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Band-edge luminescence in photoexcited CdSe is known to show several interesting features due
to radiative decay of free and bound excitons and excitonic molecules (biexcitons). In this paper,
we report our experiments on the study of the time evolution of some of these processes in CdSe,
using up-conversion luminescence spectroscopy with a time resolution of 2.5 ps. We obtain time-
dependent luminescence spectra at two e-h pair excitation densities (estimated to be no = 8 x 10'°
and 8 x 10'7 cm™3). The role of hot biexciton dynamics in determining the time evolution of
luminescence is evident. At low density (no = 8 x 10'® cm™3), the luminescence spectrum also
reveals the time evolution of the bound exciton emission at long delays (> 200 ps). In addition, we
obtain time-resolved luminescence of the longitudinal-optical phonon-assisted Stokes sidebands of
the free exciton. The exciton and biexciton lifetimes are deduced to be 600 and 10 ps, respectively,
on the basis of a theoretical model describing their coupled dynamics.

I. INTRODUCTION

Radiative recombination of photoexcited electron-hole
(e-h) pairs in semiconductors such as CdS has been stud-
ied extensively in the past.! Depending upon the excita-
tion density, different processes dominate the recombina-
tion luminescence of these e-h pairs. At low temperatures
and low excitation densities, the edge emission spectrum
is dominated by exciton recombination and exciton in-
teractions with phonons and impurities. At higher ex-
citation densities, the mutual interactions of the exci-
tons become important.2~* One should then take into
account the exciton-exciton collisions, formation of ex-
citon molecules (biexcitons), and biexciton-biexciton in-
teractions. The dynamics of processes such as energy
relaxation of hot e-h pairs towards their respective band
edges, formation of excitons and biexcitons from the ini-
tially excited hot free carriers, thermalization and cool-
ing of exciton- and biexciton-energy distributions and the
radiative decay of these excitations has been a topic of
much interest. Considerable efforts have been devoted®—®
in the case of materials such as CdS and CdSe to identify
luminescence due to excitons, exciton-exciton collisions,
biexcitons, electron-exciton interactions, etc., following
the transformation of the free e-h pairs into excitons. At
still higher densities, exceeding the Mott density, the e-
h plasma effects dominate, screening out the excitonic
states, at least near the surface, where the density due
to one-photon generation is the highest. Rapid density
reduction due to plasma expansion, recombination, and
diffusion can make excitonic states possible once again,
within ~ 100-200 ps in some cases, as shown by Saito’
for CdS and Frigo et al.® and Fujimoto et al.® for CdSe
at high densities of 108 to 10'® cm~3. The study of the
dynamics of these processes in II-VI semiconductors, es-
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pecially in CdS, using time-resolved (TR) luminescence
measurements has been the subject of intense research
in the past!®. In recent years, resonant optical nonlin-
earities in CdSe due to biexcitons and exciton-biexciton
transitions have attracted attention.!!

In addition to the processes listed above, it is well
known that the exciton dynamics under low-density exci-
tations is greatly influenced by its capture in an electro-
static potential well due to an impurity complex present
in the semiconductor.!? In II-VI semiconductors such
as CdS and CdSe, for example, an exciton bound to
a neutral donor (I3) is known to have giant oscillator
strength.!3 Optical bistability due to the bound exciton
saturation!® and quantum beats!® due to the split states
of the bound exciton have been observed in recent years.
Several studies have been performed to determine the ra-
diative lifetime of the I, bound exciton in CdS and CdSe
using different techniques.'®7 Although the bound ex-
citon recombination (I) usually dominates the lumines-
cence in CdS and CdSe at low excitation densities, the
time evolution of the bound exciton luminescence with
time from an initial low-density photoinjected e-h assem-
bly has not been clearly demonstrated.

