
PHYSICAL REVIEW 8 VOLUME 24, NUMBER 8 15 OCTOBER 1981

Hydrogenic impurity states in a quantum well: A simple model
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A variational calculation of hydrogenic impurity states in a quantum well has been performed. The binding energy
of donor (acceptorj levels is calculated as a function of layer thickness and of the impurity position. It is found that
the ground impurity state degeneracy with respect to the impurity position is lifted, leading to the formation of some
sort of an impurity band. " The density of states of this impurity band exhibits one or two peaks energetically
located at the "band" extrema. This one-dimensional feature can be evidenced in the optical absorption associated
with valence subband —+ donor transitions, whereas acceptor~ conduction processes are almost featureless. In the
case of conduction —+acceptor luminescence a smooth curve is obtained for degenerate electronic distribution,
whereas nondegenerate electron~trapped hole recombination spectra should again exhibit a double peak.

I. INTRODUCTION

The recent advance of molecular beam epitaxy
has made possible the growth of tailored semicon-
ductors in which the band edges exhibit an oscil-
latory variation mith the position. These new
one-dimensional periodic structures, the super-
lattices, first proposed by Esaki and Tsu, ' have
recently attracted considerable attention. The
GaAs-GaAlAs structures are, by far, the most
simple superlattices. ' Except for transport prop-
erties where the use of coupled wells is crucial, '4

the tight-binding approximation that leads to es-
sentially zero bandwidth along the superlattice
direction is quite adequate for explaining the ma-
jority of the experiments. InAs-GaSb superlattices
are more complicated but offer a wider range
of interest. " Electrons and holes are to a large
extent spatially separated; semimetallic struc-
tures can be built from tmo semiconducting ma-
terials, etc. In both types of superlattices the
free-electron properties seem to be mell under-
stood. In particular, steplike optical-absorption
spectra between conduction and valence subbands
have been observed, ' strongly supporting the
model of a two-dimensional character of the car-
rier in the superlattice planes.

Recent luminescence experiments performed
by Voisin et al. ' in InAs-GaSb superlattices
exhibit a structure energetically located below
the intersubband free-carrier recombination
line. Its intensity strongly depends on temperature.
We think that such an experiment raises the
question of the nature of the impurity levels in
superlattices. This subject has not as yet been
studied, although related problems have already
been solved. Lipari' ha.s solved the impurity
problem for impurities located near oxide-semi-
conductor interfaces. More recently, Keldysh'
studied the binding energy of Coulombic impuri-

ties in thin semiconductor slabs, mhere the film
dielectric constant is much larger than that of
the substrate. In the specific case of superlattices,
the dielectric constants of parent materials (e.g. ,
GaAs and GaA1As) are very similar and conse-
quently Keldysh's approximations do not apply.
Finally, Combescot and Benoit a la Guillaume'
discussed electron-hole droplets in superlattices
having interface defects.

In this paper, me propose a first step towards
understanding the hydrogenic impurity in super-
latti~es using a variational procedure. We mill
limit our purpose to the simplest existing super-
lattices, i.e., those which can be considered as
a set of independent quantum wells. We then
expect to reasonably describe the situation pre-
vailing in GaAs-GaAlAs materials. As for the
InAs-GaSb superlattices our calculations apply
only to the hydrogenic acceptor states attached
to the heavy-hole subbands. In fact the InAs
(electron) and GaSb (light hole) levels strongly
hybridize to give rise to relatively wide super-
lattice bands: Typically the bandwidth of the
ground )E~) conduction subband is -41 meV for
50-30 A GaSb-InAs superlattice. But a large
bandwidth is equivalent to an electron wave func-
tion mhich is appreciably delocalized over the
whole GaSb-InAs unit cell. It is therefore doubt-
ful that the hydrogenic donor levels are mell
described by our independent quantum well approxi-
ma, tion.

