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The authors investigate the carrier transport and distribution characteristics of InGaN multiplequantum-well (MQW) light-emitting diodes by comparing the electroluminescence (EL) and the
photoluminescence (PL) spectra of dual-wavelength LEDs emitting around 440 nm and 460 nm.
The PL spectra show distinctive peaks from both the 440-nm and the 460-nm emitting QWs whereas
the EL spectra show only a dominant peak only from the 460-nm emitting QWs close to the pside layers. This clearly reveals an inhomogeneous carrier distribution owing to inefficient hole
transport. In addition, the effect of silicon doping on the carrier transport and distribution is
investigated by comparing the EL spectra of LED structures with and without a silicon-doped
barrier, and silicon doping at the barrier was found to affect the hole transport characteristics
significantly. The experimental demonstrations are consistent with the simulation results for the
carrier distribution in dual-wavelength MQW LEDs.
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in InGaN MQWs [5,6]. In LEDs, the carrier distribution
in MQWs can be related to the phenomenon of efficiency
droop, i.e., a reduction in the emission efficiency at high
current densities [9–11]. Since the efficiency droop becomes large as the carrier density in the QWs increases,
the efficiency droop effect can be reduced by increasing
the total thickness of the QW layers [12–15]. Therefore, MQW active layers with many QWs can be advantageous for improving the efficiency at high current
densities. However, owing to the inhomogeneous carrier
distribution, the actual carrier density in certain QWs
still will be high for the MQW LED structure. It has
been reported that the majority of radiative recombination would occur only at the first QW closest to the
p-side layer, which implies that the carrier density can be
quite high at specific QWs close to p-side layers [4]. In
fact, it has been demonstrated that the efficiency droop
was reduced in MQW structures with improved carrier
transport [16,17]. Therefore, for high-efficiency LED applications, it is important to study the carrier transport
and distribution characteristics of InGaN MQWs. However, direct experimental evidence of the inhomogeneous
carrier distribution characteristics in InGaN MQWS has
not been clearly presented.
In this research, we experimentally demonstrated the
inhomogeneous carrier distribution in InGaN MQW

I. INTRODUCTION

Over the last decade, nitride semiconductors have attracted much attention owing to the rising demand for
light-emitting diodes (LEDs) and laser diodes (LDs)
manufactured using InGaN/GaN materials. However,
there are still many issues concerning the carrier transport, distribution, and recombination characteristics in
InGaN-based LEDs and LDs [1–8]. Recently, it has been
reported that the carrier distribution in InGaN multiplequantum-well (MQW) structures could be quite inhomogeneous, mainly as a result of inefficient hole transport
through the QWs due to low hole mobility [1–6]. In the
InGaN/GaN material system, the mobility of electrons
is several hundreds of cm2 /Vs whereas that of holes can
be as low as only a few cm2 /Vs. Such inhomogeneities
in the carrier distribution could have a considerable influence on the device performances of LDs and LEDs.
For example, in blue LDs emitting a wavelength
around 450 nm, an anomalous temperature dependence
of the threshold current was observed, which has been
attributed to the peculiar gain-temperature characteristics resulting from the inhomogeneous hole distribution
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Fig. 2. (Color online) Electroluminescence (EL) and photoluminescence (PL) spectra of LED1. The spectral intensity
is normalized to the peak intensity of the spectrum.

Fig. 1. (Color online) (a) Schematic diagram of the
light-emitting diode (LED) structures. Two types of LED
structures, LED1 and LED2, were used. Long-wavelength
multiple-quantum-well (LW-MQW) and short-wavelength
multiple-quantum-well (SW-MQW) layers were designed to
emit at 460 nm and 440 nm, respectively. (b) In LED1, all
MQWs and barrier layers are undoped. (c) In LED2, the
barrier between the LW-MQW and the SW-MQW region is
doped with silicon.

structures more clearly by comparing the electroluminescence (EL) and the photoluminescence (PL) spectra
of InGaN LEDs with dual-wavelength MQW layers designed to emit light at wavelengths of 460 nm and 440
nm. There is a difference between the EL and the PL
measurements in terms of carrier generation. In the EL
experiments, electrons and holes are injected from the
n-side and the p-side layers, respectively. Therefore, the
concentration of electrons and holes at each QW could
be different. In the PL experiments, however, both electrons and holes are photo-excited at the QWs by a pump
laser, so equal numbers of electrons and holes are generated at each QW. Therefore, a comparison of the emission spectra between EL and PL is expected to clearly
reveal the carrier transport and distribution characteristics in InGaN MQWs.