The picosecond time evolution of luminescence spec-
trum due to radiative annihilation of free and bound ex-
citons and biexcitons, following ultrafast generation of
high-density e-h pairs has been of great interest for some
time.”!® The biexciton binding energy in CdSe is about
4 to 5 meV.5!! This may be compared with the value
of 8.5 meV deduced for CdS,®> ~ 0.1 meV for GaAs and
~ 1.0 meV for GaAs (Ref. 19) quantum wells. These val-
ues make studies of biexcitons possible in CdS and CdSe,
but not in bulk GaAs. Such studies are of much relevance
now with the renewed interest in the applications of II-VI
semiconductors and their heterostructures.2°
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In this paper, we obtain the time-dependent energy
distribution of the luminescence due to the excited e-
h pairs in CdSe and demonstrate the emergence of the
free and bound excitons and biexcitons with time. To
our knowledge, such information was not available for
CdSe previously. Our results are obtained by using up-
conversion luminescence spectroscopy with 2.5-ps time
resolution and the photoexcitation-correlation lumines-
cence spectroscopy. We vary the excited e-h pair den-
sity mo in the range ~ 8 x 101 cm~3 to 8 x 107 cm™3.
We show that the time evolution of the luminescence is
determined mainly by the biexcitons at high-density ex-
citations (~ 8 x 10'7 cm™3). At lower excitation densi-
ties (~ 8 x 10'® cm™3), time evolution of luminescence
due to bound exciton recombination is also evident. In
addition, we obtain the time-resolved luminescence spec-
trum of the 2-longitudinal-optical (LO) phonon related
Stokes sideband of the free exciton near the polariton-
knee region. An earlier study of such a spectrum?! used
a streak camera, with an effective time resolution of 70
ps. Using the time dependence of the luminescence due
to biexcitons and the 1-LO phonon Stokes sideband of
free excitons, we estimate the time constants associated
with excitonic processes such as the formation and re-
combination of excitons and biexcitons. For this, we
solve equations describing the coupled dynamics of the
excitons and biexcitons within a simple model.

In Sec. II, we briefly describe the experimental pro-
cedure. The luminescence spectra showing evidence of
transformation of the e-h plasma into biexcitons and
bound excitons are presented in Sec. III, while the spec-
tra due to the LO phonon-assisted exciton emission are
discussed in Sec. IV. Section V is devoted to a study of
the coupled dynamics of excitons and biexcitons based
on simple rate equations for their densities. Section VI
summarizes the main results.

II. EXPERIMENTAL PROCEDURE

Our experiments are performed by exciting CdSe crys-
tals using pulses from a Nd-YAG (yttrium-aluminum-
garnet) pumped dye laser (Rhodamine 6G dye) at a wave-
length of 612 nm (photon energy of 2.026 eV) with a rep-
etition rate of 76 MHz. The pulse width as given by an
autocorrelator trace is 1.8 ps. As in a standard excite-
probe optical arrangement, the beam is split into two
parts, one part delayed with respect to the other with the
help of a motorized delay stage. In the photoexcitation-
correlation?? (PEC) experiments, the two beams are
chopped at different frequencies (235 and 196 Hz) and
are focused on the sample with a lens at the same spot
with a size of about 50 to 60 ym in diameter. The sample
is mounted on a cold finger in a cryostat and maintained
at 8 K. The time- and energy-resolved PEC signal is de-
tected at the chopper sum frequency (431 Hz) using a
0.35-m monochromator, a photomultiplier tube detector,
a current amplifier, and a lock-in amplifier. Both the
beams are polarized perpendicular to the ¢ axis of CdSe.
The time-integrated (TT) luminescence is obtained in the
same arrangement by blocking one of the beams and de-
tecting the signal at the chopped frequency of the excit-
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ing beam. In the up-conversion (UC) measurements, the
beams are not chopped. One of the beams excites carri-
ers in the sample while the other is focused on a LilO3
crystal at the same spot where the luminescence from the
sample is focused, as in a standard arrangement. The sig-
nal is detected using the 0.35-m monochromator and a
photon counting setup. The time resolution of the UC
measurement is about 2.5 ps while the energy resolution
is about 2.5 meV. The maximum delay between pulses
in the two beams possible in our measurements is 1 ns.
All measurements are automated using a personal com-
puter. The average intensity of the exciting beam in UC
measurements is varied from 1.0 to 10 mW. Assuming an
absorption depth of 0.2 um, exciting beam spot size of 50
pm, and reflectivity of 0.2 in CdSe at 2.03 eV, an aver-
age intensity of 1.0 mW corresponds to an excited carrier
density no of 8 x 10'® cm™3 in our case (an underestimate
of the spot size by 10 um will reduce the density estimate
by 30%).

