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We review the nonlinear-optical effects observed at room temperature in semiconductor quantum-well structures
photoexcited near the band gap. A comprehensive discussion of optical transitions in these microstructures is
given, including excitonic effects and the specific features of room-temperature exciton resonances. Experimental
investigations using continuous-wave, picosecond-, and femtosecond-laser sources are presented. They show ex-
tremely efficient nonlinear processes. In the case of excitations that are long compared with the exciton-ionization
time, the induced changes in absorption and refraction do not depend on the wavelength or on the duration of exci-
tation. These changes depend only on the density of absorbed photons and are interpreted in terms of electron—
hole plasma screening and band filling. In contrast, for ultrashort excitation, nonlinear processes depend critically
on the excitation wavelength. The selective generation of excitons is found to produce effects larger than a plasma
of the same density. This unexpected result is shown to arise from the low temperature of the exciton gas before
it interacts with the lattice and from the decrease of screening that is the reduced dimensionality of quantum-well

structures.

1. INTRODUCTION
Excitonic effects in semiconductors have been the subject of
intense research for several decades.! Recently they have
been found to play an important role in the optical transitions
near the fundamental absorption edge of the first man-made
semiconductor microstructures, superlattices (SL’s) and
quantum-well structures (QWS’s).2 These artificial media
consist of ultrathin layers of semiconductors (e.g., 100 A thick),
with different compositions, grown alternately one on the
other. Advanced crystal-growth techniques® are now able to
manufacture very-high-quality SL’s and QWS’s with atomi-
cally smooth layer interfaces and well-controlled composi-
tions. Since the band structure depends critically on the
composition, in these microstructures it is modulated in the
direction normal to the layers, inducing highly anistropic
electronic and optical properties. Along the plane of the
layers, the band structure is not too different from that of the
parent compounds. Conversely, in the direction normal to
the layers, the abrupt composition changes produce discon-
tinuities at various points in the Brillouin zone and result in
qualitative modifications of the electronic state. Three
categories of states are encountered, depending on the mag-
nitude of the band-gap discontinuities and of the layer
thicknesses: (1) states almost perfectly confined in the low-
gap layers; (2) states mostly confined in the low-gap layers
with, however, some interaction with their immediately
neighboring layers; and (3) delocalized states with charge
density modulated along the normal to the layers. Accord-
ingly, SL’s and QWS’s can sustain quasi-two-dimensional?
and/or extended excitons.5 The present report is mostly
concerned with the lowest-energy, well-confined states found
in QWS’s.

In this paper we review the nonlinear optical properties of
QWS’s at room temperature. In Section 2 we analyze the
nature of the electronic states that participate in the near-
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band-edge optical transitions; we present a comprehensive
comparison of two-dimensional (2-D), quasi-two-dimensional,
and three-dimensional (3-D) excitons, and, finally, we dis-
cuss the behavior of excitons at room temperature. In Section
3 we review the nonlinear-optical effects induced by photo-
generation of an exciton gas and an electron-hole (e-h) plas-
ma. An effort is made to simplify the semantics and to give
physical interpretations of the dominant mechanisms, even
if some generality is sacrificed. In Section 4 we describe our
experimental studies and their interpretations. This section
is divided into two parts. In Subsection 4.A we review ex-
periments in which excitations long compared with the mean
time for exciton thermal ionization are used. In this case
absorptive and refractive nonlinearities are found to be in-
sensitive to the wavelength or to the duration of excitation,
being sensitive instead only to the created e~h-pair density.
The changes of optical properties are shown to arise from
e-h-plasma effects and are well interpreted by theories based
on plasma screening. In Subsection 4.B we present and dis-
cuss recent experiments with ultrashort laser sources. Such
brief excitations are able to resolve the exciton ionization in
real time. These measurements have also revealed that,
contrary to some previous expectations, excitons can produce
changes of the optical spectra that are larger than those in-
duced by an equal density of free-e-h pairs. We analyze in
detail the phase-space filling and the screening resulting from
both species, and we present an interpretation of our obser-
vations in terms of the difference in temperature between (1)
the exciton gas generated by ultrashort pulses and (2) the
plasma that originates from exciton ionization or that is di-
rectly created in the continuum. The effect of the reduced
dimensionality of the QWS on the relative strength of
phase-space filling and screening is also discussed. Finally,
some trends for future work are discussed in the conclu-
sion.
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2. LINEAR ABSORPTION IN QUANTUM-
WELL STRUCTURES

A. Single-Particle States in Thin Semiconductor Layers
In this section we examine the structure of single-particle (i.e.,
electron or hole) states in ultrathin semiconductor layers and
discuss the optical transitions between these states. For the
moment we will neglect the Coulomb interaction between
electron and hole; we will return to these excitonic effects in
Section 3.

The simplest starting point for the theory of the single-
particle states is the effective-mass approximation (EMA),
and this is the only approach that we will consider here. In
the EMA it is normally presumed that the variations in po-
tential other than the underlying periodic potential of the unit
cell are slow compared with the unit-cell size; the diffraction
of the particle through the lattice gives the particle its effective
mass, and the other slowly varying potentials in the structure
are only weak perturbations. However, it is worth noting in
the present case that the interfaces among the layers in the
QWS’s and the SL’s can be extremely abrupt (of the order of
one atomic layer), and it is therefore surprising that the EMA
works as well as it does. In using the EMA, we simply describe
the single-particle states of ultrathin semiconductor layers
using the band-structure parameters of the bulk crystal. The
most obvious consequence of this is that, for thin layers, the
motion of electrons and holes is quantized in the direction
perpendicular to the plane of the layers. In addition, the
layered structure has different symmetry from the bulk ma-
terial; this has important consequences for the behavior of the
particles even when they are moving parallel to the plane of
the layers. In particular, the hole masses change character;
paradoxically, the confinement actually changes the masses
of the holes for the motion parallel to the layers. New se-
lection rules also appear for optical transitions. We discuss
both of these phenomena below.

Let us first consider a crude model that has the advantage
of simplicity and exhibits most of the important features of
the real case. This is the ideal case of a single layer of semi-
conductor bound by infinitely high potential barriers and
whose bands in the bulk are parabolic and nondegenerate.
We choose the z axis along the normal to the layers. In the
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Fig. 1. Band structure of a layered microstructure in real space. (a)

Single quantum well with infinite depth, (b) single quantum well with
finite depth, (¢) MQWS with finite depth close enocugh to allow sig-
nificant coupling among wells. (b) and (c) show two bound states and
a continuum resonance in each band.
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plane of the layer the electrons and the holes can move freely
according to the usual dispersion law

h2
Eok) = Bg 45— (ke + by, (2.1a)

2
Eo(k) = ~ 2 (k2 + By2). (2.1b)
2my

However, in the direction perpendicular to the layers, the
abrupt potential discontinuities completely confine the par-
ticles in the layer. The amplitude of the envelope wave
functions must vanish at the interfaces, and consequently the
wave functions can be written as

G=@) = (Ll) Ve sin(j7r iz—) (2.22)

for both particles. These wave functions form a complete
orthogonal basis. In this equation L, is the layer thickness
and - 1) = 0,1, 2,... is the number of nodes of the wave
function. Accordingly the eigenenergies from this quanti-
zation along z are given by

h2
Meh

E;j~ = 5 (Gw/L,)2 (2.3)
Note that they depend on the (effective) mass of the particle.
Consequently, the energy-band structure of the system con-
sists of an infinite series of 2-D conduction and valence sub-
bands (see Fig. 1). Note that, in all the systems that we will
discuss in this paper, the conduction- and the valence-band
potential wells both occur in the same material, so that elec-
trons and holes are both confined within the same material
layer. In this approximation the joint density of states that
governs the optical transitions forms a series of step func-
tions -

g20(E) = L 0(E — Eje= — Ejn”), 2.4)

Th?

where u is the e-h reduced mass u=1 = m,~1 + my~1. The
absorption spectrum is the superposition of steps starting at
AE = E;,= — E;,® with the strict selection rule Aj = jo — jp,
= 0 imposed by the orthogonality of the conduction and the
valence envelope functions.

A more realistic way to model a real semiconductor het-
erojunction is to use finite potential discontinuities at the
interfaces with different potential discontinuities in the
conduction and the valence bands. Again, the particles are
free in the plane of the layer with the same dispersion law

. [Egs. (2.1)]. The envelope wave functions along the normal

now have a sinusoidal dependence in the layer and exponential
tails in the barrier regions.® The boundary conditions that
give the eigenergies are that the envelope wave functions and
the probability current must be continuous at the inter-
face 7:

inside the well

sin(g;%z)
outside the well

exp(—gq;Bz)

The eigenenergy spectrum in each band now consists of a
finite number of bound states and a continuum (see Fig. 1).
The energies depend on the effective masses both in the well
and in the barrier region. For example, when the discon-
tinuities are the same on either side of the well, the bound-
state energies are solutions of

{i(2) = [ (2.2b)
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cotan(-‘;E \/e_,)
Vg x | ———| = g-w w-¢)2  (25)
o

where ¢, = E;/E1~ and v = Vp/E;~ are the normalized
energies and the potential discontinuities, respectively, and
my, and mp are the effective masses in the well and in the
barrier region, respectively. There is always at least one
bound state. The wave functions of the low-lying states are
well confined with little penetration in the barrier region. As
the energy increases, the exponential tails extend more and
more. The bound-state envelope wave functions in the con-
duction and the valence subbands are no longer orthogonal,
although they do still have the same symmetry. The optical
transitions are still given by steplike joint density of states,
although there are some differences compared with the infi-
nite-well case. The transitions corresponding to Aj = j, —
Jn=2p + 1 are still forbidden because of the symmetry of the
system, but those with Aj = 2p (p = 0) are now allowed, al-
though they are weak because of the small overlaps. The
states with E; > V are delocalized and form a continuums;
however, there are resonances in this continuum when the
normal component of their wave vector is an integer multiple
of 1/L,. Such continuum resonances have recently been ob-
served.®

The band discontinuities AE. and AE, are particularly
important material parameters in determining the confine-
ment. These quantities are difficult to evaluate theoretically
and experimentally. For the GaAs-AlGaAs system, recent
measurements using microstructures whose energy spectrum
is particularly sensitive to these band parameters have given
AE. = 0.57AE, (Refs. 9 and 10), where AE, is the difference
in band gap between the well and the barrier materials. In
the case of the less-well-investigated GaInAs-AlInAs system,
it has been found that AE, = 0.6AE,. 1112

Two types of multiple-layer systems are of interest; mul-
tiple-quantum-well structures (MQWS'’s) and SL’s. Strictly,
any (infinite) periodic set of layers can be referred to as a su-
perlattice. However, it is useful to make a practical distinc-
tion between those systems whose physical behavior relies on
this superperiodicity and those that merely rely on confine-
ment within a given layer. The former we will refer to as SL’s,
and the latter we will call MQWS’s. The distinction between
MQWS’s and SL’s depend on the relative magnitude of the
barrier-layer thickness Ly, and of the wave-function pene-
tration depth in these layers L; let us note in passing that this
distinction thus depends on which bound state is considered.
In MQWS?’s, L1, > L, the wave functions in adjacent wells do
not overlap, and most of the physical properties are those of
a set of independent wells. Many of the properties of
MQWS’s can be observed with only one quantum well, and
most of the physics is not really restricted to “multiple-”

. quantum-well structures. Although MQWS’s are often grown

as periodic arrays of layers, their physical properties would
not change if the thickness of the barriers were different be-
tween each well layer, as long as the barriers were sufficiently
thick that the wave function did not penetrate between wells.
Conversely, in SL’s, L}, < L,; then because of the wave-func-
tion overlap, the particles are delocalized. The interaction
among wells significantly modifies the physical properties of
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the system, and the presence of superperiodicity becomes
important.

