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Bound-state symmetries and optical transitions in GaAs/AlAs quantum wells
and superlattices with impurities and defects
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We consider (GaAs)m(AlAs) n superlattices as single crystals whose structure depends on the growth direc-
tion and numbers of monolayers within the slabs of constituent materials. We study point defects such as
impurities ~substitutional and interstitial! or single vacancies and molecular defects such as paired impurities,
double vacancies, or vacancy-impurity complexes in (GaAs)m(AlAs) n superlattices grown along the@001#,
@110#, and @111# directions. The possible site symmetries of the defects as well as the state symmetries for
carriers bound to them have been determined. In contrast to bulk GaAs or AlAs, no defect can presentTd

symmetry. The atoms located in the center of the slabs occupy, in most of the@001#- and @110#-grown
superlattices, sites with higher symmetries (D2d andC2v , respectively!. This results in different selection rules
for optical transitions involving the same impurity atom which substitutes the same host atom~Ga, Al, or As!
at sites with different symmetries. The effect can be important in optical spectra of superlattices with very thin
slabs. The modifications of the selection rules when including the spin-orbit interaction have been derived.
Quantum wells can be treated as a particular case of superlattices when barriers become very thick. We present
their three-dimensional diperiodic space groups. Quantum wells do not differ from superlattices from the points
of view of possible site symmetries and selection rules for optical transitions involving defects. All the above
results are also valid for any pseudomorphic superlattice or quantum well made of two binary compounds with
zinc-blende structures and identical cations or anions, such as in the GaN/AlN system.
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I. INTRODUCTION

The optical properties of semiconductor nanostructu
have been extensively studied over the last years. Rece
(GaAs)m(AlAs) n superlattices~SL’s! have been a point o
attention.1–3 We considered SL’s as a class of artificial
grown crystals whose structure depends on the growth di
tion and numbers of monolayers within the slabs of const
ent materials.1–3 As a result, we found that, for each dire
tion of growth, SL’s constitute several single-crystal famili
specified by different space groupsGl . Within each family,
SL’s with different m and n differ from each other by the
arrangement of atoms over the Wyckoff positions. Therefo
from the crystallographic point of view, they are distin
crystals. Using the method of induced band representat
of space groups,3 we derived band-to-band optical selectio
rules for direct and phonon-assisted transitions in SL’s w
@001#, @110#, and @111# growth directions. The spin-orbi
coupling has been taken into account.1

There are only a few papers4 analyzing impurity states in
SL’s. Moreover, the authors of Ref. 4 treated them in ter
of the parent bulk materials. This approximation is relev
for shallow impurities with rather extended wave functio
~mainly donors!. On the other hand, deep levels~mainly ac-
ceptors! are compact. Their location in the lattice and s
symmetry are important. In this paper, we analyze the
symmetry of various crystal defects~CD’s!, and perform a
group-theory study of state symmetries for carriers bound
CD’s in SL’s grown along the@001#, @110#, and@111# direc-
PRB 610163-1829/2000/61~3!/1999~9!/$15.00
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tions. Finally we derive the optical selection rules for tran
tions between two states of a CD and between a CD state
a band ~extended! state. Although referring below to
(GaAs)m(AlAs) n SL’s only, our analysis is valid for any
pseudomorphically grown SL made of two binary stoich
metric compounds with zinc-blende structures and ident
anions or cations. The atoms in such SL’s, are assumed t
on the sites of a zinc-blende lattice, with lattice constana
being an average of the two lattice parameters of parent
terials. For (GaAs)m(AlAs) n SL’s taken as the simplest ex
ample, the difference in the lattice constants of GaAs a
AlAs is less than 0.2%, and the mismatch effects can
neglected whatever is the SL period. When taking this
proximation into account, the coordinates of all the atoms
the lattice are uniquely defined. Thus one can determine b
the space group and the atomic arrangement over the W
off positions for a perfect SL with arbitrary numbers
monolayersm andn.

The variety of different symmetry~Wyckoff! positions in
the primitive cell of the perfect SL’s for any atom~Ga, Al, or
As! is noticeably larger than in the bulk parent materials.1–3

In bulk GaAs ~AlAs!, both metal~Ga or Al! and nonmetal
~As! atoms have the same site symmetryTd . In SL’s, metal
and nonmetal atoms can in many cases occupy various
ckoff positions in the primitive cell depending both on th
growth direction and the number of monolayers. This resu
in different behaviors of the same impurity atom, which su
stitutes for the same host atom~Ga, Al, or As! at sites with
different symmetries.
1999 ©2000 The American Physical Society
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TABLE I. Possible occupation numbers~per primitive cell! for substitutional CD’s in the (GaAs)m(AlAs) n superlattices.

