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ABSTRACT: It is widely accepted in condensed matter physics and
material science communities that a single-oriented overlayer cannot be
grown on an amorphous substrate because the disordered substrate
randomizes the orientation of the seeds, leading to polycrystalline
grains. In the case of two-dimensional materials such as graphene, the
large-scale growth of single-oriented materials on an amorphous
substrate has remained unsolved. Here, we demonstrate experimentally
that the presence of uniformly oriented graphene seeds facilitates the
growth of millimeter-scale single-oriented graphene with 3 × 4 mm2 on
palladium silicide, which is an amorphous thin film, where the
uniformly oriented graphene seeds were epitaxially grown. The
amorphous palladium silicide film promotes the growth of the single-
oriented growth of graphene by causing carbon atoms to be diffusive and mobile within and on the substrate. In contrast
to these results, without the uniformly oriented seeds, the amorphous substrate leads to the growth of polycrystalline
graphene grains. This millimeter-scale single-oriented growth from uniformly oriented seeds can be applied to other
amorphous substrates.
KEYWORDS: single orientation, amorphous substrate, graphene, silicon carbide, palladium silicide

One of the most important issues in material science is
to achieve a high-yield synthesis of a single-oriented
material. A single-oriented crystal exhibits enhanced

electrical, mechanical, and optical properties that are intrinsic
to the material, which is of crucial importance for
applications.1,2 In the growth of a uniformly oriented crystal,
a rule of thumb is to use a single-oriented substrate. A
uniformly oriented substrate fosters the formation of a
uniformly oriented overlayer by supporting the formation of
uniformly oriented crystal seeds.3 On the other hand,
amorphous substrates are excluded for uniformly oriented
growth, because they have a tendency to randomize the
orientation of seeds and thereby hinder the growth of a single-

oriented material. As such, the use of amorphous substrates for
the synthesis of single-oriented materials has remained largely
unexplored since they are expected to deteriorate the quality of
the single-crystallinity of the overlayer.
Likewise, uniform growth on an amorphous substrate has

also remained unresolved in the case of two-dimensional (2D)
atomically thin materials such as graphene, hexagonal boron
nitride (h-BN), and molybdenum disulfide (MoS2). Despite
previous efforts to grow 2D materials on an amorphous
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substrate, such as a silicon oxide wafer, a silicon nitride wafer,
and a metal foil,4−6singly oriented 2D atomic materials were
achieved only on the limited crystal substrates that allow for
the growth of uniformly oriented crystal seeds.7,8 For example,
wafer-scale single-oriented h-BN was grown on Al2O3(0001)
and Si-faced SiC(0001) wafers,6,9 wafer-scale single-oriented
graphene was grown on Ge(110) and Si-faced SiC(0001)
wafers,3,10 Cu(111) films,11 Cu foil,8,12 and Ni−Cu alloy,13 and
highly oriented MoS2 was reported on a Al2O3(0001) wafer.

4

Therefore, it appears to be the case that an amorphous
substrate hinders the growth of a single-oriented overlayer.
Here, we demonstrate that millimeter-scale growth of single-

oriented graphene is facilitated on an amorphous Pd silicide
film through the formation of uniformly oriented graphene

seeds (Figure 1). The fabrication of an amorphous Pd silicide
film, obtained by annealing a Pd film on a 6H-SiC(0001)
wafer, allows for carbon back-diffusion from SiC to the surface,
leading to the formation of graphene. Depending on the
presence of uniformly oriented graphene seeds, either
polycrystalline or uniformly oriented millimeter-scale graphene
was formed on the amorphous Pd silicide film. More
specifically, without the uniformly oriented graphene seeds,
polycrystalline graphene was grown on the amorphous Pd
silicide film, as observed from the low energy electron
diffraction (LEED) experiments (Figure 1c,g). Furthermore,
the domain boundaries between the graphene domains with
different orientations are clearly identifiable in the scanning
tunneling microscopy (STM) images (Figure 1b and also see

