13

ELECTRIC FIELD DEPENDENCE OF
O P T I C A L PROPERTIES O F S E M I C O N D U C T O R
Q U A N T U M WELLS:
PHYSICS A N D APPLICATIONS

D. A. B. Miller and D. S. Chemla
A T & T BELL LABORATORIES
H O L M D E L , N E W JERSEY

S.

Schmitt-Rink

A T & Τ BELL LABORATORIES
M U R R A Y H I L L , N E W JERSEY

I. I N T R O D U C T I O N
II. L I N E A R O P T I C A L P R O P E R T I E S O F Q U A N T U M W E L L S
A. Single-Particle States in Q u a n t u m Wells
B. Excitons and Optical Absorption
III. P A R A L L E L - F I E L D E L E C T R O A B S O R P T I O N I N Q U A N T U M W E L L S
IV. P E R P E N D I C U L A R - F I E L D E L E C T R O A B S O R P T I O N I N Q U A N T U M W E L L S
A. Quantum-Confined F r a n z - K e l d y s h Effect
B. Quantum-Confined Stark Effect
V. A P P L I C A T I O N S
A. M o d u l a t o r s
B. Self-Electro-Optic Effect Devices
C. Optical Emitters
VI. C O N C L U S I O N S
REFERENCES

OPTICAL NONLINEARITIES
A N D INSTABILITIES IN
SEMICONDUCTORS

326
326
327
331
334
336
336
339
347
348
350
355
356
356

Copyright © 1988 by Academic Press, Inc.
All rights of reproduction in any form reserved.
ISBN 0-12-332915-9

325

326

Electric Field Dependence of Optical Properties of Semiconductor Q u a n t u m Wells

I. INTRODUCTION
The ability to grow sophisticated layered semiconductor structures offers
many new opportunities in semiconductor physics and devices. A recent
and unexpected benefit is that this technology is applicable to novel optical
effects and devices. One type of layered structure that has received much
attention in this context is the quantum well (QW), and in this chapter we
shall concentrate on the physics and applications of the electric field
dependence of QW optical properties. This chapter is complementary to
that by Chemla et al., which discusses the nonlinear optical properties of
QWs.
The effects of quantum confinement of electrons and holes in QWs are
dramatically apparent in their linear optical properties. The relatively
smooth absorption spectrum of bulk semiconductors is broken into a rich
structure that directly reflects the quantum confinement. This structure is
further enhanced by exceptionally strong excitonic effects. Application of
electric fields can further enrich the structure, with behavior such as the
quantum-confined Stark effect that is quite unlike that seen in bulk materi
als. Such remarkable effects are not only of interest from the point of view
of physics, but are also relatively practical. They have stimulated a number
of speculative new devices, such as optical modulators and self-electro-optic
effect devices, that can operate at room temperature, with exceptionally low
operating energy densities, and are compatible with laser diodes and
semiconductor electronics.
In this chapter, we shall attempt to outline the necessary physics to
understand the electroabsorption and related effects in QWs, and we shall
summarize the principles and prospects of the various devices proposed so
far.

II. LINEAR OPTICAL PROPERTIES OF Q U A N T U M WELLS
The most obvious consequence of the quantum confinement of carriers in
q u a n t u m wells is that the single-particle (i.e., electron and hole) states are
discrete in the direction perpendicular to the layers. This results in the basic
steplike density of states for the single particles at low energies. Under
standing these single-particle states is essential to understanding the optical
properties. After discussing these states, we shall discuss the linear optical
absorption. Interband optical absorption always involves the creation of an
electron-hole pair, and these always interact via their Coulomb attraction.
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This interaction means that the optically created electron and hole cannot
be fully described in terms of the simple single-particle states, and we must
introduce the concept of the exciton. Excitonic effects are already well
known in bulk materials, but they are particularly strong in quantum wells.
We shall very briefly discuss the excitonic states (which are treated in
greater detail in Chapter 4 by Chemla et al.). Then we shall set up the
formalism under which we shall discuss the theory of electroabsorption for
electric fields perpendicular to the quantum well layers.
A. Single-Particle States in Quantum Wells
Single-particle states in semiconductor heterostructures are usually de
scribed in terms of the "envelope function approximation" (Bastard, 1981).
This approximation assumes that the change of composition only produces
small perturbations of the atomic potential and that the carrier dynamics
are still determined by the band parameters of the bulk semiconductors
involved in the heterostructure. The effects of the sharp interfaces are
accounted for by "macroscopic" boundary conditions satisfied by the
carrier envelope wave function, i.e. the continuity of the envelope wave
function and the conservation of the probability current at the interfaces.
Although this could appear as a crude approximation in systems where
large changes of composition occur over one interatomic distance, so far it
has been very successful in explaining a number of transport and optical
phenomena.
Let us consider first the ideal case of a single layer of a direct, low
band-gap semiconductor, 1, whose thickness is L and which is embedded
in a direct, larger band-gap semiconductor, 2, i.e. E < E . We define E
and m
as the band gaps and the electron and hole masses in the two
materials, j = 1,2. We assume that the two materials have simple spherical
parabolic b a n d s
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The two semiconductors are usually called, respectively, the quantum well
and the barrier materials. The heterostructure is completely defined if the
discontinuities at the conduction and valence band extrema V are known.
Presently no first principles theory can accurately predict how the band-gap
cv
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discontinuity E - E is shared between the two bands, so that the V
have to be experimentally measured for each system (see, e.g., R. C. Miller
et al., 1984).
2g

lg

c

v

The carriers are free to move in the quantum-well material along the
plane of the layers. Their motion in the z-direction perpendicular to
the layers is determined for each type of carrier by a one-dimensional
Schroedinger equation
h

d \ .e, h

2
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e,h

2m,

where e and h refer to the electron and hole equations, respectively, E is
the energy of the nth level, and V(z) is the structural potential (i.e. the
square "quantum-well" potential due to the band discontinuities K ) . Note
that m
also changes as we move from one material to the other. The
solutions of this equation are (Schiff, 1968)
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for even n. Here we have chosen for the unit of energy the energy of the
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first eigenstate of the QW for an infinitely high barrier, E^

2m

γ

Written in terms of these normalized parameters, Eq. 3 is universal and can
be solved once and for all. It is found that there is always at least one
b o u n d state and a continuum of unbound states for a QW. For reasonable
values of V
there are several bound states with a sinusoidal dependence
in the q u a n t u m well and exponential decay in the barriers. In fact, it can be
shown from Eq. 3 that for 1 < V < 4 (with V measured in units of E^),
there are two bound states, for 4 < V < 9, there are three bound states, and
so on. The low-lying bound states are well confined with little penetration
into the barrier material. Typical wavefunctions and potential structures are
shown in Fig. 1.
These states are two-dimensional, with a steplike density of states (in
cluding spin) given by
cv
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where θ is the Heaviside (step) function. The continuum of states corre-
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Figure 1. Energy structure and single-particle wavefunctions for a simple q u a n t u m well,
showing two confined states in the conduction and valence b a n d s (not to scale).

