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a-plane InGaN/GaN multiple quantum wells of different widths ranging from 3 to 12 nm grown on
r-plane sapphire by metal-organic chemical vapor deposition were investigated. 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 �TRPL� study shows that the sample with
3-nm-thick wells has the best optical property with a fastest exciton decay time of 0.57 ns. The
results of cathodoluminescence and micro-PL scanning images for samples of different well widths
further verify that the more uniform and stronger luminescence intensity distribution are observed
for the samples of thinner quantum wells. In addition, more effective capturing of excitons due to
larger localization energy Eloc and shorter radiative lifetime of localized excitons are observed in
thinner well width samples in the temperature dependent TRPL. © 2008 American Institute of
Physics. �DOI: 10.1063/1.3013435�

I. INTRODUCTION

During the past few years, group III nitrides have at-
tracted a great amount of attention because of their various
applications in electronic and optoelectronic devices.1–3

However, the wurtzite nitride materials have polarization
electrostatic fields along the polar c direction that results in
the spatial separation of electron and hole wave functions
within quantum wells, inducing the quantum confined Stark
effect.4 Therefore, overcoming the built-in electric field is
one of main challenges for improvement of light emission
efficiency. Recently, growth along nonpolar orientations has
been explored to eliminate such polarization effects includ-

ing �112̄0� a-plane GaN, both on �101̄2� r-plane sapphire

and a-plane SiC, as well as �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
extensively.7,8 Chakraborty et al.9 investigated the effect of
defect density on optical properties of a-plane InGaN/GaN
grown on laterally epitaxially over grown a-plane GaN.
However, the optical properties of a-plane InGaN/GaN
MQWs are not fully understood, including the effects of the
lack of the internal field and possible different growth pa-
rameters. In general, the defect amounts of c-plane GaN,
threading dislocation density is about 107–108 cm−2 which
is less than that of both a- and m-plane GaN.10 Typically,
there is around the threading dislocation density of
109–1010 cm−2 for both a- and m-plane GaN structures.11–13

Unlike most stacking faults are essentially generated and
close to the nucleation layer for c-plane GaN,14 on the con-
trary, the different types of the stacking faults which distrib-

uted the whole a-plane GaN structure. Therefore, since the
interface roughness and treading dislocations in a-plane het-
erostructures are more complicated than those in c-plane
heterostructures,11 the luminescence mechanism requires fur-
ther clarification of the dependence of the optical character-
istics on the different InGaN/GaN quantum well widths.
Though Craven et al.15 investigated optical characteristics of
a-plane GaN/AlGaN MQWs with different well widths,
however, the issues related to well width dependence of
a-plane InGaN/GaN MQWs including luminescence effi-
ciency and time-resolved analysis of carriers have not yet
been confirmed. In this paper, we report on optical charac-
teristics of nonpolar a-plane InGaN/GaN MQWs with differ-
ent well widths grown by metal-organic chemical vapor
deposition �MOCVD� on r-plane sapphire substrates. The
photoluminescence �PL� experiments showed different opti-
cal properties between samples of different widths. Our
cathodoluminescence �CL� images and scanning micropho-
toluminescence ��-PL� images show the surface emission
map of the samples, revealing the relation between well
width and surface emission of a-plane InGaN/GaN MQWs.
Furthermore, the results of temperature dependent PL re-
vealed the localization features clearly, and low temperature
time-resolved PL �TRPL� measurements further identified
the localization effects in these samples.

II. EXPERIMENTAL DETAILS

All epitaxial films were grown on r-plane sapphire by
MOCVD. Trimethylgallium, trimethylindium, and ammonia
were used as precursors for sources of Ga, In, and N in
whole epitaxial process. A 30-nm-thick AlN nucleation layer
and a 2-�m-thick bulk GaN layer were deposited. The de-
tailed growth parameters were reported elsewhere.16,17 Four
samples with different well widths were grown for investi-
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gation. The MQW structure consisted of ten pairs of alternat-
ing GaN barriers and InGaN wells. � /2� scans of x-ray dif-

fraction at �112̄0� were applied for each sample. The results
were modeled by using software built into the XRD equip-
ment, showing that the In composition of the quantum well
was around 23%, that the GaN barrier was around 12 nm
thick and that the approximate well width for each samples
was 3, 6, 9, and 12 nm, respectively. After growing the
MQWs, a 50 nm capping layer of GaN was deposited on
each sample.