Growth direction and space group

@001# @110# @111#
D2d

5 D2d
9 C2v

1 C2v
7 C2v

20 C3v
1 C3v

5

Atoms
substituted

Site
symmetry

m52k11 m52k m52k11 m52k m52k11 m52k m52k11 m52k m1n53k m1nÞ3k
n52s11 n52s n52s n52s11 n52s11 n52s n52s n52s11

Ga D2d 1 - 1 - - - - - - -
C2v m21 m m21 m 1 - 1 - - -
C3v - - - - - - - - m m
Cs - - - - m21 m m21 m - -

Al D2d 1 - - 1 - - - - - -
C2v n21 n n n21 1 - - 1 - -
C3v - - - - - - - - n n
Cs - - - - n21 n n n21 - -

As D2d - 2 1 1 - - - - - -
C2v m1n m1n22 m1n21 m1n21 2 - 1 1 - -
C3v - - - - - - - - m1n m1n
Cs - - - - m1n22 m1n m1n21 m1n21 - -

Ga~Al !1As C3v - - - - - - - - m(n) m(n)
Cs 4m(n) 4m(n) 4m(n) 4m(n) 2m(n) 2m(n) 2m(n) 2m(n) 3m(n) 3m(n)
C1 - - - - 2m(n) 2m(n) 2m(n) 2m(n) - -
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The aim of this paper is to show how the distribution
impurities and defects over the Wyckoff positions manif
themselves in polarized optical spectra, and, conversely,
one can obtain information from the spectra, e.g., about
sites of dopants in the lattice. In Sec. II, we analyze
nature and symmetry of various CD’s. In Sec. III, we deri
the selection rules for optical transitions involving CD stat
and discuss the peculiarities in the polarized spectra wh
could be observed. In Sec. IV, we extend our results
GaAs/AlAs quantum wells~QW’s!. In Sec. V, we discuss
some experimental data available in the literature, and p
pose an interpretation in terms of the present analysis.

II. CLASSIFICATION OF CRYSTAL DEFECTS
AND THEIR SITE SYMMETRIES IN SL’s

We pay attention to point CD’s such as vacancies, sub
tutional and interstitial impurities, and molecular defec
~paired impurities, double vacancies, and vacancy-impu
complexes!, but do not consider the defects of the SL stru
ture which result from the imperfections of various grow
techniques: fluctuations of the thicknesses of the constitu
semiconductor layers, dislocations, roughness of interfa
etc. We assume that the site-symmetry groupGq is not modi-
fied when a SL atom in positionq is replaced by a substitu
tional impurity or by a single vacancy. The same assump
is made for an interstitial impurity. As a consequence,
Hamiltonian of a carrier bound to the defect has the symm
try of the site in the perfect crystal.

A. Substitutional impurities and vacancies

Possible occupation numbers per primitive cell for sub
tutional impurities or single vacancies in SL’s grown alo
different directions are given in Table I. As an example, t
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@001# SL’s are illustrated in Fig. 1. One can see that Ga a
Al atoms occupyD2d sites, and As atoms occupyC2v sites
in the ~GaAs!1~AlAs!1 @001#-grown SL, whereas in the
~GaAs!2~AlAs!2 @001# SL, the metal~Ga, Al! atoms occupy
C2v sites and As atoms are distributed among theD2d and
C2v sites. If a CD substitutes for a metal atom in these t
SL’s, the optical transitions involving this impurity are di
ferent. Moreover, the behavior of impurities substituti
for As atoms at sites with different symmetries in th
232 SL, will also be different. Thus provides a possibili
to determine the sites of dopants in the lattice when ana
ing the optical spectra.

B. Interstitial impurities

Interstitial impurities can be classified into three types
cording to the Wyckoff position they occupy. Those of th
first type occupy the same Wyckoff positions as atoms of
SL. This is possible if the Wyckoff positions are not isolat
points but symmetry lines, symmetry planes, or continuo
three-dimensional sets of symmetry points. In this case,
substitutional and interstitial impurities have no difference
behavior from the point of view of symmetry. The interstiti
impurities of the second type occupy those unoccupied W
ckoff positions which have the same site symmetry as th
occupied by atoms of the SL. In this case, the substitutio
and interstitial impurities have no difference in symme
behavior for optical transitions involving only theG-point
band states~see Sec. III!. Finally, there may exist Wyckoff
positions which are not occupied by atoms in the lattice, a
which have different site symmetry than the occupied on
These sites haveC1 symmetry ~i.e., no symmetry! for all
SL’s in question except for the@001# SL’s, whereC2 sites
also exist. The Wyckoff positions withC1 symmetry are the
three-dimensional sets.
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Below, for all SL’s, we list the sets of Wyckoff position
and their symmetries as well as types of CD~substitutionals
and interstitiali! which can occupy these positions:

D2d
5 : D2d -1a(s), 1b( i ), 1c(s or i ), 1d(s or i ); C2v

22e(s andi ), 2 f (s andi ), 2g(s andi ); Cs—4 j
=

( i ), 4k= ( i );
C2—4h( i ), 4i ( i ); C1—8l

T
( i ).

D2d
9 : D2d -1a(s), 1b( i ), 1c(s or i ), 1d(s or i ); C2v—

2e(s andi ), 2 f (s andi ); Cs—4i= ( i ); C224g( i ), 4h( i );
C1—8 j
T

( i ).
C2v

1 : C2v -1a(s andi ), 1b(s andi ), 1c(s andi ),
1d(s andi ); Cs(sx)—2g

=
(s andi ), 2h= ( i ); Cs(sy)—

2e= ( i ), 2 f= ( i ); C1—4iT ( i ).
C2v

7 : Cs(sx)-2a= (s andi ); C1—4bT ( i ).
C2v

20 : C2v -1a(s andi ), 1b(s andi ); Cs(sy)—2c= ( i );
Cs(sx)—2d= (s andi ); C1—4eT ( i ).

