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N-polar InGaN/GaN nanowires: overcoming the
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A high efficiency, high brightness, and robust micro or sub-microscale red light emitting diode (LED) is an es-
sential, yet missing, component of the emerging virtual reality and future ultrahigh resolution mobile displays.
We report, for the first time, to our knowledge, the demonstration of an N-polar InGaN/GaN nanowire sub-
microscale LED emitting in the red spectrum that can overcome the efficiency cliff of conventional red-emitting
micro-LEDs. We show that the emission wavelengths of N-polar InGaN/GaN nanowires can be progressively
shifted from yellow to orange and red, which is difficult to achieve for conventional InGaN quantum wells
or Ga-polar nanowires. Significantly, the optical emission intensity can be enhanced by more than one order
of magnitude by employing an in situ annealing process of the InGaN active region, suggesting significantly
reduced defect formation. LEDs with lateral dimensions as small as ~0.75 pm, consisting of approximately five
nanowires, were fabricated and characterized, which are the smallest red-emitting LEDs ever reported, to our
knowledge. A maximum external quantum efficiency ~1.2% was measured, which is comparable to previously
reported conventional quantum well micro-LEDs operating in this wavelength range, while our device sizes are

nearly three to five orders of magnitude smaller in surface area.
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1. INTRODUCTION

Sub-micrometer and nanoscale optoelectronic devices, includ-
ing light emitting diodes (LEDs) and laser diodes, have drawn
considerable attention, as they are essendal for future large
scale, or ultra-large scale integration of electronic and optoelec-
tronic devices on a single chip. To date, however, it has
remained extremely challenging to achieve high efficiency
micro or nanoscale optoelectronic devices. One noticeable ex-
ample is the efficiency cliff related to micro-LEDs, i.e., a drastic
reduction in device efficiency with reducing dimensions.
Micro-LEDs have been considered as the essential building
block for emerging virtual/augmented reality devices and sys-
tems, due to their ultrahigh brightness, low power consump-
tion, ultrahigh integration density, superior stability, and long
lifetime. Shown in Fig. 1, external quantum efficiency (EQE)
in the range of 50%-70% has been commonly measured for
AlGalnP-based large area LEDs (lateral dimensions >100 pm),
whereas the efficiency drops to negligible values for devices with
lateral dimensions of the order of 10 um.

It is known that AlGalnP-based materials have poor charge
carrier confinement, relatively long carrier diffusion length, and
large surface recombination [1,2]. In this regard, Ga(In)N-
based heterostructures offer stronger carrier confinement,
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smaller carrier diffusion lengths, as well as a lower level of sur-
face recombination velocity [3]. However, the large lattice mis-
match between InN and GaN (~10%) has prevented the
realization of high quality InGaN quantum well heterostruc-
tures emitting in the deep visible, i.e., yellow, orange, and
red spectra. As such, the efficiency of conventional InGaN
quantum well LEDs decreases drastically with increasing wave-
lengths. Moreover, the efficiency cliff, caused by etch-induced
surface damaging with reduced device size, is even more severe
than that of AllnGaP-based red LEDs [4-9]. Shown in Fig. 1
are some reported EQE values for InGaN [10-23] and
AlGalnP [24-32] based red LEDs with different lateral dimen-
sions. Here, we refer to “red” LEDs as having the dominant
emission peak >620 nm [33]. As can be seen from the figure,
an EQE of close to ~20% has been reported for broad area
InGaN orange and red LEDs (lateral dimension ~1000 pm)
[10]; however, this falls to only a few percent or less for devices
having lateral sizes in the tens of micrometers [18—22]. There
exist few reports for red micro-LEDs with lateral device sizes
below 10 pm, and the devices presented therein have a maxi-
mum EQE of <0.3% [15,16].

