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In this study, an InGaN lighting-emitting diode (LED) containing GaN/AlGaN/GaN triangular barriers is proposed and
investigated numerically. The simulation results of output performance, carrier concentration, and radiative recombination
rate indicate that the proposed LED has a higher output power and an internal quantum efficiency, and a lower efficiency
droop than the LED containing conventional GaN or AlGaN barriers. These improvements mainly arise from the modified
energy bands, which is evidenced by analyzing the LED energy band diagram and electrostatic field near the active region.
The modified energy bands effectively improve carrier injection and confinement, which significantly reduces electron
leakage and increases the rate of radiative recombination in the quantum wells.

Keywords: lighting-emitting diode, gallium nitride, efficiency droop, triangular barrier
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1. Introduction

InGaN light-emitting diodes (LEDs) are expected to be-
come important components of next-generation lighting to re-
place traditional incandescent and fluorescent light bulbs.[!=]
However, the optical performance of InGaN LED is limited by
the rapid decrease of emission efficiency with increasing injec-
tion current, which is called the “efficiency droop”.!>) Several
physical models, including Auger recombination,!! electron
leakage, -8 and the polarization effect,’! as well as poor car-
rier injection!'%13] have been suggested to explain this phe-
nomenon. The specific reason for the efficiency droop is still
under debate. However, the carriers including the electrons
and hole concentrations in multiple quantum wells (MQWs)
can directly affect the LED performance and thus the effi-
ciency droop. Based on this, various methods have been sug-
gested for improving carrier injection and confinement. These
include using AlGaN barriers to replace conventional GaN
barriers, ' using AIGaN/GaN/InGaN superlattices as an elec-
tron blocking layer (EBL),>! and using a specially designed
AlGaN/GaN superlattice EBL.[16:17]

The LEDs containing AlGaN barriers are more likely

DOI: 10.1088/1674-1056/27/8/088504

to be practically used than the complex superlattice epitaxial
structure, because of their relatively simple epitaxial structure.
The LEDs with AlGaN barriers can improve the carrier con-
centration in MQWs. This is because the AlGaN barrier can
provide a higher potential barrier to confine carriers in quan-
tum wells (QWs) than conventional GaN barriers. However,
the AlGaN barrier can also result in a stronger polarization
effect in the active region than conventional LEDs with GaN
barriers, because of the greater lattice mismatch between the
AlGaN barrier and InGaN well than the conventional GaN bar-
rier and InGaN well. This induces strong band bending and
the quantum confined Stark effect (QCSE) in MQWs, which
reduces the LED performance.181°]

Our aim is to increase carrier confinement without in-
creasing the polarization effect in the active region. For
this purpose, we propose an InGaN MQW LED with
GaN/AIGaN/GaN triangular (GAGT) barriers. The electrical
and optical properties of the proposed LED, as well as those of
LEDs with conventional GaN barriers and AlGaN barriers are
investigated numerically using APSYS software.!?"! The sim-
ulations are used to solve the Poisson equation, current conti-
nuity equations, carrier transport equation, quantum mechani-
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cal wave equation, and photon rate equation.

2. Structures and parameters

A conventional InGaN MQW LED with GaN barriers
(GaN LED) was grown on a c-plane sapphire substrate by
metal organic chemical vapor deposition. The device struc-
ture from bottom to top was a 1.5-um-thick GaN buffer layer,
a 4-pm-thick n-type GaN:Si (3 x 10'® cm™3) layer, the active
region including six 2-nm-thick undoped Ing 13Gag g N QW
layers separated by 15-nm-thick undoped GaN barrier layers,
a 20-nm-thick p-type Al 15Gag gsN:Mg (3 x 10'® cm =) EBL,
and a 0.2-um-thick p-type GaN:Mg (3 x 10'8 cm~3) cap layer.
The device geometry was square with dimensions of 300 um
%300 um. The LED with AlGaN barriers (AlGaN LED) had a
similar layered structure except that the GaN barriers were re-
placed by Alg 05Gag 9sN. Similarly, the LED with GAGT bar-
riers (GAGT LED) had the GaN barriers replaced by GAGT
barriers. For the GAGT barriers, the aluminum (Al) compo-
sition of the AlGaN barrier was gradually increased from O to
0.1, and then decreased to 0. Schematic band diagrams of the
three LEDs are shown in Fig. 1. The total Al content of the
AlGaN LED was the same as that of GAGT LED. The param-
eters used in the simulation were consistent with those used in
our previous work. [>1-2?]
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Fig. 1. (color online) Schematic diagrams of the MQW band structures
of GaN LED (solid line), AIGaN LED (red dashed line), and GAGT
LED (blue dotted line).

