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Resonant Femtosecond Emission from Quantum Well Excitons: The Role
of Rayleigh Scattering and Luminescence

S. Haacke,1 R. A. Taylor,2 R. Zimmermann,3 I. Bar-Joseph,4 and B. Deveaud1
1Institute for Micro- and Optoelectronics, Swiss Federal Institute of Technology, CH-1015 Lausanne, Switze

2Physics Department, Clarendon Laboratory, University of Oxford, Oxford OX1 3PU, United Kingdom
3Institut f ür Physik, Humboldt-Universität zu Berlin, 10117 Berlin, Germany

4Department of Physics, Weizmann Institute of Science, Rehovot 76100, Israel
(Received 9 December 1996)

We study the ultrafast properties of secondary radiation of semiconductor quantum wells under
resonant excitation. We show that the exciton density dependence allows one to identify the
origin of secondary radiation. At high exciton densities, the emission is due to incoherent
luminescence with a rise time determined by exciton-exciton scattering. For low densities, when
the distance between excitons is much larger than their diameter, the temporal shape is independen
of density and risesquadratically, in excellent agreement with recent theories for resonant Rayleigh
scattering. [S0031-9007(97)02590-8]

PACS numbers: 78.35.+c, 71.35.–y, 78.47.+p, 78.66.–w
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Since the early work of Wannier and Hopfield it ha
been widely accepted that excitons are the fundame
excitations of a direct semiconductor which interact w
light under conservation of momentum [1,2]. In quas
two-dimensional systems such as quantum wells (QW
due to the broken translational symmetry, excitons w
in-plane momentaKk smaller than the wave vecto
of light couple to a continuum of photon modes [3
which results in a picosecond decay of the exciton
luminescence [4].

A fundamental issue is to understand the formatio
i.e., the temporal rise, of secondary radiation (SR) in
rections other than those of the reflected and transm
ted laser beam. SR includes disorder-related Rayle
scattering [5,6] which is coherent with the excitation a
incoherent luminescence from excitons which have ex
rienced energy or phase relaxation [7]. First femtos
ond experiments under resonant excitation have reve
a finite rise time of SR [8] which shortens for high exc
ton densities when exciton-exciton (X-X) and exciton-free
carrier scattering are important. As interface disorder
been neglected, excitons were assumed to be plane w
states, and the emission has been attributed solely to
minescence. In this approximation, the rise time is a c
sequence of momentum and energy conservation, wh
require that excitons have to change momentum bef
they can emit in directions different from the excitatio
beam.

It is well known, however, that QW interfaces have
finite roughness, which shows up in steady-state spectr
an inhomogeneous broadening of the excitonic transiti
[9]. Recent theories which account properly for interfa
disorder have pointed out that resonant Rayleigh scatte
(RRS) from QW excitons does not rise within the excit
tion pulse but exhibits, like luminescence (PL), a finite ri
time [10,11]. It has been predicted, however, that the i
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tial Rayleigh signal increases quadratically in time [10,11
unlike luminescence which rises linearly. Furthermore,
RRS is related to static disorder, its temporal shape do
not depend on the exciton density. Both properties of RR
have not yet been observed. The different temporal ev
lution could then be used to differentiate between PL a
RRS. The main difficulty is that the exciton density has
be sufficiently low so that the excitonic interference on
evolves due to the inhomogeneous broadening and is
perturbed by inelastic dephasing processes (X-X scattering)
which would lead to luminescence.

In this Letter, we investigate thoroughly the effect o
exciton density on the femtosecond SR under resonant
citation for the first time. Thanks to improved detectio
techniques we can change the exciton density by 3 ord
of magnitude, down to a few108 cm22. This enables us
to see that the origin of the emission changes gradua
as the exciton density is lowered: luminescence of rapid
dephased excitons at high densities and Rayleigh scat
ing due to interface disorder at lowest densities. At th
lowest exciton densities we indeed observe a quadra
rise of the secondary emission and a temporal shape wh
is density independent. The temporal features in the lo
density regime are well explained by a classical model
RRS in a quantum well with interface roughness [10].

