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A theory of sp -bonded substitutional deep impurity levels in periodic N, X N&

GaAs/Al„Ga~, As superlattices predicts that as the thickness t(GaAs) of each GaAs layer is re-
0

duced below a critical value ( 17 A or N, 6 for x =0.7) common shallow donor impurities such
as Si cease donating electrons to the conduction band and instead become deep traps. This happens
because the deep levels associated with point defects in either GaAs or Al„Ga~ „As layers (when

measured relative to the valence-band maximum of GaAs) are much less sensitive to changes of the
alloy composition or layer thicknesses of the superlattice than the superlattice band edges, particu-
larly the conduction-band edge. For some compositions x, dopants such as Si are shallow donors in

NXN GaAs/Al, Gal „As superlattices but deep traps in Al(„,z)Gai ( ~&)As alloy (the alloy ob-
tained by disordering the superlattice). The band gap and band edges of the superlattice, and hence
the ionization energies of deep levels, depend strongly on the layer thickness t(GaAs) but only weak-

ly on t(A1, Ga~ „As). The T2- and A, -derived deep levels (of the bulk point group Td) are split and
shifted, respectively, near a GaAs/Al„Ga|, As interface: the p-like T& level splits into an a& (p, -

like) level, a b, [(p, +p~)-like] level, and a b2 [(p„—p, )-like] level of the point group for any general
superlattice site (C, , ), whereas the s-like 3

~
bulk level becomes an a[ (s-like) level of C„,. The or-

der of magnitude of the shifts and splittings of deep levels at a GaAs/Al, Ga, As interface is 0.1

eV, depends on x, and becomes very small for impurities more than about three atomic planes away
from an interface. Deep levels in the GaAs quantum wells experience level shifts due to (i) penetra-
tion of their wave functions into the more electropositive Al„Ga~ „As layers, (ii) the band offset,
and (iii) quantum confinement ~ The cation vacancy, when brought close to a GaAs/Al, Ga, „As
interface, may undergo a shallow-deep transition. These predictions are based on a periodic su-

perslab calculation for unit superslabs with total thickness t(GaAs)+ t(A1„Ga~ As) as large as 102
0

A or N, +N2 ——36 two-atom-thick layers. The Hamiltonian is a tight-binding model in a hybrid
basis that is a generalization of the Vogl model and properly accounts for the nature of interfacial
bonds. The deep levels are computed by using the theory of Hjalmarson et al. and the special-
points method. Our results indicate that some normally shallow donors, such as Si, can become
deep levels at certain sites in the superlattice as a result of local fluctuations in alloy composition x
or layer thickness t(GaAs).

I. INTRODUCTION

Modulation doping of GaAs/Al, Ga& „As superlat-
tices, ' by which Si impurities are inserted into the
large-band-gap Al Ga, „As layers of a superlattice but
donate their electrons to the small-band-gap GaAs layers,
has already played a role in the development of high-
speed III-V-compound semiconductive devices. Howev-
er, practical devices based on Al Ga, As often are lim-
ited to alloy compositions x (0.3 because of the inability
of Si to dope n type for x )0.3, apparently because of
the formation of Si-related centers that are deep
traps. " Furthermore, some devices, such as HEMT's
(high-electron-mobility transistors) operate using
quantum-well structures' at or near GaAs/
Al„Ga, As interfaces, and the performance of these de-
vices depends on the doping (e.g. , by Si), the alloy compo-
sition x, and the superlat tice structure. ' Clearly, a

theory of impurity levels in superlattices and heterostruc-
tures is needed to understand the conditions under which
a specific impurity produces shallow donor levels and
"dopes" the semiconductor versus the conditions for
deep-trap formation and the trapping of carriers. That is
the purpose of this paper. Das Sarma and Madhukar'
have previously discussed the deep levels of vacancies in
some superlattices, but, to our knowledge, the present
work is one of the first systematic studies of the chemical
trends of deep impurity levels in superlattices. ' ' We
do know that Hjalmarson, ' Nelson et al. ,

' and Lannoo
and Bourgoin' are studying deep levels in parallel with
our effort, however, although we are not fully aware of
the current state of their work. This is also the first treat-
ment of defects in large-layer superlattices: we consider
unit supercells typically 40 atomic planes thick. The
theory developed here is an extension to superlattices of
the theory of Hjalmarson et al. of deep impurity levels
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in the bulk, which has successfully predicted deep levels
and their wave functions. '

II. FORMALISM

A. Host Hamiltonian

We treat a periodic GaAs/Al„Ga& As superlattice
whose layers are perpendicular to the [001] direction.
We employ a nearest-neighbor tight-binding Hamiltonian
with an s*sp basis of five orbitals at each site. Our
Hamiltonian, in the limit x =0, is identical to the Vogl
model for GaAs. Some differences are introduced be-
cause of the superlattice, which we treat using a su-
perhelix or supercell method. The superlattice we con-
sider has N, two-atom-thick layers of GaAs and N2 two-
atom-thick layers of Al, Ga, As repeated periodically;
the GaAs and Al Ga, ,As are assumed to be perfectly
lattice matched. We denote this superlattice either as a
(GaAs )~ /(Al„Ga& „As ) z superlat tice, or as a

GaAs/Al, Ga, ,As superlattice with N] GaAs layers
and Nz Al, Ga, „As layers, or as an N

&
X N,

GaAs/Al Ga, As superlattice.
We first define (for the case x =1) a superhelix or su-

percell as a helical string with axis aligned along the [001]
or z direction consisting of 2N, + 2N& adjacently bonded
atoms As, Ga, As, Ga, As, . . . , Ga, As, Al, As, Al, As,
Al, . . . , As, Al. (For x&1, replace Al, by Al„Ga~ „.)
The center of this helix is at I. and each of the atoms
of the helix is at position L+ v& (for p
=0, 1,2, . . . , 2N, + 2N2 —1). A superslab of
GaAs/Al Ga& As consists of all such helices with the
same value of L, and all possible different values of L„
and L„and the superlattice is a stacked array of these
superslabs. If the origin of coordinates is taken to be at

I

~
h4, R)=[

~

s, R) —A, p„,R)—I,
~ py, R)+A,

~

p„R)]/2,

where I,= + 1 ( —1) for atoms at anion (cation) sites.
Next, we introduce the label v=s*, h „h&, h3, or h4, and
our hybrid basis orbitals are

~

v, R). In terms of these or-
bitals we form the tight-binding orbitals

~

v, p, k)=N, ' +exp(ik L+ik v&) I
v, L, v&),

L
(2)

where k is (in a reduced-zone scheme) any wave vector of
the minizone or (in an extended-zone scheme) any wave
vector of the zinc-blende Brillouin zone. Here, N, is the
number of supercells.

The minizone wave vector is a good quantum number,
and so the tight-binding Hamiltonian is diagonal in k.
Evaluation of the matrix elements (v, P, k

~

H
~

v', P', k)
leads to a tight-binding Hamiltonian of the block-
tridiagonal form. For diff'erent p and p', the first three
rows of block matrices are

an As atom, the x and y axes are oriented such that a
neighboring cation is at ( —,', —,', —,

' )aL, where al is the lattice
constant. At each site there are s*sp-' basis orbitals

~

n, L, v&), where n =s*, s, p„p, or p„and
p=0, 1,2, . . . , 2N, +2N2 —1. From these basis orbitals
we form the sp' hybrid orbitals at each site R=(L, v&).

