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‘Ne review the coupling among tlie different exciton states in a semiconductor quantum well.
‘Three intrinsic mechanisms are considered: tlie coupling among the heavy- and light-hole
excitons due to the off-diagonal terms of tlie Luttinger Hamiltonian, the coupling induced
by the strain present in lattice mismatched heterostructures and the coupling among the
excitons originated from the same host-hole subband due to the three-dimensional character

of the Coulomb interaction.

|I. Introduction

The optical transitions in semiconductor quantum
wells are dominated by tlie correlation between the elec-
tron and the hole, that is, the excitonic effects. The car-
ricr confinement along the growth direction enhances
the exciton binding energy and its oscillator strength.
This givesastrongstability for the exciton states. They
arenot dissociated at room temperature or by the appli-
catioii of longitudinal electric fields (up to 100 kV/cm).
These cliaracteristics have offered tlie possibility of in-
teresting device applications!!]. The first theoretical
approaches Considered a decoupled exciton model, with
parabolic val:nce subbands(®3l. With the improvement
of sample quality, fine structures in the exciton states
became possible to be observed. Those are consequence
of the coupliig among the different. excitons and orig-
inate from tlie crystal and the heterostructure poten-
tials. They raise an entire new aspect to the hydrogen-
like states clisracteristics of tlie Wannier exciton.

Here, me review some Of tlie couplings among
the different excitons in semiconductor quantum wells
(QWs). lii Section II we cliscuss tlie simple uncoupled
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model. The coupling among the excitons due to intrin-
sic effects is included in Section II1. Three mechanisms
are considered: the off-diagonal terms of the Luttinger
Hamiltonian which couples heavy- and light-hole ex-
citons, the biaxial strain in lattice mismatched QWs
and tlie three-dirnensional character of the Coulomb
interaction. Finally, in Section IV we draw our final
rernarks.

II. Uncoupled Exciton States

The yuantum-well corifinement breaks the valence
band degeneracy at the center of the Brillouin zone.
Choosing the direction of diagonalization of the total
angular momentum along the growth direction, it is
possible to separate the valence subbands into heavy-
and light-hole subbands for the z-dependent motion!4l.
When an electron is excited into the conduction sub-
bands, the correlation between the electron and the
hole left in the valence band gives origin to the exci-
ton states. Taking a parabolic conduction band, the
total Hamiltonian for the exciton state is written as!®}

61

- 1, (1)
€ pz + (ze - Zh)2

—



146
where
Ay, O B 0
o AL 0 -8B .
H (2, p) = 3 0 A. C (2)
0 =B A4
and
A Wt 2 2 V(s - 12
A = T Y1 f_}){j':; + VY (25 — L7 /4)
2 mo 9* 9?
B 2mg (m’g Tt }2> (5;_-’_ +;)?
42’\
p o= W0 (0 .0 (3.5)
my Oz, \dx  Jy
3h? ¢ 9 L0
¢ = ——fl 72l 55 — 55 ) — 2 | (B0)
2rmg gz o2 dz0y
where p = (2,¥) is tlic in-plane relative coordinate,

v1’s arc tlie Luttinger parameters and c is the static
dielectric constaiit. Tlie simplest approximation con-
sists in neglecting tlie contribution of the higher bands.
Namely, we consider only tlic diagonal terms of the Lut-
tinger Hamiltonian, neglecting the ofl-diagonal ones. A
further approximation is to consider separable variables
for the z-motion and the in-plane motion. This is a good
approximation for tlic Coulomb states for QWs in the
range . < 200 AlSl. Within these approximations, the
exciton states may be classified iii two different series,
each associated to a different hole-host hand. Tach one
of these seriesis composed Of different familics of exci-
ton states, associated to the different quantum well con-
heci states for tlic clectrons and holest”. These fam-
ilics of states are theii splitted into different in-plane
symmetries, similar to tlie two-dimensional hydrogen
problem!(®].

