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A systematic study of the electronic structure at In-5-doping layers embedded into GaAs or into
the well region of A1As/GaAs quantum wells is presented. The electronic structure is calculated
within the framework of a tight-binding scheme using surface Green-function techniques. We de-
scribe the Koster-Slater approach to 5 doping and discuss the behavior of deep levels induced near
the conduction-band edge for single and double 6 doping of GaAs with In. It is shown that the
trends in level position are connected with the quasi-one-dimensional nature of the Green function
near the conduction-band edge. In the case in which the 5-doping layer is arranged inside the GaAs
well region of an A1As/GaAs quantum well, it is shown that the level positions are sensitive to the
distance between the 6-doping layer and the interfaces but show no dependence on the changed lo-
cal electronic structure in GaAs.

I. INTRODUCTION

An interesting development in modern growth technol-
ogy is the possibility to embed single layers of impurity
atoms (called 5-doping layers) inside a host material.
Such systems have been reported for 5 doping with shal-
low impurities as well as for 6 doping by isoelectronic
substitution. ' In this paper we are concerned with
isoelectronic 5 doping.

Photoluminescence spectra of 5 doping of GaAs with
In have shown intense sharp lines redshifted with respect
to the GaAs bulk spectrum. ' The position of peaks
has been altered by changing the coverage and thickness
of the 6-doping planes as well as by introducing a second
6-doping layer some distance from the first.

Isoelectronic 6 doping and the analysis of the corre-
sponding photoluminescence spectra are interesting in
several respects. In isoelectronic substitution both types
of atoms have similar chemical properties but differ in
general by their covalent radii and atomic level positions.
Therefore no extra free carriers and strong long-ranged
Coulomb fields are introduced and the impurity potential
is localized. The different covalent radii. and hence the
differing lattice constants of the host structure and the
corresponding crystal formed by the impurity atoms lead
to large internal strain fields. The difference of bulk lat-
tice constants between GaAs and In As amounts to
7.16%. In the heteroepitaxy of those structures the simi-
lar chemical properties make a variation of the coverage
of the 5-doping plane with impurities in the whole range
from 0 to 1 possible but the large internal strain fields al-
low for critical thicknesses of isomorphic growth of only
a few monolayers.

The electronic structure of 5-doped GaAs and the for-
mation of impurity levels well separated from the GaAs
band edges have mostly been interpreted viewing 6 dop-
ing as the limiting case of ultrathin quantum wells. Even
a simple effective-mass, square-well model described the
experimental results for single monolayer 6 doping fairly

well. ' Recent pseudopotential calculations of the ener-
gy gap in double 5-doped GaAs corrected those results
only slightly and achieved a good fit to experimental re-
sults. But, on the other hand, 6 doping mediates between
single impurities and quantum wells. Within the impuri-
ty picture 5 doping is the limit of large planar impurity
clusters. A single In impurity in GaAs does not induce a
deep level. It is therefore interesting to study the elec-
tronic structure of various 6-doping arrangements in
more detail.

The object of this paper is the electronic structure near
the conduction-band edge for different arrangements of
In 6-doping planes in GaAs. Beside 5 doping of pure
GaAs we discuss the case where the 6-doping plane is
embedded in the well region of an AlAs-GaAs-A1As
quantum well in different distances to the heterointer-
faces. The theoretical method is based on a tight-binding
approximation. It is known to give correct semiquantita-
tive trends in the electronic structure of impurities as well
as for superlattices, heterostructures, and quantum wells.

The paper is organized as follows. In Sec. II we de-
scribe the theoretical model and the Koster-Slater ap-
proach to 6 doping. The last part of Sec. II explains the
calculation procedure in more detail. The results are col-
lected in Sec. III.

II. THEORY

A. The model

In our study of 6 doping of GaAs with In we consider
different arrangements of 6-doping layers inside a host
material. This may be pure GaAs, as used in recent ex-
periments, but we consider also A1As-GaAs-AlAs single
quantum wells. The double 6-doping arrangement of two
impurity monolayers separated by n monolayers of G-aAs
is considered in pure GaAs only. All structures are as-
sumed to be grown along the [001]direction.

