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1. Introduction 

The development of sophisticated layered growth techniques has had a profound effect 
on modern semiconductor physics. Molecular Beam Epitaxy (MBE) and recently als0 
Metal-Organic Chemical Vapor Deposition (MOCVD) enable layers of semiconductors to be 
grown epitaxially with near to atomic-monolayer precision. This allows structures to be 
made in which quantum mechanical effects can be engineered, opening up possibilities for 
both new physics and new devices. The subject of this article, the electro-optic properties 
of quantum wells, is one small subset of these possibilities, but it is a good example of the 
opportunities available with these techniques. 

In this article, I will first summarize what is meant by quantum wells, and discuss their 
basic physical and optical properties without electric fields. Then I will treat the physics 
of electroabsorption, an area where quantum wells show some unique properties, in 
particular an effect known as the Quantum-Confined Stark Effect (QCSE) [1]. Finally, I 
will summarize the main device applications so far considered. The QCSE is applicable at 
room temperature, at wavelengths compatible with laser diodes and with voltages 
compatible with semiconductor electronics. It is also an extremely low energy mechanism. 

I will make no attempt at reviewing the field, and for the most part the article will 
cover the concepts that underlie the physics rather than attempting any rigorous 
discussions. For greater depth, the reader is referred to longer articles in the literature 
that also contain many references to other work in the field. A recent discussion of energy, 
levels and wave functions in quantum wells can be found in Ref. [2], which also summarises. 
work on nonlinear optical properties. The physics of electroabsorption in quantum wells is 
considered at some length in Ref. [1]. A short summary of work on electric field 
dependence of quantum well optical properties is contained in Ref. [3], together with a 
treatment of some additional aspects of electroabsorption. The operation of Self Electro
optic Effect Devices (SEEDs) is discussed in Ref. [4]. General aspects of layered structures 
are considered in the book Ref. [5], and some recent research work is covered in the school 
proceedings Ref. [6]. Other references throughout the text treat specific aspects not 
covered by these articles. 

2. Quantum Wells Structures and Energy Levels 

The materials system that has received most attention for layered semiconductor 
growth is GaAs/GaAlAs. In this system, GaAs and Gal_xAlxAs layers of almost arbitrary 
doping, thickness and alloy concentration (x) can be grown starting with a GaAs substrate, 
with a crystalline quality as good as or better than the substrate. One reason for this 
flexibility is that GaAs and AlAs have almost exactly the same lattice constant, and so 
there is little strain in the crystal. 

If we grow alternate layers of GaAs and, for example, G30,7Alo,3As each ~ 100A thick, 
then we will find that any electrons and holes in the GaAs layers tend to be confined there 
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because the GaAlAs layers present relatively large potential barriers to their motion. 
Furthermore, with such thin GaAs layers the electrons and holes behave like quantum
mechanical particles in a box (at least in the direction perpendicular to the layers). Also 
with such "thick" GaAlAs layers, there is negligible tunneling of the particles through 
these barriers. The GaAs layers therefore behave as quantum-mechanical potential wells 
for the particles, hence the name. Because the wells are not coupled by significant 
tunneling of particles from one to the other, the physics of a multiple well structure is 
essentially that of a single well. As long as the barrier layers are sufficiently thick, their 
thickness is not critical, although it is common to grow all the barriers the same thickness. 
Such a structure is sometimes referred to as a "superlattice" because it is periodic, but it is 
more useful to keep this term for those structures where the barriers are so thin that the 
tunneling between layers is strong, and the properties of the structures are then crucially 
dependent on the strict periodicity; the properties of such "superJattice" structures will 
not concern us further here. The potential structure for such a GaAs quantum well is 
sketched in Fig. 1. 
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Fig. 1. Energy structure and single
particle wave functions for a simple 
quantum well, showing two confined 
states in the conduction and valence 
bands (not to scale). 

Other material systems can be used to grow quantum wells, although their growth is 
usually more difficult. InGaAs/InAlAs and InGaAs/lnP quantum wells can be grown 
lattice-matched to InP substrates, and GaSb/GaAlSb can be grown on GaSb. These 
materials systems are interesting because they have band gaps near the optimum 
wavelengths for optical fiber communications (e.g. 1.5 /-1m) as opposed to - 850 nm for 
GaAs/GaAlAs, although their physics so far seems to scale well from the GaAs/GaAlAs 
case. Layered structures of InAs/GaSb show substantially different physics because the 
electrons are confined in one layer and the holes in the other. There are many other 
possibilities in the III-V materials for quantum wells. Quantum wells have also been 
demonstrated in II-VI materials, such as the HgTe/CdTe system and systems based on 
ZnMnSe, HgMnTe and CdMnTe. Work has also been done on IV-VI systems such as 
PbTe/PbSnTe. Although most work has been done in lattice-matched systems, with 
certain restrictions on layer thickness it is also possible to grow so-called strained layer 
systems, where the natural lattice constant is not the same in the two layers. This opens 
up many new opportunities (including some of the systems above). Among the more exotic 
is the Si/SixGel_X system, although this is at the moment still an indirect gap optical 
material and hence is currently less interesting for optics. 