Femtosecond time resolution of resonantly excited S
is achieved by frequency up-conversion in a two-col
experiment using the 1.5mm output of a synchronously
pumped parametric oscillator as the gating beam. T
temporal and spectral resolution are 150 fs and 12 me
respectively. We used a liquid nitrogen cooled charg
coupled device (CCD) for detecting the sum frequen
signal, providing high sensitivity and low backgroun
signal [12]. We have studied a variety of high qualit
GaAs multiple QWs with well thicknesses between 10
and 220 Å, and 70 Å barriers of Al0.4Ga0.6As or AlAs.
© 1997 The American Physical Society
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These samples show narrow PL linewidths and ve
small Stokes shift (0.6 and 0.1 meV, respectively, for t
180 Å sample), as measured by PL excitation (PLE). T
spectral width of the exciting fs pulses is 18 meV. T
laser spectrum is centered 6–8 meV below the heavy-h
(hh) resonance to minimize generation of free carrie
but it excites the heavy- and light-hole 1s-exciton states
simultaneously in most samples. The exciton densities
estimated assuming 10% max absorption per well for a
exciton and taking into account the finite spectral wid
of the exciton line. All measurements were perform
at T ­ 10 K. We used circularly polarized light (no
creation of biexcitons), and excitation and detection w
copolarized for all spectra shown here.

Figure 1 shows the time-resolved emission of Ga
MQWs with different widths. All transients exhibit thre
distinct features on a 40 ps range (inset Fig. 1). The p
at zero delay stems from laser light scattered at the sam
surface and demonstrates the temporal resolution.
long, nearly exponential decay is observed in all samp
with a slightly sample dependent decay time (16–25 p
These decay times are very similar to those observed
resonant excitation experiments with ps time resolut
and are related to the radiative decay of hh excitons
The dominant signal, observed within the first 10 ps,
accessible here only thanks to the fs time resolution. I
more than 95% circularly copolarized with the excitin
laser and would therefore not be distinguished fro
laser scatter in ps experiments. Pronounced oscillati
are observed (Figs. 1 and 2) which are identified
quantum beats between the heavy- and light-hole exc
1s states, as also reported in [8]. The beat frequen

FIG. 1. Time-resolved emission at 10 K for different we
widths measured with excitation and detection circularly cop
larized. The period of the quantum beats decreases w
increasing heavy-light-hole exciton splitting for smaller we
widths. Inset: Time-resolved emission from a 180 Å MQ
showing the excitonic radiative decay at long times.
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nHL corresponds exactly to the exciton splittingDHL
observed in PLE spectra (130 Å QW:nHL ­ s490 fsd21

andDHL ­ 8.3 meV). The visibility decay (damping of
the relative beat amplitude) provides valuable informatio
about the coherence between both exciton states.

We will concentrate now on the effect of exciton den
sity nX on the temporal shape of the emission [Fig. 2(a)
At high densities (nX $ 2 3 109 cm22) we observe a de-
crease of the rise time of the SR when the exciton dens
is increased, which is in agreement with [8]. The tempo
ral shape can be approximated by the following double
exponential function with rise and decay timestR and
tD , respectively, and a beating part with a visibility deca
time tHL, and amplitudea,

IPLstd ~
e2tytD

tD 2 tR
s1 1 a cosnHLte2tytHLd . (1)

The temporal shape is found to be strongly depende
on the exciton density. First, the rise and decay time
which are almost equal at any density, shorten whe
nX is increased [3.2 to 2.2 ps for the densities indicate
in Fig. 2(a)]. Second, the beat visibility decay time
tHL reduces to 5 ps for the highest densities (nX $

5 3 1010 cm22) indicating a loss of coherence between
the heavy- and light-hole excitons.