The local atomic arrangement in 6-doped structures
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deviates generally from that of a simple substitution of
host atoms by impurities. Most important is the biaxial
deformation of the 5-doping layers due to different lattice
constants of the 5-doping material and the host. The bi-
axial strain field can be divided into a hydrostatic contri-
bution changing the atomic volume and a tetragonal dis-
tortion connected in general with a symmetry reduction
in comparison to the relaxed pure crystal. Because the
conduction-band edge in InAs is formed by a nondegen-
erate highly dispersive band around the I point it is
affected mainly by the hydrostatic component. In con-
trast, at the valence-band edge both components have to
be considered. In this paper we confine ourselves to an
energy region near the conduction-band edge and may
therefore neglect the tetragonal distortion. The hydro-
static shift of the conduction-band edge is included in the
parametrization of the InAs band structure. Other devia-
tions as caused by nonideal pseudosmooth interfaces or
noninteger coverages may be important for explaining de-
tails of the photoluminescence spectrum. Neglecting the
actual atomic arrangement and fluctuations of step sizes,
impurity concentration, cluster sizes, etc., we approxi-
mate a noninteger coverage and a small interdiffusion of
impurity atoms by averaged impurity concentrations in-
side every 5-doping layer. In consequence, within this
model the averaged atomic arrangement perpendicular to
the growth direction remains periodic.

The electronic structure is calculated using a tight-
binding model with interaction range restricted to
second-nearest neighbors. The basis of the parametriza-
tion of the Hamilton matrix for the three structures
GaAs, InAs, and A1As has been taken from Ref. 9. To
parametrize heterostructures and impure systems it is im-

portant to define a relationship between the pure crystal
parameters and those inside the composed structure. The
concept of band offsets to relate the bands of heterojunc-
tion components on an absolute energy scale can be ap-
plied to the GaAs-A1As interface and thicker 5-doping
layers but it is not to be used straightforwardly for layers
only a few monolayers thick. Here, a transition to the
impurity picture, where atomic level differences are the
basis in defining matrix elements of the impurity poten-
tial, is expected. With regard to the semiquantitative
character of our description and the uncertainties in the
value of the band offsets and the impurity potential ma-
trix elements, we use, in accordance with the literature, '

the conduction-band offset of strained InAs to place the
InAs band structure in relation to GaAs. The actual
value has been set to AE, =0.79 eV. The resulting pa-
rameters and the eigenvalues of the lowest conduction
band at the points I, X, and I. are given in Table I. As
usual, the energy zero is set to the valence-band top of
GaAs.

B. Density of states

To calculate the spectrum of nonperiodic structures,
we use the Green-function formalism. The central quan-
tities to describe the spectral properties are projected
densities of states that contain information about the en-
ergy as well as about the spatial distribution of
states. " ' The projected density of states (PDOS) is

TABLE I. Parametrization of GaAs, AlAs, and InAs band
structure and the eigenvalues of the lowest conduction band at
points I, X, and L. All values in eV.

AlAs InAs

E„(000)
E„(000),
E (000)o
E..(000),

—8.182
—3.808

0.191
3.165

—8.182
—2.808

0.191
2.600

—8.182
—2.800

0.191
3.800

(1 1 1)

4E (111)

—6.577

4.040

4.259

1.309

4.877

—6.900

4.700

3.200

2.000

4.877

—6.175

4.000

4.100

1.100

4.459

4Exx (011)o
4E„„(011)i
4E (110)
4E y ( 1 10)
4E„.(110),
4E„.(110),
4E,„(100)o
4E, (110),
4E„(110)o
4E„(110))

4E, (011)o
4E,„(011)i

—0.202
—0.877

0.317
0.376
0.212
0.924
0.0
0.0
0.059
0.257
1.203

—0.058

—0.202
—0.877

0.317
0.376
0.212
0.924
0.0
0.0
0.059
0.257
1.203
0.0

—0.202
—1.035

0.317
0.67
0.212
0.952
0.0
0.0
0.059

—0.284
1.203
0.497

r
X
L

1.51
2.03
1.81

2.50
1.71
1.96

0.72
2.37
1.53

directly related to diagonal matrix elements of the
Green-function matrix.