The exciton wave-function is constructed following
aseparable variables approach. The z-part of the wave-
function is assumed to be dominated by the quantum
well potential and is not affected by the Coulomb in-
tcraction in first approximation. The in-plane motion
is determined variationally. The general form of tlie

variational wave-functions are:

l]?exc(zr;: 27“[)) = Xn.(zc-)%’;m (Zh.)fih(gr f’) ; (4)
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with
Nis(0,p) = f2/7A 5 exp(~p/ i) (5.2)
o (0,p) = 2/ 3/7r/\‘21pipexp(—p//\2piii9),
' (5.b)
faax(0,p) = 2/+/15/7X5, p? exp(—p/Asax £ 2i0) ,
(5.c)

where xn(¢m) are (e n'* (m'*) electron (hole) QW
wave-function ancl tlie X;’s are the variational parame-
ters. Figure 1shows (a.)the 1s—FE, H H,,(LH,,) exciton
binding energy ancl (b) the oscillator strength as a func-
tion of tlie QW width, for GaAs-Gag 7Alg3As QW's in
the simplest parabolic approximation!”]. We observe
a general trend for the binding energy of the ground
electron and hole levels. The binding energy increases
from its bulk value as tlie well width decreases, reflect-
ing the increasing quasi-bidimensionality of the system.
Tliis trend goes until at least one of the two particles
loses its quasi-bidimensionality, when its wave-function
penetrates largely into tlie barrier and the QW level
approaches tlie height of the well. The exciton hinding
energy then decreases as we further decrease the QW
width. The same behavior happens for the excited QW
electron aiid hole levels. In this case, the maximum in
the exciton binding energy happens at larger values of
QW widths as tlie particle level indices (n.,m) increasc.
The oscillator strength follows asimilar behavior. No-
ticc that we only consider the exciton states with n+m
= even number since, for a symmetric QW, they are
the only ones to have anon-zero oscillator strength. We
should also observe that, for the equivalent liole level,
tlie binding energy is larger for the light-hole excitons
than tlie heavy-hole ones. Tliis is due to the mass-
reversal effect for the liole subbands, a consequence of
the diagonal approximation. The heavy-hole shows a
lighter cffective mass in comparison to the light-hole ef-
fective masses. Excitons with other symmetriesfor the
in-plane part of tlie wave-function (p, d, f, etc.) do not
show any oscillator strength in this approximation!®l,
However, when the coupling among the excitons takes
place, these excited exciton states play an important
role.



Brazilian Jcurnal of Physics, vol. 24, no. 1, March, 1994

100F— Vi

Cexc (MeV)

11

107!

fam

1072

0 190 200
L(A)
Figure 1: 1s = Ey H Hm (solid lilies) and FnLHm (dashed
lines) (&) exciton binding energies and oscillator

strengths in GaAs-Gao 7 Ao.s As quantum wells @8 afunction
of the GaAs laer thickness. (after Ref. 7).
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III. Coupled exciton states

The simple picture discussed so far isstrongly mod-
tfied once we consider the coupling among the differ-
ent excitons. For the full exciton Hamiltonian, all
the exciton states are coupled. This originates from
three intrinsic mechanisms characteristic of the sys-
tem: The off-diagonal terms of the Luttinger Hamil-
tonian which couple heavy-hole excitons to light- hole
excitons. These terms are of second-order in k. As
a consequence, they couple exciton states with differ-
ent in-plane symmetries!!®= 151 A second rnechanisrn is
the coupling among the liglit- and split-off hole bands,
which is enhanced by the QWI'®. A third mechanism
is the three-dimensional character of the Coulomb in-
teraction which couples exciton states belonging to dif-
ferent QW levels but tlie same hole-host band!17=19].

