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Photoluminescence excitonic linewidth in GaAsN alloys
R. T. Sengera) and K. K. Bajaj
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~Received 9 June 2003; accepted 2 October 2003!

We have calculated the variation of the photoluminescence excitonic linewidth, defined as the full
width at half maximum, due to composition fluctuations as a function of nitrogen composition in
completely random GaAs12xNx alloys. We have considered the effects of a constant and of the
composition dependent bowing parameter~and, thus, the energy band gap! on the excitonic
linewidth. We have used two different recently proposed variations of the conduction electron mass
with nitrogen composition. We have considered both the free and localized excitons. We find that the
behavior of excitonic linewidth as a function of nitrogen composition, using two different bowing
parameters, is qualitatively and quantitatively quite different. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1628405#
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I. INTRODUCTION

Ever since the early pioneering work of Weyerset al.1

and Kondowet al.,2 enormous effort has been devoted to t
study of the growth, and structural, electronic, and opti
properties of III–V compounds and their alloys containi
small percentage of nitrogen during the past decade.
observation of a drastic reduction~about 180 meV! in the
value of the energy band gap of GaAs,1,2 for instance, with
the addition of a small concentration~;1%! of nitrogen, has
stimulated an enormous interest in optoelectronic dev
grown on GaAs substrates, operating in the 1.3–1.5mm
range, a region of great importance in telecommunicat
applications. The introduction of nitrogen in GaAs also
duces the value of the lattice parameter thus providin
unique opportunity of simultaneously reducing the ene
band gap and the lattice parameter of a given III–V se
conductor or an alloy.

The fundamental energy band gap (Eg) of a conven-
tional ternary alloy AxB12xC as a function of compositionx
is usually expressed as

Eg5xEg
AC1~12x!Eg

BC2bx~12x!. ~1!

Here,Eg
AC andEg

BC are the values of the energy band gaps
the binary compounds AC and BC, respectively, andb is
commonly referred to as the optical bowing parameter.
conventional III–V alloys, such as AlGaAs, InGaAs, etc., t
parameterb is rather small~;1 eV! and is constant. In
GaAsN, however, this value turns out to be unexpecte
large and composition dependent. The fundamental unde
ing mechanism for this unusual behavior is still controvers
even though several models, such as the two-le
anticrossing,3 N impurity-band formation within the band
gap,4 and intraband mixing within the conduction band a
interaction with N-cluster states,5 have been proposed. Th
jury is still out on the final verdict as to which microscop
mechanism is responsible for the unusual properties
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GaAsN. It should be pointed out that Eq.~1! is generally
valid whenb is constant and relatively small~about 1 eV!. In
the case of GaAsN, however, where the bowing parametb
has been found to be large and to depend on alloy comp
tion, the use of Eq.~1! may not be the best option.

Several groups have reported measurements of the v
tion of the band gap (Eg) of GaAs12xNx as a function of
nitrogen concentration~x! using a variety of optical tech
niques and have proposed different values ofb. From the
early absorption measurements,1,2 it was shown that
GaAs12xNx is a direct band-gap material, and a value of t
bowing parameter was suggested to lie between 18–20
for nitrogen concentrations less than 5%. Later attempts
measure the values ofb ~Refs. 6–8! suggested that it was
composition dependent. A value ofb526 eV forx<1% and
of 16 eV for x.1% was proposed.6 However Pozinaet al.9

explained their measured variation ofEg with N composition
up tox54% using a constant value of 18 eV as the value
b. For larger values of nitrogen concentrations (x.4%), the
value of b drops considerably.8 Zhang et al.10 also deter-
mined the variation ofEg as a function of nitrogen compo
sition in thin pseudomorphic layers of GaAs12xNx (x
,3.3%) using electroreflectance at room temperature in
contactless mode. Their samples were grown on se
insulating GaAs substrates using gas-source molecular-b
epitaxy~MBE!. They were able to fit their data on the vari
tion of the energy band gapdEg with N composition by a
simple power law, namelydEg5bxa. The values ofb anda
that best fit their data were found to be 4.160.3 eV and
0.66760.02, respectively.

