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Abstract
The recent discovery of the one-atom-thick, two-dimensional graphene layers
with exciting properties including superb optical transparency andhighmechan-
ical robustness has stimulated extensive research interest for use as an alternative
nanowires (NWs) growth platform for applications in next generation, flexible,
stretchable, and printable electronic and optoelectronic devices.When combined
with the exceptional capabilities of semiconductor NWs including improved
light absorption, reduced optical reflectance, enhanced carrier collection, and
fast response, the performance of optoelectronic devices could be significantly
improved in novel high-performance, flexible nanodevices. However, the growth
of semiconductor NWs on 2D graphene layers is highly challenging owing to
the absence of surface dangling bonds on graphene. Intriguingly, the last decade
has witnessed a flurry of research activity on the growth of III-V semiconduc-
tor NWs on graphene. In this review, we highlight the significant advancements
that have been made in circumventing this challenge to realize the growth of
III-V semiconductor NWs on graphene. We then summarize the recent progress
made in the development of graphene-based NWs devices including photodetec-
tors and solar cells. Finally, a brief conclusion and outlook of the way forward in
the growth of semiconductor NWs on graphene is presented.

1 INTRODUCTION

Over the past few decades, semiconducting nanowires
(NWs) have emerged as the candidate of choice for the
fabrication of next generation high-performance and
high sensitivity nanodevices including solar cells,[1]
transistors,[2] light emitting diodes,[3] detectors,[4] and
other exciting applications such as majorana fermions[5]
due to their unique properties including improved light
absorption,[6] reduced optical reflectance,[7] enhanced
carrier collection,[8] longer diffusion length and lifetime
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of minority carriers,[9] and fast response[10] relative
to conventional planar bulk geometry and epitaxial
growth insensitive to lattice matching requirement due
to their small footprint which enables elastic strain
relaxation.[11,12] Although, NWs are commonly fabri-
cated on Silicon and conventional III-V substrate for
several years, the recent discovery of graphene sheets
in 2004[13] has stimulated extensive research interest as
an alternative platform for NWs growth. This paradigm
shifts to the two dimensional (2D) flexible graphene
substrate is triggered by the quest to exploit its intriguing
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TABLE 1 Comparison of nanowires and bulk thin film growth on graphene

Nanowires Bulk thin films
1 Although the wettability of graphene poses a challenge, it is

less difficult to nucleate nanowires compared to thin films
due to their small footprint

Growth of single crystalline 2D film tends to form rough
surfaces with suppression of nucleation due to the
relatively poor wettability of graphene[30]

2 Capable of accommodating elastic strain relaxation due to
their smaller lateral cross sections[12]

Difficult to accommodating elastic strain relaxation due to
large lateral dimensions

3 Their small lateral footprint enables epitaxial growth since
they are relatively smaller than the grain size of the stack
of graphene layers of graphite at the surface.[33]

The large size of thin films makes them across several
graphene grains of graphite suppressing epitaxial growth

4 Nucleation of nanowires in the cubic/hexagonal phase occurs
in the (111)/(0001) plane[34] such that the NWs adopt the
same hexagonal symmetry as the (0002) - oriented
graphitic surface

Nucleation occurs across entire surface making epitaxial
growth challenging

5 Requires compliance with strict growth conditions such as
restricted domain of temperature window and group V/III
flux ratio

Less sensitive to growth conditions with relatively large
growth temperature window

properties including excellent electrical[14] and
thermal[15] conductivity, high mechanical robustness,
and flexibility,[16] superb optical transparency,[17] unique
optical properties in printable electronics, flexible, and
stretchable devices. Combined with its scalability,[18]
relative abundance, and low synthesizing cost,[19] it
would provide a unique platform for cost-effective
devices. Several graphene based devices have recently
been demonstrated including solar cells,[20] and light
emitting diodes.[21] More so, the one-atom-thick graphene
has demonstrated enormous potential as a low-cost,
and flexible transparent conducting electrode.[22] The
heteroepitaxial growth of III-V NWs on 2D materials
including graphene layer (GP) (note that GP refers to
graphene/SiO2/silicon substrate) and graphitic substrate
(GS) (here, few layers of graphite is cleaved and transferred
onto silicon substrate) is highly challenging[23] because
unlike the growth on conventional III-V semiconductor
substrates which are covalently bonded, the non-covalent
growth of three dimensional III-V semiconductor mate-
rials directly on these non-conventional platforms is not
very easy due to the absence of dangling bonds which
makes them chemically inert to any foreign atoms[24,25,23];
although this might not be the case with other material
systems such as II-VI materials including ZnO which is
relatively easier and extensively investigated.[26] More
so, the absence of these bonds also heightens the surface
tension on the surface and make nucleation difficult.[27]
The epitaxial growth of 3D, group III-V materials with sp3
orbital on 2D layers having sp2 hybridization is only made
possible by weak quasi van der Waals epitaxy (vdWE)[28]
which is more tolerant to lattice-matching requirement
when compared to conventional epitaxy. Whereas con-
ventional heteroepitaxy is coherent such that a highly
lattice mismatched system is characterized by a signifi-

cant number of strain-induced mismatch-related defects
including edge dislocations, threading dislocations, and
stacking faults around the heterointerface, VdWE exhibits
incommensurate/incoherent in-plane lattices at the het-
erointerface. As a result, it is possible to epitaxially grow
compounds with a large lattice mismatch and different
crystalline symmetry to that of the substrate without the
usual lattice mismatch induced defects and buffer layers
on the vdW substrate.[29] However, the degree of difficulty
associated with the growth of III-V semiconductor mate-
rials on 2D layers (including GP and GS) is dependent on
the nature of the material to be deposited. For instance,
there are slight differences in the growth of NWs when
compared to bulk thin film as summarized in Table 1.
Given the absence of reactive dangling bonds at the epitax-
ial surface of 2D substrates, their wettability is relatively
poor leading to suppression of nucleation[30] which poses
a serious challenge for the growth of single-crystalline
NWs structures. This limitation is even greater for the
growth of 2D thin film which rather favor the formation
of rough surfaces[31] and often results in the growth of
clusters following the Volmer–Weber growth. In a similar
vein, although the vdWE growth of single-crystalline, thin
film on the 2D layers significantly relaxes the requirement
of lattice matching, the weak interaction between them
could result in incommensurate short-range ordering in
the epilayer. Even though, such overlayers could nucleate
on the layered substrates, it has been demonstrated
that there is only a partial epilayer–substrate epitaxial
alignment across the epitaxial films resulting in the
growth of polycrystalline epilayers with textured grain
structure.[30] Alaskar et al[32] demonstrated that the
growth of polycrystalline GaAs films on graphene was
associated with the weak interactivity of the 2D substrate.
On the other hand, although the chemically inert GP/GS
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presents a hindrance to NWs growth, the epitaxial growth
vertical semiconductor NWs on these surfaces have been
successfully demonstrated (as described in Section 2).
This could largely be associated with the following[27]:
(i) the ability of NWs to accommodate much more lattice
mismatch than thin films, due to very efficient elastic
relaxation at the lateral free surface,[12] (ii) the small
lateral footprint of NWs enables epitaxial growth due to
their relatively smaller lateral dimension compared to
the grain size of the various A, B, or C stack of graphene
layers of graphite (including few layer graphene) at the
surface.[33] (iii) the preferential growth of NWs verti-
cally along the [111]/[0001] crystallographic direction for
cubic/hexagonal crystal, respectively.[34] Consequently,
NWs nucleation in the cubic/hexagonal phase occurs on
the (111)/(0001) plane such that the NWs adopt the same
hexagonal symmetry as the (0002)-oriented graphitic
surface.
Motivated by the need for high performance, flexible,

stretchable, and cost-effective optoelectronic nanodevices
including flexible displays, printable electronics, sensors,
light emitting diodes, and flexible solar cells, there has
been an increasing interest in the integration of NWs with
the graphene. The last decade has witnessed a flurry of
research activity focused on the growth and applications
of III-V semiconductor NWs on graphene with significant
advances made. Nearly 70% of all these reports were pub-
lished since the last review byMunshi et al[23] in 2013. This
review highlights the recent and significant progress made
on the vdWE growth of III-V Semiconductor NWs on GS.
More so, despite the recent advancesmade in the growth of
NWs onGS, there are very limited reports of NW/graphene
hybrid devices, this review explicates useful strategies for
the fabrication of graphene-based NWs device. It is hoped
that this review would facilitate an increase in NWs-based
graphene device applications.

