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Effects of atomic short-range order on the electronic and optical properties
of GaAsN, GalnN, and GalnAs alloys
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Using large &500—-1000 atoms) pseudopotential supercell calculations, we have investigated the effects of
atomic short-range orddSRO on the electronic and optical properties of dilute and concentrated GaAsN,
GalnN, and GalnAs alloys. We find that in concentrated alloys the clustering of like atoms in the first neighbor
fcc shell (e.g., N-N in GaAsN alloysleads to a large decrease of both the band-gap and the valence-to-
conduction dipole transition-matrix element in GaAsN and in GalnN. On the other hand, the optical properties
of GalnAs depend only weakly on the atomic SRO. The reason that the nitride alloys are affected strongly by
SRO while GalnAs is affected to a much lesser extent is that in the former case there are band-edge wave-
function localizations around specific atoms in the concentrated random alloys. The property for such local-
ization is already evident at thelilute) isolated impurity and impurity-pair limits.
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I. INTRODUCTION in a “conventional” IlI-V semiconductor alloy, namely,
Ga,_In,As. This system has extended band-edge states, no
GaN-based I1I-V semiconductors have recently attracted@ap level, and no wave-function localization at either dilute
considerable attention due to their prospects in light-emittindmpurity limits. All of the alloys studied here exhibit direct
device applications2 Theoretical studies have addressed op-2nd gap at all compositions. . -
tical properties relevant to such technological applications, We study two forms of short-range order.  “clustering,

including alloy band-gap bowingsee Refs. 3—6 and refer- Which implies association dike atoms(Ga-Ga and In-In in
g y gap o . Ga _4In,N) over what random statistics grants at that com-
ences therein However, these theoretical studies have as

, X ‘position, and “anticlustering,” which implies association of
sumed perfect random alloys, while clusteritge embry-  p|ike atomgGa-In in Ga_,In,N) beyond random statistics.
onic stage of phase separaticand fully developed phase e will first briefly study “impurity pairs”, e.g., two nitro-
separation have been observed experimentally in GaAslen in GaAs or two indium in Galsee Sec. Illin order to
(Ref. 7 and GalnN alloy$1° and are even thought to be better understand the effects of SRO in concentrated alloys
responsible for the purple laser emission in GafhGluster-  (see Sec. V.

ing in nitride alloys is, in fact, expected since nitrogen in  Our main findings are the following. (i) In dilute alloys,
GaAs and indium in GaN have limited solid solubilities due strain energyoweringarrangements of the N-N pair in GaAs
to the significant strain energies resulting from the large siz®r In-In pair in GaN(e.g., when the two nitrogen atoms or
mismatch between the solute and solvent atbf#sthough ~ the two indium atoms are second fcc neighbaeise the

the equilibriumsurfacesolubility can be up to five orders of Pand gap, while strain energycreasingconfigurationge.g.,
magnitude larger than in the bulkaway from the surface, first and fourth fcc neighbors N-N or In-Jriead to areduc-

the stabilizing surface effect diminishes, and the homogelion Of the band gap. The change in band gap reflects the
neous alloy is no longer stable, and could cluster or phasg@nge in band-edge wave-function localization. In con-

separate. Thus, it is of interest to contrast the predicted ofgeNtratedalloys, clustering of like atoms in the first neighbor
tical properties of such alloys with and without local atomic 'cC Shell leads tda) an increase in the strain energy, propor-

clustering. Here, we will study theoretically the effect of tiqnal to the lattice mismatch between the alloys bulk con-
short-range ordefSRO on the alloy strain energy, band- stituents, andb) a IargeT dec'rease of b_o'th the bgnd—gap ar]d
gap, transition matrix elements between the valence-banil€ valence-to-conduction dipole transition matrix element in
minimum (VBM) and the conduction-band maximum POth GaAsN and GalnN. On the other hafid) the optical

(CBM), and wave-function localization in Gafs,N, and properties of GalnAs depe_no_l only weakly on the atomic
Ga,_n,N alloys. These alloys are representative of aSRO. The reason that the nitride alloys are affected strongly

broader class of nitride alloys:(a) The mixed-anion GaAsN by SRO while GalnAs is affected to a much lesser extent is

alloy exhibits an As-impurity level inside the band gap at thethat in the former case there are band-edge wave-function
localizations around specific atoms in tbencentrated ran-

As-dilute limit Ga\:As, and a nitrogen-localized CBM wave e )
function at the opposite, nitrogen-dilute limit N2 (b) domalloys. The property f0( sych localization is already evi-
dent at the dilute impurity limits.