In this context, bottom-up InGaN-based nanostructures,
e.g., nanowires and nanorods, offer an alternative approach
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Fig. 1. Variations of peak external quantum efficiency (EQE) of
some previously reported red-emitting LEDs (defined as having emis-
sion peak >620 nm), showing the presence of the efficiency cliff,
i.e., significantly reduced efficiency with decreasing device size.
Blue squares: AllnGaP-based red LEDs. Green circles: InGaN-based
red LEDs. The results from this work are indicated by the orange and
red spheres.

to overcome the efficiency cliff of micro- or nano-LEDs in the
deep visible. The bottom-up approach has a major advantage
over a top-down etching approach due to the reduced density
of surface defects at the edge of the device mesa, commonly
associated with plasma-based etching of nitrides [34-36].
(In)GaN nanostructures have been extensively studied previ-
ously, showing defect-free structures and enhanced indium in-
corporation because of their efficient strain relaxation [37-40].
Such InGaN-based nanostructures have shown bright lumines-
cence over a wide spectral range due to their high internal quan-
tum efficiency and light extraction efficiency [41-43]. Further,
selective area epitaxy using a patterned mask has also been dem-
onstrated, enabling precise control of the dimensions of nano-
structures [44—406]. It has also been shown that through varying
the size and spacing of nanostructures, the incorporation of In
can be tuned in a single growth step, potentially enabling the
monolithic growth of multi-color devices [47-50]. Previous
studies on nanostructure LEDs, however, have been largely
focused on InGaN-based nanowire devices with mixed or
Ga polarity [51-59]. The device performance suffers severely
from charge carrier (electron) overflow/leakage and nonradia-
tive parasitic recombination outside of the device active region,
leading to very low efficiency [52,60]. Moreover, the pyramid-
like morphology associated with Ga-polar nanowires makes it
difficult for the fabrication of high efficiency LEDs. These criti-
cal issues can be potentially addressed by N-polar InGaN-based
nanowires, which are characterized by uniformly flat surfaces
that are compatible with standard planar fabrication processes
[61-63]. Due to the reversed polarization field in N-polar
structures, electron leakage/overflow can be greatly suppressed
in N-polar InGaN quantum wells/dots, compared to their Ga-
polar counterparts [61]. Recent studies further suggested that

the lateral surfaces of N-polar GalN nanowires can form a stable
oxynitride layer, which can significantly reduce nonradiative sur-
face recombination [64]. N-polar InGaN also exhibits a higher
decomposition temperature than its metal-polar counterpart,
thereby allowing for the epitaxy of InGaN at higher temperatures
to reduce point defect formation and/or undesired impurity in-
corporation [65,66]. Despite these promises, there have been few
studies of N-polar InGaN-based nanowire micro-LEDs.

Herein, we report, for the first time, the design, epitaxy, and
performance characteristics of N-polar InGaN/GaN nanowire-
based sub-micrometer scale LEDs operating in the deep visible.
We have developed a unique strategy to effectively tune the
emission wavelengths of N-polar InGaN/GaN nanowires. It
is observed that the emission wavelengths can be shifted from
yellow to orange and red by varying the material fluxes and
growth temperature. It is further observed that the lumines-
cence efficiency can be enhanced by more than one order of
magnitude through an iz situ annealing process of the InGaN
active region to reduce defect formation. LEDs with lateral di-
mensions as small as ~0.75 pm, consisting of approximately
five InGaN nanowires, were fabricated and characterized. A
maximum EQE of 1.2% was measured for an unpackaged
sub-micrometer scale device, which is comparable to conven-
tional InGaN quantum well orange-red micro-LEDs, while
being nearly three to five orders of magnitude smaller in
surface area.

