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I. Introduction
Optical processing of information has received increasing attention in
recent years. It has several potential advantages over electronic processing.
For example, optics should be ideal for handling large amounts of data in
parallel because it does not suffer from the same interconnection problems.
It is also in principle possible to make very fast optical switches, and optical
signal processing has obvious advantages when the signals are already in
the form of light. However, both analog and digital optical processing have
suffered from a shortage of suitable nonlinear materials from which lowenergy optical switches or signal amplifiers can be made. Without large
nonlinearities in convenient materials, the intriguing opportunities of optical processing cannot be exploited. It has recently been found, however,
that semiconductor quantum well material exhibits several interesting
nonlinear optical effects. Not only are these effects larger than comparable
effects in other materials, but they are seen at room temperature, and at
wavelength, power levels, and time scales compatible with laser diodes
and/or electronics. Furthermore, being made with semiconductor materials, quantum well structures can be fabricated with a high degree of
reproducibility, and the advanced technology of semiconductor preparation is available to assist in making devices.
The nonlinear optical effects utilized by various of the methods of
optical signal processing, whether analog or digital, are the variations of the
refractive index (n) or of the absorption coefficient (a)induced in a mate-
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rial medium by an electromagneticperturbation. After traveling through a
length z in the medium, an optical field experiences a phase shift A$ given
bY

A 4 = ($n + f a) z

The shifts associated with an optical excitation E, correspond to nonlinear
optical effects, i.e., n + n(E,) and a + a(&). Those associated with a
static electric field E, correspond to electro-optic effects, e.g., electroabsorption, a a(Eo), or field-induced changes in refractive index,
n-n(E,). To be detected easily the phase shifts must be such that
Re(A4) - a or Im(A4) 1. To be of interest for practical applications, the
) or the nonlinear absorption coefnonlinear refractive index ~ Z ( E , ,-~ n(0)
ficient
- a(0)should be large, fast, and convenient to use. In that
respect semiconductors, which are relatively polarizable, have received a
lot of attention.1-4 In the transparency domain high-field excitation and/or
long optical length are still necessary to produce substantial effects. In
order to increase the magnitude of the nonlinear responses, it is possible to
exploit the resonant enhancement obtained by using frequencies close to
optical transitions of the m e d i ~ m . Large
~ . ~ enhancements are observed in
the vicinity of steep and/or narrow electronic transitions such as those
associated with correlated electron- hole systems, i.e., excitons. Because
the interaction of camers with the vibrations of the crystal tends to destroy
the electron - hole correlation, in bulk semiconductors excitonic effects are
only seen at low temperature where the density of thermal phonons is
small. Very large nonlinear optical responses have been observed and
utilized in laboratory experiments in semiconductors at low temperature.
However, these inconvenient conditions have so far limited the utilization
of bulk semiconductors in practical applications.
Recently modern techniques of crystal growth such as molecular beam
epitaxy (MBE) or metal - organic chemical vapor deposition (MOCVD)
have permitted the fabrication of heterojunctions which are smooth down
to one atomic monolayer with perfectly controlled composition and doping concentration.6Using semiconductors exhibiting specific chemical and
crystallographic compatibility, it is possible to grow alternatively very thin
layers of each compound to form multiple quantum well structures7
(MQWS). Examples of these structures have been grown using a number of
I11- V, I1- VI, and IV - IV compounds. Because of the very small thickness
of the layers which can be achieved, quantum size effects occur that
provide MQWS with unusual electronic and optical properties8
Since the two compounds do not have the same energy gap, for undoped
samples the band structure exhibits a series of rectangular steps in real
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space in the direction perpendicular to the layers. In certain systems, such
as GaAs/AlGaAs, the minimum of the conduction band and the maximum of the valence band occur in the same compound (Fig. 1). The
motion of the carriers is restricted in the direction of the normal of the
interfaces, z, but exhibits quasi-two-dimensional behavior in the plane of
the layers, xy. If the height and width of the potential barriers are large
enough, the quantization of energy in the z direction results in a discrete
spectrum and thus two-dimensional energy subbands. The large extension
of the envelope wave functions in the z direction and the associated energy
subbands are specific properties of MQWS that are most important for the
effects considered in this chapter. At the optical transitions between valence and conduction subbands, excitonic effects are expected. Indeed they
are enhanced whenever the thickness of the low-gap compound is comparable to or smaller than the electron-hole correlation distance, i.e., the
Bohr radius of the exciton in the host material. The artificial reduction of
the average distance between the electron and the hole corresponds to an
increase of the exciton binding energy. The exciton can be sufficiently
stabilized to be observable at room ternperat~re.~

Eg

I

FIG. 1. Schematic of the band structure of a multiple quantum well structure, in real space
and along the normal of the layer. The dashed lines represent the carrier wave functions. The
cross-hatched circle and ellipse illustrate the bulk exciton and how it is shrunk by the carrier
confinement.
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Specifically, two properties of quantum wells which are relevant for
nonlinear optical devices are discussed in this review. First, quantum wells
show optical absorption saturation associated with the remarkably distinct
room-temperature excitonic resonance. Second, they show a large electricfield dependence of the absorption, both associated with the excitonic
transition and also directly with the transition between two-dimensional
subbands. All these effects are seen near the optical absorption edge. The
work reviewed here is primarily,from recent experiments on GaAs/AlCaAs
MQWS. The chapter is organized as follows: In Section I1 we discuss the
linear absorption in MQWS with a particular emphasis on room-temperature effects. In Section I11 we present the measurements of nonlinear
optical effects in MQWS, including absorption saturation and four-wave
mixing. Finally, in Section IV we review the experimental and theoretical
studies of electroabsorption in MQWS, and we present the first example of
a new category of devices that exploits both the absorption saturation and
electroabsorption.
11. Linear Absorption in Multiple Quantum Well Structures

In this section we discuss the linear absorption in MQWS in the fundamental gap region. MQWS exhibit some very specific features intermediate
between two-dimensional and three-dimensional systems. In addition, because the normal to the layer defines a natural quantization axis, the
already complex valence-band structure of the host material is strongly
modified, giving rise to new selection rules for the optical transitions. We
will use descriptions of increasing complexity to approach the problem of
absorption by MQWS. We first analyze the case of an ideal 2D semiconductor with a parabolic valence band and a parabolic conduction band.
Then we discuss the quantization of states in the direction perpendicular to
the layers and the consequences of this quantization for the band structure
in the plane of the layers. Finally, we address the problem of real excitons
in GaAs/AlGaAs MQWS with a special emphasis on the room-temperature properties.
1. THEORY
OF LINEAR
ABSORPTION
AND BANDSTRUCTURE

Let us first consider a purely two-dimensional electron- hole system.
The particles are bound to the x, y plane, and their dispersion is described
by parabolic bands:
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The correspondingjoint density of states is a step function starting at Eo,
i.e.,

+

where pi is the reduced mass in the plane pi' = rn;'
rn:', and 0 is the
Heaviside step function. The reduction of dimensionality transforms the
well-known parabolic profile of the absorption coefficient into a step of
constant height. As in the 3D problem, the Coulomb interaction between
the electron and the hole gives rise to excitonic effects. It is important to
note that only the motion of the particles is two dimensional; Coulomb
interaction is still three dimensional with an r-l dependence. It turns out
that the two-dimensional hydrogen atom problem can be solved exactly.'O
The main effect of the reduced dimensionality is to remove the wave-function dependence on the azimuthal angle 0, with the consequence that the
principal quantum number n becomes n - 4. For instance, the 2D Rydberg
series is written EiD= -R,,/(n - +)2, where R,, = e44/e2h2is the Rydberg
constant of the system. The oscillator strengths of the hydrogenic peaks
decrease more rapidly in 2D than in 3D, i.e., (n - 4)-3 versus c3.
The
Coulomb enhancement of the absorption above the bandgap, which is
described by the Sommerfeld factor F(fiw)gives in 2D a rise from the value
of the steplike continuum far above the bandgap as the photon energy is

E:P

E,

c:

