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Performance enhancement of an InGaN light-emitting diode with
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The efficiency enhancement of an InGaN light-emitting diode (LED) with an AlGaN/InGaN superlattice (SL)
electron-blocking layer (EBL) is studied numerically, which involves the light-current performance curve, internal quan-
tum efficiency electrostatic field band wavefunction, energy band diagram carrier concentration, electron current density,
and radiative recombination rate. The simulation results indicate that the LED with an AlGaN/InGaN SL EBL has better
optical performance than the LED with a conventional rectangular AlGaN EBL or a normal AlGaN/GaN SL EBL because
of the appropriately modified energy band diagram, which is favorable for the injection of holes and confinement of elec-
trons. Additionally, the efficiency droop of the LED with an AlGaN/InGaN SL EBL is markedly improved by reducing the
polarization field in the active region.
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1. Introduction
The InGaN light-emitting diodes have been found to

have tremendous potential as a pumping source for general
illumination and full-color displays.[1,2] However, the effi-
ciency droop needs to be further improved for LEDs to be
competitive in terms of high-brightness and high-power ap-
plications. Several possible causes for the efficiency droop
have been proposed, such as the quantum confined Stark
effect (QCSE),[3] Auger recombination,[4] current crowding
effect,[5] self-heating effect,[6] polarization effect,[7] and cur-
rent injection efficiency.[8] Among the above causes, the
main causes for the efficiency droop are presumably elec-
tron leakage and poor hole injection.[9,10] So far, many meth-
ods have been proposed to reduce the effect of electron
current leakage[11–14] and to increase the efficiency of hole
injection.[15–19] Even, some scientists have tried to use an Al-
GaN/GaN superlattice (SL) EBL to improve the performance
of LEDs.[20] It has been proposed that an AlGaN/GaN SL
EBL in an LED device structure could prevent the carrier
loss over heterostructure barriers.[21,22] However, published
research indicates that performance improvement by the nor-
mal AlGaN/GaN SL EBL in suppressing the spillover of elec-
trons and increasing the hole injection efficiency is limited due
to the severe band bending of the EBL caused by a strong
electrostatic field generated by the lattice mismatch between

the GaN and AlGaN interface.[23] Thus, the idea of an Al-
GaN/InGaN SL EBL is proposed for reducing polarization and
achieving higher hole-injection efficiency. For the GaN tem-
plate, the AlGaN layer has tensile strain and the InGaN layer
has compressive strain. Hence, the use of an AlGaN/InGaN
heterostructure is beneficial for strain relaxation and is quite
feasible for epitaxy growth.[24]

2. Structure and parameters
The structure of the conventional LED (denoted as struc-

ture A) used in this paper as a reference was grown on a
c-plane sapphire substrate, followed by a 50-nm-thick un-
doped GaN buffer layer, and a 4.5-µm-thick n-GaN layer (n-
doping = 5 × 1018 cm−3). The active region consisted of
five 2.2-nm-thick In0.11Ga0.9N quantum wells (QWs), sand-
wiched by six 15-nm-thick GaN barriers. At the top of the
active region were a 20-nm-thick p-Al0.15Ga0.85N EBL (p-
doping = 5×1017 cm−3) and a 0.2-µm-thick p-GaN cap layer
(p-doping = 7× 1017 cm−3). The device geometry was de-
signed into a rectangular shape of 300 µm× 300 µm. Two
other LED structures, which have an identical layer struc-
ture to the conventional structure except for the AlGaN EBL,
were replaced by 10-period Al0.15Ga0.85N/GaN (1 nm/1 nm,
p-doping = 5× 1017 cm−3) SLs (denoted as structure B) and
10-period Al0.15Ga0.85N/In0.03Ga0.97N (1 nm/1 nm, p-doping
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= 5×1017 cm−3) SLs (denoted as structure C), respectively.

The optical and electrical properties of the LEDs were
investigated numerically with the advanced physical model
of semiconductor devices (APSYS)[25] simulation software,
which is developed by Crosslight Software Inc. APSYS soft-
ware is capable of dealing with the physical properties of
LEDs by solving the Poisson’s equation, current continu-
ity equations, carrier transport equation, quantum mechani-
cal wave equation, and photon rate equation. Of course, it
is necessary to take full account of the built-in charge den-
sity induced by the spontaneous and piezoelectric polariza-
tion within the interface of the InGaN light-emitting diodes
because it plays an important part for nitride-based optical de-
vices. The spontaneous polarization of the ternary nitride al-
loy can be calculated by the following formulas developed by
Fiorentini et al.[26]

Psp(InxGa1−xN) = x ·Psp(InN)+(1− x) ·Psp(GaN)

+ B(InGaN) · x · (1− x), (1)

Psp(AlxGa1−xN) = x ·Psp(AlN)+(1− x) ·Psp(GaN)

