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ABSTRACT: Ultrathin 2D-GaN, can be formed by Ga NH,

intercalation into epitaxial graphene (EG) on SiC followed by H \ . . Graphene
nitridation in ammonia. Defects in the graphene provide routes ° B s A,
for intercalation, but the nature and role of the defects have gj¢ =

H H H
o o o

remained elusive. Here we examine the influence of graphene OX)’Qer 4 —> Ga(CH); —p NH,adsorption —» 2D GaN,

q q . . q . functionalize ; : :
layer thickness and chemical functionalization on Ga inter- buffer layer 2‘53?;"’)76‘:‘ & intercalation formation
calation and 2D-GaN, formation using a combination of graphene formation

experimental and theoretical studies. Thin buffer layer regions

of graphene near steps on SiC readily undergo oxygen functionalization when exposed to air or a He/O, plasma in contrast to
thicker regions which are not chemically modified. Oxygen functionalization is found to inhibit Ga intercalation leading to
accumulation of Ga droplets on the surface. In contrast, Ga readily intercalates between EG and SiC in the thicker graphene
regions that do not contain oxygen. When NH; annealing is carried out immediately after Ga exposure, 2D-GaN, formation is
observed only in the oxygen-functionalized regions, and Ga intercalated under thicker nonfunctionalized graphene does not
convert to GaN,. Density functional theory calculations demonstrate that oxygen functionalization of graphene alters the
binding energy of Ga and NH; species to the graphene surface. The presence of hydroxyl groups on graphene inhibits binding
of Ga to the surface; however, it enhances the chemical reactivity of the graphene surface to NH; which, in turn, enhances Ga
binding and facilitates the formation of 2D-GaN,. By modifying the EG process to produce oxygen-functionalized buffer layer
graphene, uniformly intercalated 2D-GaN, is obtained across the entire substrate surface.

KEYWORDS: epitaxial graphene, 2D materials, GaN, metalorganic chemical vapor deposition, defects, intercalation

ollowing the discovery of graphene, two-dimensional GaN with a stoichiometry of 1:1 (space group: P6ymc)."" 2D-
(2D) materials have garnered interest among research- GaN, exhibits covalent bonding to the SiC substrate while
ers due to their intriguing properties and potential for preserving a van der Waals (vdW) gap with graphene. There
practical applications. The electronic properties of 2D are also other reports of 2D-GaN and 2D AIN synthesis by
materials vary from “semimetal” graphene to “semiconducting” MOCVD via successful intercalation between transferred CVD
transition metal chalcogenides (TMDs) and “insulating” graphene and Si(111) using TMGa and trimethyl aluminum

hexagonal boron nitride (hBN).'™* Moreover, 2D forms of (TMAI) as metal sources and NHj; as a source of N.""'* The
III—V nitrides such as GaN, AIN, and InN are predicted to

have substantially different properties from their bulk 3D
counterparts."~” However, experimental realization of such 2D
counterparts is difficult because obtaining atomically thin
layers by cleaving tetrahedrally coordinated bulk crystals results
in unsaturated dangling bonds on the surface.” Al Balushi et al.
experimentally discovered a pathway to artificially stabilize a
2D form of GaN by encapsulating it between epitaxial
graphene (EG) and SiC.” Using metalorganic chemical vapor

formation of 2D InN was also achieved via intercalation of
indium and N between EG and SiC substrate using
MOCVD." Briggs et al. also successfully synthesized atomi-
cally thin metals such as Ga, In, and Sn which are promising
materials for nanophotonics and plasmonics due to their
nonlinear optical properties, using a thermal evaporation
process described as confinement heteroepitaxy (CHet).'*™'°

deposition (MOCVD), gallium adatoms were delivered to the Received:  July 17, 2022
EG surface using trimethylgallium (TMGa) as a precursor, ACCC_P“"{: December 22, 2022
penetrated between EG and the SiC substrate, and were Published: December 29, 2022

converted into 2D-GaN,, via exposure to ammonia (NH,) at
moderate temperatures. 2D-GaN,, synthesized in this case has a
2:3 stoichiometry (space group: R3m) as compared to wurtzite
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Figure 1. (a) SEM image of as-grown EG where different contrast corresponds to variations in graphene layer thickness; bright contrast
corresponds to thinner EG (i), whereas dark contrast represents thicker EG (ii), and the thickest EG is at the step edges (iii). (b, c¢) C and O
maps, respectively, of the as-received EG sample demonstrating the presence of more C—O bonds/oxygen functionalization in regions of
thinner graphene. In the case of plasma-treated EG, the SEM image (d) shows similar differences in contrast while the spatial distribution of
C—O bonds is confirmed by AES mapping of C (e) and O (f) across the region. Note the increased scale bar in panel f compared to that in
panel ¢, indicating an increase in O intensity in the thinner graphene regions post-plasma-treatment compared to as-received. The scale bar

on the SEM and AES images is 10 gm.

