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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 independent
of density and risegjuadratically, 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

Since the early work of Wannier and Hopfield it hastial Rayleigh signal increases quadratically in time [10,11],
been widely accepted that excitons are the fundamentalnlike luminescence which rises linearly. Furthermore, as
excitations of a direct semiconductor which interact withRRS is related to static disorder, its temporal shape does
light under conservation of momentum [1,2]. In quasi-not depend on the exciton density. Both properties of RRS
two-dimensional systems such as quantum wells (QWshave not yet been observed. The different temporal evo-
due to the broken translational symmetry, excitons withution could then be used to differentiate between PL and
in-plane  momentaK; smaller than the wave vector RRS. The main difficulty is that the exciton density has to
of light couple to a continuum of photon modes [3], be sufficiently low so that the excitonic interference only
which results in a picosecond decay of the excitonicevolves due to the inhomogeneous broadening and is not
luminescence [4]. perturbed by inelastic dephasing proces¥eX écattering)

A fundamental issue is to understand the formationwhich would lead to luminescence.

i.e., the temporal rise, of secondary radiation (SR) in di- In this Letter, we investigate thoroughly the effect of
rections other than those of the reflected and transmitexciton density on the femtosecond SR under resonant ex-
ted laser beam. SR includes disorder-related Rayleighitation for the first time. Thanks to improved detection
scattering [5,6] which is coherent with the excitation andtechniques we can change the exciton density by 3 orders
incoherent luminescence from excitons which have expesf magnitude, down to a few0® cm™2. This enables us
rienced energy or phase relaxation [7]. First femtosecto see that the origin of the emission changes gradually
ond experiments under resonant excitation have revealeb the exciton density is lowered: luminescence of rapidly
a finite rise time of SR [8] which shortens for high exci- dephased excitons at high densities and Rayleigh scatter-
ton densities when exciton-excitoK-K) and exciton-free ing due to interface disorder at lowest densities. At the
carrier scattering are important. As interface disorder hakbwest exciton densities we indeed observe a quadratic
been neglected, excitons were assumed to be plane watise of the secondary emission and a temporal shape which
states, and the emission has been attributed solely to lis density independent. The temporal features in the low-
minescence. In this approximation, the rise time is a conedensity regime are well explained by a classical model of
sequence of momentum and energy conservation, whicRRS in a quantum well with interface roughness [10].
require that excitons have to change momentum before Femtosecond time resolution of resonantly excited SR
they can emit in directions different from the excitationis achieved by frequency up-conversion in a two-color
beam. experiment using the 1.aAm output of a synchronously

It is well known, however, that QW interfaces have apumped parametric oscillator as the gating beam. The
finite roughness, which shows up in steady-state spectra &smporal and spectral resolution are 150 fs and 12 meV,
an inhomogeneous broadening of the excitonic transitionsespectively. We used a liquid nitrogen cooled charge-
[9]. Recent theories which account properly for interfacecoupled device (CCD) for detecting the sum frequency
disorder have pointed out that resonant Rayleigh scatteringjgnal, providing high sensitivity and low background
(RRS) from QW excitons does not rise within the excita-signal [12]. We have studied a variety of high quality
tion pulse but exhibits, like luminescence (PL), a finite riseGaAs multiple QWs with well thicknesses between 100
time [10,11]. It has been predicted, however, that the iniand 220 A, and 70 A barriers of MGaycAs or AlAs.
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These samples show narrow PL linewidths and verywyp corresponds exactly to the exciton splittingy,
small Stokes shift (0.6 and 0.1 meV, respectively, for theobserved in PLE spectra (130 A QWj;; = (490 fs)~!
180 A sample), as measured by PL excitation (PLE). Thand Ay, = 8.3 meV). The visibility decay (damping of
spectral width of the exciting fs pulses is 18 meV. Thethe relative beat amplitude) provides valuable information
laser spectrum is centered 6—8 meV below the heavy-holabout the coherence between both exciton states.

