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We show that an interferometric correlation measurement with fs time resolution provides an
unambiguous discrimination between coherent and incoherent emission after resonant femtosecond
excitation. The experiment directly probes the most important difference between the two emissions,
that is, the phase correlation with the excitation pulse. The comparison with cw frequency resolved
measurements demonstrates that the relationship between coherent and incoherent emission is similar
under femtosecond and steady-state excitation. [S0031-9007(97)02962-1]

PACS numbers: 78.47.+p, 42.50.Md, 71.35.-y, 78.35.+c

Time-resolved luminescence spectroscopy of semicon- We show that an unambiguous discrimination between
ductor structures after resonant excitation has receiveBRRS and PL after resonant excitation in a fully time-
increasing attention in the last few years [1,2]. The photesolved experiment can be obtained in a two-pulse in-
togeneration of excitons at the fundamental transition byterferometric measurement with fs time resolution. The
passes the energy relaxation processes and allows a direstperiment directly probes the most important difference
investigation of the intrinsic exciton dynamics. Resonantetween coherent and incoherent emission, that is, the
luminescence experiments have indeed provided extremefhase correlation between the emitted light and the exci-
valuable information on the dephasing processes [2], otation pulse. Moreover, a quantitative estimate of the in-
spin and momentum relaxation [3,4], and on super-radianensity ratio between the RRS and PL signals can be easily
effects related to the 2D exciton polariton in quantum wellobtained. We experimentally demonstrate the validity of
heterostructures [3—-5]. the approach and apply it to the investigation of GaAs bulk

Despite this vast and fruitful activity, the fundamen- and quantum well (QW) structures.
tal and debated question of how to discriminate between The experimental setup is rather simple. The beam of a
the coherent [resonant Rayleigh scattering (RRS)] and infs Ti-sapphire laser (130 fs pulse duration, 82 MHz repeti-
coherent [photoluminescence (PL)] emission after ultration rate) is fed into a Michelson-type interferometer pro-
short resonant excitation still needs a conclusive answexjding at the output two collinear pulses delayed by
particularly when, as in the case of semiconductor hetThe two pulses have the same intensity and polarization
erostructures, the two signals are expected to decay withnd are resonant with the fundamental transition of the sys-
comparable time constants [1-5]. The spectral width ofem. The emission from the sample is spectrally filtered
the excitation pulse is usually larger than the excitonidoy a monochromator and detected by a photomultiplier.
linewidth and, under these conditions, the RRS and PIWe have performed a series of experiments on GaAs bulk
spectral profiles turn out to be very similar in state-of-the-and QW structures grown by molecular beam epitaxy. The
art samples. Therefore in time-resolved experiments, ur@W structure consists of a 18 nm GaAs layer embedded in
like in the cw case [6,7], frequency resolved measurementtick Al,;Ga;As barriers. The measurements have been
do not help in the separation of the two signals. Polarperformed at low temperatuf@ = 13 K) and low exci-
ization conserving properties have been tentatively usethtion (n.,. < 10° cm~2). Details on this interferometric
as a possible discriminating tool between RRS and PLgorrelation technique, as applied to the study of the coher-
however, the results are not conclusive due to both depant dynamics in GaAs based heterostructures, can be found
larization effects in RRS and exciton spin relaxation pro-in Refs. [9,10].
cesses [2,3]. Not even resorting to comparative analysis Let us start with a brief description of the physics in-
with nonlinear techniques [3,4] and/or additional informa-volved in the experiments. Among the several theoretical
tion such as the power dependence of the emission rigactures proposed so far for the description of the reso-
time [4] has succeeded in assessing the nature of the meaant fluorescence, we refer to the approaches developed
sured emission in a clear-cut way. It has been concludeith Refs. [11,12] which turn out to be very appropriate for
that “one must await further theoretical developmentsthe description of a two-pulse experiment [10,11] even if
and experimental investigations to resolve this questiomproposed in a different context. The two-pulse excitation
unambiguousty[8]. induces two coherent polarization waves that interfere as
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long as the delay time is comparable with the coherenc€ig. 1(c), which becomes the Fourier transform of the
relaxation timeT,. The interference of the polarization filter shape [10], while no modification is observed in
waves can be probed by detecting the incoherent PL andiie corresponding PL interferogram [Fig. 1(d)]. In fact,
or the coherent emission. For example, by solving the opthe PL emission occurs after irreversible dephasing and
tical Bloch equation (OBE) for a two-level system underdoes not keep memory of the phase relationship with re-
the assumption oé(¢)-pulse excitation, one finds that the spect to the excitation pulse. Then, in a two-pulse experi-
measured signal as a function of the delay tipeturns  ment, the two PL emissions delayed hy have random

out to be an interferogram given by [9] relative phases so that, on average, they do not give rise
to any interference effect and the PL frequency selection
I(tp) = 1 + codwotp) exy{—ltpl|/Ta}, (1)  does not affect the coherent polarization waves. In fact,

the measured interferogram is originated by the interfer-

wherew, andT; are the frequency and dephasing time ofence of the polarization waves, with a consequent modu-
the excitonic transition. lation of the total absorbed energy according to Eq. (1). In