2. SELECTIVE AREA GROWTH AND
CHARACTERIZATION OF N-POLAR NANOWIRES

Schematically shown in Fig. 2(a) is the N-polar GaN/InGaN
nanowire micro-LED heterostructure, which consists of Si-
doped GaN, InGaN active region, and Mg-doped GaN contact
layer. Prior to the epitaxy of the N-polar nanowires, Si-doped
N-polar GaN templates, with thicknesses ~0.8 pm, were first
grown on a sapphire substrate utilizing a Veeco GENxplor
plasma-assisted molecular beam epitaxial (PA-MBE) system
[67]. The grown N-polar GaN substrate was then coated with
a 10 nm thick Ti layer, which was patterned with electron beam
lithography and dry etching to define the nanowire openings
for selective area epitaxy. For this work, we designed several
different arrays of nanowires on each sample, within which
the nanowire dimensions and spacing were kept constant.
For the different arrays, the nanowire diameters varied from
85 to 280 nm, with a pitch varying from 220 to 320 nm. The
patterned substrate was then loaded into a Veeco Gen 930
PA-MBE system for the subsequent nanowire growth. Before
starting the nanowire growth, the Ti mask on the substrate
was nitridated at a thermocouple temperature of 400°C in
nitrogen plasma for 10 min. The nanowires started with an
initial 500 nm thick n-GaN section, grown at a thermocouple
temperature ~880°C, with a nitrogen flow of 0.7 sccm (stan-
dard cubic centimeters per minute) and a Ga metal flux
~3x 107 Torr (1 Torr = 133.32 Pa) beam equivalent pres-
sure (BEP). For the InGaN active region, a high nitrogen flow
of 1.4 sccm was used, and the growth temperature was reduced
to ~650°C for sample A and ~635°C for sample B. These
samples were further fabricated, as will be discussed below.
An optimized growth temperature, higher nitrogen flow rate,
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(a) Schematic illustration of N-polar InGaN/GaN nanowire LED heterostructures grown on N-polar GaN template on sapphire substrate.
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(b), (c) SEM images of an N-polar InGaN/GaN nanowire array, showing site-controlled epitaxy and high uniformity.

and properly tuned In/Ga flux ratio were found essential to
enhance indium incorporation to achieve bright deep visible
light emission. The In and Ga BEPs are approximately
1 x 107 Torr and 4 x 1078 Torr, respectively, which can be
further varied to tune the emission wavelengths. The thickness
of the InGaN active region was kept at 40 and 20 nm for sam-
ple A and sample B, respectively. A ~100 nm thick Mg-doped
p-GaN layer was subsequently grown at a thermocouple tem-
perature ~900°C using a Mg flux of ~3 x 10~® Torr. Shown in
Fig. 2(b), the N-polar nanowires display good selectivity and
flat ¢-plane morphology. The realization of uniform N-polar
InGaN/GaN nanowire arrays is further illustrated in Fig. 2(c).

Attaining efficient long wavelength emission, e.g., orange
and red, for InGaN-based LEDs is extremely difficult due
to the large lattice mismatch (up to 11%) between InN and
GaN, indium phase separation, and quantum-confined Stark
effect [68—75]. In this study, to achieve red emission, we per-
formed a detailed investigation of the role of the In/Ga flux
ratio, growth temperature for the active region, and the 7 situ
annealing of the active region. It was observed that with reduc-
ing growth temperature, the emission wavelengths showed a
progressive shift toward longer wavelengths. However, the
emission intensity showed a significant reduction with reducing
growth temperature. Moreover, it remained difficult to achieve
spectrally pure red emission (>620 nm). Through detailed
growth optimization, it was observed that reduction of Ga flux
in the active region could lead to a more significant redshift in
emission as opposed to reducing the growth temperature. The
redshift with reducing Ga flux can be well explained by the
larger bond strength of GaN as compared to InN, which results
in the favorable incorporation of Ga in the crystal [76]. Given
that the growth of the active region was performed under
nitrogen-rich conditions, a significant impact of nitrogen flow
on alloy composition was not observed.

The use of a relatively low growth temperature and high
nitrogen flow rate in enhancing indium incorporation and
achieving red emission also promotes the formation of point

defects, e.g., Ga/ln vacancies and N-interstitials, which may
severely limit the radiative efficiency [42,77,78]. In this regard,
to further improve the luminescence efficiency, we developed
an in situ annealing process for the InGaN active region. This
technique has been previously used to reduce the point defect
density and improve the emission intensity of InGaN/GaN
quantum wells [79,80]. Following the growth of the InGaN
segment and a GaN capping layer, a growth interruption
was introduced. During the growth interruption, the substrate
temperature was raised under a nitrogen soak, and the sample
was annealed 7 situ at an elevated temperature of ~700°C for
3 min. This in situ annealing process was found to drastically
improve the optical properties. Shown in Fig. 3, with the in-
corporation of iz situ annealing, the photoluminescence inten-
sity is enhanced by more than one order of magnitude for
nanowires with identical dimensions of ~200 nm diameter
and 240 nm spacing. The photoluminescence involved exciting
the sample at room temperature using a 405 nm laser with out-
put power ~5 mW. The sample emission was collected with an
optical fiber and analyzed using a Horiba iHR 550 spectrom-
eter. Detailed studies further suggest that the annealing dura-
tion and temperature play an important role. While a higher
annealing temperature is more effective in reducing point de-
fect concentration, it can also result in significant blueshift. To
minimize indium out-diffusion during the annealing process,
the thickness of the GaN capping layer is carefully optimized.
The peak emission wavelengths from photoluminescence mea-
surements of the optimized structures sample A and sample B
were 620 and 635 nm, respectively.