Most of the basic properties of quantum wells can be understood by considering 
electrons and holes as being particles with effective masses. This effective mass 

36 



approximation works well for bulk semiconductors, but it is surprising that it works S9 well 
for thin layers. For a recent comparison with some more sophisticated models see, for 
example, [7]. The simplest case to solve is for the motion of a single particle (electron or 
hole) in a quantum well with infinitely high potential barriers on either side. The motion 
in the direction perpendicular to the layers is a simple particle-in-a-box problem, subject 
to the boundary condition that the wave function 'I/J must vanish at the sides of the box, 
and taking the effective mass m;. The allowed energy levels are 

(1) 

where L is the quantum well thickness and n is an integer. The associated wave functions 
are 

(2) 

where we have chosen the origin z = 0 in the center of the well. 

A more realistic model would account for the finite height of the barrier. In this case, 
one needs to know the height of the barrier, Vb' and the effective mass of the particle in 
the barrier material, m~. The boundary conditions to link the solutions of the Schrodinger 
wave equation in the different regions are (i) continuity of the wave function 'I/J, and (ii) 
continuity of (l/m *)d'I/J/dz. This latter boundary condition corresponds to conservation of 
probability current [8]. The wave functions are sinusoidal in the quantum well as before 
(although with a different period), but decay exponentially into the barriers. The energy 
levels in this finite quantum well are lower than those in the infinite well of the same 
thickness because the particle is not confined in such a small volume. Typical wave 
functions are sketched in Fig. 1. These boundary conditions can be applied to other 
solution methods and structures, such as the tunneling resonance method that can readily 
treat quasi-bound and unbound "states" of arbitrary structures [1]. 

The parameters for these calculations are all in principle known from measurements in 
bulk or thick layer materials. The parameter that is generally least well known is the 
barrier height. Although the sum of the potential barrier heights in valence and 
conduction bands must equal the difference in band gap energies of the well and barrier 
materials, the way in which this band gap discontinuity splits between valence and 
conductions bands is difficult to measure and cannot be predicted theoretically with any 
degree of certainty. In GaAs/GaAlAs it is currently thought to split....., 60:40 between the 
conduction and valence bands. 

Although the particle is confined in one direction, it is free to move in the other two. 
Hence the density of states is not a set of discrete states but rather a set of steps or 
subbands whose edges occur at the energy levels calculated above. 

Most interest so far in optical properties of quantum wells has been concerned with the 
behavior near the center of the Brillouin zone at the direct band gap. In this case for most 
materials of interest there are two valence bands and one conduction band that are 
important for optical properties near the optical absorption edge. We therefore need 
consider only one electron, but must include two holes, the so-called heavy and light holes. 
The existence of two hole bands that are degenerate at the zone center in the bulk 
complicates the quantum mechanics, and it is difficult to give a simple description of the 
detailed consequences of this, although they will not concern us too much here. One 
important consequence is however that the quantum well absorption is strongly 
polarization dependent when light is propagated in the plane of the quantum well layers. 
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In this case, there are obviously two distinct polarization directions, one parallel to the 
layers (as will be seen for light propagating perpendicular to the layers), and one, accessible 
in waveguide geometries, perpendicular to the layers. Because the confinement removes 
the degeneracy of the hole bands at k=O in qualitatively the same manner as would be 
produced by a uniaxial strain, the heavy hole to conduction transitions become forbidden 
for the perpendicular polarization. (Again see Ref. [2] for example). 

Typical values of effective masses in GaAs are -0.07 for the electron, -0.4 for the 
heavy hole, and -0.09 for the light hole, all in units of the free electron mass, and the 
band gap energy is - 1.5 eV depending somewhat on temperature. In scaling to other III
V and II-VI direct gap, zinc-blende-structure semiconductors, the electron and light hole 
masses remain approximately equal to each other and scale approximately with the band 
gap energy, while the heavy hole mass typically remains of the order of 0.5. 

