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Abstract

Remote epitaxy is an emerging materials synthesis technique which employs a 2D interface layer,
often graphene, to enable the epitaxial deposition of low defect single crystal ﬁlms while restricting
bonding between the growth layer and the underlying substrate. This allows for the subsequent release
of the epitaxial ﬁlm for integration with other systems and reuse of growth substrates. This approach is
applicable to material systems with an ionic component to their bonding, making it notably appealing
for III–V alloys, which are a technologically important family of materials. Chemical vapour
deposition growth of graphene and wet transfer to a III–V substrate with a polymer handle is a
potentially scalable and low cost approach to producing the required growth surface for remote
epitaxy of these materials, however, the presence of water promotes the formation of a III–V oxide
layer, which degrades the quality of subsequently grown epitaxial ﬁlms. This work demonstrates the
use of an argon ion beam for the controlled introduction of defects in a monolayer graphene interface
layer to enable the growth of a single crystal GaAs ﬁlm by molecular beam epitaxy, despite the
presence of a native oxide at the substrate/graphene interface. A hybrid mechanism of defect seeded
lateral overgrowth with remote epitaxy contributing the coalescence of the ﬁlm is indicated. The
exfoliation of the GaAs ﬁlms reveals the presence of defect seeded nucleation sites, highlighting the
need to balance the beneﬁts of defect seeding on crystal quality against the requirement for subsequent
exfoliation of the ﬁlm, for future large area development of this approach.
Supplementary material for this article is available online
Keywords: remote epitaxy, molecular beam epitaxy, CVD graphene
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

which underpin many of todays technology products, however,
cost and integration with other materials systems are long
standing challenges for this mode of materials synthesis [1–5].
In 2017 Kim et al demonstrated remote epitaxy of GaAs
using a graphene interface layer between the growth substrate
and the epitaxial ﬁlm [6, 7]. They showed that registry
information from the underlying substrate permeated a
monoatomic layer of graphene allowing the epitaxial growth
of a latticed matched single crystal ﬁlm. Furthermore, the

Epitaxial growth enables the fabrication of a wide range of highquality single crystal semiconductor ﬁlms at the wafer scale.
These materials are used in electronics and photonic devices,
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weak Van der Waals interaction between the ﬁlm and the
graphene allowed the ﬁlm to be released from the growth
surface, and transferred to non-native substrates for device
fabrication, leaving the growth substrate available for reuse.
Density functional theory calculations were later used
alongside further experimental demonstration to conﬁrm that
the potential ﬁeld of ionically bonded materials could
permeate one or more layers of graphene, depending on
material ionicity [8]. The potential ﬁeld from materials with
higher ionicity, such as GaN and LiF can permeate two and
three layers of graphene respectively, while that of GaAs can
only permeate a monolayer. The potential ﬁelds from covalently bonded materials such as Si or Ge are fully screened by
a monolayer of graphene [8].
Remote epitaxy growth has subsequently been demonstrated over small areas for a number of different material
systems including insulators [9], intermetallics [10], GaN
[11, 12], hybrid perovskites [13] and oxides [4]. Scalability
remains a signiﬁcant practical challenge, as this growth
method requires pristine graphene, free from wrinkles, tears
and other defects, cleanly interfaced and uniformly adhered to
the desired growth substrate over a large area. In the case of
III–V alloys, native growth substrates are not sufﬁciently
catalytic for low temperature synthesis of monolayer graphene, however, at high temperatures these substrates thermally decompose making them unsuitable for direct synthesis
of graphene. Growth surfaces for remote epitaxy must
therefore be prepared by transferring graphene from its original substrate.
It was recently demonstrated that the presence of a native
oxide at the substrate/graphene interface effectively increases
the separation between the growth surface and the underlying
substrate, causing the loss of crystallographic information
[14]. Native oxides can be readily removed from GaAs substrates prior to graphene transfer [15–17] (see supplementary
information on substrate oxide characterisation available
online at stacks.iop.org/NANO/33/485603/mmedia), however, wet transfer of graphene grown by chemical vapour
deposition (CVD) traps water at the substrate/graphene
interface allowing for oxide regrowth and preventing remote
epitaxial growth on these surfaces. Kim et al showed that a
dry transfer of graphene from SiC substrates can prevent
oxide regrowth resulting in the subsequent growth of highquality epitaxial ﬁlms [14].
The relative high cost and small size of SiC substrates,
along with high temperatures required for graphene synthesis
on these substrates has restricted its adoption at an industrial
scale [18]. Furthermore, graphene grown on SiC is usually
2–10 layers thick and contrary to Cu where graphene growth
is self limited [19], acheiving a continuous and uniform
monolayer graphene sheet over a suitable area is still a
challenge [20, 21]. Cost is further increased when using a
metal handle for dry transfer to the substrate of interest
[22, 23], although metal handle free transfer methods
employing thermal release tape have been studied [24]. CVD
growth offers industrial scale production of graphene,
allowing the use of lower cost substrates, such as metal foils,
with the ease of wet transfer using a polymer handle [25–29].

