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The design and preparation of novel quantum materials with atomic precision are crucial for exploring new physics
and for device applications. Electron irradiation has been demonstrated as an effective method for preparing novel quantum
materials and quantum structures that could be challenging to obtain otherwise. It features the advantages of precise control
over the patterning of such new materials and their integration with other materials with different functionalities. Here,
we present a new strategy for fabricating freestanding monolayer SiC within nanopores of a graphene membrane. By
regulating the energy of the incident electron beam and the in-situ heating temperature in a scanning transmission electron
microscope (STEM), we can effectively control the patterning of nanopores and subsequent growth of monolayer SiC
within the graphene lattice. The resultant SiC monolayers seamlessly connect with the graphene lattice, forming a planar
structure distinct by a wide direct bandgap. Our in-situ STEM observations further uncover that the growth of monolayer
SiC within the graphene nanopore is driven by a combination of bond rotation and atom extrusion, providing new insights
into the atom-by-atom self-assembly of freestanding two-dimensional (2D) monolayers.

Keywords: monolayer SiC, 2D semiconductor, in-situ growth, in-situ STEM, defect engineering, graphene

nanopores
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1. Introduction

Two-dimensional (2D) materials exhibit extraordinary
properties that often outperform those of their bulk counter-
parts. This has been substantiated through extensive research
on a variety of layered materials, including graphene!'=! and
transition metal dichalcogenides (TMDs).[“-%! Controlled fab-
rication of such 2D materials into monolayers has been well
explored by both top-down exfoliation as facilitated by the van
der Waals interactions between adjacent layers, and bottom-

7-101 However, synthesizing monolay-

up growth techniques.|
ers from non-layered bulk materials poses a significant chal-
lenge due to the robust chemical bonds among their constituent
atoms, not to mention the additional complexity of regulating
the morphology and composition.!'! A prime example is bulk
SiC, a non-layered indirect wide-bandgap semiconductor ex-
tensively utilized across diverse technological domains.[!?13]
Theoretical predictions suggest that monolayer SiC is thermo-
dynamically stable and exhibits a direct bandgap.!'*!>! De-

[16-191 the successful syn-

spite several experimental attempts,
thesis of freestanding monolayer SiC remains elusive. The
studies reported to date have been limited to the formation
of a SiC nanoseed containing 6 Si atoms within a graphene
lattice!'8 or epitaxial growth of monolayer SiC on a TaC

substrate.['”) The latter approach, in particular, has resulted
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in strong electronic coupling with the substrate, complicating
the exploration of the intrinsic characteristics of freestanding
monolayer SiC.

On the other hand, electron microscopy has proven in-
dispensable for investigating the intricate local structures
and properties of suspended monolayer 2D materials.[20-2?]
Meanwhile, the interaction with an energetic electron beam
(e-beam) can sometimes induce structural fluctuations and
modifications within the observed samples due to energy
transfer, which can be subsequently harnessed for materi-
als processing.[>=2>! In particular, in aberration-corrected
STEM, an atomic-sized focused electron probe can enable
atomic-scale structural manipulation, in some cases even
with single-atom precision.[?63% As a result, the focused
STEM probe can be used to facilitate atomic-level structural

33,34 35,36]

destruction, 33?1 reconstruction, 3334 defect healing,!

and controlled fabrication of novel monolayer materials and

31411 For example, controlled electron ir-

quantum structures. !
radiation has been applied to fabricate monolayers of Fel3!
and CuO™0! by inducing self-assembly of impurity atoms on
graphene into novel monolayer structures. In addition, mono-
layer Mo and metallic MX (M = Mo, W; X =8, Se)

38,39

nanowires of three-atoms wide*®3°! have been sculpted out of

2D monolayers of semiconducting TMDs by inducing chalco-
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gen vacancies and subsequent driving the structures into their
thermodynamically stable forms. The STEM instruments of-
fer the flexibility of fine adjusting the energy and dose rate
of the incident e-beam to regulate the energy transfer to the
samples. In addition, a variety of external fields can be ap-
plied via in-situ holders to facilitate in-situ (S)TEM studies
under different stimuli. 4243 Among them, in-situ heating has
been frequently employed to observe thermally induced struc-
tural transformations,*>*3! as well as growth mechanisms at
the atomic scale. These advancements not only offer new in-
sights into the structure—property relationship of 2D materials,
but also pave the way for innovative approaches to materials
engineering and manufacturing.

