Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 October 2021. Downloaded on 4/30/2026 9:58:08 PM.

#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Identification of multi-color emission from coaxial

i") Check for updates‘
GalnN/GaN multiple-quantum-shell nanowire LEDs

Cite this: Nanoscale Adv., 2022, 4, 102

Kazuma lto,* Weifang Lu, & +*2 Sae Katsuro,? Renji Okuda,® Nanami Nakayama,’
Naoki Sone,® Koichi Mizutani,® Motoaki Iwaya, Tetsuya Takeuchi,?
Satoshi Kamiyama® and Isamu Akasaki®®

Multi-color emission from coaxial GalnN/GaN multiple-quantum-shell (MQS) nanowire-based light-
emitting diodes (LEDs) was identified. In this study, MQS nanowire samples for LED processes were
selectively grown on patterned commercial GaN/sapphire substrates using metal-organic chemical
vapor deposition. Three electroluminescence (EL) emission peaks (440, 540, and 630 nm) were
observed, which were primarily attributed to the nonpolar m-planes, semipolar r-planes, and the polar
c-plane tips of nanowire arrays. A modified epitaxial growth sequence with improved crystalline quality
for MQSs was used to effectively narrow the EL emission peaks. Specifically, nanowire-based LEDs
manifested a clear redshift from 430 nm to 520 nm upon insertion of AlGaN spacers after the growth of
each GalnN quantum well. This demonstrates the feasibility of lengthening the EL emission wavelength
since an AlGaN spacer can suppress In decomposition of the GalnN quantum wells during ramping up
the growth temperature for GaN barriers. EL spectra showed stable emission peaks as a function of the
injection current, verifying the critical feature of the non-polarization of GaN/GalnN MQSs on nanowires.

In addition, by comparing EL and photoluminescence spectra, the yellow-red emission linked to the In-
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Accepted 13th October 2021 fluctuation and point defects in the c-plane MQS was verified by varying the activation annealing time
and lowering the growth temperature of the GalnN quantum wells. Therefore, optimization of MQS

DOI: 10.1035/d1na00295¢ nanowire growth with a high quality of c-planes is considered critical for improving the luminous

rsc.li/nanoscale-advances efficiency of nanowire-based micro-LEDs/white LEDs.

plane (c-plane) as the light-emitting region, the progress has
reached a ceiling for the dramatically increasing requirement in

1. Introduction

(cc)

With the recent proliferation of 5G technology and the
increasing demand for more immersive environments for
augmented reality (AR) and virtual reality (VR), more high-
performance electronic technologies are expected. Among
these technologies, micro-light-emitting diodes (LEDs) are
gaining popularity because they can offer higher light bright-
ness, faster response time, higher resolution, and lower power
consumption than do current liquid crystal displays (LCD) and
organic LED (OLED) displays.’” In particular, group III nitride
semiconductors, which can cover the entire wavelength range of
visible light, are promising for the realization of high-
performance white LEDs/micro-LEDs.*? Although there have
been marvelous advancements in nitride LEDs using the polar
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AR, VR, and other modern display systems in the future. In
addition, the quantum confinement Stark effect (QCSE) in
conventional c-plane LEDs makes it difficult to achieve high
efficiency in the long-wavelength region.'™"* Alternatively, GaN
nanowires or nanorods have been attracting attention as an
alternative to achieve high-performance micro-LEDs.">*®