The polymer removal process from the surface of graphene
after transfer suggested in [29–33] can be adopted with the
wet transfer process to improve the quality of graphene.
Recent developments in transfer techniques such as electrochemical delamination of graphene from Cu substrates, offer
further cost reductions through substrate reuse for subsequent
graphene growth [34, 35], with substrate oxidization following CVD growth of graphene allowing for a reduction in
delamination induced defects [36]. Some of the beneﬁts of
dry transfer from SiC may be realised for transfer of CVD
graphene using a semi-dry approach [37, 38]. Furthermore,
recent advances in the use of single crystal Cu as a graphene
substrate may be employed in reducing roughness, wrinkles
and grain boundaries in graphene monolayers over a large
area [39, 40].
A defect-seeded approach to GaSb growth on wet
transferred CVD graphene was recently demonstrated [41], in
which pinholes in a graphene monolayer, formed by the
desorption of the native oxide, seeded lateral overgrowth
which coalesced into a single crystal ﬁlm. Despite the formation of pinholes, the presence of the graphene mask still
permitted the subsequent large area ﬁlm exfoliation. The use
of defective graphene for remote epitaxy of GaAs has also
been recently demonstrated [42].
In this work, we employ Ar-ion beam exposure for the
controlled introduction of pinhole defects to monolayer graphene, seeding single crystal GaAs growth. The absence of
wetting in regions of multi-layer graphene indicates that the
potential ﬁeld of the underlying substrate still plays a role in
the coalescence of the ﬁlm. A hybrid mechanism of seeded
lateral overgrowth propagated by remote epitaxy is proposed.

2. Experimental
2.1. Graphene growth and transfer

CVD graphene used in this work was grown in a BM Pro 4″
CVD reactor on Cu, where the Cu foil (25 μm thick; Alfa
Aesar) was ﬁrst sonicated in acetone followed by IPA for
5 min. Drying the foil in N2 was followed by oxidising it in
air for 60 min at 250 °C to form a uniform oxide layer of
thickness approximately 200 nm. This was heated up in Ar to
a temperature of 1065 °C and annealed in H2/Ar (100:300
sccm) for 60 min. The foil was then exposed to CH4:H2:Ar
(0.32:64:576 sccm) for 60 min to yield an average of 95%
monolayer graphene coverage over the Cu foil. A section of
Cu 1.5 cm × 1.5 cm was cut and spin coated with a PMMA
(A4 950K) support handle and baked on a hot plate for
10 mins at 80 °C. The rear surface of the Cu substrate was
then cleaned with an oxygen plasma (3 W, 30 s) in a reactive
ion etching environment. Cu/Gr/PMMA stack was then
ﬂoated on 0.1 M ammonium persulphate (APS) solution for a
few hours to etch away the Cu, followed by a rinse in deionized water. The native oxide on the GaAs substrate was
removed with a 2 min etch in 10% diluted HCl. The Gr/
PMMA stack was then transferred to the GaAs wafer. The
sample was dried in air for 30 mins and then baked at 80 °C
2
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on a hotplate for 30 mins. The PMMA was then removed by
placing the sample in hot acetone (60 °C) for 15 mins and
then transferred to cold acetone for further removal of PMMA
residues for 72 h. The sample was rinsed in IPA and dried
in N2.

shape line after subtracting Shirley background. All XPS
spectra were calibrated to the carbon peak at 284.6 eV, and
charge compensation was used.