The spatially resolved CL imaging data were obtained by
scanning emission microscopy using a fixed viewing scale.
To obtain �-PL mappings, we used scanning optical micros-
copy and pumped our samples by a 325 nm He–Cd laser
operating at 25 mW in room temperature. �-PL spatial and
spectral resolutions were 1 �m and 1 nm, respectively.
Room temperature PL measurements were also performed
using the cw 325 nm He–Cd laser operating at an excitation
level of 25 mW. Power-dependent PL measurements were
carried out using power density ranging from
2–200 mW /cm2. After the above experiments, the samples
were placed in a vacuum chamber of 1.3 Pa attached to a
closed-cycle helium cryogenic chamber for further tempera-
ture dependent PL experiments between 20–300 K. In addi-
tion, TRPL measurements were performed between 9–300 K
using time-correlated single-photon counting and a 396 nm
pulsed GaN diode laser as the excitation source. According
to the report by Jordan et al.,18 the carrier density n0 can be
given by n0=0.68A�1-R�P / ���S��, where �� is the photon
energy, S is the excited area, and � is the laser repetition rate.
In our TRPL experiments, the average laser pumping power
was 0.2 mW with a pulse width of 56 ps operated at 10 MHz.
The spot diameter was around 200 �m. Taking into account
the reflection coefficient R=23% and the absorption A on the
order of 105 cm−1, we can calculate the initial carrier density
in our excitation condition to be around 1.3�1010 cm−2.
This pumped effective carrier density 1.3�1010 cm−2 was
designed as the low excitation condition to prevent strong
carrier-carrier scattering. The instrument response time of
our time-correlated single-photon counting system is about
300 ps.

III. RESULTS AND DISCUSSION

A. PL characteristics and spatial emission
distribution of a-plane InGaN/GaN MQWs

The cw PL spectra of these four samples measured at
room temperature are shown in Fig. 1�a�. The PL peak emis-
sion energy of the MQWs increased from 2.47 to 2.79 eV
with the decreasing well width, which could be attributed to
the quantum confinement effect.19,20 The similarity of peak
energies for the 9 and 12 nm samples was due to the weak
quantum confinement effect for larger well widths. Figure
1�b� shows that the PL peak emission intensity decreased
with the increase in InGaN well width. As the well width
was increased beyond 6 nm, the PL intensity dropped more
quickly.

We then analyzed different power dependences I� P�

for the samples of different well widths over a wide range of

excitation power, where I is the PL intensity, P is the pump-
ing power intensity, and � is the power index. In Fig. 2, the
relationship between PL integrated intensity and excitation
power density is observed. The respective inset figure reveals
a full PL spectrum for all samples at room temperature. We
have obtained unshifted PL peaks with increasing pumping
power density, which is well known for a-plane hexagonal
MQWs with the characteristic nonpolar flatband structure.21

The power indices around 1 for our all samples both indi-
cated that the radiative recombination dominated the optical
transition22 and gave additional evidence that no built-in
electric field was present within any of our a-plane InGaN/
GaN MQWs. However, such a-plane MQWs without the
built-in electric field should not exhibit a large PL intensity
dependence on the well width.23 Other factors such as inter-
face fluctuation, material quality, and carrier localization in
the MQWs could play important roles in the PL emission
intensity.

Figure 3 shows the CL and �-PL emission images for
the four samples using optical filters at the peak emission
wavelength corresponding to each sample. The samples with
thinner wells exhibited many, relatively large, and uniform
luminescence patterns, indicating a higher crystal quality of
their InGaN/GaN MQWs. In contrast, the sample with 12-
nm-thick wells showed fewer and smaller luminescence pat-
terns, demonstrating a high degree of inhomogeneity and re-

FIG. 1. �Color online� �a� Room temperature PL spectra of a-plane InGaN/
GaN MQWs with well width ranging from 3–12 nm. �b� Normalized PL
intensity and energy peak plotted as a function of quantum well width.
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duced MQW crystal quality. These images revealed that the
intensity of emission gradually decreases with increasing
well width, which was consistent with the PL results. Such
results were also similar to the results of �-PL mapping
shown in Fig. 3�b�. In addition, atomic force microscopy
�AFM� was applied for further identification of crystal qual-
ity. The results of plan-view AFM images indicated that the
root mean square roughness gradually increased with in-
creasing well width. The AFM result could give us additional
proof that the crystal quality of MQWs improves when the
well width was thinner. Accordingly, the CL images and
�-PL mapping would evidence that increasing well width
increases more localized states and produces poor lumines-
cence efficiency.