C3v
1 : C3v -1a(s andi ), 1b(s andi ), 1c(s andi ); Cs—

3d= ( i ); C1—6eT ( i ).
C3v

5 : C3v -1a(s andi ); Cs—3b= ( i ); C1—6cT ( i ).
In the list above, Wyckoff positions which are not unde

lined are isolated symmetry points. Those which are und
lined once are symmetry lines, those underlined twice
symmetry planes, and those underlined three times are th
dimensional sets. The symmetry planes and most of the s
metry lines are parallel to the symmetry~growth! axis. For
more details, see Ref. 5. As already mentioned, the Wyc
positions which are symmetry lines, symmetry planes,
three-dimensional sets can be occupied either by subs
tional and interstitial CD’s or by interstitial ones only. Th
position being isolated symmetry points can be occupied
ther by substitutional or interstitial CD’s, depending o
whether this position is occupied or not by an atom in
particular SL.

C. Molecular CD’s

We consider molecular CD’s occupying two atomic
interstitial sites. The symmetry group of such a CD is det
mined by the common elements of two groups: the po
group of the isolated «molecule» whose axis coincides w
the line connecting the two involved SL sites (C`v or D`h),
and the site-symmetry group of any point on this line b

FIG. 1. Possible symmetry sites for substitutional CD’s in t
~GaAs!1~AlAs!1 and ~GaAs!2~AlAs!2 @001# SL’s.
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tween both sites (Cnv , Dnh , Dnd , Cn , Cs , or C1). The
distribution over the Wyckoff positions of possible molec
lar CD’s involving two nearest-neighbor atomic sites of t
SL is presented in Table I. All of them have the sameCs site
symmetry in@001#-grown SL’s. Obviously, they may hav
different energies. If they were randomly distributed over t
atomic sites, the ratio between the numbers of (Ga1As) and
(Al1As) complexes would bem:n. The same ratio holds in
@110#- and @111#-grown SL’s. Half of such possible com
plexes in@110# SL’s would have the lowestC1-site symme-
try. In @111# SL’s, the ratio between higher-symmetry (C3v)
molecular CD’s and lower-symmetry (Cs) ones is 1:3. This
can be seen simply in Fig. 2, where theC3v complex is
distinguished. Further, the displacement of single CD
within the molecular ones is of importance. It is remarkab
that, for a molecular CD which is located at places of tw
nearest-neighboring atoms, the displacements of the com
nents along the line connecting them does not alter the
symmetry group for any SL, although it changes the ener
This can considerably simplify the symmetry analysis of m
lecular CD’s„for bulk GaAs, the molecular CD-energy de
pendence on the displacement of a CD component from
initial position into the@111# direction was studied in Refs. 6
and 7, in particular the (VAs ,AsGa) pair7….

Summing up, beingTd in the bulk parent materials, th
site-symmetry groupGq for point defects is lowered in the
SL’s down to D2d , C2v , C3v , Cs, or evenC1 ~only for
interstitial CD’s! depending on the occupied Wyckoff pos
tion, growth direction, and number of monolayers. For m
lecular CD’s, the symmetry is lowered fromC3v down toCs
or C1 . It is worth noting that no CD presentsTd symmetry.
Most of the atoms of the lattice occupy sites withC2v , Cs ,
andC3v symmetry for@001#, @110#, and@111# growth direc-
tion, respectively. In all SL’s grown along the@001# and
@110# directions except those with theC2v

7 space group
~Table I!, there are few~two or four! atoms per primitive cell
with a higher site symmetry (D2d and C2v, respectively!.
These atoms are those located at the center of the slabs
effect on optical spectra of CD’s located at the latter sites
be important for SL’s with very thin slabs.

III. OPTICAL SELECTION RULES

Let the symmetry of a CD localized state be described
the irrepda of the CD site-symmetry groupGq and the sym-

FIG. 2. Orientations and site symmetries of paired crystal
fects involving the nearest neighbors in the~GaAs!2~AlAs!1 @111#-
grown SL.
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TABLE II. The selection rules for direct transitions between a CD state and aG-band state in@001#-grown
SL’s ~the space groupsD2d

5 ,D2d
9 ) and QW’s ~the space group DG59!. The labels of the irreps taken in

brackets refer to the case where spin-orbit coupling is not taken into account. Polarizations in b
~parentheses! refer to transitions allowed only without~with! including spin-orbit interaction; the ones i
capitals refer to the transitions allowed in both cases. Corep:ē(1)1ē(2). TheX8 andY8 axes are rotated 45
along theZ axis with respect to theX andY axes.

