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We have investigated the structure and shape of GaN-based nanowires grown
on (001) Si substrates for optoelectronic device applications. The nanowire
heterostructures contained InN disks and In0.4Ga0.6N barrier layers in the
active region. The resulting nanowire array comprised two differently shaped
nanowires: shorter pencil-like nanowires and longer bead-like nanowires. The
two different nanowire shapes evolve due to a variation in the In incorporation
rate, which was faster for the bead-like nanowires. Both types of nanowires
exhibited evidence of significant migration of both Ga and In during growth.
Ga tended to diffuse away and down along the sidewalls, resulting in a Ga-rich
shell for all nanowires. Despite the complex structure and great variability in
the In composition, the optical properties of the nanowire arrays were very
good, with strong luminescence peaking at � 1.63 lm.
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INTRODUCTION

InGaN nanowire heterostructures have been pro-
posed for use in optoelectronic devices, such as light-
emitting diodes,1–3 lasers,4,5 and sensors,6 due to
the high tunability of their bandgap, which can
range from the deep-ultraviolet to infrared wave-
length regime depending on the In composition.5,7,8

These nanowire structures also provide structural
advantages, as they can be grown directly on (001)
Si wafer, making them suitable for potential inte-
gration, and have been shown to effectively relax
lattice mismatch strain at low In compositions.5,9

The shape of such nanowires can be altered by
tuning the growth conditions and In composition. For
low In concentrations, nanowire heterostructure
growth occurs axially on the basal plane, resulting in
disc-in-nanowire heterostructures.10 As the In con-
centration increases, the lattice mismatch also

increases such that the growth mode of the In-rich
region may transition from layer-by-layer to three-
dimensional island nucleation within the nanowire,11

analogous to Stranski–Krastanov growth of quantum
dots in planar epitaxial systems.12 Decreasing the
substrate temperature has been shown to promote In
incorporation and lateral growth of nanowires.13

Reducing the growth temperature while simultane-
ously increasing the In composition shifts the primary
growth directions away from the basal plane to
pyramidal planes;14,15 For example, growth of
In0.4Ga0.6N on top of GaN nanowires results in such
a drastic increase in diameter that the nanowires
coalesce.16 It has been shown that pure InN nanowires
also increase in diameter during growth, resulting in
inverted pyramids or pinhead structures.17–19

Details about the structure of highly lattice-
mismatched InGaN nanowire heterostructures,
where there is variation in the In composition along
the length of the nanowire, have not been reported.
However, it is expected that the interaction of
composition- and temperature-induced morphologi-
cal changes and strain relaxation will have a strong
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impact on the final shape and compositional distri-
bution across the resulting nanowire arrays. To
investigate this phenomenon more closely, multiple
heterostructure nanowires were examined using
high-resolution transmission electron microscopy
(TEM). Temperature-dependent photoluminescence
from the nanowires was also recorded.

EXPERIMENTAL PROCEDURES

To understand the behavior of In-rich InGaN
nanowire heterostructures, two nanowire samples
were grown by plasma-assisted molecular beam
epitaxy (PAMBE) using growth parameters similar
to those of prior work.5 Both nanowire heterostruc-
tures were grown on n-type (001) Si substrates
without treatment before going into the MBE cham-
ber. In both samples, a 260-nm-thickn-GaN stem was
grown under nitrogen-rich conditions at substrate
temperature of 819�C with Ga flux of
1.56 9 10�8 kPa. The substrate stage rotated at
3 rpm during growth. A graded InxGa1�xN buffer
layer, with intended composition in the range of
0 £ x £ 0.4, was grown by lowering the substrate
temperature from 819�C to 631�C in 10 steps, while
holding the Ga and In fluxes constant at
1.47 9 10�8 kPa and 5.73 9 10�9 kPa, respectively.
During growth of the active region consisting of
alternating InN disks and In0.4Ga0.6N barriers, the
substrate temperature was lowered to 433�C while
the In flux was kept fixed at 5.33 9 10�9 kPa. The 12-
nm-thick barriers were grown by exposing the sub-
strate to an additional Ga flux of 1.8 9 10�9 kPa.
Sample A had four InN disks of 6 nm thickness in the
active region and a 150-nm-thick p-GaN capping
layer on top grown at 819�C with Ga flux of
1.28 9 10�8 kPa. A schematic of this intended struc-
ture is shown in Fig. 1a. Sample B was grown with
six alternating InN disks and In0.4Ga0.6N barriers of
the same respective thicknesses in the active region,
while the p-GaN capping layer was omitted.

