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Effect of inhomogeneous broadening on optical properties of excitons in quantum wells
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The effect of inhomogeneous broadening on exciton-light coupling in quantum wells~QW’s! is studied by
a semiclassical model, in which the exciton resonance frequency is assumed to have a Gaussian distribution.
The presence of disorder may be observed in absorption, but not in reflectivity spectra. The integrated absorp-
tion of light in single and multiple QW’s is nonzero only in the presence of a finite damping and increases with
enhancement of either homogeneous or inhomogeneous broadening: only when broadening is larger than the
exciton radiative width does the integrated absorption attain the saturation value expected from the exciton
oscillator strength and the number of QW’s. This behavior is similar to that of exciton-polariton absorption in
bulk semiconductors, but unlike the bulk case it is not due to spatial dispersion. For multiple QW’s, QW’s in
a microcavity and in a thick film of bulk, in general, disorder produces a decrease of the period of oscillations
in the time-resolved transmission and yields a faster decay of the signal. However, inhomogeneous broadening
is also found to lead to beatings in the time-resolved transmission or reflection of light from asingleQW: the
oscillations, which originate from interference between upper and lower wings of the exciton distribution, may
be observed in high-quality samples.@S0163-1829~98!06507-2#
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I. INTRODUCTION

The effect of disorder on optical properties of quantu
well ~QW! excitons is an important question that is curren
of great interest.1,2 The microscopic origin of disorder i
most commonly interface roughness or alloying. Disord
manifests itself in both cw and time-resolved experimen
Typical phenomena related to disorder include the Sto
shift and inhomogeneous broadening of exciton lines, mi
Lorentzian-Gaussian line shapes,3 modification of exciton ra-
diative lifetime,4,5 change of beat period in linear and no
linear pulse propagation,6–10 motional narrowing, and modi
fication of Rabi splitting for QW excitons in
microcavities.11–13 Disorder is also responsible for mome
tum broadening, giving rise to resonant Raylei
scattering,14–16 finite risetime in the time-resolved behavio
of secondary radiation ~Rayleigh scattering and
luminescence!,17–21 etc. While the first class of phenomen
can be viewed as effects ofdephasing, or partial breakdown
of temporal coherence, the second kind of phenomena im
scatteringand partial breakdown of spatial coherence.

In this work we study the effect of disorder on line
optical properties of excitons in QW’s by means of a sim
semiclassical model for inhomogeneous broadening.
model assumes conservation of the in-plane wave vector
a Gaussian distribution of exciton energies, which is tak
into account in the dielectric susceptibility of the structu
This approach may be related to the microscopic mode
in-plane potential fluctuations with a scale that is mu
smaller than the wavelength of light. Our purpose is thr
fold: ~i! to give representative results for the effects of inh
mogeneous broadening on both cw and time-resolved exp
ments in several situations like single and multiple QW
570163-1829/98/57~8!/4670~11!/$15.00
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thin layers, microcavities;~ii ! to study in detail the effect of
disorder in a paradigmatic system, namely, the single qu
tum well ~SQW!, particularly for time-resolved experiment
We obtain in fact a new and unexpected result, namely,
a continuousdistribution of excitonic frequencies may giv
rise to beatings in the time-resolved transmission;~iii ! to
address the question of integrated absorption in single
multiple QW’s as a function of both homogeneous and inh
mogeneous broadening.

The problem of integrated absorption in multiple quantu
wells ~MQW’s! is related to the issue of exciton-polarito
absorption in bulk semiconductors. The mixed modes of
exciton and photon fields, i.e., the polaritons,22,23are station-
ary states in bulk crystals unless dissipative processes
introduced. It was found experimentally that the integra
excitonic absorption increases as a function of tempera
up to a critical temperatureT* , reflecting the increase o
damping, and only forT.T* does it attain the value ex
pected from the exciton oscillator strength;24–27this behavior
is explained theoretically when spatial dispersion is tak
into account28–30~see Sec. IV for a fuller discussion!. Similar
experiments performed on MQW’s seemed to give the sa
result, namely, that the integrated absorption increases
temperature;27 however, the interpretation was not cle
since spatial dispersion of the exciton in uncoupled MQW
can only be present for a finite angle of propagation w
respect to the growth direction. In this work we reexami
the question of integrated absorption in MQW’s, and sh
that different interpretations follow from different definition
of ‘‘absorption’’ ~either dimensionless, or with the dimen
sions of an inverse length! which may be given in quasi-2D
systems.

Since the present model assumes conservation of the
4670 © 1998 The American Physical Society
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57 4671EFFECT OF INHOMOGENEOUS BROADENING ON . . .
plane wave vector, it cannot account for phenomena rela
to the breakdown of spatial coherence, like resonant R
leigh scattering. Also, applications are presented for the s
plest physical situations: we neglect exciton excited sta
and the electron-hole continuum, as well as the effects
lated to the presence of a cladding layer.31 The latter are of
course important in real structures, particularly for a prec
determination of reflectivity line shapes, but are unrelated
the problem of inhomogeneous broadening, which is
main issue here.

