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Using the empirical pseudopotential method and large atomistically relaxed supercells, we have systemati-
cally studied the evolution of the electronic structure of GaR, and GaAsg ,N,, from the dilute nitrogen
impurity regime to the nascent nitride alloy. We show how substitutional nitrogen forms perturbed host states
~PHS inside the conduction band, whereas small nitrogen aggregates form localized clusteiCShirshe
band gap. By following the evolution of these states and the “perturbed host states” with increasing nitrogen
composition, we propose a new model for low-nitrogen-content GaA§ and Gak N, alloys: As the
nitrogen composition increases, the energy of the CS is pinned while the energy of the PHS plunges down as
the nitrogen composition increases. Tihgurity limit ~PHS above CBis characterized by strongly localized
wave functions, low pressure coefficients, and sharp emission lines from the C&mialgamation limitPHS
overtake the CBis characterized by a coexistence of localized stdezgling to high effective mass, exciton
localization, Stokes shift in emission versus absorptimrerlapping delocalized PH$eading to asymmetri-
cally broadened states, low temperature coefficeint, delocalizetand at higher energiesThe alloy limit
~PHS well below C8& may not have been reached experimentally, but is predicted to be characterized by
conventional extended states. Our theory shows that these alloy systems require a polymorphous description,
permitting the coexistence of many different local environments, rather than an isomorphous model that
focuses on few impurity-host motifs.
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Ecgm i 10 ~Refs. 10,9 and 24o0r Ecgy . 80 meV ~Refs.
25-217. These levels and their associated phonon refflica
are observed in emission after excitation into higher states.
Excitation is then efficiently transferrétf° to the deeper
pair levels via tunnelingat low temperaturéor via thermal
excitation to the mobile states, followed by hopping into the
pair levels-at higher temperaturésThe pressure coefficients
of these pair levels in GaAs,Ny #35, 50 meV/GPaRef.
10 are as low as those of the isolated nitrogen, while in
GaR , N, they now havepositive pressure coefficients of
10, 30 meV/GP&?>*® unlike the negative,, 14 meV/
GPa value characteristic of the GaP CBM or the near zero
value for the dilute impurity>*?

~iv! Redshift between absorption/PLE and emission is ob-
served Already at a concentration of 0.05-0.1 % nitrogen in
GaAs, the emission lines are redshifted with respect to
absorptiort! At higher concentrations the shift increases in
energy*>?® in contrast with high structural quality random,
direct-gap llI-V alloys, where absorption and emission occur
at the same energy.

As the concentration of nitrogen increases further, one
observes the following.

~vl Composition pinning of the impurity pair energy levels
is seenThe sharp emission lines from the pair levels remain
initially at a fixed energy as the nitrogen composition in-
creases both in GaN-~Ref. 33 and in G#s:N §0.05-0.1 %



behaviors. One observé®mogeneoysulklike characteris-
tics, such as band-gap bowing, resonances within the con-
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TABLE I. The relative anion-cation bond lengths around isolated nitrogen and nearest neilyihdor
nitrogen pairs in GaAs and GaP, obtained in relaxed LDA and VFF calculations. Bond lengths are expressed
in fractions of the ideal bulk GaN bond length. For the nearest-neigtiddt-oriented pair, the 8 bonds are
categorized in three symmetry distinct typea! ~001 directed bonds ( 4), ~b! ~110-directed bonds
( 2) sharing a common Ga atom, ard the remaining-110 directed bonds ( 2).

Relative bond length

System Cell Size Method Bond! Bond-b! Bond~c!
GaAs:N Isolated 64 LDA 1.062
VFF 1.045
NN pair 64 LDA 1.040 1.091 1.065
VFF 1.047 1.070 1.060
GaP:N Isolated 64 LDA 1.052
VFF 1.041
NN pair 64 LDA 1.049 1.085 1.067
VFF 1.042 1.061 1.054
being randon?® This was not the case. However, the cluster ll. METHOD

states in these previous works were not analyzed in detail.

