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InGaN/AlInGaN superlattice (SL) is designed as the electron blocking layer (EBL) of an InGaN/GaN-based light-
emitting diode (LED). The energy band structure, polarization field at the last-GaN-barrier/EBL interface, carrier concen-
tration, radiative recombination rate, electron leakage, internal quantum efficiency (IQE), current-voltage (I-V) perfor-
mance curve, light output—current (L-/) characteristic, and spontaneous emission spectrum are systematically numerically
investigated using APSYS simulation software. It is found that the fabricated LED with InGaN/AllnGaN SL EBL ex-
hibits higher light output power, low forward voltage, and low current leakage compared with those of its counterparts.
Meanwhile, the efficiency droop can be effectively mitigated. These improvements are mainly attributed to the higher hole
injection efficiency and better electron confinement when InGaN/AllnGaN SL EBL is used.
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1. Introduction

Recently, solid-state lightings, especially InGaN/GaN-
based light-emitting diodes (LEDs), have been vigorously de-
veloped to take the place of traditional lighting and display
sources, due to their high efficiency and long lifetimes.!!)
However, the reduction of emission efficiency at high in-
jection current density, which is often dubbed “efficiency
droop”, seriously restricts the high-power, high-brightness ap-
plications of InGaN/GaN-based LEDs.!?! Various models for

the efficiency droop have been proposed, including Auger
5,61

10]

recombination, >4 polarization-assisted electron leakage,[
lack of hole injection, -8 defects, ! and junction heating.!
Among these factors, electron leakage out of the active region
as well as inefficient hole injection have been identified to be
the major reasons for efficiency droop.!'!! To reduce the elec-
tron leakage, AlyGa;_xN electron blocking layer (EBL) is of-
ten adopted between the last quantum barrier (QB) layer and
the p-GaN layer in conventional LED structure. However, due
to the lattice mismatch between GaN and AlxGa;_xN, there
is a large polarization field in the last couple of quantum well
(QW) and AlxGa;_xN EBL, which will reduce the effective
barrier height for electrons.!'?! Thus, the electron leakage can-
not be suppressed efficiently. On the other hand, the polariza-
tion field-induced band bending and the valence band offset
(AE,) at the interface of GaN and EBL will enhance the ef-
fective barrier height for holes and then slow down the hole
injection.>) Some methods of solving these problems have
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been proposed. Wang et al.!'3! designed a grade-composition

AlxGa;_xN EBL (GEBL) to suppress the electron leakage
and also to enhance the hole injection in simulation. Wang et
al." used sawtooth-shaped AlyGa;_yN-GaN-AlyGa;_yN
EBLs to enhance the electron confinement and the hole injec-
tion efficiency. Choi et al.!'>] used InAIN with In composition
0.18, which is lattice-matched to GaN, as the EBL. Kuo et
al.'"®! used AllnGaN to replace the original EBL and barrier
layer. Although using InAIN or AllnGaN as EBL can pre-
vent the electron leakage effectively, the hole injection cannot
be improved effectively due to the existence of high AE, be-
tween the last GaN barrier and EBL.I'] In addition, it has
been reported that p-AlGaN/GaN or p-InGaN/GaN superlat-
tice (SL) in LED structure can prevent the carrier leakage over
the EBL.!'718 In this paper, we propose a new design that
uses p-InGaN/AlInGaN SL as the EBL to prevent the carrier
leakage over the EBL as well as to improve the hole injec-
tion efficiency. The electrical and optical properties of conven-
tional LED with p-AlGaN EBL, LED with p-AllnGaN EBL,
and LED with p-InGaN/AlInGaN SL EBL are investigated
comparatively using APSYS simulation program developed
by Crosslight Software Inc.[!”]

2. Structure and parameters

Three LED samples were prepared on c-plane sapphire
substrates, including a conventional LED with p-AlGaN EBL
(labeled as sample A), an LED with p-AllnGaN EBL (labeled
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as sample B), and an LED with p-InGaN/AlInGaN SL EBL
(labeled as sample C). Figure 1 shows the schematic layer
structure of LED. First, a 20-nm thick low-temperature GaN
nucleation layer, a 2.0-um thick unintentionally-doped GaN
(u-GaN) layer, and a 2.0-um thick Si-doped (5 x 10'® cm™3)
n-GaN layer were sequentially deposited. Next, the active
region consisted of six 3.0-nm thick InGaN quantum wells
(QWs), separated by seven 10-nm thick GaN quantum barriers
(QBs). On the top of the last QB was a total 20-nm thick Mg-
doped (1 x 10'® cm™3) EBL and a 170-nm thick Mg-doped
(1 x 10'® cm™3) p-GaN layer. The geometric size of the de-
vice was 300 umx300 um. The differences in EBL and their
structure parameters among these three LEDs under study can
be seen clearly from Table 1. Specifically, for sample A, the
EBL with a total thickness of 20 nm is p-Alg2Gag gN layer.
For sample B, the EBL with a total thickness of 20 nm is p-
Alp2Ing 05Gag 75N layer. For sample C, the EBL with a total
thickness of 20 nm is composed of 4 periods of Ing o5Gag 95N
(2 nm)/Alg 2Ing 95Gag7sN (3 nm) SL layers. Most of the pa-
rameters used in this paper are the same as in Ref. [20]. The
band gap energy parameters of the AlGaN, InGaN, and Alln-
GaN alloys can be found from Refs. [21] and [22].