CD
site

Localized
state

Conduction~valence! band state

G6 @G1# G7 @G2# G6 @G5# G7 @G5#

D2d ē1@a1(s;dz2)# (x,y) (x,y)Z X,Y X,Y(z)
ē2@b1(dx2y2)# (x,y,z) (x,y) X,Y(z) X,Y
ē2@b2(pzi;dxy)# (x,y)Z (x,y) X,Y(z) X,Y
ē1@e(px ,py ;dyz ,dxz)# (X,Y) X,Y(z) (x,y)@z# (x,y)Z
ē2@e(px ,py ;dyz ,dxz)# X,Y(z) X,Y (x,y)Z (x,y)@z#

C2v ē@a1(s;pz ;dx2;dy2;dz2)# (x,y)Z (x,y)Z X,Y(z) X,Y(z)
ē@a2(dxy)# (x,y,z) (x,y,z) X,Y(z) X,Y(z)
ē@b1(px j;dxz)# X(y,z) X(y,z) (x,y)Z (x,y)Z
ē@b2(py ;dyz)# Y(x,z) Y(x,z) (x,y)Z (x,y)Z

CS(sx) ē(1),(2)@a8(s;py ;pz ;dx2;dy2;dz2;dyz)# (x)Y,Z X(y,z) X,Y,Z X,Y,Z
ē(1),(2)@a9(px ;dxz ;dxy)# X(y,z) (x)Y,Z X,Y,Z X,Y,Z

CS(sy) ē(1),(2)@a8(s;px ;pz ;dx2;dy2;dz2;dxz)# (y)X,Z Y(x,z) X,Y,Z X,Y,Z
ē(1),(2)@a9(py ;dyz ;dxy)# Y(x,z) (y)X,Z X,Y,Z X,Y,Z

CS(av) ē(1),(2)@a8# X,Y,Z X,Y(z) X,Y,Z X,Y,Z
ē(1),(2)@a9# X,Y(z) X,Y,Z X,Y,Z X,Y,Z

C2 ē(1),(2)@a(s;px8 ;dx82;dy82;dz2;dy8z)# X8(y8,z) (x8)Y8,Z X8,Y8,Z X8,Y8,Z
(Uxy) ē(1),(2)@b(py8 ;pz ;dx8y8 ;dx8z)# (x8)Y8,Z X8(y8,z) X8,Y8,Z X8,Y8,Z

C2 ē(1),(2)@a(s;py8 ;dx82;dy82;dz2;dx8z)# Y8(x8,z) (y8)X8,Z X8,Y8,Z X8,Y8,Z
(Ux̄y) ē(1),(2)@b(px8 ;pz ;dx8y8 ;dy8z)# (y8)X8,Z Y8(x8,z) X8,Y8,Z X8,Y8,Z

C2(av) ē(1),(2)@a# X,Y(z) X,Y,Z X,Y,Z X,Y,Z
ē(1),(2)@b# X,Y,Z X,Y(z) X,Y,Z X,Y,Z
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metry of an electron state in a conduction or valence ban
the SL by the irrepDb of the SL space groupG. To deter-
mine the allowed direct transitions between theda and Db
states, one should subduce3 the irrepDb on the site symme-
try groupGq :

Db↓Gq5(
g

Agdg . ~1!

The transition between theda andDb states is allowed if

~Db↓Gq!* 3daùdvÞ0, ~2!

wheredv is the vector representation of the site-symme
group Gq . The vector representation isb2(z)1e(x,y),
a1(z)1b1(x)1b2(y), a1(z)1e(x,y), a8(u,v)1a9(z), for
D2d , C2v , C3v , Cs and C2 and a(u8)1b(v8,z) site-
symmetry groups, respectively~U andV axes being paralle
and perpendicular to the mirror plane, respectively,U8being
along the twofold rotation axis!. Transitions between theda
anddb states of a CD, that is to say ‘‘intra-CD’’ transition
are allowed if

~da!* 3dbùdvÞ0. ~3!
of

y

Reversing time obviously does not modify the selecti
rules. Fork50 band states, the result of subduction@see Eq.
~1!# depends only on the point group of the site. Howev
when subducing the irreps ofkÞ0 band states, one shoul
specify the Wyckoff position, since the groups of differe
sites ~even with the same point group! contain different
translations which contribute into Eq.~1! whenkÞ0. Among
the bound states, those described by two-dimensional ir
are of a special interest. The degeneracy of these states
be lifted by external perturbation, e.g., by a magnetic or el
tric field, thus multiplying the number of transitions in th
spectra. When the spin-orbit interaction is taken into acco
the initial and final states in Eqs.~1!–~3! are described by
double-valued irreps. In this case, the selection rules
modified, and some forbidden transitions become allow
whereas some allowed transitions become forbidden.

Tables II–IV display the selection rules for transition
between localized and SLG states as well as the modificatio
of the selection rules upon including spin-orbit interactio
We consider not onlys andp states but alsod states since the
latter orbitals correspond to the upper occupied states in
example, transition metals. We do not specify the expl
form of the localized CD functions. Their spatial distribu
tions within the primitive cell remain undefined i
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TABLE III. The selection rules for direct transitions between a CD state and aG-band state in@110#-grown SL’s ~the space groups
C2v

1 , C2v
7 , andC2v

20) and QW’s~the space groups DG24 and DG32!. The notations are the same as in Table II. Corep:ē(1)1ē(2).

