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2’75 nm Deep Ultraviolet AlGaN-Based Micro-LED
Arrays for Ultraviolet Communication
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Abstract—In this work, we fabricated and characterized 4 x 4
parallel flip-chip AlGaN-based micro-LED arrays with varied
mesa diameters of 120 pm, 100 pm, 80 pm, and 60 pm. The reported
micro-LED arrays have a maximum bandwidth of 380 MHz and a
peak wavelength of ~275 nm. It is found that the electrical and
optical characteristics of AlGaN-based micro-LED arrays show
strong size dependence for ultraviolet communication (UVC). The
differential resistance increases from 28.8 (2 to 112 €2, the external
quantum efficiency (EQE) is increased by ~30%, and the band-
width doubles as the diameter of individual micro-LED decreases
from 120 pm to 60 pm. Our research proves that tailoring the
mesa size of parallel flip-chip AlGaN-based micro-LED arrays can
further enhance its bandwidth and promote its application in UVC.

Index Terms—Micro-LED arrays, ultraviolet communication,
modulation bandwidth, size dependence.

1. INTRODUCTION

ECENTLY, ultraviolet communication (UVC) has
Remerged as a promising candidate for military wireless
communication [1], [2]. Record-breaking data rate has been
reported continuously in the past few years[3]-[6]. Compared to
its visible-light counterparts, UVC has several unique features.
The light used in the UVC is located between 200 nm ~ 280 nm
in the spectrum band. This portion of solar radiation is
heavily absorbed by the ozone layer when passing through the
atmosphere, leaving low noise background near the ground
[7]. Visible light communication (VLC) usually requires an
obstacle-free communication channel between transceivers
while the ultraviolet light signal in UVC can bypass obstacles
through scattering and reflection of the particles and aerosols
floating in the air [8], [9]. Furthermore, the quickly attenuated
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ultraviolet radiation will limit the transmission range of
UVC and prevent eardrop from a distance [3]. In radio-silent
scenarios, UVC can work as an alternative to conventional
wireless communication.

Deep ultraviolet (DUV) light source is one of the most critical
components of the UVC system. Its optical power essentially
determines transmission distance of UVC, and its bandwidth
has a major impact on the data rate [10]. More and more UVC
research has adopted LEDs as the light sources due to their
high efficiency, portable size, tunable emission range, and high
bandwidth [11], [12]. Recently, Alkhazragi et al. demonstrated
a 2.4 Gbps communication system over a 1 m link based on a
278 nm DUV LED with a —3 dB bandwidth of 170 MHz [4].
When the transmission distance is further increased to 5 m, a data
rate of 2.0 Gbps still maintained. They also conducted a series of
experiments on diffuse line-of-sight (diffuse-LOS) UVC based
on the same DUV LED, achieving up to 1.09 Gbps data rate [6].
In 2018, Kojima et al. achieved a 1.6 Gbps datarate overa 1.5 m
LOS link based on a 280 nm LED with a —3 dB bandwidth of
153 MHz [5]. Despite all the exceptional results above, the data
rate of UVC is still largely limited by the modulation bandwidth
of DUV LED. The community is still in the exploration of new
approaches to boost DUV LED’s modulation bandwidth.

In the past years, it has found that InGaN-based LEDs in
VLC show remarkable improvement on both optical character-
istics and modulation bandwidth when reducing the chip size to
the micro range [13]-[19]. Micro-LEDs can work under much
higher current density due to uniform current spreading and
quick heat dissipation. Higher current density and smaller chip
size lead to lower carrier lifetime and resistance-capacitance
time constant, both of which can boast a higher bandwidth for
micro-LED. All the above advantages can also render AlGaN
micro-LED an ideal light source for UVC. The latest research
has witnessed a drastic increase in micro-LED properties for
UVC application. In 2020, He et al. used a 262 nm micro-LED
with a bandwidth of 438 MHz at a current density of 71 A/cm?
as the light source, achieving up to 1.1 Gbps data transmission
rate over 0.3 m UVC link [20]. In 2021, Zhu et al. achieved a
record-breaking data rate of 2 Gbps over 0.5 m UVC link with
a276.8 nm micro-LED [21]. The reported micro-LED obtained a
record-high —3 dB optical bandwidth of 452.53 MHz at a current
density of 400 A/cm?. The size effect on electro-optic properties
of AlGaN-based individual micro-LED has been reported by
Yu et al [22]. However, the size effect on the electro-optic
properties of AlGaN-based micro-LED arrays which contains
multiple individual micro-LEDs remains relatively unexplored.
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(a—e) Schematic diagrams of the fabrication process for 4 x 4 parallel flip-chip AlGaN-based micro-LED arrays. (f) The schematic structure of the pixels

