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The letter reports a theoretical and experimental study on the device performance of near ultraviolet
light-emitting diodes �LEDs� with quaternary AlInGaN quantum barrier �QB�. The indium mole
fraction of AlInGaN QB could be enhanced as we increased the trimethylgallium flow rate. It was
found the AlInGaN/InGaN LEDs can reduce forward voltage and improve light output power,
compared with conventional GaN QB. By using advanced device simulation, it should be attributed
to a reduction in lattice mismatch induced polarization mismatch in the active layer, which results
in the suppression of electron overflow. © 2011 American Institute of Physics.
�doi:10.1063/1.3571440�

Recently, tremendous progress has been achieved in
GaN-based blue, green, and ultraviolet light emitting diodes
�LEDs�.1,2 Near ultraviolet �NUV� LEDs operating 400 nm
wavelength is of special interest for solid-state lighting.3 To
achieve a shorter wavelength LED, one needs to reduce the
indium �In� composition in the well layers so as to increase
its band gap energy. However, since the quantum well �QW�
In content of NUV LEDs is only a few percent the band
offset between QW and �In�GaN quantum barrier �QB� be-
comes very small leading to poor carrier confinement and
low efficiency. Replacing the �In�GaN barriers by AlGaN
barriers significantly increases the band offset between QWs
and barriers resulting in an increased efficiency.4 However,
the large lattice mismatch between AlGaN barrier and InGaN
QW can result in the generation of defects at the AlGaN/
InGaN interfaces as reported in Ref. 5. Another important
aspect is the effect of the lattice mismatch and the strain
between QB and QW on the piezoelectric polarization and
the optical properties of the InGaN multiquantum well
�MQW� active region. AlInGaN layers can be grown lattice
matched to InGaN QW, which, in turn, can lead to a reduc-
tion in the piezoelectric polarization in the QW �Ref. 4� and
interface defect.5 However, to date, the optoelectronic char-
acteristics of AlInGaN/InGaN MQW are quiet limited par-
tially due to the difficult growth of these heterostructures
with device quality.

Recently, Liu et al.6 have been reported the In composi-
tion of AlInGaN epilayers increased with increasing growth
rate and had good crystalline quality, which doesn’t degrade
with increasing growth rate. However, it is not clear the de-
tailed results about AlInGaN/InGaN LEDs with various tri-
methylgallium �TMGa� flows. In this letter, we investigated

the effect of AlInGaN barrier layers with various TMGa
flows on InGaN LEDs grown by atmospheric pressure met-
alorganic vapor phase epitaxy �AP-MOVPE�. The optoelec-
tronic characteristics of AlInGaN/InGaN NUV LEDs will be
demonstrated.

Samples used in this letter were all grown on c-face
�0001� 2 in. sapphire �Al2O3� substrates in a SR-4000 AP-
MOVPE. Prior to the growth, we heated the substrate to
1100 °C in H2 ambient to remove surface contamination. We
then deposited a 20-nm-thick low-temperature GaN nucle-
ation layer at 500 °C. After the growth of GaN buffer layers,
the temperature was then raised to 1110 °C to grow a
4-�m-thick undoped GaN epitaxial layer with a growth rate
of 3.2 �m /h. The 300-nm-thick quaternary AlInGaN layer
was subsequently grown on the undoped GaN template at
790 °C for 1 h using N2 as the carrier gas. During the
growth of AlInGaN layer, we kept the flow rates of trimethy-
laluminum �TMAl�, trimethylindium, and ammonia �NH3� at
0.4 �mol /min, 14.0 �mol /min, and 0.4 mol/min. On the
other hand, the TMGa flow rate was kept at 10.4 �mol /min,
20.7 �mol /min, 31.1 �mol /min, and 41.4 �mol /min for
samples I, II, III, and IV, respectively. We also prepared the
AlGaN layer that the TMAl, TMGa, and NH3 were intro-
duced, labeled as sample V.

