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Picosecond-luminescence study of exciton formation dynamics in CdSe
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We make a direct determination of the time constant for free-exciton formation in G@3¢€ lay measuring
the picosecond time-resolved luminescence at a longitudinal-optical-phonon-assisted Stokes sideband of the
free exciton. This method allows us to obtain the time evolution of the total exciton population, in contrast to
measurements of luminescence du&te0 excitons. The free-exciton formation time constant is found to be
7-10 ps, independent of the exciting photon energy within a few LO-phonon energies above the band-gap
energy at the carrier excitation density-e5x 10' cm~3. The results suggest rapid carrier thermalization and
energy relaxation in the continuum before exciton formation, rather than hot exciton formation by the geminate
electron-hole pairs followed by a cascade emission of LO phonons by the ex¢Bi$63-18206)52316-7

The dynamics of exciton formation has been a subject ofthermal energy distributions of excitons, resonantly photoex-
much interest for some time. Experiments to investigate thigited in Cu,O. In this paper, we determine the time evolution
have been carried out for several material systems havingf the total exciton density following an initial excitation of
exciton binding energy large enough for the exciton forma{ree electron-hole pairs in CdSé &K by alaser pulse. For
tion process to dominate over exciton ionization at the temthis, we measure the spectrally integrated up-conversion
perature of measurements. These materials include, for exC) luminescence at thé;-2LO Stokes sideband of the
ample, Ccds;? GaAs/Al,Ga, _,As quantum well§QW’s 34  free exciton @;) associated with the\ valence band of
Cd.Zn,_,Te/ZnTe QW's® etc. Different models have been CdSe. The free electron-hole pair density) excited per
proposed™3 Sto describe the process of exciton formation in Pulse is estimated to be about>10'° cm™°. The time

If the excitons formed by the electrons and holes neathat the exciton formation time constant is about 7—10 ps at

. > 8 K, irrespective of the exciting photon energy within a few
their band edges have a small enough wave vd€teo that LO phonon energies above the band gap energy.

they can couple to photons, the exciton luminescence time Figure 1 shows the continuous wat@v) photolumines-

evolution should be directly related to the exciton formationcence(PL) spectrum for CdSe taker & K with He-Ne laser.
time. The rate of such a direct formation of excitons withThe various well-known prominent PL peasksiue to free
small K, however, is substantially reduced due to variousexcitons @), excitons bound to a neutral dondr), and
kinematic selection rules. The excitons formed from free

electron-hole(e-h) pairs are expected to have a larfe

vector® These excitons have to relax to smilivalues be- 1055
fore they can undergo radiative decay. Thus, direct determi- t CdSe (T=8K) I
nation of the exciton formation time from the time evolution L He-Ne !

> . ) o cw
of the smallK exciton luminescence is in general not pos-

sible.

While an exciton with a Iargef cannot emit a photon
directly, it may couple to a photon via LO-phonon emission.
A direct measurement of the exciton formation dynamics can
be made for those material systems for which the exciton—
LO-phonon coupling is large and leads to excitonic transi-
tions to the photonlike polariton branch via emission of one
or more LO phonons. It is knownthat the luminescence
spectra at these exciton Stokes sidebands reflect the exciton

LUMINESCENCE INTENSITY (Arb. Units)

distribution inK. Such sidebands can be easily seen for ma- o . . . . . .
terials like CdS and CdSe but usually not for Gahslk or 177 178 179 180 181 182 183
QW'’s). Time-resolved luminescence energy spectra due to a PHOTON ENERGY {eV)

LO-phonon-assisted Stokes sideband can provide direct in-
formation on the free-exciton dynamics, as was shown by FIG. 1. CW luminescence spectrum in Cd$& & showing the
Snoke and co-workefswho studied the relaxation of non- various prominent luminescence lines.
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edge. To understand the insensitivity ®f to variation in
hw we need to consider the dynamics of thé pairs as they
form excitons.

