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ABSTRACT: The utility of an annealing procedure in ammonia ambient
is investigated for improving the optical characteristics of In,Ga, N
nanowires (0.07 < x < 0.42) grown on c-Al,O; using a halide chemical
vapor deposition method. Morphological studies using scanning electron
microscopy confirm that the nanowire morphology is retained after
annealing in ammonia at temperatures up to 800 °C. However, significant
indium etching and composition inhomogeneities are observed for higher
indium composition nanowires (x = 0.28, 0.42), as measured by energy-
dispersive X-ray spectroscopy and Z-contrast scanning transmission

electron microscopy. Structural analyses, using X-ray diffraction and high-

resolution transmission electron microscopy, indicate that this is a result of the greater thermal instability of higher indium
composition nanowires. The effect of these structural changes on the optical quality of InGaN nanowires is examined using
steady-state and time-resolved photoluminescence measurements. Annealing in ammonia enhances the integrated
photoluminescence intensity of In,Ga,_ N nanowires by up to a factor of 4.11 + 0.03 (for x = 0.42) by increasing the rate
of radiative recombination. Fitting of photoluminescence decay curves to a Kohlrausch stretched exponential indicates that this
increase is directly related to a larger distribution of recombination rates from composition inhomogeneities caused by annealing.
The results demonstrate the role of thermal instability on the improved optical properties of InGaN nanowires annealed in

ammonia.

B INTRODUCTION

Over the past two decades, significant research has focused on
the InGaN alloy due to its UV to IR band gap tunability,
chemical stability, radiation resistance, and efficient emission
properties. These collective properties make the InGaN ternary
alloy an attractive candidate for applications such as color-
tunable light-emitting diodes (LEDs), photovoltaics (PV), and
photoelectrochemical (PEC) water splitting procedures.'
However, the quantum efficiencies (QEs) for all types of
processes in InGaN devices quickly drop off with increasing
indium composition.® This decrease in device efficiency may be
due to intrinsic strain-related factors such as a large
thermodynamic miscibility gap and a lack of lattice-matched
substrates.”” These factors complicate the growth of single-
crystalline, high indium composition InGaN with a low density
of defects.

Recently, significant advancements have been made with the
growth of single-crystalline higher indium composition InGaN
using the strain-relieving properties of nanowire geome-
tries.*™"! In 2007, single-phase InGaN nanowires were grown
within the bulk thermodynamic miscibility gap using a halide
chemical vapor deposition (HCVD) method.” A unique
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property of HCVD-grown InGaN nanowires is the diminished
effect of increasing indium composition on the InGaN
photoluminescence (PL) efficiency. Modifications to the
HCVD method have since enabled the epitaxial growth of
homogeneous InGaN nanowire arrays on c-Al,O; and c-GaN,
which are free of the threading dislocations common in III-
nitride thin films.'® While threading dislocations can be avoided
using the nanowire geometry, the poor QEs of early LED and
PEC? devices fabricated using HCVD grown InGaN nanowires
suggest that additional growth imperfections could play a role
in the final device efficiency. These imperfections can include
point defects, partial dislocations, and surface states that are
known to introduce efficient nonradiative recombination
pathways in InGaN.

Annealing is a common post-treatment method for removing
growth imperfections because it can supply the energy required
for rearrangement of the lattice into a more thermodynamically
stable configuration. Improved emission properties have been
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Figure 1. SEM images of as grown and annealed In,Ga,_,N nanowires. Tilted (45°) SEM images of as grown (A—D) and annealed (E—H)
In,Ga,; N nanowires on Al,O;(001), demonstrating that samples retain the nanowire morphology after annealing. The image for each annealed
nanowire array corresponds to the as grown sample directly above it. Compositions measured by SEM EDS show that the total indium content
decreases after annealing (E—H), indicating that indium is preferentially etching from the lattice. Scale bar = 500 nm.

