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Tradition has it that in the absence of structural phase transition, or direct-to-indirect band-gap crossover, the
properties of semiconductor alloys~bond lengths, band gaps, elastic constants, etc.! have simple and smooth
~often parabolic! dependence on composition. We illustrate two types of violations of this almost universally
expected behavior. First, at the percolation composition threshold where a continuous, wall-to-wall chain of
given bonds~e.g., Ga-N-Ga-N{{{! first forms in the alloy~e.g., GaAs12xNx!, we find an anomalous behavior in
the corresponding bond length~e.g., Ga-N!. Second, we show that if the dilute alloy~e.g., GaAs12xNx for
x!1! shows a localized deep impurity level in the gap, then there will be a composition domain in the
concentrated alloy where its electronic properties~e.g., optical bowing coefficient! become irregular: unusually
large and composition dependent. We contrast GaAs12xNx with the weakly perturbed alloy system GaAs12xPx
having no deep gap levels in the impurity limits, and find that the concentrated GaAs12xPx alloy behaves
normally in this case.@S0163-1829~96!10648-2#
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I. INTRODUCTION

In the absence of composition-induced structural ph
transitions in alloys@e.g., zinc-blende-to-wurtzite in CdTeS
~Ref. 1! and zinc-blende-to-NiAs in MnCdTe~Ref. 2!# or
electronic direct-to-indirect band gap crossovers@e.g., Al-
GaAs ~Refs. 3 and 4! and AlGaAsP~Refs. 5–8!#, physical
propertiesP(x) were traditionally assumed9 to be simple
continuous functions of the compositionx. This strongly
held view is reflected by the almost universal depiction
the composition dependence ofP(x) by simple analytic
form,9 e.g., a linear~Vegard-like! term, plus a small qua
dratic correction:

P~x!5@xP~A!1~12x!P~B!#2bx~12x!, ~1!

whereP(A) andP(B) are the properties of the constituen
A andB of the alloyAxB12x, andb is the ‘‘bowing coeffi-
cient.’’ Examples9 of Eq. ~1! includeP5lattice parameters
band gaps~b is then called ‘‘optical bowing coefficient’’!,
and mixing enthalpy~b is then called ‘‘interaction param
eter’’!. In all cases,b is composition independent. The opt
cal bowing coefficient of conventional semiconductor allo
is known9 to be small~lower than 1 eV!.

Exceptions to this analytic and regular behavior a
known to occur in somemetallic alloys, when changes in
composition move the Fermi level through a Van-Hove s
gularity ~i.e., ‘‘electronic topological transitions’’10,11!,
and in somesemiconductor alloys~e.g., PbCdTe, PbSnTe
and PbGeTe! ~Ref. 12! showing some irregularities in micro
hardness, Hall mobility, and charge-carrier concentration
very dilute alloys. Because of the tediousness of measu
alloy properties on a sufficiently dense mesh of compo
tions, and because of the prevailing paradigm of the cont
ity and smoothness ofP(x), irregularities inP !
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54 17 573LOCALIZATION AND PERCOLATION IN . . .
Analysis of Figs. 3 and 4 suggests three composition
gions.

~i! A nitrogen-impurity region~for x smaller than 0.1!:
according to Table VI, nitrogen poses a weak-to-medi
perturbation on GaAs. Indeed, at smallx in GaAs12xNx we
find intermediate localization of the CBM wave function
around the N atom@Fig. 3~b!#, an increase of the CBM en
ergy @Fig. 4~c!#, and of the bowing coefficient@from 6.7 to
7.6 eV, Fig. 4~b!# when x decreases. The band gap in th
region decreases rapidly asx increases. This is consisten
with the observed rapid redshift of the band-edge photolu
nescence with increasing N content in dilute GaAs12xNx al-
loys (x,0.02).45,46

~ii ! An As-impurity regionfor middle and highx ~for x
higher than 0.4!: since As poses a strong perturbation
GaN~viz., Table VI!, the effects here are more dramatic th
in the nitrogen-impurity region: the arsenic-impurity regio
is characterized by a very strong localization of VBM wa
functions around the As atom@Fig. 3~a!#, and a rapid in-
crease of the bowing coefficient@Fig. 4~b!# asx increases. It
is also characterized by a rapid decrease of the VBM ene
@Fig. 4~c!# and increase of the band gap@Fig. 4~a!# when
x!1. In this region, the band gap of therandomalloy can
be small~0.4 eV for x;0.5!, while the band gap of som
orderedalloys could even be negative@see Fig. 4~a!#.