sponds to energies above the potential discontinuities. It is essentially
three-dimensional, but it can show resonances analogous to those encountered in optics for F a b r y - P e r o t étalons. These resonances occur when the
thickness of the quantum-well layer equals an integer number of wavelengths of the running wave (Bastard, 1984). Such resonances have been
observed in real systems (Zucker et al., 1984).
The ideal situation we have described applies quite well to the simple
conduction b a n d of I I I - V compounds. The case of the valence band is
much more complicated. In bulk I I I - V semiconductors, the valence band
consists of an upper 7 = 3 / 2 multiplet, fourfold degenerate at the zone
center, and a 7 = 1/2 spin-orbit split-off band. For the usual growth
direction, the normal to the layer is the (001) crystalographic axis, which
becomes the natural axis for quantization of the angular momentum. The
hole masses to be used in Eq. 3 are the masses for this direction; they are
ih,hh
o / ( ï i ± 2 γ ) respectively for the light (lh) (J = 1/2) and heavy
(hh) hole (J = 3 / 2 ) in terms of the Luttinger parameters (Luttinger, 1956).
The degeneracy at the zone center is lifted by the quantum confinement and
at k = 0 the squares of the magnitudes of the optical transition matrix
elements from the hh and lh band to the conduction band are in the ratio
3 / 4 and 1 / 4 for light polarized parallel to the layer and 0 and 1 for light
polarized normal to the layer.
m

=

m

2

z

z
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The situation in the plane of the layers requires more care to analyze; the
simplest description uses the 4 X 4 Luttinger Hamiltonian with incorpora
tion of the confinement potential in the z-direction (Chang and Schulman,
1983; Ekenberg and Altarelli, 1984; Broido and Sham, 1985). The solution
leads to a set of spin-degenerate subbands with highly nonparabolic in-plane
dispersion. It is easy to see why the hole subbands must be nonparabolic.
The hole masses in the plane of the layers at the zone center in a situation
with this symmetry are found to be m
= m /(y
± γ ) , respectively,
for the hh and lh. If the bands are to be parabolic, this implies that the
in-plane curvature of the hh subbands is larger than that of the lh ones and,
thus, that b a n d crossing would occur even for the lowest subbands. This is
of course prevented by the confinement potential, which, when included in
the Hamiltonian, forces the curves to repel each other at finite /c, resulting
in the nonparabolic dispersion we have mentioned. It is interesting to note
that the character of the subbands is also mixed away from k = 0. If one is
interested in deeper hole states, more than four subbands have to be
considered and the problem quickly becomes very difficult to solve. The
dispersion of the hole subbands in the plane of the layers is of course
important for a number of transport properties, but it is also important for
optical processes because it enters in the relative electron-hole dynamics in
excitons, as we shall discuss.
l l h h l h

0

l

2

In many practical cases, the sample consists of a regular stack of layers
rather than a single QW surrounded by two very thick barriers. The
structure of the energy spectrum of such a "superlattice" can be described
in the envelope function model using an approach similar to that used in
the K r o n i g - P e n n e y model of the energy bands of a lattice (Bastard, 1981).
N o w it is found that the eigenvalue spectrum consists of a set of narrow
b a n d s for the low-lying levels and a continuum for energies above the
potential discontinuities. The low-lying subbands will exhibit a small dis
persion in the z-direction. However, if the thickness of the barrier and the
height of the potential step are large enough, the wave functions of the first
few levels do not overlap substantially from one well to the other. The
dispersion along the normal becomes negligible, and the wave functions
approach those of a single quantum well; this will be the case for all
conditions and levels that we shall consider in this chapter. Then one can
safely consider that the properties of the sample are the same as those of a
set of independent quasi-two-dimensional quantum wells. For the highenergy levels, the properties are really three-dimensional, although strongly
anisotropic.
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B. Excitons and Optical Absorption
Before proceeding to the discussion of optical absorption, we shall
consider the two-particle, electron-hole states as these are the states in
volved in interband optical transitions. In the most general sense of the
term, all electron-hole pair states can be referred to as excitons, although it
is more c o m m o n usage to reserve the term exciton for the bound
electron-hole states, and we shall generally adopt the latter convention.
(The term bound exciton refers to an exciton bound to something else, such
as an impurity.)
In the cases that we consider here, even the bound electron-hole pair
states have envelope functions much larger than the unit cell. Then, the
behavior of the electron and hole envelope functions is like that of the
electron and proton wavefunctions of a hydrogen atom. The bound elec
t r o n - h o l e states ("excitons") correspond to bound hydrogenic states, and
the u n b o u n d states are the ionized or "scattering" states of the hydrogen
atom that correspond to classical hyperbolic orbits of electron and proton.
In the QW, in contrast to bulk materials, the excitons are confined in the
direction perpendicular to the layers. This confinement actually makes
excitonic effects stronger in the QW.
We can write the Hamiltonian of an electron and a hole in a QW,
including the effects of external electric field F, as ( D . A. B. Miller et al.,
1984b, 1985a)
H = #ez+ H

hz

+ H

+ H

rxy

V

+ H
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+ H

+ E

Rxy

(5)

g

and H
are the single-particle Hamiltonians as in Eq. 2 for the
H
electron and hole, respectively, for the direction perpendicular to the layers
including the structural potentials of the QW but without field (as solved in
Eq. 3). The motion in the x-y plane has been transformed into relative
( r ) and center of mass ( R ) coordinates in the usual manner, and
H =
-(Η /2μ)θ /3τ
and H
= -(h /2M)
d /3R
are the
electron and hole relative motion and center of mass motion kinetic energy
operators, respectively, in the plane of the layers. The fact that the hole
masses are different in the plane of the layers from their values perpendicu
lar to the layers is implicit in the definitions of the reduced mass μ =
c \\h/( c
+ \\h)
d the
l
M = m + m^ . H = -e¥ · (r r ) is the net potential energy from the applied field, where r and r are the
electron and hole positions. H = -e /e\r
- r | is the Coulomb energy
of the electron and hole from their mutual attraction. Here, e is the
electronic charge and e is the appropriate dielectric constant. Although we
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have chosen to group the terms in the Hamiltonian H in a manner
convenient for our discussion, H contains all kinetic and potential energies
for the electron and hole envelope functions. This is the Hamiltonian of a
confined hydrogenic system with applied field.
In the theory that we shall present explicitly in this chapter for the effects
of fields perpendicular to the layers, we shall take the approach of solving
for electron-hole eigenstates of H. In reality, there are no true eigenstates
in the presence of a uniform field, because the particles may always tunnel
to some lower energy state, but for all the perpendicular field cases that we
shall consider here, the states are sufficiently long-lived that this quasieigenstate approach is adequate. Even without field, the states only have
finite lifetime anyway because of other effects not included in i / , such as
scattering by phonons.
The photon energy for the creation of an electron-hole pair in a given
state is the appropriate eigen energy of H. In this chapter, we presume that
the photon field is sufficiently weak that the electron-hole pair states are
not modified by virtual or real absorption of photons; such effects are
discussed in Chapter 4 by Chemla et al. With these simplifications, the
calculation of the linear absorption, with or without field, reduces to
calculation of all the electron-hole pair states of H, followed by evaluation
of their optical absorption strengths. The optical absorption is simply
deduced from elementary time-dependent perturbation theory. In practice,
the states are also broadened by mechanisms not included in / / , such as
p h o n o n scattering, but we shall make no attempt to include these in the
theory; where necessary, we shall include them semiempirically.
for
The first simplification we may make is to drop the term H ;
electron-hole pairs created by direct optical absorption, there can be
negligible center of mass momentum because the photon momentum is so
small, so we may neglect this kinetic energy term. If we neglect the
Coulomb attraction term H , we lose the excitonic effects. Interband
absorption then effectively creates free and noninteracting electron-hole
pairs. The resulting optical absorption for the bound subbands of the QW,
as described by the imaginary part, e , of the dielectric constant, €, is
( D . A. B. Miller et a l , 1986a, b)
Rxv
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is the z-wavefunction of the «th (rath) electron (hole)
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subband with associated subband energy E (E ),
Ηω is the photon
energy, and g
= μ/ΙπΗ
is the joint two-dimensional density of states.
en