In this paper, we consider MQWS’s made of III-V semi-
conductor compounds that have an approximately parabolic
conduction band but rather complex valence bands. The
simple approach outlined above for nondegenerate bands
describes the energy structure of the electron subbands quite
well. The description of the valence bands is, however, more
complicated. In bulk III-V compounds, the valence bands
consist of two J = 3/2 upper bands, which are degenerate at
zone center, and aJ = 1/2 spin-orbit split-off band. Within
the EMA, the valence-band structure is well described by the
so-called Luttinger Hamiltonian,'3.14 giving for the J = 3/2
multiplet a dispersion of the form

Eu(k) = AR* £ [B%h4 + C(ky2ky2 + by 2,2 + k, 2k, 2)]1/2,
(2.6)

where x, y, and z refer to the crystallographic directions and
the inverse-mass band parameters are defined according to
the notation of Ref. 14; these band parameters are simply
related to the Luttinger parameters,!3 v,, v,, v3, and the
free-electron mass mg. For most of the III-V MQWS’s, the
growth is such that the normal to the layers z is parallel to a
(001) crystallographic direction, and consequently the masses
to be used in Eq. (2.3) or (2.5) to obtain the effect of the po-
tential discontinuities on the holes are (4 + B) = (y1 =
272)/mo. Because the masses are different in these two bands,
the effects of the confinement are different in both cases, and
the valence-band degeneracy at k = 0 is therefore lifted by the
confinement.* The upper band is the heavy-hole band; its
angular momentum along z is J, = +3/2. The lower band is
the light hole (J, = £1/2). This assignment has been confined
by circularly polarized photoluminescence experiments,15.16
For example, in the two compounds of interest in this paper,
one has ms | = 0.45and m;; = 0.08 for GaAsand m;, | = 0.38
and m;, = 0.052 for GalnAs.

Let note that although this heavy and light notation is ex-
tensively used, it can be somewhat misleading; specifically,
it does not apply to the motion in the plane of the layers in the
presence of confinement, which is much more difficult to de-
scribe. An approach that has been used in the early studies
is to model the effect of confinement in the same manner as
that used for a uniaxial strain, because both phenomena have
the same symmetry. For this symmetry, it is found that the
J; = £3/2 and J, = +£1/2 bands are completely decoupled in
the (x, y) plane with a reversal in the ordering of the masses,
i.e., in the (x, y) plane, the light hole becomes heavy and vice
versa (the masses in the z direction are not affected). The
masses determined by this method are my) = mo/(y; + v2)
forJ, = £3/2 and m;| = mo/(y, — v2) for J, = £1/2. These
masses imply a band crossing around k = w+/2/L,, which is,
of course, unphysical. A more realistic approach is to include
the potential discontinuities in the full Luttinger Hamilto-
nian!”-18; this gives nonparabolic dispersion relations for the
upper-two hole bands and quite strong interaction among
their first few subbands. It is found that, although the
upper-two hole bands are mixed away from zone center, at k
= 0 they keep their J, = £3/2 and J, = £1/2 character, as
predicted by the symmetry argument above. The corre-
sponding selection rules for the optical transitions from the
heavy- and light-holes band to the conduction band gives
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Fig. 2. Schematic of the band structure of a 3-D semiconductor (left)
and of an ultrathin layer of the same material (right). The selection
rules shown in the figure, for optical transitions with fields parallel
and perpendicular to the normal to the layers, assume no band
mixing.

relative transitions strengths of 3/4 and 1/4, respectively, for
light polarized parallel to the layers, and 0and 1, respectively,
for light polarized along z (Fig. 2). This is believed to be at
the origin of the polarization-dependent gain quantum-well
lasers,19-21 which can be rather well explained by models based
on the EMA 22-24

Recently, however, polarized photoluminescence experi-
ments have been performed in modulation-doped MQWS
waveguides, and these contradict the above assignment. In
these structures, light propagating along the layers can be
studied, and the experiments have shown that even at k = 0
a significant amount of emission of light polarized parallel to
z is observed. This proves that the uppermost hole subband
is made up of an admixture of the J, = £3/2 and the J; = +1/2
species with a J, = £1/2 contribution as large as 30%.25 At
present, theories based on the EMA including excitonic effects
and extrinsic symmetry-breaking mechanisms are unable to
account for this phenomenon. In any case, if the light- and
heavy-hole states are mixed, then the ratios of absorption
strength are not those indicated in Fig. 2, the mixing reducing
the contrast between the two transitions for both light po-
larizations.

In summary, the band-to-band optical transitions in ul-
trathin semiconductor layers are substantially different from
those of the bulk. They form a series of steplike edges cor-
responding to the transitions between confined electron and
hole states and also among delocalized states. The degener-
acy of the J = 3/2 valence band is lifted by the confinement,
producing two sets of transitions, and, because the symmetry
of the material is altered by being grown in a layered structure,
the transitions have strong-polarization selection rules.

B. Excitonic Linear Absorption in Multiple-Quantum-
Well Structures

As in the case of 3-D semiconductors, the Coulomb attraction
between the created electron and hole (a so-called final-state
interaction) produces excitonic effects. Within the EMA the
absorption coefficient of Wannier excitons is well described
by Elliot’s theory.26 The pair states are expressed on the basis
of single-particle states, with an envelope function that de-
scribes the pair correlation. The motion is separated into the
motion of the center of gravity and the relative motion of the
two particles. The motion of the center of gravity is ac-
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counted for by a plane wave and the relative motion by a wave
function U(r), which is the solution of an hydrogenic Schro-
dinger equation of the e-h relative coordinate r. Ingeneral,
the absorption coefficient is related to the imaginary part of
the dielectric constant by a = weg/c7(w), where ¢ = €1 + iez and
n(w) is the real part of the refractive index. The absorption
coefficient in a semiconductor is proportional to the proba-
bility that the created electron and hole (i.e., the electron and
the hole in the final state) are in the same unit cell.2” Re-
gardless of whether we “turn on” the Coulomb interaction or
not, this probability is given by | U(0)| by definition. Inthe
actual final state of electron and hole, the Coulomb interaction
correlates the motion of electron and hole into hydrogenic
orbits. Whether or not these orbits are bound, the result is
to greatly enhance the probability of finding the electron and
the hole in the same unit cell. For bound states, the sharp
exciton-absorption resonances result, and for the unbound
states (corresponding to hyperbolic hydrogenic orbits), we
obtain the enhancement of the continuum absorption. The
optical absorption is formally given by26

a(w) = Ko . |Un(0)|20(hw — E), 2.7

n

where Ko = [472e2/mocwn(w)]qPev| %, Pev is the momentum
operator and U(r) is the envelope wave function of the cor-
related e-h pair in the state of energy E.27 In the continuum
part of the spectrum, the wave function depends on the con-
tinuous quantum number &, such that E = h2x2/2u. Assum-
ing that the wave function is slowly varying, Eq. (2.7) can be
written as

(@) = K U.(0)|2D(w). (2.8)

In this equation D(w) is the density of states corresponding
to photon energy hw = E + E,.

To determine the absorption spectrum of ultrathin semi-
conductor layers, we need to solve the e-h Shrodinger equa-
tion in the presence of the confinement potential. Only the
carrier motion is confined. Only if the static dielectric con-
stants of the well and the barrier regions are extremely dif-
ferent is the functional form of the Coulomb interaction
changed significantly.?® Fortunately, in the case of III-V
compounds the dielectric constants are close enough that the
usual form

V(r) = ee’/eor 2.9)

isstill valid. In this equation ¢ is an effective average static
dielectic constant of the two media. With this minor ap-
proximation, Elliott’s theory?26 can be directly transposed to
MQWS’s.

In order to get an idea of the effects of reduced dimen-
sionality, let us first consider a pure 2-D motion. In this case,
and with the interaction in Eq. (2.9), the Schrodinger equation
for the envelope function can be solved exactly.2? We use as
units of length and energy the 3-D Bohr radius and Rydberg,
respectively, ap = €ph?/e?u and R, = etu/2¢ph?. Asin three

.dimensions, the energy spectrum consists of a series of discrete

lines and a continuum; in the continuum, the absorption is
increased (compared with that of the steplike band-to-band
continuum) because of the correlation. Also, as in three di-
mensions, only the states of zero angular momentum con-
tribute to the absorption. The main consequence of the re-
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duced dimensionality on the parameters of the hydrogenic
series is to replace the principal quantum number n by (n —
1/2). The energies of the bound states are now E,2D =
—R,/(n — 1/2)?, i.e., a 1S ground-state binding energy four
times greater than that of the 3-D ground state. The wave
function of the 2-D 1S exciton can be written, in real and in
phase space, as

2\1/2
U(r) = (—) Eexp(— r ’
V.3 Qg ao,

(2.10a)

- G
Uk) =/2x [+ (aok/2)T "

(2.10b)
respectively. The relative charge-density maximum is located
at a radius asp = a¢/4 so that

2

e
E15?P X asp = E16°P X agp = 2
0

(2.11)

The wave functions and the charge densities for two and three
dimensions are compared in Fig. 3. The 2-D wave function
is squeezed in real space, and therefore it occupies relatively
a large volume of the 2-D Brillouin zone. In the continuum,
the envelope wave functions are related to the confluent hy-
pergeometric function? for S states; the square of its modulus
at zero relative displacement is

[U(0)|2 = 2/[1 + exp(—27+/Wap)],

where Wap = (hw — Eg2P)/R, measures the detuning from the
2-D band gap.