GaN nanowires (or nanorods) are three-dimensional hexag-
onal prismatic crystals with three different crystal planes,
namely, the polar c-plane, semipolar r-planes, and nonpolar m-
planes on the sidewalls." The height of the nanowire is tunable
from hundreds of nanometers to several micrometers,
depending on the growth time. In particular, GaInN/GaN
multiple-quantum-shell (MQS) active structures can be coaxi-
ally grown on GaN nanowires.*® Nanowire LEDs with such core-
shell MQS structures grown on the sidewalls can reduce the
performance degradation induced by the QCSE, which is the
major obstacle to improving the luminous efficiency of c-plane
LEDs, especially in the long-wavelength region. Moreover, by
controlling the diameter, pitch, and morphology of the nano-
wires, the amount of In incorporation and light emission
intensity can be controlled.’**® Furthermore, since toxic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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arsenic, phosphorus, and rare-earth elements are not used in
GalnN/GaN MQS nanowires, environmentally friendly high-
efficiency red LEDs can be realized.”* GaN nanowire crystals
contain few threading dislocations inherited from the GaN
template on the sapphire substrate, yielding a high-quality MQS
active layer.”** In addition, the three-dimensional structure can
expand the light-emitting area and provide several other
advantages that are incomparable to those of c-plane LEDs.***
On the basis of these advantages, coaxial MQS nanowires are
being researched by many institutions and are attracting
interest in lighting, lasing, and visible light communication
systems, as well as micro-LEDs.?**® For instance, a monolithic
white LED has been realized in nanowires, which comprised
a multi-stacked core-shell tunnel junction structure with an
aluminum (Al) tunnel junction and GalnN quantum wells.>® In
such core-shell nanowires, a high internal quantum efficiency
(IQE) of approximately 60% was demonstrated at room
temperature (300 K), which is higher than that of ¢-plane LEDs
in a similar visible wavelength range.>® Besides, the IQE in MQS
nanowires has also been improved to 69% by adopting an
AlGaN spacer after each GaInN quantum well growth and a high
growth temperature for GaN quantum barriers.*® Thus, coaxial
MQS nanowire LEDs can realize high-efficiency LEDs in the
entire visible light range. However, differential In distributions
on c¢-, r, and m-planes of MQS nanowires usually induce
different electroluminescence (EL) peaks with an increase in the
applied voltage."** Further clarification of the emission peaks
is required in MQS nanowire LEDs, especially since the emis-
sions at the long-wavelength side are still unclear.

In this work, we investigated emission features in MQS
nanowire LEDs under different growth conditions of GaInN/
GaN MQS structures and thermal annealing time. Emission
peaks in the EL and cathodoluminescence (CL) spectra were
compared to identify the distinguishable emission peaks in
nanowire LEDs. AlGaN spacers were also introduced into
coaxial GaInN/GaN MQS to enhance the In incorporation in the
quantum wells. Different activation annealing times were
applied to inspect the effect of emission peaks in the yellow-red
emission range. In addition, the growth temperature of GaInN
quantum wells was decreased to confirm the shift of EL emis-
sion peaks in nanowire LEDs.

2. MOCVD growth and device
fabrication

The coaxial nanowire samples for device fabrication were
prepared by selective area growth in a horizontal metal-organic
chemical vapor deposition (MOCVD) system (SR 2000, TAIYO
NIPPON SANSO Co., Japan). Initially, an aperture array with
a constant diameter (320 nm) and pitch (1200 nm) was formed
on the commercial n-GaN/sapphire substrates, using a nano-
imprint lithographic patterning and dry etching of the SiO,
mask layer.** Afterward, the n-type GaN core, GaInN/GaN MQS
active layer, and p-type GaN shell were grown on patterned
substrates in sequence. Trimethylgallium (TMG), triethylgal-
lium, ammonia, trimethylindium, trimethylaluminium, silane,
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and bis-cyclopentadienyl magnesium were used as precursors
for Ga, N, In, Al, Si, and Mg dopants, respectively. The doping
concentration of Si in the n-core was estimated to be 2 x 10'®
em ™ through four-point nano-probe measurements. Mean-
while, the Mg-doping level in the p-GaN shell is approximately 3
x 10" ecm™3, as confirmed through three-dimensional atom
probe tomography. Detailed growth processes of the n-GaN core
and MQS active layer can be found in our previous work.** To
investigate the optical and electrical properties of nanowire-
based LEDs, six samples were prepared under different
growth conditions of the MQS layer, as listed in Table 1. Unlike
the reference sample a, the growth temperature of the GaN
barriers in sample b was increased from 750 °C to 810 °C to
improve the uniformity of In incorporation in the MQS region.
In samples c, d, and e, AlGaN spacers with an Al composition of
~6% were inserted after each GaInN well growth. In this study,
AlGaN spacers were used to improve the crystalline quality and
suppress In decomposition of GaInN wells when ramping up
the growth temperature for GaN barriers.*® To further confirm
the emission features in nanowire-based LEDs, sample e was
prepared at a lower growth temperature (740 °C) for GaInN
wells. Morphology was characterized using scanning electron
microscopy (SEM-SU5000, Hitachi Co., Japan). A parabolic
mirror and filter/detector system (Gatan MonoCL4) equipped
with the same SEM system were employed to investigate the CL
properties. The acceleration voltage for SEM and CL measure-
ments was set to 3 kV. The photoluminescence (PL) spectra of
the nanowire samples were acquired using a 405 nm laser diode
(NEOARK Corp., Tokyo, Japan) and a fiber spectrometer
(USB4000, Ocean Optics Inc., Largo, FL, USA).