In this work, we report a novel workflow to fabricate
freestanding monolayer SiC confined within the graphene lat-
tice using an aberration-corrected STEM. The workflow in-
volves accurate control of the e-beam energy and in-situ heat-
ing temperature, allowing for selective sculpting of graphene
nanopores and directional deposition and assembly of SiC at
different stages. Through quantitative STEM analysis and
density-functional theory (DFT) simulations, we demonstrate
that the freestanding monolayer SiC embedded in graphene
nanopores adopts a stable planar structure with a direct
bandgap of 2.56 eV. In-situ STEM imaging reveals that the
atomic-scale growth of monolayer SiC is driven by bond rota-
tion and atom extrusion, synergistically promoting the atom-
by-atom assembly of the SiC lattice. Our results demonstrate
the feasibility of fabricating monolayer SiC in freestanding
form, and highlight the potential for e-beam assisted large-area
programmable patterning of novel 2D materials for potential
applications in electronic devices.

2. Results and discussion

The controlled growth of freestanding monolayer SiC was
performed inside a STEM during in-situ heating. As illus-
trated in Fig. 1(a), the entire process involves four critical
steps in sequence: (i) cleaning of the graphene surface, (ii)
sculpting of graphene nanopores, (iii) deposition of Si sources,
and (iv) self-assembly of SiC monolayer from diffused Si
and C atoms. The graphene sample was synthesized using a
chemical vapor deposition (CVD) method and transferred onto
customized micro-electro-mechanical-system (MEMS) chips
through a polymethyl methacrylate (PMMA) assisted wet-
transfer process (details in Section 3). During sample growth
and transfer, residual contaminants often accumulate on the
graphene surface, primarily consisting of Si, C, O and H el-
ements (Fig. S1). These amorphous residues are undesirable
for atomic-scale analysis of the graphene sample, and would
severely interfere with the fabrication of monolayer SiC by
hindering the surface diffusion of Si and C atoms. To address
this contamination issue, we applied in-situ heating at 550 °C

inside the UHV environment of the STEM (see Section 3)
to remove contaminants from the as-prepared graphene, with
the e-beam blanked during this step. As shown in Fig. 1(b),
the in-situ heating at 550 °C can effectively remove most of
the hydrocarbon contaminants from the graphene surface, as
demonstrated by the uniform STEM annular dark field (ADF)
image contrast for both monolayer and bilayer regions and the
clear atomic resolution STEM-ADF image of the graphene lat-
tice shown in Fig. 1(f). Only some minor residues, primarily
containing Si impurities, can be observed after in-situ heat-
ing, concentrating along grain boundaries and step edges of
the graphene sample.

In the second step, we demonstrate the capability to sculpt
graphene nanopores at designated locations and in various
shapes with sub-nm precision using a high energy focused
e-beam. It has been demonstrated that the knock-on dam-
age threshold of graphene is approximately 80 kV.[*®! Below
80 kV, the pristine lattice of graphene can be imaged under
high vacuum with a high electron dose and still maintains its
structural integrity. In contrast, above 80 kV, e.g., at 100 kV,
knock-on damage will cause continuous sputtering of carbon
atoms from the graphene lattice. By utilizing the knock-on
damage effect at 100 kV and the capability to precisely control
the scanning of the e-beam, we successfully sculpt nanopores
in monolayer graphene with various shapes, dimensions and
orientations, as shown in Fig. 1(c). To accelerate the sputtering
process and to prevent re-deposition of the knocked-out car-
bon atoms, we performed this sculpting process under 100 kV
at 750 °C. Under our experimental conditions, a 30 nm long
and 4 nm wide rectangular nanopore can be created within the
graphene lattice by continuous scanning of the e-beam along
predefined paths for about 5 min. A time sequence of STEM-
ADF imaging of the sculpting process can be seen in Fig. S2.
Figure 1(g) shows an as-prepared graphene nanopore along the
zigzag direction, with a width of less than 2 nm. The edges of
the nanopore are somewhat irregular, terminated by bonding
unsaturated C atoms and occasionally decorated by isolated Si
atoms (Fig. 1(g)). The efficient sculpting process at 100 kV
and 750 °C demonstrates the potential for programmable pat-
terning of graphene nanopores in STEM, albeit further refine-
ment of the experimental parameters, with the capability to
create scalable integration patterns for nanodevices.

