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The effect of inhomogeneous broadening on exciton-light coupling in quantum (@Nss) 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 honzero 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 fsorglaQW: the
oscillations, which originate from interference between upper and lower wings of the exciton distribution, may
be observed in high-quality sampl¢$0163-182@08)06507-3

[. INTRODUCTION thin layers, microcavities(ii) to study in detail the effect of
disorder in a paradigmatic system, namely, the single quan-
The effect of disorder on optical properties of quantumtum well (SQW), particularly for time-resolved experiments.
well (QW) excitons is an important question that is currently We obtain in fact a new and unexpected result, namely, that
of great interest? The microscopic origin of disorder is a continuousdistribution of excitonic frequencies may give
most commonly interface roughness or alloying. Disorderise to beatings in the time-resolved transmissi@in) to
manifests itself in both cw and time-resolved experimentsaddress the question of integrated absorption in single and
Typical phenomena related to disorder include the Stokesultiple QW'’s as a function of both homogeneous and inho-
shift and inhomogeneous broadening of exciton lines, mixednogeneous broadening.
Lorentzian-Gaussian line shapasiodification of exciton ra- The problem of integrated absorption in multiple quantum
diative lifetime?® change of beat period in linear and non- wells (MQW's) is related to the issue of exciton-polariton
linear pulse propagatiotr:° motional narrowing, and modi- absorption in bulk semiconductors. The mixed modes of the
fication of Rabi spliting for QW excitons in exciton and photon fields, i.e., the polaritdigare station-
microcavities:*~*° Disorder is also responsible for momen- ary states in bulk crystals unless dissipative processes are
tum broadening, giving rise to resonant Rayleighintroduced. It was found experimentally that the integrated
scattering:*~*¢ finite risetime in the time-resolved behavior excitonic absorption increases as a function of temperature
of secondary radiation (Rayleigh scattering and up to a critical temperatur@™, reflecting the increase of
luminescence!’~?! etc. While the first class of phenomena damping, and only fofT>T* does it attain the value ex-
can be viewed as effects dephasingor partial breakdown pected from the exciton oscillator strengfh?’ this behavior
of temporal coherence, the second kind of phenomena implis explained theoretically when spatial dispersion is taken
scatteringand partial breakdown of spatial coherence. into accour®=*%(see Sec. IV for a fuller discussiprSimilar
In this work we study the effect of disorder on linear experiments performed on MQW'’s seemed to give the same
optical properties of excitons in QW’s by means of a simpleresult, namely, that the integrated absorption increases with
semiclassical model for inhomogeneous broadening. Theemperaturé! however, the interpretation was not clear
model assumes conservation of the in-plane wave vector argince spatial dispersion of the exciton in uncoupled MQW's
a Gaussian distribution of exciton energies, which is takercan only be present for a finite angle of propagation with
into account in the dielectric susceptibility of the structure.respect to the growth direction. In this work we reexamine
This approach may be related to the microscopic model ofthe question of integrated absorption in MQW'’s, and show
in-plane potential fluctuations with a scale that is muchthat different interpretations follow from different definitions
smaller than the wavelength of light. Our purpose is threeof “absorption” (either dimensionless, or with the dimen-
fold: (i) to give representative results for the effects of inho-sions of an inverse lengtlwhich may be given in quasi-2D
mogeneous broadening on both cw and time-resolved expersystems.
ments in several situations like single and multiple QW’s, Since the present model assumes conservation of the in-
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57 EFFECT OF INHOMOGENEOUS BROADENING ON ... 4671
plane wave vector, it cannot account for phenomena relatecesolved transmission and reflection in single and multiple
to the breakdown of spatial coherence, like resonant RayQW'’s, thin films, and microcavities. Section VI contains
leigh scattering. Also, applications are presented for the simeoncluding remarks.

plest physical situations: we neglect exciton excited states

and the electron-hole continuum, as well as the effects re- Il. MODEL

lated to the presence of a cladding layefhe latter are of
course important in real structures, particularly for a precise,\vI
determination of reflectivity line shapes, but are unrelated tQ;
the problem of inhomogeneous broadening, which is thq
main issue here.

In the framework of linear nonlocal response theBry,
axwell equations for a light wave normally incident on a
ngle quantum well in the vicinity of the exciton resonance
requency can be written in the form

It must be emphasized that disorder is a static perturba- w2
tion, which by itself induces no dephasing since all scattering VXVXE= —D, (&N
processes are elastic. Disorder producepaatial) exciton c

