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Gallium nitride (GaN) based light-emitting diodes (LEDs) with chirped multiple quantum well (MQW) structures
have been investigated experimentally and numerically in this paper. Compared to conventional LEDs with uniform quan-
tum wells (QWs), LEDs with chirped MQW structures have better internal quantum efficiency (IQE) and carrier injection
efficiency. The droop ratios of LEDs with chirped MQW structures show a remarkable improvement at 600 mA/mm?,
reduced down from 28.6% (conventional uniform LEDs) to 23.7% (chirped MQWs-a) and 18.6% (chirped MQWs-b),
respectively. Meanwhile, the peak IQE increases from 76.9% (uniform LEDs) to 83.7% (chirped MQWs-a) and 88.6%
(chirped MQWs-b). The reservoir effect of chirped MQW structures is the significant reason as it could increase hole in-
jection efficiency and radiative recombination. The leakage current and Auger recombination of chirped MQW structures
can also be suppressed. Furthermore, the chirped MQWs-b structure with lower potential barriers can enhance the reservoir
effect and obtain further improvement of the carrier injection efficiency and radiative recombination, as well as further

suppressing efficiency droop.
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1. Introduction

Gallium nitride (GaN) based light-emitting diodes
(LEDs), which represent a promising efficient solid-state light-
ing and display applications, have evoked great interest. Suf-
fering from the internal quantum efficiency (IQE) droop with
increasing injection current, LEDs deliver high efficiency thus
far only at low current and low brightness.[!! The efficiency
droop phenomenon is observed across a broad wavelength
spectrum, from blue and green InGaN/GaN LEDs to deep ul-
traviolet (UV) AIGaN/AIN LEDs.!>3] Auger recombination,
defects, inefficient injection and transportation of holes as well
as carrier overflow out of the active region have been iden-
tified to be significant reasons for efficiency droop.!*°! To
reduce the efficiency droop of GaN-based LEDs, several re-
search works have been performed by improvement of large
V-shape pits, epitaxy, the electron-blocking layer (EBL) de-

[7=111 Although significant steps

sign and package design, etc.
forward have been made for the realization of high-brightness
LEDs, it is still a big challenge to reduce the efficiency droop,
especially at high injection current levels.

As the hole and electron injection and transport in LEDs
with conventional uniform MQWs have been found to be in-

effective and non-uniform in the active region, which leads
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to dominant carrier localization in only one QW,!'?} chirped
MQW structures could be another way to improve carrier
injection and suppress efficiency droop. Chirped multi-
quantum barriers have been utilized in EBL to reduce effi-
ciency droop.!"3! To improve the light output power (LOP),
Chang ef al. have utilized the chirped structures by inserting
deeper QWs close to n-GaN and p-GaN.!'*l However, based
on their results, the efficiency droop effects become more se-
rious. So far, limited papers reported about utilizing chirped
structures in MQW:s to suppress efficiency droop and improve
hole injection efficiency.!">! In this work, we utilize two differ-
ent chirped MQW structures to suppress efficiency droop and
seek further promotion of hole-injection efficiency, as well as
the improvement of LOP. A detailed and systematic investiga-
tion on the Auger and radiative recombination is also provided
in order to study the suppression of efficiency droop.

2. Numerical parameters and models

All samples were grown on (0001)-oriented sap-
phire substrates by metal-organic chemical vapor depo-
sition (MOCVD). During the epitaxial growth process,
trimethylindium, trimethylgallium, trimethylaluminum, and
ammonia were used as the source materials of In, Ga, Al,
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and N, respectively. An undoped GaN layer was grown, fol-
lowed by 1.5-um-thick Si-doped n-GaN layers. The AlGaN
EBL was grown followed by Mg-doped p-InAlGaN:Mg and a
p-GaN:Mg (p-doping = 5 x 10" cm™3) layer. Lateral LED
chips with ITO current spreading layer and Ni/Au contact
metal were fabricated, and the size was 250 x 580 umz. The
electroluminescence (EL) spectra of un-encapsulated LED
chips were measured under different injection currents from
7 mA/mm? to 600 mA/mm? in a calibrated integrating sphere
at room temperature.