In multiple studies mentioned above, it was found that
atomic vacancies/defects in graphene facilitate the intercala-
tion process allowing increased lateral coverage of intercalant
at the EG/SIC interface, which is otherwise limited in spatial
distribution across the substrate. By intentionally creating
defects in EG using plasma treatment, Briggs et al. reported
>10 pm intercalated regions of 2D-Ga between graphene and
SiC using metallic Ga as a precursor.'® Al Balushi et al. using
TMGa reported ~1—2 um patches of 2D-GaN, intercalated
between graphene and SiC.” Even though defects in the
graphene layer are effective to enhance intercalation, the nature
of the defects and their impact on intercalation and chemical
conversion of intercalants has remained elusive. Two recent
studies using reactive force fields (ReaxFF) and density
functional theory (DFT)'”'® show that Ga intercalation
through mono- and divacancies is kinetically hindered while
larger size defects (>divacancy) significantly lower the kinetic
barrier encountered during Ga penetration through graphene
and, by consequence, lower the growth temperature required
for the 2D-Ga fabrication.

EG is commonly produced by heating Si-face SiC substrates
to temperatures above 1200 °C under ultrahigh vacuum which
results in the sublimation of Si atoms from the (0001) SiC
surface and subsequent (64/3 X 61/3) R30° reconstruction of
the remaining carbon atoms.'” The reconstructed carbon layer
is commonly referred to as the buffer layer (BL) and consists
of carbon atoms in a honeycomb structure, a portion of which
are covalently bound to Si in the underlying SiC. Depending
on conditions used for the EG formation, additional layers
including single layer (SL) and multilayer graphene can be
present on top of the BL giving rise to an EG surface of varying
thicknesses. Previous studies have demonstrated that differ-
ences in the height of these regions, e.g., between BL and SL,
form steplike domain boundaries that can serve as pathways for
intercalation by locally weakening the carbon—carbon
bonding.””*! Steps in SiC arising from substrate miscut can
give rise to further variations in graphene thickness forming
more complex boundaries where intercalation can occur.
Efforts to understand the intercalation process at a mechanistic
level have focused primarily on ultrahigh vacaum (UHV)
methods which provided valuable insights into the role of point
defects, domain boundaries, steps, and other nonuniformities
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in EG as routes for metal intercalation.”””" Due to the pristine
conditions employed in UHV, however, these studies have not
focused on the impact of chemical functionalization of
graphene, particularly functionalization with oxygen that
readily occurs when surfaces are plasma-treated and/or
exposed to ambient air. Chemical functionalization modifies
the electronic structure of graphene altering the energy
landscape for adsorption, diffusion, and intercalation.”” In
addition, substantial differences in chemical reactivity are
observed for BL, SL, and freestanding graphene.23 Con-
sequently, variations in EG thickness and reactivity are
expected to impact the intercalation process for Ga and N
but have not been examined in detail.

In this study, a combined experimental and theoretical
approach was used to investigate the effects of defects,
thickness nonuniformities, and chemical functionalization of
EG on Ga intercalation and 2D-GaN,, formation to gain insight
into this synthesis process. Differences in Ga intercalation and
2D-GaN,, formation observed experimentally across the sample
surface were correlated to localized variations in EG thickness
and oxygen functionalization. DFT calculations were used to
examine the effects of defects and functionalization on the
binding energy of Ga to the surface and its reactivity with NH;
providing a mechanistic understanding of the intercalation
process. Based on these results, the use of thin, oxygen-
functionalized buffer layer EG was found to provide uniform
formation of 2D-GaN, across the sample surface. The results
demonstrate the intricate role of defects and surface chemistry
on Ga intercalation and 2D-GaN, formation in EG formed on
SiC.

