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The efficiency of conventional quantum well light-emitting diodes (LEDs) decreases drastically with reducing
areal size. Here we show that such a critical size scaling issue of LEDs can be addressed by utilizing N-polar
InGaN nanowires. We studied the epitaxy and performance characteristics of N-polar InGaN nanowire LEDs
grown on sapphire substrate by plasma-assisted molecular beam epitaxy. A maximum external quantum efficiency
~11% was measured for LEDs with lateral dimensions as small as 750 nm directly on wafer without any pack-
aging. The effect of electron overflow and Auger recombination on the device performance is also studied. This
work provides a viable approach for achieving high-efficiency nano and micro LEDs that were not previously

possible.  © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.443165

1. INTRODUCTION

The microelectronic industry has benefited tremendously from
the miniaturization of transistors, e.g., MOSFETs, down to
dimensions below 10-100 nm scale. Shrinking the sizes of
optoelectronic devices, e.g., light-emitting diodes (LEDs) and
laser diodes to micro- and nanoscale, however, severely deteri-
orates the device performance. For example, while external
quantum efficiency (EQE) in the range of 50%-80% can be
commonly measured under current densities of 1-26 A/cm?
for large-area InGaN blue quantum well LEDs with lateral di-
mensions on the order of tens to hundreds of micrometers, the
efficiency is substantially reduced for nano- and microscale de-
vices [1-19]. Schematically shown in Fig. 1 are some previously
reported efficiency values for InGaN LEDs with various sizes
and emission colors [1-19]. The difficulty of realizing high-
efficiency micro LEDs has been considered one of the major
roadblocks for next-generation mobile display, sensing, imag-
ing, and biomedicine applications [20-30]. Moreover, there
are virtually no reports on meaningful efficiency values for
LEDs with sizes below 1 pm. Fundamental challenges include
the surface damage induced by etching in the fabrication pro-
cess and the resulting severe nonradiative surface recombina-
tion and poor charge carrier transport and injection in the
device’s active region [31-33].

Alternatively, LEDs can be fabricated utilizing nanostruc-
tures synthesized by the bottom-up approach. Due to the
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efficient surface strain relaxation, such nanostructures are
largely free of dislocations and exhibit epitaxially smooth sur-
face [34-36]. In this context, significant attention has been
paid to InGaN nanowire-based devices in the past decade.
Full-color emission has been demonstrated for InGaN nano-
wires grown in a single epitaxy step by controlling their size
and spacing, thereby enabling transfer-free monolithic full-
color LED arrays [23,37,38]. Quantum dot-in-nanowires,
core-shell heterostructures, and tunnel junctions have also been
developed to reduce nonradiative surface recombination and to
significantly enhance charge carrier injection efficiency
[39-42]. To date, however, these studies have been largely fo-
cused on Ga-polar structures, which are often characterized by
the presence of pyramid-like surface morphology when grown
along the ¢ axis [37,43]. Moreover, there have been few reports
on the performance and efficiency for such devices at the
micro- and nanoscale [44].

Recent advances have shown that N-polar structures can of-
fer significant performance advantages compared to their Ga-
polar counterparts. N-polar III-nitrides can be grown at rela-
tively higher temperatures, thereby significantly reducing the
formation of point defects, which is critical for achieving
high-efficiency emission in the deep visible [45]. N-polar
InGaN nanowires grown along the ¢ axis exhibit a flat top sur-
face, which can greatly simplify the device fabrication process
and improve the yield. Studies have also suggested that N-polar
InGaN LEDs can exhibit reduced electron overflow and are
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Fig. 1. Variations of peak EQE of InGaN/GaN LEDs versus lateral

dimension for some reported devices in the literature, showing the sig-
nificantly reduced efficiency with decreasing device size [1-19]. The
current density corresponding to the peak EQE varies in the range of
~1-26 A/cm?. Blue square: blue LEDs. Green square: green LEDs.

therefore well suited for high power operation [46]. Moreover,
N-polar III-nitride nanostructures can be grown under N-rich
epitaxy conditions, which can enable efficient p-type conduc-
tion by suppressing N vacancy related defect formation
[47,48]. Previous studies of N-polar LEDs, however, were
largely focused on spontaneously grown nanowires with ran-
dom distribution of size, spacing, and morphology. To the best
of our knowledge, there has been no report on site-controlled
N-polar InGaN nanowire LEDs in the visible [49-51].