III. BIEXCITON AND BOUND
EXCITON LUMINESCENCE

Figures 1 and 2 show the time evolution of the lumi-
nescence spectra (discrete points) measured at two ex-
citation intensities: 10 and 1 mW, corresponding to e-h
pair densities 1y of 8 x 10’7 cm~2 and 8 x 10'® cm~3,
respectively. The peaks of the spectra are initially lo-
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FIG. 1. The experimental TR luminescence spectra mea-
sured for 10-mW excitation (discrete points). Also shown
are the theoretical fits (continuous curves) based on the hot
biexciton model of Eq. (1). The dashed curves (not fits) are
drawn to indicate other contributions due to bound excitons
and biexciton collision broadening.
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FIG. 2. The experimental TR luminescence spectra mea-
sured for 1-mW excitation (discrete points). Theoretical fits
based on Eq. (1) (continuous curves) are also shown. The
bound exciton is evident at long delays at 1.823 eV, as in-
dicated by the dashed curves (not fits), drawn to guide the
eye.

cated approximately at 1.82 eV. The peaks and the low-
energy tails of the spectra shift towards the right (high-
energy side) with time but the high-energy tails hardly
shift with time beyond 50 ps. The spectra are broad
in the initial stages but the full width at half maximum
(FWHM) decreases rapidly, from over 10 meV at 8 ps
to about 5 meV at 200 ps in Fig. 1. It is even nar-
rower in Fig. 2 (less than 4 meV at 200 ps). It may
be noted that while the luminescence in the high-density
case (ng = 8 x 10'7 cm™3) evolves into a peak at about
1.822 ¢V after long delays, the corresponding peak in the
case of low-density (no = 8 x 10*” cm™2) luminescence is
at a higher energy (1.823 eV). It has been shown in the
past,176:16:23 on the basis of PEC and other measure-
ments, such as the intensity dependence of luminescence,
that the luminescence peaks occuring at energies about
4 to 5 meV below the free exciton energy (1.827 eV) in
CdSe are due to the biexciton and bound exciton (I2)
annihilation. It is expected that, at high densities, the
exciton-exciton interaction is strong enough for efficient
formation of biexcitons, whereas at low densities, the rate
of formation of bound excitons may be comparable. Our
time resolved measurements (Figs. 1 and 2) indeed show
the time evolution of the luminescence due to biexcitons
at ng = 8 x 1017 cm 3 and reveal emission due to bound
excitons at ng = 8 x 1018 cm 3, following the initial band
to band photoexcitation of e-h pairs.

Figures 1 and 2 show a comparison with a simple biex-
citon emission line shape given by*
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I(v) = A'\Jers exp(—em /kTn) » (1)

where €py = f’w.zlcﬁ,f/élm;B = E% — Eypr — hv, hv is the
energy of the emitted photon, ES = E; — E, is the exci-
ton ground-state energy, Ep, and Epps, respectively, are
exciton and biexciton binding energies, Eu is the biex-
citon momentum wave vector, and m, is the exciton ef-
fective mass. The literature values of Eyps are quoted to
be 4 meV (Ref. 5) to 5 meV (Ref. 11). We have used
Eypr = 4.5 meV in our calculations. The agreement of
the low-energy side of the spectra with the behavior pre-
dicted within the above simple model of hot biexciton
emission (continuous curves) appears to be reasonably
good. A more detailed analysis of the time-resolved lu-
minescence spectra for various excitation densities on the
basis of an improved model of biexciton luminescence line
shape has been performed recently?® to obtain the hot
biexciton effective temperature T and its time depen-
dence as the biexcitons cool. We may only mention that
T is deduced to be about 50 K initially but drops to ~
15 K in 400 ps. The hot biexciton energy relaxation rates
have been obtained from the biexciton cooling rates and
compared with theoretical calculations based on biexci-
ton energy loss due to phonon emission via Fréhlich, de-
formation potential, and piezoelectric interactions.