RESULTS AND DISCUSSION

Defect Engineering of Graphene via Plasma Treat-
ment. Defect engineering in graphene via He/O, plasma
treatment has been used to improve the lateral coverage area of
2D-GaN, and 2D-Ga.”" Plasma-induced defects in graphene
serve as gateways for atoms to intercalate to the EG/SiC
interface. Briggs et al. reported that He/O, plasma treatment
yields defective graphene that includes C=0, C—OH, and
C—O—C bonds in the graphene lattice."”” As explained
earlier, depending on the EG growth process, the thickness of
graphene can vary across the sample surface which can directly
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Figure 2. (a) SEM image showing regions of thinner chemically functionalized graphene (region I) that are decorated with Ga droplets
compared to thicker EG regions (region II) with few Ga droplets. The inset is a higher-magnification image showing the spherical Ga
droplets on the surface of graphene. (b) Ga and O (inset) AES maps of the same region in (a) with bright yellow spots due to the Ga
droplets on the surface. Point spectra [dN(E)/d(E)] for Ga (c) and O (d) were obtained in the two areas designated as regions I and IL
Region II corresponds to the thicker graphene where there is negligible O and intercalated Ga; region I corresponds to thinner graphene
with a distinct O signal and Ga droplets. The scale bar on SEM and AES images is 10 gm.

impact its susceptibility toward plasma treatment. Thus, to
understand the spatial distribution of functionalized defects,
elemental mapping (C, Si, and O) of EG was carried out using
Auger electron spectroscopy (AES) pre- and post-plasma-
treatment. The samples examined included a nominally bilayer
as-grown EG sample and an identical sample that was
subjected to 10 s of a He/O, plasma (see the Methods
section).

Figure la shows an SEM micrograph of as-grown EG on
SiC. Figure 1b,c shows C and O elemental maps, respectively,
from the same area. Based on the contrast in Figure la, the
sample can be divided into three regions: (i) bright contrast
region close to the step edges corresponding to thin/buffer
layer EG as can be seen through the low C signal in Figure 1b;
(i) dark contrast region due to thicker EG in the terrace
regions of SiC; and (iii) the darkest contrast region which
corresponds to the thickest EG at the SiC step edges and
exhibits the highest C signal in Figure 1b. As shown in the
elemental O map in Figure lc, thinner EG regions in pristine
material show slightly higher O intensity than the surrounding
areas indicating chemically defective and reactive graphene in
these areas. Figure lef corresponds to Auger maps for C and
O, respectively, for plasma-treated EG collected in the area
shown in the SEM image in Figure 1d. Similar to the as-grown
EG, the carbon signal is highest at the step edges
corresponding to the thickest graphene. Regions closer to
the step edges are buffer layer/thinner graphene regions
represented by reduced C signal from those regions. After
plasma treatment, the O signal is significantly higher in the
thinner regions of EG when compared to thicker graphene
(note the change in z-scale between Figure 1c and Figure 1f),
indicating that the C=0 and C—OH bonds observed in the
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X-ray photoelectron spectroscopy (XPS) spectra (Figure S1)
correspond to thinner regions of graphene becoming chemi-
cally functionalized after the plasma treatment. These results
demonstrate that plasma treatment has a pronounced effect
specifically on buffer layer regions in the EG resulting in
chemically active defects that are not as prevalent on the
thicker graphene regions.

Ga Intercalation in Plasma-Treated EG. Intercalation of
Ga atoms into plasma-treated EG was investigated to study
differences in intercalation between the two main regions of
graphene identified in Figure 1: thinner graphene (region I)
where plasma treatment results in chemically functionalized
defects (C=0, C—OH, and C—O—C) and thicker EG
(region II) which is not chemically functionalized. Gallium was
intercalated between the plasma-treated EG and SiC by
sequential pulsing of TMGa in an MOCVD reactor followed
by annealing in H, as described in the Methods section. As
shown in the SEM image in Figure 2a, Ga droplets decorate
the surface in the thinner graphene/O-rich regions (region I)
suggesting that the chemical functionalization has altered the
properties of the graphene surface. In contrast, in the thicker
graphene regions (region II) that did not exhibit functionaliza-
tion, Ga was found to intercalate between the EG and SiC as
shown in the Auger map of Ga in the same region as the SEM
image in Figure 2b. Auger point spectra [dN(E)/d(E)] for Ga
and O, respectively, shown in Figure 2c,d, further support
these results. Note that the Auger point spectra were obtained
in areas between the Ga droplets (shown in the inset in Figure
2a) to ascertain the chemistry of the underlying layers. The Ga
signal is below the noise in region I (Figure 2c), but oxygen is
clearly present (Figure 2d). In contrast, a strong Ga signal is
observed in region II (Figure 2c) indicating Ga intercalation in
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Figure 3. (a) SEM image of sample prepared with the one-step process showing regions of bright contrast that correspond to thinner regions
of graphene (region I, outlined in white) and darker contrast regions which correspond to thicker regions of graphene (region II). The white
circular features on the image are GaN clusters on the graphene surface. (b) Elemental Ga (left) and N (right) Auger maps corresponding to
areas shown in panel a. Ga is detected across the entire surface indicating intercalated Ga while the N signal is enhanced in regions of
thinner graphene indicating conversion of intercalated Ga to 2D-GaN,. The scale bar for all plots is 10 gm. (c¢) HAADF STEM image and the
corresponding EDS maps of a cross-section sample that was obtained at the intersection of regions I and II showing intercalation of Ga and
N in the thinner graphene regions and Ga intercalation beneath the thicker graphene. The scale bars for all plots is 7 nm. (d) ABF STEM
images showing atomic columns of GaN, and Ga intercalated between graphene and SiC with graphene (highlighted in orange) at the top.
High-resolution image (right) showing wurtzite GaN beneath a top layer of 2D-GaN, adjacent to the graphene with the R3m structure.

