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The formation of quantum dot structures in 30-pair InGaN/GaN
multiple quantum wells after proper thermal annealing treatment
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Abstract This study systematically investigates the
relation between strain energy and quantum dot (QD)
formation for 30- pair InGaN/GaN multiple quantum wells
(QW) by means of atomic force microscopy and high-
resolution transmission electron microscopy. The results
show that a higher number of quantum wells induce a
higher strain energy and higher density of V-shaped
defects, which increases the number of non-radiative cen-
ters. However, after thermal annealing, the strain energy
accumulated from stacking faults is released and leads to
the formation of a QDs structure. The strain energy around
the quantum dot structure was calculated using by the
NCEM Phase Extensions to the Digital Micrograph. The
zone of higher strain energy was observed, which proves
that the strain energy is the driving force for the formation
of quantum dot structures.

1 Introduction

V-shaped and quantum dot-like structures are commonly
observed in InGaN/GaN quantum wells (QW). Such
“defects” are formed because of the large lattice mismatch,
about 11%, between the InGaN and GaN layers. One of the
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major problems caused by V-shaped defects is the potential
fluctuation that is associated with carrier localization [1-3].
The mechanism of carrier localization has been widely
used to interpret the observed optical characteristics of
these compounds and to explain the S-shape in the tem-
perature dependence of the photoluminescence (PL) peak
[4, 5]. The large lattice mismatch between InGaN wells and
GaN barriers leads to a accumulation of strain at the layer
boundaries, causing a strain-induced piezoelectric field that
provokes the quantum-confined Stark Effect (QCSE),
which in turn provides an explanation for measured optical
phenomena such as the excitation power dependence of the
PL spectral peak [6-8]. QCSE causes spatially separated
electron and hole wave functions, a reduced radiative
transition rate and a longer PL decay time [9, 10]. It is
widely believed that the effects of both carrier localization
and the quantum-confined Stark Effect (QCSE) play spe-
cific roles in the photon emission mechanisms in such
compound structures. Ho et al. [11] found that the size,
shape, composition, and distribution of the indium-aggre-
gated clusters depended on the nominal indium content in
InGaN and the degree of spinodal decomposition. Ran-
domly distributed clusters of indium aggregation and
phase-separated InN have frequently been observed by
means of HRTEM. The cluster structures form potential
minima (localized states) that trap carriers for efficient
photon emission [5, 12-14]. Since strain energy is
unavoidably induced during the growth of the InGaN QW
layers, an investigation of the effect of cluster formation on
photon emission characteristics requires the use of growth
methods for different growth pairs and annealing condi-
tions [15, 16]. Bimberg et al. [17] and Hsu et al. [18]
reported that for the indium arsenide system, post-growth
thermal annealing can alter the size and distribution
of self-organized quantum dots. A similar influence of
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post-growth thermal annealing on the cluster structure and
photon emission properties has also been noted for InGaN
[19-21]. As reported in a recent study [21], such influence
can be reduced by compositional non-homogeneity at an
early stage of thermal annealing. Using this approach,
better-confined quantum well structures with less indium
out-diffusion and increasing PL. were obtained [21]. This
was also confirmed in a later study, which proved that the
formation of regularly embedded InGaN or InN quantum
dots (QDs) around the well layers and appropriate post
thermal treatment can significantly increase the PL inten-
sity [22]. This shows that optimum post-growth thermal
treatment is a crucial process parameter for the fine- tuning
of the photon emission, wavelength, and spectral gain of
InGaN compounds.

2 Experimental

All specimens were prepared by depositing InGaN/GaN
multiple quantum wells (MQWSs) on c-plane sapphire
substrates using metal organic chemical vapor deposition
(MOCVD) [23]. Following the deposition of a 1.5 pm GaN
buffer layer and then a 23 nm GaN barrier layer, the MQW
structure was fabricated by depositing stacks of one to 30
pairs of Ing 15Gag gsN/GaN bi-layers. The deposition tem-
peratures for the GaN and InGaN layers were 1,010° and
720 °C, respectively. The annealed specimens were pre-
pared by annealing the as-deposited specimens for 10—
30 min in a nitrogen atmosphere in a quartz tube furnace,
at temperatures from 800 °C to 900 °C. X-ray diffraction
measurements were performed using a standard diffrac-
tometer with monochromated Cu-K « radiation. The
composition of In,Ga; _,N was determined from the lattice
spacing of the 0002 Bragg peak, using Vegard’s law [24].
The density of pitting defects and surface morphologies
was examined by atomic force microscopy (AFM), per-
formed in the tapping mode. Cross-sectional samples were
prepared by the conventional sandwich technique [25]. A
cross-sectional sample was prepared in a conventional
manner by grinding, dimpling and Ar*-ion milling, at
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 performed with the specimen
holder at the temperature of liquid nitrogen, in order to
minimize the ion beam damage. The HRTEM investiga-
tions were performed in both 200 keV Philips CM 200 and
300 keV JEM 3010 microscopes. All high-resolution
micrographs were taken at Scherzer defocus and the sam-
ple was viewed along a [1120] zone axis, using a 300 keV
JEM 3010 microscope equipped with a 2 k x 2 k slow-
scan CCD camera and a Gatan Imaging Filter (GIF) [26].

The strain energy distribution was calculated using the
NCEM Phase Extensions to the Digital micrograph [27].
For time-resolved photoluminescence (TRPL) measure-
ments, a picosecond diode laser (PicoQuant) generated
optical pulses of 100 ps width with a 5 MHz repetition rate
to excite the epilayers [28].