So far we have assumed the experimental apparatus tRe case of RRS, instead, the absorption and the emission
have a very large spectral bandpass (i.e., much larger th@fiocesses are strongly correlated. The RRS emission
the RRS linewidth). We now show that filtering the emis- arises from the coherent polarization, and therefore it has
sion through a narrow bandpass filter allows the discrimiz fixed phase relation with respect to the excitation pulse.
nation between RRS and PL. In fact, as shown inThe corresponding interferogram reflects the interference
detail in Ref. [10] on the basis of the theory in Ref. [12], petween the two coherent phase-locked polarization waves
the filter induces a distortion of the Shape of the inter'de|ayed bVD or, equiva|ent|y’ between the Corresponding
ferogram that depends on the coherence properties e@imitted fields; it follows that spectral filtering the RRS sig-
the detected emission. In order to clarify the effects o] is equivalent to filtering the polarization waves. The
spectral filtering, we report the results obtained in theconsequent removal of some of the Fourier components
case of nonresonant excitation of the GaAs bulk structuresf the RRS emission does modify the interference pattern.
The excitation beam has been tuned at 780 nm, thap/e conclude that the use of spectral filtering allows us
is, more than 70 meV above the fundamental excitoni¢o discriminate whether the emitted fields induced by
transition at 818 nm. We have detected the emission afyo identical pulses delayed by, are mutually phase
both the excitonic transition (incoherent PL) and the lasefgcked or not.
frequency [Rayleigh scattering (RS)] [13]; the observed The interferograms obtained by resonant excitation and
interferograms are reported in Fig. 1. In the case Ofjetection at the GaAs bulk exciton transition are reported
detection through a broad bandpaSS ﬁlter, the PL and Rﬁ F|g 2. The Samp|e emission Spectrum and laser spec-
interferograms have the same shape [Figs. 1(a) and 1(bum are shown in the inset in Fig. 2(b). In the case
note the different time scales in the two graphs] whichof detection through a broad bandpass filter [Fig. 2(a)]

I’efleCtS the pulse autOCOI’relation due to eXCitation in tthe observe a fast Component (due to nonresonant RS)
free carrier continuum. The insertion of a narrow band-

pass filter has a dramatic effect on the RS interferogram,
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4 . FIG. 2. Resonant excitation of the GaAs bulk structure.
(a) Interferogram obtained with a very large bandpass=
e b : ‘ ‘ ' ' 10.8 nm. The inset shows a semilogarithmic plot of the inter-
-10 Delag (ps) 10 -2 'lljela‘}’, (Ps)l 23 ferogram amplitude (dotted line) together with a fit based on
the numerical solution of OBE (solid line). (b) Interferogram
FIG. 1. Effects of spectral filtering on the RS and PL obtained with a narrow bandpaas: = 0.6 nm detecting the
emissions; the value of filter bandpads\ is reported in the polarization perpendicular to that of the excitation beam. The
figures. The solid line in (c) is the Fourier transform of the inset shows the resonant emission (RE, solid line) and the laser
bandpass filter. pulse (LP, dashed line) spectrum.