Prior to the experiments, we used the APSYS simulation
program to investigate the optical and electrical properties of
InGaN/GaN MQW LEDs by solving the Poisson equation,
carrier transport equation, quantum mechanical wave equa-
tion, and photon rate equation, etc.l) In this work, the ef-
fective mass for mean free path calculation has been intro-
duced into the mechanism of direct flying-over in transport
models, which could make the carrier distribution results more
accurate. Simulations were carried out using a drift-diffusion

approach with quantum-mechanical corrections. Figure 1 il-
lustrates the structures of LEDs used for APSYS simula-
tion work. The active region of conventional LED (uniform
MQWs) consists of six 2.5-nm-thick Ing 17Gag g3N QWs, sep-
arated by seven 15-nm-thick GaN quantum barriers (QBs). To
simplify the simulation, the operating temperature was set to
be 300 K. In the simulation, the polarization densities of the
built-in interface charges, which were produced by the sponta-
neous and piezoelectric polarization, were assumed to be 30%
of the calculated values.!'®!

Based on the structure with uniform QWSs, the indium
composition of the first QW in the first chirped MQW struc-
ture (chirped MQWs-a) was 10% (two QWs of Ing 1GaggN)
close to the n-side and then changed to 15% (one QW of
Ing 15Gag gsN), 20% (two QWs of Ing»,Gagy gN), and 15% (one
QW of Ing 15Gag gsN) close to the p-side. As shown in Ta-
ble 1, for the second chirped MQW structure (chirped MQWs-
b), compared to chirped MQWs-a, the middle five quantum
barriers are changed from GaN to Ing o Gag ogN.

Table 1. Indium composition in InGaN/GaN MQW layers.

Layers (epitaxial direction) 1%QW QB 2MQW QB 39Qw QB 4"Qw QB 5"Qw QB 6hQw
Uniform MQWs (In%) 17 0 17 0 17 0 17 0 17 0 17
Chirped MQWs-a (In%) 10 0 10 0 15 0 20 0 20 0 15
Chirped MQWs-b (In %) 10 2 10 2 15 2 20 2 20 2 15
. (a) conventional uniform MQWs
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Fig. 1. (color online) Schematic diagram plot of LEDs with (a) conventional uniform MQW structure, (b) chirped MQWs-a

structure, and (c) chirped MQWs-b structure.

3. Results and discussion

Figure 2 illustrates the electron and hole concentrations
in the active region of the uniform and chirped MQW struc-
ture at an injection current of 600 mA/mm?. This figure shows
that the electron concentration of uniform LEDs decreases sig-
nificantly from the n-side to the p-side, as well as the hole
concentration declines remarkably at the reversed orientation
(from p-side to n-side), which indicates the carrier’s inefficient
injection and transport. For the electron and hole concentra-
tions of chirped MQW structures distributed in the middle of

the active region, they are higher than the uniform LEDs, es-
pecially in the fourth and fifth QWs (counted by the growth
direction). It indicates that the two chirped MQW structures
have better electron and hole injection efficiency and trans-
portation. Figure 3 shows the current—voltage (/-V) charac-
teristic curves of the uniform structure, chirped MQW-a, and
chirped MQW-b. As illustrated in this figure, a good agree-
ment is reached between the experimental data and simulated
results for LEDs with uniform MQWs. Compared with LEDs
with uniform MQWs, the turn on voltages of chirped MQW
structures are reduced, especially for chiped MQWs-b, which
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may result from the enhanced electron and hole injection effi-

ciency.
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Fig. 2. (a) Electron and (b) hole concentrations distributed within the
active region of LEDs with uniform and chirped MQW structures at
600 mA/mm?.
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Fig. 3. I-V characteristics of the LEDs with uniform and chirped MQW
structures.

Table 2. Results for the IQE, droop ratio, and LOP.

Uniform MQWs  Uniform  Chirped  Chirped
(experimental) MQWs MQWs-a MQWs-b
n/% 76.7 76.9 83.7 88.6
Q/% 29.2 28.6 23.7 18.6
LoPat 61.5 63.6 732 81.0
600 mA/mm?/mW

Figure 4 shows the IQE (1) and LOP-current (L) char-
acteristic curves of the uniform and chirped MQW structure.