Table 1. Calculated Energies (in eV) for OH, and NH, Functionalization of Graphene (Gr), NH, Functionalization of an OH,-
Doped Graphene, and Binding of a Ga Atom to a Pristine (Prist.) Gr with/without OH, and/or NH, Doping (x=0,1andy=
0-3)“

Binding energy of functional groups to Gr (eV)

OHx binding | NHy binding to Gr (y=0,3) NHy binding to OHx-doped Gr
to Gr(x=0,1)

COC OH|CNC NH NH: NHs | CNC- NH- NH>- NHs- | CNC- NH- NHz- NHs-
coC COC CcoC coC | OH OH OH OH

394 143 | 3.82 3.03 1.04 0.15 5.09 3.65 1.52 2.08 4.54 3.45 2.56 0.15

Ga binding energy to OHx and/or NHy doped Gr (eV) (x=0,1 and y=0,3) (eV)

OHjx-doped NHy-doped Gr (y=0,2) OHx and NHy-doped Gr (x=0,1 and y=0,2)

Gr (x=0,1)

COC OH | CNC NH NH> CNC- NH- NHz- CNC- NH-OH NHz- Prist.
coc CcocC coc OH OH

334 031 |3.73 2.79 0.29 2.98 3.44 3.78 4.52 3.55 0.60 1.27

“Physisorbed NH; on a hydroxylated Gr and NH; decomposition to NH, via epoxide ring opening are highlighted with a gray background. All
binding reactions are exothermic.

these regions, but the O level is below the noise (Figure 2d).
The results demonstrate that Ga accumulates on the surface in
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Figure 4. Ball-and-stick illustrations of surface interactions of NH, groups with the oxygen-functionalized graphene surface at the DFT level.
Brown, blue, red, and white spheres represent carbon, nitrogen, oxygen, and hydrogen atoms, respectively. (a—e) Initial and (f—j) optimized
configurations of each model. Physisorption of NH; on a (a, f) pristine and (b, g) hydroxylated graphene with a binding energy of —0.15 eV.
(¢, h) NH; decomposition into a surface-bound NH, species and H,O formation in the proximity of an epoxy group. (d, i) NH,
decomposition into an NH-surface bound species and H,0 formation in the proximity of an OH— group. (e, j) H,O formation through
hydrogen transfer reactions between the OH and NH functional groups.

the thin graphene regions that are functionalized with oxygen
suggesting that O-functionalized defects serve as sites for Ga
accumulation on the graphene surface and inhibit intercalation.

2D-GaN, Formation. The synthesis of 2D-GaN, was
initially attempted using a two-step process, whereby Ga
intercalated samples were placed back into the MOCVD
reactor, heated in H, to 675 °C, and exposed to NH; as
described in the Methods section. In all cases, however, the Ga
deintercalated from the EG as the sample was heated and did
not convert to GaN,, (see the Supporting Information). As a
result, a single-step process was employed, similar to the
approach of Al Balushi et al.” whereby Ga intercalation using
TMGa was followed immediately by annealing of the sample in
NH; in the MOCVD reactor. Plasma-treated EG was
intercalated with Ga using the same procedure described
previously (TMGa pulsing and H, annealing at 675 °C), and
the sample was immediately exposed to NH; at 675 °C. The
plasma-treated EG used for this study again consists of the
regions of darker and lighter contrast shown in Figures 1 and 2.
SEM and Auger mapping were used to characterize the sample
surface. As shown in Figure 3a, following NH; annealing at 675
°C, the thinner graphene (region I) undergoes 2D-GaN,
intercalation; however, the thicker regions (region II) with
intercalated Ga did not convert to GaN, as seen through the
SEM image in Figure 3a and the Auger maps for Ga and N
postannealing in Figure 3b.

