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ABSTRACT

We demonstrate selective area epitaxy of GaAs films using patterned graphene masks on a Ge (001) substrate. GaAs selectively grows on
exposed regions of the Ge substrate for graphene stripe widths of 10 lm. The selectivity is highly dependent on the growth temperature and
annealing time, which we explain in terms of temperature dependent sticking coefficients and surface diffusion. The high nucleation
selectivity over several micrometers sets constraints on experimental realizations of remote epitaxy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0078774

Selective area epitaxy is a promising strategy for synthesis of con-
fined quantum devices1–3 and for reducing dislocation densities in
highly lattice mismatched systems.4–7 This growth mode is typically
implemented by patterning openings in an inert dielectric mask, such
as SiO2, on a crystalline substrate. The openings serve as selective
nucleation sites for epitaxial film growth, while the mask defines the
lateral dimensions and block dislocations from the substrate or film/
substrate interface. Continued epitaxial lateral overgrowth can be used
to produce coalesced planar films.4,7–9

Due to its chemical inertness, fast surface diffusion, and atomic
thinness, patterned graphene is an attractive alternative mask material.
Early studies demonstrated epitaxial lateral overgrowth of GaAs films
on patterned multilayer graphite on a Si substrate by liquid phase epi-
taxy (LPE).10,11 More recently, monolayer graphene masks have been
used to selectively nucleate GaN films at 75 nm openings on a SiC sub-
strate12 for GaN grown by metalorganic chemical vapor deposition
(MOCVD). Open questions remain, however, about whether nucle-
ation selectivity can be achieved using graphene over larger length
scales, whether selectivity requires chemical precursors or can be
achieved using physical vapor deposition techniques like molecular-
beam epitaxy (MBE), and how growth kinetics affect the selectivity.

Additionally, recent reports of “remote epitaxy” suggest that epi-
taxial growth can be achieved on unpatterned graphene with no inten-
tional openings. In this mechanism, it has been argued that epitaxial
registry occurs through “remote” interactions that permeate through
graphene. However, open questions remain about the effect of defects
in graphene, especially unintentional pinholes that can seed epitaxial

lateral overgrowth.13 More detailed experiments are required in order
to establish what length scales of defects are most relevant to compet-
ing “remote” vs lateral epitaxy mechanisms.

Here, we experimentally demonstrate that monolayer graphene
masks provide a highly selective barrier for selective area epitaxy of
MBE-grown GaAs films using 10 lm wide patterned graphene stripes
on a Ge (001) substrate. We choose Ge substrates because graphene
can be grown directly on Ge by chemical vapor deposition (CVD),14

thus avoiding interfacial contaminants, oxides, and defects that are
typically induced by graphene layer transfer to a secondary substrate
like GaAs.13,15 Due to the high graphene synthesis temperatures, it is
currently not possible to grow low defect density graphene directly on
III–V substrates. Our GaAs films on patterned graphene/Ge show
>99% nucleation selectivity for growth on the exposed Ge regions
compared to growth on the graphene regions. The nucleation selectiv-
ity depends strongly on Ga surface diffusion and desorption, which we
control experimentally by increasing the growth temperature and peri-
odic anneal time. The high selectivity over a 10 lm scale also places
constraints on experimental realizations of “remote epitaxy,”16 where
the goal is to grow epitaxial films via remote interactions through con-
tinuous graphene with no intentional openings.

To make the patterned graphene on Ge, we first grow continuous
monolayer graphene on a Ge (001) substrate by chemical vapor depo-
sition using a methane precursor following Refs. 14 and 17. We define
the stripes by UV photolithography (Shipley 1813 photoresist), etch
the exposed graphene regions using an oxygen plasma (50W), and
rinse the remaining photoresist using sequential acetone and

Appl. Phys. Lett. 120, 051603 (2022); doi: 10.1063/5.0078774 120, 051603-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

 29 August 2023 18:49:32

https://doi.org/10.1063/5.0078774
https://doi.org/10.1063/5.0078774
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0078774
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0078774&domain=pdf&date_stamp=2022-02-03
https://orcid.org/0000-0001-5095-3078
https://orcid.org/0000-0002-2044-7032
https://orcid.org/0000-0003-1056-4777
mailto:jkawasaki@wisc.edu
https://doi.org/10.1063/5.0078774
https://scitation.org/journal/apl


isopropanol baths. The resulting patterned template consists of alter-
nating 5–10 lm wide stripes of graphene, separated by 5–10 lm of
exposed Ge substrate (supplementary Fig. S-1a). At this stage, scan-
ning electron microscopy (SEM) confirms that the pattern is translated
to the graphene with no obvious long-range tears (supplementary Fig.
S-1a). On the graphene regions, atomic force microscopy (AFM)
images reveal a pinhole concentration of�40lm�2, which is an order
of magnitude smaller than the pinhole concentration for transferred
graphene on GaAs (001) after native oxide desorption13 (supplemen-
tary Fig. S-1b).