previously reported for InGaN thin films annealed in inert (N,)
and reactive gas atmospheres such as NH;'>'"> However,
current difficulties with growing single-phase higher indium
composition InGaN thin films have limited the studies on these
stoichiometries. In addition, no such investigations exist on
InGaN nanowires because of the newness of these materials.
Here, we first use electron microscopy and diffraction
techniques to examine the thermal and chemical stability of
HCVD grown In,Ga,_,N nanowires (0.07 < x < 0.42) after a
NH; annealing treatment. Structural changes are then
correlated with the QEs and PL lifetimes to determine the
effect of structural evolution on the photophysical properties of
InGaN nanowires. It is shown that the thermal instability
induced by a high-temperature annealing procedure can be
used to improve the QE of InGaN nanowires by increasing the
rate of radiative recombination.

Bl RESULTS AND DISCUSSION

Morphology. Single-phase In,Ga;_ N nanowires are
epitaxially grown on AlL,O;(001) substrates for thermal
annealing studies using a previously described halide chemical
vapor deposition (HCVD) method."® Elemental analysis by
scanning electron microscope (SEM) energy-dispersive X-ray
spectroscopy (EDS) indicates nanowire array compositions of x
= 0.07, 0.17, 0.28, and 0.42 (Figure 1A—D). Samples are
cleaved, and a section is subsequently annealed in an
atmospheric pressure NH; environment (20 sccm flow) at
600, 700, or 800 °C for 1 h using a tube furnace and allowed to
cool naturally.

Changes in morphology of the InGaN nanowire arrays are
analyzed using SEM and scanning transmission electron
microscopy (STEM) (Figure 1 and Figure SI1). The vertical
orientation and heteroexpitaxial growth of InGaN nanowires on
AL O;(001) are confirmed using field-emission SEM images
(Figure 1A—D). After annealing, all compositions are found to
retain the nanowire morphology and orientation of the original
array (Figure 1E—H). Although no significant change in length
is observed, some increase in nanowire diameter occurs for
arrays annealed at 800 °C (Figure 1E—G), indicating that the
nanowires sinter at higher temperatures. In addition, high
indium composition In,Ga;_,N nanowires (x = 0.28, 0.42)

exhibit surface roughening after annealing (Figure 1G,H). A
closer examination of the morphologies using high-angle
annular dark-field (HAADF) STEM confirms the trends of
thermal instability and etching of higher indium composition
nanowires (Figure SI1). Etch pits formed during the annealing
have a triangular symmetry, indicating that there is some
anisotropy to the etching of InGaN nanowires from NH,
treatment. Similar roughening has been observed for III-nitride
films annealed in NH; due to the formation of reactive
hydrogen species at high temperature.'*

Composition. Elemental analysis of annealed samples using
EDS elucidates whether specific ions are being preferentially
etched from InGaN nanowires. Reduced indium compositions
are observed for each nanowire array after annealing, indicating
that indium etches from the lattice during the post treatment
procedure (Figure 1). A complete analysis of all annealing
temperatures is shown in Table 1. The percent loss of indium is

Table 1. EDS Compositions of Annealed In,Ga, N
Nanowires

as grown 600 °C 700 °C 800 °C
x = 0.07 0.07 0.06 0.06
x =0.17 0.17 0.14 0.12
x =028 0.25 0.23 0.15
x =042 0.38 0.29 0.17

greater for nanowire samples with larger original indium
compositions, which is consistent with the greater morpho-
logical changes observed for these samples. Therefore, the
results indicate that indium is contributing to the thermal
instability of InGaN nanowires in the high temperature NH;
ambient.

Compositional fluctuations formed during annealing are
characterized for individual nanowires using bright-field (BF)
and HAADF high-resolution STEM (HRSTEM). Simulta-
neously captured BF and HAADF images of a nanowire from
sample x = 0.28 are shown in Figures 2A and 2B, respectively. A
comparison of these images reveals no larger domains with Z-
contrast, indicating that the as grown nanowire is homogeneous
in composition on the nanometers scale. After annealing at 800
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Figure 2. BF and HAADF HRSTEM images of as grown and annealed
In,Ga;_,N nanowires. A comparison of (A) BF and (B) HAADF
HRSTEM images from an In,Ga, N (x = 0.28) nanowire shows that
it is homogeneous in composition. After annealing at 800 °C, (C) BF
and (D) HAADF HRSTEM images show triangular indium depleted
regions, indicating that samples become inhomogeneous.