In this paper we describe theoretically how the naturally To study the role of nitrogen in GaP and GaAs we we use
occurring nitrogen pairs and clusters affects the electroni@a supercell approach, where one or more substitutional nitro-
structure of GaAg, N, and GaR N, alloys as a function gen atoms are placed in a large supercell. We relax all atomic
of nitrogen concentration. By considering both the “per- positions, and solve the Schiinger equation for this peri-
turbed host states” and nitrogen-related “cluster states,” weodically repeated supercell using the plane-wave pseudopo-
explain, at least qualitatively, the experimental anomaliegential method with high-quality empirically corrected
outlined above, centering on the duality of bulklike and lo- pseudopotentialSEPM!. Our method is nearly identical to
calization phenomena in these alloys. that of Bellaiche etal® We use improved

We begin by describing our methods in Sec. llI. In Sec.pseudopotential®®? larger supercells for better statistics,
IV we present our results for the isolated nitrogen impurity,and we analyze our results in greater detail.
whereas in Sec. V we present our results for nitrogen pairs To studyisolatednitrogen we place a single nitrogen in
and clusters. We identify several of the “nitrogen pair” lines the supercell, whereas to stuiyeractingnitrogens we keep
observed in photoluminescence, and also identify the “NC"the supercell size fixed and add a varying number of nitro-
-Ref. 33 triplet level recently observed in GaRN,.>*In-  gens to the supercéft545455By modeling nitride alloys
terestingly,#110¢ chains of nitrogen atoms form particularly \ith manynitrogens in a large supercell, we allow for sym-
Iocallz_ed and deep “cha|r_1 states.” In Sec. VI we conmderthemetry breaking, relaxation, and multiband coupling not in-
evolut|or) Of the co_nduqtmn-band edge and mtrog_en-r-elateg'uded in simpler modeté using asinglenitrogen atom in a
states with increasing nitrogen concentration. We find {ithat smaller supercell. In fact, accurate modeling of the very low

unlike the suggestions of Refs. 33,39 the nitrogen clustey. . . . : ;
states inside the band gap do not interact sufficiently so as (,;Félltrogen concentrations where impurity physics dominates

0 .
broaden and form a conduction state made of a superpositi Xn=0.1%) requires the use of large supercedly., 13824

O/n- 1 -
of such nitrogen-induced states. Instead, we find the delocaf:oms for 0.015%; see belduhat are not accessible to cur

ized “perturbed host states” descend into the fundamental€"t first-principles methods, such as density-functional
band gap, and overtake the cluster states one by -ife. theory. Indeed, we find that the strain field resulting from the

Once overtaken, the conduction-band edge exhibitsy large atomic relaxatiorreflecting ; 20% size mismatch be-
fluctuations consisting at low energy of a broad amalgam-fween N and Aspropagates to long distances, so small su-
ation of Fano-resonance-like localized cluster states and, #€ercells are inappropriate. However, for isolated impurities
higher energy, the delocalized perturbed host states. The loihe cell-size does not need to correspond to the physical con-
energy side of the band edge is dominated by the jusgentrationx— 0. All that is needed in this limit is to avoid
swept-in CS, while the higher-energy end consists of thevave function overlap. Furthermore, large supercells are
more extended PHS. This localized-delocalized duality in theneeded to study large impurity clusters. The atomic positions
band edge leads to exciton localization in the tail states, thaithin each supercell are relaxed, at the appropriate Vegard's
Stokes shift between absorptieinto PHS and emission lattice constant, using the valence force-field metfaad a
~from C9, an anomalous pressure dependence, and stronggonjugate gradient minimization of the total strain energy.
modified temperature dependence of the alloy. This behavicFhe atomic positions obtained from this model, using the
is distinct from conventioanl isolavent I11-V alloys that lack force-field parameters of Ref. 63 agree with bond lengths and
cluster states in the gap and have much weaker interbarmbsitions obtained from our LDA calculations in 64-atom
coupling within the perturbed host states. cells to within 1%. This is illustrated in Table I.
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To obtain the electronic properties of each system at the
relaxed positions we solve the ScHioger equation

1

I—E,’z‘a(-‘ va~r|_Raym! Ci~r!74 eiCi"'r!, ~4!

where a denotes atomic species) runs over atomsy , are
the screened empirical pseudopotentials, &g, are the
atomic positions. Because of the local-density approximation
~LDA! error in the band gap and the need to accurately re-
produce measured band gaps, combined with the use of large
supercells, we have adopted an alternative approach to LDA,
utilizing in Eqg. ~4! the empirical pseudopotential,. We
represent the wave functions, using a plane-wave basis
set.