hm

2

2 D

Eq. 6 corresponds to a set of steps with edges at the energy separation of
the corresponding electron and hole subbands. In the absence of field, for
an infinitely deep well or for symmetric valence and conduction band
parameters, the electron and hole wave functions are orthogonal and the
selection rule η = η is strictly satisfied. In general, this selection rule does
not strictly apply; however, the overlap integral is usually small for η Φ m.
The corresponding transitions appear as weak spectral features in the
absorption profile; they are often called "forbidden transitions" in
the literature. This picture is also simplified in that it presumes that the
character of the hole states does not change with momentum in the plane,
and the set of steps from one type of hole can simply be added to that from
the other type of hole. Although this is certainly not correct, the theory of
electroabsorption has not so far included these effects, and for much of the
basic understanding of electroabsorption, this simplified approach will
suffice.
c

v

If we include H , then, just as in bulk materials, we observe excitonic
effects. The excitons are generally confined in the quantum wells. This
confinement makes the exciton smaller in all directions, giving it a larger
binding energy. It can therefore "complete" several classical orbits before
being destroyed by optical phonon ionization even at room temperature,
thus giving a relatively sharp room-temperature absorption resonance.
Additionally, it is also generally true that the optical absorption strength of
a given electron-hole pair state is proportional to the probability of finding
the electron and hole in the same unit cell in the state in question. The
smaller Q W exciton thus has larger absorption strength than excitons in
comparable bulk materials (Chemla and Miller, 1985). The lowest (IS)
exciton is by far the strongest, and it is the only one that we shall consider
here explicitly. The free electron-hole pair states near to the band-gap
energy also have enhanced optical absorption strength, just as in bulk
materials, because the probability of finding electron and hole in the same
place is enhanced by the "hyperbolic" orbit.
c

O n e useful limit is that in which the separations between the confined
levels of the electron and of the hole are large compared to the Coulomb
energy of the electron-hole pair. In this "strong confinement" case, the
C o u l o m b interaction cannot significantly perturb the motion in the z-direction (although it still profoundly influences it in the plane of the layers),
and we may separate the electron-hole wavefunction in the form
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* ( z , z , r ) = 4> (z )<f> (z )U(r ),
where U(r ) is the relative motion
wavefunction of the electron and hole in the plane.
It is now straightforward to solve for the I S exciton wavefunctions even
in the presence of field by variational techniques (D. A. B. Miller et al.,
1985a). In this limit, which is actually obeyed by many situations of
practical interest, the optical absorption can be written
c
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)

where q refers to all the possible two-particle relative motion states in the
x - j - p l a n e for given states η and m perpendicular to the plane, with
associated energy E
. The two Eqs. 6 and 7 will form the basis for the
coming theoretical discussion of perpendicular-field electroabsorption. It is
easily shown that Eq. 7 reduces to Eq. 6 when the relative motion wavefunctions are plane waves with the associated free-particle density of states.
n

m

q

III. PARALLEL-FIELD ELECTROABSORPTION IN
Q U A N T U M WELLS
For electric fields in the plane of the QW layers, the electroabsorption is
qualitatively similar to that in bulk semiconductors, both theoretically
(Lederman and Dow, 1976; D. A. B. Miller et al., 1985a) and experimentally
( D . A. B. Miller et al., 1985a). We shall start therefore by summarizing bulk
electroabsorption very briefly.
Bulk electroabsorption is often handled within a time-dependent for
malism different from that used by us here to treat the perpendicular field
electroabsorption, although the two are ultimately equivalent. We shall not
review these methods here, as they have been covered elsewhere (Dow and
Redfield, 1970). The simplest bulk electroabsorption is the F r a n z - K e l d y s h
( F K ) effect (Franz, 1958; Keldysh, 1958). In the F K effect, absorption
appears below the optical absorption edge when an electric field is applied
to the semiconductor, and ripples are observed in the absorption above the
band-gap energy (Tharmalingam, 1963). This is often explained as a pho
ton-assisted tunneling between the bands, hence the time-dependent ap
proach. These simple models neglect the electron-hole Coulomb attraction.
(In the same approximation, we shall present a model for perpendicular-field
electroabsorption in QWs (the quantum-confined F r a n z - K e l d y s h effect,
Q C F K , which shows how that electroabsorption is related to the F K effect.)
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The inclusion of excitonic effects enhances the F K effect even well below
the absorption edge (Dow and Redfield, 1970; Merkulov and Perel, 1973).
T h e exciton resonances also now broaden and shift to lower energies with
field. The shift is a hydrogenic Stark shift. The broadening is a lifetime
broadening because the exciton can now be destroyed in short times by
field ionization. In practice, the shift is comparatively small ( ~ 10% of the
binding energy) before the resonance is effectively destroyed by the field at
fields of the order of the classical ionization field. Hence, the broadening
often dominates the electroabsorption spectra.
In the ideal theoretical case of a two-dimensional exciton, the electroab
sorption has been analyzed with results that are qualitatively similar to
those for the three-dimensional case (Lederman and Dow, 1976). The
ionization time has also been compared for the two- and three-dimensional
cases (D. A. B. Miller et al., 1985a). The two-dimensional exciton is
somewhat harder to ionize because of its larger binding energy and also
because of some geometric effects, but the general behavior is similar. There
has not so far been any analysis of the actual QW situation, where the
exciton has finite thickness, but there is no reason to expect that the
behavior will be qualitatively different. The only experimental work
( D . A. B. Miller et al., 1985a; Knox et al., 1986) shows broadening of the
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Figure 2. Spectra of quantum-well absorption for various electric fields applied in the plane of
G a A s / A l G a A s q u a n t u m well layers (D. A. B. Miller et a l , 1985a). (a) 0 V / c m ; (b) 1.6 Χ 1 0
V / c m ; (c) 4.8 X 1 0 V / c m .
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excitons with field as expected (see Fig. 2) for GaAs wells with AlGaAs
barriers.
It has been possible to demonstrate that this parallel field electroabsorp
tion is very fast (Knox et a l , 1986). In these experiments, an electric field
transient was generated by shorting the electrodes with carriers created by
absorption of a short light pulse, and the changes in absorption were
measured to occur with a time response < 300 fs.
IV. PERPENDICULAR-FIELD ELECTROABSORPTION IN
Q U A N T U M WELLS
The effects of fields perpendicular to the layers are qualitatively different
from electroabsorption in bulk materials. The absorption edge shows a clear
shift to lower energies while still remaining abrupt, with clearly resolved
excitonic peaks at very high fields. We shall approach the explanation of
this behavior in two stages. First, we shall consider the electroabsorption
neglecting the Coulomb interaction, just as was done for the F K effect. In
fact, we shall show that in this case, the resulting QW electroabsorption can
be described as a quantum-confined F r a n z - K e l d y s h effect (QCFK) even
although the behavior for thin wells is quite unlike the F K effect (D. A. B.
Miller et al., 1986a). This approach is useful in understanding the QW
absorption and its relation to the bulk behavior, but it cannot explain the
other remarkable phenomenon in perpendicular field QW electroabsorp
tion, namely that the exciton peaks remain resolved at very high fields (e.g.,
100 times the classical ionization field). For this, we must include the
Coulomb interaction in a model called the quantum-confined Stark effect
(QCSE) (D. A. B. Miller et al., 1984b, 1985a).
A. Quantum-Confined Franz-Keldysh Effect
The importance of the Q C F K is largely conceptual, so we shall consider
the extreme case of an infinitely deep QW. Then all the states are bound,
the wavefunctions all are identically zero at the walls of the well, and the
problem can be solved exactly with Airy functions as the solutions. Fig. 3
shows the resulting wavefunctions for a particular illustrative case.
We may evaluate the optical absorption using Eq. 6. Fig. 4 shows the
resulting optical absorption for two different QW thicknesses and bulk
material, calculated for a hypothetical material such as GaAs but with only
one (heavy) hole band for simplicity. At zero field, the bulk material shows
the usual parabolic absorption edge, whereas the QWs show steplike

