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The novel AlGaN-based ultraviolet light-emitting diodes (UV-LEDs) with double superlattice structure (DSL) are
proposed and demonstrated by numerical simulation and experimental verification. The DSL consists of 30-period Mg
modulation-doped p-AlGaN/u-GaN superlattice (SL) and 4-period p-AlGaN/p-GaN SL electron blocking layer, which are
used to replace the p-type GaN layer and electron blocking layer of conventional UV-LEDs, respectively. Due to the special
effects and interfacial stress, the AlIGaN/GaN short-period superlattice can reduce the acceptor ionization energy of the p-
type regions, thereby increasing the hole concentration. Meanwhile, the multi-barrier electron blocking layers are effective
in suppressing electron leakage and improving hole injection. Experimental results show that the enhancements of 22.5%
and 37.9% in the output power and external quantum efficiency at 120 mA appear in the device with double superlattice

structure.

Keywords: light-emitting diodes (LEDs), electron blocking layer (EBL), superlattices
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1. Introduction

Due to their non-toxic, no heat radiation, high switch-
ing speed, high energy, uniform illumination, and long ser-
vice life, ultraviolet light-emitting diodes (UV-LEDs) have a
wide variety of potential applications, such as UV curing, air
purification, surface disinfection, sterilization of water, medi-
cal uses, and others.!!™! However, there are still quite a few
obstacles limiting the development of UV-LEDs photoelectric
performance, such as the low doping concentration, the poor
hole injection, and the severe electron leakage.®®! Numerous
efforts have been made to solve these problems. On the one
hand, since the periodic oscillation of the valence band can re-
duce the activation energy of the acceptor impurity, replacing
the conventional p-type GaN layer with the Mg modulation-
doped AlGaN/GaN superlattices (SL) could increase the hole

11910 The introduction

concentration of the p-type GaN laye
of a Mg-delta-doped hole injection layer has also been pro-
posed to improve the hole doping efficiency of the p-type
layer, thereby enhancing the light output power.[!"'?! On the
other hand, as many scholars have reported,!'3>~13! there are
periodically varying electric fields in the short-period super-
lattice electronic barrier layer compared to the conventional
electronic barrier layer, which can result in periodic variation

of the energy band. And the conduction band barrier height
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is raised, suppressing the electron leakage into the p-type re-
gion, while the valence band barrier height is reduced, pro-
moting the hole injection active region. Apart from this, the
hole injection can also be supported by modifying the active
region, which includes using the GaN/InGaN type last quan-
tum barrier, %! using the selective p-doped barriers,!!”! re-
ducing the quantum barrier thickness, '8! etc. In addition, a
p-InAlGaN hole injection layer!'”! and a hole accelerator!?!
were also introduced for the sake of improving the hole injec-
tion, which could lead to the enhancement of internal quantum
efficiency of the devices.

In our previous study, we proposed the short-period su-
perlattice and analyzed the terahertz field in the short-period
superlattice base on the energy dispersion relation.>!] Then,
we also studied the effect of a multi-junction barrier elec-
tron blocking layer on the performance of UV-LEDs, and
found that the output power of the devices is increased by
8.47%.122231 Although lots of methods have been presented
to improve the photoelectric performance of UV-LEDs, the
poor hole concentration and electron leakage problem still re-
strain their further development, especially under high current
injection. For the above mentioned reasons, the novel AlGaN-
based UV-LEDs with double superlattices structure (DSL) are
proposed, which replace the p-GaN layer and electron block-
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ing layer (EBL) of conventional UV-LEDs with 30-period
Mg modulation-doped p-AlGaN/u-GaN SL and 4-period p-
AlGaN/p-GaN SL-EBL. The simulation results show that the
DSL can increase the electron and hole concentrations in the
active regions by modifying the energy band. In addition, the
experimental results show that the output power and external
quantum efficiency of the devices with DSL are increased by
22.5% and 37.9% at 120 mA, respectively.