On the other hand, the heavy-hale superlattice
bands II„are almost dispersionless [the ground
(H, ) heavy-hole bandwidth is much less than 1
meV for a 50-30 A GaSb-InAs superlattice].
This is due to the large (0.41 eV) energy difference
separating the heavy-hole states of the two host
materials and .to the lack of hybridization (due
to the symmetry mismatch) between the Gash
(heavy hole) and the fnAs (electron) states. Hence,
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the independent quantum well approximation is
expected to work reasonably well to describe
these InAs-GaSb heavy-hole superlattice bands
and the hydrogenic acceptor states which are
attached to the heavy-hole bands.

The paper is organized as follows. In Sec. II,
we will derive the spectrum of ground impurity
states in the independent quantum well approxi-
mation, whereas Sec. III will be devoted to the
calculations of some optical properties (absorption
and luminescence) associated with these bound
states.

II. SHALLOW IMPURITY LEVEL IN A QUANTUM
WELL

=+ if izj&L/2,
=0 ~zI &L/2,

where I is the layer thickness and the z origin

(2)

If for simplicity one assumes that there are
practically no tunneling effects between the equi-
valent wells of a superlattice (as, e.g. , in GaAs-
GaA1As materials), that image forces are negli-
gible, and that the carrier kinematics in one well
is described by a one-band spherically symmetric
effective-mass Hamiltonian, the one-impurity
problem to be solved is described by the Hamil-
tonian

K=P'- g2

2' g
—

«[pm+ (z —z )2]i&2+

where V(z) is the potential-energy barrier which
confines the carrier in the well. In all that follows
we shall assume V(z) to be given by

X/2

LS
e'"~'~ cosap, m odd

(r ~nk, &&

e'"i' sinks, n even
L,$j

where S is the layer surface, k, =(k„,k„), and

k„=n~/L, n- l.
The eigenenergies corresponding to the wave
function (3) are

(3)

(4)

I'2y2 I2y2
L+ n

nkj 2 g 2m' (6)

Because the transverse and longitudinal variables
(p, z) do not separate, Eq. (1) probably cannot be
solved exactly. We have therefore attempted a
variational solution of Eq. (1}with the trial wave
function

is chosen at the center of the well. In Eq. (1),
m* is the carrier effective mass and g the dielec-
tric constant of the materia. l of interest. p'=g'
+y2 is the distance in the layer plane measured
from the impurity site and z, the coordinate of
the impurity site along the superlattice axis (i.e.,
perpendicular to the layer plane). We have as-
sumed that the surface layer is sufficiently large
to be able to choose the (x,y) origin at the im-
purity site. For the sake of definiteness, we will
only refer to donor level, whereas it is clear
that (1}also applies to the acceptor state provided
X is understood as the hole Hamiltonian.

Without the impurity potential, the eigenstates
of (1) are

& coskiz exp] —
~

[p'+ (z -z, )']"'
f

if
f

z
f

- L/2
{ [4»

0 f ~.~=L/2,
(6)

where g is the variational parameter and N a normalization coefficient such that

2z; Li( cos 2k,z, f 1 L kp. 2 I L 2z,.
&) (1+k'&'}' [1+ (k A, )']' K 1+k'A, '

Denoting by &(L,z,. ) the eigenenergies of (1), the
binding energy E(L,z,.) will be equal to

W

E(L,z, ) =, , —, .(L, z,)—2m* I

For L=~ and z, = 0, Eq. (6) reduces to the ground
state of the three-dimensional hydrogen atom:

1(p~p)=(eX')'~'exp ——„(p*ee')'~')

As may be seen from Eqs. (6) and (7), our trial
wave function is an exact solution of the Hamil-
tonian (1) in both limits L=0 and L=~.

with

&= ao= «k'/m*e' (9)
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and

E(~, 0)=R,*=m *e'/2g'h'

whereas if z, =+L/2 and L-~, the 2p, hydro-
genated state is obtained, in agreement with I e-
vine's result'

lim E(L, +L/2)= —,'R*, .
L~gy

For L = 0, the expression (6) reduces to the
ground state of the two-dimensional hydrogen
atom"

with

K@ Q~
2m *e' 2

corresponding to a binding energy

lim E(L,z, )=4R 0.
L~0

(12)

Finally, our choice of g„;„(r)is one of the sim-
plest which is compatible with the perfect confine-
ment requirement

(+L/2) = 0.