°C, surface roughening is responsible for most of the thickness
contrast differences between simultaneously captured BF and
HAADF images (Figure 2C,D). However, the HAADF image
(Figure 2D) reveals an additional Z-contrast triangular region
that is not observed in the BF image (Figure 2C). This darker
area is gallium-rich, forming when indium is etched from the
InGaN lattice.

Structure. The decomposition mechanism and thermal
instability of InGaN nanowires are further analyzed using X-ray
diffraction (XRD) (Figure 3). As grown arrays show
predominantly the 002 wurtzite diffraction peak due to the
aligned heteroepitaxial growth of In,Ga, N nanowires on
Al,04(001). Lower indium composition nanowires (x = 0.07
and 0.17) show little change in their diffraction patterns after
post-treatment (Figure 3A,B). A slight shift to larger diffraction
angles is observed, further indicating the change in indium
composition upon annealing. Compositional changes calculated
from Vegard’s law are consistent with those shown in Table 1.
Thermal instability could also lead to phase separation, in the
form of nanoscopic InGaN domains of different indium
composition. However, the FWHM of the 002 peak remains
unchanged after annealing for the x = 0.07 and 0.17 samples
(Figure 3A,B), and no additional peak formation is observed at
higher diffraction angles after annealing at 800 °C for the x =
0.17 sample (Figure SI2A). These results suggest that lower
indium composition nanowires do not phase separate after
annealing or that the composition fluctuations in these samples
form on a subnanoscopic scale which is below our instrument
resolution limit.

Nanowires with larger indium compositions (x = 0.28 and
0.42) display more complex structural behavior when annealed
at high temperatures (Figure 3C,D). Similar to lower indium
composition arrays, a shift to larger diffraction angles is
measured for samples annealed at or above 600 °C. However,
an additional peak matching closely with the tetragonal 101
peak of indium metal can clearly be seen for arrays annealed at
800 °C. Lower intensity In 002 and 110 peaks are also observed
for the x = 0.42 sample (Figure SI2B). The formation of indium
metal domains occurs from the decomposition of In—N bonds
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Figure 3. XRD spectra of as grown and annealed In,Ga, N
nanowires. XRD spectra corresponding to samples (A) x = 0.07,
(B) x=0.17, (C) x = 0.28, and (D) x = 0.42 showing the wurtzite 002
and 101 peaks of In,Ga, N nanowires after annealing at a series of
temperatures. Diffraction peaks shift toward higher angles because of a
decrease in lattice constant from the etching of indium. Higher indium
composition samples (C, D) show an additional In 101 peak from the
decomposition of InGaN.

into indium metal and N, gas. Reactive hydrogen species
formed from the decomposition of NH; are well-known to
cause metal formation in Ill-nitrides at high temperature."*
Indium metal can be further volatilized into the gas phase,
therefore reducing the total indium composition. This
decomposition mechanism is consistent with the morphology
and composition changes observed for InGaN nanowires.
Gallium metal formation was not observed because Ga—N
bonds are much stronger than In—N bonds and are less likely
to be broken at these temperatures.'®

In addition to decomposition, the x = 0.42 sample shows
significant asymmetry of its wurtzite 002 peak (Figure 3D),
indicating that In,Ga;_,N nanowires phase separate after
annealing at 800 °C. Similar thermal instability is observed
from annealing studies on single phase thin films of InGaN
within the bulk thermodynamic miscibility gap.” At higher
diffraction angles the indium tetragonal 103 peak and multiple
wurtzite 103 peaks are observed in the annealed samples due to
phase separation within InGaN nanowires (Figure SI2C).
These results demonstrate the metastable nature of the high
indium composition nanowires, which phase separate at higher
temperatures. Furthermore, the observed thermodynamic
instability bolsters the argument that higher indium composi-
tion single phase InGaN can only be grown using careful
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control of morphology (e.g, nanoscale geometry) and
temperature.

