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A study of the electronic and optical properties of GaAs-Al,Ga,_,As quantum wells in external
electric fields is presented using a theory which incorporates valence-subband-mixing effects.
Electric-field-induced changes in the conduction- and valence-subband structure, exciton binding en-
ergies, exciton oscillator strengths of both allowed (An =0) and forbidden (A540) transitions, and the
total absorption spectrum are calculated. Optical transitions associated with several conduction and
valence subbands are considered. Computed electronic and optical properties are found to be the re-
sult of an interplay between the effects of the overlap of electron and hole envelope wave functions
and the valence-subband mixing. Valence-subband mixing results in a large splitting of the
Kramer’s degeneracy in a quantum-well system in the presence of an electric field. The electric-
field-induced changes in the computed exciton binding energies and oscillator strengths are caused
mainly by the variation of the degree of overlap between the electron and hole wave functions. The
foregoing results are compared with those obtained assuming no valence-band-mixing effects and
are shown to be both qualitatively and quantitatively different. A brief comparison of our results
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with available experimental data is presented.

I. INTRODUCTION

Recently, there has been great interest in the electronic
and optical properties of single-quantum-well and
multiple-quantum-well (MQW) structures in the presence
of electric fields.!=?* Most of the attention has been
focused on the case where the field is applied perpendicu-
lar to the plane of the quantum-well interfaces. Both pho-
toluminescence and absorption studies have been done in
these systems. Emission and absorption spectra associat-
ed with both the heavy-hole and the light-hole excitons
have been observed. All the studies show that the transi-
tion energies of these excitons decrease as the applied elec-
tric field is increased. In addition, the lines become
broader and the intensity decreases with the increasing
field. The conduction- and hole-subband energies and the
binding energies of excitons in GaAs-Ga,_,Al As
quantum-well structures in the presence of an electric
field have been calculated recently by several
groups.'#2°=2% In these calculations, it is assumed that
the heavy- and light-hole subbands are decoupled and
Dingle’s®® simple particle in a box description is valid.
The results of these calculations are in qualitative agree-
ment with the experimental data.

The interest in electro-absorptive effects in quantum-
well structures is strongly motivated by their potential ap-
plications in a variety of electro-optic devices such as
high-speed modulators,'* self-linearized modulators,’
wavelength selective detectors,!> and optically bistable
switches.® Thus, there exists a need for more accurate
models of the electronic and optical absorption properties
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of quantum wells in applied electric fields. In this paper,
we report a calculation of the conduction- and valence-
subband energies, exciton binding energies, exciton oscilla-
tor strengths of both the allowed (An =0) and the forbid-
den (An=£0) transitions, and the total absorption spectra
in GaAs-Ga;_,Al,As quantum-well structures in the
presence of an external electric field. We follow a varia-
tional approach and take into account the effects of
heavy- and light-hole subband mixing. These effects were
first studied by Schulman and Chang3! using a nearest-
neighbor empirical tight-binding model. They showed
that the mixing of heavy- and light-hole components in
quantum wells can lead to a number of interesting phe-
nomena not predicted by the simple particle in a box
model of Dingle.’® Most important among these are the
predictions of many “forbidden” transitions’! which
violate the An =0 selection rule, and the discovery of
“negative” hole masses for subbands which are strongly
interacting at the zone center. In GaAs-Al,Ga;_,As
quantum wells, the prototype negative mass subband is
the first light-hole subband which interacts strongly with
the second heavy-hole subband. In the presence of an
externally applied electric field, the particle in a box
model does predict the existence of forbidden transitions
due to the breakdown of orthogonality between electron
and hole envelope functions. However, predictions of the
exciton oscillator strengths of these transitions, based on
the particle in a box model, as we shall see later, are not
found to be accurate. We therefore emphasize that the in-
clusion of the valence-band mixing effects is absolutely
essential for accurate predictions of oscillator strengths
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and binding energies of excitons in these systems.

We use a model of hole confinement which is inter-
mediate in complexity between the particle in a box model
used by Dingle® and the empirical tight-binding model of
Schulman and Chang.’! The multiband effective-mass
method we use is based on an extension of the k-p method
in bulk semiconductors to the case of thin films as first
described by Nedorezov,*? and recently used in the study
of quantum-well structures by Fasolino and Altarelli.’?
This approach has the virtue of being relatively simple
and yet takes into account the important aspects of the
strong valence-band mixing near the zone center. All re-
sults obtained by the tight-binding model for
GaAs-Al,Ga;_,As quantum wells are reproduced nearly
exactly, provided that the band parameters give the same
bulk heavy- and light-hole masses. Using this rather effi-
cient and flexible effective-mass method, we calculate the
electric-field-induced changes in the conduction- and
valence-subband structure, exciton binding energies, exci-
ton oscillator strengths of both allowed and forbidden
transitions, and the total absorption spectra. We consider
optical transitions associated with several conduction and
valence subbands and find that their properties are a re-
sult of overlap of zone-center electron and hole envelope
functions and valence-subband mixing. The results ob-
tained including valence-subband mixing effects are com-
pared with those obtained assuming no mixing and are
shown to be both qualitatively and quantitatively dif-
ferent. Finally, we compare our results with the available
experimental data.