localization and results in an inhomogeneous distribution ofyere
exciton energies; an incident pulse excites all oscillators in
phase, and each level has a coherent time evolution. How- D(2)=€.E(2) +41Ped 2), 2
ever the different phases of excitons with different energies
give rise to interference, which may be called disorder-
induced dephasint. The interference of different energy Pex&Z)ZJ x(z,2')E(z')dZ, ()
levels in the emitted radiation is responsible for most fea- o
tures in the time-resolved response presented in this pape¥nd the nonlocal susceptibility is expressed as
Scattering terms changing the in-plane wave ve¢idrich , ,
are neglected hereemove excitons emitting in the phase- X(,2.2') = x(0)®(2)P(Z'), (4)
matching directions and produce emission in all other direcwhere ®(z) is the exciton envelope function taken with
tions, thus yielding resonant Rayleigh and luminescence sigaqual electron and hole coordinates, ani$ the normal to
nals with a finite rise time. The emission in the transmissionQW plane direction. Taking into consideration only the
reflection directions is thus the spatially coherent signal fronyround exciton state, one can write, in the absence of inho-
excitons which do not undergo scattering events. Correctiongiogeneous broadening,
to the present model therefore depend on the total amount of
scattered light, and of its time evolution. This point will be €0 rragwi/c?
discussed again in Secs. Il and V. (o= wp)=———"——"—
Previous investigations of the effects of disorder will now
be briefly discussed. Microscopic theories for momentunmivherew, is the exciton resonance frequengyis its nonra-
scattering of QW excitons due to interface roughness havéiative homogeneous broadeningy r is the exciton
been developd?®2331%n which the exciton center-of-mass longitudinal-transverse splitting in the bulk material, ang
motion problem in a disordered potential is solved by nu-is the bulk exciton Bohr radius.
merical integration. Semiclassical models for the effect of Solving Eq.(1) using the susceptibility5) and supposing
inhomogeneous broadening on excitons in MQW'’s are defor simplicity the background dielectric constants in the well
scribed in Refs. 34, 35 and 31: in these papers, howevegnd barrier to be equal, one can obtain the amplitude reflec-
only vertical disorder is considered, i.e., due to the differenttion and transmission coefficients in the fdrift*
exciton energies in different wells. The present model, on the
other hand, accounts fdateral disorder due to interface il
roughness and applies also to a single QW. The difference r= e o—i =14, ©®)
i , . . o—w—i(y+Ilg)
between lateral and vertical disorder in the optical response
of the structure holds even in the case of wave vector conwhere the renormalized frequenab differs from w, by a
servation and can be formulated as follows: lateral disorderadiative shift
influences the dielectric susceptibility of each quantum well
while vertical disorder just shifts the exciton resonance en- _ kwLTwag ) , )
ergy in different wells. A Green’s-function approach for de- wo_wo:TJ J dz dZsink|z—2'|D(2)D(2"),
scribing the effect of a disorder potential on exciton-light (7)
coupling is presented in Refs. 7 and 8. These works are
closely related to the results presented here. Several papdhe optical wave vectok=e..w/c, and the radiative decay
address the question of microcavity-embedded QW excitongate I’y of the exciton wave function is given by
in the presence of disord&t:4%10-124IA more detailed com- ’ , ,
parison with existing approaches and results will be given in W TTag ™
the course of the paper. Fo=—5 f ®(2z)coxz d% :\/T s ©
The rest of this paper is organized as follows. In Sec. Il -
we describe the model for inhomogeneous broadening. lin terms of the oscillator strength per unit argg/S. The
Sec. Ill results for cw optical properties are presented. Seaexciton radiative lifetime is 1/(Rg). Iy is typically a frac-
tion 1V is devoted to the problem of integrated absorption intion of a meV (0.02—-0.05 meV for GaAs/AGa, _,As or
single and multiple QW's. In Sec. V we discuss time-In,Ga _,As/GaAs QW’s.
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We suppose that due to inhomogeneous broadening tHfeequency is taken into account here by averaging the sus-
exciton resonance frequency is described by a Gaussian diseptibility y in Eq. (14); the present model is similar to that
tribution function and neglect possible dependence of thef Refs. 7 and 8, where a random potential with short-range
exciton envelope function on energy. The validity of the lat-correlation is assumed and the linear susceptibility is ob-
ter assumption has been confirmed within a microscopi¢ained by a configuration average. Both here and in Refs. 7
model®” provided the envelope function corresponding toand 8 scattering processes that break wave-vector conserva-
the average QW width is used in the calculation. Thus, weion are neglected: the effect of scattering is now discussed.
substitute the resonant dielectric susceptibilyby a func- In general, an extinction coefficient can be defined, which
tion is the sum of absorption and scattering coefficié‘ﬁbsbsorp-

tion represents dissipation of energy in the system, while the
~ 1 F{ (v—wo)z scattering term accounts for light that is reemitted in direc-
x(w)= —f dvx(w—v)exg —
e A

tions other than those of transmission and reflection. The
scattering efficiency for resonant excitation of free excitons

i e, 1m%03ad in QW's is usually considered as small, however, systematic
= z—w(z), 9 investigations of its value are not available in the literature.
c°A Measurements of the intensity of resonant Rayleigh scatter-
where ing in QW's indicate that the ratio of total elastically scat-
tered light to reflected light is of the order of 19 or
w—wotiy smaller?” A similar value is obtained by estimating the scat-
=7 (10 tering coefficient using Rayleigh’s classical form@#4?
Thus the scattering term is indeed small, and the approxima-
and tion of identifying extinction with absorption is well justi-
) fied, at least for cw experiments. A discussion of the effect of
w(z)=e"*erfd —iz), (11)  scattering for time-resolved experiments is deferred to Sec.