While XRD was used to study the macroscopic structure of
arrays, TEM was used to examine the structure of individual
nanowires. High-resolution TEM (HRTEM) images show that
InGaN nanowires are single crystalline as grown (Figure 4A—

As Grown

Grown | D.

As Grown'| B.

Figure 4. HRTEM images of as grown and annealed In,Ga, N
nanowires. HRTEM images of individual nanowires from as grown
samples (A) x = 0.07, (B) x = 0.17, (C) x = 0.28, and (D) x = 0.42
show that they are single crystalline. While the nanowires from sample
(E) x = 0.07 and (F) x = 0.17 remain single crystalline after annealing
at 800 °C, the nanowire from sample (G) x = 0.28 becomes
polycrystalline from the loss of indium. The crystallinity is maintained
for sample (H) x = 0.42 by reducing the annealing temperature. No
change in the basal plane stacking fault density is observed after
annealing. Scale bar = 5 nm.

D). Low indium composition samples (x = 0.07 and 0.17)
remain single crystalline after annealing at 800 °C (Figure
4E,F); however, the higher composition samples display some
polycrystallinity. The formation of grains near the surface for
sample x = 0.28 is shown in Figure 4G. This polycrystallinity
could be a consequence of the volume reduction caused by the
large amount of indium etched from the nanowires. Basal plane
stacking faults are common in IIl-nitride materials and are
observed for all of the as grown InGaN samples investigated
here (Figure 4A—D). The prevalence of stacking faults can be
attributed to their low formation energy in InN and GaN,'¢ the
poor surface mobility of adatoms at the low growth
temperature used here,'’” and the fast reaction rates of
HCVD. Investigation of annealed nanowires indicates that
these stacking faults are not removed by this post-treatment.
High-resolution TEM images show no major changes to the
stacking faults (Figure 4E—H), even at high temperatures
where the nanowires are unstable. A high pressure of N,,
typically used to suppress decomposition at very high
temperatures, will not be effective since metastable InGaN
nanowires are observed to phase separate. Therefore, the data
suggest that removing stacking faults through post-treatment
will be difficult due to the thermodynamic instability of InGaN
nanowires.

In addition, HRTEM was used to determine the effects of
sintering on the structure of InGaN nanowires. Merged
nanowires are slightly shifted in lattice orientation as shown
by the HRTEM image of nanowires (x = 0.07) annealed at 800
°C (Figure SI3). This shift suggests a mosaic type of growth
mode for InGaN nanowires on sapphire, which is common for
Il-nitride materials grown at low temperatures."™' A high
density of dislocations is observed at the interface of sintered
nanowires that are twisted and/or tilted in orientation (Figure

SI3). This increase in dislocation sites upon annealing likely
results from the misalignment of the as grown arrays. These
results indicate that sintering should be avoided to prevent new
dislocations from forming during annealing,

Steady-State and Time-Resolved Photoluminescence.
Photoluminescence measurements are used to examine the
influence of annealing on the band-edge optical properties of
InGaN nanowire arrays. Samples are excited with a 325 nm
continuous-wave HeCd laser focused down to a spot size of S0
X 100 pm. PL spectra are collected on a single spot for each
nanowire array using the same incident power, acquisition
times, and microscope collection geometry. Further details can
be found within the Experimental Section. Nanowire arrays of
composition x = 0.07 and x = 0.17 (Figure SI4 and Figure SA)
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Figure S. PL spectra of as grown and annealed In,Ga,_,N samples (A)
x=0.17, (B) x = 0.28, and (C) x = 0.42 excited using a 325 nm HeCd
laser. All compositions show an enhancement in emission with
annealing temperature. The peak wavelength blue-shifts because of a
reduction in band gap from the removal of indium. Additional peaks
are formed for sample (C) x = 0.42 from phase separation. (D)
Integrated PL intensities show greater enhancements in QE for higher
indium composition nanowire arrays.