Prior to GaAs film growth, we etch the exposed Ge oxides in a
de-ionized water bath at 90 �C. We then dry samples with nitrogen
and immediately load them into a high vacuum loadlock
(p < 10�8 Torr) and outgas them at 150 �C for at least 1 h to remove
organic residuals, followed by an anneal at 650 �C in the ultrahigh vac-
uum MBE chamber (p < 3� 10�10 Torr) to remove the remaining
Ge-oxides. GaAs films are grown by MBE using elemental Ga from a
standard effusion cell and a mixture of As2/As4 from a thermal cracker
cell. Typical Ga fluxes were 3:0� 1013 atoms/(cm2s), calibrated by
reflection high energy electron diffraction oscillations for homoepitaxy
of GaAs on GaAs (001).

Figure 1 shows scanning electron microsocopy (SEM) and
Raman spectroscopy for a GaAs film grown at 613 �C by periodic sup-
ply of Ga and constant supply of As on patterned graphene/Ge (001).
We observe high nucleation selectivity for GaAs at exposed region of
the Ge substrate and negligible parasitic GaAs nucleation on the gra-
phene mask. In the SEM image [Fig. 1(a)], GaAs appears as coalesced
islands with high secondary electron intensity on the Ge regions. We
attribute the island morphology, in part, to wetting challenges and
antiphase domains that commonly appear for growth of polar films
on nonpolar substrates. Previously, it has been shown that arsenic
wetting layers18,19 and high index or vicinal substrates18,20,21 can be
highly effective for improving the wetting and minimizing antiphase
domains22 for growth of GaAs on nonpolar Si or Ge substrates.23

While the present study focuses on quantifying nucleation selectivity,
these strategies are important next steps for optimizing the planar film
morphology that would be needed for device applications. The island
morphology may also be due to the faceted Ge (001) surface, which is
induced by graphene growth (Fig. S-1c). Note that CVD graphene on
(111) and (110)-oriented Ge is known to produce smoother surfaces,14

free from the facetting of the (001) surface. We expect that GaAs
grown on these orientations may produce a smoother film surface
morphology.

Raman spectroscopy maps (Horiba Labram, k ¼ 532 nm) of the
GaAs TO and graphene 2D modes confirm that these islands are
GaAs films, which grow preferentially on the exposed Ge [Fig. 1(b)]
and not on the graphene mask [Fig. 1(c)]. Representative point spectra
on the GaAs-covered Ge regions (blue curves) and on the graphene
regions (black curves) are shown on the right hand side of Figs. 1(b)
and 1(c). Note that in this scattering geometry, only the GaAs LO
mode is symmetry allowed for a perfect GaAs crystal—the GaAs TO
mode is not symmetry allowed.24 We attribute the presence of a GaAs
TO mode to strain or point defects.25 X-ray diffraction and reflection
high energy electron diffraction suggest the films are epitaxial with no
obvious secondary phases or orientations (supplementary Fig. S-2).

We find that the selectivity for GaAs growth on Ge rather than
the graphene mask is highly dependent on the growth temperature

and annealing. Figure 2(a) shows SEM images of GaAs films grown by
codeposition of Ga and As at varying substrate temperatures. All sam-
ples were exposed to a total flux of 2:7� 1016 Ga atoms/cm2, which
would correspond to a GaAs film thickness of 12 nm for a Ga sticking
coefficient of 1. In these images, GaAs corresponds to the light islands,
the graphene corresponds to the dark stripes, and Ge corresponds to
lighter stripes. At a growth temperature of 580 �C, the concentration
of parasitic nucleated islands on graphene is �10 lm–2, which is
slightly less than the �40 lm–2 concentration of graphene pinholes
before GaAs growth (Fig. S-1b). We hypothesize that the parasitic
GaAs growth on graphene is caused by nucleation in the pinholes.
Similar nucleation at pinholes is observed for GaAs films grown on
unpatterned graphene/GaAs (001).13 Further optimization is required
to reduce the graphene pinhole density created during lithography and
etching.

With increasing growth temperature, the amount of GaAs nucle-
ated on both graphene and Ge regions decreases, i.e., the sticking coef-
ficient decreases. The rate of GaAs sticking on graphene decreases
more rapidly than on Ge, such that for a growth temperature of

FIG. 1. GaAs nucleation selectivity at the patterned openings. (a) Secondary elec-
tron SEM image of a GaAs film nucleated on patterned graphene/Ge(001). The
stripe pattern consists of 10 lm graphene and 10 lm of exposed Ge. (b) Left:
Raman intensity map of the GaAs TO mode. Right: representative point spectra on
a GaAs covered region and a graphene region. (c) Raman intensity map of the gra-
phene 2D mode and corresponding spectra.
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613 �C, there is negligible GaAs growth on graphene and highly
preferred growth on Ge. We quantify these effects in Fig. 3. Here,
Acodep
Ge is the area fraction of GaAs on the exposed Ge regions, and

Acodep
gr is the area fraction of GaAs on graphene (supplementary Figure

S-3). We define the selectivity as S ¼ AGe=ðAgr þ AGeÞ. At growth
temperatures greater than 610 �C, we obtain a selectivity S > 99%.