It must be emphasized that disorder is a static pertu
tion, which by itself induces no dephasing since all scatter
processes are elastic. Disorder produces a~partial! exciton
localization and results in an inhomogeneous distribution
exciton energies; an incident pulse excites all oscillators
phase, and each level has a coherent time evolution. H
ever the different phases of excitons with different energ
give rise to interference, which may be called disord
induced dephasing.17 The interference of different energ
levels in the emitted radiation is responsible for most f
tures in the time-resolved response presented in this pa
Scattering terms changing the in-plane wave vector~which
are neglected here! remove excitons emitting in the phas
matching directions and produce emission in all other dir
tions, thus yielding resonant Rayleigh and luminescence
nals with a finite rise time. The emission in the transmissi
reflection directions is thus the spatially coherent signal fr
excitons which do not undergo scattering events. Correct
to the present model therefore depend on the total amou
scattered light, and of its time evolution. This point will b
discussed again in Secs. II and V.

Previous investigations of the effects of disorder will no
be briefly discussed. Microscopic theories for moment
scattering of QW excitons due to interface roughness h
been developed17,32,33,12in which the exciton center-of-mas
motion problem in a disordered potential is solved by n
merical integration. Semiclassical models for the effect
inhomogeneous broadening on excitons in MQW’s are
scribed in Refs. 34, 35 and 31: in these papers, howe
only vertical disorder is considered, i.e., due to the differe
exciton energies in different wells. The present model, on
other hand, accounts forlateral disorder due to interface
roughness and applies also to a single QW. The differe
between lateral and vertical disorder in the optical respo
of the structure holds even in the case of wave vector c
servation and can be formulated as follows: lateral disor
influences the dielectric susceptibility of each quantum w
while vertical disorder just shifts the exciton resonance
ergy in different wells. A Green’s-function approach for d
scribing the effect of a disorder potential on exciton-lig
coupling is presented in Refs. 7 and 8. These works
closely related to the results presented here. Several pa
address the question of microcavity-embedded QW excit
in the presence of disorder.36–40,10,12,41A more detailed com-
parison with existing approaches and results will be given
the course of the paper.

The rest of this paper is organized as follows. In Sec
we describe the model for inhomogeneous broadening
Sec. III results for cw optical properties are presented. S
tion IV is devoted to the problem of integrated absorption
single and multiple QW’s. In Sec. V we discuss tim
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resolved transmission and reflection in single and multi
QW’s, thin films, and microcavities. Section VI contain
concluding remarks.

II. MODEL

In the framework of linear nonlocal response theory42

Maxwell equations for a light wave normally incident on
single quantum well in the vicinity of the exciton resonan
frequency can be written in the form

¹3¹3E5
v2

c2
D, ~1!

where

D~z!5e`E~z!14pPexc~z!, ~2!

Pexc~z!5E x~z,z8!E~z8!dz8, ~3!

and the nonlocal susceptibility is expressed as

x~v,z,z8!5x~v!F~z!F~z8!, ~4!

where F(z) is the exciton envelope function taken wit
equal electron and hole coordinates, andz is the normal to
QW plane direction. Taking into consideration only th
ground exciton state, one can write, in the absence of in
mogeneous broadening,

x~v2v0!5
e`vLTpaB

3v0
2/c2

v02v2 ig
, ~5!

wherev0 is the exciton resonance frequency,g is its nonra-
diative homogeneous broadening,vLT is the exciton
longitudinal-transverse splitting in the bulk material, andaB
is the bulk exciton Bohr radius.

Solving Eq.~1! using the susceptibility~5! and supposing
for simplicity the background dielectric constants in the w
and barrier to be equal, one can obtain the amplitude refl
tion and transmission coefficients in the form43,44

r 5
iG0

ṽ02v2 i ~g1G0!
, t511r , ~6!

where the renormalized frequencyṽ0 differs from v0 by a
radiative shift

ṽ02v05
kvLTpaB

3

2 E E dz dz8sinkuz2z8uF~z!F~z8!,

~7!

the optical wave vectork5Ae`v/c, and the radiative decay
rateG0 of the exciton wave function is given by

G05
kvLTpaB

3

2 F E F~z!coskz dzG2

5
p

Ae`

e2

mc

f xy

S
~8!

in terms of the oscillator strength per unit areaf xy /S. The
exciton radiative lifetime is 1/(2G0). G0 is typically a frac-
tion of a meV ~0.02–0.05 meV for GaAs/AlxGa12xAs or
InxGa12xAs/GaAs QW’s!.
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4672 57ANDREANI, PANZARINI, KAVOKIN, AND VLADIMIROVA
We suppose that due to inhomogeneous broadening
exciton resonance frequency is described by a Gaussian
tribution function and neglect possible dependence of
exciton envelope function on energy. The validity of the l
ter assumption has been confirmed within a microsco
model,17 provided the envelope function corresponding
the average QW width is used in the calculation. Thus,
substitute the resonant dielectric susceptibility~5! by a func-
tion

x̃ ~v!5
1

ApD
E dn x~v2n!expF2S n2v0

D D 2G
5

i e`vLTp3/2v0
2aB

3

c2D
w~z!, ~9!

where

z5
v2v01 ig

D
~10!

and

w~z!5e2z2
erfc~2 iz!, ~11!

erfc(z) being the complementary error function.45 Here we
have supposed thatD,g.0. Solving Eq.~1! with the suscep-
tibility ~9! one can obtain, instead of Eq.~6!,

r 52
ApG0w~z!

D1Ap„G01 i ~ṽ02v0!…w~z!
, t511r . ~12!