With the trial wave function [Eq. (6)j e(L,z, ) can
be obtained in a closed form

e'mN'X' cos(2k, z,.) k,'A.' I. 2z,.
(14)

Extremalizing z(L,z, ) with respect to X, one ob-
tains the binding energies E(I, ,z,.) as a function
of the layer thickness for a given z, , or as a func-
tion of the impurity position z,. along the super-
lattice axis for a given thickness I.. Figure 1
shows the variations of E(L, O) and E(L, +L/2)
with L/a, . The binding energies are decreasing
functions of the layer thickness, reaching, respec-
tively, R 0 and R *,/4 in the infinite thickness limit.
It may be noted that the tendency to a two-dimen-
sional behavior [i.e. , E(L,z, ) closer to 4R*, than
to R *,] disappears very quickly, ; for L/a*, = 1 there
is already E(L, 0)=2.25R*,.

Figure 2 illustrates the z,. dependence of the re-
duced binding energies E(L,z, )/E(L, 0) for . several

E'a.
0

values of L/a*, . As dictated by symmetry re-
quirements, E(L,z, ) =E(L, -z, ). E(L,z, )is maxi-.
mum if the impurity is located at the center of the
well and reaches its minimal value if z,. = +L/2.
At, this stage one may wonder whether the quan-
tities E(L,z;), ~z,

~

& L/2 have any meaning. In
fact, they correspond to bound donor levels cre-
ated by donor impurities outside the well. For
instance, in the specific case of GaAs-GaAlAs
materials, it is possible for donors located within
a GaAIAs layer to catch an electron in the neigh-
boring GaAs layer, a problem of some interest
for modulation-doping materials. " 'The donor
wave function will be exceedingly small in the
GaA1As layer (it is a deep donor level with re-
spect to the GaA1As band edge), but still sub-
stantial in the GaAs layer provided ~z, -I /2

~

is not too large. The position dependence of this
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FIG. 1. Reduced binding energy versus reduced layer
thickness for an impurity located at the center (dots) or
at the boundary (stars) of the well.
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FIG. 2. Position dependence of the impurity binding
energy for several layer thicknesses.
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kind of donor state can be calculated within the
above framework if one assumes that the energy
difference between the GaAs and GaAIAs band
edges is infinite [in practice much larger than

E(L'z&)]' For lz&l L/2 E(L z') goes rapid y
to zero: Only donors which are closer to the in-
terface than a 0 have an appreciable binding (Fig.
2). It should be stressed that these states are the
only bound ones. The shallow donor levels which
are attached to the GaA1As band edge (and are
true bound states in the absence of GaAlAs-GaAs
interfaces) are, in the presence of GaAs wells,
degenerate with the two-dimensional continuum
of GaAs subband states. Hence they are resonant
levels with a finite width and cannot trap a carrier.

In contrast with homogeneous materials, the
confinement effect leads to a spreading of donor
levels which depends upon the impurity position.
Instead of obtaining a single ground donor level
that is degenerate with respect to the impurity
site, one obtains as many levels as possible of
impurity coordinates along the superlattice axis.
In discussing which L/a 0 ratio leads to the largest
effective spreading of the donor level, it is of
interest to evaluate g~(E,.), which is the density
of impurity states per unit binding energy. Strictly
speaking, impurities are supposed to be substi-
tutional, and if d denotes the lattice spacing there
are only L/d+ 1 possible impurity positions z,
in the layer (we do not consider the case of modu-
lation-doped materials here). g~(E,.) then reduces
to a sum of L/d+ 1 delta functions. If, however,
the layer is not too thin (L/d» 1), one may let
z, become a continuous random variable (if there
is no intentional doping).

In this case

2

ding

gr, (E,)=- ', E(=E(L,z, ), z, ~ 0.