3. Results and discussion

The simulated output power characteristic and internal
quantum efficiency (IQE) of the three devices as a function
of injection current are a common standard of output perfor-
mance. As shown in Fig. 2, the GAGT LED exhibits the best
performance in the three structures in the entire current injec-
tion range, and especially at high current injection. The output
power of the AlGaN LED is 84.46% higher than that of the
conventional GaN LED as shown in Fig. 2. This corresponds
to an IQE improvement of approximately 81.04%. The effi-
ciency droop is defined as (IQEax—IQE 50 ma)/IQEmax. The
calculated efficiency droop is 47.39% for the AlIGaN LED and

62.12% for the conventional GaN LED. For the GAGT LED,
the output power is 199.22 mW, which is 217.94% higher than
that for the GaN LED. The efficiency droop for the GAGT
LED is 13.36% lower than that for the GaN LED as shown in
Figs. 2(a) and 2(b). Thus, the output performance is markedly
improved when conventional GaN barriers are replaced by
GAGT barriers. The IQE curves indicate that the performance
of the GAGT LED is superior to those of the conventional GaN
LED and AlGaN LED throughout the entire current injection
range, and especially at high injection current.
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Fig. 2. (color online) Curves of light output power and internal quantum
efficiency versus current for three different LEDs.
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Fig. 3. (color online) Distribution of electron concentrations near the active
region of the three LEDs at 150 mA. The inset shows curves of logarithm of
electron concentrations versus distance for three different LEDs.

The calculated electron distributions near the active re-
gion for the three LED structures at 150 mA are shown in
Fig. 3. For the GAGT LED, the electron concentration in the
QWs is substantially increased compared with for the AIGaN
LED, especially in the last QW. The electron concentration in
the QWs for the AlGaN LED is much higher than that for the
conventional GaN LED. This indicates that electron confine-
ment in the GAGT LED QWs is significantly improved. The
inset in Fig. 3 shows the curves of the logarithm of electron
concentrations varying with distance for the three LEDs, in-
dicating that the electron concentration on the p-side of the
AlGaN LED is lower than that of the conventional GaN LED.
The electron concentration on the p-side of the GAGT LED is
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lower still. The concentration of electrons on the p-side is al-
most one order of magnitude lower than those in the GaN LED
and AlGaN LED. This indicates that the GAGT LED has the
lowest electron leakage to the p-side. This is further evidence
that the GAGT LED has the best electron confinement in the
three LEDs.

Figure 4 shows the hole distribution near the active re-
gion for the three LEDs at 150 mA. Holes each have a rel-
atively large effective mass and low mobility compared with
electrons. Thus, most holes accumulate near the p-side, and
hole concentration in the QWSs gradually decreases from the p-
side to n-side. Figure 4 shows that the hole concentration in the
QWs in the AlGaN LED is higher than that in the conventional
GaN LED. However, the hole concentration in the QWs, espe-
cially in the last QW, is much higher in the GAGT LED. This
indicates that the GAGT LED possesses the best hole confine-
ment in the three tested LEDs. The inset in Fig. 4 shows the
magnified part of the logarithm curve of the hole concentration
for each of the three LEDs near the p-side. Many holes accu-
mulate at the last barrier-EBL interface in the GAGT LED.
This benefits the injection of holes into the QWSs from the p-
side. The reasons for this hole accumulation are analyzed in
terms of energy band diagrams (discussed later).

-—— GaN LED p-side
24f----- AlGaN LED
Té b oo GAGT LED
© 20F w
3 C § 20 p-side——
() — T
— o £
? 16 - § 18
] -2
£ F %
£ 12 F 16
§ E =
Q F o 14
g 8EF =
© E = o010 o012 0.14 0.16
< - Distance/um sy
o 4 - nh
- r

Ll o J

Distance/pm

Fig. 4. (color online) Distributions of hole concentrations near the active re-
gion of the three LEDs at 150 mA. The inset shows the magnified part of the
logarithm curve of the hole concentration versus distance for each of three
LEDs near the p-side.

Figure 5 shows electron current density profiles near the
active region, for the three LEDs at 150 mA. Electrons are
injected from the n-side and then recombine with holes in
the QWs. This reduces the electron current density along the
growth direction. The electron leakage current is defined as the
electron current leaking out of QWs into the p-side. The im-
proved carrier confinement and hole injection leads to a much
lower electron leakage current density on the p-side of the
GAGT LED. The electron leakage current densities are about
164.4 Alcm?, 113.5 A/cm?, and 33.6 A/cm? in the conven-
tional GaN LED, AlGaN LED, and GAGT LED, respectively.

This indicates that the electron leakage current is significantly
suppressed in the GAGT LED.
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Fig. 5. (color online) Electron current density profiles near the active
region for three different LEDs at 150 mA.

