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Optical-absorption spectra associated with impurities in a GaAs-(Ga, Al)As quantum well
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The optical-absorption spectra associated with transitions between the n = 1 valence subband and

the donor-impurity band and between the acceptor-impurity band and the n = 1 conduction sub-

band were calculated for both the infinite and the finite GaAs-Ga& Al As quantum wells. An ab-

sorption edge associated with transitions involving impurities at the center of the well and a peak
related with impurities at the edges of the well were the main features observed in the theoretical
spectra. Results obtained in the case of an infinite quantum well were rather different from those
previously reported in the literature.

I. INTRODUCTION

In the last IS years, a considerable amount of work has
been devoted to the knowledge of the unique physical
properties associated with semiconductor superlattices
and heterostructures. ' Because of the potential device
applications of these systems, the understanding of
the nature of impurity states associated with heterostruc-
tures is a subject of considerable technical and scientific
relevance. Bastard was the first to treat the problem of
hydrogenic impurities in quantum wells. He considered
an infinite-barrier quantum well and studied the
hydrogenic-impurity states within a variational pro-
cedure: the binding energy of hydrogenic impurities was
found to vary with the position of the impurity in the
well and with the well thickness. This inhomogeneous
broadening of the impurity levels results in the formation
of an inhomogeneous, localized "impurity band" in the
semiconductor quantum well. In the same work, Bastard
has also presented a study of the optical properties asso-
ciated with impurities within the infinite-barrier approxi-
mation.

The pioneering work by Bastard on impurity proper-
ties in quantum wells was followed by several other more
detailed investigations. Mailhiot et al. and Greene and
Bajaj studied the energy spectrum of the ground state
and the low-lying excited states for shallow impurities in
quantum-well structures consisting of a single slab of
GaAs sandwiched between two semi-infinite layers of
Ga, „Al„As, by taking into consideration the finite size
of the potential barrier. The inhuence of effective-mass
and dielectric-constant mismatches at the well interfaces
was also considered by Mailhiot et al. Effects such as
the nonparabolicity of the conduction and/or valence
bands, the infIuence of the coupling of the top four
valence bands in the case of acceptors, effects of spatially
dependent screening, electron-phonon interactions, etc. ,

were considered by several other authors. ' Experi-
mentally, Miller et ah. ' reported the first observation of
impurity-related photoluminescence features attributed
to the recombination of n =1 electrons with neutral ac-
ceptors in nonintentionally doped molecular-beam-
epitaxy (MBE) -grown GaAs-Ga, ,Al As quantum
wells. Various experimental measurements of the proper-
ties of donors in GaAs-Ga, „Al As quantum wells have
been reported. ' ' Recent reviews on the subject'
contain a detailed list of theoretical and experimental
work on properties of hydrogenic impurities in quantum
wells.

In this work we study the optical-absorption spectra
associated with transitions between the valence and
donor-impurity bands (or between the acceptor-impurity
and conduction bands) for a GaAs-Ga& „Al„As finite
quantum well. Section II will be devoted to the presenta-
tion of some theoretical aspects and to the calculation of
the transition probability per unit time associated with
the band~impurity absorption spectra. Results and dis-
cussion are presented in Sec. III and our conclusions are
in Sec. IV.

II. THEORY

In the effective-mass approximation, the Hamiltonian
of a shallow hydrogenic impurity in a GaAs quantum
well sandwiched between two semi-infinite slabs of
Ga, „Al As can be written as

/2+2

2f7'

2

(2.1)

in which the barrier potential V(z) is taken as a square
well of width I. and height V&. The size Vb of the barrier
is taken to be 60% (40%) of the band-gap discontinuity
b,Es(eV) =1.247x in the GaAs-Ga& „Al As heterostruc-
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ture for the conduction (valence) band. ' In the above
expression, z, is the position of the impurity with respect
to the z =0 origin chosen at the center of the well,
r =[p+(z —z;) ]', with p=(x +y )', is the distance
from the carrier to the impurity site, co= 12.58 is the stat-
ic dielectric constant, and m ' is the efFective mass of the
band under consideration (m*=m, =0.0665mo for
donors and m*=m, =0.30mo for acceptors; mo is the
free-electron mass).