We further enhance the nucleation selectivity by employing
periodic supply epitaxy (PSE). Here, we fix the As shutter open and
periodically modulate the Ga shutter between the open position
(GaAs growth) and the closed position [annealing, Fig. 2(d)]. Figure
2(b) shows SEM images of GaAs films grown by PSE, where we let
tgrowth ¼ 1min and tclose ¼ 6min, for a total of 15 cycles. We find
that PSE decreases the total sticking coefficient [Fig. 3(a)] and increases
the selectivity for GaAs nucleation on Ge compared to on graphene
[Fig. 3(b)].

We understand effects of temperature and anneal time in terms
of the microscopic processes sketched in Fig. 3(b), inset. High selectiv-
ity results from a combination of fast surface diffusion on graphene
and high desorption rate from graphene compared to Ge, which has a
sticking coefficient closer to 1. Upon arrival at the surface, Ga adatoms
diffuse over characteristic length k. Ga adatoms will then either desorb
into the vapor or attach to the surface to form GaAs. With increasing
temperature, the desorption rate of Ga from graphene increases dra-
matically, as observed by the factor of 103 drop in the GaAs surface
coverage on graphene (Agr) from 560 to 625 �C [Fig. 3(a)]. In contrast,
for the same range of temperatures, the GaAs coverage on Ge (AGe)
decreases by less than a factor of 10. Surface diffusion also increases

with temperature, resulting in an increased probability for Ga to dif-
fuse and attach to reactive areas of the exposed Ge substrate. These
combined factors explain the general observation that increasing the
temperature increases the selective growth on Ge. Increasing the
anneal time by periodic supply epitaxy plays a similar role as tempera-
ture by increasing the time for desorption and increasing the diffusion
length k. These general trends are consistent with selective area growth
using conventional SiO2 masks.8

We caution that the preceding analysis used areal surface cover-
age as a proxy for the sticking coefficient. These quantities would be
linearly proportional if sticking were completely stochastic with no
adatom mobility on the surface; however, drastic changes in the sur-
face morphology, such as the formation of tall islands, would lead to a
nonlinear relationship between the areal coverage and sticking coeffi-
cient. Regardless, we expect the relationship between the true sticking
coefficient and areal coverage to be a smoothly varying function, and
thus, qualitative dependence of selectivity (defined via areal coverage)
with temperature should have a similar dependence as the true selec-
tivity (defined via sticking coefficient) with temperature. Additionally,
the above analysis focuses on the surface. It is also possible that the
high apparent selectivity may be due in part to graphene acting as a
diffusion barrier,26–29 since GaAs diffusion into nonpolar substrates
like Ge is a known challenge.23,30

The high selectivity and long diffusion length set constraints for
experimental realizations of “remote epitaxy” on unpatterned gra-
phene. “Remote epitaxy” refers to the epitaxial growth of a film on a
continuous graphene-terminated substrate with no intentional

FIG. 2. Enhancing selectivity with growth temperature and periodic supply epitaxy (PSE). (a) SEM images of GaAs grown by co-deposition for increasing growth temperature.
(b) SEM images for samples grown by PSE. (c) Schematic of co-deposition. The Ga shutter is kept open for the entire growth. (d) Schematic of PSE. The Ga shutter is period-
ically shuttered open and closed.
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openings. In this growth mode, epitaxial registry between the film and
substrate is thought to occur via “remote” interactions that permeate
through graphene. However, pinholes or openings in the graphene can
serve as alternate nucleation sites, followed by lateral overgrowth13 or
growth by intercalation.31 In the present work, our results show that
GaAs can nucleate at graphene openings over length scales as large as
10 lm. Experimental realizations of remote epitaxy may require gra-
phene defect control over a length scale of several micrometers in
order to clearly distinguish a “remote” mechanism from a selective
area and lateral epitaxy mechanism.

We demonstrated selective area epitaxy of GaAs using a pat-
terned graphene mask on Ge (001) over a length scale of 10 lm. The
selectivity is comparable to previous demonstrations of selective area
epitaxy by MBE using SiO2 masks, where smaller spacings of

100 nm–2 lm are more typical.9,32,33 The main limiting feature in the
current work is the rough surface morphology of GaAs on Ge (001),
which we attribute to graphene-induced faceting of the Ge (001) sur-
face. We expect that growth on graphene/Ge in (111) or (110) orienta-
tion may be a path for smoother films, since these orientations do not
produce the large graphene-induced faceting. Further improvements
in lithography and etching may also be required to reduce the gra-
phene pinholes and enhance the selectivity for growth at temperatures
below 600 �C.

See the supplementary material for detailed characterization of
patterned graphene on Ge, x-ray diffraction (XRD) and reflection high
energy electron diffraction (RHEED) of GaAs films on graphene/Ge,
and determination of the GaAs areal coverage.
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