II. THEORY

The effective-mass model treats electrons and holes
separately. The effective-mass Hamiltonian for the spin-
+ electron states is given by

2

LV, (z)—

H,, =
‘ 2m,

Vi(z,) |850r » (1)

where o labels the electron spin (0=+7), mF is the ef-

fective mass of the electron taken to be 0.067my, V,(z,) is
the confining square well potential whose height is taken
to be 60% of the band-gap mismatch between the GaAs
wells and Al,Ga;_,As barriers,>* and Vj(z,) is the poten-
tial due to the electric field. In our variational model, we
use Ve(z,)=—eFz,©O(W/2— |z, |), where e is the charge
on the election, F is the electric field strength, and ©(x) is
a unit step function which cuts off the electric field poten-
tial at the edge of the well of width W. The cutoff is
necessary in order to obtain a variational solution since in
the absence of the cutoff there are no true bound states.
Bastard et al.?® have shown that if the field strength is
not too large the states will have a long lifetime and can
be considered quasibound. Long-lived quasibound states
exist for any particle in a well if the field strength satisfies
the inequality

2 3

eF << —— . (2)
2m*w3
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The characteristic dimensionless wave vector g, is given
by

2m*wW?
#

3

32
q0= (Vo—E,) ‘ , (3)

where V), is the well depth, m* is the effective mass, and
E, is the particle in a box energy. When Eq. (2) is satis-
fied, the wave function decays rapidly inside the barrier
and errors introduced by the cutoff in electric field are
small. For typical quantum well states ( Vy—E, ) is con-
siderably larger than E, and Eq. (2) holds for F <100
kV/cm.

The effective-mass Hamiltonian for the spin-+ hole is
given by
H,, =T, +[Vyzy)+Ve(z,)]16,, , (4)

where v= — %, e, % labels the z component of the hole
spin. The kinetic energy matrix T, is given in the limit
of infinite spin-orbit splitting by the k-p expression of
Luttinger and Kohn* with k, replaced by the operator
p./#, Ve(zy) is the electric field potential discussed ear-
lier, and V(z,) is a finite square potential for the holes
whose height is taken to be 40% of the band-gap
mismatch between the GaAs wells and Al,Ga,_, As bar-
riers.>* For the Luttinger parameters, we adopt values of
y1=6.93, y,=2.15, and y;=2.81.3¢ For the total band-
gap mismatch, we use AE; =1.115x 4-0. 37x2 eV, where x
is the aluminum concentration in Al ,Ga,_,As. Y In the
effective-mass model for holes, the potential is diagonal in
the basis used. For the case where F =0, it can be shown
by comparison with detailed tight-binding studies that the
off-diagonal components are small.® Strong coupling be-
tween heavy- (v=+*3) and light- (v=* 1) hole subbands
results from the off-diagonal components of T,

In the envelope-function approximation, the free elec-
tron and hole states are

Y (k)= Efn eI, 5

and

Ym (k)= ng k),z,)Ug(r)e e (6)

respectively, where Ug(r) and Ug(r) are zone-center
Bloch functions for electrons and holes, and f7(z,) and
gm(ky,z;) are the corresponding envelope functions.

The envelope functions and subband structure are ob-
tained by solving the effective-mass equations:

2

(2,)—Vp(z,) | fi(z, ) =E}f7(z,) , (7)
Zme
where
. ﬁzk
E; (k)= Ej+
2m}

and
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> {(H o (kyp2) + [ Vi (zi) + Vil2,) 18, 8 (K pp23)

=E}(k))gn(kzy) . (8

To solve Egs. (7) and (8) variationally, we expand f,,(z
and gm(kH,zh) as sums of Gaussian-type orbitals of the
form e —# and ze —P7 , where the exponents 3 are chosen
to cover a broad phy51cal range. Substituting these expan-
sions for the envelope functions into effective mass Egs.
(7) and (8), reduces the problem to a generalized eigen—
value problem to be solved for the subband energies

E, (k) and EL (k;;) and envelope-function expansion coef-
ficients.

The free-electron and hole-carrier states interact
through the Coulomb force to form excitons. The exciton

J

[E(k,)—

In this expression,
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+ wave function is made up of linear combinations of direct

products of quantum-well electron and hole eigenfunc-
tions,

=23 3 2 Fum(kpk)) [kjpn) [kjm ), ©

n,m k” k\l

where n and m are subband indices for electron and hole,
respectively. It can be shown that the exciton envelope
function satisfies a two-dimensional effective-mass equa-
tion. The envelope function is given by

where G, (k;), the exciton-relative-motion envelope

function, satisfies

ELK)]IGum(k)+ 3 zkh Vi (kK[ )G (k| ) =EG (k) . (10)

E, (k) and E,',‘,(kH) are the energies for the nth conduction and mth valence subbands and the

Coulomb interaction term V. (k;,k{) is given by (within the effective-mass approximation)

Vo (K, k1) =
Wm0 = e —

Here, €, is the static dielectric constant and f,(z,) and
&m(k),z;) are the electron- and hole-envelope wave func-
tions discussed previously. We adopt a two-band model
keeping only one valence and one conduction subband.
We further approximate