2 VAN DERWAALS EPITAXY
GROWTH OF SEMICONDUCTOR
NANOWIRES ON GRAPHENE

Several growth techniques are being utilized for the growth
of III-V SemiconductorNWson graphene includingmolec-
ular beam epitaxy (MBE), metal-organic chemical vapor
deposition (MOCVD) or metal-organic vapor phase epi-
taxy (MOVPE) and chemical beam epitaxy (CBE). To facil-
itate NWs nucleation on the non-covalent, chemically
inert graphene substrate (GP), various strategies have been
adopted and developed which includes the Au-catalyzed
growth which is a dominant technique used for NWs
growth. However, Au catalyst poses a serious threat to the
electronic and optical properties of NWs as they degrade

their material properties[35] and device performance,[36]
and are highly detrimental to minority carriers perfor-
mance due to the introduction of carrier recombination
centers such as deep-level traps in theNWs, adverselymiti-
gating its potential for use. As a result, alternativemethods
have emerged for nucleating III-V semiconductor, such as
self-catalyzed growth which involves the use of group III
elements to facilitate NWs growth.[37] Selective area vdWE
growth technique is also being utilized for site-controlled
NWs growth. This involves the deposition of a SiOx mask
layer to cover the GP or GS (henceforth referred to as
GP/GS) and selectively etch hole patterns in the mask by
electron-beam lithography. In the following section, the
various advancesmade in the growth of binary and ternary
III-V NWs will be highlighted.

2.1 Growth of binary nanowires on
graphene

Among all the binary III-V semiconductors, GaAs, GaN,
and InAs NWs have been extensively researched materials
on GP/GS with nearly half of the available studies focused
on InAs material system. The growth and applications of
InAs NWs on GP/GS have been extensively studied due to
its narrow direct bandgap (0.35 eV), small electron effec-
tive mass and high electronmobility of∼30,000 cm2 V-1 s-1
at 300 K[38] for applications in high-speed electronics and
mid-infrared optoelectronics.[39] They are a perfect candi-
date for Majorana fermions investigations owing to their
large Landé g-factor, strong spin-orbit coupling, and Fermi
level pinning in the conduction band.[40,41] On the other
hand, GaAs has a direct bandgap and high electron mobil-
ity and is the most technologically important compound
semiconductormaterial[42] with highly promising applica-
tions in lasers and photodetectors.[43] Similarly, the GaN
material is one of the highly interesting and appealing
semiconductors for use in high-frequency and high-power
devices, light-emitting diodes and lasers owing to its excep-
tional optical, and electrical properties.[44] Recent progress
made in the synthesis of these binary semiconductors is
summarized in the following section.

2.1.1 GaAs nanowires growth

Significant insight into the mechanism of III-V NWs
growth on GP/GS by quasi vdWE was given by Munshi
et al[27] in 2012 who provided convincing evidence that
semiconductor NWs can grow epitaxially on GP/GS. The
authors proposed a generic atomic model to describe
the possible epitaxial growth configurations by which all
conventional III-V semiconductor NWs can be epitaxially
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F IGURE 1 Possible semiconductor adsorption sites for epitaxial growth of vertical semiconductor nanowires on graphitic substrates on
(1) H- and B-sites (A, B, and D) and (2) H- or B-sites (C). The relative rotations of these hexagons for each atom arrangement are written on
the top of each figure. For parts A and D, two relative orientations are possible, ±10.9 and ±16.1◦, respectively (only the + rotations are shown
in the figures). (E) Lattice constants for the lattice-matched atom arrangements in (A) (black vertical line), (B) (green vertical lines), (C) (blue
vertical line), and (D) (red vertical line). Dashed and solid lines correspond to the hexagonal (ahex) and cubic (acub = ahex × √2) crystal phases
of these lattices, respectively. The square (■) and the hexagon (⬢) represent the cubic and hexagonal phases, respectively, for Si, ZnO, and
III−V semiconductors. Squares (GaAs, AlAs, AlSb) with two different colors indicate that the semiconductor can adopt either of two atomic
arrangements on graphene. Reproduced with permission from.[27] Copyright 2012, American Chemical Society

combined with GP/GS. Owing to the symmetry of a
cubic/hexagonal semiconductor in the (111)/(0001) plane,
the degree of strain is dependent on the site occupied
by the semiconductor on top of the graphene. As shown
in Figure 1(A-D), the possible semiconductor adsorption
sites on top of graphite are: (1) above the center of the
hexagonal carbon rings of graphene (H-site), (2) over the
bridge between carbon atoms (B-site) and (3) on the top
of a carbon atom (T-site, inset of Figure 1A). A plot of the
bandgap energies versus lattice constants of III−V semi-
conductors is depicted in Figure 1E. Based on this generic
model, semiconductors that are nearly lattice-matched to
graphene (such as InAs) are expected to adopt the atomic
arrangement in Figure 1C whereas those with large lattice
mismatch (such as GaAs, AlAs and AlSb) are expected
to adopt either of two different atomic arrangements
on graphene (Figure 1B or C). The T-site is unfavorable
for semiconductor atoms.[27,45] The model was verified
experimentally with the growth of vertically aligned GaAs
NWs on (GS) via the self-catalyzed vapor-liquid-solid
route using MBE. A growth temperature-dependent NWs
yield was observed, at a high temperature of 610◦C, the
NWs density was relatively low (∼0.02/µm2) with the
concomitant growth of a high density of spherical Ga
particles with high contact angle, which suggest the
non-wetting Ga does not favor NWs nucleation.

However, by decreasing the growth temperature to
540◦C, the NWs density was significantly increased
(∼1 µm-2) with a corresponding increase in the density of
GaAs parasitic growth. This increased NWs nucleation
probability was ascribed to an increase in Ga wetting at
a lower temperature, resulting in a smaller contact angle.
However, after employing a two-temperature growth
regime of NWs nucleated at 540◦C for 10 minutes and sub-
sequent growth at 610◦C, the NWs density was increased
while parasitic growth was suppressed. Transmission
Electron Microscopy (TEM) analysis confirmed the epi-
taxial relationship of as-grown NWs with graphene. GaAs
NWs growth on GP/GS is highly challenging and limited
to this study possibly due to the high lattice mismatch.
Zinc blende (ZB) GaAs (lattice constant = 5.653 Å[46])
NWs if nucleate on the graphene with Ga (or As) atom
positioned above both H- and B-sites on graphene[27]
(Figure 1B), the distance between two neighboring atoms
is 3.694 Å and the lattice mismatch would be 8.2%. On the
other hand, if the atoms adopt the atomic arrangement
of Figure 1C (above H-sites) on graphene, the distance
between two neighboring atoms is 4.266 Å and the
corresponding lattice mismatch is 6.3%. This relatively
large lattice mismatch explains why it is challenging to
realize GaAs NWs growth on GP/GS. This pioneering
work provided the laudable impetus for stimulating
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interest in the growth of III-V semiconductor NWs on
graphite.

