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Abstract

Ultrafast pump-and-probe spectroscopy was adopted to study
the dynamics of the photogenerated carriers in a CdSe thin single
crystal film.

In case of the band-to-band excitation, nonthermalized hot
carrier distribution was observed when the pump pulse turns on.
However, the distribution was thermalized as soon as the pump
pulse turns off. This nonequilibrium distribution of hot car-
riers is thermalized by the carrier-carrier scattering. From the
ratio of nonthermalized distribution to the total one, the ther-
malization time was estimated to be 20-40 fs.

In order to discuss the fast scattering processes of car-
riers quantitatively, ensemble Monte-Carlo simulation was
performed. However, the full agreement could not be obtained.
In oréer to obtain better agreement, it is necessary to improve
the simulation.

In the wake of the thermalization, cooling of photogenerated
carriers was observed. In this process, the carrier-LO phonon
scattering is dominant. The obtained cooling time of carriers
informed us that the carrier LO-phonon scattering time is 1.5-2.0
pSs. The values are slower than those estimated from Frolich
interaction by an order of magnitude. The analysis indicates
that the slow cooling time is due to the hot phonon effect for
the electrons and rapid thermalization between the electrons and
the holes.

Under thg resonant excitation of the A-exciton, the small

bleaching and the ©broadening of the B-exciton structure were



observed. The small bleaching of the B-exciton was explained as
the broadening of the B-exciton and the phase space filling of
the conduction band. The bleaching was found to rise with a fast
rise time about 400 fs. The transient broadening of the B-
exciton structure indicates that the A-exciton-B-exciton
scattering time 1is 31 fs. The value was explained by a simple
theory based on the rigid-spheres scattering model. It was
calculated by taking account of the A-exciton's velocity at the
given densify and temperature. The broadening continues for a
long time, an order of hundreds of picoseconds. This duration is
well explained by the lifetime of the excitons.

Under the resonant excitation of the B-exciton, the instan-
taneous ©broadening and the prompt recovery of the induced
absorption were observed above the B-exciton energy. In the
succeeding time region, the induced absorption with 1.7 ps rise
time &as observed. This rise in the induced absorption is con-
sidered to be ascribed to the carrier cooling. The bleaching
increases instantaneously at the A-exciton, in contrast with the
gradual rise in the bleaching bf the A-exciton observed under the
band-to-band excitation. This fact suggests the phase space
filling effect of the conduction band.

We observed the common features in the pump—and-prdbe
spectra independent of the excitation photon energy. One is the
coherent oscillation around the exciton before the pump pulse
hits the sample. Another is a succeeding transient broadening of
the A- and the B—exc;tons when the pump pulse hits the sample.

Third is the induced absorption in the band-to-band absorption



region. In case of the A-exciton resonant excitation, the in-
duced absorption in the band is considered as the broadening of
the B-exciton.

Throughout this study, many ultrafast scattering processes

of photogenerated carriers are discussed and clarified.
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I. Introduction

Generation of ultrafast optical pulses needs various kinds
of optical techniques and generating itself lies in one of a

recentiy developed field in sciences.l’Z)

In these rapidly
developed fields, nonlinear phenomena caused by optical excita-
tion are one of an attractive field of studies. In a basic point
of view, one can directly observe unknown ultrafast phenomena and
explore the new physics. Especially, wultrafast nonlinear
phenomena 1in semiconductors have a pptential not only to realize
an optical computer, but also to observe an intrinsic aspect of
solid state physics.a)

Generally, there are two types of fields to study. One is a
dynamics of photoexcited carriers, and the other is a coupling
phenomenon between materials and optical field. 1If the time
range to observe reduces to the cycle of the optical field and
mono scattering time, such a <classification becomes very
difficult. However, there are many possibilities to observe and
find an unknown and new phenomenon. As an example of the cou-
pling prhenomenon between materials and optical field, the optical
Stark effect 1in semiconductors is one of greai findings in this

fielq. 4 1D

In the former field, hot carrier effect in semiconductors is
one of the most important subjects. One can directly observe the
dynamical carrier distribution and obtain the relaxation
processes in solids.lz) Hot carrier phenomena are determined

pPrimarily by band structures and carrier-phonon scattering

Processes and therefore provide important information about



carrier-phonon interactions. On the other hand, hot carrier
physics determines the behavior of ultrafast, ultrasmall semicon-

ductor devices operating at high electric fields.lZ)

Therefore,
a study of hot carrier effects is also extremely valuable for a
thorough understanding of such devices.

