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Branched nanowire heterostructures of InAs/GaAs were observed during Au-assisted growth of
InAs on GaAs nanowires. The evolution of these branches has been determined through detailed
electron microscopy characterization with the following sequence: �1� in the initial stage of InAs
growth, the Au droplet is observed to slide down the side of the GaAs nanowire, �2� the downward
movement of Au nanoparticle later terminates when the nanoparticle encounters InAs growing
radially on the GaAs nanowire sidewalls, and �3� with further supply of In and As vapor reactants,
the Au nanoparticles assist the formation of InAs branches with a well-defined orientation
relationship with GaAs/ InAs core/shell stems. We anticipate that these observations advance the
understanding of the kink formation in axial nanowire heterostructures. © 2007 American Institute
of Physics. �DOI: 10.1063/1.2790486�

Semiconductor nanowires �NWs� and their associated
heterostructures exhibit novel and device applicable physical
properties,1–4 which has led to the fabrication of nanoelec-
tronic and nano-optoelectronic devices, such as field-effect
transistors,5,6 photodiodes,7,8 transistor arrays,9 and
biosensors.10 The vapor-liquid-solid �VLS� mechanism, us-
ing metal nanoparticles �NPs� as nucleation sites, is a com-
monly used process for semiconductor NW growth, in which
Au NPs have been generally used in this process.11–13 This
mechanism offers the flexibility to produce axial and radial
NW heterostructures,12,13 which can be achieved by varying
the vapor chemistry during NWs growth.13 Attainment of
lateral lattice relaxation of misfit strain due to the smaller
growth area is an inherent advantage of axial NW hetero-
structures, which enables the integration of high lattice mis-
match materials with few or without misfit dislocations.12

NWs of III-V semiconductors with multiple axial heterojunc-
tions, such as GaP/GaAs13,14 and InP/ InAs,15,16 have been
studied in terms of their growth behavior and device appli-
cability.

According to our recent study17 and Dick et al.,18 inter-
facial energy between the metal NPs and the semiconductor
materials is the key parameter that determines the success of
growing an axial NW heterostructure through the VLS
mechanism. This has been clearly demonstrated in Au as-
sisted initiation of GaAs/ InAs and InAs/GaAs NW hetero-
structures, where the axial growth of GaAs on InAs NWs
proceeds,19 but axial growth of InAs on GaAs NWs does not.
In the latter case, the Au particle instead slides down the

original GaAs NW by preserving a Au–GaAs interface dur-
ing InAs growth.17 This growth difference is attributed to a
lower interfacial energy between Au and GaAs than between
Au and InAs, and this phenomenon can have general appli-
cability in NW heterostructures growth when the interfacial
energies between NP and the NW composing materials are
unequal.17 This downward movement of Au was also ob-
served in InP and Ge growth on GaP NWs.18 The feasibility
of multiple axial heterojunctions in the case of GaAs/GaP
and InAs/ InP NWs is most probably due to equal interfacial
energies between NP and the NW composing materials.18

These phenomena may be further treated by the chemical
tensions.20

In this study, we demonstrate the role of Au NPs during
the growth of InAs on GaAs NWs. The morphological and
structural characteristics of resultant NW heterostructures
were characterized by detailed electron microscopy. Based
on these studies, the mechanism behind the morphological
evolution of InAs/GaAs NW heterostructures has been
determined.

InAs/GaAs NWs were grown using 30 nm diameter Au
NPs in a horizontal flow low pressure �100 mbar� metal-
organic chemical vapor deposition reactor at a growth tem-
perature of 450 °C. As a first step, GaAs NWs were grown
on a �111�B GaAs substrate for 30 min under trimethylgal-
lium �TMG� and AsH3 flow. Different InAs/GaAs NWs
were produced by growing InAs NWs for 1, 3, 5, and 30 min
on the GaAs NWs by switching off the TMG flow and
switching on the trimethylindium �TMI� flow while main-
taining constant AsH3 flow. The flow rates of TMG, TMI,
and AsH3 were 1.2�10−5, 1.2�10−5 and 5.4
�10−4 mol/min, respectively. Scanning electron microscopy
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�SEM� �JEOL 890� and transmission electron microscopy
�TEM� �JEOL2010, JEOL4010, FEI Tecnai F20 equipped
with an energy dispersive spectrometry �EDS�, and FEI Tec-
nai F30� investigations were carried out to understand the
structural characteristics and chemical composition of the
NWs. TEM specimens were prepared through ultrasonicating
the NWs in ethanol for 10 min and dispersing them on holey
carbon films.