TEM samples were prepared either by removing
the nanowires from the substrate and dispersing
them with water on a lacy carbon film mesh Cu
TEM grid, or by focused ion beam (FIB) milling. In
the latter case, the final step in polishing the TEM
sample was conducted at low voltage (2 kV) and
current (4 pA) to avoid Ga-induced damage. Trans-
mission electron micrographs and energy-dispersive
x-ray spectroscopy (EDS) data were collected using
a JEOL JEM 2100 scanning transmission electron
microscope (STEM) with CEOS probe corrector and
attached EDAX 100 mm2 silicon drift detector
(SSD). The microscope was operated in STEM mode
with the lens settings defining probe size
of � 0.15 nm for high-angle annular dark-field
(HAADF) imaging and a detector collection inner
angle of � 75 mrad. EDS mapping data were col-
lected with Ga K peak at 9.24 kV and In L peak at
3.28 kV. For the EDS line profile, the distance
between each data point was set at 2 nm.

RESULTS AND DISCUSSION

Figure 1b shows a scanning electron micrograph
of the GaN/InGaN/InN nanowire heterostructure
from sample A. The average length of the nanowires
in this sample was � 500 nm, though the length
varied from wire to wire. Instead of presenting
prismatic shape, as reported for nanowire
heterostructures with lower In composition,20 these
nanowires exhibited two distinct morphologies: a
pointed pencil-shape and a rounded polyhedral
bead-like shape. One representative nanowire for
each morphologies is indicated in Fig. 1b. The
pencil-like wires, which constituted � 60% of the
array, sometimes exhibited periodic spike-like pro-
trusions in the In-rich regions, in agreement with
reports on In0.4Ga0.6N disk-in-nanowire struc-
tures.21 The bead-like wires, on the other hand,
comprised highly faceted polyhedra. As seen from
the image, the polyhedral bead-shape nanowires
were much taller than the pencil-shaped nanowires.
The average height of the pencil-shape nanowires
was� 400 nm, while the polyhedral bead-shape
nanowires were usually � 600 nm long. The size of
the beads increased along the growth; lower beads
had diameter of � 50 nm, while the topmost beads
had diameters on the order of � 100 nm. Sample B
exhibited a similar distribution of nanowire shapes,
except that the average height of the nanowires
was � 700 nm, because of the additional layers in
the active region.

Figure 2a shows a HAADF image of a pair of
pencil-shaped nanowires dispersed on a Cu grid
from sample A, along with the EDS mapping results
for the Ga (Fig. 2b) and In (Fig. 2c) distributions
within them. These images clearly show that a Ga-
rich shell wraps around each In-rich region. Fig-
ure 2d shows the line profile of the In composition
for the line indicated in Fig. 2a. The composition
was calculated based on the assumption that the
total amount of group III elements (In and Ga)
equals the amount of group V element (N), while the
In composition was obtained by dividing the total
number of In counts by the total number of counts
for the group III elements. Four In-rich regions can
be clearly identified in this nanowire. The composi-
tion of the In-rich regions increased with increasing
thickness, from � 60% in the bottommost layer
to � 80% for the topmost layer. Similarly, the
composition of the barrier layers increased
from � 20% for the layer just below the bottommost
layer to � 30% for the layer above the topmost
layer, again confirming strong In segregation. The
ratio of the InN disk thickness to barrier layer
thickness had an average value of 0.5 ± 0.2, in
reasonable agreement with the intended ratio of 0.5
despite the large variation.

Figure 3a shows a HAADF STEM image of a
representative bead-like nanowire in sample B dis-
persed on a TEM grid. In this nanowire, five
polyhedral beads were visible, and the active region
had total length of � 300 nm. The bead diameter
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increased from � 50 nm to � 100 nm along the
nanowire, being comparable to the diameters
observed in sample A. The two bottommost beads
were fairly narrow and largely obscured by a GaN
shell, suggesting that a great deal of Ga migration
occurred along the sidewalls during growth of the

barrier layers. In fact, it is likely that the sixth bead,
the first one to be deposited, was entirely obscured
by the GaN shell. As seen in the image, the brighter-
contrast In-rich regions form the ‘‘pinhead’’ struc-
ture frequently observed for higher-In-concentra-
tion layers on GaN nanowires.19 Figure 3b shows a

Fig. 1. (a) Schematic of intended InN/In0.4Ga0.6N disk in nanowire heterostructure. (b) SEM image of nanowire morphology for sample A at 52�
tilt. Examples of pencil-shaped (P) and bead-shaped (B) nanowires are indicated.