In order to grow monolayer SiC into the graphene
nanopores, we need additional Si and C sources around the
nanopores. As shown in the schematics in Fig. 1(a), dur-
ing the third step, the heating temperature was lowered to
550 °C, and the acceleration voltage of the STEM was reduced
to 60 kV. This adjustment allowed for non-destructive scan-
ning and imaging of the pristine graphene lattice, while slight
rearrangement of carbon atoms along the graphene nanopore
edges still occurred under the e-beam. It was noted that un-
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der this particular experimental setting (60 kV, 550 °C), the
e-beam illumination would induce deposition of Si and C
atoms onto the sample, and these deposits can aggregate into
nanoclusters showing higher STEM-ADF contrast (Fig. 1(d)).
Electron energy-loss spectroscopy (EELS) measurement con-
firms that the nanoclusters are composed of Si and C with-
out oxygen (Fig. S3). The nanoclusters could further grow
with prolonged scanning of the e-beam (Fig. S4), indicating a
steady supply of Si and C from the environment. As we used
customized SiN, membranes with penetrated holes to support
the graphene sample, it is likely that the extra Si atoms are
thermally activated from the amorphous SiN,. A closer look
at the nanopore region after Si deposition (Fig. 1(h)) revealed
that many isolated Si atoms had doped into the graphene lattice
or anchored at the nanopore edges, surrounded by disordered
C rings. By precisely controlling the e-beam energy and heat-
ing temperature, we achieved smooth deposition of Si—C nan-
oclusters, which can serve as source materials for subsequent
self-assembly of monolayer SiC.
In the fourth step, we maintained the e-beam energy at
60 kV to avoid knock-on damage, but increased the heating
temperature to 750 °C to facilitate self-assembly of Si and C
atoms into the graphene nanopores to form monolayer SiC.
(a) 1. Surface cleaning 2. Sculpting nanopores

100 kV
Contaminations §

Graphene
Heating area

Monolayer

200 nm
—

2 nm
—

During this process, the e-beam was blanked to avoid inter-
fering with the thermal-driven process, and was only used for
imaging and analysis of the resultant structure. As shown in
Fig. 1(e), the 2-nm-wide nanopore slot is filled with atoms
showing higher contrast than graphene but lower contrast than
that of the SiC, nanoclusters. Figure 1(i) depicts the atomic
resolution STEM-ADF image of the same nanopore shown in
Fig. 1(h). A comparison between these two images suggests
that the randomly distributed Si atoms within the disordered
carbon lattice in the third step have transformed into a more
regular arrangement with neighboring carbon atoms, indicat-
ing successful self-assembly of freestanding monolayer SiC
embedded within the graphene lattice. The growth of SiC is
likely due to the feeding from adjacent SiC, nanoclusters, as
evidenced by their presence in the left corners of Figs. 1(h) and
1(i). The continuous filling of Si atoms and the crystallization
of SiC monolayer are facilitated by the elevated temperature
during in-situ heating in the STEM. It is worth noting that the
nanopore in Fig. 1(i) is not completely filled with monolayer
SiC, leaving a 1.5 nm wide gap on the right-hand side. This
may be caused by the limited heating time (about 1 h) or in-

sufficient source supply.

