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Picosecond luminescence and excite-and-probe transmission as well as transient grating measure-

ments are performed for highly excited CdS at a bath temperature of 5 K. The luminescence and
the optical gain due to both the electron-hole plasma and the excitonic molecule recombination are
observed. The electron-hole plasma decays very fast and disappears within 150—200 ps, whereas the
excitonic molecule decays rather slowly. Both bimolecular recombination of the electrons and holes

within the plasma and the diffusion of the carrier toward the low-density directions cause the de-

crease of the electron-hole density. In the case of a small volume of the electron-hole plasma, i.e.,
for rather-low-excitation levels, the transformation of the plasma into the excitonic system results in

an additional shortening of the decay time of the plasma. The possibility of electron-hole liquid for-
mation is definitely excluded.

I. INTRODUCTION

Optical properties of highly excited CdS under quasi-
stationary conditions have been studied extensively within
the last years. ' It is well established that at a high con-
centration of excited electrons and holes luminescence
from an electron-hole plasma (EHP) is observed.
Luminescence due to excitonic molecule recombination is
also observed under intermediate-excitation conditions at
low temperature. Picosecond spectroscopy is required to
investigate the relaxation and recombination behavior of
elementary excitation in direct-gap semiconductors such
as CdS. Several works which have reported on picosecond
spectroscopy for CdS are concerned mostly with the
recombination luminescence of the EHP as well as of the
excitonic molecule. However, several problems such as
the effect of transformation of the EHP to excitons and
excitonic molecules (Mott transition), carrier diffusion,
and possible electron-hole liquid formation on the EHP
dynamics have not been considered in detail. All these
processes will affect the carrier dynamics and EHP life-
time. The EHP lifetime as measured, e.g., in a time-
resolved photoluminescence experiment, therefore in gen-
eral is not an intrinsic property of the EHP, but instead
reflects a complex average over all the processes which di-
minish the carrier density. It is the aim of this paper to
classify the different contributions of the processes men-
tioned above on the EHP lifetime. This, however, can be
accomplished only if different experimental techniques
are applied.

We have performed time-resolved luminescence studies
and two kinds of excite-and-probe studies, i.e., transmis-
sion measurements under high-intensity excitation and pi-
cosecond transient-grating measurements, to obtain fur-
ther information on the dynamics of high-density elec-
trons and holes as well as transformation of these carriers
to excitons and molecules in CdS. Our results show that
for high excitation (X, h & 10' cm ) the optical proper-
ties within the first 100—200 ps are governed by the EHP.
The decay of the EHP is due to both carrier recombina-

tion as well as carrier diffusion and the EHP cannot be
maintained for times larger than 200 ps, because it
transforms into excitons and excitonic molecules. For
times larger than 200 ps the optical properties are thus
determined by the excitonic system. We further show
that the EHP does not undergo a phase transition to an
electron-hole liquid during its lifetime.

This paper will be organized as follows. In Sec. II we
describe the experimental procedures for the luminescence
and two kinds of excite-and-probe measurements. In Sec.
III w'e report the results of time-resolved luminescence
studies. These experiments in particular provided accu-
rate data on the variation of the effective carrier tempera-
ture with time for different excitation conditions. Section
IV deals with the results on time-resolved transmission
spectroscopy under high-intensity excitation. It is well
known that the optical gain spectrum of the EHP gives a
direct measurement of the electron-hole pair density X, ~.
An analysis of the time-resolved optical gain spectra and
the time behavior of the optical gain due to the EHP yield
the time-dependent density of the electron-hole pairs in
the EHP. Under intermediate-excitation conditions, opti-
cal gain due to excitonic molecule recombination and also
the transformation from the EHP to excitons and exciton-
ic molecules, are observed.

The density of the carriers inside the crystal is inhomo-
geneous for one-photon band-to-band excitation as em-
ployed in the present studies, i.e., the carrier density has a
steep gradient normal to the excited surface because of a
large absorption coefficient of about 2&&10 cm ' for the
excitation laser energy. It has been shown for, e.g., GaAs,
that diffusion of the carriers along the steep density gra-
dient plays an important role in changing the spatial dis-
tribution of the carriers initially created by the photoab-
sorption. The transient diffraction grating technique is
the direct way to measure the ambipolar diffusion coeffi-
cient of free carriers. In Sec. V we report the picosecond
dynamics of laser-induced transient gratings produced by
direct absorption of laser pulses. The diffusion coefficient
of the photogenerated carriers is obtained by measuring
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the decay of the induced grating for different grating
spacings.

II. EXPERIMENTAL PROCEDURES

For the measurement of spontaneous luminescence,
crystals with a size of about 5)&S&(1 mm are used. By
using such block crystals with large size, the luminescence
is dominated by spontaneous emission, because stimula-
tion effects can be easily suppressed. These crystals have
a plane perpendicular to the c axis and therefore lumines-
cence with the polarization direction Elc is only mea-
sured. For the excite-and-probe measurements thin plate-
let crystals with a thickness less than —10 pm are used in
order to minimize the background absorption (absorption
without the excitation) of the probe pulses. The crystals
mounted on a cold finger which was in contact with
liquid He are maintained at a temperature of about 5 K.