It is interesting to compare the absorption coefficient per
layer in two dimensions with the absorption coefficient in
three dimensions. They can be written, respectively, as

(2.12)

asp(w) = (Ko/raoz){Z d(hw — Eg?0 + E,™0)/(n - 1/2)3

+ 20(hw — E 2D)/R, [1+ exp(—27/+/ W2D)]}’

(2.13a)
asp(W) = (Ko/raoa)[z 8(hw — Ez3D + E,3D)/n3

+ 20(hw — E,3D)/R, [1 — exp(—2n/+/ W3D)]]»

(2.13b)

where we have used | U, (0)]2 = (n — 1/2)~3U(0)|2 in two di-
mensions and |U,(0)|2 = n=3U,(0)|2 in three dimensions.
The absorption strength of the exciton peaks decreases more
rapidly in two dimensions than in three, i.e., (n — 1/2)~3 versus
n=3. In the continuum, the correlation, which produces an
almost-flat spectrum in three dimensions, gives in two di-
mensions a rise from the band-to-band step value far above
the gap to a value twice as large at the edge. The compression
of the wave function in two dimensions enhances the contrast
between the 1s exciton and the continuum. This is clearly
seen by comparing the weight of the Dirac peak (or more
realistically the area under the exciton peak) A;s with the
absorption at the continuum edge,

As?0 = 8Ryac2D(Eg2~..D) = 2 E 15"« 2D(E,?D), (2.14a)
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AlS3D = RyaCSD(EgBD) = |E183Dl ac3D(Eg3D). (2.14b)

A pictorial interpretation of Eq. (2.14b) is that the area of the
exciton-absorption peak is equal to the area of a rectangle,
whose base is the binding energy and whose height is the
height of the continuum absorption edge. In two dimensions,
the exciton-absorption area gains a factor of 4 because the
binding energy is now 4Ry, and it picks up an extra factor of
2 owing to the lowering of the dimensionality. Altogether, this
results in an increased contrast between the exciton reso-
nances and the continuum. To illustrate the exciton-con-
tinuum relative strengths in two and three dimensions, the
absorption spectra are compared in Fig. 4. In order to see the
excitons, we have replaced the Dirac functions by Gaussian
profiles, and we have intentionally assigned a larger width to
the 2-D exciton to reproduce some aspects of the broadening

Wave Function (r)
Have Function (k)

c/ Bohr Radius k# Bohr radius

Radial Probability

¢/ Bohe Radius

Fig. 3. Comparison of the wave functions in real space and phase
space and of the radial probability distribution for 2-D (solid lines)
and 3-D (dashed-solid lines) excitons.

ABSORPTION COEFFICIENT
T Y v T T T
n

PHOTON ENERGY {IN 30-RYDBERG!

Fig. 4. Comparison of the band-edge absorption spectra in two di-
mensions (solid lines) and in three dimensions (dashed lines). The
dotted line shows the interband absorption in the absence of excitonic
enhancement in three dimensions. The theoretical infinitely narrow
exciton peaks have been replaced by more-realistic Gaussian profiles.
For clarity, only the 1S peaks have been represented. Intentionally,
the 2-D exciton linewidth is chosen to be six times larger than that
of the 3-D exciton to reproduce some effects of the inhomogeneous
broadening of real systems. (The absolute photon energy of the 2-D
absorption has been chosen arbitrarily for comparison.)
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that occur in real MWQS’s. For clarity in the figure, only the
1S exciton peak has been represented. The enhancement of
the exciton—continuum contrast in two dimensions is
striking.

Excitons in real ultrathin semiconductor layers are difficult
to describe for several reasons. The layers have a finite
thickness, and therefore the Coulomb interaction couples the
motions in the plane and along the normal.3 Consequently,
the exciton also has finite thickness and is in neither the 3-D
nor the 2-D limit. Moreover, strictly speaking, it also mixes
all the electrons subbands and all the hole subbands. In ad-
dition, even if we restrict ourselves to one set of subbands,
because of the complex structure of the valence subbands the

hole motion in the plane cannot be described by constant.

masses. The exciton consists of an admixture of states with
a k distribution given by a U(k), whose extent can be esti-
mated from Eq. (2.10b). Therefore, even if the light and the
heavy hole were decoupled at & = 0, the Coulomb interaction
would mix the two valence subbands. Finally, because of the
penetration of the wave function in the barrier region, the
differences of the masses inside and outside the well have to
be accounted for. This difference is obviously important for
the motion along the normal3! and rigorously ought to be
considered for the motion in the plane as well. In order to
tackle the problem of the exciton in a real structure, it is
necessary to introduce some approximations.

First, we assume that the light and the heavy holes are de-
coupled and can be described by some simple reduced
masses.32-3%  Although it is possible to approach the effects
of confinement as a perturbation of the 3-D wave function, the
confinement is generally so severe for the conditions of prac-
tical interest (e.g., confinement of the exciton in a 100-A layer
when the 3-D diameter would be 300 A) that perturbation
methods are of limited use. Consequently variational
methods are usually used for wells of finite thickness. When
a perfect confinement is assumed (i.e., infinitely high barriers),
various inseparable variational wave functions give a binding
energy that varies smoothly between —4R,, and —R,, for L,/a,
varying from 0 to «. However, this result does not hold when
the finite well depth is accounted for as well, e.g., {(z) given
by Eq. (2.2b).3435 1t is then found that, as the thickness of
the layer decreases, the wave function extends more and more
in the barrier material, the exciton becomes less and less
confined, and the binding energy tends toward that of the 3-D
exciton of the barrier compound. Therefore there is an op-
timum layer thickness that corresponds to a maximum
binding energy; this optimum is typically found for a¢/2 < L,
< ao for which —3R, < E15 < —2R,.3435 In the present paper
we are concerned mostly with excitons of the first subband in
MQWS’s with rather wide and high barriers. In this case the
electron and the hole are highly confined, and a simple sepa-
rable wave function for the exciton is found by using the in-
finite-well wave functions, Eq. (2.2a), along the normal and
in the plane a 2-D radial wave function, Eq. (2.10a).3637 The
justification for this approximation is that the subband
splitting is large enough compared with the Coulomb binding
energy that the coupling among subbands can be neglected;
this is a reasonable assumption for 0 < L,/ay < 1.5 and for
large-enough potential discontinuities and can be viewed as
a thin-well or a strong-confinement approximation. To ac-
count for the penetration of the wave function in the barrier
medium and for the effects of finite well width on the Coulomb
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potential, the widths of the wells for the electron and the hole
are adjusted to give the same energy as the finite-well-depth
description, and the exciton radius is treated as a variational
parameter. This calculation compares well with other, more
complicated calculations.36:37 The absorption coefficient as
calculated using this thin-well method for finite layer thick-
ness has the same form as that of Eq. (2.13a), with, however,
a smaller binding energy. To obtain the absorption coeffi-
cient per unit volume, expressed in inverse centimeters, ex-
pression (2.13a) has to be multiplied by an extra factor 1/L,
that describes the finite well thickness. Overall a strong ex-
citon—continuum contrast is still preserved, and it remains
significantly larger than that in three dimensions for compa-
rable exciton-resonance widths.

Most of the experimental work on MQWS excitons has been
performed on GaAs—AlGaAs MQWS’s; this material system
currently offers the highest-quality structures. At low tem-
perature, absorption spectroscopy of MQWS indeed shows
the steplike structure of the absorption edge with a double
exciton peak at each edge.432 A striking contrast with bulk
GaAs that shows the enhancement of excitonic effects in
MQWS’s is that intrinsic free-exciton recombination governs
the luminescent emission at low temperatures, whereas, in the
bulk, impurity-assisted processes dominate. Low-tempera-
ture photoluminescence experiments using circularly polar-
ized excitation and detection have shown that the holes in-
volved in the two excitons are mostly heavy and light in
character.15:16,32,38  Photoluminescence and excitation
spectroscopoy also show that the MQWS excitons are con-
siderably broader than those of high-quality 3-D samples.
The exciton linewidth is found to increase when the layer
thickness decreases. The low-temperature exciton profile has
been interpreted as resulting from the inhomogeneous
broadening introduced by the unavoidable fluctuations of the
well thickness. In the best samples these fluctuations are
found to be of the order of one atomic layer, and the size of the
atomically smooth areas is of the order of 300 A.3238 The
effects of layer roughness on the excitons produce highly in-
teresting properties that are due to localization, as was re-
viewed by Ref. 39.

The measurement of the exciton binding energy is com-
plicated by the difficulty of determining the precise position
of the continuum. Excitation spectroscopy indicated that
indeed the binding energy is strongly increased by the con-
finement.32 Recent magneto-optic studies seem to give even
larger binding energies and are interpreted as strong evidence
of hole nonparabolicity owing to valence-subband mixing.40

Interaction of excitons and phonons in GaAs-AlGaAs
MWQS’s has been investigated by resonant Raman scatter-
ing.54142 Tt is found that the low-lying excitons interact only
with the GaAs phonons because of their confinement in the
wells, whereas excitons of higher energy can interact both with
GaAs and with AlGaAs phonons. In fact, excitonic resonances
above the band-gap discontinuities have been observed and
shown to correspond to extended excitons built from SL
states.® The reduced symmetry of the MWQS’s produces
some modifications of the exciton-phonon interaction. For
example, the longitudinal-optical (LO) phonons whose electric
field is normal to the plane of the layers cannot change the
quantum numbers in the plane but can induce changes in the
quantum number describing the motion along the normal, i.e.,
intersubband coupling; by contrast, in the bulk material, only
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intraband coupling can be seen.4! More importantly, the
Raman active modes that are seen by right-angle resonant
scattering show that the modes of vibration of the GaAs layers
are those of ionic thin slabs and, in particular, that they have
different symmetry from the vibration modes of the bulk.4?

C. Room-Temperature Exciton Resonances

The confinement of excitons in ultrathin layers produces
several effects that are at the origin of the observation of ex-
citonic resonances at room temperature.43-45 First, it sig-
nificantly increases the binding energy so that the resonant
peaks are far from the continuum. Then it increases even
more strongly the contrast between the exciton and the con-
tinuum, making the excitons easier to see. Finally, by sym-
metry, the confinement reduces the interaction channels be-
tween the excitons and the polar phonons that are responsible
for the temperature broadening. Although the width of the
exciton peak I' is temperature broadened, it remains narrow
enough to be resolved at room temperature.