3. Optical Absorption in Quantum Wells 

Direct optical absorption of a photon above the band gap energy involves ralsmg an 
electron from one of the valence bands and putting it in the conduction band. 
Equivalently, we can regard this as the creation of an electron-hole pair, giving an electron 
in the conduction band and a hole in a valence band. The simplest model is to assume 
that this process corresponds to taking an electron from a given k-state in the valence 
band and, by conservation of momentum, raising it to the state of essentially the same kin 
the conduction band. This simple model is not strictly correct, as we will see below when 
we discuss excitons, but will serve for the moment. Conservation of momentum must still 
hold in the quantum well system. The quantization of the levels in the well can be 
regarded as quantization of the allowed values of momentum, especially in the case of the 
infinite well. Conservation of momentum therefore requires that we only have transitions 
between states of like quantum number n, i.e. An = O. Hence the optical absorption 
between a given valence band and the conduction band is a series of flat steps in this 
model. More generally, in this model the strength of the absorption between a given 
valence sub band and a conduction subband is actually proportional to the square of the 
overlap integral between the two subband wave functions. For An not equal to zero, this 
is small because the wave functions are nearly orthogonal. Because of the existence of two 
types of holes, there are generally two such series of steps additively superimposed. 

The appearance of such steps is readily seen in the absorption spectra of quantum wells 
(Fig. 2). The two lowest peaks for example are associated with t.he lowest heavy hole to 
conduction and light hole to conduction "steps" respectively. The light hole transitions 
start at higher energies because the light hole has higher confinement energies as a result 
of its lower mass. The peaks themselves, which occur at the st.art of each step in the 
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spectrum, are not however explained by the above theory, and are clearly strong features 
in the spectrum. These peaks are exciton absorption resonances. Exciton resonances are 
known to exist in cooled bulk materials, but do not remain well resolved at room 
temperature, in clear constrast to the room temperature quantum well spectrum of Fig. 2. 

The flaw in the preceding discussion of optical absorption is the neglect of the fact that 
the electron and hole are attracted to each other by the electrostatic Coulomb interaction. 
They do not therefore behave as free particles that can propagate independently as simple 
plane waves and hence k is not a good quantum number. In fact the eigenstates of such a 
pair of parti<.:ies are just like those of the hydrogen atom. One can of course decompose 
such a hydrogenic orbit into a combination of plane waves, and in the case of the 
semiconductor this corresponds to saying that the exciton can be expressed as a linear 
combination of k-states. The lowest energy states are bound hydrogenic orbits, while with 
increasing energy we obtain unbound "orbits" that correspond classically to hyperbolic 
orbits. At very large energies of course such orbits reduce to plane waves again. The 
existence of bound orbits means however that we can create such a mutually bound pair 
with less energy than it takes to create the lowest energy free pair. The lowest energy 
required to create a free pair is still the band gap energy, but bound pairs can be created 
with one binding energy less than this. Hence we see the appearance of peaks in the 
spectrum that correspond predominately to the creation of the lowest such bound pair, the 
IS exciton, just below the band gap energy. The binding energy can be calculated from 
the hydrogen atom formulae by using the effective masses and accounting for the dielectric 
constant. In bulk GaAs, the IS exciton is -300"'\ in diameter and has a binding energy of 
- 4.2 meV. 

It is strictly correct to regard all interband transitions as excitons, with those above the 
band gap energy being unbound. The fact that the electron and hole motion is still 
correlated for unbound excitons (e.g. in a hyperbolic orbit) does have a strong effect on the 
optical absorption above the band gap energy, making it much larger near to the band gap 
than it would otherwise be. It is also common to use the term exciton loosely to refer to 
the IS bound state, and to describe the unbound excitons as free electron-hole pairs, and 
that is usually how we will describe the particles in the rest of this article. The term 
bound exciton is usually reserved for excitons that are themselves bound to some other 
center such as an impurity. 

It can be shown rather generally (see e.g. Ref. [9]) that the optical absorption strength 
for the creation of an electron-hole pair in a given state is proportional to the probability 
of finding the electron and hole in the same volume in the given state once created. A 
formal way of expressing this is to say that the absorption strength is proportional to 
1 U(O) 12 where UC!:) is the relative motion wave function of the electron and hole U:. is the 
separation of electron and hole). (In the limit where the electron and hole are essentially 
free and are plane waves, this description reduces formally to the overlap integral method 
described above.) It is important to note that this remains valid not only when the 
electron-hole Coulomb interaction is bcluded, but also in the presence of external electric 
fields, a fact that will be useful later. 

For the IS wave function of the lowest bound electron-hole state, the electron and hole 
are confined in a small volume close to one another with the maximum in the Uf.!:) at !.=O, 
and hence this "exciton" absorption is very strong. It is apparent that confining the 
electron and hole in an even smaller volume will further enhance the strength of the 
absorption, and this is exactly why the quantum well shows such strong exciton absorption 
resonances. It is clear that in the quantum well case we are confining the electron and hole 
more closely in the z-directionj what is not obvious is that the exciton also becomes smaller 
in the plane of the layers as it is confined in the other direction. This can be verified by 
direct calculation and by analogy with the theoretical two-dimensional hydrogen atom, a 
problem that can be solved exactly to yield a radius 1/4 of that of the three-dimensional 
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atom. One rationalization of this shrinkage in the plane is that the exciton is trying to 
remain more nearly spherical to minimize its energy. In a l00A GaAs quantum well, the 
exciton Bohr diameter in the plane is -120A, and the binding energy is - 10 meV. The 
quantum well shows exciton peaks associated with each absorption step, corresponding to 
predominantly IS excitons formed with electrons and holes from the sub bands that give 
rise to the step. Again for further discussion of quantum well excitons, see Ref. [2J for 
example. 

