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Quantum mechanical effects in(Ga,In)(As,N) alloys

A. Al-Yacoub and L. Bellaiche
Physics Department, University of Arkansas, Fayetteville, Arkansas 72701
(Received 5 July 2000

A large supercell pseudopotential technique is used to predict optical and electronic properties of
(Ga_yIny)(As; xN,) alloys—with smallx andy compositions—that are either in their disordered form or
exhibiting a particular atomic ordering, namely one-dimensional nitrogen chains. In addition to the previously
reported quantum couplings between electronic states with different reciprpoaits, another mechanism is
found to participate in the strong decrease of the band gap of (Bg)(As;_N,) alloys with respect to
GaAs. This mechanism only involves the reciproEgboint, and is a nitrogen-induced shift of the conduction
band minimum of GaAs. The existence of these two effects—quantum couplings and nitrogen-induced shift—
can be easily understood within the framework of perturbation theory. Furtherratmaic orderingin
(Ga_yIny)(As; _4N,) alloys is found to strongly alter the band-gap and wave-function localization, by modi-
fying the quantum couplings.

. INTRODUCTION (Gay_,In))(As;_,N,) and Ga(As_,N,) alloys when in-
creasing the nitrogen composition, afiid the strong depen-
The (Ga _yIny)(As; «N,) alloys are a key candidate ma- dency of optical and electronic properties on atomic order-
terial for high-efficiency multi-junction solar celfsThey ing.
also hold great promise for overcoming the poor temperature Our findings are as followg1) The insertion of nitrogen
characteristics of conventional long-wavelength ladets. atoms into GaAs leads to a change in potendidl that al-
One important feature of these quaternaries is that they camady strongly pushes down the energy of the conduction-
have a perfect lattice match to a GaAs substrate with thé&and minimum towards the valence-band-maximum energy,
appropriate ratio of indiuny to nitrogenx concentrations, without assistance of any other electronic st## Quantum
thus avoiding the growth problems encountered in strainedouplings between the conduction band minimum of GaAs
samples. and other electronic states then reduce even more the band
The (Ga_yIny)(As; «N,) and the related Ga(AsyNy) gap of (Ga_,In/)(As; _xN,) solid solutions.(3) The exis-
alloys are also of large fundamental interest because of unence of these two effects can be easily understood within the
usual properties. For instance, the band gap of Ga(As,) framework of perturbation theory: the first mechanism is re-
and (Ga_Iny)(As; _,N,) solid solutions, with smakandy  lated to the first-order term in the expansion of the energy
compositions, significantly decreases when inserting morevhile the quantum couplings correspond to the second-order
and more nitrogen atonis2° This is somewhat surprising terms.(4) Atomic ordering is found to have no effect on the
since GaN has a much larger band gap than GaAs. The batiiflst mechanism, but rather strongly changes the quantum
gap of disordered (GayIny)(As; «N,) alloy lattice- couplings. These modifications of the quantum couplings
matched to GaAs has even been predicted to close for largeith nitrogen arrangement are responsible for the strong de-
enough N composition¥, despite the fact that this material pendency of the optical and electronic properties of
is entirely made of four semiconductors, i.e., GaAs, InAs,(Ga _yIn ) (As;_«N,) and Ga(As_N,) alloys with atomic
GaN, and InN. ordering.
Furthermoreatomic orderinghas been predicted to dras-
tically affect the optical and electronic properties of
Ga(As _N,) alloys?®
Recent experimental and theoretical studies demonstrated In the present study, we use 512-atom supercells of
that (Ga_yIny)(As; ,N,) and Ga(As_,N,) solid solu- (Ga_,In/)(As; 4N,) alloys, corresponding to 44x4
tions, with smallx andy concentrations, are very peculiar conventional cubic cells. The number of nitrogen and indium
because they exhibit nitrogen-induced quantum couplingatoms inside these cells are 4 and 12, respectively, which
between the conduction band-minimum state of GaAs antkads to a nitrogen composition of 1.6% and to an indium
other electronic staté€-1%2122These quantum couplings are concentration of 5%. Such compositions yield a perfect
currently believed to be responsible for inducing the largdattice-match to GaAs, when assuming Vegard's law to be
band-gap reduction of (Gaylny)(As; yN,) and exact, as found in other quaternarfég.he indium atoms are
Ga(As _,N,) compounds when increasing the nitrogen com-randomly distributed on the@inc-blendg cation sites. On the
position. However, the mechanism responsible for the drastiother hand, the nitrogen atomic arrangement can be of three
effect of atomic ordering on the optical and electronic prop-kinds. First of all, the nitrogen atoms are randomly arranged
erties of anion-mixed nitride alloys is very unclear. on the anion sites in order to mimic a perfectly disordered
The aim of this paper is to provide a simple picture sample, similar to the one grown in Ref. 21. Second, the
that explains (i) the decrease of the band gap of nitrogen atoms all lie along a givgidi00] direction such as
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each nitrogen atom has two other nitrogen atoms as second TABLE I. Projections of the conduction-band-minimum state of
neighbors in the anion sublattice. The nitrogen atoms havé€Ga; -,Iny)(As;_xN,) into thel's¢, Lyc, andX;. conduction states
thus the following Cartesian coordinateg0,0,0),a(1,0,0),  of GaAs[see Eq.(1)]. The first (Ga_yIny)(As;_xNy) solid solu-
a(2,0,0), anda(3,0,0), wherea is the lattice constant. This tion is the disordered sample, while the two others contain one-
second case corresponds to the formatiofl6D] chains in d?meqsional nitrogen chains formed either along[th@0] or [110]
(Gay_Iny)(As;_4N,) alloys. Finally, the last kind of atomic direction.