3206



VOLUME 78, NUMBER 16 PHYSICAL REVIEW LETTERS 21 ARIL 1997

followed by a slower tail characterized by a nearly expo-excitation pulse after filtering through a narrow band-
nential decay, with time constafft = 1.45 ps, as more pass filter (0.08 nm). Also reported in the insets are the
clearly shown in the inset in Fig. 2(a) where a semiloga-ssemilogarithmic plots of the interferogram envelope (to-
rithmic plot of the interferogram amplitude is reported to- gether with a fit based on the numerical solution of OBE)
gether with a fit based on the numerical solution of OBEand the spectra of the laser pulse and of the detected emis-
that includes inhomogeneous broadening [10]. This kinagion. Note also, in the inset in Fig. 3(b), the two peaks
of free induction decay of the laser induced macroscopicorresponding to the emission at the heavy-hole (HH) and
polarization has been recently observed also in pulse disight-hole (LH) exciton transitions. The interferograms
tortion experiments both in transmission [14] and reflectiorobtained by filtering through a broad bandpass filter (not
[15]. However, since these techniques probe the cohereshown here) are, for both polarization channels, very simi-
dynamics, they do not give any information on the inco-lar to the ones shown in Fig. 3(a) and clearly show the
herent emission. Moreover, the experiment presented heleating of the two excitonic transitions with a period of
has the advantage, with respect to the transmission expef}-79 ps, in agreement with the HH-LH energy separation
ments [14], to be sensitive even in opaque samples such a§ 5.3 meV, superimposed onto a slow exponential decay
in the GaAs bulk case. Also note that, unlike other meawith time constanf’, = 2 ps.
surements of the polarization decay, the measured signal The similarity of the interferograms obtained with and
decays withT, and notT,/2 in the two-pulse correlation without the narrow bandpass filter points out the incoherent
technique, as shown in Eq. (1). The insertion of a narrowcharacter of the perpendicular emission in the QW that we
bandpass filter drastically modifies the interference patterrnvestigated. More complicated is the situation for the po-
showing that the detected signal is dominated by the cohetarization conserving emission; the interferogram obtained
ent RRS emission. Similar distortions of the interferenceby detecting through a narrow bandpass filter shows a two
pattern, and therefore a prevalence of RRS upon PL, amomponent decay of the interference envelope [Fig. 3(b)].
obtained when detecting different wavelengths within theThe fast component follows the 2 ps decay of the excitonic
emission band or even when the polarization componerttansition while the slow one reflects the Fourier transform
perpendicular to the one of the excitation pulse is detecteaf the filter line shape [10]. This result clearly shows that
as shown in Fig. 2(b). In fact, depolarization of the RRSthe emission contains both the RRS and PL components.
emission in GaAs bulk samples has been reported recentirom the fit of the interferogram one gets an estimate of
in cw experiments as well [16]. a ratio of 4 to 1 of the PL with respect to the RRS in-
Experiments of the same kind have been performed otensity, when detecting at the emission peak. The ratio
the GaAs QW structure. In Fig. 3 we report the measuredtrongly depends on the detected energy: We find that it
interferograms, for the emission perpendicular [Fig. 3(a)lsuddenly increases at the tails of the emission band where
and parallel [Fig. 3(b)] to the linear polarization of the the PL dominates. The RRS to PL ratio of 4 to 1 has been
obtained from the intensity of the time-integrated signal:

L emission /I emission A larger RRS to PL ratio is therefore expected in an ex-

2) ' RE[ periment with real-time resolution. Note also that the
_— slight asymmetry in the interferogram line shape shown

_ , Mlar 4 in Fig. 3(b) is only an experimental artifact due to a small
3 Dty (o5 | 0 misalignment of the interferometer; in fact, a correlation
- experiment with identical pulses must produce symmetric

= signal.
g Let us finally compare the findings concerning the RRS
£ to PL intensity ratio obtained from the fs interferograms
AL=0.08 nm AMZ0.08 nm with the results L_mder steady-state excitation. We have
performed a series of cw frequency-resolved measure-
P bbb bbb o s ments on the 18 nm QW, tuning the laser excitation at steps
-8 -4 -20 -10 0 10 20 30

4De1ay (ps) of 0.1 meV. Details on the experimental apparatus can

o be found in Ref. [7]. A typical emission spectrum after
FIG. 3. Resonant excitation of the 18 nm GaAs QW andnegy resonant cw excitation is shown in the inset in Fig. 4.
detection at the same wavelengfh = 810.4 nm) through

a narrow bandpass filteA A = 0.08 nm. (a) Interferogram The_ sharp peak in the spectrum has a Ii_ne shape reflecting
obtained detecting the polarization perpendicular to that othe instrumental spectral resolution and is clearly due to the
the excitation beam. The inset shows a semilogarithmic ploRayleigh coherent signal. The incoherent PL emission has

of the interferogram amplitude (dotted line) together with 3 broadening not smaller than the inverse of the measured
a fit based on the numerical solution of OBE (solid line). 7, 111 12] which is larger than our instrumental resolution,
(b) Interferogram obtained detecting the polarization parallel

to that of the excitation beam; the inset shows the resonarﬁlnd correqunds to the underlying broa_de_r emi_ssion band.
emission (RE, solid line) and the laser pulse (LP, dashed lineJ he separation of the RRS and PL emissions is therefore

