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Abstract—Vertically-aligned, high aspect ratio InAsyP1-y, 
InxAl1-xAs, and core-shell InAsP-InP nanowires (NWs) are 
grown directly on two-dimensional (2-D) monolayer graphene 
via seed-free pseudo-van der Waals epitaxy (vdWE), as 
reported here for the first time. Growth is achieved using 
metalorganic chemical vapor deposition (MOCVD). By 
altering growth temperature and molar flow ratio of precursors, 
the composition of InAsyP1-y NWs can be tuned within the 1 ≤ 
y ≤ 0.8 range. Similarly, by tuning the group-III precursor flow 
rates, InxAl1-xAs composition can be modified in the 1 ≤ x ≤ 0.5 
range. NW morphology and NW array number density 
variances are measured for different ternary compositions as 
functions of precursor flow rates and growth temperature.   

I. INTRODUCTION 
Functional 2-D materials, such as graphene, have shown 
promising performance in many applications such as 
nanoelectronics [1] and photovoltaics [2]. Monolithic 
integration of III-V semiconductors with graphene and other 
2-D nanosheets can be realized via growth of high aspect ratio 
NW structures. Such heteroepitaxial growth may proceed 
without sacrificing crystalline quality, due to an absence of 
strain sharing between substrate and epilayer [3, 4]. In recent 
years, nano-hybrid materials systems consisting of GaAs, 
InAs, InGaAs, and InAsSb NWs on graphene have been 
demonstrated through the vdWE approach [3, 4, 5]. In this 
growth mode, weak vdW forces, which are formed between a 
2-D nanomaterial with no available surface dangling bonds 
and the III-V epilayer, can accommodate dislocation-free 
crystalline NW formation. Here, the 2-D nanosheet offers 
limited possibilities for arrangement of the overlaying III-V 
lattice. For the specific case of graphene, there are three 
available adsorption sites on the hexagonal carbon rings of 
graphene: (1) above a hollow site at the center of C-rings (H-
site), (2) on top of a carbon atom (T-site), and (3) above the 
bridge of two neighboring carbon atoms (B-site) [6]. Based on 
the lattice constant of different III-V compounds and the finite 
number of atomic arrangements on graphene, Munshi et al. 
proposed a model that describes atomic configurations at the 
growth interface during vdWE [6]. Additionally, from a 
thermodynamic perspective, the binding energy between a 
specific adatom and underlying carbon atoms is unique for 
each H-, T-, and B-sites [7, 8]. Thus, for any specific growth 
species, only one of the three sites is energetically favorable.   

Growth of III-V NWs on graphene has been realized 
through various mechanisms, such as self-catalyzed or Au-
assisted vapor-liquid-solid (VLS) growth using molecular 
beam epitaxy (MBE) and MOCVD [6, 9]. Additionally, 

vertically oriented InAs and InGaAs can also be formed on 
inert graphitic surfaces through a self-assembly mechanism, 
which unlike other methods requires no pre-growth 
lithography step or deposition of metallic seeding agents [3, 4, 
10]. However, to our knowledge, no studies have been reported 
on seed-free heterogeneous integration of InAsP and InAlAs 
NW arrays on single layer graphene (SLG) via the vdWE 
approach. Here, we present compositional and morphological 
tuning of hybrid ternary III-V-on-2-D nanomaterials systems 
enabled by NW self-assembly using MOCVD. Variations in 
NW morphology and number density are considered with 
respect to compositionally-dependent atomic configuration 
and adatom binding energy factors.  

II. EXPERIMENTAL DETAILS 
Growth of NWs on SLG nanosheets was performed in an 

Aixtron 3×2" close coupled showerhead MOCVD reactor. 
Trimethyl-indium [TMIn, (CH3)3In] and trimethyl-aluminum 
[TMAl, (CH3)6Al2] were used as group-III precursors; arsine 
(AsH3) and phosphine (PH3) were used for supply of group-V 
growth species. 

