VOLUME 82, NUMBER 5 PHYSICAL REVIEW LETTERS 1 EBRUARY 1999

Time-Resolved Speckle Analysis: A New Approach to Coherence and Dephasing
of Optical Excitations in Solids

W. Langbein and J. M. Hvam
Mikroelektronik Centret, The Technical University of Denmark, Building 345 east, DK-2800 Lyngby, Denmark

R. Zimmermann

Institut fur Physik der Humboldt-Universitéat zu Berlin, Hausvogteiplatz 5-7, D-10117 Berlin, Germany
(Received 11 September 1998

A new method to measure the time-dependent coherence of both homogeneously and inhomoge-
neously broadened optical excitations in solids is presented. The coherence degree of resonantly excited
light emission is deduced from the intensity fluctuations over the emission directions (speckles). This
method determines the decays of intensity and coherence separately, thus distinguishing lifetime from
pure dephasing. The secondary emission of excitons in semiconductor quantum wells is investigated.
Here the combination of static disorder and inelastic scattering leads to a partially coherent emission.
The temperature dependence is well explained by phonon scattering. [S0031-9007(98)08270-2]

PACS numbers: 78.66.Fd, 42.25.Kb, 71.35.-y

Light emission from resonantly excited excitons in semi-geneously broadened resonances, additional assumptions
conductor nanostructures receives continued interest. labout the coupling between the resonances are necessary.
particular, the exciton dynamics after a short-pulse excitatsing a similar excitation, Wérner and Shah [6] time re-
tion and the temporal coherence of the emission are disolved the emission from an MQW with femtosecond up-
cussed in recent literature [1-6]. The conversion of theconversion and found three different components, from
excitation light into a scattering (nonspecular) direction,which two are related to the emission coherence but do
which differs from the transmitted, reflected, or possiblynot allow for a direct quantification. Interferometric mea-
diffracted directions, involves scattering. The degree okurements of the secondary emission by Birkedal and Shah
temporal and spatial coherence between the emitted anjfl] could demonstrate the partly coherent nature of the sec-
the exciting light fields thus contains information aboutondary emission. However, the spectral interferometry [7]
the internal scattering processes, which include interfacased had limited spectral resolution, thus giving no reliable
roughness, phonon emission, and exciton-exciton interaéaformation for times longer thar=10 ps. Additionally,
tion. If static disorder dominates, the scattering is elasti¢the interferometric signal can be obtained only by detect-
and is called Rayleigh scattering, preserving the tempoing a single mode [5]. Otherwise, different phases of the
ral coherence. The other extreme is (incoherent) luminesmitted field are superimposed, suppressing the interfero-
cence, which has lost all phase memory. In time-resolvedhetric signal. The dynamics of different scattered modes
experiments, a distinction between the two cases is someliffer substantially due to the statistical nature of Rayleigh
times rather difficult. To avoid any preoccupation, thescattering, demanding a statistical analysis of many modes.
neutral notion of “secondary emission” has been intro-The corresponding intensity fluctuations over the emission
duced by others and will also be used here. Using théirection (irregular pattern of bright and dark spots) are
polarization and time-resolved secondary emission of exealled speckles [8]. Using the intimate relation between
citons from a multiple quantum well (MQW) measured coherence and speckles, we propose a novel method to
with a streak camera, Stoét al. [1] deduced the coherent measure the emission coherence: Instead of a two-pulse in-
and incoherent intensities assuming polarization propertie®rferometry, which demands holographic stability, simply
of these components. Femtosecond up-conversion expedetect and analyze the speckle features in the emission.
ments on MQWSs by Wanagt al. [2] and by Haackeet al.  Time-resolved detection of speckles in the coherent non-
[3] measured the dynamics of the secondary emission irresonant scattering has been recently reported [9] to ana-
tensity, but provide only indirect information about its na- lyze multiple elastic light scattering.
ture considering the initial dynamics. Theory predicted a In the present work, we apply the speckle analysis
guadratic rise for the Rayleigh component, but a linear onéo semiconductor optics, and time resolve the emission
for the luminescence [3]. More conclusive are interfero-coherence after a short-pulse excitation. We present a
metric correlation measurements. Two-pulse interferoguantification of the coherence by a statistical analysis of
metric excitation with variable detection bandwidth usedthe speckle pattern. For the exciton system under study,
by Gurioli et al. [4] allows only for homogeneously broad- the inhomogeneous broadening, the state lifetime, and the
ened resonances to distinguish between the coherence doherence decay by phonon scattering (pure dephasing)
the excitation and the emission process. For inhomoean be obtained. The method, however, is not restricted to
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this particular problem and can be applied to characterizgquires some temporal fluctuations for the 15 nm SQW,
the coherence of any secondary emission from solid-state@hich become rather fast for the 8 nm SQW. Accordingly,
materials. It gives simultaneous information about thethe time-integrated intensity exhibits speckles only for the
intensity decay, characterized by the lifetifig and the 35 nm SQW.
coherence decay, governed solely by the pure dephasing The time-dependent emission intensity) consists of
time 75, and not influenced by,. It is based on a a coherent and an incoherent pdrt= I.on + fine. We
linear experimental method and is therefore quite sensitivadefine the coherence of the emission as the fraction
Other methods to determine the microscopic damping of = I.,,/I where the average is taken over the scatter-
inhomogeneously broadened resonances, such as specirg] directions (at fixed time). Whilé;,. has no signifi-
hole burning and photon echo [10] are nonlinear, limitingcant variation over the directior,,, fluctuates over the
their applicability to high excitation densities. speckles. The latter can be viewed as a sum of field contri-
The investigated samples are GdAk ;Gay;As single  butions with statistically independent phases since they are
quantum wells (SQWSs) with thicknesses of 35, 15, andyenerated by uncorrelated scatterers (see below). Accord-
8 nm, grown by molecular beam epitaxy. They are placedng to the central limit theorem, a Gaussian distribution in
in a helium cryostat at a temperature varied between 5 anthe complex field plane evolves [11]. Consequently, the
40 K. The fundamental hhl-ells exciton resonance is related (coherent) intensity will follow an exponential dis-
excited by optical pulses from a mode-locked Ti:sapphireribution. Adding the nonfluctuating incoherent part, we
laser of 0.5 to 2 ps pulse length. The secondary emissioarrive at adisplaced exponential distribution,
in various directions is passed through a monochromator 1 o
and detected by a synchroscan streak camera with a timep(/) = 6(2) i e with Z = (I = Iinc)/Icon- (1)
resolution of 3 ps (see Fig. 1a). The angular resolution coh
achieved by the second dimension of the streak camera wixperimental intensity histograms from the 8 nm SQW
adjusted to resolve a single speckle, i.e., to the diffractiorre analyzed in Fig. 2a. Displacement and asymmetry are
limit of the emission from the excited area on the sample®bvious, as expected from Eq. (1). However, a quantita-
The spectral resolution of about 1 meV rejects nonresonarive comparison needs to include the finite directional and
emission, but does not deteriorate the temporal resolutio@mporal resolution in the experiment. We do so by av-
All presented data were taken with excitation in Brewster€raging overNes statistically independent contributions,
angle and detection normal to the sample, through aWhich results in p(I, Netr) & 60(Z)ZN " exp(—ZNe).
analyzer parallel to the linear excitation polarization. ~ To determine the coherencea full statistical analysis of
The directional and temporal emission intensitiesi av_the data is even not necessary. It suffices to evaluate the
eraged over more thar'* pulses, are shown in Fig. 1b intensity variance, since, for any exponential distribution,
for a dominantly radiatively broadened excitonic transitionthe variance equals the square of the average. Including
(35 nm SQW), a transition with approximately equal ho-the N.;; average, we have® = N (I — 7)2/72, which is
mogeneous and inhomogeneous broadening (15 nm SQW)sed to determine the coherence. The full curves in Fig. 2
and a dominantly inhomogeneously broadened one (8 nare generated by determinirdg,. and/.,, from average
SQW). All three sets of data show strong variations alongand variance of the data, keeping = 3 fixed, which
the scattering direction (speckle pattern). While this patcorresponds to an angle and time resolution between one
tern is nearly constant in time for the 35 nm SQW, it ac-and two speckles.
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FIG. 1. (a) Schematic experimental geometry. (b) Directionally and temporally resolved emission intensity (2 decades logarithmic

