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In  this  paper,  we  demonstrate  the  improved  performance  of  light-emitting  diodes  (LED)  with  AlGaInN
electron  blocking  layer  (EBL)  by  inserting  a p-type  InGaN  layer  in  front  of  it. The  performances  of  three  LED
structures  with  conventional  AlGaN  EBL,  AlGaInN  EBL  and  AlGaInN  EBL  coupled  with  an  inserted  p-type
eywords:
ight-emitting diodes
fficiency droop
lectron blocking layer

InGaN  layer  are  numerically  studied.  The  output  power  performance  is  significantly  improved  and  the
efficiency  droop  could  reduce  to only  4%  when  a  p-type  InGaN  layer  was  inserted  in  front  of  the  AlGaInN
EBL,  which  is  responsible  for  the  reduced  electron  leakage  and  enhanced  hole  injection  efficiency,  as  well
as  alleviated  electrostatic  fields  in  the  quantum  wells.

© 2013 Elsevier GmbH. All rights reserved.
nGaN

. Introduction

The III-nitride based light-emitting diodes have attracted much
ttention due to their energy saving, compact size and long
ifetime. Thus, they are widely used in solid-state illumination,
ack-lighting, full-color display, etc. [1,2]. The internal quantum
fficiency (IQE) of InGaN LEDs reaches its peak value at low injec-
ion current and then decreases gradually with further increases
f injection currents, which is well known as the efficiency droop
2,3]. This phenomenon leads to great restriction to developing
igh power solid state lighting. Several mechanisms of the effi-
iency droop have been explored in the past few years. Among these
tudies, the polarization effect arising from the surface charges
t hetero interfaces in GaN-based materials [3,4] has a significant
ffect on the LED performance, which is against the optical and
lectrical properties and is responsible for the efficiency droop in
hree ways: (1) due to the surface charges at the well/barrier inter-
aces, the polarization-induced electric field modifies the energy
and to form triangular wells in multiple quantum wells (MQWs),
eparating the electron and hole wave functions in multi-quantum
ells to severely reduce the radiative efficiency. This phenomenon

s called the quantum confined Stark effect (QCSE) [5–7]; (2) the
olarization effect lowers the energy band at the last-barrier/EBL
nterface, reducing the effective potential barrier height for elec-
ron of the AlGaN EBL [3,4,8,9]; (3) the downward band-bending

∗ Corresponding author. Tel.: +86 10 61772268; fax: +86 10 61772268.
E-mail address: xjl@ncepu.edu.cn (J.-L. Xu).

030-4026/$ – see front matter ©  2013 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.ijleo.2013.04.065
at the last-barrier/EBL interface forms an obstacle barrier for the
holes injection into the active region [9–11].

To improve the droop efficiency effect, several methods, such as
the polarization reduced barriers [4–6], staggered QWs  [7], AlInN
EBL [8], graded EBL [9,11], n-type AlGaN EBL [12], removing the EBL
[13], and thin last barrier structure [14], have been proposed. Even
though the AlGaInN EBL can effectively reduce the efficiency droop
[3,5], considerable electron leakage [3] still exists. In this paper,
we  further improve the LED performance by inserting a p-type
InGaN layer in front of the AlGaInN EBL. This novel design not only
enhances the electron confinement and hole injection efficiency,
but also reduces the QCSE in the MQWs.

2. Device structure and parameters

The LED A used as the reference structure was  prepared on
a c-plane sapphire substrate. Before the growth of InGaN/GaN
MQWs,  a 50-nm-thick un-doped GaN buffer layer was deposited
and then a 2.95-�m-thick Si-doped n-type GaN layer was grown
(n-doping = 5 × 1018 cm−3). The active region consists of five 2.5-
nm-thick In0.15Ga0.85N quantum wells, separated by six 9-nm-thick
GaN barriers. On the top of the active region were a 20-nm-
thick p-type Al0.15Ga0.85N EBL (p-doping = 5 × 1017 cm−3) and a
150-nm-thick p-type GaN cap layer (p-doping = 1.2 × 1018 cm−3).
The device geometry was 300 × 300 �m2. The LED B is identical

to LED A except that the AlGaN EBL was replaced by a p-type
Al0.38Ga0.46In0.16N EBL (p-doping = 5 × 1017 cm−3). The LED C is
identical to LED B except that a 10-nm-thick p-type In0.1Ga0.9N
layer (p-doping = 1.2 × 1018 cm−3) was inserted between the last

dx.doi.org/10.1016/j.ijleo.2013.04.065
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
mailto:xjl@ncepu.edu.cn
dx.doi.org/10.1016/j.ijleo.2013.04.065
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Fig. 1. The schematic diagrams for LEDs A, B and C.