El

ti,

FIG.2. Schematic comparison of the absorption spectra of ideal three-dimensional and
absorption spectra
two-dimensional semiconductors. (---), joint density of states. (-),
with Coulomb interaction.
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TABLE I
CORRESPONDENCE BETWEEN
THE PARAMETERS DESCRIBING
EXCITONS
IN PURE THREE-DIMENSIONAL
A N D TWO-DIMENSIONAL

SEMICONDUCTORS~
3D

Density of states

2D

3

V
E - E, ‘1’
-2Z24Ry

[

Ry

Energy
Oscillator strength
Sommerfeld factors

f ,=

2
IPJ2
-

nrn,&fio
Z

F(W) =

n3

p/fi

sinh(z/m

~~

-

a The symbols used are defined as follows: rn, is the free-electron mass,

W is a reduced and normalized energy: W = ( E - E,)/Ry in 3D and W =
( E - E I I ) / R yin 2 D . The Sommerfeld factors F( W) give the absorption
enhancement in the continuum due to electron-hole correlation.

reduced to a value twice as large at the ionization limit (i.e., the bandgap),
as compared to the almost flat spectrum in 3D. The comparison between
the absorption spectra in ideal 2D and 3D semiconductors is illustrated in
Fig. 2, and the correspondence between the parameters describing 2D and
3D excitons is summarized in Table I.
In an actual system the electrons and holes are bound to layers of finite
thickness, and the energy has to be quantized both in the plane of layers
and perpendicular to it. In the case of undoped semiconductors and for
camers very tightly bound to the layers, one can approximate the potential
in the z direction by an infinitely deep square well, which gives an infinite
series of bound states for each particle:
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wherej is an integer labeling the subbands, L, is the thickness of the layers,
and rn, is the mass in the direction normal to the layers. In this approximation the absorption spectra exhibit a series of steps starting at Eje- Ejh,
with the selection rule A j =j , -j h = 0 imposed by the symmetry of the
wave functions &.(ze) and rjh(zh).A more realistic model consists of a
potential well of finite depth; then the number of bound states is limited.
The corresponding wave functions have a sinusoidal dependence in the
well and exponential tails in the barrier regions. For a symmetric well the
bound-state energies Ej are solutions of

where ej = Ej/EY and v = V/EY are the normalized energies and potential.
There is always at least one bound state. This model is indeed better than
the infinitely deep well model; it, however, raises immediately two important questions related to the masses of the electrons and holes. In a quantum well structure a semiconductor layer of one compound is sandwiched
between layers of another compound. Because the carriers have different
effective masses in each compound, the proper boundary conditions at
the interface must be that the wave function and the probability current
(and not the derivative of the wave function) must be continuous at the
interface,'' i.e., ((z) and rn:' ay/ez. The consequences on the electron
states are not drastic; the second term of Eq. (6) is simply multiplied by
(rnAL/rnBL)1/2,where mA, and rn, are the effective masses in the two
compounds. For the holes the question is much more intricate. The valence-band structure of the host material involves the J = 4 upper valenceband multiplet and the J = lower valence band, which is depressed by the
spin orbit splitting. In the bulk GaAs the dispersion of the J = 3 multiplet is
given by12J3

+

+

+

E(k)= Ak2 -t [ B 2 P C2(k:k; + k;kz kzk;)]'/2
(7)
where the inverse mass band parameters are defined according to Dresselhaus et al.I3;they are simply related to the Lutthger parameters12yl, y 2 , y3
and the free-electron mass m,. Along the 2 direction the masses to be used
in the quantization of the energies are given by (A f B) = h2(yl k 2y2)/rn0.
The degeneracy of the upper valence band is therefore lifted by the confinement,14 giving two separated hole bands, a heavy hole with mirL= mo/
(yl - 2,)
0.45% and a light hole with rn, = %/(yl + 2y2)- 0.08%.
Note that this definition relates to the 2 direction only. In the plane of the
layer the effective masses are much more complicated to determine. In the
case of the infinite well depth where the wave vector along 2 is perfectly
defined, the energy bands can be obtained by cutting the three-dimensional
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energy contour of the host material by the planes k, = f n/L,. This procedure has been used to describe Si p-channel 1a~ers.I~
For finite well depth
the only rigorous approach is to solve exactly the 6 X 6 effective matrix
equation. State mixing is expected as soon as kx, # 0 with highly nonparabolic bands for the motion of holes parallel to the layers; this has not been
satisfactorily described even with only one type of layer. Of course, the
boundary conditions are even less well described. Nevertheless, intuitively
it can be expected that near k , = 0 the heavy-hole subband has mostly a
I+, k 4 > character, whereas the light hole one is mostly 13, k >.16 In that
case the selection rules imposed by symmetry are that the intensities of the
transition to the conduction band are proportional to f and for a field
parallel to the layers and, respectively, for the heavy- and the light-hole
subbands, and to 0 and 1 for a field perpendicular to the layers.17

,,

2.

QuAsI-2D

+

EXCITONBINDINGENERGY

When the Coulomb interaction is accounted for, two types of excitons
can be formed with the two hole subbands.I4 The natural parameter for
measuring the amount of 2D nature of an exciton in a layer is LJa,, where
a,is the bulk exciton diameter. This latter is built up from the electron and
the isotropic part of the hole,18J9its reduced mass is p;; = my’ yl /mo,
and the 3D Bohr radius is a,= &h2/dp3,. In GaAs, Ry- 4.2 meV and
a,- 150 A.For very thick layers (L,/a,>> 1) the excitons are nearly three
dimensional, whereas for very thin layers (L,/ao< < 1) they approach their
2D limit.
The difference between the true Coulomb potential and the 2D limit is

+

+ +

AHc = (eZ/&)[(x2 y 2

+ y2)’/*]

z2)lI2- (x2

(8)
AHc can be treated as a perturbation to analyze the effect of a finite well
thickness. Its magnitude is of the order of R,,(L,/a,)2; it implies that the
binding energy is very sensitive to the well thickness.” In the intermediate
range (L,/ao - 1) the confinement reduces the average distance between
the electron and the hole, thus increasing the binding energy over that of
the bulk exciton. Let us note that the exciton wave function is an admixture of states belonging to a domain of the Brillouin zone definedI k l s a; l ,
where a, is the exciton radius (which may not be 4).Thus, strictly
speaking, both excitons formed with the light and heavy hole utilize admixtures of the 14, -t$> and [$, f > states with complicated effective
masses. The choice of these effective masses to determine the binding
energies and the Bohr radius is critical. Up to now, approximate values16
have been used to calculate the binding energy El, by variational procedures.21*22
It is found that the enhancement is only substantial in the range

+
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I (LJa,,)I2, for instance, for L, - 4 then El,- -2Ry. In the two
limits, 2D and 3D, it is found that a,&, = e2/2&.This relation can therefore be used to evaluate the exciton diameter from the binding energy. It is
found that the whole charge distribution shrinks rather than flattening,
giving ellipsoidal excitons with an aspect ratio close to unity. This can be
interpreted as being due to the fact that a flattened charge distribution
involves a mixture of high-lying states which are not energetically favorable. This discussion strictly applied to the case of a single quantum well.
In the case of a multilayer system, as the thickness of the layers decreases,
the exponential wave function tails extend more and more into the largegap compound, and their overlap eventually becomes large enough to give
extended states with again a 3D character. The binding energy then decreases toward that of the 3D exciton of the
Altogether it is found
that in GaAs MQWS, the binding energy is typically maximum in the
range a,,/2 5 L, I a,,, for which -3Ry I E l , I -2Ry.

