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A theoretical study of the propagation of short light pulses in semiconductor slabs containing excitons has
been performed using thecattering-stateechnique and theteepest-descemiethod. These methods have
allowed us to calculate numerically and to describe analytically the temporary behavior of the dielectric
polarization inside the films as well as the time-resolved optical transmission spectra. The inhomogeneous
broadening of exciton resonances has been taken into account within a local model. The appearance of a
grating of the dielectric polarization in a semiconductor film illuminated by a short light pulse is predicted.
This grating, which is due to interfering exciton polaritons, moves backward with respect to the light-
propagation direction. We have shown that reabsorption and re-emission of photons by excitons in quantum
wells and semiconductor films have a crucial effect on the coherent time-resolved spectra of these structures.
The time-resolved transmission decay rate is found to depend on the thickness of semiconductor films with
inhomogeneously broadened exciton resonances, which is not the case for a purely homogeneously broadened
exciton. This fact, which follows from the energy dependence of the polariton damping in the former case, has
also been explained in terms of multiple reabsorption—re-emission of photons by excitons.
[S0163-182609)02548-3

[. INTRODUCTION oretical approaches, we would like to point out that one of
the principal difficulties for all models is connected with the

Exciton polaritons are quasiparticles exhibiting propertiedifferent scales of roughness affecting excitons and photons.
of both photons and excitons, which result in semiconductoActually, the excitons are sensitive to potential fluctuations
crystals from the coupling between an exciton and &having the scale of their Bohr radius, while the scale of
photon?~3 An exciton polariton may be considered as a vir- roughness affecting the properties of the photons is much
tual pair of an electron and a hole, which recombine, emitdarger (about the wavelength of light in the megiaVvhich
ting a photon, and then form an exciton by absorbing thescale is important for the mixed exciton-photon staeci-
same photon. The importance of exciton polaritons for funton polariton, and whether exciton polaritons behave as
damental issues of light-matter interaction in solids, as welplane waves or as quasiparticles, are still unanswered ques-
as their strong influence on the optical properties of semicontions.
ductor structures, have inspired a huge number of theoretical The idea that potential fluctuations are averaged by ex-
and experimental works in the last 40 years. Up to nowtended exciton-polariton states has inspired a series of works
exciton polaritons in bulk semiconductors, quantum wells,on themotional narrowingeffect/°~* Speaking about mo-
and microcavities, and even in quantum wires and quanturtional narrowing one should distinguish betweenhbezon-
dots, have been studiédNevertheless, many important tal effect, i.e., averaging in the plane of the light wavend
problems of polariton physics still remain unsolved. In par-the vertical effect, i.e., averaging of fluctuations in the direc-
ticular, the effect of random potential fluctuations on thetion of light propagatiort®!! In both cases the theoretical
propagation of polaritons is still an open question, whichmodel supposes the existence of extended exciton-polariton
deserves great consideration and analysis. modes having macroscopic dimensions.

The present paper is devoted to a study of the optical On the other hand, consideration of excitons localized in
response of semiconductors when the exciton resonance tise fluctuation potential as individual scatters yields the ef-
inhomogeneously broadened. In recent decades a great nuifiect of the Rayleigh scattering of light recently discussed and
ber of experimental and theoretical works were devoted t@bserved experimentally. Plane-wave and individual-scatter
this problent~*° The theory has adopted either quantim approaches to the exciton-polariton problem in disordered
or semiclassicdr'® approaches, which are equivalent in lin- media are similar in some extent to the Bragg and von Laue
ear optics. Here we will use a semiclassical approach, imodels of x-ray diffraction by crystafé. The difference is
which the inhomogeneous broadening is taken into accourthat in the von Laue model all atoms are identical and the
assuming that, instead of a single exciton resonance energgrystal has a regular latticevhich yields a formal equiva-
the exciton states are distributed in energy with some spedence between the von Laue and Bragg modetsile in our
tral functionf (w). case the excitons from the inhomogeneous distribution have

Without going deeply into the details of the different the- different energies, and are randomly distributed in the fluc-
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tuation potential. That is why the conclusions of the “Laue-to the expectation that typical mesoscopic effects like weak
like” model® are somewhat different from the conclusions of localizatiort” should also appear for exciton polaritons.

the “Bragg-like” model %3 (mostly, the difference is re- The paper is organized as follows: In Sec. Il we present
lated to the effect of Rayleigh scattering of light by localizedour formalism. Both thescattering-stateapproach and the
excitong. analysis based on the steepest-descent method have been de-

In reflection or coherent transmission geometry, the dif-veloped, in order to describe the propagation of exciton po-
ference between the two approaches does not seem to lgitons in disordered media. Section Ill is devoted to discus-
crucial. A theoretical study of reflection of light by a regular Sion of the time-resolved transmission and of the time- and
grating of identical quantum ddfsyielded the same form of requency-dependent polarization for a homogeneously
the reflection and transmission coefficients as in a homog<=.pr0adenEEOI slab. These results are to be c_ompar_ed with those
neous quantum-wellQW) model (which confirms the anal- for an inhomogeneously broadened media, which are pre-
ogy with the Bragg—von Laue caseEstimationd® have sented is Sec. IV. Section V contains concluding remarks,

shown that even for an irregular grating of nonequivalemand. addressgs the_ mesgscopic effects in the propagation of
exciton-polaritons in a disordered media. The derivation of

guantum dots with real parameters, only a small fractio ; ; . .
(less than 19%o0f light is scattered, while most of the photonsnthe transmltted signal with the steepest de_scef‘t me_thod in the
resence of inhomogeneous broadening is given in the Ap-

keep their in-plane wave-vector constant. The Bragg-likeD i
model has allowed one to explain bottorizontat® and pendix.