show little change in peak wavelength and shape after
annealing. This is in agreement with our structural analysis,
which indicates that these compositions are still single phase
after annealing. In contrast, the peak wavelength is found to
blue-shift by 23 and 56 nm upon annealing at 800 °C for
samples x = 0.28 and 0.42, respectively (Figure SB,C). This is
consistent with the compositional changes observed for these
samples because GaN has a larger band gap than InN.
Furthermore, annealing the largest indium composition sample
(x = 0.42) at 800 °C leads to new peak shoulders below 400
nm and above 800 nm (Figure SC). Structural characterization
indicates sample x = 0.42 phase separates at 800 °C. Therefore,
the additional PL peaks for this sample are indicative of
different composition domains that create new emission centers
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in InGaN. Color images of the emission from nanowire arrays
are shown in Figure SIS. The results suggest that the annealing
procedure could be tuned with higher indium composition
arrays to obtain the desired broadening to obtain white light
emission.

Photoluminescence spectra were further analyzed to
determine the effect of indium composition and annealing on
the QE of InGaN nanowires:

QE = photons out

photons in (1)
where “photons in” are the number of photons absorbed and
“photons out” are the number of photons emitted. We first
examined changes in QE using a previously described
integrating sphere setup.”” However, due to the low QE of
InGaN nanowires, only an upper bound of <0.01% was
obtained using this method. Instead, we integrate the PL
intensities of spectra shown in Figure 5 to examine any changes
in the “photons out”. The “photons out” increases both with
indium composition and annealing (Table 2). To determine

Table 2. Integrated PL Intensities and Absorption
Percentages of As Grown and Annealed In,Ga, N
Nanowires”

as grown annealed 800 °C

integrated PL absorption integrated PL absorption

x intensity (au) (%) of 325 nm intensity (au) (%) of 325 nm
0.07 1.439 x 10° 96.4 3.886 x 10° 97.2
0.17  3.589 x 10° 99.3 8.648 x 10° 98.5
031 4374 x 10° 99.4 1.302 X 107 98.5
044  5.638 x 10° 99.5 2316 x 107 98.0

“The uncertainties for integrated PL intensities are 0.5% and for
absorption are 0.8%.

whether the increases in “photons out” correspond to changes
in the QE, differences in “photons in” are also compared from
the integrating sphere measurements. No significant changes in
absorption percent of the incident 325 nm laser source are
observed (Table 2), and therefore the QE increases with both
increasing indium composition and annealing in NH;. A PL
enhancement factor is calculated by integrating the peaks of the
annealed and as grown samples. This analysis (Figure SD)
indicates that the PL enhancement in lower indium
composition nanowires (x = 0.07, 0.17) requires a greater
annealing temperature than for higher indium composition
nanowires (x = 0.28, 0.42). Therefore, the x = 0.28 and 0.42
samples have the highest enhancement factors of 2.98 + 0.02
and 4.11 + 0.03, respectively, when annealed at 800 °C. By
comparing these results to our structural characterization, there
is a correlation between nanowire instability and an increase in
QE.

To determine why the QE is changing, the excited state
kinetics of InGaN nanowires is investigated by measuring the
time-resolved PL. The resulting PL decay curves of as grown
samples x = 0.07, 0.17, 0.28, and 0.42 show a decrease in the
excited state lifetime with increasing indium composition
(Figure 6). Decay curves for the higher indium composition
samples (x = 0.28 and 0.42) approach the instrument response
limit at shorter time durations, indicating that excited carriers
could be recombining even faster than the instrumental
response time.
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Figure 6. Time-resolved PL spectra of as grown In,Ga,_,N nanowires.
Time-resolved PL spectra from samples excited using a 267 nm
femtosecond pulsed laser show a decrease in PL lifetime with
increasing indium composition. The fast initial decay of samples x =
0.28 and 0.42 are limited by the instrument response function (IRF)
plotted in black.