The hybrid orbitals are

J
h„R)=[

J
s, R}+A,

J p„,R)+A,
J py, R)+A.

J
p„R)]/2,

[ h~, R)=[
I
S,R)+A.

] p, R) —A,
[ py, R) —k

[ p„R)]/2,

i h3, R)=[ [ s, R) —k
f p„,R)+A.

i p, R) —A.
i
p„R)]/2,

and

H(0, 0) H(0, 1) 0

H*(0, 1) H(1, 1) H(1, 2) 0 0

0 H*(1,2) H(2, 2) H(2, 3) 0

0 H(0, 2N, +2N2 —1)
~ ~ ~ Q

~ ~ ~ Q

The last row of blocks is

H*(0, 2N, +2N2 —1) 0 0 0 H "(2N, ~2N~ —2, 2N, +2N2 —1) H(2N, +2N~ —1, 2N, +2N2 —1)
(4)

Here, H (P,P'} depends on k and is given in terms of vari-
ous 5X 5 matrices for different v and v'.

The diagonal (in P) 5 X 5 matrix, H (P,P) at site P, is

c ~ 0 0 0 0

0 c., T T T

H(P, P)=(v, P, k
~

H i v', P, k)= 0 T E„T T

I

where

e„=(e,+3E~)/4

is the hybrid energy, and

T =(c,—c )/4 (7)

0 T T c~ T

0 T T T c~

(5)

is the hybrid-hybrid interaction; the energies c. +, c&, and

T in H (p, p) refer to the atom at the pth site, and may be
obtained from the energies w tabulated by Vogl et al.
To account for the observed valence-band-edge discon-
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tinuity of 32% of the direct band gap, a constant is
added to c + and c„ for Al Ga, As; this constant is ad-

S

justed to give the valence-band maximum of
Al Ga, As below the valence-band maximum of GaAs
by 32% of the direct-band-gap difference in the limit

I

N, =N2
The off-diagonal matrix elements (v, p, k

~

H
~

v', p', k)
or H (p, p') are best expressed in terms of matrix elements
of H between s*, s, and p orbitals. This is accomplished
by the transformation

n, n'

where we have the s*sp tight-binding functions

~
n, p, k)=N, '~ +exp(ik L+ik v&)

~
n, L, v&),

L

and the 5 X 5 matrices C ( v, n; p) are

s s px py pz

l 0 0 0 0
0 —,

' +A, /2 +A, /2 +A, /2

0 —,
' +1,/2 —A, /2 —A, /2

0 —,
' —A, /2 +A, /2 —A, /2

0 —,
' —A. /2 —A, /2 +A, /2

h,
C(v, n;P)=h

2

h3

h4

(v, P, k
~

H
~

v', P', k)= g C(v, n;P)C(v', n', P')(n, P, k
~

H
~

n', P', k),

(9)

(10)

where A, =+1 ( —1) if p refers to an anion (cation).
There are several distinct cases for which the off-diagonal (in p) matrix elements (n, p, k

~

H
~

n', p', k) are nonzero
(for P@P').

1. Intramaterial matrix elements

If p and p' both refer to nearest-neighbor sites in the same material (either the GaAs or the Al„Ga, „As), we have
(assuming P and P' are in material number 1, the GaAs), for example,

(n, P, k
~

H
~

n', P', k) =H, ~„,
if p refers to a cation and p refers to an anion. H, &, ~

is a 5)& 5 matrix whose rows and columns are labeled by n, which
ranges over the values s', s, p„, p~, and p, . Similarly, we have matrix elements H, &, &, H, 2,2, and H, 2,2. These matrix
elements are

Hc la 1

V(s, s)go„
V(s'a, pc)g*„, V(sa, pc)g'„,

V(s 'a, pc)g ~„V(sa,pc)g &„

V(s 'a,pc)go„V(sa, pc)go„

—V(s "c,pa)g &„

—V(sc,pa )g;„
V(x, x)go„

V(x,y)go„

V(x,y)g &„

—V(s'c, pa)g"„,
—V(sc,pa )g ~„

V(x,y)go„

V(x,x)go„
V(x,y)g;„

—V(s 'c,pa )go„
—V(sc,pa )g 0„

V(x,y)g;„
V(x,y)g &„

V(x,x)go„

(12)

and

V(s*a,pc)g„, V(s "a,pc)g ..—. —V(s 'a, pc)go„
V(s, s)go„ V(sa,pc)g„, —V(sa, pc)g„, —V(sa, pc)go„

Ha 1c 1 V(x, x )go„
V(s *c,pa )g„,
V(s 'c,pa)go„

V(sc,pa)g &„—V(x,y)go„
V(sc,pa)go„ —V(x,y)g *„,

—V(s*c,pa)g„, —V(sc,pa)g&„ —V(x,y)go„

V(x,x)go„
V(x,y)g „,

—V(x,y)g„,
V(x,y)g &„

V(x,x )go„

(13)

All of the matrix elements V are those tabulated by Vogl er al. ' for material number 1 (viz. , GaAs). Identical expres-
sions exist for H, 2,2 and H, 2, z, with Al Ga, „As matrix elements. (The Al„Ga, „As matrix elements are obtained by
a virtual-crystal average of the Vogl matrix elements for AlAs and GaAs: x times the corresponding A1As matrix ele-
ments plus 1 —x times the GaAs matrix elements. )
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2. Intermaterial matrix elements

At the interface between GaAs and Al Ga, „As there will be nonzero matrix elements of H for each bond between
nearest neighbors. These are H, 2, I and H, 2, I..

H, z„———V(s*c,pa )g„,
V(s*c,pa )g~„
V(s'c, pa )go„

V(s*a,pc)g„, —V(s 'a, pc )g „,
V(s, s)go„

—V(sc,pa)g &„V(x,x)go„

V(sc,pa)g„, —V(x,y)go„

V(sc,pa)go„—V(x,y)g ~„

—V(x,y)go„

V(x, x)go„

V(x,y)g„,

V(sa,pc)g„, —V(sa, pc)g„,

—V(s *a,pc )go„
—V(sa, pc )go„
—V(x,y)g„,

V(x,y)g „,
V(x, x)go„

(14)

and

V(s'a, pc)g f„
—V(s'a, pc)g f„
—V(s 'a, pc)g 0„

V(s, s)go„

V(sa, pc)g f„
—V(sa, pc )g;„
—V(sa, pc)go„

—V(s'c,pa)g ~„
—V(sc,pa)g I„

V(x,x)go„
—V(x,y)go„
—V(x,y)g "„,

V(sc,pa)g'„,
—V(x,y)g,'.,
V(x,x)go„
V(x,y)g *„,

V(sc,pa)go„
—V(x,y)g f„

V(x,y)g f„
V(x,x)go„

V(s 'c,pa )g I„V(s"c,pa )g 0„

(15)

Here the Vogl matrix elements are those for the bond in

question: If the cation is Al„Ga& and the anion is As,
then the matrix element is the Al, Ga& As matrix ele-
ment obtained by a virtual-crystal average of the A1As
and GaAs values. We also have

f

secular equation for the deep-level energy E,

det[1 —6 (E)V]

=O=det 1 —P J 5(E' —H), dE'
E —E' (17)

and

go„exp( i——k d, ) +exp( ik d4),

g„,=exp(ik d~) exp(—ik d4),

go„=exp(ik dz)+exp(ik d3),

g„,=exp(ik dz) exp(ik—d3) (16)

