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We demonstrate GaInN multiple quantum well �MQW� light-emitting diodes �LEDs� having ternary
GaInN quantum barriers �QBs� instead of conventional binary GaN QBs for a reduced polarization
mismatch between QWs and QBs and an additional separate confinement of carriers to the MQW
active region. In comparison with GaInN LEDs with conventional GaN QBs, the GaInN/GaInN
LEDs show a reduced blueshift of the peak wavelength with increasing injection current and a
reduced forward voltage. In addition, we investigate the density of pits emerging on top of the
MQW layer that are correlated with V-defects and act as a path for the reverse leakage current. The
GaInN/GaInN MQW structure has a lower pit density than the GaInN/GaN MQW structure as well
as a lower reverse leakage current. Finally, the GaInN/GaInN MQW LEDs show higher light output
power and external quantum efficiency at high injection currents compared to the conventional
GaInN/GaN MQW LEDs. We attribute these results to the reduced polarization mismatch and the
reduced lattice mismatch in the GaInN/GaInN MQW active region. © 2010 American Institute of
Physics. �doi:10.1063/1.3327425�

I. INTRODUCTION

III-nitride-based high-brightness light-emitting diodes
�LEDs� operating at visible wavelengths have been advanced
by metal-organic vapor-phase epitaxy �MOVPE� growth
techniques. The emission wavelength and efficiency of GaN-
based LEDs grown on c-plane sapphire substrates are influ-
enced by a strong internal electric field, on the order of MV/
cm, induced by spontaneous and piezoelectric polarization in
the multiple quantum well �MQW� active region. In case of a
typical MQW active region, in which GaInN QWs are sand-
wiched between GaN quantum barriers �QBs�, the piezoelec-
tric polarization is known to be dominant due to the large
lattice mismatch between GaInN QWs and the GaN confine-
ment layer.1 Spontaneous polarization occurs in the III-
nitride wurtzite crystal even if there is no strain present. The
strong polarization-induced electric field causes spatial sepa-
ration of electron and hole wave functions inside the QWs,
resulting in a reduced internal quantum efficiency. At low
injection currents, the electric field and the associated
quantum-confined Stark effect �QCSE� in a GaInN/GaN
MQW structure cause a redshift of the electroluminescence
�EL� peak wavelength compared to a QCSE-free MQW
layer. Furthermore, the peak-emission wavelength shifts
back to the blue with increasing injection current. As a result,

the spectrum, correlated color temperature, and the color ren-
dering index of phosphor-converted white LEDs vary with
injection current.

It has been proposed and demonstrated that the internal
electric fields can be considerably reduced by controlling the
polarization and the strain in the active region,2–8 and by
using alternative non-c-polar orientations of native
substrates.9,10 In addition, it has been reported that the
polarization-induced electric field causes electron leakage
out of the active region at high drive currents, and thus re-
duces the LED efficiency at high currents.2 Instead of con-
ventional GaN QBs, fully polarization-matched �100%� Al-
GaInN and AlInN QBs as well as partially polarization-
matched ��100%� GaInN QBs have been proposed to reduce
the efficiency droop by enabling independent control over
interface polarization charges as well as bandgap.2,3 How-
ever, it is difficult to grow high-quality AlGaInN and AlInN
QBs with high aluminum �Al� and indium �In� compositions
that are required for simultaneous and complete matching of
polarization charges with GaInN QWs. As an alternative,
even Al-free Ga1−yInyN QBs can reduce the polarization mis-
match with respect to the Ga1−xInxN QWs �x�y�. The reduc-
tion in polarization mismatch between QW and QB of
Ga0.80In0.20N /Ga0.90In0.10N MQW structures compared with
Ga0.80In0.20N /GaN MQW structure is 50%. It has been
shown by simulations that, at high currents, GaInN/GaInN
MQW structures give a similarly increased light output
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power �LOP� and decreased efficiency droop as GaInN/
AlGaInN MQW LED structures.11 The polarization-matched
GaInN QBs have an additional separate confinement of car-
riers to the active region enabled by the reduced bandgap of
the QBs.11

In this work, we present a systematic study on the de-
sign, growth, and characterization of the GaInN/GaInN
MQW LEDs to investigate the effect of polarization charges
at the interface between QWs and QB on the performance of
the LEDs. The structural properties of GaInN/GaInN MQW
structures are thoroughly studied by high resolution x-ray
diffraction �XRD� and atomic force microscopy �AFM�.
Also, the correlation between the structural properties and
the electrical performance and the optical properties of
GaInN/GaInN MQW LEDs and GaInN/GaN MQW LEDs
are discussed. The reduced polarization mismatch in the
GaInN/GaInN MQW LEDs is found to result in a reduced
blueshift of the EL peak wavelength with increasing current,
and a reduced forward voltage. In addition, the GaInN/
GaInN MQW shows a lower pit density and a reduced re-
verse leakage current. Finally, the GaInN/GaInN MQW
LEDs are demonstrated to have an improved LOP and exter-
nal quantum efficiency �EQE�.