It is important to understand that the strong optical absorption lines that we call 
exciton absorption resonances are associated with the creation of excitons. This makes 
them very different in character from atomic absorption lines, which correspond to raising 
an atom from one state to another. In absorbing a photon in a crystal we are of course 
raising the crystal to another state, but we are not raising the exciton from one state to 
another. Therefore, we see exciton absorption resonances even when there are no excitons 
in the crystal (and, in fact, this is when they are best, as we will discuss briefly below). A 
useful physical analogy is to the theoretical creation of positronium atoms from the 
vacuum. Although this occurs in the MeV range of the spectrum, and requires another 
particle to give momentum conservation, there is in principle an absorption resonance in 
the vacuum that corresponds to the creation of an electron-positron pair in this bound 
state; this is clearly a very different kind of absorption from that corresponding to raising 
the positronium atom from one state to another. This point about the nature of the 
exciton absorption resonance is important because it will typically be the case at room 
temperature, for example, that there are effectively no excitons in the crystal, even if we 
absorb into the exciton resonance to create excitons. This is because the exciton will 
usually be ionized into a free electron-hole pair in only a few hundred femtoseconds by 
colliding with an optical phonon, and the statistical mechanics tells us that very few 
excitons will reform in equilibrium because of the relatively high temperature. The fact 
that the excitons themselves are destroyed does not destroy the exciton absorption 
resonance; it does however impose a lifetime broadening on the exciton absorption line. 
For a l00A GaAs quantum well, typically about half (- 2 meV ) of the exciton absorption 
linewidth at room temperature results from exactly this process, with the other half being 
due to inhomogeneities in the quantum well thickness. 

Although the primary subject of this article is electric-field dependence of optical 
properties, it is worth mentioning some of the nonlinear propert ies associated with the 
band edge absorption. They are of some practical interest, and are also interesting from a 
physical point of view. The physics of these effects can be quite complicated, and there is 
not space here to treat them adequately (see for example [2]). Briefly, adding carrier pairs 
either free or as excitons, by optical absorption or otherwise, tends to saturate and 
otherwise change the absorption near the band edge when the densities of carriers or 
excitons approach one carrier or exciton per excitonic volume. Quantum wells differ from 
bulk semiconductors in several respects. First, the excitonic absorption is relatively 
stronger, and hence saturation of this resonance is more dominant in the nonlinear 
behavior of the quantum well than in similar bulk materials. This leads to the use of 
quantum wells as saturable absorbers to mode-lock laser diodes [lOJ, and also enables fast, 
low-power resonant degenerate four wave mixing [l1J. This four wave mixing also utilizes 
the changes in refractive index associated with the changes in absorption. The use of these 
refractive index changes for bistable switching in nonlinear Fabry-Perot interferometers 
has also been considered, but it appears that even in the quantum well the change in index 
from the efficient excitonic saturation is not in practice large enough to switch the devices, 
and the use of less efficient mechanisms that exist for higher carrier densities is required to 
complete the switching [12J. Other ways that quantum wells differ have to do with the 
detailed mechanisms of saturation. The relative importance of phase-space filling, exchange 
and screening, the three main mechanisms for absorption changes from free carriers and 
excitons, are different in quantum wells, a fact that results in surprisingly strong exciton
exciton effects on the nonlinear absorption at short times [13J. 
40 



4. EJectroabsorption in Quantum Wells 

The fact that optical absorption, particularly near to the band gap energy, is 
dependent on electric field is well-known, with the most common example being the 
Franz-Keldysh (FK) effect [14]. In the FK effect, an absorption "tail" below the band gap 
energy becomes stronger with increasing field, an effect usually explained as a photon
assisted tunneling between the bands. When exciton resonances are present, the exciton 
lines can be seen to broaden with field, usually at fields much lower than those required to 
observe the FK effect. This exciton broadening can be understood as a lifetime broadening 
because the exciton is being rapidly field-ionized by the electric field. The two effects can 
be understood within a unified formalism [9] . 
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Fig. 3. Optical absorption of a GaAs 
multiple quantum well sample for 
various electric fields applied in the 
plane of the layers. (a) 0 V fcm; (b) 
1.6X 104 V f cm; (c) 4.8X 104 V f cm. 