S gt (kipzn g (ky,zh)

in Eq. (11) by its value at the zone center. This is a fairly
good approximation since the dominating contribution in
Eq. (10) comes from the k;~k| term, and we find that
3. lgnt(k,z,)|* is a smooth function of k;, even
though g, (k;,z;) varies quickly with k. ThlS two-band
model allows us to ignore Fano resonances®® of high-lying
excitons with the continuum levels of lower-lying exci-
tons. We solve Eq. (10) variationally by expanding G,,,
as a sum of Gaussians of the form e ~#” with exponents
chosen to cover a broad physical range. The exciton ener-
gies and envelope wave functions are then obtained by
solving a generalized eigenvalue problem for the expan-
sion coefficients. All of the matrix elements are evaluated
numerically and, in particular, we use the computed free
carrier band structures in the evaluation of the kinetic-
energy matrix. The energy bands are nearly isotropic in
the region of interest near the band edges and with this
approximation, all the numerical integrals are one dimen-
sional.

The band-to-band absorption is calculated using
Fegni’s golden rule. The absorption coefficient is given
by

7“ [ dze [ dzi fiize)fulze) e (K, 2y g (K25 )e 1
Il

—kh | 1z,—z, |

(11)
f
2,2
alfiw) =T L ] S S [Epumk) |2
hocmg fiw kH n,m
X Apm [En (k) —Ef (k) + 0] ,
(12)
where the optical matrix element
Prm (k)= (Wl (k) | p| Y5 (K))) . (13)

Here, ¢'f',,(k”) and 5(k;) are the valence- and
conduction-subband wave functions, respectively, m is
the free-electron mass, ng is the refractive index, € is the
polarization vector, and #w is the energy of the incident
photons.
In Eq. (12), the energy conserving 8 function is replaced
by
Apm [ Emy (k) —E5(K) ) +H0]
a Lorentzian function of half width I',,,, which mimics
the effects of inhomogeneous broadening in multi-
quantum-well structures due to variations in the individu-
al well sizes. It has been demonstrated that, within the
approximation of uncoupled valence subbands, the bulk
Franz-Keldysh effect neglecting effects of Coulomb in-
teraction is recovered within the formalism of the present
band-to-band absorption calculation in the limit of an in-
finitely wide quantum well.*! Finally, to include the
first-order Coulomb interaction effects on the computed
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band-to-band absorption, we multiply by the two-
dimensional Coulomb enhancement factor of Shinada and
Sugano.*?

In the envelope-function approximation, the optical
matrix elements p,,, (k) are given by

Pam(k)=3 [ dr U (pUg(n) [ 7 dz fi(zigm (ky,2) .
v, 0

(14)

The integral over r involves the Bloch functions of the
optical matrix elements between the s-like spin-+ conduc-
tion Bloch state Ug(r) and the p-like spin-3 Bloch state
Uy(r). We denote this integral by (v |p|o).

For the holes, the basis states are linear combinations of
the p-like Bloch states x, y, and z given by

|+%)=%2(|x)+i|y))a, (15)

D ==X+ p)E-2|2)al, 16

|—%>=—‘/l—6—[(bx>—i|y>)a+2|z>ﬁ], (17)
and

=3 =—5x)—i [y, (18)

where a and 3 are spin-% functions.

The matrix elements of interest are of the form
(r|p|o), where r =x,y,z. Using the symmetry proper-
ties of the point group O,, we conclude that
(x|px|0)=(y |py|0)={z |p, | o) while all other ma-
trix elements vanish.

The nonvanishing bulk optical matrix elements for p,
and p, are

(3 Ipe +H =—=(x Ip o) 19)

<t%|px|$%>=%6<x [pxlo) s (20)
and

£ 1p 24 =2 tx pel0) 1)

where the matrix element (x |p,|o) is a constant de-
fined in Ref. 43. The matrix elements for p, are calculat-
ed similarly.

In bulk semiconductors, the optical matrix element is a
slowly varying function of k and may safely be approxi-
mated by its value at k=0. This approximation has also
been made by a number of authors in the study of super-
lattices and quantum wells.>® The An =0 selection rule
for transitions between subbands is based on the fact that
in the envelope function approximation p,,, (k;=0) van-
ishes unless n =m.3° Furthermore, the absorption coeffi-
cient in this approximation is given by (apart from a con-
stant factor)

2

a(fiw) ~ Zeom

S [ €Pmn(0)| By (Fiw) ,  (22)

0 nm

where J,,,(#iw) is the joint density of states between
valence subband m and conduction subband n. For two-
dimensional parabolic subbands, J,,,(#w) is a step func-
tion.*°

It has been pointed out recently
tices and quantum  wells, the approximation
Pnm(K|)=~p,m(0) is a very poor one. We find that
Pnm (k) is rapidly varying even for small values of k;, be-
cause of the strong mixing of heavy- and light-hole states
by the off-diagonal elements in the valence-band Hamil-
tonian H,, . Thus, it is necessary to retain the k; depen-
dence of p,,(k;) in our analysis. Fortunately, we have
found that the squared optical matrix elements
| € Pum (k) | 2 and the energy bands E,},',(k”) and E; (k)
are nearly independent of the direction of k| allowing us
to make an isotropic approximation. The integration over
k) in the formula for the absorption coefficient is one di-
mensional in the isotropic approximation.*>*® Having ob-
tained the exciton envelope wave function G,,(k;) and
the optical matrix elements p,,, (k), the exciton oscillator
strength can be determined by