3. LOW-TEMPERATURE
EXPERIMENTAL
RESULTS
The low-temperature absorption spectroscopy of GaAs/Al,Ga, -As
MQWS indeed shows the steplike structure of the absorption edge with a
double exciton peak at each subband transition.l4rZ4 These measurements
were used to determine how the bandgap discontinuity AEg = 1.247x, is
shared between the valence and the conduction band. It was foundI4that
approximately 60%of the discontinuity occurs in the conduction band and
4090 in the valence band, which therefore exhibit much shallower wells.
However, very recent measurements on parabolic quantum wells tend to
indicate that the bandgap discontinuity is more equally divided between
the two bands.25The assignment of the light- and heavy-hole excitons to
valence-band states primarily of I$, +_ 4 > and 13, f > character was
obtained by spin polarization technique^.^^.^' Low-temperaturephotoluminescence measurements on undoped and modulation-doped waveguide
samples have provided information on optical transition selection rules
with the wave vector along the plane of the layers and polarization parallel
and perpendicular to the layer^.^*,^^ It was found that close to lkl= 0 the
hole characters are indeed mostly M, = _+ 3 and 3z 4 for the heavy and light
holes, with an admixture 10- 20% of M, = k4 in the heavy hole dependent on the well thickness and therefore also on the subband splitting.
However, for wave vectors parallel to the plane of the layers and of the
states is almost comorder of n/L, the admixture of M, = k3 and
~ l e t e Measurements
.~~
in wave guides show that the ratio of oscillator
strength follows the trends indicated by the symmetry arguments,17but the
exact values actually depart slightly from the theoretical ones. For a field

+

-
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parallel to the layers it is found in undoped samples that the heavy-hole to
light-hole exciton oscillator strength ratio lies somewhere between 2.5 and
2, whereas it is predicted to be equal to 3. For a field perpendicular to the
layer, the heavy-hole oscillator strength is indeed reduced substantially, to
a value 0.03 to 0.1 times that for a field parallel to the layers.28The value of
the binding energy was evaluated from the observation of the IS to 2s
splitting,” confirming the large enhancement over that of the bulk compound exciton. The width of the photoluminescence peak was found to
increase when the well thickness decreased. The result was interpreted as
being due to an inhomogeneous broadening of the transition induced by
fluctuations of the layer t h i c k n e s ~ . The
~ ~ *magnitude
~
of the inhomogeneous broadening was found to be consistent with an interface presenting
an islandlike structure, the islands being approximately one atomic layer
high and about 300 A in diameter. This interpretation is supported by
resonant Rayleigh scattering and hole-burning experiment^.^'-^^ They
show that within an inhomogeneous line there are two types of excitons:
the low-energy ones which are localized and have a very narrow homogeneous width, r, - 0.02 meV, and delocalized ones with homogeneous
widths, r, - 1.5 - 2 meV.

4. TEMPERATURE
DEPENDENCE
AND ROOM-TEMPERATURE
EXCITON
RESONANCES

The thermal broadening of the exciton peaks arises from the interaction
with thermal phonons, and in polar semiconductors it is dominated by the
exciton-LO phonon interaction. The effect of the layered structure of
MQWS on the exciton- LO phonon interaction has been investigated by
from the cross-section douresonant Raman s ~ a t t e r i n g .It~ was
~ , ~inferred
~
ble-peak asymmetry that LO phonons couple excitons of different subband
origin (for examplej = 2 to 3), in sharp contrast with bulk semiconductors,
where only an intraband process exists. In addition, it was found that
low-lying excitons ( j = 1, 2) only interact with GaAs phonons because
their wave functions are well confined within these layers. It is only for
high states ( J = 3 or excitons lying above the bandgap discontinuity) that
interaction with Al,Ga, -As phonons are o b ~ e r v e d . ~ ~ , ~ ~
The confinement of excitons in the GaAs layers produces two specific
and complementary effects. It increases the binding energy and consequently decreases the size of the exciton. It also changes the interaction
with polar phonons, which are restricted to those of the GaAs layers only.
This double feature is at the origin of the observation of exciton resonances
at room t e m p e r a t ~ r e ~and
, ~ ~abovem
- ~ ~ in the MQWS absorption spectra.
This is shown in Fig. 3, where the absorption coefficient at 300 K of a 3.2
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FIG.3. Room-temperature absorption spectra of a 3.2 pm thi.ck high-purity GaAs sample
and of an MQW sample consisting of 71 periods of 102 A GaAs layers and 207 A
Ab,,Gk,7,,,Aslayers. Insert:Temperature dependenceof the linewidth of thej = 1 heavy-hole
exciton. (-),
the fit discussed in the text.

pm thick high-quality GaAs sample is compared to that of a MQWS
consisting of 77 periods of alternate 102 A GaAs layers and 207 A
Al,,28G%.,2Aslayers. On the GaAs sample absorption coefficient one can
observe a small bump just at the band edge which is the remains of the
excitonic resonance. In the MQWS spectrum two clear resonances, corresponding to the heavy- and light-hole excitons, are seen followed by an
almost flat continuum and the onset of the j = 2 resonances. The insert
shows the variation of the j = 1 heavy-hole exciton width r for temperatures ranging between liquid helium and room temperature, as measured
on the low-energy side of the resonance. It is approximatelyconstant under
150 K and increases with temperature thereafter. The solid line is a semiempirical fit involving two parameters r, and r,, corresponding to a
constant inhomogeneous term and a term proportional to the density of
thermal LO phonons of GaAs layers, i.e.,
r(T) = r,

+ rPh/[exp(fiRm/kT)- 11

(9)
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where kR, = 36 meV = 428 K is appropriate for the GaAs LO phonons.
The fitted value, ro= 2 meV, is in good agreement with the low-temperature luminescence r e s ~ l t s . ~That
~ , ~of~ rph
, ~=
~ 5, ~meV, somewhat smaller
than that of bulk GaAs4' (rph
- 7 meV), is consistent with a reduced
thermal phonon broading. The line shape of the resonance is rather unusual for a Wannier exciton. In fact, the low-energy edge is too sharp to
describe the resonance by a simple Lorentzian line shape. An excellent
empirical fit has been foundm by using Gaussian line shapes for the excitons and a broadened two-dimensional continuum. This type of fit is very
convenient to discuss data; however, one should avoid extracting precise
conclusions from it, especially considering that the line shape of excitons in
MQWS is not yet understood. It should be noted that other systems such as
disordered molecular crystals exhibit excitonic peaks with Gaussian line
shapes or more complex
(Gaussian on the low-energy side and
Lorentzian on the high-energy side). As an illustration of the parameters
obtained by our fitting procedure, for a sample consisting of 65 periods of
96 A GaAs layers and 98 A Ak,,G%,,As layers, one finds for the two
excitons a line width r - 3 meV, a separation fiQ, - fiR& 8.5 meV, a
binding energy for the heavy-hole exciton E k - 10 meV, and a ratio of
oscillator strengthf,/f,
- 2.
At this point it is important to discuss the very special situation in which
excitons find themselves at room temperature. It is characterized by the
inequality

-

-

where fiRLo- 36 meV, k T - 25 meV, Ek- 10 meV, and r 3 meV.
First, because El, > r, the exciton peak is well resolved from the continuum. Then because kQm > E,,, any LO-phonon exciton collision results
in the exciton ionization. The mean time to LO-phonon ionization AtT,
can be evaluated from the uncertainty principle and the thermal contribution to the exciton width i.e., T ( T )- roin Fig. 2. It is foundmthat at room
temperature AtT - 0.4 ps. This means that, once an exciton is created by a
photon absorption, it lives less than half a picosecond before being dissociated into a free electron and a free hole by the thermal vibrations. Finally,
because kT 2.5E,,, very few excitons are reformed from the electronhole plasma. To support this conclusion let us consider the thermodynamical equilibrium between a steady-state population of excitons (for instance,
in a sample under constant optical excitation) and the electron hole
plasma, i.e.,

-
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The exciton, electron, and hole areal densities at equilibrium are N,, N,,
N,,. Let No be the areal density of exciton generated by the absorption of a
constant flux of photon No = z q w L , I / h w , where z is the exciton lifetime,
aQW
the absorption coefficient in the GaAs layers, and I and hw the photon
intensity and energy. The particle conservation condition is No.= N, -tNh,
the neutrality condition, N, = Nh and the equilibrium condition, i.e., the
Saha equation adapted to a two-dimensional system, N,Nh/Nx = (m:kT/
zh2) exp(- E,,/kT). These three relations completely determine N, and
N,, giving an ionization ratio N,/No which is always very large. It varies
from 1 for small No to 0.7 for large No, i.e., corresponding to a probability
to find one carrier in an exciton area of 50%. Note that this simple
evaluation in fact underestimates the ionization ratio since it neglects a
number of other channels through which the number of nonionized excitons can be reduced.