B. Localization features in a-plane InGaN/GaN MQWs

Figure 4 shows the evolution of the a-plane InGaN/GaN
MQW PL spectra as a function of temperature from 20 to
300 K for each well width. The decrease in PL intensity with
increasing temperature was observed. This thermal quench-
ing PL intensity is a common phenomena in III-V semicon-

ductor, which results from carriers’ thermalization from ei-
ther the radiative recombination centers or the localized
states �or both� to the nonradiative recombination centers. In
addition, three separated peaks appeared in the PL spectrum.
The high-energy peak of 3.35 eV in all samples is attributed
to the signal of bulk GaN. The middle energy peak of 2.8 eV
was clearly present in the samples of 3 and 6 nm well widths,
whereas this peak broadened and merged with the lowest-
energy signal in the samples of 9 and 12 nm well widths.
This energy peak could be attributed to the signal coming
from shallow localized states. The lowest-energy signal came
from the optical transition in deep localized states. Obvi-
ously, the PL emission from excitons in deep localized states
dominates the luminescence from 20 K to room temperature,
and the other two higher energy emissions suffer an appar-
ent, rapid thermal quenching when the temperature increases.
Since the exciton dynamics at shallow localized states is very
sensitive to the lattice temperature, it is hard for excitons to
remain stable in shallow localized states when the tempera-
ture increases.24 Therefore, the excitons in the shallower lo-
calized states have higher probabilities of transferring to the
nonradiative recombination centers or relaxing into the lower
localized states, both of which would quench the emission
from high-energy states.25 Because the emission from shal-
low localized states decreased with increasing temperature,
and then the efficient radiative recombination of excitons
could occur mainly at deep localized states. For both samples
with thinner well widths of 3 and 6 nm, the emission of
excitons from one or several shallow localized states with
one dominant energy level was apparent. In comparison, the
emission from shallow localized states in the samples with
well widths of 9 and 12 nm seemed to be broadened at all
temperature regions, indicating that there could be many
shallow localized states with different energy levels in the
thicker QWs. The reasons for this phenomenon could be at-

FIG. 2. �Color online� The relation be-
tween PL intensity and excitation
power density for a-plane InGaN/GaN
MQWs with different well widths. In-
set images illustrate PL spectra as
functions of the excitation power for
the four a-plane InGaN/GaN MQWs
with different well widths.

FIG. 3. �Color online� �a� Monochromatic top view CL images on samples
of different well widths using optical filters at the corresponding peak emis-
sion wavelengths. �b� Top view �-PL image of the same samples using
optical filters at the corresponding peak emission wavelengths. The detected
emission energies were 2.81, 2.67, 2.49, and 2.47 eV for the samples with 3,
6, 9, and 12 nm well widths, respectively.
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tributed to two factors. One is that the In composition is not
uniform especially in the thicker QWs, and thus more local-
ization energy depths occur. The other factor is probably due
to rough interfaces between well and barrier layers in MQW
structure. The exciton energy can be defined as a function of
x and L in the MQWs, which can be written as

E�x,L� = Eg�x� + Ec�L� + Eb, �1�

where x is the In composition and L is the well thickness.
The symbols, Eg�x�, Ec�L�, and Eb are the energy gap of
InGaN well, confinement energy, and binding energy of the
exciton in InGaN well, respectively. The well width L in Eq.
�1� is a function of confinement energy of exciton. Different
well widths L can influence the whole exciton energy E
�x ,L�. Therefore, the interface roughness in InGaN/GaN
MQWs causes well width fluctuation, which leads to differ-
ent confinement energies of exciton.26 Note that the impact
of interface roughness on Ec�L� is more severe when the
quantum well is thinner. Even 1 ML �monolayer� difference
in the quantum well thickness will result in a large energy
difference. On the other hand, when the quantum well thick-
ness is thicker, the interface roughness will result in many
small energy variations of Ec�L�, which could explain why
broadened shallow localized states with different energy lev-
els exist in the thicker QWs. Narukawa et al.27 also pointed
out the correlation between the interface roughness and alloy
disorder in InGaN/GaN MQWs, attributing the broad PL
spectra to not only In phase separation but also well width
fluctuation.