A cross-sectional specimen for scanning transmission elec-
tron microscopy (STEM) study was made from a nanowire
LED sample using an iz situ focused ion beam (FIB) lift-out
method performed in a Thermo-Fisher Helios G4 Xe plasma
FIB/SEM system at the Michigan Center for Materials
Characterization (MCMC). A JEOL-JEM3100R05 TEM sys-
tem, equipped with double-aberration correctors, was used for
imaging the microstructures of the specimen at high spatial
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Fig. 3. Photoluminescence spectra of InGaN/GaN nanowire heter-
ostructures measured at room temperature for samples with (red) and
without (blue) iz situ annealing. The intensity of the non-annealed
sample has been enhanced by a factor of five.

resolution. The microscope was operated at 300 keV in STEM
mode with lens settings that define a probe smaller than
0.1 nm. High-angle annular dark-field (HAADF) imaging
was performed together with bright-field (BF) imaging
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simultaneously. A Thermo-Fisher Talos F200 STEM/TEM
system with four silicon drift detectors (SDDs) attached was
used for STEM spectrum imaging (SI) using X-ray signals.

Figure 4(a) is a low magnification STEM-HAADF image
showing the cross section of a few nanowires. No extended crys-
tal defects could be observed in the images of the nanowires
[81]. The InGaN active region (shown as the region with a
lighter contrast in the middle of the nanowire) grows axially
along the c-plane of the nanowire, which contrasts with the
growth along the semi-polar planes observed in Ga-polar nano-
wires [82—84]. While little lateral growth is observed in the
nanowires until the start of the active region, following it, there
is a noticeable change in nanowire diameter, which is related to
the strain relaxation and relatively low growth temperature for
this section [39]. The images of the nanowire arrays also show
the presence of voids formed in between the nanowires, which
are a result of the deposition of insulating layers to electrically
isolate the nanowires. A magnified STEM-HAADF image of
the InGaN active region within the nanowire in the center of
Fig. 4(a) is shown in Fig. 4(b) and its atom-resolved HAADF
image in Fig. 4(c). A relatively inhomogeneous InGaN segment
is observed, which could be a direct consequence of the
composition-pulling effect previously observed in high In com-
position InGaN layers [40,85,86]. In addition, the in situ ther-
mal annealing process may contribute to the interface diffusion
of indium atoms [87-89]. Figure 4(d) shows Ga and In distri-
butions inside part of the nanowire including the InGaN
active region. The In and Ga elemental distributions along
the outlined dotted band shown in Fig. 4(d) are quantified
in Fig. 4(e), confirming the formation of the In-rich InGaN
active region.
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Fig.4. (a) Cross-sectional STEM-HAADF image of nanowires. (b) Magnified STEM-HAADF image of the InGaN active region in the nanowire
shown in the middle of (a). (c) Atomic-scale HAADF image of the InGaN active region. (d) Color mixed element map collected from a part of the
nanowire with the InGaN active region included by STEM-SI using X-ray signals showing the distributions of Ga (red) and In (green). (¢) Ga and In
elemental profiles along the dotted band outlined in (d), with the different sections of the nanowire shown as shaded regions.
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3. FABRICATION OF MICRO-LEDS AND DEVICE
MEASUREMENTS

