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Abstract— Low external quantum efficiency of deep ultra-
violet light-emitting diodes (DUV LEDs) and current crowd-
ing can result in considerable heat generation, which has a
great negative impact on device performance. In this paper,
we investigate the influence of different electrode patterns
on the photoelectric and thermal performance of DUV LEDs.
We find that different electrode designs can achieve dras-
tically different optical powers, with the superior design
being the n-type electrode surrounding the active region.
Moreover, compared with the counterpart, the superior
design does not affect the electrical performance. The main
reason is that the N-surrounding electrode pattern can
provide enough current paths for carrier transport, thus
realizing a more uniform current injection and can further
improve the external quantum efficiency for DUV LEDs.

Index Terms— DUV LEDs, PN electrode location, current
spreading.

I. INTRODUCTION

BECAUSE of enormous application potentials in critical
fields such as air purification, water sterilization,

and communication, AlGaN-based deep ultraviolet light
emitting diodes (DUV LEDs) have attracted increasing
attention [1]–[3]. However, current crowding along with
higher-resistivity Al-rich AlGaN layers can lead to large
heat generation, reduced device lifetime, and limited external
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quantum efficiency (EQE) [4], [5]. Therefore, the design of
device architecture has a significant impact on the device
performance besides the improvement of epitaxial wafer
crystal quality for higher radiative efficiency [6]–[10].

Previously, deliberate electrode pattern designs have been
shown to effectively improve current spreading, reduce junc-
tion temperature, enable better device performance, and extend
the lifetime of InGaN-based visible LEDs and AlGaN-based
DUV LEDs [11]–[15]. For instance, Guo et al. investigated
and optimized the interdigital electrode pattern of visible
LEDs, which achieves improved electrical performance [13].
However, the shortcoming is the increased total distance of the
edge of interdigital electrode when comparing with the square
electrode pattern, and this can lead to more leakage current.
Horng et al. further evolved the interdigital electrode to the
hole-shaped electrode to obtain the uniform current spreading
and better light output power for visible LEDs [14]. Zhang
et al. applied the hole-shaped electrode to DUV LEDs, and
realized similar benefits [15]. Thus far, significant attention has
been made to the shape and the size of the electrode, while
few reports have been published to uncover the impacts of
the PN electrode location on the current transport and device
characteristics, especially for DUV LEDs.

In this work, we have investigated two opposite PN elec-
trode locations: the N-surrounding electrode pattern, i.e., the
active region is surrounded by the N-electrode at the edge;
and the P-surrounding electrode pattern, i.e., the N-electrode
locates at the center of LED surrounded by the active region.
We find that the N-surrounding electrode pattern can well
manage the layer resistance and better modulate the current
paths, thus homogenizing the current spreading and enhancing
the EQE for DUV LEDs.

II. EXPERIMENTS

As shown in Fig. 1(a), the DUV LEDs were grown on
c-plane sapphire substrates by metalorganic chemical vapor
deposition (MOCVD) [16]. We firstly grew a 1.5-µm-thick
AlN buffer layer on the sapphire substrate, followed by a
3-µm-thick Si-doped n-type AlGaN contact layer, for
which the doping concentration is ∼5×1018 cm−3. Then the
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Fig. 1. Schematic diagrams of DUV LEDs with (a) the N-surrounding
electrode pattern and (b) the P-surrounding electrode pattern.

following active region includes five 3-nm-thick Al0.45Ga0.55N
quantum wells separated by six 10-nm-thick Al0.55Ga0.45N
barriers, emitting at 286 nm. A 25-nm-thick Mg-doped p-type
electron blocking layer (EBL) is grown on the top of the
active region, followed by a 50-nm-thick p-type Al-grading
AlGaN layer and a 200-nm-thick p-type GaN contact layer
with the Mg doping concentrations of 3×1019, 8×1019, and
1×1020 cm−3, respectively. After the growth, the wafer was
annealed for 30 minutes at 850 ◦C for Mg activation.

Subsequently, these two types of DUV LED chips are
fabricated on the same epitaxy wafer by following the
standard LED chip process we have developed [17], [18].
Firstly, we etch the epitaxial wafers according to the mesa
pattern from the p-type GaN to the n-type AlGaN layer.
Then the N-electrode of Cr/Al/Ti/Au (20/30/20/100 nm)
stacks are deposited on the surface of n-type AlGaN by the
electron beam evaporation, which is then annealed by rapid
thermal annealing to form ohmic contact. The P-electrode
comprises Ni/Au/Ni/Au (5/5/30/50 nm) metal stack. The chip
size is the 380 µm ×760 µm. As shown in Figs.1(b) and (c),
the electrode shapes are divided into N-surrounding and
P-surrounding electrode patterns. The area of quantum well
active regions for the two types of LED chips are different,
which are 56% and 70% for N-surrounding and P-surrounding
DUV LEDs, respectively, of the individual chip. The edges
of all N-electrode are controlled at the distance of 10 µm
from edges of mesa to facilitate the subsequent process,
as well as the P-electrode. These chips were packaged on the
AlN ceramic carriers with eutectic technology for subsequent
temperature and electroluminescence measurements [19].

III. RESULTS AND DISCUSSION

The electrical and optical characteristics of the
N-surrounding and P-surrounding DUV LEDs are measured
at room temperature with CW current. Fig. 2 (a) shows
that both devices have almost identical turn-on voltage
and IV characteristics, indicating similar input power at
any given forward current. Fig. 2(b) illustrates that the
N-surrounding DUV-LED has a considerably higher optical
power than that of the P-surrounding DUV LED. For instance,
the enhancement is 41.0% at injection current of 100 mA,

Fig. 2. (a) Forward current versus voltage for the two DUV LEDs.
(b) Relative optical power and (c) normalized EQE versus the current
for the two DUV LEDs.

