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The absence of efficient red-emitting micrometer-scale light emitting diodes (LEDs), i.e., LEDs with lateral di-
mensions of 1 pm or less is a major barrier to the adoption of microLEDs in virtual/augmented reality. The
underlying challenges include the presence of extensive defects and dislocations for indium-rich InGaN quantum
wells, strain-induced quantum-confined Stark effect, and etch-induced surface damage during the fabrication of
quantum well microLEDs. Here, we demonstrate a new approach to achieve strong red emission (>620 nm) from
dislocation-free N-polar InGaN/GaN nanowires that included an InGalN/GaN short-period superlattice under-
neath the active region to relax strain and incorporate more indium within the InGaN dot active region. The
resulting submicrometer-scale devices show red electroluminescence dominantly from an InGaN dot active region
at low-to-moderate injection currents. A peak external quantum efficiency and a wall-plug efficiency of 2.2% and
1.7% were measured, respectively, which, to the best of our knowledge, are the highest values reported for a
submicrometer-scale red LED. This study offers a new path to overcome the efficiency bottleneck of red-emitting
microLEDs for a broad range of applications including mobile displays, wearable electronics, biomedical sensing,

ultrahigh speed optical interconnect, and virtual/augmented reality.
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1. INTRODUCTION

Microscale light emitting diodes (microLEDs) are the next step
in the evolution of LED technology and are projected to show
tremendous growth in the next few years as they are incorporated
in many emerging applications, such as virtual/augmented real-
ity, ultrahigh resolution mobile displays, wearable electronics,
biomedical sensing, and ultrahigh speed optical interconnects.
The III nitrides have been established as the dominant material
system for visible LED applications, and they are poised to be
used as the basis for microLEDs as well. The inherently lower
surface recombination velocity of the I1I nitrides makes them less
susceptible, compared to other material systems (e.g., AlGalnP),
to nonradiative surface recombination [1,2]. To date, however,
the efficiency of microLEDs remains extremely low especially
when the lateral size shrinks to a value smaller than a few microns
[3,4]. For example, there has been no report of a conventional
top—down red-emitting quantum well microLED with external
quantum efficiency >1% for a lateral dimension of 1 pm or less
to the best of our knowledge. The efficiency bottleneck of
microLEDs has been fundamentally limited by structural dam-
age and defects induced by etching during the fabrication of con-
ventional quantum well structures [5,6].
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Further, while InGaN-based LEDs have been shown with
exceptional efficiencies in the blue wavelength range, their ef-
ficiency drops at longer wavelengths, falling to significantly low
values for red-emitting devices [4]. For attaining longer emis-
sion wavelengths using the InGaN alloy system, a higher
amount of In (up to 30%—40%) is required, which is not triv-
ial. Phase separation is commonly seen in InGaN due to the
low miscibility of the alloy [7]. Large lattice mismatch between
the InGaN active region and the underlying GaN substrate can
induce the formation of extensive defects, while also subjecting
the InGaN layer to a high compressive strain [8]. The piezo-
electric field induced by the strain is a major cause for the
quantum-confined Stark effect (QCSE), which reduces radia-
tive recombination efficiency by spatially separating the elec-
tron and hole wave functions within typical quantum well
active regions [9]. In this regard, various nanoscale engineering
approaches have been developed to effectively relax strain in
red-emitting LED heterostructures, including the use of porous
GaN templates [10-13], V pits [14,15], and nanostructures
[16-19]. Red LEDs have also been demonstrated by growing
on a 100% biaxially relaxed InGaN/GaN superlattice buffer
[20]. The layer was relaxed through the annealing and thermal
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decomposition of an InGaN underlayer. Tunnel junctions have
also been incorporated to improve the carrier injection in red
LEDs showing an external quantum efficiency (EQE) of 4.5%
for a device size of 60 pm x 60 pm [21]. Recently, nanowires
have been employed to grow dislocation-free nanostructures
[22] that cover the entire visible spectrum [23-25] due to
the efficient strain relaxation. Moreover, by epitaxially growing
nanostructure devices, the plasma etch process used in conven-
tional quantum well LED fabrication can be removed, thereby
avoiding damage to the sidewalls of the active region. The
sidewalls can be further passivated using atomic layer deposi-
tion (ALD) [26,27], which can also fill the gap between nano-
wires, eliminating a possible route of the formation of leakage
paths. Recent studies have further shown the critical advantages
of N-polar GaN nanowires in achieving high-efficiency
submicrometer-scale LEDs [3,4], including improved hole
injection into the active region [28,29] and increased In incor-
poration as compared to nanostructures grown in the conven-
tional Ga-polar orientation [30].