2 2
Fom= G (k))& P (k) | (23)
™= Egmo kEH € Pam T4

44—46 that for superlat-

where E; is the energy gap in bulk GaAs.
The absorption coefficient for the (nm)th exciton, a,,,
is related to the oscillator strength by*°

. 4% *hif um

anm -

—E,,) . 24
P —— Alfiw — E,p, ) (24)

As in the case of the band-to-band absorption, the exciton
linewidth is assumed to result from effects of inhomo-
geneous broadening.

III. DISCUSSION

A. Valence-subband structure

We have investigated the effect of an applied electric
field F on the valence-subband structure of
GaAs-Alj »5Gag 7sAs  quantum  wells. The valence-
subband structures of 100- and 200-A wells for two dif-
ferent values of the electric field strength F are shown in
Figs. 1 and 2.

The valence subband structure is found to be very com-
plicated and some of the bands are seen to have negative
zone-center effective masses. The complicated band
structure is due to strong interactions between different
subbands at nonzero values of k;, as a result of the mixing
of heavy- and light-hole states by off-diagonal com-
ponents of H,,. At k,;=O0, these off-diagonal com-
ponents are zero and the heavy- and light-hole states are
decoupled. At points away from the zone center, the in-
creasing strength of the level repulsion interaction with k|
can give rise to strong nonparabolicities in the computed
band structure. The bands are labeled after the pure
heavy- and light-hole states at k;=0; HHm and LHm
denote the mth heavy- and light-hole levels, respectively.
The zero of energy is taken at the maximum of
Vi(zy)+Vp(z,) for holes and at the minimum of
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V,(z,)—Vg(z,) for electrons. Thus, the field dependence
of the GaAs band gap, which is spatially indirect, is given
by E;=E;—We |F |, where E, is the zero-field GaAs
band gap of 1.52 eV at 0 K.

In the absence of an applied field, the inversion symme-
try of the square-well potential causes the valence sub-
bands to exhibit a twofold Kramer’s spin degeneracy. In
this case, two sets of degenerate states are obtained by
changing the signs of the spin indices. The two sets of
valence states exhibit parity symmetry (even %, odd %,
even —+, odd — <) and (odd 3, even 5, odd — 5, even
—%). When an electric field is applied, the inversion
symmetry of the hole potential is lost and as a result the
twofold Kramer’s degeneracy of the valence subbands is
lifted. It has been shown*’ > that this lifting of the two-
fold spin degeneracy is due to the lack of inversion sym-
metry and the presence of spin-orbit coupling.

The upper and lower branches of the spin-split
valence-subband levels as defined by energy levels near the
zone center do not interact with each other as can be seen
by numerous level crossings at large values of k. This
can be seen explicitly by block diagonalizing the 4 x4
Luttinger Hamiltonian into two 2 X2 subblocks via a uni-

tary transformation.*®>°
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(b)
FIG. 1. Valence-subband structure for a 100-A

GaAs-Aly 5Gag 75As quantum well in an external electric field
with (a) F=0kV/cm, and (b) F =50 kV/cm.

The zone-center energies of electrons and holes as func-
tions of F are shown in Figs. 3 and 4 for 100- and 200-A
wells, respectively. The band edges for band-to-band ab-
sorption between a given pair of electron and hole sub-
bands n and m is given by the simple relation
E,,=E;,+E,—E,, where E, and E,, are the electron-
and hole-subband energies shown in Figs. 3 and 4 and
E,=E,—We | F| is the GaAs band gap. In the weak-
field limit where eFW <<#m*/2m*W?, Vi(z) is a small
perturbation and the energies E, and E,, may be evaluat-
ed by perturbation theory. To second order in perturba-
tion theory, we have

E,=E}+We |F|/2—{(n |Vg|n)

2
s LD | 5
! En —'EI
Here, | n) and | /) are zero-field envelope functions for
CBn and CB! (where CB represents conduction band), Ey
and E} are the corresponding zone-center energies at zero
field, and the sum extends over all values of [ except
I =n. Because Vg is an odd function, {(n | V¢ |n) van-
ishes and the first-order shift is just We | F | /2. Similar-
ly, E,, is given to second order by

~
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FIG. 2. Valence-subband structure for a 200-A
GaAs-Alj »5Gag 7sAs quantum well in an external electric field

with (a) F =0kV/cm, and (b) F =50 kV/cm.
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FIG. 3. Zone-center energies for (a) conduction and (b)
valence subbands as functions of the applied external field F for
a 100-A GaAs-Alj,5Gag 7sAs quantum well.
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FIG. 4. Zone-center energies for (a) conduction and (b)
valence subbands as functions of the applied external field F for
a 200-A GaAs-Alp5Gag 7sAs quantum well.