Subsequently, nanowire devices were fabricated on these five
as-grown samples. The schematic diagram of the nanowire LED
is illustrated in Fig. 1(a), whereas the current flow path is
denoted in the nanowire arrays. The planar-view inset shows the
coaxially arranged n-type core, GaInN/GaN MQS, and p-type
GaN shells. In Fig. 1(b) and (c), a nanowire LED with a chip
size of 340 pm x 340 pm is schematically drawn, and the
fabricated nanowire-LED structure is correspondingly shown in
the SEM image. Detailed morphology of the as-grown nanowires
is shown in Fig. 1(d) and (e), manifesting clear nonpolar m-
planes, semipolar r-planes, and a polar c-plane facet in every
single nanowire. The activation of the Mg acceptor in p-GaN was
performed using thermal annealing under nitrogen and oxygen
atmospheres for 30 min at 650 °C. To form an anode in samples
a, b, ¢, and d, the n-GaN substrate was exposed to an ultrasonic
stripping, followed by inductively coupled plasma (ICP) etching
of the SiO, mask layer. However, in sample e, nanowires were
embedded with positive resist (AZ 5214-E), whereas the desig-
nated nanowires in electrodes were removed by ICP etching.
During etching, the selection ratio of GaN to resist was adjusted
to be 1 : 1 under optimal Cl, gas conditions, aiming to achieve
a flat surface on the electrodes. Afterward, a 100 nm-thick
indium tin oxide (ITO) film was deposited as the current
spreading layer using a high frequency magnetron sputtering
system (CFS-4EP, Shibaura Mechatronics Co., Japan). Finally,
electron beam evaporation of Cr (10 nm)/Ni (20 nm)/Au (200
nm) films was used to form n-contact and p-contact. The
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Table1 MOCVD growth parameters for nanowire samples
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Temperature of Temperature of Spacers in TMG flow rate for Activation time
Samples GaN barriers in MQSs GalnN wells in MQSs MQS growth p-type GaN shell growth (same thickness) for p-GaN
a 750 °C 750 °C GaN 6 sccm 30 min
b 810 °C 750 °C GaN 6 sccm 30 min
c 810 °C 750 °C AlGaN 6 sccm 30 min
d 810 °C 750 °C AlGaN 24 sccm 30/90 min
e 810 °C 740 °C AlGaN 24 scem 30 min
340 pm
=
Sapphire n-GaN u-GaN p-GaN Si0: ITO
W Ve ¥ W
AR 4 A A A &
AR 4 4 4
£

Fig. 1 (a) Schematic diagram of the nanowire-based LED device structure. The hexagonal shape of the cross-sectional view of one nanowire is

illustrated on the right, involving the n-type core, GalnN/GaN multiple-quantum-shell (MQS) active layer, and p-type GaN shell. (b) The designed
LED chip (340 um x 340 um), and the corresponding (c) scanning electron microscopy (SEM) image after the process. (d) The planar-view SEM
image of an as-grown nanowire sample and (e) the 30°-tilted view SEM image.

fabricated nanowire LEDs were characterized by measuring the
current-voltage (I-V) and light output (I-L) characteristic curves
and EL spectra through a micro-probe system coupled with
a mini-spectrometer (Hamamatsu, Japan) and a fiber spec-
trometer (USB2000, Ocean Optics Inc., Largo, FL, USA).

