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Two-dimensional silicon carbides have attracted increasing interest due to their highly tunable band structures and
rich physical properties. Among them, SigC 5 is particularly notable for its intrinsic auxeticity, strongly anisotropic carrier
mobility, and pronounced optical and thermoelectric responses. However, the controlled growth of SigC5 nano-islands has
remained a challenge. Here, we report a novel growth technique for SigCy 5 nano-islands. By exploiting the mild segregation
of carbon atoms from a Ru(0001) substrate, we fabricate discrete, crystalline SigC;5 nano-islands at temperatures as low
as ~ 400 °C. Spectroscopic measurements reveal a spatial modulation of the local work function across the nano-island,
which we attribute to the periodic potential landscape of the SigC5 lattice. Furthermore, we demonstrate that this island
morphology enables the construction of SigC;s/graphene lateral heterostructures. Our work establishes a new pathway for
fabricating SigC15 nanostructures as well as the heterostructures.

Keywords: SigC;5, nano-islands, low-temperature growth, heterostructure
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Two-dimensional (2D) silicon carbide materials have
attracted growing interest due to their unique combina-
tion of carbon-based electronic characteristics and silicon
compatibility,!'] making them promising candidates for

(8.9 and energy-

next-generation electronic, ®’! optoelectronic,
related devices.!'"'* The recent synthesis of SigCys has
brought new insights into this material family. Structurally,
SigC 5 can be regarded as a hybrid derivative of graphene!!3!
and silicene,['®!7) featuring a mixed hexagonal lattice com-

18201 Theoretical

posed of alternating Si—C and C—C rings.
studies predict that SigCjs is a direct-bandgap semiconductor
with a moderate, strain-tunable bandgap (~ 1.8-2.0 eV),1?1:?21
intrinsically auxetic and anisotropic properties,!*21-23] as well
as high and anisotropic carrier mobility that can be further en-
hanced via strain engineering and heterostructure design, ren-
dering it promising for high-speed electronic and optoelec-

[20.23.24] These results establish SigCjs as

tronic applications.
a versatile platform for multifunctional 2D heterostructure de-
vices.

Despite the rapid progress in understanding its prop-
erties, the experimental realization of SigC;s has thus far
been limited to continuous monolayers, with a gap size
of 1.92 eV.I'81 Compared with continuous films, >33 self-

assembled nano-islands provide more efficient elastic strain
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relaxation,[17-34]

135

better retention of coherent high-quality

epitaxy,*>! and stronger size-dependent quantum-confinement

1.1361 However, the controlled growth of SigC;s nano-

contro
islands remained unexplored. Furthermore, the existing syn-
thesis technique is severely constrained by its requirement
for extremely high temperatures to disrupt strong C—C bond-
ing. In contrast, low-temperature growth has been successfully

37-39] Therefore,

demonstrated for various other 2D materials. !
it is highly desirable to develop a new growth method that can
produce SigCj5 in the form of nano-islands under much milder
thermal conditions.

Here, we present a new and versatile low-temperature
growth technique for SigC;5 nano-islands. Our approach uti-
lizes the mild segregation of residual C atoms from a Ru(0001)
substrate, allowing for the synthesis of SigC;5 nano-islands at
a temperature as low as ~ 400 °C and circumventing the need
for high-energy C—C bond breaking. Furthermore, we demon-
strate that the resulting morphology can be utilized to fabricate
SigCjs/graphene lateral heterostructure.

