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Improved efficiency droop characteristics in
InGalN/GaN light-emitting diode with a novel
designed last barrier structure*
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In this study, the characteristics of the nitride-based light-emitting diodes with different last barrier structures are

analysed numerically. The energy band diagrams, electrostatic field near the last quantum barrier, carrier concentration

in the quantum well, internal quantum efficiency, and light output power are systematically investigated. The simulation

results show that the efficiency droop is markedly improved and the output power is greatly enhanced when the

conventional GaN last barrier is replaced by AlGaN barrier with Al composition graded linearly from 0 to 15% in the

growth direction. These improvements are attributed to enhanced efficiencies of electron confinement and hole injection

caused by the less polarization effect at the last-barrier/electron blocking layer interface when the graded Al composition

last barrier is used.
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1. Introduction

III-nitride light-emitting diodes (LEDs) have
many applications such as in full colour displays, back

[1-5] However, the

lighting, and general illumination.
InGaN LEDs suffer from the problem of efficiency
droop at high current.[3] Thus, this phenomenon leads
to great restriction on the development of high power
solid state lighting. Over the past few years, several
reasons accounting for the existence of efficiency droop

d.[23:6-13] However, the origin

have been suggeste
mechanism remains controversial untill now. Among
these factors, the insufficient electron confinement and
poor hole injection efficiency are considered to play
a key role in this issue. In the InGaN/GaN multi-
quantum well (MQW) LED, the strong piezoelectric
polarization field is generated due to the fact that
the lattice mismatch between GaN barrier and AlGaN
electron blocking layer (EBL) will pull down the con-
duction band at the last-barrier/EBL interface.[>7:4
The band bending lowers the effective barrier height of
the AlGaN EBL significantly, which is inconducive to
the confinement of electrons. On the other hand, the
hole injection is also reduced seriously due to the band
bending caused by the polarization effect.l512:14 Con-
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sequently, electron leakage together with poor hole
injection leads to the reduced internal quantum ef-
ficiency (IQE).

To solve the above problems, many droop im-
provement strategies are employed to enhance the ca-

[2,4,6-8,12,13] 5114 to in-

pability of electron confinement
crease the hole injection efficiency.[9~3] These meth-
ods have resulted in marked improvement in efficiency
droop for LEDs. Besides, Chen et al.[*5! reported
that the using of a p-type GalN last barrier before
the growth of AlGaN EBL can provide a higher en-
ergy barrier to suppress the electron overflow and then
enhance the light output power. The effects of last
barrier thickness on the device performance are dis-
cussed in the work. Yen et al’s investigation'® in-
dicates that the radiative recombination and optical
power are enhanced when a thin last barrier is uti-
lized. A partially p-doped last barrier to overcome
the aforementioned restrictions and thus to improve
the IQE is also proposed.l'™l It is believed that the
last barrier plays a significant role in the effects of
electron leakage and hole injection efficiency. How-
ever, in Refs. [15]-[17], the last barriers are all of the

conventional design of GaN, which leads to large po-
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larization at the last-barrier/EBL interface. In this
paper, we design a novel Al composition graded last
barrier (GLB) for InGaN/GaN LED employing the
concept of band-engineering.

The concept of GLB was obtained from the ob-
servation on the band diagram near the last barrier
and EBL. For the conventional GaN last barrier, there
is a strong piezoelectric polarization field at the last-
barrier/EBL interface due to the lattice mismatch be-
tween GaN barrier and AlGaN EBL, and it will re-
duce the IQE. However, theoretically, if the conven-
tional GaN last barrier is replaced by Al,Ga;_,N bar-
rier with Al composition graded linearly in the growth
direction, the influence of polarization-induced down-
ward bending at the interface should be mitigated due
to higher-quality lattice-match. Consequently, im-
proved effective height of the EBL can be obtained,
which can enhance the efficiency of electron confine-
ment and hole injection, thus the IQE will be im-
proved. To prove the above hypothesis, three LED
structures with different last barriers are investigated
by APSYS program. The GLB used in this paper not
only suppresses the electron overflow out of the ac-
tive region but also enhances the hole injection due
to the less polarization effect at the last-barrier/EBL
interface.
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2. LED structures and physical

parameters

The original LED structure used as a reference
was prepared on a c-plane sapphire substrate. Be-
fore the growth of InGaN/GaN multi-quantum wells,
a 50-nm-thick un-doped GaN buffer layer was de-
posited and then a 3-pm-thick Si-doped n-type GaN
The ac-

tive region comnsists of five 4-nm-thick Ing 0gsGag.goN

layer was grown (n-doping=5x10'® cm=3).

quantum wells, separated by six 10-nm-thick GaN
On the top of the active region were
a 20-nm-thick p-type Alp15GagssN EBL (p-doping
=1x10*® em™3) and a 0.25-um-thick p-type GaN cap
layer (p-doping =1.2x10'® cm™3).

barriers.