Table 1
Material parameters used in the simulation for the binary semiconductor compound
energy band gaps.

Parameters InN GaN AlN

Eg(0) (eV) 0.735 3.507 6.23
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caused by defects, the surface charge densities are generally var-
˛  (meV/K) 0.245 0.909 1.799
ˇ  (K) 624 830 1462

aN barrier and the Al0.38Ga0.46In0.16N EBL. Fig. 1 shows the
chematic diagrams of the three LED structures.

The LED optical and electrical properties were numerically
nvestigated with the APSYS simulation program [15] (Crosslight
oftware Inc.), which solves Poisson’s equation, current continuity
quations, carrier transport equation, quantum mechanical wave
quation and photon rate equation. The non-radiative recombi-
ation processes and current leakage are taken into account. The
hockley–Read–Hall (SRH) recombination lifetime, radiative and
uger recombination coefficients are 100 ns, 2 × 10−11 cm3 s−1, and

 × 10−34 cm6 s−1, respectively. The band offset ratio is assumed to
e 0.7:0.3 which is similar to the reported values by Piprek and
akamura [16]. The internal absorption within the LED device and

he light extraction efficiency are assumed to 500 m−1 and 78%,
espectively.

APSYS employs the 6 × 6 k·p model to calculate the energy band
tructures, which was developed by Chuang and Chang [17,18]. The
and gap energy of InN, GaN, and AlN as a function of temperature

 can be expressed by the Varshni formula [19]:

g(T) = Eg(0) −  ̨ · T2

T + ˇ
, (1)

here Eg(T) is the band gap energy at temperature T, Eg(0) is the
and gap energy at 0 K,  ̨ and  ̌ are material related constants. The
alues of Eg(0), ˛, and  ̌ for InN, GaN, and AlN are listed in Table 1.
he temperature is set to be 300 K in the simulation. For ternary
lloys of InGaN and AlGaN, the band gap energies can be expressed
s follows [19]:

Eg(InxGa1−xN)

= Eg(InN) · x + Eg(GaN) · (1 − x) − b(InGaN) · x · (1 − x), (2)

Eg(AlxGa1−xN)

= Eg(AlN) · x + Eg(GaN) · (1 − x) − b(AlGaN) · x · (1 − x), (3)
here Eg(InxGa1−xN) and Eg(AlxGa1−xN) are the band gap energies
f InxGa1−xN and AlxGa1−xN, the bowing parameters for InGaN and
lGaN are 1.43 eV and 1.0 eV, respectively. The energy band gap of
24 (2013) 5866– 5870 5867

AlxGa1−x−yInyN can be expressed as the following formulas:

Eg(AlxGa1−x−yInyN) = xyEg(AlInN) + yzEg(InGaN) + xzEg(AlGaN)
xy + yz + zx

,

(4)

Eg(AlInN) = uEg(InN) + (1 − u)Eg(AlN) − u(1 − u)b(AlInN), (5)

Eg(InGaN) = vEg(GaN) + (1 − v)Eg(InN) − v(1 − v)b(InGaN), (6)

Eg(AlGaN) = wEg(GaN) + (1 − w)Eg(AlN) − w(1 − w)b(AlGaN), (7)

u = 1 − x + y

2
,  v = 1 − y + x

2
,  w = 1 − x + z

2
,  (8)

where x, y and z = 1 − x − y are the compositions of Al, In and Ga
in the AlGaInN material, respectively. The band bowing parameter
for AlxIn1−xN is 2.5 eV. Other material parameters of the semi-
conductors used in the simulation can be found in Ref. [20].