Since the biexciton ground-state energy in CdSe is
smaller than the bound exciton energy only by 1 meV
or s0,° a line shape analysis of the complete spectra us-
ing only a biexciton model is not adequate. The emission
spectra on the high-energy side of the peaks in Figs. 1
and 2 will have some effects of the bound exciton recom-
bination in addition to those of the collision broadened
biexciton emission spectrum. This is relatively more im-
portant for low excitation densities and long delays as
in Fig. 2, although even in this case, the spectra on the
lower-energy side of the bound exciton are expected to
be predominantly due to the biexciton decay.

It is seen in Fig. 2 that the peak of the spectra mea-
sured at the low excitation density (no = 8 x 10*¢ cm™3)
shifts from 1.82 eV at generation to the energy expected
for the bound exciton (1.823 eV) beyond 200 ps. This
clearly shows that although the low-energy tail of the lu-
minescence spectra is due to biexcitons, the luminescence
at 1.823 eV for long delays evolves into that predomi-
nantly due to bound exciton radiative recombination for
no = 8 x 106 cm—3.

It is known that the energy relaxation of the photoex-
cited hot e-h pairs (at low lattice temperatures) occurs,
first due to rapid optical phonon emission, when permit-
ted energywise, and then by slow emission of acoustic
phonons. The carriers can take several tens of picosec-
onds to reach their respective band edges. It is inter-
esting, however, to note that although the carriers are
generated in our experiments by photons with energy of
2.026 eV, the spectra of Figs. 1 and 2 at t = 0 ps show
that some of the e-h pairs have already relaxed in energy
at t = 0 ps (within our time resolution ~2.5 ps) to re-
combine and emit photons at near-band gap energies at
about 1.82 eV (in the wavelength range ~ 680 to 682 nm)
while the fundamental one particle band gap energy?* E,
of CdSe at 8 K is 1.843 eV. This is, of course, not incon-



50 PICOSECOND RADIATIVE DECAY OF FREE AND BOUND. ..

sistent with a picture in which the free e-h pairs rapidly
form hot excitons and biexcitons, even before their com-
plete energy relaxation has taken place. On the other
hand, the possibility that the observed luminescence is
due to hot e-h plasma with a renormalized, reduced band
gap due to many-body effects should be examined. We
believe that the luminescence spectra in Figs. 1 and 2
originate from both these mechanisms, the plasma con-
tributing in the initial stages but the excitonic processes
dominating after some delay. In the present case, the
tail on the high-energy side of the broad luminescence
peak seen in the initial stages cannot be due to biexci-
tons but is due to hot free carriers. This is confirmed?®
by a separate, detailed study of the high-energy tails of
the luminescence spectra which show a exp(—hv/kT.)-
like behavior (hv is the photon energy, T is the effective
carrier temperature). On the other hand, we find that
the complete spectra beyond the initial stages (> 50 ps)
cannot be fully explained by the plasma model. It can
be shown on the basis of a calculation of the spontaneous
emission line shape due to e-h plasma recombination?®
that the luminescence spectra of a hot plasma is much
broader than the FWHM of the peaks seen in Figs. 1 and
2. For example, the expected width for the e-h plasma
emission band is about 35 meV (20 meV) even at a small
plasma temperature T, of 100 K (50 K) for 8 x 107 cm ™3
(4x10'7 cm~3) whereas the spectra in Figs. 1 and 2 have
much smaller widths of 5 meV or less for > 50 ps. Fur-
thermore, the luminescence spectrum of a hot e-h plasma
generally has an asymmetric shape with a longer high-
energy tail, while the measured spectra are asymmetric
with a longer tail on the low-energy side of the peaks,
the high-energy side hardly changing with time beyond
50 ps.

In view of these considerations, the picture of carrier
relaxation consistent with our data is the following. Al-
though the estimated carrier density at excitation in our
experiments is comparable to or somewhat greater than
the Mott density of about 107 cm™3 in CdSe,® the actual
carrier density away from the surface is smaller. More-
over, effects such as the e-h plasma expansion, diffusion,
and recombination further reduces the density with time.
Thus, while the e-h plasma processes dominate initially,
especially near the surface, luminescence due to the ex-
citonic processes are superposed on the plasma emission
and dominate at later stages as the plasma transforms
into excitons and biexcitons. A similar conclusion was
reached in the case of CdS by Saito and Gobel” who
found, using their luminescence measurements and tran-
sient grating data, that the e-h plasma could be sup-
ported only up to about 100-200 ps and the e-h pairs
rapidly transform into biexcitons. Evidence of very rapid
formation of excitons and biexcitons following initial e-
h plasma generation was provided by Hulin et al.'® in
the case of CuCl. (This is in contrast with the lumi-
nescence results?” obtained for GaAs and In,Ga;__As,
where it is possible to study hot e-h plasma and its ap-
proach towards equilibrium with the lattice for well over
100 ps, the exciton and biexciton binding energies being
very small.)