The mixed-cation GalnN system exhibits a VBM wave-
function localization around the indium impurity atom at the
In-dilute limit GaN:In, but no CBM localization exists at
either impurity limits. To provide perspective, we will com-  In studying clustering ofsolated impurity pairswe will
pare short-range order effects in these nitride alloys to thosplace two N atoms at different positions in GaAs, and two

Il. METHODS
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(a): Select short-range order (SRO) parameters: In the secondstep[Fig. 1(b)], we use an inverse Monte

o(j)=1-[PG)/x] Carlo procedurgnamely, a simulated annealing technigue
to construct a large real-space supercell with occupation of
l Inverse Monte Carlo lattice sites by Ga, and In in Ga,In,As so as to closely
(Simulated Annealing) reproduce the SRO parameters selected in the first step.

Good statistics are obtained using 1024 atoms per cell.

In the third step we relax the atomic positions inside the
1024 atoms supercells so as to minimize the VFF strain en-
Valence Force Field ergy at each giver{c_zj} set[Fig.. 1(c)].. /-.\s.for_the dilute
Energy minimization cases, we use a conjugate gradient minimization of a param-
etrized valence force field. The strain energy resulting from
relaxation is calculated from the same valence force field.

Once the relaxed atomic positions are determined, in the

(b) : Find real space alloy supercell
(1024 atoms) with same SRO

(c): Relax atomic positions

Plane wave . . . I,
pseudopotential final step we calculate the electronic structure via the empiri-
calculations cal pseudopotential methtdin a plane-wave basi§Fig.
(d): Optical and electronic propertics 1(d)]. This gives us the band-gap and band-edge wave func-
calculated from single-particle equation tions for each aj} set[Fig. 1(d)].

Once the near-gap energy states are known, we also cal-

FIG. 1. Procedure used to simulate the effect of SRO on thé&ulate the momentur® matrix element:
structural, optical, and electronic properties in zinc-blende semicon- 5

ductor alloys. M, =Kl plee) = % GC}(G)C(G)| , (2

Ga atoms at different positions in InN. We will explore the h th h i f th . |
effects of such “elementary clusters” on the strain energyW ere the sum runs over the vectors ol the reciprocal space

localization, and band gap. We explore impurity pairs tha’tand whereC,(G) a_nd Cc(G) are the coefficients of the
are first, second, third, and fourth fcc neighbors. The physiPl2ne-wave expansion of the alloy VBM staje and alloy

cal properties of the impurity pairs are compared with thosd-BM statei;, respectively. . . -
of the random case, as mimic by the average alethe To understand the localization of the wave functions, it is

possible configurations of the pairs. Such pair geometriedSeful to calculate the projection of the alloy wave function
were studied in the past in the context of nitrogen pair spec¥i On those of its zinc-blende virtual-crystal approximation
tra in GaP(Refs. 13—17 and in GaAs® The atomic relax- (VCA) constituentsp, (F),

ations and the strain energy are predicted by the valence _ ~ .

force field (VFF) approach’?’ using the parameters of Ref. Pini= KN i M. ©)

21. The electronic structure is calculated via an empiricalp the following, Pygy(I') will denote the square of the
pseudopotential methét in a plane-wave basis. The projection of the alloy’s valence-band maximum wave func-
screened pseudopotentials are fitted for bulk GaAs, GaNjon on thel';5, VCA, while Pcgy(I") will denote the square
InAs, and InN toGW band structures, experimental band of the projection of the conduction-band maximum wave
gaps, and local-density approximation deformationfynction on thel';. VCA state. As done in Ref. 24, we can
potentials® To calculate the near-gap eigensolutions qf largeyse Pygy(I') and Pegy(I') to quantify the wave-function
supercells, we use the “folded spectrum methotf, Which  |ocalization: a large value of these projections corresponds
is a linear-in-size["O(N)" ] method, producing single- to an extended band-edge state, while a smaller value of
particle eigensolutions in a given energy window withoutthese projections reflects localization in the real space.

having to obtairiand orthogonalizeto lower eigensolutions. A direct measure of the band-edge localization on particu-
Our methodology for studyingoncentratedalloys is de-  |ar atoms is given by the atomic-type parame@s,; (8
scribed in Fig. 1 and consists of four steps. =Ga, As, or N in GaAs_.N,, andi=VBM or CBM) as
In the first step[Fig. 1(a)] we select a set of short-range
order Cowley parameters F 1
Qg,iZN—mﬁ > | lwlPdv, (4
P(j) B jeB JVj
(X)=1=—==, @ Where the sum is over all the atomic sitesf type 8. Here