Figure 1 shows SEM images taken from InAs/GaAs
NW heterostructures grown with different growth times for
the InAs sections, and shows typical morphologies of the
InAs/GaAs NW heterostructures. A small branch-like struc-
ture can be found near the tip of InAs/GaAs NWs with
5 min growth of InAs NW sections, as indicated by arrows
in Fig. 1�b�, but no such morphology is presented in NWs
with 1 min growth of the InAs sections �see Fig. 1�a��. In
contrast, for the case of 30 min growth of InAs sections �Fig.
1�c��, the NWs have well-developed branches and the overall
morphology of the NWs resembles stem-branch nanostruc-
tures. These SEM observations suggest that the branch
growth initiated during first 5 min of InAs section growth,
and it has progressed with further InAs growth.

To determine the mechanism behind this branched mor-
phology in InAs/GaAs NW heterostructures, extensive TEM
investigations were conducted on the NWs with different
growth times of InAs sections. Figure 2�a� is a TEM image
taken from a NW top portion with 1 min growth of the InAs
section. As can be seen from Fig. 2�a�, the Au NP has been
displaced from the tip of the GaAs section onto the NW
sidewall and, while maintaining an interface with the GaAs
NW, has migrated down the GaAs NW sidewall during InAs
growth.17 Figure 2�b� is a typical TEM image taken from an
InAs/GaAs NW with 3 min growth of InAs section. The
Moiré fringes and the strain contrast along the NW suggest
that, with 3 min growth of InAs, radial growth of InAs has
taken place around the GaAs NW sidewalls. It is of interest
to note that the Au particles remain near the NW top regions,
as shown in the inset of Fig. 2�b�. Generally, in Au-assisted
growth of NWs and their heterostructures, radial growth is a
temperature dependent process.13 Similar to the cases of
GaP/GaAs13 and GaAs/AlInP,21 we observed significant
InAs radial growth �an InAs shell� on GaAs NWs at a growth
temperature of 450 °C. This observation indicates that, dur-
ing the first 3 min growth of the InAs sections, radial growth
of InAs becomes significant in comparison to the downward
growth of InAs. Figure 2�c� is a typical TEM image taken
from an InAs/GaAs NW with 5 min growth of the InAs
section. In agreement with the SEM observations, a branch

has been developed from the NW with Au NP at the tip of
the branch. The EDS analysis conducted on the NW hetero-
structures shows that the branch is composed of InAs and the
stem has a core-shell structure of GaAs and InAs, as shown
in the insets of Fig. 2�c�. These results suggest that radial
InAs growth prevents further downward movement of the Au
NP. Once the Au NPs’ downward movement ceases, the
growth direction changes and the Au assisted growth of InAs
branches initiates under further supply of In and As vapor
reactants.

Under the conditions of thermodynamic equilibrium, the
Au NP will maintain an interface with GaAs which directs
the downward movement of the Au NP during the initial
stage of InAs growth.17 However, these experimental results
indicate that, with continuing supply of In and As vapor re-
actants, the Au NP-GaAs sidewall interface can no longer be
maintained due to the formation of the InAs shell surround-
ing the GaAs sidewalls. As a result, axial growth of InAs
NW branches initiates under further supply of In and As
vapor reactants, via the VLS mechanism.17 Figure 2�d�
shows an InAs/GaAs NW with a 30 min growth of the InAs
section, in which a well developed InAs NW branch with
respect to its stem can be clearly seen. Careful analysis of
this branched NW shows that significant radial growth of
InAs around the main stem has taken place, as evidenced by
the increased stem diameter when compared with the NW
shown in Fig. 2�c�.