p-pad

170-nm p-GaN:Mg

20-nm EBL:Mg

6-periods
Inn.lean.84N/GaN MQW

(3 nm/10 nm)
n-pad

2-uym n-GaN:Si

2-uym u-GaN

20-nm LT-GaN

sapphire substrate

Fig. 1. Schematic structure of InGaN/GaN-based LED.

Table 1. Different EBLs and their structure parameters.

EBL structure Thickness
Sample A Aly,Gag gN 20 nm
Sample B Alg21Ing osGag7sN 20 nm
iods 2/3/2/3/2/3/2/3
Sample C 4 periods

Ing.05Gag osN/Alg 2Ing 9sGag 75N SLs  (total thickness=20 nm)

3. Results and discussion

Figures 2(a), 2(b), and 2(c) show the calculated energy
band diagrams and quasi-Fermi levels of sample A, sample
B, and sample C, respectively. The slope triangular barriers
and wells, which are induced by the polarization field, can be
seen clearly. Owing to the large spontaneous and piezoelectric
polarizations, the energy band at the last-GaN-barrier/AlGaN-
EBL interface in sample A is a downward slope (as shown in

Fig. 2(d)), which reduces the potential barrier for electrons,
and therefore augments the possibility for electrons to spill
over the EBL to p-type region. In addition, the bend down-
ward in the valence band of AlGaN EBL acts as a potential
barrier for holes to be transported into the active region, and
thus results in a poor hole injection efficiency. When AlInGaN
is used as EBL in sample B, this phenomenon can be alleviated
partly as shown in Fig. 2(e). Especially when InGaN/AlInGaN
SL is used as EBL in sample C, this phenomenon almost dis-
appears as shown in Fig. 2(f). The effective potential heights
for electrons and holes in these three samples are also calcu-
lated. It can be found that the effective potential height for
electrons in conduction band of sample A is the lowest in the
three potential heights (i.e., 850 meV for sample A, 1028 meV
for sample B, and 989 meV for sample C). This result implies
the enhancements of electron confinement in sample B and
sample C. Hence, more electrons can be blocked in the QWs
and recombine with holes. On the other hand, the calculated
effective potential height for holes in valence band of sample
C is the lowest in the three potential heights (i.e., 820 meV for
sample A, 761 meV for sample B, and 589 meV for sample
C), which indicates the improvement of hole injection when
InGaN/AlInGaN SL is used as EBL. It is worth noting that
InGaN/AlInGaN SL EBL also introduces a series of potential
wells causing holes to gather in the wells. The hole gathering
will lead to a much larger hole concentration under the high

1.1231 also theoret-

injection current condition. '8! Schubert ez a
ically suggested that the adoption of SL will enhance the ac-
ceptor activation by the modulation of the valence band, which
will increase hole concentration and promote hole injection.
Accordingly, InGaN/AlInGaN SL EBL in sample C can help
to increase hole concentration, and therefore enhance hole in-
jection compared with AlIGaN EBL in sample A and AllnGaN
EBL in sample B.

Owing to the large lattice mismatch between GaN, In-
GaN, and AlGaN, the electrostatic fields in the active re-
gion and at the interface of active region/AlGaN-EBL are
very high, which can be seen form Fig. 3(a). It is evi-
dent that sample A possesses the largest electrostatic field
near the last-barrier/EBL interface (i.e., 0.58 MV/cm), which
leads to the band bending as discussed above. When
AlInGaN or InGaN/AlInGaN SL is used as EBL, the po-
larization field is inhibited effectively, i.e., 0.1 MV/cm
for sample B and 0.06 MV/cm for sample C. Because
of the lower polarization field in the last-barrier/EBL in-
terface, the band bending is alleviated (see Fig. 2(e) &
Fig. 2(f)), thus the electronic leakage can be reduced and
the hole injection efficiency can be enhanced. On the
other hand, the InGaN/AlInGaN SLs in sample C introduce

