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We report optically and electrically pumped ~280 nm
deep ultraviolet (DUV) light emitting diodes (LEDs) with
ultra-thin GaN/AIN quantum disks (QDs) inserted into
AlGaN nanorods by selective epitaxial regrowth using
molecular beam epitaxy. The GaN/AIN QD LED has shown
strong DUV emission distribution on the ordered nanorods
and high internal quantum efficiency of 81.2%, as a result
of strain release and reduced density of threading dislo-
cations revealed by transmission electron microscopy.
Nanorod assembly suppresses the lateral guiding mode of
light, and light extraction efficiency can be increased from
14.9% for planar DUV LEDs to 49.6% for nanorod DUV
LEDs estimated by finite difference time domain simula-
tions. Presented results offer the potential to solve the issue
of external quantum efficiency limitation of DUV LED
devices. © 2019 Optical Society of America
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AlGaN-based deep ultraviolet (DUV) light emitting diodes
(LEDs) are in strong demand, including sterilization and bio-
chemical detection. However, AlGaN LEDs emitting in the
window of 200-280 nm still suffer from low external quantum
efficiency (EQE), typically less than 10% for 280 nm LEDs and
drops down further to ~1% for emission wavelengths below
250 nm [1,2]. The severe degradation of UV light in the C spec-
trum (UV-C) LEDs is attributed to high dislocation densities,
poor hole transport, and low light extraction efficiency (LEE)
[3,4]. Numerous efforts have been made to improve the mate-
rial quality and to enhance the hole injection, such as epitaxy
on bulk AIN substrate [5,6], using nano-patterned sapphire
substrates [7] and polarization-induced doping [8,9]. However,
LEE of DUV LEDs has been typically limited to ~10% [10],
primarily due to absorption within the Ga(A)N p-contact layer
and, more importantly, to the optical polarization properties

of AlGaN quantum wells (QWs). AlIGaN QWs emit light with
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both transverse electric (TE) and transverse magnetic (TM)
polarization. With the increase of Al composition in AlGaN
QWs, light propagation direction gradually changes from sur-
face emitting TE to edge emitting TM [11], which results in
severe internal reflection. Extraction of light from the surface
becomes challenging for QWs for sub-280-nm emission.

As an alternative to AlGaN, ultra-thin GaN quantum dots
and wells for short wavelength LEDs have been explored over
the last few years [12]. Using high quantum confinement and
the large band offset between AIN and GaN, a few monolayer
(ML) GaN quantum structures can tune light emission wave-
lengths from 365 nm to 232 nm, even further down to 222 nm
for 1-2 ML-thick GaN quantum dots [13]. Thus, ultra-thin
GaN/AIN quantized structures address the optical selection
rule problem [14], improving light extraction compared to
AlGaN active regions. Furthermore, three-dimensional (3D)
carrier confinement in GaN quantum dots of the active region
also helps to suppress non-radiative recombination result-
ing in further enhancement of internal quantum efficiency
(IQE) [15].

So far, it remains extremely challenging to realize high-
efficiency ultra-thin GaN quantum dot DUV LEDs with planar
structures due to the small critical angle of around 23° at the
interface. Recent studies have shown that self-organized AlGaN
nanowires can potentially improve the efficiency of UV-C LEDs
[16]. High LEE can be made by redirecting trapped light into
a radiated mode from nanowires. However, there have been
only few reports on 3D nanostructure DUV LEDs using GaN
as the active region [17]. The exploration of performance and
underlying physics of such an active region is still lacking. In this
letter, we demonstrate a design of a GaN/AIN quantum-disk
(QD) nanorod DUV LED by selective epitaxial regrowth on
ordered AlGaN nanorod arrays using molecular beam epitaxy
(MBE). DUV emission of ~280 nm from 3D GaN disks in
an AIN matrix is excited both optically and electrically. The
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Fig. 1. Schematic diagram of (a) fabrication process flow and
(b) layer structures of the GaN/AIN QD nanorod DUV LED.
(c) Simulated energy band diagram of the nanorod DUV LED at
50 A/cm?.

GaN/AIN QD nanorod LED exhibits high IQE, nearly 81.2%.
By simulations, the LEE of nanorod DUV LED is estimated
to be 49.6%, attributing to the suppressed lateral guide and
diffraction and scatting between nanorods and air.