Figure 3. Valence and conduction energy levels and normalized wave functions in a 150 Â
GaAs-like q u a n t u m well at 0 and 1 0 V / c m , plotted together with the net confining potential,
including the effect of field (D. A. B. Miller et al., 1986a).
5

absorption. With applied field, the thin (100 A) QW shows a movement to
lower photon energy of the first absorption step with some loss in height,
and " forbidden" transitions appear at higher photon energies, correspond
ing in this case to transitions from the second and third hole levels to the
first electron level. The reasons for this behavior in the spectra are easy to
see from the nature of the wave functions in Fig. 3. With field, the first
electron and hole levels are losing overlap, so the resulting transition
becomes weaker. The higher hole levels are also now no longer orthogonal
to the first electron level, and so they start to acquire finite overlap. Note
that the sum of the heights of all the transitions between a given electron
level and all the hole levels is conserved as the field is applied. This sum
rule can be proved quite generally (D. A. B. Miller et al., 1986b).
The behavior of the thick (300 A) QW in Fig. 4 is calculated in exactly
the same manner, but its behavior is much more complex and bears a very
close resemblance to the bulk spectrum with field. In this case, the wavefunctions are very strongly perturbed by the field, to such an extent that the

Perpendicular-Field Electroabsorption in Q u a n t u m Wells

339

" f o r b i d d e n " transitions are actually stronger than the "allowed" transi
tions. The F r a n z - K e l d y s h oscillations above the band edge are quite clearly
apparent, and the weak F K absorption tail below the edge is reproduced
over many orders of magnitude in a similar steplike fashion. In fact, it can
be proved rigorously that the QW electroabsorption in this approximation
tends to the F K effect as the QW becomes thick.
The change from strongly quantized behavior, as in the thin well, to
quasi-FK behavior, as in the thick well, actually takes place rather rapidly
with increasing well thickness because of the scaling of the dimensionless
problem. The natural dimensionless units for solving the problem of an
infinite well are the confinement energy
of the first level for the energy
unit and, for the field unit, a potential drop of one confinement energy over
the well width L , . Since E <x I/L ,
a given actual field corresponds to a
dimensionless field that scales as L\.
Apart from showing the connection between the QW and bulk electroabsorptions, the Q C F K also gives an alternative (and equivalent) picture of
the F K effect without recourse to a time-dependent model. N o w the F K
effect can be understood as the transitions between the eigenstates of a
thick semiconductor slab in the presence of the field. This also leads to a
simple interpretation of the F K oscillations seen above the band edge
( D . A. B. Miller et a l , 1986a).
2

x

Z

B. Quantum-Confined Stark Effect
As already mentioned, when excitonic effects are included in bulk electro
absorption, the excitonic absorption resonances broaden rapidly with field,
with comparatively little Stark shift. In Fig. 5, we show spectra of
quantum-well electroabsorption (Weiner et al., 1985; D. A. B. Miller et al.,
1986b) for electric field perpendicular to the layers. N o t only do we see
large shifts as expected from the discussion of the Q C F K above, but also
the exciton peaks remain well resolved up to very high fields, in strong
contrast, for example, to the spectra in Fig. 2. The spectra in Fig. 5 were
taken in a waveguide sample so that the two distinct polarizations of the
optical electric vector in this system, namely parallel and perpendicular to
the layers, could both be used. As we have discussed, in the perpendicular
polarization, the heavy-hole-to-conduction transitions are forbidden; this
has nothing to do with the applied static electric field, although it is
apparently not destroyed by it. The loss of the heavy-hole transitions is
useful because then the spectra are particularly simple and oscillator
strengths can be extracted more reliably.
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PHOTON ENERGY (eV)
Figure 5. A b s o r p t i o n spectra of a waveguide containing 94 A G a A s q u a n t u m wells, as a
function of electric field applied perpendicular to the layers (Weiner et al., 1985; D. A. B.
Miller et al., 1986b). (a) Incident optical polarization parallel to the plane of the layers for
fields of (i) 1.6 X 1 0 V / c m , (ii) 1 0 V / c m , (iii) 1.3 X 1 0 V / c m , and (iv) 1.8 X 1 0 V / c m .
(b) Incident optical polarization perpendicular to the plane of the layers for fields of (i)
1.6 X 1 0 V / c m , (ii) 1 0 V / c m , (iii) 1.4 X 1 0 V / c m , (iv) 1.8 X 1 0 V / c m , and (v)
2.2 X 1 0 V / c m .
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T o understand the exceptional behavior of the QW absorption with field
perpendicular to the layers, we shall start by solving the complete problem
of the confined hydrogenic system in an electric field, including the Coulomb
term H . The final resulting model (D. A. B. Miller et a l , 1984b, 1985a;
Brum and Bastard, 1985) can be called the quantum-confined Stark effect
(QCSE).
c
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Using the strong confinement approximation we have discussed, the
electron-hole wavefunction separates. Consequently, the problem sep
arates, and we can proceed by (i) solving the separate electron and hole
problems for particles in quantum wells skewed by the field to give the
wavefunctions φ and <i> with associated energies E and £ , on the
assumption that the Coulomb attraction between the electron and the hole
is not strong enough to perturb the ζ motion significantly, and (ii) solving
for the in-plane motion variationally using these φ and <j> . We shall do
this calculation only for the lowest exciton state as this is the most extreme
and is the state that gives rise to the resonance that we can observe
experimentally. Consequently, we use a lS-like orbital U (r )
=
yjl/irX'
e x p ( - r / X ) with adjustable parameter λ. We minimize the en
ergy £ , which we refer to as the exciton binding energy (D. A. B. Miller
et a l , 1985a), where
6

