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Heterogeneous self-assembly of III–V nanostructures on inert two-dimensional monolayer materials en-

ables novel hybrid nanosystems with unique properties that can be exploited for low-cost and low-weight

flexible optoelectronic and nanoelectronic device applications. Here, the pseudo-van der Waals epitaxy

(vdWE) growth parameter space for heterogeneous integration of InAs nanowires (NWs) with continuous

films of single layer graphene (SLG) via metalorganic chemical vapor deposition (MOCVD) is investigated.

The length, diameter, and number density of NWs, as well as areal coverage of parasitic islands, are quanti-

fied as functions of key growth variables including growth temperature, V/III ratio, and total flow rate of

metalorganic and hydride precursors. A compromise between self-assembly of high aspect ratio NWs

comprising high number density arrays and simultaneous minimization of parasitic growth coverage is

reached under a selected set of optimal growth conditions. Exploration of NW crystal structures formed

under various growth conditions reveals that a characteristic polytypic and disordered lattice is invariant

within the explored parameter space. A growth evolution study reveals a gradual reduction in both axial

and radial growth rates within the explored timeframe for the optimal growth conditions, which is attrib-

uted to a supply-limited competitive growth regime. Two strategies are introduced for further growth opti-

mization. Firstly, it is shown that the absence of a pre-growth in situ arsine surface treatment results in a

reduction of parasitic island coverage by factor of ∼0.62, while NW aspect ratio and number densities are

simultaneously enhanced. Secondly, the use of a two-step flow-modulated growth procedure allows for

realization of dense fields of high aspect ratio InAs NWs. As a result of the applied studies and optimization

of the growth parameter space, the highest reported axial growth rate of 840 nm min−1 and NW number

density of ∼8.3 × 108 cm−2 for vdWE of high aspect ratio (>80) InAs NW arrays on graphitic surfaces are

achieved. This work is intended to serve as a guide for vdWE of self-assembled III–V semiconductor NWs

such as In-based ternary and quaternary alloys on functional two-dimensional monolayer materials, toward

device applications in flexible optoelectronics and tandem-junction photovoltaics.

Introduction

Nanowire (NW) morphologies enable heteroepitaxy of largely
dissimilar III–V compounds and provide a basis for design of
high performance electronic1,2 and photonic3,4 devices that
are otherwise inaccessible with planar structures. During con-
ventional heteroepitaxy of planar geometries, strict constraints

are imposed by the need to match lattice parameters, thermal
expansion coefficients, and polar coherence between adjacent
dissimilar materials. For example, tetragonal distortion suf-
fered at the hetero-interface of two cubic compounds with
largely incongruent lattice parameters results in the formation
of misfit and threading dislocations after relaxation of the epi-
layer beyond a pseudomorphic critical thickness. Several ap-
proaches are available in thin film technology to overcome
this fundamental limitation, such as growth of composition-
ally graded buffer layers,5–7 epitaxial lateral overgrowth,8–10

and aspect ratio trapping.11–13 Although such techniques suc-
cessfully achieve heterogeneous integration while preserving
high crystalline quality, they also introduce additional pre-
growth processing steps and/or require growth of passive
layers, which add design complexity and increase fabrication
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costs. On the other hand, high aspect ratio structures with
large surface area-to-volume ratios, such as NWs, offer the po-
tential for elastic relaxation via strain accommodation along
their free surfaces.14–18 Consequently, without sacrificing the
crystal quality or introducing cost-intensive fabrication steps,
III–V semiconductor NWs can be directly integrated with vari-
ous foreign substrates such as Ge,19 Si,20–22 glass,23 and even
flexible carbon-nanotube composite films.24,25

In recent years, the integration of III–V NWs with inert
graphitic surfaces and functional two-dimensional (2-D)
graphene nanosheets has also been explored.26–36 Monolayer
nanomaterials including single layer graphene (SLG), hexago-
nal boron nitride (h-BN), and transition metal
dichalcogenides such as molybdenum disulfide (MoS2) and
tungsten diselenide (WSe2) have shown promising perfor-
mance in electronics,37 optoelectronics,38 photovoltaics,39,40

and photonics41 applications. Through integration of III–V
semiconductor NWs with 2-D nanomaterials, the unique
properties of both nanostructure groups can be simulta-
neously exploited in the form of nano-hybrid materials sys-
tem.26,27,36 Additionally, transfer and re-distribution of inter-
facial charge states in such integrated nanomaterials can
enable unique optical and electronic properties that are dis-
tinct from those of the constituent materials.42,43 Integration
of this kind may be realized through the pseudo-van der
Waals epitaxy (vdWE) approach, whereby an epi-layer is
formed on an inert 2-D surface that provides no surface dan-
gling bonds for covalent strain sharing.44 In contrast to con-
ventional epitaxy, vdWE does not require the extension of the
substrate atomic order throughout the epilayer. In the case of
pure vdWE, both components of a heteroepitaxial system pos-
sess strong intra-layer covalent bonds, while vdW interactions
exist between adjacent planes. Alternatively, the pseudo-
vdWE regime refers to the case where a 2-D material (e.g.,
graphene) and covalently-bonded bulk system (e.g., InAs) are
directly interfaced, but separated by a vdW gap. Weak vdW
forces between a monolayer substrate and III–V epilayer can
accommodate nucleation and subsequent growth such that
interfacial lattice distortion is mitigated and dislocation-free
crystal assembly can take place.

Unlike semiconductor substrates with reactive dangling
bonds, the growth surface of 2-D nanosheets offers limited po-
sitions for adatom adsorption and subsequent extension of the
III–V lattice. In the case of graphene, the carbon honeycomb
lattice allows three residence sites: (i) above a carbon site (T-
site), (ii) above the bridge between a C–C bond (B-site), (iii)
above the center of a hexagonal carbon lattice (H-site).26 As a
result, and based on the lattice constant of a given III–V com-
pound, there are limited possibilities for arrangement of atoms
at the growth interface. Munshi et al. summarized possible
atomic arrangement for binary III–V compounds with different
lattice constants on graphene.26 From a thermodynamic per-
spective, not all of these possible arrangements are achievable.
This is due to the difference in binding energy between carbon
atoms in the honeycomb lattice and atomic growth species that
reside on T-, B-, or H-sites.45 It has been shown that In adatoms

may reside on energetically favorable H sites with bond energy
of 1.29 eV.46 This allows InAs to adopt its native lattice constant
on SLG.47 One notable limitation of the vdWE mode is that
only a restricted set of materials systems (i.e., III–V lattices on
2-D monolayers) satisfy the above conditions that enable direct
self-assembly of high aspect ratio nanostructures.