5. SUMMARY
To summarize this section, we can conclude that the confinement of
excitons in narrow layers thinner than the host material exciton diameter
increases the exciton binding energy by a substantial amount (2.5 to 3) and
it restricts the exciton-LO phonon interaction, resulting in a slightly
smaller thermal broadening (- 40%). The combination of the two effects
makes it possible to observe exciton resonances at room temperature.
However, once generated, excitons have a rather short lifetime, of the order
of half a picosecond, before being ionized into a free electron and a free
hole.
111. Excitonic Nonlinear Optical Effects in Multiple Quantum
Well Structures

6 . NONLINEAR
ABSORPTION
A N D REFRACTION
DUE TO
EXCITONSIN SEMICONDUCTORS
The refractive index and absorption coefficient of semiconductors exhibit large variations under optical excitation. For fields of moderate magnitude these effects are described by an expansion of the polarization
density in powers of the fields. The relevant series expansion for nonlinear
absorption and refraction is

+

P(w)= p ( w ) E ( w )

x‘3’(-

0;
w, w’, - w’)lE(w’)l2E(w)

(12)

This is equivalent to saying that the dielectric constant is field dependent,
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ie.,
8=

+

1 s 4n(X(*)

(13)
where the frequency indices have been dropped for simplicity. The complex wave vector is
,(3)142)

0
2n
i
-Ji=-n+-a!
C
1
2
Using Eqs. (1 3) and (14) one finds for small values of $3)IE12 that the
refractive index and absorption coefficient depend on the intensity according to

n(1)= n

+ nzz,

a(1)= a! + 0 2 1

(15)

with

The structure of the nonlinear susceptibility of semiconductors near excitonic resonances has been analyzed in Chemla and Maruani.’ It exhibits
strong enhancement when the field frequencies are close to excitonic
transitions, and given rise to very large nonlinear effects which have been
observed and utilized at low temperature in high-purity crystal^.^^,^ Under
these circumstances the transitions are no more virtual, and large changes
of populations can occur. A review of the mechanisms involved in the
nonlinear optical properties of excited bulk semiconductors is given in
Miller et aL3 Close to the bandgap, exciton screening and bandgap renormalization are the most relevant processes to consider. At low temperature,
where excitons are stable, the screening by neutral particles is rather
weak:’
and it is only at high density that an effective screening of the
Coulomb interaction by a charged electron -hole plasma occurs; the
plasma is created through collision-induced exciton ionization. Exciton
resonances then disappear, giving large changes in the absorption and
refraction. Direct screening of excitons by the electron -hole plasma is
observed when the carriers are directly created by excitation well above the
and
bandgap. In this case it is customary to introduce the parameters
oeh,which characterize the variation of the refractive index and of the
absorption coefficient induced by one electron - hole pair. Similarly to Eq.
( 15) one writes
n ( N ) = n + n,,N,
a ( N ) = (Y -k O h N
(17)
where N is the carrier density. (The correspondence between n2, a2and
neb, oeh is discussed in Ref. 40.) Saturation of excitonic absorption in
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FIG.4. Absorption spectra of an MQW sample consisting of 156 periods of 205 A GaAs
layers and 224 A AI,,,G%,,As layers before (-)
and at later times ( * ; ---) following
excitation about 130 meV above the bandgap.

-

MQWS at low temperature by high excitation above the bandgap were
observed in investigations of the dynamics of screening using ultrashort
density - 5 X 10" cm-* complete bleaching
light p ~ l s e s . 4For
~ ~a~carrier
~
of the j = 1 exciton resonance is obtained. The recovery of the absorption
was used to measure the cooling rate of the camers injected about 130
meV above the gap (Fig. 4). The cooling occurs in approximately 100 ps.
7. OBSERVATIONS OF NONLINEAR
EXCITONIC
EFFECTS

In the case of room-temperature exciton resonances observed in MQWS,
a new situation occurs. Large absorption is observed at the exciton resonances just as for the low-temperature bulk semiconductors. However,
because the excitons are very quickly ionized by thermal phonons, a
charged electron - hole plasma is generated just as for above-bandgapexcitation. Therefore, for excitation with long optical pulses or cw laser
sources, the nonlinearities result from the conjunction of two factors, the
concentration of a large oscillator strength in narrow energy bands and the
saturation by the plasma.
Saturation of excitonic absorption at room temperature in MQWS has
been observed under moderate intensities using cw laser excitation at
re~onance~,~'
and above the bandgap.40 Figure 5b shows the intensity
dependence of the optical absorption at the heavy-hole exciton peak of the
MQWS sample whose low-intensity absorption spectrum is given in Fig. 3.
For comparison, Fig. 5a shows the result of a similar measurement on the
high-purity GaAs sample whose absorption spectrum is also given in Fig. 3.
The solid curves are semiempirical Lorentzian saturation fits to the data.
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FIG.5. Intensity dependence of the absorption at the peak of the exciton resonance for (a)
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the GaAs and (b) MQW samples whose absorption spectra are shown in Fig. 2. (-),
empirical fits discussed in the text.

For GaAs the saturation is well described by a constant absorption plus a
saturable one with a saturation intensity of 4.4 kW/cm2, i.e., a1 = 0.5
1 S / (1 Z/4.4 X lo3).The fit obtained for the MQWS sample corresponds
to two saturable species, one with a very low saturation intensity about one
order of magnitude lower than for GaAs, I, = 580 W/cm2,and another one
with a much larger saturation intensity Z, = 44 kW/cm2, i.e., a1 = 0.35/
( 1 Z/580) 0.43/( 1 1/44 X lo3).This behavior is interpreted as being
due to a low-intensity saturation of the exciton superimposed on that of
transitions more difficult to saturate, most likely interband transitions,
which, because of bandgap renormalization shifts below the position formerly occupied by the resonance. Confirmation of the easy saturation of
MQWS exciton absorption was obtained using a picosecond tunable laser;
at resonance the saturation intensity was found to be Z, = 500 W/cm2, in

+

+

+

+

+
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excellent agreement with the cw measurement. The very low value of I,
indicates that cw diode lasers can be used to saturate exciton absorption in
MQWS. This is demonstrated in Fig. 6, which shows absorption spectra
measured with a tunable dye laser at very low power ( I - 1.6 W/cm2)
without (dashed line) and with (solid line) pumping from a diode laser
beam. The MQWS sample consists of 65 periods of 96 A GaAs and 98 A
AL,zsG%.,zAslayers; it is more recent and of better quality than that from
which Figs. 3 and 5 were obtained. The rapid oscillations are due to
Fabry-Perot interferences in the thin glass disc covering the sample. In
this experiment the cw laser diode intensity incident on the sample was 800
W/cm2. It was operating well above the exciton resonance, at fia = 1.492
eV. Note that in this case the photocarriers are directly generated as an
electron- hole plasma. It can be seen in Fig. 6 that the exciton saturation
corresponds to an increased transmission at the resonances. However, it is
accompanied by broadening and/or shifts because the two curves cross
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FIG. 6. Absorption spectra of an MQW sample consisting of 65' periods of 96 A GaAs
layers and 98 A AI,,,G%.,Aslayers With (-)
and without (---) a pumping beam from a cw