The TR luminescence at 1.823 eV (680.1 nm) in Fig. 3
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FIG. 3. The time dependence of luminescence taken at
1.823 eV corresponding to the the bound exciton (Iz) energy
showing the intensity dependence.

[corresponding to the bound exciton (I2)] shows that the
initial rising part and the peak region has a dependence
on the excitation density. The signal rises for about 50
ps. The time dependence for delays beyond 400 ps ap-
pears to have an exponential behavior. The nonexpo-
nential part of the decay before 400 ps seen for 10 mW
appears to diminish as the excitation density decreases,
as is evident in Fig. 3 which compares the time evolution
of the luminescence obtained at average excitation inten-
sity of 10, 2.5, and 1.0 mW. As the excitation intensity
decreases, the I; luminescence decay tends to a single ex-
ponential behavior. The luminescence decays with a time
constant of 565, 585, and 800 ps for 10, 2.5, and 1.0 mW,
respectively.?® The dependence of the decay rate on the
excitation intensity may be a result of the reduced elec-
tron and free exciton collisions with the bound excitons
as the excited e-h pair density is made smaller.

The TR luminescence shown in Fig. 4 is taken at 1.8214
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FIG. 4. The TR luminescence at 1.821 eV corresponding

to the biexciton energy (M band) taken at different excitation
densities.
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eV (680.7 nm) for 10, 2.5, and 1.0 mW at a wavelength
expected for the biexciton emission. The luminescence
here rises to its peak in about 75 ps. It shows an expo-
nential decay beyond 400 ps with a time constant of 420,
660, and 730 ps, respectively for 10, 2.5, and 1.0 mW.
Once again, the time evolution is seen to depend upon
the excitation density.

IV. LO PHONON-ASSISTED FREE EXCITON
LUMINESCENCE

Figure 5 (curve a) shows the TI luminescence taken at
a beam intensity of 4 mW for wavelengths beyond 1.8074
eV (686 nm). Also shown is the corresponding PEC spec-
trum in Fig. 5 (curve b) taken at a delay of 200 ps. Us-
ing the results of Fig. 5, we determine the longitudinal-
optical phonon energy (hwro) of ~ 26.5 meV in CdSe.
The LO phonon Stokes sidebands of the I; luminescence
(at 1.823 eV or 680.1 nm) are identified in Fig. 5 at 1.7966
eV (690.1 nm) (I;-LO) and 1.7699 eV (700.5 nm) (I»-
2LO) using the PEC spectrum. If most of the excited
e-h pairs relax to form free excitons (with density ny),
we have a linear relationship: ny ~ no. The recombi-
nation luminescence of the exciton in its ground state
(A1) and the phonon replica A;-LO (1.801 eV or 688.4
nm) and A;-2LO (1.774 eV or 698.9 nm) seen in the
TI luminescence spectrum of Fig. 5 (curve a), therefore,
do not show corresponding peaks in the PEC spectrum.
The TI luminescence peak at A;-3LO is much broader
than the peaks at A;-LO and A;-2LO and perhaps has
a more complex origin, as suggested by the small nega-
tive PEC signal at A;-3LO. With Awro =~ 26.5 meV, the
wavelength positions of these phonon replica lead to the
determination of the free exciton wavelength of 1.827 eV
(678.7 nm). The bound exciton has a binding energy of
4 meV, as shown by the relative positions of the phonon
replica of A; and I.

