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Abstract— We report on the realization of a uniform array of
electrically driven, individually addressable micro light-emitting
diodes (µLEDs) with diameters of 2.5 µm emitting at 372 nm.
This highly ordered array was fabricated via a top-down fabrica-
tion approach using a novel Ni/Au/Ni structure which combines
both a Ni/Au low-resistance electrical contact and durable Ni etch
mask. The use of this novel structure allows individual µLEDs to
be addressed with promising electroluminescence intensity and
narrow linewidth at ultraviolet-A (UV-A) band. This improved
control over µLED output power and emission location makes
our approach an important step towards the development of high
efficiency UV-A µLEDs for a range of applications.

Index Terms— Electrical contact, GaN, micropillar, ultraviolet
LED.

I. INTRODUCTION

ULTRAVIOLET (UV) light has numerous applications in
sterilization and disinfection, [1], [2] curing of polymers,

resins, inks for 3D printing, [3], [4] spectroscopy and non-
destructive testing, [5] and shows promise for high-speed
optical communication [6] and displays [7]. Still further
applications have been identified as materials and fabrication
advances enable emission of shorter wavelengths, [8] higher
efficiencies, [9], [10] and smaller devices [11]. Within the
UV spectrum, UV-A light, with a wavelength between 315-
400 nm, is of especially high interest for photolithography [12]
and as a photocatalyst for air and water treatment [7], [8].
Conventional UV-A light emitting diodes (LEDs) based on
mesa structures typically have a low overall efficiency, caused
in part by especially low light extraction efficiency, typically
between 10% - 40% [3]. The poor light extraction efficiency
can be improved by shrinking the commonly used mesa
structures to micropillars and nanowires, [15] thus µLEDs are
of great interest.

Micropillar and nanowire gallium nitride (GaN) structures
can be fabricated either through bottom-up or top-down pro-
cesses. Selective area epitaxy (SAE) can be used to grow
micropillar and nanowire structures from a patterned tem-
plate in a bottom-up fabrication process [16]. However, this
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approach only offers limited control over the growth rate,
diameter, and length of the resulting structures [17]. As an
alternative, structures can be instead formed through a top-
down approach. In this case, crystal growth is performed
at the full wafer scale and structures are formed through
photolithography and reactive ion etching (RIE) [18]. This
fabrication approach uses well established processes produces
highly uniform structures with precise control over their place-
ment and spacing.

Though our previous works have demonstrated success-
ful top-down fabrication of micropillar and nanowire GaN
LEDs [18], [19], [20], [21], [22], [23], another limiting factor
for high-efficiency UV µLEDs is poor p-type doping of GaN.
Magnesium can be incorporated as a p-type dopant during
epitaxial growth, but it forms electrically-inactive complexes
with hydrogen [24] and must be activated after growth, typi-
cally through high temperature annealing [25]. This activation
process is highly inefficient, with only up to 5.25% activa-
tion [26] due to magnesium’s high activation energy [27].
This poor doping efficiency leads to an extremely high p-GaN
work function, predicted to be 6.6 eV, higher than that of
all pure metals [28]. The issue of high p-GaN work function
has led to the development and optimization of alloyed or
multi-layer metal contacts, such as commonly used nickel
(Ni)/gold (Au) in an attempt to minimize the Schottky barrier
height at the metal-semiconductor interface and form a low-
resistance, ohmic electrical contact [29].

The use of nanowire and micropillar structures has been
shown to improve both the quantum efficiency and opti-
cal output power of the device [30]. As research inves-
tigates ever smaller devices, existing fabrication processes
become steadily less applicable. Fabrication of GaN LEDs
typically consists of deposition and patterning of an etch
mask, RIE to form the mesa structure, post-etch removal of
the etch mask, and finally, deposition of p-type electrical
contacts [21], [31]. However, this well demonstrated pro-
cess becomes increasingly challenging to implement for ever
shrinking devices. The extremely precise lithographic align-
ment necessary to accurately produce these electrical contacts
post-etching presents significant challenges and necessitates a
new approach. Previous works [21], [32], [33], [34] use a sin-
gle, common electrical contact to avoid this challenge. How-
ever, this prevents the possibility of individual control of single
µLEDs.