F is a normalization factofequal to 27, N is the number of
whereP(j) is the probability of finding a nitrogetindium)  atoms of types, a(x) is the lattice constant of the alloy, and
atom beingjth nearest-neighbor of an arsefgallium) atom  the integration of the square of the wave functignis per-
in the mixed sublattice of the GapsN, (Ga_xInyN and  formed in a volumeV;=[a(x)/6]* centered around atonjs
Ga 4In,As). @;>0 corresponds to an association of like of type 8. The larger the value 0Qp,, the larger is the

atoms(e.g., clustering while ¢;<0 corresponds to an asso- |ocalization of they; wave function on atoms g8 type.
ciation of unlike atomde.g., anticlustering In the case of

the perfect random alloysy;=0 for all j’s. For simplicity,
we concentrate on the first fcc neighbor shell., Ga-In or
Ga-Ga in Ga_,In,As) and we scan a range of; values, Figure 2 shows the calculatd@ strain energiegdiffer-

keepinga;=0 for j+ 1. ence in total supercell elastic energy after and before substi-

Ill. ISOLATED PAIRS
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FIG. 2. Dependence of physical properties on the impurity pairs 6.0 ‘ ‘
geometry.(a) and (d): Strain energy corresponding to nitrogen 010 -0.05 0.00 0.05 0.10
pairs in GaAs and to indium pairs in GaN, respectively. and First shell SRO o
(e): Bowing coefficient corresponding to nitrogen pairs in GaAs .
and to indium pairs in GaN, respectivelid): Conduction-band FIG. 3. Dependence of the strain energy on the SRO parameter

minimum localization parametdsee Eq.(4)] around nitrogen at- @1 Of the first atomic shell in GaAg7dNo.125(a), Gag7dno.12N (b),
oms for nitrogen pairs in GaAgf): Valence-band maximum lo- 2Nd G@a7dNo.124AS (C). The parameters;, with j=2, are set to
calization parameter around indium atoms for indium pairs in GaNNeir random valuegi.e., zerg. Note that they scale of(a) is ten

The integers 1, 2, 3, and 4 denote the first, second, third, and fourtil"€s larger than thg scale of(b) and(c). Inserts in parentheses
fcc neighbor positions of the mixed sublattice. indicate the type of SRO. Ifg), for example,a; <0 means As-N
association, whilex;>0 means association of As-As and N-N.

tution of a pair of impurities (i) bowing coefficients of the thus analyze the trends in the bowing coefficient in terms of
direct band gap, angii) band-edge wave-function localiza- wave-function localization: Figs. (& and 2f) show the
tion near the impurity atomfef. Eq. (4)], for N-N pairs in  quantityQg; [Eq. (4)] around the impurity atons. We see
GaAs and In-In pairs in GaN. We have placed the two im-that Qz_y i-cgm I GaAsN andQs-,i-vem in GalnN are
purity atoms in a 512-atom supercell in four configurations,both reduced (less localization when the impurities are
namely, first, second, third, and fourth fcc neighbor positionglaced in strain energy lowering positions, while they are
(denoted 1-4 in the figuyeParts(a) and(d) of Fig. 2 show increasedmore localizationhwhen the impurities are placed
that N-N and In-In prefer the second neighbor positionsin strain energy raising positions. On the other hand, we
(largest lowering of strain energywhile the first neighbor found that Qgz—ni-vem for N-N pairs in GaAs and
N-N pair in GaAs, and the fourth neighbor In-In pair in GaN Qg—ni=cgwm for In-In pairs in GaN are insensitive to atomic
are energetically the least favorable. Figuréb) 2and Ze) arrangement. This dependence of band-edge state wave-
show that N-N clustering in GaAs, as well as In-In clusteringfunction localization on SRO can be understood by consid-
in GaN leads to an increase in the band gegduction in  ering thesingle impurity limits: in GaAs:N, the CBM ex-
bowing coefficienk with respect to the random alloy if the hibits localization around the nitrogen impurity while the
clustered impurities are placed in strain energy-minimizingVBM is preferentially localized around the majority atoms
positions (second and third neighbgrsin contrast, if the (arsenig.®> Thus, the CBM of GaAs with nitrogen pairs is
impurities are placed in strain-energy raising positiffirst  particularly sensitive to the mutual distance and to the sym-
and fourth neighbopsthe band gap is considerabigduced metry of the nitrogen pair, while the VBM in the dilute al-
(larger bowing coefficientwith respect to the random al- loys is quite insensitive to the nitrogen atomic arrangement.
loy: the difference in bowing coefficient can be as large asSimilarly, we found that inGaN:In, the VBM preferentially
1.5 eV for N-N pairs in GaAs and 5.5 eV for In-In pairs in localizes around the indium impurity, while the CBM is ex-
GaN. tended. Thus, the VBM of In-In pairs in GaN is sensitive to