2.1.2 GaN nanowires growth

Adatom mobility on graphene is significantly influenced
by the nature and thickness of the graphene[40,47] due
to differences in the stability of adatom binding at the
graphene edge sites. It is therefore, crucial to investigate
the impact of the graphene surface onNWs growth. Several
research groups have extensively investigated the growth
of GaN NWs on GP/GS using different carrier substrates
such as Si, SiO2, and Al2O3. The catalyst-free, epitaxial
growth of GaN NWs on graphene by plasma-assisted MBE
has been reported.[48] Vertically oriented and dense GaN
NWs arrays were selectively deposited on large polycrys-
talline and small monocrystalline graphene flakes. The
graphene flakes were grown by chemical vapor deposition
on the SiO2/Si carrier substrate. The NWs were vertically
aligned along their c-axis with an epitaxial relationship
with thewurtzite (WZ)GaN, such that the crystallographic
⟨21̅1̅0⟩ directions of GaN is parallel to carbon zigzag chains.
Interestingly, the NWs yield, and length were found to be
inversely proportional to the number of graphene layers
beneath them; they both decrease rapidly when the layer
number increased. A model was developed to explain this
trend which was attributed to strain. The optical property
of as-grown defect-free GaN NWs was found to be compa-
rable to GaN NWs grown on crystalline Si substrate. This
study provided convincing evidence that graphene layers
(transferred onto carrier substrates) are a potential replace-
ment for bulk crystalline substrates for the epitaxial growth
of GaN NWs based flexible devices.
Graphene is emerging as an alternative substrate for the

SAG of GaN NWs. Recently, Morassi et al[49] developed a
new approach for the Selective area, growth of vertically
aligned GaN NWs on Graphene Nanodots by MBE. NWs
growth was achieved on the dots of different sizes 50, 100,
150, and 200 nm. As shown in Figure 2, the average num-
ber of NWs per dot significantly increased with growth
duration. The NWs were grown on graphene nanodots,
patterned by electron beam lithography (EBL) from poly-
crystalline graphene patches over SiO2/Si substrates. Verti-
cally aligned GaN NWs ensembles were selectively grown
on graphene nanodomains. In addition, the nucleation dif-
ferent sizes dots occurs preferentially on the periphery of
the graphene dots, with a linear dependence of the NW
number on the dot radius. The study enables epitaxial
NWs growth on a single graphene monolayer via litho-
graphic etching which has demonstrated the suitability
and enormous potential of this fabrication process. The
PL FWHM of GaN NWs on graphene nanodots was com-

parable to the reference GaN NWs on AlN/Si substrates.
A model describing the asymmetric distributions of NW
length was presented by considering a dot-size-dependent
incubation time. It was shown that NWs incubation time
significantly increases for a dot radii below 150 nm, lead-
ing to a decreased mean NW length, broader length distri-
bution, and reduced NW filling factor. This graphene SAG
technique coupled with the ease with which NW can be
removed from the substrate due to the weak van derWaals
adhesion to graphene unravels a promising pathway for the
fabrication of flexible nanodevices.
Fernández-Garrido[50] investigated the self-assembled

formation of GaN NWs by PA-MBE on epitaxial graphene
layers with different number of graphene layers syn-
thesized on SiC substrates. Schematic illustration of the
different types of graphene layers prepared on 6H-SiC
substrates with the corresponding AFM micrographs of
the pristine graphene layer as well as the bird’s eye SEM
view of the GaN NW ensembles, which were prepared on
the three different types of graphene layer structures is
shown in Figure 3. The study revealed the graphene was
etched with the active N species produced by the radio fre-
quency N2 plasma source at a rate that is, however, several
orders of magnitude lower than the GaN deposition rate.
As a result, graphene layers in some cases could withstand
the growth process as confirmed by Raman spectroscopy
and TEM. In addition, the NWs grown on graphene
and preferentially nucleated at step edges, are vertically
aligned and crystalline with structural quality comparable
to those grown on conventional substrates. This study
demonstrated a scalable epitaxial technique for the growth
of GaN NW on graphene for promising device applica-
tions. The self-organized growth of high-density, vertically
aligned GaN nanocolumns on multilayer graphene
(MLG)/SiO2 has been reported.[51 A thin AlN buffer layer
was used to enhance nucleation as well as to prevent
etching of the graphene layer from the impinging active
N species produced by the radio frequency N2 plasma
source.[51] TEM analysis revealed the absence of threading
dislocations, SFs, or twinning defects. The PL peak inten-
sities of the self-organized GaN nanocolumns is 2.0–2.6
times higher than those on GaN substrate with no yellow
luminescence or ZB-phase GaN emission were observed
from the nanocolumns. All these studies demonstrate the
suitability of the GS for the nucleation and growth of GaN
NWs as an alternative to conventional substrates.

2.1.3 InAs nanowires growth

The pioneering work by Hong et al.[25] in 2011 was the
first successful demonstration of InAs NWs on GS by
MOVPE via a catalyst-free growth technique. To achieve
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F IGURE 2 (A, B, D, E, G, H, J, K) Top view and (C, F, I, L) 45◦ tilted SEM images of GaN NWs grown for 4 hours on patterned graphene.
The rows correspond to dot radii Rdot = 200 nm in (A−C), 150 nm in (D−F), 100 nm in (G−I), and 50 nm in (J−L). Reproduced with permission
from.[49] Copyright 2020, American Chemical Society

selective-area vdWE growth, a 20 nm thick SiOx mask
layer was first deposited on the GS by sputtering and
oxygen reactive ion etching (O2 RIE) was used to artifi-
cially form monomolecular layer (ML) ledges or kinks
on the graphitic surface to facilitate NWs nucleation.
Figure 4(A-C) shows the SEM images of as-grown NWs
on graphite after 20 minutes of growth. The estimated
diameter, length, and density of NWs were measured to be
42±16 nm, 0.8±0.4 µm, and ≈ 6 × 108 cm–2, respectively
(Table 2). The non-tapered and vertical directionality of
the NWs (Figure 4B) was attributed to the well-optimized
growth condition. Figure 4C reveals the hexagonal in-
plane alignment (indicated by arrows) of both NWs and
Islands owing to the heteroepitaxial relationship between
InAs and carbon honeycomb lattice. Conversely, on
the non-O2 RIE etched GS, a dominant Island growth
was observed along the naturally formed step-edges of
graphitic films (Figure 4D-E). Consequently, the suc-

cessful heteroepitaxial growth of vertically aligned InAs
NWs was attributed to a combination of the controlled
atomic layer ledge of the substrate surface and the in-
plane lattice matching with the graphitic substrates. As
earlier highlighted, InAs are expected to adopt the atomic
arrangements of Figure 1C (above H-sites) on graphene.
Given the ZB lattice constant of 6.058 Å),[46] and the
distance between two neighboring In (or As) atoms is
4.266 Å, the lattice mismatch between InAs and graphite
is 0.42%.[27] The controlled growth of vertical NWs with
uniform dimension and high yield is highly promising
for the fabrication of semiconductor devices on carbon
honeycomb lattices. In a separate report by Hung et al,[52]
theMOVPE growth of InAsNWs on large-area single-layer
graphene (SLG) andmultilayer graphene (MLG) films was
examined by the vdW heteroepitaxy using the catalyst-free
technique to investigate the effect of the surface roughness
of graphene on the control of NWs growth direction.
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F IGURE 3 Schematic illustration of the (A) Type I, (B) II, and (C) III epitaxial graphene layer structures (GLS) prepared on 6H-SiC sub-
strates. SLG, BLG, TLG, andMLG stand for single-layer, bilayer, trilayer, andmultilayer graphene, respectively. (D−F)Atomic forcemicrographs
of the corresponding pristine graphene layer structures. The linear color-code scale bar included in (D) represents 7, 15, and 60 nm in figures
(D), (E) and (F), respectively. (G−L) Bird’s eye view scanning electron micrographs of the GaN NW ensembles prepared on the three differ-
ent types of graphene layer structures, as indicated in the images). Reproduced with permission from.[50] Copyright 2017, American Chemical
Society

Optical microscopy and Raman spectroscopy were used
to confirm the number of stacked layers, thickness and
uniformity of the graphene films. Whereas the thickness
of the SLG film was highly uniform, the MLG films were
nonuniform as depicted in the photographs and surface
topographic maps in Figure 5A and B respectively. The
thicker MLG films were found to display a higher surface
roughness than the SLG due to the presence of many
graphene ledges as confirmed by atomic force microscopy.
Consequently, the InAs NWs on the SLG films were ver-
tically well aligned with an average density of (1.6 ± 0.7)
× 108 cm−2 due to the smooth and uniform SLG surface
whereas the same growth conditions resulted in vertically
less-aligned NWs on the MLG films with an increased
number density of (6.9 ± 1.1) × 108 cm−2 as shown in the
tilted view field-emission SEM images in Figure 5C and
D. This demonstrates that high-quality graphene is
essential for realizing vertically well-aligned InAs NWs.

