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he InGaN ternary alloy has held great
Tinterest because it offers the potential
for using one stable single crystalline
material to obtain band gap energies from
UV to IR simply by adjusting its cation
stoichiometry. This large range of band
gaps has made InGaN a desirable material
for color tunable light-emitting/laser diodes
(LED/LD)."* However, the efficiencies of
commercial devices quickly drop off in the
green-yellow wavelength region because of
current difficulties with creating single-crys-
talline high indium composition InGaN with
a low density of dislocations."? While the
exact nature of this difficulty is unknown,
two factors that likely contribute are the lack
of lattice-matched native substrates for the
growth of InGaN and the large lattice mis-
match (~10%) between GaN and InN. These
strain-related factors can cause a high den-
sity of threading dislocations' and a large
thermodynamic miscibility gap® for InGaN.
The nanowire geometry offers a unique
platform for epitaxial alloy growth because
of its strain relieving properties. Rather than
releasing strain with a structural defect such
as a threading dislocation, the small cross-
sectional interface of nanowires can coher-
ently relax biaxial strain from a large lattice
mismatch to the substrate.” This is advanta-
geous since it has been shown that the
number of nonradiative recombination cen-
ters correlates with the number of threading
dislocations in InGaN.® In addition to reliev-
ing interfacial strain, the nanowire geome-
try has also been conjectured to decrease
alloying strain from the large lattice mis-
match between InN and GaN.® These factors
suggest that strain reduction with the nano-
wire geometry may play an important role
in the synthesis of dislocation-free single
crystalline InGaN.
Because of these advantages, InGaN-
based nanowire LEDs have been made
using several geometries. Most structures
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ABSTRACT Significant synthetic challenges remain for the epitaxial growth of high-quality
InGaN across the entire compositional range. One strategy to address these challenges has been to
use the nanowire geometry because of its strain relieving properties. Here, we demonstrate the
heteroepitaxial growth of In,Ga;_,N nanowire arrays (0.06 < x < 0.43) on c-plane sapphire
(Al05(001)) using a halide chemical vapor deposition (HCVD) technique. Scanning electron
microscopy and X-ray diffraction characterization confirmed the long-range order and epitaxy of
vertically oriented nanowires. Structural characterization by transmission electron microscopy
showed that single crystalline nanowires were grown in the (002) direction. Optical properties of
InGaN nanowire arrays were investigated by absorption and photoluminescence measurements.
These measurements show the tunable direct band gap properties of InGaN nanowires into the
yellow-orange region of the visible spectrum. To demonstrate the utility of our HC(VD method for
implementation into devices, LEDs were fabricated from In,Ga; _,N nanowires epitaxially grown on
p-GaN(001). Devices showed blue (x = 0.06), green (x = 0.28), and orange (x = 0.43)
electroluminescence, demonstrating electrically driven color tunable emission from this p—n

junction.

KEYWORDS: InGaN nanowires - light-emitting diode - epitaxy - halide chemical vapor
deposition - tunable emission

have incorporated radial or axial quantum
wells using molecular beam epitaxy (MBE)”
and metal—organic chemical vapor deposi-
tion (MOCVD).2° Another approach is the
use of single-phase In,Ga;_,N nanowires.
Hydride vapor-phase epitaxy (HVPE) has
been able to produce nanowires of
X <0.20, but this technique has not achieved
higher indium compositions because hy-
drogen inhibits incorporation of indium by
increasing the formation of unreactive in-
dium species.'® While MBE has produced
nanowires of higher indium composition,
the technique has relatively slow deposition

rates, needs ultrahigh vacuum, and gener-  *Address correspondence to

ally requires a RF source to produce the
nitrogen precursor.'""'?  Therefore, the
growth of InGaN nanowires by MBE would
be difficult to scale for commercial produc-
tion because of the cost. Although MOCVD
has been commonly used to synthesize
other nanowire IlI-V alloys because of its
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Figure 1. SEM images and XRD spectra of In,Ga;_,N nanowires. Tilted (45°) SEM images of In,Ga,_,N nanowires grown on
Al,03(001) where (a) x=0.07, (b) x=0.16, (c) x = 0.28, (d) x = 0.43. Nanowires show vertical orientation and compositions were
correlated by SEM EDS. Scale bar = 1 um. (e) XRD patterns of nanowires grown on Al,05(001) display diffraction

predominantly from the (002) wurtzite peak also indicating vertical orientation. Furthermore, the patterns show an increase

in lattice constant with an increase in indium composition.