Now dE, /dz, vanishes at the center of the well.
Also, as may be seen in Fig. 2, E(L,z, ) has a
very small slope near z,. = +L/2 if L/a, = 1. Hence
g~(E, ) becomes infinite at E, =E' =E(L, O) and
can be quite large in the vicinity of E' „=E(L,
+L/2) (Fig. 4). However, when L/a*, becomes
large, the E' „relative maximum disappears,

.whereas the strength of the E' ~ singularity is
reinforced until, for infinite thicknesses, one
obtains

lim gr, (E;)= 5(E, -'R *,),
L~a

(16a,)

the interface value E, =E' „=R*,/4 having a negli-
gible weight. When the well thickness decreases
the E(L,z, ) curves flatten. The two singularities
at E' „and E',„become of equivalent strength
and

lim gr, (E,) = 5(E, —4R ~c) .
L 0

(16b)

I I

Qualitatively, the region L/a*, = 1 realizes the
maximum effective-donor spreading: The width
of the donor distribution is still substantial and

g~(E, ) has two maxima.
o summarize, by changing the single eigen-

value spectrum of a donor ground state into a
quasicontinuum, the spatial confinement in the well
acts as if there were an impurity band. In con-
trast with the standard impurity band, we are
dealing here with a one-impurity effect. Our
results are then independent of the donor concen-
tration (if low enough). The width 6=E'„-E'„
of this "impurity band" depends on the .layer thick-

Op

Zj/3e
0

FIG. 3. Position dependence of the impurity binding
energy when the impurity stays outside the we11 (I- /ao
=1).

0
0

I I

f)gflllOX
I

FIG. 4. Density of states gL(E&) vs E&/E~~ for three
layer thicknesses =L/ao =0.2, 1, 10.
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ness vanishing in both limits L= 0, L=~. Whereas
the density of states of the impurity band in doped
semiconductors shows a maximum near the band
center, in our case we obtain instead one or two
maxima which take place near the band boundaries.
From the previous analysis we expect the well
thickness to sensitively affect the transport proper-
ties in the exhaustion regime, the apparent donor
activation energy being L dependent in two ways:
in an explicit one through E(l. , z,. ) and in an im-
plicit one through g~(E,.). Moreover, as we shall
see below, under favorable circumstances, the
two density-of-states singularities may be re-
vealed in the optical properties associated with
impurities.

III. OPTICAL PROPERTIES ASSOCIATED
WITH IMPURITIES

In the preceding paragraph, we have developed
a simple model for hydrogenic impurities con-
fined between two planes. We found that the de-
generacy with respect to the impurity position
of the donor ground state was lifted. We are now

interested in calculating the optical properties
associated with such impurities. We will focus
our attention on interband processes, since they
are the most efficient tools to evidence donor or
acceptor ground states. Absorption or emission
experiments are possible. In all that follows,
we shall assume that bound electron (hole) sta-
tistics play no part. This assumption is by no
means crucial. It simply renders the algebra a
little l.ess involved.

Up to now we have assumed that the impurity
levels were built from states belonging to a single
parabolic band. This is an excellent approximation
for donor levels but questionable for acceptor
states. The situation is, however, better in our
case than in infinite homogeneous materials.
For the cubic materials of interest, the valence
band is fourfo1d degenerate with J= —,

' symmetry

at k= 0 in infinite media. The acceptor wave-
functions are correspondingly complicated. Owing
to the spatial confinement, the light- or heavy-
hole-band degeneracy is lifted, the upper subbands
being heavy-hole-like. Then, to some extent, we
are again dealing with a single-band problem.
Therefore, although not entirely justified, we
shall use the same model for acceptor level as
for donor states.