Furthermore, the authors observed that the CVD-grown
GS suppressed the unwanted growth of parasitic InAs.
The self-assisted growth of InAs NWs on graphene by

MBE has been reported by Kang.[40] To investigate the
influence of the substrate on the morphological and struc-
tural properties of the NWs, various graphene substrates
were utilized for the growth including bilayer graphene,
buffer layer and quasi-free-standing monolayer graphene.
The SEM micrograph (Figure 6A,B), of the NWs grown
on the bilayer are vertically well-aligned (albeit with the
presence of parasitic islands growth) with a diameter of
100 nm and aspect ratio of ∼25, however, by switch-
ing to a homogenous R30◦-reconstructed buffer layer
(graphene/SiC interface) substrate, (Figures 6C-D) and
adjusting the nucleation conditions, InAs NWs with a
significantly smaller diameter of ∼35–50 nm, improved
aspect-ratio (75–100) and more uniform distribution were
realized. The significant improvement in NWs geometry
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F IGURE 4 InAs nanostructures grown on thin graphitic films. (A-C) SEM images of vertically well-aligned InAs nanowires grown on
graphitic films etched by O2 RIE, taken at (A) 60o tilt view, (B) high magnification 45o tilt view, and (C) top view. (D, E) SEM images of InAs
nanostructures grown on non-etched graphitic films, taken at (D) top view and (E) 45o tilt view. Inset in (D) is a surface topographic image
of bare graphitic films scanned by AFM. The wedges in peripheries of (D) and (E) indicate the cleaved step-edges of graphitic layers, showing
that the InAs nanoislands were mostly yielded specifically along the step-edges of graphitic substrates. Reproduced with permission from.[25]

Copyright 2011, American Chemical Society

F IGURE 5 InAs nanowires grown on CVD-grown graphene substrates. Optical microscopic image and AFM surface topographic map
of (A) SLG and (B) MLG films. Tilt-view FE-SEM images of InAs nanowires grown on (C) SLG and (D) MLG substrates. The wedges indicate
graphene wrinkles. Reproduced with permission from.[52] Copyright 2012, American Chemical Society

was attributed to higher corrugation of the buffer layer.
This demonstrates that the buffer layer is the better sub-
strate for InAs NWs growth. The authors presented possi-
ble evidence that the growth is guided by indium droplets,
which are transformed into InAs at the end of the growth
evidenced by the rounded NW tips (Figure 6E which is
completely different from the flat NWs tip typical of the

vapor solid growth mechanism.[39] A 30◦ orientation con-
figuration of some of the InAs NWs was observed and
ascribed to the surface corrugation of the graphene sub-
strate. Low-temperature transport measurements on InAs
NW-based devices demonstrated good electric properties;
the conductance measurements on the devices displayed a
semi-ballistic behavior, whilemultiple Andreev reflections
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F IGURE 6 A, Bird’s-eye view and (B) enlarged SEM micro-
graph of a single InAs NW grown on bilayer graphene; (C) bird’s-eye
view and (D) enlarged SEM image of a single InAs NW grown on the
buffer layer, showing enhanced 2D growth on the buffer layer; (E)
HR-TEM image of the tip of a NW grown on the buffer layer; the *
scale bars are 100 nm. Reproduced with permission from.[40] Copy-
right 2016, IOP publishing Ltd

were observed in the Josephson junctionmeasurements in
the non-linear regime, and an inelastic scattering length of
about 900 nm was derived. This demonstrates a promis-
ing potential for application in InAs NWs-based electronic
devices.
To fully exploit the enormous potential of

InAs/graphene hybrid junction device applications, it
is crucial to optimize epitaxial growth for the precise
control of NWs geometry and density.
The size and spatial distribution of NWs can be con-

trollably manipulated using basic growth parameters.[56]
Hence, it is essential to investigate the influence of growth
parameters of NWs. We[24,57] conducted a comprehensive
growth study of InAs NWs on graphite films, mechanically
exfoliated from highly oriented pyrolytic graphite (HOPG)
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F IGURE 7 45◦ tilted SEM images of InAs nanowires grown on graphitic substrates as a function of growth temperatures (top panel),
growth rates (middle panel) and V/III flux ratios (bottom panel). The scale bars for top and middle panel correspond to 1µm while that of the
bottom panel corresponds to 500 nm. (Reproduced from.[24] CC BY 4.0)

using MBE via an Indium droplet-assisted technique. In
order to control the morphology and spatial distribution
of NWs to realize optimal InAs NWs with high aspect
ratio and high density of vertically aligned NWswith supe-
rior crystal structure suitable for functional device applica-
tions, essential growth parameters including growth tem-
perature, growth rate and V/III flux ratio were varied. The
SEM images in Figure 7 (top panel) depicts the variation
of InAs NWs density and morphology as a function of
growth temperature. As can be seen, the NWs exhibit a
homogeneous diameter along their entire length without
any measurable tapering. It can be seen that NWs length
(LNW) increases for a temperature rise in the range of 400–
435◦C while it decreases for temperatures beyond 435◦C.
Maximum LNW was thus obtained at a temperature of
435◦C which is in agreement with a previous report.[58]
Interestingly, a high density of long and thin NWs with
a high aspect ratio (∼83) was obtained at an optimal tem-
perature of 435◦C (length and diameter of 2.58 ± 0.34 µm
and ∼31.21 ± 6.59 nm, respectively). However, despite this
significantly high aspect ratio, the NWs remain vertically
well-aligned without the presence of randomly oriented
NWswhich demonstrates the feasibility of fabricating InAs
NWs with good geometry suitable for fundamental stud-
ies such as size-dependent quantum confinement effects.
NW growth was realized on GS within the temperature

domain of 400–475◦C consistent with the MBE growth
window of InAs NWs (400–500◦C).[39,58,59] For the NWs
grown at varying growth rate and fixed temperature and
V/III flux ratio, a monotonic increase in NWs density with
increasing growth rate was observed (Figure 8, middle
panel). With the highest yield of vertically aligned NWs
obtained at a relatively high growth rate of 0.3 ML s-1.
The observed increase is correlated with the dependence
of NWs nucleation on in-flux, with a high in-flux favor-
ing the formation of a high density of In droplets and
NWs due to the reduction in adatom diffusion time.[60]
Thus, the GS enables NWs growth at high growth rates
favorable for cost-effective device fabrication. When the
V/III flux ratio was varied while keeping all other precur-
sors fixed (Figure 8, bottom panel), no NWs growth was
achieved at a lowV/III flux ratio of 27, whereas an increase
to 51 enhanced NWs nucleation probability which indi-
cates that As-rich conditions are crucial for the suppres-
sion of parasitic growth in favor of InAs NWs growth. This
study shows the self-catalyzed growth of InAs NWs with
significantly improved morphology can be only achieved
within a relatively narrow growth temperature window
and restricted domain of growth rate and V/III flux ratio.
To elucidate the crystal structures of as-grown InAs NWs,
HRTEM measurements were performed. The NWs were
found to display a ZB/wurtzite (WZ) crystal phase mixture
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F IGURE 8 Ag-seeded NW growth on graphitic flakes. A, Sketch of the ensemble growth system. (B– E) 45◦ tilted SEM micrographs of
the pre (D-E) and post (B-C) growth system. B, A typical GF with Ag-seeded InAs NWs. Evidently, no NW growth on the bare InAs substrate
(false-colored red) is apparent. C, Zoomed in micrograph of vertical Ag-seeded InAs NWs from (b). D, Micrograph of Ag particles on GFs. No
Ag particles are visible on the bare InAs substrates. E, Zoomed in micrograph of the post-annealed formation of hemispherical Ag droplets
on a GF from (D). (F-H) TEM micrographs of Ag seeded NW grown from a GF as in (B), (C). F, Overview TEM micrograph of the NW (G)
Micrograph of a NW top terminated by a Ag seed particle. The inset displays a selected area TEM diffraction pattern with the electron incident
beam along the InAs [2-1-10] zone axis with additional peaks along the [0001] direction presumably from the seed particle (white arrows). H,
Representative mid-part of a Ag seeded NW demonstrating pure WZ structure. I, Micrograph of the bottom part of the wire presenting three
stacking faults highlighted by the red arrows. Reproduced with permission from.[53] Copyright 2016, IOP publishing Ltd