h

Q
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h

h

x

xy
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B

£=
B

(9\H

+ H \*)

txy

(8)

c

N o w the energy of the electron-hole pair in the presence of the field
becomes the sum of the three energies calculated separately and the
band-gap energy,
E=

(Ψ\Η\Ψ)

^ E + E
e

h

+ E

B

+ E

g

(9)

and we have a complete solution of Η\Ψ) = Ε\Ψ) within our approxima
tions.
There are many methods of solving the single-particle problem. If we
approximate the states as being true time-independent eigenstates, it can be
solved variationally (Bastard et al., 1983) or by using the exact Airy
function solution for the infinite well (with adjusted thickness to account
for the penetration into the barriers) (D. A. B. Miller et al., 1984b, 1985a).
It is also important that the strictly unbound nature of the states can be
treated. One method that enables the quasi-bound energy levels and wavefunctions to be calculated for this problem is the tunneling resonance
technique (see, e.g., D. A. B. Miller et al., 1984b, 1985a, 1986b); this also
yields the width of the state, i.e. the lifetime of the quasi-bound state, which
is crucial for a full understanding of the QCSE as we shall discuss later.
Other methods have been proposed (see, e.g., Austin and Jaros, 1985;
Klipstein et al., 1986; Hiroshima and Lang, 1986; Borondo and SanchezDehesa, 1986; Singh and Hong, 1986; Ahn and Chuang, 1986). Because the
states of interest are usually reasonably long-lived, all of these methods give
similar results for the energy levels and wavefunctions.
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Figure 6. Calculated energies for a 95 A G a A s q u a n t u m well with A l
Ga
A s barriers as a
function of electric field perpendicular to the layers (D. A. B. Miller et al., 1985a). (a) Energies
of the first electron, heavy-hole and light-hole states relative to the potential at the center of
the q u a n t u m well, (b) Exciton binding energy, E . The solid lines assume a 57 : 4 3 ratio of
c o n d u c t i o n to valence b a n d discontinuities, and the dashed lines are for a 85 : 1 5 ratio.
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Calculations using the tunneling resonance technique for the single-par
ticle problems are shown in Fig. 6a. The heavy hole shifts more than the
light hole or electron because of its heavier mass; the heavy mass states are
of lower confinement energy and are more easily perturbed. The calcula
tions are performed for two ratios of conduction to valence band discon
tinuities, of which the 57 : 43 ratio is nearer to currently accepted values. In
fact, the actual shift of the transitions (which varies with the sum of the
electron and hole energies) is relatively insensitive to the discontinuity ratio.
For smaller valence band discontinuity, the hole wavefunctions penetrate
more into the barriers and also have smaller confinement energies associ
ated with these larger wavefunctions; consequently, they are more easily
perturbed by the field. The electron with larger conduction band discon
tinuity behaves in exactly the opposite fashion, giving a compensating
effect. The appearance of "forbidden" transitions with increasing field does
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Figure 6 (Continued).

however enable the band-gap discontinuities to be measured (Yamanaka
et al., 1986). Using the forbidden transition energies, it is possible to
measure the energy difference between two subband energies in the same
band, an energy that is sensitive to the discontinuity.
Variational calculations for the exciton binding energy, E , are shown in
Fig. 6b. The absolute shift in this energy is not very large, although
associated with it is a predicted significant increase of the exciton radius
(D. A. B. Miller et al., 1985a). This energy decreases because the electron
and hole are being separated by the field; hence, their attraction is weaker;
hence, the larger orbit. Note, however, that even at these large fields, the
exciton binding energy still exceeds the bulk exciton value ( ~ - 4 meV).
We can expect the corrections to the energy of the relative motion to be less
for all other in-plane motion states and, hence, since the energy correction
is relatively small for the lowest exciton, the rest of the absorption will shift
almost bodily to lower energies, just as in the Q C F K .
G o o d comparisons between experimental and theoretical shifts have been
reported in both G a A s - A l G a A s QWs (D. A. B. Miller et al., 1984b, 1985a;
B
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Alibert et a l , 1985) and I n G a A s - I n P QWs (Bar-Joseph et al., 1987). Clear
Q C S E has also been observed in G a S b - A l G a S b QWs (Miyazawa et al.,
1986) and I n G a A s - G a A s strained layer QWs (Van Eck et a l , 1986). Shifts
accompanied by significant broadenings have also been seen in I n G a A s InAlAs QWs (Wakita et al., 1986a).
Thus far, we have modeled the shift of the exciton peak with field, but we
have not yet explained the most unusual aspect of this QW electroabsorp
tion, namely, why the exciton peaks should persist to such high fields. The
reason is simply that the field ionization of the exciton is inhibited by the
walls of the QW. The electrons and holes are pulled to the opposite walls of
the QW by the field, but they do not tunnel rapidly through these walls.
The tunneling time of the individual electrons and holes can be deduced
directly from the tunneling resonances calculations from the width of the
tunneling resonances (D. A. B. Miller et al., 1984b, 1985a). For the
conditions considered here, this time is usually » 1 ps and, hence, has
little effect on the exciton, which is destroyed in ~ 300 fs at room
temperature from phonon ionization, as discussed in Chapter 4. (The
Coulomb attraction of the electron and the hole is itself too weak to prevent
the tunneling and need not be considered here.) Hence, the electron and
hole can "complete" several classical orbits before dissociation, and the
resonance is retained. The reason for the large shifts of the peaks is that the
particle is not destroyed by the field and, hence, very large fields can be
used. It is important therefore that the QW be thin compared to the bulk
exciton diameter; otherwise, the exciton could be effectively field ionized by
pulling the electron and hole to opposite sides of the well. The resulting
shifts are simple Stark shifts of a strongly confined hydrogenic system;
hence, the title QCSE. To see similar effects with an actual hydrogen atom
would require confinement within less than 1 A and fields of the order of
10
V/cm.
1 0