3. Results and discussions

2.2. Ar ion beam exposure and secondary ions mass
spectroscopy (SIMS)

Remote epitaxy is dependent upon the quality of the growth
and transfer of graphene to the GaAs substrate [6, 8, 14]. This
requires the elimination of (i) polymer residues and other
contaminants, and ﬁlm damage acquired during graphene
transfer, (ii) wrinkles and creases in the graphene, originating
from defects and grain boundaries in the underlying Cu foil,
as well as thermal mismatch [34] (iii) regions of multilayer
graphene, (iv) interface oxides, which prevent the close
contact between the graphene and the bare substrate. Here, the
oxides at Gr/GaAs interface plays the preeminent role in
growth of epitaxial layer via remote epitaxy. Therefore, the
presence of an interface oxide between the graphene and the
GaAs substrate was characterised by XPS (ﬁgures 1(a) and
(b)). The relative intensity of Ga2O3 and As2O3 signatures at
20.1 eV and 44.3 eV, respectively, are found to be in good
agreement with those reported by Kim et al for wet transfer of
graphene onto GaAs [43, 44], indicating a comparable level
of surface oxidization (see supplementary information, substrate oxide characterization) [14].
Optical microscope images, taken immediately after
graphene transfer to the GaAs growth substrate and removal
of the PMMA support (ﬁgures 1(e)–(h)), show a continuous
graphene ﬁlm without obvious tears/pinholes on GaAs.
Bright ﬁeld images (ﬁgures 1(e), (g)) suggest a pristine ﬁlm,
however, unlike graphene on Si/SiO2, we observe almost no
intensity contrast between regions with and without graphene
due to the absence of any thick oxide layer, which provides
phase contrast [45, 46]. Dark ﬁeld images (ﬁgures 1(f), (h)),
which are acquired using a central aperture and therefore only
show light scattered from the surface, reveal the presence of
some surface imperfections, bright spots on the graphene
surface, covering approximately 1.8% of the image shown in
ﬁgure 1(h). These may be undissolved residues from the
support layer, which is common with PMMA transfer of CVD
graphene [47, 48], salts from APS etchant solution or unetched metal particles. Every effort is made to reduce these
residues, but a 100% clear surface is not possible for large
area transfer of graphene with this method. The detailed
surface of graphene can be seen with scanning electron
microscopy (SEM) (ﬁgure 1(d)). This shows continuous
transfer of polycrystalline CVD graphene with few surface
residues typically associated with wet PMMA transfer. Hexagonal stars on the graphene are observed indicating multilayer graphene regions. Grain boundaries originating from the
polycrystalline Cu substrate propagate as ridges and wrinkles
[49] into the transferred graphene ﬁlm increasing the
>local spacing at the graphene/substrate interface. Atomic force
microscopy was used to verify low roughness of 0.74 nm ±
0.19 over 1 μm2 area of the graphene surface on GaAs, where

The GaAs substrate with transferred graphene was dipped in
buffered HF for 30 s, rinsed in DI water and dried with
nitrogen prior to loading into a vacuum chamber, with pressure 2.5 × 10−8 Torr, where small regions (approximate
diameter 3 mm) of the sample were exposed to an Ar-ion
beam for different durations i.e. 109 s, 218 s 436 s and 872 s.
Data was obtained using a gun power of 1 mA to study variation in subsequently grown GaAs.
2.3. Molecular beam epitaxy (MBE) growth on graphene and
exfoliation

GaAs ﬁlms were grown in an ultra-high vacuum Veeco Gen
III MBE system, with a standard knudsen cell ﬁtted for the
gallium, and a valved arsenic cracking source. Pyrometer
oscillations were used to calibrate the growth rate of the layer
to 1 μm h−1, and a V/III ratio of approximately 16 was used,
with the sample rotating at 30 rpm for the GaAs deposition.
GaAs was grown at 590 °C as measured on a kSA BandiT
temperature measurement system, which uses the band gap
dependence on temperature to produce a real-time, absolute
temperature measurement. A ﬁlm thickness of 100 nm was
targeted, based on system calibration of direct homoepitaxy
on GaAs. A thin Ti/Ni (30 nm/70 nm) layer was thermally
evaporated, to improve adhesion with the GaAs ﬁlm, followed by sputtering of a Ni stressor layer of ∼1 μm using DC
magnetron sputtering to produce a stressor layer for exfoliation. A thermal release tape was applied on top of the stressor
layer to peel off the GaAs ﬁlm at the graphene interface.
2.4. Characterisation