Fig. 2. (a) HAADF image of a pair of pencil-shaped nanowires from sample A. EDS mapping of these wires indicating the distribution of (b) Ga
and (c) In. (d) In ratio along the line indicated in (a).
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higher-magnification HAADF image of a single
bead, revealing that the Ga-rich barrier layer
exhibited contrast modulation parallel to the growth
surface. This contrast variation is often observed in
only Ga-rich barrier layers in bead-like nanowires.
The high-resolution annular bright-field (ABF)
image in Fig. 3c clearly shows that this contrast
resulted from stacking faults as opposed to varia-
tions in In composition. In this case, the brighter
regions correspond to zincblende phase, which has
slightly higher density, while darker regions corre-
spond to wurtzite phase.

Figure 4a–d presents EDS data for the nanowire
shown in Fig. 3a. Figure 4a shows a STEM image of
the EDS data mapping area. The spatial distribu-
tions of Ga-rich and In-rich regions are shown in
Fig. 4b and c, respectively. Figure 4d shows the line
profile of the In composition calculated using the
same method as for Fig. 2e. A Ga shell is again
apparent from the EDS results, being thicker for the
lower beads. Similar to the pencil-like nanowires,
the In composition was � 65% for the lowest bead,
and increased monotonically with each bead,

culminating in a nominal composition of 90% for
the uppermost bead. The difference is that the In-
rich layers in the bead-like nanowires were signif-
icantly thicker, suggesting that In was incorporated
at higher rates in these than in the pencil-like
nanowires. This is borne out by the fact that the
ratio of the InN layer thickness to barrier layer
thickness was 1.7 ± 0.4, more than three times the
intended value of 0.5. The Ga-rich barriers for these
nanowires also increased in In concentration along
the axis of the nanowire, although the composition
was somewhat higher than in the pencil-like wires,
starting at 30% at the first barrier and increasing to
50% between the last bead and the apex of the wire.
The nanowire tip was In rich in the center, with a
thin GaN shell on its topmost surface. These data
together again show that there was a strong driving
force for In segregation along the axis of the
nanowire, and migration of Ga along the sidewalls,
in agreement with other reports.19

The development of two different nanowire mor-
phologies was unexpected. A possible cause for this
difference in nanowire length may be shadowing,

Fig. 3. (a) HAADF STEM micrograph of typical bead-like nanowire in sample B. (b) Higher-resolution HAADF STEM image of a single bead (c)
ABF image of region indicated in (b) showing multiple stacking faults (SF), and regions of wurtzite (WZ) and zincblende (ZB) crystal structures.
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whereby taller nanowires block any nonnormal
incident flux from reaching shorter ones,22 although
this effect would be removed in the case of substrate
rotation. It is interesting to note that, in addition to
the length, the total amount of In in the bead-like
wires was larger, especially in the barrier layers
(Figs. 2d and 4d). These observations suggest
higher In incorporation in the bead-like nanowires.
Differences in the incorporation of In may be related
to the polarity of the crystal structure in the

nanowire; For instance, Zhang et al.19 reported that
InGaN layers only form on top of GaN nanowires
that are entirely N-polar, and that nanowires
having Ga-polar cores did not exhibit any In incor-
poration. The polarity of the initial GaN nanowires
examined here could not be easily determined in
these nanowires using converged-beam diffraction,
due to the core–shell structure and the highly
lattice mismatch that develops as more InN–InGaN
barrier layer pairs are deposited. Experiments are

Fig. 4. (a) HAADF image of bead-shaped nanowire from sample B. EDS mapping of this wire indicating the distribution of (b) Ga and (c) In. (d) In
ratio along the line indicated in (a).