Within the tight-binding formalism we start with ele-
ments of the Hamilton matrix related to a localized basis
~Ia) of orbitals a centered at an atom at position RI.
This basis is used to describe the electronic spectrum in
nonperiodic structures as, e.g. , that near a single impuri-
ty. In structures showing a two-dimensional periodicity a
mixed representation ~Kia) is more suited. Owing to
this periodicity two-dimensional Bloch waves with the
wave vector K are introduced. Along the growth direc-
tion the local description labeled by the layer index i is
retained.

Defining the one-particle Green function G(z) depend-
ing on the complex energy argument z as the resolvent of
the Hamilton matrix H,

zI —H

the density of states in the mixed representation n; (K,E)
is given by

n; (K,E)=——ImG, , (K,E+io) .
1

7T

In our study we consider the projection on the first 5-
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doping plane, labeled by i =0. Because of the periodicity
perpendicular to the growth direction, all quantities of in-
terest are diagonal in the wave vector K. Within the
mixed representation this property makes the system
equivalent to a set of effective one-dimensional chains.
Therefore, the (K, i)-resolved DOS displays square-root
divergencies at the band edges typical for one-
dimensional bands. This should be contrasted to the case
of three-dimensional periodicity, where the introduction
of the three-dimensional wave vector k reduces the prob-
lem of electronic structure calculations to that of a set of
effective atomic clusters. To eliminate divergencies in the
DOS a small imaginary part is added to the energy argu-
ment of the Green function.

In the case of bulk crystals the (K,i)-resolved DOS
(often called projected bulk band structure) can be related
to the bulk band structure. The K dependence is ob-
tained by remapping the three-dimensional Brillouin zone
(BZ) to a prismatic shape with the two-dimensional (2D)
BZ as its basis and a z component varying from ~/d to-
vrld, where d is the bulk interplane distance. The mixed
representation is related to the Bloch basis formed with k
vectors lying within this remapped 30 BZ by retaining
the real-space description along the growth direction z in-
stead of using the wave-vector component k, .

C. Koster-Slater approach to 6 doping

We already stressed that the inclusion of a single
monolayer impurity plane into a host material can be
viewed as the limit of an ultrathin quantum well or the
limit of infinitely large plane impurity clusters. Whereas
the first approach is commonly used it is interesting to
consider the latter equivalent point of view as we11 even if
our calculation procedure does not follow this approach
in detail.

First, we shortly repeat the case of a single deep impur-
ity. Here, the main contributions to the impurity poten-
tial come from a small spatial region around the impurity
atom. As a first approximation to the In impurity in
GaAs we assume that only one on-site matrix element of
the impurity potential Uo, o, is different from zero inter-
preted at the difference in atomic level position of the im-
purity and the host atom. Applying Green-function per-
turbation theory and employing the tetragonal symmetry
at the defect site the projection of the Green function G
on the impurity site I =0 is given by

—osOs G(Q) ( )
—) U

G (z)=
—OsOs —Os Os

where the subscript 0 denotes the Green function of the
unperturbed lattice. Below the conduction-band edge
Go, o, is real and Eq. (3) simply states that the defect level
is given by the intersection of Uo, o, with the real part of
the unperturbed Green function. It should be noted that
the real part is connected with the spectral properties by
a Herrnitian transformation

+ „no,(E)
ReGD, O, (z)= I ' dE, -

00

where no, (E) is the local density of states projected on
the s orbital on the impurity site. Therefore, defect levels
refIect the density of states only indirectly. Generally,
the real part of the matrix elements is negative below the
conduction-band edge and starting from a certain nega-
tive value it reverses sign at some energy point in the
band gap. Therefore, small enough impurity potentials
do not lead to an impurity level inside the band gap in
this approximation.