vertical™®** motional narrowing effects in microcavities and

multiple QW structures, respectively. Il. MODEL AND FORMALISM

~ Animportant advantage of the Bragg-like model consists A semiclassical approach to the exciton-polariton problem

in its simplicity. Actually, it allows one to find the linear ) ) . ) ) ) ) )
optical response of complicated semiconductor structures Ve describe the interaction of light with excitons in semi-
with the use of Maxwell equations, taking fully into account conductor structures by means of the linear semiclassical ap-

the acts of absorption and emission of light by excitéires, proach. In the_framevx_/ork of linear-response theory, Maxwell
the polaritonic effeot equations for light incident on the structure may be written in

In the present work we address the problem of propagathe form:
tion of exciton polaritons excited by short pulses of light in
disordered media, adopting a Bragg-like semiclassical model VXVXE= “’_D’ (1)
of extended exciton-polariton states whose in-plane size is c
much larger than all fluctuation scales in the problem. Wenere
assume that the photdpolariton) wave vector is conserved
in the plane, and that there is no Rayleigh scattering. Our D(z)=egE(2) +47mPeyd 2). (2
model semiconductor film is optically homogeneous both in ) ] )
the plane and in the growth direction. Moreover, we neglec€b IS the background dielectric constant, ag(2) is the
spatial dispersion of exciton-polaritons. excitonic contnbuhqn to the dielectric polarlzatllon.- In the
Within these approximations we were able to find thelocal model the relation betweéh,(z) andE.,{2) is given
temporary dynamics of the dielectric polarization due toPY
propagation of exciton polaritons arising in semiconductor

N

films after illumination by a short light pulse. Both cases of Pexd2) = XpE(2), 3
homogeneous and inhomogeneous broadening of excitongith

have been analyzed. Unexpected results have been found: in

particular, the appearance of a grating of dielectric polariza- 1 EpWwLT

tion which moves backward with respect to the direction of Xp(@,w0) = 47 wo—w—17' 4

light propagation. The grating results from the interference
between exciton polaritons belonging to the upper and lowewhere o and w7 represent, respectively, the exciton reso-
branches, respectively, and is seen both in cases of homog@ance frequency and the exciton longitudinal-transverse
neous and inhomogeneous broadening. The time-resolvedPlitting in the bulk material, ang is the exciton nonradia-
transmission spectra of light differ drastically for the two tive homogeneous broadening, which we suppose to be fre-
mechanisms of exciton broadening. That is, the decay rate ¢fuency independent. Throughout the paper we will assume
the time-resolved transmission is independent of the slathe background refractive indiceg= Ve, of the slab and of
thickness in the case of homogeneous broadening, whereagfie surrounding medium to be the same, an assumption
depends strongly on the thickness in the case of inhomogavhich allows us to avoid complications caused by all the
neous broadening. The period of oscillations due to the inoptical interference effects.
terference between the two polariton branches is also quite The local description is appropriate for thick semiconduc-
sensitive to the broadening mechanism. tor films; it may also be used for QW’s when the conditions
We have described these phenomena analytically using r<y and Jep(wo/c)L,<1 are fulfilled, wherel, is the
the steepest-descentethod, and explained them in terms of QW width*®
classical optics. In addition, the quantum model of exciton- In order to describe the inhomogeneous broadening we
polariton propagation in disordered media has been devekssume that the excitons have a frequency distribution cen-
oped, yielding a picture which is qualitatively similar to the tered at the frequency, given by a functionf (w,wg). As
mesoscopic model for the electronic transpbrthis leads discussed in Ref. 13 in detail, the coherent contribution of all
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excitons from the distribution is correctly taken into accountthe in-plane components of electric and magnetic fields at the
within the constant in-plane wave-vector approximation bybeginning and end of the layer. The transfer matrix across
replacing the dielectric susceptibility, [Eq. (4)] by that the entire structure is a product of the transfer matrices
averaged with the exciton distribution function: across all the layers,

o0 0
X(w):f_mXb(w-V)f(Vawo)dV (5) M:H M], (11)
j=N

We emphasize here that solving Maxwell equations withwhere the layers are numbered in order of the propagation of
the weighted dielectric susceptibility is not equivalent tojight through the structure. The amplitude reflection coeffi-

solving Maxwell equations for a single-exciton resonancecient of the entire structure depends on the elememsof
with a further averaging of the electric field. Such a dlffer-we matrixM as
e

ence is quite essential because the two procedures descri

different schemes of interaction between excitons and light. N (My3+ MyoNp) — (Mot Moop)
This point will be analyzed in detail in Sec. IV. rNw)= m m m . (12
In this work we have assumed the exciton distribution Np(Myg+MyoNp) + (Mt Myony)
function to be a Gaussian: Now the scattering states of the system can be found as
1 wo—w)\? E(z,0)=m:[1+r +mif1—nyr 13
 (o.00)= \/—Aexl{_ . ) © (z@)=mf1+r(o)]+mf1-nyr(w)], (13
.