B. Deep levels

The theory of deep levels is based on the Green's-
function theory of Hjalmarson et al. , which solves the

where we have 4d; /aL ——(1,1,1), (1,—1,—1), and

( —1,1,—1), and ( —1,—1,1) for i = 1, 2, 3, and 4, respec-
tively. Here, aL is the room-temperature lattice constant
of GaAs, 5.653 A, which we assume is equal to that of

In this work we study deep impurity levels in superhel-
ices as large as N, +N2 ——20; that is, in 40-atom-thick su-

perslabs. The dimension of the Hamiltonian matrix at
each value of k is 5(2N& + 2Hz ), because there are five

orbitals per site. We diagonalize this Hamiltonian nu-
merically for each (special point) k, finding its eigenvalues

Er ~ and the projections of the eigenvectors
~ y, k) on

the
~

v, p, k) hybrid basis: (v, p, k
~
y, k). Here, y is the

band index (and ranges from 1 to 200 for N, =Xz ——10)
and k lies within the mini-Brillouin zone in a reduced-
zone scheme or within the GaAs Brillouin zone in an
extended-zone scheme. {We assume that GaAs and
Al„Ga& „As ar~ perfectly lattice-matched. )

Here, V is the defect potential matrix, which is zero ex-
cept at the defect site and diagonal on that site,
(O, V„V~, Vz, Vz), in the Vogl s'sp local basis centered
on each atom. We also have G =(E H) ', wher—e H is
the host tight-binding Hamiltonian operator. The spec-
tral density operator is 5(E' H) and P —denotes the
principal-value integral over all energies. In the funda-
mental band gap of the superlattice, 6 is real.

1. Point-group analysis

A substitutional point defect in either bulk GaAs or
bulk Al„Ga, „As has tetrahedral (Td ) point-group sym-
metry (assuming a virtual-crystal approximation for
Al„Ga& „As). Each such sp -bonded defect normally
has one s-like ( 3, ) and one triply-degenerate p-like ( Tz )

deep defect level near the fundamental band gap. If we
imagine breaking the symmetry of bulk GaAs by making
it into a GaAs/GaAs superlattice along the [001] direc-
tion, we reduce the Td symmetry to D&d. If, in addition,
we change alternating slabs of GaAs to virtual-crystal
A1 Ga, As, forming a GaAs/A1„Ga, As superlat-
tice, then the point-group symmetry of a general substitu-
tional defect is C2, . (For selected sites, e.g. , at the center
of a material, the symmetry can be higher. ) Note that the
C2, symmetry we find differs from that of Ref. 14. In the
GaAs/Al„Ga, As superlattice the 3

&
and T2 deep lev-

els of the bulk GaAs or Al Ga& „As produce two a, lev-
els {one s-like, derived from the A, level, and one T2-
derived p, -like), one b& level [(p„+p )-like], and one bz
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level [(p„—p )-like]. Of course, for impurities far from a

GaAs/Al„Ga& „As interface, the s-like a~ level will have
an energy very close to the energy of a bulk A

&
level, and

the p, -like a, level and the b, and b2 levels will lie close
to the bulk T2 level also. We normally expect to find the
Tz-derived a& level between the b] and b2 levels, but if
the level lies close to the valence-band maximum, then
the splitting of the valence-band edge into a (p„+p~)-
and (p„—p )-like maximum with a p, -like edge at slightly
lower energy (because of the smaller effective mass) may
cause the a

&
deep level to lie lower in energy than the b

~

and b2 levels by a comparable energy [see Eq. (17}].Note
that this splitting exists even for defects distant from the
interface and is a consequence of the different host spec-
tral densities in the superlattice for a& and b, and b2
states.

2. Secula~ equations

G(b„E)=V~
' for b, levels,

G(b2', E)= V ' for b2 levels,

(18)

(19)

and

G(s, s;E)V, —1

G(z, s;E) V,

G(s, z;E) V

G(z, z;E) V —1
=0, (20)

for a& levels, where we have

The secular equation, Eq. (17), is reduced by symmetry
to the following three equations:

i (h, ,P, k
i y, k& —(h4, P, k y, k&

iG(b, ;E)= g 2(E Eq )— (21)

and

i(h2, p, key, k& —(h3,p, k y, k&
iG(bz;E)= g

y, k y, k

[(hi p»
~ y k&+(h»p k

~ y k&+(h3 p k
~ y k&+(h4 p k

~ y k& [

'

[ (h, ,p k
[ yk&, —(h, ,p k

[ y, k& —(h, ,p k
[ y, k &+(h„p,k

[ y, k & [

'
G(z, z;E}=g 4(E E~)—

(22)

(23)

(24)

G(»z;E)= g [(h),p, k
~
y, k&+(hz, p, k

~ y, k&+(h3, p, k
~
y, k&+(h4, p, k

~
y, k&]

y, k

X[(h&,p, k
~ y, k& —(h2, p, k

~ y, k& —(h3, p, k
~
y, k&+(h4, p, k

~ y, k&]'[4(E E„)]— (25)

Here, G(z, s;E) is the Hermitian conjugate of G(s,z;E)
and p is the site of the defect in the superlattice.

For each p the relevant host Green's functions, Eqs.
(21)—(25), are evaluated using the special-points
method, and the secular equations (18)—(20) are solved,
yielding E(b, ; V ), E(b2, V ), and two values of
E(a~, V„V&). The defect-potential matrix elements V,
and V are obtained using a slight modification of
Hjalmarson's approach. ' For N& =N2=10 there are
40 possible sites P, each with four relevant deep levels:
two a „one b, , and one b2', thus there are 160 levels.

3. Special points

For our studies of deep levels in the band gaps of su-
perlattices, we consider only superlattices such that
(N, +N2 ) l4-is an integer. In such cases the sums over k
in Eqs. (21)—(25) can be performed using 12 special points
k=(m/4aL )u, where we have the value u and the weight
w of each special point (u;w): (7,3,1;—,'), (5,3,1;—,', ),
(7,1,1;—,', ), (3,1,1;—,' ), (3,3,1;—,', ), (1,1,1;—,', ), ( —7,3,—1;—,' ),

( —3,3,—1;—,', ), and ( —1,1,—1;—,', ). For (N, +N2)/4 an

integer and a GaAs/GaAs superlattice, either the first six
or the last six special points would be sufficient to give
the Green's function at any site in the superlattice with
the same accuracy as Chadi's and Cohen's' ten special
points for bulk GaAs, which are known to give an ade-
quately accurate bulk Green's function. However, for the
GaAs/Al„Ga, „As superlattice, 12 special points are
necessary because of the reduction of symmetry from D2d
to C2, from GaAs/GaAs to GaAs/Al Ga, ,As.