In this context, we report on the demonstration of high-ef-
ficiency N-polar InGaN nanowire submicrometer LEDs oper-
ating at the green wavelength. N-polar InGaN nanowires with
the incorporation of multiple InGaN quantum disks were
grown on a N-polar GaN template on sapphire substrate. A
maximum EQE ~11% was measured for LEDs with dimen-
sions as small as 750 nm directly on wafer without any pack-
aging. Detailed analysis also shows that the room temperature
internal quantum efficiency (IQE) is in the range of 60% for a
green-emitting nanowire LED at an injection current density
~1 A/cm?. The effect of electron overflow and Auger recom-
bination on the device performance is also studied. This study
provides a viable approach to address the size scaling issue as-
sociated with conventional quantum well LEDs, thereby ena-
bling high-efficiency nano and micro LEDs that were not
previously possible.

2. GROWTH AND FABRICATION

The N-polar GaN templates were grown on sapphire substrate
using a Veeco GENXxplor plasma-assisted molecular beam epi-
taxial (PAMBE) system. Sufficient nitridation of the substrate
was first performed in situ at 400°C. Then a GaN buffer layer
was grown at 650°C. The N-polar GaN epilayer had a thickness
~800 nm and was doped n-type with Si.
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To perform selective area epitaxy (SAE) on N-polar GaN
templates, a patterning process is adopted, schematically shown
in Figs. 2(a) and 2(b) [52-55]. A 10 nm thick Ti layer was first
deposited by electron beam evaporation, which was followed by
electron beam lithography and dry etching of Ti. The resist was
then removed, and the patterns were thoroughly cleaned for
growth. The schematic of the patterned substrate with periodic
array of openings in the Ti layer is illustrated in Fig. 2(b). The
growth was performed in a Veeco Gen 930 PAMBE system.
Nitridation of the substrate with patterned Ti mask was first
performed in situ at 400°C for 10 min to avoid the formation
of cracks of the Ti mask during growth. Under optimized con-
ditions, epitaxy of GaN was suppressed on the surface of Ti
mask due to the high desorption rate of Ga adatoms, thereby
allowing for growth only in the openings as illustrated in
Fig. 2(c). The device structure is schematically shown in the
inset of Fig. 2(c), which includes an n-GaN nanowire template,
an active region consisting of six stacks of InGaN quantum
disks and AlGaN barriers, a p-AlGaN layer, and a p-GaN layer.
The n-GaN nanowire template was grown using a Ga beam
equivalent pressure (BEP) of ~4 x 10~ Torr and a nitrogen
flow rate of 0.7 sccm at a pyrometer temperature of 670°C.
The InGaN/AIGaN quantum disk active region was grown
at a reduced temperature of 500°C measured by pyrometer.
The subsequent growth of p-Ga(Al)N was performed using
a Ga BEP of ~4x107 Torr and an Al BEP of
8.7 x 10~ Torr, and a nitrogen flow rate of 0.64 sccm at a tem-
perature of 670°C. The p-AlGaN layer is designed to be
~20 nm thick. The incorporation of Al in the barriers and
the p-AlGaN layer promotes the formation of an Al-rich
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Fig. 2. (a) Schematic of a N-polar GaN template grown on sapphire
substrate. (b) Schematic of a patterned N-polar n-GaN template on
sapphire using Ti mask. (c) Schematic of InGaN/GaN nanowires
formed by selective area epitaxy. Inset: schematic of the LED hetero-
structure. (d) Scanning electron microscopy (SEM) image of the nano-
wires. (¢) Photoluminescence spectra measured from InGaN
nanowires with various indium compositions in the quantum disk ac-
tive region.
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AlGaN shell, which can significantly reduce nonradiative sur-
face recombination and enable high-efficiency emission [56].

The fabrication of micro LEDs started with surface passiva-
tion of the nanowires. 50 nm Al,O5; was deposited by atomic
layer deposition at 250°C and then etched back with induc-
tively coupled plasma to reveal the top part of nanowires for
p-metal contact deposition. The Al,O; layer on the nanowire
sidewalls remained for passivation purposes. An additional
SiO, layer was deposited by plasma-enhanced chemical vapor
deposition. Submicrometer current injection windows on top
of nanowire crystals were made using standard lithography and
dry etching of SiO, and Al,Oj. The current injection window
for n-metal contact deposition on the template was formed si-
multaneously. Then a stack of 5 nm Ni/5 nm Au/180 nm in-
dium tin oxide was deposited on the nanowires and annealed at
550°C for 1 min in 5% H, and 95% N, ambient. A stack of
5 nm Ti/30 nm Au was deposited on the N-polar n-GaN tem-
plate to serve as the n-contact. To enhance light extraction, top
reflecting layers consisting of 50 nm Ag, 150 nm Al, and 50 nm
Au were deposited on the device’s top surface.