In this work, we propose a novel solution to these challenges
and demonstrate the successful fabrication of an array of
individually addressable 2.5 µm diameter UV µLEDs emitting
at 372 nm. Our proposed 20 nm Ni/20 nm Au/200 nm Ni
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Fig. 1. I-V characteristics from 20 nm Ni/20 nm Au/200 nm Ni TLM
measurements after annealing with spacings of 20 µm, 40 µm, 60 µm, and
80 µm between pads. Inset: microscope image of TLM structures used for
testing, with spacing indicated by double arrows.

metal structure serves to both act as the durable plasma
etch mask necessary for the fabrication of high aspect ratio
devices and as a low resistance electrical contact for fabricated
devices. By pre-depositing the electrical contacts for each
device, the need for a universal, common electrical contact
is eliminated and individual UV µLEDs within the array
can be driven independently of the rest of the array, offer-
ing greater control over the emitters. This novel fabrication
approach offers several advantages over existing processes,
most notably enabling the fabrication of individually-
addressable micropillar and nanowire LED devices and
arrays.

II. CONTACT STRUCTURE OPTIMIZATION AND DEVICE
FABRICATION

Our initial optimization of the p-type metal contact stack for
our UV-A µLEDs was performed through a series of transfer
length method (TLM) experiments. These initial experiments
used a contact metal stack consisting of 20 nm of Ni and an
Au interlayer of 20 nm, 40 nm, 60 nm, or 80 nm, to serve as
the ohmic contact, followed by a 200 nm of Ni to serve as
the durable etch mask for the chlorine-based plasma etch. All
metals were deposited via thermal evaporation onto the surface
of the top p-GaN layer, doped to a level of ∼1018/cm3 with
Mg, forming a set of 30 µm x 100 µm contact pads spaced
20 µm, 40 µm, 60 µm, and 80 µm apart, as shown in the
inset of Figure 1. Following metal evaporation, samples were
transferred to a rapid thermal annealing (RTA) tool and were
annealed for 5 minutes at 500◦C in an oxygen environment.
A second set of similar TLM contacts, consisting of a single
20 nm Ni layer deposited onto p-GaN, were also deposited to
serve as a reference, and were also annealed for 5 minutes
at 500◦C in an oxygen environment. TLM measurements
were then performed and the electrical performance of the
Ni/Au/Ni contacts was compared to that of the single layer
Ni control contact structures. As shown in Figure 2, the use
of a Ni/Au/Ni contact structure resulted in a reduction of
contact resistance of up to 75% when compared to contacts

Fig. 2. Relative contact resistance comparison of annealed single layer
Ni contact and three-layer Ni/Au/Ni contacts with varying Au interlayer
thicknesses.

composed solely of Ni. For a simple Ni/Au bilayer contact,
annealing in an oxygen-containing atmosphere causes outdif-
fusion and oxidation of Ni. This results in the formation of a
discontinuous Au layer, interrupted by NiO islands at the GaN
surface. The presence of NiO, a p-type semiconductor itself,
at the GaN-metal interface serves to reduce the overall contact
resistance. Additionally, further interdiffusion at the surface
leads to the formation of an Au-Ga solid solution and thus
acceptor-like Ga vacancies at the GaN-metal interface, further
reducing contact resistance. This process of interdiffusion and
oxidation progresses differently with the addition of a Ni
capping layer, as with our novel contact structure. Exposed
Ni metal quickly oxidizes during annealing, as with the
Ni/Au contact. However, unlike the bilayer Ni/Au contact, the
thick Ni capping layer and increasing Au interlayer thickness
slows the formation or transport of NiO to the GaN-metal
interface. The presence of un-oxidized Ni in contact with
the p-GaN surface, detrimental to the formation of a low-
resistance, ohmic contact. This can be seen in Figure 2 as
an increase in measured contact resistance with increasing
Au interlayer thickness [35], [36], [37]. Based on this initial
optimization, an Au interlayer thickness of 20-40 nm showed
the lowest contact resistance. After annealing, these Ni/Au/Ni
electrical contacts showed nearly linear current-voltage (I-V)
characteristics for all different spacing lengths, as shown in
Figure 1. Based on these TLM results, an Au thickness of
20 nm was selected for subsequent µLED fabrications.