V.
Within the present approximation of neglecting scattering,
absorption is defined as

erfc(z) being the complementary error functihHere we
have supposed that, y>0. Solving Eq.(1) with the suscep-
tibility (9) one can obtain, instead of E),

Valow(2)
r=- —= , t=1+r. (12 ; S
At \/;(F0+|(w0— 00))W(2) z?;:(;gtrl](i);]gczfsa quantum well for vanishing inhomogeneous
In the following we will neglect the exciton radiative shift,
which is usually<T',, and therefore assumey— wy=~0. Alw)= 29I (16)
The form (12) of the reflection coefficient is convenient, (wo— )2+ (y+T )2’
since thew function can be evaluated by series expansfdns.
In case of small inhomogeneous broadening one can us¥® that the integrated absorption is

the asymptotic expression

Alw)=1—r|?=[t|? (15)

27T’yFO
) do A(w)= . 17)
[ Y+l
W(2)——, |z]—w, 13
Jrz In case of inhomogeneous broadening the integrated absorp-

tion depends on both broadeningsand A.

Time-resolved reflection and transmission spectra from
the single quantum well have the same shape because the
corresponding amplitude coefficients are relatedbyL +r.

For example, the time-resolved transmission in case of inci-
dent é pulse is described by a function

and Eq.(12) reduces to Eq(6).

We would like to stress at this point that for any form of
the susceptibilityy(w— wg) the reflection coefficient can
be represented as

iay
r= T=iay’ (14

dw )
where a=T4c?/ (e, 0 rmw3ad). This follows from Max- G(T):fﬂexq_le)t(w)' (18

well equationg1)—(3) with nonlocal dielectric susceptibility . . . .
(4), and corresponds to a full inclusion of reabsorption, orThe expgrlmentally detectable 2quant|ty Is the Intensity of
light that is proportional tdG(7)|“. In case of no inhomo-

polaritonic effects beyond perturbation theory. The proce- . ) )
dure is appropriate if the scale of in-plane potential fluctua 9€NeOUS broadening(r) can be calculated analytically:

tions acting on the exciton center of mass is much smaller __ _ .

than the wavelength of light in the mediur so that all G(n=-Teexd ~(y+lotiwo)r] (7>0). (19
excitons give a coherent contribution to the susceptibility.In order to generalize this formalism for the case of MQW’s
Indeed in microscopic models of interface roughness due tone should derive the amplitude reflection and transmission
growth islands of small linear extension the potential correcoefficients of MQW in terms of the single QW reflection
lation length is of the order of the exciton raditfs,e., much  and transmission coefficient$2). This can be done by using
smaller than\. The distribution of the exciton resonance a transfer matrix method. At normal incidence, in the basis
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of amplitudes of incoming and outgoing light waves the

transfer matrix across the period of the MQW structure has a 0.014
form
0.012 .
1] (2—r2)elkd  reikd |
M:f[ —reikd e ikd | (20 0.010
> -
whered is the period of the structure. The eigenvalues of this 2 g gog
matrix can be written in form ;-_3
()
i 4

0.006
. M+ m [(myg+myy)?
etle: 112 22i ( 114 22) _1, (21) |

0.004
wherem;; and my, are the diagonal elements of the matrix 7
M. The eigenvectors of this matrix can be represented as 0.002
1 0.000
I += ) (22) 8
ax w0, (MeV)
where . .
FIG. 1. Reflectivity of a single quantum well, fop=0, A
reikd =0.4 meV(solid line) andy=0.25 meV,A =0 (dashed ling Inset:
a,=——— (23 phase of the reflection coefficient. In this and the following figures

e ikd_g*iQd the index of refraction is=3.26 and the radiative width is taken to

Representing the light wave inside the structure as a linedfe o= 0-026 meV, corresponding to a GaAsjABaeAs QW of
about 10 nm thickness.

combination of two eigenvectors and using the Bloch theo-
rem one can obtain the amplitude reflection and transmission ll. CW SPECTRA
coefficients of the MQW in the form

2iNOd In Fig. 1 we show the reflectivity of a single QW for the
a,a_(1—e”7+%) (24  Cases of homogeneous broadertidgshed lingand inhomo-

fvQw a_—a,edNQd ’ geneous broadeningolid line). Note thaty represents the

half-width at the half-maximum{HWHM) of the homoge-
(a_—a,)eNQd neous line, whereas the HWHM of the inhomogeneous line

twow= """ Zmgd® (25 is A\In2. The tails of the reflectivity curves are Lorentzians
a-—a;e in both cases: in fact from the asymptotic behavior ofwhe
The eigenfrequencies of exciton polaritons in thefunction[Eq.(13)] one sees that the line shafi®) tends to

structur&®®! must satisfy the equation the Lorentzian form(6) far from the line center. Thus it is
_ _ difficult to distinguish between homogeneous and inhomoge-
a, eNQi=g e INQd (26)  neous broadening in reflectivity experiments. The phase of

the reflection coefficient is shown in the inset of Fig. 1 and is
c]seen to have a similar behavior for both sources of broaden-

ing.

Substituting the amplitude coefficient@4),(25) into Egs.
(15),(18) one can obtain, respectively, the absorption an

tlmgérre:)(z(l:\ilg ig?:?r:?éis;ﬁ;;\?viﬁtr: t%figlilr?egﬂsQr\;VQch larger Figure 2 shows the calculated absorption line shape for
9T hoth homogeneous broadenidashed linesand inhomoge-

than the exciton Bohr radii®ne can use the local response ! N .
. ; .~ neous broadeningsolid line) for the cases of one and five
theory. The inhomogeneous broadening can be taken intQ

: ) ; . quantum wells. Here the inhomogeneously broadened spec-
account in the frequency-dependent dielectric function of th ; S o e .