In the following we will neglect the exciton radiative shif
which is usually!G0, and therefore assumeṽ02v0'0.
The form ~12! of the reflection coefficient is convenien
since thew function can be evaluated by series expansion45

In case of small inhomogeneous broadening one can
the asymptotic expression

w~z!→
i

Apz
, uzu→`, ~13!

and Eq.~12! reduces to Eq.~6!.
We would like to stress at this point that for any form

the susceptibilityx(v2v0) the reflection coefficientr can
be represented as

r 5
iax

12 iax
, ~14!

where a5G0c2/(«`vLTpv0
2aB

3). This follows from Max-
well equations~1!–~3! with nonlocal dielectric susceptibility
~4!, and corresponds to a full inclusion of reabsorption,
polaritonic effects beyond perturbation theory. The pro
dure is appropriate if the scale of in-plane potential fluct
tions acting on the exciton center of mass is much sma
than the wavelength of light in the mediuml, so that all
excitons give a coherent contribution to the susceptibil
Indeed in microscopic models of interface roughness du
growth islands of small linear extension the potential cor
lation length is of the order of the exciton radius,17 i.e., much
smaller thanl. The distribution of the exciton resonanc
he
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frequency is taken into account here by averaging the s
ceptibility x in Eq. ~14!; the present model is similar to tha
of Refs. 7 and 8, where a random potential with short-ran
correlation is assumed and the linear susceptibility is
tained by a configuration average. Both here and in Ref
and 8 scattering processes that break wave-vector cons
tion are neglected: the effect of scattering is now discuss

In general, an extinction coefficient can be defined, wh
is the sum of absorption and scattering coefficients:46 absorp-
tion represents dissipation of energy in the system, while
scattering term accounts for light that is reemitted in dire
tions other than those of transmission and reflection. T
scattering efficiency for resonant excitation of free excito
in QW’s is usually considered as small, however, system
investigations of its value are not available in the literatu
Measurements of the intensity of resonant Rayleigh sca
ing in QW’s indicate that the ratio of total elastically sca
tered light to reflected light is of the order of 1023 or
smaller.47 A similar value is obtained by estimating the sca
tering coefficient using Rayleigh’s classical formula.48,49

Thus the scattering term is indeed small, and the approxi
tion of identifying extinction with absorption is well justi
fied, at least for cw experiments. A discussion of the effec
scattering for time-resolved experiments is deferred to S
V.

Within the present approximation of neglecting scatterin
absorption is defined as

A~v!512ur u22utu2; ~15!

absorption of a quantum well for vanishing inhomogeneo
broadening is

A~v!5
2gG0

~v02v!21~g1G0!2
, ~16!

so that the integrated absorption is

E dv A~v!5
2pgG0

g1G0
. ~17!

In case of inhomogeneous broadening the integrated abs
tion depends on both broadeningsg andD.

Time-resolved reflection and transmission spectra fr
the single quantum well have the same shape because
corresponding amplitude coefficients are related byt511r .
For example, the time-resolved transmission in case of in
dentd pulse is described by a function

G~t!5E dv

2p
exp~2 ivt!t~v!. ~18!

The experimentally detectable quantity is the intensity
light that is proportional touG(t)u2. In case of no inhomo-
geneous broadeningG(t) can be calculated analytically:

G~t!52G0exp@2~g1G01 iv0!t# ~t.0!. ~19!

In order to generalize this formalism for the case of MQW
one should derive the amplitude reflection and transmiss
coefficients of MQW in terms of the single QW reflectio
and transmission coefficients~12!. This can be done by using
a transfer matrix method. At normal incidence, in the ba
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57 4673EFFECT OF INHOMOGENEOUS BROADENING ON . . .
of amplitudes of incoming and outgoing light waves t
transfer matrix across the period of the MQW structure ha
form

M̂5
1

t F ~ t22r 2!eikd re2 ikd

2reikd e2 ikd G , ~20!

whered is the period of the structure. The eigenvalues of t
matrix can be written in form

e6 iQd5
m111m22

2
6A~m111m22!

2

4
21, ~21!

wherem11 andm22 are the diagonal elements of the matr
M̂ . The eigenvectors of this matrix can be represented a

I 65F 1

a6
G , ~22!

where

a65
reikd

e2 ikd2te6 iQd
. ~23!

Representing the light wave inside the structure as a lin
combination of two eigenvectors and using the Bloch th
rem one can obtain the amplitude reflection and transmis
coefficients of the MQW in the form

r MQW5
a1a2~12e2iNQd!

a22a1e2iNQd
; ~24!

tMQW5
~a22a1!eiNQd

a22a1e2iNQd
e2 ikd. ~25!

The eigenfrequencies of exciton polaritons in t
structure50,51 must satisfy the equation

a1eiNQd5a2e2 iNQd. ~26!

Substituting the amplitude coefficients~24!,~25! into Eqs.
~15!,~18! one can obtain, respectively, the absorption a
time-resolved transmission spectra of the MQW.

