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The formation of In-rich quantum dot structures will induce strain energy in the quantum well
layer, forming the clusters and stacking faults influencing the optical properties. Our results
showed different QW widths with the formation of various In-rich quantum dot structures and
different levels of strain energy. Upon thermal annealing, energy relaxation resulted in the
reshaping of quantum dots and hence the changes of optical properties. The results of
temperature variations of PL spectral peak, integrated PL intensity and PL decay time showed
consistent trends in varying strain energy distribution.
C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Quantum-dot-like structures have been observed in In-
GaN/GaN quantum wells (QWs). Such structures are
formed because of the large lattice mismatch between
InN and GaN, which will result in potential fluctuations
and hence the effect of carrier localization (CL) [1–3].
The method of CL has been widely used for interpret-
ing observed optical behaviors in such compounds, such
as the S-shaped temperature dependent variation of pho-
toluminescence (PL) spectral peak [4, 5]. On the other
hand, the large lattice mismatch between InGaN wells
and GaN barriers leads to significant strains in the well
layers. The strain-induced piezoelectric field, which gen-
erates the quantum confined Stark effect (QCSE), has also
been used for explaining the observed optical phenomena,
such as the excitation power dependence of PL spectral
peak [6–8]. In this effect, electrons and holes are spatially
separated. Hence, radiative transition rate is reduced and
PL decay time is elongated [9, 10]. It is expected that both
effects of CL and QCSE play certain roles in the photon
emission mechanisms of such compounds.

The sizes, shapes, compositions and distributions of
the indium-aggregated clusters depend on the nominal in-
dium content of InGaN and the degree of spinodal decom-
position [11]. With high-resolution transmission electron
microscopy (HRTEM), randomly distributed clusters of
indium aggregation and phase-separated InN were widely
observed. The cluster structures form potential minimums
(called localized states) to trap carriers for efficient pho-
ton emission [5, 12–14]. Such indium-aggregated distri-
butions are basically located in the quantum well layers;

however, they usually diffuse into barriers, extensively
under certain conditions [3]. Since the strain energy will
be developed during the growth of InGaN QW layers,
the designated QW width becomes a crucial factor in the
cluster formation and the consequent photon emission
characteristics [15, 16].

It had been reported that post-growth thermal anneal-
ing could alter the sizes and distributions of self-organized
InAs quantum dots [17, 18]. In InGaN compounds, post-
growth thermal annealing processes for changing the clus-
ter structures and their photon emission properties were
also reported [19–21]. In one of the previous results, a bet-
ter confined quantum well structure, i.e., weaker indium
out-diffusion, after thermal annealing has been reported
[21]. The photoluminescence (PL) intensity was increased
with the stronger quantum well confinement effect. Post-
growth thermal annealing can provide a means for de-
vice manufacturers to tune the photon emission in InGaN
compounds, wavelength or to tailor the gain spectrum by
changing the size/composition of the quantum-dot-like
structures, and change the strain energy distribution of In-
GaN QWs. The information of thermal annealing is also
helpful for crystal growers to design growth procedures.
Formation of regularly embedded InGaN or InN quan-
tum dots (QDs) around the designated well layers was
observed upon thermal annealing under an appropriate
condition [22]. PL intensity was significantly increased
with the formation of regular QD structures.

In this paper, we mainly report the changed strain en-
ergy distribution of Indium rich QD structures by various
QW widths and different amount of thermal annealing.
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Continuous PL and time-resolved PL (TRPL) measure-
ments were conducted to show various optical behav-
iors. High-resolution transmission electron microscopy
(HRTEM) images were obtained to demonstrate the vari-
ations of microstructures. This paper is organized as fol-
lows: In Section 2, sample structures and experimental
procedures are discussed. The microstructure analysis and
optical properties are briefly reported in Section 3. Finally,
conclusions are drawn in Section 4.