For the specific case of III–V NW vdWE on graphene or gra-
phitic surfaces, various growth mechanisms have been
employed to date. The self-catalyzed vapor–liquid–solid (VLS)
approach via molecular beam epitaxy (MBE) has been shown
by Munshi and colleagues, whereby pre-deposited Ga droplets
were used to form vertical GaAs NWs.26 Similarly, Anyebe et al.
have employed an In-seeded VLS approach to grow vertical InAs
(ref. 31) and InAsSb (ref. 30) NWs by MBE. The Au-assisted VLS
growth of vertical InGaAs NWs,35 as well as vertical and planar
InAs, InP, GaAs, and GaP NWs,28 by metalorganic chemical va-
por deposition (MOCVD) has also been shown. Importantly, in
the case of MOCVD, vertical InAs and InGaAs NW vdWE can
also proceed by a spontaneous self-assembly mechanism,
which requires no pre-deposition of metallic seeding
agents.27,29,35,36,47 This has been attributed to the preferential
formation of (1̄1̄1̄)-oriented InAs nuclei, enabled by the pseudo-
coherent lattice alignment of cubic InAs along 〈1̄10〉 relative to
a ∼6-fold multiple of the C–C bond length in SLG along
〈12̄10〉.27,35 Crystal growth then proceeds at an enhanced rate
along the low-energy and vertically-oriented direction, thereby
leading to the formation of free-standing NWs. Moreover,
models presented by Hong et al. indicate that the vdW attrac-
tion can be further enhanced in such a nearly-commensurate
lattice arrangement via In vacancy-mediated buckling of the
basal InAs plane, which can cause an otherwise polar interface
to become more flatly reconstructed.47

The growth of InAs NWs by various epitaxial methods, as
well as notable device applications that employ InAs NWs as
active components, have been detailed in numerous review
papers.48–50 In contrast to the conventional seed-mediated or
template-assisted growth modes, the simplicity of the
MOCVD-based InAs NW vdWE approach, which requires no
pre-growth surface pattering or pre-deposition of catalyst
droplets, is highlighted as a key advantage. Nevertheless, pre-
cise tuning of growth conditions is needed and realization
of optimal growth is non-trivial. The term optimal is used
here to define the maximal aspect ratio of individual NWs
comprising an array of maximal number density. Addition-
ally, the term optimal is intended to describe a parameter
space in which supplied growth species contribute predomi-
nantly to the formation of NW structures, such that parasitic
growth of polycrystalline nano-islands is minimized. Several
studies on vdWE of InAs NWs on SLG have been presented in
the current literature, and details regarding the self-
assembly growth mechanism have been published in re-
cent years.27,29,35,47 Furthermore, NW-based photovoltaic so-
lar cells and near-infrared photodetectors have been demon-
strated as device applications based on this nano-hybrid
system, which was formed through vdWE.36,51 Nonetheless,
extensive evaluation of the growth window has only been
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carried out for the case of In-seeded NWs by MBE. Systematic
mapping of the extended parameter space and a self-
consistent correlation of growth conditions to NW morphol-
ogy, NW number density, and areal coverage of parasitic
islands during self-assembly of InAs NWs on SLG is needed
for the MOCVD approach.

Here, a comprehensive exploration of the growth parame-
ter space for self-assembly of InAs NWs on SLG by MOCVD
vdWE is presented. In particular, the length, diameter, and
number density of NWs, as well as the areal coverage of para-
sitic island growth is quantified as a function of MOCVD con-
ditions including V/III ratio, growth temperature, and total
flow rate of precursors. Growth trends are discussed in terms
of underlying kinetic factors. By mapping a wide parameter
space, growth conditions are simultaneously tuned for the
formation of arrays with maximum NW aspect ratio, maxi-
mum NW number density, and minimum areal coverage of
parasitic three-dimensional (3-D) nano-islands. The crystal
structure of NWs grown under largely disparate conditions is
analyzed to reveal a characteristically invariant polytypic NW
lattice that is formed throughout the entire growth window.
The evolution of NW morphologies over time is described
with respect to axial and radial growth rates. The influence of
a pre-growth arsine surface treatment is studied as an addi-
tional operational control that permits manipulation of NW
densities. Finally, a two-step flow-modulated growth proce-
dure is introduced for further optimization of NW aspect ra-
tio and number density. Having a complete understanding of
the MOCVD parameter space for seed-free and pattern-free
growth of InAs NWs on SLG can be extended toward: (a) self-
assembly of In-based ternary compound semiconductor NW
structures such as InAsyP1−y and InxAl1−xAs on 2-D surfaces,52

and (b) development of more accurate theoretical models for
pseudo-vdWE based on verified experimental growth condi-
tions. Such tuning of InAs NW growth conditions on 2-D
nanomaterials is expected to inform the vdWE of a wide-
ranging set of III–V semiconductor compounds and impact
future device designs with applications in nanoelectronics,
optoelectronics, and photovoltaics.

Experimental details

Continuous CVD-grown monolayer graphene films trans-
ferred to 90 nm SiO2-coated Si (100) substrates were commer-
cially obtained from Graphene Supermarket Inc. and used as
the growth surface in all vdWE experiments. The quality of as
received graphene nanosheets was inspected by scanning
electron microscopy (SEM), performed using a Hitachi S-4000
instrument. Low defect densities and monolayer thickness
was confirmed via Raman spectroscopy using a multi-
wavelength Jobin Yvon Horiba LabRAM HR Raman micro-
scope. No graphene surface treatment or oxidation steps were
carried out prior to loading in the MOCVD reactor, with the
exception of degreasing with standard solvents. Growth of
NWs was performed in an Aixtron 3 × 2″ close coupled show-
erhead MOCVD reactor. Trimethyl-indium [TMIn, (CH3)3In]

and arsine (AsH3) were used as precursors for supply of In
and As growth species, respectively. The growth parameter
space investigated in the present work consisted of the fol-
lowing ranges: (i) growth temperature (TG) was varied be-
tween 550 °C to 700 °C; (ii) V/III ratio was varied between 5
to 250 by changing AsH3 flow rates at a constant TMIn flow
rate; and (iii) TMIn flow rates (χTMIn) were varied between
8 to 32 μmol min−1. During all growths, hydrogen (H2) was
used as the carrier gas with total flow of 7 L min−1, and the
reactor pressure was kept constant at 100 mbar. Unless other-
wise specified, all samples were heated to the desired TG un-
der a constant AsH3 flow before initiation of growth, which
was marked by the introduction of TMIn flow. For all vdWE
parameter space mapping trials, the total growth time (tG)
was kept constant at 300 seconds (shorter tG values are speci-
fied for the growth evolution study), and growth of InAs NWs
was terminated by stopping TMIn flow while samples cooled
under a constant AsH3 flow. For comparison, additional trials
were also performed wherein samples were cooled after
growth termination under no AsH3 flow.