consistent with previous reports of self-assisted InAs
NWs[39,61]; however, the defect density (stacking fault
and rotational twins) was significantly reduced which is
attributed to thewell-optimized growth conditions utilized
for NWs growth combinedwith the near coherent in-plane
lattice matching between InAs and the graphene honey-
comb lattice. Similarly, Baboli et al [62] investigated the
pseudo VDE epitaxy growth parameter space for the het-
erogeneous integration of InAsNWswith continuous films
of SLG via MOCVD. By tuning essential growth param-
eters of growth temperature, V/III ratio, and total flow
rate of metalorganic and hydride precursors, the length,
diameter, and number density of NWs and areal coverage
of parasitic islands, were varied. The study among other
things reported that the elimination of a pre-growth in situ
AsH3 surface treatment significantly reduced the coverage
of parasitic islands with a concomitant increase in NWs
aspect ratio and density. The use of a two-step growth pro-
cedure involving a nucleation step at low trimethyl-indium
flow rates and a subsequent axial extension step at higher
trimethyl-indium flow rate enabled the growth of a high
density of high aspect ratio NWs. Optimized growth condi-
tions enabled the growth of high axial growth rate (840 nm
min−1), high number density (∼8.3 × 108 cm−2) and high

aspect ratio (>80) InAs NW arrays on graphitic surfaces.
It is believed that this study would provide needed guid-
ance for the vdWE growth of self-assembled III–V semi-
conductor NWs on two-dimensional monolayer materi-
als for application in flexible optoelectronics and tandem-
junction photovoltaics.
Meyer-Holdt[53] explored the Ag-catalyzed InAs NWs

growth on transferable graphite flakes (GFs) by MBE. The
potential advantage of employing Ag as a catalyst for InAs
NWs growth on GFs as a substitute for the commonly used
Au was investigated. After depositing Ag on the GFs and
the bare InAs substrates ex-situ, the samples were quickly
transferred to the MBE growth chamber to minimize Ag
oxidation. Figure 8A shows the sketch of the GaAs NWs
growth system while SEM images of Figure 8B, C reveals
a selective growth of mostly vertically aligned InAs NWs
in the [111]/[0001] direction with NWs growth absent on
the bare InAs substrate. The 10 µm long and ∼20–50 nm
thick Ag catalyzed NWs presents a high aspect ratio. The
authors believe such selective NWs growth exclusively on
theGFs andnot on the InAs substrate is less likely usingAu
as a catalyst due to the extremely long diffusion length of
Au on GFs using the growth parameter space utilized for
the growth. TEM analysis shows the Ag terminated NW
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presents no signs of tapering (f) and the absence of stack-
ing faults (g). The NWs display a pure WZ crystals struc-
ture along the entire NW length, except for occasional SFs
near the top and bottom, (Figures 8H–I). It was demon-
strated that flexible GF/NW ensembles can be transferred
to a preferred substrate for characterization and/or device
fabrication with enormous potential for a variety of appli-
cations. This study unraveled a highly promising pathway
for obtaining novel electronic and optical devices based on
NW/GF hybrid systems while at the same time enabling
fundamental research into the NW/growth substrate inter-
phase as well as parasitic growth. Wallentin et al[63] inves-
tigated the Au catalyzed the growth of III−V NWs on
graphite byMOVPE.Although verticalNWswere observed
for the InP, GaP, and GaAs materials, the highest yield of
undoped vertical NWs was obtained for InAs. However,
the yield of vertical NWs for GaP and GaAs was strongly
improved by supplying the p-dopant DEZn before NWs
growth but not by supplying H2S or HCl. The low NWs
yield observed was explained using a classical nucleation
model. Graphene has also been shown to partly influence
the crystal structure of catalyst-free, vdWE grown InAs
nanostructures.[64]

2.2 Growth of ternary nanowires on
graphene

Given the difficulty in realizing III-V NWs growth on
graphene, it is not surprising that there are very limited
reports of the growth of Ternary NWs on Graphene. The
growth of GaAsSb, InAsSb, and InGaAs NWs on GS has
been reported in the literature.

2.2.1 GaAsSb nanowires growth

The growth of high-quality GaAs1−xSbx NWs on mono-
layer graphene by MBE for the application in a flexible
near-infrared photodetector has been reported by Nala-
mati et al.[65] The authors systematically investigated the
influence of important growth parameters of growth tem-
perature, V/III beam equivalent pressure (BEP) ratio, and
Ga shutter opening duration on NWs growth. A schematic
illustration of the growth process of GaAsSb NWs is shown
in the top panel of Figure 9. A two step-growth tech-
nique of an initial low (520 to 550)◦C and subsequent
higher (580◦C) substrate temperatures along with opti-
mized growth parameters were successfully employed to
realize a high yield of vertically oriented GaAsSb NWs on
monolayer graphene. On the other hand, a lowered V/III
flux ratio enhanced Sb incorporation in as-grown NWs.
GaAs1−xSbx NWs grown under optimal conditions exhib-
ited a distinct 4 K PL emission peak at 0.94 µm (1.319 eV)

with a full width at half maximum (FWHM) of 46 meV.
In comparison to the NWs grown on a Si substrate, the
GaAsSb NWs on graphene displayed higher intensity and
higher optical responsivity majorly due to a lower back-
ground carrier concentration coupled with improved car-
rier mobilities which are signatures of the high optical
property of theNWs. Structural analysis of optimalGaAsSb
NW (Figure 9 A-D) and SAED patterns (Figure 9E−G)
shows a ZB crystal structure of the GaAsSb NWs with
microtwins and SFs present exclusively near the NW tip.
EDS compositional line scans (Figure 9I−K) indicates a
uniform compositional homogeneity along the NW length
with an average Sb composition of 7.3 at. %.

2.2.2 InAsSb nanowires growth

The growth of InAsSb NWs on GS is rare and limited to
a study conducted by our group at Lancaster University.
High aspect ratio InAsNWswere first obtained on graphite
at As-rich conditions to establish optimal growth condi-
tions. SEM analysis reveals the InAs exhibit a uniformNW
diameter along the entire length with no visible tapering
with an estimated length of 2.58 ± 0.34 µm, the diameter
of 31.2 ± 6.6 nm and density of 8.09 × 108 cm−2 to give a
significantly improved aspect ratio of ∼83. This significant
improvement is attributed to well-optimized growth
conditions. The high yield of vertically well-aligned InAs
NWs (InAs[111]∥graphite[0001]) is attributed to the nearly
coherent in-plane lattice matching between InAs ⟨110⟩
and graphene ⟨1000⟩.[52,25,54] High-resolution ADF and
scanning TEM analysis indicates the InAs/GS NWs are
composed of mixed ZB and WZ phases. The growth of
high aspect ratio InAsSb NWs which is highly essential
for device applications is extremely challenging due to
Sb-induced suppression of axial growth and enhancement
in radial growth.[66] Anyebe, et al[55] successfully realized
for the first time, the growth of high quality, vertically
aligned, non-tapered, uniform and ultrahigh aspect ratio
InAsSb NWs with Sb composition up to ∼12 at. % by
indium droplet assisted MBE on graphite. Sb was found
to significantly enhance radial growth while suppressing
NWs growth at moderately As-rich conditions. We have
demonstrated that highly As-rich condition enables the
suppression of the Sb surfactant effect to enable the
growth of ultrahigh aspect ratio NWs. A combination of
X-ray diffraction and PL measurements confirmed the
successful Sb incorporation in as-grown NWs evidenced
by a distinct redshift in the band-to-band related emission
with increasing Sb composition. This study elucidates
a promising technique for the monolithic integration of
InAsSb NWs on graphitic thin films for high-performance,
flexible, and cost-effective optoelectronic devices.
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F IGURE 9 Schematic illustration of the growth process of GaAsSb NWs on monolayer graphene (Top panel). TEM image of GaAsSb NW
grown on monolayer graphene under optimized conditions. (B-D) HR-TEM images of selected areas marked with white squares in panel (A).
(E−G) SAED patterns of selected regions of NW in panel (A), marked with red circles displaying ZB structures viewed from the zone axis of
[11̅0]. H, False color mapping of HAADF image of the corresponding NW. (I−K) EDS line scans taken at the top, middle, and bottom segments
of the NW marked with blue squares in panel (H). Scale bar is 75 nm for panel (H). Reproduced with permission from.[65] Copyright 2019,
American Chemical Society