CD
site

Localized
state

Conduction~valence! band state

G5 @G1# G5 @G2# G5 @G3# G5 @G4#

C2v ē@a1(s;pz ;dx2;dy2 ;dz2)# (x,y)Z (x,y,z) Y(x,z) X(y,z)
ē@a2(dxy)# (x,y,z) (x,y)Z X(y,z) Y(x,z)
ē@b1(px ;dxz)# X(y,z) Y(x,z) (x,y,z) (x,y)Z
ē@b2(py ;dyz)# Y(x,z) X(y,z) (x,y)Z (x,y,z)

Cs(sx) ē(1),(2)@a8(s;py ;pz ;dx2;dy2;dz2;dyz)# (x)Y,Z X(y,Z) (x)Y,Z X(y,z)
ē(1),(2)@a9(px ;dxz ;dxy)# X(y,z) (x)Y,Z X(y,z) (x)Y,Z

Cs(sy) ē(1),(2)@a8(s;px ;pz ;dx2;dy2;dz2;dxz)# (y)X,Z Y(x,z) (y)X,Z Y(x,z)
ē(1),(2)@a9(py ;dyz ;dxy)# Y(x,z) (y)X,Z Y(x,z) (y)X,Z
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terms of the group theory. In the symmetry analysis, o
transformation properties of these functions are importa
being described by the irreps of the site-symmetry group
corresponding atoms.

It should be noted that different sites belonging to t
same orbit can have site-symmetry groups differently o
ented with respect tox, y, andz axes.3 In general, the sym-
metry groupsGqi

andGqj
of sitesqi andqj transforming into

each other by the elementgi j (qj5gi j qj ) are connected by
the relationGqj

5gi j Gqi
gi j

21. For example, in SL’s withD2d
5

symmetry, the orbit belonging to the 4j Wyckoff posi-
tion contains four sites (0y z), (0 2 y z), (y 0 2z), and
(2y 0 2z). The first pair has site symmetryCs with a sx
mirror plane, whereas the site symmetry of the second pa
Cs with a sy mirror plane. The optical selection rules for th
second pair can be directly obtained from the rules for
first one by permutation ofx and y coordinates. For orbits
containing positions with different orientations of sit
symmetry groups, we also present, when all positions in
orbit are randomly occupied, the selection rules obtained
y
t,
f

i-

is

e

e
y

summation of contributions of all positions in the orbit.
this case, we do not specify the localized functions and m
these cases in Tables II–IV as average~av!. On the other
hand, in SL’s withC2v

1 symmetry, both sites (0y z) and
(0 2y z) in the orbit belonging to the 2g Wyckoff position
~as well as to the 2h one! have site symmetryCs with a sx

mirror plane, whereas all the sites in orbits belonging to
2e and 2f positions have site symmetryCs with a sy mirror
plane. Therefore, in this case the states withsx andsy sym-
metries can be distinguished in optical spectra. The res
given in Tables II–IV are valid for any CD.

Note that the labeling of the symmetry sites is given a
cording to Ref. 5. All the coordinates are given in units
translation vectors of the corresponding crystallographic u
cell ~tetragonal, orthorhombic, and hexagonal, respective!.
To keep the standard settings of space groups for@110#-
grown SL’s, they axis is chosen to be the growth direction
contrast to@001#- and @111#-grown SL’s where it is thez
axis. In addition, in@111# SL’s the angle between thex andy
axes is 120°. The labeling of point-group irreps follows R
e

TABLE IV. The selection rules for direct transitions between a CD state and aG-band state in@111#-

grown SL’s~the space groupsC3v
1 andC3v

5 ) and QW’s~the space group DG69!. The notations are the sam
as in Table II. Coreps:G41G5 , ē1

(1)1ē1
(2) , andē(1)1ē(2). The angle between theU andV axes is 90°, with

the V axis being prependicular to the symmetry plane ofCs site group~there are three sites in this orbit!.

CD
site

Localized
state

Conduction~valence! band state

G4 @G3# G5 @G3# G6 @G1# G6 @G3#

C3v ē1
(1)@e(px ,py ;dx2y2,dxy ;dxz ,dyz)# @x,y#Z @x,y,z# X,Y X,Y@z#

ē1
(2)@e(px ,py ;dx2y2,dxy ;dxz ,dyz)# @x,y,z# @x,y#Z X,Y X,Y@z#

ē2@a1(s;pz ;dz2)# X,Y X,Y (x,y)Z X,Y(z)
ē2@e(px ,py ;dx22y2,dxy ;dxz ,dyz)# X,Y@z# X,Y@z# X,Y(z) X,Y,Z

CS ē(1)@a8(s;pu ;pz ;du2;dv2;dz2;duz)# U,Z@v# V@u,z# U,Z(v) U,V,Z
ē(1)@a9(pv ;dvz ;duv)# U,Z@v# V@u,z# V(u,z) U,V,Z
ē(2)@a8(s;pu ;pz ;du2;dv2;dz2;duz)# V@u,z# U,Z@v# U,Z(v) U,V,Z
ē(2)@a9(pv ;dvz ;duv)# V@u,z# U,Z@v# V(u,z) U,V,Z