For excitons in thick films~with a thickness much large
than the exciton Bohr radius! one can use the local respon
theory. The inhomogeneous broadening can be taken
account in the frequency-dependent dielectric function of
layer, which can be written in the vicinity of the excito
resonance as

e~v!5e`1
x̃ ~v!c2

paB
3v2

, ~27!

where x̃ (v) is the same as in Eq.~9!. In order to take into
account the spatial dispersion one should replace
x̃ (v):v0→v01(\k2/2M ), whereM is the exciton mass. In
this case, to calculate the optical properties of the system
should introduce additional boundary conditions on the ex
tonic contribution to the dielectric polarization. In the fo
lowing, however, we will ignore the exciton spatial dispe
sion and use therefore only the usual Maxwell bound
conditions.
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III. CW SPECTRA

In Fig. 1 we show the reflectivity of a single QW for th
cases of homogeneous broadening~dashed line! and inhomo-
geneous broadening~solid line!. Note thatg represents the
half-width at the half-maximum~HWHM! of the homoge-
neous line, whereas the HWHM of the inhomogeneous l
is DAln2. The tails of the reflectivity curves are Lorentzia
in both cases: in fact from the asymptotic behavior of thew
function @Eq. ~13!# one sees that the line shape~12! tends to
the Lorentzian form~6! far from the line center. Thus it is
difficult to distinguish between homogeneous and inhomo
neous broadening in reflectivity experiments. The phase
the reflection coefficient is shown in the inset of Fig. 1 and
seen to have a similar behavior for both sources of broad
ing.

Figure 2 shows the calculated absorption line shape
both homogeneous broadening~dashed lines! and inhomoge-
neous broadening~solid line! for the cases of one and fiv
quantum wells. Here the inhomogeneously broadened s
trum decays like a Gaussian in the tails; thus it is possible
distinguish whether the line is mainly homogeneously or
homogeneously broadened by performing a careful li
shape analysis of absorption measurements.3 Figure 2 also
shows that absorption obviously increases with the num
of QW’s, while the line shape does not change apprecia
Peculiar, asymmetric line shapes are obtained for MQW
when broadening is comparable to or smaller than the ra
tive width. To give an example, the inset of Fig. 2 shows t
absorption line shape for five QW’s with very small valu
of both broadenings. The asymmetry and the peak struc
originate from radiative coupling between the QW’s, whi
gives rise to a splitting of the eigenmodes.50–53,31However,
in practice the inhomogeneous broadening grows rap
with the number of QW’s due to unavoidable differenc
between the well widths, so that the peculiar line shape

FIG. 1. Reflectivity of a single quantum well, forg50, D
50.4 meV~solid line! andg50.25 meV,D50 ~dashed line!. Inset:
phase of the reflection coefficient. In this and the following figur
the index of refraction isn53.26 and the radiative width is taken t
be G050.026 meV, corresponding to a GaAs/Al0.4Ga0.6As QW of
about 10 nm thickness.
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washed out and only the Lorentzian-Gaussian line sh
shown in Fig. 2 remains.

Figure 3 shows the calculated reflection spectra for fi
Bragg arranged QW’s, i.e., a MQW structure with a peri
d5l/2, wherel is the wavelength of light in the media a
the exciton resonance frequency. In the absence of inho
geneous broadening the spectrum reminds typical spect
Bragg mirrors, i.e., shows a plateau and symmetric osci
ing tails. The plateau corresponds to the optical stop b
and the oscillations are associated with eigenfrequencie
exciton-polariton modes in the system. In the presence
very weak disorder (D50.01 meV! the spectral line shap
far from the exciton resonance frequency remains almost
changed while the plateau transforms to two well-disti
peaks. This indicates that the positive interference of all
flected light waves in the structure that is responsible for

FIG. 2. Absorption of a single quantum well and a MQW wi
five wells, for g50, D50.4 meV ~solid line! and g50.25 meV,
D50 ~dashed line!. Inset: absorption for five QWs, withg50, D
50.01 meV.

FIG. 3. Reflectivity of Bragg arranged MQW with five well
~periodd5l/2), for different values of the inhomogeneous broa
ening.
e

e

o-
of
t-
d
of
a

n-
t
-
e

stop-band appearance is lifted in case of even small disor
At D50.1 meV there is no more oscillations in the spectru
and its form tends to a usual Lorentzian. This is a limit
strong disorder~in comparison with the radiative broaden
ing! that suppresses all interference effects in the struct
This is realized in the majority of real samples.

Electromagnetic coupling between excitons in MQW
gives rise to eigenmodes with different energies, or in ot
words, to a radiative splitting of the exciton states. The st
that matches the wave vector of light in the sample has
largest radiative width:50,52 this can lead to a radiative life
time that is much shorter than for a single QW. Since t
‘‘superradiant’’ radiative recombination requires phase c
herence between excitons in different wells, it is obviou
of interest to examine in which way disorder competes w
radiative coupling. For a single QW it was already show
that disorder decreases the radiative width;4 a model based
on vertical disorder suggested that for MQW’s inhomog
neous broadening has to be compared with thesuperradiant
decay rate.35 In Fig. 4 we show the decay rate~i.e., minus the
imaginary part of the complex energy! for the optically ac-
tive mode in Bragg-arranged MQW’s. It has been fou
from Eq. ~26! solved numerically in the complex plane.
can be seen from Fig. 4 that the superradiant width is ind
suppressed by disorder, and that the energy scale for
suppression grows with the number of QW’s. Collective
fects in the radiative properties of excitons in Bragg a
anti-Bragg arranged MQW’s have been recently observe54

IV. INTEGRATED ABSORPTION

It is often taken for granted that the frequency integral
the exciton absorption line is a temperature-independent c
stant, which is proportional to the exciton oscillator streng
Such a statement follows from a treatment of excito
radiation coupling within second-order perturbatio
theory55,42 and therefore neglects the oscillatory exchange
energy between exciton and photon, which is characteri
of polaritonic effects. Within the exciton-polarito
picture22,23,56,42optical absorption cannot be due to couplin
of light to the exciton alone, but must follow from the pre