It is interesting to note that these trends are quite general
and should apply to a number of III-V semiconductors. From
the k.p. theory it is known that the reduced mass scales with
the band gap. Thus for more-infrared (i.e., narrower-band-
gap) material the exciton binding energy decreases. However,
since the dielectric constant does not vary drastically among
these related compounds, Eq. (2.11) shows that the 3-D Bohr
radius increases roughly as 1/E;s. Therefore, for the same
well thickness, the confinement will produce larger com-

“pression of the exciton, and the enhancement of the binding

energy resulting from the confinement will compensate to a
large extent the diminution resulting from the band-gap re-
duction. This has been confirmed by the recent observation
of room-temperature excitons in the small-gap GalnAs-
AllnAs MQWS’s.12 To illustrate the effect of band-gap
variation on the exciton confinement, a scale drawing of radial
probability distribution of 3-D excitons in GaAs and in Gal-
nAs is compared in Fig. 5 with the width of a 100-A quantum
well. In Fig. 6 we show the room-temperature absorption
coefficient of GaAs-AlGaAs and GalnAs-AllnAs MQWS’s.

GafAs

InGafRs

Fig. 5. - Scale drawing of the 1S-exciton radial probability distribu-
tion in bulk GaAs (Eg = 1.5 eV) and GalnAs (Eg = 0.74 eV). The
dashed lines represent a 100-A-wide quantum well in which the ex-
citons are confined in a MQWS.
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Fig. 6. Room-temperature absorption spectra of (a) a GaAs-AlGaAs
and (b) a GalnAs-AlInAs MQWS’s showing the strong exciton reso-
nances and the characteristic plateaux of the 2-D continua. In both
cases the quantum-well thickness is about 100 A.

They show clearly all the features discussed above. It is worth
noting that in bulk materials such strong excitonic resonances
are seen only at low temperature. The observed contrast with
the continuum is less pronounced than predicted, indicating
that even these high-quality samples are far from being per-
fect. Significant improvements of the material characteristics
should, however, be expected through further improvement
of growth techniques.

The excitonic absorption for an optical field polarized
normal to the layer is more difficult to investigate. In recent
experiments, waveguide structures were used to study quan-
tum-well absorption for light propagating along the plane.46
Such a waveguide configuration enables polarizations both
parallel and perpendicular to the layers to be used. To have
an accurate control of the refractive index and of the inter-
action length, complex SL structures were designed that
consist of a single quantum well at the center of the guiding
regions. The SL material surrounding the single quantum
well was designed to be substantially transparent at the
quantum-well exciton-absorption wavelengths. The room-
temperature absorption spectra are shown in Fig. 7. These
structures exhibit a strong dichroism. For the polarization
normal to the layer, the heavy-hole exciton is almost not ac-
tive, and the light-hole exciton completely dominates the
absorption. Within the experimental accuracy, the ratio of
oscillator strengths is consistent with that indicated in Fig.

The observation of excitons at room temperature has, of
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Fig.7. Room-temperature absorption of a waveguide structure that
comprises a single quantum well in the guiding regions. Light pola-
rized parallel to the layers (solid line). Light polarized perpendicular
to the layers (dashed line). A strong dichroism is observed. The
light-hole exciton governs the absorption for light polarized normal
to the layer; for the parallel polarization both excitons are active.

course, important implications for applications. It also cor-
responds to an unusual situation as far as the relative size of
binding energy (E;s), phonon energy (h{y0), exciton line-
width (I"), and kT are concerned. This situation is charac-
terized by the relation

hQLo> kT > E1s>T. (2.15)

Typical values of these parameters in the case of GaAs
MQWS’s are A0 = 3TmeV, kT = 25 meV, E;g = 9meV, and
I' = 3 meV (half-width). Because 410 > E15 any collision
between an LO phonon and an exciton will cause the latter to
ionize. Because kT > E;s there is relatively a large density
of thermal phonons. To illustrate this point let us note, using
the well-established analogy between excitons and hydrogen
atoms, that a temperature kT ~ 2.5 X E1g corresponds for the
hydrogen atoms to 4.5 X 105 K! Thus excitons resonantly
generated at room temperature are very quickly ionized. The
mean free time to LO-phonon ionization can be estimated
from the temperature dependence of the peak linewidth. It
is found that, in the cases of GaAs—AlGaAst"48 and of
GalnAs-AlInAs'? MWQS’s, this temperature dependence can
be expressed as

Q
I'=T¢+ th / [eXp(_h LO) _ 1],

oT (2.16)

where T'p accounts for the inhomogeneous broadening re-
sulting from thickness fluctuations and agrees with the low-
temperature width. The parameter I',;, describes the effect
of LLO phonons, which are considered as the major source of
thermal broadening; it is found that I'pn?P = 5 meV for
GaAs*8 and I'p,?P = 9meV for GaInAs.!? In the case of GaAs
for which the exciton temperature broadening in the bulk is
known, I';,3P ~ 7 meV49; comparison with MWQS’s indicates
that, in agreement with the previous discussion, the interac-
tion with the LLO phonons produces a somewhat smaller
broadening in MQWS’s. From these linear-absorption data,
the mean times for ionization are found to be T; = 400 fsec and
T; = 270 fsec, respectively, for the two MQWS’s. Thus at
room temperature the excitons are unstable; they live just long
enough to produce the clear resonances of Fig. 6 before being
ionized into an e-h plasma that in turn lasts for several
nanoseconds before recombining. Thermodynamic argu-
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ments show that in the quasi-equilibrium regime, which occurs
between the exciton ionization and the e~h plasma recombi-
nation, almost no excitons are present.4® Let us note also that,

" owing to the fast carrier—carrier relaxation, the large difference

between the LO-phonon energy and the exciton binding en-
ergy, and the rapid carrier-phonon scattering, the e-h plasma
created by exciton ionization is essentially in equilibrium with
the lattice at room temperature.

The most unusual situation in which excitons exist at room
temperature governs the physical properties that are discussed
below.

3. EXCITONIC NONLINEAR-OPTICAL
EFFECTS

It is important to emphasize at the outset that the nonlinear-
optical processes associated with excitons are qualitatively
different from those associated with atomic systems. The
reason for this is the different type of optical transition in-
volved in each case. In the case of atomic systems, we are
normally concerned with exciting some of a given number of
atoms from one atomic state to another. The number of
atoms is fixed, and, for example, saturation of an atomic
transition will occur when we have exhausted the number of
atoms available for this transition (with, of course, due al-
lowance for stimulated emission). However, the excitonic-
absorption resonances observed in the optical spectrum of a
semiconductor correspond to the creation of excitons, not the
excitation of existing excitons. The absorption analogous to
atomic absorption for an excitonic system would be found in
the far-infrared at photon energies of the order of 1-100 meV,
if by some other means we had already created a population
of excitons in the semiconductor. Conversely, an interesting
physical analog to excitonic absorption in the case of atomic
systems is the creation of positronium atoms (an electron and
a positron in a hydrogenic atom) by absorption of photons in
the gamma-ray region of the spectrum of free space. Whether
it is possible to create further excitons in a semiconductor or
positronium atoms in free space will depend on the number
and the type of particles already present [e.g., excitons (pos-
itronium atoms) and free-electron and/or hole (positron)
plasma). Thus the physics of excitonic-absorption saturation
(and associated nonlinear processes) is intrinsically a many-
body problem, because it depends not only on the final-state
interactions of electron and hole but also on the final-state
interaction with all other particles in the semiconductor. As
is often the case, excitons enable us to investigate the physics
of hydrogenic systems under conditions not normally acces-
sible with atomic systems.

This many-body character can be stated more formally.
Excitons behave as pure bosons only in the limit of vanishing
densities of bound or of free e-h pairs. As elementary exci-
tations of the whole crystal, they are eigenstates of a large
system of strongly interacting fermions, and, despite their
quasi-particle character, their nonlinear-optical response
cannot be accounted by a noninteracting atomlike-particle
formalism.

The excitonic contribution to the dielectric constant de-
pends on the density of excited e-h pairs in a rather subtle
way. First, since they are built from a combination of sin-
gle-particle states, any change in character of the single-par-
ticle state will indirectly affect the excitons. Thus Coulomb
interaction and exclusion-principle effects on the single-
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particle band structure (band-gap renormalization and band
filling) induce changes in the optical response of excitons.
Second, the nature of the combination of single-particle states
that forms the exciton depends itself directly on the presence
of other excited pairs, because the nature of the Coulomb at-
traction that binds the exciton is changed by the dynamic
screening from the other excited pairs. The nature of this
screening itself depends on whether these other excited pairs
are themselves bound or unbound. Possible consequences
of these interactions include the formation of many-exciton
bound states (excitonic molecules) through Van der Walls
interaction and/or quantum statistical condensation in very
delicate conditions of density and weak interactions.
Screening can also cause the bound-pair states to become
unstable (Mott transition®?). Finally, as excitons are com-
posite bosons, interexciton fermion-exclusion effects also
produce phase-space filling and thus saturation of the reso-
nances.

A correct description of excitonic optical nonlinearities
should treat all these processes in a self-consistent manner.
This many-body problem is a difficult one for which a com-
plete rigorous treatment is not yet available. Recently
progress has been made toward a comprehensive description
of near-band-gap optical nonlinearities in 3-D semiconduc-
tors.51:52 Extension of the theory to the case of novel semi-
conductor microstructures such as MQWS’s has just started

" to be investigated.53

The theoretical studies of near-band-gap nonlinearities are
naturally expressed in the language of many-body theory,
which is rather obscure to the nonspecialist. This has caused
a lot of confusion, in particular among experimentalists, in
regard to the interdependence of the physical mechanisms
involved, their relative importance, and the hierarchy of ap-
proximations used to treat them. In this section, we present
a discussion of the mechanisms that are responsible for the
most important features of excitonic nonlinearities. We
consider the usual case of 3-D semiconductors; quasi-2-D
microstructures will be discussed in Section 5. We will at-
tempt to keep the semantics as clear as possible. In some
cases, we will simplify many-body theory results in order to
give direct classical interpretations so that we can demonstrate
that they are nothing but the results of rigorous treatments
of simple and well-known processes. We shall consider in
turn the effects of free e-h pairs and those of excitons. And
since excitonic states depend both on the single-particle states
and on the combinations of single-particle states that form
bound pairs, we shall consider how each species is affected by
the presence of photoexcited pairs.

