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The optical properties of |\l Ga N quaternary alloys were investigated by photoconductivity
(PO), persistent photoconductivitfPPQ, photoluminescencelPL), 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 |il,Ga N 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 Al ,Ga N quaternary alloys. €2003 American Institute of Physics.

[DOI: 10.1063/1.1558959

The group llI-nitride wide-band-gap semiconductors(PC), photoluminescencéPL), photoluminescence excita-
have been recognized as very important materials for mantgon (PLE) spectra, and our previous resufifaye show that
optoelectronic devices, such as blue ultravidlé/) light  potential fluctuations in lpAl,Ga (N quaternary alloys
emitting diodes (LEDs), laser diodes(LDs), and high- arise from the existence of InGaN-like clusters.
temperature/high-power electronic devi¢e$.lt has been A set of InAl,Ga N quaternary alloys with differ-
demonstrated that most nitride based devices must take aéint Al concentration has been grown by metalorganic chemi-
vantage of multiple quantum wellQWs) and heterostruc-  cal vapor depositiofMOCVD). A 1.0 um GaN epilayer was
tures such as GaN/AlGakRefs. 4 and band InGaN/GaN first deposited on the sapphire substrate with 25 nm low
(Ref. 6 as well as the tunability of the band gaps in thetemperature GaN buffer layer, followed by the deposition of
alloys. Recently, IpAl,Ga _,_yN quaternary alloys have 0.1 um InAl,Ga_, N quaternary alloy epilayer by the
also been recognized to have the potential to overcome son@W pressure metalorganic chemical vapor deposition
shortfall of GaN epilayers, InGaN, and AlGaN alloy€By  (MOCVD). The growth temperature and pressure for the
varying In and Al compositiong andy in In,Al,Ga, _, N, lower GaN epilayer were 1050 °C and 300 Torr, respectively.
one can change the energy band gap while keeping the latti¢e" INAl,Ga—x—yN quaternary alloys, the growth tempera-

matched with GaN, which can be used to reduce dislocatioft'r® 780 °C and In and Al compositions were controlled by
density as well as piezoelectric field. In addition varying the flow rates of TMIn and TMAI. Contents of In

InAl,Ga,_,_,N quaternary alloys also have the potential toand Al were determined by different methods including x-ray

provide a better thermal match to GaN, which could be arﬁiﬁraction (XRD), energy dispersive system, and Rutherford

important advantage in epitaxial growth. The potential appli- ackscatterln@.llt was founq that ImIYGaifX*VN quat_er—
cation of InAl,Ga_,_,N quaternary alloys as InGaN/ nary alloys, yvh|_ch are lattice matched W|th GaN epilayers
InAlGaN quantum well light emitter§,GaN/InAlGaN het- (y~4.8x, Wh'Ch. IS very close to the theoretical va]ubave.

) . : . the highest PL intensity as well as the narrowest XRD line-
erojunction field-effect transistofsand UV detectors have . . .
been demonstrated recentlyt is also found that the quan- vyu_jth. _For the lattice-match sample studied hgre, the compo-
tum efficiency(QE) of InAl,Ga,_,_,N is enhanced signifi- sition is x=0.026,y=0.124, and for the lattice-mismatch

. sample x=0.026, y=0.3. For the PL measurement, the
cantly over AlGaN with a comparable Al contehThe en- . B .
hanced luminescent efficiency has been attributed to thsample was excited by a He—Cd laser working at 325 nm,

. i . 8ispersed by a Spex 0.85 m double-grating spectrometer, and
emstence of alloy clgste -In this letter, we report the _Ob' the spectra was detected by a photomultiplier tube. Similar
servation of the persistent photoconductw@PQ effect in arrangements were used for the PLE measurement except the
InXAIYGai—X—VN quaternary alloys. We_ point out that th(_e dispersed light from the Xe lamp was used as the continuous
PPC effect is caused by potential quctuatlo_nS Nradiation. For the PC measurements, ohmic contacts were
In,AlyGa,_x—yN quaternary alloys. In order to obtain the (64 py depositing indium drops to the four corners of the
depth of potential fluctuations, the observed PPC effect Wa§ample and annealing the sample at 400 °C for 10 s. A Xe
investigated with focus on its decay kinetics at different tem-|amp was used as the light source, which was dispersed by a
perature. Together with the studies on photoconductivityy 57 m monochromator. A constant direct voltage was ap-
plied and the conductivity was measured by Keithley 2400
¥Electronic mail: yfchen@phys.ntu.edu.tw source measure unit. Details of PPC measurement procedure

0003-6951/2003/82(12)/1884/3/$20.00 1884 © 2003 American Institute of Physics
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FIG. 1. Typical buildup and decay behavior of PPC inAhGa_,_yN
lattice-matched sample at 11 K. FIG. 2. Photoconductivity decay curves for different Al content at 11 K.
Each curve is normalized to unity &0, the moment when the pumping
light is off.