Figure 1. Single-oriented graphene grown from the uniformly oriented graphene seeds on an amorphous Pd silicide film in comparison to
the growth of polycrystalline graphene. (a) Schematic illustration of polycrystalline graphene on an amorphous film. (b−d) STM image (b),
LEED pattern (c), and ARPES intensity maps (d) of polycrystalline graphene grown on a Pd silicide amorphous film. In (b), an inset is a
magnified view of the region boxed by yellow dashed lines, which show the boundary between the graphene domains with different
crystalline orientations indicated by a black arrow. In (c), the dotted hexagons indicate the first Brillouin zones of graphene with R13°, R30°,
and R47°, respectively. (e) Schematic illustrations of single-oriented graphene on an amorphous film. (f−h) STM image (f), LEED pattern
(g), and ARPES intensity maps (h) of single-oriented graphene grown on a Pd silicide amorphous film. In (g), the dotted hexagon indicates
the first Brillouin zones of graphene with R30°.
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Figure S1 in the Supporting Information (SI)). Here, we note
that the dark lines in the STM image in Figure 1f are not
domain boundaries (see also Figure S2 in SI). The dark lines
originate from partially etched Pd silicide films and single-
oriented graphene is located on the etched regions. In contrast,
when uniformly oriented graphene seeds were prepared before
annealing, millimeter-scale single-oriented graphene was grown
on the amorphous Pd silicide film, as shown in the LEED
pattern (Figure 1c,g). In addition, domain boundaries were not
observed in the STM images (Figure 1f). By using a 1 × 1 mm2

sized electron beam, we also confirmed that the LEED pattern
is uniform throughout the entire sample size of up to 3 × 4
mm2, as shown in the LEED patterns (Figure 1g) and STM
images (Figure 1f). Encouragingly, we found that the sample
size is limited only by our experimental setup, indicating that
the growth is highly scalable enough to grow to the size of the
wafer. Our comparative experiments clearly show that
uniformly oriented graphene seeds can lead to millimeter-

scale single-oriented graphene on an amorphous film when
carbon atoms are highly mobile on the film.

RESULTS AND DISCUSSION

Our angle-resolved photoemission spectroscopy (ARPES)
measurements generated contrasting intensity maps between
the millimeter-scale single-oriented graphene and the poly-
crystalline graphene as shown in Figure 1d,h. While a single
Dirac cone is expected to appear in the vicinity of the high-
symmetry K point of the Brillouin zone for pristine
graphene,14−16 the polycrystalline graphene hosts multiple
Dirac cones near the K points with different orientations
(Figure 1d), confirming the polycrystalline nature of the
graphene with diverse domains in different orientations. In
contrast, for millimeter-scale single-oriented graphene, a single
Dirac cone was observed near the K point (Figure 1h).
Considering the large photon beam size of 3 × 3 mm2 in our
ARPES, the occurrence of a single Dirac cone shown in Figure

Figure 2. Growth mechanism of single-orientated graphene from the uniformly oriented graphene seeds on an amorphous Pd silicide film.
(a−d) Schematic illustrations for the growth mechanism of single-oriented graphene on an amorphous Pd silicide film. (e) Cross-sectional
STEM images of a Pd-covered SiC wafer, where a graphene seed is located between the Pd silicide film and SiC. (f) Cross-sectional STEM
images of graphene grown on an amorphous Pd silicide film. The STEM images in the dotted rectangles were magnified at the bottom. (g, h)
STM images of a graphene seed. (i, j) STM images of single-oriented graphene grown on an amorphous Pd silicide. (h) and (j) are magnified
images of the dotted rectangles.
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1h confirms a uniform sample quality in line with the LEED
experiments. Furthermore, this millimeter-scale single-oriented
graphene exhibits the typical electronic band structure of
charge-neutral single-layer graphene. This indicates the
absence of charge transfer between graphene and the
underlying amorphous Pd silicide film, implying that the
binding between graphene and the amorphous film is weak.17