A. Effects Due to Free-Electron-Hole Pairs

The simplest description of optical transitions in semicon-
ductors neglects the Coulomb interaction and treats electrons
and holes as ideal Fermi gases. Even such an oversimplified
picture exhibits nonlinearities because of the Fermi statistics.
When electrons and holes are present, the occupation of states
in the conduction band and in the valence band {as described
by the Fermi distributions f.(E) = f.(E) and f(E) = [1 —
fn(E))} reduces the interband-transmission probabilities by
the factor (1 — fo. — f1). Effects associated with the inhibition
of transmission probabilities are known as band-filling effects.
For example, they are responsible for dynamic Burstein—-Moss
shifts. They are blocking mechanisms in the sense that they
do not change the nature of the states involved in the transi-
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tion; they block it because the initial state is empty or the final
state is full. The temperature dependence of exclusion effects
is simply accounted for by using the Fermi distribution
functions at finite temperature; at high temperatures this can
be approximated by the Boltzmann distributions when the
carriers are no longer degenerate.

In the presence of an e-h plasma the Coulomb potential,
expressed in reciprocal space as V(k) = 4we?/eck?, is screened
by the longitudinal dielectric function; it can be written as

Vs(k, w) = V(k)/¢(k, w). 3.1)
The calculation of ¢(k, w) is one of the central problems of
many-body theory.54 It is quite complicated because of the
requirement of self-consistency and because of the long-range
nature of the Coulomb interaction. In order to obtain a
tractable formalism, several approximations have to be made.
By treating the particle motion within the EMA and their
interaction within the random-phase approximation (i.e.,
assuming statistical distributions of the particles), one gets
the well-known Lindhard formula.5% This expression still
depends on the particle interaction and on the details of the
band structure. A further simplification is to approximate
the full energy spectrum of the existing particles by a single
collective mode and to write for ¢(k, w)
2
ek, w) =M1+ %

wrinz—am| G2

where ¢ is the background dielectric function, ,, is a plasma
frequency that measures the carrier density, (k) is the dis-
persion of the single mode, and ¥ is a phenomenological
damping constant. The parameters appearing in Eq. (3.2)
have to be carefully chosen to satisfy all the sum rules.5! This
procedure is called the single-plasmon pole approximation
(SPPA)56-58; it is valid for most situations of practical in-
terest.

The major effect of the electrostatic interaction on the
single-particle states is to change the energies (in the language
of many-body theory—to renormalize the energies). Because
the particles are fermions, the matrix elements of the Coulomb
interaction have to be taken among antisymmetric wave
functions. These matrix elements split into two parts called
the correlation term and the exchange term. In the calcula-
tion of the single-particle energy shifts (the self-energy cor-
rections), there are several ways in which the separation be-
tween correlation and exchange effects can be made. One
separation method, which has the advantage of leading to
simpler calculations and has a clear physical interpretation,
consists of separating the shifts into a correlation-hole term
and a screened-exchange term.51 The physics behind this
choice is the following: Ewven if the quantum nature of the
particles is neglected, around an electron the classical elec-
trostatic repulsion pushes away other particles until an ef-
fective positive charge develops; this therefore forms a cor-
relation hole in the vicinity of the electron. This repulsion
is balanced by the tendency of the particles to diffuse back
into the low-density region around the electron; classically,
this process is Debye screening. Because of this repulsion,
the electrons tend not to get close enough for exclusion effects
to become important, so that most of the physics is contained
in this correlation-hole term. (In addition, it is worth noting
that the exchange interaction itself produces effects similar
to that of the classical electrostatic repulsions. To see this
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let us assume that the classical Coulomb interaction is not
active and that only the exchange interaction is active. The
exchange interaction would also produce an exchange hole by
repelling all the electrons in the same spin state, i.e., half as
many as the classical electrostatic repulsion.) Thus when
classical screening is correctly accounted for in the presence
of an e-h plasma, the contribution to the self-energy owing
to the screened exchange appears essentially as a small cor-
rection. The correlation-hole contribution is5!
Zen="% % [Vs(k) — V(R)]. (3.3a)
By Fourier transforming, it can be seen to have a simple in-
terpretation; it can be reexpressed as
Zcu=% lin; [Vs(r) = V(n)], (3.3b)
-
which is just the classical electrostatic energy shift because
of the screening. For example, if the electrostatic interaction
is described by a simple statistically screened potential, V(r)
= —e2/egr e /A, depending on the temperature, the screening
length is given by the Thomas-Fermi [Arp~! = (4we2Ng/
€0)1/2] or the Debye [Ap~1 = (4w Ne2/egk T)!/2] formula in the
limits of low and high temperature, respectively. One finds
for the self-energies
e?
260A )

The slight variations of the band curvature (i.e., effective
mass) that are due to the screening are usually neglected (this
is called the rigid band-shift approximation). By adding the
electron and the hole shifts one obtains the band-gap renor-
malization, Eg(N) = E;(0) + Z, + 2. Animportant result
worth noting in passing is that, in 3-D semiconductors, the
band-gap renormalization is substantially independent of the
details of the band structure (e.g., effective mass) and can be
described by a universal formula.??

In order to see how the pair states are affected by photo-
carriers it is necessary to incorporate self-consistently the
band-filling effects, the dynamical screening of the Coulomb
potential, and the dynamical shifts of the single-particle
states. This is, of course, a difficult problem. However, in
the limit of small densities, the effects of the e-h plasma can
be treated as perturbations of the e-h-pair Wannier equation.
If we write [H1(k, k’)] as the perturbing Hamiltonian, the
energy corrections are

Se=— 3.4)

E,=E,°+ ¥ U,%k)*H(k, k) U,%’), (3.5)
Py

where the index 0 labels the zero-density energies and wave

functions.?! For the pair states in the continuum, one finds

that, as expected, the correction to the energy is the sum of the

electron and hole single-particle self-energies

E(n)=E,°+ 2.+ 2y, (3.6)

i.e., the continuum edge experiences the same renormalization
as the band gap. Fer the bound-pair states, the correction to
the energy is very small; it involves a sum of terms that nearly
cancel each other. The physical meaning of this result is that,
in a neutral bound state, the electron and the hole screen each
other almost perfectly, i.e., the positive correlation hole around
the electron neutralizes the negative correlation electron
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areund-the hole. An alternative way of expressing the same
concept is to say that the neutral particle induces approxi-
mately no net movement of the plasma and hence no change
in energy. These effects can be simply analyzed by using the
statistically screened potential with the exchange and the
band-filling effects neglected. From Eq. (3.4) one finds for
the shift of the continuum

2
E.(N) — Eg0~ GE—A =2p, 20 3.7

y A ’
i.e., in our normal units (Ry, ag) the shift is simply equal to -
twice the inverse of the screening length. On the other hand,
the self-energy correction for the exciton ground state is much
smaller. For our example of simple electrostatic screening,
it is second order in the screening length

E15(N) — E15%=Z¢ + 2y, — (U1s| Vs — V[Uss)

ap\2 1
- 3 ol
We can now describe physically the effect of an e-h plasma
on the absorption spectrum. As the density increases the
position of the exciton peak hardly varies, but the continuum
experiences a red shift. Consequently, the binding energy of
the exciton, which is measured from the continuum, must
decrease. The wave function therefore expands, causing the
probability of finding the electron and the hole in the same
unit cell (and consequently the integrated exciton-absorption
strength), |U(0)|2, to diminish. The exciton-absorption peak
therefore weakens more and more, losing absorption strength.
These trends can be followed by using Egs. (2.10a) and (2.11),
which show that the integrated excitonic-absorption strength
(assuming a hydrogenic form) is inversely proportional to the
binding energy. With increasing plasma density, this process
will continue until, finally, the exciton becomes unstable,
having a correlation-enhanced continuum. With further
increases in plasma density, this continuum can continue to
renormalize to yet lower energies. Let us note that even if the
bound states are unstable (i.e., no excitons can exist), the
absorption spectrum in the continuum is still enhanced by the
e-h correlation. In fact, the absorption can still present peaks
that are continuum resonances—precursors of the truly bound
states. These resonances can be so sharp that it is easy to
assign them incorrectly to the excitons.80
Although the shift in energy of exciton peaks with plasma
density is well understood, the broadening of the peaks with
increasing density is theoretically less advanced. This cor-
responds to the imaginary part of the self-energy of the exci-
ton. Broadening can be clearly observed experimentally (as
will be discussed below in Section 4) even at low densities, and
this remains to be explained quantitatively for the quan-
tum-well system.

(3.8)

B. Effects Due to Excitons

The effects of excitons on the absorption edge can be de-
scribed only if interexciton interactions between electrons-and
holes are considered. Again in the limit of small density it is
possible to separate the many-exciton Hamiltonian into a part
that consists of all the intraexciton effects and a part that
accounts for the interexciton ones.5! The first part has the
same form as the single-exciton Hamiltonian, and the second
can be treated as a perturbation of the former. After tedious
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algebra it is possible to obtain a multiexciton Wannier equa-
tion for the ground state. In this equation, it is seen that ex-
citons produce exactly the same band-filling and exchange
corrections as free carriers, provided that each exciton cor-
responds to an effective electron and hole distribution given
by

flEc(R)] = fulE(k)] = Y U1s(k)|2 3.9)

This result is illuminating, and it also corresponds to the in-
tuitive idea that an exciton occupies, in phase space, a volume
equal to the volume of the Fourier transform of the real-space
wave function. From Eq. (3.9), we can now understand how
selective generation of excitons produces saturation of the
absorption by the same exclusion process as the generation
of free carriers. This is a blocking mechanism for which
transitions are forbidden because states are occupied. Again
the modification of the crystal states results from the Coulomb
interaction.

Screening by excitons corresponds to the contribution to
the longitudinal dielectric function that is due to the polar-
ization of the bound states. It can be described by extending
the usual formalism used for neutral atomic gases to the gas
of excitons in the ground state. Two types of transitions can
contribute, depending on when the exciton changes its rela-
tive-motion quantum number (exciton interband transitions)
or if the change affects the motion of the center of gravity
(exciton intraband transitions).

If only interband transitions are considered, the exciton
polarizability x x may be calculated exactly in the same way
as that of the hydrogen atom by the Kramers-Heisenberg
formula, remembering that the state of lowest energy is the
18 state, 5161

2(E1s ~ E,)
(w) = €215 n| 2 - .
xx(@ = % lemsal® s i,)2 = (E1s — E,)?

(3.10)

For practical purposes, this form can be simplified further by
introducing the effective-gap approximation62 In this ap-
proach, the energy difference between the ground state and
the excited states is approximated by one effective gap, A.
Finally, the dipolar interactions among excitons are taken into
account classically by the Claussius-Mossotti local-field for-
mula. The expression of the dielectric function has the
form

Qpx?