Optical excitation was provided via one-photon band-
to-band absorption of the third harmonic pulses (355 nm)
of a passively mode-locked Nd —yttrium-aluminum-garnet
laser (pulse width -25 ps) for both luminescence and
excite-and-probe experiments. A CSq optical Kerr shutter
with the time resolution of -25 ps was used in the time-
resolved luminescence experiments for a picosecond light
gate. The luminescence was detected using a 0.5-m grat-
ing spectrometer and an intensified photodiode linear ar-
ray or a photomultiplier for spectrally resolved measure-
ments. The time behavior of the spectrally integrated
luminescence intensity was detected by using only a pho-
tomultiplier attached with an uv-cut filter. For the
excite-and-probe transmission measurements the output
pulses froni a dye laser synchronously pumped by the
third harmonic of the Nd —yttrium-aluminum-garnet laser
were used as probe pulses. Coumarin 152A dissolved in p
dioxane covers the wavelength range of interest between
460 and 520 nm. The dye laser was tuned by means of an
interference filter and an etalon with wavelength resolu-
tion of about 0.12 nm. The excitation pulses at 355 nm
were focused on the sample to a spot size of -600 p, m in
diameter, whereas the probe pulses were focused to a spot
size of -200 pm, in order to monitor only the highest-
excitation part of the excited area.

The time-resolved transmission spectra were obtained
by measuring the transmitted probe-pulse intensity for
different time delays between the excitation pulses and the
probe pulses. Time evolution of the optical gain was ob-
tained by measuring the transmitted probe-pulse intensity
as a function of the time delay between the excitation and
the probe pulses. The experimental configuration used in
the transient-grating measurements was as follows: Two
excitation pulses at 355 nm, separated by an angle of 20,
are focused on the sample to coincide both spatially and
temporally. The interference between the two pump
pulses produces a modulation of the optically created c'ar-

rier density to form a grating. ' This grating decays with
time due to recombination and diffusion of the carrier
from the high-concentration regions to low-concentration
regions. The grating decay is monitored by measuring the
first-order diffracted light of a probe pulse at 532 nm
(which is transparent for CdS) as a function of time delay

between the excitation pulses and the probe pulses. The
grating spacing is easily controlled by changing the angle
20 between the two excitation pulses.

A single pulse was switched from the train of the
mode-locked pulses by means of an electro-optic shutter
for all experiments. Excitation pulses and probe pulses
with almost constant amplitude are selected electronically
and are used for averaging. The excitation energy of 1 pJ
corresponds to a power density of —10 M%"/cm
throughout the present experiments.

III. LUMINESCENCE EXPERIMENTS
/

Figure 1 shows time-resolved luminescence spectra for
band-to-band excitation with A, =355 nm. A very broad
luminescence band is observed just after excitation. The
broad band becomes sharper with increasing time. The
spectral shape and its time evolution are in principle the
same as those reported by Yoshida et aI. The spectra ob-
-served in the entire time range were ascribed to spontane-
ous luminescence due to the recombination of the EHP by
these authors. However, the nature of the luminescence
line observed in the time region later than 200 ps, where
the spectra are rather sharp, is not yet clearly understood.
It is noticed that the position of the sharp line in the later
time region coincides with the luminescence line due to
excitonic molecule recombination.

Figure 2 shows semilogarithmic plots of the spectrally
integrated luminescence intensity versus time delay for
two different excitation levels. For an excitation intensity
(I,„,) of 0.$8 pJ the luminescence intensity shows an ex-

$~ (eV)
2.51 2.53 2.55 2.57

I I I f I I I

CdS fXc

s)
0

Ol
~~
C

L
lg

~~
tA
C4
C

CJ
CP
C
CP
lA
Ct
C

~~
E

494 490 486 482
g (nm)

FICx. 1. Time-resolved spontaneous luminescence spectra
measured at Tb„h ——5 K.
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FIG. 2. Spectrally integrated spontaneous luminescence in-

tensity as a function of delay time measured at Tb,th ——5 K for
two excitation levels.

ponential decay with a time constant of -300 ps. For
I,„,= 1.5 pJ a component with a fast decay begins to ap-
pear just after the excitation followed by the exponential
decay with the same time constant as for I,„,=0.28 pJ.
The time evolution of the luminescence intensity remains
essentially the same with further increase of I,„, up to 8
pJ.

The fact that the luminescence decay has two com-
ponents suggests that two different recombination pro-
cesses contribute to the luminescence decay. The lumines-
cence with the fast decay time disappears within about
150 ps and thereafter the luminescence with slow decay
time should govern the emission spectrum. If this inter-
pretation is applied to the luminescence spectra in Fig. 1,
one can easily recognize that the luminescence with the
fast decay corresponds to the broad band observed just
after excitation and the luminescence with the slow decay
to the sharp line in the later time regime. Therefore it is
reasonable to conclude that the sharp line in the later time
regime is due to the recombination of excitonic molecules
because of its energetic position and linewidth, and that
the broad band arises from the recombination of the EHP.
The luminescence spectra in Fig. 1 can be understood as
follows: The EHP created by the strong laser excitation
decays rapidly and within 200 ps the EHP transforms to
excitons and excitonic molecules. This interpretation is in
contradiction to that proposed by Yoshida et al. and
will be further supported by the transmission data (Sec.
IV).