We use a variational procedure and assume an impuri-
ty trial wave function of the form

kl (z+L/2)
e ' I(p, z, z;, ~, ), z~ L/2—

%(r) = acos(kzz)I (p, z, z;, A), L/2 ~z—~L/2
—k )(z —L/2)

r(p, z, z, , X), z~L/2

(2.2)

where A, is a variational parameter,

ki=[2m "(Vb E)]' —/I
k, =(2m*Eo)'"/X,

a= 1/cos(k2L/2),

I(p, z, z;, A, )=expt —[p+(z —z;) ]' /A, I,

(2.3a)

(2.3b)

(2.3c)

(2.3d)

~= „y l &ylH, „,li & l'fi(E, —E,. —r~)
l

(2.4)

with H;„,=Ce p, where e is the polarization vector in the
direction of the electric field of the radiation, p is the
momentum operator, and C is a prefactor which contains
the photon vector potential. The above matrix element
may be written as

and Eo=Eo(Vb, L) is the ground-state energy of the
above Hamiltonian without the impurity potential term.
The impurity binding energy is given by E(L,z;)
=Eo e(L,—z, ), where e(L,z;) is the impurity ground-
state energy, minimized with respect to k.

The transition probability per unit time for valence-to-
donor transitions (associated with a single impurity locat-
ed at z =z;) is proportional to the square of the matrix
element of the electron-photon interaction H;„, between
the wave functions of the initial (valence} and final (im-
purity) states, i.e.,

&Ila,„,li & =ce p/, s/, ,

with

(2.5a)

1
P~; =— dr u/(r)pu;(r), (2.5b)

and

S.;=f dr F/(r)F;(r), (2.5c)

where 0 denotes the volume of the unit cell, u~ (u;) is the
periodic part of the Bloch state for the final (initial) state,
and F~ (F;) is the envelope function for the final (initial}
state.

For a GaAs-Ga& „Al As quantum well of width I„
the transition probability per unit time for valence-to-
donor transitons (associated with a single impurity locat-
ed atz =z;) is therefore given by

1 ~o
Wi(z;, co) = Wo- Y(b, ),Pl 2 2

U (NP, )N J

b =A'co —eg+E(L, z, ),
k =(2m ~/fi)'~

(2.7a)

(2.7b)

Eg =Eg +E —
&
+E (2.7c)

~o=, azolcl'le PI I',
f3 (2.7d)

in which E is the bulk GaAs gap and E„', (E„",) is the
bottom (top) of the first conduction (valence) subband.
Notice that the above expressions are for both finite and
infinite GaAs-Ga, „Al„As quantum wells.

In the case of the infinite GaAs quantum well,
Nb=2/L, and N is given in Bastard's work. We have,
therefore, for the function J=J(z, , k, , ki(co)) in Eq. (2.6),

(2.6)

where ao is the Bohr radius, ao=" eo/m*e is the
eff'ective Bohr radius, Y(~, ) is the step function,
N =(1/(Vl%') )'~ is the normalization factor for the im-

purity wave function, and Xb is the normalization factor
for the wave function associated with the first valence
subband. In the above expression, we have

J= 2+
A,p

2cos[2(m/L)z, ] z, Pv+ e ~~ sinh(Pz;)+cosh(Pz;)e
(1+v ) 1+v

vLP 2

2(1+v ) (1+v )
(2.8)

with

=v(kv)=i2~/[LP(ki)],

P=P(k )=(k'+A, ')'

(2.9)

(2.10)

Notice that there are some difFerences between the above expression for J(z;,A. , ki(co)) and the corresponding formu-
la in Bastard's work.

For the GaAs-Ga& Al As finite quantum well, we have
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J =2~(L/2) 4 —p4 I c)4

gp ' Bp

where

(2.1 1)

4= e "cosh(px, )
2

—p cos(y+ )+y+sin(y+ )+ACXb
'V &+V 'Y+ +P

—p cos(y )+y sin(y )+ACXb +aebx'-+v'
p cos(y+x; ) p cos(y x; )'+

P++@ f +P
(2.12)

p =p( k i ) =PL /2,
)'+ = (k~+k~~ )L /2,

y, =(k, +k,q)L/2,

x, =2z;/I. .

(2.13a)

(2.13b)

(2.13c)

(2.13d)

the absorption. For a given z;, the maxima of the absorp-
tion probability per unit time —maxima of each curve in
Fig. 2(a), which occur at co; =co;(z, )—are shown in Fig.
2(b) as functions of the impurity position.

In Fig. 3(a), the absorption probability WL (z, , co) for
valence-to-donor transitions is shown as a function of the
impurity position, for some fixed values of co and for an
infinite GaAs quantum well of width I.=100 A. Note

In the above expression k», k2b, and ab are given by
Eqs. (2.3a), (2.3b), and (2.3c) with the effective mass and
barrier potential corresponding to the valence band.

