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Persistent photoconductivity in In xAl yGa1ÀxÀyN quaternary alloys
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The optical properties of InxAl yGa12x2yN quaternary alloys were investigated by photoconductivity
~PC!, persistent photoconductivity~PPC!, photoluminescence~PL!, and photoluminescence
excitation ~PLE! measurements. Quite interestingly, persistent photoconductivity was observed.
Through the combination of our optical studies, we show that the PPC effect arises from
composition fluctuations in InxAl yGa12x2yN quaternary alloys. From the analysis of the decay
kinetics, the localization depth caused by composition fluctuations was determined. A comparison
between the PL, PLE, and PC measurements gives a direct access to the Stokes’ shift. The Stokes’
shift can be explained in terms of localization due to the existence of nanoscale clusters, and it is
consistent with the PPC result. The results shown here provide concrete evidence to support our
previously proposed model that the existence of InGaN-like clusters is responsible for the strong
luminescence in InxAl yGa12x2yN quaternary alloys. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1558959#
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The group III-nitride wide-band-gap semiconducto
have been recognized as very important materials for m
optoelectronic devices, such as blue ultraviolet~UV! light
emitting diodes ~LEDs!, laser diodes~LDs!, and high-
temperature/high-power electronic devices.1–3 It has been
demonstrated that most nitride based devices must take
vantage of multiple quantum wells~MQWs! and heterostruc-
tures such as GaN/AlGaN~Refs. 4 and 5! and InGaN/GaN
~Ref. 6! as well as the tunability of the band gaps in t
alloys. Recently, InxAl yGa12x2yN quaternary alloys have
also been recognized to have the potential to overcome s
shortfall of GaN epilayers, InGaN, and AlGaN alloys.1–6 By
varying In and Al compositionsx andy in InxAl yGa12x2yN,
one can change the energy band gap while keeping the la
matched with GaN, which can be used to reduce disloca
density as well as piezoelectric field. In additio
InxAl yGa12x2yN quaternary alloys also have the potential
provide a better thermal match to GaN, which could be
important advantage in epitaxial growth. The potential ap
cation of InxAl yGa12x2yN quaternary alloys as InGaN
InAlGaN quantum well light emitters,7 GaN/InAlGaN het-
erojunction field-effect transistors,8 and UV detectors have
been demonstrated recently.9 It is also found that the quan
tum efficiency~QE! of InxAl yGa12x2yN is enhanced signifi-
cantly over AlGaN with a comparable Al content.9 The en-
hanced luminescent efficiency has been attributed to
existence of alloy clusters.10 In this letter, we report the ob
servation of the persistent photoconductivity~PPC! effect in
InxAl yGa12x2yN quaternary alloys. We point out that th
PPC effect is caused by potential fluctuations
InxAl yGa12x2yN quaternary alloys. In order to obtain th
depth of potential fluctuations, the observed PPC effect
investigated with focus on its decay kinetics at different te
perature. Together with the studies on photoconductiv
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~PC!, photoluminescence~PL!, photoluminescence excita
tion ~PLE! spectra, and our previous results,10 we show that
potential fluctuations in InxAl yGa12x2yN quaternary alloys
arise from the existence of InGaN-like clusters.