It is interesting to note that for GaAs, the thickness of ~ 300 A at which
we could expect to lose the suppression of field ionization is approximately
that at which the F K effect is recovered in the Q C F K for the fields that we
use here. Hence, the transition from QW to bulklike electroabsorption both
with and without excitons should occur under approximately similar condi
tions at least for this material.
The theory also enables us to calculate the change in absorption strength
with field, at least in principle. In practice, absorption sum rules help in
making comparison to actual data (D. A. B. Miller et al., 1986b). It can be
shown that the total area under the absorption spectrum is conserved under
electroabsorption; the spectra in Figs. 2 and 5 both obey this rule em-
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Figure 7. C o m p a r i s o n of the (light-hole) exciton absorption peak height (circles) and area
(diamonds) with the calculated squared electron-hole overlap integral ( D . A. B. Miller et al.,
1986b).

pirically. Furthermore, under the strong confinement approximation, the
area under the excitonic peak is approximately proportional to the overlap
I = \ J dz $ (z)<j> (z) \ , even although the exciton becomes larger, because
the oscillator strength lost from the lowest exciton state will be recovered in
other excitonic states approximately in the same spectral region. Fig. 7
shows a comparison of / with the exciton area (i.e., height X width) and the
exciton height for the light-hole exciton peak in Fig. 5. The exciton area
follows / well, within experimental error, although the peak height does
not. The small increase in the exciton width may be partly due to these
other excitonic transitions, but may also be due to the fact that layer
thickness fluctuations will cause larger broadening as the electron and hole
are pushed against the walls of the well (Hong and Singh, 1986). The
increase in width cannot be explained as a lifetime broadening resulting
from tunneling of electrons or holes through the barriers (D. A. B. Miller
et al., 1986b; Hong and Singh, 1986).
c

h
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Figure 8. Field-induced changes in refractive index (Weiner et al., 1987b) for optical polariza
tion in the plane of the layers. The solid and broken curve are the absorption spectra taken
respectively at zero field and at 6.5 X 1 0 V / c m perpendicular to the layers. The d o t - d a s h e d
curve is the calculated change in refractive index.
4

The changes in refractive index associated with the changes in absorption
can be calculated using the K r a m e r s - K r o n i g relations directly from the
experimental absorption spectra (Weiner et al., 1987b) subject to the
constraints imposed by the sum rules (see Fig. 8). It is also possible to
calculate these from first principles (Yamamoto et al., 1985; Nagai et al.,
1986), but it is difficult to include all the effects of excitons since in
principle all the excitonic states would have to be known at all fields.
Changes in refractive index associated with the QCSE have been measured
(Glick et al., 1986; Nagai et al., 1986).
The Q C S E can also be seen in structures other than "rectangular"
q u a n t u m wells. Recently, Islam et al. (1987) have investigated perpendicu
lar field electroabsorption in pairs of coupled quantum wells, with good
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agreement between experiment and theory for both the shifts and the
changes in optical absorption strength, although some of the higher con
fined levels show evidence of valence band mixing. It has also recently been
proposed that the piezoelectric field generated in certain strained-layer
superlattices will cause a built-in QCSE that will modify the states (Mailhiot
and Smith, 1986).
Related effects can be seen in luminescence, and these effects simulated
some of the early interest in electric field dependence of QW optical
properties (Mendez et a l , 1982; Yamanishi and Suemune, 1983; Bastard
et al., 1983; Miller, R. C , and Gossard, 1983). In experiments in narrow
QWs, the luminescence is observed to quench with field, with an associated
decrease in luminescence lifetime (Kash et al., 1985). In this case, the
decreasing lifetime is attributed to tunneling of the particles out of the wells
before radiative recombination occurs. In thicker QWs, the luminescence
also becomes weaker with field, but the luminescence lifetime increases with
field, and strong QCSE shifts are seen in the luminescence peaks (Polland
et al., 1985; K a n et al., 1986). In this case, the particles do not tunnel
rapidly out of the wells, and the increased lifetime and decreased lumines
cence intensity is due to the decreased luminescence strength that is the
complement of the decreased optical absorption strength of the lowest
transition with field. In the simplest model, this decrease results from the
decreased electron-hole overlap integral as the particles are pulled to the
opposite sides of the well. Excitonic effects could also be included in this
theory, although these would not be relevant for high particle densities.

V. APPLICATIONS
Q W structures have several general features that make them promising
candidates for novel optical devices. Good electronic devices and laser
diodes can be made out of the same materials, making QWs attractive for a
variety of integrated optoelectronics. The wavelengths near the band-gap
energy of the QW, where many of the interesting optical effects are
observed, are compatible with laser diode light sources. Perhaps most
general of all is the fact that QWs and other related layered structures offer
a new degree of freedom in device design because we have a new way of
engineering physical properties. When we combine these general features
with the specific electro-optical effects discussed in this chapter, several
devices of serious practical interest result.
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A. Modulators
The changes of absorption with electric fields either parallel or perpendic
ular to the QW layers at room temperature are sufficient to produce
significant changes in optical transmission in samples only microns thick.
For the case of the parallel field, the contrast in absorption coefficients is
limited, but relatively low fields ( 1 0 V / c m ) are required. In this case, such
d.c. fields can be applied with pairs of electrodes formed into the surface of
material with a low carrier concentration. This effect may be of use in
very-high-speed electro-optic sampling (Knox et al., 1986), where the
absolute sensitivity and the low capacitance structure are advantageous.
In the case of the QCSE, the shift of the absorption without large
broadening allows a significant absorption (e.g., 5000 c m ) to appear for
p h o t o n energies just below the band-gap energy where the material was
previously substantially transparent. The resulting large contrast in absorp
tion coefficients is attractive for modulators where large contrast ratios are
4
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Figure 9. Typical diode structure for a Q C S E modulator (not to scale). The superlattice (SL)
buffer layers are optional. The multiple q u a n t u m well ( M Q W ) layers are contained within the
depletion region of the diode. The substrate is removed with a selective etch underneath the
m o d u l a t o r ( W o o d et al., 1984).
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desired without large insertion loss, such as in communications systems.
The Q C S E devices require fields - 5 X 1 0 to 2 X 1 0 V / c m . The practi
cal way of achieving these fields is to grow a diode such that the QWs are in
the depletion region of the diode. The required fields can then be applied by
reverse biasing the diode. A typical structure is shown in Fig. 9. Here the
light propagates perpendicular to the layers, and changes in transmission of
a factor of > 2 are possible for about 1 jum of QWs. Such modulators have
been demonstrated in G a A s - G a A l A s (Wood et al., 1984), I n G a A s I n G a A l A s (Wakita et al., 1985a), I n G a A s - I n A l A s (Wakita et al., 1985b),
I n G a A s - G a A s (a strained layer system) (Van Eck et al., 1986), and
I n G a A s - I n P (Bar-Joseph et al., 1987). G a S b - A l G a S b also seems a prom
ising system for QCSE modulators (Miyazawa et al., 1986). In such
G a A s - G a A l A s modulators made on GaAs substrates, the GaAs substrate
must usually be removed by a chemical etch because it is opaque at the
operating wavelength. G a S b - A l G a S b on GaSb substrates have the same
problem. It has however proved possible to make robust and complex
structures in this way be epoxying the material to a sapphire substrate (see,
e.g., D . A. B. Miller et al., 1986c). An alternative solution is to grow an
integral mirror. Boyd et al. (1987) have successfully fabricated a QW
modulator grown on a dielectric mirror composed of alternating layers of
G a A s - G a A l A s superlattice and AlAs. The device operates as a modulator
in reflection, the light to be modulated passing through the QW, off the
mirror, and back through the modulator again. This double pass also
improves the contrast ratio of the modulator.
4