3 Results and discussion

The AFM images of as-grown (a) 1-, (b) 5-, (c) 10- and (d)
30-pair Ing 15Gag gsN/GaN MQWs specimens are shown in
Fig. 1. A higher defect density was observed for 30-pair
samples. Most of the defects joined with nearby defects,
since the higher strain energy is released through the for-
mation of thread dislocations or local lattice distortions in
the QW layers, which also lead to quite poor photon
emission efficiency. The TEM images along the [1120]
zone axis of the cross-section of the as-grown 10-pair and
30-pair specimens are shown in Figs. 2 and 3, respectively.
The formation of V-shaped defects of edge and screw type
was observed. In Fig. 2a, the smaller V-shaped defects are
shown the magnified view of the area enclosed by the white
rectangle in Fig. 2a is shown in Fig. 2b. The threading
dislocation obviously extends into a number of QW pairs
and terminates at the V-shaped defect. The size of the
V-shaped defects increases with the number of QW pairs,
due to the larger strain energy. This suggests that the
threading dislocation continuously grows by the coales-
cence of misfit dislocations in every QW pair, as shown in

Fig. 1 AFM surface images of as-grown (a) 1-, (b) 5-, (¢) 10- and
(d) 30-pair Ing;5GaggsN/GaN QW specimens, obtained from a
2 pm X 2 pm square
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Fig. 2 TEM images of a
conventionally prepared cross-
sectional sample- (a) V-shaped
defects in the as-grown 10-pair
specimen, (b) magnified view of
the V-shaped defect from the
area enclosed by the white
rectangle in (a); (¢) a schematic
diagram showing a V-shaped
defect

T

threading dislocation
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threading dislocation

misfit dislocation
\~L viewing direction

High density V-shape defects

Fig. 3 A cross-sectional TEM bright-field image showing the pitting defects in the as-grown 30-pair specimen

Fig. 3, until the point at which the formation of further
misfit dislocations is no longer capable of compensating for
the strain energy caused by the growth of QWs. Hence, the
density of the V-shaped defects increases as the number of
QW pairs increases. Analysis of the AFM top-view and the
TEM side-view images indicates that V-shaped defects are
essentially misfit dislocations triggered by the lattice misfit
between the InGaN and GaN layers. The V-shaped defects

@ Springer

are gradually formed from mixed type, which includes
edge and screw type. Figure 3 shows that the observed
starting point of the opening of the V-shape core is dif-
ferent, due to the different strain energy released during the
growth process. Compared to the 10-pair specimen, the
30-pair specimen contains a much higher density of
defects. As a result, the microstructural evolution of the
increasing the number of MQW’s causes the formation of
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defect clusters, as verified by AFM examination, and thus
provides a reasonable explanation for the unusually poor
photon emission efficiency. Therefore, decreasing the
number of V-shaped defects by optimizing the thermal
annealing process appears to be the most promising
method. Figure 4 shows the HRTEM images of the 30-pair
specimen for various thermal annealing treatments. During
initial thermal annealing, an irregular atomic arrangement
is observed, as shown in Fig. 4a. Most of this occurs due to
misfit dislocations. The stacking faults and QDs structures
are observed in Fig. 4c, which suggests that the strain
energy is the driving force for the formation of QDs. The

e vy i

Fig. 4 HRTEM images of the 30-pair specimen with 800 °C thermal
annealing treatment for (a) 10 (b) 20 and (c¢) 30 min-, the arrows
indicate the difference between stacking faults and misfit dislocations

strain energy in these areas is released through the creation
of partial dislocations and stacking faults. This implies that
the interfacial strain caused by the lattice misfit is neces-
sarily almost entirely localized at the QD after thermal
annealing. The formation of QD leads to potential fluctu-
ations and causes carrier localization. In order to prove the
existence of a higher strain energy around the quantum dot
structure, the NCEM Phase Extensions to Digital Micro-
graph were used to calculate the distribution of strain
energy, as shown in Fig. 5 [27]. The higher strain energy
zone is indicated by a white arrow. This result shows that
the defect structures and indium segregation accommodate
the strain energy of incoherence or semi-coherence
between the lattices of InGaN and GaN [29]. During the
thermal annealing process, the misfit dislocations act like
energy sinks that force diffused indium atoms to approach
them. Because of the increase in the strain energy caused
by the diffusion of indium into the lattice, new misfit dis-
locations are generated and these begin to form partial
dislocations and subsequently develop into stacking faults,
in order to release the excess strain energy. Consequently,
Indium-rich quantum dot structures become highly

H
M
Higher strain energy
zone ¢

Fig. 5 (a) An atomic-scale HRTEM image of the quantum dot
structure and (b) the calculation of the strain energy by NCEM Phase
Extensions to the Digital Micrograph
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localized at the InGaN/GaN interface and lead to a local-
isation of the higher strain-field zone around the QDs.

4 Conclusion

The effect of microstructural evaluation on the material of
1-30-pair InGaN/GaN MQWs was investigated. It is
observed that the density of V-shaped defects depends
strongly on the number of quantum wells, due to the larger
strain energy comes from threading dislocations. After
800 °C thermal annealing treatment for 30 min, the more
obvious quantum dot structures were formed in 30-pair
InGaN/GaN MQWs, and the higher strain-field zone
around the QDs was also calculated, which means the
strain energy play an important role as driving force for the
formation of quantum dot structures.
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