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We propose a novel semiconductor compatible path for nano-graphene synthesis using precursors
containing C-Br bonding and liquid catalyst. The unique combination of CBr, as precursor and Ga as
catalyst leads to efficient C precipitation at a synthesis temperature of 200°C or lower. The non-wetting
nature of liquid Ga on tested substrates limits nano-scale graphene to form on Ga droplets and substrate
surfaces at low synthesis temperatures of T = 450°C and at droplet/substrate interfaces by C diffusion via
droplet edges when T = 400°C. Good quality interface nano-graphene is demonstrated and the quality can
be further improved by optimization of synthesis conditions and proper selection of substrate type and
orientation. The proposed method provides a scalable and transfer-free route to synthesize graphene/
semiconductor heterostructures, graphene quantum dots as well as patterned graphene nano-structures ata
medium temperature range of 400-700°C suitable for most important elementary and compound
semiconductors.

urrent research on graphene (G) has been gradually transformed from fundamental physical studies’

toward seeking for functional device applications®. For graphene electronics, it is generally accepted that

graphene, rather than radically taking over silicon, will complement traditional semiconductors as build-
ing blocks to replace part of the materials used in a device to enhance functionality’. While the problems
encountered in graphene field-effect transistors (G-FETs) have been extensively investigated and solutions like
use of double-layer graphene and graphene nano-ribbons (GNRs) etc. proposed and performance improved?,
attention has been paid recently toward looking into vertical transport making use of band engineering in
graphene heterostructures combining graphene/semiconductors (G/S)or other 2D materials or both*~”. Novel
device concepts like graphene barristor® and vertical tunneling G-FETs” have been proposed and current modu-
lation in excess of 10° has been demonstrated. Such graphene heterostructures encompasses G/Si, G/BN and G/
WS, etc. On the photonics side, the high intrinsic carrier mobility in graphene promises ultrafast photodetectors®
as the intrinsic bandwidth is calculated to be >500 GHz’. The responsivity can be significantly increased by
monolithically integrating a graphene sheet in a high finesse Fabry-Perot microcavity made of an AlGaAs/GaAs
Bragg mirror'. The wide frequency range of optical response as a result of the gapless energy band leads to the
first demonstration of graphene optical modulators operating at 1.2 GHz recently"'. G/S heterostructures possess
great flexibility in engineering electronic, transport and optical properties that are otherwise difficult or unat-
tainable in pure graphene sheets, and may offer new technical solutions to graphene devices and potential new
device concepts. Another example receiving increasing attention is graphene quantum dots (GQDs) that can emit
light in a wide spectrum through size control'>. Embedding GQDs in a semiconductor matrix could advance GQD
optoelectronics like the case of semiconductor quantum dots.

To fully explore its potentials and make use of a large number of compound semiconductor family members in
addition to Si and Ge, such G/S hetero- and nano-structures require monolithic (transfer-free) and semi-
conductor compatible synthesis techniques on large-scale substrates at low and medium temperatures (depend-
ent on the used semiconductor material) to avoid contaminations and damages, substrate decomposition, dopant
inter-diffusion and deleterious interface states. There are various methods to synthesize graphene since the first
demonstration by exfoliation"’. The exfoliated graphene has a maximum size up to mm? and reveals high mobility
only when it is suspended'* or transferred onto single crystal hexagonal BN'®. Evaporation of Si atoms from SiC is
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an attractive route to synthesize wafer-scale graphene but requires a
very high temperature that is beyond most semiconductor substrates
except Si'®'. Another popular method is to employ plasma
enhanced or thermal chemical vapor deposition (CVD) on metal
catalysts, notably Cu and Ni. However, such metal catalysts are
incompatible with semiconductor processes and post-growth trans-
fer is still required for practical applications'>*. Also molecular
beam epitaxy (MBE) has been used as a method for graphene
synthesis****.Recently, a new diffusion-assisted method is reported
to synthesize graphene at the Ni/substrate interface at 25-260°C by
long time C diffusion through the Ni film*. The measured mobility is
however only 667 cm*/Vs. In summary, none of the current syn-
thesis techniques can simultaneously meet the requirements of being
monolithic, semiconductor compatible, up-scaling and grown at
low-medium temperatures suitable for majority semiconductors.