Further exciton coupling may be obtained when we
consider the effect of external fields. If the field follows
the QW cylindrical symmetry, only the intensity of the
coiipling will change. On tlie contrary, for fields which
break this symmetry (e.g., an in-plane uniaxial stress),
additional coupling among the exciton states may be
observed!,

The different couplings among the exciton states
have been extensively studied by anumber of authors.
We will not review here all these effects but will con-

centrate in those couplings which are intrinsic to the

system 10 be considered.

i) Heavy- and light-hole coupling

The off-diagonal terms of the Luttinger Hamiltonian
coiiple tlie heavy- and light-hole states giving origin to
highly-non-parabolic valence subband dispersions2%:21},
This coupling is responsible for two effects in the exci-
ton states. First, we observe an increase in the excitoii

binding energyl!®~14. The strong anticrossing pattern
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has the effect of increasing the in-plane effective mass
for the ground-hole subband. The effect is even stronger
for the light-hole when the ir-plane mass can assume

an electron-like behavior.

This results in an increase of the exciton binding
energy Of tlie order of 10% - 20% for the excitons asso-

ciated to tlie ground electron and hole subbands.

A more spectacular effect 1s the coupling of the
heavy- and light-lioleexcitons having different in-plane
symmetries. The s-like heavy (light)-hole excitons
couple with the p-like and d-like light (heavy)-hole
excitons. Bauer and Andol!® and Ekemberg and
Altarellil'¥)] following different approaches, showed the
importance of including the continuum exciton states
whenever these coupling is considered. Here, we fol-
low an approach similar to tlie one developed by Bauer
and Andol!3]. We project the full cxciton Hamiltonian
into a non- ortliogonal basis. This basis is built based
on wave-functions of tlie type described by Eqs. 2-3.
The total wave-function is a spinor with components
formed by linear combinations of wave-functions hav-
ing different valuesfor A. Tlie non-orthogonality of the
basis assures tlie presence of a.set of states which mim-
ics tlie continuum states. The eigenvalues are obtained

5

by diagonalizing the generalized eigenvalue problem(®l,

Figure 2 shows (Q) tlie exciton energy relative to
tlie bottom of tlie ground.electron and light-hole band-
to-band transition and (b) the respective oscillator
strength as a function of tlie QW widthl5]. Here, only
the coupling among the 1s — EyLH, and the d-like
FEyH H, exciton states is shown. Tlie exciton binding
energy in the diagonal approximation is also plotted.
Far from tlie anticrossing region we observe a clear in-
crease in the cxciton binding energy. As the 1s—E) LH;
and tlie 3d — F{ H H; excitons approach each other, the
two states interact and an anticrossing isohserved. No-
tice that the 1s — £y LH; couples also with tlie excited
d—E1H Hy excitonsstates. Here, these states are repre-

sented by some discrete states. They actually represent
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the discrete and the continuum d-like E;LH; exciton
states. As aconsequence of the anticrossing, there isan
exchange in their oscillator strengths. Inthisregionitis
possible to observe optically both exciton states. These
anti-crossing effects may be enhanced by the presence
of external fields, likean electric field or a magneticfield
applied along the growth direction. It has been possi-
ble to optically observe several excited exciton states
which, in the absence of the coupling, are forbidden

transitions(22:23],
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Figure 2: 1s — EyLH; (a) exciton binding energy and (b)
relative oscillator strength o the transition as a function
of the GaAs layer thickness in GaAs-Gao.7 Alg.3 As quantum
wells using a nonorthogonal basis. Dashed line: diagonal
approximation. Solid lines; full Hamiltonian. The anti-
crossing with tlie nd — Ey H H; states is also shown. (after
Rcf. 5).