The device ge-
ometry was 200 umx300 pm. Figure 1 shows the
schematic diagram of the original and novel designed
structures. Structure A denotes the original LED, the
new designed structures B and C are the same as the
original LED except that the last GaN barrier (the
barrier nearest to the EBL which is shown in Fig. 1)
is replaced by the Al,Ga;_,N barriers with the lin-
early graded Al composition = varied from 0 to 0.10
(structure B ) and 0.15 (structure C) in the growth

direction, respectively.

structure A

structure B

structure C

GaN buffer layer

sapphire

Fig. 1. Schematic diagram of the original structure (structure A), structure B, and structure C. The last
barriers of the three LEDs are all plotted on the right-hand side of the figure.

The optical and electrical properties of the LEDs
were investigated numerically with the APSYS simu-
lation program, which is developed by the Crosslight
Software Inc.['8] APSYS software is capable of deal-
ing with the physical properties of LEDs by solv-

ing the Poisson’s equation, current continuity equa-
tions, carrier transport equation, quantum mechan-
ical wave equation, photon rate equation, and heat
transfer equations. Because the above equations are

coupled and nonlinear, there is no method to solve
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the equations in one direct step. Instead, solutions
must be obtained by a nonlinear iteration method.
The equations are discretized by the finite element
method, and the Newton—Raphson method is used to
solve the above equations. Besides, because an LED
chip has different regions and its electrical and opti-
cal parameters are different from region to region, the
non-uniform grids were used here. Fine grids were al-
located in the n-GaN, EBL, and p-GaN regions. Very
fine grids were used in the active region, specially.
Coarse grids were used in the substrate. The grid in-
dependence was carefully examined during the prelim-
inary test runs. APSYS employs the 6x6 k - p model,

g,[19:20] t6 cal-

which is developed by Chuang and Chan
culate the energy band structures. The method devel-
oped by Fiorentini et al.?' was employed to estimate
the built-in polarization caused by the spontaneous
and piezoelectric polarization at the hetero-interfaces
of ITI-nitride semiconductor device. Considering the
screening caused by defects, the surface charge den-
sities are assumed to be 50% of the calculated val-
ues. The internal absorption within the LED device
and the light extraction efficiency are assumed to be
2000 m~! and 78%, respectively. The Shockley—Read—
Hall (SRH) recombination lifetime is set to be 100 ns.
Other material parameters of the semiconductors used
in the simulation can be found in Ref. [22].

3. Results and discussion

Figure 2 shows the energy band diagrams and
quasi-Fermi levels of the three LED structures at
180 mA. Figure 2(a) shows that there is a serious tilt-
ing of energy band at the last-barrier/EBL interface
with conventional GaN last barrier due to relatively
strong polarization field. As indicated in Fig. 2(b),
the use of GLB (z = 0.10) is beneficial to enhancing
the effective height of the EBL for electron confine-
ment (i.e., 437 meV versus 408 meV), hence, more
electrons can stay in the QWs and recombine with
holes. When the electrons overflowing to the p-layers
are diminished, the efficiency of hole injection into the
active region can be enhanced because there are fewer
holes that would recombine with leaked electrons be-
fore they are injected into the active region. Besides,
the effective potential height for holes in the valence
band of structure B is lower than that of structure A
(i.e. 433 meV versus 458 meV), owing to the slighter
polarization effect in the last-barrier/EBL interface,

which leads to better hole injection efficiency. More-
over, as shown in Fig. 2(c), the effective barrier height
for electron confinement in the conduction band in-
creases from 408 meV to 458 meV, and the potential in
the valence band decreases significantly from 458 meV
to 417 meV as compared with those in the original
structure. Consequently, the capability of electrons
confinement is effectively improved and the hole in-
jection efficiency is markedly enhanced when the last

GaN barrier is replaced by GLB (z = 0.15).
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Fig. 2. Energy band diagrams for (a) original structure,
(b) structure B, and (c) structure C at injection current
of 180 mA.

These phenomena can be verified by the elec-
trostatic fields near the last two QWs and EBL at
180 mA which are plotted in Fig. 3. Evidently, the
original structure possesses the strongest electrostatic
field in the last-barrier/EBL interface because of the
severe lattice mismatch between the last GaN bar-
rier and the AlGaN EBL, which leads to the situ-
ation of band bending (see Fig. 2(a)), poor overlap
of electron, and hole wave functions, and hence re-
duced radiative recombination rate (see Fig. 6). Due
to higher-quality lattice-match obtained by replacing
the last GaN barrier with GLB (« = 0.10) in structure
B, the surface charge density decreases and thus the
—0.079 MV /cm
It can significantly lower