scalability, there have been no reports of higher indium
composition (x > 0.1), single crystalline InGaN nano-
wires being produced with this technique. This may be
due to the high temperatures required by MOCVD
(~750—1000 °C) to reduce carbon defect incorpora-
tion from the metal—organic precursors.' These con-
ditions are unfavorable for producing single crystalline
high indium composition alloys because the thermal
instability of InGaN can cause surface segregation of
indium at these high temperatures.'*

Recently, a breakthrough was made using a novel
synthesis based on a scalable three-zone halide che-
mical vapor deposition (HCVD) system having the
unique properties of low temperature, atmospheric
pressure, and rapid growth rates.'> By using HCVD,
Kuykendall et al. were able to produce catalyst-free
single crystalline InGaN nanowires over a broad com-
positional range on a single substrate. While this work
demonstrated the advantage of the nanowire geome-
try for decreasing alloying strain, it did not address the
additional challenge of strained epitaxial growth re-
quired for implementation into devices. In addition, to
achieve single color electroluminsecence (EL), indivi-
dual compositions of InGaN are needed rather than the
compositional gradient produced by Kuykendall et al.
Using modifications to this HCVD method, we report
the heteroepitaxial growth of homogeneous InGaN
nanowire arrays on Al,03(001). To demonstrate the
potential application of these epitaxially grown nano-
wire arrays, we have fabricated blue, green, and orange
LEDs from InGaN nanowires on p-GaN(001).

DISCUSSION

Single-phase InGaN nanowires were grown on
Al,03(001) in the previously described three-zone
HCVD furnace' using GaCls, InCl; and NH; as the
IV precursors (Supporting Information, Figure S1).
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Modifications were made to this furnace to yield
nanowire arrays with homogeneous composition in-
stead of a compositional gradient. One modification
was to place both halide precursors within the same
inner tube, although the precursors were still posi-
tioned in different temperature zones of the furnace.
For each targeted composition, Ill/V ratios were ad-
justed by controlling the precursor temperatures and
flow rates of the carrier gas (N,) and ammonia. Growth
times were relatively short (9—12 min), and nanowires
typically had growth rates of ca. 50—100 nm/min. Low
temperatures for the reaction (500—550 °C) were
necessary to achieve higher indium incorporation. This
temperature requirement was likely due to the forma-
tion of stable indium monochloride at higher temper-
atures'® or the reduced sticking coefficient of indium at
higher temperatures.'”” While the previously reported
method produced mostly tapered nanowires,'> we
observed some decrease in nanowire tapering by adjust-
ing lI/V ratios. Lower ratios were found to promote
nanowire growth and epitaxial growth, while higher
ratios showed more tapering and thin film deposition.
The morphological control using lll/V ratios was analo-
gous to what researchers have seen for the VLS growth of
lll—V nanowires.'® Using these modifications, heteroepi-
taxial nanowire arrays of specific InGaN compositions
were grown on Al,03(001) .

Epitaxial growth of In,Ga;_,N nanowires on Al,05(001)
is demonstrated from scanning electron microscopy
(SEM) and X-ray diffraction (XRD) characterization
(Figure 1). As shown in the field-emission SEM images
(Figure 1a—d), the nanowires grown on Al,03(001)
display a high degree of vertical orientation, indicating
aligned growth from the substrate. Further character-
ization by XRD for fixed samples shows that the vertical
arrays have the wurtzite crystal structure and show
diffraction from mostly the (002) plane (Figure 1e),
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Figure 2. HRTEM images of In,Ga; _,N nanowires. (a—d) HRTEM images for single crystalline In,Ga; N nanowires are
correlated to TEM EDS compositions. Nanowires show no indium-rich clusters and grow in the (002) direction.