spectrum. extremely simple owing to their very different line shapes;
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T sion in a two-pulses experiment can point out the differ-
ence between the phase-locked RRS and the phase-random
PL emissions. Examples have been given in GaAs bulk
and QW structures. In addition, a quantitative estimate of
the relative magnitude of the PL to RRS signals is obtained.
The comparison with cw frequency resolved measurements
demonstrates that the relationship between RRS and PL is
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A (nm) similar under femtosecond and steady-state excitation, at
L least in the low excitation limit.
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, 7 I_N_RS - Note added—In a recent experiment with real-time

resolution, the RRS and PL signals have been discrimi-

805 810 815 nated by looking at the dependence of the rise time on the
A (nm) exciton density [17].

FIG. 4. Inset: emission spectrum of the 18 nm GaAs QW af-
ter resonant cw excitation at 810.8 nm. Main figure: simulation
of the RS and PL emission profiles after fs excitation through
the cw measurements, as described in the text; the RS profil
has been multiplied by 3 for better visibility.

€‘[1] J. Shah, inUltrafast Spectroscopy of Semiconductors
and Semiconductor NanostructuréSpringer, New York,
1996).

L . [2] H. Stolz, in Time-resolved Light Scattering from Excitons
moreover, the nonresonant contribution to the RS signal” * (springer, Berlin, 1994); H. Stolet al., Phys. Rev. B47,

can be easily estimated from a nonresonant experiment. 9669 (1993).

In order to simulate the corresponding PL and RRS spectrg3] A. Vinattieri et al., Phys. Rev. B50, 10 868 (1994).

after fs excitation we have added up the RRS and PL con{4] H. Wanget al., Phys. Rev. Lett74, 3061 (1995).

tributions at the different excitation wavelengths weighted [5] B. Devaudet al., Phys. Rev. Lett67, 2355 (1991).

by the pulse spectrum envelope. The obtained profiles ard6] J. Hegartyet al., Phys. Rev. B30, 7346 (1984).

reported in Fig. 4; the broad pedestal below the RRS sig-[7] M. Gurioli et al., Solid State Commun97, 389 (1996);
nal is due to nonresonant RS and reflects the laser puls? Il Nuovo Cimento D17, 1487 (1995). ,
shape. We find that the RRS profile is sharper than the PL8] In Ultrafast Spectroscopy of Semiconductors and Semi-
one and that the PL to RRS ratio at the emission peak is of conductor Nanostructuregef. [1]), p. 260.

. . - 9] S. Ceccheringet al.,Opt. C 132 77 (1996).
the order of five. It follows that, despite the very differ- [1[0]] = nggnieer;nj. (?O beppubfi)srﬂr:(;r_] 277 ( )

ent fs and cw excitations, the cw results agree very nicely11] s. Mukamel, inPrinciples of Nonlinear Optical Spec-
with the findings from the fs interferometric measurements.  troscopy(Oxford University Press, Oxford, 1995), and ref-
A correct interpretation of the resonant time-resolved ex-  erences therein.
periments can therefore be obtained even with a careful c\it2] J. S. Melingeret al., J. Chem. Phys84, 1247 (1986).
characterization, but the fs interferograms certainly pro{13] Since the intensity of the elastically scattered signal
vide a much more direct and unambiguous method. is roughly the same for below gap excitatidie. =

In conclusion, we have shown that a two-pulse experi- ~ 825 M) and nonresonant above g&e. = 780 nm)
ment allows us to point out the phase relation between the :ég'tgr'iﬂg' fr"(‘)’; z‘bt:;ggée d;?gct?easured signal to elastic
e_mltyed fields and thg ultrashort laser pulse used for e 14] D.S. Kimet al., Phys. Rev. BI8, 17902 (1993): G. Bdhne
citation, thereby solving the long-standing debate on th -

L . et al., Phys. Status Solidi (b)88 321 (1995).
d|scr|m|n§1t|on between RRS _and resonant PL. It is alsc?15] J.J. Baumberet al., J. Opt. Soc. Am. BL3, 1246 (1996).
worth noting that autocorrelation measurements of the deg] s. schmidet al.,in The Physics of Semiconductoesiited
tected emission in a single pulse experiment cannot dis- ~ py M. Scheffler and R. Zimmermann (World Scientific,
criminate between RRS and PL because of their similar  Singapore, 1996).
first order coherence; only a cross correlation of the emisfl7] S. Haackeet al., Phys. Rev. Lett78, 2228 (1997).

3208