-

FIG. 4. Radiative width for the optically active mode of a Brag
arranged MQW with different number of wells~periodd5l/2), for
different values of the inhomogeneous broadening.
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ence of dissipative processes like exciton-phonon coupl
In physical terms, the incoming photon produces an ex
tonic transition, and is then reemitted with the same wa
vector, and so forth, unless scattering events break the tr
lational symmetry and transfer energy to the crystal lattic

Absorption experiments performed on bulk CdS24

GaSe,25 ZnSe,26 and GaAs~Ref. 27! crystals indicated that
on decreasing the temperatureT, the integrated absorptio
K(T)5* linea(v) dv remains constant only above a chara
teristic temperatureT* , then forT,T* it decreases toward
smaller values. The temperatureT* marks the crossove
from the excitonic (T.T* ) to the polaritonic (T,T* ) re-
gime; only in the former case the exciton-light coupling c
be treated by perturbation theory. From a theoretical poin
view, it was shown57 that if the exciton has no spatial dis
persion the integrated absorption has to be constant and
perature independent: this can also be viewed as a co
quence of the sum rules embodied in Kramers-Kro
relations, which, however, do not necessarily hold if the
electric constant is wave-vector dependent. In fact, when
citonic spatial dispersion is taken into account the integra
absorption is found to depend on dampingg compared with
a critical valuegc5v0A2e`\vLT /(Mc2):29,30for g,gc the
integrated absorption grows withg, while for g.gc it is a
constant. Thus the crossover from polaritonic to excito
regimes is governed by the temperature dependence o
exciton dampingg.

Recent experiments performed on GaAs/AlxGa12xAs
MQW’s ~Ref. 27! indicated a temperature dependence of
tegrated absorption that is similar to that observed in b
GaAs, namely, an increase at low temperature followed
saturation. However, since the QW’s in Ref. 27 are electro
cally uncoupled, exciton motion along the growth directi
cannot occur, and spatial dispersion is present only for
plane motion of the exciton. The temperature dependenc
integrated absorption is attributed in Ref. 27 to the fin
angle of incidence of the incoming beam; however, no d
nite conclusions are drawn. In another theoretical work58 the
integrated absorption of a MQW structure has been ca
lated taking into account the optical coupling of homog
neously broadened exciton resonances in QW’s; this w
predicted the increase of integrated absorption with temp
ture increase also for a normal incidence. An important qu
tion for this kind of analysis is which definition of absorptio
has to be used, i.e., whether the quantityK(T) refers to the
integral of the absorption coefficient~with the dimensions of
an inverse length! or of the optical densityA512R2T
~which is obviously dimensionless!. A reexamination of the
issue of integrated absorption in single and multiple QW’s
clearly needed, and is the purpose of this section.

Here we concentrate on the definitionA512R2T,
which is directly measured in an optical experiment; t
quantity will be referred to as ‘‘absorption’’ or ‘‘optical den
sity.’’ In the case of homogeneous exciton broadening,
frequency integral* lineA(v) dv is seen to depend on exc
ton damping@Eq. ~17!#: for g!G0 the integrated absorptio
is proportional tog, while for g@G0 it is a constant and is
proportional to the oscillator strength per unit area. This
sult admits a simple physical interpretation in terms of wa
vector conservation. An incoming photon has a finite pro
ability of being absorbed by the exciton; however, since
in-plane wave vector is conserved the photon is reemitte
g.
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either the transmission or the reflection directions, and
both cases no energy is absorbed~i.e., dissipated! in the crys-
tal. Only if the exciton suffers scattering events~embodied in
the dampingg) before decaying radiatively is the incomin
photon removed from the transmitted/reflected beams. T
the total energy dissipated in the crystal increases with
rate of damping processes compared to radiative recomb
tion.

In Fig. 5 we show the integrated absorption for MQW
as a function of dampingg, for homogeneous broadenin
only ~solid lines! and for a finite value of the inhomogeneou
broadeningD ~dashed lines!. In all cases the integrated ab
sorption increases with the damping; however, whenD50
~homogeneously broadened case! the integrated absorption
vanishes forg→0, while if DÞ0 it tends to a constant valu
for g→0 ~thus whenDÞ0 the integrated absorption has
discontinuity atg50, since it must vanish there!. For large
damping the integrated absorption saturates to a cons
value, which reflects the total oscillator strength of the ex
ton in the MQW, and equals 2pNG0. The critical value ofg,
for which the integrated absorption starts to saturate, a
increases with the number of wells reflecting the increase
the radiative width;50,51 this is quite important for an experi
mental observation, since the critical value ofg for one QW
is of the order ofG0 and is too small for the increase o
integrated absorption to be observed. The behavior show
Fig. 5 indicates that an increase of integrated absorption
function of temperature is expected.