To investigate the intercalated material further, a cross-
section sample was prepared using a focused ion beam (FIB)
to select a region that included both thinner and thicker
graphene. Energy dispersive spectroscopy (EDS) carried out in
a scanning transmission electron microscope (STEM) was
used to chemically analyze the sample as shown in Figure 3c.
As can be seen from the EDS maps, Ga is present along the
entire interface between the EG and SiC; however, nitrogen
was primarily observed in regions with a thicker Ga layer which
corresponds to the thinner graphene (region I) shown in
Figure 3a. To confirm the crystal structure of 2D-GaN,,
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annular bright-field (ABF) STEM images were collected
(Figure 3d). The left side of the image contains the region
of thicker Ga where N is also present; a magnified image of this
region (rightmost image in Figure 3d) shows that the majority
of the intercalated Ga and N are present as wurtzite (P63mc)
GaN. However, the topmost layer closest to the graphene has
the rhombohedral (R3m) structure, similar to the structure
reported previously by Al Balushi et al.” Adjacent to the 2D-
GaN,/GaN region in Figure 3d is a region where Ga only
intercalated; this area corresponds to the thicker graphene that
has a darker contrast in Figure 3a. Graphene was observed to
cover both the 2D-GaN,/GaN and 2D-Ga regions (high—
lighted region in Figure 3d); however, it is difficult to identify
the exact number of graphene layers on the 2D-GaN,/GaN vs
2D-Ga from the ABF-STEM images.

DFT calculations were performed to evaluate NH, (y = 1—
3) interactions with oxidized regions of graphene and to
explain the experimental results. According to the DFT results
displayed in Table 1, oxygen-containing functional groups (i.e.,
C—OH and C—0—-C) on graphene facilitate NH; dissociation
to its derivatives since the NH, species display a higher binding
energy to oxidized graphene than to bare graphene, in line with
previous work.”* This indicates a catalytic role of surface
oxygen sites in NH, binding, aligned with the experimental
observations (Figure 3b). Note that the physisorption of NH,
on a hydroxylated pristine graphene surface occurs through van
der Waals interactions and weak H,N—H:--OH hydrogen
bonds (Figure 4a), which is followed by thermodynamically
favored H-transfer from NH, to OH, groups (Figure 4b,d).
For example, H-abstraction from N functional groups leads to
either the saturation of the epoxy group by the ring opening
(Figure 4b) or the removal of OH groups from the surface as
H,0 (Figure 4c,d). This means that the O-rich surface
facilitates NH; decomposition into graphene-bound nitrogen
species (i.e, NH—, NH, and N-—) and enhances the
concentration of active sites (i.e, NH— and N—) on the
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Figure S. Calculated binding energies of Ga on (a) pristine, (b) SV, and (c) DV oxygen-functionalized graphene (Gr) with/without N-
containing functional groups. Ball-and-stick illustration and energies of Ga adsorption on representative OH_-functionalized graphene
without (d, e, h) and with (f, g, i, k) NH, doping. Green, red, white, blue, and brown spheres represent gallium, oxygen, hydrogen, nitrogen,
and carbon atoms, respectively. Pristine surface without (d) and with (i) an NH— group. SV model with three OH— (h) and an NH— and
two OH— groups (j). DV model with an OH— (e) and two OH— and NH, groups (k). Physisorption of Ga to (f) NH, and (g) graphitic N-
doped oxygen-functionalized graphene with an SV defect. The graphene surface contains (f) two OH— and one NH; and (g) one OH— and

one graphitic N group.

surface (Figure 4c,d) which, in turn, can initiate the formation
of 2D-GaN,,.

The experimental results demonstrate that, in the region of
thinner, oxygen-functionalized graphene, Ga only intercalates
in the presence of NHj leading to the formation of 2D-GaN,.
Gallium does not intercalate in thinner graphene regions
except when it is carried out in conjunction with NH;
annealing in the same reactor without air exposure in between
the steps. Therefore, comparative DFT studies were further
performed to examine the adsorption of Ga metal on pristine
and OH,-functionalized graphene surfaces with and without N-
containing functional groups. Epoxy and OH functional groups
were introduced first in three representative models: pristine
graphene and oxygen-functionalized graphene with a single
vacancy (SV) and a divacancy (DV). After structural
relaxation, the oxygen-functionalized graphene was doped
further with NH, (y = 0—3), followed by a second structural
relaxation. Subsequently, a Ga atom was anchored on each
graphene sheet.