To understand the structural characteristics of the stem-
branch morphology of the grown NWs, detailed TEM inves-
tigations were performed. Figure 3�a� is a TEM image of a
typical NW and shows the stem-branch junction. Figures
3�b�–3�d� are selected area electron diffraction patterns
taken, respectively, from the stem region, the branch region,

FIG. 1. SEM images of InAs/GaAs nanowires with different InAs growth
times. �a�, �b�, and �c� correspond to 1, 5, and 30 min InAs growth, respec-
tively. The images were taken when the substrate normal was tilted 20°
away from the electron beam.

FIG. 2. TEM images of InAs/GaAs nanowires with different InAs growth
times. �a�, �b�, �c�, and �d� correspond to 1, 3, 5, and 30 min InAs growth,
respectively. The inset in �b� is the magnified image of the nanowire portion
at the Au nanoparticle. The insets in �c� show the results of the EDS analy-
ses at different locations of the nanowire and the Cu peak is from the TEM
grid.
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and their junction region, where the orientation between the
NW and the electron beam remains unchanged. Figure 3�b�
shows a �110� zone-axis diffraction pattern of the zinc-

blende structure, while Fig. 3�c� shows a �12̄10� zone-axis
diffraction pattern of the wurtzite structure, indicating that
the stem has the zinc-blende structure and the branch has the
wurtzite structure. Figure 3�d� shows two overlapped diffrac-
tion patterns originated from the branch and the stem, re-
spectively, where the ±0002* reflections corresponding to the
branch and a pair of �111�* reflections corresponding to the
stem are overlapped. Since the NWs grew vertically on the
�111�B GaAs surface, we can define the growth direction of

NW stems as parallel to the �1̄1̄1̄� direction. Based on this

index, other three equivalent �111�B directions will be �1̄11�,
�11̄1�, and �111̄�, which have an angle of 109.5° with the

�1̄1̄1̄� direction.22 We deduce that the atomic planes corre-
sponding to the diffraction spot marked by an arrow �Figs.
3�b� and 3�d�� must belong to �111�B of the stem, and this
diffraction spot overlaps with one of the ±0002* reflections
that is parallel to the branch growth direction �Fig. 3�d��.
From crystallography, the �111�B direction in the zinc-blende

structure is equivalent to the �0001̄� direction in the wurtzite
structure. Therefore, we anticipate that the growth direction

of the branch is along the �0001̄� direction and it grows
epitaxially on the stem, i.e. along one of the �111�B direc-
tions of the stem �other than the stem’s growth direction�.
Generally in VLS growth, �111�B is commonly observed
growth direction of III-V semiconductor NWs, which might
be attributed to the lower interfacial energy of �111�B sur-
faces with liquid Au NPs.

It should be noted that there is only one set of diffraction
pattern in Fig. 3�b� although the stem has the GaAs/ InAs
core/shell structure �see Fig. 2�c��. Furthermore, the overlap
of a pair of 111* reflections from the stem with ±0002* re-
flections from the branch indicates that the diffraction pattern
shown in Fig. 3�b� should have a lattice parameter of InAs.

To clarify this point, we have taken a high magnification
bright-field image from the stem region and the result is
presented in Fig. 3�e�. The existence of the GaAs core is
evidenced by the Moiré fringes in the middle region of the
NW, and this core is significantly thinner than the InAs shell,
which might cause the main contribution of InAs to the elec-
tron diffraction pattern �Fig. 3�b��. Such a thick shell must
have formed due to the 30 min growth of InAs, as radial
InAs growth continued simultaneously with the InAs branch
growth.

In conclusion, we have demonstrated the evolution of
InAs branches during InAs growth on GaAs NWs by grow-
ing the InAs sections for different durations and by detailed
SEM and TEM investigations. The evolution can be summa-
rized as follows: �i� the downward movement of the Au NP is
terminated by the radial growth of InAs around the sidewalls
of a GaAs NW; �ii� with further InAs growth, InAs axial
growth initiates from that Au NP and progresses along a
�111�B direction which is inclined to the GaAs/ InAs core-
shell stem. As a consequence, branched InAs NWs are
formed.
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