Extended one-dimensional defects were reported on single-
oriented graphene grown on a Ni wafer.18 The Ni substrate
strongly binds graphene via the strong hybridization of C and
Ni orbitals, thereby lifting the characteristic linear band
structure of graphene.19 As a result, avoiding zero-angle
domain boundaries in the C/Ni system is difficult, despite the
high formation energy. The quasi-freestanding graphene seeds
in this experiment, on the other hand, can minimize such grain
boundaries by displacing their positions before merging, as
observed in a previous study of single-oriented graphene grown
on Ge.10 Therefore, we believe that the weak binding between
the graphene and the amorphous film contributes to the
millimeter-scale growth of single-oriented graphene with
seamless boundaries.
Figure 2a,e,g,h shows the uniformly oriented graphene seeds

grown epitaxially on a Si-faced 6H-SiC(0001) surface (also see
Figure S3 in SI). Although the atomic structures of graphene
seeds and graphene resemble each other, their electronic
structures are different. Unlike pristine graphene, which are
semimetals with Dirac cones, the graphene seeds are insulators,
without Dirac cones. This is because one-third of the C atoms
in the graphene seed are covalently bonded to the underlying
SiC substrate.20−22 All graphene seeds have identical rotational
angles of 30° (hereafter, R30°) with respect to the SiC
substrate because they are epitaxially grown. The graphene
seeds exhibit a ×6 3 6 3R30° superstructure with respect
to the SiC substrate, which is different from the

×3 3R30° superstructure of the SiC surface. Thus, the
graphene seeds can be clearly distinguished from the SiC
surface in both STM images (Figure 2g,h and also see Figure
S4 in SI) and LEED patterns (Figure 3). Here, we note that

when the SiC substrate is heated for longer time, single-
oriented graphene can be fully grown on the SiC substrate.
However, in this experiment, we focused on the growth of
single-oriented graphene on an amorphous material using the
graphene seeds so that only the graphene seeds on the SiC
substrate were used for this purpose.
Previous studies have reported that external catalytic atoms

such as Pd can break the bond between the graphene seeds and
the SiC substrate.10,13,14 In this study, we exposed graphene
seeds to a Pd flux at room temperature (RT). The scanning
transmission electron microscopy (STEM) image in Figure 2e
shows the cross-section after the Pd deposition at RT, where
the graphene seed is clearly observed. When the Pd-covered
graphene seeds were subsequently heated at 600 °C, Pd atoms
diffused in between the graphene seeds and the SiC substrate.
Playing a role of an active catalyst to decompose the Si−C
bonding, Pd breaks the bonding between the graphene seed
and the SiC substrate, as shown in the STEM image (Figure
2f). Pd atoms further diffused into the SiC substrate and
subsequently formed an amorphous Pd silicide film. The
amorphous character is clear from the cross-sectional STEM
image in Figure 2f. As a result, uniformly oriented graphene
seeds positioned on the surface of the amorphous Pd silicide
film retain the R30° crystalline direction.
It is also known from literature that the amorphous Pd

silicide film contains diffusive C atoms that are back-diffused to
the surface. Having a higher affinity with Si than C, Pd exhibits
catalytic behavior to (1) break the bonding between Si−C of
the SiC substrate, (2) bind Si, and (3) free C to diffuse out of
the film to the surface.23,24 The diffusive C atoms are supplied
to the graphene seeds and eventually form the uniformly
oriented graphene layer (Figure 2c). At a higher temperature,
the carbon supply and diffusion are enhanced. Thus, the
uniformly oriented graphene seeds on the amorphous Pd
silicide film were further exposed to a Pd flux and heated to a
higher temperature of 930 °C. The diffusive C atoms enlarged
the size of the uniformly oriented graphene seeds, which
eventually merged into millimeter-scale single-oriented gra-

