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In this work, we demonstrate two-junction UV LEDs enabled by transparent tunnel junctions. Low voltage-drop tunnel junctions were realized in
Al0.3Ga0.7N layers through a combination of high doping and compositional grading. Capacitance and current–voltage measurements confirmed
the operation of two junctions in series. The voltage drop of the two-junction LED was 2.1 times that of an equivalent single-junction LED, and the
two-junction LED had higher external quantum efficiency (147%) than the single junction. © 2023 The Japan Society of Applied Physics

U
V light sources are essential components in many
applications including illumination, backlighting,
curing, sterilization, virus elimination, air disinfec-

tion, and sensing.1–3) UV LEDs and lasers are preferred to
conventional light sources such as mercury lamps due to their
low cost, low power consumption, compact size, and
safety.4,5) Aluminum gallium nitride (AlGaN) is a promising
material for solid-state UV LED applications because it can
be p- and n-type doped, and it has a bandgap suitable for
emission over a large portion UV (∼203 nm–365 nm) wave-
length range.6,7) Significant research efforts in the last few
decades have led to improvement in the efficiency of UV
LED’s8–12) over the past decade, but AlGaN-based UV LEDs
still suffer from relatively low wall-plug efficiency and
lifetime when compared to visible emitters.
A recent advancement in the design of III-nitride LEDs is

the use of tunnel junction (TJ) contacts.13–27) A tunnel
junction integrated LED replaces the conventional p-GaN
contact28–32) or AlGaN/AlGaN(GaN) contact33,34) with an
inter-band tunnel junction. Tunnel junctions can improve the
external quantum efficiency by eliminating the need for lower
bandgap contact layers, and by improving hole injection to
the p-type layer. Low lifetime remains a major challenge for
UV LEDs, and it has been found that the lifetime of UV
LEDs drops significantly with the operating current density
(J), with some reports suggesting lifetime dependence to be
1/J3.35) The need to operate at relatively low current densities
to ensure high lifetime leads to higher cost ($/W) since the
emitters cannot be operated at higher current and power
density. Tunnel junctions can enable multi-active region
designs with two or more light-emitting regions, which
enables high optical power density even at low current
density. Previous theoretical36) and experimental37–41) reports
were limited to visible multi-active region LEDs, and enabled
substantial increases in the external quantum efficiency, and
output power density while lowering efficiency droop and
I2R losses, as well as applications such as multiple wave-
length emission.42)

There is now a significant body of work on UV LEDs
using AlGaN tunnel junctions. Early efforts focused on using
polarization engineering (GaN or InGaN interlayers) to
reduce voltage drop and improve hole injection.13,43–48)

However, to reduce absorption losses, tunnel junction de-
signs without low-bandgap absorbing interlayers could be
preferable, especially in the case of multiple active region

LEDs. Transparent homojunction tunnel junctions for
AlGaN-based LEDs reported previously show higher voltage
drop than the ones with interlayers, due to the larger
depletion width across the tunnel junction.49–51) Recently, it
was shown that a combination of compositional grading and
high doping could enable higher tunnel junction
conductivity.52) In this work, we use designs similar to the
graded and doped tunnel junctions reported in Ref. 52 to
demonstrate multi-active regions of AlGaN-based UV LEDs.
The one and two-junction LED structures were grown on

metal–organic CVD (MOCVD)-grown n-type Al0.3Ga0.7N
template (5 × 1018 cm−3 Si doping) with threading dislocation
density (TDD) estimated to be 2× 109 cm−2. The samples were
grown using a Veeco Gen 930 N2 plasma-assisted MBE
(PAMBE) system equipped with effusion cells for metallic
Ga, Mg, Si, and Al. An rf-tuned plasma power of 300W and N2

flow rate of 2.25 sccm was used, corresponding to a nominal
growth rate of 246 nm h−1 (estimated from X-ray diffraction
measurements of superlattice structures). The growth was
carried out in the “intermediate” regime where excess Ga
droplets do not accumulate.53,54) The LED/TJ stack begins
with the growth of 90 nm n-Al0.3Ga0.7N (Si = 1 × 1019 cm−3).
The active region consists of three pairs of 2.5 nm Al0.15Ga0.85N
quantum wells and 7 nm Al0.3Ga0.7N quantum barriers grown at
750 °C (Tsub). This was followed by an 11.5 nm p-Al0.46Ga0.54N
acting as the electron blocking layer (EBL) and a 61.5 nm
p-Al0.3Ga0.7N (Mg = 5 × 1019 cm−3) grown at 720 °C. The
transparent tunnel junction (TJ) was then grown using graded

-  -++ ++p Al Ga N p Al Ga N0.5 0.5 0.3 0.7 (Mg = 1 ×
1020 cm−3) and graded -  -++ ++n Al Ga N n0.3 0.7