in the micro-LED arrays. (g) 120 pm micro-LED arrays bonded on a metalized substrate.

Compared to individual micro-LED, micro-LED arrays have the
potential of reaching higher optical power, and also enable the
high bandwidth of micro-LED, making micro-LED arrays more
ideal candidate for long distance high speed communication.
Moreover, there is still a knowledge gap about the relation
between the chip size and modulation characteristics of AlGaN-
based micro-LED.

In this work, we experimentally investigate 4 x 4 parallel
flip-chip AlGaN-based micro-LED arrays with varied mesa
diameters. In order to attain higher optical power for the in-
vestigation of modulation characteristics, the mesa diameter is
set to be 120 pm, 100 pm, 80 pm, and 60 pm respectively.
The reported micro-LED arrays demonstrate a maximum band-
width of 380 MHz with a peak wavelength of ~275 nm at the
current density of 10 A/cm?. It is found that the electrical and
optical characteristics of AlGaN-based micro-LED arrays show
strong size dependence. The differential resistance increases
from 28.8 Q to 112 Q and the external quantum efficiency
(EQE) is increased by nearly 30% as the diameter of individual
micro-LED decreases from 120 um to 60 pm. The bandwidth of
the micro-LED arrays nearly double from 174 MHz to 380 MHz
as the mesa diameter decreases. The present research detailedly
explores the effects of mesa size on the electro-optic characteris-
tics and modulation bandwidth of the AlGaN-based micro-LED
arrays.

II. DEVICE FABRICATION

The 275 nm DUV LED epitaxial wafer used in this work was
grown on a sapphire substrate including mainly a 2.5 pm AIN
buffer layer, 500 nm thick unintentional doped AlGaN layer,
1.5 pum thick n-doped Alj 55Gag 45N layer, 5 period AlGaN
multiple quantum wells (MQWs), and 70 nm thick p-doped
Aly.5Gag 5N layer. Conventional visible LEDs are usually lateral
structure. However, due to the lack of transparent p-contact,
DUYV micro-LED arrays in our work are fabricated as flip-chip
structure instead. As depicted in Fig. 1(a)-(e), the fabrication
process is similar to our previous works [23], [24]. Standard
photolithography and inductively coupled plasma (ICP) etching

were utilized to form mesa with the diameter of 120 pm, 100 pm,
80 pm, and 60 pm, respectively. Then n-electrodes composed
of Ti/Al/Ti/Au (20 nm/60 nm/30 nm/100 nm) were deposited
on the mesa after photolithography. Rapid thermal annealing
(RTA) at 1000°C was employed to form the Ohmic n-contact.
P-electrodes of Ni/ Au (20 nm/20 nm) were deposited on the
p-AlGaN and rapidly annealed at 700°C to form the Ohmic
p-contact. An 1100-nm-thick SiOy was deposited as the in-
sulting layer using plasma-enhanced chemical vapor deposition
(PECVD) followed by photolithography, reactive ion etching
(RIE), and wet etching to form SiOs apertures. Furthermore,
an Al/Ti/Au (1700 nm/50 nm/300 nm) layer is deposited on
electrodes as a reflector. The schematic structure of the pixels in
the micro-LED arrays was shown in Fig. 1(f). Micro-LED arrays
were bonded on a metalized substrate as shown in Fig. 1(g).
Broad-area flip-chip DUV LEDs using the same fabrication
process with active region area of 1.53 x 1073 cm? which falls in
between that of 120 pm micro-LED arrays (1.81 x 1073 cm?)
and 100 um micro-LED arrays (1.26 x 10~ cm?) were also
fabricated for the reference. Electrical and optical measurements
of the packaged devices were carried out using a calibrated
integrating sphere (Everfine HAAS-2000).