. . ; o ) rum decays like a Gaussian in the tails; thus it is possible to
layer, which can be written in the vicinity of the exciton

[6SONANCE aS distinguish whether the line is mainly homogeneously or in-
homogeneously broadened by performing a careful line-
shape analysis of absorption measurem@rtigure 2 also

> 2
e(w)= €.+ x(@)c , (27)  shows that absorption obviously increases with the number
wang of QW's, while the line shape does not change appreciably.

—~ . . ) Peculiar, asymmetric line shapes are obtained for MQW'’s
where x () is the same as in Eq9). In order to take into  \yhen broadening is comparable to or smaller than the radia-
account the spatial dispersion one should replace ifjye width. To give an example, the inset of Fig. 2 shows the
x(0): wg— wo+ (Ak?/2M), whereM is the exciton mass. In  absorption line shape for five QW’s with very small values
this case, to calculate the optical properties of the system ongf both broadenings. The asymmetry and the peak structure
should introduce additional boundary conditions on the excioriginate from radiative coupling between the QW'’s, which
tonic contribution to the dielectric polarization. In the fol- gives rise to a splitting of the eigenmod@s>33However,
lowing, however, we will ignore the exciton spatial disper-in practice the inhomogeneous broadening grows rapidly
sion and use therefore only the usual Maxwell boundarywith the number of QW’s due to unavoidable differences
conditions. between the well widths, so that the peculiar line shape is
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FIG. 4. Radiative width for the optically active mode of a Bragg
arranged MQW with different number of wellperiodd=2\/2), for
FIG. 2. Absorption of a single quantum well and a MQW with different values of the inhomogeneous broadening.

five wells, for y=0, A=0.4 meV (solid line) and y=0.25 meV, o ) )
A=0 (dashed ling Inset: absorption for five QWs, witly=0, A stop-band appearance is lifted in case of even small disorder.

=0.01 meV. At A=0.1 meV there is no more oscillations in the spectrum
and its form tends to a usual Lorentzian. This is a limit of
gtrong disorderin comparison with the radiative broaden-
Ihg) that suppresses all interference effects in the structure.

w-w (meV)

washed out and only the Lorentzian-Gaussian line shap

shown in Fig. 2 remains, This is realized in the majority of real samples
Figure 3 shows the calculated reflection spectra for five . jority ples. ,
Electromagnetic coupling between excitons in MQW'’s

Bragg arranged QW's, i.e., a MQW structure with a IoerIOOIgives rise to eigenmodes with different energies, or in other

d=\/2, where is the wavelength of light in the media at fords, to a radiative splitting of the exciton states. The state

the exciton resonance frequency. In the absence of inhom at matches the wave vector of liaht in the sample has the
geneous broadening the spectrum reminds typical spectra I? 9 P

Bragg mirrors, i.e., shows a plateau and symmetric oscillat:. ; . : .
ing tails. The plateau corresponds to the optical stop baname that is much shorter than for a single QW. Since this

and the oscillations are associated with eigenfrequencies iﬂgﬁggﬁsgceéﬁdéiiﬁinr:?r?rgﬁg?:r?tnwrgl?su'rite?spgki;sigug?-
exciton-polariton modes in the system. In the presence of ' y

very weak disorder & =0.01 meVf the spectral line shape of interest to examine in which way disorder competes with

- . radiative coupling. For a single QW it was already shown
far from the (_axcnon resonance frequency remains aIm_os.t un[hat disorder%e(?reases the ?adia?[ive wititomodel )l:/)ased
changed while the plateau transforms to two well-distinct .

peaks. This indicates that the positive interference of all red" vertical dlsqrder suggested that for MQW's mho_moge
: . . . neous broadening has to be compared withsingerradiant

flected light waves in the structure that is responsible for the 5 . . .
decay rat€® In Fig. 4 we show the decay ratiee., minus the

imaginary part of the complex enengfor the optically ac-

argest radiative widtfi®®? this can lead to a radiative life-

1.0 tive mode in Bragg-arranged MQW'’s. It has been found
from Eq. (26) solved numerically in the complex plane. It
os L can be seen from Fig. 4 that the superradiant width is indeed
' suppressed by disorder, and that the energy scale for this
suppression grows with the number of QW's. Collective ef-
> 06 [ fects in the radiative properties of excitons in Bragg and
s anti-Bragg arranged MQW's have been recently obsetéed.
O
©
& 04r IV. INTEGRATED ABSORPTION
It is often taken for granted that the frequency integral of
02 the exciton absorption line is a temperature-independent con-
stant, which is proportional to the exciton oscillator strength.
0.0 Such a statement follows from a treatment of exciton-

radiation coupling within second-order perturbation
theory®>*?and therefore neglects the oscillatory exchange of
energy between exciton and photon, which is characteristic
FIG. 3. Reflectivity of Bragg arranged MQW with five wells Of polaritonic ~ effects. Within the exciton-polariton

(periodd=\/2), for different values of the inhomogeneous broad- picture??23564%gptical absorption cannot be due to coupling
ening. of light to the exciton alone, but must follow from the pres-