(m | Vp|1)|?
En=ES—we |F| 243 Ve lD1

, (26)
7 E} —E}

where now [ and m refer to zone-center heavy- or light-
hole envelope functions. Thus, the band-edge energies
E,,, for band-to-band absorption are given by

| <n | Ve|D)]? | (m [ Ve|D)]?
Enm:Ei(l)m_ ' + '
2 TEE 2 TRE

’

(27)

where E® =E,+E°—E2. If we use infinite barrier en-
velope functions and energies, we can obtain the results of
Bastard et al.?’ for n =m =1, i.e.,

E\1=E\ | —Colm} +m;)e*F?W?/# , (28)

where Co=(1/247*)(15/7>—1) and m) and m, are
electron and hole masses along z. Thus, the second-order
shift to lower energies of the HH1-CB1 and LHI1-CBI1
band-to-band absorption edges is proportional to the
square of the well size and the sum of the carrier masses
along the direction of confinement.

B. Exciton binding energy

The variation in the exciton binding energy as a func-
tion of electric field is shown in Figs. 5 and 6 for 100- and
200-A GaAs-Aly,5Gag 7sAs quantum wells.  Although
the detailed variation of the exciton binding energy with
electric field is seen to be quite complicated, a qualitative
picture is easily found.

The exciton kinetic energy for relative motion in Eq.
(10) is determined by the joint density of states between
valence and conduction subbands while the exciton poten-
tial energy is determined by the degree of overlap between
the z-dependent charge densities of the particle in a box
electron and hole envelope wave functions

—e |fn(ze”2

and

e [gm(zy,0) .

The lifting of the Kramer’s degeneracy results in the for-
mation of closely spaced pairs of excitons having slightly
different binding energies. The excitons associated with
the upper branches of the hole subband curves near k=0
have the larger binding energies since the upper branches
of the valence subbands have the larger joint densities of
states near the zone center. As mentioned previously, the
44 Luttinger Hamiltonian can be block diagonalized
into 2X2 subblocks. Consequently, the two closely
spaced pairs of excitons belong to two independent sets of
excitons and do not interact with each other.

The variation in zone-center effective masses is fairly
small so that the kinetic energy is a slowly varying func-
tion of the electric field. The potential energy, on the oth-
er hand, is rapidly varying due to strong perturbations in
the envelope functions f,(z,) and g,,(z;,0). The electron
is pushed against the direction of the applied field while
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the hole is pushed in the opposite direction so that for
strong enough fields the electron and hole charge densities
are concentrated near opposite walls of the quantum well.
For the HH1-CB1 and LH1-CBI1 excitons whose z-
dependent electron and hole charge densities have a single
maximum at z =0 in the absence of the field, the applica-
tion of a strong electric field results in a separation of
charge density and a uniform decrease in the exciton po-
tential energy and hence the binding energy. For excitons
such as HH3-CBl, the story is somewhat different. In the
absence of a field, the CB1 z-dependent charge density has
a single maximum at z =0, the HH3 charge density has
three maxima, and the largest contribution to the poten-
tial energy comes from the Coulomb interaction between
the electron and hole charge densities concentrated at
z=0. When a strong field is applied, the potential energy
initially decreases as the electron and hole charge densities
at z =0 are separated but then increases for a time before
beginning a uniform decline when the electron charge
density overlaps significantly with one of the secondary
maxima of the HH3 charge density. Similar reasoning
can be applied to other excitons to obtain a qualitative
understanding of the variation in binding energy with
electric field.
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C. Exciton oscillator strength

We have also studied the oscillator strength for exciton-
ic absorption as a function of the applied electric field in
GaAs-Aly ,5Gag 75As quantum wells. We consider exci-
tonic absorption for the usual experimental situation
where unpolarized light is incident along the growth
direction [i.e., (x,y) polarization]. For the case of a 100-
A quantum well, oscillator strengths for excitonic transi-
tions for several prominent excitons to the first and
second conduction subbands are shown in Figs. 7(a) and
7(b), respectively. For a 200-A well, the oscillator
strengths for excitonic transitions to the first two conduc-
tion subbands are shown in Figs. 8(a) and 8(b). The
curves corresponding to excitons formed from upper and
lower valence-subband levels are labeled by the letters u
and /, respectively.

Referring to the figures, the oscillator strength curves
are nontrivial and at first sight surprising. The detailed
dependence of the oscillator strength on electric field can
be viewed as a complicated interplay between the mixing
of even- and odd-parity wave functions by the applied
electric field for each of the heavy- and light-hole com-
ponent wave functions and the mixing between heavy and
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light holes due to the off-diagonal components of the hole
kinetic energy operator T,,-.

The major factor determining the oscillator strength for
both allowed An =0 and forbidden Anz£0 excitons in an
electric field is the mixing of even- and odd-parity wave
functions by the applied electric field. To interpret the re-
sults of the detailed calculation, we first note that we may
simplify Eq. (23) by supposing the exciton wave function
G,n(k;) to be a cap function with a cutoff for
|k, | Zko. For kg very small (i.e., for shallow excitons),
we have :

fnm"‘ |€pnm(0)|2~ | <f:(ze)|g:1(oyzh)> {2 .

