
Korean J. Chem. Eng., 21(1), 292-295 (2004)

ween
er-

 of

and
aN

 low-
ys-

In,
he
dro-

0

f the
ake

s

ith
th
mis-
um
de-
e
h
OL
292

†To whom correspondence should be addressed.
E-mail: ybhahn@moak.chonbuk.ac.kr
‡This paper is dedicated to Professor Hyun-Ku Rhee on the occasion
of his retirement from Seoul National University.

Structural and Optical Properties of InGaN/GaN Triangular-shape Quantum Wells
with Different Threading Dislocation Densities

Rak Jun Choi, Hyung Jae Lee, Yoon-Bong Hahn† and Hyung Koun Cho*

School of Chemical Engineering and Technology and Semiconductor Physics Research Center,
Chonbuk National University, Chonju 561-756, Korea

*Department of Metallurgical Engineering, Dong-A University, Busan 604-714, Korea
(Received 25 August 2003 • accepted 24 September 2003)

Abstract−−−−Structural and optical properties of InGaN/GaN multiple triangular quantum well (QW) structures with
different threading dislocation (TD) densities of 1.5×108 (sample A) and 4.5×108 cm−2 (sample B) have been studied.
High resolution transmission electron microscopy and x-ray diffraction analysis showed more fluctuation of local In
composition in the sample B, which was attributed to the stress field created by the dislocations as it provides a driving
force for the migration of In atoms towards dislocations. Severe degradation of photoluminescence intensity of the
sample B was also observed at >50 K. The optical and structural properties of the InGaN/GaN triangular QW structures
are overall substantially affected by the TD density.
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INTRODUCTION

III-nitrides and their alloys have received much attention due to
their tremendous potential for fabricating light-emitting diodes (LEDs)
and laser diodes (LDs) that operate in the red to ultraviolet (UV)
energy ranges [Strite and Morkoc, 1992; Pearton et al., 1999; Jain
et al., 2000]. InGaN alloy is very important for applications of the
III-nitride materials in LEDs and LDs because the alloy constitutes
an active region in the form of quantum well (QW) and emits light
by recombination of electrons and holes injected into the InGaN
active layer. The most commonly used QW structure is a rectangu-
lar-type, where In in the well layer of InGaN is generally kept at
constant composition. In such a case, spatial indirect recombina-
tion is expected due to an internal piezoelectric field formed in the
device structure, and thereby poor light emission. Recently, in order
to improve device properties, we reported a fabrication of efficient
blue LEDs with InGaN/GaN triangular-shape quantum wells and
obtained a substantial improvement of electrical and optical prop-
erties of the devices [Choi et al., 2002, 2003]. In general, the InGaN
active layer includes a large number of threading dislocations (TDs)
of 1×108 to 1×1012 cm−2, originating from the interface between
GaN and sapphire substrate due to a large lattice mismatch [Chich-
ibu et al., 1996; Lester et al., 1995]. Besides, the TDs are consid-
ered to be formed as a result of a complex set of interactions in-
cluding the interface energy, the nucleation density, and the island
coalescence [Kapolnek et al., 1995]. Even though numerous studies
have investigated the origin of these defects and their effects on the
structural [Heying et al., 1996], optical [Garni et al., 1996; Rosner
et al., 1997], electronic [Weimann et al., 1998], and morphological
properties [Qian et al., 1995] of heteroepitaxial GaN layers, no com-

prehensive study has been reported in terms of a correlation bet
structural and optical properties of the InGaN QWs having diff
ent TD densities, especially in the triangular QW structures.

In this paper, we report the structural and optical properties
InxGa1−xN/GaN multiple triangular quantum wells (MQWs) with
two different densities of TD, which are labeled as samples A 
B, respectively. In addition, the emission mechanism of the InG
QWs is systematically discussed.