2. Structures and parameters

As shown in Fig. 1(a), the conventional structure (sample
A) was grown on a c-plane sapphire (0001) substrate by com-
mercial metal organic chemical vapor deposition (MOCVD),
with a 25 nm magnetron sputtering AIN buffer layer, a
2 wm undoped Alg2GagogN layer, a 2.7 um Si-doped n-
type Alp 02GagogN layer (n-type dopant concentration = 6 X

10" cm™3), and the multiple quantum wells (MQWSs) ac-
tive regions consisting of eight 1.5 nm Ingy;Gag N wells
and nine 9 nm Al 03Gag.9oN barriers. On the top of the ac-
tive regions, a 20 nm p-Aly2Gag sN EBL (p-type dopant con-
centration = 6 x 10! ecm™3), a 150 nm p-GaN layer (p-type
dopant concentration = 6 x 10'® cm™3), and a 25 nm p*-GaN
(p-type dopant concentration = 1 x 10%° cm™3) were grown.
Sample B is identical to sample A except for the conven-
tional p-GaN layer, which is replaced by 30-period 3 nm p-
Alp.16Gag.g4N/2 nm u-GaN SL. While compared with sample
A, sample C uses 30-period 3 nm p-Aly 16Gagg4N/2 nm u-
GaN SL and 4-period 3 nm p-AlyGagsN/2 nm p-GaN SL
as the p-GaN layer and p-EBL, respectively. Finally, the epi-
taxial wafers were etched into a mesa structure with sizes of
330.2 umx304.8 um by dry etching processes. Figure 1(b)
shows the cross-sectional TEM image of sample C.

(a)

p-GaN(150 nm)

p'AlolzGao.gN(QO nm) EBL

30 periods 3 nm p-Aly.16Gag gaN
2 nm u-GaN

e -
p-GaN B
EBL }*1).
MQWs (iii)
n-AlGaN \

p'AlglzGaO.gN(QO nm) EBL

30 periods 3 nm p-Alg.16Gag.saN
2 nm u-GaN

4 periods 3 nm p-Alp2GagsN
2 nm p-GaN

Fig. 1. (a) Schematic diagrams of (i) sample A, (ii) sample B, and (iii) sample C. (b) The cross-sectional TEM image of sample C.

The energy band diagrams, carrier concentration distri-
bution maps, and radiative recombination rates of the UV-
LEDs were numerically investigated with a finite element ap-
proach by the advanced physical model of semiconductor de-
vices (APSYS), which was developed by Crosslight Software
Inc. The operating temperature, Shockley—Read—Hall recom-
bination lifetime, screening factor, and ionization energy of
Mg were set to 300 K,?*1 100 ns, 50%,1>! and 0.2 eV, %]
respectively. The model used for the impurity activation was
Poole-Frenkel model of incomplete ionization, which was im-
portant when the ionization energy was large.

3. Results and discussion

The conduction and valance band diagrams of samples
A, B, and C at 120 mA are shown in Fig. 2. The effec-
tive potential barrier heights for electron (hole) of EBL are
356.9 meV, 365.7 meV, and 474.3 meV (121.7 meV, 98.8 meV,
and 111.5 meV), respectively. Compared to sample A with a
single electron barrier layer, sample C has multiple quantum
barrier layers, which can cause multiple reflection effects of
the electron wave function, thereby increasing the conduction

band barrier height of the EBL by 117.4 meV. The increase
in the effective potential height of sample C for electron ef-
fectively suppresses electron leakage to the p-type region.>]
For the valence band barrier of EBL, sample C has a lower
value than sample A, which promotes hole injection into the
active regions. However, as observed from Fig. 2(b), the low-
est valence band effective barrier appears in sample B, which
means that the introduction of polarization effect and interface
stress can reduce the valence band barrier height of the single
barrier layer. Moreover, due to the special energy band and
polarization effect,!?®! the AlIGaN/GaN short-period superlat-
tices in samples B and C generate periodic oscillation of the
valence band, which will form a hole microstrip in the barrier
layers.[>”) The formation of the hole microstrip significantly
reduces the ionization energy of the acceptor impurity. The
valence band of the barrier layers is far from the Fermi level
and the valence band of the well layers is close to the Fermi
level, which cause the ionized holes to accumulate in the chan-
nel layers. And the farther the impurity level is away from the
Fermi level, the lower the ionization energy of the acceptor im-

purity. The movement of holes generated by ionization above
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the Fermi level breaks the ionization equilibrium, further pro-
moting the ionization of the acceptor.[’!

has a high mobility throughout the entire plane. 'l Figure 3(b)
shows that the hole concentration of the AlIGaN/GaN short-
period superlattices is one order of magnitude higher than that
of the conventional p-GaN layers.
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Fig. 2. Numerically simulated (a) conduction and (b) valance band dia-
grams of samples A, B, and C at 120 mA.