2. Experimental procedures
The samples were grown on a c-plane sapphire using
metal organic chemical vapor deposition. Following the
deposition of 30 nm GaN buffer layer and a 2.3 µm
GaN layer, QW structures consisting of five pairs of
In0.15Ga0.85N well and 10 nm-thick GaN barrier were
grown. Three samples of different well widths at 2, 3,
and 4 nm were prepared and referred to as samples w20,
w30 and w40, respectively. The growth temperatures were
1010 and 720◦C for GaN and InGaN, respectively. As-
grown samples were thermally annealed in a quartz tube
furnace at different temperatures ranging from 800 to
900◦C in nitrogen ambient for 30 m.

XRD measurements were carried out using the Kα ra-
diation of Cu, monochromated with the (111) reflection
of Ge single crystal. The composition of InxGa1−xN could
be determined by calculating the lattice spacing from the
(0002) Bragg reflection peak, and assuming that Vigard’s
law was applicable for the InN and GaN systems. The
density of threading dislocations (TDs) and surface mor-
phologies were examined with atomic force microscopy
(AFM) operating in the tapping mode. The PL measure-
ments were excited with a He-Cd laser (Kimmon) at a
wavelength of 325 nm.

A cross-sectional sample was prepared conventionally
manner by grinding, dimpling and Ar+-ion milling with
6 KV, 1 mA and an incident angle of 4◦. However due
to previous experience with In coating materials, the ion
milling step was always carried out with the specimen
holder at liquid nitrogen temperature in order to mini-
mize the ion beam damage. The HRTEM investigations
were performed with both 200 KeV philips CM 200 and
300 KeV JEM 3010 microscopes, all high-resolution mi-
crographs were taken at Scherzer defocous and the sam-
ple was viewed along a [112̄0] zone axis, 300 KeV JEM
3010 microscope equipped with a 2 k × 2 k slow-scan
CCD camera and a Gatan Imaging Filter (GIF), respec-
tively. Concerning the EF images, the drift between the
two pre-edge and the post-edge image recorded has been
created by using the cross correlation algorithm available
in the Digital Micrograph software of the GIF. In order to
remove the background contribution underneath the ion-
ization edges which are specific for the elements and to
obtain elemental maps, two different techniques can be
used [23, 24]. The jump-ratio method, where the post-
edge image is normalized by dividing it by a pre-edge
image has been applied. The resulting elemental maps

Figure 1 The NCEM Phase Extensions to Digital Micrograph software for
calculating strain on QD structure.

contain less noise and fewer artifacts [24]. However, they
cannot be quantified, but qualitative information on the
homogeneity of the elemental depth distribution is pos-
sible. The strain energy distribution is calculated by the
NCEM Phase Extensions to Digital micrograph.

3. Results and discussions
We have calculated the strain energy distribution around
the QDs, as shown in Fig. 1, in which the higher strain
energy is indicated as the white arrow and it will affect the
layer structure continuously. In order to know the effect of
strain energy in quantum well, grown various QW widths
and different thermal annealing treatment were used. Figs
2a–c show the HRTEM images of various QW widths.
Due to the higher strain energy built in the QWs layer, the
QDs structures are clearly observed on w40 sample. Figs
3a–c show the HRTEM images of 800◦C-annealing with
various QW widths. In the w30 and W40 samples, con-
trast spots of irregular sizes and shapes can be seen around
the designated QW layers. Certain line features are still
quite clear. Although HRTEM images can be affected by
the process procedures of HRTEM samples, Fig. 3(b) does
show quite a different structure from that in Fig. 3(a), some
indium rich clusters that are clearly observed in barriers
seem to be the procedures of spinodal decomposition. All
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Figure 2 The HRTEM results of InGaN/GaN with (a) 2 nm (b) 3 nm (c)
4 nm QW thickness.