Scale bar =2 nm.

indicating the epitaxial growth of InGaN nanowires in
the (002) direction from Al,O3(001).

Samples were further analyzed by SEM energy-dis-
persive X-ray spectroscopy (EDS) and XRD to determine
the homogeneity of vertical In,Ga;_,N nanowire arrays
(Figure 1). Using EDS, the compositions of nanowire
arrays were determined to be between 0.07< x <043
(Figure 1a—d). Samples were mostly homogeneous
over the entire substrate, with the largest compositional
differences (Ax < 0.04 over 5 mm) in the direction of gas
flow through the reactor. A correlation of the XRD (002)
peak with the EDS composition shows a Vegard's law
change in lattice constant ¢ (Supporting Information,
Figure S2a). Nanowire samples showed an increase of
the (002) peak fwhm (26) from 0.496° for x = 0.07 to
0.983° for x = 0.43. This could be caused by alloy
broadening from the random distribution of cations
and bond lengths in InGaN'® and Scherrer broadening
for tapered nanowire samples. No indications of phase
separation are observed in the XRD patterns.

While SEM and XRD were used to show the long-range
order of the arrays, transmission electron microscopy
(TEM) can be used to examine the structure of individual
nanowires. High-resolution transmission electron micro-
scopy (HRTEM) images show that the InGaN nanowires
are single crystalline (Figure 2). Thermal stability differ-
ences between Ga—N and In—N bonds could cause
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Figure 3. Absorption and PL spectra of In,Ga;_,N nanowire

arrays. (a) Absorption spectra of nanowires taken with an inte-
grating sphere and a 300 W Xe lamp source. Absorption coe-
fficients were calculated by using the path length measured

by cross-sectional SEM (b) PL spectra of nanowires excited by
a 325 nm HeCd laser. A shift toward red wavelengths can be
seen with increasing indium composition (a,b).

indium cluster formation at elevated temperatures, as
well as the surface segregation of indium atoms.'* How-
ever, no indium rich clusters were observed during
growth, perhaps due to the low temperatures used. On
the basis of these TEM studies, InGaN nanowires are
confirmed to grow in the (002) direction. Since the
nanowires grow vertically from Al,05(001), this growth
direction is expected and is also in agreement with the
majority (002) peak seen in the XRD pattern.
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Figure 4. Cross-sectional SEM, XRD, and PL of In,Ga;_,N devices with x = 0.06, 0.28, 0.43. (a) Large-view image of x = 0.28

device showing uniformity. Cross-sectional SEM images of vertically grown nanowires are shown for (b) x = 0.06, (c) x = 0.28,
and (d) x = 0.43. Scale bar = 500 nm. (e) XRD and (f) PL spectra of each device displaying no phase separation and tunable
lattice constants and band gaps by adjusting the indium composition. The Au and Ti peaks present in the XRD patterns are
from electrodes deposited on the nanowire arrays for electrical measurements.

Further analysis of the HRTEM images along the length
of the nanowires shows whether or not dislocations are
formed during heteroepitaxial growth on Al,O3. Two
significant factors that can cause dislocation formation
are the large mismatches in lattice constants and thermal
expansion coefficients between Al,O5 and InGaN. While
lll-nitrides rotate 30° to adopt a less strained configura-
tion on Al,05(001),"” the interface still has a >15% lattice
mismatch to InGaN(001). Also, the large difference in
thermal expansion coefficients between Al,O; and In-
GaN creates a significant amount of tensile stress on
InGaN during cooling.®® Even with these factors, no
threading dislocations were seen propagating along
the length of the nanowires from TEM (Figure 2). We
believe this shows the advantage of the nanowire geo-
metry for highly lattice mismatched heteroepitaxial
growth of InGaN alloys.