In this work, we propose a new path, aiming at overcoming the
above hurdles, to synthesize G/S hetero- and nano-structures at low-
medium temperatures using CBr, combined with in situ prepared
liquid catalysts. The tested precursor and catalysts are fully compat-
ible with semiconductor processes. CBry is a well known p-type
dopant gas source for GaAs*® with a maximum p-type doping con-
centration up to the range of 10*° cm™>. We use MBE as it provides a
means to ensure high carrier mobility and good interface control but
the method introduced can be extended to other epitaxial or depos-
ition techniques. Efficient cracking of CBr, using Ga as a catalyst on
various substrates with different crystal orientations is demonstrated
at temperatures down to 200°C. Nano-scale graphitization is con-
firmed on both Ga droplets as well as at the droplet/substrate inter-
faces through C diffusion. The excess Ga forms liquid droplets on
substrates, which limits the graphitization size to nm scale. Some
technical challenges and potential applications are discussed. The
current work may open a new and potential route for making trans-
fer-free and wafer-scale high quality G/S hetero- and nano-
structures.

Results

CBr, as carbon precursor and Ga as liquid catalyst. We first study
thermal decomposition of CBr, on GaAs and Ge substrates without
purposely supplying Ga flux. An equivalent 2 MLs of C atoms were

deposited on GaAs (001) at 400 and 690°C and on Ge (001) at 690°C,
respectively. From Raman spectra, no G-peak was observed from the
Ge sample while very weak G-peaks were detected from the two
GaAs samples. This indicates that C precipitation through
pyrolysis of CBr, is inefficient at these temperatures without a
catalyst. CBr4 has a melting point of 94°C and a boiling point of
190°C. It decomposes thermally via the following chemical reactions:

2CBry—C,Brgl +Br,1

CzBl‘6 —>C2BI’4T +Br2T

The decomposition occurs already at room temperature and we do
notice the sudden increase of the peak of mass number of 150 (Br,) in
mass spectrometer in the MBE chamber upon filling CBr, gas. C,Br,
has a low melting of 0°C as well as a boiling point of 244°C while
C,Bry also has a melting point of 160°C and a slightly high boiling
point of 318°C. It should be noted that the boiling point quoted here
refers to the values at atmospheric pressure. It decreases significantly
in vacuum such as in an MBE chamber. The resulting Br, can etch
GaAs or Ge forming GaBr; (melting/boiling point = 122/279°C) or
GeBr,, both are volatile. Therefore pure pyrolysis of CBr, molecules
will not result in noticeable carbon precipitates on a Ge substrate and
majority of the impingent molecules and consequent reactants are
directly pumped away. It is well known that CBr, is a p-type dopant
in GaAs with C atoms replacing As atoms and forming C-Ga bonds.
The upper bound of C doping is in the 10*° cm ™ range, which con-
tributes a weak catalytic effect and a weak G-peak in the Raman
spectrum.

Based on the above discussion we then examine the Ga liquid
catalytic effect using either method shown in Fig. 1. For the co-
deposition method, although the Ga cell temperature was kept low,
the Ga flux was still relatively higher compared with the CBr, flux.
Unfortunately, Ga doesn’t wet GaAs, Ge and Si substrates and forms
droplets with a diameter of about 10-10°> nm in both methods, but
less severe in the co-deposition method. The droplet size decreases
and density increases with decreasing temperature. Figure 2 shows
an example for Ga droplets formed on Ge (001) at 300-320°C using
both methods. The average diameter of Ga droplets is about 50 nm in
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Figure 1 | Illustration of synthesis method. (a) stacking method and (b) co-deposition method, (c) shows graphene growth mode: growth on Ga top
surface and substrate as marked by 1 and 2, respectively, and at the Ga-substrate interface as marked by 3, (d) and (e) show two examples of combining the
current method with a shallow-etched patterned substrate for GNRs and an ordered GQD array, respectively.
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Figure 2| AFM images (5 X 5 um?®) showing Ga droplets using the (a) co-deposition and (b) stacking method, (c) shows Raman spectra from
surface and interface nano-graphene using the co-deposition method on Ge (001) at 400°C. The red curve shows Raman spectrum recorded at some spots
at the Ga-substrate interface, while the black curve was recorded at other areas at the Ga-substrate interface.