CS(av) ē(1)@a8# X,Y,Z X,Y@z# X,Y,Z X,Y,Z
ē(1)@a9# X,Y,Z X,Y@z# X,Y(z) X,Y,Z
ē(2)@a8# X,Y@z# X,Y,Z X,Y,Z X,Y,Z
ē(2)@a9# X,Y@z# X,Y,Z X,Y(z) X,Y,Z
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TABLE V. The possible states of a CD, displayed along the first row and first column of each b
Kronecker products of states are given together with the allowed polarizations for optical transitio
parentheses, provided by each term of the products. Coreps:ē(1)1ē(2) and ē1

(1)1ē1
(2) .

CD site CD-state Kronecker products (da* 3db) and allowed polarizations

Neglecting spin-orbit interaction

D2d a1 b1 b2 e
a1 a1 b1 b2(z) e(x,y)
b1 b1 a1 a2 e(x,y)
b2 b2(z) a2 a1 e(x,y)
e e(x,y) e(x,y) e(x,y) a11a21b11b2(z)

C2v a1 a2 b1 b2

a1 a1(z) a2 b1(x) b2(y)
a2 a2 a1(z) b2(y) b1(x)
b1 b1(x) b2(y) a1(z) a2

b2 b2(y) b1(x) a2 a1(z)

C3v a1 e
a1 a1(z) e(x,y)
e2 e(x,y) a1(z)1a21e(x,y)

CS(sx) a8 a9
a8 a8(y,z) a9(x)
a9 a9(x) a8(y,z)

Taking into account spin-orbit interaction

D2d ē1 ē2

ē1 a11a21e(x,y) b11b2(z)1e(x,y)
ē2 b11b2(z)1e(x,y) a11a21e(x,y)

C2v ē
ē a1(z)1a21b1(x)1b2(y)

C3v ē1
(1) e1

(2) ē2

ē1
(1) a1(z) a2 e(x,y)

ē1
(2) a2 a1(z) e(x,y)
ē2 e(x,y) e(x,y) a1(z)1a21e(x,y)

CS(sx) ē(1) ē(2)

ē(1) a8(y,z) a9(x)
ē(2) a9(x) a8(y,z)
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8; the irreps of the space groups are labeled according to
9. Some of the irreps in Tables II–IV are complex con
gated. Two such irreps form a pair and correspond to
different states with the same energy. This degenerac
connected with the inversion of time, and can be lifted
applying a magnetic field, which does not reduce the po
symmetry of the system~that is a field parallel to the sym
metry axis!. The complex-conjugated irreps can be combin
in so-called corepresentations~coreps!. The corresponding
pairs of irreps forming coreps are given in the captions
Tables II–IV. On applying the magnetic field, the states
scribed by complex-conjugated irreps are split, wher
states described by doubly degenerate irreps are not.

A similar analysis can be performed for intra-CD tran
tions. @To our knowledge, there is only one paper10 devoted
to the study of intra-CD transitions in SL’s lik
(GaAs)m(AlAs) n . The behavior of the transition betwee
the 1s-2p donor states was investigated for rather lon
ef.
-
o
is

y
t

d

f
-
s

-

period GaAs/Ga12xAl xAs SL’s# Table V gives selection
rules for intra-CD transitions when neglecting and includi
the spin-orbit interaction. Upon including the spin-orbit i
teraction, there exists only one doubly degenerate irrepē of
the C2v site-symmetry group, and every transition becom
allowed in every polarization. In the case of theCs site sym-
metry, when spin-orbit coupling is taken into account, eve
state is also described by the same corepē(1)1ē(2), but splits
on applying a magnetic field along the growth directio
More complicated is the case of theC3v site symmetry.
When spin-orbit coupling is included, there are states that
described by the doubly degenerate irrepē2 as well as states
which can be described by the corepē1

(1)1ē1
(2) . Only the

latter splits on applying a magnetic field along the grow
direction. Note that for the CD’s withC3v site symmetry,
there are two kinds of doubly degenerateē2 states, originat-
ing from thea1 state and the doubly degeneratee state, re-
spectively.
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TABLE VI. Possible occupation numbers~per primitive cell! for substitutional CD’s in AlAs/GaAs/AlAs
quantum wells.

Atoms
substituted

Growth direction and diperiodic space group~DG!

@001# @110# @111#
DG 59

(P4̄m2)
DG 24

(Pmm2)
DG 32

(Pnm21)
DG 69

(P3m1)

Site
symmetry

m52k11 m52k m52k11 m52k

Ga D2d 1 - - - -
C2v m21 m 1 - -
C3v - - - - m
Cs - - m21 m -

As D2d - 1 - - -
C2v m m21 1 - -
C3v - - - - m
Cs - - m21 m -

Ga-As C3v - - - - m
Cs 4m 4m 2m 2m 3m
C1 - - 2m 2m -
en
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In addition to transitions involving band states at the c
ter of the Brillouin zone, those involving band states withk
Þ0 may be of importance. The momentum conservation
transitions involving CD-localized states does not imp
wave-vector conservation in these processes. Though a
we considered only transitions between localized states
G states, one can easily obtain the corresponding selec
rules for transitions involving band states withkÞ0 without
participation of phonons. As previously performed for theG
states, one should subduce the corresponding irrep on
site-symmetry group. However, in thekÞ0 case one should
specify not only the point group of the site but also t
position itself.1 For a SL with aD2d

5 space group taken as a
example, the transition betweenM2 anda1 is allowed in the
z polarization for the CD substituting an atom at the 1a site,
whereas for the 1c site thez-allowed transition is between
M3 anda1 .