Previous theoretical studi&$ found that large wave- the atomic arrangement of the impurity pairs, while the CBM
function localization leads to large bowing coefficient. We does not respond to that.
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FIG. 4. Dependence of the band ddp), (c), and(e)] and of the transition dipole elemefib), (d), and(f)] on the SRO parameter;
of the first atomic shell in GaAg7dNo 125 (I€ft), Gay g7dNg 124N (Middle), and Gg g7dng 124AS (right). The parameters;, with j=2, are set
to their random value§.e., zer9. Inserts in parentheses indicate the type of SR@a)nfor examplea;<0 means As-N association, while
a1>0 means association of As-As and N-N.

We also find that the band-edge states and the band gap @fe first fcc neighbor shell in GalnAs allog3.Note, how-
Ga-Ga pairs in InN, Ga-Ga pairs in InAs, and In-In pairs inever, that most nitride alloys appear to be grown out of equi-
GaAs depend only very slightly on the geometries of thelibrium as evidenced by the incorporation of nitrogen in
pairs. This is consistent with the fact that we find no local-GaAs far above the equilibrium solubility limif. In fact,
ization of the band-edge states at the dilute impurity limitsclustering, rather than anticlustering, is obser(ed.

InN:Ga, InAs:Ga, andGaAs:In. For example, the first neigh- (i) The increase in strain energy with, is proportional

bor Ga-Ga pair in InN leads to a slight increase of the bow+o the lattice mismatch of the bulk constituents of the alloys:
ing coefficient by less than 0.2 eifrom 1.14 to 1.31 eY  the difference in strain energy in the 20% lattice mismatch
with respect to the random case. On the other hand, the eBaAs, 4,4, 125 is equal to 20 meV/atom when going from
ergy of the highest occupied level and the degree of localy, = —0.10 to 0.10[Fig. 3(a)], while the same variation of
ization for an As-As pair in GaN are found to depend 4, produces an increase of only 1.3 and 0.5 meV/atom in the
strongly on the pairs’ geometry. This is consistent with the10os |attice mismatch Ga-dn, 124N [Fig. 3b)] and in the

fact that G&l:As has a very deep As-impurity level above 794 |attice mismatch Gadng 12As [Fig. 3(c)], respec-
the valence-band maximum of GaNcor example, the en- tively.

ergy of the highest occupied level changes by more than 0.7
eV when the As-As pair changes from being first to second

. . B. Band gaps and transition matrix elements
fcc neighbor in GaN. gap

Figure 4 shows the dependence of the band gap and the
dipole transition matrix element on the first shell SRO pa-
rameter. We see that anticlusterifig@.g., ;<<0) in zinc-

We chose to focus on an impurity compositior 0.125  blende semiconductor alloys leads to an increase in both the
because of its relevance to experiment: Bi andRef. 29  direct band-gap and the momentum matrix element with re-
grew GaAsN alloys up to 13—14% of nitrogen, and the activespect to the random case;=0), while clustering decreases

region of blue-purple laser emission from GalnN alloys havethe band-gap and the momentum matrix elemget, the
an average indium composition close to 12.5%. photoluminescence intensjtyThis is consistent with the

calculationd! predicting that a large positive value aof;
(around+0.17) in Al sGay As, Alg sing sAs, and Ggsling sP
decreases the direct band gap with respect to that of the
Figure 3 shows the dependence of the strain energy on tlrandom alloys. It can also be seen from Fig. 4 that the effects
first-shell SRO parametes, for the three alloys studied. of SRO are larger for the nitride alloys than for the conven-
Two interesting features emergefi) The strain energy in- tional GalnAs alloy. For example, the difference in band gap
creases withw, . This appears to be a universal characteristidn Ga, g;dNng 12AS as «; changes from—0.10 to +0.10 is
of zinc-blende semiconductor alloy as noted in previousonly 6 meV (corresponding to a variation of 0.45% with
calculations®~28 It implies that at equilibrium, these alloys respect to the band gap of the random alloys and leading to
will adopt anticlustering(e.g., «;<0). This is consistent small change in the bowing coefficient from 0.48 to 0.53 eV
with recent experimental observations of anticlustering fof{Fig. 4(e)], while the same variation af, in GaAs) g74\o.125