The charge density induced by the spontaneous and piezoelec-
tric polarization at the hetero interface can be calculated by the
method developed by Fiorentini et al. [21]. The spontaneous polar-
ization (C/m2) of the ternary nitride alloys and AlGaInN alloy can
be expressed as:

Psp(InxGa1−xN) = −0.042 · x − 0.034 · (1 − x) + 0.037 · x · (1 − x),

(9)

Psp(AlxGa1−xN) = −0.090 · x − 0.034 · (1 − x) + 0.019 · x · (1 − x),

(10)

Psp(AlxGa1−x−yInyN) = −0.090 · x − 0.042 · y − 0.034 · (1 − x − y)

+ 0.07 · xy + 0.037 · y · (1 − x − y) + 0.021 · x · (1 − x − y). (11)

The piezoelectric polarization (C/m2) of ternary alloys and
AlGaInN alloy can be expressed as:

Ppz(InxGa1−xN) = Ppz(InN) · x + Ppz(GaN) · (1 − x), (12)

Ppz(AlxGa1−xN) = Ppz(AlN) · x + Ppz(GaN) · (1 − x), (13)

Ppz(AlxGa1−x−yInyN) = Ppz(AlN) · x + Ppz(InN) · y

+ Ppz(GaN) · (1 − x − y), (14)

where

Ppz(InN) = −1.373 · ε + 7.559 · ε2, (15)

Ppz(GaN) = −0.918 · ε + 9.541 · ε2, (16)

Ppz(AlN) = −1.808 · ε + 5.642 · ε2 (ε < 0),  (17)

Ppz(AlN) = −1.808 · ε − 7.888 · ε2 (ε > 0).  (18)

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

ε = (asub − a)
a

, (19)

where asub and a are the lattice constants of the GaN and alloy
layers, respectively. The total polarization is the sum of the spon-
taneous and piezoelectric polarization. Considering the screening
ied from 20% to 80% as compared to that of theoretical calculations
[22,23]. In this study, the interface charge density is assumed to be
50% of the calculated values.
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Table 2
Material parameters used in the simulation for carrier mobility.

Parameters AlGaN InGaN

�max,n (cm2 V−1 s−1) 306 684
�min,n (cm2 V−1 s−1) 132 386
Nref,n (cm−3) 1 × 1017 1 × 1017

˛n 0.29 1.37
�max,p (cm2 V−1 s−1) 10 2
�min,p (cm2 V−1 s−1) 10 2
Nref,p (cm−3) 3 × 1017 2.75 × 1017

˛p 0.395 0.395
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ig. 2. Energy band diagrams near the electron blocking layer for the three LEDs at
50 mA.  (a)–(c) conduction band; (d)–(f) valence band.

The Caughey–Thomas approximation [24] is employed in the
imulation for the carrier mobility as a function of carrier density
hich can be expressed as follows:

i(N) = �min,i + �max,i − �min,i

1.0 + (N/Nref,i)
˛,i

, (20)

here i denotes either electron or hole, all parameters in the for-
ula are listed in Table 2.

. Analysis and discussion

Fig. 2 shows the energy band diagrams and quasi-Fermi levels
ear the EBL and last-barrier of the LEDs A, B and C at 150 mA.  A
loped triangular barrier and band downward bending induced by
he polarization effect [3,4] at the last-barrier/EBL interface were
bserved in LED A, causing serious electron leakage and poor hole

njection. It is apparent that there exists a low energy point at

hich the conduction band energy is below the quasi-Fermi level
t the last-barrier/EBL interface. When the AlGaInN EBL was used,
he band-bending phenomenon was improved and the low energy
Fig. 3. Electron current leakage profiles near the active region for the three LEDs at
150  mA.

point has been lifted to be above the quasi-Fermi level due to the
improved lattice match [5]. For the conduction band of LED C, as
indicated in Fig. 2(c), inserting InGaN layer produces a deep triangle
potential well in front of the EBL, which can confine more electron
from overflowing to the p-type layer and decease the electron leak-
age dramatically. As indicated in Fig. 2(a)–(c), the effective potential
barrier heights of the EBLs for LEDs A, B and C are 208 meV, 222 meV
and 296 meV, respectively. It is apparent that the effective barrier
for confining electron in LED C is substantially enhanced.

Moreover, in the valence band of LED C, the downward band
bending sloped upward from left side to right side of the EBL is level
down and even overturn compared to those of LEDs A and B. This
results in the reduced obstacle barrier potential height for holes
than those of LED A (i.e. from 249 meV  to 211 meV) and LED B (i.e.
from 215 meV  to 211 meV), which improve the efficiency of hole
injection. Consequently, when a p-type InGaN layer was inserted
between the last GaN barrier and the AlGaInN EBL, the relatively
lower band gap energy of InGaN layer can not only increase the
effective potential barrier height of the conduction band but also
decrease the obstacle barrier height for hole injection in the valence
band. According to this proper modified energy band diagram, the
diminished electron overflow and enhance hole injection efficiency
can be expected. This could be justified by the vertical electron
current leakage profiles of the three LEDs.