Wheremizj are the elements of the matrit, describing the
A will be referred to as the parameter of inhomogeneoudransfer from the beginning of the structure till the pomt
broadening. The advantage of the Gaussian distribution is thehich can be found as a product of the transfer matrices of

possibility of calculating analytically the susceptibilit$),  individual layers fromz till O in the same way as the matrix
which becomes M [Eq. (1D)].
()= b %W(g), 7) C. Analytical calculation of the time-resolved transmission
4w

The transmitted signall(t)=/7_dt'E,(t')G(t—t’) is
where ¢=(w—wy+iy)/A, and W(é’):e—ﬁzerfc(_ig)' calculated as the convolution between the incident pulse
erfc(¢) being the complementary error functiGh. E,(t) and the response functidg(t). G(t) coincides with
T(t) for an incidents pulse, and is expressed in terms of the
transmission coefficient  t(w) as G(t)

. =[”_(dw/27)e "“t(w), with
The scattering-state approach allows us to calculate nu-

B. Scattering-state approach

merically the time-dependent dielectric polarization anyn(o)
Pexdz,t) induced in a semiconductor filifor in a QW by a t(w)= > _,kt; TR
short light pulse with a spectral functiag(w).?%?* In this [Np+n(w)]e ™ —[n,—n(w)]€

framework Maxwell equations are solved in the frequency,

) X : o Here n(w) is the complex refractive indexn(w)
domain with appropriate boundary conditions. The T+ dmy(a)ie, k=k(w)= / ddis th
frequency- and coordinate-dependent solutions of @g. — b mx(0)/ep, k=k(w)=n(w)w/c, an 'S he

called scattering states of the systditz,w) are Fourier- thickness of the semiconductor slab. Whiea\, where\ is

: : . — : . the wavelength of the light in the medium, multiple reflec-
ggfﬂ?;?gr:h order to obtain the time-dependent dielectri ions at each interface of the slab—which are described by

' the second term in the denominatort¢fy)—may be disre-
garded, so thaG(t) becomes

1 (+=
Paoxdz,t)= > fﬁw dw g(w)xpE(z,w)exp —iwt). (8)

_ (**deo  4nyn(w) B(w)
The time-resolved reflection and transmission of the struc- GH= J_w 27 [Np+ n(w)]ze ' (14
ture are given, respectively, by
with ®(w)=ow[n(w)d/c—t] being a rapidly oscillating
phase.G(t) may now be approximately evaluated with the
steepest descent metifdd* [which coincides with the sta-
tionary phase method for Id(w)=0]. This approach is
1 [+ based on the observation that the integral in#¢) is domi-
T(t)= ﬁf dog(w)E(d,w)exp(—iwt), (100  nated by frequencies corresponding to large value='fby
o i.e., by the saddle points for If(w) (in fact the imaginary
wherez=0 andz=d correspond to the beginning and end of part of an analytical function does not have maxima or
the structure. minima). Thus, in order to calculate the integral, it is conve-
The scattering stateS(z,w) are easily found using the nient to choose integration paths passing through the saddle
transfer-matrixtechnique?? Within this method, each layer points and concentrating large values ™ ® on the short-
of the structure is characterized by 22 matrix connecting est interval. These paths are simply determined using the

1 (+=
R(t)= ﬁJ:m do g(w)[E(0,w)—1]exp —iwt). (9)
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FIG. 1. Time-resolved transmission through slabs of GaAs of
different thicknesses: 150, 10, and Qufn. The excitonic param- FIG. 2. Coordinate- and time-dependent dielectric polarization
eters used in this calculation aréw ;=0.08meV, %wg induced by excitons excited by a 300-fs light pulse in autf-
=1515meV, andiy=0.05meV. The background refractive index thick slab of GaAs with the same parameters as in Fig. 1. The
is 3.54. The 300-fs-long incident pulse is centered at the excitorightness of the color is proportional to the absolute value of the
resonance frequency. dielectric polarization.

Riemann condition for analytical functions, which states that
the lines of maximum variation for I (w) are equipotential
lines for Red(w).

As one can see from Fig. 1 and E{@5), in the case of
pure homogeneous broadening the decay rate of the signal is
independent of the slab thickness. Moreover with the param-

eters of Fig. 1 the exponential decay expft) largely over-

whelms thet % decay entailed by the pre-exponential fac-
tor. The spectra exhibit pronounced oscillations; the time
spacing7{"™™ between two successive minima depends on

) ] o the time and on the thickness of the slab, and is given by
Figure 1 shows the time-resolved transmission of GaAs

films of different thicknesses induced by a 300-fs-long pulse
of light; the thicknesses have been varied in the range be-
tween 500 and 15Qum. The excitonic parameters used in
this calculation are:sw 1=0.08 meV, Awy=1515meV,
hy=0.05meV, andng=3.54. The central energy of the

pulse incident on the structures has been chosen equal to thg may be deduced from E@.5). The oscillations represent
exciton resonance energy. In Ref. 23(t) was evaluated g typical feature of interference between exciton-polariton
with the steepest-descent method for a homogeneous Mgranches, which was already experimentally obséfved
dium described by the local susceptibiligy [Eq. (4)], inthe  few years ago. The nature of the beats can be simply under-

Ill. PROPAGATION OF EXCITON POLARITONS IN
HOMOGENEOQOUS FILMS

A. Time-resolved transmission

12
Fhom — T (”_t) , (18)

we\ d

time window @d/v)<t<(d/2v)(wg/w 1) (v=c/ny). It was
shown that the response function is given by

1 d wg 1/4 ) ” -
(o] .
G()=——| 4— —| &®e cos( ADTO™ -+ —) ,
V2m\ v 18 4
(15
where
1/2
Aq>gh°m>=2wc(—) 122 (16)
and
. do
L 17

w. is the polariton splitting:w.= (wew 1/2)Y% and t=t
—d/v.

stood if one considers the exciton polaritons as wave packets
composed of plane waves having different frequencies and
different group velocities. The intensity of the transmitted
signal at timet is governed by the polariton waves with
group velocityv=dw/dk=d/t.