Recently Tischet al.11 have studied the composition de
pendence ofEg of thin pseudomorphic GaAs12xNx layers
(0<x<5%) grown on semi-insulating GaAs using low
pressure metal-organic chemical vapor deposit
~MOCVD!. In all, a total of 36 layers were grown and stu
ied with thicknesses varying from 400 to 130 nm. Hig
resolution x-ray diffraction was used to measure the conc
tration of nitrogen, and optical absorption measurement
room temperature were performed to determine the value
the band gaps of the layers. Based on this study, they pro
5 © 2003 American Institute of Physics
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the following empirical expression for the variation of th
bowing parameterb(x) of GaAs12xNx as a function ofx:11

b~x!5b01b1e2x/x11b2e2x/x2, ~2!

where b1 , b2 , b3 , x1 , and x2 are fitting parameters. Th
values b05(7.562.5) eV, b15(21.161.3) eV, b25(15.9
61.6) eV, x15(0.2660.04)%, andx15(3.361.3)% best
represent their experimental data. The value of the bow
parameterb reaches 40 eV forx'0.1% and a constant 7.
eV for x.8%, thus exhibiting a strong dependence on
nitrogen composition. This is in contrast to the behavior
the bowing parameter in most other alloys in which it
relatively independent of the composition. It should
pointed out that the values ofdEg obtained by using the
empirical relation of Zhanget al.10 agree very well with
those obtained by Tischet al.11 for values ofx upto 3.3%.
For larger values ofx, however, the values ofdEg obtained
by Zhanget al.10 are somewhat larger than those measure
Ref. 11. It is not surprising as Tischet al.11 fit their data in
samples with larger values ofx. We have, therefore, not use
the empirical relation proposed by Zhanget al.10 in our cal-
culations for the above mentioned reason.

The purpose of this article is to explore the implicatio
of a constant and a composition dependent bowing par
eter, given above, on the behavior of the photoluminesce
~PL! excitonic linewidth, defined as the full width at ha
maximum ~s!, due to compositional fluctuations i
GaAs12xNx alloys, as a function of nitrogen composition~x!
for low values of x (x<5%). We find that the use of a
composition-dependent bowing parameter leads to the
havior of s as a function of compositionx which is qualita-
tively and quantitatively different from that obtained using
constant value. The excitonic linewidth we calculate
caused entirely by the composition fluctuations in a co
pletely random alloy and thus is the minimum value obse
able in any random alloy. Any deviations from this value a
attributed to other broadening mechanisms, such as those
to the presence of ionized impurities, inhomogeneous str
clustering, and phase separation, etc. We believe the re
of our calculations should be of considerable help to
material scientists to assess the quality of their alloys us
PL spectroscopy at low temperatures.

II. CALCULATION OF LINEWIDTH

A number of groups have reported calculations ofs as a
function of alloy composition in completely disordered sem
conductor alloys during the past 20 years. A review of th
calculations has been presented in Ref. 12. These calc
tions are essentially based on the premise that excitons,
ated in different regions of the semiconductor alloy, expe
ence slightly different values of the local conduction- a
valance-band edges, assuming virtual crystal approxima
This leads to different values of the emission energies or
nating from different regions of the alloy thus resulting in
inhomogeneously broadened transition. Using this model
a quantum statistical approach, Lee and Bajaj13 derived the
following expression fors as a function of alloy composition
x:
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s50.41s0 , ~3!

where

s052
dEg

dx
A2 ln 2~12x!xVc

~4p/3!Rex
3 . ~4!

Here,Vc is the volume of the primitive cell, andRex is the
exciton Bohr radius. For a face-centered-cubic crystal str
ture, Vc5a3/4 wherea is the lattice constant. The Bohr ra
diusRex5«0\2/me2 where«0 is the static dielectric constan
andm is the reduced mass expressed as14

1

m
5

1

me
1g1 . ~5!

Here,me is the mass of the conduction electron andg1 is the
Luttinger parameter.15 We assume that the value ofg1 does
not change with the addition of a small amount of nitrogen
GaAs as this predominantly affects the conduction band.5