both cases and the droplet density is much higher for the stacking
method (2 X 10" cm™2) than for the co-deposition method (2.5 X
10° cm™?). Also the C miscibility in liquid Ga is negligible as there is
no C-Ga phase diagram available. Catalytic process occurs mainly on
Ga droplets and the C graphitization is formed on Ga droplets (Ga
top surface, marked 1), on uncovered substrate (substrate surface,
marked 2) and at droplet/substrate interfaces (Ga-substrate inter-
face, marked 3) through C diffusion as shown in Fig. 1c. Figure 2¢
reveals Raman spectra from the sample synthesized at 400°C using
the co-deposition method. Since the beam size in the Raman mea-
surement is about 600 nm, much larger than the Ga droplet size, the
measured signal is the sum of many nano-scale graphene. Broad and
sometimes unresolved G- and D-peaks are observed which indicates
that Ga acts as an effective catalyst for decomposition of CBr,. We
also transferred the sample using photo-resister and removed the Ge
substrate to check the nano-graphene at the droplet/substrate inter-
faces. The resulting Raman signal is stronger than that on the front
side as shown in Fig. 2c. In some spots, clear G-, D- and 2D-peaks are
observed (the red curve in Fig. 2¢), while in other area only G- and D-
peaks are observed (the black curve in Fig. 2¢). Raman spectroscopy
is a powerful technique for assessing graphene and other crystalline
or amorphous carbon. According to Ferrari, the G-peak is due to the
bond stretching of sp* atoms in both rings and chains while the D-
peak is due to the breathing modes of sp* atoms in rings”.
Furthermore, he introduced criteria for classifying disorder from
graphite to amorphous carbon: (1) graphite — nano-crystalline
graphite; (2) nano-crystalline graphite — low sp> amorphous carbon
and (3) low sp’ amorphous carbon — high sp> amorphous carbon.
We use the Lorentzian shape to simulate the merged G- and D-peaks
and found the peak to be located at 1344 and 1584 cm™" for the D-
and G-peak, respectively. This clearly shows that the formed carbon
materials fall into the first category, i.e. nano-crystalline graphene, as
amorphous carbon would shift the G-peak to 1510 cm™'. In addi-
tion, for the precipitated carbon at the Ga/substrate interface, a clear
shoulder located at 1619 cm™' is observed. This peak is a typical
symptom of the nano-crystalline graphene. The size of the nano-
graphene domain can be estimated to be about 5 nm using the equa-
tion of I(D)/I(G) = C(7)/L,, where I(D) and I(G) represent the intens-
ity of the D- and G-peak, respectively, L, the domain size and C(4) =
4.4 nm”. It should be noted that such estimation only gives a low
bound of the domain size. By using the integrated area ratio of the D-
and G-peak and C(1) = 2.4 X 107'°2*, where ] is the excitation
wavelength in the Raman measurement, the estimated domain size
is about 13-23 nm.

To confirm the catalytic function of liquid Ga for graphene syn-
thesis, we employ conventional CVD in an Ar/H, environment using
CH, or naphthalene as carbon sources. Large Ga droplets in mm?® size
were prepared by pipette on various substrates prior to being loaded
into the CVD chamber. Graphene was synthesized on both surfaces
of Ga droplets and at the droplet/substrate interfaces at elevated
temperatures. After synthesis, the temperature was ramped down
and the remained Ga droplets together with surface graphene sheets
were removed. Figure 3 shows a Raman spectrum from the interface
graphene using naphthalene on a GaN substrate. Uniform and pris-
tine graphene of 1-2 monolayer thick is formed over large areas on
Ga droplets and at the interfaces at a synthesis temperature of 500-
700°C. This result unambiguously shows that high quality graphene
is possible to be formed using liquid Ga as a catalyst on GaN at 500
700°C, a temperature range that is compatible with most important
semiconductors.