Raman spectroscopy was performed using a Renishaw InVia
Raman spectrometer with a laser of wavelength 514.5 nm.
Maps of 600 points over 50 × 50 μm2 area were acquired. A
Bruker Dimension Icon atomic force microscope was used to
characterize the surface topology using the peak force in
ScanAsyst mode in air, and processed with NanoScope
Analysis 1.5 software. Defect and contaminant density was
quantiﬁed using the ImageJ particle analysis function. X-ray
photoelectron spectroscopy (XPS) was used for analysis of
the native oxides, and performed using an ESCALAB 250 xi
Thermo Fisher Scientiﬁc system which was operated in
constant analyser energy mode. An Al Kα (1486.74 eV) x-ray
source with a 400 μm beam diameter was used with power 88
W and the pass energy was set for the acquired data at 20 eV
to obtain higher resolution spectra. XPS data were obtained at
room temperature and were ﬁtted with a Lorentzian–Gaussian
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Figure 1. (a), (b) XPS spectra show the presence of native oxides on GaAs. (c) Raman spectrum shows the typical signature of graphene

where the absence of the D peak conﬁrms no structural defects or disorders in graphene. (d) SEM image of graphene shows the grain
boundaries, wrinkles, residues and multilayers. (e), (g) Bright ﬁeld images of graphene on GaAs shows clean graphene ﬁlm but does not
reveal much information while the bright spots on dark ﬁeld images (f), (h) show the surface contaminations/residues, here graphene edges
are also visible.

the roughness of GaAs without the graphene is 0.22 ± 0.01 nm.
This slight increase in roughness on graphene is likely due to
wrinkles and other surface contaminants.
Raman spectroscopy of the transferred graphene ﬁlms
on GaAs after PMMA removal shows that the graphene is
mostly monolayer (ﬁgure 1(c)). The G peak is present at
1591.3 ± 2.0 cm−1 (FWHM 12.2 ± 4.4 cm−1) and the 2D
peak at 2687.6 ± 3.2 cm−1 (FWHM 33.8 ± 4.1 cm−1), with
intensity ratio (2D/G) of 2.8 ± 0.8. Together, these parameters are attributed to the pristine quality of a lightly doped
monolayer [50–53]. For detailed statistical information from
Raman mapping see supplementary information, Raman
characterisation of graphene.
Prior to the growth of epitaxial GaAs ﬁlms, graphene was
exposed to an Ar ion beam. This served two purposes: (i)
sputtering a small amount of material for in situ quantitative
analysis of surface contaminants using SIMS and (ii) controlled
introduction of defects to the graphene layer to seed remote
epitaxy growth and allow for single crystal growth despite the
presence of the native oxide at the interface. It is expected that
ion beam induced defects in the graphene monolayer will act as
nucleation sites, while also enabling some desorption of native
oxide from the underlying GaAs substrate, with both effects
improving ﬁlm quality. The sample was then transferred under
vacuum to the MBE growth chamber (see Experimental section
for further details). The controlled introduction of defects from
Ar-ion beam exposure was conﬁrmed with Raman spectroscopy
(ﬁgure 2). The intensity of the D peak at 1350 cm−1, associated

Figure 2. The Raman spectra acquired from regions of graphene on

GaAs with different Ar-ion beam exposure time.

with the structural defects in graphene, increases with Ar-ion
beam exposure time and the 2D band disappears for exposure
time 436 s indicating the formation of nanocrystalline graphite
and porous graphene [31, 52, 54–56].
4
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Figure 3. Optical, SEM and AFM images of front side after epitaxial layer growth on graphene shows the differences in grain sizes in

different ion beam exposed areas as a function of time where (a), (e), (i) are taken from unexposed areas, (b), (f), (j), (c), (g), (k) and (d), (h),
(l) are taken from areas exposed to the ion beam for 218 s, 436 s and 872 s respectively. Structural changes are clearly visible in different
growth regions in optical and SEM images. Scale bars for optical, SEM and AFM images are 50 μm, 5 μm and 4 μm respectively.