were similar to those described previouShyAll the data
obtained under different conditions were taken in such a way o )
that the system was always allowed to relax to equilibrium. ~ 1he decay kinetics in photocurrent after turning off the
Figure 1 shows the photocurrent as a function of timelllumination shows a stretched-exponential behavior that can
and illumination in lattice-match sample with monochro- P& formulated ds
matic radiatipn at a photon energ.ylof 3.6eV tgken at 11 K. A | opd 1) =1 ppd 0)exl — tInPF], (0<B<1), 1)
strong persistent photoconductivity effect is clearly ob-
served, and similar retention behavior was seen when othavherel ,,{0) is the PPC buildup level at the moment of light
monochromatic light with photon energy up to 3.81 eV wasexcitation being removed; is the PPC decay time constant
used as the illumination source. This PPC effect can be easilgnd 3 is the decay exponent. Figure 3 shows a representative
understood in terms of the layer alloy potential fluctuationsplot of In{In[l,,{0)]=In[l,,{t)]} vs In@) for the lattice-
resulting from the existence of nanoscale clusters imatch sample at 11 K. The good linear behavior of the plot
In Al,Ga N quaternary alloys, such as InGaN-like clus- demonstrates that PPC decay can be well described by Eq.
ters discussed in our previous repttit low temperature, (1). The stretched-exponential relaxation has been commonly
the photoexcited electrons and holes are trapped and sepabserved in disordered systethand implies that the origin
rated by local potential fluctuations, the recombination ofof the observed PPC effect has the similar property. A least-
electron-hole pairs is inhibited, and hence, PPC occurs. Thequares fit to the experimental data yields a time constant
PPC decay curves of lattice-match and lattice-mismatch-3x10* s, which is much longer than that of the lattice-
samples are shown in Fig. 2. For comparison, each curve imismatch sample used hefthe obtained decay time con-
normalized to unit at the time when illumination is switched stant is about X 10° s for the lattice-mismatch sample
off. We see that the PPC decays slower for the lattice-match It is worth noting that the PPC effect can be observed up
sample. Probably, it is due to the fact that the lattice-matctio room temperature. To obtain the average depth of potential
sample has smaller defect density, and the remaining carriefictuations, we have performed the measurements at differ-
can have a longer lifetime. ent temperatures. It shows two distinct temperature regions.
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0.4 FIG. 3. Plot of IqIn[l,,{0)]—In[l,x{t)T} vs In¢) for
In,Al,Ga,_,_yN lattice match and mismatch samples
at 11 K. The linear curve indicate that PPC decays ac-
cording to stretched-exponential  functionl
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At low temperature is weakly dependent on temperature.
This behavior can be understood as follows. The photoex-
cited electrons are spatially separated in local potential
minima. In order to have an efficient recombination, the
trapped electrons and holes have to overcome a potential
barrier. At low temperature, there is not enough energy to
activate carriers into extended states, the recombination is
thus caused by carrier hopping between localized states. The
PPC decay is due to wave function overlap between elec-
trons and holes through the process of quantum tunneling,
which does not depend on temperature. At high temperature,
the probability of thermal activation of the localized carriers
to overcome the potential barrier increases with increasing
temperature. The thermal carriers can escape to the recombi-
nation channels. The PPC decay rate therefore rapidly in-
creases with increasing temperature. In the thermal activation ]
region, this carrier capture barri&rE, which characterizes §
the energy difference between the localized states and the flat T
band edge, can be estimated from the temperature depen- 34 35 36 37 38 39

. Photon Energy (eV
dence of the time constant,: 9y (<)
FIG. 4. PL, PLE, and PC spectra of A ,Ga_,_,N lattice-mismatch

7=To eXp(AE/kT). 2 sample taken at 15 K. The PLE spectrum was fitted by Gaussian curves
It is found thatAE is about 69 meV for the lattice-match (solid ling). The Stokes’ shift is 38 meV between the PL and PLE spectra.

sample and 35 meV for the lattice-mismatch sample as

shown in the inset of Fig. 3. We thus found that the depth of In summary, we discovered the existence of PPC effect
T . ~In In,Al,Ga; N quaternary alloys. The decay kinetics of
localization is deeper for the lattice-match sample. The dif- y y . ) ‘
o . the PPC effect has been investigated from which, the depth
ferent extents of localization can be attributed to the smaller

. . ."of the localization caused by composition fluctuations in
guantum confinement effect of the larger cluster size i . .
! n,Al,Ga, _,_,N quaternary alloys is determined. We have
lattice-match sample. Y Y . .
; . e also performed PL, PLE, and PC measurements which give a
According to our studies here, a Stokes’ shift with mag- . - . v
. . direct access to the Stokes’ shift. The obtained Stokes’ shift
nitude comparable witlAE can be expected. In order to . . . o .
. . ey is consistent with the localization depth determined from the
confirm this prediction for IpAl,Gg N quaternary al- . :
y Y PPC result. Our results therefore provide a concrete evidence
loys, we have performed the PL, PLE, and PC measure:- : .
. . to support the previously proposed model that the existence
ments. Figure 4 summarizes the PL, PLE, and PC spectra foorf clusters in InALG N guaternary allovs is respon
the lattice-mismatch sample at 15 K. The PL spectrum is WALy —x—yIN G y alloy P

dominated by a sharp emission at 3.672 eV and the full widthSlble for its strong luminescent efficiency.
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