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Phase separation in InGaN multiple quantum wells annealed at high
nitrogen pressures
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Phase separation was found to occur in In0.33Ga0.67N/GaN multiple-quantum-well structures after
annealing at 975 °C in a hydrostatic pressure of 5 kbar N2 for 4 h. X-ray diffraction~XRD! spectra
of the as-grown samples showed superlattice peaks that were replaced by a broad, single-phase peak
after annealing. Transmission electron microscopy~TEM! images of the annealed samples show
In-rich precipitates and voids that are found only within the quantum-well region. Both TEM and
XRD measurements indicated that the formation of voids and second phases were suppressed after
annealing in a hydrostatic pressure of 15 kbar. In addition, optical absorption measurements on these
samples showed no indication of a peak at 2.65 eV that was observed in previous annealing studies.
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The wide-band-gap range of InxGa12xN alloys across
the visible spectrum from 2.0–3.5 eV has made these m
rials attractive for both light-emitting diodes and las
applications.1 However, the large lattice mismatch betwe
InN and GaN introduces strain in the lattice2 and phase sepa
ration has been observed in thick films using several gro
techniques.3–5 The equilibrium solid solubility limit at typi-
cal growth temperatures has been calculated to be less
6%,6 although by taking into account the growth kinetics a
strain, higher indium contents up to;50% have been
predicted.7,8 The observed Stokes shift found in InxGa12xN
multiple-quantum-well~MQW! has been attributed to In ric
phases,9 and more recently to the internal piezoelect
field.10 If pseudomorphic strain and band-gap bowing11 of
these materials are considered, then lasers that emit at
nm have values ofx;0.08. Recently, Nakamura reported c
laser operation at 450 nm by increasing the indium conten12

In this letter, annealing experiments were performed
determine the phase stability and thermal degradation
InxGa12xN alloys with high indium content. Previous studie
of InxGa12xN/GaN MQWs with x50.27 and x50.18
showed that phase separation was found to coexist with
formation.13,14The origin of these voids is thought to be du
to the loss of nitrogen from the sample. In the present stu
hydrostatic pressures of 5 and 15 kbar were applied
InxGa12xN/GaN MQW structures withx50.33. In this way,
the effect of nitrogen overpressure could be studied to de
mine whether void formation, and subsequently, phase s
ration can be suppressed. The values chosen for the over
sure are between the theoretical estimates for the equilibr
vapor pressure over GaN~;10 bar! and InN ~;20 kbar! at
1000 °C.15

Films were grown by metal organic vapor deposition
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c-plane sapphire substrates. The structure consists of a
temperature GaN buffer layer, a 4mm GaN:Si high-
temperature layer, a ten-period 4.5 nm In0.33Ga0.67N well/10
nm GaN barrier superlattice, and a 1mm GaN:Mg cap layer.
The In concentration in the InGaN quantum wells was de
mined by Rutherford backscattering spectrometry~RBS!, by
assuming the absence of In within the GaN barriers. T
samples were annealed at temperatures ranging from 97
1100 °C and pressures from 1 bar to 15 kbar. The hi
pressure annealing was done in a sealed furnace with pur
N2 as a pressure-transmitting medium and excess GaN p
der in the crucible. Annealing experiments performed at
mospheric pressure were done in a furnace with flowing
trogen with a GaN sample placed over the InGaN/G
MQW sample.

The XRD spectra for the as-grown sample and after
nealing at 975 °C for 4 h are shown in Fig. 1. In the as-grow

n,FIG. 1. XRD spectra for the as-grown In0.33Ga0.67N/GaN MQW sample and
after annealing at 975 °C for 4 h at 5 and 15kbar.
0 © 1999 American Institute of Physics
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spectrum, the~0006! reflection for the underlying GaN an
the zero- and first-order satellite peaks for the InGaN MQ
are shown. The XRD spectrum for the sample annealed a
kbar was unchanged, whereas the spectrum for the sa
annealed at 5 kbar shows only a broad, zero-order peak.
In composition in the QWs was found by XRD to bex
50.48, by assuming a relaxed alloy. However, by takin
into account that the films are pseudomorphic with the
derlying GaN,2 a value ofx50.32 is obtained which is simi
lar to the RBS measurement. This indicates that the InG
layers are compressively strained;3% with respect to the
GaN layers. For the sample annealed at 5 kbar, the pos
of the zero-order peak is found to shift slightly to a low
indium composition corresponding to astrainedvalue of x
50.29. This suggests that indium diffused from the quant
wells to form precipitates or there was a loss of indium fro
the sample.

No indication of phase separation was detected in
as-grown samples by TEM. TEM images for the annea
samples are shown in Figs. 2 and 3. Bright-field~BF! dif-
fraction contrast images were taken;10° from the@112I 0#
zone axis by using an off-Bragg imaging condition in whi
the ~0002! reflection is weak. Under these imaging cond
tions, maximum contrast is obtained from regions of diffe
ent atomic mass density. Figure 2~a! is a BF image taken
from the sample annealed at 15 kbar. Misfit dislocatio
~md! with b5^112I 0& were occasionally observed at the i
terfaces between the InGaN wells and GaN barriers. T
indicates that in some regions of the film partial relaxat
occurs which was not observed in samples with lower
dium compositions.13,14 Threading dislocations with a com
ponent of its burgers vectorb along thec axis are also ob-
served to bend at the strained well/barrier interface. T
dislocation structure was similar to the as-grown sample
not caused by annealing. Second phases were not prese
the majority of the sampling area except in isolated regi
near the interface and dislocations. Figure 2~b! is a high-
magnification lattice image of the dotted region in Fig. 2~a!
showing a small faceted precipitate~;15 nm! along a misfit
dislocation near a well/barrier interface.