configuration is associated with nitrogen chains along a spe-

cific [110] direction, and every nitrogen atom has two other>YStem Peemry, Peem, Peemx,
nitrogen atoms as fourth neighbors in the anion sublattice. Iifikandom 0.727 0.076 0.002
other words, the Cartesian coordinates of the four nitrogen;gg 0.859 0.000 0.015
atoms area(0,0,0), a(1,1,0), a(2,2,0), anda(3,3,0). The 11 0.450 0.155 0.020

last two atomic configurations thus correspond to a particular
nitrogen ordering, namely the formation of one-dimensional

nitrogen chains. This choice is done because these chains can . RESULTS

be thought as an “ideal” bridge between the case of N—N

pairs in GaAs—which are important to understand the effect ~ A. Electronic couplings in (Gay—yIn,)(As,;_,N,) alloys

of short-range-atomic order on optical and electronic proper- Tapie | shows the projectionB; , . for the conduction
ties of Ga(Ag,xl\_lX) alloys’®>—and the case of more CONCeN- hand minimumyegy Of (Gaﬂ_—ylny)’(Asl—xNx) solid solu-
trated alloys which are of relevance to the experimént.  (ions in their disordered forms or exhibiting nitrogen chains.

Furt.hermore, we chose t_hese particu[&ﬂp] and [110] _.One can see thal el dr. )P and el b ? are
chains because the formation of second neighbor N-N pair in . . . 1c . . 1c
GaAs is known to slightly increase the band gap with respecgu'te large in the disordered solid §o|ut|on. This demon-
to the random case, while the fourth neighbor N-N pair sig->trates thatép, - strongly couples with¢,  to generate
nificantly decreases that band dpThe one-dimensional the conduction band minimum of the random
nitrogen chains formed along tH&00] direction may thus (Gai—yIny)(As;_«N,) alloys. We also scanned all the ex-
affect the optical properties @6a,In(As,N) in an opposite ~Cited states in this disordered alloy within an energy range of
way than the[110] nitrogen chains. As a result, studying 1.5 €V above the conduction band minimum, and did not
these two chains, as well as the random alloy, will lead to &ind any single localized state with significan{. weight. In
deep understanding of the effects of nitrogen ordering ofther words, we did not find any impurity state strongly in-
optical and electronic properties of (GgIn,)(As;_xN,) teracting with the conduction band minimum o_f pure _GaAs.
and Ga(As_,N,) solid solutions. To better understand thenat_ure_ of the interacting

For each configuration, the atoms are allowed to relax t$tates, Table Il shows the projections for the two excited
their equilibrium positions by minimizing the strain energy, States having the largesi’;. weights in disordered
as predicted by the valence force field approdcii?4-2"  (Ga_yIny)(As;_xN,) solid solutions. One of these two
Having obtained relaxed configurations of large, periodicstates is the conduction band minimum, and is dengted
unit Ce”sl we Compute their band structures by using thé:O”OW”]g the notation of Refs. 18 and 21, the other state is
generalized strain-dependent empirical pseudopotential apeferred to a€. . The energies of these two states are also
proach of Ref. 16. This technique yields an excellent accudiven in Table II, and are compared with the measurements
racy, as demonstrated by the nearly perfect reproductioferformed in Ref. 21. Table Il shows the very good agree-
of the experimental band gap of the disorderedment be;tween predictionsland experimeqts for both energies.
(Ga_,Iny)(As;_,N,) quaternaries as a function of the com- By looking at the electronic charge density of e state,
positions and/or as a function of presstit@he ability of the ~ We further find that this interacting state is not at all an im-
empirical pseudopotential approach for treating large supemurity level localized around nitrogen atoms, as previously
cells is due mainly to the “folded spectrum methotf” thought?! It is of delocalizechature, which is consistent with
which provides for a computational time that scales linearlythe very large projection—around 80%—&f, into theL ;.
with the numbem of atoms, while standard band structure State of pure GaAsE. is thus derived fromlL,., which

methods lead to a time scaling of. agrees with the results of Mattiket al. for nitrogen compo-