Important information is also provided by the time-
resolved reflectivity [Fig. 2(b)] which shows an increasing
decay time when the exciton density is decreased. The
duction of the decay time of the reflectivity demonstrate
that homogeneous broadening dominates the exciton
sponse fornX $ 5 3 109 cm22. When the emission in
scattered directions is detected time integrated, allowin
for a better spectral resolution, we observe actually a lin
broadening for an initial density ofnX $ 2 3 1010 cm22

FIG. 2. (a) Effect of exciton density on the time-resolved
emission of the 180 Å quantum well. The maximum of the
emission is shifted to longer times when the exciton densi
is lowered. The experimental data (thick lines) are compare
with the theory discussed in the text (dotted line). (b) Time
resolved reflectivity showing a reduction of the decay time fo
increasing exciton density.
2229
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[13]. We can therefore conclude that the emission atKk fi

K0
k stems from “dephased” excitons and is attributed to l

minescence in agreement with [8]. The decay and r
times are then interpreted as scattering times out and i
the in-planeKk states from which the emission is collected
In particular, the decay time of reflectivity (excitons leav
ing K0

k) and the rise time of luminescence (scattering in
Kk fi K0

k) must be equal in this picture, as we do observ
The luminescence decay time is presumably given by sc
tering to larger momentaKk which are out of the detection
cone or nonradiative. Note the linear rise of the sign
[Figs. 2(a) and 3(a)].

However, for smaller exciton densities (nX # 1 3

109 cm22) a new effect is observed: The transient
nearly independent onnX [Fig. 3(a)] and rises quadrat-
ically in time. The quadratic rise is more obvious i
Fig. 3(a) where we have plotted the data without hh-lh e
citon beats. The smoothed curves are obtained by Fou
transforming the raw data (after removing thet ­ 0
peak), filtering the beat frequency component, smoothi
in the frequency domain, and transforming back into th
time domain. The change from a linear to a quadra
rise opens a new regime of exciton scattering which r
quires a completely different description. Note also th
nX # 1 3 109 cm22 corresponds to a distance betwee
excitons of roughly 300 nm, an order of magnitude larg
than the Bohr diameter, so thatX-X scattering is no longer
important. Interaction of excitons with interface rough
ness is now the relevant process, as acoustic phonon s
tering can be neglected for the low temperatures us
Regarding the heavy-holeylight-hole exciton beats, the
visibility decay time is increased totHL ­ 25 6 5 ps at
the lowest densities. We will show that this rather lon
value is also explained by disorder effects and not a
longer by excitonic dephasing.

FIG. 3. (a) Rise behavior of the secondary radiation f
different exciton densities. For clarity, the hh-lh excito
beats are removed and the curves are shifted vertically (n
respective zeros). The rise changes from linear to quadra
in time when the exciton density isnX # 1 3 109 cm22. (b)
Comparison of the temporal rise of RRS [Eq. (2)] relevant fo
the lowest exciton densities and the double-exponential funct
with a ­ 0 [Eq. (1)] used for the fit of the high-density data.
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An intuitive explanation for the origin of the density-
independent rise time is given as follows. Because o
localization, excitonic eigenstates are linear combination
of in-plane momentaKk. The incident plane wave, repre-
senting the pulsed excitation, is now imprinted in the QW
by a superposition of the spatially distributed and weakl
localized excitons. Initially, the excitonic eigenstates in
terfere such that light is emitted only in the reflected an
transmitted directions. The excitonic superposition sub
sequently evolves with time according to the different ex
citon frequencies (inhomogeneous broadening). After
time, which is determined by the inverse of the inhomo
geneous linewidth, excitonic interference leads to an in
crease of the emission into scattered directions, before t
signal decays again. This is the picture of RRS under ex
citation of the whole inhomogeneous linewidth [11].

Another interesting observation is that the tempora
behavior of the secondary emission is independent of th
external observation angle, explored within our detectio
cone which corresponds to a light cone of65± inside
the sample. This finding is also consistent with Rayleigh
scattering if we assume that the exciton localization lengt
z does not exceed the wavelengthlyn and is of the
order of 100 nm [6,10]. The small Stokes shift and the
short PL decay time are consistent with a longz . Weak
localization is indeed expected for a 180 Å QW [14].
In this respect, the present study is quite different from
previous work on transient RRS [6] performed on sample
with much stronger localization effects.