ii) Lattice mismatched QW’s

An interesting situation appears when the two host
materials present a significant difference in their lat-
tice parameter?¥. Here, we consider the case of a
In,Gaj_As QW with GaAs acting as barriers. The
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structure is assumed t0 be grown on a GaAs substrate.
The lattice parameter that dominates the structure is
the one of the GaAs. The InAs and the GaAs have
a difference of 7% in their lattice parameters. The
In,Ga,_.As layer is, therefore, undcr in-plane biaxial
compression. Tliis does not altere tlie cylindrical sym-
metry of the structure. However, quantitative effects
modify signiicantly tlie electronic properties. First, the
heavy- and liglit-hole host bands in the In,Gaj_.As
are splitted. This splitting is so stroiig that tlie light-
hole may present atype-11I confinement. More precisely,
the electrons aiid the heavy-hole are confined in tlie
In,Ga;_.As layer. With tlie strain effects, tlie liglit-
hole band profile is practically flat and, depending of
the In concentration, they may be slightly localized in
tlie GaAs layer. A second effect is the strong coupling
among the lizht-hole and the split-off-hole states. This
coupling is already present in the QW in the absence of
tlie strain but it reaclies stroiig values as a consequence
of tlie biaxia coinpression.

These strain-induced effects alter significantly the
exciton states. Due to the strong separation in energy,
an in-plane pérabolic dispersion is quite accurate to de-
scribe the heavy-hole exciton states associated to tlie
ground-hole subband. The situation is far more com-
plicated for the light-hole exciton. The quantum well
potential, the Coulomb interaction aiid tlie light-holes
and split-off-lioles coupling rnay all be of the same or-
der and mus: be considered in the same foot in tlie
calculation. To describe tliis situation we allow tlie z-
part of tlie light-hole exciton wave-function to depend
on the Coulomb interaction. For that, tlie light-hole
wave-functions are described by a set of gaussian wave-
functions. Ths z-part of tlie split-off liole wave-function
is simply described by the QW wave-functions in asimi-
lar way asit nas discussed in the previous Section. The
diagonalizaticn of the Hamiltonian projected onto these
extended basis gives the exciton statesl16.

Figure 3 shows the ration of the 1s — E{LH; to
the 1s — FyH H, exciton oscillator strength as a func-
tion of (a) tlie QW width aiid the (b) In concentra-
tion. The factor 1/3 due to the periodic part of the
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Bloch function is already included. We observe that,
for practically all the situations, the 1s — E\LH; os-
cillator strengtli assumes significant values, typical of a
type-1 exciton. Thisisacombined effect of the Coulomb
interaction aid the coupling among the light-hole and
split-off hole excitons. The electron, which is strongly
localized in tlie In,Ga;_,As layer, acts as a center of
attractive potential for the hole. The ground and first
excited states of the split-off QW are also localized in
the In,Gay_,As layer, further contributing to the lo-
calization of the light-hole into this layer. This effect
is illustrated in Figure 4 where it is plotted the pro-
jection of the hole z-part of the exciton wave-function.
We see that, although in the absence of electron and
hole correlation the system is type-II, the exciton state
rather shows a type-I character. This explains some of
the controversy about the light-hole band offset for this
system[?%26] Although the systern may be type-II in
what tlie electron and light-hole particles confinement
1s conceriied, tlie exciton transitions are rather type-l.
Therefore, the presence of a sharp peak at the light-
hole exciton transition can not be a criteria to charac-
terize the band offset.
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Figure 3: Relative oscillator strength for the transitions in
an In,Gaj -, As-GaAs quantum wel (@) asafunction o the
In concentration for aln,Ga;—.As layer of 150A and (b) as
afunction o tlie In,Ga;—.As layer for an In concentration
of 12%. Full lines are tlie 1s — E; L H, exciton state includ-
ing the split-off coupling. Dashed lines arethe 1s — £, LH;.
exciton state without the split-off coupling. Dotted lines
are the By LH, band-to-band transition including the split-
df coupling and the dash-dotted lines are the 2s — E; H H,

exciton state.
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Figure 4: z-part o tlie liolc wave-function for an
Ing 12 Gap.ss As-GaAs quantum well with an Ing.i»Gap ssAs
layer of 150A. Tlie GaAs layer isd 2000A. Full liiic is tlie
1s — Ey LH; exciton state including the split-off coupling.
Dashed line is tlie 1s — EyLH, exciton state without the
split-off coupling. Dotted lines IS the F; LI band-to-band
traiisitioii including the split-off coupling.