+
(w+iy)2— A% - %Q0px2

where Qpx 2 = 4T Ne?/equ measures the density of excitons.?!
This expression is similar to Eq. (3.2), which gives the free-
carrier screening. The screening effects of excitons are
therefore qualitatively analogous to those induced by free-e-h
pairs and also shift the continuum more than they shift the
exciton peak. The magnitude of the screening is, however,
substantially reduced because the excitonic dielectric function
does not diverge at k = 0. The physical reason is that, if the
motion of the center of gravity is neglected, to respond to an
external field, excitons can only shift from the ground state
to an excited state. Because of the gap between ground and
excited states the transition is difficult; hence the induced
polarization that screens the field is small. Comparison of
the exciton screening based on this approached and the free-

€ W w) = ¢~ 11 »  (3.11)
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e-h-pair screening indicates that the neutral exciton gas is
about 50 times less efficient than the charged plasma.6!

The screening resulting from exciton-intraband transitions
has been discussed recently.6364 This proposed new screening
mechanism corresponds to a global displacement of the ex-
citon similar to that occurring in the case of free carriers. It
originates from the difference in mass of the electron and the
hole. Since there is no gap in the center-of-gravity spectra,
this screening would be much larger than that resulting from
interband transitions. A variational calculation of the Mott
transition that is due to free carriers and to intraband-exciton
screening shows that at low temperature it would occur at an
exciton density only 8.5 times larger than that of the plasma.
Moreover, it indicates that at 7' ~ 100 K the Mott densities
of free-e-h pairs or of bound pairs would be approximately
equal.®4

In summary, the effects of a resonant photogeneration of
excitons are in essence qualitatively similar to those of free-
e-h pairs. The screening is more atomiclike and thus is ex-
pected to be weaker, especially at low temperature. On the
other hand, excitonic effects that are due to the exclusion
principle are governed by the extension of the exciton wave
function in the phase space and can be comparable with those
seen with free carriers.

The situation in which excitons and free-e-h pairs coexist
is of course much more difficult to describe, partly because
excitons may ionize into free pairs. Accounting for the deli-
cate balance of the transformation of one species into the other
is necessary. A full treatment of this situation is not yet
available. The difference in screening strength implies that
the transitions between insulating and metallic phases are
different, depending on the starting phase.54

The behavior sketched in this paragraph has been studied
in 3-D semiconductors at low temperature by Fehrenbach et
al.%! They have observed that the shift of the exciton is in-
deed quite small compared with that of the continuum. They
have concentrated their analysis on the Mott transition and
shown that it occurs at higher exciton densities than free-
e-h-pairs densities. However, the experimental curves pre-
sented by these authors also show a strong bleaching of the
exciton peak even in the case of resonant pumping in which
only exciton density and absorption coefficient exist, it can
be shown that the measured absorption bleaching is in
quantitative agreement with that deduced from the exciton
phase-space filling.

4. ROOM-TEMPERATURE EXCITONIC
NONLINEARITIES IN MULTIPLE-QUANTUM.-
WELL STRUCTURES

A. Continuous-Wave and Picosecond Excitation
Saturation of excitonic absorption at room temperature has
been extensively studied using cw and picosecond lasers in
GaAs-AlGaAs MQWS’s,43:47.4865 and recently preliminary
results have been reported for GalnAs-AlInAs MQWS’s.66
For these long-duration excitations, the effects observed
are the same whether the photon energy of the pump is reso-
nant or nonresonant with the exciton energy, provided that
only the same number of carrier pairs is created in each case.
This observation is consistent with the subpicosecond ther-
mal-phonon ionization time of the excitons at room temper-
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Fig.8. Absorption spectra of a MQWS measured with tunable dye
laser at low power with (solid line) and without (dashed line) the direct
generation of free-e-h pairs excited in the continuum 32 meV above
the heavy-hole exciton peak with a cw laser diode. The spectrum at
the bottom of the figure shows the difference between the unexcited
and the excited spectra.

ature deduced from the temperature dependence of the ex-
citon linewidth. Under cw or picosecond excitation, the ex-
citons selectively generated by resonant pumping transform
in a very short time into an e-h plasma. Thus it makes no
difference whether the free-e-h pairs are created directly or
through the short-lived bound state. In agreement with this
interpretation, it was checked that the recovery time of the
absorption corresponds to the e-h-recombination lifetime,
i.e., about 30 nsec. Since there is negligible actual density of
excitons after about a picosecond, it seems therefore contra-
dictory to describe the nonlinear changes in the absorption
as excitonic. Note, however, that although the excitons
themselves may not live very long, the possibility of creating
more excitons still has a profound effect on the linear spec-
trum, and the nonlinear changes in the absorption spectrum
can also be dominated by excitonic effects, since it can be the
excitonic components of the spectrum that are changed. In
essence, what is monitored in these experiments is not the
density of excitons but rather the possibility of creating more,
and that depends critically on the density of e-h pairs already
there.

A typical example of the changes induced by an e-h plasma
on the absorption spectra of a GaAs-AlGaAs MQWS’s is
shown in Fig. 8. In these experiments a cw laser diode oper-
ating at photon energy 35 meV above the heavy-hole exciton
peak was used to generate free-e—h pairs in the continuum
directly, and a weak, tunable beam from a cw dye laser was
used to measure the sample transmission. The pump inten-
sity was approximately I = 800 W/cm?, generating a density
of carriers N ~ 2 X 10'2 cm~2 in the ~100-A-thick GaAs
quantum wells [corresponding to a density per unit volume
in the well of N = N/L, and to an average density per unit
volume N = N/(L, + Ly) that accounts for the thickness of
the barrier as well]. At such large excitation, the two exciton
peaks are completely bleached, leaving a steplike absorption
edge. At the bottom of Fig. 8, a differential spectrum is
shown. It is obtained by measuring directly the difference
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between the two spectra at the top of the figure. It is positive
when the nonexcited absorption is larger than that under
excitation, as, for example, at the two exciton peaks in this
figure. A negative difference corresponds to an increase in
absorption resulting from the pumping as seen here below the
heavy-hole exciton peak. Differential spectra are highly
sensitive to small changes and are used whenever accurate
measurements are needed. From such measurements, it was
found that the absolute change of absorption at the heavy-hole
exciton varies linearly with the pump intensity up to I ~ 300
W/cm? before saturating, whereas the steplike edge was found
difficult to bleach further.#8 The same behavior was observed
for resonant pumping with a tunable cw dye laser; this per-
mitted us to observe the saturation of the edge once the ex-
citon peaks had disappeared. The intensity at which the edge
saturates was found to be about 2 orders of magnitude larger
than for the exciton.4’

Semiempirical fits of the linear-absorption spectra show
that they are rather well described by two Gaussian resonances
and a broadened 2-D continuum.48 In the small-signal re-
gime, the changes in the spectrum measured by differential
techniques can be accounted for by a loss of absorption
strength of the exciton peaks and by broadening, with no
significant shifts and no variation of the continuum contri-
bution. At higher excitation it becomes necessary to assume
displacements of the continuum and more-complicated
changes of the exciton resonances. Once any excitonlike
peaks have disappeared, the steplike edge shown in Fig. 8 is
found to have precisely the same profile as the broadened 2-D
continuum used to fit the linear absorption. The same trends
are also observed in GaInAs-AlInAs MQWS’s.12

This behavior is easily interpreted in terms of the mecha-
nisms discussed in Section 3. As the plasma density increases,
the energies of the single-particle state renormalize, causing
the continuum edge to shift down in energy, whereas the ex-
citon energies hardly change. The red shift of the continuum
is accompanied by a decrease of the binding energy of the
bound states. These lose absorption strength both because
of the loss of e—h correlation and because of the occupancy of
single-particle states that can now no longer contribute to the
bound-state wave function. At large excitation, well beyond
the Mott density (i.e., when the band-gap renormalization
exceeds the exciton binding energy), only the 2-D-like con-
tinuum is observed. . In the case shown in Fig. 8, the renor-
malization of the 2-D continuum is large enough to shift the
new absorption edge below the lowest-energy exciton reso-
nance. The absorption can saturate further with increasing
excitation but at a smaller rate. In the intermediate regime
before the peaks disappear completely, the changes in ab-
sorption are difficult to describe because bound states
transform progressively into continuum resonances. In these
states, the correlation between electron and hole is large
enough to produce pronounced bumps in the spectra yet is not
sufficient to open a binding-energy gap to produce true bound
states.80 Of course, the spectral shapes of continuum reso-
nances are too complicated to be accounted by the simple
profiles used in our semiempirical fits.

The real (i.e., refractive) part of the optical nonlinearity of
GaAs-AlGaAs MQWS’s was determined by simultaneously
measuring absorption saturation and degenerate four-wave
mixing with a tunable picosecond dye laser.®> Analysis of the
small-signal regime using variations of the semiempirical fits
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and the Kramers-Kronig transformation?® provides the
complete spectra of the real and the imaginary part of the
nonlinearity as defined by the relations

a(N) = a(0) — oV,
7(N) = 7(0) — nesN, (4.1b)

where N is the average carrier density per unit volume. The
variations of g, and 7., versus the photon energy are pre-
sented in Fig. 9. They reproduce accurately the experimental
results, as is shown in Fig. 10, where the experimental spectra
of the linear absorption of the differential nonlinear absorp-

_ tion and of the four-wave-mixing efficiency are compared with

the theoretical ones. The maximum values of the non-
linearities are very large; g, ~ 7 X 10~14 cm? and 7, ~ 3.7 X
10719 cm3. If these quantities are expressed in terms of
nonlinear susceptibilities, they correspond to x® ~ 6 X 102
esu, i.e., much larger than any reported in any other semi-
conductor. As a demonstration of the remarkable optical
nonlinearity of MQWS’s, degenerate four-wave-mixing ex-
periments were performed using as sole light source a cw laser
diode. In asample 1.25 um thick and using a pump intensity
as low as 17 W/cm?, we observed a diffraction efficiency of 0.5
X 1074, comparable with that usually achieved by using high
peak intensities and considerably thicker samples in other
materials. This represents the first reported demonstration
of a cw laser-diode-induced third-order nonlinear optical
process in a semiconductor. The large nonlinear cross section
of excitons in MQWS?’s has also been utilized to mode lock
semiconductor laser diodes. Stable operation showing no
degradation over several months has been observed, and
production of pulses as short as 1.6 psec has been reported.67
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Fig.9. Spectra of the real (.n) and the imaginary (nep) parts of the
nonlinear-optical cross section that measures the changes in ab-
sorption and in refractive index induced by one e-h pair in 100-A
GaAs quantum wells at room temperature.
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Fig. 10. Comparison of the experimental spectra (crosses) for (a)
linear absorption, (b) nonlinear absorption, and (c) degenerate
four-wave mixing with the theoretical spectra (solid lines) using the
model discussed in the text.