After structural characterization of the epitaxial
In,Ga;_4N nanowire arrays, absorption and photolu-
minescence (PL) measurements were used to confirm
the tunable optical properties of these alloys. Absorp-
tion spectra were taken using an integrating sphere to
collect all reflected and transmitted light simultaneously
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from a 300 W Xe lamp source. The nanowires show a
red-shift in absorption with increasing indium composi-
tion, indicating decreasing band gap energy (Figure 3a).
The cross-sectional length (z) of the nanowire arrays was
used to calculate an absorption coefficient (o) using the
following equation: I(2) = loe™ . Using a hit and miss
configuration for the integrating sphere,?' the incident
and final intensities (lo and I(z) respectively) were ob-
tained after absorption. The calculated absorption coef-
ficient represents the absorption properties of the
InGaN nanowire ensemble system. The near band-edge
absorption spectra show absorption coefficients all
within the mid 10 cm ™' range 0.5 eV from the band
gap, indicating strong absorption near the band edge.
These absorption values are in agreement with reports
stating that InGaN alloys are direct band gap.?* Band
gap values were linearly extrapolated using the square
of the absorption edge (Supporting Information, Figure
S2b) and are in agreement with our previous bowing
equation'” for InGaN nanowires.

To further investigate the band gap properties of
epitaxially grown In,Ga; 4N nanowires, samples on
Al,03(001) were excited by a 325 nm HeCd laser to
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Figure 5. Characterization of In,Ga;_,N LEDs with x = 0.06, 0.28, 0.43. (a) Schematic of a fabricated LED device. The substrate
is p-GaN (dark blue) grown with a GaN buffer layer (gray) on Al,03(001) (light blue). (b) Optical images of the devices.
On the top left is a representative brightfield image of a device. Subsequent images are EL of each device under forward bias
(V=19,9,and 11 V for x = 0.06, 0.28, and 0.43, respectively) demonstrating tunable emission. Scale bar = 250 um. (c)
Normalized EL spectra of each device in panel b. (d) Dependence of EL on current of x = 0.28 device. Inset: Typical /—V curve

showing rectification.

measure the PL (Figure 3b). Similar to the absorption
spectra, a red-shift in emission energy can be seen
from an increase in indium composition. The emission
energies analyzed from PL spectra demonstrate the
ability to tune InGaN emission into the yellow-orange
region of the visible spectrum using heteroepitaxially
grown nanowires. A comparison between the absorp-
tion and PL spectra reveals that the nanowires display a
slight Stokes shift in emission from the absorption
edge (Supporting Information, Figure S2b). In addition,
the line width of the PL spectra may be attributed to
the extent of short-range disorder of cations in InGaN.
These atomic-scale compositional fluctuations can
cause alloy broadening of the emission from localized
energy states.?