3. Deposition of Si 4. Growth of monolayer SiC

60 kV 60 kV

Oy}

Fig. 1. E-beam assisted growth of freestanding monolayer SiC. (a) Schematic of the four steps for controlled growth of monolayer SiC in graphene
nanopores by using a STEM. (b)—(e) Corresponding low-magnification STEM-ADF images of the graphene sample at the four different steps.
(f)—(i) Corresponding atomic-scale STEM-ADF images of the sample at the four different steps as shown in panel (a).

Following the same methodology, another nanopore slot,
less than 2 nm wide, was sculpted and filled with monolayer
SiC by maintaining the last step at 750 °C for 6 hours. Fig-
ure 2(a) shows the atomic structure of the as-grown mono-
layer SiC domains. Notably, the monolayer SiC domains are
not seamlessly connected but instead separated by disordered
carbon rings, and two unfilled nanopores of approximately
1 x 2 nm can also be observed. This imperfection may result
from the competing growth of monolayer SiC and amorphous

carbon at 750 °C, suggesting that further refinements of the ex-

perimental procedure and parameters are still needed in order
to grow freestanding monolayer SiC into larger sizes.

We now turn to analyze the atomic structure of the as-
formed monolayer SiC. Figure 2(b) depicts a typical mono-
layer SiC nanocrystal of 1.2 x 2.1 nm. The filtered STEM-
ADF image, magnified from the red box in Fig. 2(a), clearly
reveals a hexagonal lattice structure, characteristic of ordered
Si—C bonding. STEM-ADF imaging, known for its atomic

47,48]

number (Z) contrast, ! is now well recognized as an effec-

tive method for atom-by-atom chemical analysis of monolayer
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materials. 4% The intensity line profile along the blue box in
the experimental STEM-ADF image, as depicted in Fig. 2(c),
indicates that the lighter atoms in the Si—C lattice are single
carbon atoms, as their intensity matches that of the carbon
atoms in the graphene lattice. Furthermore, as compared with
the simulated STEM-ADF image using the monolayer SiC-
graphene structural model (the inset in Fig. 2(c)), the brighter
atoms can be identified as single Si atoms. The SiC structure
was further verified by EELS analysis, showing the presence
of only Si and C (Fig. 2(f)). The STEM-ADF imaging and
EELS analyses conclusively demonstrate the successful for-
mation of freestanding monolayer SiC crystal embedded in the
graphene lattice.

Note that STEM-ADF images are 2D projections of the
sample, which could not directly reveal the full 3D structures
based on a single image except for in some special cases.>!]
Bulk SiC is a non-layered material, in which the Si and C
atoms adopt the sp> hybridization, i.e., the Si and C atoms
are not in the same atomic plane in bulk SiC. If monolayer
SiC retains its bulk characteristics, it would exhibit a buckled
structure with an in-plane Si-Si projected spacing of 2.6 A,

(c) ()
—~ —~
0 0
B B
=] =)
= =
o e
— =
= &
> >
= =
0 7]
=] =)
() (&)
= A <
= IS
— —
0.6

0.2 0.4
Distance (nm)

as illustrated in Fig. 3(a). However, our measured Si—Si pro-
jected spacing is 3.03 A in the as-grown freestanding mono-
layer SiC (Figs. 2(d) and 2(e)), significantly larger than that of
the buckled SiC structure. This observation aligns with a pre-
vious theoretical prediction that monolayer SiC could adopt
a planar configuration where all the Si and C atoms are in
the same atomic layer, forming the sp? hybridization.['>! OQur
DFT calculations indicate that the buckled C—Si bond becomes
fully flattened at a lattice constant of 2.74 A, forming a pla-
nar monolayer (Fig. 3(b)). The equilibrium lattice constant,
namely, the Si—Si spacing of this monolayer was predicted to
be 3.06 A (Fig. 3(b)), highly consistent with our experimen-
tally observed 3.03 A. This consistency supports that the pro-
posed planar structure shown in Fig. 3(a) represents the experi-
mentally observed structure. We further calculated the phonon
dispersion spectra (Fig. 3(c)) of this freestanding planar mono-
layer SiC. No imaginary frequency was observed in the spec-
tra, suggesting that the planar SiC monolayer is dynamically
stable. The electronic band structure (Fig. 3(d)) reveals that
the planar SiC monolayer is a direct bandgap semiconductor
with a wide bandgap of 2.56 eV.

