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Abstract

Quaternary InAlGaN film has been grown directly on top of low-temperature-deposited GaN buffer layer by low-

pressure metalorganic vapor phase epitaxy. High-resolution X-ray diffraction and photoluminescence (PL) results show

that the film has good crystal quality and optical property. Temperature-dependent PL and time-resolved PL (TRPL)

have been employed to study the carriers recombination dynamics in the film. The TRPL signals can be well fitted as a

stretched exponential function exp½�ðt=tÞb� from 14 to 250K, indicating that the emission is attributed to the radiative
recombination of excitons localized in disorder quantum nanostructures such as quantum disks originating from

indium (In) clusters or In composition fluctuation. The cross-sectional high-resolution electron microscopy

measurement further proves that there exist the disorder quantum nanostructures in the quaternary. By investigating

the dependence of the exponential parameter b on the temperature, it is shown that the multiple trapping–detrapping
mechanism dominates the diffusion among the localized states. The localized states are considered to have two-

dimensional density of states (DOS) at 250K, since radiative recombination lifetime tr increases linearly with increasing
temperature.

r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recently, III-group nitrides have attracted
much attention because of their many applications
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for optoelectronic devices operating in blue–green
to ultraviolet range [1]. Device-quality binary GaN
is currently grown by a two-step method [2,3], also
great progress has been made in the fabrication of
high-quality ternary InGaN and AlGaN together
with their related multiple quantum wells
(MQWs), light-emitting diodes (LEDs), laser
diodes (LDs) and UV photodetectors [1,4]. It has
been indicated that the most nitride devices must
take advantages of the InGaN/(Al)GaN or GaN/
AlGaN MQWs and heterostructures. However,
the large lattice mismatch between these two
ternary/binary alloys has limited the In or Al
content in the MQWs or heterostructure and the
thickness of well [5,6]. Moreover, the mismatch
arises piezoelectric field that influenced the emis-
sion intensity or quantum efficiency (QE) [7]. To
avoid such limitation, researchers have developed
lattice and bandgap engineering by using quatern-
ary alloys InxAlyGa1�x�yN to replace the AlGaN
or GaN as barrier [8]. Theoretically, the bandgap
and the lattice constants of InxAlyGa1�x�yN can
each be independently adjusted by varying In and
Al compositions, so one can obtain lattice-
matched QWs and heterostructures under the
required bandgap energy. Besides, the thermal
coefficient of InxAlyGa1�x�yN is better matched to
GaN than to AlGaN, which could be an important
advantage in epitaxial growth [9,10]. Several
groups have grown InxAlyGa1�x�yN alloys with
high structural and optical properties on GaN
template by MOCVD or MBE and investigated
their luminescence mechanism [8,9,11–13]. How-
ever, to our knowledge, besides the report of Oder
et al. [10] on the photoresponse versus the
excitation light wavelength of the InAlGaN grown
directly on the thin buffer layer, there are no
further studies of InAlGaN grown directly on
buffer layer in detail.
In this work we have performed high-resolution

X-ray diffraction (HRXRD), time-resolved photo-
luminescence (TRPL) and high-resolution trans-
mission electron microscopy (HRTEM) studies for
InAlGaN film grown directly on top of the thin
low-temperature (LT) GaN buffer layer with
(0 0 0 1) sapphire substrate. HRXRD results in-
dicate that the film is single crystal; TRPL
data show that there exist dispersed In clusters

(quantum dots or quantum disks (Q-disks)) in the
film; and HRTEM also observes the In clusters
resulted from In composition fluctuation, which
further supports the TRPL results.