Figure 3 shows, optical microscopy, SEM and atomic
force microscopy images taken after the MBE growth of
epitaxial GaAs. In regions of the substrate without graphene,
a pristine epitaxial layer was formed, as would be expected
with direct homoepitaxy, while in the regions with graphene
but no Ar-ion beam exposure, the wetting of the monolayer
graphene surface was poor resulting in 3D crystal growth
(ﬁgures 3(a), (e), (i)). Although, it should be noted that
regions with underlying multilayer graphene, identiﬁed by
star shaped features, are clearly distinguishable from monolayer regions in the optical microscope image (ﬁgure 3(a))
and the SEM (ﬁgure 3(e)) shows some coalescence of surface
droplets in monolayer regions which is absent in multilayer
regions. This indicates that the proximity of the underlying
substrate, did have some effect on the crystal growth, consistent with a remote epitaxy effect. In the Ar-ion beam
treated region the quality of crystal growth was signiﬁcantly
improved (ﬁgures 3(d), (h), (l)), with reduced surface
roughness characterized with AFM (table 1), also reduced
crystal misorientation [57] and As antisite signatures present
in Raman spectra (4(d)), with increasing Ar-ion beam exposure time. Furthermore, SEM (ﬁgures 3(f), (g), (h)) shows 2D
ﬁlms in monolayer regions, while wetting in regions of
multilayer graphene remained poor, even with Ar-ion beam

Table 1. Epilayer roughness with Ar-ion beam exposure time.

Exposure time (s)
Unexposed graphene
218
436
872

RMS roughness (nm)
81.8 ± 8.8
11.8 ± 2.9
9.3 ± 2.9
8.2 ± 2.5

exposure. This is consistent with the remote epitaxy effect
observed in regions without ion beam exposure, however,
increased defect density in monolayer regions leading to more
nucleation sites may also play a role in creating this contrast.
It is noted however, that the sharp points of hexagonal multilayer domains became rounded (ﬁgure 3(h)) with Ar-ion
beam exposure, suggesting some contribution of lateral
overgrowth from adjacent monolayer regions. This conﬁrms
that improved crystal growth can be achieved with Ar-ion
beam exposure, despite the presence of a native oxide formed
during wet transfer of CVD graphene. With further development, this approach may provide an alternative to dry
transfer for remote epitaxy applications.
Although, it is also noted that grain boundaries in the
copper foil produced ridges in the transferred graphene, where
the graphene is not in close contact with the underlying GaAs
5
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Figure 4. SEM images of the rear surface of the exfoliated GaAs ﬁlm (a) and the substrate (b) after releasing the GaAs ﬁlm, showing that the

growth of GaAs ﬁlm is seeded through the nanoholes in graphene which then coalesce to form a single crystal ﬁlm. An EBSD map (c) of the
Ar-ion beam exposed region shows the GaAs ﬁlm growth happens mostly in the 100 direction. Raman spectra of the GaAs ﬁlm from regions
with different Ar-ion beam exposure duration (d) show evidence of crystal misorientation (increased intensity of TO mode) and the presences
of As antisites (shifting in the LO peak position) in regions with reduced exposure. Similarly PL spectra (f) shows a red shift in the peak
position, along with peak broadening in unexposed regions and regions of multilayer graphene. Raman spectra of the substrate after releasing
epilayer conﬁrms that the graphene monolayer remains on the substrate after exfoliation (e).