Figure 3. Changes in LEED patterns with increasing the coverage of uniformly oriented graphene seeds. (a) LEED intensity ratio (IGS/ISiC)
as a function of the preannealing heating temperature of the 6H-SiC(0001) wafer under Si flux. The LEED intensities of graphene seeds
( ×6 3 6 3R30°) and a SiC surface ( ×3 3R30°) are obtained from a LEED pattern with an electron beam energy of 126 eV, indicated
by the rectangular inset. (b−e) LEED patterns of graphene grown on the SiC surfaces with different IGS/ISiC ratios of 0 (b), 0.29 (c), 0.82
(d), and 2.88 (e), respectively (electron beam energy = 80 eV). The insets show magnified LEED patterns of the pristine SiC surfaces
(electron beam energy = 126 eV).
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phene, covering the overall amorphous Pd silicide film (Figure
2d). Furthermore, because C atoms are mobile on the surface
of the Pd silicide film, these atoms have a higher chance of
encountering graphene seeds than forming another seed with
different orientations before C atoms bond to the single-
orientated graphene seeds. This results in uniformly oriented
graphene without a grain boundary structure as shown in the
STM image in Figure 2i. Furthermore, the enlarged STM
image in Figure 2j shows that the underlying Pd silicide film is
amorphous, which is consistent with the TEM image and
LEED pattern.
To systematically investigate the single-oriented growth of

graphene on the amorphous Pd silicide film, we tracked the
changes in the LEED patterns as increasing the coverage of
uniformly oriented graphene seeds, as shown in Figure 3. The
uniformly oriented graphene seeds and the SiC surface have
superstructures of ×6 3 6 3R30° and ×3 3R30°,
respectively.25 The coverage of the uniformly oriented
graphene seeds can thus be estimated from the relative
intensity between the LEED spots from the two different
superstructures in the LEED pattern. Figure 3 shows the
relative LEED intensity, IGS/ISiC, as a function of the heating
temperature of the SiC wafer under external Si flux,26 where

IGS and IS iC represent the LEED intensit ies of
×6 3 6 3R30° (graphene seed) and ×3 3R30° (SiC

surface) superstructures, respectively. The uniformly oriented
graphene seeds begin to form at 1120 °C. Notably, the
relationship between the IGS/ISiC curve and the heating
temperature can change depending on the density of the
external Si flux.26 We confirmed that the graphene seeds with a
rotational angle of 30° with respect to the bulk SiC kept the
same rotational angle of 30° after the formation of a Pd silicide
film (Figure S5 in SI).
The SiC wafers with different coverages of uniformly

oriented graphene seeds were exposed to Pd flux and heated
up to 700 °C (Figures 3b−e). When only SiC surfaces exist
without uniformly oriented graphene seeds, where IGS/ISiC = 0,
polycrystalline graphene is observed in the LEED pattern
(Figure 3b). This polycrystalline feature indicates that the
amorphous Pd silicide film itself does not facilitate a single
preferred orientation for the growth of graphene. We found
that as the coverage of uniformly oriented graphene seeds
increases, the intensity of the millimeter-scale single-oriented
graphene with R30° also increases, where those associated with
other polycrystalline graphene with different orientations
decrease (see also Figure S6 in SI for the position-dependent

Figure 4. First-principle calculations of the diffusion of a C atom on a Pd-doped SiC(111) surface. (a) Atomic structure of the Pd-doped
SiC(111) surface. The top surface exposes Si atoms, and the bottom surface is terminated by H atoms. A Pd atom is placed on the top of the
SiC(111) surface. (inset) Side view of the atomic structure. (b, c) Binding energy of a C atom on the Pd-doped SiC(111) surface. The log-
scaled (b) and pristine (c) energy are presented as a function of position. The Pd atom provides repulsive potential to a carbon atom, which
lowers the binding energy in its vicinity and helps the diffusion of carbon atoms on the surface. (d) Atomic structure of Pd-doped SiC(111)
surface with a carbon atom adsorbed at the lowest binding energy site. The added second carbon atom is colored by blue. (e) Binding energy
of the second carbon atom on the Pd-doped SiC(111) surface with an adsorbed first carbon atom. (f) Magnified view of the red-dashed
rhombus in (e). The bluish region indicates the energetically most favored site of the second carbon atom, which results in bonding with the
first carbon atom. We believe that this simulates the formative stage of the graphene seed, promoted by the Pd atom.
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LEED patterns of the millimeter-scale single-oriented
graphene). Even at a low density of uniformly oriented
graphene seeds, where IGS/ISiC = 0.29, the LEED pattern shows
millimeter-scale single-oriented graphene with R30° (Figure
3c). Interestingly, the diffraction patterns from the underlying
Pd silicide film were not observed, suggesting that an ordered
structure is absent in the Pd silicide film and it is amorphous.
Therefore, it is clear that the presence of uniformly oriented
graphene seeds is a key factor that mediates the growth of
millimeter-scale single-oriented graphene on the amorphous
Pd silicide film.
Our first-principles calculations support that the presence of