In the case of a 5-doping layer embedded in a host ma-
terial the relevant impurity matrix elements are those in
the mixed representation. Using the approximation made
above only the matrix element of the impurity potential
Uo, o, (K) is different from zero and in this special case it
does not depend on K. Due to the reduced symmetry,
states with s and z orbital character mix and the analo-
gous equations for the 6-doping case have matrix charac-
ter. If we neglect this mixing near the I point we have

I
G,"„',(K,z) -' —U„„G() o (K z):

no, (K,E)
ReGo, o, (K,z)= I dE .

z —E
The level position now becomes K dependent, indicat-

ing the formation of impurity bands. In the case of a
separated one-dimensional band the real part of
Go,o, (K,z) shows a square-root divergency at the band
edge. Hence, impurity levels are formed for every value
of the impurity potential. This statement is related to the
fact that a square well contains at least one level. The sit-
uation is changed if the multiband character becomes im-
portant and different one-dimensional bands overlap.

In general, the single impurity detects global properties
of the band structure of the host material whereas levels
introduced by 6 doping contain information about the
surface band structure.

D. Evaluation of the Green function

In this section we describe the method used to calcu-
late the Green-function matrix elements. It is based on
the technique developed in Ref. 13 for the case of pho-
nons in superlattices. More details on the application of
Green functions to surfaces, interfaces, quantum we11s,
and superlattices may be found in Refs. 11 and 12. The
formalism uses the diagonal form of all important quanti-
ties in the wave vector K that reduces the problem to
that of an effective one-dimensional chain for every K.
The calculation proceeds in two steps. First, every such
effective chain is divided into parts containing only one
material. The host is characterized by two semi-infinite
parts. Finite chains describing, e.g. , the 6-doping layers
or the GaAs well region are connected to these semi-
infinite chains. The central quantities of our approach
are Green-function matrix elements referring to the sur-
face regions of these chains. They are calculated for the
semi-infinite and every particular finite chain using a re-
currence procedure. In the second step the individual
chains are connected to one another until the required
structure is obtained. To be explicit we describe the pro-
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cedure for the case of GaAs with one 5-doping slab.
It is important to note that due to the restricted range

of interaction between adjacent layers a so-called princi-
pal layer" can be defined. It is constructed by dividing
the structure in small slabs of layers in such a way that
every principal layer interacts only with its nearest neigh-
bors. In the case of a tight-binding model with interac-
tions up to second-nearest neighbors and the (100)
growth direction the principal layer consists of the se-
quence anion-cation-layer, i.e., it contains two mono-
layers.

The recurrence procedure used to calculate the indivi-
dual chains is closely related to that in Ref. 13. The anal-
ogy between the Green function for phonons [see Eq. (8)
in Ref. 13 and for electrons Eq. (1)] makes a direct appli-
cation of the technique described in Ref. 13 possible. In
all formulas the terms Mao have to be replaced by the en-

ergy argument z1 and the force-constant matrix F by the
corresponding matrix elements of the Hamiltonian. Note
that, contrary to the Born model in Ref. 13, the tight-
binding scheme used here considers interactions up to the
second-nearest neighbors. Considering a chain of n prin-
cipal layers, the projection of the Green function I ~, ) to
the surface subspace built up by a left (l) and a right (r)
principal layer is a matrix of the range four times the
number of orbitals per site, conveniently written as

I.«
prl err

We start with a chain of two principal layers and cal-
culate the Green function I ~2) by direct application of
Eq. (1). The surface projection of the Green function
I ~2, ) of a chain of doubled thickness can be calculated by
Green-function perturbation theory closely following
Eqs. (19)—(22) in Ref. 13. In this way finite chains are
calculated. If the length of the finite chain is increased
until no interaction between the surfaces exists it is taken
as semi-infinite. The surface projection of the Green
function I is diagonal,

Ill O

O Irr

In the second step a finite part is added to a semi-
infinite chain. Explicitly we describe the connection of a
6-doping layer to the semi-infinite host chain. The sur-
face Green-function matrix of the chain characterizing
the 6-doping material of thickness n is denoted by I („)&.
Application of a Dyson equation yields for the matrix ele-
ments of the Green function projected on the top surface
of the 5-doping slab I ("" +&),

Z
rr err+ prig(6, oo ) y(oo, 5)I lr—(~+~( —~ —s— (I rr

)
—( y( oo, s)l /I y(s, ~ )— (9)

where V' ' ' stands for the interaction matrix between
the 5-doping layer and the semi-infinite chain. The last
step adds the second semi-infinite chain of the host ma-
terial. The projection of the Green function on the
"right" surface of the 6-doping slab inside the host ma-
terial Goo is given by

two main symmetry lines 6 and X in the 2D BZ. We
display the projection on the s and z orbitals at the 6-
doping layer. The one-dimensional character of bands
with the singularities at the band edges is clearly visible.
It should be noted that the point I represents essentially

(I rr
)
—1 V(s, ~)l ll y(m, s)Goo=

($+ oo ) oo—
(10)

III. RESULTS

In a similar way more complex arrangements may be
constructed applying Eq. (9) repeatedly. Although look-
ing at first complicated, the numerical a6'ord is relatively
small and can be handled on a personal computer easily.