Si—Si spacing

3.03£0.02 A

26 2.8 3.0 3.2 34 3.6 3.8
Bond length (A)

— SiC monolayer

Si Ly,
//\//CK\
T T T T T T
100 200 300 400 500 600

Energy loss (eV)

Fig. 2. Structural and chemical analysis of monolayer SiC. (a) STEM-ADF image showing the structure of the as-grown monolayer SiC within
the graphene lattice. (b) The zoomed-in image from the red dashed box in panel (a). (c) Intensity line profile showing the STEM-ADF contrast of
Si and C atoms. The blue curve is from the selected blue region in panel (b). The green circles are the data points for simulated results. The inset
shows the simulated STEM-ADF image from the monolayer SiC-graphene structural model. (d) Illustration of calculating the Si—Si distance in
the SiC lattice from the experimental STEM-ADF image in (b). (e) Statistics of the Si-Si distance in panel (d). (f) EELS of a monolayer SiC

domain, confirming its composition of only Si and C.

To further unveil the growth mechanism of freestand-
ing monolayer SiC, we conducted time sequence STEM-ADF
imaging at 60 kV during the growth of the monolayer SiC
domains. The sequential STEM-ADF images are shown in
Figs. 4(a)-4(d), revealing the structural evolution of the mono-

layer SiC nanocrystal. Initially, a small SiC nanograin was ob-

served (Fig. 4(a)). As the annealing time at 750 °C increased,
additional Si and C atoms gradually diffused from nearby SiC,
nanoclusters. The magenta solid circles highlight the newly
added Si atoms as compared to the previous snapshot, suggest-
ing the atom-by-atom growth of the monolayer SiC nanocrys-

tal along the specified direction. Moreover, Si atoms tend to
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(521 which can guide the

anchor at the edges of the nanopores,
atom migration and facilitate the reconstruction of the interme-
diate structures into a regular SiC lattice. Comparison of the
two snapshots in Figs. 4(c) and 4(d) indicates the addition of
only two Si—C units into the SiC nanodomain, which provides
an excellent chance to elucidate the atomic-scale transforma-
tion pathways for the growth of monolayer SiC domains. As

shown in Figs. 4(e) and 4(f), the Si atom labeled “1” moved to

(a) a=3.06 A

\S
&
8

(A
[ q%/

0.1 4 EP1ePe?

Buckled

F0O-+00+00

Planar

Frequency

M K

Wave vector

—
=

Energy (eV)

Energy (eV)

the adjacent C atom position via a Si—C bond rotation, as high-
lighted by the blue markings. In addition, the edge Si atoms
could be extruded by the incorporation of C atoms into their
original positions, as illustrated by the Si atoms in magenta
dashed circles (labeled 2 and 3). The Si—C bond rotation and
atom extrusion due to C incorporation work in concert to pro-
mote the growth of monolayer SiC, driven by atomic diffusion
and thermodynamics at high annealing temperatures.

e\ Buckled initial [ 0
—101 \:\ A\A Planar initial
N F1.2
K 2
0.8 3
e —
R 3.06 A &
AR | 0.4
\.
—14- ay, pant
nm FO
2.4 2.6 2.8 3.0 3.2

Lattice constant (A)

\
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b

OpF=-=-=-=-=---7 [ ===
sl \
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Wave vector

Fig. 3. Atomic structure and physical properties of freestanding monolayer SiC. (a) Structure models of SiC for buckled (left) or planar (right)
configurations. (b) Total energies (black and red dots) and buckling height (blue dots) of a monolayer SiC unit-cell as a function of the lattice
constant. (c) Phonon dispersion spectra and (d) electronic band structure of the freestanding SiC monolayer in the planar configuration.