In this work, we report on a new approach for achieving
efficient micrometer-scale red-emitting nanowire LEDs. The
N-polar InGaN/GaN nanowire LEDs were grown utilizing
plasma-assisted molecular beam epitaxy (MBE) with controlled
diameters, spacing, surface morphology, and polarity. To
achieve strong red emission (>620nm) from N-polar
InGaN/GaN nanowires, an InGaN/GaN short-period super-
lattice (SPSL) was incorporated underneath the active region
to relax strain and enable the growth of red-emitting InGaN
at relatively higher temperatures, thereby reducing the density
of point defects and impurities, which generally limit the op-
tical characteristics of In-rich N-polar InGaN [30-33]. A peak
external quantum efficiency and a wall-plug efficiency of 2.2%
and 1.7% were measured, respectively, for LEDs with a lateral
dimension of ~0.8 pm, which, to the best of our knowledge,
are the most efficient submicrometer-scale red LEDs
ever reported. We further performed detailed analysis of the
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charge-carrier transport, injection, and recombination in such
strain-engineered red-emitting LEDs, which offers a new path to
overcome the efficiency bottleneck of red-emitting microLEDs
for a broad range of applications.

2. NANOWIRE EPITAXY AND
CHARACTERIZATION

In this paper, N-polar InGaN/GaN nanowire LED hetero-
structures were grown utilizing the technique of selective area
epitaxy. Prior to the nanowire epitaxy, substrates were first pre-
pared by depositing a Ti (10 nm thick) metal mask on a
Si-doped N-polar GaN template on a sapphire substrate.
Then electron-beam lithography was used to define openings
in the Ti mask, which were etched through to expose the GaN
substrate using reactive ion etching (RIE). The substrate was
then loaded into a Veeco GEN930 plasma-assisted molecular
beam epitaxy system for the growth of the nanowires. These
steps are schematically shown in Figs. 1(a)-1(d). An
~500 nm thick Si-doped GaN was first grown. The growth
rate for this layer was ~250 nm/h. The growth temperature
was then reduced for the growth of the InGaN/GaN SPSL.
Previously, superlattices have been used in conjunction with
[I-nitride nanowires, and they have demonstrated dislocation-
free structures with fully elastic strain relaxation [34,35]. To
date, however, their applications in microLEDs have not been
reported. In this paper, four periods of Si-doped InGaN
(9 nm)/GaN (15 nm) superlattices were grown, followed by
an in situ annealing in a nitrogen ambient. Such an annealing
step as shown previously, can effectively reduce the density
of defects [36,37]. The temperature was then ramped down
for the growth of the active region, which consists of two
InGaN dots, separated by a GaN barrier layer. Previous
work has shown that the geometry of InGaN segments within
nanowires follows a complicated geometry, with the
formation of facets where the InGaN layers grow along the

Mg-doped
GaN

InGaN Dot
Aptive Region

Si-doped
GaN

Fig. 1. (a)—(d) Schematic of selective-area epitaxy of N-polar InGaN/GaN nanowire LED heterostructures. (¢) Schematic of a single nanowire

LED heterostructure, showing the different layers.
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Fig. 2. (a) Scanning electron microscope (SEM) image of an N-polar InGalN/GaN nanowire array. (b) Stacked photoluminescence (PL) spectra of
nanowire samples containing only the InGaN/GaN SPSL (green curve), only the InGaN dot active region (orange curve), and both combined

(red curve).

semi-polar planes [34, 38—40]. The InGaN along these facets
typically has a higher In content and more strain relaxation,
as compared to that in the bulk of the nanowire. The active
region was then further annealed, followed by a thin GaN
capping layer, after which the temperature was ramped up
for the growth of the ~260 nm thick p-type Mg-doped
GaN layer. A schematic of the strain-engineered N-polar
InGaN/GaN nanowire LED heterostructures is shown in
Fig. 1(e).

Shown in Fig. 2(a) is an SEM image of the N-polar nano-
wire array, which exhibits a uniform morphology and good se-
lectivity. It is seen that such nanowire crystals with precisely
controlled diameter, spacing, polarity, and surface morphology,
show striking contrasts with previously reported nanowire
structures by chemical vapor deposition or by spontaneous for-
mation [25,39,41,42]. The nanowires shown in this image
have diameters of ~200 nm with a pitch of ~280 nm. Our
previous studies have further shown that such nanowire crystals
are free of dislocations due to the efficient strain relaxation
[4,43,44]. Optical properties of a strain-engineered N-polar
InGaN nanowire heterostructure were studied in detail. For
a nanowire sample with the incorporation of only InGaN/
GaN SPSL, a distinct emission peaking in the green spectrum
is measured, shown in Fig. 2(b) (green curve). On the other
hand, for nanowire samples with the incorporation of only
InGaN dots (orange curve), the emission is largely limited
to the yellow—orange wavelength range. The presence of multi-
ple peaks is due to the optical interference associated with the
underlying GaN/sapphire substrate. We have performed exten-
sive growth optimization of the InGaN dot active region. A
significant reduction of the PL intensity from the InGaN dots
is often measured when the emission peak is shifted to the red
spectrum (>620 nm) by further increasing indium incorpora-
tion, which is due to the significantly enhanced defect forma-
tion in such an indium-rich active region. However, by growing
the InGaN dots above the SPSL, we observed a distinct redshift
in the emission peak from the dot to 630 nm without any