The excited state lifetime (7) for a single exponential decay
can be expressed by the following equation:

SN
kf + knr (2)

where k, and k,, correspond to the radiative and nonradiative
decay rates, respectively. The observed decrease in 7 could be
due to an increase in either or both parameters. Furthermore,
the excited state lifetime is related to the QE by the equation

Qu=to_t
T kl' + knr (3)

r

where 7, represents the radiative lifetime. The PL intensities
(325 nm excitation) and PL decays (267 nm excitation) can be
compared here because no intrinsic excitation wavelength
dependence of the QE has been observed for pristine nanoscale
materials due to ultrafast intraband charge relaxation.”' Organic
surface ligands, which have been postulated to contribute to a
wavelength dependence, are not expected to be on the surface
since our InGaN nanowires are grown using a gas phase
synthesis. Furthermore, the trends in PL intensity before and
after annealing at 800 °C are consistent for both 267 nm (time-
resolved PL) and 325 nm (steady-state PL) excitation. Using
the boundary condition of QE < 0.01% determined by
integrating sphere measurements, it is clear that k,, > k, and
eq 2 can be approximated as 7 & 1/k,. This QE boundary
condition is true for all indium compositions, both as grown
and annealed, and this condition is used throughout the
remaining discussion. Using this approximation, the decrease in
7 with increasing indium composition (Figure 6) indicates an
increase in k,. This is consistent with previous reports for
InGaN films, which indicate an increase in nonradiative
recombination pathways with the incorporation of more
indium.”> Additionally, the QE was found to increase with
indium composition (Table 2). Taken together, increases in
both 7 and QE with indium composition indicate that k, must
also increase, and by a larger factor than k.

The nonlinear shapes of the PL decays on a logarithmic scale
indicate distributed/multiexponential kinetics for InGaN nano-
wires (Figure 6). These deviations from single-exponential
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Figure 7. Time-resolved PL spectra of annealed In,Ga,_,N nanowires. Time-resolved PL spectra for samples (A) x = 0.07 and (B) x = 0.17 show a
decrease in PL lifetime after annealing in ammonia. The stretched exponential fits are overlaid with each decay curve. Instrument response functions

(IRF) are plotted in black.

behavior are common in InGaN systems because of disorder in
the material.¥****> The decay curves are fit to a Kohlrausch
stretched exponential, modified to account for the substrate
signal measured from bare c-Al,O5:

—(t/7)’
Foe /%) + Isubstrate(t) 4)

where 7, is a characteristic lifetime and f is the stretching
parameter ranging from 0 < f§ < 1.>* When f = 1, the function
simplifies to a single-exponential decay. A decrease in f
indicates a wider distribution of decay rates.”> The substrate
signal, I pgme(t), is measured independently and fit to a
biexponential decay. The substrate signal decay times and ratio
of preexponential factors are fixed while fitting the nanowire PL
decay curves to eq 4. The average decay lifetime 7, can be
calculated from the stretched exponential according to the
equation

3]
B \p (s)

where I'(n) is the gamma function.”® The fits for the x = 0.07
and 0.17 samples can be seen in Figure 7, and the values of 7y,
p, and 7, are reported in Table 3. The x = 0.28 and 042

Table 3. Calculated Fitting Parameters for As Grown and
Annealed In,Ga;_ N Nanowires

sample 7. (ns) p 7, (ns)

x = 0.07 as grown 0.228 + 0.01S 0.719 + 0.031 0.317 + 0.024

x = 0.17 as grown 0.030 + 0.006 0.452 + 0.024 0.066 + 0.015

x = 0.07 annealed 0.029 + 0.010 0.465 + 0.060 0.061 + 0.027

x = 0.17 annealed 0.010 + 0.004 0.438 + 0.034 0.023 + 0.010¢
“This sample’s PL signal decays within the instrument response. The
actual decay time may be faster than indicated by 7, but was
unresolved by this method.

samples were not analyzed due to the previously mentioned
uncertainty during the short time domain, but we note that
they follow the same qualitative trends as the lower indium
composition nanowires. Overall, decreases in both f and 7, are
observed with increasing indium composition. The decrease in
the f parameter from 0.72 & 0.03 to 0.45 =+ 0.02 for the x =
0.07 and 0.17 samples, respectively, is attributed to an increase
in atomic-scale indium fluctuations from alloy broadening, as

explained below. The resulting energy fluctuations in the
conduction and valence band of the alloy can reduce f by
forming a distribution of localized potential wells rather than
extended states.”® The excited carriers can become highly
localized in these potential wells, thus increasing k, due to
stronger overlap of the electron and hole.”” Using eqs 2 and 3
to correlate 7, and QE, both k., and k, increase with indium
composition by factors of 4.80 + 0.05 and 11.6 + 02,
respectively.