As-grown NW samples were imaged for morphology and
density measurements using a Hitachi S-4000 SEM and a
TESCAN MIRA 3 SEM, equipped with energy dispersive X-ray
spectrometry (EDXS) capabilities. The crystal structure of
NWs grown under various conditions was observed using a
FEI F20 high-resolution transmission electron microscopy
(HR-TEM) system. Selected-area electron diffraction (SAED)
patterns were obtained using the same instrument.

Results and discussions

The main objective of this study is to investigate the vdWE pa-
rameter space and to correlate growth conditions to NW length,
diameter, and number density trends, as well as to changes in
the areal coverage of parasitic islands. For systematic evalua-
tion of growth parameter dependences, a series of growth tri-
als are carried out wherein one of three individual variables
(i.e., V/III ratio, TG, and χTMIn) are altered in the ranges speci-
fied above, while the other two variables are kept constant. In
the following discussion, all trends presented for NW length,
diameter, and aspect ratio consist of multiple data points,
each of which quantifies the mean value measured from a set
of 50 NWs per growth condition; error bars represent ±1 stan-
dard deviation from the mean. Values for NW number density
are measured from plan-view SEM images, and each data point
represents the mean value based on 5 different sample loca-
tions consisting of >250 NWs; error bars represent the range
of values measured at different locations. Values for areal
coverage of parasitic islands are also measured from 5 differ-
ent locations on the same sample based on plan-view SEM
images, and each data point represents the mean percentage
of total InAs-covered area minus the percentage of total area
occupied by NWs; error bars indicate the range of measured
values. Island and NW structures are distinguished based on
size and contrast variances. Plan-view images of as-grown
samples were analyzed using an open-source image
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processing software, Fiji, and color segmentation plugin.53,54

Contrast variances between high aspect ratio NWs, parasitic
islands, and the background exposed graphene surfaces were
exploited to determine the fraction of total imaged area cov-
ered by parasitic islands. The composition of as-grown InAs
NWs and parasitic islands was confirmed via EDXS analysis
(not shown here); additional elemental signatures that could
be otherwise unintentionally introduced during MOCVD
growth (e.g., Ga, Al, P, etc.) were not detected. We also note
that Raman analysis of as-grown samples revealed that the
quality of the SLG substrate was not detrimentally affected by
the growth process, as equivalent D-band to G-band intensity
ratios (ID/IG) were observed before and after growth.

Mapping the V/III ratio parameter space

Firstly, V/III ratio dependences are considered for InAs NWs
grown at constant TG = 650 °C and χTMIn = 16 μmol min−1.
The V/III ratio is varied between 5 and 250. Since NW growth
is carried out here under a high TG regime in comparison to
InAs film growth, near-unity pyrolysis efficiency of TMIn is
expected55 such that metalorganic decomposition is not fur-
ther increased in the presence of AsH3,

56 and modification of
the hydride supply alone will alter the true V/III ratio. Also,
due the absence of pre-deposited metallic droplets, variances
in local effective V/III ratio stemming from catalyst-mediated
hydride decomposition are avoided.57 Similar to the case of
InAs NWs grown on Si by chemical beam epitaxy,58,59 V/III ra-

tios above unity enable catalyst-free NW formation in the cur-
rent study.

Shown in Fig. 1(a)–(d) are 45° tilted-view SEM images of
as-grown NW arrays at V/III ratio of 5, 25, 125 and 250.
Fig. 1(e) quantifies values for mean NW length (black square
data points with solid trend line), mean NW diameter (white
circle data points with dashed trend line), and mean NW as-
pect ratio (gray diamond data points with dotted trend line)
as a function of V/III ratio. Consistent with Fig. 1(a) and (b)
SEM images, it is noted that raising V/III ratio from 5 to 25
results in over 2-fold increase in NW length. Below this
range, insufficient AsH3 supply results in sub-optimal NW ax-
ial growth rates. At V/III of 25, a maximum NW length of
∼4.5 μm is observed within tG = 300 s. As the V/III ratio is
further increased from 25 to 250, a gradual degradation in
NW length is observed such that ∼1 μm tall NWs are formed
at V/III = 250. An opposite trend is found for NW diameter,
which is minimized at ∼50 nm in the V/III = 25 to 75 range,
and increases monotonically beyond this range. Aspect ratio
variances with V/III ratio follow the same trend as NW length,
marked by a maximum aspect ratio of ∼75 found at V/III =
25. In general, moderate V/III ratios in the range of 25 to 75
favor high aspect ratio NW growth.

While similar NW length and aspect ratio trends were ob-
served within a comparable V/III ratio range in the case of In-
seeded InAs NWs on graphite by MBE,31 NW diameters follow
opposite variation tendencies. In the MBE study, increase in
V/III ratio beyond ∼50 brought about a nearly 2-fold decrease

Fig. 1 V/III ratio dependence: 45° tilted-view SEM images of as-grown InAs NWs on SLG at V/III ratio of (a) 5, (b) 25, (c) 125, and (d) 250, under
constant TG = 650 °C and χTMIn = 16 μmol min−1. All scale bars represent 1 μm. (e) Measured values for NW length (black square data points with
solid black line), diameter (white circle data point with dashed black line), and aspect ratio (grey diamond data points with dotted grey line), and (f)
NW number density (black square data point with solid black line) and areal coverage of polycrystalline islands (white circle data points with
dashed black line), plotted as a function of V/III ratio.
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in NW diameters. This may be a result of catalyst droplet vol-
ume reduction via enhanced precipitation of In into the NW
lattice under As-rich conditions.60 In the current MOCVD
study, the NW length and diameter trends may be under-
stood simply in terms of surface mobility of In adatoms. Use
of higher V/III ratios promotes vapor-solid growth on the NW
sidewalls and thereby limits the supply of diffusive species
toward the NW top facet.61 The result of both effects is the
acceleration of radial growth at the expense of axial growth
and, thus, the formation of thicker but shorter NWs.