Fig. 3 plots the vertical electron current density distribution near
the active region for the three LEDs at 150 mA.  As expected, the
electron current leakage in LED A is the most serious of the three
LEDs, due to the poor hole injection efficiency and significant elec-
tron spillover effect induced by the downward band bending. When
the EBL is replaced by an AlGaInN one, the leakage effect is allevi-
ated as the reason that the electron blocking effect is enhanced and
the situation retarding holes injecting from p-layer to the active
region is improved by the less polarization sheet charges at the
hetero interface. What is more, the electron leakage could be fur-
ther suppressed by inserting an InGaN layer between the last GaN
layer and the EBL, which dramatically keep more electrons in the
active region to recombine with holes. When the leaked elections
to the p-layer are diminished, the hole injection efficiency into the
active region could be lifted up because the holes recombined with
leaked electrons non-radiatively outside the MQWs  are decreased
and more holes can reach the active region. Thus, both the electron
and hole concentrations in the active region will increase.

Fig. 4 shows the carrier concentration in the active region for
the three LEDs as 150 mA.  It is apparent that both the concen-
trations of electron and hole in the active region for LED C are

obvious increased compared to LEDs A and B, which demonstrates
the improved efficiency of electron confinement and hole injection.

Fig. 5 shows the electrostatic fields in the every QW for the
three LEDs at 150 mA. The large electrostatic field in the MQWs
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Fig. 4. Carrier concentrations in the active region for the three LEDs at 150 mA.
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ig. 5. Electrostatic fields in the five quantum wells for the three LEDs at 150 mA.

egion results in quantum confined Stark effect and poor overlap of
ole and electron wave functions. As a result, it reduces the radia-
ive recombination rate and internal quantum efficiency [25,26]. In
ddition to the enhanced carrier concentration in the active region,
he electrostatic fields in the MQWs  are also decreased by inserting
nGaN layer, which means that the overlap of electron–hole wave
unction and radiative recombination efficiency could be enhanced.
onsequently, the optical performance can benefit from both the

ncreased carrier concentration and reduced QCSE in the MQWs.
his can be verified by the radiative recombination rate in the active
egion as shown in Fig. 6. Fig. 6 shows the radiative recombination

ates for LEDs A, B and C in the active region at 150 mA,  respectively.
t is evident that, the radiative recombination rates are enhanced
n every QW for LED C. In details, the rate is increased by a factor

ig. 6. Radiative recombination rates in the active region for the three LEDs at
50 mA.
Fig. 7. Output power and internal quantum efficiency as a function of injection
current of the three LEDs.

of 3.5 and 1.5 for LED C compared to those of LEDs A and LED B,
respectively

Fig. 7 shows the light output power and IQE (inserted figure)
performance curves for LEDs A, B and C under study as a function
of injection current. The efficiency droops, which are defined as
the formula (IQEpeak − IQEmin)/IQEpeak, are 50% and 34% for LEDs A
and B, respectively. As for LED C specially, The IQE  still keeps the
value of 0.94 at 150 mA and its efficiency droop reduce to only 4%.
The enhanced IQE leads to the improved output power. The LED A
with AlGaN EBL shows the lowest output power at high current.
As the AlGaInN EBL was  used, the performance of output power
is improved. Due to the above-mentioned advantage of LED C, it
exhibits the best output power characteristics among the three
LEDs, which is superior to LED A and LED B by improved ratios
of 1.5 and 3.7 for output power at 150 mA, respectively. As a result,
LED C is the best one to work under high injection current due to
its smallest efficiency droop.

4. Conclusion

In summary, advantage of light-emitting diodes with AlGaInN
electron blocking layer coupled by inserting InGaN layer was pro-
posed and numerical studied. The energy band diagrams, carrier
concentration, electron leakage current, radiative recombination
rates, electrostatic fields in the active region and efficiency droop
are systematically investigated and compared among the proposed
LED C and other two reference LEDs A and B. The results suggest
that the performance of the LED with AlGaInN EBL could be further
enhanced due to the enhanced electron confinement, increased
hole injection efficiency and reduced electrostatic fields in the
active region by inserting an InGaN layer in front of the AlGaInN
EBL. The results also show that efficiency droop can be reduced to
only 4% of the proposed structure LED C, thus, it is the best choice
to be used at high injection currents.
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