5

Modulators in which the light propagates perpendicular to the layers are
obviously attractive for two-dimensional arrays of modulators. This prop
erty has been exploited in the integrated SEED array to be discussed
( D . A. B. Miller et a l , 1986c). An electrically addressed spatial light
modulator has also been proposed (Goodhue et al., 1986), in which chargecoupled devices would be formed over a multiple QW modulator structure,
hence making an array of electrically controlled modulators.
An alternative geometry is to propagate the light in the plane of the QWs
by confining the light in a waveguide containing a few QWs (Tarucha et al.,
1985; Weiner et al., 1985; Wood et al., 1985b; Tarucha and Okamoto, 1986;
Arakawa et al., 1986; Wakita et al., 1986b). Such modulators can also
operate with low-voltage drive (see, e.g., Weiner et al., 1987a), and with
coupled Q W structures (Islam et al., 1987). In some of these waveguide
structures (Weiner et a l , 1985; Islam et al., 1987), modulation with low loss
and high contrast can also be observed at the zero-field exciton absorption
peak wavelength. This is because the overlap between electron and hole can
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be made very small for the η = 1 "allowed" transition by applying a large
field, hence making the material relatively transparent. One reason behind
the design of the coupled quantum-well modulator was to make a structure
that would modulate in this manner. The waveguide structure is also
suitable for integrating with a laser, because a QW laser can be fabricated
from the same layer structure run in forward rather than reverse bias. Such
integrated modulator-laser structures have been demonstrated (Tarucha
and Okamoto, 1986; Arakawa et a l , 1986).
Both perpendicular and waveguide modulators have been demonstrated
to speeds of - 100 ps (Wood et a l , 1985a, 1985b). The ultimate speed
limitation of the QCSE is probably subpicosecond, but the practical limit is
the time taken to charge up the capacitance of the device in the demonstra
tions so far.
Q C S E modulators are in general attractive for a number of reasons.
Physically, they can be quite small, with current dimensions limited by
fabrication techniques so far employed. Small size helps keep the drive
energy low. The energy required to drive the modulator is fundamentally
the energy required to charge the volume of the modulator to the operating
field, which in turn is the same thing as ( 1 / 2 ) C V . For a field of
~ 5 X 1 0 V / c m , this energy is —1.5 fJ for a cubic micron, i.e. 1.5
f j / j u , m for a 1-jLtm-thick modulator, making this a very-low-energy mech
anism. The small size also means that there are no velocity mismatch
problems at high speeds. (In long waveguide modulators using electro-optic
materials, the electrical and optical waves do not propagate at the same
speed, giving a mismatch that limits the bandwidth of the modulator.) It
also appears that QCSE modulators may have relatively low chirp, i.e. the
refractive index changes associated with the absorption changes may be
relatively small in the spectral regions attractive for absorption modulation
so that little excess bandwidth will be introduced by the undesired phase
modulation (Weiner et al., 1987b).
2

4

2

B. Self-Electro-Optic Effect Devices
The energy densities of a number of fJ/jum for QCSE modulation are
extremely low as we have discussed, and it would be desirable to take
advantage of them in nonlinear optical devices where high energy require
ments are a significant problem. Even absorption saturation in semiconduc
tors, a relatively low-energy mechanism by the standards of nonlinear
optics, requires ~ 100 f j / μ ι η for comparable changes in optical absorp
tion at room temperature at these wavelengths. One way of utilizing the
3

3
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Q C S E for devices that can operate with optical inputs and outputs is to use
a photodetector to drive a QCSE modulator, and this is the general
principle of the self-electro-optic effect device (SEED) (D. A. B. Miller,
1985; D. A. B. Miller et al., 1984a, 1985b, 1986b, 1986c; Weiner et al., 1985,
1987a). Functionally, it behaves as a nonlinear optical device as far as the
optical beams are concerned, although it will generally also have an
electrical power supply and the option of electrical control as well.
Typical problems of systems that combine such optical and electronic
functions are that they are clumsy, slow, and heavy energy consumers. The
clumsiness can come from the fact that the various components (e.g.,
photodetectors, amplifiers, and modulators or light sources) rely on differ
ent technologies so that they cannot be integrated. The inability to integrate
results in parasitics, particularly capacitance, associated with the packaging.
These parasitics slow down the system and increase the energy require
ments. Existing modulators and light sources also tend to require relatively
large energies to drive them; the necessity of providing this energy limits
the speed of operation in many cases. With the possible exception of the
existing light sources and modulators, none of the components are them
selves fundamentally slow or energy-expensive. Both photodetectors and
transistors can operate on timescales of 10's of picoseconds, and the
operating energies of these components can be low, although driving the
interconnections between the components can consume significant energies
and can slow down operation. The SEED is an attempt to solve the
problems of such optoelectronic systems, firstly, by using the QCSE to give
low-energy optical outputs and, secondly, to eliminate the problems of
parasitics and electrical interconnections by making very intimately in
tegrated devices in which the only electrical communication is within the
integrated device itself. The technology that enables all the components to
be integrated within one structure is layered semiconductor growth. The
reasonable prospect with SEEDs is for devices that can operate at speeds
and energies comparable with good electronic devices, but with optical
inputs and outputs that can exploit the ability of optics for communicating
information.
T h e simplest form of SEED is one in which the QW diode is itself the
only photodetector. The diodes used for QCSE modulators make good
photodetectors (D. A. B. Miller et al., 1984a; Wood et al., 1985b; Larsson
et a l , 1985, 1986), with internal quantum efficiencies near unity. A circuit
that can show optically bistable behavior is shown in Fig. 10. T o show
optical bistability, the diode should be illuminated at a wavelength near the
zero field exciton peak (e.g., near 1.46 eV in Fig. 4a). When there is no light
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Figure 10. Simple circuit for an optically bistable S E E D (D. A. B. Miller et al., 1984a).

shining on the diode, all the bias voltage is across the QWs, and the
absorption is relatively low. As the light power is increased, photocurrent is
generated, and, consequently, voltage is dropped across the resistor, reduc
ing the voltage across the QWs and, hence, increasing the absorption. This
increase in absorption results in yet more photocurrent, giving more voltage
across the resistor, less voltage on the QWs, more absorption, and so on.
This positive optoelectronic feedback mechanism can become strong enough
to cause switching into a high absorption state. The resulting i n p u t - o u t p u t
characteristic is bistable, as shown in Fig. 11. This bistability is an example
of the class of bistability from increasing absorption (D. A. B. Miller, 1984).
The existence of optical bistability has some interesting corollaries. If the
optical power is held constant and the supply voltage is varied, the voltage
across the diode will also exhibit electrical bistability (D. A. B. Miller et al.,
1985b). This bistability can be viewed as resulting from the fact that the
diode shows negative differential resistance; as the voltage increases across
the diode, the (photo)current decreases because the absorption decreases.
Another consequence of the negative differential resistance is that the
system can be made to oscillate at constant input voltage and optical power
by replacing the load resistor with an inductor (D. A. B. Miller et al.,
1985b). The resulting oscillations are seen on both the voltage across the
modulator and in the transmitted optical beam. Oscillation frequencies > 1
M H z have been observed.