To demonstrate the potential utility of epitaxially
grown single-phase InGaN nanowire arrays, LEDs were
fabricated from n-type arrays grown on p-GaN(001).
The nanowires were grown within 250 um diameter
circles on p-GaN substrates (1 um thick p-GaN and 2
um thick undoped GaN buffer on Al,05(001)) that were
cleaned with HCI/DI H,O (1:1)). A representative large-
area cross-sectional SEM image (Figure 4a) shows that
the wire growth is relatively uniform. As with growth
on Al,05(001), SEM images (Figures 4b—d) and XRD
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patterns (Figure 4e) confirm the vertical alignment of
the nanowires for all indium compositions produced
suggesting epitaxial growth along the c-axis. XRD
patterns and PL spectra (Figure 4f) for each sample
demonstrate tunable lattice constants and band gaps
by tuning the indium content. The PL peak wave-
lengths were 435, 500, and 575 nm for x = 0.06, 0.28,
and 0.43, respectively. Dislocation analysis at the In-
GaN—GaN interface was not performed in this study.
Optical characterization of each device under for-
ward bias showed EL emission that was tunable by
adjusting the indium composition. A schematic of the
LED device structure (Figure 5a) shows a Ni/Au elec-
trode surrounding the array to make contact to the
p-GaN. A circular Ti/Au metal electrode was deposited
on top of the array. All nanowires were electrically
connected to each other at the base of the array
(Figures 4a—d), resembling a continuous thin film with
columnar nanostructures. A representative top-view
image of a fabricated LED device and forward-biased
EL images of each device were taken with a digital
camera (Figure 5b). Blue (~430 nm), green (~500 nm),
and orange (~620 nm) emissions from the nanowire
areas were observed for devices with indium composi-
tions x = 0.06, x = 0.28, and x = 0.43, respectively. The
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colors seen in Figure 5b correspond to the EL peaks in
Figure 5c. The blue and green peaks of the x = 0.06 and
x = 0.28 devices match the corresponding PL peaks in
Figure 4f, demonstrating consistency between the two
different emission mechanisms. The orange EL peak for
the x = 0.43 device, however, is red-shifted 45 nm from
the corresponding PL, indicating possible compositional
and strain differences at the interface. In the EL spectra
of the x=0.28 and 0.43 devices, a 400 nm peak is present
and is likely from electron injection into the substrate, as
evidenced by its insensitivity to the changes in nanowire
composition and by the blue emission's location outside
the nanowire growth region in the image of the x=0.43
device. Other notable features of the EL spectra include
increasing optical line width with increasing indium
composition indicative of alloy broadening®*?*> and
small oscillations likely due to Fabry—Perot interference
of the two interfaces in the 3 um GaN thin film.
Further LED characterization revealed that the emis-
sion's dependence on current for the x = 0.28 device
displays slight blue shifting with increasing current and
the diode shows rectification (Figure 5d). The EL spectra
show the peak at ~500 nm blue shifting 30 nm when
the injection current increases from 8 to 28 mA. This
result further suggests possible alloy broadening and
band-tail filling,?**” and is in agreement with the broad-
ening seen in the XRD pattern and PL spectrum. The
current—voltage (/—V) curve in the inset demonstra-
tes rectifying behavior for these devices with turn-on

EXPERIMENTAL SECTION

Modifications to the combinatorial setup'® were made to
synthesize homogeneous arrays of epitaxial InGaN nanowires
on Al,03(001) and p-GaN(001). A schematic of the three-zone
HCVD system is shown in the Supporting Information (Figure
S1). This system has three 1/ 4in. quartz tubes enclosed in a 1-in.
quartz tube. For homogeneous growth, only two of the inner
tubes were used for delivering the IlI—-V precursors. The tem-
perature along the inner tubes was controlled separately by two
furnaces equipped with three thermocouples (zones 1—-3). The
GaCl; (99.999% metals basis, Alfa Aesar) and InClz (99.999%
metals basis, Alfa Aesar) solid precursors were loaded into the
same inner quartz tube within a glovebox and sealed for
transfer. The solid precursors were spaced within this inner
tube such that their vapor pressures could be controlled
separately in zone 1 and zone 2, respectively, and N, was used
as a carrier gas. Substrates were placed flat on a quartz plate
1-3 cm from the end of this inner tube. By controlling the
temperatures of zone 1 (GaCls, 65—70 °C) and zone 2 (InCls,
320—435 °C) as well as the N, (15 sccm for precursor tube, 300
sccm for outer tube), and NHs (110—150 sccm) flow rates, the
In,Ga; N composition could be rationally tuned (0.07 < x < 0.43).
The temperature in zone 3 was held constant at 730 °C, and the
reaction temperature varied based on the substrate's position
(500—550 °C) within the temperature gradient of the furnace. The
reaction proceeded for 9—12 min.