For each group velocity one can find two different polar-
iton waves coming from the two different branches. Interfer-
ence between these two waves gives rise to oscillations in
time-resolved transmission spectra. Note the picosecond time
scale in the spectra, which is a typical time scale for the
exciton-polariton transport processé® be distinguished
from the time-of-flight of the free photon across the struc-
ture, which is about 100 fs for a 10m-thick slab). Longer
times correspond to the interference between polaritons with
larger group velocity, i.e., between polaritons which are
closer to resonance; the decrease of the splitting between two
interfering modes—which  eventually reaches the
longitudinal-transverse splitting, -—corresponds to an in-
crease of the period of oscillations with time given by the
inverse of the frequency splitting.
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1518 Appearance of the grating may also be analyzed from the
point of view of the scattering-state model. Figure 3 shows
1517 the excitonic polarization of a 12m GaAs slab defined as
%‘1515 Pexd Z,0) =9(w) xpE(Z,w) (19
£ as a function of frequency and coordinate. Once again, the
{5 19157 brightness of the color is proportional to the absolute value
e of the dielectric polarization. One can see that the initial
Z 1514 single-resonance distribution of the dielectric polarization at
the exciton resonance frequency drastically changes as one
1513 goes deeper into the semiconductor medium. A pronounced
camelback structure appears, with two maxima split by about
1512 2 meV. These maxima are associated with eigenenergies of
0 2000 4000 6000 8000 10000 exciton polaritons propagating in the medthese are the

Z(nm) eigenstates in thex(,z) space, to be distinguished from those
in the (w,k) spacé. Clearly, the beats in temporary dynam-

_ FIG. 3. Coordinate- and frequency-dependent dielectric polarje of the polarization are due to the double-resonance struc-
ization induced by excitons excited by a 300-fs light pulse in a

10-um-thick slab of GaAs with the same parameters as in Fig. 1ture in its frequency-resolved spectra. Such a structure is

The brightness of the color is proportional to the absolute value oﬁ Qg:‘zcgen“dsuchgtfot:se [ﬁ?én;e I?I'r?tr%?%hzo?rf):n?ngect)\lfvteheen eg(_'
the dielectric polarization. : p : pliting Xl p

larization is roughly proportional to the number of acts of
absorption and re-emission of a photon by an exciton during
the propagation of a polariton mode, and thus increases with
Figure 2 shows the temporary evolution of the excitonicthe coordinate. The period of the beats in time is inversely
polarization in a 1Qum-thick GaAs slab excited by a short proportional to the splitting between the two eigenstates of
light pulse, as a function of coordinate and time calculatedhe system, so that it decreases with the coordinate. Thus the
within the scattering state approaf8ec. Il, Egs.(9) and  behavior of the excitonic polarization in the frequency do-
(13)]. All the other parameters are the same as Fig. 1; thenain fits well into the quantum absorption—re-emission
brightness of color is proportional to the absolute value ofmodel.
the dielectric polarization. The classical model explains appearance of the camelback
One can see that the dielectric polarization in Fig. 2 is astructure by the interplay between transmission and absorp-
strongly nonmonotonic function of the coordinate and thetion of light in a semiconductor slab. If we neglect the re-
time. That is, a pronounced grating of the dielectric polarizaflection by the surface, the intensity of the transmitted light
tion appears. The period of oscillation increases as a functioat the pointz can be represented as
of time, and decreases as a function of the coordinate, which
is consistent with Eq(18) (where one should replace the T(z,w)=1-§(2)a(w), (20)
Iaye_r thicknessd with the (_:oordinatez). Inter_estingly, the_ wherea(w) is the absorption coefficient, adz) is a mono-
grating moves backward WIt.h respect to the I|ght propagat_loqonica"y increasing function of. Since
direction, which seems, at first glance, to be in contradiction
with the wave-vector conservation law. Note, however, that PoxdZ, )% a(0)T(z,0), (21)
the excitons in our model are infinitely heavy, so that the
motion of the dielectric grating cannot be associated with théhe peak of the excitonic polarization experiences a bifurca-
motion of excitons, but only with absorption and coherenttion at a certain value of, which is seen in Fig. 3.
re-emission of light by different excitons in the structure.
Thus the wave-vector conservation law is not violated in this  |v. EXCITON POLARITONS IN THE CASE OF
calculation. INHOMOGENEOUS BROADENING
Let us interpret the peculiar behavior of the excitonic po-
larization in terms of reabsorption-re-emission of light by
excitons. At very short times the polarization is homoge- It was pointed out in Sec. Il that the correct way to de-
neous, which is a natural consequence of the homogeneity atribe the inhomogeneous broadening within the constant in-
the film. Then coherent re-emission of light starts: photonglane wave-vector approximation is to consider the weighted
re-emitted at different pointg; andz, interfere atzz, and a  dielectric susceptibilitfEqg. (5)] and not the weighted optical
z-dependent intensity pattern develops, which in turn influresponsdreflection or transmission coefficigrif the struc-
ences the reabsorption processes responsible for furth&sre. Due to its relevance for all the following discussion of
changes of the dielectric polarization, thus producing an inthe inhomogeneous broadening effects, we will address this
tensity pattern which is also time dependent. The time indegquestion here in detail.
pendence of the polarization at=0 follows from the fact The physical difference between the solution of Maxwell
that—due to wave-vector conservation—no interference patequations obtained considering first a single-exciton reso-
tern produced by photons re-emitted at different pointsnance and then averaging the electric field related to different
arises, and the polarization is only determined by the photongesonances, and that with the weighted susceptibility, may be
emitted atz=0. easily understood with the aid of Fig. 4. In the former case

B. Time-dependent dielectric polarization

A. Weighted susceptibility
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a) 1st exciton E L ' '

1st photon < < a) 0.01

n-th exciton E 10°

n-th pholon< <
b) .
all excitons E

any ph0t0n< < <

FIG. 4. lllustration of the two schemes of interaction between a
photon and an inhomogeneously broadened exciton resoliseee
the tex}y. (a) First the optical response of each single exciton state
belonging to the inhomogeneous distribution is found, then the total
response of the structure is calculated as the sum of the individual
responsegb) First the dielectric susceptibility containing contribu-
tions of all excitons is calculated, then the light interaction with a
layer characterized by this susceptibility is considered.