To identify the coupled electronic states, we also projecsitions larger than 0.5%. . _
the alloy wave functionsy; on electronic statesp,  of Table | also reveals that the electronic couplings between
GaAs:

TABLE Il. Wave-function projections and energies Bf and
Pix=Kild, Ol (1)  E, states in disordered (GalIn,)(As;_«N,) alloys, withy=5%
andx=1.6%.E_ andE . are the two excited states with the largest
wherev andk are the band index and a vector in the first-T';. weights. €;,¢, are the energies predicted by the present calcu-
Brillouin zone of GaAs, respectively. In the present study,lations, whilee.,, are the energies measured in Ref. 21.
the selectedp,  are theconductionstates that are currently

believed to be responsible for the optical anomalies of s ) , €theo €exp
(Ga,_,In,)(As; N,) and Ga(As N,) alloys!*°namely, ~ State Kyildr I Kuil¢ )P Koilgx I @) (V)
thel'y¢, Xqc, a}ndLlc states of pure GaAs. In the following, ¢ 0.727 0.076 0.002 127 1.28).02
these conduction states will be referred tofas , ox, and E. 0125 0.785 0.002 174 176002

br respectively.
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TABLE Ill. DecreaseAE, of the band-gap energy with respect to GaAs, and perturbative energies of Eq.
(2) for the three different (Ga ,Iny)(As;_«N,) solid solutions. The first solution is the disordered sample,
while the two others contain one-dimensional nitrogen chains formed either alofj0@jeor [110] direc-
tion. The energy of the valence-band maximum in the threg ((3a,) (As, _4N,) alloys is found to increase
by 0.01 eV from the valence-band-maximum energy of pure GaAs.

Kpr, |oVIbL, I Kpr, | oV]bx, )P

Erlc_ é-Llc El—‘lc_ lec
System AEq (eV) [(¢pr, [oVIer )l (V) (eV) (eV)
Random -0.25 -0.15 -0.03 ~0.00
[100] -0.19 -0.15 -0.00 -0.01
[110] —0.40 -0.15 -0.10 -0.02

ér,. and other conduction states of pure GaAs elements argap of these quaternaries is lower than the band gap of pure

strongly dependent on the nitrogen atomic arrangement iF@As by more than 0.2 eV. It also drastically depends on the
(Ga_,In,)(As,_N,) alloys. The coupling betwee, . and atomic arrangement. The band gap for {i40] cha[ns is

Ly is much stronger for thg110] nitrogen chains than for 0.15 and 0.21 eV lower than the band gap of disordered
the disordered sample, as evidenced by a decrease &fMples and those witfi00] chains, respectively. This is
l(ceuldr. )2 and an increase dycgul b )2 when go- quite remarkable since the nitrogen composition studied here
ing from trlfe random case to thé&10] nitroglén chains. On is as small as 1.6% The valence-band-maximum energy in
the other hand, thi§'-L coupling vanishesfor the sample (Gaifymy)(ASl*XNX) IS fpund to be insensitive to the
exhibiting chains along th¢100] direction. Similarly, the afomic arrangement, and is nearly equal to the valence-bana-
coupling betweerl',, and X, is very different from one maximum energy of GaAs. Consequently, the difference in

sample to another one. Using the procedure developed i gAlSJand-ggp evr;(;lgy t:gweegegﬁggg) (A‘Q{?‘*eXNX) di?fg?ent
Ref. 29, we further find that other electronic states of pure ' b .

GaAs can also couple with';., depending on the atomic (Gai‘ymy)(Asl—XNX.) .aIons, is almost entirely due to the
arrangement. For instance, the conduction-band minimun(’iondlJ(:t'C)r]'t)"de minimum.