Figure 6 shows again the integrated absorption
MQW’s, but now as a function of inhomogeneous broade
ing D. The solid lines refer to the case of pure inhomog
neous broadening. Of course wheng50 exactly, optical ab-
sorption is zero for all frequencies: the solid curves in Fig
are calculated for a very small, but finite value ofg. The
dashed curves instead refer to the case of mi
homogeneous-inhomogeneous broadening. The overall
havior of the curves is similar to that of Fig. 5. This is inte
esting, in view of the different physical meaning of the tw
sources of broadening: the dampingg describes a decay o
the total exciton population, while the parameterD describes
a redistribution of states within the inhomogeneously bro

FIG. 5. Integrated absorption~see text! for MQW’s with a pe-
riod d520 nm, for different number of wells, as a function o
homogeneous broadening. Solid lines:D50. Dashed lines:D
50.1 meV. Here againG050.026 meV andn53.26.
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ened exciton line, without decay of the total population. Ne
ertheless, the two broadening mechanisms act in a sim
way for what concerns integrated absorption.

An obvious question that can now be posed is how
bulk limit is recovered for a large number of wells. Th
qualitative behavior shown in Figs. 5 and 6 is found to ho
also for largeN; however, the definition of absorption asA
512R2T is no longer appropriate in the bulk limit. For
large number of wells, i.e., for a thick enough MQW
thicknessx it becomes more convenient to define an abso
tion coefficient per unit lengtha in terms of the logarithm of
the transmission, or rather

T5
~12R!2e2ax

12R2e22ax
~28!

when multiple reflections are taken into account.59 When this
definition is adopted, the integrated absorption coeffici
K(T)5* linea(v) dv is found to have the same behavior
in a homogeneous film with an excitonic resonance, nam
K is a constant when spatial dispersion is absent. Thus
same results may be analyzed in two different ways, acc
ing to the definition that is used. The definition~15! is pref-
erable for one or a few QW’s, where attenuation of the
coming beam is small and the dimensionless absorp
probability A(v) has a simpler physical interpretation; th
usual definition~28! corresponds to treating the MQW as
thin film of a bulklike material, and becomes useful when t
incoming beam is considerably attenuated in propaga
through the structure.

V. TIME-RESOLVED SPECTRA

A. Single quantum well

In this section we study the effect of exciton inhomog
neous broadening on time-resolved optical spectra. We
culate the absolute valueuG(t)u of the response function a
finite times t.0 ~i.e., we neglect thed-function term for
transmission!. The transmitted intensity is given byuG(t)u2.

In Fig. 7 we show the response functionuG(t)u for time-
resolved reflection or transmission for a single QW, assu

FIG. 6. Integrated absorption~see text! for MQWs with a period
d520 nm, for different number of wells, as a function of inhom
geneous broadening. Solid lines,g50; Dashed lines,g50.1 meV.
-
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ing g50 and different values of the inhomogeneous bro
ening D. For D50 the response function decay
exponentially with the radiative decay rateG0 @Eq. ~19!#. For
finite values ofD the transmitted signal decays with a Gaus
ian envelope and shows oscillations, whose period decre
with increasingD. Considering thatD50.4 meV corre-
sponds to a FWHM of 2Aln2D50.66 meV, the curves
shown in Fig. 7 should be accessible to experimental ve
cation in high-quality samples.

We emphasize that beatings in the time-resolved sig
from a single QW can only be obtained when reabsorpti
polariton effects are taken into account, as done in
present treatment by the solution of Maxwell equations le
ing to Eq.~14!. The observation of beatings in coherent tim
resolved spectroscopies from QW excitons has been repo
several times;9 however, beatings usually originate from c
herent superposition of two quantum transitions, like ex
tons localized in different interface islands,60 heavy- and
light-hole excitons,61 upper and lower polaritons,62 exciton-
polariton eigenmodes in MQW’s,54 etc. The prediction of
beatings in the time-resolved transmission from a conti
ous, inhomogeneously broadened exciton in asingleQW is,
to our knowledge, a new and peculiar phenomenon. Thu
is useful to understand the origin of oscillations in physic
terms. Two simple arguments are given in the following.

An analytical approximation of the shape of the tim
resolved signal can be given in the limit of strong disord
i.e., D.G0. In this case the reflection coefficient~12! can be
represented as a sum

r 5 (
n51

`

f n, f 52
ApG0

D
w~z!. ~29!

Keeping only the first two terms in Eq.~29! one can obtain

G~t!52G0expF2gt2
D2t2

4
2 iv0t G

3F12A2p
G0

D
erfS tD

2A2
D eD2t2/8G . ~30!

FIG. 7. Transmission response functionuG(t)u from a single
quantum well, withG050.026 meV andg50, for different values
of the inhomogeneous broadening.
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One can see from Eq.~30! that this function is nonmonotoni
in the presence of inhomogeneous broadening and
uG(t)u has a minimum~zero! when the bracket in the right
hand part of Eq.~30! vanishes. Clearly, if we keep only th
term linear in susceptibility in the reflection coefficient, th
oscillations disappear. In caset!2A2/D the condition for
the minimum has a simple form

G0teD2t2/851. ~31!

In the range of parameters of Fig. 7 the above equation
the approximate solutiont;n/D, with a numerical factorn
of the order of three to five: this shows that the period
oscillations is inversely proportional to the inhomogeneo
broadening parameter.

Interestingly, the oscillations in time-resolved transm
sion of the single quantum well exist for a wide range
distribution functions for the exciton resonance frequen
~not only Gaussian!. As far as we judge from numerica
simulations, any distribution function decreasing faster th
Lorentzian provides nonmonotonic~oscillating in time! sig-
nal in transmission. The integral~18! can be done analyti
cally for the distribution function

f ~x!5
D3

p

1

~x2v0!41D4
. ~32!