of them disappear in Fig. 3(c), the high strain energy in
the layer must be partially released. High strain energy is
expected in w40, and to further provide an evidence of the
defects structure in Figs 4a–c, the surface point (V-shape)
defects image of the as-grown w20, w30 and w40 samples
is shown with atomic force microscopy results. The higher
defect density is observed in w40, since the higher strain
energy might be relaxed through the formation of thread
dislocations or local lattice distortions in the QW layers,
and they also led to quite poor photon emission efficiency.
Figs 5a–c show the HRTEM images of as-grown, 800◦C
-annealing and 900◦C-annealing w20. The as-grown w20
shows highly irregular and diffusive cluster structures.
Clusters diffuse from the designated QW layers into bar-
riers. After thermal annealing at 800◦C, cluster structures
become much more regular. QDs with sizes of 3–5 nm
are quasi-regularly arranged in the designated QW layers.
A similar HRTEM image was obtained in a sample of a

Figure 3 The HRTEM results of InGaN/GaN with 800◦C annealing for
30 m, (a) 2 nm (b) 3 nm (c) 4 nm QW thickness.

similar structure under thermal annealing [22]. Energy-
filter transmission electron microscopy has been used to
identify the existence of coupled QDs.

After thermal annealing, the S-shaped variation of PL
peak is maintained in each case. Thermal annealing results
in blue shift of PL peak in w20, and red shift in w30 and
w40. In all samples, thermal annealing at 800◦C leads to
the largest spectral shifts. As the thermal annealing tem-
perature increases, the blue shift or red shift is reduced.
Fig. 6 shows the temperature-dependent variations of in-
tegrated PL intensity of the as-grown and annealed sam-
ples. The integrated PL intensities were enhanced upon
thermal annealing in w20 and w30 samples, particularly
significant in w20. However, that of w40 was reduced. It is
interesting to note that the trends in PL peak shifts (blue
or red) and integrated PL intensity variations (increase
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Figure 4 The surface point defects image of the as-grown (a) w20, (b) w30
and (c) w40 samples with atomic force microscopy.

or decrease) with annealing temperature are the same in
each of the three samples. As the annealing temperature
increases, optical properties generally tend to return to the
as-grown condition. However, it is noted that in w20 and
w40, the curves of PL peak and integrated PL intensity
of 900◦C annealing lie between those of 800 and 850◦C
annealing. Nevertheless, in w30, the curves of 850◦C an-
nealing lie between those of 800 and 900◦C annealing.
This difference indicates different dependencies on an-
nealing temperatures of various samples.

Thermal annealing results in an increase of PL de-
cay times in both samples. In particular, the increase of
w20 and w30 occur mainly in the high and low tem-

Figure 5 The HRTEM results of InGaN/GaN with 2 nm QW thickness, (a)
as-grown, (b) 800◦C annealing for 30 min, (c) 900◦C annealing for 30 min.

perature ranges, respectively. The variations in the an-
nealing temperature of these two samples are the same
as those of PL spectral peak and integrated PL inten-
sity, as shown in Fig. 6. The as-grown sample of w20
manifests a two-peak feature in the PL decay time vari-
ation with temperature. Thermal annealing particularly
enhances the peak of higher temperature. On the other
hand, the as-grown w30 shows a one-peak feature. The
peak was enhanced upon thermal annealing. After thermal
annealing of this sample, the time for PL decay become
too long to be well calibrated with our measured data.

In w20, upon thermal annealing, spinodal decomposi-
tion may dominate the process of relaxing the strain en-
ergy built in the well layers. In this process, the “up-hill”
diffusion results in the gathering of indium toward their
cores, and forms a more regular structure as in Fig. 5(b)
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Figure 6 Variations of normalized integrated PL intensities versus temper-
ature of the three samples under various thermally annealing conditions.