We also examined the catalytic effect of other group-III elements
installed in the MBE system such as Al and In. At 400°C, gallium
shows a clear catalytic effect while both indium and aluminum have a
negligible catalytic effect on CBr,.
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Figure 3 | Raman spectrum of pristine 1-2 monolayer interface graphene
synthesized on a GaN substrate using naphthalene as C precursor and
mm size liquid Ga as catalyst by CVD at 500°C.
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Synthesis mode. Figure 1c shows that nano-graphene can be formed
in three different regions: on Ga droplets (1), on substrate (2) and at
the droplet/substrate interface (3). We call the first two cases surface
mode and the last case diffusion mode. Observation of G- and D-
peaks from the sample front side indicates possible nano-graphene
on Ga droplets and/or substrate but we can’t distinguish the two
cases due to the large beam size with respect to the Ga droplet size.
For this reason, we examine some large Ga droplets in pm size and
perform Raman mapping. Figure 4a shows the Raman G-peak
mapping from the interface of a 20 pm Ga droplet on Ge (001)
using the stacking method synthesized at 1.6-11.7°C and in situ
annealed at 720°C for 9 min. The D-peak mapping reveals a
similar pattern and no 2D peak is observed. Figure 4b is the optical
image from the same area for the Raman mapping. Dashed circles are
guided for eye. The middle grey feature is the deformed metallic Ga.
No G- and D-peaks are observed from the front side for this sample.
The ring-shape nano-graphene suggests that most precipitated C
atoms diffuse from the droplet edges toward center. In this sample
using the stacking method, 24 ML Ga was deposited prior to CBr, at
1.6-11.7°C. At such low temperatures, both Ga and CBr, are in solid
form and the 24 ML Ga will form a nm thick film in direct contact
with the Ge (001) substrate. During the in situ annealing, Ga first
melts at 29°C and form droplets since it does not wet the substrate.
CBr, then subsequently melts and the catalytic process starts. The
temperature rising time is short compared to 9 min annealing time at
720°C. Carbon diffusion can be considered to take place during the
9 min annealing. The outer edges of the Raman mapping coincide
with the optical image of the droplet trace shown in Fig. 4b. This
implies that graphene synthesis in the region 2 in Fig. 1c is negligible
at this annealing temperature. By measuring the average width of
graphene nano-ring at various annealing or synthesis temperatures
and time, the activation energy for C diffusion at the Ga/Ge interface
is estimated to be about 0.3 eV (see the Methods for details).

Effect of synthesis temperature and substrate. We have examined
the catalytic effect of Ga on CBr, and quality of the resulting nano-
graphene at various temperatures. A set of samples were grown using
the co-deposition method on Ge (001) substrates for 200 min in the
temperature range of 4-600°C. The lowest substrate temperature was
4°Cand it rose during the growth up to 44°C after absorbing thermal
radiation mainly from the Ge cell. So the temperature was labeled as
4-44°C below. The Ga effusion cell temperature was kept to a low
value of 853°C but the incoming Ga flux (5.2 X 10> cm™*s™") was
still higher than that of CBry (3.2 X 10" cm ™ ?s™"). The two samples
synthesized at 4-44 and 600°C were in situ annealed at 720-850°C
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for up to 120 min. Figure 5a shows Raman spectra from surface of
this set of samples. Both G- and D-peaks are observed from the
sample synthesized already at 200°C, again indicating the high
catalytic efficiency of Ga at such a low temperature. The intensities
increase with temperature, reach a maximum at 400°C and then
decrease, and eventually disappear at 500°C. For samples
synthesized at 500°C or higher, no Raman signals are observed
from the sample surface. Instead, strong G- and D-peaks are
observed from the droplet/substrate interfaces for T = 400°C as
shown in Fig. 5b. For the sample synthesized at 400°C, the G-peak
intensity from the interface nano-grahene is about 3.7 times of that
from the surface. The sample synthesized at 4-44°C and annealed at
720°C for 9 min shows further enhancement of both G- and D-
peaks. These results suggest a synthesis transition from surface
mode (region 1) to diffusion mode (region 3) when the synthesis
temperature is above 400-450°C and the quality at the interface is in
general better than that on droplets. This is understandable as C
clustering on Ga droplets is a self-organized process that depends
on the synthesis temperature. There is a tendency for 3D clustering
instead of 2D growth at high synthesis temperatures, since CBr, has
sp® hybridization. The C clustering at the droplet/substrate interfaces
is restricted at the interface (C is not miscible in Ga) by 2D growth
and is largely influenced by substrate type and orientation although
C atoms may diffuse into the substrate.