The PL decay curves are also compared to quantitatively
examine the effect of annealing in NH; at 800 °C. For all
samples, the excited-state lifetime decreases (Figure 7 and
Figure SI6) and the QE increases (Figure SD and Table 2) after
post-treatment at 800 °C. Here, only the x = 0.07 sample is
considered quantitatively (Figure 7A) because the decay
kinetics could no longer be resolved for the x = 0.17 sample
after annealing (Figure 7B). The f§ parameter decreases from
0.72 + 0.03 to 0.47 =+ 0.06 for the x = 0.07 sample, indicating
that annealing increases the distribution of decay rates in
InGaN nanowires (Table 3). Although no macroscopic
structural changes are observed for this sample, the increase
in distribution of rates suggests that additional recombination
sites are formed during annealing. This could result from
atomic rearrangement into indium rich regions during the high-
temperature annealing of InGaN.'* A decrease in the average
excited state decay time was also observed upon annealing due
to increases in both k,, and k,. 7, decreases from 0.32 + 0.02 to
0.06 + 0.03 ns (Table 3), indicating that k,, increases by a
factor of 5.33 & 0.09. It is possible to relate the change in k,, to
the TEM results (Figure SI3), which show an increase in the
density of dislocations in InGaN nanowires after annealing due
to sintering. These dislocations can act as additional non-
radiative recombination sites and therefore increase k,.> Taken
together, the increase in QE (by a factor of 2.68 + 0.04) and
decrease in 7, (by a factor of 5.33 + 0.09) for the x = 0.07
sample indicate that the average k, increases by a factor of 14.3
+ 0.3 after annealing at 800 °C. Similar to our conclusion for as
grown nanowires, it is suggested that this increase in k, is
related to the composition fluctuations formed during
annealing.

The observation that annealing can successfully improve the
QE of InGaN nanowires suggests that such treatment may be
useful for fluorescence-based applications. The PL lifetime
studies indicate that the main mechanism for improving the QE
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is an increase in the radiative decay rate. Therefore, annealing
could be wuseful for devices that require fast radiative
recombination, such as LEDs. Furthermore, emission broad-
ening is observed for higher indium composition arrays, which
suggests that annealing could be used to control spectral
features for white light emitters. These studies do show an
increase in nonradiative recombination rates for annealed
InGaN nanowires due to dislocations formed during sintering.
However, it is proposed that additional control over the density
of the as grown arrays by patterning the substrate could prevent
this. Because annealing improves the QE by increasing the rate
of radiative carrier recombination, it is unlikely that such a
treatment would be useful for applications that require longer
carrier lifetimes and diffusion lengths for charge collection, such
as PV and PEC water splitting. For these agplications, it will be
necessary to increase the carrier lifetimes.”® One issue affecting
carrier lifetimes is surface recombination from a high density of
surface states in InGaN nanowires. These defects can provide
fast nonradiative decay pathways in the current samples.
Surface passivation using materials that require low deposition
temperatures such as AIN, SiN,, SiO,, and S could help to
mitigate this issue.””>' Other issues include nonradiative
recombination at point defects and partial dislocations, which
are incorporated during the HCVD growth process. The
structural studies show that the thermal instability of InGaN
nanowires prevents the use of temperatures high enough to
remove partial dislocations. Therefore, better results could be
achieved by preventing the incorporation of such imperfections
during growth. Investigations into the growth mechanism of
II-nitrides have suggested that careful control of the III-V
precursor ratio can prevent point defect and partial dislocation
formation during growth.*