We will show in the following that our observations for
the lowest densitiesare explained in a classical description
of Rayleigh scattering based on interface roughness [10
Assuming an excitonic center-of-mass potentialV sRd
which reflects the local well width variations, with spatial
correlationkV sRdV sR0dl ­ h̄2gR2R0 , the final expression
for the scattered intensity reads

IRSstd ~ Qstdm4 exp
°
2t2s2

¢ Z
d2RfexpsgRt2d 2 1g ,

(2)

where m2 is the exciton oscillator strength. The evalu-
ation of the integral leads to the quadratic rise of the
signal, in clear contrast to the linear rise of the biexponen
tial function which fits the high-density data [Figs. 3 and
2(a)]. The actual rise and decay of the signal is entirel
given by the variances2 ­ gR50. For a Gaussian corre-
lation gR ­ s2 exps2R2y2jd, the signal has a maximum
at tmax ø 1.2ys. The variance is related to the inhomo-
geneous absorption linewidthd ­

p
8 ln 2 h̄ s. If light-

hole excitons are included in Eq. (2), the beating term an
its visibility decay is related to the nonvanishing cross
correlation functiongHL

R defined in [10]. In particular, if
the center of mass potentialsV sRd of hh and lh excitons
were perfectly correlated the beats would not be dampe
at all (tHL ! `).
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The comparison with the low-density spectra is p
formed including the light-hole 1s exciton [10], and the
result is displayed in Fig. 2(a) as the lowest dashed cu
The beating amplitude is well reproduced taking into
count the respective oscillator strengths and the am
of hh and lh excitons excited. The value ofs used to fit
the temporal shape is only about half as large as the in
mogeneous linewidth observed in PLE. The discrepa
is probably related to the fact that PLE is not identi
to absorption (relaxation processes, photon reabsorpt
Nevertheless, comparing the QWs with different thic
nesses, a larger PLE linewidth always leads to a sho
rise of the secondary emission.

Even though we can entirely explain the main featu
found at the lowest densities with the model of reson
Rayleigh scattering, we still need to show that lumin
cence is unimportant on these short time scales. T
issue has been discussed quite controversially, in par
lar from a theoretical point of view [6,7,10]. Howeve
we have enough experimental information to show t
inelastic dephasing (leading to luminescence) is ine
cient for the lowest densities at early times. First,
time-resolved reflectivity shows that homogeneous bro
ening due toX-X scattering is indeed strongly reduced
nX ­ 5 3 108 cm22. Second, four-wave-mixing exper
ments on free excitons in high-quality GaAs QWs at l
temperatures and exciton densities below109 cm22 have
revealed phase relaxation times ofT2 ­ 2-3 ps [15]. As
T2 is mainly determined byX-X scattering (even at low
densities), these processes start to be dominant on
times later thanT2. As a consequence, we can attribu
the rising part of the secondary emission mainly to R
[7]. PL will appear in the secondary radiation at la
times. Finally, an additional way to identify RRS wou
be to probe the phase relation of the emission with res
to the exciting pulse by a more complex interferome
experiment.

In conclusion, we have shown that resonant Rayle
scattering and luminescence can be differentiated by t
different dependence on the exciton density. In the hi
density case, rapid excitonic dephasing leads to lumin
cence characterized by a density-dependent rise beha
In contrast, in the low-density regime the temporal sh
of the secondary emission is density independent, and
rise is quadratic in time. The transition between b
regimes occurs when the inter-excitonic distance is roug
ten times the Bohr diameter. All temporal features o
served in the low-density regime are in perfect agreem
with our theory describing RRS. The rising edge of t
secondary emission is dominated by RRS at low exc
densities.
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Note added.—It has been shown recently that resonan
Rayleigh scattering and luminescence can also be clea
distinguished in a time-resolved experiment which use
two pulses with interferometrically controlled delay for
excitation and time-integrated detection [16].
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