IV. CONCENTRATED ALLOYS

A. Strain energies associated with SRO
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FIG. 5. Dependence of the VBM localizatif(a), (c), and(e)] and of the CBM localizatiofi(b), (d), and(f)] on the SRO parameter;
of the first atomic shell in GaAg7dNo 125 (Ieft), Ga g7dng 12N (Middle), and Gg g7dNng 124AS (right). The parameters; , with j=2, are set
to their random value§.e., zer9. Inserts in parentheses indicate the type of SRQ@a)ifor example,a; <0 means As-N association, while
a1>0 means association of As-As and N-N.

produces a decrease of the band gap of 122 fféy. 4a)] [Eq.(3)] in the three alloys studied here. It demonstrates that
(corresponding to a variation of 12% with respect to the bandndeed the behavior of the band-gap and the momentum ma-
gap of the random alloy and leading to a change in the bowtrix element are correlated with band-edge wave-function lo-
ing coefficient from 5.9 to 7.0 eV The corresponding dif- calizations: Asa; increases, the VBM and CBM wave
ference in band gap in Gg;dng 124\ alloys is 90 meV, cor-  functions of GaAggsdNg 125 alloys localize more[e.g.,
responding to a variation of 3% with respect to the band gagp, . (") and Pcgy(I') decreask while, at the same time,

of the random alloy and leading to a change in optical bowhe hand gap and the momentum matrix element both de-
ing coefficient from 2.4 to 3.2eV. Th_ese bowing CoeﬁiCie”tscrease[Figs. 4a) and 4Db)]. By calculating the atom-resolved
are larger than the previous theoretical result of 1 eV founqocalization paramete® 5 [Eq. (4)], we can find where the

H 5
for the random zinc-blende Ggjno sN alloy.” As a matter localization occurs. Figure(6) shows that the localization of

.Of fact, a bowing coefflqlent much larger than 1 eV ha_s beeqhe CBM is strongest around the nitrogen atoms. Similarly,
indeed observed experimentally in Galn,N alloys, for in- o .
) " 37-34 . we found that the localization of the VBM is strongest
dium compositions lower than 208-3* The large sensitiv- .
around the arsenic atoms.

ity of nitride alloys to SRO suggests that experimental inves- .
tigations of the generic effects of short-range order on I”_ cqntrast to the case of GagNo125 Figs. 3€) and
material properties\which are very frequent in metallic 5(f) indicate that the band-edge states of &dng.12As al-
alloys® but scant in semiconductor alloys; see recent revieW0yS are extended and so do not depend on the SRO
in Ref. 36 are best undertaken on nitride alloys. Indeed, thigParameter. This is evident by the fact tha{gsv(I') and
large sensitivity of the band gap to SRO has been observeldcem(I’) are large(around 99% and independent of;,
experimentally in GalnN alloys: the formation of indium- and by the fact that the real-space localization parameters for
rich clusters in Ga_,InyN alloys with x=10—20% leads to the CBM of G g7dng 104As are only weakly dependent on
a decrease of the band gap by 170—250 meV with respect th€ SRO[cf. Fig. 6a]. This extended nature of the GalnAs
the band gap of the random alldyThe existence of SRO band-edge states thus implies the insensitivity of both the
may also explain the different values found experimentallypand gap and the momentum matrix element with SRO
for the band gap of GaAs,N, alloys having the same [Figs. 4e) and 4f)].
nominal nitrogen composition but grown under different The situation of Gggzdng. 124\ is intermediate between
conditions®"38 that of GaAg g7No 105 and G@ g7dng.124AS, in the sense that
only one band-edge state depends on the SRO: clustering
in Ga g7dng 129\ leads to a larger localization of the VBM
[Pyem(I') decreases by 25% when ranges from—0.10 to
Mader and Zungét showed that large clustering in +0.10, cf. Fig. %c)], while the CBM is an extended state
GaAlAs and GalnP alloys leads to a decrease of the diredhat does not respond to the local atomic arrangement
band gap accompanied by an enhancement of band-edfBcgy(I") is around 98% and is independentaf (Fig. 5].
wave-function localizations. In line with that, we analyze theWe found that the localization of the VBM in Ggdng 124\
trends of the optical properties with SRO in terms of wave-occurs both around the indium atoms and around the nitro-
function localization: Fig. 5 showBygy (1) andPcgu(T’) gen atoms surrounded by indium atoms. This VBM localiza-