Finally, for a homogenous distribution of impurities,
and assuming that the quantum-well thickness is much
larger than the lattice spacing, one has for the total tran-
sition probability per unit of time

- 0.5
n=l

Il

z;/t
0 0.5

I /2
WL (co) =—f dz, WL(z, , cu) .I —L/2

(2.14) 10 meV

The case of transitions from an acceptor-impurity band
to the first conduction subband is obtained by performing
the change m, ~m, —and by exchanging the barrier po-
tentials associated with the valence and conduction
subbands —through Eqs. (2.6)—(2.14).

Eg W(u( Wu) 2 cg

III. RESULTS AND DISCUSSION

In this section we present the main results of our calcu-
lation. First, a schematic representation of a GaAs quan-
tum well doped with an homogeneous distribution of
donor impurities is shown in Fig. 1. There we show the
edges for optical absorption from the first valence sub-
band to the donor-impurity band (A'co, ) and to the first
conduction subband (E ). The transition ficoz corresponds
to absorption to an impurity level associated with impuri-
ties at the edges of the quantum well. In Fig. 1 we also
show schematically the densities of states for the two first
valence subbands and for the impurity band.

Figure 2 shows some of the properties of the transition
probability per unit of time Wl (z;, co) which is used in
(2.14) to obtain the total probability WL(co). Results
shown are for an infinite GaAs quantum well of width
L = 100 A. In Fig. 2(a) the absorption probabilities
WI (z;, co) are shown for some fixed values of the impurity
position and as a function of the difference between the
photon energy Ace and the GaAs bulk gap E . It is clear
that there is no absorption for A~ —F. (E,=fin, —E
and that for a given photon frequency between co& and co2

only part of the donor-impurity band will contribute to

FIG. 1. Schematic representation of some possible absorp-
tion transitions in a L= 100 A GaAs infinite quantum well with
a donor-impurity band. The densities of states, g (E), that result
from the n = 1 and n =2 valence bands and from the
positional-dependent donor binding energy are shown schemati-
cally on the left. The dependence of the binding energy as a
function of the donor position is shown schematically on the
right. The parabolas represent a pictorial view of the planar (k~
dependence) dispersion relation of the first conduction and
valence minibands.
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that, for a given co, WL(z;, co) corresponds to the in-
tegrand in Eq. (2.14), and it is clear therefore that, for
co& & ~ & cuz, only a fraction of the impurity band contrib-
utes to the absorption. Also, it is apparent from Fig. 3(a)
(cf. curve I) that the total absorption Wl (co) goes con-
tinuously to zero as co approaches co& from above [see Fig.
3(b) and the Appendix], a behavior which is not obtained
by Bastard (notice that in Figs. 6 and 7 of his work he
obtained a steplike behavior for the total absorption

probability). Our result for the total absorption probabil-
ity is shown in Fig. 3(b). Note that the value of
E2 =61.82 meV [see curve V in Fig. 3(a)] corresponds to
the onset of transitions to the upper edge of the donor-
irnpurity band and to a peak in the total transition proba-
bility per unit time. Our Fig. 3(b) (for L=100 A, or
L/aa =1) should be compared with the corresponding
curve in Fig. 6 of Bastard's work.

{a)

L= IOO A IV
(a)

L= IOO A

LA0

EI E~

{ hw-Eg){meV)

Evc

70

0
.5 0

z/L
0.5

Evc

L= IOOA (b)
(b)

O
2 0

0
-0.5

l

0
z; /L

O.
60

{&~ E)g{ -em' )

FIG. 2. Absorption probability per unit time O'L(z;, cu) (in
units of 8'0', see text) for valence-to-donor transitions for a

0L=100 A GaAs infinite quantum we11. In (a) curves I—IV cor-
respond to 8'I (z;, co) as a function of Ace —E~ for fixed z; /L=0,
0.25, 0.4, and 0.5, respectively. E~ is the bulk GaAs gap and E„
indicates the onset of valence-to conduction-band absorption.
The maxima of the transition probability per unit time for a
given z; —which occur at co; =co;(z; )—are shown in (b) as func-
tions of the impurity position in the quantum well.