In the analysis of this phenomenon, one must consider the
many-body effects, such as the absorption saturation caused by
the phase space filling, the band gap renormalization caused by
the change 1in the exchange-correlation energy and the Fermi
energy in the electron system, so on. In order to understand the
band gap renormalization ( BGR ), we consider the self energy of
a point charge in a plasma. In this simple model, the renor-

marized band gap AEg is qualitatively represented bys)

AE = lim [ Vs(r) - V(r) 1 . (1.1)
g r—=0

Here, V(r) and Vs(f) denote the bare ( « 1/r ) and the screened (

-k r
x e s /r ) Coulomb potential, respectively. Thus, the band gap

reduction is represented by

AE = - . (1.2)

Here, e, 80 and ks denote an electron charge, a static dieléctric
constant of the material and a screened wave vector,
respectively.

The excitonic enhancement effect including excitons gives a

characteristic absorption spectrum at low lattice temperature in



intrinsic semiconductors. At the room temperature, the enhance-
ment effect is relatively small. However, in the 2-dimensional (
2D ) system, the absorption peaks of excitons are clearly ob-
served. The excitonic enhancement effect is strongly modified by
high density carriers. Therefore, especially at low lattice
temperature, or also at the room temperature in case of the 2D
system, we must consider this effect in the analysis.

Up to now, the studies of the hot carrier system have been
extensively done by means of transport experiments, luminescence
spectroscopies around the fundamental gap of semiconductors.
With the advance of the ultrafast laser spectroscopy, the time-
resolved absorption experiments have been adopted to study this

subject.lz"sz)

As one of the most interesting feature of this
study, one can directly observe the distribution of photoexcited
carriers. From +the observations, we have obtained the very
interesting information about the relaxation processes of hot
carriers as follows.

At first, photoexcited carriers are distributed at the same
energy width of the pump pulse. If the carrier-carrier scatter-
ing process is very fast, the width of the distribution broadens.
The transient spectral hole burning was experimentally observed
in 3D20’23’24), 2D25’26) and ODBZ) systems. The transient
spectral hole diminishes in several tens or hundreds of fem-
toseconds depending on excitation energy and density. After the
transient hole diminishes, only the bleaching is observed below
the pump photon energy. The bleaching profile shows the carrier

distribution. Generally, carriers are thermalized by the

carrier-carrier scattering. The scattering time is found to be



an order of a few or a few tens of femtoseconds by means of the
femtosecond photon echo technique.33) In the succeeding time
region, the photoexcited carriers emit phonons and lose their
energy. The <cooling rate of carriers depends strongly on the
carrier-phonon scattering rate.

There are three types of the carrier-phonon scattering
mechanisms. One is a polar optical scattering, that 1is a
carrier-LO phonon scattering. A carrier-TO phonon scattering is
not so important, because the transverse oscillation makes a
relatively weak potential fluctuation. However, the longitudinal
oscillation causes the ionic fluctuation, so that the carriers
interact strongly with the longitudinal modes. Another is called _
a piezoelectric scattering. Third one is a deformation potential
scattering. The later two scattering processes come from the
carrier-acoustic phonon scattering. If photoexcited carriers
have énough excess energy larger than the LO phonon energy, the
carrier-LLO phonon scattering 1is fastest among three processes.
If not, the carrier-LO phonon scattering rate becomes very slow.
In this case, the piezoelectric scattering process is a dominant
process of energy transfer from the carrier system to the

lattice.3%:39)

There 1is another important scattering mechanism of photoex-
cited carriers. That is an intervalley scattering process. If
conduction or valence bands have valley minima except the I' point
and photoexcited carriers have enough excess energy, the carriers
can scatter to other valley. Through recent studies of GaAs and
Aleal_XAs systems, the I'-X or the I'-L scattering surely occurs

and was found that the scattering time 1is several tens of



femtosecdnds.27—31) To study the multivalley scattering

mechanism is very interesting and important in itself, but such a
scattering mechanism makes it difficult to interpret the result.
In order to clarify the carrier cooling mechanism, we must
consider the other effect which modifies the carrier-phonon
interaction. One is a screening effect of the carrier-LO phonon
interaction caused by highly excited carriers. The other is
nonequilibrium phonon distribution effect, called a hot phonon

effect.36—44)

Both effects make the carrier cooling very slow.
In the recent studies, the latter effect was found to be a
dominant mechanism in the cooling processes. However, there are
few study in the femtosecond region about the hot phonon effect.
The fastest carrier-phonon interaction, carrier-polar optical
phonon scattering takes place in an order of hundred femtoseconds
region. Therefore, -the hot-phonon effect 1in the femtosecond
spectréscopy is now an open problem.

In these points of view, I have studied hot carrier effect
in a bulk semiconductor, a CdSe thin crystal, by means of
ultrafast pump-and-probe experiment under high energy excitation.
In CdSe, a single conduction and valence valley is relevant under
less than 4 eV photoexcitation, so that we take into account the
scattering mechanisms only in a TI-valley. As a result, non-
equilibrium distribution of photogenerated hot carriers were
observed wunder the condition where the carriers can emit the LO
phonons. The nonequilibrium distribution was observed only when
the pump pulse turns on.

