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Room-temperature photoluminescence �PL� measurements are performed on GaInN/GaN
multiple-quantum-well heterostructures grown on GaN-on-sapphire templates with different
threading-dislocation densities. The selective optical excitation of quantum wells and the
dependence of integrated PL intensity on excitation power allow us to determine the internal
quantum efficiency �IQE� as a function of carrier concentration. The measured IQE of the sample
with the lowest dislocation density �5.3�108 cm−2� is as high as 64%. The measured nonradiative
coefficient A varies from 6�107 to 2�108 s−1 as the dislocation density increases from 5.3
�108 to 5.7�109 cm−2, respectively. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3100773�

GaInN/GaN multiple-quantum-well �MQW� light-
emitting diodes �LEDs� are highly efficient semiconductor
sources of short-wavelength visible light. However, the di-
rect and accurate measurement of the MQW internal quan-
tum efficiency �IQE� as a function of carrier concentration
remains to be a continuing challenge. Previously, the IQE
of III-V semiconductor QWs has been determined by abso-
lute intensity measurements using an integrating sphere,1

a steady-state thermal study,2 time-resolved photolumines-
cence �PL�,3 temperature-dependent relative IQE
measurements,4,5 and methods based on a semiconductor rate
equation analysis.6–8 In the present work, we determine the
IQE of GaInN/GaN MQWs from the dependence of inte-
grated PL intensity on excitation power.6 We apply this tech-
nique to a series of MQW samples with different threading-
dislocation densities and establish both the IQE versus
carrier concentration and the nonradiative coefficient A. Our
PL measurements employ selective optical pumping of the
GaInN QW layers to avoid carrier generation in the barrier
layers and reduce carrier transport effects. This delineation is
of interest to more clearly isolate recombination processes in
GaInN MQWs, given the potential for carrier injection and
carrier leakage to contribute to the “efficiency droop” in
electroluminescence �EL�-based measurements of GaInN-
based LEDs at high carrier densities.9–11

The GaInN/GaN MQW LED heterostructures are grown
on GaN-on-sapphire templates by metal-organic vapor-phase
epitaxy. The threading-dislocation densities of the templates
are controlled by varying nucleation-layer-growth and film-
coalescence parameters.10,12,13 Threading-dislocation densi-
ties are evaluated using x-ray diffraction �XRD� rocking-
curve measurements of the Bragg peak widths of the �0004�
and �101̄1� reflections of GaN. Threading-dislocation densi-
ties are extracted from the measured peak widths using equa-
tions described in Ref. 14. For the edge-type threading
dislocations predominating in typical GaN-on-sapphire tem-

plates, previous work finds that these XRD measurements of
threading-dislocation density agree with transmission elec-
tron microscopy to within a standard error of �33%.14 To
avoid extrinsic sources of IQE variation, the LED epistruc-
tures are grown in the same growth run on three different
templates. The MQW structure has five 2.4-nm-thick
Ga0.87In0.13N QWs sandwiched between 7.5-nm-thick Si-
doped GaN quantum barriers, followed by a 30-nm-thick
p-type Al0.15Ga0.85N electron-block layer and a 400-nm-thick
p-type GaN contact layer.10 For the three resulting LED wa-
fers in this study, named A, B, and C, we have measured total
threading-dislocation densities of 5.7�109, 1.2�109, and
5.3�108 cm−2, respectively.

Our PL studies employ a 405 nm laser diode as an exci-
tation source to enable photoexcited carrier generation only
in the GaInN QWs. By applying this exclusive QW excita-
tion, we avoid optical carrier generation in the barrier layers
and reduce carrier transport effects occurring in EL measure-
ments. The laser diode is operated in a pulsed mode, with a
100 �s period and 1% duty cycle. To vary the carrier con-
centration, the laser diode injection current is increased from
50 to 180 mA, with a 10 mA interval, producing incident
peak power densities ranging from 0.21 to 1.88 kW /cm2.

The resulting MQW emission spectra are modulated by a
periodic interference term, as shown by three representative
spectra that result from each of our three samples in Fig.
1�a�. The interference is caused by the formation of an opti-
cal resonator formed by the GaN/sapphire and GaN/air inter-
faces. Our measurements show that the spectra of GaInN/
GaN MQWs grown on GaN substrates9 have no such
interference and can be fitted very well by a Lorentzian dis-
tribution, as shown by Fig. 1�b�. Given this clear underlying
dependence, we obtain integrated PL intensities by fitting our
modulated spectra to a Lorentzian distribution. Figure 1�a�
also shows the corresponding Lorentzian fits for the three
spectra. To avoid the laser-emission tail during spectral fit-
ting and integration, a limited PL-wavelength range from
425 to 500 nm is used.a�Electronic mail: efschubert@rpi.edu.
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Next, we present a theoretical model. The three main
carrier-recombination mechanisms in a bulk semiconductor
are Shockley–Read–Hall nonradiative recombination, ex-
pressed as An, bimolecular radiative recombination Bn2, and
Auger nonradiative recombination Cn3, where A, B, and C
are the respective recombination coefficients and n is the
carrier concentration. Auger recombination affects LED effi-
ciency only at very high excitation; thus, in our experiments,
the generation rate and the IQE at steady state can be ex-
pressed as

G = Rtotal = An + Bn2, �1�

IQE = Bn2/�An + Bn2� = Bn2/G , �2�

and the integrated PL intensity can be expressed as

IPL = �Bn2, �3�

where � is a constant determined by the volume of the ex-
cited active region and the total collection efficiency of lu-
minescence. By eliminating n in Eqs. �1� and �3�, we can
express the generation rate in terms of integrated PL intensity