for the [110] chains has a relatively large component—

around 9%—on the reciproc& point located halfway be- D. Perturbation theory
tweenl” andL. Itis thus possible tadjust, and evento turn  To qualitatively understand the effect of the electronic
on and off electronic coupling in (Ga.,Iny)(As; xN,) al-  couplings indicated in Table | on the band gap of
loys by playing with the nitrogen arrangement. (Ga_yIny)(As;_4N,), we analyze our results within the
framework of perturbation theory at the second-order in en-
B. Electronic properties of (Ga,_yIn,) (As;_«N,) alloys ergy:
We have investigated the effects of the couplings reported Kbr. |6V|de
in Table | on the electronic properties of ccam=er. +{dr |oVdr )+ e oK
(Gay_yIny)(As;_4N,) alloys. We found that the difference le le OFT er, €k
in couplings leads to a change in the conduction-band- 2

minimum wave-function localization. The localization of the . . .
conduction-band-minimum state around nitrogen atoms sig?hereé €cew is the conduction-band-minimum energy of
nificantly increasegdecreaseswhen going from the disor- (Ga-yIny)(As;,N,) alloys, er, is the conduction-band-
dered material to thgL10] ([100]) nitrogen chains. Note that minimum energy of pure GaAs, andV is the difference in
this trend is consistent with tHe-L coupling: A larger cou-  potential between (GayIny)(As; _4N,) and GaAs.e. and
pling results in a stronger wave-function localization. This ¢ are the conduction-band energy and wave function at
study thus demonstrates that electronic properties ca@ff-centerk vectors belonging to the first-Brillouin zone of
be adjusted by playing with atomic arrangement inGaAs. Note thatr, — €. ) is negative for any off-centes
(Ga_yIny)(As; _,N,) alloys. It is worth noting that before vectors since the conduction-band minimum of GaAs occurs
the idea of coupling between electronic states was proposestI.
in 1999;"~*?'the concept of wave-function localization has  Furthermore, perturbation at the second order in energy is
been the mechanism suggested to explain the anomalogssociated with the perturbation at the first order in wave
properties of Ga(As_4N,) solid solutions’'*?°The present  function
study thus also points out that these two mechanisms are in
fact related since electronic coupling induces wave-function Kr, |8V]de il
localization. bepm=af ér, + > be klc—
¢ k#zr 7 €r,.~ €ck
C. Optical properties of (Gay—,Iny)(As;—xNy) alloys whereW g\, is the wave function of conduction-band mini-

We now investigate the optical properties of mumin (Ga_yIny)(As; ,N,) alloys, ande is a normaliza-

(Ga,_yIn,)(As;_N,) alloys. Table Ill shows that the band tion coefficient. It is straightforward to derive
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Kol de )P (er. —eci)? thus corresponds to a conduction-band minimum deeper in
Kbr. |6V] e 2= Bmie. o © . (9 energy[see Eq(2)], and, as a result, leads to a smaller band
Le ’ o? gap(see Table II).

with
IV. CONCLUSIONS

al= 2, 5
|<¢CBM|¢F1°>| ® In summary, we theoretically investigated the effects of

The second-order terms of EQ) involving the couplings ~ atomic arrangement on the electronic and optical properties
of T3¢ with L, and Xy can thus be estimated by plugging Of (Gai—yIny)(As,_xN,) alloys, by comparing disordered
the calculated projectionéicgyl de )2 of Table I into Egs. samples with particularly ordered materials—namely, exhib-
(4) and (5), and by using the well-known conduction-band iting one-dimensional nitrogen chains. We find that the de-
structure of GaAd? crease of the band gap in (Gglny)(As; _N,) alloys with

Table Il reports these second-order terms in energy ateSPect to pure GaAs is due to two effects that can be de-
well as the directly calculated first-order energy Scribed within the perturbation theory at the second-order in

(ér, |5V|¢r1 ). One can notice two important featurg: ~ €Nergy: (1) a first-order perturbative term strongly shifting

The first-order perturbative term in energy has an importan%he energy of the conductmn-bapd minimum towards the en-
ergy of the valence band maximum, af®) second-order

role in the decrease of the band gap of . .

(Gay_In.)(As,_N,) alloys with respect to GaAs. This terms W_h|ch correspo_nd to quantum couplings _between the

term;ywry1ich ﬁég nxever been addresgedour knowléd P conduction-band minimum and other electronic states of
g pure GaAs. Finally, we have also demonstrated that nitrogen

and which does not involve any electronic coupling—is . .
. . . ordering leaves unchanged the first-order term, but strongly
mainly responsible for the value of the band gap in the

sample exhibitind100] chains.(ii) The difference between a;fer(]:tsgheze secong-order '][cermg,, relsultllr)g n a r#qmat(ljon
the band gaps of the different (Galn,)(As;_N,) solid of the band-gap and wave-function loca |z_at|on. IS stu_ y

. Y 1-xx ; ¥hus also demonstrates that—and explains why—playing
solutions comes from quantum couplings between differen

. . X . with nitrogen arrangement can lead to an optimization of
e_Ie_ctromc states,_smc(e;&rlc|6V|¢Flc> Is found to be insen- optical and electronic properties in (GgIny)(As;xN,) al-
sitive to the nitrogen atomic arrangement. Note thaqoys_

summing the first-order perturbative energy with the
second-order perturbative energies involvibg. and X,
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