(a)
C:

L

O

0

0
Vl
Or

I

(b)

A. 5 doping of GaAs

This subsection is devoted to the discussion of the elec-
tronic structure of 6-doping layers embedded in pure
GaAs. In Fig. 1 we show the (K, i)-resolved DOS pro-
jected on a Ga(001) layer in pure GaAs for energies near
the conduction-band edge. The K vectors run along the

I
'

I
' I ' I ' I

1. 5 1. 7 1.9 2. 1 2. 3
Ener gg (eV)

X
I

' I ' I

1. 5 1. 7 1. 9
I '

I

2. 1 2. 3
Ener gg (eV)

FIG. 1. (K, i)-resolved DOS at a Ga(001) layer in GaAs for
K vectors along the X and 6 line. Shown are the contributions
of the (s +z) orbitals (a). Real part of the Green-function ma-
trix element Go,o, for the same K vectors (b).
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an integration of the bulk band structure along the 6-
(001) line. The band edge at point X is formed by states
near L of the bulk band structure and the M point
comprises the X ( 100 ) and (010) points. As expected,
the conduction band starts with a well-separated band of
(s) character centered near the I point. This band has
low spectral weight due to the small effective mass except
at the band edge. To get an insight into the development
of defect states we show in Fig. 1(b) the real part of the
Green-function matrix element Gp, p, (K,E) that deter-
mines, at least near I, the defect level position for 6 dop-
ing. Again, the functional form of the real part is related
to that of a one-dimensional band with the typical
square-root divergency at the edge. In Fig. 2 we show
the (K, i)-resolved DOS projected on the In 5-doping lay-
er embedded in pure GaAs. In addition to the s, z com-
ponent the (x,y) contributions are displayed in Fig. 2(b).
The formation of In-related defect levels below the band
edges is well illustrated. As expected from the behavior
of In impurities in bulk GaAs a comparison with Fig. 1(b)
reveals that the defect potential is not very deep and the
defect position is pinned by the singular form of the real
part of the matrix element Gp p (K E). Therefore, for K
vectors near I the impurity level follows the dispersion of
the GaAs bands. Figure 2(b) shows that In-related defect
states have (s) character. Near the band edge no states of
(x,y) symmetry are found. This is in correspondence
with the observed polarization of the luminescence
peaks. '

The one-dimensional character of the well-separated
band forming the band edge of GaAs near I makes it
poossible to describe the system by a simple e6'ective-mass
model. This is the reason why the model of a square well
used in simple interpretations of the experimental results
works so well for this particular system.

The calculated dependence of the In-related defect
state on the thickness of the In 5-doping slab at I is
shown in Fig. 3. Noninteger coverages are modeled by
an averaged concentration of impurity atoms. The para-
bolic dependence on the thickness for thin layers, found

Qr

~ 1. . 't
U'

Qr

C
LLJ

1. 3

I

0. 5
I

'
I

'
I

'
I

1. . 0 1. . 5 2. 0 2. 5
t hy ck ness (rnonol ager )

FIG. 3. Energy of the In-related defect level near the
conduction-band edge at I dependent on the thickness of the
5-doping layer.

also experimentally, ' is-related to the inverse square-root
behavior of the real part of the Green function near the
band edge.

