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Blue light-emitting diodes �LEDs� with polarization-matched GaInN/GaInN multi-quantum-well
�MQW� active regions are grown by metal-organic vapor-phase epitaxy. The GaInN/GaInN MQW
structure reduces the magnitude of polarization sheet charges at heterointerfaces in the active region.
The GaInN/GaInN MQW LEDs are shown to have enhanced light-output power, reduced efficiency
droop, a lower forward voltage, a smaller diode ideality factor, and decreased wavelength shift,
compared with conventional GaInN/GaN MQW LEDs. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3058687�

A major obstacle for GaInN based light-emitting diodes
�LEDs� to further penetrate into the general illumination
market is that their efficiency suffers a substantial decrease
as the injection current increases; this well-known phenom-
enon is called “efficiency droop.” The efficiency of conven-
tional GaInN/GaN multi-quantum-well �MQW� LEDs gener-
ally reaches its peak value at forward current densities less
than 10 A /cm2 and monotonically drops as the current in-
creases further.1 The efficiency droop is caused by a nonra-
diative carrier loss mechanism that becomes dominant as the
injection current increases.2 Its physical origin remains under
discussion. Electron leakage,1–3 lack of hole injection,4–7 car-
rier delocalization,8,9 Auger recombination,10,11 defects,12

and junction heating13 were suggested as explanations.
Both electron leakage and lack of hole injection result in

an electron current that crosses the electron-blocking layer
�EBL�. These electrons then recombine with holes outside
the active region. Although these two mechanisms �electron
leakage and lack of hole injection� are usually both described
by the term “carrier leakage,” they lead to distinctly different
proposals as to reduce the efficiency droop. Leaking elec-
trons from the active region indicates that the conventional
conduction-band design is not adequate to prevent electrons
from entering the p-side of the device;1–3 novel conduction-
band engineering could result in better electron confinement.
On the other hand, lack of hole injection indicates that the
valance-band and acceptor-doping design is not adequate to
introduce a sufficient number of holes into the active region.
Accordingly, a p-type active region design was proposed to
facilitate hole injection.6,7

One proposed approach to minimize the electron leakage
current from the active region is to reduce the contrast in
material polarization.1 It is well known that the polarization
mismatch, which occurs at heterointerfaces results in the for-

mation of large sheet charges, which modify the bands to
form large triangular barriers in the MQW active region and
the EBL. These barriers create obstacles for carriers and re-
quire high forward voltages for significant currents to flow,
so that the conduction band on the n-side of the device is
significantly higher than the conduction band on the p-side.
This makes it energetically favorable for electrons to escape
to the p-side of the device. This is elucidated in Fig. 1�a�,
which shows the simulated conduction band diagram of a

a�Electronic mail: efschubert@rpi.edu.

FIG. 1. �Color online� �a� Simulated conduction band diagram of GaInN/
GaInN and reference GaInN/GaN MQW LEDs at a 100 A /cm2 forward
current density. �b� Ga-face polarization field charge �red line� and bandgap
contours �dashed line� of quaternary AlxGa1−x−yInyN grown pseudomorphi-
cally on GaN substrates.
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GaInN/GaInN MQW LED with reduced polarization mis-
match in comparison with the conventional GaInN/GaN
MQW LED at the forward current density of 100 A /cm2.
The GaInN/GaInN MQW structure has much lower triangu-
lar barriers in the active region. The conduction band on
the n-side of the device is approximately the same height
as the conduction band on the p-side, which indicates that
the polarization-matched active region design minimizes the
driving force for electrons to leak out of the active region, as
proposed above. At the same forward current density the
GaInN/GaInN MQW design has reduced electron leakage
from active region as evidenced by the greater separation of
the electron quasi-Fermi level from the conduction band
edge in the p-type region as compared to the reference
GaInN/GaN MQW structure �see Fig. 1�a��. Figure 1�b�
gives the bandgap and material polarization of quaternary
alloy AlxGa1−x−yInyN pseudomorphically grown on GaN as a
function of the Al and In compositions. By appropriate se-
lection of the barrier composition, good electron confinement
and reduction in the polarization mismatch can be achieved.
In this work, we present a GaInN/GaInN MQW design with
reduced polarization mismatch that maintains the Al-free
characteristic of conventional GaInN/GaN MQW active
region.

The structures are grown on c-plane sapphire by metal-
organic vapor-phase epitaxy. After ten minutes pretreatment
of the substrate in H2 and NH3 ambient at 1100 °C, a
500 °C low-temperature GaN buffer is deposited. A 2 �m
thick unintentionally doped GaN is grown at 1100 °C, fol-
lowed by 3 �m thick Si-doped n-type GaN layer grown at
1010 °C. A five period GaInN/GaInN MQW active region is
grown, followed by a p-type Al0.13Ga0.87N:Mg EBL and a
p-type GaN cladding layer. In addition, a reference LED
with conventional GaInN/GaN MQW active region is grown
with otherwise the same structure as the GaInN/GaInN
MQW devices. The central electroluminescence wavelength
is near 440 nm for both the GaInN/GaInN MQW and GaInN/
GaN MQW sample. Wafers are processed into 1�1 mm2

lateral-structure devices and the sapphire substrate is thinned
for dicing.