laser diode operating 42 meV above the first exciton resonance. The intensity of the pumping
beam is I = 800 W/cmZ.The fast oscillations in these spectra are Fabry-Perot fringes in a
thin glass plate covering the sample.
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below the resonance, where a spectral region exhibits a decrease in transmission. The saturation intensity was obtained from measurements of this
type at lower pump power, and it was found to be I, 300 W/cmZ.In all
cases the number of free carriers which were generated was in the range
1-3 X 1010cm-2.
An accurate measurement of the nonlinearities across the j = 1 absorption edge was obtained by pump-probe experiments using a tunable picosecond dye laser.50In such experiments it is possible to determine simultaneously the transmission spectrum, the nonlinear transmission spectrum,
and that of the diffraction efficiency on the light-induced refractive and
absorptive coherent gratings generated by the pump-probe interference.5,51,52
An example of the raw data is shown in Fig. 7a-c. The picosecond excitation also gives access to the absorption recovery time, from
which one can deduce the recombination lifetime T~ and the diffusion
coefficient. It was found that at room temperature Z
, - 30 ns and D - 13
cm2/s. If one assumes that the diffusion is ambipolar and limited by the
hole diffusion, this value corresponds to a hole mobility p h - 260 cm2/V s,
in good agreement with the measurements on high-purity bulk GaAs at
room temperature. The spectra of Fig, 7b and c give an independent
determination of the parameters a& and a = #(27r/lr/A)ne,, (i/2)aehl.'" At
the peak of the heavy-hole exciton resonance it is found that a,, - 7 X
cm-2 or a2- 40 cm/W. This corresponds to a saturation intensity
I, = 300 W/cmZ.The saturation intensities measured at the exciton resonance or far above the bandgap are in excellent agreement, showing that
the saturation is the same whether the carriers are directly created or
generated through exciton ionization by thermal phonons.
Using the semiempirical fit described in Section 11, it was determined
what changes in the parameters describing the two excitons and the continuum could reproduce the nonlinear transmission spectrum.40It was
found that an excellent fit to the experimental data could be obtained by
neglecting the variations in the continuum parameters and assuming a loss
of absorption at the exciton peaks of the order of 5% with a small broadening of the heavy-exciton peak, consistent with a fairly constant area of the
resonance. Both excitons experience a very small shift (- - 5 X
eV).
The fact that the contribution of the continuum saturation is not important shows that at the intensity at which the experiment was performed
saturation of interband transitions was not yet reached. The fitting procedure used accounted for the change in absorption as the dye laser was
tuned across the resonances,'" confirming again that the effect of the pump
is directly proportional to the number of carriers it generates. The excellent
agreement of the fit for the linear and nonlinear absorption is shown in Fig.
8a and b. A more severe test of the accuracy of this description was

-

+

5.

297

MULTIPLE QUANTUM WELL STRUCTURES

-

I

I

I

1

I

I

I

EXCITON RESONANCES

1

J

-

I
0

-0.2

1.5

0

I .45

1.46

1.47

4.48

PHOTON ENERGY (eV)

FIG.7. Raw data obtained by pumpprobe experiments on the sample described in Fig. 5.
(a) Linear transmission:(b) nonlinear transmission;diffiction efficiency on the light-induced
grating. For (b) and (c) the pump and probe beam powers were -300 and -60 p W ,
respectively.

298

D. S . CHEMLA eta[.
v

io.0
0

$

1

-zap
0

2

I
0

z

7.5

-

-

1.0

0.5

0

2-0.5
I-

z

-1.0

-? 1.0

d

2
z

$

0.8
0.6
0.4

PHOTON ENERGY ( e V )

FIG.8. Comparison of the experimental data of Fig. 6 , corrected for the small variations of
the laser power, with the semiempirical fit for (a) the linear absorption and (b) nonlinear
absorption. (-)
in (c ) is obtained by the Kramers-Kronig inversion discussed in the
text.

obtained in the following way. From the variation of the parameters
describing the nonlinear absorption, the nonlinear refractive index nehwas
calculated by Kramers- Kronig inversions at a fixed number of photocarriers.40The corresponding spectra of fseh and neh are shown in Fig. 9. They
determine completely the nonlinear susceptibility in the fundamental
bandgap region and therefore must reproduce the diffraction efficiency
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FIG.9. Spectra of the imaginary and real parts of the nonlinearity of the MQW sample. ,
o
and nd describe, respectively, the change of absorption and the change of refractive index
induced by one electron-hole pair.

spectrum of Fig. 8c. In the small-signal regime it is given by

where I, = ( 1 - @')/a is the effective interaction length accounting for the
linear absorption, N ( o ) is the number of photocarriers generated, and K is
a constant. The excellent agreement with the experimental spectrum
shown in Fig. 8c is obtained by assuming that only 70% of the photocarriers actually contribute to the diffraction. Note that the exact value of
N ( o )only affects the amplitude of the &&action efficiency spectrum. This
efficiency can be reduced by a number of effects, and the accuracy of 30%
is well within the experimental uncertainty. Most important is the fact that
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the very highly structured spectra ceh(u))
and neh(o)very accurately reproduced the experimental diffraction efficiency spectrum. The maximum
value of refractive nonlinearity occurs below the heavy-hole exciton resonance, in fact, close to the energy where the curve of ceh(w)crosses zero.
The nonlinear refractive index is very large at this point: neh - 3.7 X
cm3 or n2 2 X
cm2/W. This corresponds for y3)to a maximum
value of I&l6X
esu, that is, about lo6 times that of silicon at
room temperaturess3or lo4 times that of CuCl at liquid helium temperaIt is worth noting that, although the nonlinear absorption is important only in the exciton peak region, the nonlinear refraction extends far
from the resonance and is still large in the transparency domain.

-

8. ORIGINOF EXCITONIC
SATURATION
AT ROOM
TEMPERATURE
A detailed description of the origin of the nonlinear effect in MQWS
must use many-body theory. Two-dimensional bandgap renormalization
and Coulomb interaction screening by an exciton-electron hole gas must
be accounted for. However, a simple, almost mechanical, model accounts
rather well for the magnitude of the nonlinearities and describes the essential mechanisms responsible for saturation, i.e., Pauli exclusion. It is based
on the assumptions that the thermodynamic equilibrium Eq. (1 1) describes
correctly the population and that electrons or holes act as point defects
which sufficiently perturb the semiconductor that excitons cannot be created within a certain area of the defect. A simplistic evaluation uses the
exciton area as a good measure of the region perturbed by a point defect.
At low excitation where the carriers are independent an analytical expression for the absorption coefficient can be obtained.40 It has the usual
Lorentzian saturation functional form a(Z)= a( 1 Z/Z,)-I with a very
simple expression for the saturation intensity:

+

where 0law is the absorption coefficient in the quantum well, z and Ax are
the exciton lifetime and area, and fiw the energy of the incident photons.
The physical interpretation of this expression is that the absorption is
reduced by a factor two for an intensity incident on the sample such that
either one electron or one hole is created in one exciton area per lifetime.
The values obtained by this model for the two samples discussed above
(I, - 490, - 190 W/cm2)compare well with the measured values (I, - 500
and - 300 W/cm2).As stated above, a correct theory explaining the spectra
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of the real and imaginary part of the nonlinearity (Fig. 9) would be much
more elaborate.