+ B(AlGaN) · x · (1− x), (2)

where Psp(InN), Psp(GaN), and Psp(AlN) are spontaneous
polarizations of InN, AlN, and GaN, with values of
−0.042 C/m2–0.090 C/m2, and −0.034 C/m2, respectively;
B(InGaN) and B(AlGaN) are spontaneous polarization bowing
parameters of InGaN and AlGaN, which are −0.037 C/m2 and
−0.021 C/m2, respectively. On the other hand, the piezoelec-
tric polarization of the ternary nitride alloys can be calculated
by Vegard’s interpolation which can be expressed as

Ppz(InxGa1−xN) = Ppz(InN) · x+Ppz(GaN) · (1− x), (3)

Ppz(AlxGa1−xN) = Ppz(AlN) · x+Ppz(GaN) · (1− x), (4)

where

Ppz(InN) =−1.373 · ε +7.559 · ε2, (5)

Ppz(GaN) =−0.918 · ε +9.541 · ε2, (6)

Ppz(AlN) =−1.808 · ε +5.624 · ε2 for ε < 0, (7)

Ppz(AlN) =−1.808 · ε −7.888 · ε2 for ε > 0. (8)

The basal strain for the alloy matched to a GaN layer is defined
as

ε = (asub −a)/a, (9)

where asub and a indicate the lattice constants of GaN and al-
loy layers, respectively. Note that the interface charges are
shielded mainly by the defects of the device and the injected
charge carriers. The number of interface charges of the ex-
perimental measurement generally varies from 20% to 80%
as compared with that of the theoretical calculation.[27–29] In
this paper, in order to correspond to the experimental mea-
surement, the interface charge density is assumed to be 40%
of the calculated value. The charge density shielded by the
injected charge carriers is determined self-consistently at dif-
ferent levels of current injection. To simplify the simulation,
the operating temperature and the internal absorption within
the LED device are set to be 300 K and at 2000 m−1, respec-
tively. In this simulation, Auger recombination, Shockley–
Read–Hall recombination lifetime, and radiative recombina-
tion coefficient are assumed to be 3.0× 10−31 cm6/s, 100 ns,
and 2.0× 10−11 cm3/s, respectively. The electron mobility,
hole mobility, and activating energy of Mg are defaulted to be
85 cm2/V·s, 4 cm2/V·s, and 180 meV. Most of the parameters
used in this paper are similar to those employed in Ref. [23].
Other material parameters of the devices used in the simula-
tion can be found in Ref. [30]. The schematic diagrams of the
three structures are depicted in Fig. 1.
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Fig. 1. Schematic diagram of a conventional LED with a rectangular AlGaN EBL (structure A), LED with a normal AlGaN/GaN SL EBL (structure B), and
an LED with an AlGaN/InGaN SL EBL (structure C).
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3. Simulation results and discussion
Figure 2 shows the light output powers and internal quan-

tum efficiencies (IQEs) each as a function of current for the
three LED structures. The light output powers of structure B
and structure C at 200 mA are improved by 25% and 37%, re-
spectively, as compared with that of structure A, which could
be attributed to the improved efficiency droop as depicted in
Fig. 2(b). In Fig. 2(b), structure A with a conventional Al-
GaN EBL has the lowest internal quantum efficiency and the
worst efficiency droop, defined as (ηpeak −η200 mA)/ηpeak, of
31.8% which is mainly caused by severe electron leakage and
poor hole injection efficiency. Note that relatively small effi-
ciency droop (21.1%) is observed when the LED is with Al-
GaN/InGaN SL EBL, which is more moderate than that of the
LED (25.7%) with a normal AlGaN/GaN SL EBL.

 Current/mA

0 50 100 150 200

150

100

50

0
100

80

60

40

20

0

O
u
tp

u
t 

p
o
w

e
r/

m
W structure A

structure B
structure C

structure A
structure B
structure CIn

te
rn

a
l 
q
u
a
n
tu

m
e
ff
ic

ie
n
c
y
/
%

(a)

(b)

Fig. 2. (a) Light output powers and (b) IQEs each as a function of cur-
rent for the LEDs with AlGaN EBL (structure A), AlGaN/GaN SL EBL
(structure B), and AlGaN/InGaN SL EBL (structure C).

Figures 3(a), 3(c), and 3(e) show that the strengths of the
electrostatic fields in the QW with different EBLs are not the
same. It is obvious that the electrostatic field in the QW of
structure A is strong compared with those of the other two
structures especially for the last QW which is close to the EBL,
while the electrostatic field in the active region of structure C
is lowest in those fields. The strong electrostatic field in the
QW will result in the band bending (Fig. 4), serious spatial
separation of the electron and hole wavefunctions in Fig. 3(b),
and hence the decrease of the radiative efficiency which will
influence the internal quantum efficiency directly. Thus, struc-
ture C has an advantage over the other two structures in terms
of internal quantum efficiency due to the smaller electrostatic
fields in the active region. As for the LEDs with AlGaN/GaN
EBL and AlGaN/InGaN EBL shown in Figs. 3(d) and 3(f), it

can be found that the smaller electrostatic fields enhance the
electronhole spatial overlap.

