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Investigation of V-Defects and embedded inclusions in InGaNÕGaN multiple
quantum wells grown by metalorganic chemical vapor deposition on
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D. I. Florescu,a) S. M. Ting,b) J. C. Ramer, D. S. Lee, V. N Merai, A. Parkeh, D. Lu,
and E. A. Armour
EMCORE Corporation, 145 Belmont Drive, Somerset, New Jersey 08873

L. Chernyak
Physics Department, University of Central Florida, Florida 32816-2385

~Received 21 March 2003; accepted 30 April 2003!

We have examined the nature of V-defects and inclusions embedded within these defects by atomic
force microscopy ~AFM! and high-resolution scanning electron microscopy ~SEM!/
cathodoluminescence ~CL! in InGaN/GaN multiple quantum wells ~MQWs!. To date, indium
distribution nonuniformity in the well or GaN barrier growth temperature have been identified as the
main factors responsible for the V-defect occurrence and propagation. Further complicating the
matter, inclusions embedded within V-defects originating at the first InGaN-to-GaN interface have
been observed under certain growth conditions. Our AFM and high-resolution SEM/CL findings
provide evidence that some V-defects occur merely as direct results of barrier temperature growth,
and that there are additional V-defects associated with In-rich regions, which act as sinks for further
indium segregation during the MQW growth. Both types of V-defects have a tendency of promoting
inclusions at low-temperature (800 °C) GaN barrier growth in an H2-free environment. Localized
strain-energy variations associated with the apex of V-defects may be responsible for the inclusion
occurrence. Adding H2 during the GaN barrier growth reduces V-defect formation and suppresses
inclusion propagation entirely, rendering a uniform nanoscale CL signal. © 2003 American

Institute of Physics. @DOI: 10.1063/1.1588370#

In recent years, the III-nitride-based alloy system has
attracted special attention since high-brightness blue and
green light-emitting diodes ~LEDs! became commercially
available and the room-temperature CW lasing with this al-
loy was demonstrated.1 Single and/or multiple quantum
wells ~MQWs! have been used as active layers for blue and
green LEDs and laser diodes due to the tunable band-gap
energy of InGaN, from 0.7 to 3.4 eV by varying the indium
composition.2,3 However, despite the remarkable progress in
device performance, many problems remain in growing In-
GaN epitaxial layers on GaN, particularly with In concentra-
tions higher than 20%.4 The role of microstructural and com-
positional inhomogeneities in the InGaN layers on the
optical emission is still unclear. Additionally, InGaN MQW
structures often have a so-called V-defect that consists of a
threading dislocation terminated by a pit in the shape of an
inverted hexagonal pyramid with (101I 1) sidewalls.5–10 To
date, indium distribution inhomogeneities in the well
material6 or GaN barrier growth temperature9,10 have been
proposed as the main factors responsible for the V-defect
occurrence and propagation. Further complicating the matter,
inclusions embedded within V-defects originating at the first
InGaN-to-GaN interface have recently been reported under
certain growth conditions.11

This study reports atomic force microscopy ~AFM! and
high-resolution scanning electron microscopy ~SEM!/
cathodoluminescence ~CL! results on InGaN/GaN MQWs

grown by metalorganic chemical vapor deposition
~MOVCD! on sapphire ~0001!. Our findings provide evi-
dence that some V-defects merely occur as direct results of
barrier temperature growth, and there are additional
V-defects associated with In-rich regions, which act as sinks
for further indium segregation during the MQW growth.
Both types of V-defects have a tendency of promoting inclu-
sions at low-temperature (800 °C) GaN barrier growth in an
H2-free environment.

Five-period InGaN/GaN heterostructures were grown on
a 632 in. EMCORE D180 mini-GaNzilla™ rotating disk
reactor on 3-mm n-type GaN virtual substrates. Each period
consisted of a 30-Å InGaN well with x In;25% ~based on
growth conditions! followed by a 120-Å GaN barrier. Two
types of samples were produced. For each of the GaN barri-
ers in the heterostructure the growth was performed either in
an H2-free environment or with the addition of 5 slm H2 .
Several runs were verified for reproducibility and two repre-
sentative samples for the H2-free MQW ~sample A! and
H2-MQW ~sample B! were selected for our studies.