A set of InxAl yGa12x2yN quaternary alloys with differ-
ent Al concentration has been grown by metalorganic che
cal vapor deposition~MOCVD!. A 1.0 mm GaN epilayer was
first deposited on the sapphire substrate with 25 nm
temperature GaN buffer layer, followed by the deposition
0.1 mm InxAl yGa12x2yN quaternary alloy epilayer by the
low pressure metalorganic chemical vapor deposit
~MOCVD!. The growth temperature and pressure for t
lower GaN epilayer were 1050 °C and 300 Torr, respective
For InxAl yGa12x2yN quaternary alloys, the growth temper
ture 780 °C and In and Al compositions were controlled
varying the flow rates of TMIn and TMAl. Contents of I
and Al were determined by different methods including x-r
diffraction ~XRD!, energy dispersive system, and Rutherfo
backscattering.9 It was found that InxAl yGa12x2yN quater-
nary alloys, which are lattice matched with GaN epilaye
(y;4.8x, which is very close to the theoretical value!, have
the highest PL intensity as well as the narrowest XRD lin
width. For the lattice-match sample studied here, the com
sition is x50.026, y50.124, and for the lattice-mismatc
sample x50.026, y50.3. For the PL measurement, th
sample was excited by a He–Cd laser working at 325 n
dispersed by a Spex 0.85 m double-grating spectrometer,
the spectra was detected by a photomultiplier tube. Sim
arrangements were used for the PLE measurement excep
dispersed light from the Xe lamp was used as the continu
radiation. For the PC measurements, ohmic contacts w
formed by depositing indium drops to the four corners of t
sample and annealing the sample at 400 °C for 10 s. A
lamp was used as the light source, which was dispersed
0.27 m monochromator. A constant direct voltage was
plied and the conductivity was measured by Keithley 24
source measure unit. Details of PPC measurement proce
4 © 2003 American Institute of Physics
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 This a
were similar to those described previously.11 All the data
obtained under different conditions were taken in such a w
that the system was always allowed to relax to equilibriu

Figure 1 shows the photocurrent as a function of ti
and illumination in lattice-match sample with monochr
matic radiation at a photon energy of 3.6 eV taken at 11 K
strong persistent photoconductivity effect is clearly o
served, and similar retention behavior was seen when o
monochromatic light with photon energy up to 3.81 eV w
used as the illumination source. This PPC effect can be ea
understood in terms of the layer alloy potential fluctuatio
resulting from the existence of nanoscale clusters
InxAl yGa12x2yN quaternary alloys, such as InGaN-like clu
ters discussed in our previous report.10 At low temperature,
the photoexcited electrons and holes are trapped and s
rated by local potential fluctuations, the recombination
electron-hole pairs is inhibited, and hence, PPC occurs.
PPC decay curves of lattice-match and lattice-misma
samples are shown in Fig. 2. For comparison, each curv
normalized to unit at the time when illumination is switch
off. We see that the PPC decays slower for the lattice-ma
sample. Probably, it is due to the fact that the lattice-ma
sample has smaller defect density, and the remaining car
can have a longer lifetime.

FIG. 1. Typical buildup and decay behavior of PPC in InxAl yGa12x2yN
lattice-matched sample at 11 K.
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The decay kinetics in photocurrent after turning off t
illumination shows a stretched-exponential behavior that
be formulated as12

I ppc~ t !5I ppc~0!exp@2~ t/t!b#, ~0,b,1!, ~1!

whereI ppc(0) is the PPC buildup level at the moment of lig
excitation being removed,t is the PPC decay time consta
andb is the decay exponent. Figure 3 shows a representa
plot of ln$ln@Ippc(0)# – ln@Ippc(t)#% vs ln(t) for the lattice-
match sample at 11 K. The good linear behavior of the p
demonstrates that PPC decay can be well described by
~1!. The stretched-exponential relaxation has been commo
observed in disordered systems12 and implies that the origin
of the observed PPC effect has the similar property. A lea
squares fit to the experimental data yields a time constat
;33104 s, which is much longer than that of the lattic
mismatch sample used here~the obtained decay time con
stant is about 13103 s for the lattice-mismatch sample!.

It is worth noting that the PPC effect can be observed
to room temperature. To obtain the average depth of poten
fluctuations, we have performed the measurements at di
ent temperatures. It shows two distinct temperature regio

FIG. 2. Photoconductivity decay curves for different Al content at 11
Each curve is normalized to unity att50, the moment when the pumpin
light is off.
s
ac-

r-

to IP:
FIG. 3. Plot of ln$ln@Ippc(0)#2 ln@Ippc(t)#% vs ln(t) for
InxAl yGa12x2yN lattice match and mismatch sample
at 11 K. The linear curve indicate that PPC decays
cording to stretched-exponential functionI ppc

5I ppc(0)exp@2(t/t)b#. The inset shows the capture ba
rier DE obtained according tot5t0 exp(DE/kT).

rticle is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded 

129.118.249.45 On: Fri, 02 May 2014 01:05:56



e
e
ti
he
nt
t

n
T
le
lin
ur
rs
in
m
i

ti

p

h
a
o

di
lle
i

g
o

r

dt
-
h
e
E

th
th
nd
e-
r

on

he
al
e
o
th
or
te
nt
-
a
u

ect
of
pth
in

ve
ve a
hift
the
nce
nce
-

n

tt.