0.4 MV/cm polarization field into the EBL region as can
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Fig. 2. Energy band diagrams of (a) sample A, (b) sample B, and (c) sample C. (d)~(f) Enlarged last-barrier & EBL regions of sample A, sample B,

and sample C, respectively.

be seen from Fig. 3(a). Simon et al.[*¥

have presented that Mg
acceptor can be ionized by polarization field, so higher hole
concentration can be expected in SL due to the polarization
fields.

ple C compared with in sample A and sample B. Figure 3(b)

Accordingly, hole injection can be promoted in sam-

shows the current—voltage (/-V') characteristics of LED sam-
ples. Under an injection current of 20 mA, the forward volt-
ages for sample A, sample B and sample C are 3.65 V, 3.53 V,
and 3.46 V, respectively. The lower voltages in sample B and
sample C, may be due to the higher hole injection efficiency.
Figures 4(a) and 4(b) show the simulated carrier concen-
trations of three LED samples in MQWs cut from n-side to
p-side under an injection current of 50 mA. Note that the hori-
zontal positions of sample B and sample C are shifted slightly
for better observation. It can be seen clearly that a large
number of carriers for all the samples accumulate in the last
QW next to the p-type layer. From sample A to sample C, both
electron concentrations and hole concentrations increase grad-
ually. Especially in sample C, the total electron concentration
increases about 24% and the total hole concentration increases
about 28% compared with in sample A. These improvements
of electron and hole concentrations can be attributed to the
enhancements of hole injection efficiency and electron con-
finement. Figure 4(c) shows the radiative recombination rates
of LED samples. It is obvious that most of the radiative re-
combinations happen in the QWs near the p-type layer. This

is due to the non-uniform carrier distribution in QWs as dis-

cussed above. Besides, one can also find that the radiative
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Fig. 3. (color online) (a) Electrostatic fields of these three LED struc-
tures; (b): Current—voltage performance curves of LED samples.
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recombination rate for sample C is highest. This improvement
in sample C is mainly attributed to its high electron and hole
concentrations compared with those of sample A and sample
B.
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Fig. 4. (color online) Distributions of (a) electron concentrations, (b)
hole concentrations, and (c) radiative recombination (rad. recomb.)
rates of these three LED samples under an injection current of 50 mA.

Figure 5(a) shows the variations of electron current den-
sity with vertical distance of LED samples under 200 mA.
One can find that the electron leakage current in sample A
is severe, as high as 540 A/cm?. When p-AlInGaN is used as
EBL, the leakage can be alleviated partly. In our new design
with p-InGaN/AlInGaN SL EBL, the leakage almost disap-
pears. These results accord well with the above discussion. It
is necessary to point out that even the electron effective poten-
tial height in sample C is a little lower than in sample B (see

Figs. 2(e) and 2(f)), the electron leakage current is confined
better. It can be attributed to the higher hole concentration in
the active region of sample C than of sample B. Due to the in-
crease of hole concentration in the quantum wells, more elec-
trons can be recombined with holes in the active region, and
accordingly the electron leakage can be reduced. The depen-
dence of internal quantum efficiency (IQE) on forward current
is presented in Fig. 5(b). With the increase of forward current,
both sample A and sample B show obvious efficiency droop in
IQE. In our new design for sample C, the efficiency droop can
be effectively alleviated from 37.3% to 0.9% under 200 mA.
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Fig. 5. (color online) (a) Electron current densities versus vertical dis-
tance and (b) IQEs versus injection current for these LED samples.

Figures 6(a) and 6(b) show the light—current (L) perfor-
mance and the spontaneous emission spectra of LED samples,
respectively. Both the light output power and the spontaneous
emission rate in sample C are the highest, especially at high
injection current. Because of the advantage in the alleviation
of electron leakage to the p-side and the improvement of the
hole injection efficiency, the performances of sample C with
p-InGaN/AlInGaN SL EBL are shown to be superior to those

of sample A and sample B, especially at high injection current.
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tics and (b) calculated spontaneous emission spectra of the three LED
samples.

4. Conclusions

In this paper, InGaN/GaN-based LEDs with p-AlGaN
EBL, p-AllnGaN EBL, and p-InGaN/AlInGaN SL EBL are
investigated comparatively using APSYS simulation program.
It is found that the LEDs with traditional p-AlGaN EBL and
p-AlInGaN EBL each show a low hole injection efficiency, se-
vere electron leakage, and an inferior light output power with
large efficiency droop at high injection current. In contrast, the
LED with p-InGaN/AlInGaN SL EBL exhibits better optical
and electrical performances such as higher light output power,
higher IQE, and radiative recombination rate, lower forward
voltage and current leakage. According to our numerical sim-

ulation and analysis, we attribute these improvements to the
higher hole injection efficiency and better electron confine-
ment when p-InGaN/AlInGaN SL is used as the EBL.
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