For further analysis, especially of the transmission data
in Sec. IV, the effective temperature (T,tt) of the EHP has
to be known. T,tt can be determined from time-resolved
luminescence data, because the high-energy part of the
luminescence spectrum reflects Teff via the respective dis-
tribution function of the electrons and the holes. " The
effective temperatures as obtained from the high-energy
part of the time-resolved luminescence spectra are shown
in Fig. 3. In the early time region ( t & 50 ps) T,qt strongly
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depends on the excitation intensity. A steep decrease of
T,ff down to 60—90 K is found within the first 50 ps, and
thereafter the decrease becomes slower. It is important to
note that T,ff does not decrease below 50 K even at 140
ps, which is still much higher than the lattice ternpera-
ture. A detailed discussion of these results will be pub-
lished elsewhere.
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FICx. 4. Time-resolved optical density spectra measured at
Tb„h ——5 K for three excitation levels: (a) for I,„,=0.08 pJ, (b)
for I,„,=0.2 pJ, and (c) for I,„,=1.1 pJ. Negative OD value
corresponds to optical gain. Solid and dotted curves in (c) are
calculated gain spectra due to the EHP, and dashed curve in (a)
is calculated gain spectrum due to the excitonic molecule recom-
bination as described in the text.
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FIG-. 3. Effective temperature of the EHP as a function of

delay time measured at Tb„h ——5 K for four excitation levels.
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IV. TRANSMISSION EXPERIMENTS

Figure 4 depicts time-resolved optical density (OD)
spectra for three excitation levels. Negative QD values
correspond to optical gain. For I,„,=l. 1 pJ [Fig. 4(c)]
the OD spectrum at 47-ps delay time has a peak at 2.S28
eV accompanied by a shoulder at 2.52—2.49 eV. The
peak value of the gain coefficient is about 5600 cm ', if
we assume a depth of the excited volume to be 0.5 pm.
This point will be discussed further in Sec. V. The OD
value itself decreases with increasing time (80 ps). The
crossover position from absorption to gain is situated at
2.540—2.536 eV and shifts to lower energies with time.
For I,„,=0.2 and 0.08 pJ [Figs. 4(b) and 4(a)], the peak
position is situated at about 2.536 eV. The crossover posi-
tion of 2.541—2.542 eV is slightly higher than for
I,„,=1.1 pJ. It should be noted that the crossover posi-
tion is identical and remains almost unchanged with time
in contrast to I,„,=1.1 pJ. For I,„,=0.2 pJ the spectral
width of the QD curve decreases rapidly with time and
amounts to 20 meV at 90 ps. Instead, the spectral width
is narrow (20 meV) for I,„,=0.08 pJ in the entire time re-

gime.
Further information on the dynamical behavior of the

various processes contributing to the OD spectrum can be
gained by observing the time dependence of the OD at
fixed energies as shown in Figs. 5—7. The spectral posi-
tion of Bra=2. 531 eV (Fig. 5) is close to the peak of the
gain spectrum for I,„,= 1.1 pJ shown in Fig. 4(c). The
optical gain observed at the instant of the excitation in-

creases for I,„,= 1.1 pJ within the first 40 ps and then de-

cays with the decay constant of about 60 ps, if an ex-
ponential decay is assumed (solid circles). The QD value
at the peak (about —0.14) corresponds to a gain coeffi-
cient of 6400 cm ', using again a depth of the excited
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volume of 0.5 pm. For I,„,=0.2 pJ (open circles) and
0.08 pJ (triangles) shown in Fig. S, absorption takes place
just after the excitation (not shown in Fig. 5). This ab-
sorption changes to gain at 30—40 ps. The decay constant
of the gain for I,„,=0.08 pJ is about 110ps.

The time variation of the transmission signal at the po-
sition of fm =2.536 eV, which is near the peak of the gain
spectra for I,„,=0.2 and 0.08 pJ, is depicted in Fig. 6.
Absorption observed just after the excitation also changes
to gain at about 40 ps. The gain decays with a decay con-
stant of about 1SO ps for both I,„,=0.2 and 0.08 pJ and
extends for longer times than for I,„,= 1.1 pJ, where op-
tical gain is observed only at a very early stage.

Figure 7 finally depicts the time variation of the QD
for Ace=2. 539 eV. A linear plot of the OD values is
chosen in this case (opposite to Figs. S and 6) because the
position of %co =2.539 eV is close to the zero crossover of
the spectra. Absorption observed just after the excitation

150 ps

1 I I ~ I I I l-0.01
0 100 200 300

t (ps)
FIG. 6. Optical gain at %co=2.536 eV as a function of delay

time between the excitation pulse at A, =355 nm and the probe
pulse at A, =488.7 nm (2.536 eV) for three excitation levels.
Solid line indicates the decay time of 150 ps.
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FIG. 5. Optical gain at Ace=2. 531 eV as a function of delay
time between the excitation pulse at A, =355 nm and the probe
pulse at A, =489.7 nm (2.531 eV) for three excitation levels.
Solid line indicates the decay time of 60 ps and dashed line of
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again changes to gain at 30—40 ps for all excitation inten-
sities. The optical gain decays smoothly with a time con-
stant of about 180 ps for I,„,=0.08 pJ. For I,„,=1.1 pJ,
however, the gain decreases rapidly and changes to ab-
sorptio~t about 80 ps. This behavior corresponds to the
shift of the crossover position to the low-energy side as
observed for I,„,= 1. 1 pJ in Fig. 4(c). In the time region
which is later than 150 ps the absorption tends to decrease
again. The time behavior for I,„,=0.2 pJ is considered
to be the superposition of the low- and high-excitation re-
sults, that is, the time behavior until —100 ps roughly
corresponds to that of I„,=1.1 pJ and after —100 ps it
is very similar to that for I„,=0.08 pJ.