N-polar InGaN/GaN nanowire micro-LEDs were then fabri-
cated. First the nanowire arrays were passivated with an insu-
lating Al,Oj5 layer deposited by atomic layer deposition. An
etch-back step using reactive ion etching (RIE) was performed
to expose the top p-GaN contact layer of the nanowires. The
sample was coated with a 300 nm thick SiO, layer using
plasma-enhanced chemical vapor deposition. Lithography was
used to define sub-micrometer current-injection vias and
n-contact windows, followed by the removal of the SiO, layer
using RIE. The sub-micrometer openings varied in lateral di-
mensions of 750 nm to 1 pm, and a schematic of the current-
injection window is shown in Fig. 5(a). Shown in Fig. 5(b) is an
SEM image of a sub-micrometer scale device injection opening,
consisting of five nanowires, which is the smallest red LED de-
vice, to our knowledge. The via opened in the insulation layer is
indicated by the dashed line in the figure. The n-metal contact
consisting of Ti (20 nm)/Au (100 nm) was deposited on the Si-
doped N-polar GaN template. The p-type contact to the top of
the nanowires consisted of a Ni (5 nm)/Au (5 nm)/indium tin
oxide (180 nm) stack. The contacts were annealed at 550°C for
I min in an ambient of forming gas. The fabricated micro-
LEDs were designed to emit light from the back of the substrate
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(through the sapphire). To maximize light extraction, the de-
vice contacts were covered with a reflective electrode compris-
ing Ag (50 nm)/Al (100 nm)/Ni (20 nm)/Au (50 nm).
Subsequently, the micro-LEDs were characterized directly
on-wafer without any packaging.

Shown in Fig. 5(c), depending on the growth conditions
and nanowire sizes, electroluminescence (EL) emission in
the wavelength range of ~550 to 650 nm was measured.
We observed a progressive redshift for the emission from de-
vices with increasing diameter of the nanowires, while keeping
the same nanowire pitch. This phenomenon has been previ-
ously observed in MBE-grown InGaN/GaN nanowire arrays,
and it has been attributed to the shadowing of incident metal
atom beams by neighboring nanowire columns [47-49].
Further, the lower growth temperature of sample B enables
more redshifted emission from a nanowire array with identical
dimensions to that on sample A. Devices A and B from
samples A and B, respectively, were further studied. Devices A
and B had lateral sizes of ~800 and 950 nm, respectively. The
designed nanowire diameter and pitch for the array containing
device A was 140 and 220 nm, respectively, while device B was
fabricated in an array having a nanowire diameter of 195 nm
and a pitch of 240 nm. Shown in Fig. 5(d), the devices
exhibit similar /-V characteristics, reaching a current density
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(a) Schematic of the InGaN/GaN micro-LED device, showing current injection window before depositing p-metal contact. (b) SEM

image of the submicrometer-scale device via, with the injection window indicated by the yellow dashed curve. (c) EL spectra measured for different
devices, showing the tunability of the emission wavelength across the yellow-red wavelength range of the visible spectrum. For the devices shown, the
sample names and the designed nanowire diameters are specified, while the nanowire pitch is kept fixed at 280 nm. (d) J-V characteristics for

devices A and B, shown as orange and red curves, respectively.
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of ~10 A/cm? at a voltage of ~4 V. The reverse bias current is
extremely low, suggesting the formation of a well-defined p-n
junction. The turn-on voltage for the devices can be further
improved through optimization of the p-type contact and
device fabrication process.