Recently, Haiet al.16 have measured the values of th
mass of the conduction electron in GaAs12xNx /GaAs quan-
tum wells using an optically detected cyclotron resonan
technique. The values of 0.12m0 and 0.19m0 are deduced
for the 70 Å thick quantum wells with N compositions o
1.2% and 2.0% respectively. Skierbiszewskiet al.17 calcu-
lated the variation of me with N composition in
GaAs12xNx /GaAs quantum wells using band anticrossi
model3 for small values of N concentrations (x<4%). They
find that the value ofme increases from 0.065m0 ~its value
in GaAs! to 0.12m0 as the N composition is varied from
zero to 4%. Their calculated value of mass for N compo
tion of 1.2% agrees rather well with that measured by H
et al.16 However, their value ofme for 2% N composition is
about 50% smaller than the measured value. The reason
this rather large discrepancy is not clear. Zhanget al.4 also
determined the variation ofme with N composition in
GaAs12xNx /GaAs quantum wells using an electroreflectan
technique at room temperature. In their samples, the N c
position varied from 0.9% to 4.5%. Based on their analy
of the intersubband transitions in their quantum well stru
tures, they proposed that the value ofme decreases from
0.55m0 to 0.15m0 when the N composition is increase
from 0.9% to 4.5%. Zhanget al.4 explain their data using the
impurity-band conduction model. The variation ofme with N
composition they determine is contrary to the one calcula
by Skierbiszewskiet al.17 or to the one deduced by Ha
et al.16 It should be mentioned that the values ofme have
been determined from the experimental data by using mo
that assume that GaAsN behaves like a conventional a
As this may not be the case, especially for small values o
composition, the above mentioned values may have so
uncertainties.

III. RESULTS AND DISCUSSION

We have calculated the variation ofs as a function of the
N compositionx for values ofx up to 0.05 using Eq.~3!. To
obtain the values of the lattice constanta for GaAs12xNx ,
we have used a linear interpolation between the value oa
for GaAs ~5.6533 Å! and for that of zinc blende GaN~4.5
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Å!.18 The values of«0 are obtained similarly from that o
GaAs ~12.5! and of zinc blende GaN~9.7!.18 The value of
Luttinger parameterg1 is assumed to be independent for t
small range ofx considered in this work and is taken to b
6.98.18

In Fig. 1~a!, we display the variation ofs as a function
of N composition in GaAs12xNx up to x50.05 using a free
exciton model as described above, for a constant valueb
518 eV ~dashed curve!, and for the composition depende
value ofb ~solid curve!. The values ofme used in this cal-
culation are those proposed by Skierbiszewskiet al.16 We
find that the behavior ofs as a function ofx is both quanti-
tatively and qualitatively different in two cases. In the ca
of a constant value ofb, s increases monotonically as
function of x, whereas in the case of composition depend
b, the value ofs increases, reaches a maximum, and th
steadily decreases.

Several groups have recently studied the variation of
excitonic transition energy in GaAsN alloys and in GaAs
GaAs quantum well structures19–22as a function of tempera
ture using PL spectroscopy. They observe the fami
s-shaped behavior of the temperature-dependent trans
energy in both cases, which is a signature of localized e
tons. The nature of the exciton localization in the poten
fluctuations is not known. An electron and hole may each
localized in different potential wells, or may reside in th
same potential well, or both possibilities may exist with c
tain probabilities. Due to the complex nature of exciton
calization in completely random alloys, it is not possible
accurately calculate the variation ofs with alloy composi-
tion. We have, therefore, adopted a simple approach.
stimulate this localization we have assumed, as has b
done earlier in the case of GaInP alloys23 and GaAsSb/GaAs

FIG. 1. Variation of full width at half maximum~s! of excitonic transition
as a function of N composition in GaAs12xNx , for ~a! free and~b! localized
excitons. The dashed curves are for constant bowing parameteb
518 eV) and solid curves are for composition dependentb. The variation of
the conduction electron mass is assumed to be as given by Skierbisz
et al. ~See Ref. 17.!
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quantum wells to explain the diamagnetic shift data,24 that
the hole, being much more massive than the electron, is c
pletely localized, namely the hole mass is treated as infin
Hence, only the electron experiences the potential fluct
tions. In the calculation ofs using Eq.~4!, we, therefore,
replaceddEg /dx by dEc /dx, whereEc is the value of the
conduction-band discontinuity. As the introduction of N
GaAs mostly modifies the conduction band,dEc /dx is,
therefore, assumed to be equal todEg /dx as an approxima-
tion. The variation ofs as a function ofx, thus calculated
using a constant value ofb518 eV ~dashed curve!, and the
composition dependent value ofb ~solid curve!, are dis-
played in Fig. 1~b!. Again, we have used the variation ofme

with x as proposed by Skierbiszewskiet al.17 in our calcula-
tions. The qualitative behavior ofs as a function ofx is
similar both for the free excitons and the localized excito
As expected, the values ofs for a given value ofx are larger
in the case of localized excitons.