A. Band ~ impurity absorption spectra

However, the problems of upper valence sub-
band- donor state and acceptor state- lower con-
duction subbands are not entirely equivalent. For
all materials of interest (GaAs-GaAlAs or InAs-
GaSb superlattices), the effective-mass ratio
m„„/m„,~ is much larger than i (5-6 for GaAs-
G~1As compounds and 20 for InAs-GaSb materials
being typical values). As it is well known, "this
asymmetry leads, for homogeneous materials,
to the impossibility of observing any structure
associated with acceptor - conduction-band trans-
ition by means of absorption measurements, since
the impurity peak would occur at energies larger'
than the interband threshold. " On the other hand,
valence-donor transitions can produce an absorp-
tion peak below the energy gap. Similar effects
are obtained in our case. Consider first the trans-
itions'associated with a single impurity located
in the plane z=a, . Assume the interband optical
transition to be allowed in the corresponding
homogeneous infinite materials (the actual case
in existing superlattices). The transition probabil-
ity per unit time is then proportional to the square
of the overlap integral between the envel. ope wave
functions of the initial and final states. These
are labeled on Table I. We have assumed that
electrons and holes are in the same layer. Sum-
ming over the initial and final states and restric-
ting ourselves to the first hole subband, one ob-
tains

TABLE I. Wave functions and energies involved in band impurity transitions. The energy
gap e~ includes the quantized kinetic energies of the parallel motion for electrons and holes.

First valence subband donor

1/2
(r~i) = — cos(k&z) exp(ik~ p).

Acceptor first conduction subband

( l')=&)), *r.&) () g)*")(-j))'+(*-*i)')"j
1/2

(rP = — cos (|),&z) exp (ik~ p)IS
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2 'I x/2)
r,~„,„(z;,(d) =AN'(L, z, , X)m„,J'(zq, ~, ', " IS(o —E, +E(L,z,.)] [ I Y(I& —&g+E(L, z;)), (17)

where Y(f} is the step function

(18))1 ift&0

l0 otherwise.
In the frequency range of band- impurity transitions, A is an almost frequency-independent constant. N is
the normalization coefficient defined in Eq. (7). In terms of the auxiliary functions

&(x)=(x'+~ )" '

v(z) =2m/Ln(z),

J is given by

(19)

(20)

'(z;, ',x)=~ —, 2+ .1,', ,*+1',exp~ —
2 )sinh(vz, )+cosh(vz, )exp — —, „,+,, —2~

(21)

The case of acceptor - first conduction subband
transition is obtained by changing m„, into m„,~
in Eqs. (17)-(21).

Let us stress that J(z, , A. , 0) is nonvanishing.
Therefore ~,,', ~„ is a step function near the
threshold x = 0. This contrasts with homogeneous
infinite materials for which 7';„„~»and thus the
absorption behaves like x near x= O. .In both cases
the low-x behavior reflects the density of states
of the initial state: In a quantum well the density
of states of each valence subband is a step func-
tion characteristic of the two-dimensional motion
in the layer plane.

To illustrate the asymmetry between the absorp-
tion associated with donors and acceptors, let
us get rid of the cumbersome z, dependence and
assume for a while that L= 0 (purely two-d™n
sional problem). Then

E(L,z, ) =4R ~0',

1~= pa~~,

v'(~) = "' dz,.v '(z, , ")
0

(23)

or equivalently
gi

'P(~) ~Am„, dE, r '(z(E, ), ~}g.(E,).
~min

Since gz, (E, ) is singular near E',„and shows a
maximum near E' „(ifL/a~o&1) we may expect
that, being multiplied by a sharply peaked func-

(24)

the two kinds of absorptive processes, exhibited in
Eq. (22}for L=0, ispreserved. Toeach z, areas-
sociated a given' and agivenE(L, z, ). Thesewere
calculated and discussed in Sec. II. To obtain the
frequency-dependent v ' we have to sum expression
(17) over all possible z, , each of the v '((o, z,.)
being eventually weighted by a doping profile func-
tion. If we again assume that the layer thickness
is much larger than the lattice spacing and that
impurities are randomly distributed, we have

and

rn„Y(k&u —;+4R*„)
"~ «~ ( 1 m

~1+ „'"(h'&u —e, +4R*,~)~4R oe cond

(22)

whereas r„',--; is obtained from (22) by changing

m„,~ into m„, and 8 « into 8,*,. Owing to the large
ratio m„,/m„, ~, v,,', ~, is a fairly rapidly de-
creasing function of 8 above the threshold, where-
as r ', „,'remains almost constant (Fig. 5).
Hence, as in infinite materials, absorption peaks
below the interband threshold can be observed
in the case of valence-donor transitions. On the
other hand, acceptor-conduction subband trans-
itions lead only to a step in absorption.

