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Quantum mechanical effects in„Ga,In…„As,N… alloys
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A large supercell pseudopotential technique is used to predict optical and electronic properties of
(Ga12yIny)(As12xNx) alloys—with smallx and y 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 reciprocalk points, another mechanism is
found to participate in the strong decrease of the band gap of (Ga12yIny)(As12xNx) alloys with respect to
GaAs. This mechanism only involves the reciprocalG point, 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. Furthermore,atomic ordering in
(Ga12yIny)(As12xNx) alloys is found to strongly alter the band-gap and wave-function localization, by modi-
fying the quantum couplings.
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I. INTRODUCTION

The (Ga12yIny)(As12xNx) alloys are a key candidate ma
terial for high-efficiency multi-junction solar cells.1 They
also hold great promise for overcoming the poor tempera
characteristics of conventional long-wavelength lasers2–5

One important feature of these quaternaries is that they
have a perfect lattice match to a GaAs substrate with
appropriate ratio of indiumy to nitrogenx concentrations,
thus avoiding the growth problems encountered in strai
samples.

The (Ga12yIny)(As12xNx) and the related Ga(As12xNx)
alloys are also of large fundamental interest because of
usual properties. For instance, the band gap of Ga(As12xNx)
and (Ga12yIny)(As12xNx) solid solutions, with smallx andy
compositions, significantly decreases when inserting m
and more nitrogen atoms.6–19 This is somewhat surprising
since GaN has a much larger band gap than GaAs. The b
gap of disordered (Ga12yIny)(As12xNx) alloy lattice-
matched to GaAs has even been predicted to close for l
enough N compositions,16 despite the fact that this materia
is entirely made of four semiconductors, i.e., GaAs, InA
GaN, and InN.

Furthermore,atomic orderinghas been predicted to dra
tically affect the optical and electronic properties
Ga(As12xNx) alloys.20

Recent experimental and theoretical studies demonstr
that (Ga12yIny)(As12xNx) and Ga(As12xNx) solid solu-
tions, with smallx and y concentrations, are very peculia
because they exhibit nitrogen-induced quantum coupli
between the conduction band-minimum state of GaAs
other electronic states.17–19,21,22These quantum couplings ar
currently believed to be responsible for inducing the la
band-gap reduction of (Ga12yIny)(As12xNx) and
Ga(As12xNx) compounds when increasing the nitrogen co
position. However, the mechanism responsible for the dra
effect of atomic ordering on the optical and electronic pro
erties of anion-mixed nitride alloys is very unclear.

The aim of this paper is to provide a simple pictu
that explains ~i! the decrease of the band gap
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(Ga12yIny)(As12xNx) and Ga(As12xNx) alloys when in-
creasing the nitrogen composition, and~ii ! the strong depen-
dency of optical and electronic properties on atomic ord
ing.

Our findings are as follows:~1! The insertion of nitrogen
atoms into GaAs leads to a change in potentialdV that al-
ready strongly pushes down the energy of the conduct
band minimum towards the valence-band-maximum ene
without assistance of any other electronic state. ~2! Quantum
couplings between the conduction band minimum of Ga
and other electronic states then reduce even more the
gap of (Ga12yIny)(As12xNx) solid solutions.~3! The exis-
tence of these two effects can be easily understood within
framework of perturbation theory: the first mechanism is
lated to the first-order term in the expansion of the ene
while the quantum couplings correspond to the second-o
terms.~4! Atomic ordering is found to have no effect on th
first mechanism, but rather strongly changes the quan
couplings. These modifications of the quantum couplin
with nitrogen arrangement are responsible for the strong
pendency of the optical and electronic properties
(Ga12yIny)(As12xNx) and Ga(As12xNx) alloys with atomic
ordering.

II. METHODS

In the present study, we use 512-atom supercells
(Ga12yIny)(As12xNx) alloys, corresponding to 43434
conventional cubic cells. The number of nitrogen and indiu
atoms inside these cells are 4 and 12, respectively, wh
leads to a nitrogen composition of 1.6% and to an indiu
concentration of 5%. Such compositions yield a perf
lattice-match to GaAs, when assuming Vegard’s law to
exact, as found in other quaternaries.23 The indium atoms are
randomly distributed on the~zinc-blende! cation sites. On the
other hand, the nitrogen atomic arrangement can be of th
kinds. First of all, the nitrogen atoms are randomly arrang
on the anion sites in order to mimic a perfectly disorder
sample, similar to the one grown in Ref. 21. Second,
nitrogen atoms all lie along a given@100# direction such as
10 847 ©2000 The American Physical Society
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each nitrogen atom has two other nitrogen atoms as se
neighbors in the anion sublattice. The nitrogen atoms h
thus the following Cartesian coordinatesa(0,0,0),a(1,0,0),
a(2,0,0), anda(3,0,0), wherea is the lattice constant. This
second case corresponds to the formation of@100# chains in
(Ga12yIny)(As12xNx) alloys. Finally, the last kind of atomic
configuration is associated with nitrogen chains along a s
cific @110# direction, and every nitrogen atom has two oth
nitrogen atoms as fourth neighbors in the anion sublattice
other words, the Cartesian coordinates of the four nitro
atoms area(0,0,0), a(1,1,0), a(2,2,0), anda(3,3,0). The
last two atomic configurations thus correspond to a partic
nitrogen ordering, namely the formation of one-dimensio
nitrogen chains. This choice is done because these chain
be thought as an ‘‘ideal’’ bridge between the case of N
pairs in GaAs—which are important to understand the eff
of short-range-atomic order on optical and electronic prop
ties of Ga(As12xNx) alloys20—and the case of more conce
trated alloys which are of relevance to the experiment.11,13