Pd atoms in the amorphous SiC should help the diffusion of
carbon atoms on the surface to form a graphene seed. We
calculate the binding energy of C on the Pd silicide amorphous
surface, which is modeled by a Pd-doped SiC(111) surface
(Figure 4a and see the Methods for the details of modeling).
We notice that once Pd resides on the surface of SiC(111), it
plays a role to provide an repulsive potential to carbon atoms
added to diffuse and form a graphene seed on the surface. We
demonstrate this by calculating the binding energy of a carbon
atom on the Pd-doped SiC surface (Figure 4b). While Pd
forbids the binding of a carbon atom in its vicinity, it lowers
the binding energy of the carbon to the nearby Si sites. We
expect that this should greatly facilitate the carbon diffusion via
the Si sites near the Pd atom, as the diffusion is hampered by
strong binding of C to Si atoms. Our first-principles
calculations also provide a hint for the growth mechanism of

single-crystal graphene on the amorphous surface. We calculate
the binding site of the second carbon atom in the presence of
the first carbon atom adsorbed on the Pd silicide amorphous
surface. As shown in Figure 4e,f, we find that the second
carbon atom energetically favors to bind with the first carbon
atom along three directions, represented by bluish sites in
Figure 4f. In the formative stage of a graphene seed, the first
carbon dimer forms away from a Pd atom along the three
favored direction. These computational results are in good
agreement with our assertion that singly oriented seeds should
form, which enable the growth of single-crystal graphene on an
amorphous surface.
We further tried to remove the Pd silicide film located

between the millimeter-scale single-oriented graphene and the
SiC substrate. After the growth of the millimeter-scale single-
oriented graphene using the Pd silicide films, we heated the
sample at a higher temperature and acquired ARPES intensity
maps (Figure 5). Figure 5a shows the ARPES intensity map of
graphene on the amorphous Pd silicide film. When heated at
990 °C, the typical energy bands of graphene gradually
disappeared (Figure 5b,c). These changes in the ARPES
intensity maps suggest that the Pd silicide film was successfully
removed and subsequently graphene is located directly on the
SiC substrate, resulting in the buffer layer (see Figure 5e−g).
Here, the buffer layer has an atomic structure that resembles
graphene but does not exhibit a Dirac electron behavior
because it covalently bonds to the SiC substrate.17,20,27

Subsequently, hydrogen molecules were intercalated between

Figure 5. Changes in ARPES intensity maps after removing the amorphous Pd silicide film and subsequent intercalation of hydrogen
molecules. (a) The ARPES intensity map of single-oriented graphene located on an amorphous Pd silicide film. (b, c) The ARPES intensity
maps obtained after heating at 990 °C for 100 (b) and 225 (c) min, respectively. (d) The APRES intensity maps obtained after intercalating
hydrogen molecules at 700 °C. (e−h) Schematic illustrations of structure models for the sample corresponding to the ARPES intensity maps
in (a)−(d), respectively.
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the buffer layer and the SiC substrate at 700 °C (Figure 5d).17

After the intercalation of the hydrogen molecules, the typical
energy band of graphene was recovered. The intercalation of
hydrogen molecules confirms that the millimeter-scale single-
oriented graphene can also be directly located on the
semiconducting SiC substrate after the removal of the Pd
silicide film slight broadening of the energy band may be due
to the surface roughening during the removal of the Pd silicide
film.
The single-orientated graphene grown using graphene seeds

was transferred onto a SiO2(300 nm)/Si substrate to measure
Raman spectra and electron mobility. The single-oriented
graphene was successfully transferred using a dry transfer
method, where a Au film deposited on graphene was used
(Figure S7 in SI). Figure S8 in SI shows Raman spectra and
intensity maps of graphene transferred onto a SiO2/Si
substrate. The Raman spectra are composed of three typical
peaks called D, G, and 2D.28,29 The D, G, and 2D peaks
originate from the TO phonon at the K point of the Brillouin
zone (BZ) of graphene, the doubly degenerate zone-center
phonon E2g mode, and two phonons with opposite momentum
in the highest optical branch near the K point, respectively.28,29