IV. QUANTUM WELLS

QW’s may be treated as a particular case of a SL wit
barrier thickness going to infinity or, at least, becoming la
enough to prevent tunneling of carriers between wells. T
minimal thickness of a barrier to achieve such a situation
of the order of a few tens of monolayers. For holes, the w
material is GaAs in any case, whereas, for electrons, i
either GaAs or AlAs depending on whether the heterostr
ture is type I or type II.11 Here we assume that the we
material is GaAs. An identical picture would be obtain
with AlAs just by replacingm by n.

When transforming from a (GaAs)m(AlAs) n SL to a
single QW, the point-group symmetry remains the sam
whereas the space group changes from a three-dimens
~3D! triperiodic one to a 3D diperiodic group~DG! or layer
group12 since the translational invariance along thez axis is
lost. ~Notice that for QW’s the growth direction is alway
along thez axis!. We present three-dimensional diperiod
-

n

ve
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he

a
e
e
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-

,
nal

groups for single QW’s in Table VI. The diperiodic spac
group of a QW does not depend on the manner in which
barrier goes to infinity, though the intermediate structu
could have different symmetries depending on the widths
the barrier~even or odd values ofn!. Indeed, Table VI shows
that the diperiodic space group of the QW depends only
the parity ofm for the @110# growth direction, and only on
growth direction for the@001# and @111# growth directions.

Considering CD’s of the same nature as those we stud
above in SL’s, from Table I we deduce the possible occu
tion numbers for substitutional CD’s in AlAs/GaAs/AlA
QW’s ~Table VI!. As in SL’s, most of the atoms of the lattic
occupy sites withC2v , Cs , and C3v symmetry for @001#,
@110#, and@111# growth directions, respectively. In all QW’
grown along the@001# and @110# directions, except those
with the DG 32 (Pnm21) space group, there is~are! one
~or two! atom~s! with a higher site symmetry (D2d andC2v,
respectively!. These atoms are those located at the cente
the QW’s. The possible site symmetries for CD’s within t
wells therefore are the same as in SL’s, which allows one
conclude that the intra-CD optical selection rules remain
same~Table V!.

Below, in the same manner as for SL’s, for all QW’s w
give the sets of Wyckoff positions together with their sym
metries as well as types of CD which can occupy these
sitions ~all notations are as given above!. The diperiodic
groups and their Wyckoff position labeling follow the not
tions of Wood12:

DG 59 (P4̄m2): D2d—1a(s), 1b( i ); C2v—2e(s,i ),
2 f (s,i ), 2g(s,i ); C2—4h( i ); Cs—4 j

=
( i ), 4k= ( i );

C1—8lT ( i ).
DG 32 (Pnm21): Cs—2a= (s,i ); C1—4bT ( i ).
DG 24 (Pmm2): C2v—1a(s,i ), 1b(s,i ); Cs—2e= (s,i ),

2 f= (s,i ), 2g
=

( i ); C1—4iT ( i ).
DG 69 (P3m1): C3v—1a(s,i ), 1b(s,i ), 1c(s,i );

Cs—3d= ( i ); C1—6eT ( i ).
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The band-state symmetries of a QW can be deduced f
the band-state symmetries of a SL keeping, in the triperio
3D group of the SL, the Wyckoff positions of the corr
sponding diperiodic group of the QW. Thek points to be
taken from the corresponding 2D Brillouin zone~BZ! are the
kz50 cross section of the 3D BZ. When the barrier thickne
in SL’s goes to infinity, thek states of SL’s transform into
states of QW’s with the same in-plane wave vector. T
states of QW’s with an in-plane wave vector equal to zero~G
states! can thus be considered as the limit ofG states in SL’s.
Since for any growth direction the QW point group coincid
with the point group of the corresponding SL, the transitio
between a bound state and a confinedG state within the QW
obey the same selection rules that transitions betwee
bound state and aG state do in SL’s~Tables II–IV!.

V. DISCUSSION

There are only a few papers devoted to experimental
theoretical studies of the impurity and defect states4,10 in
SL’s. In these papers, the CD states in SL’s are treated
suming that the site symmetry of substitutional impurities
the same as in parent tetrahedral materials, i.e., theTd sym-
metry. Even more, in Ref. 4, where variational calculatio
were made for lowest donor states with a variety of SL
rameters, the SL symmetry was not analyzed, the prob
being solved within a continuous model. Such a state of
in the theory may lead to misinterpretations of experimen
data.