The luminescence due to the free exciton polaritons is

(b) PEC

CdSe (8K) AK{/
8 (o) T1 (4mW) 12-‘7

Luminescence Infensity (arb. units)

1.74 175 1.76 177 178
Energy (eV)

FIG.5. The TI and PEC (at 200 ps) luminescence spectra
showing various features due to LO phonon-assisted excitonic
processes.
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usually not efficient. The emission due to its LO phonon-
assisted recombination, however, can escape the semicon-
ductor surface. Luminescence peaks due to some of these
phonon Stokes sidebands are already identified in Fig. 5.
It is known?12° that the exciton dynamics can be deter-
mined by studying the TR luminescence at these phonon
replica. The time evolution of the luminescence at the
A;1-LO energy is shown in Fig. 6 at 10 mW. The lumi-
nescence initially rises rapidly, reaching its peak in only
about 5 ps. It then shows a rapid fall with an approxi-
mate time constant of 50 ps. It has an exponential decay
after 200 ps with a time constant of 650 ps.

The line shape of the A;-2LO band is expected to re-
flect the exciton energy distribution more directly than
the A;-LO band.?:2° We have studied the time evolu-
tion of the luminescence spectrum in the 4;-2LO region
in some detail for the 10-mW excitation. This is seen in
Fig. 7(a). The TI luminescence (for 4 mW) showing the
peak at A;-2LO is also shown for comparison [Fig. 7(a)].
It is seen that the free exciton related signal emerges from
the background in about 100 ps following the initial e-h
pair excitation. The background signal has a relatively
rapid decay with time. This is brought out more clearly
in Fig. 8 where the time dependence of the luminescence
is shown at a few photon energies. The associated time
constants of the approximate double exponential decay
behavior of the luminescence in the A4;-2LO region at
various energies are shown in the inset of Fig. 8. There
are several points of interest here. First, the rapid initial
decay takes place with a time constant of about 40 ps
irrespective of the wavelength. The time evolution be-
yond 100 ps, however, takes place with a highly energy-
dependent time constant. We note that a clear peak is
seen in the polariton luminescence decay time constant at
the A;-2LO energy (Fig. 8, inset). The signal at the A4;-
2LO energy shows a 600 ps decay time constant whereas
that on its either side decays faster, with a time constant
of about 300 ps. Many years ago, Toyozawa?® argued that
the polariton lifetime should reach a maximum at about
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FIG. 6. The TR luminescence at 1.801 eV corresponding
to one-LO phonon Stokes sideband of the free exciton ground
state (A;).
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the transverse exciton energy, showing the so-called po-
lariton bottleneck effect, due to reduced phonon scatter-
ing near the polariton-knee region. We should mention
that unlike this, a steplike behavior was seen for CdS by
Wiesner and Heim3° at the transverse exciton energy in
their delayed-coincidence photon counting experiments
with a 300-ps time resolution. This was explained3! to
be consistent with the polariton bottleneck effect on the
basis of a two-exponential behavior for the exciton popu-
lation, symmetric in the filling and decay rates. Whether
the difference between this and our results is due to im-
purities creating bound excitons in our case in addition
to exciton-phonon scattering is not clear at present. The
possibility that the free exciton-polaritons can be formed
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FIG.7. The time- and energy-resolved luminescence spec-
trum (at 10-mW excitation) showing the evolution of the A;-
2LO luminescence at 1.774 eV (a). Also shown is the corre-
sponding TI luminescence spectrum (b).
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FIG. 8. The TR luminescence at various energies near

the A;-2LO region. The inset shows the early and long time
effective decay time constants for different energies.

at a large wave vector (and kinetic energy) and with a
nonthermal energy distribution is often considered. The
excitons may subsequently thermalize among themselves
and relax towards the knee in the polariton dispersion
curve. This in fact has been demonstrated in the case of
Cu,0 by Snoke et al.32 who studied the phonon-assisted
luminescence of the exciton after a resonant creation of
the excitons. The data of Fig. 8 does not provide the nec-
essary clear evidence to infer the relaxation of a highly
nonequilibrium, nonthermal exciton distribution shifting
towards the knee at 1.774 eV from an initial higher ki-
netic energy of excitons at formation during the period
of the evolution studied (from about 100 ps up to 1000
ps) and within the energy resolution used (~ 2.5 meV)
in our experiments. Energy resolution better than this
and a low-density excitation to minimize the background
effects and to probe the initial period (< 100 ps) is re-
quired to address the question of the time evolution of
the exciton-energy distributions.