Fabrication of the UV-A µLED array was performed on a
c-plane epitaxial stack similar to that used by Huang, [38]
which consisted of a 20 nm AlN buffer layer, a 2 µm
undoped GaN layer, a 2.5 µm n-AlGaN lower cladding layer,
an InGaN/AlGaN active region, a 15 nm p-AlGaN upper
cladding layer, and a 200 nm p-GaN contact layer, as shown
in Figure 3(a). The active region consisted of 10 periods of
3 nm In0.03Ga0.97N wells and 11 nm Al0.02Ga0.98N barriers.
The epitaxial structure was grown on a sapphire substrate
using metalorganic chemical vapor deposition (MOCVD).
As shown in Figure 3(b), to fabricate devices, lift-off resist
(LOR) and photoresist were deposited and patterned using
405 nm direct write lithography using a Heidelberg DWL 66+,
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Fig. 3. (a) GaN UV LED epitaxial structure. (b) Device fabrication process showing deposition of Ni/Au/Ni contact and etch mask, Cl2/Ar dry etching, wet
etching in KOH solution, and final deposition of Ti/Al electrical contacts.

and the metal stack was deposited using highly anisotropic
thermal evaporation. Based on prior TLM results, Ni/Au/Ni
thicknesses of 20/20/200 nm were utilized. After metal lift-
off, dry etch was performed using a Cl2/Ar plasma (40/10
sccms Cl2/Ar, 500 W inductively coupled plasma (ICP) power,
225 W forward power, 440 nm/min etch rate, 192 second
duration) in a PlasmaTherm ICP-RIE to form a large array of
2.5 µm diameter, 1.4 µm tall micropillars with a 10 µm pitch,
as shown in Figure 4(a). The sidewalls of these micropillars
are left roughened, as shown in Figure 4(b), indicative of
surface damage typically caused by the ICP-RIE etch pro-
cess [39]. Hydroxyl-based chemistries, such as KOH, are
commonly used on GaN structures to passivate and to remove
surface damage caused by dry etching [22]. The wafer was
submerged in a solution of 40% AZ400K (a photoresist
developer containing 2 wt% KOH) heated to 80◦C for a total of
15 minutes. To ensure that this etch duration was sufficient to
produce highly vertical sidewalls, the wafer was examined and
imaged using a scanning electron microscope (SEM), shown
in Figure 4(c). Following this inspection, the p-type metal was
annealed at 450◦C for 40 seconds under nitrogen. A universal
n-type contact was then deposited using thermal evaporation.
The deposition of the n-contact was self-aligned in that the
micropillars themselves were used to mask deposition of the
n-metal on the sidewalls of the micropillars. The sample was
carefully aligned directly above the evaporation source, and
the highly anisotropic nature of thermal evaporation allowed
metal deposition to occur on the tops of the micropillars and
on the n-AlGaN at the bases of the micropillars, but not on the
micropillar sidewalls. This n-metal stack consisted of 40/200
nm Ti/Al. After this deposition, the LED array was completed
and the individually addressable UV-A µLEDs could be tested
and characterized.

III. ELECTRICAL AND OPTICAL CHARACTERIZATIONS OF
µLEDS

Electrical testing of individual µLEDs was performed by
manually probing the n- and p-contacts and applying a forward
bias. These tests show a turn on voltage of approximately 5 V,
as shown in Figure 5, above this threshold voltage, individ-
ual µLEDs illuminate as shown in the inset of Figure 5.

By placing an optical fiber near the probed device, electro-
luminescence (EL) spectra can be collected. These spectra
show a peak emission wavelength of 372 nm, as shown
in Figure 6. Emission peaks show a consistent FWHM of
approximately 11 nm, similar to what is reported in other
works [40], [41], [42]. As drive current is increased from
60 µA to 150 µA, we observe both an increase in EL
intensity and a slight redshift of approximately 2 nm in peak
emission wavelength. This redshift is expected and is likely
due to an increase in junction temperature with increasing
drive current [42].