Thus, the oscillator strength is proportional to the simple
overlap between the free electron and hole zone-center en-
velope functions. Referring to Fig. 8(a), the decrease in
oscillator strength for HH1-CB1 and LHI1-CB1 for
F > 10 kV/cm is due primarily to the reduction in overlap
between CB1 and the HH1 and LH1 wave functions with
the application of the electric field. For the case of the
HH2-CBI1 exciton, the application of an increasing elec-
tric field and the resultant distortion of the CB1 and HH2
wave functions increases the overlap until a maximum is
reached near a point where the CB1 wave-function peak
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FIG. 7. Exciton oscillator strengths per unit area for several
prominent excitons as a function of applied electric field Fin a
100-A GaAs-Alp 25Gag 75As quantum well for (a) excitonic tran-
sitions to the first conduction band and (b) excitonic transitions
to the second conduction band for unpolarized light incident
along the growth direction.

2315

coincides with a local maximum of the HH2 wave func-
tion. Thereafter, the overlap between HH2 and CB1 de-
creases and the wave functions are forced against opposite
walls of the quantum well by the electric field. A similar
analysis for other excitonic transitions can be made.

At zero electric field, the oscillator strengths of the for-
bidden excitons are due almost entirely to the sharing of
their oscillator strengths with those of allowed excitons
through mixing of the hole envelope functions. In partic-
ular, the strong LH1-CB2 exciton absorption observed at
zero electric field has been shown to result from sharing
of its oscillator strength with that of the HH2-CB2 exci-
ton due to strong hybridization of the LH1 and HH2
wave functions.’">? Thus, one can have a situation where
the variation in the oscillator strength of a forbidden exci-
ton is determined not by the changes in the simple zone-
center wave-function overlap of the forbidden exciton in
question, but rather by changes in the oscillator strength
of the An =0 allowed transition with which it is strongly
mixed and by changes in the degree of this mixing. A
particularly good example of this is seen in the variation
of the LH1-CB2 exciton oscillator strength in the 200-A
well case. For F <10 kV/cm, the total oscillator strength
of the LH1-CB2 excitons decreases rapidly in response to
a decrease in the oscillator strength of the HH2-CB2 exci-
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to the second conduction band for unpolarized light incident
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tons with which they share oscillator strength and to vari-
ations in the degree of hybridization of HH2 and LHI.
This decrease in the oscillator strength of the LH1-CB2
exciton occurs despite the fact that the simple zone-center
overlap is an increasing function of electric field in the
weak-field regime. Likewise the initial increase in the os-
cillator strength of the allowed LH1-CBI1 exciton with
electric field can also be explained as a mixing effect. The
oscillator strength of LH1-CB1 grows in the weak-field
regime by regaining the oscillator strength it shared with
HH2-CBI1 despite the fact that the zone-center overlap be-
tween LH1 and CB1 is a monotonically decreasing func-
tion of the electron field strength.

D. Exciton binding energy and oscillator strength
in the uncoupled valence-band approximation

Many authors like to make calculations in which
valence-subband mixing between light and heavy holes is
neglected. A question arises as to the validity of this ap-
proach.

For the sake of completeness, we have also calculated
exciton binding energies and oscillator strengths as a func-
tion of applied electric field for the 200-A quantum well
in an uncoupled valence-subband model for purposes of
comparison with the present calculations. This is
equivalent to retaining only the diagonal components in
the kinetic-energy operator T,,.. In this picture, there is
no coupling between heavy- and light-hole states and the
valence subbands are all parabolic and the joint densities
of states are all step functions. There is no lifting of the
Kramer’s degeneracy in this approximation. Further-
more, the optical matrix elements p,, in this decoupled
approximation are constants independent of k.

The computed exciton binding energies in the decou-
pled approximation are shown in Fig. 9. Comparing the
results of the uncoupled bands model in Fig. 9 with the
more realistic results shown in Fig. 6, we see that in-
clusion of mixing-induced valence-band nonparabolicity
effects can change the computed exciton binding energy
by 1—2 meV. The variations in exciton binding energy
with electric field in the uncoupled approximation are due
entirely to variations in the exciton potential energy.

The computed exciton oscillator strengths in the uncou-
pled valence-subband model are shown in Fig. 10. A fac-
tor of 2 has been included to account for spin degeneracy.
In comparing these results with the more realistic calcula-
tion, one adds together the oscillator strengths of the
spin-orbit split excitons. The results of the uncoupled
valence-subband model are in fair agreement with results
obtained using the more realistic valence-subband cou-
pling model as can be seen by comparing Fig. 10 and Fig.
8. The simple overlap between free-electron and hole
zone-center envelope functions, which determines the os-
cillator strength, is insensitive to nonparabolicity effects.
In the weak-field limit, on the other hand, mixing effects
are very important. In the decoupled bands model, the os-
cillator strengths of the forbidden excitonic transitions
vanish at zero electric field while in the mixing calcula-
tion strong forbidden transitions are predicted due to the
sharing of oscillator strengths between allowed and for-
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bidden transitions. As mentioned earlier, the LH1-CB2
exciton oscillator strength for weak fields is derived from
that of the HH2-CB2 exciton. In the uncoupled calcula-
tion at F =0 kV/cm, the HH2-CB2 oscillator strength is
therefore approximately equal to the sum of oscillator
strengths for the HH2-CB2 and LH1-CB2 excitons as cal-
culated in the mixing model.