In the last part of this subsection we consider double 5
doping by two monolayers of In separated by n layers of
GaAs. The corresponding DOS at I projected on one In
layer are shown in Fig. 4 for n = 1, 2, 4, 8, 16, 32, and 64.
Contrary to a single 5-doping layer, the defect positions
contain information about the matrix elements
G, ,(K,z) of the Green function between diff'erent layers
i and j. If both 5-doping layers are well separated, two
degenerate levels are formed below the band edge. If the
number of intermediate GaAs layers decreases, the hy-
bridization between the wells splits the two levels into a
bonding and an antibonding state. The splitting increases

(a)
(e)

U)
C3

(d)

O
(b

0
N
(1)

I

(b)
i

(a) I

I I I
I

I I l i

I
' I ' I ' I ' I

1.5 L. 7 I. . 9 2. 1 2. 3
Ener gg (eU)

I. . 5 l. 7 1.9 2. l 2. 3

Ener gg (eV)

FIG. 2. (K, i)-resolved DOS at the In 5-doping plane embed-
ded in GaAs for K vectors along the X and 6 line. Shown are
the contributions of (a) the (s +z), and (b) the (x +y) orbitals.

oner qg (eV)

FIG. 4. Double 5 doping of GaAs with In. Dependence of
the (K, i)-resolved DOS on the number of GaAs layers n be-
tween the two 5 monolayers. The number n is set to (a) 1, (b) 2,
(c) 4, (d) 8, (e) 16, (P 32, and (g) 64.
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until the antibonding levels decay into the continuum of
GaAs states and only a single level remains inside the
band gap.

The calculated decrease of impurity levels with the
thickness of the 6-doping slab and with decreasing dis-
tance between the two 6-doping layer in double 6 doping
cannot be directly related to energy differences of photo-
luminescence peaks. In this case, the electronic structure
near the valence-band top has to be considered as well.
Similarly, with increasing thickness of the 5-doping slab
an increase of In-related defect states near the valence-
band top is expected' making the redshift smaller than
concluded from Figs. 3 and 4. In addition, the thickness
dependence of exciton binding energies becomes impor-
tant. ' However, due to the only approximate descrip-
tion of the conduction bands within the tight-binding
scheme the calculated energy differences are expected to
be too large but show the correct qualitative trend. Here,
recent pseudopotential calculations achieved a good fit to
the experimental results.

B. 5 doping of AlAs/GaAs quantum wells

In this subsection we study 6 doping of GaAs embed-
ded in a single AlAs-GaAs-A1As quantum well. The 5-
doping In layer is now included in a nonperiodic system
and, therefore, level positions will depend on the position
of the 6-doping layer relative to the interfaces of the
quantum well. We study the possibility to use the 6-
doping layer as a local probe to the changed electronic
structure of the GaAs inside the quantum well. The dis-
tance to the A1As barrier gives another parameter to tune
the energy of the photoluminescence peak.

Figures 5(b) —5(g) give a characteristic dependence of
the DOS at I projected on the 6-doping layer in a
A1As/GaAs (68 monolayer)/A1As quantum well in
dependence on the position of the 6-doping layer relative
to the interfaces. Figure 5(b) shows the DOS for the un-

doped quantum well. The formation of subbands below
the A1As conduction-band edge visible as (broadened) 5
peaks in the (K, i)-resolved DOS is clearly seen. Below,
in Fig. 5(a) the real part of the Green-function matrix ele-
ment Go, o, (K,z) is shown for a Ga layer placed inside
pure GaAs (solid line) in comparison to that at the Ga
layer in the middle of the quantum well (dashed line).
For energies above the conduction-band edge of pure
GaAs both are different but they nearly coincide below
this energy. This illustrates that inside the quantum well
the DOS is redistributed if compared to the bulk elec-
tronic structure but the balance of states determining the
real part of the diagonal element of the Green function
near the band edge remains nearly unchanged. There-
fore, if the 5-doping layers are placed a sufhcient distance
from the interface to prevent interaction with AlAs states
the position of the defect level is nearly the same as in
pure GaAs and does not show any dependence on the
subband structure. This is shown in Figs. 5(f) and 5(g).