II. EXPERIMENTAL PROCEDURES

The epitaxial structures of the LEDs were grown on
c-plane �0001� sapphire substrates by using a single-wafer
Aixtron MOVPE system. The LED epitaxial structures con-
sist of an undoped GaN layer �2 �m� grown on a low-
temperature GaN buffer layer �30 nm�, a Si-doped n-type
GaN layer �3 �m�, a three-period GaInN/GaInN �3 nm/12
nm� or GaInN/GaN �3 nm/16 nm� MQW active region, a
undoped GaN spacer layer, a Mg-doped p-type Al0.13Ga0.87N
electron blocking layer �EBL� �35 nm�, a Mg-doped p-type
GaN hole injection layer �100 nm�, and a heavily Mg-doped
GaN contact layer �50 nm� as shown in Fig. 1. We call the
structure shown in Fig. 1�a� the “GaInN/GaInN LED” and
the structure shown in Fig. 1�b� the “reference LED.” For the
GaN QBs in Fig. 1�b�, a 2 nm thick GaN layer �LT-GaN QB�
was first grown at 720 °C which is same growth temperature
�corrected surface temperature for the emissivity of the wa-
fer� used for QWs to protect the GaInN QW from thermal
decomposition during the ramping up of the growth tempera-
ture. Then, a 14 nm thick GaN QB �HT-GaN QB� was grown

at 790 °C to ensure good crystal quality. However, GaInN
QBs in Fig. 1�a� were grown without a GaN protection layer
between QWs and QBs and at a lower growth temperature
than the HT-GaN QBs. The GaInN QBs are thinner than the
GaN QBs in order to maintain good crystal quality of the
QBs. The target In composition in the GaInN QWs and
GaInN QBs is 20% �to emit blue light� and 10% �to have
reduced polarization mismatch between QW and QB�, re-
spectively. We use a 2.5 nm thick GaInN layer as the last QB
followed by a 2.5 nm thick GaN spacer layer for the GaInN/
GaInN LED. We use a 2 nm thick LT-GaN layer as the last
QB followed by a 5 nm thick GaN spacer layer for the ref-
erence LED. In both structures, the growth conditions are the
same for all layers except the QBs.

As a first indication of the material quality, the surface
morphology is mirror-like for both samples. After the wafers
are annealed at 800 °C for 1 min, under N2 ambient, for
p-type GaN doping activation, the two LED structures are
processed into 300�300 �m2 LED devices by using stan-
dard LED fabrication techniques. Ti/Al/Ti/Au and NiZn/Ag
metal schemes are used for n-type and p-type Ohmic contact,
respectively. The structural quality and thickness of the ac-
tive region are investigated by XRD and AFM. Current-
voltage �I-V� characteristics are performed in pulsed mode
with 20 �s pulse width and a 1% duty cycle to eliminate
joule heating. The LOP is measured from the light emission
through the sapphire substrate onto a Si photodiode. EL is
measured by a high-resolution spectrometer, collecting pho-
tons emitted from the LED wafers by an optical fiber. All
devices on the wafer are electrically measured by four probes
to get an accurate value of the forward voltage.

III. RESULTS AND DISCUSSION

In order to estimate the electric field in the QWs of the
two LED structures shown in Fig. 1, simulations are per-
formed using APSYS modeling software. APSYS uses a com-
bination of different carrier transport models. For the n-type
and p-type confinement layers, a drift-diffusion model is
used to calculate the current. In the MQW region, a thermi-
onic emission model is used. To calculate carrier concentra-
tions at various points in the QWs and the surrounding QBs,
APSYS integrates the electron and hole wave functions of the
various calculated energy levels in the QW and QB. Thus
APSYS incorporates tunneling effects into the carrier transport
model. Commonly accepted parameters are used in the
simulations.12 The spontaneous and piezoelectric polariza-
tion fields yield charges at the interface of QWs and QBs.
The spontaneous and piezoelectric polarization elementary
charge densities of 3.5�1012 and 6.5�1012 cm−2 are used
for the GaInN/GaInN LED and the GaInN/GaN LED, re-
spectively. These elementary charge densities correspond to
50% of the theoretically predicted values.13 This is done to
facilitate the numerical convergence of APSYS modeling. In
both structures, the QWs, the last QB, and the spacer layer
are undoped. A residual donor concentration of 5
�1016 cm−3 is used in the simulation for the undoped layers.
The Si doped QBs have the extrinsic donor concentration of
2�1018 cm−3. The band offsets for the AlGaN/GaN and the

FIG. 1. �Color online� Schematic epitaxial structures of �a� GaInN/GaInN
MQW LED �GaInN/GaInN LED� and �b� GaInN/GaN MQW LED �refer-
ence LED�.
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GaN/GaInN heterostructures are chosen to be 50%, that is
�EC /�Eg=50%, and �EC=�EV.