Nitride-based LEDs were then fabricated using these
various QB layers. LED structure consists of a 20-nm-thick
LT GaN nucleation layer, a 4-�m-thick Si-doped GaN
n-cladding layer, an MQW active layer and a 200-nm-thick
Mg-doped GaN layer. The MQW active region consists of
five periods of 2.4-nm-thick undoped In0.09Ga0.91N well layer
and 9-nm-thick undoped AlInGaN barrier layer. We prepared
LEDs I, II, and III with the AlInGaN QB grown with an
TMGa flow of 10.4 �mol /min, 31.1 �mol /min, and
41.4 �mol /min, respectively. For comparison, conventional
LED with GaN QB was also prepared, labeled as sample IV.
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For the fabrication of LEDs, we partially etched the surface
of the samples until the n-type GaN layers were exposed.
LEDs with indium tin oxide serving as a transparent contact
layer were fabricated. We subsequently deposited Cr/Au onto
the exposed n-type GaN layer to serve as the n-type elec-
trode. The chip size of LEDs was 375 �m�375 �m. High-
resolution double-crystal x-ray diffractometer was performed
to characterize the crystal quality on the Bede D1 system.
The x-ray photoelectron spectroscopy �XPS� was also used
to determine the amount of aluminum and In incorporations.
Current-voltage �I-V� characteristics of the fabricated de-
vices were then measured at room temperature by an
HP4156 semiconductor parameter analyzer. The output pow-
ers were measured using the molded LEDs with the inte-
grated sphere detector.

Figure 1 shows �0004� triple-axis � /2� x-ray diffraction
patterns for these five samples with different TMGa flow
rates. The center peaks at 0 arc sec originate from the un-
derlying GaN layers. For sample V without any In incorpo-
ration, the aluminum composition was calculated by 8%. The
AlInGaN peak and GaN peak were overlapped together for
sample I. It indicated that lattice constant of AlInGaN layer
matched perfectly with the underlying GaN layer. We can
also observe clearly that the position of the AlInGaN related
peak shifted toward left side as we increased the TMGa flow
rate. It should be attributed to the increased lattice constant
for the AlInGaN with high In content. On the other hand, the
lattice mismatch between QW and QB could be reduced with
increasing the TMGa flow rate. By XPS measurement, the In
content in the AlInGaN layers increased from 1.8% to 3.5%
as we increased the TMGa flow rate from 10.4 to
41.4 �mol /min. The evaporation of In species from the sur-
face seems to be suppressed not only at lower temperature7

but also at higher growth rates,8 as the In species become
“trapped” by the growing layer.

Figure 2 plots the electroluminescence �EL� spectra of
these four LEDs at various current injection levels. With 20
mA current injection, it was found that room temperature EL
peaks were 409 nm, 406 nm, 405 nm, and 411 nm, respec-
tively. The blueshift wavelength in EL spectra was observed
when AlInGaN QB was used in place of GaN QB. In addi-
tion, as the current is increased from 1 to 50 mA, the peak
wavelength for the reference LED IV shifts by 3.3 nm; the
peak wavelength for the LED I shifts by 1.6 nm. Moreover,
the blueshift in the peak wavelength with increasing current

is reduced when the In mole fraction in the AlInGaN QB
increases. The peak wavelength of LED III is almost inde-
pendent of the driving current. Typically, strong blueshifts
with increasing injection current are observed for QW struc-
ture with large piezoelectric field due to the quantum con-
fined Stark effect and the screening of the piezoelectric fields
with increasing carrier density.9 Therefore, the different
shifts in the peak wavelength are more likely related to the
different spontaneous polarizations in InGaN QWs. It was
attributed to a further reduction in the sheet charge magni-
tude by increasing In incorporation of AlInGaN QB.