EXPERIMENTAL

The samples were grown on c-plane sapphire substrates by a
pressure metal-organic chemical vapor deposition (MOCVD) s
tem. Trimethylgallium (TMGa), trimethylindium (TMIn), ammo-
nia (NH3), and silane (SiH4) were used as the precursors of Ga, 
N, and Si, respectively. Before the nitride films were grown, t
substrates loaded into the reactor were thermally cleaned in hy
gen atmosphere at 1,200oC for 10 min. A GaN nucleation layer of
25nm thickness was grown on the cleaned substrate at 540oC, and a
buffer layer of 0.5-µm-thick undoped GaN was then grown at 1,18
oC. A 1.5-µm-thick GaN : Si with 1.5×1018 cm−3 of carrier concen-
tration was grown above the buffer layer at 1,160oC and named as
sample A. For the growth of sample B, the growth processes o
nucleation and buffer layers mentioned above were repeated to m
a double buffer layer and the 1.5-µm n-GaN was grown on it. A 5-
period InxGa1−xN(2.0nm)/GaN(8.5nm) triangular QW structure wa
grown on the n-GaN layer at 815oC. The triangular band structure
in the QW was obtained by gradating In composition linearly w
time in the course of growing the well layer. Details of the grow
method are available elsewhere [Choi et al., 2002, 2003]. The e
sion wavelength was tuned near 465 nm by varying the maxim
In content. A 100 nm-thick undoped GaN capping layer was 
posited finally at 1,080oC on the MQW. Structural properties wer
analyzed by high resolution X-ray diffraction (HRXRD) and hig
resolution transmission electron microscopy (HRTEM) using a JE
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2010 operated at 200 kV. Photoluminescence (PL) measurements
were carried out as a function of temperature by using a He-Cd laser
operating at 325 nm.

RESULTS AND DISCUSSION

Fig. 1 shows the cross-sectional high-resolution TEM (top) and
bright-field TEM (bottom) images of the samples A (a) and B (b),
respectively. The HRTEM images show a contrast between the wells
and the barriers, exhibiting five periods of InGaN/GaN QWs. The
variation of contrast, dark area, in the HRTEM image represents
the fluctuation of local In composition. Sample A shows quite abrupt
interfaces and homogeneous InGaN layers, while sample B shows
relatively high In segregations. It is believed that the stress field created
by the dislocations provides a driving force for the migration of In
atoms toward dislocations. This stress-induced migration may lead
to the segregation of In atoms near dislocations and to the forma-
tion of In-rich clusters. It is seen from the bright-field TEM images
(Fig. 1, bottom) that compared to the sample A, the sample B shows
a relatively high TD density developed along the c-axis from the
underlying layer into the InxGa1− xN/GaN active layer. The TD den-
sities estimated from the TEM images are 1.5×108 and 4.6×108 cm−2

for sample A and B, respectively. In our previous works on the tri-
angular quantum wells of InGaN/GaN [Choi et al., 2002, 2003],
the formation of In-rich quantum dots (QDs) and relatively low dis-
location density were observed from a plan-view of TEM image,
resulting in a very high blue light-emitting efficiency. The sizes of
the QDs in the triangular QWs were in a range of 2-50 nm, which
were more densely, uniformly distributed and much smaller than

those formed in the conventional rectangular QWs. The QDs w
pinned by a dislocation line inferring an interaction between 
dislocations and the nucleus of QD formation. We believe that lo
TD density and more formation QDs contributed to an enhan
ment of light-emitting of the InGaN/GaN LEDs, mainly becau
of the triangular shape of the well layer.

Fig. 2 shows the HRXRD patterns for the (0002) reflection fro
the InGaN/GaN triangular QW structures with different TD den
ties (i.e., samples A and B). The strongest peaks are from the 
epilayer. Both samples clearly show higher order satellite (SL) 

Fig. 1. Cross sectional high resolution TEM (top) and cross sectional bright-field TEM images (bottom) from the InGaN/GaN triangular
MQW structures: (a) sample A and (b) sample B.