RELECTIVITY

10° | o
1505 1515 1525
ENERGY (meV)

10 |

REFLECTION (arb. units)

[Fig. 4@)] each given photon can interact only with a single- TIME (ps)
exciton resonance from the frequency distribution; thus the

photon is aIway; emitted f"‘”d reabsorbeq by the §am§ eXC(!'ontaining an inhomogeneously broadened exciton resongajce.
ton'. The averaglng of all smgle-photon—smgle-exmton Inter'The inhomogeneous broadening is taken into account in the dielec-
action schemes yields the optical response of the syste; s,sceptibility of the QW.(b) Frequency-resolved reflection
within this model. _ _ _spectra calculated for individual exciton resonances from the inho-
On the other hand, if Maxwell equations are solved withmogeneous distribution are averaged with the exciton frequency
the weighted dielectric susceptibilitfeqg. (5)], a photon istribution function. Time-resolved spectra were obtained by an
emitted by a given exciton is allowed by the model to bejnverse Fourier transform of the frequency-resolved spégstrawn
absorbed by another exciton from the distributjéig. 40b)].  in the inset by solida) and dashedb) lines| convoluted with the
Thus averaging of the dielectric susceptibility allows one tospectral function of the incident pulgshown in the figure
take into account all possible chains of coherent absorption-
emission acts. The difference between the two approaches i, 15, heen found from E), with a 300-fs-long pulse
almost negligible for cw optical spectra, but it appears to be

huge in time-resolved spectra where fine interference effectgh,,own in Fig. 5, and with the substitutioR(0,w)-1

play an important role. “Tow- . .
This is illustrated in Fig. 5 which shows the ¢imsed and One can see that the time-resolved reflection spectrum

time-resolved reflection spectra of a single QW. We hav&alculated with the averaged dielectric susceptibility exhibits
used the following set of excitonic parametefsw,t pronounced oscillations that are absent in the spectrum cal-

=0.095meV,% y=0.05meV andiA=1.9meV. These pa- culated with the averaged reflection coefficient. Quantum

rameters have yielded the best fit to the experimental refled2€ats in time-resolved spectra of a QW with a single inho-
tion and absorption spectra of a 172-A-thick mogeneously broadened exciton resonance were predicted in

INo 0G0 AS/GaASOW?®  The time-resolved  reflection Ref. 13. A direct experimental evidence of the beats h_as not
spéctrurh[Fig. 5a)] and the cw reflection spectrufiR(«) yet been reported to the best o_f our knowledge, while an
=|row()|?; inset to Fig. 5, solid linghave been calculated indirect proof was recently obtainéd.Appearance of the
within the local model according to Eq) and (13), with beats in the time-resolved response dfirgle optical reso-

the averaged dielectric susceptibili). Note that in Eq(9) ~ Nance is a striking and unexpected effébtote that usually
we substituted the beats take place betweéwo discrete, closely lying

quantum statgs
E(0,0)— 1= qu- (22) In Ref. 13 the beats were interpreted in the framework of
the semiclassical approach as a result of interference of pho-
These spectra are to be compared with time-resolved and ctens emitted at frequencies slightly lower and slightly higher
reflection spectréFig. 5(b) and the dashed line in the inset to thanw,. The beats may also be interpreted in the framework
Fig. 5] calculated by averaging the reflection coefficient ofof the quantum absorption—re-emission model. Considering
the quantum well, the propagation of exciton polaritons in a semiconductor as a
chain of emission-absorption actas illustrated in Fig. %
. te , , , we attribute the beats to the interference between those pho-
Fow(@, @) = f_m Fow(@,wo)f (wg,wo)dw,  (23)  5ng which interact with only one exciton resonance from the
energy distributiorfthey induce a monotonic decay B{t)
wherergw(w, o) is given by Eq.(12) with the dielectric  shown in Fig. %b)] and those which interact with different
susceptibility (4). The time-resolved reflection in this case excitons during their lifetime in a QW. Passing through dif-

FIG. 5. Calculated time-resolved reflectivities for a single QW
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at the exciton resonance frequency, while its spectral width
much exceeds the exciton broadening. The excitonic param-
eters used for this calculation are the same as in Fig. 1; the
only difference is that in Fig. 6 the exciton has been assumed
to be also inhomogeneously broadened viith=1 meV. A
striking agreement between the numerical calculation, per-
formed with the scattering-state methdelg. 6(a)], and the
analytical one, which is discussed later in this section and in
the Appendix{Fig. 6b)], is obtained.