3. RESULTS AND DISCUSSION

A. Material Characterizations

The N-polar nanowires formed in this process exhibit highly
uniform dimension and morphology, shown in Fig. 2(d), which
is in direct contrast to the uncontrolled properties for previ-
ously reported N-polar nanowires by spontaneous growth pro-
cess [34,57,58]. The nanowires formed by SAE maintain the
same polarity as the GaN template. Unlike Ga-polar nanowires,
N-polar nanowires have a flat morphology on the top, which is
the polar ¢ plane. Therefore, the InGaN quantum disks are ex-
pected to reside on the polar plane, which is similar to that of
conventional InGaN quantum well LED devices, except with-
out the formation of extensive defects and dislocations. The
emission wavelengths can be controllably tuned by varying
the compositions and/or sizes of the disks as shown by repre-
sentative spectra in Fig. 2(e) exhibiting different peak positions
and colors. The photoluminescence measurements were per-
formed at room temperature using a 405 nm laser with an in-
cident power of ~5 mW. The cyan and green color emissions
in Fig. 2(e) were achieved from two nanowire arrays on the
same sample grown under the aforementioned condition by ex-
ploiting the geometry-dependent In incorporation previously
demonstrated by Sekiguchi ez al. and Ra er al. [23,38]. The
orange emission in Fig. 2(e) was achieved from another sample
using a higher (1.4 sccm) nitrogen flow rate to enhance In in-
corporation with other conditions remaining identical.

The structural properties were characterized for a calibration
nanowire sample exhibiting green emission using scanning
transmission electron microscopy (STEM). Shown in Fig. 3(a)
is a high angle annular dark field (HAADF) image of one nano-
wire. The nanowire clearly exhibits a flat morphology due to
the N-polarity. The relatively light gray layers are the
InGaN quantum disks, and the relatively dark gray layers cor-
respond to the AlGaN barriers. A high-magnification image
around the active region is shown in Fig. 3(b).

To reveal the structure of the active region, energy-
dispersive X-ray spectroscopy was performed for the distribution
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Fig. 3. (a) STEM-HAADF image of a single InGaN/AlGaN nano-
wire with six stacks of InGaN quantum disks exhibiting green emis-
sion. (b) High magnification of the region around the quantum disks.
(c) Elemental mapping of In and Al in the region denoted by the blue
box in (b). (d) The profile of Al distribution along the red dashed line
in (b). () High-magnification STEM annular bright-field image show-
ing the atomic stack order, where green circles represent Ga and red
circles represent N.

of In and Al in the region in the blue box in Fig. 3(b). The top
panel in Fig. 3(c) confirms the formation of vertically stacked
InGaN quantum disks. Unlike conventional InGaN quantum
wells, which commonly have disorders, such InGaN quantum
disks in nanowires exhibited extensive atomic ordering [59].
Comparing with the distribution of Al in the bottom panel
of Fig. 3(c), there is clearly spatial overlap between the distribu-
tions of In and Al. The thickness of each In-containing layer is
designed to be ~6-7 nm, but the actual thickness may vary, de-
pending on the lateral indium migration as well as interfacial
atom diffusion. It is also seen that the In distribution of the bot-
tom three InGaN layers exhibits a relatively dark region, sug-
gesting a low In content in these regions, which may further
contribute to the linewidth broadening of the emission spectra.
Furthermore, the distribution of Al in the bottom panel of
Fig. 3(c) clearly exhibits Al-rich shell structure indicated by
the yellow dashed boxes. This Al-rich AlGaN shell is also visible
in Fig. 3(b), which has vertical dark gray lines surrounding the
InGaN quantum disks near the sidewall of the nanowire. Such
an Al-rich AlGaN shell structure can effectively confine charge
carriers in the InGaN quantum disks and substantially minimize
surface nonradiative recombination on the sidewalls, leading to
enhanced emission efficiency [56]. A line scan for the Al distri-
bution was performed along the red dashed line in Fig. 3(b). The
signal intensity in Fig. 3(d) exhibits two pronounced peaks near
the surface of the nanowire, which further confirms the presence
of an Al-rich AlGaN shell. The spontaneous formation of such
an Al-rich AlGaN shell is driven by the different surface migra-
tion lengths of Al adatoms. As Al adatoms have shorter migration
lengths than Ga and In adatoms, those impinging on the side-
walls cannot reach the top flat surface but rather bond with N
locally. However, most Ga and In adatoms can efficiently
migrate to the top flat surface and contribute to epitaxy in
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the vertical direction, leading to Ga/In deficiency on the side-
walls. The resultant Al-rich shell is critical for suppressing surface
nonradiative recombination and enhancing light output
[42,506]. It is important to note that Ga-polar nanowires with
typical pyramid top morphology also exhibit an Al-rich shell
structure, which is however formed differently along the semi-
polar planes [60]. Individual Ga and N atoms, denoted by green
and red circles, respectively, are clearly resolved in a high-reso-
lution image, shown in Fig. 3(e), which further confirms the N-
polarity of InGaN nanostructures in this study.