In spite of the intricate z, dependence exhibited
and 7','„„,~, the dissymmetry between

fTly

~c

0 0.5
x=1+1(~-c )

K)

FIG. 5. Absorption coefficient (in arbitrary units)
versus a dimensionless energy x. The curves labeled
by don and acc correspond to valence subband donor
and acceptor conduction subband, respectively. I =0
(purely two-dimensional material) and my'] /wgofid 6.
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@~ ax=«& -Em&n.

Therefore, due to a confinement effect, valence
-donor transitions are characterized by a double
peak occurring below the interband threshold.
The energy distance between these two peaks
gives a direct evaluation of the confinement-in-
duced spreading of donor ground states.

To illustrate these features we show in Fig.
6 the frequency dependence of w, '„„~„calculated
from Eg. (23) for several layer thicknesses. The
quantity plotted on the horizontal axis is related
to by

5m=« -E',„+xE',„. (26)

All curves exhibit a peak very near x= O. For
L/a", & 1 there exists a second peak between x= 0
and z= 1. It may be seen from Fig. 4 that the
loca, tion of the second peak is

x .„=(E'.„E*„)/E-' „. (27)

In agreement with the discussion of Sec. I, the
strength of the x,„peak weakens as L/a*, increa-
ses. For L/a*, =10 it has disappeared.

As for acceptor —conduction-band transitions,
we previously argued that ~,'„„,~(~,z,.) were
almost step functions of the argument N(d —«

+ E,. Therefore ~ ',„„,d, if considered as a func-
tion of g, should first increase with x correspon-
ding to the successive onsets of acceptor- con-
duction subband transitions [from the deepest

tion of the argument S~ -«~+E, , there will result
for 7~'(&) two maxima located near

@~m~n= «c -Emax ~

acceptor (x=0) to the highest one (x=x )]. For
x&x,„, 7,„' „„,(&u) should decrease very slowly.
These qualitative considerations are supported
by numerical calculations. Figure 7 shows
the curves &.,„.', ,„„,versus x for several layer
thicknesses. In the case of acceptor-con-
duction subband transitions the confinement effect
leads to a steplike absorption. By experimentally
measuring the energy distance between vanishing
absorption and the plateau one could, in principle,
deduce the width of the acceptor band. However,
in practice, this determination will be far more
difficult than in the case of valence-donor trans-
itions.

B. Conduction subband ~ acceptor luminescence

~max
2~(~) ~ g~ (E,)7,'„„,d(v. , L,E,).

~m~s

1
X 1+ exp[P(h&u —& +E, Ez)j '-(28)

Two cases are now possible depending on whether
the electron gas is degenerate or not.

Consider a superlattice in which electrons have
been optically injected into the conduction band. They
will recombine with free or trapped holes. The
emission spectrum Z~(&) associated with con-
duction band- acceptor transitions may, to an
excellent approximation, be taken as proportional
to the product of &ggq gpgg by the electronic dis-
tribution function. Denoting by E~ the Fermi
energy of the electron gas measured from the
bottom of the first conduction subband, we obtain

my 6~c
.. 10

lO

C
I

fAy
mc"

.. """".... $0
D

FIG. 6. Transition probability per unit tl.me 7 /gf dDQ

corresponding to valence donors transitions plotted
against a dimensionless frequency x tsee Eq. {26)] for
three layer thicknesses: I /ap =0.2, 1, 10. m„,.~fm, p

=6. The three curves are scaled to reach 1 at their
maxima.