9. APPLICATIONS
MQWS have already been utilized in applicationswhere large changes of
absorption or refractive index can be achieved with low optical excitation.
Nonlinear optical processes such as degenerate four-wave mixing are
usually observed in solids only in rather long samples and under intense
excitation. Because of their huge linearities, MQWS can be used with path
lengths of only a few pm. Also, because of the compatibility with laser
diode wavelengths and powers, MQWS are very attractive for integrated
optical circuits. In order to demonstrate this potential, degenerate fourwave mixing experiments were performeds4in a 1.25 pm MQWS using a
cw laser diode operating at power varying from values as low as Pp 0.1
mW (I, - 0.8 W/cm2) to Pp - 2.5 mW (I, - 20 W/cm2). Figure 10 shows
a typical power dependence of the forward DFWM signal. This curve was
taken at 14.7"C sample temperature, which was the sample temperature
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FIG.10. Degenerate four-wave mixing signal found using a diode laser source on an MQW
sample. The dashed line is a theoretical fit showing quadratric fit behavior up to -2 mW
pump power with a small linear background (shown separately as -*-). Saturation of the
nonlinearity at higher pump power shows up as a deviation from the theoretical curve.
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for which the maximum signal was obtained, although a signal could be
observed between 6 and 22°C. The curve has been fitted at low powers
with a quadratic power dependence (as would be expected for this DFWM
configuration) and a small linear background term to account for scattered
light. The curve shown in Fig. 10 was extended to relatively high power
levels to show the roll-off of the signal at high powers due to saturation of
the nonlinearity. The quadratic behavior of the DWFM at low powers has,
however, been checked down to < 100 pW pump power. The diffraction
efficiency(i.e., the forward reflectivity of the test beam) in Fig. 10 rises to
5X
The corrections for single surface reflections at each interface
raise this to 5 X
diffraction efficiency inside the crystal. The nonlinearities measured in these experiments are in excellent agreement with
those deduced from the picosecond measurements.
Recently, we have performed experiments in which MQW samples have
been used as external saturable absorber elements to mode lock a semiconductor diode laser.
Most previous attempts to mode lock diode lasers with a saturable
absorber have utilized absorption produced by optical damage. By aging a
laser to the point of severe degradation, pulses as short as 1.3 ps have been
obtained for a short time before laser fai1u1-e.~~
Bursts of subpicosecond
pulses have been obtained by proton bombarding one end facet of a laser.56
Recently, 35 ps pulses have been produced in a GaAlAs laser with nonuniform current inje~tion.~’
In order to characterize the physical properties of a material for use as a
saturable absorber, it is desirable to have a configuration in which the
absorber is completely independent of the laser structure. In this way one
can study the physical mechanisms of absorber saturation and recovery,
and tailor the absorber to act effectively to mode lock a diode laser.
H a d 8 has analyzed the conditions necessary for mode locking a homogeneously broadened laser with a saturable absorber having a relaxation
time longer than the pulse width. He showed that the relaxation time of the
absorber must be faster than that of the gain and that one must have
GAIAA OGIAG
(19)
where 0, and uGare the optical absorption cross sections of the absorber
and gain media, respectively, and A , and AG are the cross-sectional areas of
the laser beam in the absorber and gain media.
For the MQW samples we have studied, saturation takes place at optical
intensities about a factor of 30 lower than those required to saturate the
band-to-band transition. Thus, for an MQW absorber we have 0, >>
a,. The recombination time of photoexcited carriers in the MQW sample
is much longer (- 30 ns) than the gain recovery time (- 2 ns). In order to
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FIG.1 1. Schematic of the mode-locking setup.

reduce the absorption recovery time below 2 ns, the saturating beam must
be tightly focused on the absorber. The diffision of carriers out of this
excited region then determines the recovery time. Our measurements of
diffusion lead us to project a recovery time of -3 ns for a 2 pm spot size.
Experiments were performed using the setup shown in Fig. 11. The laser
was a commercial laser diode with one facet antireflection coated. The
anamorphic prism served to convert the output beam to an approximately
circular cross section, which allows tight focusing on the absorber. The
MQW absorber consisted of 47 layers of 98 A GaAs and 100 a of
G%.,,Al,,29As epoxied to a high-reflectivity mirror. The unsaturated reflectivity of the mirror-absorber combination was 25% at the exciton peak.
With the beam focused to - 1 pm spot size on the absorber, stable mode
locking was obtained, as shown by the autocorrelation trace in Fig. 12. The
autocorrelation pulse width corresponds to 1.6 ps pulses and the pulse
spacing was 1 ns, which means that there were two equally spaced pulses
circulating in the laser resonator. Further improvements in this mode-

DELAY TIME
FIG. 12. Autocorrelation trace of mode-locked output pulse.
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locked behavior are expected with MQW samples specially tailored for
mode-locking experiments.
Optical bistability has also been demonstrated using an MQW sample as
the nonlinear element in a Fabry-Perot r e s o n a t ~ r Although
.~~
the observed behavior reported in Gibbs et aLs9may be due in part to saturation
of the band-to-band absorption, in principle the large effective dipole
matrix element of the exciton absorption should permit very low switching
energies for MQW devices.60 It is shown in Sm
h@
ti'
that, in principle,
switching energies as low as
J should be achievable in high-finesse
resonant cavities; these are the lowest limits so far predicted for any
all-optical switch, and reflect the very large absolute size of the nonlinearities in the MQWS.
IV. Variation of Optical Properties Induced by a Static Field
10. INTRODUCTION

The MQW possesses interesting optical properties with an applied electric field, showing large changes in absorption near the band edge for only
moderate electric fields.61-64The reason for such large effects is the presence of large envelope wave functions (e.g., - 100 A) with correspondingly
small associated energies (e.g., 10 meV) which are consequently easily
perturbed; this is true both for the excitonic envelope functions and the
particle in a box envelope functions of the individual electrons and holes
[especially in the first ( j = 1) confined state]. Clearly we should expect
large changes in these wave functions when the applied potential across the
wave function is comparable to the unperturbed ground-state energy. 10
mV across 100 A corresponds to lo4 V/cm or 1 V/,um. Such fields are
readily obtainable in micrometer-sized ~ a m p l e s ~inl -the
~ ~laboratory with
some care to prevent excessive ohmic heating. These fields are lower than
those normally required to observe the Franz-Keldysh effect65seen in
bulk semiconductors (e.g., > lo5V/cm) where it is necessary to perturb the
wave function within a unit cell of the crystal. Since the optical consequences of the electric field are readily seen at room temperature in
micrometers of optical thickness, new practical devices are possible with
the MQW which were not conceivable with bulk semiconductors. The
general behavior of the near-band-edge absorption with field now appears
to be ~ n d e r s t o o dwith
, ~ ~ distinct effects for fields parallel and perpendicular to the layers, and the first speculative devices have now been demonstrated.62,66We discuss both the physics of the effects and the devices
below. To date, only the effects on absorption have been measured directly, but changes in refractive index comparable with those seen in the

-
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nonlinear optics experiments (see Section I11 above) are to be expected and
may be calculated from the absorption changes using the Kramer - Kronig
relations.
1 1. ELECTRIC
FIELDPARALLEL
TO THE LAYERS

With the electric field parallel to the layers, we should not expect the
field to perturb the wave functions perpendicular to the layers directly (i.e.,
the particle-in-a-box wave functions). However, the exciton wave function
of the relative motion of electrons and holes clearly should be perturbed,
just as any atom would be. In principle, two consequences should follow
from the application of this field63:(1) The exciton should be polarized,
resulting in a decrease of the energy of the system with the exciton peak
moving to lower photon energies; this would be the same as the quadratic
Stark effect, although it should be noted that this Stark effect would be on
the ground (i.e., 1s-like) state of the exciton rather than between two
different orbital states, as is normal in atomic spectroscopy, as the exciton
is being created rather than being raised to an excited state from the
exciton ground state. (2) The exciton once created should be field ionized
(in the presence of an electric field, there are no bound states of the
system); i.e., the electron and hole should tunnel away from one another
toward the electrodes, resulting in a broadening of the exciton resonance
(sometimes called a Stark broadening) due to the reduction in the exciton
lifetime.
The first observations of electric field effects on the near-band-edge
absorption showed a large Stark-like effect on the exciton peaks6'; later
results with improved electrode geometrics6*showed that such effects are
due to perpendicular fields (see below, Section 12). The predominant
optical effect of parallel fields (at least at room temperature) is a broadening of the excitonic peaks which is ascribed to the reduction of exciton
lifetime due to field ionization,63i.e., Stark broadening. Figure 13 shows
experimental absorption spectra63taken for various parallel field strengths
for a sample with 95 A GaAs layers. At zero field, the two exciton peaks are
clearly resolved as usual. With 1.6 X lo4 V/cm (16 mV in 100 A), the
peaks have broadened so much that they have merged, and by 4.8 X lo4
V/cm, the peaks have been totally destroyed, although increased absorption is seen both above and below the nominal bandgap energy. The
behavior at high fields is difficult to analyze theoretically, and this has so
far not been attempted. However, at low fields the field ionization rate has
been calculated theoretically for a two-dimensional e ~ c i t o nThe
. ~ ~rate is
considerably lower than that for the 3D exciton, partly because of the
difference in binding energy and partly because of geometrical factors. This
calculation is in order of magnitude agreement with the measured broad-

306

D. S. CHEMLA el a[.

L

i

10000

w0
i
i

Lc

W

0
0

0

5000

k

a

5:
m
a

0
1.43

1

1.48
PHOTON ENERGY (eV)

FIG. 13. Absorption spectra for electric fields d parallel to the quantum well layers. (a)
6 = 0; (b) & = 1.6 X lo4 V/cm; (c) & = 4.8 X 104 V/cm. The insert shows figuratively the
distortion of the electron-hole Coulomb potential with the applied field.

ening of the exciton at low fields with, for example, field ionization times
of the order of picoseconds expected for fields lo4 V/cm.