electrostatic field is alleviated (i.e.
versus —0.249 MV /cm).
the degree of polarization-induced band bending by
using the GLB (2 = 0.10). Moreover, the electro-
static field in the last-barrier/EBL interface is almost
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unobservable in structure C, which is much smaller
than those in structure A (i.e. 0.010 MV/cm versus
—0.249 MV /cm) and structure B (i.e. 0.010 MV /cm
versus —0.079 MV/cm). Therefore, the downward
band-bending at the last-barrier/EBL interface of
structure C is the slightest in the three LED struc-
tures, which will increase the effective height of con-
duction band and reduce the barrier potential of the
valence band for the EBL, leading to the enhanced ef-
ficiency of electron confinement and hole injection. As
observed in Fig. 3, the electrostatic fields in quantum
wells for structure C are also much less than those for
structures A and B. Specifically, the amplitude of the
electrostatic field in the last quantum well decreases
from —0.376 MV /cm to —0.326 MV /cm as compared
Therefore, the
overlap of electron and hole wave functions, and the

with that of the original structure.

radiative recombination rate are strongest in structure
C (see Fig. 6). As a result, it is predicted that struc-
tures B and C will provide more effective confinement
for electrons from overflowing to the p-type layer and
higher hole injection efficiency, which thus results in
less severe electron leakage (see Fig. 4).
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Fig. 3. Electrostatic fields near the last two QWs and
EBLs of the three LEDs at 180 mA.

Figure 4 shows the electron current leakage ratios
of the three LEDs. The electron current leakage ra-
tio is defined as the ratio between the current leakage
which overflows from the active region to the p-type
layer and the injection current (6 = leax/lin). As
shown in Fig. 4, there are fewer electrons contribut-
ing to the recombination in the QWs, which results
in severe leakage current in the original structure. In
structures B and C, with using the proposed last bar-
riers, the electron leakage current is significantly sup-
pressed. ¢ of structure B is greatly less than that of
the original structure at the same injection current.

The difference in § between the original structure and
structure C becomes larger with injection current in-
creasing, which is of benefit to the confinement of elec-
trons at high current. Moreover, the values of § for
the three structures increase with injection current in-
creasing. Thus, the electron current leakage may play
an important role in the efficiency droop and optical
properties of InGaN LEDs.
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Fig. 4. Electron leakage ratios versus injection current
for the original structure, structure B, and structure C.
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Fig. 5. Carrier concentrations within the active regions
for the original structure, structure B, and structure C at
an injection current of 180 mA.

Figure 5 shows the electron and hole concentra-
tions within the active regions of the three LEDs at
180 mA. Note that the horizontal positions of the GLB
LEDs have been shifted slightly for better observa-
tion. Both the electron and hole concentrations of
structures B and C are higher than those of the orig-
inal one, which demonstrates the improved capability
of electron confinement and enhanced hole injection
efficiency. Figure 6 shows the radiative recombina-
tion rates of the three LEDs around the active re-
gions at 180 mA. Obviously, when the conventional
last barrier is replaced by GLBs, the QWs can make
more contributions to radiative recombination, ow-
ing to the remarkable improvement on electron and
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hole concentration inside the active region. Compared
with the original structure, structure B and structure
C have the total radiative recombination rates that
are enhanced by factors of 5.97% and 24.71%, respec-
tively. Thus, the internal quantum efficiency of the
LED structure can be improved when the last barrier
is replaced by GLB (z = 0.15) due to slighter polar-
ization mismatch at the last-barrier/EBL interface.
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Fig. 6. Radiative recombination rates for (a) original
structure, (b) structure B, and (c) structure C at an in-
jection current of 180 mA.

Figure 7 shows the curves of simulated IQE and
output power versus injection current for conven-
tional and GLB LEDs. It is indicated that the GLB
(x = 0.15) structure has the highest IQE and light
output power at 180 mA. If the droop ratio 7 is defined
asn = (IQFmax—IQFEmin)/IQFEmnax, the conventional
LED exhibits a serious efficiency droop with a droop
ratio of 36.0%. The efficiency droop ratio decreases
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Fig. 7. Curves of (a) internal quantum efficiency and (b)
light output power versus injection current for the three
LED structures.

from 36.0% of the original structure to 27.9% of the
structure B, and to 24.7% of the structure C. The en-
hancement of IQE leads to the improvement on output
power. The ratios of improved output power for struc-
tures B and C are 1.21 and 1.41 at 180 mA, respec-
tively compared with that for the original structure.
The GLB (z = 0.15) LED is the best choice for high-
power application in the three LED structures due to
its smallest efficiency droop.

4. Conclusions

In this paper, InGaN/GaN MQWs LEDs with the
conventional and graded last barriers are investigated
numerically. When the last GaN barrier is replaced by
an AlGaN GLB, the influence of polarization-induced
downward bending in the last-barrier/EBL interface
is mitigated due to higher-quality lattice-match. Con-
sequently, improved effective height of the EBL can
be obtained, which enhances the electron confinement
and makes more holes transport from the p-type re-
gion into the active region. This effect prevents the
electron leakage and improves the radiative recombi-
nation rate in the quantum well, leading to significant
improvement on light output power and IQE.
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