III. RESULTS

A. Host band gap

Our calculations produce E~ k, the superlattice band
structure, including the band gap, which exhibits a par-
ticularly interesting behavior as the thickness of the
GaAs slabs, t(GaAs) =N, a, /2 (where a, =5.653 A is the
lattice constant of GaAs}, or the number of GaAs layers,
N&, becomes small in comparison with the thickness,
t(A1„Ga, As)=Nzaz/2, or the number of layers, N~,
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of Al Ga, As slabs: The small-band-gap GaAs layers
become quantum wells surrounded by large-band-gap
Al, Ga, ,As (Fig. 1). As a result, the band gap of the su-

perlattice increases from the GaAs band gap toward the
Al„Ga, „As band gap as N, decreases (for Nz large).
(Qualitatively similar results for smaller N, +N~ super-
lattices have been reported by Schulman and McGill for
GaAs/A1As superlattices. ) This is demonstrated by
the calculated results of Figs. 2 and 3. The band gap was
taken to be the smallest gap found at one of the following
k=(2rr/aL )S points of the mini-Brillouin-zone:
S=(0,0,0), (0,0,r), ( —I, —,', r), ( —,', —,', 0), (1,0,r), and (1,0,0),
where we have r=(N, +N~) '. For N, large, the gap
was invariably at k=I =(0,0,0), but for small Nt and

large x (somewhat larger than 0.3) it was sometimes
found at S=(—,', —,', r) or ( —,', —,',0). For example, in Fig. 2

we see the results for N, XNz GaAs/Alo 7Gao 3As super-
lattices: the valence-band maximum is at I and the
conduction-band minimum for thick GaAs layers
(N, ) 8) is also at I . However, for thinner layers

(2&N, &8) the wave vector of the superlattice
conduction-band minimum is at (2trlaL )( —,', —,',0) and the

superlattice states associated with this minimum are
largely derived from GaAs conduction-band states from
near the L point, (2tr/aL )( —,', —,', —,'), of the bulk Brillouin

zone. This is the case because the L point in the bulk,
(2m /aL )( —,', —,', —,

' ), is the sum of (2'/aL )( —,', —,',0) and

(2rrlaL )(0,0,—,
' ), and the bulk point (2rr/aL )(0,0, —,

'
) corre-

sponds to I =(0,0,0) in the superlattice Brillouin zone for
N, +Nz even. In the thinnest superlattices, N, =1, the

AI, Gat „As X point, (2n. /aL)(0, 0, 1), is reflected in the
superlat tice conduction-band minimum. These
conduction-band minima away from the I point of the
superlattice Brillouin zone have severe consequences for
the optical properties of small-period GaAs/Alo 7Gao 3As

superlattices: the superlattices will be indirect-band-gap
materials, and hence will be poor candidates for light-
emitting devices. For N&

——1 in Fig. 2, the band gap is
direct and the superlattice conduction-band minimum is
at I, although this minimum is derived from the X point
of the Alo 7Gao 3As band structure, and so one should ex-
pect the direct transitions associated with it to be weaker
than those associated with the GaAs I minimum for
N& g 8, for example.

The band gap is somewhat more sensitive to changes of
the GaAs layer thickness than to changes in the
Al, Ga~, As layer thickness, as demonstrated in Fig. 3.
This sensitivity of the superlattice band gap to the GaAs
layer thickness is important for the physics of deep levels
in superlattices because, as we shall see below, the deep
levels have energies relative to the GaAs valence-band
maximum that vary relatively little with the thickness of
the GaAs layers. Hence a deep level that is near the
conduction-band edge but within the gap in a GaAs
quantum well can be "covered up" and autoionized by
the conduction-band edge when the GaAs layer thickness
is increased and the conduction-band edge descends in

energy, while the deep level remains at a relatively con-
stant energy (Fig. 4). Here it is important to remember
that we use the new definition of a "deep" level as one
that originates from the perturbation caused by the
central-cell potential. (This contrasts with the old
definition as a level that lies within the band gap by at
least 0.1 eV. ) As a result there are "deep resonances"
that lie in the conduction band, above the band gap. We
shall see below that Si in GaAs, although producing only
shallow levels in the band gap of bulk GaAs (i.e., its deep
levels are all resonances that lie in the conduction band)
is a candidate for producing a deep level in the band gap
of a GaAs/Al„Ga, „As superlat tice, in the GaAs
quantum-well limit. For neutral Si this level, when in the
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FIG. l. Illustrating the quantum-well effect on the band gap E~,. „(SL) of an N, XNz GaAs/A107Ga03As superlattice: {a)
Nl ——N, = 18 and (b) Nl ——2, N& ——34. The band edges of the superlattice are denoted by chained lines. For this alloy composition the
superlattice gap is indirect for case (b), with the conduction-band edge at k=(2m. /aL )( —,', z, 0). Note the broken energy scale. The
zero of energy is the valence-band maximum of GaAs
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FIG. 2. Predicted energies (in eV) of the superlattice
conduction-band minima and valence-band maximum with
respect to the valence-band maximum of bulk GaAs for a
GaAs/Al, Ga, ,As [001] super)at tice vs reduced layer
thicknesses N, and N, for various Ni X Nz [001]
GaAs/Al„Ga[, As superlattices, with x =0.7 and Nl+N2
fixed to be 20. The calculations are based on the low-

temperature band structures of GaAs and Ala 7Gao 3As, with
bulk band gaps of 1.55 and 2.22 eV, respectively. The
conduction-band minimum of the superlattice is at
(2~/a& )( —,', —,', 0) for the triangular points, at k=O for the circles,
and at (2'�/aL )(1,0,0) for the rectangle. The superlat tice
valence-band maximum is at k=O. Note the broken scale on
the ordinate. The positions of the band extrema of bulk GaAs
at I", L, and X are shown on the right of the figure, at N] ——20.
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fundamental band gap, will be occupied by one electron.
When the GaAs layer thickness increases, this level is
covered up by the falling conduction-band edge and be-
comes a resonance. The electron in the resonant level is
autoionized and relaxes (e.g. , by phonon emission) to the
conduction-band edge, where it is a shallow donor elec-
tron, donated by the Si. (In the present theory, which
neglects the long-ranged Coulomb potential of the donor,
the binding energy of a shallow donor is zero; in a more
complete theory, the Coulomb potential would trap this
electron at zero temperature in a hydrogenic orbit. ) A
gratifying feature of the band-gap calculation is that we
obtain for NI =X&——1 a fundamental gap of 2.11 eV for a
GaAs/A1As superlattice, in good agreement with the
measured value of Ref. 35.

B. Defect levels

The substitutional defect energy levels for sp -bonded
impurities can be evaluated using the techniques of Hjal-
marson et a1. , as described above for superlattices.
When interpreting the predictions, one should remember
that the absolute energy levels predicted by this theory
have a theoretical uncertainty of a few tenths of an eV.
This is, of course, comparable with the uncertainties of
the other sophisticated theories of deep levels that have
been presented to date. Nevertheless, the theoretical
uncertainty is a significant fraction of the band-gap ener-

FIG. 3. Predicted fundamental energy band gaps E~„.„at
k =0 (circles) and k = (2~/aL )( —,', —,', 0) (triangles) of a

(GaAs) & (Al„Ga] „As)z superlattice as functions of reduced
1 2

GaAs layer thickness N] or Al, Gai „As layer thickness N2 for
(a) x =0.3 and (b) x =0.7. Note that the variation of the gap
with decreasing N, from, say, 8 to 4, is less than the variation
associated with changing N, from 8 to 4. Note also that the
k=O conduction-band extremum of the superlattice in (b) is de-
rived from the X point of the Alo 7Gao &As band structure for
N] &4 and from the I point of the GaAs band structure for
N] )4.

gy, and so one must not use the theory in a futile attempt
to predict absolute energy levels with high precision.
Rather, the theory should be employed to understand the
chemical trends in the deep energy levels, to study quali-
tative changes in level structures (such as a deep reso-
nance descending into the fundamental band gap —the
shallow-deep transition), or to suggest experiments for
testing hypotheses about impurity states. One of the
reasons that the Hjalmarson model has been so success-
ful is that the tight-binding Hamiltonian- has been con-
structed with manifest chemical trends in its parameters,
following ideas developed originally by Harrison. Ear-
lier theories sometimes obtained tight-binding parameters
by performing least-squares fits to the band structures of
the semiconductors being studied. Such fits, while having
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given impressive band structures, often lacked the essen-
tial chemistry that determines deep levels, and, as a re-
sult, those theories have not been as successful as the
Hjalmarson theory. Indeed, because the Hamiltonian
employed in the Hjalmarson theory has manifest chemi-
cal trends and also has (by construction) the correct band
gaps, the Hjalmarson method is comparably accurate
with far more cumbersome pseudopotential theories of
deep levels. -' '