The droop ratio (Q) is defined and calculated as

0— Mmax — Moo mA/mm? 7 )

nmax

where Ngy0 ma/mm? @04 Tmax are the IQE at 600 mA/mm? and
the peak IQE, respectively. More details of the results are
shown in Table 2.

As shown in Fig. 4 and Table 2, the experimental and
simulation results of LEDs with uniform MQWs agree with
each other, which reveals a good agreement between simu-
lation models and LED samples for conventional LEDs. To
some extent, based on the good fit, we has the confidence to
model and analyse the chirped MQWs-a and MQWs-b struc-
tures. The uniform LED exhibits a serious droop ratio of
28.6% in Fig. 4, while the droop ratio of LEDs with chirped
MQW structures shows a remarkable improvement, 23.7% for
chirped MQWs-a and 18.6% for chirped MQWs-b. In addi-
tion, the maximum IQE increases from 76.9% (uniform LEDs)
to 83.7% (MQWs-a), and 88.6% (chirped MQWs-b). Fur-
thermore, the LOP of LEDs with chirped MQW structures
increases from 63.6 mW (uniform MQWs) to 73.2 mW and
81.0 mW at 600 mA/mm? for chirped MQWs-a and chirped
MQWs-b, respectively. Compared to conventional uniform
LEDs, the LOP is enhanced by 15.1% and 27.4%.
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Fig. 4. IQE and L characteristics of LEDs with uniform and chirped MQW
structures.

Figure 5 illustrates the energy-band diagrams near the
active region of the uniform and chirped MQW structures
at a 600 mA/mm? injection current. The polarization field
induced band bending, such as sloped triangular barriers
and wells, deformed energy band of EBL and quasi-Fermi
are calculated. According to the concept of energy band
engineering, the band gap of the chirped QWs gradual de-
creases from n-side and p-side to the middle.
seen clearly in Fig. 5 that the fourth quantum well in the

It can be

chirped MQWs-a structure is deeper than that in the uniform
MQW structure (745 meV and 502 meV versus 641 meV
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and 437 meV for conduction and valence band, respec-
tively), which can act as a reservoir to accumulate the elec-
trons and holes.['”] Meanwhile, the fourth quantum well in
chirped MQWs-b structure is deeper than that in the uniform
MQW structure, but lower than that in the chirped MQWs-a
structure (678 meV and 480 meV for conduction and va-
lence band, respectively). In other words, the carriers in
chirped MQW structures are more likely to inject into the

fourth and fifth QWs for radiative recombination. Improved
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Fig. 5. Energy band diagrams of LEDs with (a) uniform MQWs, (b)
chirped MQWs-a, and (c) chirped MQWs-b structures at 600 mA/mm?.
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Fig. 6. Leakage current for LEDs with uniform and chirped MQW
structures at 600 mA/mm?.

electron and hole injection efficiency of chirped MQW struc-
ture are significant reasons contributing to the suppression of
efficiency droop. According to the results of chirped MQWs-
b structure in Fig. 4, with the appropriate lower quantum bar-
rier, further improvement of carrier injection efficiency can be
achieved. Furthermore, holes play a more important role in
radiative recombination than electrons as their injection ef-
ficiency is worse than electrons’.['8] The effective potential
height at the last-barrier/EBL interface in the valence band in-
creases the difficulty for holes to transport into the active re-
gion, which results in poor hole injection efficiency.’! Mean-
while, as electrons accumulated in the QWs close to EBL do
not have enough holes to recombine, they are more likely
to transport into the EBL and p-GaN layer by tunneling or
thermo-electronic effect, resulting in a large leakage current.
As illustrated in Fig. 5, the effective potential height for holes
is reduced from 428 meV (uniform MQWs) to 423 meV
(chirped MQWs-a), and 405 meV (chirped MQWs-b), respec-
tively. As a result, compared to the uniform structure, the leak-
age currents of chirped structures are decreased significantly,
while the injection current improved remarkably (shown in
Fig. 6). In terms of chirped MQWs-b, the potential barriers
declined slightly with the input of 2% doping of indium com-
ponent in the middle five QBs. Meanwhile, the potential bar-
rier declined and thus the reservoir effect of fourth and fifth
QWs can get further enhancement. Therefore, compared with
chirped MQWs-a, further suppression of the leakage current
can be obtained (illustrated in Fig. 6).