In the present work, InAsyP1-y NWs were grown using 
various hydride precursor molar flow ratios, defined by 
𝜌𝑃𝐻3

=
𝜒𝑃𝐻3

𝜒𝑃𝐻3+ 𝜒𝐴𝑠𝐻3

, where 𝜒𝑃𝐻3
 and 𝜒𝐴𝑠𝐻3

 represent the 

molar flow rate of AsH3 and PH3, respectively. Similarly, 
InxAl1-xAs NW compositions were modified by varying the 
molar flow ratio of metalorganic precursors, defined by 
𝜌𝑇𝑀𝐴𝑙 =

𝜒𝑇𝑀𝐴𝑙

𝜒𝑇𝑀𝐼𝑛+ 𝜒𝑇𝑀𝐴𝑙
, where 𝜒𝑇𝑀𝐼𝑛  and 𝜒𝑇𝑀𝐴𝑙  represent the 

molar flow rate of TMIn and TMAl, respectively. Growth 
temperatures (TG) in the 600 °C to 750 °C range were 
investigated. In all cases, samples were heated to the desired 
growth temperature under a constant AsH3 flow prior to 
growth initiation. The onset of crystal growth was marked by 
the introduction of group-III precursor(s). After a growth 
duration of 300 s, samples where cooled under constant supply 
of group-V precursors. For all samples, hydrogen (H2) was 
used as the carrier gas with total flow of 7 L/min, and the 
reactor pressure was maintained at 100 mBar. 

Samples were imaged with Hitachi S-4000 and TESCAN 
MIRA 3 scanning electron microscopes (SEM). X-ray 
diffraction (XRD) measurements were made using a Bruker 
D8 high-resolution X-ray diffractometer. 

III. RESULTS AND DISCUSSIONS 
The focus of this study is to investigate self-assembly of 

InAsP and InAlAs NWs on SLG through the vdWE approach, 
and to explore the influence of key growth parameters on the 
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with C [15]. In the case of InAs on SLG, the native InAs lattice 
allows for residence of In atoms above graphene H-sites; the 
same may also be expected for InAs0.8P0.2 [6]. While B-site 
residence is most energetically stable for both As and P atoms 
according to calculations by Nakada and Ishii [8], the residency 
competition between group-V species in the case of InAsP is 
not expected to change the position of In atoms from H-site to 
B-site. Therefore, formation of ternary InAs0.8P0.2 (i.e., in 
comparison to binary InAs) is not expected to shift In atom 
positions to B-sites. Correspondingly, little variation in the 
number density of NWs is observed comparing vdWE of InAs 
and InAsP on SLG. Fig. 7(a) quantifies the change in NW 
number density for InAsyP1-y NWs grown under otherwise 
constant growth conditions while 𝜌𝑃𝐻3

 is varied between 0 and 
0.98 (i.e., 1 ≤ y ≤ 0.84). However, introducing Al as a group-III 
species, which can reside at the interface, into the InAs lattice 
significantly changes NW morphology and number density. As 
shown in Fig. 7(b), a ~60-fold reduction in NW number density 
results by increasing 𝜌𝑇𝑀𝐴𝑙  from 0 to 0.50. Chan et al. reported 
calculations of binding energy for various group-III metallic 
atoms on graphene [7]. For InxAl1-xAs with low Al content, both 
In and Al adatoms were shown to reside on the energetically 
favorable H-site [7, 8]. However, by increasing Al-content, a 
reduction in the InxAl1-xAs lattice constant forces an altered 
atomic configuration at the growth interface such that Al resides 
on the B-site [7, 8]. Since Al has a higher binding energy when 
situated above the B-site, formation of InAlAs NW structures 
(i.e., versus polycrystalline islands) on SLG likely becomes less 
favorable and NW growth becomes quenched (i.e., Fig 4).  

IV. CONCLUSIONS 
Formation of InAsP, InAlAs, and InP/InAsP NWs via 

pseudo-vdWE on SLG is reported for the first time. Self-
assembly of InAsyP1-y NWs on SLG is achieved for 1 ≤ y ≤ 0.8. 
Solid phase P-content and number density of NWs are strongly 
dependent on growth temperature. Higher P-content NWs have 
been realized via a two-temperature growth regime. The 
dependence of InxAl1-xAs NW composition and morphology 
on growth temperature and 𝜌𝑇𝑀𝐴𝑙  have been investigated for 1 
≤ x ≤ 0.5. Although NW number density was shown to have an 
inverse dependence upon Al-content, well-defined vertical 
NWs were realized at TG = 650 °C and 𝜌𝑇𝑀𝐴𝑙  = 0.5. A general 
trend for vdWE of InAsP and InAlAs NWs has been discussed 
to relate NW number densities to lattice coordination and 
binding energy of growth species on SLG. We anticipate the 
use of such hybrid nanosystems in low-cost optoelectronics 
and high-efficiency tandem-junction photovoltaics. 
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Fig. 7. (a) InAsyP1-y NW number density versus percentage of solid 
phase P-content, (b) InxAl1-xAs NW number density versus 
percentage of solid phase Al-content. 