significant degradation of the photoluminescence emission,
shown in Fig. 2(b) (red curve). The presence of a strain-
engineered InGalN/GaN SPSL can effectively promote strain
relaxation within the InGaN dots and enhance indium incor-
poration, thereby leading to longer wavelength (red) emission.
As described previously, these samples were grown with the
in situ annealing step as has been previously shown to enhance
the intensity of the emission from N-polar InGaN/GaN nano-
wires [3,4]. It is of note that the red PL emission intensity of
the InGaN dots is comparable to that of the green emission
from the SPSL, further confirming the effectiveness of such
a strain-engineered approach in achieving efficient red emis-
sion. The radiative recombination of charge carriers for the
microLED device under low-to-moderate electrical injection
will primarily occur in the red-emitting InGaN dot active
region rather than the green-emitting SPSL due to the low
hole mobility and the built-in fields [45,46] to be described

next.

3. DEVICE SIMULATIONS

The device structure described was further simulated using
Silvaco Atlas with standard parameters [29]. In this study,
the presence of surface recombination is not considered, and
the polarization field in the InGaN layers within the superlat-
tice and active region is assumed to be 25% of the theoretical
value, considering the effects of the thick layers and polarization
field screening [47,48]. The simulated / - V' characteristics are
shown in Fig. 3(a). The relatively high turn-on voltage is due to
the use of a relatively thick active region and the low doping
assumed in the superlattice layers. The band diagrams at equi-
librium, at a low injection current of ~0.1 A/cm?, and a mod-
erate injection current of ~10 A/cm? are calculated and
plotted in Fig. 3(b). These diagrams show a small barrier to
hole injection into the first dot from the p-GaN layer at equi-
librium, while, at low injection this barrier almost disappears.
At higher injections, it is possible to inject holes into the super-
lattice layer as well, resulting in luminescence emission from
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Fig.3. (a) Simulated / - V' characteristics of the nanowire device structure. (b) Energy band diagrams for the device at different injection currents.

The different layers are labeled and shaded differently. (c) Plot showing the contribution of luminescence from the InGaN dot and the InGaN SPSL

at different injection currents.

that layer. The relative ratio of radiative recombination within
the InGaN dot active region and the superlattice is further
simulated and plotted in Fig. 3(c). At lower injection currents,
the emission is confined to the InGaN dot active region with
almost all of the emission originating in the active region. As
the current increases, the emission from the superlattice layers
starts to increase, and it becomes non-negligible for currents at
and above ~5 A/cm?. It is also of note that recently reported
high-efficiency N-polar nanowire-based LEDs show a peak in
EQE at relatively low injection currents (<1 A/cm?) [3,4],
which also corresponds to the regime where we see emission
primarily from the red-emitting InGaN dot active region.
For applications in the emerging virtual reality, high efficiency,
ultralow power, and ultrasmall size LEDs are essentially re-
quired. In this regard, the presented design is well suited
for such applications. Moreover, the design of the InGaN
SPSL and dot active region can be further optimized to
achieve predominantly red emission at even higher current

4. DEVICE FABRICATION AND
MEASUREMENTS

To fabricate nanowire microLED devices, the gaps in between
the wires were first filled using ALD of Al,O3. The Al,O3 on
the top of the nanowires was carefully etched using RIE to ex-
pose the top p-GaN layer of the nanowires. This was followed
by a plasma-enhanced chemical vapor deposition of SiO, to act
as the insulation layer into which submicrometer vias were de-
fined by projection lithography. The injection window had a
diameter of ~0.8 pm, defining the area of the microLED.
The SiO, in these openings was etched using RIE until the
nanowires were visible. An SEM image of one such etched de-
vice opening, having nanowires with diameters of ~125 nm
and pitch of ~240 nm, is shown in the inset of Fig. 4(a).
Ti/Au (20 nm/100 nm) metal contacts were then deposited
for the n contact, while, Ni/Au/ITO (5 nm/5 nm/200 nm) was
deposited for the p contact. The devices were then annealed in
a forming gas ambient. Finally, a reflective Ag/Ti/Al/Ni/Au
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Fig. 4. (a) Measured / - V' characteristics of the sub-micrometer-scale nanowire red microLED. The inset shows an SEM image of a submi-

crometer device injection opening that has been etched into the SiO, insulation layer. (b) L - I characteristics of the device. (c) EQE and wall-plug

efficiency (WPE) for the device versus injection currents.
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several orders of magnitude variations in injection currents.
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(a) EL spectra measured at low injection currents for a red-emitting microLED device. (b) EL spectra on a logarithmic scale, measured over

deposited over the devices to facilitate light collection from the
back of the wafer.