Light-current-voltgae �L-I-V� characteristics of these
four fabricated LEDs are also plotted in Fig. 3. With 20 mA
current injection, it was found that forward voltages were
3.17 V, 3.14 V, 3.09 V, and 3.23 V for LEDs I, II, III, and IV,
respectively. Recently, Kuo et al..10 have been reported the
lattice mismatch and corresponding interface charge densi-
ties are reduced when the GaN QB are replaced by the
In0.02Ga0.98N or In0.05Ga0.95N QB. 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 de-
vice force for electrons to leak out of the active region. In
this letter, the lattice mismatch between QW and QB and
corresponding interface charge densities are reduced by in-
creasing In incorporation of AlInGaN QB, which is benefi-

FIG. 1. �Color online� � /2� scan spectra of AlInGaN-GaN heterostructure
in the �0004� reflection.

FIG. 2. �Color online� EL spectra of these three AlInGaN/InGaN LEDs and
reference GaN/InGaN LED at various current injection levels.

FIG. 3. L-I-V characteristics of these four fabricated LEDs.
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cial for reducing the forward voltage. It was also found that
output power of LEDs with AlInGaN QB was larger than
that of LED with GaN QB under the same current injection.
Under 100 mA current injection, the LED I output power can
be enhanced by 7.6% by using AlInGaN QB, compared with
LED IV. The slightly larger output power observed from
LED I can be attributed to a reduction in lattice constant
induced polarization mismatch in the active In0.09Ga0.91N
layer. The output power of AlInGaN/InGaN LEDs could be
more enhanced as we increased the TMGa flow rate. It was
also attributed to the reduced lattice mismatch between QW
and QB by increasing In incorporation of AlInGaN QB.

In order to investigate the physical mechanisms respon-
sible for the improvement of light output power, numerical
simulations of these LED structures with various AlInGaN
QBs are performed using the Simulator of Light Emitters
based on Nitride Semiconductors �SILENSE� 4.2 software, de-
veloped by the STR Crop.11 The simulated structures, such a
layer thicknesses, doping concentrations, Al and In compo-
sition are the same as the actual devices and the correspond-
ing nitride materials parameters are used in the calculations.
Figure 4�a� shows the calculated EL spectra of these four
LEDs at a current injection of 100 mA. Compared with LED
IV, the simulated EL intensity of LED III can be enhanced by
28.8%. Figure 4�b� shows the simulated conduction band
diagram of these four LEDs at a 100 mA forward current.
The conduction band on the n-side of the device is approxi-
mately the same height as the conduction band on the p-side,
which indicates that the polarization-matched active region
design minimizes the device force for electron to leak out of
the active region. The inset of Fig. 4�b� shows the vertical
electron current density profiles near the active regions of
these four LEDs when the current injection is 100 mA. The
positions of five QWs are marked with gray areas. The elec-
tron current is injected from n-type layers into QWs and
recombines with holes. The electron current which overflows
through QWs is viewed as leakage current. After using Al-
InGaN QBs, the electron overflow can be significantly de-
creased and the leakage current can be further suppressed by
increasing the TMGa flow from 10.4 to 41.4 �mol /min.
Therefore, the improvement of LED light output power

could be attributed the fact that a reduction in lattice mis-
match induced polarization mismatch in the active layer,
which results in the suppression of electron overflow.

In summary, an Al0.089In0.018Ga0.897N quaternary layer
which was lattice matched to GaN was successful grown.
The In incorporation of AlInGaN layer increases with in-
creasing TMGa flow rate. It was found the AlInGaN/InGaN
LED can reduce forward voltage, reduced the shift in wave-
length with increasing current and improved light output
power by reducing the lattice mismatch induced the polariza-
tion mismatch and sheet charges between QW and QB, com-
pared with conventional GaN QB. Under 100 mA current
injection, the LED output power with Al0.089In0.035Ga0.876N
QB can be enhanced by 15.9%, compared with LED with
GaN QB. It could be attributed the fact that a reduction in
lattice mismatch induced polarization mismatch in the active
layer, which results in the suppression of electron overflow
through theoretical simulation.
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FIG. 4. �Color online� �a� The calculated EL spectra
and �b� conduction band diagram of these four LEDs at
100 mA current injection. The inset of Fig. 4�b� shows
the vertical electron current density profiles near the
active regions.
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