In Fig. 2~a!, we again plot the variation ofs as a func-
tion of x for free excitons using a constant value ofb
518 eV ~dashed curve!, and the composition-depende
value ofb ~solid curve!, assuming the variation ofme with x
as proposed by Zhanget al.4 In Fig. 2~b!, we plot a similar
variation for the localized excitons. For free excitons, t
value ofs increases monotonically as a function ofx in the
case of a constant value ofb, whereas for the localized ex
citons it increases rapidly, reaches a maximum, and then
creases as the value ofx is increased. For the composition
dependent value ofb, the variation ofs with x is more
complicated both for the free and the localized excitons.
the latter case, both the increase and then the decreases
with x is much more dramatic. In addition, for the localize
excitons, the values ofs even for small values ofx are very
large.

(

ski

FIG. 2. Variation of full width at half maximum~s! of excitonic transition
as a function of N composition in GaAs12xNx , for ~a! free and~b! localized
excitons. The dashed curves are for constant bowing parameteb
518 eV) and solid curves are for composition dependentb. The variation of
the conduction electron mass is assumed to be as given by Zhanget al. ~See
Ref. 4.!
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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In our calculations, we have assumed that GaAs12xNx

behaves as a completely random alloy for all values of th
composition considered in this work. The value ofx above
which this system behaves as a random alloy is still un
solved. We, therefore, suggest that our calculations ofs may
be less valid at low (x<1%) concentrations of N and be
come more appropriate for larger values ofx. For values ofx
larger than about 5%, this system often exhibits phase s
ration, even though samples with N composition as high
14% have been grown by gas-source MBE which appare
do not show phase separation.8

Systematic experimental studies of the variation ofs
with N composition in GaAs12xNx alloys can be very usefu
in providing information about the quality of these alloys
well as giving some insight into the validity of the assum
tions used in our calculations. However, the values ofs in
GaAs12xNx alloys for different values ofx have been re-
ported by different groups in samples grown by MOCV
and MBE. Raoet al.,25 for instance, found 15 meV as th
value of s in annealed GaAs12xNx with x50.03 at 10 K.
Their samples were grown by atmospheric MOCVD. Fra
coeuret al.,26 however, measured a value ofs of about 50
meV at 10 K in their annealed samples, grown by met
organic MBE withx50.03. Recently, Sunet al.27 reported a
value of 27 meV at 10 K in their annealed samples, grown
low-pressure MOCVD forx50.018. These values ofs are
typical of those reported by other groups.

As mentioned earlier, our calculations only consider
contribution of the compositional disorder tos in completely
random alloys. Effects of random electric fields due to io
ized impurities, inhomogeneous strain, clustering, ph
separation, etc. on the value ofs, are not included. Devia
tions of the observed values ofs from the calculated value
should provide information concerning the contributions
the above effects thus giving useful information about
quality of this alloy system. We believe that the results of o
calculation should be useful to material scientists who
interested in assessing the quality of GaAsN alloys us
low-temperature PL spectroscopy. In our calculations,
have assumed that, in the case of localized excitons, only
hole is completely localized by the potential fluctuations a
the electron is relatively unaffected. This is clearly a simp
fication of a rather complicated situation. Recently, S
et al.27 studied the radiative recombination in GaAsN allo
using time resolved spectroscopy at low temperatures. T
suggested that the radiative recombination takes place
tween localized electrons and delocalized holes. Because
nature of electron localization is not known, it is not possib
to calculate the value ofs using this model.

IV. CONCLUSION

We have calculated the variation of the PL exciton
linewidth s as a function of N composition in complete
Downloaded 05 Dec 2003 to 139.179.96.90. Redistribution subject to A
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random GaAsN alloys. We have considered two differe
expressions for the variation of the bowing parameter~and
thus the energy band gap! with nitrogen composition. In ad-
dition we have used two different dependences of the c
duction electron mass on the N composition. We have c
sidered both free and localized excitons. To simulate
behavior of localized excitons, we have assumed that
holes, being much more massive than electrons, are c
pletely localized in weak but significant potential fluctuatio
of the valance band at low temperatures.
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