~iii ! An intermediate regionlocated aroundxp , where the
alloy properties vary smoothly as a function of compositi
x: we find that in this region, although still very large~;7
eV! compared to conventional semiconductor alloys, the
tical bowing coefficient is nearly composition independe
@Fig. 4~b!#, and both the CBM and the VBM wave function
are delocalized~Fig. 3!.

Our large 512-atom supercell calculation thus confirm
the recent suggestion of Wei and Zunger,14 based on LDA
calculations of smaller cells, that GaAs12xNx alloy has one
bandlike domain where alloy properties vary smoothly a
function ofx ~with a composition-independent bowing coe
ficient! and can be described well by Eq.~1!, and two impu-
ritylike domains, where Eq.~1! is not satisfied.

The basic asymmetryof x!0 ~no-gap level for N impu-
rity in GaAs! andx!1 ~deep level for As impurity in GaN!
explains the different behaviors of the physical properties
the N-impurity and As-impurity regions: the N-impurity re
gion shows weak localization of the CBM wave functio
around the nitrogen, with an optical bowing coefficie
slightly composition dependent, whereas the As-impurity

TABLE IX. The differenceDR, at x50.06, between theA-C
bond length inAB12xCx alloys as obtained in actual VFF simula
tions and the value obtained by fittingRA-C(x) for the composition
domainx.xp , where regular behavior is found.DaVFF is the dif-
ference between the bond-stretching force constants of the imp
and of the host bonds. Note that the value ofDR is proportional to
the value ofDaVFF .

Impurity bond Host DR ~Å! DaVFF ~N/m!

Ga-N GaAs 10.003~0.15%! 155.11
Ga-As GaN 20.006~20.26%! 255.11
Ga-P GaAs 10.001~0.04%! 16.13
Ga-As GaP 20.001~20.04%! 26.13
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gion shows a strong localization of the VBM wave function
around the arsenic, with a bowing coefficient that is ver
large and strongly dependent on the composition. This asy
metry in the single impurity limits explains also the large
compositional range (Dx.0.6) of the As-impurity region,
compared to the N-impurity region (Dx.0.1).

3. The electronic properties of GaAs12xPx : A ‘‘normal’’ alloy

We now study the alloy properties of the weakly per
turbed GaAs12xPx system in which no deep levels exist
~Table VII!. Figure 5 shows, in analogy with Fig. 3, the
VBM and CBM localization parameters, while Fig. 6 shows
the composition variation of the band gap, bowing paramet
and band-edge energies of GaAs12xPx . The direct to indirect
(Gc to Xc) crossover occurs in the CBM atx.0.50 @Fig.
6~c!#, in good agreement with the experimental results5–8 of
0.45–0.49, and leads to an abrupt change in the identity
the CBM wave functions@see Fig. 5~b!#. The large fluctua-
tions of Fig. 5~b!, for x.0.5, reflect the possibility of the
CBM wave functions to have anXc or Gc character at the
transition point. We thus report in Fig. 6~b! the optical bow-
ing coefficient for theG1c state up tox50.4, and for theX1c
state forx higher than 0.6.

FIG. 3. Variation of the charge localizationQa,i of Eq. ~3! for
the highest occupied alloy level~i5VBM ! and lowest empty alloy
level ~i5CBM! of atomsa5As,N,Ga of the random GaAs12xNx

alloys as a function ofx. The bars are statistical fluctuations in
configurational sampling.
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