We start by outlining the mechanism underlying our low-
temperature synthesis of SigC1s nano-islands on Ru(0001). As
schematically illustrated in Figs. 1(a) and 1(b), the Ru(0001)
was annealed at ~ 400 °C to allow dissolved carbon atoms to
migrate toward the surface via bulk-to-surface segregation. [4°]
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Carbon has a finite solubility in Ru, and a small amount of
residual carbon can remain in the near-surface region after
standard sample preparation and thermal cycling. Upon an-
nealing, thermally activated diffusion together with a ther-
modynamic driving force can promote surface precipitation,
supplying a dilute population of discrete, non-bonded car-
bon species on Ru(0001) without formation of C—C bonds. (411
Subsequently, silicon atoms were deposited onto the Ru(0001)
surface held at 400 °C using an electron-beam evaporator with
a calibrated deposition rate of 0.33 monolayer/min (Fig. 1(c)).
The locally segregated, highly reactive carbon atoms then di-
rectly participate in the surface reaction with incoming Si
atoms, leading to the formation of Si—C bonds,*>*3! which
subsequently evolve into discretely distributed SigC;s nano-
islands and SigCjs/graphene heterostructures (Fig. 1(d)). Ow-
ing to the high chemical reactivity of the isolated carbon
atoms, our pathway eliminates the need for high-temperature
C-C bonds breaking, in sharp contrast to previously reported
monolayer growth pathway!'$433 that require annealing at
an extremely high temperature, around ~ 1100 °C.

The scanning tunneling microscopy (STM) images were
taken in a home-built STM system!“! with a base pressure be-
low 2x107'° mbar at the temperature of 4.2 K. The cham-
ber was also equipped with low-energy electron diffraction
(LEED) to verify the formation of ordered overlayers. STM
measurements were performed in constant-current mode with
an electrochemically etched tungsten tip, and all voltages were

applied to the sample with respect to the tip. Scanning tunnel-
ing spectroscopy (STS) was carried out using a lock-in tech-
nique with a modulation amplitude of 20 mV at 861.3 Hz.

As shown in Fig. 2(a), the clean Ru(0001) substrate
exhibits a hexagonal diffraction pattern, with distinct spots
of Ru substrate indicated by the white arrows. Follow-
ing low-temperature annealing and the Si dosing process,
the LEED pattern changes dramatically (Fig. 2(b)). Addi-
tional diffraction spots appear (yellow arrow), forming a well-
defined (2v/3x2v/3) R30° super-structure with respect to the
Ru spots. These features are characteristic of a highly ordered,
rotationally-aligned SigC5 2D crystal.

(a) (b) Annealing at ~400 °C

Ru substrate C segregation

(d) Annealing at ~400 °C

.
> Si
SigCy5 nano-islands/Ru

Si adsorption

Fig. 1. Schematic of the low-temperature growth for crystalline SigCys
nano-islands and SigCjs/graphene heterostructures on Ru(0001) sub-
strate. (a)—(d) Carbon atoms segregate from Ru bulk and react with
deposited Si atoms to form SigC1s based nanostructures under low tem-
perature of ~ 400 °C.
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Fig. 2. Atomic structure of the SigC;s nano-islands confirmed by LEED and STM. (a) LEED pattern of the clean Ru(0001) substrate. The
white arrows mark the diffraction spots of the Ru(0001) substrate. (b) LEED pattern after SigC;s nano-island growth. The yellow arrows mark
the additional diffraction spots originating from the SigCjs overlayer. (c) Large-scale STM topography image showing the topography of the
SigC5 nano-islands on the Ru(0001) surface (Vs = =3 V, I; = 50 pA). (d) Zoomed-in STM image of an island from (c) (Vs = =3 V, I; = 50 pA).
The lower panel shows the height profile measured along the white dashed arrow in the upper panel. (e) Atomically-resolved STM image of
the SigCy5 nano-island (Vs = —1 V, I = 200 pA). The yellow dashed hexagons mark the characteristic honeycomb structure of the lattice. The
lower panel shows the height profile measured along the white dashed arrow in the upper panel, showing a lattice constant of ~ 1 nm. (f) Top

and side views of the atomic model of SigC;5/Ru(0001).
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A large-scale STM image (Fig. 2(c)) clearly reveals the
existence of discretely distributed SigC15 nano-islands across
the Ru surface. These islands exhibit a highly ordered in-
ternal structure, which collectively covers a significant por-
tion of the surface. These nano-islands are characterized by
smooth edges and a size of several tens of nanometers. A
zoomed-in STM image (Fig. 2(d)) allows for precise deter-
mination of the layer thickness. The line profile (bottom
panel in Fig. 2(d)) measured across an island indicates a uni-
form height of ~ 200 pm, consistent with previous cross-
sectional scanning transmission electron microscopy measure-
ments of monolayer SigC;s on Ru.['8 The atomic resolu-
tion image (Fig. 2(e)) reveals the characteristic Cg symme-
try of the structure, marked by the yellow dashed hexagon.
By measuring the distance between the periodically repeating
units, we determine the lattice constant to be ~ 1 nm (lower
panel in Fig. 2(e)). Crucially, both the ~ 1 nm periodicity
observed in STM and the (2v/3x2+/3) R30° super-structure
identified in LEED are in excellent agreement with the pro-
posed atomic model (Fig. 2(f)). In this model, the SigC;s lat-
tice exhibits a periodicity 2/3 times larger than that of the Ru

