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a-plane InGaN/GaN multiple quantum wells of different widths ranging from 3 to 12 nm were
grown on r-plane sapphire by metal organic chemical vapor deposition for investigation. The peak
emission intensity of the photoluminescence �PL� reveals a decreasing trend as the well width
increases from 3 to 12 nm. Low temperature �9 K� time-resolved PL study shows that the sample
with 3-nm-thick wells has a better optical property with a fast exciton decay time of 0.57 ns. The
results of cathodoluminescence and micro-PL scanning images for samples of different well widths
further verify the more uniform and stronger luminescence intensity distribution observed for the
samples of thinner quantum wells, indicating that the important growth parameters for a-plane
InGaN/GaN multiple quantum wells could be dominated by the In fluctuation and crystal quality
during the epitaxial growth. © 2007 American Institute of Physics. �DOI: 10.1063/1.2735935�

During the past few years, group III nitrides have at-
tracted a great amount of attention because of their applica-
tion in electronic and optoelectronic devices.1–3 However, the
wurtzite nitride materials exist polarization electrostatic
fields along the polar c direction that result in the spatial
separation of electron and hole wave functions within quan-
tum wells and induce the quantum confined Stark effect.4

Therefore, to overcome the built-in electric field is one of
main challenges for improvement of light efficiency. Re-
cently, to eliminate such polarization effects, growth along

nonpolar orientations has been explored for �112̄0� a-plane

GaN on �101̄2� r-plane sapphire and a-plane SiC, and �101̄0�
m-plane GaN on �100� LiAlO2 substrates.5,6

The optical characteristics of c-plane InGaN/GaN mul-
tiple quantum wells �MQWs� have been studied
intensively.7,8 Chakraborty et al. had also investigated the
effect of defect density on optical properties by comparing
growth on high-defect and low-defect laterally epitaxial
growths.9 However, the optical properties of a-plane
InGaN/GaN MQWs are still worth investigating for assis-
tance of fabrication due to the lack of the internal field and
possible different growth parameters. Since the interface
roughness and treading dislocations in a-plane heterostruc-
tures are more complicated than those in c-plane
heterostructures,10 the luminescence mechanism requires fur-
ther clarification of the dependence of the optical character-
istics on the different InGaN/GaN quantum well widths.
Craven et al. had investigated optical characteristics of
GaN/AlGaN MQWs with different well widths;11 however,
the issues related to well width dependence of a-plane
InGaN/GaN MQWs that include luminescence efficiency
and time-resolved analysis of carriers have not been con-
ferred yet. In this letter, we report on a well width dependent

and a power dependent study of nonpolar a-plane
InGaN/GaN MQWs using photoluminescence �PL� and low
temperature time-resolved photoluminescence �TRPL� mea-
surements. Cathodoluminescence �CL� images and scanning
micro-PL images show the surface emission regions of the
samples, indicating the relation between well width and crys-
tal quality of a-plane InGaN/GaN MQWs grown on r-plane
sapphire.

All epitaxial films were grown on r-plane sapphire by
metal organic chemical vapor deposition �MOCVD� reactor.
Trimethylgallium, trimethylindium, and ammonia were the
precursors used as sources of Ga, In, and N in whole epitax-
ial process. A 30-nm-thick AlN nucleation layer and
2-�m-thick bulk GaN were deposited. The detailed growth
parameters were reported elsewhere.12 Four samples with
different well widths were grown for investigation. The
MQW structure consisted ten pairs of GaN barrier and In-
GaN well. The x-ray diffraction analysis confirmed that the
In composition of the quantum well is around 23%, the GaN
barrier is around 12 nm thick, and the approximate well
widths for different samples are 3, 6, 9, and 12 nm. Finally,
the 50 nm capping layer of GaN was deposited. Room tem-
perature PL measurements were performed using the cw
325 nm He–Cd laser operating at an excitation level of
25 mW. Meanwhile, power dependent PL measurement was
carried out by using power density ranging from
2 to 200 mW/cm2. Low temperature time-resolved PL mea-
surements were performed at 9 K using time-correlated
single-photon counting and a pulsed GaN diode laser oper-
ating at a wavelength of 396 nm as the excitation source. The
pumped effective carrier density was estimated to be about
1.27�1010 cm−2, which was in the low excitation condition
to prevent the strong carrier-carrier scattering. The instru-
ment response of this time-correlated single-photon counting
system is about 300 ps. The spatially resolved CL imaging
data were obtained by scanning the scanning emission mi-
croscopy over the samples with the same viewing scale. We
also used a scanning optical microscopy to obtain micropho-
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toluminescence ��-PL� mappings pumped by a He–Cd laser
operating at 325 nm with 25 mW at room temperature with
spatial and spectral resolutions of 1 �m and 1 nm, respec-
tively.