Figure 4(a) shows the / - V' characteristics of a fabricated
device having a nanowire diameter of ~175 nm and a pitch
of 360 nm. The devices show negligible leakage current under
reverse bias with excellent rectification. In forward bias, the de-
vices show a turn-on at ~3 V. To measure the output power of
the device, we placed it directly on a Newport 918D-ST-UV
detector and collected the power on-wafer from the back of the
sapphire substrate. The L - / characteristics of the device are
shown in Fig. 4(b). It is seen that the output power increases
with injection current. However, a noticeable change in the
slope is observed around 5 A/cm?, which corresponds approx-
imately to the transition from dominantly red emission to green
emission (to be described next), in good agreement with the
simulation shown in Fig. 3(c). The corresponding EQE and
WPE plots for the device are shown in Fig. 4(c). A peak
EQE of ~2.2% and a WPE of ~1.7% were achieved at a cur-
rent density of ~0.4 A/cm?. To the best of our knowledge, this
is the highest EQE reported for a red-emitting (>620-nm)
micro-LED with lateral dimensions on the order of 1 pm or
less. It is also noted that there is a significant efficiency droop,
which can be minimized by further optimizing the design and
by incorporating an AlGaN electron blocking layer.

We also studied the variation of the electroluminescence
(EL) with injection current. Shown in Fig. 5(a) is a plot of
the EL spectra for the device measured at different injection
currents. At low injection currents of around 1 A/cm? and less,
the emission peaks at ~630 nm, putting it in the red region of
the visible spectrum. However, as the injection current in-
creases, the emission at ~570 nm starts to dominate the spec-
trum, making the emission appear more orange/amber. The
peak at ~570 nm is related to parasitic emission from the
SPSL in this sample, whereas the longer wavelength emission
at ~630 nm originates from the InGaN dot active region.
When the injection current is increased even further, shown
in Fig. 5(b), the SPSL emission becomes the primary peak,
making the device emission appear yellow. The emission from
the dots appears as a shoulder at ~620 nm at high injection
currents, and the position of this emission does not show much
change with injection current. This is likely due to the efficient

strain relaxation in the active region induced by the growth of
the SPSL. The reduced strain in the active region minimizes the
effect of the QCSE, allowing for stable emission.

5. CONCLUSIONS

Previously, the use of thick InGaN and superlattice structures
underlying an InGaN-based active region has been demon-
strated to release strain within the active region, resulting
in redshifted emission wavelengths for conventional quantum
well LEDs [20,49-52]. However, within conventional planar
LED heterostructures, a relatively thick buffer or a superlat-
tice layer must be utilized in order to effectively relax strain,
and the relative mismatch between the layers needs to be
minimized to prevent the generation of extensive defects
[53,54], thereby preventing the realization of efficient red
LEDs. For planar structures, the use of thermal annealing
has been shown to effectively relax InGaN buffer layers, how-
ever, the surface morphology was characterized by large pits.
As such, red LEDs demonstrated using these processes showed
very low efficiencies [20]. These issues can be fundamentally
addressed in bottom—up nanostructures, allowing for
extremely effective strain relaxation even with a thin superlat-
tice stack, making it much easier to attain red emission as we
have shown here. As this technique relied only on epitaxy, it
avoided regrowth and extra processing steps that can be dif-
ficult to control in other methods, such as making the sub-
strate porous. It also retains the advantages of nanowire
processing, namely, the avoidance of a mesa etch step during
the fabrication of microLEDs. These factors have contributed
to the demonstration of a red-emitting submicrometer-scale
LED with an external quantum efficiency >2% for the first
time.

To summarize, we have incorporated an InGaN/GaN SPSL
into a red-emitting N-polar nanowire heterostructure to
achieve red emission. With this unique design, we demon-
strated  submicrometer-scale LEDs with emissions at
~630 nm and peak EQEs of 2.2% for an unpackaged device.
The EL of the devices showed a negligible change in the emis-
sion wavelength of the InGaN active region peak with increas-
ing injection current because of the efficient strain relaxation in
the active region which inhibited QCSE. The issues of spectral
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purity and extraneous emissions at higher currents can be mini-
mized through improvements in the design of the LED heter-
ostructure devices, which can effectively limit recombination to
the active region. This shows the promise of the nanowire-

based approach for high-efficiency microLEDs.
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