The surface migration decay of growth species at elevated
V/III ratios also results in reduced NW areal densities and
greater coverage of 3-D islands. Fig. 1(f) quantifies the num-
ber density of NWs per area (black square data points with
solid trend line) and percentage of total surface area occu-
pied by parasitic 3-D islands (white circle data points with
dashed trend line). An inverse relationship between NW den-
sity and parasitic island coverage is noted with increasing V/
III ratio, which can likely be attributed to a simple conserva-
tion of total supply of growth species. At V/III = 5, NW densi-
ties of ∼3.21 × 108 cm−2 are calculated in comparison to den-
sities of ∼4.75 × 108 cm−2 at V/III = 25. Importantly, raising
V/III ratio from 5 to 25 is accompanied with a dramatic re-
duction in areal coverage of islands (from ∼46% to ∼24%).
Further increase in V/III ratio to 75 results in negligible
change in NW density and moderate rise in island coverage
(to ∼26%), followed by a rapid decline in NW density and
preferential formation of parasitic growth beyond V/III = 100.
Use of V/III ratios above the optimal range of 25 to 75 results
in the mitigation of In surface migration such that diffusive

growth species are more effectively incorporated into para-
sitic islands of larger volume. While high V/III ratios favor is-
land formation over NW growth, the lower number density
NWs that are formed under such conditions experience en-
hanced radial growth rates over axial growth rates. Thus,
elevated V/III ratio growth conditions are less conducive to
fabrication of NW array-based devices, but may be exploited
in applications where positioning of widely spaced NWs is re-
quired over extended 2-D nanosheet areas. To summarize, an
extended V/III ratio space was investigated here (i.e. 5–250)
and has resulted in growth of NWs with roughly twice the as-
pect ratio reported previously for seed-free InAs NWs grown
on graphene by MOCVD,35 and roughly 7 times greater than
the aspect ratio reported for In-seeded InAs NWs grown on
graphitic substrates by MBE.31

Mapping the growth temperature parameter space

Growth temperature dependences are considered for InAs
NWs formed at constant V/III = 25 and χTMIn = 16 μmol
min−1. Under otherwise constant growth conditions, TG is
varied between 550 °C and 700 °C in increments of 50 °C.
Fig. 2(a)–(d) show 45° tilted-view SEM images of as-grown
samples formed in this temperature range. As shown in
Fig. 2(a), NW self-assembly is entirely quenched at growth
temperatures of 550 °C and below. In this low-TG range, a
contiguous polycrystalline InAs film is formed through the
merger of adjacent islands. Thus, lower growth temperatures
may be exploited for pseudo-vdWE of III–V thin films on 2-D
nanomaterials. At TG ∼ 600 °C and above, vertically-oriented

Fig. 2 Temperature dependence: 45° tilted-view SEM images of as-grown InAs NWs on SLG at TG of (a) 550 °C, (b) 600 °C, (c) 650 °C, and (d)
700 °C, under constant V/III = 25, and χTMIn = 16 μmol min−1. All scale bars represent 1 μm. Measured values for (e) NW height, diameter, and aspect
ratio and (f) NW number density and parasitic island areal coverage are plotted as functions of TG. Inset of (f) shows total areal coverage of both
NWs and parasitic islands as a function of TG.
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InAs NWs are self-assembled in large-area arrays with aspect
ratios and number densities that are strongly dependent
upon temperature. In Fig. 2(e), measured mean values for
NW length (black square data points with solid trend line),
NW diameter (white circle data points with dashed trend
line), and NW aspect ratio (gray diamond data points with
dotted trend line) are plotted with respect to growth tempera-
ture. Similar to the observations by Anyebe et al. for InAs
NWs grown on graphitic surfaces by MBE,31 a maximum NW
aspect ratio is found at intermediate temperatures within the
suitable TG range. In the current study, while mean values of
NW length and diameter are observed to monotonically in-
crease with TG in the 600 °C to 700 °C range, a relative en-
hancement of axial growth rate over radial growth rate at the
intermediate of TG = 650 °C results in a maximum aspect ra-
tio of ∼75 after a 300 s growth period.

The above trends can be understood in terms of a balance
between temperature-dependent surface mobility of group-III
species and desorption of group-V species at the optimal
growth temperature. As TG is raised from 600 °C to 650 °C, a
corresponding increase in the thermally-activated surface mo-
bility of group-III growth species enhances a supply of adatoms
at the axial NW growth front, leading to a ∼4-fold increase of
mean NW length. Such a temperature change does not result
in a significant variation of the mean NW diameter (i.e., nomi-
nal diameter increase between TG = 600 °C and TG = 650 °C is
within measured statistical error). As TG is further raised from
650 °C to 700 °C, mean NW length is marginally influenced,
quantified by an increase of ∼30%. In contrast, radial growth
is more dramatically impacted, resulting in over 3-fold enlarge-
ment of mean NW diameters. This can likely be attributed to
thermal decomposition and enhanced desorption of group-V
species at TG = 700 °C. A reduction in supply of diffusive
growth species at the axial growth front can lead to accelerated
rates of sidewall nucleation and, therefore, diameter expansion.
A similar increase in radial NW growth at the expense of axial
growth under elevated temperatures has been reported for vari-
ous seed-free InAs NW systems.58,62 Moreover, the trends for
NW length and diameter variation as a function temperature
observed here are also representative of temperature-
dependent growth trends reported for the diffusion-limited
NW growth regime.63–68

The number density and areal coverage of parasitic
islands is also dramatically affected by growth temperature.
Fig. 2(f) plots the measured number density of NWs per area
(black square data points with solid trend line) and surface
area coverage percentage of parasitic 3-D islands (white circle
data points with dashed trend line) with increasing TG. As
previously noted, low-temperature growth conditions favor
the formation of low aspect ratio island structures leading to
the deposition of contiguous films, quantified by nearly
100% areal coverage of parasitic growth at TG = 550 °C. Above
this temperature range, parasitic island coverage rapidly re-
duces, coincident with the initiation of NW growth in high
number densities at 600 °C. The optimal TG range for high
density NW array self-assembly is between 600 °C to 650 °C.

However, as indicated in Fig. 2(f), both the number density
of NWs and areal coverage of parasitic island decrease with
increasing temperature in the optimal TG range.

These observations may be explained based on the low ad-
sorption energy of both In and As growth species on
graphene, which itself possesses a low surface energy. While
direct nucleation is enhanced on an As-terminated graphene
surface in comparison to an unmodified and inert graphene
surface,33 increasing TG results in preferential desorption of
group-V species and, therefore, leads to a reduction in InAs
nucleation rate. Consequently, the nucleation of both (1̄1̄1̄)-
oriented InAs structures, which lead to NW formation, and
otherwise oriented InAs nuclei, which contribute to parasitic
growth, is quenched with increasing temperature. This is
supported by the observation that the total areal coverage of
InAs on the graphene surface, stemming from contributions
from both NW and parasitic structures, rapidly decreases
with rising TG, as shown in the inset of Fig. 2(f).