supported by features in SEM of the growth substrate after
release of the GaAs ﬁlm (ﬁgure 4(b)). In monolayer regions,
equally spread dark spots, which mirror the pattern on the rear
surface of the GaAs ﬁlm are observed, suggesting that spalling may have occured in these regions, as opposed to the
clean exfoliation associated with a fully intact graphene
interface layer. Raman spectra of the GaAs substrate acquired
after exfoliation of the growth layer (ﬁgure 4(e)) show that the
graphene layer in monolayer regions is still attached to the
substrate, with the G and 2D peaks visible, indicating this
surface could be reused for further GaAs ﬁlm growth, without
additional ion-beam exposure, with the existing defects in the
graphene seeding single crystal growth as before. In multilayer regions, graphene like peaks are also seen in the Raman
spectra of the rear surface of the released GaAs ﬁlm (see
supplementary information). This suggests that exfoliation of
the upper layers of graphene may have occurred in these
areas, while a monolayer remains on the substrate. These
Raman spectra also allow comparison of defect introduction

substrate, and wetting did not occur on these ridges
(ﬁgures 3(h), (l)), resulting in trenches in the epitaxy. This
motivates the further development of CVD graphene synthesis techniques using single crystal substrates for this
application.
SEM of the front (ﬁgures 3(f), (g), (h)) and back
(ﬁgure 4(a)) sides of the GaAs ﬁlm, after releasing from the
growth substrate (see Experimental section for further details)
provide further information about the nucleation process. The
front surface is deﬁned as the upper surface of the GaAs ﬁlm
prior to exfoliation, GaAs nucleation on graphene occurs at
the back surface which is revealed after exfoliation. In the Arion beam treated regions, the front side shows 2D crystal
growth in monolayer regions, however, on the back side we
can see features indicating that the epitaxial growth was
seeded through pinhole defects in graphene created by ion
beam exposure. The striking contrast between monolayer and
multi-layer regions also indicates that substrate ionicity and
the remote epitaxy effect plays a role. This is further
6
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single crystal ﬁlm onto regions of multilayer graphene.
Notably, these multilayer graphene regions did not show
surface wetting of the seeded growth indicating that remote
epitaxy effects deriving from the ionic bonding of the
underlying substrate still played a role in the coalescence of
defect-seeded nucleation sites into a continuous ﬁlm. It was
also observed that wrinkles in the transferred graphene ﬁlm,
originating from grain boundaries in the copper substrate
resulted in trenches in the GaAs ﬁlm, where surface wetting
did not occur. As such, a future challenge for scaling this
process will be the further development of large area CVD
graphene on single crystal substrates and subsequent ﬁlm
transfer from these surfaces. This work shows that defectseeding might enable the use of wet transferred CVD graphene, offering an alternative to dry transfer of graphene
synthesized on SiC substrates [14] for remote epitaxy
applications.

rate in ion beam exposed mono and multilayer regions, with
the increase in the ID/IG ratio and D peak FWHM in monolayer regions indicating that monolayer regions are more
susceptible to ion beam induced defect introduction.
It was observed that in regions without Ar-ion beam
treatment the GaAs ﬁlm was readily exfoliated in full, however, in regions with the maximum exposure the exfoliation
was only partially successful. It is possible that the Ni stressor
layer has weaker adhesion to the smooth epitaxial ﬁlm in the
ion beam treated regions. Alternatively, it may be that greater
strain is required for exfoliation in these regions due to the
bonding that occurs with defect seeding, in which case, further development of this approach may need to balance the
beneﬁts of defect seeding against the need for large area
exfoliation.
The optical properties of the GaAs ﬁlm are characterized
with photoluminescence (PL) on the rear surface of the
released ﬁlm. Broadening of the PL spectra and peak shifting
towards lower energies indicates the introduction of defects
accessible to charge-carriers, which would be undesirable for
optoelectronic devices (ﬁgure 4(f)). GaAs grown on monolayer graphene with Ar-ion beam treatment shows evidence of
some defects relative to GaAs grown by homoepitaxy however, it is superior to ﬁlms grown on multi-layer graphene or
without Ar-ion beam treatment, supporting the theory that a
remote epitaxy effect combined with defect seeded growth
offer improved crystal quality. Furthermore, EBSD mapping
in the Ar-ion beam treated area (ﬁgure 4(c)) shows that the
GaAs crystal structure is well oriented in the 100 direction,
matching that of the underlying substrate. A larger ﬁeld of
view EBSD map is provided in the supplementary
information.
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