Fig. 2. High resolution XRD patterns of the InGaN/GaN triangu-
lar MQW structures: (a) sample A and (b) sample B.
Korean J. Chem. Eng.(Vol. 21, No. 1)
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fraction peaks. It is known that the presence of SL peaks indicates
good periodicity and abruptness of the QW structures. However,
the comparison of the XRD patterns with the HRTEM images (see
Fig. 1, top) does not ensure such a deduction. That is, a clear ex-
istence of the higher order SL peaks in the XRD patterns, but a poor
abruptness with more In fluctuation in the TEM images. In princi-
ple, the average In composition and the period can be determined
by the relative positions of the 0th-and-higher-order peaks with re-
spect to the GaN peak [Kim et al., 1998; Krost et al., 1995]. Based
on this, the In compositions of the InxGa1−xN wells were 28 and 31%
for samples A and B, respectively. The thicknesses of the well and
the barrier from the TEM images were 20 and 85 Å, respectively,
for both samples. The full widths at half maximum (FWHM) of
first-order satellite peaks were 281 and 381 arcsec for samples A
and B, respectively, showing a good agreement with the HRTEM
images in terms of abruptness. Although not illustrated, the atomic
force microscopy (AFM) measurements showed a smaller value
of root-mean-square roughness of sample A (0.178 nm) than that
of sample B (0.275 nm). These results together with the TEM im-
ages lead to a conclusion that dislocations developed from the un-
derlying layer affect the quality of the InxGa1−xN/GaN triangular
QW systems.

Fig. 3 shows the PL spectra of InxGa1−xN/GaN 5MQW structures
measured at room temperature. Both samples of A and B showed
the main peak around 465 nm, but the PL intensity of sample B is
almost 50% weaker than that of sample A, mainly because of a high-
er TD density. Also, the PL linewidth showed 13.6 and 15.3 nm
for samples A and B, respectively. Such a better property of the sam-
ple A is attributed to the relatively low TD density compared to the
sample B. To further study the effect of TD density on the optical
property, we investigated the temperature-dependent PL measure-
ment of the InGaN/GaN triangular QWs. Both samples showed
the main PL peak at around 465 nm and longitudinal optical pho-
non replica at long wavelengths. The main peak was attributed to
the recombination of excitons localized in QDs formed in the well
layer [Choi et al., 2002, 2003]. The peak position and shape were
almost independent of the temperature, unlikely in the case of rect-

angular QWs. PL intensity in both samples increased substant
with the temperature up to 50 K, and then decreased with fur
increasing the temperature up to 300 K (see Fig. 4). This indic
that carriers are thermally excited to move away from the locali
states at temperatures above 50 K. Cho et al. reported that the
ative recombination process related to exciton localization at po
tial minima is dominant at a low temperature, but at a high te
perature, the nonradiative recombination related to defects suc
dislocations in the InGaN QW is prevailing. It is also interesting
see that the degree of PL intensity degradation at T>50 K was s
what greater in sample B than sample A. This is presumably 
to the nonradiative recombination process related to more de
in the sample B as shown in the TEM images.

SUMMARY AND CONCLUSIONS

We investigated the structural and optical properties of InGa
GaN triangular QW structures with different threading dislocati
densities. TEM images revealed that the stress field created b
dislocations provides a driving force for the migration of In atom
toward dislocations, resulting in the fluctuation of local In comp
sition in the well layer. Existence of the higher order satellite pe
in the XRD patterns does not guarantee an abruptness of inte

Fig. 3. PL spectra of the InGaN/GaN triangular MQW structures,
measured at room temperature: (a) sample A and (b) sam-
ple B.

Fig. 4. Normalized integrated PL intensity of the InGaN/GaN tri-
angular MQW structures as a function of temperature: (a)
sample A and (b) sample B.
January, 2004
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in the TEM images. Such a structural analysis led to the conclu-
sion that the dislocations developed from the underlying layer affect
the quality of the InxGa1−xN/GaN triangular QW systems. Temper-
ature-dependent PL intensity increased substantially with the tem-
perature up to 50 K, but decreased at higher temperatures (>50 K).
More degradation of PL intensity at >50 K was observed with a
higher density of threading dislocation. Hence, we deduce that opti-
cal and structural properties of the InGaN/GaN triangular quantum
well structures are substantially affected by the threading disloca-
tion density.
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