The total supercell potentid(r) is written as a superpo-
sition of species and strain-dependent local pseudopotentials
v,. The pseudopotentials are fitted to reproduce the bulk



formed frommanyhigh-energy host bands, are denoted here
a;(N). Figure 1 depicts schematically the,-symmetric
nitrogen-perturbed states.

All states of the same symmetry representation interact
under the impurity perturbation potenti@V,.;, which con-
sists of the following.~i! The difference in host-impurity
screened potentidD Ve A good qualitative measure of
DV¢hemiS the “natural” band offsef; for example, the CBM
of GaN lies ; 0.3 eV below that of GaAs ang 0.6 eV
below GaP-ii! The perturbation due to atomic displacement
DV,e: This second perturbation is expected to be substantial
due to the lattice-constant mismatch between GaN and GaP
~GaAd. The total perturbatiorDV,, mixes all a, states
~thus, mMixesG ;X1 1¢



teractions within clusters, observed particularly fdrlC¢
clusters in Gas:N,*® which will be discussed in Sec. V C.
Figures 3b



a,;-symmetric states. This state apped&slow the CBM
~“gap level”! whereas in GaAs the impurity level &bove

the CBM ~“resonant level™. Transitions to the lowest con-
duction state in both materials, whether delocalized or impu-
ritylike, are dipole allowed from the valence-bnad maximum
~VBM! ~“direct gap”!. In smaller GaP supercells<(512 at-
omd another band, with more,. character plunges down
and becomes the conduction-band minimum. This state de-
scends rapidly in energy with decreasing cell size, crossing
thethe






description of nitrogen impuritiegrelated to the zero-
momentum screened potenti®l(G), 0] was not recog-
nized. Early practitionefé’*#ound pathologically deep ni-
trogen levels € 1 eV in Ref. 87, failing to properly align

the “GaN” with the “GaP” potentials. A correct alignment
explains the level order.

E. Can a two-level model capture the qualitative physics
of the a; electron states for isolated nitrogen
in dilute GaP:N or GaAs:N?

Hjalmarson et al® noted in their tight-binding model
only a singlea;(N)-type level and its correspondirtg level
~compare, however Fig.!2Wolford et al.” also discussed for
GaAs:N the a;(N) and af levels. Following these works,
Shanet al®* advanced a two-level model for the electron
states of the GaAs «Ny alloy, consisting of both of theseN!



turbed host statesn the absence of gap levélsvas dis-
cussed previously in det&i?°as these are common to con-
ventional semiconductor alloys. There are three contribution
at play for random alloys.

~i! Volume deformationwhich represents changes in the
band gaps of theonstituentsGaAs and GaN that are com-
pressed and dilated, respectively, from their natural lattice
constants to the intermediate alloy vahig). This deforma-
tion raises the band gap of GaAs and reduces the band gap of
GaN.

~ii! Charge exchangewhich represents the change in the
band gap upon bringing together the constituents, already
prepared af(x), without yet permitting any sublattice relax-
ation. This term includes charge-transfer effects that result
from band mixing in an ideal, unrelaxed lattice. This term is
particularly large in mixed-anion nitride alloys.

~iii ! Structural relaxationrepresents the change in band
gap due to sublattice relaxation at fixa¢x). This term in-
cludes atomic-relaxation-induced band mixing. In mixed-
anion alloys such as GaP,Ny, the major relaxation occurs
in the cation sublattice; this couples primarily the cation-
localized conduction states, causing the lowest to move to
yet lower energiesbowing!. In mixed-cation alloys, such as
InGaN, the major relaxation occurs in tlamion sublattice,
which couples primarily the anion-localized valence band-
s,causing the highest to move to yet higher energies. Struc-
tural relaxation thus contributes to bowing in all alloys hav-shallower Jaros and Brarf
ing common atoms; the effect is proportional to the size
mismatch between the disimilar atoms. The effect is particu-
larly strongly due to large cation displacen®@ntin
GaR | Ny and GaAs, «N,. We conclude that mixed-anion
nitride alloys have a large bowing even in the absence of
cluster states because of relaxation-mediated band coupling,
not nitrogen-nitrogen wave-function overlap.