1. Dependence on layer thickness

Figure 4 displays the dependence on GaAs reduced
layer thickness N, of the deep Ga-site A, level of a Si im-

purity ' in the middle of a GaAs layer in a
GaAsjAlo ~Ga03As superlattice. As the size, N„of the
GaAs layer shrinks, the deep levels remain relatively con-
stant in energy with respect to the GaAs valence-band
maximum, while the conduction-band edge of the super-
lattice increases in energy —progressively uncovering the
once-resonant deep level of Si and converting this shallow
donor impurity into a deep trap. This shallow-deep
transition as a function of GaAs well size N, , to our
knowledge, has not been anticipated in the literature-
and has consequences for GaAs/Al„Ga, ,As superlat-
tice and quantum-well devices, because it implies that the
most common dopant, Si, may become a deep electron
trap rather than a shallow donor in GaAs.

Also note (Fig. 4) that when Si in a GaAs quantum
well becomes a deep impurity with its deep level in the
fundamental gap of the superlattice, this level (with
respect to the GaAs valence-band maximum) generally
lies at a higher energy than the bulk GaAs band gap, at
lower energy than the Si deep level in an Al Ga, As
layer, and below the superlattice and bulk Al Ga, ,As
alloy conduction-band edges. Because Si in an
Al, Ga, ,As layer lies at higher energy than Si in a
GaAs layer, it is possible to move the conduction-band
edge up by reducing the width of the GaAs layers and to
achieve a situation such that Si in a GaAs layer is a deep
level, but t;hat Si in an Al, Ga, „As layer is a shallow
donor with respect to the superlattice (but not with
respect to bulk Al, Ga, „As) because its deep level lies
above the superlattice conduction-band edge, but below
the bulk Al Ga, ,As conduction-band edge. In the
more common case for very thin GaAs layers, Si in both
GaAs and Al Ga& As layers will produce deep levels
below the superlattice conduction-band edge; that is,
since the superlat tice band edge lies below the
Al Ga, „As band edge, for Si to be deep in a thin GaAs
layer requires Si to be a deep level in bulk Al Ga, As
as well. Because of this requirement, and the fact that Si
successfully modulation-dopes GaAs/Al Ga& „As su-
perlattices for x &0.3 (suggesting that Si is a shallow
donor in, for example, Ala 2Gao 8As), we doubt that the
shallow-deep transition as a function of N, will be ob-
servable in GaAs/Al„Ga, As for x (0.2. For x ~ 0.3,
however, Si in bulk Al Ga, As is almost certainly a
deep level, modulation doping with Si in
GaAs/Al„Ga, As superlattices should require thermal
activation or tunneling (presumably because Si in an

Al Ga, As layer is a deep impurity, not a shallow
donor), and the predicted shallow-deep transition for Si
in a GaAs layer as a function of GaAs layer thickness
should occur.

Because of uncertainties in the theory, we cannot esti-
mate with precision the layer thickness N, at which the
Si level in GaAs should undergo the shallow-deep transi-
tion. Based on the general structure of the curves of Fig.
4, it probably occurs for N& -6 and a GaAs layer thick-

0

ness of order = 17 A or less.
A similar analysis can be made of the behavior of other
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FIG. 4. Illustrating the deep-to-shallow transition as a func-
tion of GaAs layer thickness N, in a GaAs/Al Gal, As

Nl 0&10 superlattice (SL) with x =0.7 for a Si impurity on a
column-III site in the center of a GaAs layer of the superlattice
host. The conduction-band minimum (CBM) and valence-band
maximum (VBM) are indicated by light solid lines. The Si deep
level is denoted by a heavy line, which is solid when the level is
in the gap but dashed when the level is resonant with the con-
duction band. The deep level in the band gap for Nl &6 is
covered up by the conduction band as a result of changes in the
host for Nl &6. The impurity's deep level lies in the gap for
Ni & 6 and is occupied by the extra Si electron; the Si, in this
case, is thus a "deep impurity. " For N, &6 the deep level lies
above the conduction-band edge as a resonance. The daughter
electron from the Si impurity which was destined for this deep
level is autoionized, spills out of the deep resonance level, and
falls to the conduction-band edge (light solid line) where it is
subsequently bound (at low temperature) in a shallow level asso-
ciated with the long-ranged Coulomb potential of the donor (in-

dicated by the short-dashed line). It is important to realize that
both the deep level and the shallow levels coexist and are dis-
tinct levels with qualitatively different wave functions. The is-
sue of whether an impurity is "deep" or "shallow" is determined
by whether or not a deep level associated with the impurity lies
in the band gap. The computed deep-shallow transition occurs
for N, =6 layers. W'hile the qualitative physics is completely re-
liable, it is possible that the transition layer thickness may differ
somewhat from N, =6 in real superlattices. The predicted fun-
damental band gap of the superlattice is indirect for 1 &N, & 8.
All energies are with respect to the valence-band maximum of
GaAs.
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impurities, ' for example, N in GaAs. Nitrogen has a
resonant state in the conduction band of GaAs. We have
predicted that this resonant state can be driven out of the
conduction band into the band gap by hydrostatic pres-
sure, an effect that has been observed by Wolford
et al. ' and Zhao et al. Here we predict that N in
GaAs layers of a GaAs/A107Gao 3As superlattice will
have an impurity state in the band gap if the thickness of
the GaAs layers is thin enough, for example, (48 A or
17 molecular layers.

2. As uacancy levels

Figure 5 displays the deep energy levels in the band
gap of an As vacancy in an N

&

——Nz ——10
GaAs/Ala 7Gao 3As superlattice, as a function of P, the z
component of the position of the vacancy in the su-
perhelix or superslab. A vacancy is simulated here by let-
ting the defect-potential elements V, and V at the vacan-
cy site approach infinity, making the defect into an
"atom" with infinite orbital energies, and thereby decou-
pling it from the host by virtue of the fact that all energy
denominators in a perturbation expansion are infinite.
Several features of the results in Fig. 5 are worth noting:
The valence-band maximum of the superlattice splits,
with the p, -like edge moving to lower energy, owing to its
lighter effective mass. Near an interface (P=O, 20, or 40)
the p-like T2 bulk As vacancy level splits into three lev-

els, Q& b& and b2. For any point defect, one of the b, or
b2 levels corresponds to a p-like level with its orbital
composed of hybrids directed toward the GaAs layer and
has an energy almost the same as the bulk GaAs T2 level;
the other is composed of hybrids directed toward the
Al Ga, „As and is virtually an Al Ga, As Tz level.
The b, and bz levels reverse ordering from P=O to 13=20
(because of the defined orientation of the x and y axes),
and a, lies between them in most cases such that the
splitting of the host valence-band edge can be neglected.
The splittings between the b, and b2 levels at the inter-
face are small, of order 0.1 eV, and become negligible
when the vacancy is more than three or so atomic layers
from the interface (a fact noted first for deep levels near
surfaces by Daw and Smith ). The splitting between the
a~ level and the b, and b2 levels is comparably small, but
may not vanish even if the defect is distant from the in-
terface, as a result of the splitting of the valence-band
edge in the superlattice and the resulting changes of the
host spectral density.

