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Carrier transport in InGaN light emitting diodes has been studied by comparing the
electroluminescence �EL� from a set of triple quantum well structures with different indium content
in each well, leading to multicolor emission. Both the sequence and width of the quantum wells
have been varied. Comparison of the EL spectra reveals the current dependent carrier transport
between the quantum wells, with a net carrier flow toward the deepest quantum well. © 2009
American Institute of Physics. �doi:10.1063/1.3244203�

Solid state lighting applications require light emitting di-
odes �LEDs� based on III-nitride semiconductors with high
internal quantum efficiencies at high current densities. High
current densities lead to high carrier densities in the active
region, and consequently a significant amount of nonradia-
tive Auger recombination.1 An increase in the internal quan-
tum efficiency at higher current densities can be achieved by
spreading the carriers over a larger volume, either through
the employment of a double heterostructure or by using a
multiquantum well �MQW� active region.2 In a MQW con-
figuration, it is important to have a uniform distribution of
carriers across all the quantum wells. Experimental informa-
tion about carrier distributions can be obtained from quan-
tum well structures with different indium content in each of
the InGaN quantum wells: each well then emits its own char-
acteristic color.3–7 In this way one can also monitor how a
carrier distribution evolves with increasing bias current. The
factors that determine the carrier transport between quantum
wells are the effective mass of the carriers, and the height
and thickness of the barriers, both in the conduction band
and in the valence band. In situations where all quantum
wells are identical, the relatively large effective mass of the
holes, as compared to the effective mass of the electrons,
tends to make hole transport the limiting factor in achieving
a uniform carrier distribution.8 The effect of barrier thickness
on carrier distribution has also been studied in InGaAsP la-
sers where a large valence band offset is present.9 Apart from
their use in monitoring carrier distributions, multicolor LEDs
are also useful as broad-spectrum LED sources.

In this letter, we compare the emission characteristics
from four LED structures, each containing three InGaN
quantum wells with different amounts of indium in indi-
vidual wells. The thickness of the wells and the sequence of
the wells are varied in order to help identify those contribut-
ing to the light emission. We show that the emission depends
on both the position and confinement �depth� of the quantum
wells, with one or two wells dominating in most cases. A
superlinear light output characteristic is measured in one
sample.

The LED structures were grown by metal-organic vapor
phase epitaxy on sapphire substrates where the GaN
buffer layer had an estimated dislocation density of
�5�109 cm−2. Following the growth of an n-GaN layer,
three InGaN quantum wells with 6 nm thick GaN barriers
were grown with differing indium content in each well. A
130 nm thick Mg-doped p-GaN layer completed the struc-
tures. In all cases, the p-GaN was grown at 925 °C to pre-
vent thermal decomposition of the wells. Two of the samples
�A and B� were grown with narrow quantum wells
�1.2–2 nm� while two other samples �C and D� had broader
wells �2–3 nm�. This results in different confinement ener-
gies for electrons and holes in each well. Samples A and D
were with a shallow well adjacent to the p side, a deep well
�highest indium content� adjacent to the n side and an inter-
mediate indium content well between these two. The order of
the quantum wells was reversed in samples B and C. Figure
1 shows the schematic of the four structures and Table I
shows the detailed well configurations. Room temperature
photoluminescence �PL� measurements of the LED struc-
tures confirmed the presence of the separate quantum well
layers.

LEDs were fabricated by depositing 50 �m diameter
Pd/Pt/Au �3/5/500 nm� p-type contacts by electron beam
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FIG. 1. �Color online� Schematic representation of the four InGaN/GaN
MQW LED layer structures. Structures A and B use narrow quantum wells
with the shallow and deep well adjacent to the p side, respectively, C and D
use wider quantum wells with the deep and shallow well adjacent to the p
side, respectively.
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evaporation and lift off. The contacts were evaluated by cir-
cular transmission line measurements. The contacts on all
samples produced linear current-voltage �I-V� characteristics,
indicating that the contacts are ohmic. The extracted p-GaN
resistivity values on the different samples lay in the range of
1.6–2.4 � cm and the specific contact resistivity values in
the range of 10−3–10−2 � cm2. The p contacts were isolated
from each other by mesa-etching down to the n-GaN layer,
using reactive ion etching with the p metal as a mask. The
metallized border of the wafer pieces was used as an n
contact.

The devices were characterized at room temperature un-
der swept current-voltage �I-V� conditions. Figure 2 shows
the forward log I-V characteristics of typical devices from A,
B, C, and D. The diode ideality factors are lower for the
devices with the narrow quantum wells �A and B�. The ide-
ality factor is linked to the efficiency of the electron-hole
recombination process, and indeed, we observe higher light
outputs on samples A and B, i.e., the samples with the lower
ideality factors �Fig. 3�a��. It is noted that the voltage at
which the ideality reaches its minimum �I�1 �A� is
�250 mV lower for sample B in comparison with sample A,
despite the only difference between the samples being the
order of the quantum wells. Later we show that this voltage
differential corresponds to the difference in the dominant
emission energy, confirming that this current is due to radia-
tive recombination through the dominant quantum well.
Thus, the p-n junction is located toward the p side of the
quantum well region. Samples C and D show higher leakage
currents, indicative of more nonradiative recombination. We
attribute the extra leakage current to defects associated with
the higher strain, resulting from the thicker quantum wells.

