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Al xGa12xN alloys withx up to 0.7 were grown by metalorganic chemical vapor deposition and their
optical properties were investigated by deep UV time-resolved photoluminescence~PL!
spectroscopy. Our results revealed that both the activation energy of the PL emission intensity and
the PL decay lifetime exhibit sharp increases atx of around 0.4. The results can be understood in
terms of the sharp increase of the impurity binding energy or the carrier/exciton localization energy
aroundx50.4. A three orders of magnitude increase in resistivity of undoped AlGaN alloys atx of
around 0.4 was also observed, which further corroborated the optical results. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1418255#
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With recent rapid progress in III-nitride based device
materials growth and fundamental understanding of the
tical and electrical properties of Al-rich AlGaN alloys hav
become increasingly important. Al-rich AlxGa12xN alloys
are both difficult to grow and to characterize due to hav
much wider energy band gaps than GaN. However, Al-r
AlGaN alloys are indispensable in deep UV light emitters
well as in high performance electronic devices.1,2 GaN and
AlN form alloys with direct band gaps, whose band ga
range from 3.4 to 6.2 eV, giving an energy gap differen
DEg of 2.8 eV. This is much larger than the typical value
a few tenths of eV in II–VI semiconductor alloys, in which
strong localization effect is known to exist.

In this letter, we report the growth and optical and ele
trical properties of AlxGa12xN alloys for x up to 0.7. Our
results have revealed that the photoluminescence~PL! emis-
sion intensity decreases with an increase of the Al cont
On the other hand, the activation energy of the impurity le
or the carrier/exciton location energy in AlxGa12xN alloys
was found to increase sharply atx of around 0.4. These re
sults provide further information regarding bothn- and
p-type conductivity of AlxGa12xN with x.0.4.

Al xGa12xN epilayers (x,0.7) 1mm thick were grown
by metalorganic chemical vapor deposition~MOCVD! on
sapphire~0001! substrates with 25 nm low temperature Al
nucleation layers. The growth temperature and pressure w
1060 °C and 80 Torr, respectively. Trimethylgallium~TMG!
and trimethylaluminum~TMAl ! were used as the metalo
ganic sources. In order to measure the time-resolved P
Al-rich AlGaN alloys, a deep UV~195 nm! laser system was
specifically designed to generate femtosecond~100 fs! tun-
able laser pulses with 10 mW average power and 76 M
repetition rate. More detailed information about the deep
laser system can be found in Ref. 3. A single photon coun
detection system together with a microchannel plate~MCP!
photomultiplier tube tube~PMT! and a streak camera with
detection capability ranging from 185 to 800 nm were us
to record continuous wave~cw! and time-resolved PL spec
tra. The Al composition of the AlGaN alloys was determin

a!Electronic mail: jiang@phys.ksu.edu
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rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

129.118.249.45 On: Thu, 
,
p-

g
h
s

s
e

-

t.
l

re

of

z

g

d

by the flow rates of TMG and TMAl as well as by an ener
dispersive x-ray chemical microanalyzer~model 4060 Ox-
ford! and from the PL peak positions by assuming the ene
band gapEg of AlGaN follows

Eg~x!5~12x!Eg~GaN!1xEg~AIN !2bx~12x!, ~1!

with the bowing parameterb50.98 eV.4 Values of 3.42 and
6.20 eV were used for the room temperature energy b
gaps of GaN and AlN, respectively. The Al contents for s
lective samples were also determined by x-ray diffract
and secondary ion mass spectroscopy~performed by Charles
Evans & Assoc.! measurements. All these methods provi
consistent Al compositions with accuracy within;0.02.

Low-temperature~10 K! cw PL spectra of AlxGa12xN
alloys with x50.3, 0.5, and 0.7 are presented in Fig. 1. T
PL peak position,Ep , the full width at half maximum
~FWHM!, as well as integrated intensity,S, are also indi-
cated. Besides the shift of the peak position towards sho
wavelength with increasing Al content, one can also notic
considerable decrease in the PL intensity and an increas
the FWHM, which is caused by alloy broadening. The so
lines are the least-squares fits of data with two peaks
Gaussian distributions. With longitudinal optical~LO! pho-

FIG. 1. Low-temperature~10 K! cw PL spectra of AlxGa12xN alloys with
x50.3, 0.5, and 0.7.
5 © 2001 American Institute of Physics
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non energies around 112 and 92 meV for AlN and Ga
respectively,5 the low energy shoulders in Fig. 1 are assign
to LO phonon replicas of the main emission peak.