2. Experimental procedures

The growth was conducted at 76Torr on a
(0 0 0 1)-face sapphire substrate. The substrates
were first ultrasonically cleaned in organic sol-
vents, rinsed with de-ionized water, dried naturally
under an infrared light lamp, details are in
Ref. [14], and loaded into a horizontal low-
pressure metalorganic phase vapor epitaxy
(LPMOVPE) reactor. They were then thermally
cleaned in hydrogen (H2) ambient for 20min at
10501C, and followed by a 3min nitridation in an
ammonia (NH3) flow at 10501C. After aB20-nm-
thick LT-GaN buffer layer was deposited at
5501C, the growth temperature was increased to
8301C, the optimal growth temperature, for the
quaternary InAlGaN epitaxy (Sample No.
Y0230). Ethyldmethylidium (EDMIn), trimethyla-
luminium (TMAl), trimethylgallium (TMGa) and
NH3 were used as In, Al Ga and N precursors,
respectively. Nitrogen (N2) was employed as
carrier gas. An InAlGaN film (Sample No.
Y0227) was grown on 1.0 mm GaN-template/
sapphire substrate for the purpose of comparison.
Transmission electron microscope (TEM) was

used to measure the thickness of the epilayers.
HRTEM in a CM200-FEG TEM with a point
resolution of 0.23 nm and a line resolution of
0.1 nm was employed to evaluate the microstruc-
ture of the quaternary film. HRXRD, using
synchrotron radiation as a light source, was
carried out to investigate the crystal properties.
For TRPL measurements, the PL was excited by
frequency-doubled (l=360 nm) laser pulses from a
Ti:Sapphire mode-locked femtosecond laser, and
the time-correlated signals were analyzed by a two-
dimensional (2D) synchronous streak camera with
an overall resolution of better than 15 ps. PL
measurement was performed in cw configuration
using a combination of a cooled GaAs photo-
multiplier tube with a Data-Link electronic
system.
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3. Results and discussion

Thickness of the quaternary films obtained from
TEM is 0.6–0.7mm. Fig. 1(a) shows the (0 0 0 2)
y22y HRXRD scans for InAlGaN films grown on
GaN-buffer/sapphire substrate (Sample No.
Y0230) and GaN-template/sapphire substrate
(Sample No. Y0227), respectively. It is observed
that there exists no obvious difference between the

InAlGaN-related peaks. Comparing LT PL spectra
taken at 14K of the two samples (Fig. 1(b)), we can
find that at the same emission energy (3.1 eV), the
PL intensity of Sample No. Y0230 is stronger than
that of Sample No. Y0227. From the above results,
it is concluded that the same quality InAlGaN
epifilm, compared with the InAlGaN grown on
GaN template/sapphire, can also be deposited
directly on LT buffer layer with sapphire substrate.

Fig. 1. y-2y X-ray diffraction spectra (a) and LT PL spectra (b) of InAlGaN grown on GaN buffer layer with sapphire substrate and
GaN-template/sapphire, respectively.
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Optical properties of the InAlGaN film grown
directly on buffer are further investigated with
temperature-dependent PL and TRPL measure-
ments. The PL transients from Sample No. Y0230
(Fig. 2). exhibit a strong non-exponential decay
behavior at various temperatures, which implies
that the emission is from certain localized states.
To analyze these data, we have adopted the
stretched-exponential law [15, 16]

IðtÞ ¼ I0 exp �
t

t

� �b
� �

; ð1Þ

where IðtÞ is the PL intensity as a function of time
and I0 is the intensity of t=0 ; b is a dispersive
exponent and t is the initial lifetime where the
carrier density is the highest. Chen et al [17] have
firstly observed the stretched-exponential PL decay
in a low-dimensional disorder semiconductor. This
decay behavior is very commonly used to describe
PL decay from porous silicon or nanosilicon
[15,16] and now there is growing evidence that
stretched-exponential decay adequately models
the PL decay from InGaN [18–20] under a variety
of condition. Theoretical models for stretched-

exponential behavior include either energetic or
topological disorder [17, 21]. It is well known that
carrier diffusion among different spatial regions
can be due to the excitation of carriers from
localized to extended states (energetic disorder) or
to hopping of electrons among localized states
(topological disorder). In the first case, the
localized states play a role of temporary traps

and the disorder results in a distribution of release
rates and of trap energies; the diffusion originates
from a multiple trapping–detrapping (MTD)
mechanism; in the latter case, the diffusion results
from hopping (H) mechanism. For the quaternary
InAlGaN, which is InGaN-like alloy [22], nanos-
cale fluctuations in the local indium concentration
are expected to form easily, which can produce
both energetic and topological disorders. There-
fore, the carriers recombination is probably
determined by either MTD or H mechanism or
even both of them. Further evidence of indium
phase segregation is found by HRTEM image
(Fig. 3). A random and inhomogeneous distribu-
tion of indium clusters (dark zone) is clearly
observed.
To reveal which mechanism dominates the

carriers recombination, we consider the depen-
dence of b on temperature. Here b can be

Fig. 2. Normalized PL intensity of epifilm grown directly on

buffer layer at various temperatures as a function of time after

excitation.