-0, (meV)
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ence of dissipative processes like exciton-phonon coupling.
In physical terms, the incoming photon produces an exci-
tonic transition, and is then reemitted with the same wave
vector, and so forth, unless scattering events break the trans-
lational symmetry and transfer energy to the crystal lattice.
Absorption experiments performed on bulk C4S,
GaSe?® ZnSe?® and GaAs(Ref. 27 crystals indicated that,
on decreasing the temperatufe the integrated absorption
K(T) = fjnee@(w) dw remains constant only above a charac-
teristic temperatur@™*, then forT<T* it decreases towards
smaller values. The temperatuii® marks the crossover
from the excitonic T>T*) to the polaritonic T<T*) re-
gime; only in the former case the exciton-light coupling can , . , . .
be treated by perturbation theory. From a theoretical point of 0.0 0.0 0.4 0.6 0.8 1.0
view, it was showr’ that if the exciton has no spatial dis-
persion the integrated absorption has to be constant and tem-
perature independent: this can also be viewed as a conse- F|G. 5. Integrated absorptiofsee text for MQW’s with a pe-
quence of the sum rules embodied in Kramers-Kronigiod d=20 nm, for different number of wells, as a function of
relations, which, however, do not necessarily hold if the di-homogeneous broadening. Solid lines=0. Dashed lines:A
electric constant is wave-vector dependent. In fact, when eX=.1 mev. Here agaif ;= 0.026 meV anch=3.26.
citonic spatial dispersion is taken into account the integrated
absorption is found to depend on dampimgompared with  either the transmission or the reflection directions, and in
a critical valuey, = wo\2e.iw 1 /(Mc?):?>Ffor y<y.the  both cases no energy is absorttee., dissipateyiin the crys-
integrated absorption grows with, while for y>, itis a  tal. Only if the exciton suffers scattering evefgsnbodied in
constant. Thus the crossover from polaritonic to excitoniche dampingy) before decaying radiatively is the incoming
regimes is governed by the temperature dependence of thhoton removed from the transmitted/reflected beams. Thus
exciton dampingy. the total energy dissipated in the crystal increases with the
Recent experiments performed on GaAs@d _,As rate of damping processes compared to radiative recombina-
MQW'’s (Ref. 27 indicated a temperature dependence of in-tion.
tegrated absorption that is similar to that observed in bulk In Fig. 5 we show the integrated absorption for MQW'’s
GaAs, namely, an increase at low temperature followed bys a function of damping, for homogeneous broadening
saturation. However, since the QW'’s in Ref. 27 are electronionly (solid lineg and for a finite value of the inhomogeneous
cally uncoupled, exciton motion along the growth directionbroadeningA (dashed lines In all cases the integrated ab-
cannot occur, and spatial dispersion is present only for insorption increases with the damping; however, widen0
plane motion of the exciton. The temperature dependence ¢ghomogeneously broadened caslee integrated absorption
integrated absorption is attributed in Ref. 27 to the finitevanishes fory— 0, while if A+ 0 it tends to a constant value
angle of incidence of the incoming beam; however, no defifor y—0 (thus whenA #0 the integrated absorption has a
nite conclusions are drawn. In another theoretical Woitke  discontinuity aty=0, since it must vanish thexeFor large
integrated absorption of a MQW structure has been calcudamping the integrated absorption saturates to a constant
lated taking into account the optical coupling of homoge-value, which reflects the total oscillator strength of the exci-
neously broadened exciton resonances in QW'’s; this workon in the MQW, and equals2NTI",. The critical value ofy,
predicted the increase of integrated absorption with temperder which the integrated absorption starts to saturate, also
ture increase also for a normal incidence. An important quesincreases with the number of wells reflecting the increase of
tion for this kind of analysis is which definition of absorption the radiative widt?®*this is quite important for an experi-
has to be used, i.e., whether the quanityT) refers to the mental observation, since the critical valueyofor one QW
integral of the absorption coefficiefwith the dimensions of is of the order ofl'y and is too small for the increase of
an inverse lengthor of the optical densityA=1—-R—-T integrated absorption to be observed. The behavior shown in
(which is obviously dimensionlessA reexamination of the Fig. 5 indicates that an increase of integrated absorption as a
issue of integrated absorption in single and multiple QW'’s isfunction of temperature is expected.
clearly needed, and is the purpose of this section. Figure 6 shows again the integrated absorption for
Here we concentrate on the definitioh=1-R-T, MQW'’s, but now as a function of inhomogeneous broaden-
which is directly measured in an optical experiment; thising A. The solid lines refer to the case of pure inhomoge-
guantity will be referred to as “absorption” or “optical den- neous broadening. Of course wher 0 exactly, optical ab-
sity.” In the case of homogeneous exciton broadening, thesorption is zero for all frequencies: the solid curves in Fig. 6
frequency integral;,cA(w) dw is seen to depend on exci- are calculated for a very small, but finite value of The
ton dampind Eq. (17)]: for y<I', the integrated absorption dashed curves instead refer to the case of mixed
is proportional toy, while for y>T it is a constant and is homogeneous-inhomogeneous broadening. The overall be-
proportional to the oscillator strength per unit area. This rehavior of the curves is similar to that of Fig. 5. This is inter-
sult admits a simple physical interpretation in terms of wave-esting, in view of the different physical meaning of the two
vector conservation. An incoming photon has a finite prob-sources of broadening: the dampipgdescribes a decay of
ability of being absorbed by the exciton; however, since thahe total exciton population, while the parametedescribes
in-plane wave vector is conserved the photon is reemitted i redistribution of states within the inhomogeneously broad-