3. Results and discussion
3.1 Comparison of EL and CL emission peaks

For sample a, the EL results were compared with the CL spectra
obtained from each plane to identify the electronically stimu-
lated emission planes, as shown in Fig. 2. A microprobe setup
was employed for EL measurements, while the emitted light was
detected from the back side of the chips. In Fig. 2(a), three
peaks located at 440, 540, and 630 nm are distinguished in the
EL spectra, especially at an injection current higher than 50 mA.
At 100 mA, the EL intensity of the longer emission peaks at 540
and 630 nm is approximately two-thirds of that at 440 nm. At

104 | Nanoscale Adv, 2022, 4, 102-110

a low injection current, EL spectra are dominated by the peak
located at 650 nm. Notably, the emission peaks at 440 and
540 nm are invariable with an increase in injection current;
however, a slight blueshift is observed for the peak located
around 630 nm. Here, it can be inferred that the emission peaks
at 440 and 540 nm are mainly from nonpolar and semipolar
planes, whereas the peak located around 630 nm is attributable
to the non-uniform In-rich clusters or deep-level defects in the
polar c-plane region. This is because the growth of MQSs on
nanowires mainly depends on the high impinging rate of ada-
toms, diffusion along the nanowires, and the lateral diffusion
from the SiO, mask layer. The combined effect of these three
factors results in a spatial distribution of In incorporation along
the nanowires, i.e. a higher In concentration in the c-plane apex
region than the - and m-planes.”*" The blue shift of the peak
near 630 nm is associated with the QCSE of the polar c-plane so
that the effective field strength was reduced by the Coulomb
screening as the injection current increased.*® On the other

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) Electroluminescence spectra of sample a at different injection currents. Three peaks located at 440, 540 and 630 nm are identified. (b;)

and (b;) The cross-sectional view CL panchromatic mapping and SEM images of the nanowires in sample a. Panels in (c) show the CL spectra
acquired in the c-plane apex region, r-plane, and top and bottom areas on the m-plane.

hand, such a kind of phenomenon in nanowire-based LEDs was
also ascribed to the locally enhanced potential drop near the c-
plane region with In fluctuation, especially at a low injection
current.*?

To confirm the EL emission peaks, CL measurements were
performed on the m-, r- and c-plane regions across the cleaved
GaInN/GaN MQS nanowires. Fig. 2(b;) and (b;;) show the CL
panchromatic mapping and the corresponding SEM images.
The bright light emission in the mapping is related to the
coaxial GaInN/GaN MQS layer. However, emission intensity is
much weaker at the r- and c¢-planes. In the CL spectra plotted in
Fig. 2(c), a redshift of 25 nm is observed from the bottom part of
the m-plane to the r-plane region, which is due to the spatial
distribution of In incorporation along the nanowires.** Specifi-
cally, two prominent emission peaks appeared in the r-plane
region, indicating the nonuniform In incorporation during
growth. In addition, a broad yellowish emission range from 480
to 650 nm is confirmed in the c-plane area, which is attributable
to the In-rich clusters and point defect related recombina-
tion.**** Compared with the EL spectra, CL emission peaks of
the m- and r-planes correspond to the EL emission peak at
440 nm, as marked by the rectangle in Fig. 2(a) and (c). On the
other hand, the CL spectra of the - and c-plane indicate that the
EL peak at 540 nm is contributed by the emission from both the
r- and c¢-planes, since the In incorporation rate is higher in the
apex region as confirmed through energy-dispersive X-ray
spectroscopy line-scan profiles of nanowires.** However, a devi-
ation was confirmed for the peaks at 440 and 405-430 nm in the
EL and CL spectra, respectively. This can be attributed to the
difference in the characterization methods between injection
current through plenty of nanowires in the LED chips and the
weak electron beam irradiation on a single nanowire. Despite
the In-rich clusters in the c-plane MQS, the deep-level defects
such as the Mg-N-vacancy complex and other related point
defects are assignable to the red component (~630 nm) in EL