substrate, accompanied by a 30° rotational alignment. This
multi-scale correspondence between reciprocal-space LEED
patterns and real-space STM images, both aligning perfectly
with theoretical predictions, unambiguously confirms the suc-
cessful growth of highly crystalline SigC;s nano-islands via
our low-temperature segregation approach.

We then acquired STM images at different bias voltages
to visualize the local density of states (LDOS) distribution
across the unit cell at various energies (Figs. 3(a)-3(d)). The
Si—C hexagonal ring regions maintain a consistently bright ap-
pearance in both the negative (Figs. 3(a) and 3(b)) and the pos-
itive (Figs. 3(c) and 3(d)) bias voltages. This suggests that
the Si and neighboring C atoms contribute significantly to the
LDOS across the Fermi level. In contrast, the C—C hexagonal
ring regions appear dark at negative bias voltages, but dramat-
ically brighten at positive bias voltages. This characteristic
contrast reversal of the C—C hexagon centers is attributed to
the inherent differences in the p-orbital contributions of the C
atoms to the material’s LDOS between the occupied and un-
occupied states.[!819]
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—C—C hexagon 2

dZ/dV (arb. units)

2 4 6 8
Sample bias (V)
¢ (eV)
— Si—C hexagon

|- C—C hexagon
3.6
3.4/
3.2
0 0.1
0 1 2 3
(n—1/4)%%

Fig. 3. Periodic modulation of local chemical potential in SigC;s nanoislands on Ru(0001). (a)—(d) Bias-dependent STM images of the SigC;5
nano-island acquired at Vs = —0.5 V (a), —0.1 V (b), 0.1 V (c), and 0.5 V (d) (/; = 30 pA). (e) Local dZ/dV spectra measured at the Si-C
hexagon (black dot in (a)) and C—C hexagon (red dot in (a)). The shift in the spectral peak positions indicates local modulation in electronic
properties. (f) Gundlach oscillation formula fitting analysis of the spectra in (e). The inset provides an enlarged view of the fitting intercepts,
showing the different work function values between the Si-C and C—C hexagons.

Further localized measurement were conducted using
dZ/dV spectroscopy (Fig.3(e), acquired from dots marked in
Fig. 3(a)). The spectra obtained at the Si—C hexagon (black
dot) and C-C hexagon ring region (red dot) show a measur-
able shift in the spectral peaks, which correspond to the en-
ergy positions of the field emission resonances.*”! This find-
ing clearly demonstrates that the local electronic environment
is not uniform across the nano-island, likely due to local in-
teractions with the underlying Ru substrate. To quantify this

difference, we performed an analysis utilizing the Gundlach

oscillation*®! formula on the dZ /dV data (Fig. 3(f)), a highly
established spectroscopic method for characterizing electron
tunneling behavior and extracting local work function (P) val-
ues from STM data. The phenomenon of Gundlach oscillation
arises from the quantum mechanical interference of the elec-
tron’s wave function in the vacuum gap between the STM tip
and the sample. The peak voltages (U,) of these oscillations
are related to the work function (@) and the quantum number

(n) of the standing wave formed in the vacuum potential well.

056801-3



Chin. Phys. B 35, 056801 (2026)

This relationship can be linearized for fitting: !

Up =@+ (12/2m)' (3reF /2)* (n— 1423
n=1,23,...

Here, U, is the voltage of the n-th peak, @ is the work function,
and F is the electric field. By plotting U,, against (n— 1/ 4)2/ 3
or a similar linearizing transformation, the resulting linear fit
allows for the extraction of @. The intercept of this linear ex-
trapolation directly corresponds to the value of the work func-
tion P.