Figure 5 compares the adsorption energies of a Ga atom on
oxygen-functionalized graphene with and without N-contain-
ing functional groups. In the absence of NH, functionalization,
the Ga-binding strength to the epoxy (C—O—-C) group is
stronger (—3.34 eV) than that to the bare basal plane (—1.27
eV) (Figure Sa). On the other hand, the hydroxylated (OH)
regions significantly weaken the binding strength of the Ga
atom to graphene, resulting in a lower binding energy (—0.31
eV) (Figure Sa,d) than even that of the basal plane. Even in the
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presence of a single vacancy and a divacancy, oxygen
functionalization does not help attract Ga atoms toward the
surface of graphene as seen through the binding energy
calculations in Figure 5Sb,c,e. This indicates that the hydroxyl
terminations are unlikely to attract Ga atoms to the surface, as
also observed in the experiments where Ga does not intercalate
in oxygen-functionalized thinner graphene regions (Figure 2)
in the absence of NH;. Additionally, because of the absence of
surface dangling bonds, the Ga binding strength to the NH,
(e.g, —0.23 eV for SV in Figure Sf, Table 1) and graphitic-N-
doped OH-regions (e.g., —0.34 eV for SV in Figure Sg, Table
1) are significantly weaker even than that of the non-
functionalized pristine graphene —1.27 eV (Table 1),
indicating that the physisorption of Ga on NH;-functionalized
hydroxylated graphene occurs through weak interactions. The
surface interactions of Ga with a graphitic-N-doped defective
graphene may also lead to the formation of Ga(OH), adduct
(Figure Sg). On the other hand, as displayed in Table 1 and
depicted in Figure Sa—c,i—k, the introduction of an NH, (N—,
NH-, and NH,—) group in oxidized graphene significantly
enhances the Ga-binding ability of graphene, inducing the
chemisorption of Ga metals on the surface through covalent
bonds, in line with the experimental observations.

All these results together signify that the NH— and NH,—
species are expected to dominate the oxidized surface due to
the surface recombination reactions with —OH species, and
these species provide strong binding sites for Ga atoms and
thus can serve as a coupling agent between the oxidized
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Figure 6. (a) SEM image of a buffer layer EG sample prepared with a one-step process showing a relatively uniform contrast across the entire
surface (white circular features are GaN clusters on the surface, and dark lines are step edges). (b, ¢, d) Ga,N, and O elemental maps
showing large area coverage of GaN on buffer layer EG samples. The scale bar on SEM and AES images is 10 gm. (¢) HAADF-STEM cross-
section of sample showing a region of bright contrast at the graphene/SiC interface. Elemental EDS maps of Ga, O, N, and Si showing the
presence of both Ga and N at the graphene/SiC interface. The scale bar on the TEM images is 7 nm.

graphene and metal atoms (Figure 5). Whereas, in the absence
of NH— and NH, species, Ga weakly interacts with
hydroxylated graphene. This is in line with the experimental
observations reported in this study where, in absence of NH,
annealing, Ga does not intercalate in regions of oxygen-
functionalized thinner graphene whereas as soon as the NH;
annealing step is introduced, 2D-GaN, formation takes place
between graphene and SiC. It should be noted that
experiments were carried out in which the NH; annealing
step was performed first before TMGa exposure; in this case
2D-GaN, did not form. This suggests that although Ga weakly
interacts with the hydroxylated graphene, it is necessary to
have some Ga on the graphene surface prior to annealing in
NH,; for GaN, to intercalate.