A remarkable feature of these spectra is that—in contrast
to the homogeneous case—the decay rate of the transmission
depends strongly on the thickness of the slab. That is, it

s : s decreases with an increase of the thickness, finally approach-
0 20 TIMéo(ps) €0 g0 ing (for the 150um-thick slabh) a value close to the decay
10 rate in the case of only homogeneous broadening, as one can
' ' ' judge comparing Figs. 6 and 1. Note also the different de-
pendence on time and thickness of the slab \ifig. 6) and
without (Fig. 1) inhomogeneous broadening. Clearly, time-
resolved transmission is very sensitive to the mechanism of
the exciton broadening.

The observed features are easily interpreted with the aid
of our analytical predictions. The main steps of the deriva-
tion of the time-resolved transmission of &pulse in the
presence of inhomogeneous broadening through a slab char-
acterized by the local susceptibility7) with the steepest-
descent method, and the obtained expressions are given in
. . the Appendix; here we discuss the results.

40 60 80 Homogeneous and inhomogeneous broadenings contrib-
TIME (ps) ute both to the decay of the signi@q. (A3)] through the

FIG. 6. Time-resolved transmission through slabs of GaAs of;[ﬁgg gﬁggr:{n (t%()a ' f'grsmf:rr afo)éuliessugp?riigngosst??nc?:eé%ent
different thickness: 150, 10, and O:8n. (a) Numerical calculation P ! P P

by the scattering state methadh) Results of the analytical model. e?(ponentlal decay. On the ot.her hanq, the latter is respon—
The excitonic parameters used in this calculation &me, S'b|9 for a n_onexponentlal, time-varying decay rat_e, since
=0.08 meV, fi wo= 1515 meV, i y=0.05 meV, andiA=1 meV. exciton polaritons have an energy-dependent damping in the

The 300-fs-long incident pulse is centered at the exciton resonand@@Sence of inhomogeneous broadening. Polaritons which
frequency. are closer to resonance exhibit a larger damping, whereas—

for reasonable values af—those with a larger splitting have

A damping which is close to the homogeneous one. For this
reason the decay is also expected to be thickness dependent:
_polaritons which determine the transmitted signal at a fixed
time t are closer to resonance on decreasing the slab thick-

neously broadened exciton resonances analogous to thESS: whic_h in turn _implies a faster decgy for t_hinner slabs.
transport of electrons in the mesoscopically disordered me- _Let_us f'.rSt examine "[‘he casA_(Q)<1. we W,',” ref‘?f to
dia. This analogy will be discussed in detail in Sec. V of thisthIS S”“"’.‘“O” as Fhe small disorder case. . l_Jsmg the
paper. It should be noted that the emission-absorption acfSYMPLotic expansion af({) for {—c, and retaining only
we are speaking about are virtual. Moreover, in the case of 8orr.ect|ons up to the lowest order {A/Q) to Eq. (Al), the
QW there is no real propagation of exciton polaritons, sinceatonary pointsys are found to be given by

the excitons are confined in the direction. The analogy
relies on the fact that in a QW in the presence of inhomoge-
neous broadening, the photon is coupled wath excitons
from the inhomogeneous contour, which means that during
the polariton lifetime it can be virtually emitted or absorbed (With plus and minus signs referring to the upper and lower
by different excitons from the distribution, in the same waypolariton branches, respectivilyrhe resulting transmitted
as an electron may be scattered by any scattering center fignal is given by

-
o_\
E

a)

-
o
o

=]
I

TRANSMISSION (arb. units)
o

N
Ol

TRANSMISSION (arb. units)

ferent chains of emission-absorption acts, the photons gai
different phases which gives rise to interference.

To some extent this makes propagation of exciton
polaritons in quantum structures containing inhomoge

1+

= =+
wg C!)O_Q 4

A 2
5) }—iy. (24)

the medium.
1 [ do®\™  3/A)\2 (hom
Gt)y=——=|4-—| |[1-=|—=]| e €%
B. Time-resolved transmission through inhomogeneous slabs N2 v i3 810
Figures 6a) and G&b) show the time-resolved transmission -
of GaAs films of different thicknessdfrom 500 nm to 150 xcos( Adb+—|, (25)
um) induced by a 300-fs pulse of light. The pulse is centered 4
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with 16
(hom) 1 ? 14
ADg=AP"| 1 zlal b (26) .
all the other quantities have been explained in the Appendix. 4o
Equation(24) shows that in this cas& produces only a 9
small correction in the real part of the eigenenergies of the i/ 8
polariton modes. This, in turn, implies that the decay of the E
transmitted signal is still quasiexponential, as in the homo- b
geneous case; however, the period of the beats is modified 4
and shortened due to the presence of the inhomogeneous
broadening, and is given by 2t
#(hom ok ; = —
Ainh) — — . (27 0 2000 4000 6000 8000 10000
14 3(A Z (nm)
410

FIG. 7. Coordinate- and time-dependent dielectric polarization
The dependence of the time-resolved transmission on thi@duced by excitons excited by a 300-fs light pulse in auif-
thickness of the slab may also be qualitatively explained withthick slab of GaAs with the same parameters as in Fig. 6. The
the quantum model, schematizing the exciton-polaritorbrightness of the color is proportional to the absolute value of the
propagation as a chain of virtual emission-absorption acts. dielectric polarization.