EL spectra of the devices were thereafter measured at room
temperature. Figure 6(a) shows the EL spectra for device A at
injection currents from 0.5 to 6 A/cm?, with the main peak
located at ~620 nm. The emission spectra of device B (peak
emission ~635 nm) are shown in Fig. 6(b). The relatively
broad emission is due to the compositional non-uniformity in
the active region, which has been commonly seen for In-rich
InGaN structures. Figures 6(c) and 6(d) plot the variation of
the full-width at half-maximum (FWHM) and peak position,
respectively, for devices A and B. The initial decrease in the
measured FWHM may be related to the redistribution of car-
riers between localized states within the inhomogeneous
InGaN segment [23,90,91]. The devices also exhibit a blueshift
with increasing injection, with the emission peak varying by
up to ~20 nm for the grown samples. Such a wavelength shift
has been attributed to the screening of the strong polarization
fields present in the InGaN layer of the device [74,92]. The
measured wavelength shift with increasing injection is compa-
rable to or less than that of previously reported red InGaN
LEDs [15,16,18,22]. The large FWHM and shift in EL peak
make it challenging to attain bright red emission with InGaN
LEDs, which is crucial for display applications [93]. To realize
efficient and stable red emission over a wide range of output
power levels, such bottom-up nanostructures can be incorpo-
rated into a properly designed photonic crystal, which can
result in much narrower and stable linewidths [82,94,95].
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For measuring the output power from the fabricated devices,
we used a Keithley 2400 SMU to bias the device in continuous-
wave (CW) mode, while measuring the device output power
on-wafer, using a calibrated Newport 818-ST2-UV/DB detec-
tor, through the backside of the sapphire substrate. The mea-
sured EQE at different injection currents is plotted for device
A, shown in Fig. 7. The EQE shows a peak at relatively low
current densities of ~0.5 A/cm?. For comparison, previously
reported InGaN-based red-emitting quantum well LEDs
exhibit efficiency peak at relatively low current densities below
20 A/cm? [10,18,23]. It is generally observed that the peak
efficiency occurs at a lower current density level for LED het-
erostructures with a lower level of Shockley—Read—Hall (SRH)
non-radiative recombination [96,97]. The efficient surface
strain relaxation and the use of iz situ annealing would reduce
point defect formation within the active region of the nano-
wires [40,79] we have studied, which could reduce SRH re-
combination, improving the device efficiency. As the devices
were measured on-wafer, suitable packaging should greatly in-
crease the light extraction efficiency. The selective area growth
of bottom-up nanowires can be further exploited to form pho-
tonic crystals, which have previously been used to increase the
light extraction efficiency, generate highly directional sources of
light, and also form guiding modes that can be used to narrow
the linewidths of LEDs, or to realize surface emitting lasers
[82,94,98,99]—all of which are future possibilities that are
compatible with the growth of the N-polar devices discussed
in this work. The sidewall of N-polar GaN nanowires has
been shown to be characterized by the presence of N-rich clus-
ters, which can further help minimize surface oxidation and
impurity incorporation, thereby reducing nonradiative surface
recombination [64,100]. Efficiency droop, however, is mea-
sured with increasing injection current. Efficiency droop has
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Fig. 6. (a) EL spectra measured for device A from an injection cur-
rent of 0.5-6 A/cm?. (b) EL spectra measured for device B from an
injection current of 1-10 A/cm?. Variation of the (c) FWHM and
(d) peak position, measured from the EL spectra for devices at different
injection currents.

. 2
Current Density (A/cm”)
Fig. 7. Variation of EQE with current density for device A. Due to

the very low power under low injection conditions, the error bar is
estimated to be 15% for the derived EQE in the low current density
regime.
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been commonly measured in GaN-based LEDs, with the
underlying causes including Auger recombination, electron
overflow, and carrier delocalization [101-105]. For nanowire
devices, carrier overflow/leakage tends to be more severe due
to the strong influence of nonradiative surface recombination,
which is exacerbated by the large nanowire surface area. These
effects have been shown to cause a sharp droop in the efficiency
of N-polar green-emitting micro-LEDs at low injection cur-
rents, limiting their high-power operation [106]. Recent studies
of tunnel-junction-based blue LEDs suggested efficiency droop
can be significantly reduced by enhancing charge carrier (hole)
injection into the device active region, suggesting electron over-
flow is the primary cause for the observed efficiency droop
[61,107]. In this regard, the carrier leakage, electron overflow,
and efficiency droop can be reduced by incorporating a core—
shell heterostructure surrounding the device active region and a
suitable electron blocking layer in future developments.

4. SUMMARY

In summary, we have developed red-emitting N-polar InGaN/
GaN nanowire heterostructures and have further demonstrated
the smallest size red-emitting LEDs ever reported, to the best of
our knowledge. The device surface area is nearly three orders of
magnitude smaller than some of the previously reported InGaN
quantum well red micro-LEDs. An EQE ~1.2% was measured
directly on-wafer for a sub-micrometer scale device, which is
comparable to or better than that of conventional red
InGaN quantum-well-based micro-LEDs. Detailed studies fur-
ther suggest that the performance is largely limited by severe
efficiency droop, due to electron overflow, which can be ad-
dressed by improving the device design and epitaxy process.
This work provides a path to overcome the efficiency cliff of
deep visible micro-LEDs, which are relevant for a broad range
of applications including mobile displays and virtual/aug-
mented reality devices and systems.
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