The cw PL spectra of these four samples measured at
room temperature are shown in Fig. 1�a�. The MQW PL peak
emission energy increased from 2.47 to 2.79 eV with the de-
creasing well width, which could be fully attributed to the
quantum size confinement effect. The similar peak energy of
the samples of 9 and 12 nm was due to the weak quantum
confinement effect in a larger well width. Figure 1�b� shows
the PL peak emission intensity that gradually decreased with
the increase of InGaN well width. When the well width is
thicker than 6 nm, the PL intensity drops more quickly. We
then analyzed different power dependences I� P� for the
samples of different well widths over a wide range of exci-
tation power, where I is the PL intensity, P is the pumping
power intensity, and � is the power index. We only selected
one condition because all results of power dependent experi-
ments were similar. Figure 2, the right inset figure shows the
PL integrated intensity among different excitation power
densities and the inset figure reveals a full PL spectrum of
the sample with a 6-nm-thick well. We have obtained un-
shifted PL peaks with the increasing pumping power density,
which is well known for a-plane hexagonal MQWs with the
nonpolar characteristic and the flatband structure.13 Figure 2,
the left inset figure shows dependence of the power index on
samples of different widths. The power indices around 1 for
our all samples indicated that the radiative recombination

dominated in the optical transition14 and absolutely indepen-
dent of InGaN well width, which also give the other evi-
dence that no built-in electric field was observed within our
a-plane InGaN/GaN MQWs with different well widths.
However, such the a-plane MQWs without the built-in elec-
tric field within should not exhibit strong PL intensity depen-
dence on the well width.15 Other determining factors should
account for the PL intensity drop with a thicker quantum
well.

Figure 3�a� shows the low temperature time-resolved PL
decay for samples with different well widths. Since the mea-
surement was carried out at 9 K, the influence of the
nonradiative recombination process could be excluded.17

All experiment data were fitted by an exponential and a
stretched exponential line shape I�t�= I1�0�exp�−t /�1�
+ I2�0�exp�−�t /�2���, which has been used to analyze the
emission characteristics of nonpolar InGaN/GaN
MQWs.16,17 The parameter I�t� means the PL intensity at
time t, � is the dimensionality of the localizing centers, and
�1 and �2 are the initial lifetimes of carriers. The fast decay
time �1 ��1=0.57–1.41 ns� represents the radiative recombi-
nation of free excitons and the relaxation of QW excitons
from free or extended states toward localized states. The
slow decay time �2 ��2=3.06–22.49 ns� accounts for com-
munication between localized states and the radiative life-
time of localized excitons. Figure 3�b� shows the relation
between ln�ln�I�0� / I�t��� and ln�t� for the data in Fig. 3�a�.
We have obtained fast free and bound exciton decay times of
0.57 and 3.06 ns for the a-plane MQWs with 3 nm well
width in comparison to the values of �6 ns reported for
c-plane MQWs.5 However, both the PL decay times �1 and
�2 increased apparently with the QW width shown in Fig. 3.
In general, growing a thicker well with a longer growth time
could easily cause fluctuation of In diffusion path and form
worse interfaces between wells and barriers. The more de-
gree of In separation could result in the more localized states
between conduction band and valence band. Therefore, more
localized states in the thicker well could trap parts of carriers
transited from higher levels to lower levels and further delay
both lifetimes of �1 and �2. The longer exciton lifetime
would decrease the PL emission intensity, which also could
correspond to the PL results of peak emission intensity, as

FIG. 1. �Color online� �a� Room temperature PL spectra of a-plane
InGaN/GaN MQWs with well width ranging from 3 to 12 nm. �b� Normal-
ized PL intensity and energy peak plotted as a function of quantum well
width.

FIG. 2. �Color online� The relation between PL intensity and excitation
power density for a-plane InGaN MQWs of 6 nm. Right inset figure shows
the PL spectra of InGaN MQWs of 6 nm under different excitation power
densities. Left inset figure shows the power index of excitation vs InGaN
MQWs with different well widths.
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shown in Fig. 1�b�. We also analyzed the decay time corre-
sponding to different energies of PL spectra at 9 K and found
that the decay time on the lower energy side of the PL peaks
was slower than that on the higher energy side, which could
provide evidence of inhomogeneously broadened localiza-
tion effect.

Figure 4 shows the CL and �-PL emission images for
samples with 3–12 nm well width using optical filters at
corresponding peak emission wavelength. The samples with
thinner wells exhibited many relatively large and uniform
luminescence patterns, indicating a higher crystal quality of
the a-plane InGaN/GaN MQWs. On the contrary, the sample
with 12-nm-thick wells showed few and small luminescence
patterns, demonstrating a high degree inhomogeneity and
worse crystal quality of the MQWs. Such results were simi-
lar to the results of �-PL mapping shown in Fig. 4�b�. This
image revealed that the intensity of emission would gradu-

ally decrease with increasing well width, which was consis-
tent with PL results. As a result, the CL images and �-PL
mapping could evidence that increasing well width will in-
crease more localized states and obtain poor luminescence
efficiency, corresponding to the same results obtained by PL
and TRPL measurements.

In conclusion, ten pairs of a-plane InGaN/GaN MQWs
of well width ranging from 3 to 12 nm grown by MOCVD
on r-plane sapphire were investigated. No built-in electric
field was observed in the power dependent PL measurement
for all samples. However, the PL emission intensity de-
creased as the quantum well width was increased. Moreover,
low temperature TRPL study further indicated that the radia-
tive lifetime was decreased with the decreased well width.
According to the CL and �-PL scanning images revealing
that the crystal quality and the degree of the localization
states strongly depend on the well width, corresponding to
the similar observation results of PL and TRPL, the epitaxial
condition and In fluctuation during the quantum well growth
shall dominate the optical characteristics of the nonpolar
a-plane MQWs. These results should provide a useful guid-
ance for fabrication of light emitting devices using a-plane
InGaN/GaN MQW structures.
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FIG. 3. �Color online� �a� TRPL signals of emission peaks in the a-plane
InGaN/GaN MQWs with different well width. �b� Relation between
ln�ln�I�0� / I�t��� and ln�t� for the signal in �a�.

FIG. 4. �Color online� �a� Monochromatic top view CL images of different
well widths using optical filter at corresponding peak emission wavelength.
�b� Top view �-PL image of different well widths using optical filter at
corresponding peak emission wavelength.
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