grey scale) of a 35, a 15, and an 8 nm GaAs SQW at 5 K and low excitation intergtpnJ/cn?, exciting an exciton density of
~2 X 10% cm™2). Ty, is the inhomogeneous broadening (FWHM) of the exciton transition measured independently.
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a) 10" b) : : 1.0 which in a time average is known as the temporal second-
> tom o1z order coherence [13]. Inthe limitz > 1, the model gives
_ 4 e o=3ps C(t,7) = exf{—o?1* — 20 phon(7 + 21)]. Measured in-
10 g N tensity correlations are displayed in Fig. 2b for the SQWs
2 El LY {os under study, showing a smaller temporal width for nar-
Q Q b . . .
£ 10° i Lt rower SQWs, in accordance with the larger inhomoge-
g \ neous broadening.
More generally, all scattering events which remove the
10% b 00 excitation out of the ensemble of radiative states, such
h TR » as radiative recombination or phonon scattering into dark
detected photons t(ps) states, contribute to the decay of the emission intensity,

FIG. 2. (a) Intensity statistics of the spatial speckles from characterized by the intensity decay tifieor the related

— -1 i
8 nm GaAs SQW at various times after excitation, as Iabeleg,raterl L (271) . Wh'Ch replacesfrad_ apove. In contrast,
Symbols: experimental histogram; full curves: theory with pa-inelastic scattering in between radiative states leads to a

rameters deduced from the data; angt = 3 throughout. Cor- decoherence of the emission, and is quantified by a coher-
responding coherencesare given in the legend. (b) Intensity ence decay tim@; [rate ') = (T3) !, replacing T phon]-
gofréﬁlcag:?r? é‘??ﬁ?ﬁéf&ﬂ ?;cejal(e) %‘\Slef?ra%';fﬁtrezrgosg\gsk@) Backscattering from dark states into radiative states will
Lines are according to ¥frle discugsed model usings Iarl?)eled. ' resylt in a nonexponential decay of the intensity,_ and to
an increased coherence decay rate. To avoid the influence
of these higher-order processes, we analyze the initial
decay dynamics only. Both rates together determine the
microscopic polarization decay as measured, e.g., in four-
wave-mixing experiments, whereas in the present speckle