The growth and fabrication process to realize the GaN/AIN
QD nanorod DUV LED were depicted in Fig. 1(a). First, a 1-
um-thick AIN layer and a 2-pm-thick Al 5sGag 45N layer were
grown on a ¢-plane sapphire using a home-made metal-organic
chemical vapor deposition (MOCVD). Second, a highly
ordered self-assembled ML of silica nanospheres was dip-coated
on an AlGaN surface [18]. Then, the nanospheres were utilized
as masks in an inductively coupled plasma (ICP) dry etching
process. Wet etching in a KOH-based etchant, AZ400K, was
carried out for 3 min to eliminate the ICP-induced damage.
To passivate the nanorod sidewalls, a 10-nm-thick SiO; layer
was deposited onto the overall surface using plasma enhanced
chemical vapor deposition (PECVD). Then, the reactive ion
etching (RIE) process was employed to expose AlGaN on the
top of the nanorods. Due to the different etching rates between
the top and sidewall, SiO; on the surface of the nanorod sidewall
remained after the etching. The AlGaN nanorod was loaded
into a Veeco Gen 930 RF plasma MBE to complete the DUV
LED growth. Figure 1(b) shows the structure of the DUV LEDs
on AlGaN nanorods. A 7-Aly55Gag 45N layer was grown fol-
lowed by a compositionally graded 7#-AlGaN region from 55%
t0 95%. For the DUV emitting region, five periods of GaN/AIN
QDs were grown on AlGaN nanorods with a N-rich active flux
ratio Ga/N < 1 at 700°C using the Stranski—Krastanov (SK)
method. The GaN thickness was kept to about 5-6 MLs, and
the AIN barrier thickness was kept at 2 nm. More growth details
can be found in our previous paper [19]. The simulated energy
band diagram of a single GaN/AIN QD nanorod using APSYS
at a forward current of 50 A/cm?” is shown in Fig. 1(c). The
graded layers produce the effective electron and hole blocking
to help radiative recombination in the GaN/AIN active region.
The flat bands in the carrier injection layers ensure smooth
carrier transport up to the active region, followed by tunnel
injection.
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Fig. 2. SEM images of (a) AlGaN wafer covered with a monolayer
of self-assembled silica nanospheres, AlGaN nanorod arrays (b) with
and (c) without silica nanospheres after ICP etching. (d) GaN/AIN
active region grown by MBE on AlGaN nanorods. The inset shows the
schematic process step. (¢) Tilted view and (f) cross-section view of the
full structure DUV LED on nanorods.

To fabricate the DUV nanorod LED device, spin-on glass
(SOG) was then spun on the surface of the nanorod arrays
to planarize the surface. After curing the SOG at 400°C for
20 min, the gap between nanorods was filled with SOG.
Then, the SOG was etched by RIE to expose the top portion
of nanorods, while the sidewall of the nanorods was still cov-
ered with SOG. A Ti (20 nm)/Al (100 nm)/Ni (40 nm)/Au
(50 nm) metal stack was evaporated on the #-AlGaN layer and
Ni (5 nm)/Au (5 nm) was evaporated on the p-type layer as a
current spreading layer followed by a circular Ti (20 nm)/Au
(100 nm) probe pad with a diameter of 50 pm. Finally, after the
thermal annealing, GaN/AIN QD nanorod LED devices with a
mesaareaof 200 wm x 200 pm were obtained.

Tilted scanning electron microscopy (SEM) images of silica
nanospheres before and after ICP etching are shown in Figs. 2(a)
and 2(b). The hexagonal close-packed nanospheres as the mask
exhibit a diameter of 600 nm. When the etch depth of AlIGaN
reaches 800 nm, highly uniform silica nanospheres remain on
top of the AlGaN nanorods with an ellipsoidal shape, whose
diameters are equal to that of AlGaN nanorods. After removing
the nanospheres and eliminating ICP damage, highly ordered
and truncated cone-shaped nanorod arrays are well produced
with damage-free surface, as shown in Fig. 2(c). The anisotropic
wet etching in AZ400K has a relatively fast etch rate in the
(1010) m-plane sidewalls of AlGaN nanorods, while there is
almost no etch on the c-plane top surface. Here, the diameter of
the cone-shaped AlGaN nanorod top is about 500 nm, nearly
equal to the bottom diameter of nanorods. The spacing between
nanorods is about 100 nm, which may be tuned by changing
the duration time of the wet etching. Figure 2(d) shows the
GaN/AIN QD active region grown on the AlGaN nanorods
by MBE. The #-AlGaN and subsequent GaN/AIN QD active
region are confined on the top of nanorods with a flat surface. In
contrast, the gap between nanorods becomes smaller following
the growth p-AlGaN and p-GaN from the tilted and cross-
section view of LEDs in Figs. 2(e) and 2(f). The incorporation
of Mg leads to a relative enhancement of the lateral growth rate,
which is estimated tobe ~1 nm min~".