In this case, if the 6-doping layer comes closer to the
barrier an additional confinement increases the level posi-

m i

(b)

a k
N/

I I I I
i

I I I I
I

I I I

1.5 1.6
Enet gg (eU)

FIG. 5. Single 6 doping of GaAs inside an A1As/GaAs quan-
tum well. Real part of the diagonal element of the Green func-
tion Go,o, at I" at a Ga layer in bulk GaAs (solid line) and at the
Ga layer in the middle of an AlAs/GaAs (68 monolayer)/A1As
quantum well (dashed line) (a). (K, i)-resolved DOS at I pro-
jected on the (s +z) orbitals of the Ga layer in the middle of a
A1As/GaAs (68 monolayer)/AlAs quantum well (b). (K, i)-
resolved DOS at I projected on the (s +z) orbitals of the In 6-
doping layer embedded in the quantum well dependent on the
distance i to the GaAs/A1As interface for (c) i = 1, (d) 2, (e) 4, (P
8, and (g) 34 monolayers.

tions. Figures 5(c)—5(fl show how the defect levels form
below the first GaAs subband and collect for increasing
distance from the barrier most of the spectral weight.
The calculated dependence of the lowest peak on the dis-
tance is shown in Fig. 6 by crosses. The local character
of the wave function related to the state confined inside
the In 6-doping layer is rejected in the strong decay of

1.5
U'

+
C +

LJ +

1.9
I I I I I I I I I

I
I I I 5 I I 5 I 1

I
I I I I I I I I I

I
I I I I I I I I I

10 20 30
uel l t h1(—L ness ( rnonol ager )

FIG. 6. Energy of the In related defect level near the
conduction-band edge at I for 5 doping of the GaAs in the well

region of a A1As/GaAs quantum well dependent on the dis-
tance i to the interface. The crosses give results for a well thick-
ness of 68 monolayer and the diamonds for a well thickness of
21.
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the level position to the value found for 5 doping in pure
GaAs. This dependence on the distance is universal in
the sense that it does not depend on the thickness of the
well region for thicker quantum wells. On the other
hand, it depends on the barrier potential and should be
sensitive to the interface structure. It may be interesting
to study this dependence in more detail.

If the quantum well is thin, the 5-doping layer interacts
with both interfaces and the blueshift of the impurity lev-
el becomes larger. This is illustrated for 5-doping layers
placed in the middle of a quantum well of thickness 2i
where i is the distance to the interface. The resulting lev-
el positions are shown by diamonds. In pure AlAs the
confinement becomes so strong that the In peak position,
mostly determined by s-like states from the bulk I point,
lies above the conduction-band edge formed by states re-
lated to the bulk X point. Hence, no photoluminescence
signal will be found in In 5-doped AlAs.

IV. CONCLUSIONS

We studied the electronic structure at In 6-doping lay-
ers embedded in pure GaAs and inside the well region of
a A1As/GaAs single quantum well. The calculations are
based on a tight-binding model combined with an
efFective scheme to obtain the density of states in the
mixed representation.

We have shown that the well-separated, nearly para-
bolic and nondegenerate band forming the conduction-
band edge of GaAs is related to a one-dimensional behav-

ior of the (K, i)-resolved DOS near I with typical
square-root divergencies of the real and imaginary part of
diagonal matrix elements of the Green function. This
quasi-one-dimensional behavior is responsible for the fact
that an eA'ective-mass description gives reasonable results
even for ultrathin 6-doping layers. In contrast to the
bulk case, where In does not induce a deep level in GaAs,
the 1evel positions are deeper in the 6-doping case due to
the divergency of the real part of the Green function.

If the 6-doping layer is included in the GaAs well re-
gion of a A1As/GaAs quantum well we found that the
impurity level positions are not sensitive to the changed
local electronic structure inside the GaAs well. Here, the
additional confinement by the AlAs barriers induces an
increase of levels related to 5 doping if the 6-doping layer
is placed near the interface. The actual level position de-
pends on the distances to the interfaces and is expected to
respond to the nature of the interface but not on details
of the local electronic structure inside the well.

For a more detailed comparison with photolumines-
cence spectra the study has to be extended to the energy
region near the valence-band top. This requires a more
sophisticated description of the strain field and the in-
clusion of the spin-orbit interaction. Although this
represents no serious problem the results will be sensitive
to the actual models of the strain distribution, the band
offsets, and impurity potentials that are connected with
large uncertainties. A more quantitative analysis would,
therefore, require more sophisticated calculation
schemes.
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