AFM was performed using a Digital Instruments DI3100
in tapping mode. Typically, a 535-mm2 AFM map with
lateral resolution of about 10 nm ~limited by the tip radius!
was acquired at 1-Hz scan rate.

A Philips XL30 SEM integrated with a Gatan MonoCL3
CL system was used for electron microscopy. The emitted
radiation was analyzed using a single grating ~1200 lines/
mm, blazed at 500 nm! and a Hamamatsu photomultiplier
tube, sensitive in the 185–850-nm range. Panoramic CL im-
aging was carried out using a 10-keV beam. Wave-dependent

a!Electronic mail: Doru–Florescu@Emcore.com ~www.emcore.com!.
b!Currently at: UMC, Taiwan, ROC.
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CL spectra were acquired at 5-keV accelerating voltage
(320 0003magnification), giving an electron range of about
70 nm in the samples.

The AFM images in Fig. 1 show the 535-mm2 scans of
the two MQW samples. Sample A, which had its GaN bar-
riers grown H2-free is pictured in Fig. 1~a! and sample B, for
which the GaN barriers were grown with the addition of 5
slm H2 is shown in Fig. 1~b!. Striking morphological differ-
ences are noticeable. A higher density of pits with a wider
range of pit diameters is noted for sample A @Fig. 1~a!# when
compared to sample B @Fig. 1~b!#. In addition, the typical
inclusions embedded within the pits, which are characteristic
for H2-free GaN barrier growth at low temperature (800 °C)
in InGaN/GaN heterostructures are observed for sample A as
bright, irregular white features. The inclusion-free defect
density in Fig. 1~a! is in the 8 – 93108/cm2 range, with the
average defect diameter of about 80 to 100 nm. The defect
density in the case of inclusion-filled pits is about 2 – 3
3108/cm2 with diameters in the 100–400-nm range. Inclu-
sion heights up to 120 Å are observed. A reduced density of
pits in the 6 – 73108/cm2 range with a narrower pit diameter
distribution between 50 and 100 nm is noted for sample B
@Fig. 1~b!#. The rms/dZ range values for sample A and B are
2.62 nm/47.87 nm and 1.05 nm/25.60 nm, respectively.

High-resolution secondary electrons ~SE! and CL are
shown in Figs. 2~a! and 2~b!, respectively. Bright ~spot 1!
and dark ~spot 2! inclusion-filled pits are noticeable and are
indicated by arrows. A defect-free area ~spot 3! was also
considered. The CL spectrum was acquired at the locations

indicated in Fig. 3~b! using a higher SEM magnification ~not
shown!. A 9-nm redshift was found between the spots
marked ‘‘1’’ compared to ‘‘2’’ and ‘‘3,’’ with the wavelength/
intensity values being 513 nm/14 800 a.u. and 504 nm/13 800
a.u., respectively. The full width at half-maximum ~FWHM!

was about 30 nm for all three locations.
Figure 3 shows high-resolution SEM/CL images of

sample B; that is, the H2-MQW. Similar features to the AFM
results in Fig. 1~b! are observed in Fig. 3~a!. Micro-CL re-
veals uniform brightness with no apparent pit effect, as
shown in Fig. 3~b!. The arrow marks a random defect-free
location ~spot 4!. The CL spectrum acquired using a higher
SEM magnification at this location shows an emission
wavelength/intensity of 496 nm/12 000 a.u. ~not shown!. The
CL FWHM was about 35 nm.