XRD patterns were taken using a Bruker AXS D8 Advance
diffractometer, which used an incident Co Ka radiation of
1.79026 A. Spectra were collected by fixing samples onto a flat
puck. HRTEM images were taken using a JEOL JEM-2100 LaB6
microscope at 200 kV. The microscope was equipped with an
Oxford EDS detector, and EDS data were collected from the Ga K
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voltages around 2 V and relatively small leakage
current at reverse bias. The current—voltage behavior
and current dependent emission for x = 0.06 and
0.43 can be seen within the Supporting Information
(Figures S3,54).

CONCLUSIONS

Using a modified HCVD approach, we were able to
produce large area homogeneous In,Ga;_,N nanowire
arrays up to x = 0.43 by using a simple, fast, and uniform
growth technique. Epitaxial growth was demonstrated
on both Al,03(001) and p-GaN(001) using XRD and
SEM, showing the utility of this HCVD method. Further
characterization by TEM confirmed the growth of
single crystalline nanowires in the (002) direction from
the substrate and a lack of threading dislocations. We
believe this shows that nanowires are a viable geome-
try for the epitaxial growth of high indium composition
InGaN. Three LED devices were fabricated from nano-
wires grown on p-GaN(001), and demonstrate tunable
color electroluminescence from blue to orange with
increasing indium composition. Future work will be
done to measure the quantum efficiency of InGaN
nanowire LEDs and to increase the indium composition
of the devices to achieve the full color range of LEDs.
The epitaxial growth of InGaN nanowires with HCVD
was an important step toward device implementation
not only in our LEDs but also toward future applications
such as photovoltaics and photoelectrochemistry.

and the In L peaks of single nanowires. SEM images and
correlated EDS spectra were taken using a JEOL JSM-6340F field
emission scanning electron microscope equipped with an EDAX
Falcon detector. EDS data were collected from the Ga Kand the
In L peaks of a 40 um x 40 um area for each sample at 20 kV and
analyzed using the software's true standardless-quantification
mode. The indium compositions of each LED device were
measured with each sample at a 45° tilt. The presented number
should be a lower limit to the actual composition.

Absorption spectra were collected using a custom 4-in.
diameter integrating sphere (Gigahertz Optik UPK-100-L coated
with ODM98) and a Newport 300 W Xe arc lamp as a broadband
light source. Signals were sent to a liquid N; (LN) cooled CCD/
spectrometer (Pl Acton) via an optical fiber. Samples were
placed on a holder in the center of the integrating sphere at a
slight angle. An iris was used to decrease the beam-spot to the
same size or smaller than the sample. Absorption was measured
using a hit and miss method described elsewhere.?' PL and EL
spectra were collected through a 50x objective on a Nikon
microscope and routed to the LN cooled CCD/spectrometer.
LED devices were characterized (/—V and EL) using a home-built
probe station integrated with the Nikon microscope and a
semiconductor parameter analyzer (Agilent 4155C).

LEDs were fabricated from nanowires grown on p-GaN(001).
A 1 um plasma-enhanced CVD SiO, mask was deposited on a
1cm x 5 mm substrate. Several 250 um diameter windows were
opened in the mask by standard photolithography techniques
and a ~15—-20 min HF/H,O (1:10) etch, and the residual
photoresist was removed with piranha. The substrate was
cleaned with HCI/H,O (1:1) for 1 min before HCVD growth.
Following the growth of the nanowires, the SiO, mask was
removed with HF/H,O (1:10). Metal contacts were deposited
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using standard photolithography techniques and an e-beam
evaporator. Ni/Au (20 nm/20 nm) contacts were deposited on
p-GaN (Supporting Information, Figure S5) and annealed in a
rapid thermal annealing furnace for 1 min at 500 °Cin O, before
Ti/Au (50 nm/50 nm) contact deposition on the array. The
separation between the edge of the array and the inner edge
of the Ni/Au contact was 25 um. Small separation distances
allowed for a higher current density at the nanowire/p-GaN
interface and limited the effect of parasitic current paths due to
voltage drops across the internal junction within the substrate.
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