FI&. 3. (a) 8'L, (z;, co) in units of 8'0 shown as a function of
0

the impurity position for fixed values of co and for L=100 A.
Curves I—V correspond to values of Am —Eg =56, 57, 59, 61,
and 61.82 meV, respectively. The value of E2 =61.82 meV cor-
responds to the onset of transitions to the upper edge of the
donor-impurity band and to a peak in the total transition proba-
bility per unit time shown in (b). Note that 8'L(co) in (b) is given
by the integral of the corresponding —fixed m —curve in (a). E&
indicates the onset of transitions from the first valence subband
to the lower edge of the impurity band.
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The absorption probabilities per unit time O'I (co)
for valence-to-donor transitions and for acceptor-to-
conduction transitions are shown in Figs. 4 and 5, respec-
tively, for infinite GaAs quantum wells of different
widths. In all curves one could note that there are two
special structures, one associated with transitions involv-
ing impurities at the center of the well (E, =fico, Eg—)
and the other with transitions associated to impurities at
the edge of the well (Ez =Aco2 E).—Also, it is clear that
the structure near the edge E, becomes more relevant
with respect to the F2 structure as the size L of the GaAs
quantum well increases with respect to the effective im-

0

purity Bohr radius a0 (notice that a0 =100 A for donors
0

and =22 A for acceptors). In the case of acceptor-to-
conduction transitions, for L= 1000 A, the E2 structure
has essentially disappeared. This may be understood in
terms of the density of impurity states '" which has a de-
creasing weight for impurities at the edges of the well as
L/a0 increases. Our results in Figs. 4 and 5 should be
compared with Figs. 6 and 7 of Bastard's work or Fig. 3
of the review by Delalande. '

Figures 6 and 7 present the Wl (co) absorption proba-
bilities for transitions from the first valence subband to
the donor-impurity band and from the acceptor-impurity

Evc
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(a) 0

L = IOO A

I

l7IO

E( E2 E

l 700
{ hm-Eg) {rneV)

I

60
{'hm-Eg) {me V)

E2 Evc

TO

L = 5OOA
(c ) L= tOOO A

0

{ her —Eg) { meV)
IO

0
—I0 0

{hcu-Eg) {meV)
to

FICx. 4. Total absorption probability per unit time (in units of 8 o, see text) for valence-to-donor transitions for infinite GaAs
quantum wells of width L=20, 100, 500, and 1000 A. Notice that diA'erent scales are used.
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band to the first conduction subband, respectively, for
both the infinite- and finite- (x=0.30) barrier GaAs-
Ga& Al„As quantum wells. It is clear from the Figs.

0
that for L up to at least 100 A there is a considerable
shift of the WL(co) curves to smaller values of Ace E—
due essentially to changes in the energies of the first con-
duction and valence subbands when the finite character
of the barrier potential is taken into account. Also, as a
general feature, one notices a softening of the peak in
WL(co) associated with A'co&, i.e., associated to transitions
involving impurities at the edges of the quantum well.
For a finite quantum well, the wave function associated
with a donor (acceptor) at the border of the well
penetrates into the Ga& Al As barrier and therefore it

has a smaller overlap with the wave function of the
valence (conduction) subband when compared to the case
of the infinite barrier. In the situation of a very small
value of l. /ao [cf. Fig. 6(a)] and for a finite barrier, one
eventually recovers the result for the Ga] „Al As bulk,
i.e., a 6 function at %co]. Of course, for the bulk case,
there is no inhomogeneous broadening of the impurity
levels due to changes in the position of the impurity. On
the other hand, for large values of I-/ao, the density of
impurity states associated with impurities at the edges of
the well is very small, and therefore the inAuence of con-
sidering a finite barrier is practically negligible and one
essentially recovers the results for an infinite quantum
well [see Figs. 6(c), (6d), 7(c), and 7(d)].
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FIG. 5. Total absorption probability per unit time (in units of 8'o; see text) for acceptor-to-conduction transitions for infinite
CiaAs quantum wells of width L =20, .100, 500, and 1000 A. Notice that different scales are used.
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IV. CONCLUSIONS
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interest and a theoretical analysis along the same
lines of the present work is in progress.

where we have used the fact that F(z;, co) is a well-

behaved function and
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APPENDIX

Qne can see that WL (co) should go to zero as
co —

cubi

~0+ by considering (2.6),

with ho=fico Ace, =fi—co —Eg+E(L, O). Finally,

2F (O, co&)
WL (co)=, (Ace fico, )'i—

'V

for co —~,~0+, which proves that the total absorption
goes continuously to zero, in contrast to the result by
Bastard.

(A5)

600

as the impurity binding energy at the neighborhood of
z; =0 [note that E(L,z, ) is an even function of the impur-
ity position].

Using (2.14), one obtains

WL (a)) =—f F(z;, co, )Y(bo—yz, '. )dz;, (A4)
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FIG. 7. Total absorption probability per unit time (in units of 8'0', see text) for acceptor-to-conduction transitions for GaAs-

Ga& Al As quantum wells of width L=20, 100, 500, and 1000 A. The dashed lines correspond to GaAs quantum wells of infinite

depth, whereas the solid curves are for an x =0.30 Al concentration (finite-barrier potential). Notice that diFerent scales are used.
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