When there was no graphene seed, graphene was partially
transferred onto a SiO2/Si substrate, where the 2D peak of
graphene was observed partially in the Raman map (Figures
S8a,b in SI). The intensity of the D peak originating from
defects of graphene is very high so that a large amount of
defects exist in graphene (Figure S8b in SI). When
polycrystalline graphene was grown using very small amount
of graphene seeds with IGS/ISiC = 0.05 (Figures S8c,d in SI), we
were able to transfer the graphene onto a SiO2/Si substrate.
However, the intensity of the D peak is still high (Figures S8d
in SI). When the single-oriented graphene was grown using the
graphene seeds with IGS/ISiC = 0.32, the graphene was
successfully transferred onto a SiO2/Si substrate (Figures
S8e,f in SI). The D peak was quite reduced (Figures S8f in SI).
Furthermore, the Raman map of IG/I2D in Figure S8e suggests
that most of graphene is single-layer.30 The finite intensity of
the D peak was also reported on an epitaxial graphene grown
on a SiC wafer when graphene was grown in a vacuum.3

To measure the electron mobility of graphene transferred
onto a SiO2/Si substrate, back-gated field emission transistors
(FETs) were fabricated (Figure S9 in SI). When there was no
graphene seed, graphene was partially transferred so that we
were not able to measure electron mobility. The electron
mobility of single-oriented graphene grown with graphene
seeds with IGS/ISiC = 0.32 was 212 cm2/(V s), while the
electron mobility of polycrystalline graphene grown with IGS/
ISiC = 0.05 was 30 cm2/(V s) (Figure S9b in SI). The hole
mobility of typical epitaxial graphene grown on a SiC substrate
after a transfer onto a SiO2/Si substrate using a similar transfer
method to our one was reported to be 100 cm2/(V s).31 Thus,
the electron mobility of the single-oriented graphene grown
using the graphene seeds on an amorphous material is
comparable to that of the typical epitaxial graphene grown
on a SiC substrate.

CONCLUSIONS
Millimeter-scale growth of single-oriented graphene was
achieved on an amorphous substrate from uniformly oriented
graphene seeds. These seeds were grown epitaxially on a SiC
wafer with a size of 3 × 4 mm2. The uniformly oriented
graphene seeds were enlarged by diffusive C atoms, provided

by the formation of an amorphous Pd silicide film on the SiC
wafer. The enlarged uniformly oriented graphene seeds
coalesced into millimeter-scale single-oriented graphene with
seamless domain boundaries, as observed in STM images. The
typical band structure of charge-neutral single-layer graphene
observed in ARPES intensity maps indicate weak interactions
between the graphene and the underlying amorphous Pd
silicide thin film, which could assist in the formation of
seamless domain boundaries. We expect that the seed-
mediated millimeter-scale growth of single-oriented graphene
should be applied to other amorphous or polycrystalline
substrates, such as metal foils and oxide wafers that do not
offer a single preferred orientation for graphene. This approach
may be also applied in millimeter-scale single-oriented growth
of other 2D materials, such as hexagonal boron nitride,
transition metal dichalcogenides, and black phosphorene.

METHODS
Sample Preparation. The Si-faced 6H-SiC(0001) wafer was

etched in 1 bar of H2 gas at 1550 °C for 20 min to remove polishing
damage and to obtain an atomically flat surface with wide terraces.
After loading the SiC wafer in an ultrahigh vacuum chamber, Si was
deposited on the SiC wafer while the sample temperature was held at
800 °C. This produced an additional Si layer with a (3 × 3)
superstructure. The SiC wafer with the (3 × 3) superstructure was
heated under an external Si flux to produce coexisting phases of zero-
layer graphene or graphene seeds ( ×6 3 6 3R30°) and a SiC
surface ( ×3 3R30°). The relative coverage of the zero-layer
graphene was controlled by setting the heating temperature between
1080 and 1300 °C. After Pd deposition at room temperature, only a
weak (1 × 1) superstructure from the SiC substrate was observed in
the LEED pattern. Graphene was formed on the SiC wafer covered
with the amorphous PdSi/Pd2Si film after heating between 650−1000
°C.