Furthermore, we chose these particular@100# and @110#
chains because the formation of second neighbor N-N pa
GaAs is known to slightly increase the band gap with resp
to the random case, while the fourth neighbor N-N pair s
nificantly decreases that band gap.20 The one-dimensiona
nitrogen chains formed along the@100# direction may thus
affect the optical properties of~Ga,In!~As,N! in an opposite
way than the@110# nitrogen chains. As a result, studyin
these two chains, as well as the random alloy, will lead t
deep understanding of the effects of nitrogen ordering
optical and electronic properties of (Ga12yIny)(As12xNx)
and Ga(As12xNx) solid solutions.

For each configuration, the atoms are allowed to relax
their equilibrium positions by minimizing the strain energ
as predicted by the valence force field approach.14,20,24–27

Having obtained relaxed configurations of large, perio
unit cells, we compute their band structures by using
generalized strain-dependent empirical pseudopotential
proach of Ref. 16. This technique yields an excellent ac
racy, as demonstrated by the nearly perfect reproduc
of the experimental band gap of the disorder
(Ga12yIny)(As12xNx) quaternaries as a function of the com
positions and/or as a function of pressure.16 The ability of the
empirical pseudopotential approach for treating large su
cells is due mainly to the ‘‘folded spectrum method,’’28

which provides for a computational time that scales linea
with the numbern of atoms, while standard band structu
methods lead to a time scaling ofn3.

To identify the coupled electronic states, we also proj
the alloy wave functionsc i on electronic statesfn,k of
GaAs:

Pi ,n,k5 z^c i ufn,k& z2, ~1!

wheren andk are the band index and a vector in the fir
Brillouin zone of GaAs, respectively. In the present stud
the selectedfn,k are theconductionstates that are currentl
believed to be responsible for the optical anomalies
(Ga12yIny)(As12xNx) and Ga(As12xNx) alloys,17,19namely,
theG1c , X1c , andL1c states of pure GaAs. In the following
these conduction states will be referred to asfG1c

, fX1c
, and

fL1c
, respectively.
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III. RESULTS

A. Electronic couplings in „Ga1ÀyIn y…„As1ÀxNx… alloys

Table I shows the projectionsPi ,n,k for the conduction
band minimumcCBM of (Ga12yIny)(As12xNx) solid solu-
tions in their disordered forms or exhibiting nitrogen chain
One can see thatz^cCBMufG1c

& z2 and z^cCBMufL1c
& z2 are

quite large in the disordered solid solution. This demo
strates thatfG1c

strongly couples withfL1c
to generate

the conduction band minimum of the rando
(Ga12yIny)(As12xNx) alloys. We also scanned all the ex
cited states in this disordered alloy within an energy range
1.5 eV above the conduction band minimum, and did
find any single localized state with significantG1c weight. In
other words, we did not find any impurity state strongly i
teracting with the conduction band minimum of pure GaA
To better understand thenature of the interacting
states, Table II shows the projections for the two exci
states having the largestG1c weights in disordered
(Ga12yIny)(As12xNx) solid solutions. One of these tw
states is the conduction band minimum, and is denotedE2 .
Following the notation of Refs. 18 and 21, the other state
referred to asE1 . The energies of these two states are a
given in Table II, and are compared with the measureme
performed in Ref. 21. Table II shows the very good agr
ment between predictions and experiments for both energ
By looking at the electronic charge density of theE1 state,
we further find that this interacting state is not at all an i
purity level localized around nitrogen atoms, as previou
thought.21 It is of delocalizednature, which is consistent with
the very large projection—around 80%—ofE1 into theL1c
state of pure GaAs.E1 is thus derived fromL1c , which
agrees with the results of Mattilaet al. for nitrogen compo-
sitions larger than 0.5%.19

Table I also reveals that the electronic couplings betw

TABLE I. Projections of the conduction-band-minimum state
(Ga12yIny)(As12xNx) into theG1c , L1c , andX1c conduction states
of GaAs @see Eq.~1!#. The first (Ga12yIny)(As12xNx) solid solu-
tion is the disordered sample, while the two others contain o
dimensional nitrogen chains formed either along the@100# or @110#
direction.