Post-synthesis thermal annealing can further enhance G- and D-
peak intensities of surface nano-graphene. Figure 5c shows an
example from the sample synthesized at 450°C using the stacking
method. Annealing at 800°C for 30 min enhances G- and D-peaks
significantly. Annealing at even higher temperature decreases both
the G- and D-peaks. The same conclusion is also confirmed from the
sample synthesized at 4-44°C using the co-deposition method and
subsequently annealed at 750-850°C for 30 min. (d) Comparison of
Raman spectra from the samples synthesized on Si (111) and Ge
(100) substrates using the co-deposition method at 400°C. The for-
mer shows higher G- and D-peaks.

We also synthesized nano-graphene on Si (111) substrates using
the co-deposition method at 400°C. Figure 5d shows Raman spectra
of the sample front side. The as-synthesized nano-graphene reveals
3.5 times higher intensity in the G- and D-peak compared with that
grown on the Ge (001) substrate. Raman measurement from the
interface nano-graphene shows, however, no increase in the G-
and D-peak. This indicates that the substrate orientation plays an
important role for the quality of nano-graphene although the weak
van der Waals bonding between the carbon sheet and the underneath
substrate is expected. The hexagonal symmetry of the Si (111) plane

(b)

Figure 4| (a) Raman mapping of the G-peak from a ring-shape interface nano-graphene synthesized on Ge (001) at 1.6-11.7°C and annealed at
720°C for 9 min using the stacking method, (b) shows optical image of the same area for Raman mapping. The bluish ring is the nano-graphene area with
strong G- and D-peaks and the middle grey feature is deformed metallic Ga. Dashed circles are guided for eye.
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Figure 5| Raman spectra from (a) surface nano-graphene and (b) interface nano-graphene. Interface nano-graphene has higher G- and D-peaks
than those of surface nano-graphene. (c) Effect of post-synthesis annealing on the Raman spectrum for the samples synthesized at 450°C using the
stacking method. (d) Raman spectra from the samples synthesized on Si (111) and Ge (100) substrates using the co-deposition method at 400°C.

facilitates better ordering of precipitated C-species than on the tet-
ragonal Ge (001) plane. The mismatch in crystal symmetry between
graphene and the (001) crystal plane can induce crystal disorder and
thus lower the material quality. Post-growth annealing at 1000°C for
30 min under the mixed Ar:H, (200:50) environment further
enhances the G- and D-peak and a 2D bump is shown up. At such
a temperature, Ga droplets may be partly or completely evaporated
and the measured signals are the mixture of surface and interface
nano-graphene. The quality is however still inferior as compared to
the interface graphene on the GaN substrate synthesized at 500-
700°C using CVD shown in Fig. 3. There are several possible reasons
for the low quality. First, the Si substrate surface may still contain
some oxides and be rough. It is not possible to grow any buffer layer
before the graphene synthesis. Second, given the fact that graphene
synthesized on BN reveals the best material quality*®*’, one explana-
tion is that GaN provides stronger van der Waals bonding and thus
better ordering of C atoms than Si although both have a hexagonal
symmetry. Finally, the synthesis temperature of 400°C is slightly
lower than that used on GN by CVD. Post-growth annealing at high
temperatures can remedy some short-distance disorder but not long-
distance one. Therefore the synthesis temperature is more critical
than the annealing temperature for making high quality graphene.