The energy of a deep level is determined by a balance
between the conduction-band states, which push the level
down in energy, and the valence-band states, which repel
it upward. Since the GaAs valence-band maximum is al-
most at the same energy as the valence-band maximum
for the 10)&10 GaAs/Alo 7Gao 3As superlattice, the con-
duction band has the primary influence on the change of
the energies of the As-vacancy deep level from bulk
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FIG. 5. Predicted energy levels of an As vacancy in a (GaAs)~p/(Alp 7Gao 3As) ~p superlattice, as a function of p, the position of the
vacancy (even values of p correspond to As sites). Note the splitting of the T2 levels at and near the interfaces (p=0, 20, and 40), and
that the T, -derived vacancy levels lie at higher energy in an Alo &Gao,As layer than in a GaAs layer. The b l and b2 ordering changes
at successive interfaces. The zero of energy is the valence-band maximum of bulk GaAs, and the corresponding valence-band (VBM)
and conduction-band (CBM) edges and deep levels in bulk GaAs and bulk Alo, Gao, As are given to the left and right of the central
figure, respectively. The top of the central figure is the conduction-band edge of the superlattice, and the bottom corresponds to the
split valence band in the superlattice —the valence-band maximum of the superlattice being of b, or b2 symmetry (p +py ) and the
split-off al (p, ) band maximum lying 0.062 eV lower in energy. The A l level in the Al, Ga, ,As layer of the superlattice is lower
than the corresponding level in the GaAs layer because of the band offset of 0.334 eV. The electron (hole) occupancies of the deep
levels in bulk GaAs and bulk Alo 7Gao 3As are denoted by solid circles (open triangles).



10 686 SHANG YUAN REN, JOHN D. DOW, AND JUN SHEN 38

GaAs to a GaAs layer in the superlattice, and the levels
move up in energy because the conduction-band
minimum does. In going from an A107Ga03As layer in

the superlattice to bulk Alo 7Ga03As, the levels move
down in energy, because the valence-band maximum
moves down. (The valence-band maximum is T2-like. )

The T2 As vacancy levels lie at somewhat higher energy
in an Al„GaI As layer than in a GaAs layer, owing to
the fact that Al is more electropositive than Ga. The 3,
bulk As-vacancy level in Al, Ga, „As is slightly shifted
at the interface, and is at lower energy in an Al„Ga, ,As
layer than in a GaAs layer because the band offset causes
the nearest A, states in the valence band to lie at lower
energy than in the superlattice. The T2 level in GaAs
(Al, Ga, „As) is both split in the superlattice and, on the
average, is shifted up (down) in energy at the interface.
Because of the band offset, the 3 I level for the As vacan-

cy in GaAs (Al„Ga, „As) moves down (up) at the inter-
face. Still another effect does influence the relative order-
ing of the a, , b„and b2 levels: As the impurity ap-
proaches the interface in GaAs (but not in Al„Ga, „As)
its wave function suffers quantum confinement and its en-

ergy levels shift —and the shifts for b, and b2 levels are
generally different from those for a, levels because the a I

valence-band edge in the 10)& 10 superlattice lies lower by

0.062 eV than the b, and b2 edges. The conduction-band
minimum in the 10)&10 superlattice has s symmetry and
does not split.

For the neutral vacancy, the A, -derived deep level is
filled by two electrons, and one electron occupies the
lowest of the T2-derived states.

Similar behavior to that found for the As-vacancy lev-
els is to be expected for all sp -bonded deep impurity lev-
els in GaAs/Al Ga~ As superlattices, although the is-

sue of whether a specific deep level lies in the fundamen-
tal band gap or not depends on the defect potential for
that impurity and on N„N2, and x.

3. Cation-vacancy levels

The A, bulk levels for a Ga vacancy in GaAs and for a
cation vacancy in Al, Ga, „As all lie very deep in the
host valence bands and are not near the fundamental
band gap, either in the bulk or at an interface of a
GaAs/Al Ga, ,As superlattice.

The T2-derived cation-vacancy levels produce deep
levels near the valence-band maxima of bulk GaAs, bulk
Al„Ga, ,A, ' and the superlattice (see Fig. 6). In the
Hjalmarson-type theory, the uncertainty in the predic-
tions of absolute energies is typically a few tenths of an
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FIG. 6. Predicted T2-derived vacancy levels of a cation vacancy in a (GaAs)lo/(Al, »7Gao, As), 0 superlattice, as a function of site
index /3, the position of the vacancy. The zero of energy is the valence-band edge of bulk GaAs, and the corresponding valence- and
conduction-band edges and deep levels in bulk GaAs and bulk Alo 7Gao, As are given to the left and right of the central figure, re-

spectively. The top of the central figure is the conduction-band edge of the superlattice, and the two bottom lines correspond to the

b, - and b..-symmetric [(p„+p )-like] valence-band maxima and the split a, (p, -like) edge below it. Electrons occupying the bulk lev-

els are denoted by solid circles. Holes are denoted by open triangles. When, as in bulk GaAs, the holes are initially in levels below

the Ualenee-band maximum, they bubble up to the valence-band maximum where the long-ranged Coulomb potential can trap them
into shallow acceptor levels (not shown). The cation vacancy in bulk GaAs and in an Al»Gao, As layer in the superlattice is predict-
ed to be a triple shallow acceptor, providing three such holes to the valence band. In bulk Alo 7Gao 3As and in a GaAs layer of the
superlattice, neutral cation vacancies are predicted to produce deep traps for either electrons or holes. In the superlattice, the
lowest-energy level is often of al symmetry, and the highest is typically either of b, or b, symmetry, but exceptions to this rule do
occur, as indicated on the figure.
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eV and tends to be somewhat larger for the T2 levels than
for the A, levels. Therefore, in what follows, the reader
should not interpret our predictions for the cation vacan-
cy too literally or too quantitatively. Rather, the predic-
tions illustrate the very interesting properties of a cation-
site deep T2 level that lies near but below the valence-
band maximum of GaAs. Since this defect never lies at
the interface (which, by definition in a
GaAs/Al, Ga, „As superlattice, is at an As layer), its
level splittings are smaller ( & 0.05 eV) than the interfacial
anion vacancy's splittings. In bulk GaAs, the T2 cation-
vacancy level is predicted ' to lie =0.03 eV below the
valence-band maximum. In bulk A1Q7GaQ3As, the pre-
dicted vacancy level is in the gap, 0.11 eV above the
AlQ 7GaQ 3As valence-band maximum. Near a
GaAs/Al, Ga, „As interface, the T2 cation-vacancy lev-
el splits into a, , b„and bz sublevels. For x =0.7 some
or all of these sublevels may lie in the gap of the superlat-
tice.