From a kinetic perspective, the notable distinction be-
tween growth at 600 °C and 650 °C is that, under a constant
supply of group-III species (i.e., given near-unity decomposi-
tion efficiency of TMIn at all tested values of TG (ref. 55)), the
diffusivity of adsorbed In atoms on both SLG and InAs sur-
faces is enhanced with temperature. Thus, surface migration
toward the (1̄1̄1̄)-oriented NW top facet increases at 650 °C,
leading to taller NWs that comprise an array of lower number
density. With further increase of TG to 700 °C, the number
density of NWs decays dramatically by ∼96% in comparison
600 °C. Above the optimal temperature range only few NWs
form, likely due to prohibitively high group-V desorption. Par-
asitic structures with smooth surfaces are also observed at
700 °C, in contrast to the 3-D islands with well-defined crys-
talline facets found at lower temperatures; the former may re-
sult from preferential In clustering on the SLG surface. Given
that the current parameter space is not tuned for self-
catalyzed VLS growth, In droplets formed under the elevated
temperatures fail to accommodate seed-mediated NW assem-
bly. The small collection of NWs that are formed at 700 °C
do so through a non-catalytic self-assembly mechanism, simi-
lar to those NWs formed at lower temperatures (as evidenced
by the absence of In seeds at their tips via TEM inspection
even under AsH3-free post-growth cooling; not shown).
Growth under such elevated temperatures may be exploited
for applications that require more sparsely positioned vertical
NWs on SLG. In summary, the effect of growth temperature
on morphology and number density of InAs NWs, as well as
areal coverage of parasitic island, for the case of seed-free
InAs NWs on graphene via MOCVD has been investigated in
a self-consistent approach. We highlight the highest reported
axial growth rate of 1174 nm min−1 at an elevated tempera-
ture of 700 °C (in comparison to ∼900 nm min−1 at an opti-
mal temperature of 650 °C). The maximum growth rate found
here is roughly 27 times faster than the reported growth rate
of MBE-grown InAs NWs on graphitic substrates,31 and
roughly 3.4 times faster than the growth rate of InAs NWs on
SLG by MOCVD.35
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Mapping the total molar flow rate parameter space

The final growth parameter variation investigated here is the
total molar flow rate of precursors. At constant TG = 650 °C,
the total flow rate of precursors (i.e., χTotal = χAsH3

+ χTMIn),
which can be considered equivalent to a metric that tracks
growth rate, was modified while maintaining a constant V/III
ratio of 25. For simplicity, the results are reported and
discussed with respect to the molar flow rate of TMIn, χTMIn,
as a single variable. However, it should be noted that the to-
tal flow of both metalorganics and hydrides was varied in se-
quential growth trials, while keeping V/III ratio constant.

Fig. 3(a)–(d) show as-grown NW arrays formed under in-
creasing TMIn flow rates, in the χTMIn = 8 to 32 μmol min−1

range. Fig. 3(e) plots values of mean NW length (black square
data points with solid trend line), diameter (white circle data
points with dashed trend line), and aspect ratio (gray dia-
mond data points with dotted trend line) measured from
samples grown at TMIn flow rates specified in panels (a)–(d).
For the same set of growth trials, measured values of mean
NW number density (black square data points with solid
trend line) and surface area coverage percentage of parasitic
3-D islands (white circle data points with dashed trend line)
are quantified in Fig. 3(f). Under low-flow conditions of χTMIn

= 8 μmol min−1, NWs with mean lengths and diameters of
∼1.4 μm and ∼40 nm are formed, respectively, after a growth
period of 300 s. Doubling the flow rate to χTMIn = 16 μmol
min−1 induces a rapid enhancement of axial growth with only
moderate increase in radial growth, such that NW lengths
and diameters increase to ∼4.5 μm and ∼60 nm, respectively.
The result is an approximate doubling of aspect ratio to a

value of ∼75 at 16 μmol min−1. Under elevated precursor flow
rate conditions, both NW length and diameter show little de-
viation from mean values observed at χTMIn = 16 μmol min−1

(i.e., within the measured error range), resulting in a satura-
tion of aspect ratio.

This seemingly counterintuitive trend, whereby a continual
increase of precursor supply fails to accommodate a corre-
sponding increase in NW volume, can be understood with re-
spect to a reduction of In atom diffusivity under higher χTMIn

conditions and the role of parasitic islands as additional
atomic sinks. As shown in Fig. 3(f), NW number densities expe-
rience a monotonically decreasing trend while the areal cover-
age of parasitic islands continually grows with additional pre-
cursor supply. Nearly a four-fold reduction of NW number
densities and over two-fold expansion of parasitic island cover-
age results from increasing TMIn flow rates from 8 to 32 μmol
min−1 under a constant V/III ratio. As surface migration of In
atoms is obstructed under higher flow rate conditions, prefer-
ential nucleation on 3-D islands causes rapid expansion of par-
asitic structures, while diffusion along NW sidewalls toward
the low energy sink at the NW tips is quenched. Thus, excess
supply of growth species under high χTMIn conditions contrib-
utes disproportionately to parasitic island growth over NW
growth. The reduction in NW number density may stem from
the coalescence of existing NW structures and laterally
expanding parasitic structures during higher precursor supply
conditions. The observed growth trends indicate that for simul-
taneous realization of NW arrays containing maximal number
density and aspect ratio, a two-step flow-modulated growth pro-
cedure involving a nucleation step at low-χTMIn and a subse-
quent axial extension step at higher-χTMIn may be utilized.

Fig. 3 Flow rate dependence: 45° tilted-view SEM images of as-grown InAs NWs on SLG at χTMIn of (a) 8 μmol min−1, (b) 16 μmol min−1, (c) 24
μmol min−1, and (d) 32 μmol min−1, under constant TG = 650 °C and V/III = 25. All scale bars represent 1 μm. Measured values for (e) NW height, di-
ameter, and aspect ratio and (f) NW number density and parasitic island areal coverage are plotted as a function of χTMIn.
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Based on the above growth trends, a suitable parameter
set has been selected that represents a compromise between
conditions that permit the formation of high aspect ratio
NWs in high number density arrays and minimal surface cov-
erage of parasitic 3-D islands. This parameter set, defined by
V/III = 25, TG = 650 °C, and χTMIn = 16 μmol min−1, is used as
a basis or comparison point for additional experiments with
the purpose of: (1) characterizing NW crystal structure; (2)
tracking growth evolution; and (3) tuning NW number densi-
ties via pre-growth in situ surface treatment and use of a two-
step flow-modulated growth procedure.