System PCBM,G1c
PCBM,L1c

PCBM,X1c

Random 0.727 0.076 0.002
@100# 0.859 0.000 0.015
@110# 0.450 0.155 0.020

TABLE II. Wave-function projections and energies ofE2 and
E1 states in disordered (Ga12yIny)(As12xNx) alloys, with y.5%
andx.1.6%.E2 andE1 are the two excited states with the large
G1c weights.e theo are the energies predicted by the present cal
lations, whileeexp are the energies measured in Ref. 21.

State z^c i ufG1c
& z2 z^c i ufL1c

& z2 z^c i ufX1c
& z2

e theo

~eV!
eexp

~eV!

E2 0.727 0.076 0.002 1.27 1.2660.02
E1 0.125 0.785 0.002 1.74 1.7660.02
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TABLE III. DecreaseDEg of the band-gap energy with respect to GaAs, and perturbative energies o
~2! for the three different (Ga12yIny)(As12xNx) solid solutions. The first solution is the disordered samp
while the two others contain one-dimensional nitrogen chains formed either along the@100# or @110# direc-
tion. The energy of the valence-band maximum in the three (Ga12yIny)(As12xNx) alloys is found to increase
by 0.01 eV from the valence-band-maximum energy of pure GaAs.

System DEg ~eV! z^fG1c
udVufG1c

& z ~eV!

z^fG1c
udVufL1c

& z2

eG1c
2eL1c

~eV!

z^fG1c
udVufX1c

& z2

eG1c
2eX1c

~eV!

Random 20.25 20.15 20.03 20.00
@100# 20.19 20.15 20.00 20.01
@110# 20.40 20.15 20.10 20.02
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fG1c
and other conduction states of pure GaAs elements

strongly dependent on the nitrogen atomic arrangemen
(Ga12yIny)(As12xNx) alloys. The coupling betweenG1c and
L1c is much stronger for the@110# nitrogen chains than fo
the disordered sample, as evidenced by a decreas
z^cCBMufG1c

& z2 and an increase ofz^cCBMufL1c
& z2 when go-

ing from the random case to the@110# nitrogen chains. On
the other hand, thisG-L coupling vanishesfor the sample
exhibiting chains along the@100# direction. Similarly, the
coupling betweenG1c and X1c is very different from one
sample to another one. Using the procedure develope
Ref. 29, we further find that other electronic states of p
GaAs can also couple withG1c , depending on the atomi
arrangement. For instance, the conduction-band minim
for the @110# chains has a relatively large component
around 9%—on the reciprocalk point located halfway be-
tweenG andL. It is thus possible toadjust, and even to turn
on and off, electronic coupling in (Ga12yIny)(As12xNx) al-
loys by playing with the nitrogen arrangement.

B. Electronic properties of „Ga1ÀyIn y…„As1ÀxNx… alloys

We have investigated the effects of the couplings repo
in Table I on the electronic properties of
(Ga12yIny)(As12xNx) alloys. We found that the differenc
in couplings leads to a change in the conduction-ba
minimum wave-function localization. The localization of th
conduction-band-minimum state around nitrogen atoms
nificantly increases~decreases! when going from the disor-
dered material to the@110# ~@100#! nitrogen chains. Note tha
this trend is consistent with theG-L coupling: A larger cou-
pling results in a stronger wave-function localization. Th
study thus demonstrates that electronic properties
be adjusted by playing with atomic arrangement
(Ga12yIny)(As12xNx) alloys. It is worth noting that before
the idea of coupling between electronic states was propo
in 1999,17–19,21the concept of wave-function localization ha
been the mechanism suggested to explain the anoma
properties of Ga(As12xNx) solid solutions.9,14,20The present
study thus also points out that these two mechanisms a
fact related since electronic coupling induces wave-funct
localization.

C. Optical properties of „Ga1ÀyIn y…„As1ÀxNx… alloys

We now investigate the optical properties
(Ga12yIny)(As12xNx) alloys. Table III shows that the ban
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gap of these quaternaries is lower than the band gap of
GaAs by more than 0.2 eV. It also drastically depends on
atomic arrangement. The band gap for the@110# chains is
0.15 and 0.21 eV lower than the band gap of disorde
samples and those with@100# chains, respectively. This is
quite remarkable since the nitrogen composition studied h
is as small as 1.6% The valence-band-maximum energ
(Ga12yIny)(As12xNx) is found to be insensitive to the
atomic arrangement, and is nearly equal to the valence-b
maximum energy of GaAs. Consequently, the difference
the band-gap energy between (Ga12yIny)(As12xNx) and
GaAs, as well as, between the differe
(Ga12yIny)(As12xNx) alloys, is almost entirely due to th
conduction-band minimum.