B CONCLUSIONS

In conclusion, we have examined changes in the structural,
compositional, and optical properties of InGaN nanowires after
thermal annealing in NH;. Samples retained the nanowire
morphology, although some thermal instability was observed
from sintering and surface roughening at higher temperatures.
This instability was confirmed through elemental analysis,
which revealed that the total indium composition of InGaN
nanowires was reduced due to etching from the Ilattice.
Structural investigations of this instability showed that
nanowires retained their crystallinity, but higher indium
composition nanowires can decompose into indium metal
because In—N bonds are weaker than Ga—N bonds. In
addition, phase separation into different stoichiometries of
In,Ga, N was observed in sample x = 0.42, indicating that
higher composition InGaN nanowires are metastable. Optical
studies revealed that this annealing procedure successfully
increases the QE of InGaN nanowires and both the radiative
and nonradiative carrier recombination rates. Furthermore, the
annealed nanowires displayed more highly distributed decay
kinetics, which we attribute to the observed composition
inhomogeneities formed in InGaN nanowires during annealing.
We propose such a treatment could be utilized to increase the
radiative recombination rate in devices such as LEDs. Further
work will be done to improve the QE by reducing the
nonradiative recombination pathways for applications such as
PV and PEC water splitting. For this, we suggest growth
modifications as well as post treatment methods such as surface
passivation.

B EXPERIMENTAL SECTION

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 K and the In L peaks of a 40 um X 40
pum area for each sample at 20 kV and analyzed using the
software’s true standardless-quantification mode.

XRD patterns were taken using a Bruker AXS D8 Advance
diffractometer, which used an incident Co Ka radiation of
1.790 26 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. STEM images were obtained in both an
FEI Tecnai F20-UT and FEI Titan 3 80-300 operated at 200
and 300 kV, respectively. The Titan is equipped with two
CEOS hezxapole-type spherical aberration correctors, allowing
for subangstrom resolution. HAADF images were acquired at a
collection angle of ~110 mrad. Both BF and HAADF images
were acquired simultaneously.

For steady-state PL measurements, nanowire arrays were
excited by a 325 nm continuous-wave (CW) HeCd laser with a
S mW unpolarized beam focused to a spot size of 50 X 100 pm.
PL spectra were collected on a single spot for each sample with
a 1 s exposure time and accumulated 10 times through a 50X
objective on a Nikon microscope. Signals were routed to a
liquid N, (LN) cooled CCD/spectrometer (PI Acton) via an
optical fiber. Instrumental uncertainty for steady-state PL
measurements was measured to be 0.54%.

Absorption percentages were measured using a custom 4 in.
diameter integrating sphere (Gigahertz Optik UPK-100-L
coated with ODM98) and the same 325 nm CW laser source
as used in the PL measurements. Signals were sent to a LN
cooled CCD/spectrometer (PI Acton) via an optical fiber.
Samples were placed on a holder in the center of the integrating
sphere at a slight angle. The intensity of the 325 nm source was
measured in both a hit and miss configuration to calculate the
absorption percent.

A home-built confocal fluorescence microscope was used to
measure PL decay times of InGaN nanowire arrays. The 267
nm excitation source was derived from the third harmonic of
the 800 nm output from a Ti:sapphire regenerative amplifier
(Coherent RegA9000), which produces ~200 fs pulses at a 295
kHz repetition rate. A small portion of the excitation source was
picked off and measured on a fast photodiode. The remainder
was attenuated to powers ranging from 0.4 to 30 yW using
neutral density filters and focused on the nanowire sample to a
diameter of 750 nm using an objective with NA = 0.8. The PL
was back-collected through the same objective and focused
onto a single photon counting avalanche photodiode (APD,
PDM series, MPD). The band-edge emission from InGaN
nanowires was isolated by using a set of visible wavelength
filters. The fast photodiode and APD signals were read into a
time-correlated single photon counting (TCSPC) card
(PicoHarp300, PicoQuant). The timing card collected photon
arrival times in 4 ps bins, although the time resolution of the
measurement is limited by the detector response time.
Instrument response functions (IRF) were measured to have
a FWHM of 48 ps.
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