Based on the AFM and high-resolution SEM/CL obser-
vations of this study, V-defect formation in InGaN/GaN
MQWs clearly cannot by treated as the effect of either in-
dium nonuniformities or barrier growth temperature alone.
The high-resolution CL image of Fig. 2~b! seems to be indi-
cating that some V-defects occur merely as direct results of
low (800 °C) barrier temperature growth, since no enhanced
CL signal ~i.e., brighter, longer wavelength! is observed
when compared to defect-free areas. In addition, there are
V-defects that may be associated with In-rich regions, where
an enhanced CL signal is found. A 9-nm CL wavelength
redshift and higher intensity are noted when spot 1 is com-
pared to spots 2 and 3 in Fig. 2~b!. This may be an indication
of the fact that the V-defect at spot 1 acts as a sink for further
indium segregation during subsequent InGaN/GaN QW layer

FIG. 1. 535-mm2 AFM scans of the ~a! H2-free MQW ~sample A! and ~b!
H2-MQW ~sample B!.

FIG. 2. High-resolution SEM images of sample A with ~a! SE and ~b! CL
views for the area indicated by the dashed rectangle in Fig. 2~a!. The arrows
in ~b! define spots 1, 2, and 3, where CL spectra were acquired. The hori-
zontal bar is 500 nm at approximately 80 0003 .
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growth. The defect at spot 2 displays a similar CL signal
with the defect-free area at spot 3, indicative of similar in-
dium concentrations. By supplying H2 during the barrier
growth, the V-defect density is reduced by about a factor of
2, the inclusion occurrence and propagation is suppressed.
The 8-nm CL wavelength blueshift, intensity decrease, and
broader FWHM at spot 4 in Fig. 3~b! compared to spots 2
and 3 in Fig. 2~b! appear to be a clear indication of an overall
reduction of the In mole fraction and, at the same time, a
more uniform In incorporation for the QWs grown at the
same barrier temperature under H2 . The V-defects observed
in Fig. 3~a! are probably the result of barrier growth tempera-
ture only, since a uniform CL signal is displayed as seen in
Fig. 3~b!.

We observe that some of the V-defects have a tendency
of promoting inclusions in an H2-free environment. Both
types of defects, namely ones believed to be generated as a
results of the barrier growth temperature @spot 2 in Fig. 2~b!#
and with higher indium contents @spot 1 in Fig. 2~b!# display
this behavior. When an inclusion originates and develops
within a V-defect, it disturbs its propagation with the addi-
tion of subsequent QW layers. A variety of shapes and
heights are noticeable in Fig. 1~a! for the inclusions embed-
ded within pits. Cremades et al. suggested that the built in
strain in InGaN layers determines the preferential incorpora-
tion of In atoms to the alloy in regions where the strain is

relaxed via the formation of defects.12 However, these local-
ized strain-energy variations associated with the areas around
the apex of the V-defects at the first InGaN-to-GaN interface
may play a more significant role than indium segregation in
the case of inclusion occurrence, since they are observed for
V-defects with both higher and similar to defect-free area
indium content. Moreover, the first InGaN well for the
samples used in this study is highly strained, since the criti-
cal thickness of InGaN (x In;20%) epilayers grown on GaN
was estimated to be at least 4000 Å.3 Strain relaxation of low
and high indium composition InGaN/GaN MQWs was pre-
viously reported.13 The extent to which strain relaxation ~if
present! will influence the inclusion propagation throughout
the MQW structure is unknown at this time, but we speculate
that inclusion occurrence will not be affected since they are
believed to be originating at the first InGaN-to-GaN inter-
face, where strain effects are strongly present.

We have used AFM and high-resolution SEM/CL to in-
vestigate V-defect and embedded inclusion formation in
InGaN/GaN MQWs grown by MOVCD on sapphire ~0001!.
Our findings provide evidence that some V-defects occur
merely as direct results of barrier temperature growth, and
there are additional V-defects associated with In-rich regions,
which act as sinks for further indium segregation during the
MQW growth. Both types of V-defects have a tendency of
promoting inclusions at low temperature (800 °C) GaN bar-
rier growth in an H2-free environment. Localized strain-
energy variations associated with the apex of V-defects at the
first InGaN-to-GaN interface may be responsible for the in-
clusion occurrence.

Research at UCF is supported in part by the National
Science Foundation ~ECS#0216055!.
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