-

12. ELECTRIC
FIELDPERPENDICULAR
TO THE LAYERS
With the electric field perpendicular to the layers, there are several
possible sources of perturbation of excitonic or even simple interband
absorption. Again, we can divide these into two categories. ( I ) The wave
functions, both of the individual particles (electrons and holes) and of the
relative motion of electrons and holes in excitons, can be polarized just as
in the Stark effect, resulting in an overall decrease of the energy of the
system and a shift of the absorption spectrum. (2) Electrons and holes can
be field emitted from their potential wells (i.e., tunnel out of their wells)
and excitons can be field ionized, resulting in lifetime reductions and
consequent broadening of spectral features. In general, experiments show
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that the dominant effectis a shift of the spectrum, although some broadening is also observed e~perimentally.~~
Figure 14 shows measured absorption spectra for 95 A GaAs wells with
electric field perpendicular to the layers.63These measurements were made
with the MQW in the depletion region of a reverse-biased p- i- n diode to
minimize conduction. The field is consequently not totally uniform within
the MQW, but, despite this, the exciton peaks remain resolvable up to very
high fields (- 1O5 V/cm), and large shifts of the absorption to lower photon
energies are seen. With fields greater than lo5V/cm the exciton peaks are
no longer resolvable, and there is some theoretical indication that, at these
fields and above, the holes can tunnel rapidly out of the weW3 so that
broadening due to shortening of carrier or exciton lifetimes may be significant. However, it is difficult in these results to separate broadening due to
lifetime effects from broadening due to field inhomogeneity.

-

4.48
PHOTON ENERGY (eV)
FIG.14. Absorption spectra for electric fields C perpendicular to the quantum well layers.
(a) 8 = 1 X LO4 V/cm; (b) C = 4.7 X 104 V/cm; (c) C = 7.3 X 104 V/cm. The insert shows
figuratively the distortionsof the quantum well potentials with the applied field.
1.43
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As there are several possible contributions to the energy shifts in the
spectrum, it is useful to write the Hamiltonian for the envelope wave
functions, Hen,,explicitly for a given electron and hole:

where

are the kinetic operators for electrons (e)and holes (h) in the z direction
perpendicular to the layers, ze and zh being the z coordinates of electron
and hole, using the appropriate perpendicular effective masses me, and
mu; V,(z,) and the vh(zh)are builtin rectangular quantum-well potentials
for electrons and holes;
are the potential energies for electron and hole, respectively, in the field &
in the z direction;

is the kinetic energy of relative motion of electrons and holes [r = (x, xh)% + (ye - yh)9,where (xe,ye) and (xh,yh) are the coordinates of electron
and hole in the plane of the layers] with p,,being the reduced mass in the
plane; and

-e2
J(ze- zh )* + rz
is the Coulomb potential energy of electron and hole. Only the center-ofmass kinetic energy of electron and hole in the plane has been neglected in
Eq. (20),as negligible momentum is transferred to this motion under direct
optical excitation.
Solving for the eigenvalues of Eq. (20) would give the energy of an
exciton peak relative to the bulk bandgap energy. Various parts of this
Hamiltonian have been treated separately. HmzC+ V,(z,) (and the equivalent for holes) is just the usual particle-in-a-box Hamiltonian at zero field
and is easily solved exactly.’ HKEze V,(z,) HKEsh v,(zh) HKEreh
V,h(r) should give the zero-field energy of the exciton relative to the band
edge and hence, by subtracting the exact particle-in-a-box energies of the
appropriate electron and hole states, the zero-field exciton binding energy
veh(r)=

E

+

+

+

+

+
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EB. This problem has been tackled using ~ a r i a t i o n a l , ~ l -perturbative,m
~~,~’

+

+

and adiabaW8 techniques. HmZ, Ve(ze) Hsz, (and the equivalent for
holes) would give the energy of the electron (or hole) in the skewed
potential well, which is the total potential energy in the presence of the
electric field (see the insert in Fig. 14). This has been approached variationally for both finite and infinite
has been solved exactly for the
infinite well (giving Airy functions as the wave function^),^^ and the energy
has been calculated exactly for a specific finite-well structure by looking for
tunneling resonance^.^^ In the total problem, many of these effects are
coupled. In particular, with an applied field, the electrons and holes tend to
move to opposite sides of the wells, resulting in reduced Coulomb binding
between electron and hole (i.e., contributing an increase in the energy of
the system overall). One approach to solving the entire Hamiltonian of Eq.
(20) has been taken using a variational technique63in which the variational
wave function is separable with the z wave functions being the “exact”
solutions for electrons and holes separately in the field and the radial wave
function being a 1s-like orbit whose radius is variationally adjusted. This
calculation at least estimates the increase of energy of the system due to the
reduced electron- hole Coulomb binding. It also predicts incidentally that
the exciton orbit should get larger with applied field with an associated
decrease in electron - hole kinetic energy.
The overall result of these calculations for the 95 A wells used in the
experiments is that the dominant effect for fields of lo4 to lo5V/cm is the
shift of the hole levels in the skewed quantum well. The hole levels are
more easily perturbed than the electron levels for two reasons: for the
heavy holes the larger effective mass gives lower zero-field energy; for
heavy holes and especially light holes, the wave functions penetrate significantly into the barriers, giving larger overall wave functions which are
therefore more easily perturbed. The electron levels with their higher
energies are comparatively much less perturbed by the fields. It turns
that the infinite-well model of the particles in a skewed well gives very good
estimates of the overall shifts of the absorption, provided only that a larger
effective well width is used to account for the penetration of wave functions
into the barriers; the effective widths used are those which give the correct
zero-field energies for electrons and holes. The resulting calculated shifts of
the bands63are slightly larger than the observed shifts of the exciton
resonance^:^ and this discrepancy can be reduced by including the change
in electron-hole Coulomb and kinetic energy discussed above. This
change in electron-hole binding energy is most important at low fields; it
tends to saturate out at high fields to a constant value.63It is coincidental
that the light-hole and heavy-hole subbands (and consequently the associated excitons) move at approximately the same rate with field in the
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theoretical. (---), calculations including only the shift of the electron and hole subbands.
(-)
include the correction to the exciton binding energy due to the movement of electrons
and holes to opposite sides of the wells. There are no fitted parameters in the theory.