We may briefly recall the various models proposed in the
past for the exciton formation process. In one picture, the
geminate electron-hole pair emits an LO phonon to form a
hot exciton with high kinetic energy. The subsequent relax-

ation occurs via a cascade emission of LO phonons by the
hot excitons. This process should lead to sharp lines in hot
luminescence and excitation specti@uch a behavior in fact
has been seen in the case of CdS and CdSe crystals with
small exciton lifetime at low excitation densities:*®

It may be mentioned that although GaAs is a polar semi-
conductor and thee-h correlation is enhanced in GaAs
QW'’s, hot exciton effects have not been seen so far in GaAs
or GaAs QW's. In such cases, the excited carriers may first
undergo energy-momentum relaxation in their respective

FIG. 2. The exciton luminescence rise and decay times obtaineHands before forming excitons. Here, exciton formation is

for different excitation wavelengths near the band edge from thdnainly bimolecular with random binding of electrons and

time evolution of theA,-2LO line, using measurements such as theN0les via phonon emission or carrier-carrier interaction,
one shown in the inset, as an example. rather than forming hot excitons from geminageh pairs,

resonant with free-carrier bandg.his mode of exciton for-
mation has been shown to be valid also for materials where

the LO-phonon-assisted Stokes sidebands of the free anfle exciton—LO-phonon coupling is weak, as in°Sin the
bound exciton are identified in Fig. 1. For time-resolved up-model proposed for low-density excitations in GaAs QW's,
conversion luminescence measurements, we use a Nd-YAfhe correlation of the geminageh pair is lost due to phonon
(yttrium aluminum garngtpumped DCM dye laser with a scattering. The holes, with a smaller share of the exciting
pulse width of about 2.5 to 3 ps as given by an autocorrelatophoton excess energy, rapidly relax to the top of the valence
and a repetition rate of 76 MHz. The exciting photon energyband. The electrons relax towards the conduction-band edge
is varied in the range 1.85 eV to 1.92 eV, near the CdSe bangy emitting a cascade of LO phonons. The electron and hole
edgeE, (=1.841 eV at 8 K. The signal is detected using a then form an exciton via LO-phonon energy emission, if en-
cooled bialkali photomultiplier tubgwith a dark count of ergetically possible, or else via other mechanisms, such as
less than 1 per se@nd a standard photon counting setup.acoustic-phonon emission or carrier-carrier scattering. The
The sample is mounted on a cold head in a closed cycle Hgscillations seen by Blonet al!® in the exciton lumines-
refrigerator at 8 K. The intensity of the laser beam focusedtence rise time in narrow GaAs QW'’s as the exciting photon
on the sample to a spot of about adn is 1 mW, with the  energy is varied have been interpreted to be due to whether
excited carrier densityr() per pulse estimated to be about the electrons and holes near their band edges can form exci-
6> 10" cm~3. The monochromator slits are opened to 200tons via LO-phonon emission or not.
wum, corresponding to a spectral width of about 5 mV. It should be noted that the above pictures, in which the
The total PL signal thus detected at the-2LO Stokes side- carriers initially relax mainly due to a cascade emission of
band of the free exciton is expected to be related to spectralO phonons, may be valid only for low-density excitations.
integration of the major part of the exciton kinetic-energyIn these cases, the carrier-carrier scattering rate is relatively
distribution. insignificant compared to the LO-phonon interaction of elec-

Figure 2(inseb shows the time evolution of the UC PL of trons and holes, either in geminate form or in uncorrelated
the A;-2LO sideband at the laser photon energy of 1.89 eVconditions. At sufficiently high excitation densities, on the
as an illustration. A rapid initial rise and then a slow decayother hand, the-hcorrelation within the geminate pairs may
of the signal is evident Figure 2(inse} also shows a fit be lost due to carrier-carrier interactions and carriers may
to the data based on a double exponential formrapidly form a hot thermalized energy distribution within a
Al exp(—t/m)—exp(—t/m)] where 7, and 7,, respectively, few tens of fs. Such a hot carrier assembly in polar semicon-
determine the characteristic rise and decay time constants dfictors then cools mainly via LO-phonon emission, the typi-
the A;-2LO luminescence intensity, and hence of the forma-cal time for one LO-phonon emission being about a few
tion and population decay of free excitons. The time constanhundreds of fs. The carriers then approach their respective
T, is rather large, of the order of 1000 ps. The long excitonband edgegwithin one LO-phonon energyin a few ps by
lifetime ensures enough time for the excitons to attain a therphonon emission, before they can form excitons.
malized energy distribution via exciton-exciton collisions be-  The first possibility that the-h pairs in our experiments
fore their recombination. Figure 2 shows the rise time can form hot excitons immediately after excitation can be
measured at different wavelengths of the exciting photonstuled out as follows. After their formation, the hot excitons
The rise timer, is seef? to be about 7 to 10 ps. No dramatic rapidly emit LO phonons to form excitons with smaller ki-
oscillatory behavior of the UC PL rise time is seen in Fig. 2netic energies, which then thermalize among themselves via
as the exciting photon energyi ) varied within a few exciton-exciton collision$.A calculation of the average time
times the LO-phonon energy=26.5 me\j above the band required by the hot excitons in CdSe to emit one LO phonon
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leads to an estimate of about 300 fs, based on known The measured value of 7-10 ps in our experiments is
exciton—LO-phonon Fidich coupling” in CdSe. Thus, the rather too small for exciton formation via acoustic-phonon
exciton sideband luminescence rise time, after emission of @mission by the carriers, which in CdSe should typically take
few (in our case three at mostO phonons by the hot exci- several tens of p& Exciton formation by LO-phonon emis-
tons, is expected to be of the order of 1 ps and excitatioion requires that the-h pairs lose 26.5 meMthe LO-
energy dependent. However, the measured rise time is aboRfonon energy in Cd$do form an exciton with a binding
one order largetabout 10 ps and independent of the exci- €nergy of about 15 meV in CdSe. Thus & pairs should
tation energy. have excess energy at least of the order of 10 to 20 meV for
The other possibility is that the carriers rapidly form g €xciton formation by LO-phonon emission. In the presence