O Added Si atom into the SiC lattice

Ya
=3

:,¢ Extruded Si atom

D Rotated Si—C bond

Fig. 4. Structural evolution during the in-situ growth of monolayer SiC. (a)—(d) Time sequence STEM-ADF images showing the atomic-scale
structures around the SiC lattice collected at O h, 3 h, 5 h and 6 h, respectively, during the in-situ annealing at 750 °C, showing the growing of
the monolayer SiC domain. The 0 h initial state is set arbitrarily during a prolonged annealing process. [(e) and (f)] The zoom-in STEM-ADF

images from the red dashed boxes in panels (c) and (d), respectively.
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3. Methods

Sample preparation Monolayer graphene was grown on
a copper film using a CVD system. The copper film was firstly
cleaned and polished to prepare a flat surface. Then it was
put into the center of the tube in the furnace. After flush-
ing with Ar, the copper film was annealed at 1070 °C with
Ar/H; mixed gas (Hy: 10% vt) to reduce the oxidized surface
at 100 sccm. After 60 min, Ar/CHy mixed gas (CHy: 0.1% vt)
was introduced as the carbon source to grow graphene. The
growth time is about 20 min. The as-grown graphene sample
on the copper film was transferred onto the MEMS chip by a
PMMA-assisted method. The customized MEMS chip with
amorphous SiN, thin film as the window material was used
for in-situ heating. Perforated regions were created by FIB
etching of the SiN, film.

Electron microscopy The experiments were performed
on a Nion U-HERMES microscope operated at 60 kV or
100 kV under near-ultrahigh vacuum (~ 2 x 10~/ Pa). The
beam current for imaging during the experiments was set to
18 pA. The convergence semiangle for the electron beam was
32 mrad and the semi-angular range of the ADF detector was
44 mrad-210 mrad. The in-situ heating was controlled via the
customized MEMS chips.

Density functional theory (DFT) calculations The
calculations were carried out using projector-augmented
wave approach (PAW)153! and the Perdew—Burke—Ernzerhof
(PBE) developed exchange—correlation functional,®*! as im-
plemented in the VASP.[3 The cutoff energy was chosen at
500 eV, and the Brillouin zone was sampled using k-points of
11 x 11 x 1. The convergence thresholds for energy and atomic
forces were set as 1 x 107% eV and 0.01 eV/A, respectively.
The distance of vacuum space was set to larger than 20 A.
The phonon spectrum was computed with density functional
perturbation theory (DFPT)P%! and post-treated by Phonopy

code.B7

4. Conclusion

In summary, we have designed a patternable workflow
in an aberration-corrected STEM to intentionally grow free-
standing monolayer SiC within the graphene lattice. By pre-
cisely controlling the e-beam energy and heating tempera-
ture, we have demonstrated the selective sculpture of graphene
nanopores and the directional growth of monolayer SiC do-
mains into the nanopores while preserving the integrity of the
surrounding graphene structures. Combining STEM analysis
and DFT calculations, we validated the stable planar struc-
ture of freestanding monolayer SiC, and unveiled that such
planar monolayer SiC structure possesses a direct bandgap
of 2.56 eV. Through in-STEM observation, we identified the
synergistic processes of bond rotation and atom extrusion that

promote the growth of the monolayer SiC lattice. We acknowl-
edge that the obtained freestanding monolayer SiC still has a
relatively small size, but we expect that our method could in
principle be further optimized to fabricate large-scale mono-
layer SiC as this structure is thermodynamically favorable. For
example, the in-situ heating temperature could be further in-
creased under reasonable conditions to improve the growth ef-
ficiency and result in larger-sized SiC monolayers. Our study
paves the way for atomic-scale manufacturing of novel quan-
tum materials with large-area programmable patterning using
the electron beam.
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