Crystal phase analysis

The influence of growth conditions on NW crystal structure
is explored via HR-TEM imaging and SAED pattern analysis.
Fig. 4 shows representative TEM images of NWs obtained
along the 〈1̄10〉ZB zone axis of the cubic phase from two dif-
ferent growths at TG = 650 °C. Images in panels (a)–(c) were
obtained from a NW grown under a high V/III ratio of 250
and at the optimal precursor flow rate (i.e., χTMIn = 16 μmol
min−1). The black border in (a) highlights the approximate lo-
cation of the image shown in (b), while the white border in
(b) indicates the approximate location of the high-
magnification and lattice-resolved micrograph displayed in
(c). An SAED pattern recorded at the corresponding location
is shown in (d). For comparison, images in panels (e)–(g)
were collected from a NW grown at the optimal V/III ratio of
25, but under high precursor flow conditions (i.e., χTMIn = 32
μmol min−1). The black and white boxes in (e) and (f) mark
the locations of higher-magnification micrographs in subse-
quent panels, while (h) shows an SAED pattern recorded
along the corresponding location.

Firstly, it is noted that NW morphologies shown in Fig. 4
are consistent with dimensions described in the above dis-
cussion for the specified conditions. The NWs preferentially
assemble along the 〈1̄1̄1̄〉ZB direction and are free of
threading dislocations due to in-plane pseudo-coherency be-
tween InAs and SLG lattices.27,29,47 Even in the absence of
lattice-registry, strain relaxation via misfit dislocation gener-
ation is not expected in the pseudo-vdWE regime, due to
lack of hetero-interfacial covalency and strain sharing.35,44

The NWs shown in Fig. 4, as well as samples grown under
all other conditions within the extended parameter space,
exhibit a disordered crystal structure consisting of zinc-
blende (ZB), wurtzite (WZ), and 4H polytype phases with a
high density of stacking faults and rotational twin planes.
Phase disorder and high planar defect density, visible as lat-
eral striations in the micrographs, are also translated by
prominent streaking along the 〈1̄1̄1̄〉ZB axis in the SAED pat-
terns. The crystal structures observed here are consistent
with prior reports on vdWE-synthesized InAs and InGaAs NWs
on SLG.27,31,35,36,47 The average interplanar spacing along the
growth direction is measured to be ∼3.517 Å. This mea-
sured value matches well with theoretical interplanar dis-
tance values of 3.516 Å and 3.520 Å for {111} InAsZB and
{0001} InAsWZ, respectively.69 Thus, as anticipated for the
vdWE growth mode, the NW self-assembly process on SLG
does not introduce additional lattice strain. Comparable
interplanar spacing values (i.e., ∼3.5 Å) along the growth di-
rection have also been measured for self-catalyzed InAs
NWs grown on graphite by solid-source MBE.31

The representative NWs shown in Fig. 4, which are either
grown under moderate precursor flow and high V/III ratio [i.e.,
panels (a)–(d)] or moderate V/III ratio and high precursor flow
conditions [i.e., panels (e)–(h)], exhibit no single phase WZ

Fig. 4 TEM images obtained along the <110> zone axis (a–c and e–g) and corresponding SAED patterns (d and h) obtained from two different NWs
both grown at TG = 650 °C. The NW captured in (a–d) was formed at high V/III ratio of 250, but at the optimal χTMIn = 16 μmol min−1. The NW
shown in (e–h) was formed at the optimal V/III ratio of 25, but at high χTMIn = 32 μmol min−1. The highlighted regions in (a, b, e and f) are shown at
higher magnification in subsequent panels.
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segments beyond 10 monolayers, regardless of position along
the NW body. Extended ZB segments beyond 10 monolayers
can be found, but such segments are not free of rotational twin
planes. The same characteristic polytypic crystal structure is
also observed for NWs grown under other conditions. The total
density of planar defects (i.e., sum density of stacking faults
and rotational twins) is measured to be ∼500 μm−1 in all NW
samples investigated. Thus, crystal structure is observed to be
independent of growth kinetics in the explored parameter
space. Notably, the disordered structure extends throughout
the tip region of all NWs inspected, regardless of whether or
not samples are cooled from the growth temperature under
AsH3 flow. Neither a transition to a single crystal phase nor dis-
tinguishable variation in planar defect density is found along
tip segments. This is in contrast to the commonly observed
“cooling neck” effect in the case of In-catalyzed and Au-seeded
InAs NWs, whereby a ZB/WZ phase transition occurs near the
catalyst/NW interface under reduced supersaturation condi-
tions stemming from seed depletion in the absence of group-
III supply at the end of growth.61,64,70

The subject of phase mixing and polytypism between ZB
and WZ structures in VLS-grown III–V semiconductor NWs
has been extensively modelled on the basis of fundamental
thermodynamics, and crystal phase control has been reliably
demonstrated to be a function of growth kinetics.70–72 The
difference in bulk cohesive energy between ZB and WZ
phases (i.e., 10.6 meV per octet pair for InAs (ref. 71)) is com-
pensated in VLS-grown NW structures by a reduction in sur-
face energy associated with WZ nucleus formation at a triple
phase line.70 This can enable crystal phase modulation by
controlling the supersaturation of the metallic droplet (i.e.,
chemical potential difference between liquid and solid
phases), which is realized by tuning of growth conditions for
a given III–V material system.70–73 Thus, by kinetically engi-
neering the energy barrier to nucleation, the crystal structure
of seed-based InAs NWs can be precisely transformed from
ZB to WZ to 4H polytype during growth, as comprehensively
demonstrated via both MBE and MOCVD.70,74–78 In fact, it
has been shown that even planar WZ InAs films can be
formed through lateral extension from the base of WZ InAs
NWs on ZB substrates.79 However, for InAs NW self-assembly
in the absence of a seed-mediated growth regime, control
over phase purity is very challenging.