Figure 3 shows the L-I characteristics from the different
LEDs at room temperature. The light intensity was measured
through the transparent substrate with a silicon photodiode of

numerical aperture 0.5. The light output from the samples
with narrow quantum wells was higher than from the
samples with wider quantum wells, due to the quantum con-
fined Stark effect, which results in poorer electron-hole over-
lap in the thicker quantum wells.10 This is due to the larger
separation between the electrons and holes in the wider
quantum wells in the presence of the piezoelectric field, re-
sulting in longer radiative recombination times.11 It is noted
that samples A, B, and D show a droop in the L-I curve at
high current densities, whereas sample C, which is the least
efficient device at low current densities, shows a super linear
increase in the light output up to current densities of
5 kA /cm2.

Figure 4 shows the normalized room temperature elec-
troluminescence �EL� spectra from the four samples, at cur-
rent densities of �500 A /cm2 and �2500 A /cm2. Note
that these current densities are beyond the values found in
most commercial LED devices. To obtain the EL spectra, the
light was collected through the top surface into a fiber
coupled spectrometer. The angle between the fiber and the
surface normal was 60°.

To interpret the observed spectra we propose the follow-
ing model, illustrated in Fig. 5 �for sample A only�.12 The
model is based on the following assumptions: �1� The
amount of carriers captured per well decreases as carriers
penetrate deeper into the quantum well structure. �2� Once
captured, the carriers quickly relax toward the bottom of the
wells. �3� Due to the quick relaxation of captured carriers,
the net transport of carriers between quantum wells �both
through tunnelling and through thermionic emission� is in
the direction of the deepest quantum well.

Sample A shows two emission peaks in the EL �Fig. 4�,
the emission from the third quantum well adjacent to the p
side is missing �please note the wells are numbered accord-
ing to their growth order�. This must be due to a lack of
electrons in this quantum well as holes will readily reach this
well. In the PL �not shown� all three quantum wells are evi-
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FIG. 2. �Color online� I-V curves from InGaN/GaN LEDs A, B, C, and D.
The dashed line indicates a current of 1 �A.
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FIG. 3. �Color online� �a� L-I curves on a logarithmic scale. �b� shows the
L-I characteristic of sample C on a linear scale up to 5 kA /cm2.

TABLE I. Details of the well configurations from the four LED structures. QW-1 refers to the quantum well
closest to the n side.

Sample

Indium content
�%�

Well widths
�nm�

Nominal emission wavelength
�nm�

QW-3 QW-2 QW-1 QW-3 QW-2 QW-1 QW-3 QW-2 QW-1

A 5 15 25 1.2 1.6 2.0 380 430 490
B 25 15 5 2.0 1.6 1.2 490 430 380
C 25 15 5 3.0 2.5 2.0 560 460 400
D 5 15 25 2.0 2.5 3.0 400 460 560
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dent. The fact that holes populate all quantum wells, while
electrons are failing to reach the third quantum well, agrees
with the assumption that in this structure there is significant
hole transport between the wells, and that this transport is
directed toward the deepest well �in this case, well 1�.

Sample B is the sample with the highest light output. At
low bias, only the emission from the deepest well �well 3� is
visible, while at high bias there is a faint signature from well
2 also. Given that electrons are able to reach the well that is
furthest from the n side, we can assume that electrons popu-
late all three quantum wells, and that the lack of emission
from well 1 and the weak emission from well 2 are due to a
lack of holes, i.e., holes are almost solely confined to well 3.
Again, in the PL spectra �not shown�, emission from all three
wells is visible if the excitation power is sufficiently high. At
low excitation power, only well 1 is visible, even though this
well is furthest away from the excitation source. Both the EL
data and the PL data agree with the assumption that there is
in this structure significant electron transport between the
different wells, and that this transport is directed toward the
deepest well �in this case well 3�.

Sample C is similar to sample B, except that the wells
are thicker. The EL spectral peak is at a longer wavelength
�550 nm� and a blueshifting and broadening of the peak with

increasing bias are evident. As in sample B, the deepest well
�well 3� dominates. The difference is that there is now a
more pronounced contribution from well 2. We suggest that
the cause for this is a longer radiative recombination lifetime
in the thicker quantum well �in the presence of a strong pi-
ezoelectric effect�. As a result the holes have more time to
escape into well 2 where they recombine radiatively with
higher efficiency. The super linear L-I characteristic is the
result of the filling of the bands, the screening of the piezo-
electric field, and also an improved overlap of the electron
and hole concentrations across the MQW region, as the bias
levels increase.

Sample D is similar to sample A, except that the wells
are thicker. In sample D we measure a dominant emission
from the central well. The emission from the deepest well,
which in sample A was competing with the central well, has
almost disappeared. This is again attributed to a reduced car-
rier transport between the thicker quantum wells, allowing
fewer holes to reach well 1. The fact that emission from well
1 is very weak on sample D means that very few holes reach
this well, i.e., almost all holes are captured in wells 3 and 2.
Similarly, the fact that the emission from well 3 is very weak
means that very few electrons are captured directly into well
3, i.e., almost all electrons are captured in wells 1 and 2.

In summary, by analyzing the EL spectra from different
MQW structures, we have shown that there is significant
transport of captured carriers between the different quantum
wells and that the net flow of these carriers is toward the
deepest quantum well. We also noted that the voltage at low
currents corresponds to the color of the dominating well.

We acknowledge financial support from Enterprise
Ireland through Grant No. CFTD 06-304.
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different LED structures A, B, C, and D at two current densities �510 and
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FIG. 5. �Color online� Schematic showing carrier capture and the transport
of both electrons and holes toward the deeper quantum wells for sample A.
The band diagram was calculated using BandEng.
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