Summarizing the results of Figs. 4—7, the low-energy
broad band peaked at fun =2.528 eV observed for high ex-
citation decays rapidly and disappears within 200 ps. The
crossover position, simultaneously, shifts to the low-
energy side with time. The high-energy band peaked at
about %co=2.536 eV, which is observed for low excitation,
on the other hand, decays rather slowly and the crossover
position does not shift with time. This difference in time
behavior between the two gain bands implies that each
gain band originates from different recombination pro-
cesses. The temporal behavior of the gain for the inter-
mediate excitation (I,„,=0.2 p J) in the early stage reflects
the superposition of the two gain processes. The low-
energy broad band disappears within —100 ps, and there-
after only the high-energy band is observed.

The recombination process both due to the EHP and
the excitonic molecule should contribute to optical gain.
However, it is difficult to distinguish between these two
processes under a quasistationary condition, because their
spectral position almost coincides. The two processes,
however, can be distinguished by their different time
behavior' as shown before. The optical gain observed for
I,„,=0.08 pJ is therefore attributed to excitonic molecule
recombination. We further conclude that the broad gain
band with the faster decay time observed for I,„,=1.1 pJ
is due to the recombination of the EHP. The high peak
gain value of 5600—6400 cm ' is also consistent with this
interpretation.

We now will discuss the results for I,„,=l. 1 pJ in
more detail. As shown in the data of Fig. 3, T,rr for
I,„,=1.1 pJ is about 250—300 K at 10-ps delay time and
decreases to about 80 K at 50 ps. This decrease in T,~~ re-
sults in a high-energy shift of the chemical potential of
the EHP if N, h remains constant. Experimental results
in Fig. 4(c), on the contrary, show a low-energy shift of
the crossover position, which corresponds to the chemical
potential of the EHP. ' This fact definitely rules out the
possibility of electron-hole liquid formation even after 50
ps, where T,g~ is around the critical temperature for liquid
formation of 65 K.'" We instead show that N, q de-
creases continuously because of the recombination and the
diffusion of the carrier (see also Sec. V).

%, h is obtained by analyzing the gain spectra in Fig.
4(c). Calculations are performed with the simplified as-

sumption that the k selection rule for the recombination
of electrons and holes in the EHP can be neglected. ' The
effective temperatures at 47 and 80 ps used for the calcu-
lation were 80 and 65 K, respectively, as given in Fig. 3.

The results of this simplified calculation are shown by
solid curves in Fig. 4(c). N, ~ used for the calculation is
2.8&10' cm for the spectrum at 47 ps. It is obvious
that the low-energy part of the spectrum cannot be fitted.
The low-energy part, however, can be attributed to a cou-
pled plasmon-phonon sideband of the main EHP emission
as pointed out previously. ' ' For N, h

——2.8& 10' cm
the energy of the lower branch of the plasmon-phonon
mode amounts to 27 meV. We thus have plotted a replica
of the main EHP band shifted by 27 meV by the dotted
curve. The intensity of the dotted curve has been chosen
to fit the experimental data, when superimposed to the
main EHP band. Good agreement between the experi-
mental points at 47 ps and the calculated gain curve is ob-
tained with this procedure. The high-energy part of the
QD spectrum at 80 ps can be fitted with N, h

——1.9& 10'
cm, but again the spectrum is much broader than ex-
pected without taking into account a plasmon-phonon re-
plica. We therefore conclude that the rather broad gain
spectrum at 47 and 80 ps can be attributed to the oc-
currence of a plasmon —LO-phonon coupled mode side-
band of the main EHP recombination band.

The recombination of the electron and the hole in the
EHP represents a bimolecular recombination process.
The recombination rate is thus given by R„,=P(%, ~),
where P is the bimolecular recombination coefficient. Us-
ing N, ~ at 47 and 80 ps, we can estimate P to be
5—7 X 10 cm~/s.

An accurate energy diagram is necessary for further
discussion. Several calculated results have been published
so far, ' ' but unfortunately none of them is in accor-
dance with the present experimental results. For instance,
according to the result by Rosier and Zimmermann, ' the
EHP with T,~~

——80 K and the chemical potential at
fico =2.540 eV, which is the experimental result at 47 ps,
should have a density of more than 10' cm . This den-
sity is drastically higher than the value of 2.8&&10'
cm, estimated from our data. We therefore restrict out-
selves to a qualitative discussion based on the energy dia-
gram as given in Fig. 8.

The calculation of the energy diagram of the EHP as
shown in Fig. 8 was performed in a simple manner in
which the interaction between the carriers and LO pho-
nons is ignored. Therefore the ground-state energy (Eo)
is given simply by the sum of the kinetic energy of the
electron and the hole, exchange energy between them, and
correlation energy. ' The kinetic and the exchange ener-
gies as a function of r, defined via N, ~ =3I(4mr, a,„).
(a,„ is the exciton Bohr radius) are calculated in the stan-
dard manner with the parameters given below. The corre-
lation energy is obtained from the results of Vashishta
et al. , where the correlation energy has been calculated
self-consistently for a mass ratio m~h~ ——6 and for r, be-m

tween 0.2' and 2; m, is the electron mass and m~h is the
density-of-state mass of mh~~ and mhz, where mh~~ and
mhz are the hole mass parallel and perpendicular to the c
axis of CdS, respectively. The masses used for the calcu-
lation are band effective masses which were evaluated
from effective polaron masses by Beni and Rice, ' and are
as follows: m, =0.185mo ~h ((