Optical bistable devices based on MQWS’s nonlinearities have
also been operated.58

The magnitude of the measured nonlinearity is in quanti-
tative agreement with a simple hard-core model of the exciton
screening by an e~h plasma.*® The model assumes that a
carrier locally perturbs the MQWS’s in such a way that exci-
tons can not be generated within a small area around it. As-
suming that the range of the perturbation is of the order of the
exciton Bohr radius, it is found that the intensity dependence
of the absorption coefficient is given by a simple Lorentzian
functional form. The saturation intensity deduced from this
simple model has a very intuitive interpretation. It corre-
sponds to the intensity that should be incident upon the
sample to generate one carrier per exciton area per carrier life-
time, and its value is in good agreement with experiments. Of
course, such a crude model cannot describe all the details
observed experimentally, and its agreement with experiment
should be considered partly fortuitous.

Recently, more-elaborate many-body theory calculations
have explained most of the features discussed above.33 In this

theory, the excitons are assumed to be ionized by the thermal .

phonons, and free-e-h-pairs effects are considered dominant.
The renormalization of bound- and free-pair energies is
treated in the SPPA adapted to two dimensions. As in three
dimensions, the remarkable lack of shift of the exciton energy
compared with the shift of the continuum is verified. The
exciton Schrédinger equation, including correlation, exchange,
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and room-temperature Boltzmann-distribution phase-space
filling, is solved variationally by taking a 2-D 1S state as the
trial function [i.e., Eq. (2.10)] and using the radius a(N) as
variational parameter. To first order in the pair density, the
oscillator strength of the exciton embedded in the 2-D plasma
is found to be reduced by the factor (1 — N/N,) in which the
saturation density consists of two terms, N,~1 = Ny~1 +
N,~1.53 The first term describes the changes of the exciton
orbital owing to correlation and exchange

1/No = (2/N) lim [1 — a(N)/asp), (4.2a)
N—0

and the other one describes the band-filling blocking ef-
fects
s [UR)
1/Np = (1/N) )k: [fe(k) + fu(k)] |——_U(r —0)
The theory shows a good quantitative agreement with our
results, the experimental data point lying exactly between the
static-screening and the dynamic-screening curves.53 At
present, the theory remains to be extended to explain the
broadening of the exciton line with increasing carrier density,
although some reduction of exciton lifetime (with a conse-
quent broadening of the exciton peak) is to be expected
qualitatively owing to, for example, collisions of excitons with
carriers.

(4.2b)

B. Femtosecond Studies of the Excitonic Optical
Nonlinearity

All the experimental results and the interpretations discussed
so far predict subpicosecond dynamics of the exciton popu-
lation. Since effects induced by bound e-h pairs are quite
different from those that are due to free-e-h pairs, the exciton
ionization should be observable in the time dependence of the
absorption spectrum after selective generation of excitons. At
room temperature, the very short value of the ionization time
necessitates the use of the recently developed femtosecond
spectroscopic techniques.5? To perform true selective gen-
eration of excitons, the pulse duration has to be compatible
with the exciton linewidth. This condition sets an optimal
pulse duration around 100 fsec for the observation of exciton
ionization.

Experiments using the pump-probe configuration with a
150-fsec resolution have resolved exciton ionization in
MWQS’s for the first time. In addition, they have also shown
unexpected results that we will now discuss.”"!

In these investigations, the pulses emitted by a colliding-
pulse mode-locked laser were amplified to generate high-
energy infrared continua 150 fsec in duration at a repetition
rate of 10 Hz.72 Narrow-band (100-A) dielectric filters were
used to select the pump-pulse wavelength from an intense
continuum. Two sets of photon energies could be selected for
resonant and nonresonant excitations. The resonant exci-
tation was designed to generate primarily excitons (i.e., the
pump-wavelength band overlapped the heavy-hole exciton
peak), and the nonresonant excitation at a photon energy
above the band-gap energy created free-e~h pairs directly. A
second independent and significantly weaker broadband
continuum was used to probe the absorption at various delays.
An appropriate choice of neutral-density filters was used to
adjust the concentration of excited e-h pairs to 7 X 1019 ¢cm—2
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(the same density was used in both pumping conditions) for
the majority of the experiments. This rather low concen-
tration was chosen in order to remain in the small-signal re-
gime, where the changes in the absorption spectra are small
and, in particular, the exciton peaks remain observable. The
origin of time (¢ = 0) was set to correspond to the overlap of
the two pulses in the sample and was defined to better than
100 fsec.

Depending on the probe delay, two distinct regimes were
observed. At long times after the arrival of the pump pulses,
i.e., for t > 0.8 psec, a quasi-equilibrium regime is established.
It is characterized by two features. (1) In this regime the
spectrum changes very slowly in time; (2) the changes induced
in the absorption spectrum by resonant or by nonresonant
pumping are indistinguishable, even when observed on the
differential spectra. They are also the same as those observed
with cw and picosecond excitations. In contrast, during the
brief transient regime that occurs for t < 0.8 psec, the varia-
tions of the absorption spectrum depend strongly on the
wavelength of excitation.

In the case of nonresonant pumping, the spectrum trans-
forms progressively from the low excitation profile (dashed
curve in Fig. 11) to the quasi-equilibrium profile (solid curve
in Fig. 11). [The data in Fig. 11 are taken at a relatively high
excitation (1012 cm~2) for comparison with the cw spectra (Fig.
8).] The similarity between the curve obtained with femto-
second excitation and that obtained with cw excitation (Fig.
8) is striking. These high excitation data are taken at the
point where nearly all traces of resonant peaks have disap-
peared from the spectra, and they are both well fitted with a
theoretical spectrum containing only a shifted 2-D-like con-
tinuum component. This similarity between the nonresonant
spectra and the cw spectra extends to low excitation as well.
However, for resonant pumping the evolution of the spectrum
is qualitatively different. The contrast in profile dynamics
for the two types of excitation is clearly evident on the two sets
of differential spectra, taken at 200-fsec intervals, that are
presented in Fig. 12. On the ¢t = 0 curve, it is seen that, when
the heavy-hole exciton is resonantly pumped, it experiences
almost instantaneously a very strong bleaching; in contrast,
the t = 0 differential spectrum for nonresonant excitation
shows only a small reduction of absorption at the heavy-hole
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Fig. 11. Absorption spectra of a multi-quantum-well sample mea-
sured with a very weak femtosecond continuum before and 6 psec after
the resonant excitation at the heavy-hole exciton peak by a 150-fsec
pump pulse. The comparison with the spectra of Fig. 8 taken with
cw lasers is striking. It shows that, in the quasi-equilibrium regime
(that is reached 0.5 psec after the pump pulse), free carriers produce
the same absorption independently of how they are created.
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Fig. 12. Sets of different spectra taken at 200-fsec intervals for
resonant (left) and nonresonant (right) excitation at the heavy-hole
exciton. In the case of direct generation of free-e-h pairs, the changes
in the absorption are proportional to the total number of carriers
present in the sample of the arrival of the probe pulse. In the case
of generation of excitons, a strong instantaneous bleaching is observed
first (t = —200-, 0-, and 200-fsec delay), and it transforms into the
change seen for nonresonant pumping at long delays as the excitons
ionize.

exciton. The larger efficiency of bleaching induced by the
selective generation of excitons is further supported by the
comparison of the ¢ = —200-fsec differential spectra. At this
negative delay, the center of the probe pulse arrives on the
sample before that of the pump pulse. As expected, for
nonresonant excitation not much change is induced in the
absorption, and the differential spectrum is almost flat.
Conversely, for resonant pumping a small but clear bleaching
of the heavy-hole exciton peak is already visible. This ob-
servation is interpreted as follows: At ¢ = —200 fsec, the
leading edge of the pump pulse starts to penetrate the sample,
generating an extremely dilute population of e-h pairs. There
are too few free-e-h pairs to produce noticeable changes of the
absorption, yet the same density of excitons is effective enough
to induce a measurable bleaching that is mostly centered at
the heavy-hole exciton peak. This proves that at short times
the selective generation of excitons is much more efficient
in depleting the absorption of the exciton peak than the di-
rect excitation of free-e—h pairs. Then, in about 0.8 psec, the
absorption at the heavy-exciton peak is found to increase;
however, it does not recover completely, and it settles after
t = 0.8 psec to the same level as for nonresonant pumping
when the quasi-equilibrium regime is finally established. The
spectral dependence of the changes induced near the heavy-
hole exciton peak also indicates different mechanisms in the
two pumping cases. For resonant excitation up to about 300
fsec after the pulse center, the differential spectra are positive

- at the exciton peak and just below, showing that the lowest-

energy transitions are blocked. Then a small negative dip
develops below the peak, showing that, at these wavelengths,
the absorption eventually increases under excitation. The
same dip is also observed from the beginning under nonreso-
nant pumping and corresponds well to that observed under
cw excitation. This feature was interpreted as resulting from
broadening of the excitonic absorption. It is interesting to
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note that, in contrast, the changes around the light-hole ex-
citon are quite similar in the two cases. All the features in the
differential spectra for nonresonant excitation show the
progressive and smooth evolution mentioned above.

To follow the dynamics more precisely, the time variation
of the amplitude of the heavy-hole exciton peak for the two
pumping cases is presented in Fig. 13.707! In the small-signal
regime, when free-eh pairs are directly created in the con-
tinuum, we expect the induced changes to be proportional to
the carrier concentration, and indeed the dashed line in Fig.
13 follows the integral of the pump pulse well. The solid line
gives the effects of the selective generation of excitons by
resonant excitation. It can be fitted accurately by a model
assuming the instantaneous generation of excitons with a
nonlinear cross section ox ~ 10713 ¢cm? that transform in 300
fsec into free-e-h pairs with a nonlinear cross section o, ~ 5
X 10714 ¢m2, which then live for a very long time, i.e., several
nanoseconds. The cw, picosecond, and femtosecond non-
linear cross-section measurements for free-carrier effects are
in excellent agreement.