(hh) resonance to minimize generation of free carriers, We will concentrate now on the effect of exciton den-
but it excites the heavy- and light-holes-éxciton states sity ny on the temporal shape of the emission [Fig. 2(a)].
simultaneously in most samples. The exciton densities arAt high densitiesfxy = 2 X 10° cm™2) we observe a de-
estimated assuming 10% max absorption per well for a hiorease of the rise time of the SR when the exciton density
exciton and taking into account the finite spectral widthis increased, which is in agreement with [8]. The tempo-
of the exciton line. All measurements were performedral shape can be approximated by the following double-
at T = 10 K. We used circularly polarized light (no exponential function with rise and decay timeg and
creation of biexcitons), and excitation and detection wererp, respectively, and a beating part with a visibility decay

copolarized for all spectra shown here. time 7y, and amplitudex,

Figure 1 shows the time-resolved emission of GaAs o=t/
MQWs with different widths. All transients exhibit three IpL(t) « ———— (1 + a cosvypte /™). (1)
distinct features on a 40 ps range (inset Fig. 1). The peak ™ T TR

at zero delay stems from laser light scattered at the sampigne temporal shape is found to be strongly dependent
surface and demonstrates the temporal resolution. Thgn the exciton density. First, the rise and decay times,
long, nearly exponential decay is observed in all sampleghich are almost equal at any density, shorten when
with a slightly sample dependent decay time (16—-25 ps),, is increased [3.2 to 2.2 ps for the densities indicated
These decay times are very similar to those observed ify Fig. 2(a)]. Second, the beat visibility decay time

resonant excitation experiments with ps time resolution, ., reduces to 5 ps for the highest densities, &
and are related to the radiative decay of hh excitons [4]5 x 1010 cm~2) indicating a loss of coherence between

The dominant signal, observed within the first 10 ps, ise heavy- and light-hole excitons.

accessible here Only thanks to the fs time resolution. Itis |mp0rtant information is also provided by the time-
more than 95% circularly copolarized with the exciting resolved reflectivity [Fig. 2(b)] which shows an increasing
laser and would therefore not be distinguished fromgecay time when the exciton density is decreased. The re-
laser scatter in ps experiments. Pronounced oscillationgyction of the decay time of the reflectivity demonstrates
are observed (Figs. 1 and 2) which are identified ashat homogeneous broadening dominates the exciton re-
quantum beats between the heavy- and light-hole excnogponse fomy = 5 X 10° cm™2. When the emission in

1s states, as also reported in [8]. The beat frequencycattered directions is detected time integrated, allowing

for a better spectral resolution, we observe actually a line
broadening for an initial density ofy = 2 X 10'° cm™2
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FIG. 2. (a) Effect of exciton density on the time-resolved
FIG. 1. Time-resolved emission at 10 K for different well emission of the 180 A quantum well. The maximum of the
widths measured with excitation and detection circularly copo-emission is shifted to longer times when the exciton density
larized. The period of the quantum beats decreases witis lowered. The experimental data (thick lines) are compared
increasing heavy-light-hole exciton splitting for smaller well with the theory discussed in the text (dotted line). (b) Time-
widths. Inset: Time-resolved emission from a 180 A MQW resolved reflectivity showing a reduction of the decay time for
showing the excitonic radiative decay at long times. increasing exciton density.
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[13]. We can therefore conclude that the emissiol at* An intuitive explanation for the origin of the density-
Kﬁ stems from “dephased” excitons and is attributed to luindependent rise time is given as follows. Because of
minescence in agreement with [8]. The decay and riséocalization, excitonic eigenstates are linear combinations
times are then interpreted as scattering times out and intf in-plane moment&,,. The incident plane wave, repre-
the in-planeK states from which the emission is collected. senting the pulsed excitation, is now imprinted in the QW
In particular, the decay time of reflectivity (excitons leav- by a superposition of the spatially distributed and weakly
ing Kﬂ) and the rise time of luminescence (scattering intdocalized excitons. Initially, the excitonic eigenstates in-
K| # Kﬂ) must be equal in this picture, as we do observeterfere .such t_hat I.ight is emitted .only in the reflgqted and
The luminescence decay time is presumably given by scaft@nsmitted directions. The excitonic superposition sub-
tering to larger moment&; which are out of the detection Sequently evolves with time according to the different ex-

cone or nonradiative. Note the linear rise of the signafiton frequencies (inhomogeneous broadening). After a
[Figs. 2(a) and 3(a)]. time, which is determined by the inverse of the inhomo-