©c o o =~ =
A o o o i
T . T

©
o

Integrated absorption (meV)

Y (meV)
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FIG. 6. Integrated absorptidsee text for MQWSs with a period
d=20 nm, for different number of wells, as a function of inhomo-  FIG. 7. Transmission response functif@(7)| from a single
geneous broadening. Solid lineg=0; Dashed linesy=0.1 meV.  quantum well, withl';=0.026 meV andy=0, for different values

of the inhomogeneous broadening.

ened exciton line, without decay of the total population. Nev-
ertheless, the two broadening mechanisms act in a simildhg y=0 and different values of the inhomogeneous broad-
way for what concerns integrated absorption. ening A. For A=0 the response function decays

An obvious question that can now be posed is how theexponentially with the radiative decay rdtg [Eq. (19)]. For
bulk limit is recovered for a large number of wells. The finite values ofA the transmitted signal decays with a Gauss-
qualitative behavior shown in Figs. 5 and 6 is found to holdian envelope and shows oscillations, whose period decreases
also for largeN; however, the definition of absorption &  with increasingA. Considering thatA=0.4 meV corre-
=1—R—T is no longer appropriate in the bulk limit. For a sponds to a FWHM of 2In2A=0.66 meV, the curves
large number of wells, i.e., for a thick enough MQW of shown in Fig. 7 should be accessible to experimental verifi-
thicknessx it becomes more convenient to define an absorp<ation in high-quality samples.

tion coefficient per unit lengtl in terms of the logarithm of We emphasize that beatings in the time-resolved signal
the transmission, or rather from a single QW can only be obtained when reabsorption/
polariton effects are taken into account, as done in the
(1—R)%e present treatment by the solution of Maxwell equations lead-
= (28 ing to Eq.(14). The observation of beatings in coherent time-
1-R% resolved spectroscopies from QW excitons has been reported

when multiple reflections are taken into accotiitvhen this several tlme§;hoy\{ever, beatings usually orlg!nate from co-
Ferent superposition of two quantum transitions, like exci-

definition is adopted, the integrated absorption coefficien ons localized in different interface islantsheavy- and

K(T)=Jinea(w) dw is found to have the same behavior 3Syight-hole excitond! upper and lower polaritorfé, exciton-
in a homogeneous film with an excitonic resonance, namely ’ ’

K is a constant when spatial dispersion is absent. Thus t?olanton eigenmodes in MQW?Y, etc. The prediction of

same results may be analyzed in two different ways, accor eatings in the time-resolved transmission from a continu-
; - SN inhom n ly br n xciton girmle QW i
ing to the definition that is used. The definiti¢tb) is pref- ous, inhomogeneously broadened exciton irgle QW is,

erable for one or a few QW'’s, where attenuation of the in-t0 our knowledge, a new and peculiar phenomenon. Thus it
’ ._is useful to understand the origin of oscillations in physical

terms. Two simple arguments are given in the following.

An analytical approximation of the shape of the time-
resolved signal can be given in the limit of strong disorder,
i.e., A>T",. In this case the reflection coefficiefit2) can be
gepresented as a sum

probability A(w) has a simpler physical interpretation; the
usual definition(28) corresponds to treating the MQW as a
thin film of a bulklike material, and becomes useful when the
incoming beam is considerably attenuated in propagatin
through the structure.

VT

A

V. TIME-RESOLVED SPECTRA r= 2 ", f=-— w(z). (29
n=1
A. Single quantum well

. . . . Keeping only the first two terms in E§29) on n obtain
In this section we study the effect of exciton inhomoge- eeping only the Tirst iwo terms 429) one can obta

neous broadening on time-resolved optical spectra. We cal- A272
culate the absolute valy&(7)| of the response function at G(r)= —Foexp{ — 7 —iwor
finite times 7>0 (i.e., we neglect thej-function term for 4

transmission The transmitted intensity is given @ (7)|2.
In Fig. 7 we show the response functif@(7)| for time- %
resolved reflection or transmission for a single QW, assum-

FO TA 22
1—\27—erfl — | e2" 78|, 30
"A (M) l %0
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One can see from E¢30) that this function is nonmonotonic [ " T " T " T
in the presence of inhomogeneous broadening and that 107 E
|G(7)| has a minimun{zerg when the bracket in the right- 3
hand part of Eq(30) vanishes. Clearly, if we keep only the
term linear in susceptibility in the reflection coefficient, the
oscillations disappear. In case<2.2/A the condition for
the minimum has a simple form

102 E

Tored’™ =1, (31)

In the range of parameters of Fig. 7 the above equation has

the approximate solutiom~n/A, with a numerical facton

of the order of three to five: this shows that the period of

oscillations is inversely proportional to the inhomogeneous ) )

broadening parameter. 0 10 20 30 40
Interestingly, the oscillations in time-resolved transmis- Time (ps)

sion of the single quantum well exist for a wide range of

distribution functions for the exciton resonance frequency FIG. 8. Transmission response functigh(7)| from a multiple

(not only Gaussian As far as we judge from numerical quantum well with five wells, of periodd=20 nm, with I'g

simulations, any distribution function decreasing faster thari- 0-026 meV andy=0, for different values of the inhomogeneous

Lorentzian provides nonmonotonioscillating in time sig- ~ Proadening.