© 2022 The Author(s). Published by the Royal Society of Chemistry

spectra.®* Therefore, the multiple tunneling via defects and In-
rich clusters occurred on the c-plane area at a low injection
current, resulting in a strong emission located around
630 nm.**** Overall, the results here indicate that the EL emis-
sion at 440 nm is inevitably from the m- and r-planes, whereas
the broad emission at 540 nm originated from both the r-and c¢-
planes. Regarding the EL peak located at 630 nm, it is consid-
ered to be from the non-uniform In-rich clusters and deep-level
defects in the c-plane MQS. A further investigation of the
nanowire growth conditions was conducted to find the origin of
multi-color emission in nanowire LEDs.

3.2 Effect of AlIGaN spacers on the EL emission wavelength

The crystalline quality of MQSs is critical for high-performance
nanowire-based LEDs. As reported, high IQE and high In
contents can be simultaneously achieved using an AlGaN spacer
before increasing the barrier temperature for MQS growth,
since the decomposition of GaInN quantum wells was sup-
pressed on all planes.*® Accordingly, samples b and c¢ were
prepared to further verify the effect of AlGaN spacers on the EL
emission wavelength. The I-V and EL characteristics of the
nanowire devices with and without AlGaN spacers are depicted
in Fig. 3(a) and (b). Both samples have current leakage, which is
attributed to the unintentional exfoliation of a few nanowires in
the mesa area during the fabrication process. Since the growth
conditions for the p-GaN shell were identical, the -V charac-
teristic curves are similar, despite the slightly higher resistance
on account of the variation in height. The cross-sectional SEM
images of the nanowires in the insets of Fig. 3(a) show an
unconformable deposition of the ITO layer on the nanowires,
particularly in sample b. The thicknesses of the ITO film on the
¢- and r-planes are approximately 400 and 270 nm, respectively,
whereas only a 30 nm-thick ITO was deposited at the bottom of
the m-plane. As a result, such imperfect ITO coverage impeded
the spread of current among the nanowires in the mesa area. In

Nanoscale Adv., 2022, 4,102-110 | 105
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(a) The I-V characteristics of nanowire-LED samples b (without AlGaN spacers) and c (with AlGaN spacers). The cross-sectional view SEM

images of sample b (a;) and c (a;;) coated with the indium tin oxide film. (b) The normalized EL spectra of samples b and ¢ at an injection current of

100 mA.

addition, the In fluctuation along nanowires may induce
current concentration at the upper part of the nanowires in the
LEDs. The normalized EL spectra in Fig. 3(b) show that the
emission peaks of the LEDs in samples b and c are 430 and
520 nm at the injection current of 100 mA, respectively, which
are dominated by the emission from the m- and r-planes. The
higher growth temperature of GaN quantum barriers also
ensured a singular EL emission in the nanowire LEDs, yielding
a narrower full width at half maximum than that of sample a.
Moreover, inserting an AlGaN spacer in MQS growth sufficiently
increased the In content in GalnN wells, as a 90 nm redshift is
observed in sample c. This is attributable to the suppression of
the In decomposition rate in the GaInN wells by the AlGaN
spacer during ramping up the barrier growth temperature. Such
an effect has been demonstrated in the MQS nanowires, which
was ascribed to the thermal stability of AlIGaN owing to the high
sticking coefficient of Al adatoms and large bond energy of Al-
N.**%” This phenomenon was also confirmed in planar c-plane
LEDs, allowing high In incorporation into InGaN wells.***®
Moreover, the yellow-red range emission is negligible in these
two samples because of the improved growth of MQSs and p-
GaN shell on the ¢-plane area.*»*> The standard growth of MQSs
in sample a can induce indistinguishable MQS structures at the
c-plane apex, including non-uniform In-rich -clusters.***
Thereupon, considerable stacking faults, dislocations, pyra-
mids, or other point defects may be formed in the p-GaN shell of
sample a. The improved growth on the c-plane apex was also
expected to improve the crystalline quality of p-type GaN at the
apex of nanowires in both samples b and c.**