Figure 3(a) shows the cross-section transmission electron
microscopy (TEM) image of the QD DUV LED on nanorods.

One can clearly recognize the regrown AlGaN interface by
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Fig.3. (a) Cross-section TEM image of the GaN/AIN QD nanorod
LED. HAADF-STEM images of an (a) isolated nano-rod, (b) zoomed
view of the MBE-grown LED structure, (c) five periods of GaN/AIN
active region, and (d) EDX compositional profile of Al confirming
desired heterostructure. (¢) Raman spectra measured from planar

AlGaN and QD nanorod LED.

MBE. Some threading dislocations (TDs) propagating from
the MOCVD-grown AlGaN layer also terminate at the inter-
face on nanorods. For the active regions of the nanorod LED,
high-angle annular dark-field scanning TEM (HAADF-STEM)
images are presented in Figs. 3(b) and 3(c). The first two periods
of the desired GaN/AIN heterostructures are altered by the pres-
ence of excess Ga from the metal-rich growth of the #-AlGaN
cladding region. In fact, the active region is roughly composed
of a 5xAly 15Gag gsN/Aly gsGag 15N heterostructure as resolved
from the TEM energy dispersive x-ray spectroscopy (EDX)
analysis in Fig. 3(d). We hypothesize that the fast migration
of Ga adatoms to the top of the nanorod compared to the Al
adatoms in the Ga-rich condition results in the intermixing of
Al and Ga to form AlGaN barriers. The non-uniformity of the
thickness and composition of the first 2x AlGaN/AIGaN layers
are also a consequence of the fast migration of accumulated
Ga adatoms along the sidewall of the nanorods. Micro-Raman
measurement of the nanorod LEDs was also performed to
evaluate the stress distribution in Fig. 3(¢). The Raman phonon
modes, E;H (GaN-like) and E,H (AIN), of the GaN/AIN
QD nanorod LED are located at approximate 593.3 cm™!
and 657.4 cm™ !, respectively. In contrast, the corresponding
values are 598.1 cm™! and 659.3 cm™! for that on planar
AlGaN. The obvious shifts of E;H (GaN-like) and E;H (AIN)
phonon lines toward the high-frequency side are indications
of the relaxation of compressive stress in the nanorod DUV
LED.

The spatial emission of the GaN/AIN QD nanorod LED
is investigated by the cathodoluminescence (CL) at 7 K using
an acceleration voltage of 3 kV. A plane-view SEM image is
first shown in Fig. 4(a). Monochromatic CL images acquired
for detection wavelengths of 261 and 275 nm are presented
in Figs. 4(b) and 4(c), respectively. The CL spectrum exhibits
two strong peaks, as shown in Fig. 4(f). The emission pattern
fully follows the nanorod contour distribution. The emis-
sion at 261 nm is localized at the gaps between the nanorods,
originating from the underlying AlGaN. The full width at
half-maximum (FWHM) of this emission line is 4.1 nm. The
CL intensity of another strong emission peak is centered at
275 nm and exhibits a FWHM of 10.4 nm. It is quite uni-
formly distributed on the top of the nanorods, indicating a
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Fig. 4. (a) SEM of GaN/AIN QD nanorod LED. (b) and
(c) Corresponding monochromatic CL images at 7 K for detec-
tion wavelengths of 261 and 275 nm. (d) 2D representation of a CL
spectral line scan intersecting an individual nanorod with the intensity
color coded in a logarithmic scale. (e) CL spectra along a line crossing
a single nanorod (cf. Inset) at 7 K. (f) CL spectra of GaN/AIN QD
nanorod LED at RT and 7 K.

homogeneous distribution of GaN/AIN QDs within the active
region. Figure 4(d) shows a two-dimensional (2D) represen-
tation of a CL spectral line scan intersecting an individual
nanorod with the intensity color coded, which is consistent with
the mapping profile. Additionally, Fig. 4(e) shows a CL line
scan along the red dashed line across the nanorod top with a step
length of 30 nm. The CL emission at 275 nm originating from
the top of the nanorod does not show an obvious spectral shift
along the probed path way. A CL peak centered at about 260 nm
appears only when approaching the gap between the nanorods.
As temperature is increased to room temperature (RT), only the
GaN/AIN QDs-related emission can be observed showing a red
shift toward 280 nm [cf. Fig. 4(f)]. The ICP damage of AlIGaN
leads to a rapid deterioration of the corresponding emission at
261 nm with an increase of the temperature. Roughly, IQE may
be evaluated by comparing photoluminescence (PL) intensities,
assuming IQE is 100% at low temperature (LT) regardless of
excitation carrier density [20]. Here, the IQE of the GaN/AIN
QD nanorod DUV LED reaches 81.2% by comparing CL
intensity at RT and 7 K. Such high IQE value of DUV LEDs is
attributed to a reduced density of TDs and to a released strain
in the GaN/AIN QD active region during selective epitaxial
regrowth.