One can show that in this case oscillations appear ifD
.2G0 and have a period

T5
4p

AD2

4
2G0

2

. ~33!

To obtain an intuitive physical understanding of the no
monotonic shape of the time-resolved transmission~reflec-
tion! spectra from a single quantum well at the inhomog
neously broadened exciton resonance, let us consider a w
packet composed by a set of plane waves with amplitu
proportional to exp$2@(v2v0)/D#2%, which is a simplified
analogy of the wave packet emitted by an inhomogeneo
broadened exciton. As a zeroth order approximation let
suppose all these waves to have the same phase. Since

ei ~v01n!t1ei ~v02n!t52eiv0tcosnt, ~34!

the time-dependent integrated signal is given by a functi

G~t!}E
0

`

dn e2~n2/D2!cosnt5
Ap

2
DexpS 2

D2t2

4 D ,

~35!

which describes an initial Gaussian-like decay of the tra
mitted signal in agreement with Eq.~30!. However, the func-
tion ~35! is monotonic. The origin of the minima and osc
lations is in the frequency dependence of the phase of
emitting oscillators. As one can see from Eq.~12! or from
the inset of Fig. 1, the phase of the reflection coefficient
light changes byp as one tunes the frequency across
exciton resonance. The interference of the light waves e
ted with the different phases results in the oscillations of
time-resolved transmission and reflection. In the first or
at
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and in the case of a strong disorder, one can approximate
phase as a function of frequency by

w'arctan
n

D
, ~36!

wheren5v2v0. In this case

G~t!}D21E
0

`

dn e2~n2/D2!~Dcosnt2nsinnt!

5
Ap

2
DexpS 2

D2t2

4 D F12
tD

2 G . ~37!

Thus we see that even in this oversimplified model the in
ference of modes having a different phase in the case
inhomogeneous broadening causes the pronounced
monotonity of the time-resolved signal that has a minimu
52/D. Physically, the upper and lower wings of the excit
distribution behave as two oscillators with different energi
which are excited in phase by the incoming pulse and de
coherently while producing beatings.

B. MQW’s, thick films, microcavities

In Fig. 8 we report the transmission response funct
from a MQW with five wells, again for different values ofD.
Numerical convergence in the frequency integral was ca
fully checked: we found that spurious features could ar
when parameters of numerical integration were not prope
chosen. Already forD50 oscillations are present, as prev
ously reported;8,35,53,31they originate from interference be
tween the various modes of the electromagnetically coup
QW’s, and for increasing thickness they go over to the b
polariton beatings.62,63 Note, in particular, that this interfer
ence causes an initial increase of the time-resolved sig
The effect of inhomogeneous broadening is to decrease
period of oscillations, and to yield a faster~Gaussian! decay
of the time-resolved signal. Note that the time-integra
transmitted signal decreases with increase of both homo
neous and inhomogeneous broadening, which is accom

FIG. 8. Transmission response functionuG(t)u from a multiple
quantum well with five wells, of periodd520 nm, with G0

50.026 meV andg50, for different values of the inhomogeneou
broadening.



tio
g

o
d

r
d
a

th
ra
lo
ou
-

oc

n

e
of
to
-
th

tio
ic
a
p
ith
t
b

re
ni
ce
to
on
ng

sion

s-
for

ers

ning.
eats
’s,
be
t in

of
sig-
ave
ap-

la-
een

ck
,

he
The
nt
ary

he
tion
ime,
ex-
ated

s-
b-
ns,

d o-

4678 57ANDREANI, PANZARINI, KAVOKIN, AND VLADIMIROVA
nied by a simultaneous increase of the integrated absorp
Also, the oscillations are somewhat smeared out for lon
times. Similar conclusions were reported by Strouckenet al.8

The results of our Fig. 8 differ in some details from those
Ref. 8, Fig. 3; our curve displays regular oscillations an
fast decay with no plateaus.

On comparing Figs. 7 and 8 it can be noticed that fo
given value ofD the overall decay of the time-resolve
transmission signal is much slower for MQW’s than for
single QW. This can be interpreted by saying that
disorder-induced decay of the QW exciton is reduced by
diative coupling between QW’s: since the excitation is de
calized over the MQW, the effect of disorder is averaged
in the MQW polariton state. This is a kind of quantum ‘‘mo
tional’’ narrowing, and is analogous to the phenomenon
curring for polaritons in microcavities.11,13

Propagation quantum beats of the quadrupole polarito
Cu2O were reported by Fro¨hlich et al.62 They are due to
interference of upper and lower polaritons that propagat
the group velocity in a film thicker than the wavelength
light. An analytic expression that describes the polari
beatings was recently given.63 The quantum beats also re
quire that coherence is maintained over the transit time in
crystal. In Fig. 9 we show the transmission response func
through a 1-mm-thick layer of GaAs sustaining an exciton
resonance, for different values of the inhomogeneous bro
ening. Here again the effect of disorder is to reduce the
riod of oscillations and to make the whole signal decay w
a faster~Gaussian! envelope. It is interesting to note tha
disorder does not result in a broadening of the structures,
only in a change of their temporal positions.