V. COUPLED DYNAMICS OF EXCITONS
AND BIEXCITONS

In a simplified picture, the e-h pairs, after their initial
creation, relax to form excitons. The exciton density de-
cays due either to various recombination processes or to
formation of biexcitons. The biexcitons, in turn, can dis-
integrate, leaving behind excitons. The dynamics of the
excitons and biexcitons is, therefore, coupled. The time
dependence of the biexciton density (np) is governed by?

dng/dt = C(ng)*> —ng/78 , (2
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where C determines the biexciton formation rate, ny is
the free exciton density, and 7p is the biexciton lifetime.
The dynamics of free exciton density ny may be described
approximately by

dn,«/dt:G—nf/Tf—2C(nf)2+n3/'rB s (3

)
where G is the exciton formation rate [G = (ng/71)
xexp(t/71), 71 determines the exciton formation time]
and 7y is the exciton lifetime. The framework of Egs. (2)
and (3) is based on the assumption that (1) the ef-
fects of carrier-exciton, exciton-biexciton, and biexciton-
biexciton collisions are not important, (2) all the excited
e-h pairs are assumed to first form free excitons, (3) the
biexcitons are assumed to be formed only from free ex-
citons, and (4) the role of bound excitons in the exciton
dynamics is relatively less important. Since Egs. (2)
and (3) are coupled, the time evolution of the biexciton
luminescence is expected to depend on the free exciton
dynamics. We normalize Egs. (2) and (3) with respect
to the excitation carrier density ng and estimate the var-
ious parameters in these equations by comparing their
numerical solutions with the measured time dependence
of the biexciton and exciton luminescence intensities. We
obtain the total time-resolved biexciton luminescence by
integrating the spectra of Fig. 1. This is shown in Fig. 9.
We assume that the biexciton density np has the same
time dependence. The time dependence of the exciton
density n is taken to be given by that of the A;-LO lumi-
nescence (Fig. 6). Figure 9 shows that the above simple
model [Egs. (2) and (3)] fits the data at 10 mW for the
exciton and the biexciton luminescence time dependence
reasonably well. The small difference between the data
and the model for early times may be due to effects such
as phonon-assisted emission by the e-h plasma, electron-
exciton interactions etc., not included in the model. From
this fit, we obtain the free exciton formation time 7 to
be 5 ps and its lifetime 75 of 600 ps. The biexciton life-
time 7g is determined to be 10 ps. Although the data in
Fig. 9 shows that the biexciton luminescence decay time
constant obtained by a simple exponential fit to the data
is 240 ps, its lifetime 75 (~ 10 ps) is much smaller. It is
thus clear that the decay behavior of the biexciton lumi-
nescence in Fig. 9 is in fact determined by the availability
of the free excitons for biexciton formation, hence, to a
large extent, by the free exciton lifetime and not as much
by the biexciton recombination rate itself. The biexciton
decay time constant 7 ~ 10 ps deduced above for CdSe
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FIG. 9. The solutions (dashed curves) of the coupled
dynamics of the exciton and biexciton densities [based on
Egs. (2) and (3)] are compared with the data (continuous
curves for excitons and discrete points for biexcitons) at 10-
mW excitation.

is comparable to a previous estimate of 17 ps for CdS by
Baumert (quoted by Saito?).

VI. CONCLUSION

In conclusion, we have performed a time-resolved study
of luminescence in CdSe photoexcited by picosecond laser
pulses. Depending upon the density of excited e-h pairs,
the luminescence spectrum is expected to be dominated
by different processes such as formation and radiative de-
cay of e-h plasma, free and bound excitons, biexcitons,
etc. Using time-integrated and time-resolved measure-
ments of the luminescence spectra at densities varying
from ~ 8 x 101 cm ™3 to 8 x 1017 cm™~3, we demonstrate
the time evolution of the free e-h pairs into hot biex-
citons at high densities. The role of bound excitons in
the luminescence time evolution becomes evident at low
densities. A simple model of the time dynamics of free
excitons and biexcitons leads to the estimates of the ex-
citon and biexciton lifetimes of approximately 10 ps, and
600 ps, respectively.
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