Discussions

The mechanism for nano-graphene formation by the two synthesis
methods is different. In the stacking method, C atoms precipitate on
Ga droplets, whose formation has been extensively studied in droplet
epitaxy’>’'. The graphitization process occurs on surface or at the
droplet/substrate interfaces via diffusion. The synthesis temperature
for such a transition from surface to diffusion mode is at about 400-
450°C. Repeating the alternate supply of Ga and CBr, increases the
contact area between liquid Ga and the substrate and thus the cov-
erage of interface graphene, but the merged large area material may
contain many small domains with boundaries. This synthesis
method is very attractive for making GQDs. For GQDs of interest
with a size of around 10 nm, Ga droplets should be formed at room
temperature and a low Ga flux is necessary. Also the low CBr, flux is
needed to precisely control the amount of precipitated C atoms. The
potential of making graphene nano-rings is attractive for exploring
new phenomena in such graphene nano-structures. In the co-depos-
ition method, the synthesis rate is determined by the CBr, flux and
the flux ratio of CBr,/Ga. In the Ga-rich case, excess Ga atoms will
form droplets and the above scenario will occur then. If the flux ratio
is properly controlled, C precipitation occurs randomly over the
substrate surface. For a suitable substrate and synthesis temperature,
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it should be possible to make large area G/S heterostructures using
the co-deposition method.

The current work demonstrates a new class of C precursors con-
taining halogen elements for graphene synthesis. The bonding
strength of C-Br is 288 kJ/mol and is smaller than 413 kJ/mol for
the C-H bond. Therefore, it is expected that CBr, can be catalyzed at
lower temperatures than that of CH, which is typically around 700-
1000°C using Cu and Ni as catalysts. Our results clearly show that
using CBr, as precursor and Ga as catalyst significantly reduces the
catalytic temperature. Such a combination is not limited to CBr, and
the choice of C precursors can be of importance for ordering of C-
species. In this sense, C,Br,, C¢Brg and poly-aromatic hydrocarbons
are more attractive as they provide sp” bonding rather than sp’ bond-
ing in CBr, and C,Brg. This favors 2D ordering of C atoms and
suppresses the 3D growth if diffusion of these small C clusters is
sufficient. The formed graphene is expected to show better quality
and less crystal defects. The proposed method is fully compatible
with semiconductor processes and can be easily implemented in both
MBE and CVD systems. One advantage of using CVD is that the
precursor flux can be significantly increased and the synthesis time
reduced.

The inferior quality judged by the Raman spectra is to a large
extent related to the formation of non-uniform Ga droplets, substrate
type and orientation. It is therefore essential to find techniques to wet
Ga on selected substrates to achieve large size interface graphene. On
the other hand, combination of the current method with substrate
patterning prior to synthesis offers flexibility of making graphene
nano-scale complexes with a desired architecture on selected areas.
For example, for a patterned substrate with shallow channels or pits,
the capillary effect of Ga droplets leads to liquid Ga filled in these
channels and pits as shown in Fig. 1d and le, respectively. By engin-
eering the size, geometry and pattern of such channels and pits, it is
possible to synthesize GNRs, ordered GQDs and other nano- or
micro-scale graphene complexes integrated on a semiconductor.