Applications

353

Figure Π. Superimposed optical i n p u t - o u t p u t characteristics of four devices in an integrated
S E E D array ( D . A. B. Miller et al., 1986c).

The power at which switching takes place is determined by the resistor,
with larger resistors giving lower power. The switching time is approxi
mately the resistance-capacitance time constant of the load resistor and the
device capacitance. The power-speed product is constant over many orders
of magnitude. For example, a switching time of 30 ns has been observed
with an optical power of 1.6 mW in a 100-μιη device with a 47-kß load
resistor and an estimated device capacitance of 0.6 p F (D. A. B. Miller
et al., 1985b). The photodetection is known to be capable of operating on a
timescale of hundreds of picoseconds (Larsson et al., 1986), as is the
modulation; consequently, faster operation is to be expected in smaller
devices with improved packaging.
T o allow SEEDs to be fabricated in arrays and to permit scaling to much
smaller devices without incurring stray capacitances, an integrated structure
has been developed (D. A. B. Miller et al., 1986c). In this structure, the
function of the resistor is performed by another photodiode, transparent to
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the light used to illuminate the QWs, that is grown on top of the QW diode.
The effective value of this load "resistor" is set by the amount of shortwavelength light shining on this top load diode and, hence, is not fixed
during manufacture. Arrays of devices with built-in load "resistors" can be
fabricated by etching mesas into this structure and by taking common top
and bottom contacts off all the mesas. There are thus only two electrical
connections to the whole array. Uniform 2 x 2 arrays of 200 Χ 200-μπι
devices have been reported (D. A. B. Miller et al., 1986c). Fig. 11 shows the
characteristics of the four devices in the array superimposed. Recently also
fully functional 6 x 6 arrays of 60 X 60-jum devices have been demon
strated (Livescu et a l , 1987), with performance that scales with area as
expected.
The SEEDs discussed so far have all employed positive feedback. By
choosing to operate at longer wavelengths where the absorption increases
with increasing voltage, the feedback becomes negative. As a result, if the
diode is driven by a current source, the voltage across the diode will adjust
itself so as to set the photocurrent equal to the source current. Since the
photocurrent is directly proportional to absorbed optical power at a given
wavelength, this gives a self-linearized optical modulator in which the
absorbed optical power is linearly proportional to the driving current
( D . A. B. Miller et a l , 1984c, 1985b). If the current source is itself another
reverse-biased photodiode, the power transmitted by the QW diode will
decrease linearly as the power on the other diode increases, giving an
inverting light-by-light modulation. It has been proposed that this could be
exploited with the integrated SEED arrays to make optically addressed
spatial light modulators (D. A. B. Miller, 1985, Livescu et al., 1987).
Another application of the negative feedback is to make an optical level
shifter (Miller et al., 1984c, 1985b). Here, if the QW diode is driven with a
constant current, it will attempt to absorb a constant amount of optical
power, even as the input power is varied. This therefore tends to subtract a
constant power from the transmitted beam, shifting the level of the optical
signal (see Fig. 12).
The various examples of SEEDs demonstrated so far are only a few of
the many possible devices. Many different electronic components can be
integrated with the QW modulator using the layered growth technology,
including, for example, phototransistors (D. A. B. Miller et al., 1985). Such
structures would introduce gain into the system without the need for
positive feedback. This could be useful for optical logic systems as it would
remove the need for biasing near some critical threshold in order to obtain
the necessary gain. Various other applications of such transistor structures
are possible.
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Figure 12. T r a n s m i t t e d optical power versus incident optical power for a S E E D operated as an
optical level shifter with drive currents of (a) 0, (b) 125, (c) 250, (d) 375, and (e) 500 n A
( D . A. B. Miller et al., 1986b).

C. Optical Emitters
Devices such as light-emitting diodes or laser diodes that emit light
because of the simultaneous presence of electrons and holes in the same
material are often limited in how fast they can be turned off by the time
taken for these carriers to be removed from the material. One proposed
solution to this problem (Yamanishi and Suemune, 1983) is to use a
confined structure such as a QW in which the carriers can be pulled to
opposite sides of the well by applying a field perpendicular to the layers.
With the carriers physically separated to some degree, the overlap between
them and, hence, their luminescence strength will be reduced and the
luminescence diminished. Note that this is accomplished not by removing
the carriers completely from the material, but merely by moving them by a
distance ~ 100 A. Hence, there is a possibility that this technique might
provide a fast way of modulating light-emitting devices.
As we have discussed, the physics of this effect is essentially the same as
the QCSE, and has been modeled as such (Polland et a l , 1985; K a n et al.,
1986). It is now clear that the luminescence can indeed be modulated in this
way. Applying the field does reduce the luminescence emission intensity
and actually increases the overall luminescence emission time as would be
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expected (Polland et al., 1985; Kan et al., 1986). This reduction in lumines
cence intensity can be induced rapidly by sudden changes in the voltage
across the sample, and it has been demonstrated that this can effectively
turn off emission in times much less than the lifetime (Kan et al., 1986). The
luminescence also tunes to longer wavelengths as the field is increased, as
would be expected from the QCSE. A related effect has been seen in the
emission from transistor structures (Levi et al., 1987).

VI. CONCLUSIONS
The basic mechanisms that govern QW electroabsorption are relatively
clear, as are the relations and distinctions between QW and bulk effects. Of
course, QWs only represent one of the first quantum-confined systems that
we can control sufficiently to investigate such phenomena. Just as in other
unusual physical effects in layered semiconductor structures, hopefully
some of this physics will carry over into other confined systems as suitable
technology develops.
It is also clear that real and novel devices can be made using the
remarkable properties of QWs, and that these devices can operate under
practical and attractive conditions. The ability to integrate optical and
electronic functions to such an intimate degree that they are almost
indistinguishable is a tantalizing goal for optoelectronics, offering the best
of both electronic and optical worlds. The combination of integration by
layered semiconductor growth and the new physical mechanisms, both
electronic and optical, offered by quantum-confined structures may allow us
to reach that goal.
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