To see the dependence of bowing on concentration, we
note that according to Egl! ~that applies only to conven-
tional alloyd at thex<1 dilute limit, the band-gap change
DEg4(x) scales as, bx, i.e., linearly with nitrogen concen-
tration. Fitting our calculate® E4(x) for the case that has no
clusters ~one nitrogen per superckllto DEg}x? for
GaAs Ny givesa, 0.76 using our EPM calculations and
a, 0. 76 for the LDA data of Ref. 78. We see that bowing in
cluster-free GaAgs 4Ny is alreadyanomalous(a 1), and
pairs or other cIusters are not needed to prodae€l in
contrast with recent suggestiot’sThis result is due to the
additional coupling between th&§"(1) CBM and thea)(2)
impurity state present in GaAs,N, but not in normal al-
loys, e.g., GaAd; . In fact, when cluster states are avail-
able in the band gap below the PHS, we fsidwer bowing
with a, 0.66-Sec. VII B!, rather thana, 0.76; thus clusters
reducebowmg

G. Does atomic relaxation make the isolated impurity level
shallower?

Early calculation¥’ of substitutional N in GaP first pro-
duced very deep gap levels,1 eV from the CBM. Phillips
argued’ that this overestimation of the binding energy is due
to the neglect of atomic relaxation that will render the level



statesa;(N) and perturbed host states that lead to bowing. In
GaAs:N the a;(N) state is a resonance level above the
CBM, whereas in GaP, with itg 0.3 eV higher CBM, this
level appears inside the band gap. ThagéN) levels are
characterized by anomalously small pressure coefficients,
since they are constructed from the interference of many host
bands, not just band-edge states. The lowest perturbed host
state~the CBM! is repelled downwards by the other per-
turbed host stateaboveit (not just bya;(N) ~Refs. 51 and
541%. This leads to strong alloy bowing and renders
GaR | N, “direct gap” by mixing-in G character. “Cluster
states” within the gap reduce this bowing.

V. RESULTS: NITROGEN-NITROGEN PAIRS
AND HIGHER-ORDER CLUSTERS
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FIG. 11. N-N pair interaction energies for BaN calculated
using the valence force field method.

A. Energetics of clustering tendencies in N-N pairs

We first ask whether a pair of inifinitely separateah ( i
— “) nitrogen atoms in GaAs or GaP tend to attract or repe
We thus estimate the strain energy o
mth-neighbor N-N pairs with respect to the energy of a well- 96,97
effect
separatedro— “) pair by calculating the interaction energy could cha

each other.

DEM™, E-GaP:Ny"! _E-GaP | 2E~-GaP:N!.

~8!

FIG. 12. The energy levels of isolated N and N-N pairs in GaAs.
The legend indicates orientation.g.,01,1,3! with respect to one
] nitrogen at the origin. The allowegolid bat or forbidden nature
~hollow bat of transitions to the valence band is indicated and the
] G, L, X character of each state is shown, computed using the spec-

ation expected for pairs, we predict that LDA calculations in

larger supercells will find pair formation increasingly favor-

able due to the strain relief around the impurity sites.
The attractiveness of the strain interaction for th80!-
oriented (n, 2) impurity pair is a general feature of the

zinc-blende lattice-e.g. it was found' for As-As pairs in
cubic GaN. Recent scanning tunneling microscopy measure-

ments by McKayet al®®

on 1.7% nitrogen in GaAs revealed
that~001-oriented first neighborsnf, 2) have a concentra-
on that exceeds the expectations of random statistics. Both
xperiment and bulk calculation indicate that the distribution
f other pairs is close to random statistics. Surface
that are important during vapor-phase growth
nge this picture. We conclude that0O-oriented

pairs are less favorable than random statistics whea#

Figure 11 showDE™ from valence force fieldVFF!

calculations for a largel3 824-atorh cell, where the ener-

pairs are more favored, but all other pairs exist randomly.

B. N-N pair energy levels and wave functions: Cluster states

gies are converged. The lattice constant is taken at the Vleg- Figures 12 and 13 show the calculated energy levels of

ard value. We see that thm, 2 andm, 5 pairs have an
attractive strain energy, Whereassl 1 and m, 4 are

N-N pairs, in GaAs and GaP, respectivelgell size 4096
atomd. While Fig. 14 shows isosurface plots of the lowest-

strongly repulsive. Although the VFF Hamiltonian excludesenergy wave function of pairs in Gafvave functions of
the charge-transfer terms necessary to model the rebondimgtrogen pairs in GaAs are visually similarFigure 14al
around near-neighbor nitrogen atoms, this data suggests thsftows the nitrogen localized isolated impurity Ie\@T,(l)
pair formation is energetically favored clearly for at least forfor referenceisee also Fig. -4l4.
Our results show that the interaction of pair nitrogens re-
To test these conclusions we have also performed LDAults in the formation of a series of “bonding” and “anti-