In order to further check the degree of alloy and inter-
face fluctuations in these four samples, we analyzed the peak
shift of the InGaN MQW emission over the investigation
temperature range as shown in Figs. 5�a�–5�d�. For the

samples with 3 and 6 nm well widths, the emission energy
decreased monotonically with increasing temperature. How-
ever, for the samples with 9 and 12 nm well widths, the
emission energy decreased at temperatures below 70 K, then
increased with increasing temperature from 70 to around 140
K and finally decreased with further increase in temperature
up to the room temperature. This redshift -blueshift -redshift
of peak energy with increasing temperature is a famous char-
acteristic of the exciton localization effect.24,28 From 20 to 70
K, the observed dynamical redshift of the PL spectrum is
considered to be caused by migration of excitons from higher
states into lower localized states. At elevated temperature
from 70 to 140 K, nonradiative recombination processes be-
come more pronounced, and some carriers recombine before
reaching deeper band-tail states, resulting in a blueshift in
the PL peak position. At higher temperatures up to 300 K,
another redshift occurs mainly due to the temperature depen-
dent dilation of the lattice and electron-lattice interaction.29,30

The total redshifts of the four samples over the temperature
ranges used are 100, 75, 55, and 62 meV for 3, 6, 9, and 12
nm QW widths, respectively. The absence of S-curve char-
acteristics for emission peak energies of 3 and 6 nm well
widths could be due to a deeper localization depth for thinner
wells, confining carriers tightly. Thus distinctively visible
S-shaped temperature dependent behavior would not
appear.31 This is also consistent with our above inference that
probably due to In phase separation and interface roughness.

C. Analysis of localization depth

Figure 6�a� shows the low temperature TRPL decay for
samples with different well widths. Since the measurement
was carried out at 9 K, the influence of the nonradiative

FIG. 4. �Color online� PL spectra as a
function of temperature from 20 to
300 K for a-plane InGaN/GaN MQWs
with different well widths.
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 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

140.113.38.11 On: Wed, 30 Apr 2014 22:51:34



recombination process could be excluded.32 All experiment
data were fitted by a combined exponential and
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.32,33

The parameter I�t� is the PL intensity at time t; 	 is the
dimensionality of the localizing centers; �1 and �2 are the
initial lifetimes of carriers. The fast decay time �1 ��1

=0.57–1.41 ns� represents the radiative recombination of
free excitons in the extended states or localized states. The
slow decay time �2 ��2=3.06–22.49 ns� accounts for com-
munication or relaxation of excitons between localized
states. Figure 6�b� shows the relation between
ln�ln�I�0� / I�t��� and ln�t� for the data in Fig. 6�a�. We have
obtained fast free exciton decay times �1 of 0.57 ns and the
communication time �2 of 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 of the PL decay
times �1 and �2 detectably increased with the QW width as
shown in Fig. 6. In general, growing a thick well using a
long growth time could easily cause fluctuation of the In
diffusion length and form worse interfaces between wells
and barriers. Increasing the degree of In separation could
result in more localized states in the MQWs. Therefore, more
localized states in the thicker well could trap parts of carriers
transitioning from higher levels to lower levels and further
delay both lifetimes, �1 and �2. The longer exciton lifetime
would decrease the PL emission intensity, which also ex-
plained the PL results of peak emission intensity as shown in
Fig. 1�b�.

We also analyze the decay time corresponding to differ-
ent energies of the PL spectra at 9 K, which provides further
evidence of the inhomogeneously broadened localization ef-
fect in these four samples. Figure 7 shows the PL decay time
as a function of monitored photon energy at 9 K for the four
samples. We attribute the circumstance to the existence of
tail states.34,35 The density of the tail states could be de-
scribed as exp�−E /E0�, where E0 represents the average of

FIG. 5. �Color online� PL peak energy
position as a function of temperature
for a-plane InGaN/GaN MQWs with
different well widths.

FIG. 6. �Color online� �a� TRPL signals of emission peaks in the a-plane
InGaN/GaN MQWs with different well widths. �b� Relation between
ln�ln�I�0� / I�t��� and ln�t� for the signal in �a�.
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the depth difference between respective shallow localized
centers and deep localized centers in the tail states. The PL
decay time increases with decreasing monitored photon en-
ergy, which is characteristic of localized excitons in an
exponential-tail density of states. The experimental results
can be fitted36

�PL�E� = �r/�1 + exp��E − Eme�/E0�� , �2�

where Eme is the energy of the absorption edge and �r is the
effective lifetime. The resulting fitting parameters of the lo-
calization depth E0 are 175, 71, 49, and 25 meV for 3, 6, 9,
and 12 nm samples, respectively. The results show a deeper
localization depth in thinner samples. Since the thermal en-
ergy is 26 meV at room temperature, excitons in the samples
with thicker well widths could escape from an initial local-
ized center with lower energy level to a higher one, creating
a broader PL spectrum of such samples at room temperature.
This result agrees well with the temperature dependent PL
experiment.