Figure 2 shows the calculated band diagrams of the
GaInN/GaInN MQW LED and GaInN/GaN MQW LED at
equilibrium and under a forward-bias condition. Under the
forward-bias condition, the current density is 333 A /cm2.
For the GaInN/GaInN MQW structure, the polarization sheet
charges at the interfaces between GaInN QWs and GaInN
QBs are reduced as compared to the reference LED. The
internal electric field �slope of band edges� in the QWs and
QBs is reduced as well. In addition, the reduced height of the
QBs is more favorable to electron and hole flow, potentially
resulting in a low forward voltage.

We note that for the reference LED structure, under the
high forward bias, the conduction band on the p-side is lower
than on the n-side. We also note that for the GaInN/GaInN
MQW LED structure, under the high forward bias, the con-
duction band on the p-side is higher than that on the n-side
making it more difficult for electrons to reach the p-side. As
a result, the electron leakage over the EBL is reduced.

Figure 3 plots the calculated electric fields in the last
QW layer of the GaInN/GaInN LED and reference LED. The
electric fields at different forward currents are calculated and
plotted by using the appropriate slope of the band diagram.
The electric field in the QW layer of the GaInN/GaInN LED
structure is much less than that of the reference LED struc-
ture, indicating a reduced polarization mismatch between
QWs and QBs by using the GaInN QBs. Furthermore, given
the reduced field, we expect that the GaInN/GaInN LED has
a much smaller shift of the peak wavelength than the refer-
ence LED when the injection current is increased.

Figure 4 shows the measured and simulated XRD �-2�

scans of the GaInN/GaInN LED and reference LED wafer.
The two measured XRD curves exhibit quite different shapes
of the satellite peaks. The zeroth order peak of the MQW and
the spacing of the peaks related to the superlattice fringes are
different because of a higher total In content and thinner
GaInN QBs in the GaInN/GaInN active region. The satellite
peaks of the reference LED structure are clearly seen up to
the fifth order, thus confirming that the interfaces between
GaInN QWs and GaN QBs are well defined. However, the
satellite peaks of the GaInN/GaInN LED structure are less
distinct and broader than those of the reference LED struc-
ture. In addition, the intensity of the satellite peaks of the
GaInN/GaInN LED structure is lower than that of the refer-
ence LED structure. These differences are attributed to the
greater similarity between GaInN QWs and GaInN QBs, as
compared to GaInN QWs and GaN QBs. This is confirmed
by the simulated XRD curve as shown in the Fig. 4�b�.

FIG. 2. �Color online� Calculated energy band diagrams of the GaInN/GaInN MQW LED and the GaInN/GaN MQW LED under equilibrium and under
forward bias.

FIG. 3. Calculated electric fields in the last QW layer of the GaInN/GaInN
MQW LED and GaInN/GaN MQW LED structures as a function of the
injected forward current.
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Figure 5 shows I-V characteristics of the fabricated
GaInN/GaInN LED and reference LED. The turn-on and for-
ward voltages for the GaInN/GaInN LED are lower than
those for the reference LED. Under a 300 mA current injec-
tion, the forward voltages are 4.1 and 4.6 V for the GaInN/
GaInN LED and reference LED, respectively. Also, the se-
ries resistance of GaInN/GaInN LED is lower than that of the
reference LED. The improved electrical properties of the
GaInN/GaInN LEDs can be attributed to the reduced energy
barriers in QBs for both electron and hole transport resulting
from the reduction of polarization mismatch and sheet
charges at the interfaces of QBs and QWs in the active re-
gion as shown in Fig. 2. The experimentally found reduction
of the forward voltage is qualitatively consistent with the

theoretical modeling which also reveals a 0.2 V reduction in
the forward voltage for the GaInN/GaInN LED structure.