For electric fields parallel to the quantum well layers, the electroabsorptive effects 
should be rather similar to those in the bulk. In Fig. 3, we show spectra taken with 
different fields parallel to the layers, and the exciton broadening is clearly seen. The 
exceptional aspect of these spectra is that they can be observed at room temperature. In 
either this or the low-temperature bulk case, relatively large changes in absorption 
coefficient (e.g. > 103 cm -1) can be achieved with relatively small fields (103 to 
104 V fcm). A characteristic field for large excitonic electroabsorption is a potential drop of 
one binding energy over the exciton Bohr diameter, e.g. 10 meV over 
100 A ( = 104 V fcm = IV fILm), compared with - 105 V fcm for the FK effect. It is 
interesting to ask whether this excitonic effect is fast, and there appear to be no high 
speed measurements in bulk material. Recent very high speed measurements in quantum 
wells have shown that the excitonic electroabsorption can respond in <4OOfs [15], with the 
measured time still thought to be limited by experimental conditions. This experiment is 
approaching some very interesting fundamental time constants for this system, e.g. the 
classical orbit time is only -150fs. Hence (parallel field) excitonic electroabsorption 
appears to be both fast and sensitive, and may find applications in high-speed electrooptic 
sampling where the limited contrast of absorption coefficients is not a severe restriction. 

For electric fields perpendicular to the quantum well layers, the behavior of the 
absorption spectrum is however rather different, as can be seen from the spectra in Fig. 4. 
We will concentrate first on those of Fig. 4(a). The spectra in Fig. 4(a) are taken in a 
waveguide sample, but similar spectra are seen with multiple well samples for light 
propagating perpendicular to the layers, with absorption coefficients in the range of 
- 104 cm -1. Clearly these spectra are very different in character from those of Fig. 3. 
Now the exciton peaks are remaining resolved up to very high fields (-2X 105 V fcm), and 
they and the associated above-band gal> absorption are shifting to lower photon energies 
with some loss of height. Similar effects are apparent in Fig. 4(b), only now, because of the 
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Fig. 4. Optical absorption spectra of 
a GaAs quantum well sample for 
various fields applied perpendicular 
to the layers, taken using a 
waveguide containing two quantum 
wells: (a)optical electric vector 
parallel to the layers with fields of (i) 
1.6 X 104 V lem, (ii) 105 V Icm, (iii) 
1.3 X 105 V lem, (iv) 
1.8 X 105 V I em; (I:)) optical electric 
vector perpendicular to the layers 
with fields of (i) 1.6 X 104 V I cm, (ii) 
105 V Icm, (iii) 1.4 X 105 V Icm, (iv) 
1.8 X 105 V lem, (v) 2.2 X 105 V lem . 

polarization dependence of the absorption in quantum wells discussed briefly above, only 
the light hole to conduction transitions are allowed. This dichroism is not a result of the 
electric field, although it is apparently not destroyed by the field. 

The spectra of Fig. 4 are quite unlike bulk electroabsorption both in that the exciton 
resonance is not broadening rapidly with field and in that the absorption edge is truly 
shifting; by contrast, the FK effect is more of a broadening of the absorption edge, and is 
consequently usually utilized at absorption coefficients of -100 cm- l , well below the 
absorption edge. 

This quantum well perpendicular field electroabsorption can be relatively well explained 
through a mechanism called the Quantum-Confined Stark Effect (QCSE).[lJ Consider the 
exciton state in the presence of an electric field perpendicular to the layers. The electron 
will be pulled towards one wall of the quantum well and the hole towards the other. 
However, the walls of the wells prevent them from going any further, hence the exciton is 
not field-ionized. Consequently, the exciton resonance is not strongly lifetime-broadened 
(as it is in the bulk). It is important that the well is thin compared to the bulk exciton 
diameter, otherwise the exciton would be effectively field-ionized as the particles moved to 
opposite sides of the well. If the well is sufficiently narrow however, the electron and hole 
still have a strong Coulomb attraction, and still orbit round one another, albeit with 
somewhat displaced orbits. Hence the resonance is still strong and relatively narrow. It 
loses some height because the electron and hole wave functions no longer overlap as much. 
The large shift in energy is due to the electrostatic energy of the polarized electron-hole 
pair, partly compensated by the increased confinement energy of the electron and hole 
which are now squeezed nearer to the walls, and by the slightly reduced Coulomb 
interaction of electron and hole. All of this qualitative discussion can be formalized [IJ, [3J. 
The Hamiltonian of the electron and hole in the well in the presence of the perpendicular 
electric field is exactly the same form as that of a hydrogen atom confined between two 
very closely spaced plates (e.g. I/c2A) and subjected to an extremely large field 
perpendicular to t.he plates (e.g. 10 0 V Icm). It can therefore be described as a Stark 
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effect under quantum confinement, hence the title QCSE. The spectra in Fig. 4 are 
showing Stark shifts of - 4 times the exciton binding energy at - 100 times the classical 
ionization field of the exciton. By contrast, the absorption resonance of an unconfined 
exciton will be completely smeared out by about 1 classical ionization field, by which time 
it may have Stark-shifted by about 0.1 binding energies to lower energies. 