3.3 Identification of the red emission component in
nanowire LEDs

To confirm the effect of activation time on the EL emission
wavelength in nanowire LEDs, thermal annealing was per-
formed on sample d (cleaved into two half-sizes: d, and d,) with
different times, 30 and 90 min, respectively. The I-V charac-
teristics, light output characteristics, and optical properties
were characterized, as depicted in Fig. 4. For the nanowire LED
with 30 min thermal annealing, only one emission peak at
480 nm is observed, as shown in Fig. 4(a). The emission

106 | Nanoscale Adv,, 2022, 4, 102-110

wavelength is stable as a function of injection current, and the
peak intensity increased as the current increased. This
demonstrates the critical feature of nonpolar/semipolar GaN/
GaInN MQSs on nanowires without a clear blueshift induced
by the QCSE. Besides the main EL peak at 480 nm, another
distinct peak at 630 nm appears in sample d,, as shown in
Fig. 4(c). Regarding the two prominent peaks, the shorter one at
480 nm is assumed to be from the MQS active layer, whereas the
longer one at 630 nm is related to the emission from defects
near the c-plane area.*® Several defects such as various In-rich
clusters, point defects, and stacking defects exist near the c-
plane of the MQS nanowires, as elaborated in Section 3.1. The
insets of Fig. 4(a) and (c) show the emission graphs taken from
the front side through a microscope, which was different from
the measurement of EL spectra. Nanowire-LED samples d; and
d, manifest red luminescence over the entire mesa area at low
injection current and localized blue dot luminescence with an
increase in injection current. However, the emission color of
LED figures in sample d, is dominated by the yellow-red light
even at high injection current. Therefore, EL peaks measured
from the back side and emission graphs obtained from the
front side can initially testify that the yellow-red emission is
primarily caused by the presence of considerable In-rich clus-
ters and point defects at the c-plane of the MQS nanowires. Of
note, such a phenomenon was aggravated by the concentration
of current at the top of the nanowires on account of non-
uniform ITO film deposition on the entire nanowires.
Furthermore, the EL intensity of the emission peak at 480 nm
in LED sample d; is 2.7 times stronger than that of sample d,.
The degradation of the peak at 480 nm is attributable to pro-
longed annealing, which may be detrimental to the MQS active
layer. In contrast, the long emission component at 630 nm is
enhanced by approximately four times because of the activation
of deep-level defects near the c-plane, which acted as radiative
recombination centers. These results indicate that prolonged
activation annealing can reduce the intensity of the emission
from MQSs and strengthen the red emission from defect levels,
which is not suitable for nanowire LEDs. According to the -V
characteristic curves in Fig. 4(d), an increase in differential
resistance, as well as a reduced leakage due to prolonged
annealing, was confirmed. The I-L characteristics indicate that

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) EL spectra of sample d; with an activation time of 30 min for the p-GaN shell. The corresponding light emission images at different

injection currents are shown as insets. (b) The emission peak and intensity as a function of injection current varying from 10 to 100 mA. (c) EL
spectra of sample d, with an activation time of 90 min for the p-GaN shell. (d) The /-V characteristics and light output of sample d with 30 and

90 min activation, respectively.

the light output of sample d; gradually increased at low injection
current and then rapidly increased as the current exceeded 30
mA. On the other hand, for the LEDs that were thermally
annealed for 90 min, the light output increased relatively linearly
as a function of injection current. Note that the /-L signal was
also detected from the back side of the chips as that of EL
measurements. The integrated intensity of the EL spectra was
verified to be larger in the 90 min thermally annealed LEDs due
to the strong emission in the longer wavelength side. Thus, the
light output intensity of sample d, is reasonably stronger than
that of sample d;. Although the AlGaN spacer was implied in
sample d, the weak yellow-red emission from the c-plane MQS is
still observed in the nanowire LEDs. Appropriate activation
conditions of p-GaN shells are beneficial to improve electrical
properties.