~100-oriented first neighbors.

calculations with a small 64-atom cell. In GaP, we find thatbonding” states, as expected by the interaction of isolated
formation ofm, 2 andm, 3 pairs is energetically favored impurity levels. We have classified the levels as either dipole
(DEM s negat|ve by 147 and 172 meV, respectively allowed ~from the VBM! or dipole forbidden according to
while m, 1 pairs are unfavorable by 18 meV. In GaAs we the computed degree 6f character in the wave function$.

find that onlym, 2 pairs are favorable. As our small LDA Allowed states are shown as black bars in Figs. 12 and 13.
supercell is unable to contain the long-range lattice relaxRelaxation of atomic positions, neglected in previous
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calculation€”"® can greatly change the oscillator strengths
of certain transitions: for example, the unrelaxed isolated ni-
trogen in GaP has negligible characteralmost forbiddeh

but gainsG characterstrongly allowed






currently grown high-nitrogen-content sampfés®1%may  low pressure coefficients, and are connected to the VBM by

be due to short chains of nitrogen atoms or similar nitrogerdipole-allowed-direct transitions.

aggregates. Note that tli@10¢ chain states are deeper than We offer particular clusters as tentative models for ob-

Ga-centered clusters for three and four nitrogen atefis ~ served deep PL by Zharej al3* and by Gil and Marietté®

16! due to the large uniaxial strains along the chains. but the complexity of the predicted pair, chain and higher
Figure 18 shows the lowest-energy wave functions for thecluster states for higher nitrogen concentrations precludes

different cluster and chain geometries considered in GaRiny definitive assignment of the many observed PL lines.

Figures 18al-18d! depict the wave functions of The reasons that contribute to differences between our cal-

Ga(R,, ,Np) clusters, showing the strong localization aroundculated energy levels and the experimental energies include a

the central Ga atom due to the formation of a GaN-like redack of electronic relaxation upon excitation, and a lack of

gion. Figures 18!-18h! depict thef11G-axis localization many-body corrections to the single-particle energies. De-

resulting from@11G# nitrogen chains. spite this, the EPM gives a correct overall account, with the
Recent photoluminescence measurements of; Gk isolated impurity shallowest, pairs deeper, agdt unmea-

alloys have indicated the present deeper levels in samplesired clusters deeper still.

with x=>0.43%23 The data show the presence of a new

deep levellabeled “NC” in Ref. 33 at 2.071 eV, which is

deeper than both the calculated nitrogen pair and Ga- VI. RESULTS: ALLOY PROPERTIES

centered cluster levélsFigure 16 shows that this observed

center might be the three-membefdd Gt chain depicted in

Fig. 15c! ~which can also be thought of as two first-neighbor ~ The foregoing discussion indicates that the introduction of

paird. This structure introduces a single gap level, calculatech single N-N pair or N-N-N-triplet in a zinc-blende lattice

at ;2.059 eV, in good agreement with the experimentallowers the global symmetry. Hence, symmetry-mandated de-

data. We therefore tentatively identify the NC Ie¥ehs an

(11Gt-oriented triplet ofC,, symmetry.

A. Why is the alloy valence band maximum split?

D. Summary of results on nitrogen clusters

Random incorporation of N in IlI-V compounds leads to
the formation of nitrogen pairs and higher clustei@01!
pairs are energetically most favorable, whetEK) pairs are
least favorable. The pairs introduce levels in the gap whose
energy varies nonmonotonically with pair separation. The
deepest states are thELO-oriented pairs. When these pairs
form into ~110-oriented chains, deeper levels result, reflect-
ing highly-localized due to interactions along the clocse-
packed~110 chains of the zinc-blende structure. For com-
parison, chains of In in GaAs do not form localized levels.
The levels introduced by chains are highly localized, have



nitude of the splitting sharply increases due to the increased
probability of cluster formation in the nascent alloy. The
fluctuations in the splittings increase concomitantfyi-
denced by larger statistical spread compared to low concen-
trationd reflecting the strong dependence on pair, triplet, and
cluster orientation within the alloy. The strong fluctuations
observed here will be reflected in actual GaASN,
samples: measured valence-band splittings will be strongly
affected by the degree of clustering and short-range order
within each sample. Orientational averaging over pairs is ex-
pected to broaden these features and eventually average them
out.