2D-GaN, Intercalation Using Buffer Layer EG. The
previous results demonstrate that thinner regions of graphene
chemically functionalized with oxygen are favorable for the
formation of 2D-GaN, between graphene and SiC. Therefore,
to synthesize large areas of 2D-GaN, between graphene and
SiC, an EG sample consisting of primarily buffer layer EG was
employed as the substrate (see the Methods section). Figure
S6 shows the (a) Raman spectra and (b) XPS spectra of the as-
grown buffer layer EG before intercalation. The absence of a
2D peak at 2700 cm™! in the Raman spectra indicates the
absence of freestanding graphene layers on top of the buffer
layer. Moreover, the D peak in the Raman spectra and
presence of C—OH and C=O peaks in the C 1s spectra
indicate high defect density in the buffer layer EG. Due to the
presence of oxygen on the as-grown buffer layer surface, the
buffer layer EG samples were not plasma-treated prior to the
intercalation. The one-step process described in the previous
section was used for Ga intercalation and NH; annealing as
described in the Methods section. The SEM image (Figure 6a)
shows more uniform contrast across the entire surface, and
Auger maps of Ga and N (Figure 6b,c) indicate that
intercalated GaN, was obtained throughout the sample. In
addition, O was also observed uniformly across the sample
(Figure 6d). This might be due to oxygen functionalization of
the defective as-grown buffer layer EG or physisorbed oxygen
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on the surface due to N doping in the graphene as previously
reported in the literature.”> A high-angle annular dark-field
(HAADF)-STEM image and the corresponding EDS maps of
the sample cross-section (Figure 6e) suggest that there are
~2—=3 layers of Ga in the form of GaN, or a complex of
GaN,O, between the graphene and SiC given that ultrathin
Ga,0; exhibits a similar R3m structure.”® ABF STEM imaging
was attempted on the sample to obtain a high-resolution image
similar to Figure 3d; however, the atomic resolution was poor,
and consequently, it was not possible to identify the crystal
structure of the intercalated layers. Nevertheless, the results
demonstrate that buffer EG is a promising template to obtain
large area 2D-GaN,, for future studies.

CONCLUSIONS

A combined experimental and theoretical approach was used
to investigate the effects of defects, thickness nonuniformities,
and chemical functionalization of epitaxial graphene (EG)
formed on SiC on Ga intercalation and 2D-GaN,, formation to
gain insight into this synthesis process. A He/O, plasma was
used to introduce oxygen-functionalized defects in the EG
which preferentially formed in thin buffer layer regions on the
surface. The oxygen functionalization inhibited Ga intercala-
tion but led to 2D-GaN, formation when the sample was
immediately annealed in NH;. In contrast, Ga intercalated in
the regions that were not oxygen-functionalized but did not
convert to 2D-GaN, leading to a mixture of intercalated Ga
and 2D-GaN, at the EG/SiC interface. Density functional
theory (DFT) calculations reveal the role of surface
functionalization on the intercalation process. Oxygen
functionalization of graphene in the form of hydroxyl groups
reduces the binding energy of Ga to the surface decreasing the
likelihood of intercalation. However, the hydroxyl groups
enhance the reactivity of the graphene surface toward NH;
leading to NH,, functionalization which, in turn, facilitates the
binding of Ga to the surface and 2D-GaN, formation. The use
of an oxygen-functionalized epitaxial graphene buffer layer
resulted in uniform 2D-GaN, intercalation across the entire
sample surface. The results demonstrate the intricate role of
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defects and surface chemistry on Ga intercalation and 2D-
GaN,, formation in EG formed on SiC.

METHODS

Epitaxial Growth of Graphene. EG was synthesized via
sublimation of silicon from the Si-side of a semi-insulating 6H-SiC
(II-VI Incorporated) surface. First, the samples were etched in a
mixture of an Ar (450 sccm) and H, (50 sccm) gas environment at
1500 °C and 700 Torr for 30 min to remove damages from surface
polishing. Then, graphene epitaxy was achieved by annealing the
samples under Ar (500 sccm) at 1800 °C and 700 Torr for 20 min.
Prior to the growth, 6H-SiC substrates were cleaned with acetone (10
min) and isopropyl alcohol (10 min) and rinsed with deionized (DI)
water.

MOCVD of 2D-Ga/2D-GaN,. A vertical cold wall showerhead
reactor with RF inductive heating was used for MOCVD growth of
2D-Ga and 2D-GaN. For 2D-Ga growths, samples were held at 550
°C in 8.1 slm total flow of H, under a pressure of 100 Torr. 100 cycles
of 8.93 ymol min~' TMGa were pulsed followed by annealing for 10
min at 675 °C. Each cycle consisted of a 2 s pulse of TMGa and a 3 s
purge in hydrogen. For converting intercalated Ga into GaN,
intercalated Ga samples were annealed in an ultra-high-purity NH;
environment (62.5 mmol min™"!) at 675 °C for 30 min at a reactor
pressure of 100 Torr. Samples were ramped to 675 °C and held for §
min.

