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In this work, we present a study of the behavior of linewidths of excitonic photoluminescence
transitions measured at 10 K in AlGaN alloys as a function of Al concentration. Samples we have
investigated are grown by low-pressure metalorganic chemical vapor deposition on~0001! oriented
sapphire substrates with low-temperature GaN buffer layers. The Al composition ranged from
0%–35%. We find that the values of the excitonic linewidth increase as a function of Al
concentration and agree very well with those calculated using a model in which the broadening
effect is assumed to be due to compositional disorder in semiconductor alloys. The values of the
excitonic linewidths measured in our samples are considerably smaller than those reported recently,
thus attesting to the high quality of our samples. ©2001 American Institute of Physics.
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The past few years have witnessed an enormous re
gence of interest in the study of the growth, structural, el
tronic, and optical properties of III–V nitrides, their alloy
and heterostructures. This interest has been motivated lar
by their application in several high power electronic and o
toelectronic devices such us light emitting diodes and la
diodes spanning the visible to the ultraviolet spectral ran
and by a desire to gain a better understanding of their f
damental properties. A number of these devices have alre
been fabricated and are commercially available even tho
a full understanding of their properties is still lacking.
most of these devices, alloys constitute important com
nents and it is therefore essential to obtain a better un
standing of their structural, electronic, and optical proper
in order to realize devices with improved performance.

An efficient way to investigate the quality of semico
ductor alloy systems is by studying the linewidths of th
excitonic photoluminescence spectra at liquid helium te
peratures. The theoretical prediction of the behavior of
excitonic linewidth associated with the broadening effects
completely random compositional disorder in semiconduc
alloys is described well by models presented in seve
papers,1–7 as we will briefly discuss in the following. There
fore, the higher the quality of the alloy, the closer the ex
tonic photoluminescence linewidths are to the theoretic
predicted values. Steudeet al.8 have recently studied the op
tical properties of coherently strained AlxGa12xN alloys (0
,x,0.22) grown on GaN by metalorganic chemical vap
deposition ~MOCVD! using photoluminescence~PL! and
other optical techniques. In particular, they have measu
the PL full width at half maximum~s! of excitonic transi-
tions as a function of Al composition (x) at 4 K and found,
as expected, that it increases as a function ofx and reaches a
value of about 40 meV atx50.22. It was pointed out by
Bajaj and Coli9 that the good agreement observed in Ref. 8
actually due to use of a theoretical model presented by S

a!Electronic mail: gcoli@physics.emory.edu
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bertet al.,2 which overestimates the broadening effect due
compositional disorder. This model gives values ofs that are
about 2.5 times larger than those determined from more
phisticated treatments.5,6

In this work we report a systematic study of the variati
of s as a function of Al concentration in AlxGa12xN alloys
measured by PL spectroscopy at 10 K. In our samples
value ofx varies from 0 to 0.35, a range considerably larg
than that used by Steudeet al.8 in their samples. We find tha
our values ofs increase as a function ofx, as expected, and
are considerably smaller than those measured by Ste
et al.8

The 1 mm thick AlxGa12xN epilayers were grown by
low-pressure MOCVD on sapphire~0001! substrates with 20
nm low-temperature GaN nucleation layers. The growth te
perature and pressure were 1060 °C and 100 Torr, res
tively. Trimethylgallium ~TMG! and trimethylaluminum
~TMAl ! were used as the metal organic sources. The Al c
tent was determined by TMG and TMAl flow rates as well
from the room temperature PL spectral peak positions. T
Al contents for selective samples were also determined
x-ray diffraction and secondary ion mass spectroscopy m
surements. The accuracy of thex values was within60.02.

All continuous wave PL measurements were made at
K by means of a single photon counting detection syst
together with a microchannel-plate photomultiplier tub
with a detection capability ranging from 185 to 800 nm a
an overall spectral resolution of about 0.2 meV. The exc
tion wavelength was 292 nm and the PL signals were c
lected in reflecting mode at an incident angle of about 30

In Fig. 1 we display the PL spectra of AlxGa12xN for
several values ofx at 10 K. As expected, the PL spect
show excitonic transition energies and linewidths that
crease as a function of Al concentration. We also observ
decrease of the PL intensity due to the increase of nonr
ative recombination processes with increasing Al concen
tions. In order to understand different contributions to t
excitonic transitions we have carried out a line shape an
9 © 2001 American Institute of Physics
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sis of the PL spectra measured using a multiple Gaus
curve fitting procedure based on minimization of thex2 er-
ror. For all samples withx.0 we find that the line shape o
the PL signal can be deconvoluted into two distinct con
butions due to two different radiative transitions associa
with loosely localized excitons.