III. RESULTS AND ANALYSIS

Fig. 2(a) shows the I-V characteristics of different micro-LED
arrays and broad area LED. We can extract the differential resis-
tance under the current of 20 mA. The resistance increases from
28.8 Q2 to 112 2 when the diameter of individual micro-LED
decreases from 120 pum to 60 pm as shown in Fig. 2(b). Assuming
the current distributes evenly in the p-AlGaN layer, the resistance
of individual micro-LED can be described as [22], [25]:

R = 4pd/nD?* + R, )

where R, is the contact resistance derived from Ohmic contact
between electrodes and wafer. 4pd/mD? is the series resistance
of the mesa which consists of p-AlGaN, MQWs, and n-AlGaN.
The p, d, D represents mesa’s overall resistivity, thickness, and
diameter. It can be seen that the series resistance is proximately
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Fig. 2. (a) I-V characteristics of the micro-LED arrays with diameters of

120, 100, 80, and 60 pm and broad-area LEDs. (b) The extracted differential
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resistance of the micro-LED arrays from I-V curves under 20 mA.
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Fig.3. (a) The optical power and (b) optical power density and (c) EQE against
current density for the 120, 100, 80, and 60 pm micro-LED arrays and broad-area
LED. (d) EL spectra for the 120, 100, 80, and 60 pm micro-LED arrays and
broad-area LED measured at 20 mA.

proportional to the D~2, indicating that reducing the mesa di-
ameter will boast higher resistance for micro-LEDs, which is
consistent with our experimental results.

Fig. 3(a) demonstrates the optical power of micro-LED arrays
and their broad area counterpart under different injection current
densities. The optical power increases monotonously as the chip
size increases. As plotted in Fig. 3(b), the optical power density
of micro-LED arrays shows evident size dependence. This is
because reducing the chip size can alleviate photon’s reflection
from mesa and minimize the path loss, leading to higher optical
power density [26]. This explanation is also confirmed by EQE
under different current densities, as shown in Fig. 3(c). EQE is
expressed as follow[27]:

EQFE = g\P/Ihc (2)

In the above expression, ¢ is the elementary charge, A is the
peak wavelength, P is the optical output power, / is the current, &
is the Planck’s constant, and c is the light speed in a vacuum. We
can conclude that a smaller mesa size can help increase the light
extraction from micro-LED arrays and give rise to higher EQE.
Additionally, all micro-LED arrays, regardless of their mesa
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size, appear to display higher power density and EQE compared
to broad area LED. This is due to the reason that microstructures
in micro-LED arrays can serve as the roughened surfaces and
reduces internal light reflection and scatters the light outward
[24], [28]. The partial strain relaxation in the microstructures
also helps reduce the Quantum-confined stark effect (QCSE) in
the MQWs and boosts radiation combination [29].

Electroluminescent (EL) spectra measured under 20 mA are
shown for Micro-LED arrays and broad-area LED in Fig. 3(d).
We can observe a 0.5~2.3 nm blue shift of peak wavelength
and narrowing full-width at half-maximum (FWHM) on micro-
LEDs arrays, as compared to broad-area LEDs. This is mainly
attributed to the partial strain relaxation in the microstructures
which alleviates the QCSE in the MQWs [29], [30]. Neverthe-
less, an evident red-shift of the peak wavelength can be observed
as the diameter of individual micro-LED decreases. This dis-
crepancy could be attributed to the self-heating under different
current densities [31]. That is, the smaller the chip size is, the
larger current density will be under the same current, which will
generate more heat in a unit time and increase chip temperature
[32]. The increased temperature will thus reduce the bandgap
of the micro-LED. The temperature-dependent bandgap energy
E,4(T') can be expressed as a linear approximation as the fol-
lowing expression [33]:

E,(T) = Ey — pkT 3)
where E represents the linearly extrapolated band-gap energy
at 0 K, and p is a positive constant defining the bandgap shift
of an LED as a function of temperature, k is the Boltzmann
constant. Narrower bandgap will lead to longer wavelength for
LED according to Planck-Einstein relation:

E = he/x “)

To investigate the modulation bandwidth of the micro-LED
arrays, a vector network analyzer (Agilent ES061B) is used to
generate an alternating current (AC) frequency sweep signal
and added to a direct current (DC) bias tee driven by DC
supply (Keithley 2400). The combined signal is then delivered to
micro-LED arrays to generate the light signal. A Si-based APD
(Thorlabs APD430A2/M) is used as the detector in this work.
A filter is used to block the visible light that might interfere
with the measurement. The output signal of the detector is sent
back to the network analyzer to calculate the frequency response.
High-frequency cables and adaptors are used to connect the radio
frequency (RF) equipment. The experimental setup of the test
system is shown in Fig. 4.

The frequency response of micro-LEDs under the current
density of 10 A/cm? is measured and normalized as shown in
Fig. 5(a). The extracted modulation bandwidths (—3 dB) for
120 pm, 100 pm, 80 pm and 60 pm micro-LED arrays are 174,
190, 325, and 380 MHz, respectively. Micro-LED arrays with
smaller chip size appear to have larger modulation bandwidth at
the same current density. It is noted that the —3 dB bandwidth
nearly doubles as the diameter decreases from 120 um to 60 pm
as shown in Fig. 5(b). Carrier lifetime can be seen as consistent
in all sizes of micro-LED arrays when current density is fixed,
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according to the following expression [34]:

_BPyqd + \/ (BPygd)® + 4BJqd
T= 2B )

where 7 is the carrier lifetime, B is the bimolecular coefficient,
Py is the hole concentration, J is the injection current density, g
is the elementary charge, and d is the thickness of the active
layer. When LED is forward biased, the device capacitance
is mainly affected by the diffusion capacitance and depletion-
layer capacitance [35]. However, the depletion-layer capacitance
is very small compared to the diffusion capacitance. Hence,
depletion-layer capacitance is neglected in forward biased diode.
Diffusion capacitance can be expressed as follow:

Cdiff = qIT/ZKT (6)

Where ¢ is the elementary charge, / is the forward bias
current, 7 is the minority carrier’s lifetime, K is Boltzmann
constant, and T is the thermodynamic temperature [34]. The
micro-LED arrays in our work are in parallel connection. Thus,
the overall capacitance of the micro-LED arrays will be the sum
of individual pixel’s capacitance. When the current density is
fixed, current changes proportionally to the chip size, leading to
larger diffusion capacitance and lower modulation bandwidth for
larger size of chips [34], [36]. Although the resistance variation
for different sizes of micro-LED arrays contradicts this trend,
the bandwidth of LED chips is mainly influenced by the carrier
lifetime and capacitance. The decrease of capacitance has more
impact on the bandwidth than the increase of resistance [34]. The
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modulation bandwidth for broad area LED with active region
areabetween 120 pm and 100 pm micro-LED arrays is measured
to be 188 MHz, which falls in between the modulation bandwidth
of 120 pm and 100 pm DUV micro-LED arrays. This result is
well consistent with our previous analysis.

IV. CONCLUSION

In summary, we successfully fabricated 4 x 4 parallel flip-
chip AlGaN-based micro-LED arrays with varied mesa diame-
ters of 120 um, 100 um, 80 pm, and 60 pm. The optical power
increase monotonously as the mesa diameter increases. The
differential resistance shows a nearly 4-fold increase and the
EQE is increased by nearly 30% as the diameter of individual
micro-LED decreases from 120 pum to 60 um. Operated at
10 A/cm? the bandwidth of the micro-LED arrays nearly double
from 174 MHz to 380 MHz as the mesa diameter decreases from
120 pm to 60 pm. Moreover, compared to the broad-area LED,
the peak wavelength of micro-LED arrays shows an evident blue
shift, and the peak wavelength of micro-LED arrays also shows
a redshift as the mesa diameter decreases. Our research paves
the way for the future application of AlGaN-based micro-LED
arrays in UVC and offer valuable insight into the understand-
ing of the electrical and optical characteristic of AlGaN-based
micro-LED arrays.
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