We have also analyzed light extraction efficiency from UV-
A µLEDs with three-dimensional (3D) finite-difference time-
domain (FDTD) simulations using commercially available
Synopsys Fullwave software which is specifically designed
to model light propagation in a range of structures. These
simulations model the propagation of electromagnetic waves
through a defined structure by finding direct solutions for
Maxwell’s curl equations. Simulations were conducted using
methods similar to those used in Ref. [20].

Simulation setup begins with modelling of the structure of
interest, a 2.5 µm diameter, 1.4 µm tall µLED. Material types
and properties can be defined for the different layers within the
structure and our modeled µLED uses a similar layer structure
as our fabricated µLEDs, shown in Figure 3(a). Three dipole
sources were placed at the center of the MQW region, aligned
with the x, y, and z-axes and a 20 nm cubic monitor was
defined encompassing these dipole sources to capture the full
luminous flux. This flux is compared against the luminous
flux measured by another set of monitoring planes placed
outside the simulated µLED. These exterior planes form a
rectangular prism, extending 500 nm beyond the sides and
top of the µLED structure and extending 200 nm below the
bottom nAlGaN surface. The external monitor planes act as
perfect absorbers, preventing unintended wave reflections off
the simulation boundaries. Overall light extraction efficiency
(LEE) can then be calculated as the ratio of flux measured
by the external monitor planes around the sidewalls and top
µLED surface and the total flux produced by the combined
dipole sources in the MQW region.

Two sets of simulations were conducted, one with a simple,
single 20 nm layer of Ni covering the top surface of the
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Fig. 4. SEM images of (a) fabricated ordered UV-A µLED array, (b) micropillar with flared base after dry etching, (c) µLED after follow-up wet etching
and n-metal deposition.

Fig. 5. I-V characteristics from a single UV-A µLED. Inset: microscope
image of one illuminated UV-A µLED.

Fig. 6. EL spectra recorded from a single µLED under different drive
currents.

µLED that represents common p-contact cases, and another
using our novel 20 nm Ni/20 nm Au/200 nm Ni contact
structure covering the µLED top surface. Simulated electric
field intensity within the two µLED structures can be seen
in Figure 7. These simulation results indicate that even in the
case of a thin 20 nm layer of Ni covering the top surface,

Fig. 7. Simulated electric field intensity within µLEDs, (top) with a 20 nm
Ni contact deposited on the top surface, and (bottom) with a 20 nm Ni/20 nm
Au/200 nm Ni contact deposited on the top surface.

extraction efficiency is only 1.6% through the top surface
with the majority of escaping light being emitted instead
through the sidewalls. When our novel Ni/Au/Ni structure
is simulated, the additional metal layers have a negligible
effect on total light extraction from the whole µLED structure,
calculated to be 25.8% for the Ni top contact and 24.2% for
the Ni/Au/Ni contact. Overall, these results suggest that the
use of a Ni/Au/Ni contact structure offers several advantages
in terms of fabrication and electrical contact resistance without
significantly affecting total light extraction from the device.

IV. CONCLUSION

In conclusion, we have successfully demonstrated an array
of individually addressable UV-A GaN µLEDs emitting at
372 nm. These µLEDs were fabricated using a novel Ni/Au/Ni
structure to form highly uniform 2.5 µm diameter, 1.4 µm
tall µLEDs with a 10 µm pitch. This novel Ni/Au/Ni struc-
ture serves as both a durable dry etch mask during device
fabrication and as a low resistance electrical contact during
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device operation, allowing individual µLEDs to be probed
and tested. Electrical testing of these µLEDs shows a con-
sistent, narrow linewidth of 11 nm and a turn on voltage
of 5 V. This novel approach enables an extremely high level
of control over the output of µLED arrays as individual
devices can be driven rather than the whole array. Additional
study of this process could further improve the effectiveness
of this Ni/Au/Ni structure by minimizing the capping Ni
layer thickness based on the desired etch depth, potentially
lowering device turn on voltages. Overall device efficiency
could also be improved through additional optimization of
the annealing process to further reduce contact resistance.
By controlling individual µLEDs, total emission power and
the location of light generation can be easily varied making
this a promising approach for numerous applications including
photolithography and photocatalytic processes. This approach
can also be applied to µLEDs emitting at other wavelengths,
including visible light, which can open the door for higher
resolution displays.
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