=4 38~G and ~hl
=0.555M o and therefore m~h ——1.105m o and the ratio
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mdI, j'm, =0.597. With use of these masses and a static
dielectric constant of 8.58, a,„ is calculated to be 3.03 nm.
N, ~ corresponding to r, =2 and 0.2 amount to
1.07& 10' cm and 1.07 X 10 ' cm, respectively. The
correlation energies for r, & 2 were estimated by extrapo-
lating the values for r, &2 using the approximation that
the correlation energy mn be expressed by a quadratic
function of 1/r, . The validity of the calculated energy di-
agram for r, &2 is therefore questionable, but as will be
shown later most of the experimental values for the densi-
ties fall within the region of r, &2. The renormalized
band gap (Eg) and the chemical potential (p) at given
N, i, and T,ff then are easily calculated on the basis of the
results for the ground-state energy.

The energy diagram should satisfy the following condi-
tion to be consistent with our experimental results: The
chemical potential for N, i,

——2.8 X 10' cm and
T ff—80 K should be at Ace =2.540 eV and for
~, I, =1 7—2X10' cm and Teff —65 K at Boo=2.536

I

eV. It is found that this condition is satisfied if the calcu-
lated energy diagram is shifted rigidly towards the low-
energy direction by an amount of 6 meV. ' The corre-
sponding results for the ground-state energy Eo, the band
gap Eg, and the chemical potential p(T) are depicted in
Fig. 8 together with the experimental data. The open cir-
cles represent the experimental data for I,„,=l. l pJ at
delay times of 47 and 80 ps. The position of the chemical
potential p now can be mlculated at any delay time with
the known value for the bimolecular recombination coeffi-
cient (P=6&& 10 cm /s) and the experimental results for
T,ff versus time. The calculated values for p are also de-
picted in Fig. 8 by solid circles for time delay between 10
and 200 ps. The high-energy shift of the chemical poten-
tial within the first 50 ps is caused by both the decrease of
T,ff and of X, ~ with time. The position of the chemical
potential in turn moves to the low-energy direction in the
time range later than 50 ps nearly along the curve for the
chemical potential with T,ff ——60 K, because T,ff is al-
most constant in this time region (cf. Fig. 3).

The time behavior of the OD at fico=2. 531 eV corre-
sponding to Fig. 5 and fee=2. 539 eV corresponding to
Fig. 7 can also be explained on the basis of Fig. 8. The
respective energies are shown in Fig. 8 by the dashed lines.
When the observed energy is situated below or above the
chemical potential in Fig. 8, optical gain or absorption
should be observed, respectively. Thus gain should be ob-
served for Ace=2. 539 eV in the time regime of 40—60 ps
and absorption should take place within the first 40 ps
and after 60 ps. This exactly explains the time behavior
of the OD for I,„=l. 1 p J shown in Fig. 7. On the other
hand, for fico =2.531 eV (Fig. 5), gain should be observed
within the entire time range up to 200 ps. The fast cool-
ing of the EHP in the early stage is responsible for the rise
of the gain value, whereas the decrease of the gain values
after 50 ps is due to the decrease of N, i, .

Summarizing the results for I,„,=1.1 pJ, the OD spec-
tra and the time behavior of the OD are well explained by
the recombination of the electron and the hole in the
EHP. The formation of electron-hole liquid does not take
place and the EHP created under this excitation intensity
decays with a bimolecular recombination rate of
5—7X 10 cm /s, and disappears within 200 ps.

Next we will discuss the results observed for I,„,=0.08
pJ. The observed gain for this excitation intensity is as-
cribed to excitonic molecule recombination. If we assume
that the excitonic molecule and the free exciton are at the
same temperature ( T), their distributions can be described
by Boltzm ann statistics. The optical gain spectrum
G(fico) associated with the recombination of the excitonic
molecule is obtained by a simple calculation in which the
k dependence of the matrix element is neglected and is
given by

m B e m BkB T —2(E —%co) /k T

where N~ and N,„are the density of the excitonic mole-
cules and the excitons, respectively. Eggs: Eex Eggs y

where E,„ is the energy of the free exciton and Eb is the

I

binding energy of the excitonic molecule. One easily finds
that the crossover position fram absorption to gain, which
is given by solving G(fico)=0 except for the case of
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fuu=E~, is a function of the ratio N~/N, „and T. The
experimental result in Fig. 4(a) gives the crossover at
%co=2.5424 eV. If we use E~ =2.5473 eV, resulting in
E —Ace=4. 9 meV, and T =60 K, Eq. (1) yields the ratio
N~/N, „ to be about 1.1. The calculated gain spectrum
due to eaciton molecule recombination is also depicted in
Fig. 4(a) by the dashed curve, where the only fitting pa-
rameter is the absolute OD value. Good agreement is
found, giving a confirmation of the present interpretation.