Fig. 5. Schematic showing how the bead shape nanowire develops: (a) before deposition of active region, (b) deposition of first InN layer, (c)
deposition of first barrier layer, where the arrow indicates indium segregation inwards while Ga migrates outwards, (d) after deposition of second
InN layer, and (e) after deposition of second barrier layer.
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underway to validate this hypothesis. However,
Wang et al. found that Ga-polar nanowires have
pointed tops, which is consistent with the observed
crystal shape of the shorter nanowires.16

Variation in the In incorporation rate could also
explain the development of the two morphologies.
The growth front of the InGaN graded layer is
prismatic. Upon deposition of InN, the width of
the nanowire initially increases until a new
equilibrium width is reached, resulting in a
pinhead structure. Deposition of the Ga-rich
InGaN barrier layer again proceeds prismatically,
with a narrower basal plane region. At the same
time, In tends to migrate towards the center and
up the nanowire, and Ga tends to migrate away
and down along the sidewalls, thus forming a Ga-

rich shell. This process repeats for each InN–
InGaN pair, resulting in a bead-like structure
with a thicker Ga-rich shell towards the lower
portion of the active region, and larger In-rich
beads towards the top of the active region (Fig. 5).
We propose that the pencil-like structure develops
in the same way, except that the lower In
incorporation rate results in thinner In-rich lay-
ers such that the full pinhead structure does not
form, resulting instead in an inverted pyramid
shape. As the InGaN barrier layers are deposited,
the In again migrates up and towards the center
of the wire, with Ga migrating away and down.
The spiky protrusions arise from the misorienta-
tion of the GaN shell in response to stacking
faults in the In-rich layer.23

Fig. 6. PL results of sample A. Low-temperature to room-temperature (a) PL intensity and (b) peak photon energy, both experimental data points
and fitted curve. (c) Normalized PL intensity (a.u.) versus 1/kT (meV�1).

Shape Evolution of Highly Lattice-Mismatched InN/InGaN Nanowire Heterostructures 971



Despite the complex composition profiles observed
in these structures, the optical properties were
surprisingly robust. Temperature-dependent photo-
luminescence (PL) measurements were performed
by placing the nanowire sample (sample A) in a He
cryostat and exciting at 325 nm using a He-Cd
laser. The luminescence was analyzed using an
Acton spectrometer with resolution of 0.03 nm, and
detected by a liquid-nitrogen-cooled Ge detector.
The temperature-dependent PL spectra measured
at excitation intensity of 50 kW/cm2 are shown in
Fig. 6a. The emission peak at room temperature
was found at � 0.71 eV (1.75 lm). The variation of
the PL emission peak energy with temperature
(Fig. 6b) was analyzed using the Varshni equation24

with parameter values of a = 0.37 meV/K and
b = 418 K. The temperature dependence of the peak
emission energy (shown in the inset) did not exhibit
any S-type behavior, suggesting that the emission
was not influenced by compositional inhomo-
geneities.25 The measured variation of the inte-
grated PL intensity with temperature is depicted in
Fig. 6b. The overall temperature dependence can be
analyzed using activation energies of E1 = 21.8 meV
and E2 = 196.0 meV. The value of E1 is in good
agreement with the XA exciton binding energy, and
the quenching of luminescence represents deactiva-
tion of the free exciton.26 The value of E2 is much
smaller than the band offset under flat-band condi-
tions. However, due to the presence of the polariza-
tion field, the effective barrier to electron escape
from the ground state by field-assisted emission or
tunneling could be much smaller, comparable to
196 meV. These electrons can then recombine non-
radiatively in the barriers or other regions of the
heterostructure. Indeed, deep-level traps have been
identified in GaN nanowires.3

CONCLUSIONS

This paper shows that growth of highly lattice-
mismatched InN-InGaN heterostructure nanowires
results in two distinct morphologies: shorter sharp-
tipped pencils and longer rounded beads. The bead-
like wires tended to be longer overall and have
thicker In-rich layers than the pencil-like wires.
The composition of the In-rich regions in both types
was nominally the same, but the In composition of
the barrier layers was higher for the bead-like
nanowires. Thus, this dual morphology may be
explained by wire-to-wire variation in the In incor-
poration rate, possibly due to variation in the
polarity of the underlying crystal structure. Both
types of wires showed evidence of significant In
segregation up and towards the center of the wire,
and Ga migration away and down along the wire
sidewalls. Despite the complex morphologies, the
optical properties of these structures were very
good, with strong emission at energies consistent
with homogeneous InN layers.
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