II. EXPERIMENT
A schematic of the LED layer structures is shown in
Fig. 1(a). The epi-layers were grown on a patterned
sapphire substrate by using metal-organic chemical vapor epitaxy. In the MQW region, there are six 25-Åthick InGaN wells separated by 100-Å-thick GaN barriers. The MQW layers are composed of two 460-nmemitting QWs and four 440-nm-emitting QWs. Here, the

two 440-nm-emitting QWs and the four 460-nm-emitting
QWs are denoted as the short-wavelength MQW (SWMQW) and the long-wavelength MQW (LW-MQW), respectively. The LW-MQW is positioned close to the pGaN layers, and the SW-MQW is positioned below the
LW-MQW. In this work, two types of MQW LED structures, LED1 and LED2, are studied, as shown in Figs.
1(b) and (c), respectively. In LED1, all of QWs and
barrier layers are undoped. LED2 is basically similar
to LED1 except for the existence of a silicon-doped barrier between the LW-MQW and the SW-LQW. The doping concentration of silicon is ∼5 × 1018 cm−3 . Below
the SW-MQW layer, there exist InGaN/GaN superlattice layers with an emission wavelength around 410 nm.
PL measurements were performed using a laser diode
with a wavelength of 375 nm. The pump laser excited
carriers only in the QW and superlattice layers of the
LED wafer. The pump laser light was focused on the
LED wafer, and the emitted PL was collected by using a microscope objective and was measured by using a
spectrometer. For the EL measurements, an LED chip
manufactured from the same LED wafer was mounted
on a TO (transmitter optical) can-type package (model
TO-18) and tested by using current injection. All measurements were performed at room temperature.
Figure 2 shows the EL and the PL spectra for LED1.
Here, the injected current and the pump laser power are
1 mA and 10 mW, respectively. The EL and PL intensities are normalized to the peak intensity of the spectrum. The EL spectrum exhibits a dominant emission
near 460 nm whereas the emission intensity around 440
nm is quite low. This indicates that most of the light
comes from the LW-MQW due to current injection and
that carrier recombination occurs mainly at only one or
two QWs emitting at 460 nm. Since the LW-MQW is
positioned close to the p-GaN layer, carrier recombination is limited by the hole distribution. Therefore, the
EL spectrum reflects an inefficient hole carrier transport
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Fig. 3. (Color online) (a) EL spectra of LED1 for various
currents from 1 to 50 mA. (b) PL spectra of LED1 for various
pump powers from 0.2 to 10 mW.

and, consequently, a non-uniform hole carrier distribution in the MQWs.
In the PL spectrum, however, three distinct peaks are
clearly observed at 460, 440, and 410 nm, which correspond to emissions from the LW-MQW, the SW-MQW,
and the superlattice layers below the MQW layers, respectively. The existence of these distinct peaks in the
PL spectrum indicates that all InGaN layers are able to
emit light due to the pump laser and that the hole transport is not a limiting factor in the PL experiment. The
intensity of the 440-nm emission is relatively low compared with that of the 460-nm emission. This is possibly
ascribed to a degradation of the crystal quality in the
SW-MQWs during the growth of the LW-MQW layers
because the growth condition was optimized for the LWMQWs. The reduced absorption of pump laser light and
the absorption of the 440-nm PL by the LW-MQWs are
also partly attributed to the low intensity. In any events,
the differences between the EL and the PL spectra in Fig.
2 clearly reveal an inefficiency in hole carrier transport
and an inhomogeneous hole distribution in the InGaN
MQWs due to current injection.
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In Figs. 3(a) and (b), the EL and the PL spectra of the
LED1 are shown, respectively, for various value of the injection current and the pump power. In the EL spectra,
the small peak at 440 nm decreases as current increases
and almost disappears when the injection current is >10
mA. Note that the large peak near 460 nm shifts toward
short wavelength by ∼10 nm as the current increases
from 1 to 50 mA. This blue shift is attributable to two
effects: a reduction in the quantum-confined Stark effect
(QCSE) due to the screening of polarization charges at
the interfaces of the LW-MQWs and the carrier band
filling effect. Compared with the large blue shift of the
main peak, the blue shift of the small peak at 440 nm
is not clear, possibly due to the low carrier density at
SW-MQWs. At sufficiently high injection currents, the
small peak at 440 nm merges into the blue-shifted main
peak. Therefore, the disappearance of the spectral emission peak from the SW-MQWs at high current indicates
a large inhomogeneity of carrier densities between the
LW-MQWs and the SW-MQWs. In the PL spectra, on
the contrary, all three peaks are clearly observed as the
pump power increases. The amount of the blue shift of
each peak is less than 2 nm due to the relatively low carrier density at the QWs caused by optical pumping. The
clear differences between the current-dependent EL and
the power-dependent PL spectra in Fig. 3 again demonstrate the inhomogeneous carrier distribution in InGaN
MQWs due to current injection.
The carrier transport characteristic was further investigated by comparing the EL spectra of LED1 and
LED2. The only difference between these two structures
is the presence of a silicon-doped barrier between the
LW-MQW and the SW-MQW. Actually, silicon-doping
at QW barriers has been widely employed because the
interface quality in InGaN/GaN MQW structures is believed to be improved and polarization charges at MQW
interfaces are believed to be screened by silicon doping [18–21]. However, silicon doping at barriers between
QWs has a considerable influence on the carrier transport and distribution in MQWs. Silicon acts as an n-type
dopant in the GaN barrier between QWs. Generally, ntype doping in a barrier prevents the transport of holes
from one QW to the next. Therefore, MQW structures
with a silicon-doped barrier are expected to exhibit a
more inhomogeneous carrier distribution than those with
an undoped barrier.
Figure 4 shows EL spectra of LED1 and LED2 for
an injection current of 1 mA. In LED2, the dominant
peak corresponding to the emission from the LW-MQW
is shifted toward 450 nm, possibly because of the different growth conditions of the MQWs. Although the
two spectra appear to be similar, there is a clear difference in the spectral region in wavelength range 430
∼ 440 nm corresponding to the emission from the SWMQWs. There is a small, but nonnegligible, emission
from the SW-MQW in LED1. However, emission from
the SW-MQW in LED2 is almost nonexistent, as a result
of silicon doping in the barrier between the second and
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Fig. 4. (Color online) EL spectra of LED1 (undoped barrier) and LED2 (n-type-doped barrier) for an injection current of 1 mA.