The shift of the other transitions between given sub bands will be approximately the 
same as that of the associated IS exciton resonance, because the dominant part of the shift 
is that due to the shifts of the single particle energy levels in the quantum well; the change 
in the Coulomb interaction between electron and hole is only a small correction in energy 
(although the fact that the electron and hole are Coulomb-attracted is still increasing the 
probability of finding them in the same volume and hence is still strongly influencing the 
absorption). Hence, the entire absorption step shifts bodily to lower energies with field. 

The relation to the FK effect can be understood through a simplified model of the 
QCSE in which the excitonic effects are neglected (as is normally done in the FK effect 
anyway), in which case the behavior can be described as a quantum-confined FK effect 
[16]. In this case, the absorption again becomes a set of steps for the quantum well. Fig. 
5(a) shows the theoretical absorption for GaAs-like semiconductor material without field in 
this case for a bulk sample, and two quantum wells with infinitely high barriers, one 300A 
and the other 100A thick. When the field is applied (Fig. 5(b)), the bulk material shows 
the FK effect, acquiring some ripples above the band gap energy and a weak absorption 
tail below. The 100A well shows a shift to lower energy of the first absorption step, hence 
enabling the large changes in absorption coefficient that make the QCSE practically 
interesting. It also now shows other steps in the absorption, which are associated with 
transitions that were previously forbidden, in this case those from the second and third 
heavy hole levels to the first conduction level. They are no longer forbidden because the 
electron and hole wave functions are no longer sinusoidal as a result of the particles being 
pulled to opposite sides of the well. AJ3 the well is made thicker, these "forbidden" 
transitions begin to dominate over the originally allowed transitions, and for the 300A well 
there is now little difference between the quantum well electroabsorption and that of the 
FK effect. The calculation of these quantum well electroabsorption spectra reduces only to 
calculating electron and hole energies and the overlap integrals of the electron and hole 
wave functions in the presence of field; each such integral (squared) gives the height of the 
associated step and the energies give the step positions. This transition from the quantum 
well electroabsorption to the FK effect is smooth, and can be proven analytically [16]. 

Incidentally, the growth of forbidden transitions can be seen in the spectra of Fig. 4(a). 
The third "bump" that appears at - 1.47 - 1.48 eV in spectra (ii), (iii), and (iv) is thought 
to be the transition from the second heavy hole level to the first electron level, and many 
other forbidden transitions can be seen near other steps in quantum well spectra. 

"Forbidden" transitions have another very important function in the electroabsorption, 
which is to allow absorption sum rules [3]. It is easy to show that the sum of the heights of 
the steps from a given electron subband to all the subbands of a given hole is a constant, 
independent of field. This is easily seen in Fig. 5, where the height of the step for the 100 
A well at e.g. 200 meV above the band gap is the same both with and without field; here 
the sum has converged strongly after only three steps. This is also probably the reason 
why the experimental absorption well above the excitons (e.g. at 1.5 eV) is not strongly 
dependent on field in Fig. 5(a). 

Other sum rules can also be derived that relate to all the possible exciton transitions 
[3]. These enable us to conclude that (i) the overall area under the absorption spectrum 
should be conserved as the field is applied (this sum rule empirically works for the parallel 
field electroabsorption spectra in Fig. 3), and (ii) the area under the exciton absorption 
peak is approximately proportional to the square of the single particle overlap integral (Le. 
the height of the step). Empirically, the area under the spectra in Fig. 5 is conserved as 
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zero field, and (b) at 105 V / cm (perpendicular to the wells), in a GaAs-like material. 

the field is applied, and the exciton peak area is proportional to the calculated overlap 
integral squared [3]. 

The sum rules are also important for the calculation of refractive index changes 
associated with this electroabsorption. The basic method of refractive index change 
calculation is by performing a Kramers-Kronig integral over all the changes in absorption. 
The fact that we know that the area under the spectra is conserved gives us confidence in 
performing this integral over the limited spectral region in which we can perform 
measurements of the change in absorption. Refractive index change spectra calculated 
from the data in Fig. 5 [17) appear to be in reasonable agreement with the recent 
measurements of index changes by Glick et al. [18). These refractive effects have not so far 
been applied to devices. 