D. Perturbation theory

To qualitatively understand the effect of the electron
couplings indicated in Table I on the band gap
(Ga12yIny)(As12xNx), we analyze our results within th
framework of perturbation theory at the second-order in
ergy:

eCBM5eG1c
1^fG1c

udVufG1c
&1 (

kÞG

z^fG1c
udVufc,k& z2

eG1c
2ec,k

,

~2!

where eCBM is the conduction-band-minimum energy
(Ga12yIny)(As12xNx) alloys, eG1c

is the conduction-band

minimum energy of pure GaAs, anddV is the difference in
potential between (Ga12yIny)(As12xNx) and GaAs.ec,k and
fc,k are the conduction-band energy and wave function
off-centerk vectors belonging to the first-Brillouin zone o
GaAs. Note that (eG1c

2ec,k) is negative for any off-centerk
vectors since the conduction-band minimum of GaAs occ
at G.

Furthermore, perturbation at the second order in energ
associated with the perturbation at the first order in wa
function

cCBM5aFfG1c
1 (

kÞG
fc,k

z^fG1c
udVufc,k& z

eG1c
2ec,k

G , ~3!

whereCCBM is the wave function of conduction-band min
mum in (Ga12yIny)(As12xNx) alloys, anda is a normaliza-
tion coefficient. It is straightforward to derive
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z^fG1c
udVufc,k& z25

z^cCBMufc,k& z2~eG1c
2ec,k!2

a2
, ~4!

with

a25 z^cCBMufG1c
& z2. ~5!

The second-order terms of Eq.~2! involving the couplings
of G1c with L1c andX1c can thus be estimated by pluggin
the calculated projectionsz^cCBMufc,k& z2 of Table I into Eqs.
~4! and ~5!, and by using the well-known conduction-ban
structure of GaAs.14

Table III reports these second-order terms in energy
well as the directly calculated first-order ener
^fG1c

udVufG1c
&. One can notice two important features:~i!

The first-order perturbative term in energy has an import
role in the decrease of the band gap
(Ga12yIny)(As12xNx) alloys with respect to GaAs. Thi
term—which has never been addressed~to our knowledge!
and which does not involve any electronic coupling—
mainly responsible for the value of the band gap in
sample exhibiting@100# chains.~ii ! The difference between
the band gaps of the different (Ga12yIny)(As12xNx) solid
solutions comes from quantum couplings between differ
electronic states, sincêfG1c

udVufG1c
& is found to be insen-

sitive to the nitrogen atomic arrangement. Note th
summing the first-order perturbative energy with t
second-order perturbative energies involvingL1c and X1c
does not yield the total decrease of the band gap
(Ga12yIny)(As12xNx) alloys with respect to GaAs. This i
probably due to the existence of other interacting states
also indicated by the fact that the sum of the projectio
shown in Table I is smaller than 1. On the other ha
the trend in the band-gap energy is consistent with
trend in the electronic coupling betweenG1c and L1c : A
large projection of the conduction-band-minimum
(Ga12yIny)(As12xNx) alloys into theL1c state of GaAs~see
PCBM,L1c

in Table I! leads to a large value of the secon

order term in energy couplingG1c andL1c @see Eq.~4!#, and
an

.
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thus corresponds to a conduction-band minimum deepe
energy@see Eq.~2!#, and, as a result, leads to a smaller ba
gap ~see Table III!.

IV. CONCLUSIONS

In summary, we theoretically investigated the effects
atomic arrangement on the electronic and optical proper
of (Ga12yIny)(As12xNx) alloys, by comparing disordere
samples with particularly ordered materials—namely, exh
iting one-dimensional nitrogen chains. We find that the d
crease of the band gap in (Ga12yIny)(As12xNx) alloys with
respect to pure GaAs is due to two effects that can be
scribed within the perturbation theory at the second-orde
energy:~1! a first-order perturbative term strongly shiftin
the energy of the conduction-band minimum towards the
ergy of the valence band maximum, and~2! second-order
terms which correspond to quantum couplings between
conduction-band minimum and other electronic states
pure GaAs. Finally, we have also demonstrated that nitro
ordering leaves unchanged the first-order term, but stron
affects these second-order terms, resulting in a modifica
of the band-gap and wave-function localization. This stu
thus also demonstrates that—and explains why—play
with nitrogen arrangement can lead to an optimization
optical and electronic properties in (Ga12yIny)(As12xNx) al-
loys.
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