Al Ga N0.5 0.5 (Si = 3 × 1020 cm−3) to take advantage of
induced 3D polarization charges. This stack was repeated for
the dual junction LED. After the completion of the LED/TJ
stack, 170 nm of n-Al0.3Ga0.7N (Si = 2 × 1019 cm−3) and
25 nm of n+- Al0.3Ga0.7N (Si = 1 × 1020 cm−3) was grown on
both the samples as the top n layers. The epitaxial structures of
the single and dual junction LEDs and the LED/TJ stack are
shown in Figs. 1(a)–1(d)
Device fabrication began with mesa isolation using in-

ductively-coupled plasma reactive ion etching (ICP-RIE,
BCl3/Cl2/Ar), followed by deposition of ohmic metal con-
tacts for the top and bottom n-type layers. Ti/Al/Ni/Au was
deposited as the bottom contact and annealed at 850 °C for
30 s. Non-alloyed Al/Ni/Au was used as the top contact to
improve extraction efficiency. Current density–voltage (J–V )
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and capacitance–voltage (C–V ) characteristics were mea-
sured using a Keysight B1500A semiconductor device
analyzer. C–V measurements were carried out by reverse
biasing the top n-contact with an excitation frequency of
5MHz and an AC amplitude of 30 mV. The external
quantum efficiency (EQE) calculations were done by mea-
suring the optical output power from a Thorlabs PM100D
optical power meter fitted with an S120VC photodiode power
sensor. Electroluminescence (EL) spectra were collected
from the top of the devices using a fiber optic cable coupled
with a linear silicon CCD array detector-based spectrometer
fitted with a cosine corrector. All the electrical and optical
measurements were measured in continuous-wave operation
conditions at RT.
The on-wafer electrical characteristics carried out at RT are

shown in Fig. 2. Measured electrical characteristics measured
on 40 μm diameter circular mesas showed that the 2-junction
LED had a higher voltage than the 1-junction LED, as
expected. The forward voltage drop at 20 A cm−2 was
measured to be 6.5 V and 13.6 V for the single-junction and
two-junction LEDs, respectively, corresponding to a 210%
voltage scaling factor for the two-junction LED. C–V mea-
surement [Fig. 2(c)] was performed on both samples to extract
the depletion width of the LEDs, using patterns with full metal
coverage. The extracted depletion width in the dual active
region LED [shown in Fig. 2(d)] is 100 nm which is
approximately twice the depletion width extracted from a
single junction LED (52 nm) indicating two similar active
regions in dual junction structure. The values are also in fairly
good agreement with the effective depletion width at zero bias
which was estimated to be 54 nm for the single junction and
108 nm for the double junction (from energy band diagram
calculations (Bandeng55)). The relatively flat depletion width
as a function of bias also indicates high doping in the n- and p-
layers on both sides of the diode active region.
The on-wafer optical power density and EQE for the two

devices are shown in Figs. 3(a)–3(c). The optical power density
increased from 0.88W cm−2 for a single junction LED to
1.81W cm−2 for a dual junction LED at 200 A cm−2

demonstrating a 200% increment in the power density. It has
been established that the lifetime of an LED is proportional to
1/J3 (t µLED

1

J3 ).
35) An output power of 0.88W cm−2 requires a

current density of 200 A cm−2, while the same power can be
achieved at 75A cm−2 for a dual junction. Hence, theoretically
by constructing dual junctions, the lifetime of the LED improves
by a factor of 19. Figure 3(b) depicts the output power density
as a function of the input power density. It is evident that
although the output power density for 1x LED is slightly higher
at lower input power density, it begins to droop at higher input
power density. In Fig. 3(b), the dotted line shows the output and
input power densities for a single junction multiplied by 2. At
high input power density, it closely follows the output power
density of a dual junction LED. At lower input power density, it
is slightly higher and such variations can be attributed to
variations in growth. The peak EQE was estimated to be 0.21%
and 0.31% for the single and dual junction devices, respectively.
The peak EQE scaled by 147% for the dual junction LED. The
non-ideal EQE scaling may be due to degradation of the active
region in the top layer due to defects introduced during the
growth, or due to variations in the extraction efficiency between
the two structures. Further investigation is needed to understand
these effects so that the efficiency and power density of these
multi-active regions can be further improved.
The on-wafer EL measurement is shown in Figs. 3(d) and

3(e). At 45 A cm−2, the EL peak wavelength was 330 nm for
the single junction and 335 nm for the dual junction with similar
values of FWHM of 18 nms. With increasing current densities,
the single and dual junction LEDs showed slight wavelength
shifts from 335 nm to 330 nm and from 337 nm to 335 nm,
respectively, due to the quantum confined Stark effect (QCSE).
The variation in the peak wavelengths could be attributed to
drift in the growth parameters between the two samples, as also
reported previously for visible multi-active region LEDs.39)

In summary, we have demonstrated fully transparent
AlGaN tunnel junctions with two multi-active regions in a
single device for ultraviolet LEDs accomplished by incorpor-
ating lower voltage drop tunnel junctions by a combination of
high doping and polarization grading. This proof-of-concept

Fig. 1. The epitaxial structure of (a) the single junction LED/TJ device, (b) the dual junction (2x) LED/TJ device, and (c) the detailed epitaxial layers of the
LED/TJ stack. (d) Energy band diagram corresponding to a single junction LED+TJ.
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demonstration shows that the performance of UV LEDs can
further be improved by well-designed active regions and by
increasing the number of multi-junction active regions. This

work provides a framework to enable devices with higher
EQE and output power that run at low current density
enabling longer lifetimes.

(a) (b)

(c) (d)

Fig. 2. Electrical characteristics in (a) linear and (b) log scale, (c) C–V characteristics (d) depletion width calculated from C–V as a function of voltage of the
single and dual junction MBE grown LEDs.

(a) (b) (c)

(d) (e)

Fig. 3. On wafer (a) and (b) output power density as a function of (a) current density and (b) input power density (c) external quantum efficiencies and (d)
electroluminescence spectra of the (d) single and (e) dual junction LED.
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