nal in transmission. The integr&l8) can be done analyti-

cally for the distribution function

A=0.4 meV

Transmission (arb. units)

and in the case of a strong disorder, one can approximate the
phase as a function of frequency by

f(x)= A . 32 v
0= Ea (X—wo)*+ A% (32 (pmarctanx, (36)
One can show that in this case oscillations appead if \yherey=w—w,. In this case
>2I"y and have a period
4m G(T)“A_lf dv e_(VZ/AZ)(ACOSJT— vsiny )
T= T (33 0
A
—-Tp N A7 A
4 = — -1l =
ZAex;{ 4)12.(37)

To obtain an intuitive physical understanding of the non- . L .
X . 2 = Thus we see that even in this oversimplified model the inter-
monotonic shape of the time-resolved transmisgiaflec- . . .
ference of modes having a different phase in the case of

heoLisly broadened excitbn resonance, e us consider & wall[IOTIOUENe0uS broadening causes the pronounced non-
y ' . : monotonity of the time-resolved signal that has a minimum
packet composed by a set of plane waves with amplitudes

proportional to exp-[(w—wo)/A2}, which is a simplified =2/A. Physically, the upper and lower wings of the exciton

. X distribution behave as two oscillators with different energies,
analogy of the wave packet emitted by an inhomogeneous| hich are excited in phase by the incoming pulse and decay
broadened exciton. As a zeroth order approximation let us

suppose all these waves to have the same phase. Since oherently while producing beatings.
gl(@ot V)74 gi(wg=¥)7_ 2@l “0TCoSVT, (34) B. MQW'’s, thick films, microcavities

In Fig. 8 we report the transmission response function
from a MQW with five wells, again for different values af
Numerical convergence in the frequency integral was care-
) fully checked: we found that spurious features could arise

when parameters of numerical integration were not properly
(39 chosen. Already foA =0 oscillations are present, as previ-
which describes an initial Gaussian-like decay of the transeusly reported:*>°33lthey originate from interference be-
mitted signal in agreement with E0). However, the func- tween the various modes of the electromagnetically coupled
tion (35) is monotonic. The origin of the minima and oscil- QW's, and for increasing thickness they go over to the bulk
lations is in the frequency dependence of the phase of thpolariton beating§2®3 Note, in particular, that this interfer-
emitting oscillators. As one can see from E&2) or from  ence causes an initial increase of the time-resolved signal.
the inset of Fig. 1, the phase of the reflection coefficient ofThe effect of inhomogeneous broadening is to decrease the
light changes byr as one tunes the frequency across theperiod of oscillations, and to yield a fast@aussiahdecay
exciton resonance. The interference of the light waves emitef the time-resolved signal. Note that the time-integrated
ted with the different phases results in the oscillations of théransmitted signal decreases with increase of both homoge-
time-resolved transmission and reflection. In the first ordeneous and inhomogeneous broadening, which is accompa-

the time-dependent integrated signal is given by a function

) /7T AZTZ
G(T)“f dv e~ A cogr= - Aex;{ )
0
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FIG. 9. Transmission response functit@(r)| from a 1um FIG. 10. Transmission response funct{@Y(7)| from a\ cavity

thick GaAs film, for different v_alues of the inhomogeneous broad- it gne embedded quantum well, for different values of the inho-
ening. Other parametersiwo=1.52, fiw 7=0.08 meV, y=0.1 mogeneous broadening. Other parameters: mirror reflectRity
mevV. =0.9994, Rabi splitting4 meV.