The clustering-induced splittinD -5 at the valence-band
maximum results from lifting of the cubic symmetry of
GaAs by the nitrogen clusters in the film. This source of
splitting should be distinguished from the film/substrate mis-
match strain effect®,, proportional to the misfit straima,

. (3caast Acans Ny



functions, the primary interaction could be between CS and
PHS. To decide between these possibilities one needs to
know the localization of the relevant wave functions. Since
the CS are manifestly nonhydrogenic centées, their wave
function mixes bands throughout the Brillouin zbnere can

not estimate their spatial extent of the wave function from
simple effective-mass formulas involving a single band, but
a full calculation is needed. This is our next task.

We perform calculations as a function of nitrogen concen-
tration, by randomly distributing up to 20 nitrogen atoms
onto the anion sites of GaP and GaAs of a 1000-atom super-
cell ~i.e., xy, 4%). Werelax the atomic positions and cal-
culate the electronic structure, repeating this for 15 randomly
selected configurations at each composition to establish a
statistically representative sample. The ensuing energy levels
are then collected and analyzed for their degree of localiza-
tion, by computing for each levat; the distanceR) from
the ath nitrogen site at which 20% of the wave function is
enclosed. Through this measure we have classified each level
as either “localized” or “quasilocalized” fo~rCSl and PHS,
respectively.

1. Evolution of alloy states in Gap,N,

Figure 19 depicts the spectral dependence of the average
localization ( ,(1/RY) for localized and quasilocalized lev-
els of GaR xN,. Panel-al shows the localized single-
impurity a;(N) state, selected pair, and triplet and quadruplet
iGaP(N) and Ga(N)] cluster states, appearing inside the
band gap. These wave functions are highly localized. Pannel
b shows the more extended perturbéd., andG host states,
and the edge of the conduction band, denoted by the bold
arrow “Ecgg.” As the nitrogen concentration increases,
Figs. 19d,f,h,j! show that the edgE g of the conduction-
band minimum-vertical heavy arrol moves rapidly to
lower energies, due to anticrossing and repulsion with
higher-energy members of the PHS. At the same time, th
energy of the CS are pinned and remain fixed, as these highly
localized states do not strongly interact with each other. In-
deed the wave function of the CS do not change with com-
position. As the edge of the PHS moves rapidly to lower
energies“optical bowing”! this broad band of states sweeps
past the discrete CS one by one. At a critical composition
~which depends on the degree of randomness in the
sample§ the deepest CS is overtaken by the moving PHS.
Nearx., the conduction-band minimum is an “amalgamated
state” formed{Fig. 20-b'# from both semilocalizedFano-
resonance-likk states-shown in red isosurfaceégnd more
delocalized partsshown as green isosurfateés we will
see below, this duality in the amalgamated state can lead to
unusual physical effects. For higher nitrogen concentrations
exceeding, (Fig. 19-g'4, the CS are well inside the conduc-
tion band, and the states near the edge are more extended
iFig. 20-c!4.

2. Evolution of alloy states in GaAs,N,

Figure 21 shows the evolution of the GaAsN, states as
a function of composition. We see that as the conduction
band edgeCBE, also called “E " ! plungesdown in energy






ized states @,L) are mixed into the localized states. For
GaR  xNy, the band gap pressure coefficient is no longer
weak (; 0) as in the isolated impurity case, but is strongly
positive. In GaAs N, we observe in this composition
range the development of a bro&d_ band that shifts up
with composition while the,(L,.) states is fixed.

~c! The high concentrationr#xC limit: While electronic
structure calculations can be made in this concentration limit,
in practice, actual limitations in nitrogen solubility in 111-V
compounds prohibit one from getting stable homogeneous
samples. The properties of experimental samples in this limit
are critically determined by the degree of clustering or phase
decomposition. It is interesting to consider what the elec-
tronic properties in this regime would be. Assuming a con-
tinued random distribution of nitrogen, our calculations pre-



GaP, GaAs, InP, and InAs. Conversely, since the electron
mass of InAs is exceedingly light (0.68), only a very large
host material conduction-band barrier could lead to localiza-
tion in InAs-dilute alloys. Thus alloys with InAs tend to have
only extended states.
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