FIG. 2. ~a! Bright-field TEM image of the MQW sample annealed at
kbar. md is a misfit dislocation.~b! Higher magnification of dotted region in
~a! of a precipitate~p! near the fourth~4! and fifth ~5! QW.
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Figure 3~a! is an image taken from the sample annea
at 5 kbar in which precipitates~p! and voids (v) are observed
only within the QW region. Most precipitates appear as
gions of dark, uniform contrast. However, the larger preci
tates~.50 nm! contain moire´ fringes due to the difference
in lattice constant with the matrix. EDX analysis was used
verify that the precipitates were higher in indium conte
than the surrounding matrix. The In/Ga ratio in these sec
phases (r p) ranged from above the matrix composition (r m

50.08) tor p50.70. No InN or Ga precipitates were detect
by EDX or selected area diffraction~SAD!. Microdiffraction
of the second phases showed the same hexagonal crysta
entation as the matrix, although it was difficult to distingui
precipitate spots in SAD probably due to the wide variatio
in In composition. Voids and precipitates are often found
pairs and faceted as shown in the lattice image in Fig. 3~b!.
Facets are observed predominately along the$101I 1% and
$0001% planes and occasionally along the$101I 0% planes.
This is consistent with facets observed in bulk single-crys
growth of GaN. The presence of In-rich phases at the vo
may be similar to the In segregation that drives the format
of pits in pseudomorphic thick InGaN films2 and QWs.16

Northrup and co-workers performed total-energy calcu
tions that show In atoms have a strong tendency to segre
to the $0001% and $10-11% facets.17,18 Void precipitate pairs
have been observed in other III–V systems such as
diffused GaAs and InGaAsP lasers.19,20

The sizes of the voids suggest that their formation is d
to the loss of material in the QW region. Since void form
tion can be suppressed by applying a large hydrostatic2

overpressure of 15 kbar, the simplest possibility is the los
N during high-temperature annealing. Since no pure In or
precipitates were observed by TEM, it is also possible t
Ga and In diffused out of the sample or that any Ga or
precipitates would have been removed during TEM sam
preparation. The diffusion paths for these elements are lik
to be along the dislocations or heterointerfaces where
initial stage of voids and precipitates were observed@recall

FIG. 3. ~a! Bright-field TEM image of the MQW sample annealed at 5 kb
with voids (v) and precipitates~p!. ~b! TEM lattice image of void/
precipitate pairs.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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Fig. 2~b!#. SEM analysis of the surface showed that the m
phology of the as-grown and annealed samples were sim
with no indication of pitting.

The formation of voids in the presence of In-rich pr
cipitates may be understood by considering the strain fi
that such a precipitate would produce in the surround
GaN matrix. Since the chemical potentials required to sta
lize bulk GaN are increased near the precipitate~due to the
strain field!, the formation of a void is most likely to occu
near the precipitate. Conversely, the In-rich precipitate
itself relax more completely if it is bounded partially by
void. This explanation for the void–precipitate pair form
tion requires that the Ga and N chemical potentials at
high temperature and low N2 pressure annealing are too lo
to stabilize strained GaN in the region near the In-rich p
cipitate.

The optical transmission spectrum for an as-gro
In0.33Ga0.67N/GaN MQW structure is shown in Fig. 4~a!. An
absorption onset is observed at 2.95 eV~420 nm!, which is
attributed to a valence- to conduction-band transition in
quantum wells. The sample annealed at a pressure of 15
showed a nearly identical spectrum~not shown!, whereas
annealing at 5 kbar shows a slight broadening of the ba
gap absorption onset@Fig. 4~b!#. Previous studies on a
In0.27Ga0.67N MQW annealed at atmospheric pressure for
h at 950 °C~Ref. 13! showed a broad peak centered at 2.
eV ~465 nm! @Fig. 4~c!# in addition to the conduction-ban
onset. This peak was not present in GaN samples anne
under the same conditions or MQW structures annealed
der high pressures. Since the high-pressure furnace also
vides a gallium overpressure, the formation of gallium v
cancies may be suppressed. The 2.65 eV peak is, there
tentatively ascribed to an electronic transition involving g
lium vacancies in the MQW region that is supported by
observations of Hoffmanet al.21 They observed an absorp

FIG. 4. Optical transmission spectrum for an~a! as-grown
In0.33Ga0.67N/GaN MQW,~b! In0.33Ga0.67N/GaN MQW sample annealed at
kbar, and~c! In0.27Ga0.67N/GaN MQW annealed at atmospheric pressure
40 h at 950 °C~from Ref. 13!.
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tion profile which peaked at;2.8 eV. If the yellow lumines-
cence band arises from gallium vacancies, then this p
may result from the excitation of electrons from gallium
vacancy acceptor levels to the conduction band. Althou
the peak observed by Hoffmanet al. is 0.15 eV higher than
that observed in this study, the presence of nearby ind
could account for the difference.

In conclusion, phase separation could be detected
In0.33Ga0.67N/GaN MQW structures only after using annea
ing conditions that produced voids in the QW region. Voi
and second phases were found to be faceted and initiate
dislocations and heterointerfaces. Void formation, and c
sequently, phase separation was found to be suppresse
applying a high N2 overpressure of 15 kbar during annealin
Phase separation in the presence of the voids is explaine
a preferential segregation of In atoms to the void as a wa
relieve the large compressive strain in the film.

The authors thank K. M. Yu at Lawrence Berkele
Laboratory for the RBS measurements. This work was s
ported by DARPA~Contract No. MDA972-96-3-0014!.
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