Figure 7 shows the Auger and radiative recombination
rates of LEDs with uniform and chirped MQW structures at
600 mA/mm?. Due to the reservoir effect of the fourth and
fifth QWs in chirped MQW structures, the radiative recom-
bination rates are increased significantly, as the carriers have
higher probability to be combined (illustrated in Fig. 7(b)).
Furthermore, due to gradual changed component of indium
in chirped MQW structures, the polarization effects could be
decreased in the active region. As a result, the auger recom-
bination rates of chirped MQWs are reduced, especially in the
QWs close to the n-GaN layer (shown in Fig. 7(a)). The in-
crease of auger recombination rate in the fifth QW of chirped
MQWs may be ascribed to the significant augment of carriers.
In the same carrier density, the auger recombination rates in
chirped MQWs are lower than those in uniform MQWs. Ac-
cording to previous theoretical research, the Auger recombina-
tion is proposed as the root cause of the efficiency droop.[+19]
Therefore, the reduction of auger recombination in chirped
MQW structures could make prodigious contributions to the
efficiency droop suppression.

Figure 8 shows a schematic illustration of an energy band
diagram for LED current components. The mechanism of
chirped MQW structures is schematically illustrated in this fig-
ure. For the energy band diagram, the green line stands for the
transformations from a uniform MQW structure to a chirped

056806-4



Chin. Phys. B Vol. 24, No. 5 (2015) 056806

MQWs-a structure, while the red line stands for the transfor-
mations from chirped MQWs-a to chirped MQWs-b structure.
As the results shown above, lower leaky current and Auger re-
combination can be obtained in the chirped MQW structure.
In the meantime, the chirped MQW structures can also im-
prove the injection current and radiative recombination, which
contributes to the suppression of efficiency droop.
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Fig. 7. (a) Auger and (b) radiative recombination rates in the ac-

tive region of LEDs with uniform and chirped MQW structures at
600 mA/mm?.
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Fig. 8. Schematic illustration of energy band diagram for LED current com-
ponents (rad—radiative recombination, loss—Auger recombination).

4. Conclusions

The results obtained experimentally and numerically in-
dicate that GaN based LEDs can provide better optical per-
formance and less efficiency droop when using the designed

chirped MQW structures instead of the conventional uni-
form MQW structure. Compared to the conventional uniform
LEDs, due to the improvement of carrier injection efficiency,
LEDs with chirped MQW structures have lower turn on volt-
age and better IQE. The droop ratios of LEDs with chirped
MQWs-a and MQWs-b structures show a remarkable im-
provement at 600 mA/mm?, reduced down from 28.6% (uni-
form LEDs) to 23.7% and 18.6%, respectively. Meanwhile,
the maximum IQE increases from 76.9% (uniform LEDs)
to 83.7% (chirped MQWs-a) and 88.6% (chirped MQWs-b).
Moreover, compared with conventional uniform LEDs, the
light optical power of LEDs with chirped MQW structures is
enhanced by 15.1% and 27.4% at 600 mA/mm? for chirped
MQWs-a and chirped MQWs-b, respectively. The reservoir
effect of chirped MQW structures may be the main reason as
it could increase hole and electron injection efficiency and ra-
diative recombination. As a result, a lower leakage current
and Auger recombination rate of the chirped MQW structure
can also be achieved. The chirped MQWs-b structure with
lower potential barriers can enhance the reservoir effect and
decrease the polarization effect. Therefore, compared with
chirped MQWs-a structure, the chirped MQW:s-b structure can
obtain further improvement of the carrier injection efficiency
and radiative recombination, as well as further efficiency of
droop suppression. Related experiments are also on the way
to verify the simulation results for chirped MQW structures.
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