sample measured63; different valence-band potential well depths would
give different relative rates. Figure 15 shows the measured shifts of lightwells, compared with the tunneling
and heavy-hole excitons for 95
resonance calculations of the shift of the exciton with and without the
correction due to the change of binding of electrons and holes as they move
to opposite sides to the well. The agreement is good, especially as there are
no adjustable parameters in the theory.
One remarkable feature of the spectra in Fig. 14 is that the exciton
resonances remain well resolved even up to fields lo5 V/cm, which are
well above those which gave strong field ionization for parallel fields; the
rationalization of this is that the walls of the quantum wells prevent the
electron and hole from escaping from one another.
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13. APPLICATIONS

a. Optical Modulators

With absorption coefficient changes - 5000- 10,000 cm-I it is possible
to alter the transmission of a light beam significantlyin only micrometer of
thickness. This can be exploited to make novel high-speed electroabsorptive modulators62with very small active volumes and low power requirements. While such devices are in an early stage, they offer many attractive
features: the small size possible offerslow capacitance and also avoids the
difficulty of matching optical and electrical propagation velocities encountered at high frequencies with conventional electrooptk modulators. The
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small sizes and moderate drive voltage also imply that only very small
energies may be required to drive these modulators.
The structure of the first device to be tested as a high-speed modulator is
shown schematically in Fig. 16. This is a p-i-n diode as used for the
perpendicular field measurements discussed above. When operating at
photon energies below the bandgap (e.g., 1.446 eV), it is possible to change
the transmission of the sample by a factor of - 2 with 8 V applied reverse
bias even in this thin sample. The response of this device was tested down
to RC-time-constant-limited response times 2 ns with a 50 R load resistance. This first device was much larger in area (600 p m diameter) than is
necessary for optical modulation (e.g., 10 pm diameter) and consequently
had a large capacitance (-20 pF). Smaller devices should exhibit much
faster response. Indeed, fast modulation using a smaller device (95 pm
diameter) was recently demonstrated. The device was driven with a comb
generator, which provides 8 V electrical pulses with a measured full width
at half-maximum of 120 ps, to modulate the output of a cw single-mode
GaAs diode laser. Light pulses of 170 ps width were observed. The slight
broadening can be easily explained by the nonlinearity of the detection
system, as well as by that of the modulator itself. One important consequence of the observation that the primary shifting effect is due to band
states rather than being purely an excitonic effect is that other quantumwell systems that have too low a material quality to display exciton resonances may still be useful as modulators of this type. This is particularly
important for longer wavelengths.

-

b. Self-Electrooptic-Eflect
Devices
It is observed experimentally that the p-i-n diode is also an efficient
photodete~tor.6~
Above-2 V reverse bias when the depletion region extends all the way through the MQW region, within experimental error
approximately one photocarrier is collected for every photon absorbed,
regardless of photon energy or reverse bias. This is interesting in itself as a
detector. However, it also opens up interesting possibilities in which the
same material functions simultaneously as both optical modulator and
detector. When connected in an external electrical circuit, the detected
light will give a photocurrent, which in turn, through the electrical circuit,
will change the voltage across the device and hence its absorption, hence
changing the detected light and so on in a feedback loop. Such devices
using MQW material have been called self-Electrooptic-effect devices
(SEEDS).~~
The first such device to be demonstratedMconnects the p-i-n diode
through a series resistor to a constant voltage reverse bias supply. The
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wavelength of the incident light is chosen near to the position of the larger
(heavy-hole) exciton resonance at zero bias. With no light incident, all the
bias voltage is dropped across the diode, shifting the exciton peaks to lower
energy and reducing the absorption at the operating wavelength. With
increasing incident light power, photocurrent is generated by the remaining absorption, resulting in a voltage drop across the resistor and reducing
the voltage across the diode. As the power is increased further, the exciton
peaks start to move back over the operating wavelength, giving increased
absorption and a further increase in photocurrent. Under the right condit ~ n ~this
, ~
process
~ , becomes
~ ~
regenerative, leading to switching into a
high-absorption, low-reverse-bias state. This results in a bistable optical
input-output characteristic, as shown in Fig. 17. This ingut/output characteristic can be modeled theoreticalIf6 from the measured voltage dependence of the responsivity and transmission of the diode, with good agreement with experiment, as shown in Fig. 17.
Optically bistable (OB) devices have received considerable attention as
possible ways of implementing optical logic s y ~ t e m s .Optical
~ ~ . ~ ~logic in
principle has some advantages over electronic logic, especially in the area
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FIG.17. Theory and experiment for a SEED optically bistable device for a 1 MR load
resistor.
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of parallel processing, but few optical devices have demonstrated switching
energies low enough to make them of practical interest7*;those that have
low switching energies have required Fabry - Perot resonators to achieve
low switching energie~,’~
thus complicating fabrication and operation.
(The nonlinear optical properties of the MQW discussed above in Section
I11 actually already make it one of the most attractive materials for such
Fabry-Perot switches.) The OB SEED, however, is an example of a recently discovered class of optical bistability which does not require cavitie^,'^,^' and the intrinsic optical switching energy of this device even
without cavities is >30 times lower per unit area (-4fJ/pmZ) than any
previously demonstrated OB device at a comparable wavelength. The first
device is, however, much larger than required (600 pm) and only has a
moderately low switching energy (- 1 nJ). Importantly for practical applications, it also operates over a wide range of conditions depending on
resistance and wavelength from 670 nW switching power at 1.5 ms switching time to 400 ns at 3.7 mW (with this switching speed limited only by
power). The absence of cavities makes this device relatively simple to
fabricate and operate, and smaller devices should have proportionately
lower switching energies and probably much faster switching speeds. This
also is the subject of current research. However, the SEED certainly offers
some interesting new prospects for optical switching and signal processing
devices, and has significantly reduced switching energy limits for optical
devices. As high operating energies have been a major problem for both
analog and digital optical processing devices, the MQW electric field effects
may be able to make a significant contribution to optical processing.
V. Conclusion

The work reviewed in this article demonstrates that the quantum well
materials show a variety of large nonlinear optical effects. Importantly for
practical applications, these effects can be seen at room temperature and
are eminently compatible with convenient light sources such as laser
diodes and also, in the case of the electroabsorptiveeffects, with semiconductor electronics.
In all cases, the effects result directly from the quantum mechanical
confinement within the quantum well layers. The existence of room-temperature exciton resonances, without which room-temperature excitonic
nonlinear absorption, nonlinear refraction, and parallel field Stark broadening would be impractical, results primarily from the increase in exciton
binding energy with confinement. The bandgap shrinkage with perpendicular fields, which is, of all these effects, the only one truly unique to
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quantum wells at any temperature, results primarily from the perturbation
of the large envelope functions of the particle-in-a-box states.
The effects discussed here are also large enough to have significant
implications for nonlinear optical processing- a field which has been
especially inhibited by the shortage of materials with suitable nonlinearities. For example, the absolute size of the excitonic nonlinear absorption
and nonlinear refraction is so large that they give the lowest scaled operating energies of any room-temperature all-optical bistable switch. While
such scalings do not represent any current practical devices, they do give a
good relative measure of the sizes of nonlinearities in different materials.
The electroabsorptive effects are so large that it is possible to make highspeed optical modulators with dimensions on a scale of micrometers. This
is a totally new opportunity in optical modulation, as it reduces the limiting operating energy of an optical modulator by orders of magnitude. This
low modulation energy is one of the principal reasons for the low-energy
operation of the SEED hybrid bistable optical switch, which has an operating energy per unit area six times smaller than any other bistable optical
switch at a comparable wavelength despite the fact that it uses no resonant
cavity.
It will be apparent to the reader that the work reviewed here is very
recent at the time of writing. This makes it difficult to obtain an accurate
historical perspective on the significance of the nonlinear effects and the
devices which can be made using them. The device opportunities which
present themselves are particularly difficult to judge at this stage, because
for the most part the quantum wells offer completely new classes of optical
devices. This uncertainty in itself makes these effects particularly exciting
for possible practical applications, and there can be little doubt that some
genuinely new opportunities are now available for optical devices. We
believe that this is a very appropriate time to write this review, because the
basic physics of the effects is apparently understood and the first speculative devices have been demonstrated.
Finally, it is worth noting that the work reviewed here represents only
one small comer of the total field of physical systems that can be made
using the current advanced semiconductor fabrication techniques. The
experiments reported here, for example, are mostly performed on G A S /
GaAlAs quantum wells with - 100 A layers. Other material systems, layer
dimensions, and layer sequences remain to be explored for their nonlinear
optical properties, and doubtless many new physical phenomena remain to
be investigated and applied. The limited experience with even the GaAs/
GaAlAs system is, however, very encouraging and hoped to have ramifications well beyond the field of semiconductor physics.
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