In case of homogeneous broadening only, any photon is
always absorbed and re-emitted by the same exciton charathickness of the slab does not exceed the coherence length of
terized by the homogeneous broadenipgwhich governs polaritons) That is why in the case ofery thickfilms only
the decay time of the time-resolved transmission. On then exciton-polariton mode with a frequeney= w, survives.
other hand, a photon can be absorbed and re-emitted by armhis mode has a homogeneous broadeninghich governs
exciton from the frequency distribution in the case of inho-its decay rate. So, in this limit, the influence of inhomoge-
mogeneous broadening, as already discussed in Sec. IV Aeous broadening on the decay time of the transmitted signal
Suppose that during its motion across the slab the photois completely suppressed. This is what we see in Fighé
experiencedN absorption—re-emission adislearly, on aver- case of the 15Q:m-thick slab.
age,N increases with increase of the thickness of the)sldb Variation of the transmission decay time with the thick-
N=1 (which might be called “the QW limit)) the probabil-  ness of the sample is a manifestation of weetical motional
ity p for a photon having a frequeneyto be absorbed by an narrowing effect. Actually, the origin of the effective nar-
exciton with a frequency’ depends on the imaginary part rowing of the frequency distribution of exciton polaritons
of the variation of the dielectric susceptibility due to this with an increase of the thickness of the slab is the averaging
exciton, and on the probability of finding this exciton. Thus, of disorder in the slab by extended polariton modes which
it can be estimated &s filter out the exciton states from the wings of the Gaussian
distribution. Recently, the vertical motional narrowing effect
has been observed in multiple-QW structures, where an in-
crease of the decay time of the time-resolved reflection with
an increase of the number of QWs has been obséfviddre

Equation(28) shows that a photon can coherently interactwe call for a similar experimental study of the motional nar-
only with excitons situated in the vicinity of its frequency  rowing effect in a thick semiconductor film, which seems to
. Moreover, photons with frequencies closedphave bet-  have a substantial fundamental importance and possible ap-
ter chances to be absorbed by an exciton than those havirpication in ultrafast opto-electronics.
frequencies far from the center of the excitonic distribution.  Finally, note the second scale of modulation of the trans-
For the same reason, excitons in the center of the distributiomitted signal in Fig. 6a) (the weak minima at 20 ps for the
have better chances to be excited by photons than those fromp-,m-thick slab and at 62 ps for the 150m-thick slab.
the wings of the distribution. In this QW limit the transmis- This modulation has the same nature as the oscillations in the
sion decays with a Gaussian envelope and decay parametghe-resolved reflection of the single QW shown in Fig. 5;
given by 1A, as discussed in detail in Ref. 13. that is, the interference within a single-polariton branch

Now suppose that\>y. The probability that the same caused by an inhomogeneous broadening. This effect is ab-
photon is virtually absorbed and re-emitted by an excitorsent in the simplified analytical calculati¢Rig. 6(b)].
from its vy vicinity N times is proportional tafN(w’,wg).
With increasing N this function becomes sharper and
sharper, finally approaching the Dirac delta functiéfw’
—wg). In turn, N must increase with increasing slab thick- The time-dependent excitonic polarization in a /L@~
ness, since in our model the exciton polaritons are supposetick film of GaAs induced by a 300-fs-long light pulse in
to maintain spatial coherence over the whole slab thicknesshe case of inhomogeneous broadening is shown in Fig. 7.
(Note that this is still true when dephasing processes—We used the same set of excitonic parameters as in Fig. 6.
neglected in our model—are taken into account, provided th€omparing Fig. 7 with Fig. 2, one can see that both in cases

, EpwLTY ,
plw,o )“mf(w ,@0). (28)

C. Dynamics of the dielectric polarization
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geneously broadened exciton resonance presents some analo-
gies with the problem of the electronic transport in mesos-
copic structures containing randomly placed elastic scatters.

Consideration of the exciton-polariton propagation as a
problem of mesoscopics assumes a quantum approach em-
phasizing the quasiparticle nature of polaritons. We specu-
late on this using results of a semiclassical model, because,
in the linear regime, quantum and classical approaches for
the light-matter interaction problems are formally equivalent.

In this paper we calculate numerically and describe ana-
Iytically the appearance of peculiar interference phenomena
related to the propagation of exciton-polaritons in semicon-
ductor slabs. Oscillations in the time-resolved spectra of
0 2000 4000 6000 8000 10000 QW's arise due to interference within singlepolariton

Z (nm) branch induced by the inhomogeneous broadening, which

have been recently predicted. Photons absorbed and emitted

FIG. 8. Coordinate- and frequency-dependent dielectric polar- - . . . . .
ization induced by excitons excited by a 300-fs light pulse in aby different excitons interfere in this case. The phase differ-

10-um-thick slab of GaAs with the same parameters as in Fig. gence of photons passing through different chains of

The brightness of the color is proportional to the absolute value Opmission-gbsor_ption acts has_the same ori_gin as that of elt_ac-
the dielectric polarization. trons having different paths in mesoscopic problems. This

effect is only seen in calculations assuming the weighted

of homogeneous and inhomogeneous broadening, a gratiffielectric susceptibility of the media, and highlights the im-
of the dielectric polarization forms in the crystal, which thenportant role of the interference between photons passing
moves toward the beginning of the structum=0). In the  through different chains of emission-absorption acts, a phe-
inhomogeneous case, the period of this grating does ndtomenon completely ignored in the model in which the op-
change strongly with time and coordinate. tical response of the st_ructure is obtained by weighting those
The frequency-dependent excitonic polarization in the'elated to different exciton resonances.