J.

tsus-

ys.

pl.

n,

.

A.
ppl.

t.

l.

rves
ra.

1886 Appl. Phys. Lett., Vol. 82, No. 12, 24 March 2003 Chen et al.

 This a
At low temperature,t is weakly dependent on temperatur
This behavior can be understood as follows. The photo
cited electrons are spatially separated in local poten
minima. In order to have an efficient recombination, t
trapped electrons and holes have to overcome a pote
barrier. At low temperature, there is not enough energy
activate carriers into extended states, the recombinatio
thus caused by carrier hopping between localized states.
PPC decay is due to wave function overlap between e
trons and holes through the process of quantum tunne
which does not depend on temperature. At high temperat
the probability of thermal activation of the localized carrie
to overcome the potential barrier increases with increas
temperature. The thermal carriers can escape to the reco
nation channels. The PPC decay rate therefore rapidly
creases with increasing temperature. In the thermal activa
region, this carrier capture barrierDE, which characterizes
the energy difference between the localized states and the
band edge, can be estimated from the temperature de
dence of the time constant,t :

t5t0 exp~DE/kT!. ~2!

It is found thatDE is about 69 meV for the lattice-matc
sample and 35 meV for the lattice-mismatch sample
shown in the inset of Fig. 3. We thus found that the depth
localization is deeper for the lattice-match sample. The
ferent extents of localization can be attributed to the sma
quantum confinement effect of the larger cluster size
lattice-match sample.

According to our studies here, a Stokes’ shift with ma
nitude comparable withDE can be expected. In order t
confirm this prediction for InxAl yGa12x2yN quaternary al-
loys, we have performed the PL, PLE, and PC measu
ments. Figure 4 summarizes the PL, PLE, and PC spectra
the lattice-mismatch sample at 15 K. The PL spectrum
dominated by a sharp emission at 3.672 eV and the full wi
at half maximum~FWHM! is about 40 meV. The lower emis
sion peak at 3.483 eV is due to the lower GaN epilayer. T
PLE measurements for the lattice-mismatch sample w
monitored at 3.42 eV. We took a multi-Gaussian fit of PL
line and found that the PLE spectrum shows transitions
appear at about 3.485 and 3.71 eV, which are due to
emission of the underneath GaN epilayer a
InxAl yGa12x2yN layer, respectively. The PC spectral r
sponse also shows two component bands, and their supe
sition results in the measured figure. After the comparis
the emission of the InxAl yGa12x2yN quaternary alloy shows
a Stokes’ shift of 38 meV in magnitude with respect to t
absorption edge as determined by PLE spectrum. This v
of Stokes’ shift is close to theDE value discussed above. W
also found that the depth of localized states obtained fr
PPC effect for the lattice-match sample is consistent with
Stokes’ shift measured by PL and PLE spectra. Theref
our results clearly indicate the existence of localized sta
We believe the localized states are caused by alloy pote
fluctuations in InxAl yGa12x2yN quaternary alloys. The ori
gin of potential fluctuations can be attributed to the form
tion of InGaN-like clusters as discussed in our previo
report.10
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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In summary, we discovered the existence of PPC eff
in InxAl yGa12x2yN quaternary alloys. The decay kinetics
the PPC effect has been investigated from which, the de
of the localization caused by composition fluctuations
InxAl yGa12x2yN quaternary alloys is determined. We ha
also performed PL, PLE, and PC measurements which gi
direct access to the Stokes’ shift. The obtained Stokes’ s
is consistent with the localization depth determined from
PPC result. Our results therefore provide a concrete evide
to support the previously proposed model that the existe
of clusters in InxAl yGa12x2yN quaternary alloys is respon
sible for its strong luminescent efficiency.
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