As a model for thd s excitons in a SQW with interface
disorder, we consideN localized states within the exci-
tation focus. The state a&; has a transition frequency
w;, the ensemble of which is assumed to be Gaussian di?ﬁethodl“l andT’, can be disentangled easily.

tributed (variancesr) and uncorrelated. Each individual We investigate the temperature dependence of both pro-
sta’ge .is assigned the same polari;ation decay rate due é%sses in the 8 nm SQW. After resonant excitation with

raQ|at|ve IO.SS and_ phonon_dephas@g; Traa + Dppon- .__pulses of 1.2 ps width, the time evolution of the resonant

With these ingredients, a kinetic equation for the (nond|ag-emiSSion intensity and its coherence is measured and
onal) exciton density matrix [12] is derived and solved fordisplayed in Fig. 3a. From the coherence analysis, we can
the emitted intensity(¢) after a deltalike excitation pulse deduce the timé dyﬁamics of the coherdiat{) and ir{co-

atr = 0. 5 herent (i,.) emission intensity, as shown in Fig. 3b for the
T A lattice temperature of 5 K. Here, the intensity decay rate is
—2r Ri—iw, —2lpat _ —2T L
(1) < e tﬁ Z A I e found to be2l'; = 1/28 ps, which is faster than the coher-
j=1

) ence decagl's =~ 1/75 ps. T'; is mainly due to radiative
decay, whilel’; has to be identified with phonon-assisted
The first term represents the coherent part of the emissio#lephasing, as shown by the temperature dependence
(¢ is the wave vector difference between excitation andn Fig. 4. For higher temperatures, the intensity and
detection). Its average over directions is equivalent to agoherence decays get faster (see Fig. 3a). A linear fit of
ensemble average and gives the following for large the coherence decay givesl) = (1.9 + 0.3) ueV +
Teon = ¢ 2T(1 — ¢=°%). The individual variations over T(0.46 = 0.04) ueV/K, while the initial intensity de-
speckles follow an exponential distribution, as explainedcay is fitted by Al'y = (8.6 = 0.5) ueV + T(0.51 =
above. ltis the non-self-averaging (or nonergodic [5,13]0.04) ueV/K. The phonon-mediated scattering within the
feature of Eq. (2), which allows a distinction between theradiative zone is thus comparable to the outscattering due
coherent (first term) and incoherent part (last two terms)to phonons. This suggests that the average energy of the

Within the present model, the coherence is interacting acoustic phonons is comparable to the inhomo-
o2y AT o2 geneous linewidth. The total acoustic phonon scattering
c=(10—e ") (e7 ! —e 7T, (3)  coefficient is (0.97 = 0.1) weV/K (half width at half

maximum), which is smaller than the broadening coef-
ficients of about2 ueV/K found for the homogeneous
width in wide GaAs quantum wells [14]. The intensity
ecay at the lowest temperatures is presumably dominated
y the radiative decay witli; = 38 = 5 ps.

In general, we observe slower dynamics and longer

which is dominated at timest > 1 by an exponential
decay with the ratéI'pp,,. The radiative decay does not
contribute to the loss of coherence.

The temporal speckle dynamics is described by th%
directionally averaged intensity correlation over the time

delay, - coherence times than reported [2,3,5], which we relate to
Ct,7) = M -1 (4) themultiple QW structures and the larger exciton densities
’ It + 1) ’ used. The results of [1] are in better agreement with

1042



VOLUME 82, NUMBER 5 PHYSICAL REVIEW LETTERS 1 EBRUARY 1999

a) 10°

10°F
7 8
2 o
8 1 8
g 10 3
» |
E 10 =

0 20 40 60 8 0 iz O 0 - - - -

b) T T T T £l T T T ] 0 10 20 30 40
— 51 ] temperature (K)
i} 2| >r 1
g 10 % I/ ] FIG. 4. Lifetime rate#iI'; (circles) and decoherence raid
> O 5701575 T 2o (squares) for the 8 nm GaAs SQW as a function of temperature.
@ energy (eV)
(]
S

s 4 ..
10 The authors thank J. Riis Jensen and C.B. Sgrensen
(v Nanolab) for growing the high-quality GaAs

samples. This work was supported by the Danish Min-
istries of Research and Industry in the framework of
CNAST, and by the German Science Foundation (DFG)

FIG. 3. Secondary emission intensity and its coherence, ij: “ a .
from the 8 nm GaAs SQW for different lattice temperatureszvgm?eiiztfn ”Schwerpunktprogramm Quantenkoharenz in
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