Semiconductor microcavities with embedded QW’s rep
sent a peculiar model system for studying the polarito
beats. Here, two interfering polariton branches are produ
by a confined photon mode in the cavity and an exci
resonance in a quantum well. The splitting between two c
fined polariton branches, referred to as a Rabi splitti
achieves 7–8 meV in real structures~Ref. 2!. This splitting

FIG. 9. Transmission response functionuG(t)u from a 1-mm
thick GaAs film, for different values of the inhomogeneous broa
ening. Other parameters:\v051.52, \vLT50.08 meV, g50.1
meV.
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results in quantum beats seen in time-resolved transmis
or reflection spectra. The period of these beats isT52p/V
~where V is the Rabi-splitting frequency!, which is much
smaller than a period of oscillations in typical MQW sy
tems. Figure 10 shows the calculated response function
time-resolved transmission of a microcavity with paramet
close to those of an experimentally studied structure64 in the
absence and in the presence of inhomogeneous broade
Clearly, the inhomogeneous broadening effect on these b
is much weaker than in the case of single or multiple QW
since the value of the polariton splitting, which has to
compared with the inhomogeneous broadening, is gian
the case of a microcavity. Thus, even whenD is of the order
of a few meV the oscillations are still seen. The period
oscillations decreases with increase of disorder, and the
nal decays faster for stronger disorder. Similar results h
been recently obtained within a quantum-mechanical
proach to the polaritonic problem by Savonaet al. ~Refs. 10
and 33!. The tendency of decrease of the period of oscil
tions and increase of the decay rate of the signal has b
found for all systems considered in this work, including thi
films of bulk, MQW’s, microcavities, and, surprisingly
single QW’s.

We now take up again the question of the validity of t
present model, which neglects wave-vector scattering.
total scattered intensity is a small fraction of the incide
light, as discussed in Sec. II; however, since the second
radiation has a finite rise and decay time,17–20 it could pos-
sibly modify the shape of the time-resolved signal in t
phase matching directions. For a spectrally narrow excita
the resonant Rayleigh signal decays with the coherence t
but when the whole inhomogeneous line is coherently
cited, the decay rate is expected to be faster and domin
by disorder-induced dephasing;15 in this latter case not only
the total~time-integrated!, but also the time-dependent ela
tically scattered light should be a small fraction of the o
served signal. Thus our results for the response functio

-
FIG. 10. Transmission response functionuG(t)u from al cavity

with one embedded quantum well, for different values of the inh
mogeneous broadening. Other parameters: mirror reflectivityR
50.9994, Rabi splitting54 meV.
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which represent the response to ad pulse, should not be
appreciably modified by Rayleigh scattering. In any cas
complete answer could only come from a theory of tim
resolved response of disordered QW’s that includes Rayle
scattering and hot luminescence together with polariton
fects; developing such a theory is a considerable challe
for future research.

VI. CONCLUSIONS

We have studied the effect of disorder on optical prop
ties of excitons in QW’s by means of a semiclassical mo
with a Gaussian distribution of exciton energies. Disord
affects both cw and time-resolved measurements. The p
ence of inhomogeneous broadening is apparent in the tai
absorption~but not of reflectivity! spectra. The integrated
absorption of light in single and multiple QW’s~defined as
the integral of the optical density! is nonzero only in the
presence of a finite damping and increases as a functio
either homogeneous or inhomogeneous broadening. F
broadening larger than the radiative width in the coup
QW’s the integrated absorption attains a saturation va
corresponding to the total oscillator strength of the MQ
excitons. This behavior resembles that of exciton-polari
absorption in the bulk, but in the MQW case it is not due
a spatial dispersion effect. These considerations follow fr
the definition of absorption appropriate to a single QW o
thin MQW, where the incoming light beam has a small pro
ability of being absorbed by the sample; for a thick MQW
when the light beam undergoes exponential attenuation,
more appropriate to define an absorption coefficient per u
length in terms of the logarithm of the transmission, and
this case the properties characteristic of a thin film~in par-
ticular, the fact that the integrated absorption coefficient i
constant in the absence of spatial dispersion! are recovered.

The most peculiar result of the present model is that
time-resolved transmission or reflection from a single Q
displays oscillations in the presence of inhomogene
broadening. These oscillations can be viewed as quan
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beats between the upper and lower wings of the exciton l
and can be obtained only if polariton effects in the optic
response are included. Approximate treatments substan
the conclusion that the period of oscillations is inversely p
portional to the parameterD. The time-resolved transmissio
in the presence of inhomogeneous broadening has
Gaussian-like decay: thus for an experimental observatio
is important that inhomogeneous broadening be not
large, in order that one or a few oscillations can be detec
with an appreciable intensity. The present results indic
that the beatings may be observed if the broadeningD is of
the order of 0.4 meV~corresponding to a FWHM of abou
0.7 meV!. Beatings are also predicted for different kinds
inhomogeneous distributions, i.e., they are not a special
ture of a Gaussian distribution.

Quantum beats in the time-resolved transmission
present in MQW’s, thin films of bulk, and QW’s in micro
cavities due to coherence between quantum transitions wi
common ground state. The effect of disorder is to induc
faster~Gaussian-like! decay of the signal and to decrease t
period of beatings. Disorder-induced decay of the tim
resolved signal is slower in MQW’s than in a single QW
this is a consequence of radiative coupling between QW
and is a kind of polariton motional narrowing. For a wea
disorder the oscillations are not smeared out and the sh
ness of structures is preserved. These conclusions are c
mon to the various systems examined and can therefore
taken as general features for the effect of disorder on tim
resolved spectroscopies.
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