E. Computed absorption spectra

To facilitate comparison of our theoretical studies with
experimental measurements, we have generated artificial
absorption spectra to show the effect of an applied electric
field on the absorption spectra of 100- and 200-A
GaAs-Aly ,5Gag 75As quantum wells. Computed absorp-
tion spectra for 100-A quantum wells are shown in Fig.
11, and similar absorption spectra for a 200-A quantum
well are shown in Fig. 12. In the 100-A cases, the band-
to-band and excitonic linewidths I', and ', are given by
'=1n,n, meV, where n, and n, are principal quantum
numbers for electrons and holes. For the 200-A well
cases, I'=0.5n,n, meV. The upper curves are the com-
puted total absorption spectra and the lower curves are
the band-to-band absorption spectra including the free ex-
citonic absorption due to the Coulomb enhancement fac-
tor of Shinada and Sugano.*
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transitions to the first conduction band and (b) excitonic transi-
tions to the second conduction band.
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For a given electric field strength, the changes induced
in the computed absorption spectra are more pronounced
for wider quantum wells, In Fig. 11, we have the comput-
ed absorption of a 100-A quantum well; Fig. 11(a) in the
absence of an electric field and Fig. 11(b) in the applied
field of 30 kV/cm. Over this range of electric field
strength, the changes in the absorption coefficient are rel-
atively minor. The onset of the band-to-band and HH]1-
CB1 excitonic absorption in an applied field of 30 kV/cm
are both lowered by 1 meV, and the HH1-CB1 exciton
peak is measurably weakened. The most interesting ef-
fect, however, is the shifting of oscillator strength from
the LH1-CB2 forbidden exciton to the HH1-CB2 exciton,
an effect which should be observable.

The computed absorption of a 200-A quantum well for
applied electric field strengths of 0, 10, 20, and 30 kV/cm
is shown in Fig. 12 and the changes are seen to be much
more pronounced. As the electric field strength increases,
the oscillator strengths of the An =0 allowed excitonic
transitions decrease until at 30 kV/cm they are very weak.
At the same time oscillator strength is transferred to the
An=£0 transitions and at 30 kV/cm the most pronounced
excitonic transitions are seen to be those involving states
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conduction band for unpolarized light incident along the growth
direction.

with principal quantum numbers n =1 and n =2, i.e,
HH2-CB1, HH1-CB2, and LHI1-CB2. As discussed ear-
lier, this is due primarily to the changes in the simple
zone-center overlaps as the envelope functions are distort-
ed by the electric field.

F. Comparison with experimental data

We now compare briefly our results with experimental
data. As mentioned earlier, several groups have made
emission as well as absorption measurements in
GaAs-Al,Ga;_,As multi-quantum-well structures in the
presence of an electric field applied perpendicular to the
plane of the structures. They all find that the energies as-
sociated with the lowest excitonic transitions, namely
HHI1-CB1 and LH1-CB1, decrease as a function of the
applied electric field. Most of the decrease arises from the
change in the conduction- and hole-subband energies and
not from the change in the binding energies of the exci-
tons. This is in general agreement with our results as can
be seen from Figs. 3 and 5(a) for 100A-wide GaAs quan-
tum wells. Recently, Miller et al.'® have carried out a
fairly detailed study of the effects of electric field on the
optical absorption spectrum of a GaAs-Alj 3,Gag ggAs
multi-quantum-well structures with well and barrier sizes
of 95 and 98 A, respectively. They measure the energies
of the absorption peaks associated with the heavy-hole

X=025
w=100 A

F=OkVv/cm

HH1-CBI

ABSORPTION COEFFICIENT (10%cm™)

ol T S RS R
1500 1550 1600 1650 1700 1750

PHOTON ENERGY (meV)
(a)

X025
W=100A
F=30kV/cm

o]
T
HHI-CBI

ABSORPTION COEFFICIENT (10%cm™)

PRI ! L
1600 1650 1700 1750

Voo L

PHOTON ENERGY (meV)
(b)
FIG. 11. Computed absorption spectra in a 100-A

GaAs-Aly,5Gag 7sAs quantum well for unpolarized light in-
cident along the growth direction. The applied electric field is
taken to be (a) F =0kV/cm and (b) F =30 kV/cm.