Plasma Treatment of Epitaxial Graphene. Epitaxial graphene
layers were plasma-treated using a Tepla M4L plasma etch tool, using
150 sccm O, and 50 scem under a pressure of 500 mTorr and power
of SO W.

Raman Spectroscopy. A Horiba LabRam Raman system using a
wavelength of 488 nm and a power of S mW was used to collect
Raman spectra. Spectra are acquired with an integration time of 2
min, using a 600 grooves/mm grating. As measured, the Raman
spectra contain peaks associated with epitaxial graphene (EG) and
SiC. To remove the SiC peaks, the Raman spectrum of the underlying
SiC was collected by focusing 50 ym below the sample surface. The
background SiC spectrum was then subtracted from the EG + SiC
spectrum to obtain the EG Raman spectrum.

Scanning Electron Microscopy. For FESEM images of as-grown
and intercalated EG samples, a Zeiss Merlin instrument with an
accelerating voltage of 10 keV was used.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-
troscopy measurements were carried out with a Physical Electronics
Versa Probe II instrument equipped with a monochromatic Al Ko X-
ray source (hv = 1486.7 €V) and a concentric hemispherical analyzer.
High-resolution spectra were obtained over an analysis area of 200 ym
at a pass energy of 29.35 eV for C 1s, Si 2p, Ga 3d, and Ga 2p regions.
O Is regions were collected with a pass energy of 46.95 eV. The
spectra were charge referenced to this graphene peak in C Is
corresponding to 284.5 eV. U 2 Tougaard background was used for
peak fitting.

Auger Electron Spectroscopy. Elemental mapping via Auger
electron spectroscopy was conducted using a Physical Electronics
(PHI) model 670 scanning Auger system with field-emitter. Voltage
and beam current used for the mapping were 10 keV and 10 nA,
respectively. An integration time of 0.1 s (per pixel) with 1 €V steps
was used. For image quality, 3 frames are averaged for C maps, while
10 frames are averaged for Ga, Si, and O maps. A 2-point acquisition
method was used for the intensity calculation at each point with the
following peak/background energy values used for each of the
following elements: (Ga) 1068.0/1080.0 eV, (N, C) 267.7/291.0 eV,
(0) 509.3/532.0 eV, and (Si) 1612.5/1630.0 eV.

Transmission Electron Microscopy. Cross-section TEM
samples were prepared by in situ lift-out via milling in an FEI Helios
NanoLab DualBeam 660 focused ion beam (FIB). Prior to FIB,
roughly 60/5/10 nm of SiO,/Ti/Au was deposited via electron beam
evaporation in a Kurt J. Lesker Lab18 evaporator, to improve contrast
during STEM imaging at low magnifications. Contrast was improved
by increasing the separation distance between the graphene/Ga/SiC

237

interface of interest and the bright conductive layers deposited on the
sample surface during FIB. Samples were cross-sectioned with a Ga*
ion beam at 30 kV and then stepped down to 1 kV to avoid ion beam
damage to the sample surface. High-resolution scanning transmission
electron microscopy (HR-STEM) was conducted in a double
aberration-corrected FEI Titan3 G2 60—300 kV STEM at 200 kV.
The annular bright-field (ABF) images were collected using an FEI
DF4 detector. The collection angle was 7—40 mrad with a 115 mm
camera length. EDS mapping was conducted using the SuperX EDS
system under STEM mode.

VASP Calculations. Density functional theory (DFT) calculations
were performed using the Vienna ab initio simulation package
(VASP)." The electron—ionic core relation was represented using a
Projected Augmented Potential,”® in combination with the
generalized gradient approximations of Perdew—Burke—Ernzerhof"®
to treat exchange-correlation interactions. A Monkhorst—Pack k-point
mesh of 6 X 6 X 1 was employed for a graphene sheet with the size of
14.786 X 14.786 A* to sample the Brillouin zone. The convergence
criteria of energy and force were set to 0.1 meV and 0.01 eV/A with a
plane-wave expansion energy cutoff of 500 eV. Gaussian broadening
of width 0.05 eV was used; the dispersion corrections were
incorporated into the DFT calculations using the zero damping
DFT-D3 method® to account for van der Waals interactions. A
vacuum layer of 20 A was inserted normal to the graphene sheet to
minimize the extent of the spurious interactions between replicas.
Three representative models were adopted for the graphene sheet:
pristine, single vacancy (SV), and divacancy (DV) defect models for
which one and two atoms were detached from the center of a pristine
graphene, respectively.
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