B. Current-Voltage Characteristics and Emission
Efficiency

The current-voltage (/-V) characteristics are shown in Fig. 4(a).
A turn-on voltage of ~4.5 V was measured with a negligibly
small reverse bias leakage, suggesting the well-formed junction.
The relatively high turn-on voltage is partly related to the etch-
ing of the top p-GaN layer during the fabrication process and
the resulting large contact resistance. The turn-on voltage can
be reduced by optimizing the fabrication process. A relatively
high current density of ~350 A/cm? can be readily reached at
7V, indicating efficient charge-carrier transport in the N-polar
nanowires. The calculated current density considers the real size
of the current injection window as shown in the inset of
Fig. 4(a) and the fill factor of the nanowire array. It is seen that
only approximately four nanowires were located within this
current injection window. Given that no degradation of -V
characteristics was seen for such small devices at a relatively
high bias, our nanowires prove to be suited for relatively
high-power and high-brightness operation. The leakage current
under reverse bias is very low, which is close to the measure-
ment limit of our instrument. Electroluminescence spectra with
a main peak at ~530 nm were measured at room temperature
as shown in Fig. 4(b). A weak shoulder at 563 nm, which is
likely due to the size dispersion of the disks, is also measured
at a low current density. As the current density increases, the
main peak becomes dominant and remains stable with a small
peak wavelength shift from 530 to 524 nm and a slight broad-
ening of full width at half-maximum from 36.6 to 37.8 nm.
Both the peak shift and spectral broadening with injection cur-
rent are substantially improved compared to conventional Ga-
polar quantum well LEDs [7,61]. The inset of Fig. 4(b) shows
the device under room light illumination. Further optimization
in the InGaN growth condition is expected to improve the

5 -
(b)
~44 "
27.9 Alem?

w
L

19.3 Alem?

N

Intensity (a.u

_

0.89 A/cm?

o

86-4-202 46 8 4;30 560 550 660
Voltage (V) Wavelength (nm)

Fig. 4. (a) I-V characteristics of a submicrometer InGaN nanowire

LED. Inset: SEM image of the current injection window of the device.

(b) Representative electroluminescence spectra of a N-polar submi-

crometer LED. Inset: optical microscopy image of the device.

homogeneity among InGaN disks and thereby eliminate any
parasitic emission.

The output power and EQE were measured by directly plac-
ing the device on a Si detector. A Keithley 2400 was used as the
sourcemeter for current injection. A Si detector (Newport 818-
ST2-UV/DB) together with a power meter (Newport 1919-R)
was used for the output power measurement. During the mea-
surements, the device was placed on top of the Si detector, and
light emitted from the backside of the sapphire substrate was
collected and recorded. Shown in Fig. 5(a), the output power
showed a nearly linear increase with injection current.
Variations of the EQE with current are shown in Fig. 5(b).
The measured EQE showed a rapid increase with injection cur-
rent and reached a peak value of ~11% at a relatively small
current density of 0.83 A/cm?, indicating a small contribution
from Shockley—Read—Hall recombination or surface nonradia-
tive recombination. This variation of EQE is similar to conven-
tional high-efficiency quantum well LEDs. The reduced
quantum confinement Stark effect (QCSE) associated with
N-polarity nanowires may not be the dominant factor for
the high EQE because our Ga-polar nanowire device exhibits
a lower EQE of ~5.5% despite that the active region resides on
the semi-polar planes with less QCSE [62]. The EQE, however,
exhibited a drop by half when the current density reached
12.6 A/cm?. The severe efficiency droop can be partly ex-
plained by the presence of significant electron overflow as de-
scribed below.