ii1) Resonant states

Let’s concentrate now ou the excitons associated to
tlic same host-valence band aid having the same in-
plane symmetry. Within the separable variables ap-
proximation, each pair of electron and hole subbands
gives a set Of bound states followed by a continuum,
for their in-plane relative motion. However, the three-
dimensional character of the Coulomb interaction cou-
ples all these states. Actually, tlie bound states as-
sociated to the excited electron (liole) subbands are
resonances Of the ground electron and hole subband
exciton! 7191 Three main effects are observed due to
the coupling of the bound states with tlie continuum
states of lower subbands. The peak in the absorp-
tion associated to the bound exciton state is shifted
in energy. A broadening is observed, due to the shar-
ing of the oscillator strength of the bound state with
the continuum states. A more spectacular effect is
the supression of the absorption close to tlie exciton
peak. This originates from a perfect destructive inter-

ference between the bound exciton and the continuum

exciton wave-functions. This effect is well known from
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atomic and molecular physics and isknown asthe Fano

resonancel?],
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Figure 5. Normalized ahsorption spectra arcund the 1s —
Fy H H» exciton for GaAs;A1—zAs quantum wells with dif-
ferent well widths, L, aid Al concentrations, X. The spectra
intensitics are shifted bv 0.2 for tlie sake of clearity. (after
Ref. 18).

To investigate this cffect, we employed the method
developed by Ekemberg and Altarellil'd.  Essen-
tially, the QW exciton problem is clescribed within an
effective-two- dimensional Coulomb interaction. The
three-dimensional part of the interaction is then treated
in perturbation following Fano’s theory!327), Figure 5
shows the absorption spectra of tlie 1s — Iy H3 and
the s-like continuum-FE{H H; exciton states for a se-
ries of single QW’s. For all ttie QW’s, the dip in the
absorption appears on tlie low-energy side of the spec-
trum. This is a favorable situation for its observation.
If it was localized on the high-energy side it would be
difficult to resolve the dip from the 1s and 2s exciton
states.

Homogeneous and inhomogeneous broadening may
hamper tlie observation of this effect. Recently, how-
ever, a suppression in the photoluminescence of exci-
tation spectrum was observed at low temperatrue in
high-quality double QW structures. It was succesfully
identified to the Fano resonance formed by the coupling
among tlie 1s — E1H H3 aiid the s-continuum-E;HH;4

exciton states!9.
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1V. Final remarks

Tlie couplings among the exciton states reviewed
1. For a review, see S. Schmitt-Rink, D. S. Chemla

here originate fromintrinsic cliaracteristics of the semi-
conductor heterostructure system. Tliese effects add in
richness to the simple hydrogen picture of the Wan-
nier exciton. The couplings may be enhanced and
monitored by tlie application of external fields along
the growtl direction. The effects of an electric-field(*?
and amag 1etic-field??] along tlie growth direction have
been studizd. They allowed the observation of the in-
teraction among the exciton states. A more complex
situation a:ises when we consider the presence of exter-
nal fields applied perpendicular to the growth direction.
In these caies, the external field breaks the cylindrical
symmetry of the QW and additional coupling may be
present!!l],

Tlie observation of tliese fine structures is linked
to the quality of the samples. We inay expect similar
effects by reducing the dimensionality of the system.
However, this has beeii shown to be quite a difficult
task. Some attempts have already shown some exciton
effects in quantum wires!?®l and quantum dot[??]. How-
ever, the quality of the samples does not allow yet the
observation of fine structures. We hope that, with the
improvement of tlie techniques for the of lateral pat-
terning in tte near future, it will be possible to observe

exciton fine structures in even lower dimensional exci-
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