Unencapsulated devices are tested in pulsed mode with
500 Hz frequency and 1% duty cycle to prevent self-heating
effects. The tests are done at room temperature with forward
current up to 3A. Three randomly chosen devices are tested
for each of the GaInN/GaInN MQW and reference GaInN/
GaN MQW samples. Almost identical characteristics are ob-
tained for each type of device. Figure 2�a� shows the normal-
ized light-output power as a function of forward current
density for both GaInN/GaInN MQW LEDs and the refer-
ence GaInN/GaN MQW LEDs. Figure 2�b� shows the nor-
malized external quantum efficiency �EQE� of these two
types of devices. The EQE of the reference GaInN/GaN
MQW LED reaches its peak at very low current density,
4 A /cm2, and decays rapidly as the forward current density
increases. At 300 A /cm2, the EQE of the reference GaInN/
GaN MQW LEDs drops below 50% of its peak value. In
comparison, the GaInN/GaInN MQW LEDs reach the EQE
peak at higher current density, 22 A /cm2, and outperform
the reference GaInN/GaN MQW LEDs when the forward
current density increases beyond 34 A /cm2. The EQE peak
ratio between GaInN/GaInN and reference GaInN/GaN
MQW LEDs is 84%, which is higher than for the GaInN/
AlGaInN MQW approach.3 The increase in the low-current

peak efficiency shows longer nonradiative lifetime and po-
tentially better crystal quality of the GaInN/GaInN MQW
LEDs, which we attribute to the Al-free active region. At the
maximum forward current density of 300 A /cm2, an 18%
increase in the light-output power is achieved by implement-
ing the GaInN/GaInN MQW structure.

Figure 3 shows the electrical characteristics of the two

FIG. 2. �Color online� �a� Normalized light-output power as a function of
forward current density for GaInN/GaInN and reference GaInN/GaN MQW
LEDs. �b� Normalized external quantum efficiency as a function of forward
current density for GaInN/GaInN and reference GaInN/GaN MQW LEDs.

FIG. 3. �Color online� Electrical characteristics comparison between the
GaInN/GaInN and reference GaInN/GaN MQW LEDs: �a� forward current
as a function of voltage, �b� low-current IV characteristics, and �c� ideality
factor comparison.
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types of devices. The GaInN/GaInN MQW LEDs have lower
forward voltage compared with the reference GaInN/GaN
MQW LEDs as shown in Fig. 3�a�; this is consistent with the
simulation results shown in Fig. 1�a�. The reduction in for-
ward voltage further increases the wall-plug efficiency of the
GaInN/GaInN MQW LEDs to 22% compared to the refer-
ence GaInN/GaN MQW LEDs. Figure 3�b� shows the 1 �A
to 10 mA current-voltage �IV� comparison in a semiloga-
rithm plot. No subthreshold turn-on is observed and the
forward voltage at 1 �A is approximately 2.2 V for both
samples, which indicates that the GaInN/GaInN MQW ap-
proach maintains good crystal quality while enhancing the
light-output power and reducing the efficiency droop. Figure
3�c� compares the ideality factor of the GaInN/GaInN MQW
LEDs with the reference GaInN/GaN MQW LEDs. The ide-
ality factor at intermediate currents gives insight into the IV
characteristics of the junction itself, since series resistance
dominates the IV relation at high forward current and shunt
resistance dominates at very low forward current.14 The ide-
ality factor is below 1.7 for GaInN/GaInN MQW LEDs and
around 2.0 for the reference GaInN/GaN MQW LEDs in the
intermediate current range. Finally, the GaInN/GaInN MQW
LEDs have also reduced electroluminescence wavelength
shift with increasing forward current. The emission spectra
of the two types of devices at various current levels are as

shown in Fig. 4; the peak wavelength shift ���� is reduced
from 4.9 nm for the reference GaInN/GaN MQW LED
sample to 3.3 nm for the GaInN/GaInN MQW LED sample
as the forward current changes from 10 to 500 mA. The
reduction in �� is consistent with the reduction in the elec-
tric field in the quantum wells and the associated quantum-
confined Stark effect.

In summary, we have demonstrated polarization-
matched GaInN/GaInN MQW LEDs with strongly improved
optical and electrical properties. Compared with conven-
tional GaInN/GaN MQW LEDs, the GaInN/GaInN MQW
LEDs show an 18% increase in light-output power, a 22%
increase in wall-plug efficiency, a reduction in efficiency
droop, forward voltage, diode ideality factor, wavelength
shift, and no subthreshold turn on. Based on theoretical
simulations, these improvements are consistent with the con-
cept of polarization matching and reduced electron leakage.
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