The fitting confirms that a distinct work function differ-
ence exists between the Si—C and C-C hexagon regions, as
evidenced by the different intercepts shown in the inset of
Fig. 3(f). The work function at the C—C hexagon is ~ 0.1 eV
higher than that at the Si—C hexagon. This variation in @ is
likely rooted in the islands’ morphology, potentially linked to
a local difference in the electrostatic dipole layer. Specifically,
the periodic potential landscape created by the distinct C—C
and Si—C hexagons, coupled with the local charge transfer at
the SigCs/Ru interface, may induce a spatially varying inter-
nal potential, thereby locally modulating the work function.

We further the
SigCs/graphene lateral heterostructure using the new synthe-

demonstrate fabrication of a

sis route. The process begins with the as-grown SigC5 islands
(Fig. 4(a)). After annealing at 400 °C for 1 hour, the STM im-
age (Fig. 4(b)) shows that mobile C atoms, segregated from

(@

(d)

Graphene

SigCis

the Ru bulk, begin to accumulate in the vicinity of the existing
SigCy5 islands. This suggests that the edges of the SigCis
islands serve as nucleation centers, facilitating the assembly
of segregated carbon atoms into graphene nano-islands.

After further annealing for 2 hours, larger graphene
nano-islands form, leading to the SigC;s/graphene lateral het-
erostructure (Fig. 4(c)). The image clearly shows the adjacent
growth of SigCj5 islands and newly formed graphene islands.
A high-resolution STM image clearly reveals the interface of
the lateral SigC;s/graphene heterostructure (Fig. 4(d)). The
boundary between the SigC;s and graphene domains is marked
by a white dashed line, indicating a seamless connection be-
tween the two materials. The heterostructure growth across
the Ru surface is further confirmed by the LEED measure-
ments. The LEED patterns of samples annealed for 1 hour
(Fig. 4(e)) and 2 hours (Fig. 4(f)) exhibit diffraction spots
from both SigC;5 (yellow arrow) and the graphene spots (pink
arrow). Notably, the graphene diffraction spots in Fig. 4(e)
are less well ordered than those in Fig. 4(f), indicating in-
creased sizes of graphene nano-islands with prolonged anneal-
ing. These observations confirm the macroscopic ordering of
the SigCys/graphene heterostructures. The formation of a lat-
eral SigCs/graphene heterostructure provides a clean in-plane
junction between semiconducting and semi-metallic compo-
nents, offering a versatile platform for future electronic de-
vices and for exploring interfacial transport phenomena.

1 hour

L3
e
* 28

v'o, f

*
s 10am

Vi
Graphene

SigCis

Fig. 4. Formation of SigCjs/graphene lateral heterostructure on Ru(0001) substrate. (a)—(c) STM images of the as-grown SigC5 nano-islands (a),
sample after 1 hour annealing (b), and sample after 2 hours annealing (c) (V; = =3 V, It = 50 pA). Graphene nano-islands form and grow during
the extended annealing process. (d) STM image of the SigCs/graphene boundary (V; = 1 mV, Iy = 50 pA). The white dashed line indicates the
boundary of the lateral heterostructure. (e) and (f) LEED results of the samples in (b) and (c), showing diffraction spots of the Ru substrate (white
arrow), SigCj5 (yellow arrow), and graphene (pink arrow). The graphene diffraction spots in (e) are less ordered than those in (f).

In summary, we have developed a novel synthesis route
for SigCy5 nano-islands, proceeding at a low temperature of
~ 400 °C. This innovative segregation-assisted method over-
comes the high-temperature bottleneck of existing synthesis,

enabling the controlled growth of SigCjs nano-islands. Spec-

troscopic measurements reveal spatial variations in the local
work function across the islands, likely reflecting the periodic
potential landscape of the SigCy5 lattice. Furthermore, these
nano-islands can assemble into ordered lateral heterostructures

with graphene. Our results provide a significant advance in the

056801-4
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synthesis of SigCjs nano structures and open new opportuni-

ties for SigCj5-based planar devices.
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