C. The band-edge wave-function localizations
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m Thus, the energy of the CBM is particularly sensitive to the
5 @ - - nitrogen atomic arrangement. On the other hand, the VBM of
I .S, this anion-mixed nitride alloy localizes strongly around ar-
E o ] senic atoms [since G&l:As exhibits an As-impurity gap
O 3l As | level located above the VBM of GakRef. 3]. Thus, the
O@ U energy of the VBM is particularly sensitive to the arsenic
2r Ga 1 atom arrangement.
2 3 Similarly, the VBM of Gg g7dng 104\ is also sensitive to
T 005 0 .05 0.1 the SRO, since irGaN:In, the VBM preferentially localizes

Fist shell SRO o around the indium impurity and around the nitrogen atoms

first neighbors of this indium. In the same manner, the insen-

Gayy g75I0 125AS sitivity of the CBM of Gg g7dng 104N and of both the VBM
, - ' and CBM of Gg g7dNng 127AS to SRO can be understood by

-® noticing that there is no localization of these band-edge
S 4 As ] states at the corresponding single impurity limits.
a 3 We have thus observed that any state exhibiting wave-
O‘ﬁ i In ] function localization at the dilute impurity limit is sensitive
2k e e to the local atomic arrangement in the concentrated alloys
Ga and in the impurity pairs cas&ig. 2 and Sec. Il
01 05 Fist shgll SRO 3'05 0.1 V. SUMMARY
1 .
FIG. 6. Dependence of the localization param&gr; of atoms We investigated the effects of the atomic first shell SRO
of type B=As, N, Ga, or IN[Eq. (4)] for thei=CBM state on the parameter in concentrated GaAsN, GalnN, and GalnAs al-
first atomic shell in GaAsgg;dNg 125 (8) and Gg g7dNng.124As (D). loys. We found the following(i) Clustering leads to an in-

crease of the strain energy. The magnitude of this increase is
proportional to the lattice mismatch of the alloys: this in-

tion is consistent with the decrease of the band gap and tH©@Se€ is larger for GaAsNattice mismaich around 20p%

decrease of the momentum matrix elementagsincreases than for GainN (lattice mismatch around 10ptand for
[Figs. 4c) and 4d)]. For example, since Ref. 24 demon- GalnAs (lattice mismatch around 7p4(ii) Clustering leads

strated that the momentum matrix element is directly proporl® @ large decrease of the band gap and to a consequent
tional to the productPyey(I') X Pegy(I'), and since Fig. decrgase of the momentum matrix element in both GaAsN
5(d) shows that in GalnN alloy®cgy(T') is independent of ar_1d in GalnN, while the opt_|cal properties of GaIn_As only
ay, we can conclude that there is a one-by-one correspons-“ghtly d_epend on the atomic arrangement. The d|fferenc_es
dence between the 25% decrease of the momentum matr behawo_r of the panq gap and of .the momentum matrix
element[cf. Fig. 4d)] and the 25% decrease &gy (I) element with SRO in nitride alloys with respect to the con-
when «; ranges from—0.10 to+0.10[cf. Fig. 5c)]. ventional GalnAs alloys are driven by band-edge wave-
Our foregoing discussion shows that the only states inseﬁcy.nCtIon Iocallz_atlons oceurring arpund specific atoms n ni-
sitive to the SRO are the states which are extended in thﬁIde al[oy§. Th|§ Ioc_:al.lzatlon is evident already at the dilute
random alloys, i.e., for whict®; , . (i=VBM or CBM and and pairs impurity limits.
k=0) are larger than 95% fa;=0. The naturéextended or
localized of the band-edge wave functions in th@endom
alloys can be understood by considering the dilute limits. In  We wish to thank C. Wolverton, L. W. Wang, S-H. Wei,
GaAs:N, the CBM exhibits localization around the nitrogen and K. Mader for useful discussions. This work was sup-
impurity. This continues to be so in the As-rich alloy where ported by the U.S. Department of Energy, OER-BES-DMS
the CBM localizes preferentially around the nitrogen atdms. Grant No. DE-AC36-83-CH10093.
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