5. Quantum-Confined Stark Effect Devices 

The most obvious application of an effect such as the QCSE is to an optical modulator 
[lg). (For a summary of such modulators, see Ref. [3]). The layer structure of a typical 
modulator is shown in Fig. 6. The QCSE requires relatively large fields for its operation, 
but the material itself is usually conducting. To avoid excessive ohmic dissipation, the 
field is applied by putting the quantum wells into a p-i-n diode, such that the diode can be 
reverse biassed to put a large field across the quantum wells (which are in the depletion 
region) without significant conduction current. The p and n regions can be made of 
GaAlAs (or very fine period GaAs/GaAlAs superlattice that behaves very like the average 
GaAlAs) that is transparent at the wavelengths of interest. 

For -111m thickness of quantum wells, voltages of the order of 5 - 10 V are typical for 
useful modulation. The light beam may be shone through the quantum wells, either 
propagating perpendicular to the layers or in a waveguide configuration propagating 
parallel to the layers. In the former case, the substrate must be removed in the case of the 
GaAs/GaAlAs system, as the GaAs is opaque at the wavelengths of interest; this is done 
with a selective etch that stops when it reaches the GaAlAs. In the latter case, the layers 
must also be designed to act as a waveguide. Modulators made in this fashion have shown 
measured speeds down to - 100 ps, limited by simple RC time constants under 50 (} drive 
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Fig. 7. Circuit for a simple optically 
bistable SEED. 

with - 1 pF device capacitance. There is no optical reason why smaller devices cannot be 
made with lower capacitance, as these devices are much larger than is required for the 
optical beams. Modulation contrast ratios of - 2:1 and - 10:1 have been obtained for 
perpendicular and waveguide propagation respectively. 

The same structure that operates as a modulator can also operate as a photodetector; 
in fact, a p-i-n structure is a good photodetector structure. In this case, for every photon 
absorbed in the device (at least under reverse bias) one photocarrier pair is generated. 
This pair is swept out to the device electrodes by the internal field, resulting in one 
electronic charge flowing in the external circuit. One application of this is to a voltage 
tunable detector that can effectively measure wavelength [20J. 

Another interesting application of the photodetection is to the so-called Self Electro
optic Effect Device (SEED)[4J. This is a class of devices in which light is detected and 
modulated inside the same structure. From their external behavior, some of these devices 
can be considered as all-optical, with both optical inputs and outputs, although they can 
utilize electrical effects internally. A simple example of such a device is the optically 
bistable SEED. A circuit capable of showing bistability is shown in Fig. 7. In this case, 
the incident light wavelength is chosen so that decreasing reverse-bias voltage gives 
increasing optical absorption; this can be achieved, for example, near the position of the 
heavy-hole exciton peak at zero field (e.g. 1.46eV (849 nm) in Fig. 4(a)). Initially, before 
any optical power lands on the quantum wells, there will be no photocurrent, and hence all 
of the supply voltage will appear across the quantum wells, resulting in relatively low 
absorption. With increasing incident light, photocurrent will be generated, consequently 
giving a voltage drop across the resistor and reducing the voltage across the quantum wells. 
This reduced voltage will itself result in increased absorption, hence giving yet more 
photocurrent, less voltage across the quantum wells, and hence yet more absorption, and 
so on. Thus a positive feedback mechanism is established, which, under the right 
circumstances can lead to switching into a high absorption state with little voltage across 
the quantum wells. The resulting optical input/output characteristic is bistable, as shown 
in the measured curves in Fig. 8. The switching speed of these switches is largely 
determined by the resistance-capacitance time constant of the circuit, where the 
capacitance is the stray capacitance and the capacitance of the quantum well p-i-n diode, 
and times as short as 30 ns have been observed at 1.6 m W of optical drive power in a 100 
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/Jm diameter device. With larger resistors lower power operation can be obtained with 
proportionately longer switching times. 

Undoubtedly a principle attraction of optics is its ability to communicate two
dimensionally in parallel. To exploit this fully requires suitable two-dimensional arrays of 
devices. SEEDs have been fabricated in 2x2 arrays, showing good uniformity [21]. In these 
integrated devices, the load "resistor" was grown directly on top of the p-i-n diode to 
eliminate the stray capacitance, and smaller scaled devices in larger arrays seem technically 
feasible using this method. In fact, the "resistor" in this device is actually another 
photodiode illuminated by a separate light beam; crudely speaking, this photodiode 
behaves like a light-controlled resistor that enables the operating power to be set 
externally after fabrication. The use of a photodiode instead of a resistor actually also 
improves the bistable behavior. 200 /Jm mesa devices made in this way have shown 
switching speeds between 1 /JS and 10 s at associated operating powers of 1 m W to 40 P W. 
It is input/output characteristics for an integrated SEED that are displayed in Fig. 8. 