Fig. 3. A cross-sectional HRTEM image of the film.
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determined by plotting dIðtÞ=dt
� �

=IðtÞ against t in
a log–log scale; from Eq. (1) the following expres-
sion could be deduced:

ln �
dIðtÞ=dt

IðtÞ

� �
¼ ðb� 1ÞlnðtÞ þ ln

b
tb

� �
: ð2Þ

According to Eq. (2), b is reached from the slope
of the log–log plot of dIðtÞ=dt

� �
=IðtÞ against t. The

corresponding values of the temperature-depen-
dent b are given in Fig. 4. It demonstrates that b
increases approximately linearly with temperature.
Theory predicts for b a temperature independence
for the H mechanism and a linear increase with
temperature when the MTD mechanism domi-
nates [23], so we can conclude that the MTD
mechanism dominates the diffusion in our sample.
And the In nanoclusters in the epilayer act as
temporary traps for excitons and thus limit carriers
motion.
Fig. 5 shows the temperature dependence of

radiative and nonradiative recombination lifetimes
(tr and tnr). They are deduced from the longer
component of the PL decay (tPL) and the PL
intensity as a function of temperature using the
equation Zint ¼ 1=ð1þ tr=tnrÞ; where Zint is an
internal quantum efficiency. To simplify, Zint is
set to unity at LT (here 14K) since the non-
radiative recombination process is generally
frozen at LT. Then, tr and tnr can be expressed

as follows:

trðTÞ ¼
Ið14KÞ

IðTÞ
tðTÞ; ð3Þ

tnrðTÞ ¼
Ið14KÞ

Ið14KÞ � IðTÞ
tðTÞ: ð4Þ

Using Eqs. (3) and (4), temperature dependence
of tr and tnr can be obtained. It can be recognized
from Fig. 5 that tr increases linearly with tem-
perature. Theoretically, as the confinement is
smaller, i.e., the dimension is larger, the tempera-
ture-dependent radiative lifetimes increase with
raising temperature. For example, for quantum
dots (0D), tr is independent of temperature. For
Q-disks (2D), however, tr increases linearly with
temperature [24]. Therefore, the localized excitons
of Sample No. Y0230 characterize 2D density
of states (DOS) even at 250K, which means

Fig. 4. The temperature-dependent b for Sample No. Y0230.
The line through the b values is only a guide for the eyes.

Fig. 5. PL lifetime tPL and radiative and nonradiative lifetime
(tr and tnr) deduced from the temperature-dependent TRPL

data and PL intensity.
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nanostructures such as Q-disks are formed in
InAlGaN film. The size of the lateral In-rich region,
observed by HRTEM, is smaller than 50nm.
Therefore, the size of lateral localization can be
estimated to be smaller than 50nm, and thus we can
confirm the nanostructures to Q-disk size [25].

4. Conclusion

Good-quality quaternary InAlGaN film was
grown directly on top of the thin LT-GaN buffer
layer with (0 0 0 1)-face sapphire substrate. Tem-
perature-dependent PL and TRPL measurements
were carried out to study the carrier recombina-
tion dynamic in the quaternary film. The TPRL
decay was well fitted as a stretched-exponential

decay from 14 to 250K. The results suggested that
the emission is attributed to the radiative recom-
bination of excitons localized in disorder quantum
nanostructures such as Q-disks originating from In
clusters or In composition fluctuation. The
HRTEM image also demonstrates that there exist
the disorder quantum nanostructures in the
quaternary. By investigating the relationship of b
with temperature, it is seen that the MTD
mechanism dominates the diffusion among the
localized states. The localized states were consid-
ered to have 2D DOS at 250K, since tr increased
linearly with increasing temperature.
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