Our approach for identification of CD’s is based on th
possible site symmetries in SL’s and QW’s~Tables I and VI
and Secs. II and IV! and on the interpretation of the polarize
optical spectra using the derived selection rules~Tables II–
V!. In addition, assuming that the types of CD’s in hete
structures are in close correspondence with those in pa
materials, we can use the results of investigations about d
ants in the bulk materials~GaAs or III-V in general! as well
as features of the growth technique. The main kind of sim
CD in GaAs is antisite substitution of As with Ga in the ca
of the Ga-rich growth.13 In the case of As-rich growth, which
is usual for epitaxial-growth methods, the main kinds are
vacancy of Ga (VGa) and the AsGa antisite substitutions. Va
cancies are mobile. They can thus migrate in the mate
and be trapped by an antisite impurity to form complex
(VGa,GaAs) and (VAs ,AsGa). Though the energies of the la
ter complexes may be different, they are similar from t
symmetry point of view when located at the same Ga and
atom positions. Presumably, such complexes act as non
ative recombination centers in III-V materials.14 Finally it
has to be stressed that a specific feature may occur eve
undoped GaAs/AlAs heterostructures: in addition to the
cancies and antisite substitutions taking place in pure II
crystals, isovalent substitutions become possible when a
atom is replaced by an Al atom, or vice versa.

Finally, one can obtain additional information about op
cal transitions between extended and localized states in
and QW’s by considering the splitting of CD states wh
lowering the symmetry fromTd in GaAs. Let us take as a
example the anion-antisite defect (GaAs). In GaAs this gives
rise to a deep state witha1 symmetry, and above it to a sta
with t2 symmetry~see, e.g., Ref. 4!. In SL’s and QW’s, the
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FIG. 3. Symmetry correspondence between the CD state

bulk GaAs~AlAs!, and those localized at different sites in GaA
AlAs SL’s and QW’s grown along different directions~a! neglect-
ing spin-orbit interaction, and~b! with spin-orbit interaction in-
cluded.
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s-derived a1 state corresponds to thea1 state, whereast2
splits. Such a splitting takes place for any site. Figure 3~a!
presents such transformations of states. The spin-orbit c
pling additionally splits, and mixes various states@Fig. 3~b!#.
The transformation of theG states, which are drawn in bold
lines, is also shown.

Based on the procedure mentioned above, we can disc
as an example, the experimental results given in Ref. 4.
authors observed,4 in the ~GaAs!5~AlAs!5 @001#-grown SL, a
Ga-centered point-defect state witha1 symmetry instead of
the t2 one they were expecting, since they assumed aTd site
symmetry for any substitutional impurity. Therefore, the
assigned an interstitial character to the CD (Gai rather than
GaAs). However, as one can see from Table I, in@001#-
grown SL’s there are two types of As sites~of D2d andC2v
symmetries!. The former is absent in SL’s with odd values o
m and n, and thet2 state splits intoa11b11b2 . Thus the
observed CD may be not an interstitial defect but aC2v
antisite one.

VI. CONCLUSION

The main results of the present paper can be formulate
follows.

~1! For ~GaAs!m(AlAs) n SL’s grown along the@001#,
@110#, and @111# directions, we have determined the si
symmetries for various types of CD’s: substitutional impu
ties, vacancies, interstitial impurities, and molecular CD’s
has been established that the distribution of the CD’s o
the Wyckoff positions depends not only on the growth dire
tion but also on the number of monolayers constituting
SL unit cell. Moreover, each type of atom of the SL can
found at atomic positions with two different site symmetri
in most of the@001#- and @110#-grown SL’s.

~2! For CD’s located at different sites in the SL’s, w
derived the selection rules for optical transitions betwe
y

u-

ss,
e

as

t
r

-
e

n

states of a CD and between CD states andG-band states, the
spin-orbit interaction being taken into account. It has bee
shown how including this interaction modifies the localize
states and optical transitions. An optical transition involvin
a CD can be allowed either completely or in certain pola
izations, due to the appropriate symmetries of involve
states, and/or due to spin-orbit interaction. When the tran
tion is allowed only from the spin-orbit interaction, its oscil-
lator strength is weaker. It is worth noting that the intensit
of a line in the optical spectra also depends on the atom
arrangement over the Wyckoff positions. The larger the o
cupation number of a position in the primitive cell, the
higher the intensity of a transition involving band~or local-
ized! states induced by the atoms in this position.

~3! In general, we also showed a possibility of obtaining
information about the sites of dopants in the lattice whe
analyzing the polarized optical spectra. Taking into accou
the energy and intensity of lines in the spectra, one can o
tain information on the type of CD’s which occupies the site

~4! We presented the three-dimensional diperiodic spa
groups of QW’s, and showed that QW’s offer no differenc
from SL’s either for possible site symmetries of variou
types of CD’s or for optical selection rules involving them.

Summing up, the exact symmetries of various types o
CD’s in GaAs/AlAs QW’S and SL’s were presented, along
with selection rules for optical transitions involving them
The results we obtained are also valid for any pseudomo
phic SL or QW made up of two binary compounds with the
zinc-blende structures and identical anions or cations, su
as in the GaN/AlN system.
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