2.2.3 InGaAs nanowires growth

The vdWE, MOCVD growth of highly dense arrays of ver-
tically aligned InAs NW and self-organized formation of
coaxially heterostructured InAs/InxGa1−xAs NWs, over a
wide tunable ternary compositional range, on graphene
substrates by Mohseni et al[54] has been reported. First,
vertically aligned binary InAs NWswith measured lengths
of ∼3.4 µm, a diameter of ∼87 nm, and a density of 7 ×
108 cm−2 were deposited. The vertical directionality of as-
grown NWs was associated with the near lattice-matching
of InAs crystals along the ⟨111⟩ direction on the (0001)
graphene surfaces. However, this is growth temperature-
dependent as the growth of parasitic islands is promoted
at low temperatures below 520◦C at the expense of NWs
growth which was rather facilitated by higher temper-
atures ≤ 580◦C, beyond which NWs yield is drastically

reduced owing to increased desorption of growth precur-
sors. The InAs display a ZB crystal structure with a high
density of SFs. The growth of ternary InxGa1−xAs NW
was then systematically investigated over a wide compo-
sition range (0.2 < ξIn < 1) on continuous graphene films
where ξIn is the ratio of trimethyl-indium [TMI, (CH3)3In],
to the combined group-III (TMI and trimethyl-gallium
[TMG, (CH3)3Ga]) molar flow rates. A compositional
inhomogeneity and phase segregation were observed as
the growth of InGaAs NWs on graphene spontaneously
resulted in phase separation right from the commence-
ment of growth, yielding a distinct InAs−InxGa1−xAs
(0.2 < x < 1) core−shell segments confirmed by a com-
bination of high-angle annular dark-field (HAADF) imag-
ing and the radial energy dispersive X-ray (EDX) lines can
as shown in Figure 10 (A-B), similar to previous reports
on Si[67] and GaAs(111)B substrates.[68] The observed
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F IGURE 10 Phase-separated InGaAs
NW confirmed by (A) HAADF showing a
region near the base of a NW (x = 0.39). The
white dashed line shows the position, x,
along which the radial EDX line scan shown
in (B) was obtained. C, HAADF image from
the central portion of the same NW as in (A).
The black dashed line shows the position, x,
where the axial EDX line scan shown in (D)
was collected. The white arrows in (A) and
(C) point toward the NW tip; the scale bars
represent a 25 nm length. Black (squares), red
(circles), and blue (triangles) data points
represent detected counts of elemental In,
Ga, and As, respectively. Reproduced with
permission from.[54] Copyright 2013,
American Chemical Society

self-organized phase separation was found to be unique
to the InxGa1−xAs NW growth on graphene, as growth
on Si substrates and MoS2 2D sheets under identical
growths conditions yielded the monotonic stoichiomet-
ric single phase InGaAs NWs. Which suggests the pref-
erential phase segregation is characteristic of vdWE of a
ternary compound, in which a constituent binary com-
pound is nearly lattice-matched to the 2D substrate. In
addition, the phenomenon of phase segregation was found
not to occur when Au catalyst was utilized to facili-
tate InGaAs NW growth despite maintaining identical
conditions on the same kind of graphene substrates.
This phenomenon is highly promising for the fabrica-
tion of novel, functional hybrid materials for use in
flexible optoelectronic device applications. The catalyst-
free, MBE growth and study of the chemical compo-
sition and crystal structure of InAs/InxGa1− xAs coaxial
nanorod heterostructures on graphene layers has been
reported.[69] Cross-sectional electron microscopy inves-
tigation indicated that the InxGa1−xAs layers have uni-
form composition coated hetero-epitaxially to the entire
surface of the InAs nanorods, with no interfacial layers
or structural defects. A two-step growth method involv-
ing a high-temperature growth of InAs nanorods core
and a low-temperature coating of InxGa1 − xAs shell lay-
ers was employed to fabricate InxGa1−xAs shells with pre-
cisely controlled chemical composition, thickness, and
sharp interface. STEM and EDS analysis confirmed the
successful growth of InAs/InxGa1−xAs coaxial nanorod
heterostructures which distinctly showed core-shell lay-

ers with uniform composition and thickness. A schematic
diagram of the TEM sampling positions and the corre-
sponding plan-view is depicted in Figure 11Awhile a cross-
sectional bright-field image of InAs/InxGa1−xAs nanorods,
revealing the (0001) surface is shown in Figure 11B. Cross-
sectional HR-TEM measurements (Figure 11C) confirmed
a clean interface between InxGa1−xAs and InAs. The areas
of the oxide layer formed on the nanorod surface and Pt-
protection layer are marked in Figure 11D. The HR-TEM
images in Figure 11E provided convincing evidence of a
clean interface between the InAs nanorod and graphene
substrate with no interfacial layer observed. The image
also indicates a well-aligned growth direction, parallel to
the c axis of the CVD graphene, as shown by the fast
Fourier transform (FFT) in the inset. Figure 11F shows the
Fourier-filtered images of the interface between InAs and
CVD graphene layers. This study explicates a unique route
for the monolithic integration of semiconductor coaxial
nanorod heterostructures on graphene for novel applica-
tions in flexible electronics and optoelectronics.

3 APPLICATIONS OF VAN DER
EPITAXY GROWNNANOWIRES

There are limited reports on GS/InAs devices which is
understandable given that the vdWE growth of semi-
conductor NWs on GS is still in its early years. Here we
highlight the recent advances made in the fabrication of
optoelectronic devices from NWs deposited on GP/GS.
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F IGURE 11 Microstructure of InAs/InxGa1−xAs coaxial nanorod heterostructures on CVD graphene layers. A, Schematic diagram
of the TEM sampling positions and the corresponding plan-view (B) bright-field-TEM, (C) HR-TEM and (D) Fourier-filtered images of
InAs/InxGa1−xAs coaxial nanorod heterostructures. The inset diffraction patterns in b are obtained via FFT of the HR-TEM images in (C). The
areas of oxide layer formed on the nanorod surface and Pt-protection layer are marked in (D). Cross-sectional (E) HR-TEM and (F) Fourier-
filtered images of the interface between InAs and graphene layers. The inset diffraction patterns in ewere obtained via FFT of the corresponding
HR-TEM image. Chemical composition of InAs/InxGa1−xAs coaxial nanorod heterostructures grown on CVD graphene layers. G, Plan-view
STEM image, (H) elemental mapping of Ga, In and As using STEM–EDS, and (I) EDS line profiles of In and Ga along the dotted line in (G).
Reproduced from.[69] CC BY 4.0

3.1 Device applications of Van derWaals
Epitaxy grown nanowires on graphene

In this section the direct applications of nanowires/
graphene in hybrid devices are presented including pho-
todetectors and solar cells.

3.1.1 Photodetector

One of the earliest insight into the responsivity of
Graphene/InAs NW heterojunction Photodetectors was
provided by Miao et al[70] in 2015. Elsewhere deposited
InAs NWs were physically transferred onto graphene
substrate and the source/drain electrodes defined on
the graphene and NW, respectively, using electron-beam
lithography, metallization, and lift-off processes. Figure 12
shows the SEM (a), TEM (b) images and corresponding
SAED Pattern (c) of a representative single InAs NW. This
new type of graphene/InAs NW vertically stacked hetero-
junction infrared photodetector (Figure 12 D-G) exhibited
a large photoresponsivity of 0.5 AW−1 and Ilight/Idark ratio
of 5×102, while the photoresponsivity and Ilight/Idark ratio
of graphene infrared photodetectors are 0.1 mAW −1, and 1,
respectively. The rectifying behavior of the graphene/InAs