To verify the EL emission peak at 480 nm, sample e was
grown under identical conditions to sample d, except for a 10 °C
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Fig. 5

lowered temperature for GaInN quantum wells. Fig. 5 shows the
optical characteristics of the LED devices in sample e. In
Fig. 5(a), the EL emission peaks show a blueshift from 540 to
500 nm as the injection current increased from 10 to 100 mA.
The inset of Fig. 5(a) shows that the EL intensity is extremely low
at the injection current of 10 mA. This suggests that the emitted
light was mainly from the c-planes at lower injection current,
and then shifted to the - and m-planes as the injection current
increased. Nevertheless, in comparison with the EL spectra of
the LEDs with GaInN wells grown at 750 °C [see Fig. 4(a)],
a redshift from 480 to 500 nm was observed in sample d at the
injection current of 100 mA. This is ascribed to the enhanced In
incorporation in the GaInN well by lowering the well growth
temperature. The emission intensity is also comparable to that
of sample d. Therefore, AlGaN spacers and a high barrier growth
temperature can be used to effectively achieve high In incor-
poration in GaInN wells with a lower growth temperature of
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(a) The EL spectra in sample e measured at different injection currents. The inset shows the EL spectrum at an injection current of 10 mA.

(b) PL spectra of sample e measured under irradiation using a 405 nm laser with different current intensities.
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GalnN wells. To better understand optical performance, power-
dependent-PL spectral measurements were performed in the
nanowire sample e. An intense emission peak from GaInN/GaN
MQSs was observed at 480 nm, as shown in Fig. 5(b). Because
the PL signal is detected from the front side of the nanowire
arrays, the broadened and blue-shifted emission peak results
from the overall emission on the m-, -, and c-planes of the MQS
structures. Specifically, a broad yellow luminescence from In-
rich clusters and point defects in the c-plane MQS or near p-
GaN shell is also observed. Of note, the EL spectra measured
from the back side of the chip are dominated by the emission
from the upper part of the nanowire array due to the localized
electric field.

4. Conclusion

In summary, the optical and electrical properties of coaxial
GaInN/GaN MQS nanowire-based LEDs were systematically
investigated by varying the growth and activation conditions. EL
and CL spectra were recorded for the samples to identify the
distinguishable emission peaks in nanowire LEDs. It was
inferred that the EL emission peaks (440, 540, and 630 nm) in
nanowire LEDs were emitted from the m-planes, r-planes, and
the various In-rich clusters, as well as deep-level defect-related
centers near the c-planes, respectively. Since the MQS quality
is vital for nanowire LEDs, GaN/AlGaN spacers and an increased
growth temperature of GaN barriers were applied for the MQS
growth. Consequently, the EL spectra of nanowire LEDs
exhibited narrowed emission peaks and a clear redshift from
430 nm to 520 nm upon insertion of AlGaN spacers. The
redshift was attributed to the suppression of In decomposition
from the wells by AlGaN spacers during ramping up of the
growth temperature. The absence of a blueshift of the EL
emission peaks as a function of the injection current confirms
the critical feature of nonpolar GaN/GaInN MQSs on nanowires
without the QCSE. A prolonged activation annealing was per-
formed on the nanowire sample to gain insight into the weak
emission at 630 nm of nanowire LEDs. Nevertheless, the
intensity of the emission from MQSs was decreased, and yielded
a four-fold enhancement of the yellow-red emission compo-
nent. Such a phenomenon was attributed to the activation of
deep-level defects in the c-plane MQS, which acted as radiative
recombination centers. By changing the growth temperature of
the well from 750 °C to 740 °C, a redshift from 480 to 500 nm
was observed at 100 mA injection current. This is because the
decomposition rate of In in the wells was suppressed by the
lower growth temperature of the GaInN wells. Overall, the
control of EL emission peaks and the corresponding emission
mechanism in this study are quite essential for developing
nanowire-based white LEDs and micro-LEDs.
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