[22]. Based on the result, it is concluded that the struc-
ture is preferred for enhancing photon emission efficiency
from Fig. 6. In w30, upon thermal annealing, more gath-
ering of indium structures appears in barriers and is af-
fected on the distribution of strain energy, the atomic-scale
HRTEM images of annealed w30 samples as shown in
Fig. 7. However, especially on w40 due to the larger well
width leading to larger strain energy, spinodal decomposi-
tion becomes less effective [25]. In this situation, the strain
energy might be relaxed through the formation of more
stacking faults or local lattice distortions upon thermal
annealing. Stacking faults and local distortions were eas-
ily observed in atomic-scale HRTEM images of annealed
w40 samples as shown in Fig. 8. It is speculated that the
thermally annealed w40 sample may have a higher den-
sity. Such defects exist around clusters and are responsible
for the significant decrease in integrated PL intensity with
temperature near 50 K, as shown in Fig. 6. Note that in the
aforementioned relaxation process of w40, the local strain
distribution around a QW may be enhanced although the
global stress is reduced. Therefore, the reduction of inte-
grated PL intensity of w40 upon thermal annealing can be

Figure 7 The atomic-scale HRTEM images of annealed w30 samples.

Figure 8 The atomic-scale HRTEM images of annealed w40 samples.

attributed to an increase of either local strain (reduced ra-
diative transition rate due to the enhanced QCSE) or defect
density.

The blue shift of PL peak in w20 upon thermal an-
nealing can be attributed to a better quantum confine-
ment. The causes of red shift in w30 and w40 could be
quite complicated. They result from the interplay of in-
dium content gathering (red shift trend), quantum con-
finement (blue shift trend) and strain-induced QCSE (red
shift trend). Based on the microstructure observations, the
enhanced QCSE may play a key role here. The increas-
ing trends of integrated PL intensities and decay times of
w20 upon thermal annealing are consistent. These trends
may originate from the mixed effects of the variations
of CL and QCSE after thermal annealing. Stronger CL
further prevents carriers from non-radiative recombina-
tion and hence stronger PL intensities and longer decay
times. A weaker QCSE increases the radiative transi-
tion rate causing stronger PL intensity. However, it re-
duces the PL decay time. Since the PL decay time is
increased upon thermal annealing, the effect of enhanced
CL seems to play the key role in annealed w20 sam-
ples. This conclusion is consistent with the well-shaped
QDs in annealed w20. It is also consistent with a pre-
vious conclusion that CL dominates the optical prop-
erties in a thin well sample [26]. In w30, since the
red shift of PL peak is quite large and the increase of
integrated PL intensity is relatively smaller upon ther-
mal annealing, the enhanced local strain-induced QCSE
may dominate over CL in the annealing effects of this
sample.

The significant increase of PL decay times at relatively
higher temperatures after thermal annealing of w20 im-
plies that CL becomes stronger and defects become less
effective in carrier consumption. In w30, upon thermal
annealing, the significant increase of decay time at rel-
atively lower temperatures is attributed to stronger CL
and enhanced QCSE. Based on the discussions above, the
latter may dominate. The extremely long decay time of
w40 after thermal annealing is attributed to the enhanced
local strain-induced QCSE and hence reduced radiative
efficiency.
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4. Conclusions
In summary, we have shown the dependencies of optical
and material properties of thermally annealed InGaN/GaN
QW samples on well width. Due to the higher strain en-
ergy observed around the In-rich structures, different dis-
tribution of strain energy exists in each sample of dif-
ferent QW widths, and thermal treatment changes again
the layer structure. The results of temperature variations
of PL spectral peak, integrated PL intensity and PL de-
cay time are consistent with the variation in the annealing
temperature. Different variation trends upon thermal an-
nealing in different samples were also consistent with the
results of HRTEM images. In our study, after proper ther-
mal treatment, quasi-regular QD structures are able to be
observed in different growth procedures, because proper
thermal treatment can effectively control the strain energy
distribution. As thermal annealing at 800◦C of a narrow
QW width (2 nm) structure led to regularly distributed
QDs and improved optical quality.
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