One also finds from Eq. (1) that the crossover shifts to
the high-energy side with decreasing T and with the in-
creasing ratio N~/N, „. The spectral width is very sensi-
tive to T but not to the changes of the ratio N~/N, „.
The width becomes narrower with decreasing T. The ob-
served slight decrease of the half-width of the OD curves
for 80 ps compared to 40 ps in Fig. 4(a) thus indicates
that the excitonic temperature T still decreases somewhat
within this time regime. The shift of the crossover posi-
tion can be discussed on the basis of data shown in Fig. 7
(triangles). The change of adsorption into gain at about
40 ps after excitation can be attributed to a shift of the
crossover position to higher energies which can be caused
by both the decrease of temperature and an increase of
N /N, „due to the finite exciton molecule formation
time. For t & 80 ps, N~ /N, „ is determined by T only and
the decrease of the gain values can be attributed to a de-
crease of the molecule (and exciton) density. According to
Eq. (1) the decay of the gain, furthermore, should be fas-
ter at the low-energy side compared to the high-energy
side because of the decrease of T. This is also observed
experimentally as shown in Figs. 5 and 6, where for
I,„,=0.08 pJ the decay constant for fico=2. 531 eV is
about 110 ps (Fig. 5) and increases to about 150 ps for
%co=2.536 eV.

Under resonant excitation of the excitonic molecule, in
which almost no excitons are excited directly, the exciton-
ic molecule luminescence shows an extremely short life-
time of about 20 ps. In the present case, however, the ex-
citon and the excitonic molecule are created via low-
density carriers excited by band-to-band absorption. Be-
cause of the extremely short lifetime of the excitonic mol-
ecule, N is determined by the longer exciton lifetime and
molecule formation time, resulting in a slower decay of
N . This causes the slow decay of the luminescence as
well as the optical gain due to the excitonic molecule
recombination.

Based on the discussion made for high- and low-
excitation cases, we will consider the case of I,„,=0.2 pJ.
The gain spectrum at 60 ps in Fig. 4(b) for this excitation
intensity is the superposition of the gain due to the EHP
in the low-energy part and the gain due to the excitonic
molecule in the high-energy part. The crossover position
in this case is determined by that of the excitonic mole-
cule. After disappearance of the EHP, the gain spectrum
coincides with that due to the excitonic molecule recom-
bination as seen in the spectrum at 90 ps. A similar dis-
cussion can be made for the time behavior of the gain, i.e.,
at a position where the gain due to the EHP is strong the
time behavior in the early stage is governed by that of the
EHP, and after disappearance of the EHP the decay of
the gain coincides with decay of the excitonic molecule as

seen in Figs. 5 and 7. On the other hand, the time
behavior at fico=2. 536 eV (Fig. 6), where almost no gain
due to the EHP is present, is governed by that of the exci-
tonic molecule, and therefore the gain shows a slower de-
cay time in the entire time regime.

The fact, that the gain due to both the EHP and the ex-
citonic molecule is observed at the same time, indicates
that the probe beam covers the region occupied by the
EHP as well as by excitons and excitonic molecules. This
means that probably only the central part of the excitation
beam and the part very close to the surface is occupied by
the EHP, and most part of the excited region is occupied
by the excitons and the excitonic molecules. It seems very
likely that for this case transformation from the EHP to
the exciton and the excitonic molecule at their interface
plays an important role in decreasing the volume occupied
by the EHP, resulting in a further shortening of the life-
time of the EHP. This causes the EHP to disappear fas-
ter than for I,„,= 1.1 pJ.

Summarizing, the transmission experiments can be well
explained by taking into account the interplay between the
EHP and the excitonic system. At the highest-excitation
intensities the time behavior of the OD initially is dom-
inated by the EHP, whereas for I,„,=0.08 pJ only the ex-
citonic molecule contributes to gain and absorption. For
intermediate densities the initially created EHP rapidly
transforms into excitons and excitonic molecules, result-
ing in a further shortening of the EHP lifetime.

V. TRANSIENT-GRATING EXPERIMENTS

As already shown in the preceding sections, the optical
gain due to the EHP recombination is observed in the
transmission studies for I,„,=0.2 p J, while in the
luminescence studies no fast decay is observed even for
I,„,=0.28 pJ, indicating that no EHP is excited. This
discrepancy may suggest that fast diffusion of the excited
carriers into the bulk crystal causes a lowering of the ef-
fective carrier density. For the 1-mm-thick sample as
used for the luminescence study, the lowering of the den-
sity due to carrier diffusion thus could be so fast that no
EHP could be created. On, the other hand, for the thinner
sample of —10 pm, which was used for the transmission
study, the diffusion may be limited by the back surface
and the effective density may be still sufficiently high to
form the EHP. The importance of carrier diffusion under
the present experimental conditions therefore must be
known quantitatively in order to explain the data.

In this section results on the carrier diffusion experi-
ments measured by means of an excite-and-probe
transient-grating method will be shown. The diffraction
of the probe beam is due to a free-carrier-induced index
modulation of the sample. The excitation pattern at the
crystal surface is given by

I (x)=ID[1+cos(2nx /A) ],
where A is the grating spacing which is given by
A=A~/2sin8 (A~ is the wavelength of the pump laser)
and IQ is the mean excitation intensity. The excited car-
rier density at the peak of the grating becomes twice that
in the transmission (luminescence) experiments if the
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same Ip is used for both experiments. The excitation in-
tensity used here, therefore, was about one-half of that for
I,„,=1.1 pJ in the transmission study to get the same
peak carrier density in both experiments.