same slab is shown in Fig. 8. This figure is to be compared Both for homogeneously and inhomogeneously broad-
with Fig. 3, which shows the same quantity in the presenc&ned excitons, we predict the formation of a grating of di-
of homogeneous broadening only. One can see that in bot¥ectric polarization induced by a short light pulse propagat-
cases the maximum of the frequency-dependent polarizatioftd through a semiconductor slab. Interestingly, the grating
experiences a bifurcation at some valuezofThe splitting ~Moves backward with respect to the light-propagation direc-
between the two resulting peaks is greater in the presence 8PN . ) . )
inhomogeneous broadening, and the line shape of the exci- Striking differences are predicted in the time-resolved

tonic polarization is different in the homogeneous and inhoiransmission spectra of semiconductor films for inhomoge-
mogeneous cases. neously and homogeneously broadened excitons. In particu-

lar, in the former case the decay rate of the transmission
depends strongly on the thickness of the slab. The signal
decays with a nonexponential envelope governed mostly by
Here we have presented an analysis of exciton-polaritoithe inhomogeneous broadening parameéten the limit of
propagation in semiconductor slabs in the framework of avery thin films. On increasing the slab thickness the decay
simplified semiclassical model, which assumes the slabs tbecomes slower and slower, eventually approaching a value
be optically homogeneous even though the exciton resonan@haracteristic of the decay in homogeneously broadened me-
is inhomogeneously broadened. The model neglects all scatlia. This behavior—which is a manifestation of the vertical
tering processes in the semiconductor, but takes into accountotional narrowing effect—has a simple, intuitive explana-
the coherent multiple acts of reabsorption—re-emission ofion if the propagation of the excitonpolaritons is interpreted
light by excitons with different resonance energies, an effecin terms of virtual reabsorption and re-emission of light by
which has a huge influence on the time-resolved optical reexcitons, and may be summarized as follows: statistically,
sponse of the slabs. photons have a larger probability to interact with excitons in
It seems quite instructive to consider the propagation othe center of the energy distribution. In the limit of an infi-
exciton polaritons as a chain of virtual emission-absorptiomite number of emission-absorption acts all exciton reso-
acts. A photon entering into the structure can excite an excinances but one are filtered out, so that the total decay rate
ton state, which can coherently re-emit the photon, which isquals the(nonradiativé decay rate of this single exciton
then absorbed again, etc. Due to the random potential fluaesonance.
tuations, exciton states in semiconductors are characterized By use of the steepest-descent method we have derived an
by slightly different energiesthis is what we call thenho-  analytic formula for the time-resolved transmission, and in-
mogeneous broadening cashn this case, during its passage terpreted the preceding results in terms of classical optics. In
through the film a photon may interact with a few different this framework inhomogeneous broadening is predicted to
excitons from this distribution. Since different photons inter-influence the dispersion and group velocity of exciton polari-
act with different exciton resonances, transmission of lightons, as well as their damping rates. Interference of polariton
through an optically homogeneous medium with an inhomo-modes from upper and lower branches having the same

V. CONCLUSIONS
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group velocities governs the polarization at a given point and

. 1/2
veloc | 2sin2p) |\ e
at a given time. The dependence of the damping rate on the G(t)= ~ Red’ e'®oe”M®scog AdD g+ B).
frequency is responsible for the thickness-dependent decay (A3)
of the transmitted signal.
tons and the mesoscopic phenoméfm instance weak lo- statlonary points.
calization in their transport will be revealed expenmentally

soon. Single- or double-pulse coherent optical spectroscopies wrd[A)2

with a picosecond resolution are required for these studies. <D0=<I>§)h°m)— T —(5) , (A4)
For instance, a dielectric grating excited by a first pulse v

could be probed by the second pulse, etc. We believe that 1/A\2

intriguing fundamental problems of the physics of exciton w12 1+ 5(5)

polaritons will attract enhanced attention from the scientific ADg=—pA| T+ _C) ———— 1/, (A5
community. AJ v ¢

(hom) (inh)
APPENDIX: CALCULATION OF THE TIME-RESOLVED Im ®s=Im @7+ 1Im

TRANSMISSION THROUGH A SEMICONDUCTOR 1/A)\2
SLAB WITH THE STEEPEST-DESCENT METHOD 24 1+ 210
-~ C
In the case of distributed resonance frequency the refrac- =yt=aa t_(X) v  (A8)
tive index has a nonvanishing, imaginary part even jor 5
—0, which in turn implies that the phask in Eq. (14) has ,,:(9 o
both real and imaginary pan®(w)=Re®(w)+ilm ®(w) S hw?
[with Im ®(w)>0]. In order to calculat&(t) [Eq. (14)] with B I "
the steepest-descent method, the stationary points should be =Red®g+ilmdg
evaluated at each tinteThese points are the solutions of the 2 2 2
equation —2d well 1 1A - A7
\ “2m /M 2la) Tla) i A
1({A)2 - ) -
W) =—=|1+5 ) , (A1) 1A
210 1+—| —
‘/_ 210 A2
with Q=0Q(t) = o (d/1)/v/t]*2 The stationary points 1 w\ 2 la
. = —arctan — — A8
wg= a)s(t)=w0iQ(t)—l’y, (AZ) B 2 é’l 1/ A 2 ( )
(with the plus and minus signs referring to the upper and to 2la A2
the lower polariton branches, respectiyedye correctly ob- TJF Q
tained in the limiting casé& —0 from Eq.(Al), as may be - -
easily verified using the asymptotic expansion fexo up In the small disordersituation A/Q2<1), Eq.(Al) may
to third order in(1/).2* be solved analytically, as discussed in Sec. IV. The general

Once the pointgs= {r+i{, have been calculatdavhere  case with an arbitrary value of the rati/() requires the
{s are the complex solutions of E¢A1), and{g and{, are  numerical solution of Eq(Al); this step, which is very rap-
real and imaginary parts ofs, respectively the response idly and easily performed, is the only numerical one neces-
function at a timet may be evaluated. It is given by sary in order to calculate the response funciiag).
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