The energy-band diagrams of the three structures at
200 mA are shown in Fig. 4. In structure A, the energy band is
pulled down seriously by the strong piezoelectric field induced
by the charges at the interface between the last GaN barrier
and AlGaN EBL. As shown in Fig. 4(a), its effective potential
height for electrons in the conduction band of the AlGaN EBL
(279 meV) is much smaller than those in the other two struc-
tures, and the effective potential height for holes in the valence
band in the same part (297 meV) is much greater than those
of the other two structures. The band bending in structure B
is smaller because the superlattice structure can reduce part of
the strain forces. While, as can be seen in Fig. 4(b), the electro-
static fields between the last barrier and the superlattice struc-
ture are still too large to generate an effective potential barrier
height (276 meV) for holes and the accumulation of electrons
in the last well is nearly unchanged. For the last GaN barrier,
the compressive strain caused by Al0.15Ga0.85N/In0.03Ga0.97N
SL EBL is smaller than those of the other two structures.
Therefore, the energy band of the last GaN barrier keeps nearly
straight. As can be verified in Fig. 5(c), structure C has the
lowest electron leakage and biggest hole concentrations in the
QWs due to the greatest effective potential barrier height for
electrons of 453 meV and the smallest effective potential bar-
rier height for holes of 257 meV.

Figure 5 shows carrier concentrations and electron current
densities of the three structures at 200 mA. As can be seen in
Fig. 5(a), most electrons are confined in the last QW caused
by the high polarization charge densities at the QWs/EBL in-
terfaces, which leads to serious electron current overflow. In
the meantime, the leakage current in the p-type region can re-
combine with holes, and thus reducing the hole injection effi-
ciency as well as the internal quantum efficiency. On the other
hand, for nitride-based materials, holes usually have values of
low mobility and high effective mass and, hence, they are of-
ten difficult to inject into the active region and transport in the
QW region. Thus, the hole concentration is lower than elec-
tron concentration and decreases gradually from the QW near
p-side to that near n-side for structure A. In Fig. 5(b) marked
improvement of hole concentration is observed compared with
structure A; but the accumulation of electron in the last quan-
tum well remains unchanged because part of the strain forces
of structure B with AlGaN/GaN SL EBL are still existent.
However, as indicated in Fig. 5(c), the hole concentration is
improved, especially for the last QW, and the distributions of
electrons and holes in the QWs become much more uniform,
which is attributed to the lowest band bending caused by the
strong electrostatic field at the QWs/EBL interfaces of these
three structures.
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Fig. 3. Electrostatic fields and band wavefunctions of the LEDs with (a) and (b) AlGaN EBL (structure A), (c) and (d) AlGaN/GaN SL EBL(structure B),
(e) and (f) AlGaN/InGaN SL EBL (structure C) at 200 mA.

As shown in Fig. 5(d), the electrons are injected from the
n-type layers into the active region and recombine with holes
in the QWs, which results in the decrease of electron current
density. The electron current which escapes from the active re-
gion and then overflows into the p-layer is viewed as leakage
current. Though the electron leakage currents are observed in
all cases, note that structure C has the lowest electron leakage
in the three structures.

Figure 6 shows the radiative recombination rates of the
LEDs of the three structures at 200 mA. The horizontal po-
sitions of the LED with AlGaN EBL and AlGaN/InGaN SL
EBL have been shifted slightly for better observation. For
these three structures, the radiative recombination rates are
mainly dominated by the QW close to the p-side layer result-
ing from nonuniform distributions of electrons and holes. On
the other hand, for the InGaN LEDs, the optical performance
is mainly dominated by the hole concentration rather than the
electron concentration.[31] Therefore, in structure C, the ra-

diative recombination rate is higher than that in the other two
structures due to the enhancement of hole injection efficiency
and the improvement of the efficiency of hole carrier transport.
In addition, it can be found that efficiency droop at high current
can be improved due to the enhancement of carrier concentra-
tions in the QWs.

4. Conclusion

When the AlGaN/InGaN SL EBL is used, the hole-
injection efficiency into the active region from the p-type layer
can be greatly enhanced, the electron leakage can be signifi-
cantly diminished, and the electrostatic fields in the active re-
gion can be considerably relieved. The LED with the newly
designed structure has acquired significantly improved optical
performance characteristics such as output power, and the ra-
diative recombination rate. Furthermore, the efficiency droop
of the new structure is markedly improved.
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