The synthesis temperature is very crucial. Although efficient C
precipitation can be achieved at 200°C or even lower, the reactant
chemicals must be efficiently evaporated to ensure a continuous
catalytic process. A synthesis temperature above 400°C leads to
nano-graphene formed at droplet/substrate interfaces. This is an
attractive scheme for making G/S heterostructures and GQDs in a
controlled way. It is interesting to note that the quality of interface
graphene grown on hexagonal GaN at 500°C (Fig. 3) is superior to
the counterpart grown on tetragonal Ge (001) at 600°C and on Si
(111) at 400°C and further annealed at 1000°C (both are not shown),
indicating that crystal symmetry and lattice mismatch between gra-
phene and the underneath substrate play a decisive role for graphene
quality. By choosing the proper substrate such as (111) plane and
strong bonding, and the synthesis conditions like synthesis temper-
ature and flux of both Ga and C precursors, it should be possible to
realize high quality G/S hetero- and nano-structures using the sug-
gested method at 400-700°C. Finally, if a surface G/S heterostructure
is wanted, all the remained Ga droplets must be removed after syn-
thesis. To make buried G/S heterostructures, the Ga droplets can be
in situ etched or re-crystallized to form GaAs in a similar way used in
the droplet epitaxy. The whole procedure can be repeated many
times to form multiple G/S heterostructures or GQDs.

In conclusion, we have demonstrated a novel approach combin-
ing CBry as precursors and liquid Ga catalyst to synthesize nano-
scale graphene at low temperatures. The immiscible C atoms in Ga
and the non-wetting nature of liquid Ga on tested substrates limit
nano-scale graphene to form on Ga droplets and substrate surfaces
at T = 450°C and at droplet/substrate interfaces by C diffusion via
droplet edges when T = 400°C. Good quality interface nano-gra-
phene is demonstrated and the quality can be further improved by
optimization of synthesis conditions and proper selection of sub-
strate type and orientation. The proposed method provides a viable

route to fabricate graphene/semiconductor heterostructures or
embed nano-scale graphene in most important elementary and
compound semiconductors.

Methods

Two deposition methods, shown schematically in Fig. 1a and 1b, were employed on 2°
off Ge (001), GaAs (001) and Si (111) substrates using a V90 MBE system. In the
stacking method (Fig. 1a), a Ga flux was supplied for 80 seconds followed by 20 min
continuous supply of 0.12 sccm CBry. This corresponds to a nominal C flux of 3.2 X
10 cm %" from the calibration of C-doping in GaAs under the same CBr, flux.
This procedure was repeated by 10 times and the sample was then annealed at 720°C
for 9 min. In the co-deposition method (Fig. 1b), both Ga and CBr, were opened
simultaneously for 200 min. The Ga cell temperature was kept low (830-860°C) and
the corresponding Ga flux was in the range of (3.7-6.9) X 10"* cm *s™". The non-
reacted excess Ga formed droplets on substrate surfaces. The Ge substrate was out-
gassed in the preparation chamber for one hour at 300°C, followed by heating up to
650°C and annealing for 20 minutes to completely remove the native oxides on the
surface. For the Si substrate, the substrate was thermally cleaned at 720°C for 5
minutes in the growth chamber. The GaAs substrate was heated up to 675°C and
annealed for 10 minutes under the arsenic flux for thermal desorption of native
oxides, followed by deposition of a 200 nm thick GaAs buffer to smoothen the
surface. The synthesis temperature was measured between 4 to 600°C by the ther-
mocouple. For some samples, post-growth thermal annealing was performed at 750
1000°C for up to 120 min.

In order to measure the interface graphene, the transferring of the graphene
deposited on a germanium substrate was carried out. A layer of poly (methyl
methacrylate) (PMMA) was spin coated on the substrate prior to the transfer.
Afterwards the detachment of the PMMA/graphene layer from the initial surface was
done by etching the germanium substrate with a solution (HF : HNO;: H,O =
1:1:2) at room temperature. After the substrate was completely removed, the
PMMA/graphene membrane was obtained and moved from solution to DI water.
Finally, the membrane was flipped over in water and laid over the target substrate
with the graphene layer facing up.

The activation energy for C diffusion at the Ga/Ge interface, E, was estimated from
the measured diffusion length, L, which can be expressed by L = /Dy exp(—E/kT)1,
Where D, is a constant, k is Boltzmann constant, T'is synthesis temperature in Kelvin
and 7 is synthesis time. All the L, T and 7 are measureable or known parameters for
each sample. The activation energy was estimated from the slope by plotting In(L?/D,)
versus 1/kT.
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