Figure 3 shows the electron and hole concentrations of
the three samples at 120 mA. Due to the lower conduction
band barrier height of the EBL of samples A and B, there are
lower electron concentrations in the quantum wells and more
leakage current in the p-type regions than that of sample C as
shown in Fig. 3(a). Electrons leaked into the p-type regions
are easily non-radiatively combined with holes, reducing the
internal quantum efficiency of the devices.[*”) The enlarged
view in Fig. 3(b) shows that sample C has a larger hole concen-
tration than samples A and B in the active regions and p-type
layers, although sample B has the lowest valence band poten-
tial barrier of EBL. The phenomena above could be caused by
two reasons. Firstly, the utilization of DSL can increase the
ionization rate of Mg in the p-type layers by modifying the
position of valance band edge relative to quasi-Fermi level,
thereby improving the hole concentration, which is consistent
with the conclusion in Fig. 2. Secondly, the multi-quantum
barrier electron blocking layer in sample C can promote the
hole injection active regions due to the quantum tunneling
effect.[
are confined to the interfaces of the heterojunction and are sep-

1 As found in Fig. 3(b), free holes in the superlattices

arated into quasi-two-dimensional hole gas parallel to the in-
terfaces. And because there are relatively few ionized impuri-
ties in the channel in which the hole is concentrated, the hole
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Fig. 3. Numerically simulated (a) electron and (b) hole concentration
profiles of the three samples at 120 mA.
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Fig. 4. Numerically simulated profile of the radiative recombination
rate for the three samples at 120 mA.

The radiative recombination rates of the three samples
at 120 mA are shown in Fig. 4. The horizontal positions of
samples B and C have been shifted slightly for better obser-
vation. The figure shows that the radiative recombination rate
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improves gradually from sample A to sample C. Sample C has
the highest radiative recombination rate, which is the result
of an increase in the concentration of electron and hole in the

active regions. 3233
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Fig. 5. (a) Measured /-V curves for samples B and C and simulated /-V
curves for samples A, B, and C. Inset is the photoluminescence spec-
tra of samples B and C. (b) Simulated optical output power of samples
A, B, and C, and measured optical output power and external quantum
efficiency of samples B and C.

Photoluminescence spectra of samples B and C at room
temperature are shown in the inset of Fig. 5(a), for both of
which the peak emission wavelength is approximately 362 nm.
The emission characteristics of the samples were analyzed
by the electroluminescent tester (No. LED617) produced by
Weiming Corporation. The experimental /-V curves for sam-
ples B and C and simulated /-V curves for samples A, B, and
C are displayed in Fig. 5(a). The simulated results of samples
B and C are consistent with those obtained from experimental
measurements, which verifies that the models used in this sim-
ulation match this study. Under 20 mA injection current, the
forward voltages of samples B and C are 4.45 V and 3.91 V,
respectively. The decrease in the forward voltage of 0.54 V
is due to the use of DSL. The DSL can form discrete quasi-
two-dimensional hole gas in the p-type layers, and the channel
in which the hole is concentrated is less ionized, increasing
the conductivity of the devices. However, it can be seen from
the simulation results that the forward voltage of sample A
is the smallest at 20 mA in comparison to those of samples

B and C, because the short-period superlattices in samples B
and C generate multiple quantum barriers along the growth di-
rection to form a voltage drop, thereby increasing the series
resistance. In response to the analysis of Figs. 2—4, the lu-
minescence performance of devices is presented in Fig. 5(b).
The simulated results show that the optical output powers of
samples A, B, and C increase sequentially, which is the infer-
ences shown above. The optical output powers of samples B
and C driven at a current density of 20 mA are 5.22 mW and
5.51 mW, which correspond to the external quantum efficiency
(EQE) of 5.86% and 7.14%, respectively. The improvement in
optical performance of sample C with DSL is attributed to the
higher hole concentration and less leakage current.**33] Note
that, as the input power increases, the enhancement in the lu-
minous power of sample C is more pronounced. For example,
compared to sample B, an increase of 22.5% in the luminous
power appears in sample C at 120 mA. This may be because
the effect of sample C on suppressing leakage is even more
obvious as the input power increases. And the EQE of sample
C at 120 mA is 37.9% higher than that of sample B, indicating
that the DSL reduces the droop effect of the devices at high
power current.

4. Conclusion

We propose the double superlattice structure consisting
of 30-period Mg modulation-doped p-AlGaN/u-GaN SL and
4-period p-AlGaN/p-GaN SL-EBL. Based on simulation anal-
ysis and experimental verification, the DSL has been proven
to be very useful in suppressing electron leakage, increasing
hole concentration, and improving hole injection. Therefore,
the enhancements of 22.5% and 37.9% in the output power
and external quantum efficiency at 120 mA appear in the de-
vice with double superlattice structure.
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