For the three most commonly employed seed-free InAs
NW growth modes, which include selective-area epitaxy (SAE)
of InAs NWs on various substrates,80–83 direct epitaxy (DE) of
InAsP, InGaAs, and InAs NWs on Si (111) substrates,21,84,85

and template-assisted epitaxy (TAS) of InAs NWs on Si (110)
substrates,86 a disordered lattice consisting of a high density
of planar defects is routinely found. While polytypism
has been shown to be independent of Si dopant
concentration,87–89 some notable alternative strategies have
been applied during growth of catalyst-free In-based NWs to
induce phase purity. Ji et al. have shown that the introduc-
tion of trimethyl-antimony during SAE growth results in the
formation of purely ZB phase InAs1−xSbx NWs for x = 9.4%.90

Soo et al. realized catalyst-free growth of purely WZ InAs NWs
on Si (111) through a nano-porous Ni masking layer by
MOCVD.91 While comparable χTMIn values were employed,
the authors carried out growth at a lower V/III ratio (i.e., V/III
= 2.9) and a prohibitively lower growth temperature (i.e., TG =
550 °C) than the current study. As described above, V/III < 25
renders low NW aspect ratio and number densities, while TG
= 550 °C is not conducive to NW formation during vdWE of
InAs on SLG. Lastly, Liu et al. have recently carried out com-
prehensive analysis of phase mixing during SAE of InAs on Si

Fig. 5 Growth evolution of NWs under the selected optimal
conditions of V/III = 25, TG = 650 °C, and χTMIn = 16 μmol min−1. (a–d)
Show 45° tilted-view images after growth durations of 60 s, 120 s, 180
s, and 240 s, respectively. All scale bars represent 1 μm. (e) NW axial
growth rates (black square data points with solid black line) and NW
radial growth rates (white circle data points with dashed black line) are
plotted for various total growth times between 30 s and 300 s. The in-
set in (e) shows a plot of measured mean NW length versus growth
time to demonstrate the growth rate saturation effect; a linear trend
near the origin (i.e., dashed grey line for tG ≤ 120 s) is used to demon-
strate the absence of a significant incubation phase prior to NW
formation.
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(111) by MOCVD.92 The authors successfully realized growth
of over 90% WZ phase, and concluded that high TG, low ab-
solute precursor flow rate, and low V/III ratio conditions are
required to preferentially induce an InAs (111)B “unrecon-
structed” (1 × 1) surface, which favors hexagonal phase nucle-
ation, as opposed to the (2 × 2) reconstructed surface, which
favors ZB phase nucleation. While comparable V/III ratios
and sufficiently high TG values were employed by Liu et al. as
those in the current work, substantially lower precursor flow
rates (i.e., χTMIn = 1 μmol min−1) were required for phase pu-
rity. We conclude that, although modification of growth ki-
netics beyond the parameter window explored here may per-
mit appreciable phase purity as realized by Soo et al. and Liu
et al., our observations indicate that such conditions provide
critical limitations with respect to template-free self-assembly
of high aspect ratio InAs NW structures in arrays of high
number density on SLG.

Time evolution study

Next, NW growth progression is tracked under the preferred
parameter space defined by V/III = 25, TG = 650 °C, and χTMIn

= 16 μmol min−1. The time evolution of axial and radial
growth is monitored over a series of seven runs toward the fi-
nal growth duration of tG = 300 s. Fig. 5(a)–(d) shows images
from as-grown NW arrays that were formed under the above
noted, constant growth conditions after growth periods of tG
= 60–240 s, respectively (an array formed under the same con-
ditions but after tG = 300 s is shown in Fig. 1(b)). In Fig. 5(e),
the mean axial growth rates (black square data points and
solid guide line) and mean radial growth rates (white circle
data points and dashed guide line) are plotted for the 7
growth periods. While axial growth rates appear invariant
within the measured error values in Fig. 5(e), the inset plot
showing NW length as a function of growth time clearly high-
lights a tendency toward reduced axial growth after tG = 180
s, as indicated by the solid portion of the gray fitted data
line. Extrapolation of the same fitted curve toward the

starting growth time, indicated by the dashed line segment,
shows an absence of an extended incubation period and is
contrary to what has been observed in the case of In-seeded
InAs NW growth by Grap et al.60 Hertenberger et al. empha-
sized a similarly absent nucleation phase prior to the onset
selective-area MBE growth of InAs NWs in support of a seed-
free growth mode.93 It is noted that sidewall nucleation-
mediated radial growth leads to continual expansion of the
NW diameter over the entire growth period. However, as
shown in Fig. 5(e), the radial growth rate is observed to de-
cline and saturate rapidly within this timeframe. The ten-
dency toward a reduction in axial and radial growth rates is
attributed to an increasing competition from additional sur-
faces for a limited material supply. As growth ensues, a con-
stant supply of growth species is competitively distributed
over an expanding collection of parasitic 3-D islands. Such a
supply-limited competitive regime is exaggerated over time as
island volumes grow and provide additional surfaces for nu-
cleation, as visible in Fig. 5(a)–(d). Thus, NW volume expan-
sion declines over time. While growth rates are expected to
saturate for longer growth times,93 the selected optimal con-
ditions permit rapid axial growth rates of approximately 900
nm min−1 within the tested growth period. Compared to the
reported growth rate of 43 nm min−1 for the case of In-
seeded31 and 340 nm min−1 for seed-free35 InAs NWs on
graphene, 11 nm min−1 for catalyst-free InAs on Si (111),93

and 275 nm min−1 for InAs SAE on Si (111),94 the optimized
growth conditions in the current study enable maximum NW
volume yield, which holds promise for low-cost manufactur-
ing of InAs NW arrays for applications in optoelectronics
(e.g., photodetectors) and nanoelectronics (e.g., wrap-gated
field-effect transistors).

Growth optimization for high NW number density arrays

Two additional optimization experiments are conducted with
the intention of further reducing the areal coverage of para-
sitic islands and/or improving the NW number density under

Fig. 6 45° tilted-view SEM images of as-grown InAs NWs formed under otherwise constant conditions, but (a) with and (b) without the use of a
pre-growth AsH3 surface treatment.
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otherwise non-ideal conditions. In the first experiment, the
purpose is to test the influence of a pre-growth in situ AsH3

treatment on the formation of parasitic islands. Here, a low
V/III ratio growth condition (i.e., V/III = 5, TG = 650 °C, χTMIn

= 16 μmol min−1) is selected as the starting point, which was
shown earlier to produce relatively low NW number densities
and high areal coverage percentage of parasitic islands. As
demonstrated by Alaskar et al.,33 and noted earlier, the gener-
ation of an As-terminated graphene layer greatly enhances
the surface energy and promotes further group-III adsorption.
Thus, due to its chemically inert surface in the absence of an
As pre-layer, an enhancement of surface migration of growth
species is expected, leading to fewer nucleation sites and a re-
duction of parasitic island coverage. Tilted-view SEM images
of as-grown NW arrays formed with and without a 300 second
pre-growth AsH3 treatment at TG = 650 °C are shown in
Fig. 6(a) and (b), respectively. For growth without an AsH3

pre-layer, the run was initiated at TG by simultaneously intro-
ducing TMIn and AsH3 flows. In this case, a significant re-
duction (i.e., by a factor of ∼0.62) in areal coverage of para-
sitic islands is observed. Correspondingly, a notable increase
in NW number densities also occurs such that NWs are on
average ∼182% taller and ∼128% larger in diameter than
those NWs formed after pre-growth AsH3 treatment. There-
fore, the absence of an AsH3 pre-layer not only results in the
suppression of parasitic growth through a reduction (en-
hancement) of growth species adsorption (surface migration),
but also leads to the formation of higher aspect ratio NWs in
number densities under low V/III conditions that are compa-
rable to those formed under optimal V/III conditions. The
quantitative results from this growth are summarized in
Table 1 and compared to results from samples grown with
AsH3 pre-layer under non-ideal and optimal V/III ratios of 5
and 25, respectively.