nied by a simultaneous increase of the integrated absorption.
Also, the oscillations are somewhat smeared out for longeresults in qguantum beats seen in time-resolved transmission
times. Similar conclusions were reported by Strouckeal®  or reflection spectra. The period of these beaf§4s27/Q
The results of our Fig. 8 differ in some details from those of(where Q) is the Rabi-splitting frequengy which is much
Ref. 8, Fig. 3; our curve displays regular oscillations and asmaller than a period of oscillations in typical MQW sys-
fast decay with no plateaus. tems. Figure 10 shows the calculated response function for
On comparing Figs. 7 and 8 it can be noticed that for atime-resolved transmission of a microcavity with parameters
given value of A the overall decay of the time-resolved close to those of an experimentally studied struéttirethe
transmission signal is much slower for MQW's than for aabsence and in the presence of inhomogeneous broadening.
single QW. This can be interpreted by saying that theClearly, the inhomogeneous broadening effect on these beats
disorder-induced decay of the QW exciton is reduced by rais much weaker than in the case of single or multiple QW's,
diative coupling between QW'’s: since the excitation is delo-since the value of the polariton splitting, which has to be
calized over the MQW, the effect of disorder is averaged outompared with the inhomogeneous broadening, is giant in
in the MQW polariton state. This is a kind of quantum “mo- the case of a microcavity. Thus, even wheris of the order
tional” narrowing, and is analogous to the phenomenon ocef a few meV the oscillations are still seen. The period of
curring for polaritons in microcavities:*3 oscillations decreases with increase of disorder, and the sig-
Propagation quantum beats of the quadrupole polariton imal decays faster for stronger disorder. Similar results have
Cu,O were reported by Fhdich et al® They are due to been recently obtained within a quantum-mechanical ap-
interference of upper and lower polaritons that propagate gtroach to the polaritonic problem by Savoetzal. (Refs. 10
the group velocity in a film thicker than the wavelength of and 33. The tendency of decrease of the period of oscilla-
light. An analytic expression that describes the polaritortions and increase of the decay rate of the signal has been
beatings was recently givéi.The quantum beats also re- found for all systems considered in this work, including thick
quire that coherence is maintained over the transit time in thélms of bulk, MQW’s, microcavities, and, surprisingly,
crystal. In Fig. 9 we show the transmission response functiosingle QW'’s.
through a 1gm-thick layer of GaAs sustaining an excitonic ~ We now take up again the question of the validity of the
resonance, for different values of the inhomogeneous broagresent model, which neglects wave-vector scattering. The
ening. Here again the effect of disorder is to reduce the petotal scattered intensity is a small fraction of the incident
riod of oscillations and to make the whole signal decay withlight, as discussed in Sec. Il; however, since the secondary
a faster(Gaussiah envelope. It is interesting to note that radiation has a finite rise and decay tiffe?®it could pos-
disorder does not result in a broadening of the structures, bgibly modify the shape of the time-resolved signal in the
only in a change of their temporal positions. phase matching directions. For a spectrally narrow excitation
Semiconductor microcavities with embedded QW's reprethe resonant Rayleigh signal decays with the coherence time,
sent a peculiar model system for studying the polaritonidout when the whole inhomogeneous line is coherently ex-
beats. Here, two interfering polariton branches are producedited, the decay rate is expected to be faster and dominated
by a confined photon mode in the cavity and an excitorby disorder-induced dephasifgin this latter case not only
resonance in a quantum well. The splitting between two conthe total(time-integratefl but also the time-dependent elas-
fined polariton branches, referred to as a Rabi splittingfically scattered light should be a small fraction of the ob-
achieves 7—8 meV in real structur@Ref. 2. This splitting  served signal. Thus our results for the response functions,
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which represent the response todapulse, should not be beats between the upper and lower wings of the exciton line,
appreciably modified by Rayleigh scattering. In any case and can be obtained only if polariton effects in the optical
complete answer could only come from a theory of time-response are included. Approximate treatments substantiate
resolved response of disordered QW's that includes Rayleigthe conclusion that the period of oscillations is inversely pro-
scattering and hot luminescence together with polariton efportional to the parametex. The time-resolved transmission
fects; developing such a theory is a considerable challengia the presence of inhomogeneous broadening has a
for future research. Gaussian-like decay: thus for an experimental observation it
is important that inhomogeneous broadening be not too
VI. CONCLUSIONS large, in order that one or a few oscillations can be detected
] ] ] with an appreciable intensity. The present results indicate
We have studied the effect of disorder on optical propernat the beatings may be observed if the broadedirig of
ties of excitons in QW’s by means of a semiclassical modejhe order of 0.4 me\corresponding to a FWHM of about
with a Gaussian distfibution of exciton energies. Disorderg 7 me\). Beatings are also predicted for different kinds of
affects both cw and time-resolved measurements. The pregshomogeneous distributions, i.e., they are not a special fea-
ence of inhomogeneous broadening is apparent in the tails @fire of a Gaussian distribution.
absorption(but not of reflectivity spectra. The integrated Quantum beats in the time-resolved transmission are
absorption of light in single and multiple QWislefined as present in MQW’s, thin films of bulk, and QW’s in micro-

the integral of the optical densjtyis nonzero only in the  ¢ayities due to coherence between quantum transitions with a
presence of a finite damping and increases as a function @,mmon ground state. The effect of disorder is to induce a

either homogeneous or inhomogeneous broadening. For @sier(Gaussian-likedecay of the signal and to decrease the
broadening larger than the radiative width in the couple%eriod of beatings. Disorder-induced decay of the time-

QW'’s the integrated absorption attains a saturation valugggglyved signal is slower in MQW’s than in a single QW:
corresponding to the total oscillator strength of the MQWipis is a consequence of radiative coupling between QW's,
exciton;. T_his behavior re;embles that of eg(cjton—polaritorhnd is a kind of polariton motional narrowing. For a weak
absorption in the bulk, but in the MQW case it is not due togisorder the oscillations are not smeared out and the sharp-
a spatial dispersion effect. These considerations follow fronhass of structures is preserved. These conclusions are com-
the definition of absorption appropriate to a single QW or ayon to the various systems examined and can therefore be

thin MQW, where the incoming light beam has a small prob-taken as general features for the effect of disorder on time-
ability of being absorbed by the sample; for a thick MQW, yesolved spectroscopies.

when the light beam undergoes exponential attenuation, it is
more appropriate to define an absorption coefficient per unit
length in terms of the logarithm of the transmission, and in
this case the properties characteristic of a thin filmpar- The authors wish to thank Professor R. P. Seisyan for
ticular, the fact that the integrated absorption coefficient is aiseful correspondence, and Dr. M. Gurioli for providing un-
constant in the absence of spatial dispersime recovered. published results on intensity of resonant Rayleigh scatter-

The most peculiar result of the present model is that théng. One of us(A.V.K.) is grateful to Istituto Nazionale per
time-resolved transmission or reflection from a single QWla Fisica della Materi@dINFM) for supporting a three-month
displays oscillations in the presence of inhomogeneoustay at the University of Pavia, where this work was carried
broadening. These oscillations can be viewed as quantumut.
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