G =
A

�B�
�IPL +

1

�
IPL. �4�

The connection between theory and experiment is com-
pleted by noting that the generation rate can be separately
calculated from experimental parameters using

G = Plaser�1 − R��l/�Aspotlh�� = Plaser�1 − R��/�Aspoth�� ,

�5�

where Plaser is the peak optical power incident on the sample,
R �18%� is the Fresnel reflection at the sample surface, l �12
nm� is the total thickness of the GaInN QWs, Aspot �3.5
�103 �m2� is the area of the laser spot on the sample sur-
face, h� �3.07 eV� is the energy of a 405 nm photon, and �
�5.4 �m−1� is the absorption coefficient of the Ga0.87In0.13N
well at 405 nm. The absorption coefficient is calculated from
its square-root dependence on energy15

� = �0
��E − Eg�/Eg, �6�

where �0 is the absorption coefficient at h�=2Eg, is obtained
by linear interpolation between GaN and InN �we use �0
=2.0�105 cm−1 for GaN and �0=1.2�105 cm−1 for InN
�Ref. 15��. Figure 2 shows the experimental results for G as
a function of IPL obtained using Eq. �5� and our previous fits
of the spectral data. Using Eq. �4� to fit the experimental data
in Fig. 2, we then obtain the coefficients P1=A�B��−1/2 and
P2=1 /�. Because the samples have the same layer structure
and are measured under the same conditions, the values of P2
�or �� for the three samples should be the same or similar.
Therefore we keep the values of P2 fixed for the three
samples while fitting the data. The fitted results, also shown
in Fig. 2, are excellent; thus Eq. �4� appears to accurately
model our experiments.

We are now positioned to extract IQEs, carrier concen-
trations, and the nonradiative recombination coefficients
from the fitted data. Eliminating A from P1=A�B��−1/2 and
Eq. �1� yields

G = P1
���Bn + ��Bn�2. �7�

By solving Eq. �7� for B1/2n and inserting into Eq. �2�, the
IQE is obtained. At the highest excitation, which has a
generation rate of 1.7�1026 cm−3 s−1, the IQEs are 31%,
55%, and 64% for samples A, B, and C, respectively. If
one assumes a value of B at room temperature of 1
�10−10 cm3 /s,7,15 the value of carrier concentration n can
also be obtained. By eliminating � from the two coefficients
P1 and P2, one can obtain the value of A�B�−1/2 and finally,
the coefficient A. Considering the fact that B is known to
only one significant figure, the accuracy of A and n are simi-
larly limited. In Fig. 3�a�, we present the measured IQE as a
function of carrier concentration n for the three samples. Our
results demonstrate higher radiative efficiencies at a given
carrier concentration for the samples with lower dislocation
density. Figure 3�b� shows the measured nonradiative coeffi-
cient A as a function of dislocation density, including values
of 2�108, 8�107 and 6�107 s−1 for samples A, B, and C,
respectively. Both Figs. 3�a� and 3�b� indicate that the
threading-dislocation density significantly affects the GaInN
MQW efficiency, which supports the argument that threading
dislocations behave as nonradiative recombination centers.16

On the other hand, the measured IQE is very high �up to

FIG. 1. �Color online� �a� Representative spectra and the corresponding
Lorentzian fits for three samples with varying dislocation densities and �b�
�insert� a representative spectrum and a Lorentzian fit for a GaInN/GaN
MQW LED heterostructure grown on a bulk-GaN substrate.

FIG. 2. �Color online� Generation rate G as a function of integrated PL
intensity IPL and fitted curves obtained using Eq. �4�.
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64%�. Chichibu et al.17 postulated that threading dislocations
act as nonradiative channels, but strong spatial localization
effectively suppresses the QW excitons from being trapped
into threading dislocations, leading to highly efficient emis-
sions from GaInN based devices. An upper limit for the
Auger coefficient C is estimated to be about 2.7
�10−30 cm6 s−1 for GaInN material and the actual value
may be smaller.18 Therefore in our experiments, the Cn3 term
is much less than the Bn2 term considering that the carrier
concentration in our experiments is less than 1�1018 cm−3,
in agreement with our assumption in Eq. �1�.

Recently it was shown that leakage of carriers from
GaInN QWs may occur even when the energy of optical
excitation is much less than the bandgap energy of GaN
quantum barrier.19 This leakage could affect the analysis pre-
sented here. We are further studying this effect to quantita-
tively assess the effect of carrier leakage on our results.

In conclusion, room-temperature power-dependent PL
measurements are performed on GaInN/GaN MQW LED
heterostructures grown on GaN-on-sapphire templates with
different threading-dislocation densities. A 405 nm laser di-
ode source is used for selective excitation of GaInN MQWs
and determination of both the IQE as a function of carrier

concentration n and nonradiative coefficient A. Our studies
establish a high IQE of 64% at a carrier concentration of
1�1018 cm−3 for the sample with the lowest dislocation
density �5.3�108 cm−2�. The measured nonradiative recom-
bination coefficient A varies from 6�107 to 2�108 s−1 as
the dislocation density increases from 5.3�108 to 5.7
�109 cm−2, respectively, confirming the nonradiative nature
of these defects.
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FIG. 3. �Color online� �a� Internal quantum efficiency as a function of
carrier concentration and �b� nonradiative coefficient A as a function of
threading-dislocation density.
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