NW heterojunctions and the tunable Schottky barrier con-
trols charge transport across the vertically stacked het-
erostructure was further confirmed by simulations. The
study demonstrates that despite the negligible bandgap
and small optical absorption of the 2Dmaterial, graphene-
based infrared detectors are highly promising for the fab-
rication of graphene-based electronic and optoelectronic
devices.
InAs-NWs/graphite heterojunction devices exhibiting

rectifying behavior has been demonstrated by Anyebe
et al.[24] InAs NWs were directly grown on graphite using
an indium droplet assisted growth technique. The devices
were processed using standard Photolithography. A layer
of SU8with a thickness of about 4 µmwasdeposited by spin
coating and ultraviolet exposure to encapsulate the NWs.
Then, the SU8 was thinned via reactive ion etching using a
mixture of O2 and SF6 35 sccm and 5 sccm, respectively to
free the NW tips. Circular devices with varying diameters
(25–200 µm) were defined by a thin gold layer which was
deposited on and between the exposed tips of nanowires.
To allow electrical connection to the devices, a thicker top
contact layer of Ti/Au (20/200 nm) was defined over some
specific part of the device area for Ohmic contact. Finally, a
backOhmic contact of aluminumwith a thickness of about
200 nm was deposited on the reverse side of the substrate
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F IGURE 1 2 A, SEM image of InAsNWs. B, TEM image of a representative single InAsNWand (C) corresponding selected area of electron
diffraction (SAED) pattern. A, Schematic of graphene/InAs NW heterojunction near-infrared photodetectors. B, SEM image of graphene/InAs
NWheterojunction device. C, Photo-induced I ds versusVds output characteristics of graphene/InAsNWheterojunction device. D, Comparison
of I light /I dark ratios of graphene/InAs NWheterojunction infrared photodetectors and single InAs NW infrared photodetectors. The incident
laser wavelength is 1 µm. Reproduced with permission from.[70] Copyright 2015, John Wiley and Sons

to form a complete current loop. Room temperature pho-
tovoltaic response with a cutoff wavelength of 3.4 µm was
achieved (Figure 13) elucidating a promising route towards
the monolithic integration of InAs NWs with graphite for
flexible and functional hybrid devices. Self-catalyzed,MBE
grown GaAs NW/graphene hybrid heterostructures has
also demonstrated huge promise for application in flexi-
ble optoelectronic devices. A single GaAs NW photode-
tector with a high responsivity was demonstrated with no
degradation in the optoelectronic material quality, as com-
pared to GaAs NWs grown on GaAs substrates[27] (Fig-
ure 14). GaAsSb NWs have also shown high potential for
application in flexible near-infrared photodetector. Nala-
mati et al[65] measured the I−V characteristics of a single
vertical GaAsSb NW grown on graphene as well as on Si.
The MBE grown GaAsSb NWs on graphene which exhib-
ited significantly lower dark current when compared to
those grown on Si.

3.1.2 Solar cells

A novel solar cell architecture employing a dense array
of MOCVD grown, vertically oriented, axial heterostruc-

tured InGaAs/InAs NWs with radial p–n junctions and
in situ inorganic passivation layers, monolithically grown
directly by vdWE on graphene films has been explicated
by Mohseni et al.[71] A device performance optimization
was conducted by investigating the influence of in situ
surface passivation and comparing various device geome-
tries of axial, radial, and passivated radial NW p–n junc-
tions. As schematically depicted in Figure 15 (A–D), after
depositing the n-type InAs base segment, the n-type (Si
doping) and p-type (Zn doping) InxGa1-x As (x ≈ 0.25) sec-
tions are sequentially grown. The authors observed that
the radial junction geometries show moderate enhance-
ment in power conversion efficiency compared to the axial
junction geometries (Figure 15E-F) while the addition of
a surface passivation shell was found to be beneficial for
mitigating surface defects and Shockley-Read-Hall recom-
bination. Consequently, the device structure in Figure 15C
fabricated using a radial p–n junction device structurewith
an additional in situ grown p-type GaAs shell segment for
surface passivation exhibited the optimal device perfor-
mance. A power conversion efficiencies as high as 2.51%
was achieved, which is a new performance record for III-
V NWs with embedded junctions grown on graphene and
which exceeds previously reported results.[72]
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F IGURE 13 Schematic diagramof theNWs ensemble photodetector (A), bandgap diagramof InAs/Graphite heterojunction (B), I-V curve
of a InAsNWensemble/graphite hybrid device (C), and the room temperature spectral photoresponse of the hybrid device (D). The devicemesa
has a diameter of 25 µ m. Reproduced from.[24] CC BY 4.0

F IGURE 14 Photocurrent response of a single GaAs nanowire photodetector. (A) I−V curves of a single GaAs nanowire photodetector.
The blue circles are measured dark current (Idark), whereas the red squares are measured photocurrent (IPC). The photocurrent was measured
using an 800 nm laser line with an estimated power density of ∼2.5 kW cm-2. The bottom inset shows the dark current with an enlarged y-axis.
The top inset is a SEM image of the photodetector where a single nanowire had been dispersed from the same sample, as shown in Figure 2D.
The scale bar in the inset is 500 nm. B, Wavelength (λ) dependence of the photocurrent for the nanowire at an applied bias voltage of 50 mV.
From the crossing of the black dashed lines, the absorption edge was estimated to be at ∼869 nm (1.427 eV) denoted by a black arrow. The inset
shows a schematic image of the fabricated nanowire photodetector. Reproduced with permission from.[27] Copyright 2017, American Chemical
Society

3.1.3 Transistors

The exciting potential of graphene-based electronics in ter-
ahertz electronics was demonstrated by Liao et al[73] who
combined GaN NWs and graphene for the fabrication of
high-performance sub-100 nm channel length graphene
transistors using a self-aligned approach. The highly doped
GaN NW was used as the local gate while the source and

drain electrodes were defined through a self-aligned pro-
cess and the channel length defined by the nanowire size.
First, the highly doped n-type GaN NWs were aligned on
top of the graphene sheets through a physical dry transfer
process as schematically illustrated in Figure 16A, followed
by electron beam lithography and metallization (Ti/Au,
50/50 nm) of external source, drain, and top-gate elec-
trodes (Figure 16B). 10 nmPtmetal filmwas then deposited
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F IGURE 15 Schematic representation of different InGaAs/InAs NW-based device structures of (A) axial p-n junction, (B) radial p–n
junctions and (C) passivated radial p–n junctions (D) representation of the metallic contacting scheme. All substrates are depicted as multi-
layer graphene (n = 4). E, Illuminated (AM1.5G) I−V characteristics and (F) external quantum efficiency (EQE) spectra measured from the
optimal performance of the axial (dotted curve), radial (dashed curve), and passivated radial (solid curve) NW- based solar cells device structure.
Reproduced with permission from.[71] Copyright 2014, John Wiley and Sons

F IGURE 16 Schematic illustration of the fabrication process of the top-gated graphene transistor with a GaN nanowire as the self-aligned
top-gate. A, A GaN nanowire is aligned on top of graphene. B, The external source, drain, and top-gate electrodes are fabricated using electron
beam lithography. C, Deposition of 10 nm Pt metal film to form the source and drain electrodes self-aligned with the nanowire gate. D, The
schematic illustration of the cross section of the device. E, The SEM image of the cross-section of GaN nanowire/graphene device, illustrating
well-separated source and drain electrodes due to the nanowire shadow effect. F, Schematic energy band diagrams of a single GaN nanowire on
graphene. EF, EC, and EV are Fermi level, conduction band, and valence band, respectively. Reproduced with permission from.[73] Copyright
2010, American Chemical Society

on top of the graphene across the GaN NW to form the
source and drain electrodes self-aligned with the NW gate
(Figure 16C-E). A Schottky-like barrier (Figure 16F) was
created by the contact between the graphene and GaN
NW to prevent significant charge leakage between the
graphene channel and the GaN NW gate. The interface

depletion layer in GaN NW functioned as a “semi-high-
k” gate dielectric (k ∼10), and the GaN NW itself was the
local gate. The fabricated graphene transistors with 45–
100 nm channel lengths demonstrated a scaled transcon-
ductance exceeding 2 mS µm-1, which is comparable to
the best performing high electronmobility transistors with
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F IGURE 17 Vertical alignment ofGaNmicro-rods grownon graphene filmswith andwithout aGaNbuffer layer. A, Schematic illustration
of CVD-grown graphene transfer (i), GaN buffer layer growth (ii), and GaNmicro-rod growth (iii). GaNmicro-rod LEDs fabricated on graphene
films. B, An FE-SEM image of coaxial GaNmicro-rod LEDs on graphene. Scanning TEM images of (C) the top and (D) the sidewall of theMQW
layers on the micro-rod LED. E, A schematic illustration of the fabrication process for vertical structure micro-rod LEDs. F, Magnified optical
images of light emission from the LED. G, The power-dependent Electroluminescence spectra at room temperature. Reproduced from.[74] CC
BY 4.0

similar channel lengths. A transit time of 120–220 fs and
projected intrinsic cutoff frequency (fT) approaching 700–
1400 GHz was demonstrated.