In the second optimization experiment, we return to the no-
tion of a two-step flow-modulated growth procedure. As noted
above, reduced precursor flow rates permit formation of high
number density arrays of low aspect ratio NWs. Conversely, as
precursor flow rates increase, NW aspect ratio is enhanced at
the cost of number density and expansion of parasitic growth.
In order to overcome this tradeoff, growth is first conducted at
a low flow rate of χTMIn = 8 μmol min−1 for a period of 60 s as
an initial “NW nucleation stage” so as to force the formation of
high number density NW growth sites. Next, flow rates are in-
creased such that χTMIn = 16 μmol min−1 for an additional 240
s growth period. Both growth steps are conducted at TG = 650
°C, and under constant V/III ratio (i.e., AsH3 flow is also dou-
bled during the second growth step).

A representative tilted-view SEM image of a sample formed
under the two-step flow-modulated growth mode is shown in
Fig. 7, which can be compared to Fig. 3(a) and (b) for the
cases of fixed-flow growth at χTMIn = 8 μmol min−1 and χTMIn

= 16 μmol min−1, respectively. The corresponding growth

Table 1 Metrics for NW growths at V/III = 5 with and without AsH3 pre-flow, compared to V/III = 25 with AsH3 pre-flow

Growth condition Mean NW length (μm) Mean NW diameter (nm) NW number density (cm−2) Island areal coverage (%)

With AsH3 pre-flow 2.1 70.8 3.2 × 108 46.3
V/III = 5
Without AsH3 pre-flow 3.9 90.5 4.6 × 108 28.5
V/III = 5
With AsH3 pre-flow 4.5 59.6 4.8 × 108 24.4
V/III = 25

Fig. 7 45° tilted-view SEM image of high aspect ratio and high num-
ber density InAs NWs grown using a two-step flow-modulated
sequence.

Table 2 Metrics for NW growth under fixed-flow and two-step flow-modulated conditions

Growth condition Mean NW length (μm) Mean NW diameter (nm) NW number density (cm−2) Island areal coverage (%)

Fixed-flow 1.4 37.7 8.6 × 108 22.3
χTMIn = 8 μmol min−1 for tG = 300 s
Fixed-flow 4.5 59.6 4.8 × 108 24.4
χTMIn = 16 μmol min−1 for tG = 300 s
Two-step flow-modulated 4.2 51.7 8.3 × 108 54.3
χTMIn = 8 μmol min−1 for tG = 60 s
χTMIn = 16 μmol min−1 for tG = 240 s
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metrics are summarized in Table 2 for these three trials.
Through use of the flow-modulated growth mode, NW num-
ber densities are improved to comparable values that are real-
ized under low flow rate conditions (i.e., >8 × 108 cm−2),
without sacrificing NW aspect ratio or significantly influenc-
ing the axial growth rate (i.e., 840 nm min−1). Thus, this opti-
mized mode permits simultaneous realization of dense
NW arrays and formation of structures with aspect ratios
greater than 80. However, under the two-step growth mode,
the areal coverage of parasitic islands is observed to increase
by more than a factor of two in comparison to alternative
fixed-flow conditions. This can likely be attributed to rapid
volume expansion during the second growth stage of a higher
number density of parasitic islands that were initially formed
during the first growth stage.

Conclusions

In summary, the exploration of an extended growth parame-
ter space for self-assembly of InAs NWs on graphene by
MOCVD has been presented. The dependences of NW length,
diameter, and number density of as-grown arrays, as well as
the areal coverage of unintentionally deposited parasitic
islands, have been quantified as a function of critical epitaxy
parameters including growth temperature, V/III ratio, and ab-
solute flow rate of metalorganic and hydride precursors. A
compromise between maximal NW aspect ratio, maximal NW
number density, and minimal parasitic growth coverage is
reached for the set of growth conditions defined by TG = 650
°C, V/III = 25, and χTMIn = 16 μmol min−1. While strategies for
realization of the crystal phase purity during seed-free InAs
NW growth have been discussed, it is noted that the NW crys-
tal phase remains invariantly polytypic and comprised of dis-
ordered phases of ZB and WZ layers under all currently ex-
plored sets of growth conditions. Tracking the NW growth
evolution under optimal conditions indicated that both axial
and radial growth rates reduce and saturate over time, likely
stemming from a growth regime wherein a constant precur-
sor supply is competitively distributed amongst expanding
NW and parasitic island volumes. It has been shown that
growth results can be further optimized by two additional ap-
proaches. Elimination of a pre-growth in situ AsH3 treatment
causes reduction of growth species surface adsorption during
the vdWE of InAs on SLG, which results in minimization of
undesired parasitic growth. Moreover, use of a two-step flow-
modulated growth mode has enabled further NW aspect ratio
enhancement (i.e., to values >80) as well as substantial in-
crease in NW number densities (i.e. to values of ∼8.3 × 108

cm−2). Gaining an understanding of the current parameter
space provides a basis for the growth of additional InAs-
based ternary alloys through the incorporation of P and/or Al
for extended bandgap engineering. This work is intended to
serve as a guide for control over desired NW morphologies
and number densities during vdWE growth of III–V NWs on
inert substrates. While this materials system enables a series
of nano-hybrid flexible nanoelectronics and optoelectronics

device applications, it is also envisioned that III–V/SLG inte-
grated nano-composites can be coupled to existing device ar-
chitectures as supplementary components of hierarchical sys-
tems. Self-assembled arrays of In-based III–V NWs on SLG
are also considered for use in tandem-junction solar cell de-
signs as low bandgap sub-cells, such that SLG serves as a
transparent and high-conductivity (i.e., n++) component of a
tunnel junction when coupled to intermediate (e.g., Si) or
high (e.g., GaAsP) bandgap sub-cells.
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