If the predictions are taken literally, then near the in-
terface the cation vacancy produces a very interesting
level structure, depending on the site of the vacancy. To
begin with, in a GaAs layer the b, and b2 vacancy levels
lie in the gap of the superlattice, but in an AlQ 7GaQ 3As
layer the vacancy levels are resonant with the valence
band. This is due mainly to the band offset and the fact

that, roughly speaking, the deep levels do not move
(much), whereas the valence-band edges do, as one goes
from bulk GaAs to the superlattice to bulk AlQ 7GaQ 3As.
The b& and bz levels in a GaAs layer lie typically =0.03
eV above the a

&
level, when we might have expected the

a, level to lie between them. This expectation is not met
because the T2 levels are near the valence-band max-
imum and, in the superlattice, the T2-like valence-band
maximum is split into a, and b, and b z edges. Hence
the a, valence-band edge has a stronger quantum-well-
confinement effect: the band edge for a, (p, -like) states
lies 0.062 eV below the edge for b& and b2 states. The a,
defect states lie lower because the valence-band states
that repel them are at lower energy in the superlattice.
The largest splitting between b, and b2 states is of order
=0.02 eV much smaller than the (=0.1 —0.2)-eV split-
tings deduced from the anion vacancy —because the cat-
ion vacancy always lies at least one layer from an inter-
face. In particular, the p, -like a, level decreases in ener-

gy as the vacancy moves from the center of the GaAs lay-
er toward the interface. The initial decrease is due to
quantum-we11 confinement, and begins when the vacancy
wave function significantly overlaps the Alp 7GaQ3As.
However, as the vacancy becomes quite close to the inter-
face, its wave function penetrates thoroughly into the
A1Q 7GaQ 3As layer and feels the electropositivity of the

A,-derived a, deep levels in
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FIG. 7. Predicted energies of A 1-derived s-like a, deep levels of the indicated defects (Ref. 47) for a GaAs/Alp 7Gap 3As superlat-
tice with XI ——10 GaAs layers and Xz ——10 Alp 7Gap 3As layers in its unit supercell. The dashed lines denote the predictions for de-
fects at or near a GaAs/Alo 7Gao 3As interface: in the P=O layer for the interface, levels for As-site defects (upper left-hand corner),
and, in the p= 1 and p=21 layers adjacent to interface layers, for Ga-site defects (in GaAs) and cation-site defects in Alo, Gao, As, re-
spectively (lower right-hand corner). The solid lines denote the same levels for defects at or near the center of GaAs and Alp 7Gap 3As
layers, respectively. In viewing this figure, remember that the theory is not precise, but that the general shape of the figure is reliable.
The zero of energy is the valence-band maximum of bulk GaAs. The valence- and conduction-band edges of the superlattice are
denoted VBM(SL) and CBM(SL), respectively.
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Al. If the valence-band offset were smaller, say 0.2 eV,
then this effect would cause the level to increase in energy
near the interface.

The neutral Ga vacancy in the bulk of GaAs (assuming
its deep level lies in the valence band) is a triple acceptor
(Fig. 6). (A Ga vacancy is created by adding three
holes —to remove the three Ga electrons —and letting
the defect potential become infinite. ) Consider this va-
cancy at the near-interfacial site /3=1 in a GaAs layer of
the superlattice; its levels, in order of decreasing energy,
are b2, b&, and a, . In all of the cases of Fig. 6, the cation
vacancy is either a triple shallow acceptor or a deep trap
for both an electron and a hole, having at least'one par-
tially filled deep level in the gap. If it were the case that a
cation vacancy near an interface had only one of its sub-
levels in the gap and two sublevels resonant with the
valence band of the superlattice, then the vacancy would
be a single acceptor, because only three electrons are
available for four spin orbitals: the hole in the fourth
spin orbital would "bubble up" to the valence-band max-
imum. Relatively small amounts of lattice relaxation or
charge-state splittings of the defect levels could alter the

predictions. Nevertheless, we think that studies of the
character of the Ga-vacancy wave function in
GaAs/Al Ga

&
„As superlattices are warranted —and

could possibly reveal this shallow-deep transition in the
character of the cation vacancy.

4. Deep levels of sp bon-ded impurities

The predicted deep energy levels of substitutional sp-
bonded impurities in a GaAs/Alo7GaQ3As superlattice
are given in Figs. 7 and 8 for a superlat tice with
N, =N2 ——10. ' These levels' energies E are obtained
by solving the secular equation (17) with Hjalmarson's
defect potential V slightly modified. ' In these figures we
display results for impurities at or near a
GaAs/Alo 7Gao 3As interface and near the center of the
GaAs and Alo 7Gao 3As layers.

For the A, - or s-like a, levels on the As site (Fig. 7),
most interfacial impurities have energy levels roughly
midway between the levels for impurities near the center
of the GaAs and the Al, Ga&, As layers. There are two
types of cation sites: Ga (in GaAs) and Al, Ga& „(in

T~-derived a, , b, , and bs deep levels in

IO x IO GaAs/Al Ga As superlattice

l.4
CBM tSL)

I.

I.

es, 0.8
e 0.6

LLJ

Q 4 Alps Ga03As, near interface, bt GoAs

As SITE

~VBM (SL) Al Go As, center,
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C Sb8
At

P AsPo Sn
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gn
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Zn
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FIG. 8. The predicted T2-derived deep levels for the indicated defects (Ref. 47) in a (GaAs)&o/Alo 7Gao 3As)&o superlattice. For
As-site defects (lower right-hand corner) the two solid lines correspond to T&-derived b, levels (which are almost degenerate with b2
levels) in the center of GaAs and Alo 7Gao 3As layers. The corresponding T2-derived a

&
levels lie slightly (of order 0.01 eV) below the

b~ and bz levels and are not shown. The dashed line is an interfacial P=O a, level. The corresponding bz level (not shown) is nearly
degenerate with it, and the b& level (not shown) is above it of order 0.01 eV. For cation-site defects (upper left-hand corner), the solid
lines correspond to T2-derived b, levels (which are almost degenerate with b2 and a, levels not shown). The dashed lines correspond
to interfacial levels for site p= 19 (in GaAs) of bz symmetry and for site p=21 of b, symmetry. The p= 19 a, and b, levels are al-

most degenerate with the T2 levels of defects in the center of GaAs and are not shown. Similarly, the p=21 (A1Q 7GaQ 3As) a, and b2
(which are polarized perpendicular to the interface) interfacial levels are not shown. Near the p=O interface, the b, and b2 levels are
interchanged. Simply stated, the levels b& or b2 are split off from the bulk T& energy {in the material occupied by the defect), and the
remaining two levels (almost) are at the T2 bulk energy. The zero of energy is the valence-band maximum of bulk GaAs. The
valence- and conduction-band edges of the superlattice are denoted VBM(SL) and CBM(SL), respectively.
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Al„Ga, As); the cation-site defects near the
GaAs/Al, Ga, „As interface have nearly the same deep
levels as defects at the center of the layers —because
those defects are at least one layer distant from the inter-
face (which coincides with an As layer), and hence are
only weakly perturbed by the atoms on the other side of
the interface.

The T2-derived levels in the GaAs layer (Fig. 8) are
split when they lie near or at the interface. These are
dangling-bond-p-like levels, and the p orbitals composed
of hybrids oriented most toward the interface are split
most [b, or (p„+p )-like and a, or p, -like on the Ga site;
bz or (p„—p )-like and a, at the As site], whereas the or-
bital directed away from the interface is least perturbed
and normally has a level closest to that of the bulk T2
level. The same physics hold for defects in the
Al„Ga, ,As layer (Fig. 8), but the signs of the splittings
and the orderings of b, , a „and b2 levels are normally re-
versed.