Figure 9 depicts semilogarithmic plots of the diffrac-
tion intensity against time measured at Tb„h ——5 K for
three grating spacings. The decay of the diffraction inten-
sity in Fig. 9 is nonexponential and furthermore becomes
faster with decreasing grating spacing. The fact that the
decay is nonexponential can be attributed to the bimolecu-
lar recombination of the EHP. The fact that the decay of
the grating depends on the grating spacing A clearly re-
veals that diffusion of the carriers contributes to the decay
of the grating and hence to the decrease of the EHP densi-

ty. Therefore the kinetics of the plasma grating is given

by

=G(x,z, t)+ V [DVN(x, z, t)] PN (x—,z, t),
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FIG. 9. Diffraction intensity as a function of delay time be-

tween the excitation pulse at A. =355 nm and the probe pulse at
A, =532 nm for three grating spacings measured at Tb„h ——5 K.
Solid curves are the calculated diffraction intensities as
described in the text.

(2)

where D is the ambipolar diffusion coefficient, P is the bi-
molecular recombination rate, N(x, z, t) is the electron-
hole pair density, and z the direction normal to the sur-
face. The spatially modulated generation rate is given by

G (x,z, t) =Gp(t)[1+ cos(2nx /A)]exp( —az),
where Gp(t) is the time-dependent generation rate and is

given by

Gp(t) =Gplcosh(2 634t/~~) . (~z —25 ps} .

Surface recombination is not explicitly taken into account
which, however, does not affect the conclusions drawn for
the diffusion of the EHP. Instantaneous diffraction effi-
ciency is proportional to the square of the first-order
Bessel function J1[p(t)]. p(t) is given by '

P(t)=—,„ f dz N(O, z, t) N — ,z,—t
8mc nm*eo 2''

(3)

where A, is the wavelength of the probe pulse, n is the in-
dex of refraction, c is the velocity of light in vacuum, e is
the charge of the electron, m is the reduced effective
mass, and eo is the permittivity constant. In the present
case, because P(t) « 1, J

& [P(t)] is approximated by
[P(t)/2], and therefore the instantaneous diffraction effi-
ciency is given by P (t).

In solving Eq. (2) we assumed that D is density (and
therefore position) independent. We define dimensionless
electron-hole density, n(x, z, t) by n(x, z, t)=N(x, z, t)/Np,
where No corresponds to the electron-hole density at
x =0 and z =0 if the excitation is given by the 5 function
at t =0. Equation (2) then can be rewritten using
n(x, z, t), in which the bimolecular recombination rate is
reduced to 13=13Np, and Gp(t) to NpGp(t}/ f Gp(t)dt.

The initial distribution of the excited carrier into the z
direction, which is determined by the absorption coeffi-
cient a, is the same for the transient-grating measurement
and the transmission measurement, because the excitation
was provided by the same laser wavelength (A, =355 nm)
for both cases. It should be noticed that the carrier dif-
fusion normal to the excited surface takes place also in the
case of the transmission measurement. This means that
the value for P as obtained from the transmission experi-
ments [P=(5—7) X 10 cm /s] accounts for the lowering
of the electron-hole density due to the recombination, but
also due to the carrier diffusion, which is inevitably in-
cluded. Therefore it makes no sense to use the real ab-
sorption coefficient at the excitation laser energy,
a=2X 10 cm ', together with the value of P as obtained
from the transmission data.

We instead have to calculate the decay of the grating,
using an appropriate absorption coefficient which should
be smaller than the real value. The diffusion-
recombination equation for n is then solved numerically
using D and P as parameters. The solid curves in Fig. 9-

depict the result for a=5&&10 cm ', P=15&&10' s
and D=10 cm /s. This P value gives Np ——2.5)&1019
cm, using P=6&(10 cm /s. We found that the peak
value for n is of about 0.31 at x =0, z=0, and t =8 ps,
which results in the peak electron-hole density at 8 ps be-

ing N(0, 0,8)=7.7X10' cm . We also found that the
electron-hole. density at 47 ps is N(0, 0,47)=3.2X10'
cm, which is nearly the same as that obtained from the
transmission measurement (2.8X10' cm at 47 ps).
Good agreement is found between the calculated and ob-
served results for t & 200 ps. The deviation for
4=9.8 pm and t )200 ps seems to be due to the fact that
the EHP disappears and transforms to excitonic system in
this time regime, resulting in a possible change of D.

It should be noted that according to Eq. (3) the diffrac-
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tion of the probe beam is dominated by the carrier distri-
bution close to the surface, where the density is highest.
The actual value for a therefore does not enter critically
into the calculations. On the other hand, the value for D
can be obtained quite accurately, because diffusion is par-
ticularly important at the sample surface where the con-
centration gradients are highest.

The diffusion coefficient can be also estimated from the
observed Hall mobility of electrons in CdS with use of the
Einstein relation. The diffusion coefficient for the elec-
tron (D, ) calculated with a Hall mobility of 10 cm /Vs
at 40 K (Ref. 23) is 34.5 cm /s. The mobility of the elec-
tron (p, ) is given by the equation p, =er, /m,*, where r,
is collision time. By assuming the same collision time for
holes, the relation pt, ——(m,*/mt*, )p, is obtained. Using
the density-of-state mass for the hole as mentioned above,
we find the Hall mobility for the holes to be —1.7&(10
cm /Vs and a diffusion coefficient for the holes (Dt, ) of
about 5.7 cm /s. The ambipolar diffusion coefficient (D)
is given by 1/D =(1/D, +1/Dt, )/2 and thus amounts to
9.8 cm /s, which is very close to the value obtained from
the grating experiments.