Figure 6 shows the AFM images of the GaInN/GaInN
MQW and GaInN/GaN MQW with a scan area of 2
�2 �m2. In order to observe the surface morphology of the
active region, the MQW samples were grown up to the last
QB without p-type layers. A high density of dark pits is
observed in the GaInN/GaN MQW structure. The density of
these defects is estimated as 5.3�108 cm−2. The GaInN
layer or GaInN/GaN MQW often show, depending on thick-
ness and composition of GaInN, a surface morphology with
a high density of pits correlated with the V-defects �also
called inverted hexagonal pyramids�, which have been
proven to be associated with threading dislocations at their
apexes.14–17 Because of the reduced lattice mismatch be-
tween Ga0.80In0.20N QWs and Ga0.90In0.10N QBs, the
Ga0.80In0.20N /Ga0.90In0.10N MQW active region presumably
has a lower strain than the Ga0.80In0.20N /GaN MQW active
region. In addition, possible generation of new dislocations
in the GaInN/GaN active region due to the large lattice mis-
match between GaInN QW and GaN QB is likely to be re-
duced between GaInN QW and GaInN QB.

Figure 7 shows the typical reverse I-V characteristics of
both types of LEDs measured at room temperature. The re-
verse current of the GaInN/GaInN LED is significantly re-
duced, which is presumably due to the improved morphology
of MQW active region as shown in Fig. 6. It has been re-
ported that the V-defects and the associated screw and mixed
dislocations are responsible for the large leakage currents
observed in LED structures.18,19 Therefore, we attribute the
much lower reverse leakage current in the GaInN/GaInN
LED to the reduced dislocation-related pit density.

Next, the electro-optical properties of the LEDs with dif-

FIG. 4. �a� Measured and �b� simulated XRD �-2� scans using triple-axis
optics on blue LED structures with GaInN/GaInN and GaInN/GaN MQWs.

FIG. 5. �Color online� Measured I-V characteristics of the blue LEDs with
GaInN/GaInN and GaInN/GaN MQWs.

FIG. 6. �Color online� AFM images of �a� GaInN/GaInN MQW and �b�
GaInN/GaN MQW structures with scan area of 2�2 �m2. The structures
were grown up to the last QB without EBL and p-type layers.

FIG. 7. Reverse current vs reverse voltage curve of GaInN/GaInN MQW
LED and GaInN/GaN MQW LED.
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ferent QBs are compared. Figure 8 displays the change of
peak wavelength of the EL spectrum for various injection
currents. First, at low injection current, the peak wavelength
for the GaInN/GaInN LED is much shorter than that for the
reference LED due to a reduced polarization-induced electric
field in the active region. Second, the blueshift of EL peak
for the GaInN/GaInN LED is much reduced as compared to
that for the reference LED, consistent with our APSYS simu-
lation. As the current increases from 5 to 300 mA, the wave-
length shifts are 3.5 and 21.0 nm for the GaInN/GaInN LED
and reference LED, respectively. The remarkable reduction
of blueshift for the GaInN/GaInN LED suggests the mitiga-
tion of QCSE by the reduction of the polarization-induced
internal electric field in the QWs.

Figures 9�a� and 9�b� show the measured LOP and the
corresponding normalized EQE as a function of the forward
current for the GaInN/GaInN LED and reference LED. As

shown in Fig. 9�a�, in the low forward-current regime, the
LOP of the GaInN/GaInN LED is lower than that with
GaInN/GaN MQW. However, in the high current regime, the
LOP of the GaInN/GaInN LED overcomes that of the refer-
ence LED. As shown in Fig. 9�b�, the reference LED has a
sharp peak in EQE, which occurs at 10 mA. The EQE rap-
idly decreases as the forward current increases to 300 mA,
resulting in the typical efficiency droop of the convention
LEDs. The calculated efficiency droop is 45% by using a
droop definition of ��peak−�300 mA� /�peak. However, the
GaInN/GaInN LED shows a different dependency of the
EQE on the forward current. The EQE gradually increases in
the low current regime, and the EQE curve is saturating in
the high current regime. For the GaInN/GaInN MQW LED,
the efficiency-versus-current curve continuously increases
and does not have a peak in the measured current range. In
the high current regime, the EQE of the GaInN/GaInN LED
is higher than that of the reference LED. The higher output
power is consistent with polarization-matched LED struc-
tures reducing droop and electron leakage.

IV. CONCLUSIONS

We have presented GaInN LEDs with GaInN QBs,
rather than conventional GaN QBs, to reduce polarization
mismatch between the GaInN QWs and the QBs. The EL
spectra of the GaInN/GaInN LED show much less blueshift
with increasing injection current as compared to the GaInN/
GaN reference LED. The forward voltage is reduced in the
GaInN/GaInN LED due to reduced energy barriers for elec-
tron and hole transport. In addition, the pit density in the
GaInN/GaInN MQW is much reduced and correlated with a
reduced reverse leakage current in the GaInN/GaInN LED.
Furthermore, the LOP and EQE of the GaInN/GaInN LED
are much improved over those of the GaInN/GaN reference
LED. These results are attributed to the reduction of polar-
ization mismatch and the reduction of lattice mismatch in the
MQW active region by using GaInN QBs.
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