C. Analysis on the Light Emission Efficiency

The ABC model with an additional term DN* was used to
analyze the LED performance. Considering the small dimen-
sions of the device and the resultant heating effect under high
bias, only data below 30 A/cm? were used for analysis. By as-
suming 1 x 107" cm? s7! for B and an equivalent total disk
thickness of 40 nm [63,64], other coefficients can be estimated
as follows: A =137x10°s", C=6.97%x10" cm°® s},
and D = 2.27 x 1047 cm® s7!. The variation of the contribu-
tion from each term is shown in Fig. 6. A relatively high peak
IQE of ~60% is derived, which is comparable to some of the
relatively high IQE values reported in the literature for InGaN
epilayers and nanowires [65—71]. It is seen that the contribu-
tions from CN? and DN* become quickly dominant as the
current reaches ~6-7 A/cm?, confirming the presence of sig-
nificant electron overflow, which was indicated by the fast drop
of measured EQE. Therefore, the device efficiency can be
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Fig. 5. Variations of (a) output power and (b) EQE with current
density.
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Fig. 6. Left axis: IQE (solid blue curve) derived based on the ABC
model analysis. The estimated IQE (blue circles) based on the mea-
sured EQE divided by the light extraction efficiency is also shown for
comparison. Right axis: estimated contribution of AN (light gray solid
curve) and CN? 4+ DN* (light gray dotted curve) to the total recom-
bination rate. The IQE, or maximum achievable EQE (dashed blue
curve) is further estimated for a well-designed InGaN nanowire LED
assuming negligible electron overflow, showing a peak IQE ~89%.

further enhanced, and the peak EQE can occur at higher cur-
rent density upon the improvement of device structure and re-
duction of electron overflow by optimizing the doping level and
the electron blocking layer or superlattice structure. As shown
in the inset of Fig. 4(a), such nanoscale LEDs consist of only
few nanowires, with approximately half of them being partially
contacted. The highly asymmetric injection of electrons and
holes is expected to lead to a more severe electron overflow ef-
fect than a conventional device. Such a critical issue can be ad-
dressed through proper patterning and design, which will lead
to further enhanced EQE. It is worthwhile to mention that the
heating effect in the local region on the submicrometer scale
also contributes to the efficiency droop, which can be mini-
mized by reducing the device resistance with further optimiza-
tion of fabrication process and device structure.

Based on these studies, we have further analyzed the
performance limit for such N-polar InGaN nanowire micro
LEDs. For a well-designed device, it is expected that the effi-
ciency droop will be predominantly determined by Auger re-
combination. For an Auger coefficient ~2.6 x 1031 cm®s7!, as
commonly reported for InGaN quantum wells [72], the maxi-
mum IQE is estimated to be ~89% at room temperature,
shown as the dashed blue curve in Fig. 6. The maximum
achievable EQE is estimated to be >60%, assuming a modestly
high light extraction efficiency ~70% with proper device pack-
aging. It is also noticed that the peak IQE occurs at an injection
current density ~38 A/cm?, which is significantly higher than
that of conventional InGaN quantum well LEDs. This is due
to the use of relatively thicker InGaN quantum wells/disks in
the active region. The thicker disks can reduce carrier density
(V) for the same injection current, thereby leading to reduced
efficiency droop caused by Auger recombination (x/V?). This is
one of the principal advantages of InGaN nanowires, as rela-
tively thick quantum wells/disks can be incorporated in
InGaN nanowires without generating extensive defects and
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dislocations. Such thick active region is favorable for high out-
put power operation under high current injection. Together
with the minimization of defect density and surface nonradia-
tive recombination by N-polar nanowire structure and Al-rich
shell, high efficiency can be expected under both low current
injection and high current injection.

4. CONCLUSION

In conclusion, we have demonstrated that N-polar InGaN
nanowires can enable high-efficiency submicrometer-scale
LEDs that were not previously possible. The peak IQE is esti-
mated to be ~60% by fitting with ABC model. Our detailed
analysis further suggests that N-polar nano and micro LEDs
can exhibit maximum achievable EQE potentially exceeding
60% in the deep visible upon full optimization of material qual-
ity, carrier injection, and light extraction in the future, which is
nearly one order of magnitude higher than that by conventional
quantum well devices. The device performance can be further
improved by optimizing the design and fabrication process and
by utilizing the special technique of tunnel junction. With high
efficiency and ultrastable operation, N-polar nanowires have
emerged as suitable building blocks for future ultrahigh-reso-
lution, ultrahigh-efficiency mobile displays, TVs, and virtual
reality systems.
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