Energy band diagrams near the active region of the three
LEDs at 150 mA are shown in Fig. 6. Significant band bend-
ing arises due to the strong electrostatic field in the LED (dis-
cussed later). For the GaN LED, a potential barrier for elec-
trons forms at the interface of the last barrier/EBL. This bar-
rier arises due to the band offset between the last barrier and
EBL in the conduction band, which is used for blocking elec-
tron transport from the active region to the p-side. Another
potential barrier for holes forms because of the band offset
between the last barrier and EBL in the valence band, which
suppresses hole injection from the p-side to the active region.
Confining more electrons in the QWs and injecting more holes
into the QWs require the potential barrier for electrons to be
as high as possible, and that for holes to be as low as possi-
ble. The downward band bending in the last barrier reduces
the effective barrier height for electrons, and increases that for
holes (Fig. 6(a)). In the AlGaN LED, the lattice of the last
AlGaN barrier well matches that of the AlGaN EBL, com-
pared with the conventional GaN barrier in the GaN LED.
This means that downward band bending in the last barrier is
alleviated. The effective barrier height for electrons increases
from 282 meV to 285 meV, while that for holes decreases from
319 meV to 299 meV. This situation is further improved in the
GAGT LED. The GAGT LED has the highest effective bar-
rier height for electrons of 290 meV, and the lowest effective
barrier height for holes of 275 meV. This results in the high-
est carrier concentration including electrons and holes in the
QWs, and the lowest electron leakage current density on the
p-side (as discussed above). A shallow potential well for holes
exists in the valence band. Many holes therefore accumulate,
which promotes hole injection from the p-side to the active re-
gion. Figure 6(d) shows that the QW for the AIGaN LED is
deeper than that for the conventional GaN barrier. The GAGT
LED has an angular barrier forming the deepest QW in the
three tested LEDs. This indicates that the GAGT LED has the
best carrier confinement.
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Fig. 6. (color online) Energy band diagrams of (a) conventional GaN
LED, (b) AlGaN LED, (c) GAGT LED at 150 mA, and (d) magnified
part of conduction band of the middle two QWs for each of three LEDs.

Figure 7 shows the electrostatic fields near the active re-
gion and EBL, for the three LEDs at 150 mA. Strong electro-
static fields exist in the LEDs, due to the polarization effect in
the GaN-based material. These electrostatic fields cause the
QCSE and poor overlap of the electron and hole wave func-
tions in the QWs, which reduces the recombination efficiency.
The electrostatic fields in the QWs of the GAGT LED are sim-
ilar to those in the AlIGaN LED, and are stronger than those in
the conventional GaN LED. The main cause for this is the sim-
ilar Al content of the barriers in the GAGT LED and AlGaN
LED, and the absence of Al in the barriers of the GaN LED.
The magnified diagram shows that the electrostatic field in the
last QW in the GAGT LED exhibits a different tendency. The
electrostatic field is almost the same as in the conventional
GaN LED, and is lower than that in the AlGaN LED. This
may be due to the large screening effect, because many car-
riers accumulate in this last QW. The electrostatic field in the
last barrier in the GAGT LED is also the lowest, which reduces
band bending in the last barrier, increases the effective poten-
tial height for electrons, and reduces the height for holes (as
discussed earlier). The electrostatic field is the highest in the

other barriers, and the profile is triangular, which gives rise to
the deepest wells to confine carriers in the electrostatic fields
of the three tested LEDs.
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Fig. 7. (color online) Electrostatic fields near the active region of the
three LEDs at 150 mA, with inset showing a magnified diagram of elec-
trostatic field in the last QW.

The radiative recombination rate for each of the three
LEDs is shown in Fig. 8. The radiative recombination rate
mainly arises from the last QW, because it has the highest elec-
tron and hole concentrations in the six QWs. The GAGT LED
has the highest radiative recombination rate in the three tested
LEDs. This is because the electron and hole concentration
in the last QW are highest, and also because of the relatively
high recombination efficiency due to the low electrostatic field
in the last QW. The GAGT LED therefore exhibits the best
optical performance in the three tested LEDs.
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Fig. 8. (color online) Radiative recombination rates versus distance of
three different LEDs at 150 mA.

4. Conclusions

An InGaN LED with GAGT barriers has been proposed
and investigated numerically. When the conventional GaN
barriers are replaced by GAGT barriers, the output power in-
creases from 62.66 mW to 199.22 mW, and the efficiency
droop decreases from 62.12% to 13.36%. The simulation re-
sults indicate that the carrier injection and confinement in the
GAGT LED are significantly improved. This leads to reduced
electron current leakage and increased radiative recombina-
tion. The major physical origins of these improvements are
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thought to be the increased effective barrier height for elec-

trons and reduced effective barrier height for holes, as well as

the formation of a shallow potential well for holes in the va-

lence band. These factors result in more holes injected into the

QWs from the p-type region.
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