FIG. 7. Transition probability per unit time '7 ~ ~

corresponding to acceptor first conduction subband
transitions plotted against a dimensionless frequency
x [see Eq. {26)]for three layer thicknesses: 4/ao
=0.2, 1, 10. m„.~/m„, „d =6. The three curves are scaled
to reach 1 at their maxima.
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1. Degenerate electron gus

E
x if0 x Ef

max max

E E
x+ xmas «f xmsx x xmgg + Efmax

msx

g~(x)=0 ifx +,. ~x.E
max

(2S)

If the electron gas is degenerate, the emission
spectrum to a given acceptor characterized by
E, is roughly equal to the product of a step func-
tion of the argument Nv —cg+ E, by another step
function of the argument E~ -Nv+ eg-E, . To
see roughly which kind of luminescence spectrum
results from the recombination of free electrons
with trapped holes in the "acceptor ba,nd, " let
us approximate g~ (E,) by a constant and r '(E()
by a step function and let us assume that 2'=0
and EI,/E, „&x,„. Then, using again the variable
defined in Eq. (26}, one immediately obtains

2. Nondegenerate electron gus

If, on the other hand, the electron gas is non-
degenerate, the emission spectrum characterizing
a well-defined acceptor of the energy E, is a
sharply peaked function of the variable I& —e,
+ E, (being the product of a step function of the
same argument by the exponentially decreasing
termexp[- P(h~ —e +E,.)j). Therefore the emis-
sion spectrum Z~(a&) of nondegenerate carriers
to acceptor states should exhibit the same fea-
tures as the absorption spectrum associated with
valence-donor transitions. Namely, the two
spectra should present a double-peak structure
near x = 0 and x =x ~, the energy distance be-
tween the two peaks giving a fair evaluation of the
impurity ground state spreading by confinement
effect. As an illustration of the above discussion,
we show in Fig. 8 the calculated emission spectra
associated with electron acceptor recombination
for a given layer thickness (L/a*, = 1), a given
electronic temperature (PE',„=23) and different
Fermi energies.

IV. CONCLUSION

lOI
V
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I \

I
"-"~ ~ ~ ~ ~.~."""

II ', 0.2
I ', p4I
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Flo. 8. Luminescence spectra associated with elec-
tron —acceptors recombinations for three different
Fermi energies: Ez/E ~= —0.2, 0,2, 0.4. L/ao =1,
m„&/m, „„d=6. The dashed line corresponds to the ap-
proximate spectrum [see Eq. (29)]. The curves are
scaled to reach 1 at their maxima.

Therefore the high-energy side of the luminescence
line should not be used to derive the electronic
temperature. Although the assumption of a con-
stant g~(E, ) is oversimplified, it may be seen
from Fig. 8 that the luminescence line shape
Eq. (2S) is not, in the high-x region, too
bad an approximation of the one calculated from
the full expression in Eq. (28}. This is due to the
smooth variation of 7$ (E,).

In this paper, we have attempted a simple vari-
ational calculation of impurity levels in a quan-
tum well. Since we have neglected any tunneling
effect between equivalent wells, our calculations
apply to donor or acceptor levels in GaAs-GaALAs
structures or to acceptor levels in InAs-GaSb
superlattices. Even for diluted impurities, the
spatial confinement effect leads to the formation
of a sort of impurity band. 'The density of states
of this "impurity band" is sirigular near the band
extrema due to the one-dimensional character of
the impurity position along the layer axis. 'The

existence of this "impurity band" is expected to
influence both the transport properties in the
exhaustion regime and the optical properties as-
sociated with impurities. The valence subband

donor absorption spectra should reflect the
shape of the "donor impurity band" whereas,
due to the asymmetry between the conduction
and valence masses, the acceptors- conduction
subband absorption is almost featureless. The
conduction subband- acceptors luminescence
is also a smooth function of the energy for degen-
erate electron gas, whereas nondegenerate elec-
tron recombination with trapped holes could again
give some information on the width of the" acceptor
band.
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