Fig. 3. The spectra of (a) the N-surrounding DUV-LED and (b) the
P-surrounding DUV-LED from 20 to 140 mA, the red-shifts of the peak
wavelength are 0.5 and 0.8 nm, respectively in (a) and (b). The inset
thermal images of N-surrounding and P-surrounding are test at 100 mA.

even though the emitting area of the N-surrounding device
is only 80% (56%/70%) of that of the P-surrounding device.
The enhanced optical power translates to higher EQE in
Fig. 2(c) where the normalized EQE is shown with respect to
the EQE of the N-surrounding DUV LED. We also calculate
the efficiency droop levels at 100 mA, which are 17.9% and
22.8% for the N-surrounding and P-surrounding DUV LEDs,
respectively, down from the maximum EQEs. Therefore,
the N-surrounding DUV LED exhibits less efficiency droop.

Most input power not converted into photos turns into
thermal energy, which could lead to detrimental impacts on
the device performance and lifetime. Thus, we perform the
measurement of the surface temperature of the two DUV
LEDs operating at 100 mA by an infrared thermal imaging
system (Fluke Ti32) shown in the inset of Figs. 3(a) and (b).
We find that the working temperature of the P-surrounding
DUV-LED reaches 45.9 ◦C, which is more than five degrees
higher than that of the N-surrounding DUV LED of 40.2 ◦C.
According to the study by Park et al., a similar junction
temperature increase can lead to considerable reduction of
IQE or EQE [20]. The observations here mean that less power
is wasted on heat generation for the N-surrounding DUV
LED. Thanks to the less generated heat, the red-shift level
of peak wavelength for the N-surrounding LED is smaller as
the increasing injection current level [21], [22], which can be
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Fig. 4. (a) Schematic diagrams of simplified current circuit at the edge
of mesa, (b) simplified current transport paths in the LED.

seen in Figs. 3 (a) and (b). The improved performance for the
N-surrounding DUV LED can be attributed to more superior
current spreading, which is discussed as follows.

The current spreading is strongly affected by the layer
resistivity for DUV LEDs. Thus, Fig. 4(a) sketches the cir-
cuits for a conventional DUV LED, where metal is used as
electrodes. Since the metal has an extremely low resistivity
as opposed to the p-type semiconductors, Fig. 4(b) indicates
that the current crowding effect takes place on the edge of
metal current spreading layer [23]. Moreover, the significant
current crowding can also be predicted at the edge of the N-
electrode. Our speculations are further proven by referring
to Fig. 4(d), which shows the current crowding at the edge
of the N-electrode. Besides, there is a current accumulation
at the edge of the P-electrode [24]. The nonuniform current
distribution can accordingly degrade the carrier injection and
increase the device temperature.

Fig. 5(a) shows the division of the N-surrounding and
P-surrounding DUV LED regions, in which the N-surrounding
LED is divided into A1, A2, A3 three regions, and the
P-surrounding LED is divided into B1, B2, B3, B4, B5 five
regions. We can see intuitively that A1, A2 and A3 regions
are surrounded by N-electrodes, and hence they have enough
paths for carriers to transport. As shown in the schematic
circuit diagram in Fig. 4(b), multi-side electrode wrapping
enables carriers to be transported from different directions
to N-electrode, which can effectively alleviate the current
crowding effect in a single direction. In contrast, in the design
of the P-surrounding electrodes, only B1 region has similar
excellent current transmission paths, while the other regions
i.e., B2, B3, B4, B5, are only adjacent to the N electrode on
one side. Thus the carriers contributing to the luminescence
in these regions cannot be effectively and rapidly transported
to the N-electrode, which are easily accumulated at the edge of
the mesa edge until congestion. Therefore, the N-surrounding
LED has more superior electrode layout design, which enables
greater carrier transport capability.

Fig. 5. (a) Scanning electron microscopy (SEM) images for
N-surrounding and P-surrounding DUV LEDs, (b) 2D simulated current
density profiles along the red line in the Fig. (a), (c) 1D simulated current
density profiles along the red line in the Fig. (b).

Through the finite element simulation analysis, we calculate
the cross-sectional distribution of the current density at the
position of red dotted line in Fig. 5(a) under the same injection
current. As discussed earlier, the current accumulation at the
edge of mesa is obvious, and a small part of the current
accumulated at the edge of n-/p- electrodes. Furthermore,
we extract the current density at the red dotted line in Fig. 5(b)
and draw it in Fig. 5(c). It is illustrated that the LED with
the P-surrounding electrodes has a higher current density
than that with N-surrounding electrodes, which confirms the
mechanism we discussed before. Meanwhile, it is also proven
that the electrode pattern design has a profound effect on the
DUV LED performance.

IV. CONCLUSION

In this work, the performance of 286 nm DUV-LEDs with
different electrode patterns has been investigated. The device
with the N-surrounding electrode shows significantly better
overall performance with the stronger optical power, lower
working temperature, and smaller wavelength shift than the
P-surrounding DUV LED. The improved performance is
mainly due to the enhanced current spreading effect. Our
findings suggest that deliberate electrode patterns designs can
improve and play a crucial role in the overall performance of
the DUV LED chips and ought to be carefully investigated.
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