Finally, in order to verify the role of thermal phonons in the
exciton-absorption dynamics, the same resonant-pumping
experiment was repeated at 15 K, where the phonon density
is substantially smaller. The variation of the heavy-hole
exciton peak in this case is shown by the dashed-dotted curve
in Fig. 13. The same instantaneous bleaching is observed, but
in this case the absorption takes a very long time (13 psec) to
recover.’1

These experiments are the first to our knowledge to resolve
the ionization of exciton by thermal phonons in real time.
The measured ionization time 7; = 300 + 100 fsec is in ex-
cellent agreement with the value predicted from the line-shape
analysis, and it corresponds quite well to the mean time for
collisions between LO phonons and free carriers in GaAs.”

i 1 I 1 | i

-0.2 0.2 0.4 0.6 [ X ]
TIME (psec)

Fig. 13. Dynamics of the heavy-hole exciton-peak absorption under
femtosecond excitation at room temperature for resonant pumping
(solid line) and nonresonant pumping (long-dashed line) showing the
exciton ionization and the stronger saturation induced at short times
by excitons. The effect of density of thermal phonon on the ionization
is shown by the short-dashed line, which gives the dynamics of the
exciton peak under resonant pumping at a temperature of T' = 15

K.
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The results also show that the effects of excitons on the ab-
sorption spectra can be larger than those of free carriers. This
surprising result is in contradiction to commonly accepted
ideas and deserves some discussion.

Until now, theoretical and experimental comparisons be-
tween the optical consequences of free carriers and exciton
populations have compared the effects of the two species at
the same temperature and in three dimensions. Our work
presents two novel aspects, the extremely short duration of
the optical excitation and the reduced dimensionality of the
samples, both of which are important in the interpretation of
our results.

First, in two dimensions or in quasi-2-D systems, because
the particle motion is restricted, the screening effects can be
significantly smaller than in three dimensions. In the extreme
2-D limit, the screened potential of a point source falls off at

_large distance at a considerably slower rate than the expo-

nential decay in three dimensions; V,(r) ~ e2A,%/¢ors3.74 In
that case, the screening length at high temperature is A; =
€0k T/27wNe2, and at low temperature it becomes independent
of the carrier density, A, = ¢gh?/4me2 The case of multilayer
systems is intermediate between two and three dimensions.”®
In this case, at short distance the form of the screened po-
tential of a point charge is complicated,’ but it has the usual
Yukawa functional form at extremely long distance, both in
the plane of the layers and normal to the layers; the screening
length is, however, changed: A, = (Lypéok T/4mN e2)1/2, The
appearance of the barrier-layers thickness in this expression
reflects the fact that, for a point source in a layer, the screening
charges of the other layers cannot approach closer than Ly,
and hence the screening is partly inhibited compared with that
in three dimensions. Thus, in our samples, the relative
strength of the blocking and the exchange mechanisms owing
to the exclusion priniciple is enhanced compared with that of
electrostatic screening.

In addition, when excitons are generated selectively at the
lowest-energy states of the system, for a brief moment their
temperature is essentially zero. It is one of the advantages
of femtosecond spectroscopy that it enables us to observe the
gas of excitons before they can interact with the thermal
reservoir. As excitons collide with LO phonons they release
e-h pairs, whose energy is at least hQro — E1s~ 25 meV and
which thermalize among themselves and with the lattice in
a few hundred femtoseconds. Thus our experiment compares
the effects of a gas of exciton at 0 K with those of a warm e-h
plasma. The free-carrier band-filling effects and screening
are strongly reduced by the high temperature, whereas, at
short times, excitons are as efficient as they would be at very
low temperature.

Let us first consider the blocking mechanisms. As was al-
ready mentioned, the generation of one exciton produces the
same phase-space filling as a distribution of electrons and

holes given by Eq. (3.9). If we use this distribution in Eqs.’

(3.2) and (4.2b) and assume a 2-D 1S wave function for the
exciton, i.e., U(k) given by Eq. (2.10b), a surprisingly simple
expression is found for the saturation density7s:

1 32 2
— = —wagp’.
N, 7 2D

The correct description of phase-space filling gives essentially

(4.3)

the same result as the intuitive hard-core model with, however,

an effective excitonic area about twice as large than that de-
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fined by its Bohr radius. This again is intuitively easy to
understand. The Bohr radius corresponds to the maximum
of the relative probability density in the 1S state, i.e., P(r) =
27xr|U(r)|2, but, as is seen in Fig. 3, the actual density extends
well beyond a circle of radius asp, and the factor 32/7 simply
accounts for that. The band-filling effects that are due to the
e-h plasma can be evaluated by the same method but using
this time the temperature-dependent Boltzmann distribu-
tions. For a binding energy of 9 meV, it is found that the
saturation density for free-carrier phase-space filling is ap-
proximately 1.5 times smaller than that resulting from exci-
tons.’® In order to compare the magnitude of the theoretical
saturation density with the experimental cross section, we can
use Eq. (4.3) to evaluate the exciton Bohr radius. One finds
asp = 55 A, in surprisingly good agreement with the value asp
= 64 A calculated variationally to account for the finite well
thickness (see Section 2) in our sample.36:37

Let us now discuss the consequences of screening. They
are difficult to evaluate in a closed form, especially in the case
of our samples that consist of multiple layers of finite thick-
ness. When the screened Coulomb potential is used in the
exciton Schrédinger equation, the binding energy and the
absorption strength decrease in a correlated manner, as was
stressed by Eq. (2.14). We can thus follow the effects of
screening on the binding energy, or, since the metal-insulator
transition occurs when the binding energy vanishes, we can
use the critical density N, at the transition as scaling pa-
rameter to evaluate the screening strength. For static plasma
screening in the Debye limit, a rough estimate, deduced from
the simple Mott criterion, gives a N. « kT dependence; this
shows that the effects of screening decrease strongly with
temperature. Although the Mott criterion may overestimate
the reduction of screening, it illustrates well how the thermal
kinetic energy that favors uniform distributions competes with
the electrostatic force, which tends to concentrate the carriers
around the potential sources. Numerical calculations confirm
this tendency; they indicate that N, can increase by 1 order
of magnitude from low to room temperature. Various theories
show that screening by a gas of excitons is less effective than
that of a charged plasma at the same temperature. Only a
limited number of theoretical studies have considered the
question of screening by different temperatures of carriers and
excitons, and among them only Refs. 63 and 64 have reported
quantitative results. In this work, it was found that, in three
dimensions, when the motion of the exciton center of gravity
is included in the theory, screening by a cold exciton gas is
larger than that of a warm plasma (T ~ 100 K). Atpresent,
no theory of exciton screening in quasi-2-D systems is avail-
able, but the same trends should apply. It should also be
remembered that in reduced-dimensionality systems, the
contribution of screening to exciton bleaching is considerably
decreased compared with that due to phase-space filling.

Therefore we interpret the femtosecond dynamics of the
exciton absorption under resonant pumping as resulting from
the combination of the large difference between the temper-
ature of the exciton gas and that of the e-h plasma generated
by thermal ionization and to the reduction of the strength of
screening effects in reduced-dimensionality systems.

Of course, the experimental comparison of the relative
consequences of low-temperature excitons versus a warm
plasma is difficult to perform accurately in a bulk crystal. Our
experiment has the unique ability to compare directly the
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effects of the two species at precisely the same density. Our
investigation has shown a most unusual optical nonlinearity
that comprises two contributions; one contribution has a fast
recovery time and also has a nonlinear cross section about
twice as large as the second contribution that recovers much
more slowly. The practical consequences of nonlinearities
of this type have not yet been fully investigated, although
there is some speculation that they might be involved in the
pulse-shaping mechanisms of laser-diode mode locking? using
a MQWS saturable absorber.

5. CONCLUSIONS

Excitonic effects in ultrathin semiconductor layers are
strongly modified by quantum-size effects. The confinement
in a layer whose thickness is smaller than the Bohr radius of
the bulk compound increases e-h correlation in MQWS’s.
This results in a larger binding energy and an enhanced ex-
citonic-absorption strength. A consequence of these effects
that is of central interest for the investigations reported in this
paper is the observation of exciton resonances at room tem-
perature. Although the resonances are clearly resolved in the
absorption spectra, the excitons themselves are unstable
against thermal ionization by LO phonons. They release free
electrons and holes in about 0.3 psec. Both the existence of
the resonances and the rapid ionization of the excitons are
important in understanding the nonlinear optical properties
of MQWS’s near the band gap.

The nonlinear-optical effects in the vicinity of the band gap
of MQWS’s involve different mechanisms according to the
wavelength and the duration of the excitation. The same
effects are observed either when carriers are directly generated
by photoexcitation above the exciton resonances or when
optical pulses that are long compared with the exciton ion-
ization time are used. Very efficient nonlinear absorption and
refraction are measured. These phenomena are well de-
scribed by plasma screening and phase-space filling by free
carriers. They are large enough to be utilized in device ap-
plications, and demonstrations of cw laser-diode four-wave
mixing, generation of picosecond pulses by laser-diode mode
locking, and optical bistability have already been reported.
In contrast, the nonlinear optical processes induced by ul-
trashort pulses depend critically on the wavelength of exci-
tation. When ultrashort optical pulses with photon energy
centered at the exciton-peak transition are used to create
excitons selectively, it is possible to time-resolve the effects
of the bound e-h pairs on the absorption spectrum and to
follow their ionization in real time. The modifications of the
absorption observed after ionization are same as those seen
with long pulses or with nonresonant ultrashort excitations.
However, at very short times, a strong bleaching of the exciton
peak occurs; unexpectedly, the nonlinear optical effects that
are due to the gas of neutral bound pairs are found to be ap-
proximately twice as efficient as those induced by free-e-h
pairs. The explanation of these large effects with an exciton
gas is phase-space filling by the excitons, which directly blocks
the creation of further excitons. These effects can be larger
than the effects resulting from the warm free carriers because
(1) the effective temperature of the carrier distribution that
corresponds to the exciton is low (at least before the exciton

interacts with the phonons), and so phase-space filling and

exchange effects are relatively strong, and (2) the screening
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by free carriers is weakened by the high temperature of the
carriers and by the reduced dimensionality.

Nonlinear-optical effects associated with changes of pop-
ulation are usually thought to be slow because they are nor-
mally controlled by the population relaxation time to the
ground state or to states of lower energy. The unusual nature
of the relaxation of excitons in MQWS’s at room temperature
introduces a new concept in nonlinear optics. This system
has the peculiarity of relaxing at least initially toward states
of higher energy and of larger temperature. Insuch systems,
it becomes possible to create a cold population that is efficient
in changing the optical properties and that transforms in a
subpicosecond time into another, longer-lived species. Be-
cause the final species is half as efficient as the initial one in
changing some of the optical properties of the material, large
and yet fast nonlinearities are obtained. The consequences
of these features have not yet been completely explored; they
may already be playing an important role in laser-diode mode
locking.
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