D. Three-level localized exciton model

Chichibu et al. gave an explanation of the carrier transi-
tion mechanism for InGaN/GaN system as a simplified three-
level schematic of a localized exciton system shown in Fig.
8.37 In this model, excitons are transferred from the free/
extended states to the localized states. The localization life-
time ��loc� is defined as the superposition of both the relax-
ation lifetimes of QW excitons transferring from free/
extended states to localization centers and the radiative
lifetime of localized excitons. �loc is a physical parameter
which increases with temperature T and with the occupancy
of the localization states, while it decreases with increasing
in localization depth Eloc. We analyzed the radiative and non-

radiative processes as a function of temperature for the four
samples with different quantum well width. Values of the
localization lifetime �loc and nonradiative lifetime in the free/
extended states ��nr,free� are deduced from �PL and �int �inter-
nal quantum efficiency� as a function of temperature using
the relation

�int = 1/�1 + �loc/�nr,free� ,

1/�PL = 1/�loc + 1/�nr,free. �3�

It is reasonable to assume that �loc, introduced in the three-
level localized exciton model, combines with the superposi-
tion of �1 and �2 obtained in Fig. 5. Here we used the fast
decay factor �1 to represent �PL because it dominated the PL
intensity.32 Internal quantum efficiency �int can be estimated
by using the ratio of temperature dependent integrated PL
intensity between a given temperature T and the low tem-
perature of 20 K.38 The calculation results of �nr,free and �loc

are plotted in Fig. 9 by using Eq. �3�. The �loc for all samples

FIG. 7. �Color online� PL decay time
as a function of monitored photon en-
ergy at 9 K �black� and the fitting data
for the a-plane InGaN/GaN MQWs
with different well widths �blue�.

FIG. 8. �Color online� Schematic of the localized exciton system. Excitons
are transferred from free/extended states to the localized states.

093106-6 Ko et al. J. Appl. Phys. 104, 093106 �2008�

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

140.113.38.11 On: Wed, 30 Apr 2014 22:51:34



at low temperatures less than 100 K were around 1 ns,
shorter than that of c-plane QWs, demonstrating the flatband
feature of nonpolar QWs.5 The �loc increased and the �nr,free

decreased with increasing temperature, indicating that the ef-
ficiencies of the defect trapped excitons gradually strength-
ened as temperature rose. Therefore, once the temperature
increased beyond 200 K, �PL was dominated by �nr,free in the
four samples. On the other hand, �loc of the sample with the
thinnest 3 nm well width at 300 K ��1 ns� was nine times
shorter than that of the thickest 12 nm well width ��9 ns�,
which could be probably attributed to the difference in inte-
grated intensity between the two samples. The d�loc /dT val-
ues indicate the abilities that localized centers trap and ther-
mal activity for most excitons. At temperatures beyond 170
K, the d�loc /dT values were estimated as 3�10−3, 2.5
�10−2, 5.6�10−2, and 6.9�10−2 for the samples with well
width of 3, 6, 9, and 12 nm, respectively. Samples with thin-
ner well width had smaller d�loc /dT values, thus excitons
were strongly localized and the thermal escape to two-
dimensional spaces was suppressed.31,32 As a result, shorter
�loc and smaller d�loc /dT have indicated that effective captur-
ing of excitons due to larger Eloc and/or shorter radiative
lifetime of localized excitons was more prominent in thinner
well width samples than thicker ones.39

IV. SUMMARY

In conclusion, ten pairs of a-plane InGaN/GaN MQWs
of well width ranging from 3–12 nm grown by MOCVD on
r-plane sapphire were investigated. The experimental results
show both a stronger PL intensity and a wider emission CL
and �-PL area for samples with thinner well widths. The
temperature dependent PL reveals that more uniform local-
ization states, and all of the states have similar depth with
similar depths for the samples with thinner well widths. In

addition, more effective capturing of excitons due to larger
localization energy Eloc and shorter radiative lifetime of lo-
calized excitons are observed in thinner well width samples
by using temperature dependent TRPL. These phenomena
are due to the better confinement of uniform and deep local-
ized centers for excitons existing in the samples with thinner
well widths, whereas more pronounced indium fluctuations
or rougher interfaces in the MQWs exist in the samples with
thicker well widths. These results should provide useful
guidance for the fabrication of light emitting devices using
a-plane InGaN/GaN MQW structures.
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