thermalized distribution and undergo energy relaxation vid?! Such hot carriers, the initial exciton formation and the

LO-phonon emission before forming excitons. The excitation""SSOCi"’ue(j carrier density decay will be rapid. Subsequently,

. . . . 6 . 3\ - as the hot carriers cool, the exciton formation and free-
carrier density used in our expenmgnts(ﬁx 10°cm ) is carrier-density decay will be much slower, if controlled by
large enough for the carriers to rapidly form such a thermal

ized distributi . . . ttertAd?Th ‘acoustic-phonon interactions. Whether the LO-phonon-
Ized energy distribution via carrer-carrier scattering. 1he o mission process can explain our experimental results can be

correlation of the geminate-h pair is thus lost. The carriers gyamined when a detailed calculation of the rate of exciton
cool within a few ps by emitting LO phonons and attain formation due to LO-phonon emission becomes available.
energies close to the band edge before forming excitons e should, however, point out that LO-phonon emission is
nonzeroK. TheA;-2LO PL rise time in such a case will not not possible for carrier excitation close g, as in the case
have a significant dependence on the energies at which thf some of the data points in Fig. 2. Sinegis not energy
e-hpairs were initially excited, if the exciton formation rate dependent within the range of excitation photon energy used,
is smaller than the rate of carrier energy relaxation via LOthe process of LO-phonon-assisted exciton formation ap-
phonon emission. We believe that this is what happens in oupears to be rather unimportant in our case. The precise
experiments and Fig. 2 provides the typical time constant fofnechanism by which free-h pairs form bound pairs in our
formation of excitons by the-h pairs near the band edge. €xperiments is not fully clear at present. The role of Auger-

This is deduced here to be about 7 to 10 ps for CdSe at 8 /P carrier scattering in exciton formation process remains
for ng=6x 106 cm~3. We should mention here that the role © be investigated. A calculation of rate of exciton formation

of carrier-carrier scattering should be increasingly unimpor2Y @ distribution ofe-h pairs via different mechanisms is in
tant (when compared with the carrier—LO-phonon coupling progress. - . o
as the carrier density is reduced<d 0" cm 3. In that case In conclusion, we report a direct determination of the ex-

one might be able to observe the possible dependence of tlﬁ t%r;jf(r)lrgit'rﬁg“q_ﬁis'r}scddesditi dng[rr?rt]r?e)z«t:ilﬁgoer:/glﬁgzlrgyof
exciton formation time on the exciting photon energy, espe; '

cially for CdSe samples with a small exciton lifetihé!3 the 2LO Stokes sideband of the free exciton using picosec-

Time-resolved luminescence measurements at such low ca?pd up-conversion luminescence measureme_r_lts. The t!me
&2nstant, obtained to be 7-10 ps, is not sensitive to excita-

rier densities may be performed using the streak camer, n photon enerav near the band edae. suaaesting rapid car-
technique. However, this technique may not have the desirener tphermalizatiogr?/ and ener relaxgti,cm igngthe c%nti?wum
time resolution of=1 ps. On the other hand, although the : : ay

. . - before exciton formation.
up-conversion luminescence measurement can have ps time

resolution, it is rather difficult to use it at the required low  This work was partly supported by the NSF under Grants
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