the third QW. As previously mentioned, since hole transport through the n-type doped barrier is hindered, the
hole carrier density in the SW-MQW is negligible, and
hence no emission from the SW-MQW was observed.

III. SIMULATION
In order to confirm the above experimental results, we
performed a simulation of the hole density distribution
by using the APSYS software developed by Crosslight
Co. [22]; this software is frequently used to model GaNbased LEDs [7,16,23]. Here, the mobilities of electrons
and holes in the GaN/InGaN layers were assumed to
be 500 cm2 /Vs and 10 cm2 /Vs, respectively. Figure
5 shows, on a logarithmic scale, the electron and the
hole distributions at six QWs for the MQW structures of
LED1 (undoped barrier) and LED2 (n-type-doped barrier). The right and the left sides of this figure correspond to the p-side and the n-side layers, respectively.
As Fig. 5(a) shows, the electron distribution at the six
QWs is reasonably uniform between QWs, and the electron distributions for the two LED structures are similar. However, the hole distributions for two LED structures are quite different from the electron distributions,
as shown in Fig. 5(b). The hole distributions at the
six QWs are more inhomogeneous compared to the electron distributions, especially for the LED structure with
n-doped barrier. Since the EL emission intensity is proportional to the product of the electron density and the
hole density, the EL intensity distribution will be similar
to the hole density distribution because of the relatively
uniform distribution of the electron density at six QWs.
In the LED1 structure, the hole density in the first
two QWs from the p-side layer corresponding to the
460-nm-emitting LW-MQW is more than five times the
hole density in the remaining four QWs corresponding to

Fig. 5. (Color online) Simulation results for the (a) electron density distribution and the (b) hole density distribution
at six QWs shown on a log scale for the MQW structures of
LED1 (undoped barrier) and LED2 (n-type-doped barrier).
The right and the left sides correspond to the p-GaN and the
n-GaN layers, respectively.

the 440-nm-emitting SW-MQW. Therefore, the emission
from the LW-MQW is expected to be dominant, and the
contribution of the SW-MQW in the total light emission
should be small. This result qualitatively agrees well
with the measured EL spectrum for LED1. In the case
of the LED2 structure, the hole density in the LW-MQW
is ∼100 times that in the SW-MQW. A large decrease in
the hole density between the second and the third QW
is observed, implying that the hole blocking effect of the
n-type doped barrier is so effective that most of the holes
are distributed in the first two QWs. This results in negligible emission from the SW-MQW in the EL spectrum
of LED2, as shown in Fig. 4. The calculated results for
the hole density clearly show that the hole distribution
in InGaN MQWs may be quite inhomogeneous, and this
effect is even more significant for MQWs with a silicondoped barrier.
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IV. CONCLUSION
In this study, the carrier transport and distribution
characteristics were investigated by comparing the EL
and the PL spectra of dual-wavelength InGaN MQW
LEDs emitting around 440 nm and 460 nm. While emission from all InGaN layers was observed in the PL spectrum, the EL spectrum showed only a dominant peak
from the 460-nm emitting QWs located close to the pside layers. This difference between the PL and the
EL spectra clearly demonstrates an inhomogeneous hole
distribution and inefficient hole transport characteristics. Furthermore, as injection current increased, the
small peak at 440 nm became merged into the blueshifted main emission peak from the 460-nm emitting
QWs, which can be interpreted as a screening of polarization charges by the large carrier density at the 460nm-emitting p-side QWs. In particular, these strong hole
blocking effect of an n-type doped barrier was clearly observed by comparing the EL spectra of MQW structures
with and without a silicon-doped barrier. The measured
EL spectra were found to be consistent with the simulation results for the hole density distribution in InGaN
MQWs.
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