In general, three factors influence the relative positions
of deep levels in GaAs and Al, Ga, ,As layers. (i) The
more electropositive character of Al with respect to Ga
pushes levels up in energy, so that the same defect has a
tendency to exhibit higher-energy deep levels in
Al„Ga, „As than in GaAs. (See the T2-derived As-
vacancy levels in Fig. 5.) (ii) However, the Al also widens
the band gap, causing a band offset, and rearranging the
spectral distribution of host states somewhat (differently
for the b, and b2 states than for the a, states) —which
often has the opposite effect on those impurity levels
most affected by the host states near the valence-band
maximum. (See the A, -derived As-vacancy levels in Fig.
5.) (iii) In addition to the electropositivity and band-
gap-widening effects, there is a quantum-well-
confinement effect. Impurities in GaAs close enough to
an Al GaI As layer that their wave functions overlap
the Al Ga, As barrier will experience level shifts due
to confinement (that depend on the symmetry of the lev-
el). States near and above the conduction-band minimum
with considerable conduction-band character are expect-
ed to move up in energy and valence-band states should
move down due to confinement (see Fig. 6). The
confinement effects should be more severe for a, states
than for b, or b2 states, due to the fact that their wave
functions are polarized in the superlattice growth direc-
tion.

5. Dependence on alloy composition

In Fig. 9 we show our predictions for the A, -

symmetric deep level of cation-site Si (Ref. 31) in bulk
Al Ga, As as a function of x, which are similar to
those first obtained by Hjalmarson.

Figure 10, in comparison with Fig. 9, illustrates that a
Si impurity in a GaAs/A1„Ga, „As superlat tice
with N&

——N2 may not produce a deep level in the super-
lattice band gap, although the same impurity in the
alloy obtained by disordering the superlattice,
Al~~/2~Ga, (~&2~As, does produce a deep level in the gap
of the alloy. To see this, consider x &0.5, for which the
Si theoretical level does not lie in the gap of the 2)&2

2.4
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a l.6
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-04
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0.0
GaAs

0.2 0.4 0.6
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0.8 I.O
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FIG. 9. Chemical trends with alloy composition x in the en-
ergies (in eV) of principal conduction-band edges I, L, and X,
and the valence-band maximum of the alloy with respect to the
valence-band maximum of GaAs, in the alloy Al„Ga, „As, as
deduced from the Vogl model (Ref. 25). Also shown is the pre-
dicted energy of the A I-symmetric cation-site deep level of Si
(heavy line), similar to the predictions of Hjalmarson (Refs. 31
and 48). The Vogl model is known to obtain very little band
bending. Moreover, the L minimum for x =0.45 is known to be
at a bit too low an energy in this model. When the deep level of
neutral Si lies below the conduction-band minimum, it is occu-
pied by one electron (solid circle) and one hole (open triangle).
When this level is resonant with the conduction band, the elec-
tron spills out and falls (wavy line) to the conduction-band
minimum, where it is trapped (at zero temperature) in a shallow
donor level (not shown).

GaAs/Al„Ga, „As superlattice. For x =0.25 the Si lev-
el is in the gap of the alloy, however.

This situation is much more common in larger-period
superlattices, ' where the band edge of the superlattice is
almost the band gap of the small-band-gap material
(GaAs) (see Fig. 1). To a good approximation, if an im-

2 ~ 2

2.0=
I

) X(z)

Sio,

0.0
-0.2

(o,o,o) r
2x2 Ga-As/AI„Ga, „As: Sia

-0.4
0.0

GaAs
0.2 0.4 0.6

Composition x

0.8 I.O
{GaAs) (AIAs)~

FIG. 10. Chemical trends with alloy composition x in the en-
ergies (in eV) of principal conduction- and valence-band extre-
ma of a (GaAs)2/(Al„Gal As)& superlattice, with respect to
the valence-band maximum of Gags. Compare with Fig. 9 for
the alloy. The superlattice wave vectors of the minima are
k =0, k = (2m la& )( —,', 2,0), which has states derived from the L
point of the bulk Brillouin zone, and the points derived from the
bulk X point: (2m/aL ){00 (Nl +N2 ) '), which is p, -like, and
(2m/aL )(1,0,0), which is p - and p~-like.
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purity (i) produces a deep level in the gap when the im-

purity lies in the large-band-gap bulk material
(Al„Ga, As), and (ii) has its corresponding deep level

resonant with the host bands when the impurity occupies
a site in the small-band-gap bulk material (GaAs), then
the impurity's deep level will not lie in the gap of the
large-period superlattice for the case that the impurity
occupies a site in a small-band-gap (GaAs) layer. Thus in

an 18)& 18 GaAs/AIQ 7GaQ 3As superlattice (Fig. 1), Si on
a Ga site in a GaAs layer has its A &-symmetric deep level

in the conduction band of the superlattice, and so is a
shallow donor. However, in the corresponding alloy with
x =0.35 (Fig. 9) the cation-site Si level lies within the
fundamental band gap and is a deep trap. Similar physics
holds for other defects. This physics might be the origin
of the improved transport characteristics of GaAs/A1As
superlattices over Ala, Gao, As alloys, as observed by
Fujiwara et al. '

6. I'luctuations

For some time it has been known that fluctuations in

alloy composition x of Al„Ga&, As can cause normally
shallow donors such as Si (for x &0.3) to produce deep
levels in regions where the Al mole fraction is consider-
ably larger than the average value x. Here we have
shown that in thin quantum wells of GaAs in
GaAs/Al, Ga, „As superlattices for x &0.3 the Si can
produce deep levels as well. Thus fluctuations in layer
thickness can produce previously unanticipated deep
traps. Since deep-level wave functions have large ampli-
tudes only within a radius of =5 A of the impurity, a
lluctuation in GaAs layer thickness (in the z direction)
down to, say, 20 A, occurring within a small circle of ra-
dius 5 A in the x-y plane, would lead to Si deep levels in
that region. Hence, special care may be necessary during
superlattice growth to prevent nonuniformities in layer
thickness, which could lead to such deep-level formation.

7. Relationship between cation-site Si
and the DX center

alloy composition x required of a DX center. Our
opinion is that the DX center is normally either a Si im-

purity, a complex containing a Si impurity (perhaps Si-Si
pairs in some cases), or, in some instances, other impuri-
ties such as Sn that are similar to Si. The complexes
should have spectra very close to the spectra of their con-
stituents. The persistent photoconductivity associated
with the DX center appears to be best explained by the
Hjalmarson-Drummond phonon-coupling model. How-
ever, we note that Li et al. ' dispute the Hjalmarson-
Drummond conclusion and there remain unanswered
questions concerning the DX center. We hope that the
present work, which shows how the deep levels associat-
ed with Si should behave in the superlattice, may help in
solving the mysteries surrounding this interesting defect.

IV. SUMMARY

The calculations presented here call into question the
common assumption that the character of an impurity in
a superlattice will always be the same as in the bulk. We
have presented calculations which indicate that the nor-
mal shallow dopant Si in GaAs may become a deep trap
in a GaAs quantum well of a GaAs/Al„Ga, „As super-
lattice. This prediction should be tested for x )0.7 su-
perlattices, where it is likely to be most reliable.

We have elucidated the physics of deep levels in super-
lattices, and find splittings of T2 bulk levels and shifts of
A

&
levels of order 0. 1 —0.2 eV for defects at the interface

and less for impurities within two or three atomic planes
of an interface. For impurities more distant from an in-
terface the eft'ect of the superlattice is primarily to change
the windom of obseruability of the deep level: If one imag-
ines the deep levels as being relatively fixed in energy, the
role of the superlattice is to provide the band gap; super-
lattices with small GaAs quantum wells have sufficiently
large band gaps that deep levels which are covered up by
the bands in bulk GaAs are uncovered and observable in
the superlat tice.
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