3.2 Device applications by transfer
technology

There is increasing interest in the growth of III-V semi-
conductor NWs on polymer substrates for the develop-
ment of flexible, low cost and next-generation optoelec-
tronic devices. However, the epitaxial growth of semicon-

ductor NWs on polymer substrates is highly challenging
and the NWs transfer technique to polymer substrates
complicated. In addition, the high growth temperatures
of III-V semiconductors are incompatible with the low
melting temperature of conventional plastic substrates.
Interestingly, a highly promising technique for circum-
venting this problem is the use of transfer technology
for the removal of the NWs to polymer substrates after
successful growth on two-dimensional substrates (such
as graphene) due to the non-covalent, weak VDW bond-
ing between these materials as well as superb mechanical
strength.
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F IGURE 18 GaN-based coaxial LED nanostructures grown directly on graphene films. A, SEM images of GaN-based coaxial LED nanos-
tructures grown on graphene fi lms. Both high- and low-magnification SEM images were obtained at a tilting angle of 30 ◦. (B,C) Cross-sectional
schematic views and STEM image of the coaxially formed GaN-based LED structures. (D,E) High-resolution TEM images of the In x Ga 1– x
N/GaNMQW layers and corresponding diffraction patterns obtained via fast Fourier transform. Visible nanostructure LEDs on graphene films.
(F) Photograph and (G) opticalmicroscopy images of the light emission from the LED at different applied currents. Reproducedwith permission
from.[21] Copyright 2011, John Wiley and Sons

3.2.1 Light-emitting diodes

In 2014, Chung et al[74] reported on theMOCVD growth of
GaNmicro-rods (MRs) on graphene filmswhichwere then
transferred to polymer substrates for the fabrication of
flexible light emitting diodes (LEDs). Figure 17A schemat-
ically illustrates the CVD-grown graphene transfer (i),

GaN buffer layer growth (ii), and GaN MRs growth (iii).
InGaN/GaN multiple quantum well (MQW) heterostruc-
tures and a p-type GaN layer were first deposited coaxially
on the GaN MRs before being transferred onto Ag-coated
polymer substrates using lift-off technique. As shown
in Figure 17B, the GaN micro-rod LEDs are vertically
aligned on the graphene substrate following this coating
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F IGURE 19 Diversely deformable MR LED. A, Schematics illustrating key procedures for fabricating the deformable LED, including
remote heteroepitaxy of MR LED arrays and transfer onto conducting metal plate. B, A series of photographs of cyan MR LED ( λ = 500 nm)
deformed in various shapes, such as twisted, 90◦-folded crumpled, and 180◦-folded forms, operated at 100mA. The inset in the rightmost image
of (B) is a schematic illustrating the geometry of MR arrays in the folded form. Reproduced from.[75] CC BY-NC 4.0

process. Scanning TEM images of the top and the sidewall
of the MQW layers on the micro-rod LED are depicted in
Figure 17C and D respectively. The fabrication of the LEDs
was completed by the deposition of metal contacts, and
subsequent transfer onto the polymer substrate as shown
in Figure 17E. The MRs LEDs exhibited intense emission
of visible light, even after transfer onto the flexible polymer
substrate, and reliable operation was achieved following
numerous cycles of mechanical deformation. Magnified
optical images of light emission from the LED and the
power-dependent electroluminescence spectra at room
temperature are shown in Figure 17 F and G, respectively.
Lee et al[21] reported on the fabrication of flexible inor-

ganic LEDs using GaN/ZnO coaxial nanorod heterostruc-
tures grown directly on graphene films by MOVPE.
Figure 18 shows the SEM images of the GaN-based coaxial
LED nanostructures. First, ZnO nanorods were grown
directly on CVD-grown graphene films using catalyst-free
MOCVD. Then, a GaN layer was deposited around the
circumferences of the ZnO nanorods at a low temperature
of 600◦C, followed by the growth of a n-GaN layer at a high
temperature of 950◦C using silane as the doping source.
Then, three - period of InxGa1− xN/GaN MQWs were
grown at 760 and 850◦C, respectively and a Mg-doped
p-GaN layer was deposited on top of the GaN quan-
tum barrier layer at 1000◦C, using biscyclopentadienyl
magnesium as the doping source. As shown in the 10-mA-
driven LED photograph (Figure 18E) taken under normal
indoor illumination, the blue light emission was very
strong and observable with an unaided eye. The optical
microscopy image of the light emission from the fabricated

GaN-based coaxial LED nanostructures obtained under
different applied currents are shown in Figure 18 G. To
develop a flexible device, the fabricated LEDs on graphene
filmswere then transferred onto flexible plastic (Cu-coated
polyethylene terephthalate) substrate by wet etching of the
SiO2 layer underneath the graphene filmswith the applica-
tion of lift off technology. Interestingly, there was no signif-
icant degradation of the LED flexible device performance.
Most recently, Jeong et al[75] reported the remote het-

eroepitaxial MOVPE growth of GaNMRs heterostructures
on graphene (single layer graphene) coated c-plane Al2O3
(0001) wafer for applications in deformable LEDs. The
n-type GaN MRs core was first grown using TMGa and
NH3 precursors with flow rates of 20 and 10–50 standard
cubic centimeters per minute, respectively, at 1050◦C
with hydrogen-diluted silane (SiH4, 200 parts per million
in H2) as an n-dopant precursor. Then, three-period of
InGaN/GaNMQW layers were heteroepitaxially deposited
on the n-GaNMRs, andMg-doped p-GaNwas then coated
at the outermost shell layer on the MR heterostructures
using bis(cyclopentadienyl) magnesium (Cp2Mg) precur-
sor at 1000◦C. To obtain cyan and blue light emissions
from the LED arrays, the growth temperature of the
InGaN QW was varied from 770◦ to 800◦C, respectively.
Ni/Au and Ti/Au ohmic contacts were formed on both the
surface of the outmost p-GaN layer and the delaminated
bottom surface of n-GaN MRs, respectively for the fabri-
cation of the LED devices. The as-grown MR LED arrays
embedded in polyimide film were then transferred onto a
conducting Cu plate using thermal release tape as shown
in Figure 19A. The MR LED exhibited good electrical and
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EL performances with excellent deformability. Intrigu-
ingly, the flexible LEDs are capable of withstanding large
deformations such as twisted, right-angle inward/outward
folds, random crumpling, and 180◦ folds without any
significant degradation to the electroluminescent emis-
sion area and color within at least several time extreme
deformations (Figure 19B). It is hoped that the versatility
of remote epitaxy will enable a gradual transition from
current conventional rigid, brittle electronics to flexible,
wearable, next-generation electronics.

4 CONCLUSIONS AND OUTLOOK

Motivated by the need for high performance, flexible,
stretchable, and cost-effective optoelectronic nanodevices
including flexible displays, printable electronics, sensors,
light-emitting diodes, and flexible solar cells, there has
been an increasing interest in the growth of NWs on
graphene. In this review, we have discussed the challenges
and recent progress made in the growth of semiconductor
NWs on graphene while highlighting the various growth
strategies that have been successfully used to promote the
growth of vertically aligned NWs. Then, we summarized
the recent advances made in the fabrication of semi-
conductor NW/graphene hybrid devices. To maximally
exploit the enormous benefit of vdWE grown NWs in
high-performance GS/NWs hybrid devices, it is essential
to establish a better protocol for the reproducible growth
of high-density NWs. Consequently, there is a need for
further research on the position-controlled selective area
growth as well as the controlled self-catalyzed growth
of uniform and high-density III-V semiconductors on
GP/GS. Furthermore, there is an urgent need for increased
research activity on the fabrication of high-performance
GS/NWs hybrid devices.
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