STM and ARPES. The topographies of the pristine SiC and
graphene grown on the amorphous PdSi/Pd2Si film were acquired
using a commercial low-temperature STM (Omicron). The ARPES
measurements were performed using a high-resolution electron
analyzer (SIENTA R3000, Gamma Data) equipped with a high-flux
monochromator for He II radiation (hν = 40.2 eV). LEED patterns
were utilized to confirm the sample cleanliness and identical surface
reconstructions in the STM and ARPES measurements. All STM and
ARPES data were obtained at RT.

TEM. Cross-sectional TEM samples were fabricated by focused ion
beam (JIB-4601F, JEOL) using a lift-out technique. A protective layer
was deposited on the surface using an electron beam and a low energy
Ga+ ion beam of 1 keV for final milling to avoid damage to single-
layer graphene on the 6H-SiC(0001) substrate during the FIB milling
process. Scanning transmission electron microscopy (STEM) images
were acquired using an aberration-corrected STEM (JEM-ARM 200F,
JEOL) operated at 80 kV. Bright field (BF)-STEM images were
collected using an electron probe with a convergence semiangle of 21
mrad and a BF detector with a collection semiangle of 0−17 mrad.

Transfer and Raman, Device. Graphene transfer is performed by
depositing Au film on graphene using a thermal evaporator. Then spin
coating PMMA (micro chem. 950 A6) and baking at room temp.
After the thermal release tape (TRT) is attached to the surface of
PMMA/Au/graphene, the graphene and the substrate are separated
by physical force and transferred to the target substrate. WITEC
Confocal Raman Microscope Alpha300 with excitation wavelength of
532 nm (2.33 eV) with a piezo stage were used to obtain mapping
100 × 100 μm2 size images of graphene. The device was fabricated by
general PR lithography. Graphene channel patterning is performed
and etching of the graphene outside the channel is performed by
oxygen reactive ion etching (RIE). After this, electrode patterning and
electrode (Cr/Au) are deposited and the lift-off process is performed.
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The measurement of the fabricated device was performed in a high
vacuum environment using a Keithley SCS-4200.
Calculation. We perform first-principles calculations based on

density functional theory (DFT) as implemented in the Vienna ab
initio simulation package (VASP) code.32 Ultrasoft pseudopotentials
are used for the description of core electrons.33 The exchange-
correlation energy is calculated within the Perdew−Wang 91 (PW91)
generalized gradient approximation (GGA).34 The gamma point (1 ×
1 × 1) of the k-grid is sampled from the Brillouin Zone (BZ) for the
binding energy and atomic structure calculations.35 A 5 × 5 super cell
in a slab geometry is constructed to mimic the (111) surface of SiC.
The vacuum is set to 11.0 Å, and the lattice parameters of the
supercell are set to a = 15.4 Å and c = 20.0 Å. The hydrogen atoms are
terminated to mimic the bulk at the bottom surface of the SiC slab.
The plane wave basis is constructed within the energy cutoff of 300
eV. The convergence thresholds for the energy and the Hellmann−
Feynman force are set to 10−3 eV and 0.05 eV/ Å, respectively. The
binding energy for the first and second carbon atoms are respectively
calculated using

= + − +E E E E(SiC C) ( (SiC) (C))bind (1)

= + + − + +E E E E((SiC C ) C) ( (SiC C ) (C))bind add add

(2)

where E(SiC) and E(C) represent the total energies of Pd-doped SiC
slab and the isolated carbon system, respectively. E(SiC + Cadd) and
E((SiC + Cadd) + C) represent the total energies of the single and
double carbon-added Pd-doped SiC slab, respectively. When
calculating the binding energy as a function of the position of an
adsorbed carbon atom, we fixed the lateral position (x, y) of an
adsorbed carbon atom and relaxed the rest of the atomic parameters.
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