sion of silicon on the surface. The bond-resolved STM imag-
ing directly reveals the atomic-scale structure of three silicene
phases, enabling precise determination of bond lengths, strain,
and local geometry. These results unambiguously resolve de-
bates on silicene structural properties on Au(111), while also
shedding light on silicene configurations formed on analogous
substrates such as Ag(111). These results advance the field
by clarifying inconsistencies in prior studies and paving the
way for tailored silicene-based materials in future electronic
or quantum devices.
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