Various other kinds of SEED configurations are possible. The bistability can also be 
viewed as a consequence of the existence of a negative differential conductance; for a given 
incident optical power, increasing voltage on the p-i-n diode gives decreasing 
(photo)current. It is thus possible to make a negative resistance LC oscillator using the 
internal capacitance of the diode and an external inductance, and this has been 
demonstrated. [4] Other configurations rely on using the device in a negative feedback 
rather than positive feedback mode. This can be achieved by operating at photon energies 
somewhat below the band gap energy where the absorption inereases with increasing 
voltage. Under these circumstances the voltage across the p-i-n diode will try to adjust 
itself so that the generated photocurrent is equal to the current in the rest of the circuit. 
The generated photocurrent is proportional to the absorbed power; hence we can make a 
modulator in which the absorbed power varies linearly with the drive current - a "self
linearized" modulator. A typical set of curves taken in such a mode is shown in Fig. 9. 
Below the "knee" in the characteristics the modulator is unable to reduce its absorption 
any further, but above this "knee" the transmitted power decreases linearly with drive 
current. When the external circuit consists of a photodiode and a reverse bias voltage 
supply, the current in this circuit is essentially dependent on the light shining on the 
photodiode (independent of voltage over a substantial range), and the system can operate 
as a self-linearized, light-by-light, inverting modulator. 

Another mode of the current-driven negative feedback SEED is as an optical level 
shifter. If the drive current is held constant, a constant optical power will be subtracted 
from the output. A set of characteristics is shown in Fig. 10 for this mode. In this case 

46 



800r-----~------_r------._----_,--__, 1.0.-------._-------,-------,---------, 

~ 
3- 600 
a:: 
UJ 
~ 
a 
(L 

I
::J 
(L 

I- 400 
::J 
a 
oJ 
<t 
u 
I
(L 

a 

......................... 

200 

OL-____ ~ ______ ~ ______ ~ ____ ~ __ ~ 
o 100 200 

CURRENT (~A) 

Fig. 9. Self-linearized modulator 
characteristics for input powers of (a) 
330JlW; (b) 650JlW; (c) 980JlW, and 
(d) 1.3mW. 

o 1.0 
OPTICAL INPUT POWER (mW) 

Fig. 10. Optical level shifter 
characteristics for bias currents of 
(a )50JlA, (b) 100JlA, (c) 150JlA, and 
(d) 200JlA. 

2.0 

below the "knee" in the characteristics the modulator cannot increase its absorption any 
further. 

The QCSE is a particularly attractive effect for devices for a number of reasons. One 
of the most important is the relatively low energy required to change the optical properties 
of the material. For example, we may change the transmission of - IJlm thickness of 
quantum wells from -80 % to - 40 % by applying about 8 V. The energy required to do 
this is the electrostatic energy that must be stored in the material i.e. cyZ /2 where C is 
the capacitance of the material. For -Illm thickness, C is _1O-16F per Ilm 2 of device 
area, hence setting a minimum operating energy of -4fJ/llm2 at 8 V. (Note that an 
energy of CV2/2 is also dissipated in charging up a capacitance through a resistor.) This is 
an extremely low energy, and is comparable to the dissipation of good electronic devices 
per operation, although not as good as the best. It is however very low for optical devices, 
and is achieved without the use of resonant cavities to reduce switching energies. 
Resonant cavities could of course be used to reduce energy requirements further, although 
these introduce additional engineering problems in practical devices. 

Other practical features of the QCSE are that it is observable at room temperature, 
with voltages compatible with electronics and at wavelengths compatible with laser diodes. 
The materials system is also compatible with electronic devices and laser diodes, hence 
making it an attractive candidate for integrated opto-electronic systems. Against these 
advantages must be set the disadvantages: (i)The devices have a comparatively restricted 
operating wavelength range for a given device (e.g. 3 nm) and have an associated 
requirement for moderate temperature stabilization (e.g. within a few degrees); (ii)the 
devices themselves are rather unusual, being so far absorptive modulators of one kind or 
another; and (iii) the technology required for their fabrication is extremely sophisticated. 
None of these disadvantages is a major problem on its own however. The restrictions on 
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wavelength are less stringent than those currently required for optical fiber 
communications. The devices, although unusual, enable us to explore new kinds of 
systems, such as two-dimensional arrays of optical switching devices. The fabrication 
technology is a proven one, and extremely sophisticated devices have been made that work 
more or less as they should. As with any technology, the ultimate usefulness will depend 
on whether it offers sufficient advantage in solving a particular problem, and that is as 
dependent on the nature of the problem as on the device. 

6. Conclusions 

Quantum well systems are clearly showing themselves to be attractive both for physics 
and devices, and show much promise as a technology that can span the gap between 
optical and electronic technologies. Although they are undoubtedly very sophisticated 
structures, they can be made relatively reproducibly, and novel physics and devices 
operating under practical conditions have been demonstrated. We are seeing now only the 
beginning of the science and technology of layered structures, and the future promises 
many more exciting and useful developments in this field . 
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