Figure 2 shows temperature variations of the main em
sion peak positions (Ep) of Al xGa12xN alloys with x50.3,
0.5, and 0.7, where values ofEp were determined by fitting
the PL spectra near the emission peaks by Gaussian f
tions. TheEp versus temperature plots shown in Fig. 2 f
x50.3 and 0.5 clearly depict theS-shape behavior, similar to
in the case for AlGaN alloys with low Al content (x
,0.35).6,7 TheS-shape behavior has been explained in ter
of the effects of localized states induced by alloy fluctuatio
in AlGaN alloys. The systematic behavior exhibited by t
data of Fig. 2 forx50.3 and 0.5 may be understood in term
of the impurity bound or localized exciton transition in th
tail states due to alloy fluctuation. Similar behavior has be
reported previously for the temperature-dependent PL em
sion energy shift in InGaN/GaN multiple quantum wells8 and
in pseudomorphic AlGaN/GaN heterostructures.9 However,
the Ep versus temperature behavior for thex50.7 AlGaN

FIG. 3. Arrhenius plots of the PL intensity for AlGaN alloys withx50.3,
0.5, and 0.7. The solid lines are the least-squares fit of data with Eq.~2!. The
fitted activation energy,E0 , is also indicated.

FIG. 2. Temperature variations of the main PL emission peak positions,Ep ,
of Al xGa12xN alloys with x50.3, 0.5, and 0.7.
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alloy is quite different than that ofx50.3 and 0.5. Forx
50.7, the fluctuation is so large that theS shape is less
pronounced or it has disappeared.

Figure 3 shows Arrhenius plots of the PL emission
tensity of AlxGa12xN alloys with x50.3, 0.5, and 0.7. The
solid lines are the least-squares fit of data with

I emi~T!5I 0 /@11C exp~2E0 /kT!#, ~2!

whereE0 is the activation energy of the PL emission inte
sity. The fitted activation energyE0 is indicated in Fig. 3.
Figure 4 shows a plot of the Al composition~x! dependence
of the activation energy,E0 , obtained for the set of three
samples together with AlGaN alloys of low Al content.7 The
most intriguing result is thatE0 has a sharp increase atx
;0.4. Forx.0.5,E0 is as large as 90 meV, much larger tha
the thermal energy at room temperature~25 meV!.

There are many important consequences for largeE0 for
x greater than 0.4. LargerE0 implies larger impurity binding
energies or carrier/exciton localization energies, which w
make the conductivity of these materials very low, a fact t
is well known for Al-rich AlGaN alloys.10 It has been sug-
gested that the binding energies of impurities in AlxGa12xN
increase withx, and cause low conductivities for undope
Al-rich AlGaN alloys.10 We have measured the conductivi
of a set of undoped AlGaN alloys withx between 0.3 and 0.5
and the results are summarized in Table I. As shown in Ta
I, the resistivity increases by about three orders of magnit
when the Al content is increased from 0.3 to 0.4. It becom
a highly resistive material atx of around 0.5 for undoped
Al xGa12xN alloys. The results shown in Table I further co
roborate the optical data presented in Fig. 4.

FIG. 4. Activation energyE0 as a function of Al compositionx. A dramatic
increase ofE0 is evident atx;0.4.

TABLE I. Resistivity of undoped AlxGa12xN alloys withx varying from 0.3
to 0.5.

Al content,x
Resistivityr

~V cm!

0.3 0.18
0.35 2.1
0.4 190
0.45 374
0.5 .105
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Time-resolved PL spectra were measured at 10 K. Fig
5~a! shows the temporal responses of the PL emissions f
AlGaN alloys ~with x50.3, 0.5, and 0.7! measured at thei
respective spectral peak positions. It clearly shows an
crease in the decay lifetime with increasing Al content. F
ure 5~b! shows a plot of the decay lifetimes of these thr
samples together with those of low Al content AlGaN allo
obtained previously.7 Quite convincingly, the decay lifetime
shows exactly the same trend as that of the activation en

FIG. 5. Temporal responses for the PL emissions from AlxGa12xN alloys
with x50.3, 0.5, and 0.7 measured at 10 K and their emission peak p
tions. ~b! The Al content dependence of the measured decay lifetimeT
510 K) of AlxGa12xN alloys. A similar trend for results shown in~a! and in
Fig. 4 is evident.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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of the PL emission intensity shown in Fig. 4. The PL dec
lifetime is expected to increase with the impurity bindin
energy as well as with the carrier/exciton localizati
energy.7,11

In summary, we have investigated the optical and el
trical properties of AlxGa12xN alloys for x up to 0.7. Our
results strongly suggest either a deepening of the impu
level or a sharp increase of the localization energy in high
content AlGaN alloys is responsible for the various beh
iors reported here. These include sharp increases of the
emission intensity activation energy, of the PL decay li
time, and of the resistivity for undoped AlxGa12xN alloys at
x of around 0.4.
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