However, for smaller exciton densitiesi(=< 1 x  9eneous linewidth, excitonic interference leads to an in-
10° cm2) a new effect is observed: The transient iscrease of the emission into scattered directions, before the

nearly independent ony [Fig. 3(a)] and rises quadrat- Signal decays again. This is the picture of RRS under ex-
ically in time. The quadratic rise is more obvious in citation of the whole inhomogeneous linewidth [11].
Fig. 3(a) where we have plotted the data without hh-lh ex- Another interesting observation is that the temporal
citon beats. The smoothed curves are obtained by Fouriéehavior of the secondary emission is independent of the
transforming the raw data (after removing the= 0 external observation angle, explored within our detection
peak), filtering the beat frequency component, smoothin§one which corresponds to a light cone o6° inside
in the frequency domain, and transforming back into th€h€ sample. This finding is also consistent with Rayleigh
time domain. The change from a linear to a quadraticcattering if we assume that the exciton localization length
rise opens a new regime of exciton scattering which re does not exceed the wavelengfn and is of the
quires a completely different description. Note also tharder of 100 nm [6,10]. The small Stokes shift and the
ny =1 x 10° cm™2 corresponds to a distance betweenshort PL decay time are consistent with a lahg Weak
excitons of roughly 300 nm, an order of magnitude largefocalization is indeed expected for a 180 A QW [14].
than the Bohr diameter, so th¥tX scattering is no longer N th_ls respect, the present study is quite different from
important. Interaction of excitons with interface rough- Prévious work on transient RRS [6] performed on samples
ness is now the relevant process, as acoustic phonon scifith much stronger localization effects. _
tering can be neglected for the low temperatures used. e will show in the following that our observations for
Regarding the heavy-holight-hole exciton beats, the thelowest densitieare explained in a classical description
visibility decay time is increased toy; = 25 = 5 ps at  Of Rayleigh scattering based on interface roughness [10].
the lowest densities. We will show that this rather longASSUMING an excitonic center-of-mass potentlalR)
value is also explained by disorder effects and not an hich reflects the local well width variations, with spatial
longer by excitonic dephasing. correlation{V(R)V(R')) = h’gr_w, the final expression
for the scattered intensity reads

(@) ©) Irs(0) = O ()’ exp(—tzaz)f d*Rexp(grt?) — 1],
double (2)

exp. fit

.
5x10° cm2
where u? 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
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of M= | Peyteigr. 2(a)]. The actual rise and decay of the signal is entirely
o 5x10° om2 ] given by the variance?> = ggr=g. For a Gaussian corre-
o 1 2 s o0 i 2 3 lation gg = o? exp(—R?/2£), the signal has a maximum
Time (ps) Time (ps) attmax = 1.2/0. The variance is related to the inhomo-

FIG. 3. (a) Rise behavior of the secondary radiation fordeneous absorption linewid#h = v8In27 o. If light-
different exciton densities. For clarity, the hh-lh exciton hole excitons are included in Eq. (2), the beating term and
beats are removed and the curves are shifted vertically (notgs visibility decay is related to the nonvanishing cross
respective zeros). The rise changes from linear to quadratigyrrelation functiorgII;IL defined in [10]. In particular, if

in time when the exciton density isy = 1 X 10° cm™2. (b) . ;
Comparison of the temporal rise of RRS [Eq. (2)] relevant forth® center of mass potential(R) of hh and Ih excitons

the lowest exciton densities and the double-exponential functiovvere perfectly correlated the beats would not be damped
with @ = 0 [Eq. (1)] used for the fit of the high-density data. at all (rg, — ).
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