Figure 5(a) shows the RT PL spectra of AlGaN nanorods
and GaN/AIN QD nanorod DUV LEDs, excited by a 157 nm
pulsed excimer laser. Compared to the narrow emission of
265 nm from AlGaN nanorods, the GaN/AIN QD LED
exhibits wide emission dominated at 279 nm. Two shoulder
peaks below 270 nm are attributed to the emission from under-
lying AlGaN and graded AlGaN layers. Figure 5(b) shows the
experimental and simulated electroluminescence (EL) spectra of
the GaN/AIN QD DUV LED at current density of 50 A/cm?
under pulsed excitation at 10 kHz and 5% duty cycle. For a
current of 20 mA, the voltage of the GaN/AIN QD nanorod
LED is 12.6 V due to sub-ohmic p contacts on the nanorod top.
The emitted light is collected from the device top surface with
an optical fiber. A strong EL peak can be observed at 275 nm,
accompanied by a shoulder peak at 260 nm. The weak shoulder
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Fig. 5. (a) RT PL spectra from AlGaN nanorods and GaN/AIN
QD nanorod DUV LED:s. (b) Experimental and simulated EL of the
GaN/AIN QD DUV LED at 50 A/cm?*. FDTD simulation of light
propagation of (c) QD nanorod LED and (d) QW LED on planar
AlGaN.

peak may originate from the recombination at p-AlGaN, due
to the overflow of electrons from the active region. The APSYS
simulation is performed for the composition of the active region
and GaN thickness of ~1 nm obtained from TEM. The sim-
ulated and experimental EL emission is consistent, but there
is a large discrepancy in the line shapes. Compared to the sim-
ulation result, the peak blue shift of the GaN/AIN QD LED
on nanorods may be caused by the fast diffusivity of Al and Ga
atoms at the low-strain state in the active region, which results
in partial formation of the AIGaN QD active region. Another
shift reason is the limitations of band structure at high conduc-
tion and valence band energies in the theory. GaN thickness
fluctuation in experiments also leads to the broadening of the
EL peak.

To understand the light propagation in the nanorod LED,
3D finite difference time domain (FDTD) simulations were
performed. To simplify the numerical computations, the lateral
dimension of the nanorod DUV LED model issetas 8 x 8 pwm.
The dipole source is polarized in the direction parallel to the
in-plane for the excitation of the TE mode. A monitor is set
above the model to detect the light emitted from the top surface.
Another four monitors are around the model to detect the light
emitted from the sidewall. Then, the LEE is defined as the ratio
of the sum of the light power tested by the top and around the
monitors to the total power from the dipole source. Figures 5(c)
and 5(d) compare the propagation of electromagnetic waves
passing through the GaN/AIN QD nanorod LED and planar
QW LED. It is obvious that the light emitted from top surface
of the nanorod LED is far more than that of the planar LED
because the nanorod structure changes the wave guide mode
and overcomes the total internal reflection. Hence, many guided
modes in planar LEDs become the leaky modes in nanorod
LEDs through diffraction and scattering. Undoubtedly, the
weaker distribution of the electric field is around the nanorod
LED than around the planar LED because most of the light is
extracted from the top surface of the nanorod LED. As a result,
the corresponding LEE may be increased from 14.9% for the
planar LED to 49.6% for the nanorod LED. Therefore, the
GaN/AIN QD nanorod DUV LED is beneficial for realizing
high IQE and LEE simultaneously.

Letter

In summary, a novel design of the highly uniform GaN/AIN
QD DUV LED is accomplished by selective epitaxial regrowth
on ordered AlGaN arrays using MBE. Strong DUV emission
of ~280 nm from the GaN disk is detected both optically and
electrically. CL mapping shows uniform emission at 275 nm
with 10.4 nm FWHM on the top of the nanorods. Due to strain
release and a reduction of TD density, the GaN/AIN QD DUV
LED has shown a higher IQE of ~81.2%. In addition, the
periodic arrays of the nanorod LED lead to an enhancement of
LEE from 14.9% for the planar structure to 49.6% estimated by
FDTD simulations.
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