2318

X=025
W=200 A
F=0kV/cm

o~
@
o

/— HHI-CBI

~
I
o}
|

LA B B B B B B B

ABSORPTION COEFFICIENT (10%cm™)

o
1500 1520 1540 1560 1580 1600
PHOTON ENERGY (meV)

(a)

9

TE = X=025
s | w=-200A
S F=10kV/cm
. ©
= o - ]
Z 2~ T 3 33y N 5
= | T x o o 3 @ «
© T Loy e T
- I L 3 I T o " 3
i } TTEoE
g | VAL
(%)
z '
c |
= -
o
e |
S
2] -
2o . .
1500 1520 1540 1560 1580 1600
PHOTON ENERGY (meV)
(b)
3
E X025,
E I W =2004
«< I F +20kV/cm
o |
e T
W
st
i
w
Wt
o
S }
z '~
S |
-
Tk
[:4 -
S
(2] -
2 [¢) L | n Il s i L
1500 1520 1540 1560 1580 1600
PHOTON ENERGY (meV)
(c)
3
=L X025
E w= 2004
< | F=30kv/cm
S I
=t
z 2
w1
Qo
c t
w -
w
o }
o
z '
St
[~
a
e |
<]
a |
@
o
1500 1520 1540 1560 1580 1600
PHOTON ENERGY (meV)
(d)
. . o
FIG. 12. Computed absorption spectra in a 200-A

GaAs-Aly 25Gag 7sAs quantum well for unpolarized light in-
cident along the growth direction. Applied electric field
strengths are (a) F =0 kV/cm, (b) 10 kV/cm, (c) 20 kV/cm, and
(d) 30 kV/cm.

G. D. SANDERS AND K. K. BAJAJ 35

(HH1-CB1) and light-hole (LH1-CB1) excitons as a func-
tion of the applied electric field at room temperature and
find that they decrease as the electric field is increased.
They also calculate the positions of the lowest conduction
and hole subbands and the binding energies of the heavy-
and light-hole excitons as a function of the electric field
using the decoupled valence band approximation. In their
calculation, they assume a 57:43 band-gap discontinuity
and use physical parameters first proposed by Miller
et al.** Using the known value of the band gap of GaAs
at room temperature (1.424 eV), and the calculated values
of the subband and exciton binding energies, they deter-
mine the emission energies which agree quite well with
the measured values. We have also calculated the energies
of the conduction and valence subbands and the values of
the exciton binding energies as a function of the electric
field in 100-A GaAs wells using the decoupled band ap-
proximation. As mentioned earlier, we use a 60:40 band-
gap discontinuity rule and values of Luttinger parameters
consistent with those proposed by Skolnick et al.?® based
on their cyclotron resonance work. These values are
somewhat different from those used by Miller et al.'®* We
find that the position of the lowest conduction- and
valence-subband levels we calculated, agree quite well
with those calculated by Miller et al.'® and by Bastard
et al.®® keeping in mind that our well size (100 A rather
than 95 A) and the Al concentration (0.25 rather than
0.32) are somewhat different. The values of the exciton
binding energies we calculate, however, show a much
smaller decrease as a function of the electric field than
those calculated by Miller et al.'®* The differences in the
variation of the exciton binding energies with electric field
are probably due to the use of different variational wave
functions in the two calculations. In view of the uncer-
tainties in determining the exact positions of the absorp-
tion peaks and the values of the various parameters of the
multi-quantum-well structures, the agreement between our
calculations and those of Miller et al.'® with the experi-
mental data is quite good. Matsuura and Kamizato?® have
calculated the variations of the subband energies, exciton
binding energies and exciton oscillator strengths as a func-
tion of the applied electric field in GaAs-Al,Ga;_,As
quantum wells assuming infinite potential barriers and us-
ing the decoupled band approximation. They follow a
variational approach and consider excitons associated
with two conduction subbands and two heavy- (light-)
hole subbands. The variations they calculate agree with
our results for the decoupled bands for large (> 100 A)
well sizes, where it is meaningful to compare the results of
an infinite potential barrier calculation with ours. The ef-
fects of valence-subband mixing on the absorption ener-
gies of the excitons associated with the lowest bands are
rather small. As discussed earlier, the inclusion of these
effects leads to interesting and different predictions about
the binding energies and the oscillator strengths of exci-
tons associated with higher subbands in the presence of an
applied electric field.

Recently, Collins et al.?> and Yamanaka er al.?* have
independently studied the excitonic transitions in
GaAs-Al,Ga;_,As multi-quantum-well structures in the
presence of an electric field applied perpendicular to the
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growth direction using photocurrent spectroscopy. Both
of these groups find a rich structure in their spectra and
observe as many as eight transitions. As the value of the
electric field is increased, these transitions shift toward
lower energies and their relative strengths change. The
behavior of their excitonic transitions is in agreement with
the predictions of our theoretical model which takes into
account the valence subband mixing. A detailed quantita-
tive comparison between the absorption spectra we calcu-
late and the spectra observed by these two groups is not
possible as the experimental spectra are not normalized.

IV. SUMMARY AND CONCLUSIONS

In conclusion, we have studied the electronic and opti-
cal properties of 100- and 200-A GaAs-Alj,sGag 7sAs
quantum wells in an external electric field using a multi-
band effective mass theory which takes valence-band-
mixing effects into account. Computed electronic and op-
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tical properties are found to be the result of a complicated
interplay between envelope wave-function overlap effects
and valence subband mixing. Electric-field-induced
changes in these properties are dominated by changes in
the overlap between electron and hole wave functions
which govern the strength of the effective exciton poten-
tial. These results are compared with those obtained us-
ing decoupled valence subbands and also with experimen-
tal data.
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