The present calculation also shows that the electron-
hole density at 2 pm depth and at 150—200 ps is below
10' cm, i.e., about 2 orders of magnitude smaller than
the density at the surface and already well below the Mott
density. An EHP thus cannot be generated for more than
2-pm depth under the present experimental conditions.
The experimentally determined value for the ambipolar
diffusion coefficient D-10 cm /s results in a maximum
carrier velocity of 1.2& 10 cm/s. ' As shown by For-
chel et al. , the width, i.e., the position of the chemical
potential, as well as the absolute values of the gain spectra
can be significantly influenced by fast diffusion of the
carriers. The maximum gain values and the spectral
width strongly decrease for velocities above 10 cm/s.
For the estimated velocities of about 10 cm/s, however,
the gain spectra are almost unaffected. The rather low ve-
locities of the carriers in CdS, on the other hand, results
in a relative small EHP volume. The mean penetration
depth amounts to 0.2 pm for an EHP lifetime of 200 ps.
The maximum gain values given in Sec. IV therefore
represent a lower limit, because they have been obtained
for an effective EHP depth of 0.5 pm, and indeed max-
imum gain values of the order of 10 cm ' are expected
on the basis of corresponding absorption data without car-
rier diffusion.

Fast diffusion of carriers thus cannot explain the ob-
served discrepancy in the excitation intensity between the
transmission and the luminescence experiments. The
difference, however, can be attributed to the different ex-
perimental conditions in the transmission and the
luminescence experiments. The diameter of the probe
beam used in the transmission study was about one-third
of that of the excitation beam spot size. The transmitted
beam thus essentially probes the high-density part within
one-third of the excitation diameter. On the other hand,
luminescence arises from the whole excited area. i.e., an
appreciable contribution from the peripheral part of the
excited area, where the excitation intensity is weak, is
inevitably included in luminescence. In order to express

this argument more quantitatively, we discuss a numerical
example. %'e have shown in Sec. IV that for I,„,=0.2 pJ
the transmission data just reveal the existence of the EHP.
We therefore considered that only the central part of the
excitation beam area and therefore a part very close to the
excited surface is occupied with the plasma for this exci-
tation intensity. For instance, we assume that the plasma
is created within the region of ro/4, where the intensity
decreases to 0.9Io (ro equals width of the Gaussian beam,
Ip equals intensity at the center). An increase of the exci-
tation intensity by a factor of, e.g., 1.4, corresponding to
I,„,=0.28 pJ, will result in increase of the radius where
the EHP exists to about 0.45ro. The area within 0.45ro,
however, corresponds only to 20% of the whole excited
area, and about 30% of the number of excited carriers.
This fact in turn means that luminescence due to the plas-
ma recombination takes part in a minor portion of the en-
tire excited area. The luminescence of the EHP therefore
still will be masked by the strong luminescence due to the
excitonic molecule recombination, and the fast decay
component cannot be observed in the decay of the spec-
trally integrated luminescence intensity consistent with
the data shown in Fig. 2.

VI. SUMMARY

The time behavior of highly excited CdS is studied with
picosecond time resolution by luminescence, transmission,
and transient-grating experiments. Luminescence and op-
tical gain due to both recombination of the electron-hole
plasma and exciton molecules is definitely identified. In
contrast to quasistationary experiments these two recom-
bination processes can be clearly distinguished by their
different time behavior.

The EHP is created only at the highest-excitation levels
and decays very fast within 100—200 ps by recombina-
tion, diffusion, and formation of excitons and exciton
molecules. The time dependence of the spectral shape of
the induced transmission (gain) is well explained on the
basis of the energy diagram of the EHP taking into ac-
count plasmon-phonon sideband emission. The density of
the EHP decreases continuously with time and the forma-
tion of an electron-hole liquid is definitely excluded. The
bimolecular recombination rate for electron-hole recom-
bination within the EHP is determined to
P=(5—7) X 10 crn /s. The effective temperature of the
EHP increases with excitation intensity in the early time
regime (t & 50 ps), and is almost independent on excitation
intensity afterwards due to the efficient cooling by the LO
phonons.

Transient-grating measurements point out that dif-
fusion of the optically excited carriers into the low-density
regimes also contributes to the decrease of the EHP densi-
ty. An ambipolar diffusion coefficient of D =8—10
cm /s is obtained from a fit of the numerical solution of
the continuity equation to the experimental data. The dif-
fusion coefficient results in maximum velocities of the
carriers of —10 cm/s. No appreciable modification of
the gain spectra due to fast carrier motion therefore is ex-
pected, contrary to the findings for, e.g., GaAs.

The time variation of the optical properties is deter-
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mined by the exciton and exciton molecule at the lower-
excitation level. The position and spectral shape of the
optical gain observed at these excitation levels can be well
explained by exciton molecule recombination.

For intermediate-excitation intensities only a small por-
tion of the entire excited area is occupied by an EHP.
The lifetime of the EHP under these conditions is further
reduced due to the form. ation of excitons and exciton mol-
ecules at the interface.

In conclusion, our picosecond experiments have shown
that the exciton system is quite stable in CdS at low tern-
peratures. An electron-hole plasma can be created by pi-
cosecond pulses only at very high peak intensities. The
lifetime of the EHP even then is very short because it rap-

idly transforms into the exciton system. Electron-hole
liquid formation therefore cannot be expected for CdS
and indeed can be excluded definitely on the base of the
present results.
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