During the past 20 years a number of groups1–7 have
reported calculations ofs as a function of alloy composition
in completely disordered semiconductor alloys, this is brie
reviewed in Ref. 6. In all these calculations it is assumed
excitons are created uniformly in the semiconductor al
and that they experience slightly different values of the lo
conduction and valence band edges~assuming the virtua
crystal approximation! in the region they occupy. Thus, th
values of the emission energies from different parts of
alloy are slightly different from each other, resulting in a
inhomogeneously broadened transition. In several of th
calculations it is assumed that the volume of the exci
essentially acts as a probe of local compositional disor
and thus the value ofs strongly depends on this quantity
The exciton volume, however, is not a well-defined quant
mechanical quantity, thus it leads to the different values os
calculated by different groups. For instance, Goedeet al.,1 as
far as we know, were the first to calculate the dependenc
s on alloy composition using rather simple statistical arg
ments and defining the exciton volumeVex as 4

3p^r 3&, where
^r 3& is the expectation value ofr 3 and is equal to 7.5aex

3 .
Here aex is the exciton Bohr radius. Singh and Bajaj3 and
Schobertet al.2 definedVex as 4

3paex
3 in their calculations

and obtained values ofs which are about 2.7 times large
than those calculated by Goedeet al.1 Later, Zimmerman5

and Lee and Bajaj6 avoided the explicit use of the excito
volume and independently calculated the dependence ofs on
alloy composition following somewhat similar quantum m
chanical approaches. Their results agree rather well w

FIG. 1. Photoluminescence spectra of AlxGa12xN alloys measured at 10 K
for several values ofx.

rticle is copyrighted as indicated in the article. Reuse of AIP content is s

129.118.249.45 On: Th
u, 
an

-
d

y
at
y
l

e

se
n
er

of
-

th

those determined by Goedeet al.1 Lee and Bajaj6 obtained
the following expression fors:

s50.41s0 , ~1!

where

s05
dEg~x!

dx
A8 ln~2!x~12x!

Vc

4paex
3 /3

. ~2!

HereVc is the volume of the primitive cell,dEg(x)/dx
describes the variation of the direct band gap energy w
alloy composition,aex5e\2/me2, m215me

211mh
21 is the

reduced mass,me andmh are the electron and hole masse
respectively, ande is the static dielectric constant. To calcu
late the value ofs in Al xGa12xN as a function of Al con-
centration we have used the same values of the physica
rameters as those given in Ref. 8, obtained by lin
interpolation between the values of GaN and AlN, name
me /m050.22(12x)10.33x, e59.7(12x)16.3x. The
value of the hole band massmh51.5m0 is assumed to be
independent of the Al concentration. The volumeVc

5a0
3(x)/A2, wherea053.160(12x)13.112x Å is the lat-

tice constant in the hexagonal plane. The variation of
band gap energyEg(x) as a function of the Al concentratio
(x) is given as

Eg~x!5~12x!Eg~GaN!1xEg~AlN !2bx~12x!, ~3!

where the bowing parameterb50.6 eV,8 and the energy gap
at room temperatureEg ~GaN!53.42 eV andEg ~AlN !56.20
eV. It is worth noting that Eqs.~1! and ~2! describe the
inhomogeneous linewidth broadening due to compositio
disorder and do not account for the homogeneous contr
tion, which is always present at finite temperatures.

In Fig. 2 we display the variation ofs as a function of Al
concentration. The solid line is obtained using Eqs.~1! and

FIG. 2. Variation of the excitonic linewidth~s! as a function of Al concen-
tration: Theoretical calculations according to Eqs.~1! and ~2! ~solid line!,
determined from the line shape analysis of our PL spectra measured at
~circles!, and measured by Steudeet al. ~Ref. 8! ~squares! at 4 K.
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~2!. Circles represent linewidths of excitonic resonances c
responding to the transition with the highest emission ene
obtained from the deconvolution analysis of the PL spec
we measured at 10 K. This is associated with the m
loosely bound exciton and therefore is quite close to
model of the free exciton. Squares represent data f
Steudeet al.8 obtained at 4 K. From our data we have su
tracted the constant value for the inhomogeneous broade
at x50(sGaN), namely, 7 meV, so as to consider only th
effect of the compositional disorder. Although Steudeet al.
did not mention it, we assume that they too have subtrac
the value ofs for GaN from their data. Even though there
some scatter in our data, they show in general good ag
ment with the results of theoretical calculations. Moreov
the fact that subtractingsGaN from the deriveds values leads
to good agreement with theoretical calculations implies t
there is practically no clustering in our alloy samples, wh
otherwise would increase the linewidth with increasing
concentration. The values ofs determined by Steudeet al.8

are considerably larger than those measured by us. Ap
ently Steudeet al. did not perform a line shape analysis a
assumed that the transitions they observed were due to r
tive decay of only one type of bound exciton. We have
counted only for compositional disorder, but in AlGaN a
loys, random electric fields due to additional ioniz
impurity centers incorporated during growth of alloys m
also contribute to broadening excitonic linewidths. It is a
important to note that our values of the linewidths are c
siderably smaller than those determined by Steudeet al.,3
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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thus indicating the higher quality of our AlGaN alloys. F
nally, it should be mentioned that the good agreement
tween the results of our theoretical calculations and exp
mental data shows that the excitonic wave function is
significantly perturbed by the localization potential, thus
lowing us to use the theory of Lee and Bajaj6 which is based
on a free exciton model.

In summary, we have studied the variation of the ex
tonic linewidth in AlxGa12xN alloys as a function of Al con-
centration, with 0<x<35. We find that the values of th
linewidths of excitonic photoluminescence transitions m
sured at 10 K are considerably smaller than those rece
reported by Steudeet al.8 and agree very well with those
calculated using the formalism of Lee and Bajaj,6 thus sug-
gesting that random compositional disorder is the m
broadening mechanism in our samples.
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