The other purpose of this thesis 1is how the resonantly

excited excitons behave. It is important to note that there are



many differences between two cases. One is the case where the
initially excited carriers are hot carriers with large excess
energy. On the other case, the excitons are initially excited.
In the former case, an important process is the change of car-
riers' distribution, as already mentioned. However, in the
latter case, one can obtain the information about the dense
exciton system and its relaxation process.

In the previous study in 3D, the exciton bleaching caused by
the free carriers works more effectively than by the dense

excitons. 49749

This fact shows that the screening of Coulomb
potential in the free carriers 1is stronger than in the dense
exciton systems. On the contrary, the screening is not so impor-

3,25)

tant on the .exciton ©bleaching in quasi 2D system. Such

differences between 3D and 2D excitons are discussed by several

3,25,47)

authers. In this study, we tried to clarify the dynamics

of the dense exciton system. Especially, CdSe has A- and B-
excitons near the absorption edge, so that we obtain the informa-
tion of two exciton bands.

In the section 11, the experimental set-up and the ex-
perimental data of the pump-and-probe experiment are shown. In
the section III, the method of the Monte-Carlo simulations are
explained.. In the section IV, discussions about the experimental

results and comparison of the data with the numerical simulations

will be given.
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II. Experiments
2.1 Generation of ultrafast light pulses

Dufing the past 20 years, progress in the generation of
optical pulses has opened the femtosecond time domain for inves-
tigation of a great variety of new ©phenomena in physics,
chemistry, and biology. The advances have taken place recently
in the generation of wultrashort pulses, starting from the
colliding-pulse mode-locked ( CPM ) dye laser with amplification

50-53)

and compression techniques. In this thesis, two short-

pulse sources were used.

One laser source consists of a cw mode—locked-Nd3+:YAG
laser, the first-stage fiber compressor, a second-harmonic gener-
ator, a synchronously pumped cavity-dumped dye laser, the second-
stage inber compressor, and a dye amplifier pumped by a Q-

switched Nd3

+:YAG laser. In this case, the pump-photon energy
was 2.12 eV and pulse energy was about 400 uJ with 260 fem-
tosecond pulse width ( the repetition rate was 10 Hz ). The
laser pulses were splitted into two beams. One beam was focussed
to a 1 cm water cell and generated white continuum femtosecond
pulses. The white light pulses were used as a probe beam. The
spectral range of the probe beam was selected by using some color
filters. Thg other beam was used as a pump light through an
optical delay. Powers of the excitation and probe beams were
changed by wusing rotational neutral density filters in order to

avoid the changes in the time delay and the dispersion. The

dispersion effect caused by optical elements is referred in the

..11-



subsection 2.2. The diameter of the spot size and the overlap aof
two beams were checked by using a microscope.

The other laser source is consist of a CPM dye laser pumped
by an Ar+ laser. The output of the light pulses are amplified by
a multi-path amplifier pumped by a Cu-vapor laser. The amplified
beam is focused‘ to an ethylene-glycol jet and generates white
light continuum. A part of the white light is used as a probe
beam. Most‘of the white light is through a interferential filter
and selected 1its wavelength. The band width is about 10 nm.
This beam is amplified by using another Cu-vapor laser. In this
case one can tune the pump-photon energy. These Cu-vapor lasers
have high repetition rate ( about 8.5 kHz ), so that the data
accumulation rate become high 1in comparison with a Q-switched
Nd3+:YAG laser system. Therefore, one can obtain the data with a
better S/N rat%o. In this system, the pump pulse width is be-
tween 370 and 150 fs depending on the photon energy. To reduce
the pump 1light leakage, especially in case of the resonant pump

exXperiments, pump and probe beams were polarized orthogonally to

each other.
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2.2 Dispersion compensation

In the  femtosecond experiment, one of the difficulty comes
from the dispersion compensation. The refractive indices in all
optical elements, lenses, filters, mirrors and a water cell
including water' depend on the photon wavelength. When a short
pulse with a finite wavelength width passes through some optical
elements, the time delay is changed depending on the wavelength
and the time width of the pulse is broadened. This effect is
usually negligible in the ©picosecond spectiroscopy, but in the
femtosecond spectroscopy, one must take care of this effect much
more. Especially, if we want to observe a wide range spectrum,
we must suppress the dispersion of the optics as far as possible.
Figures 1 to 3 show the time delay as a function of photon
wavelength based on the actual measurement by using the sum-
frequeﬁcy generation. The solid circles represent the measured
time delay. The results show that the typical dispersion value
is an order of 10 fs/nm. Taking account of the second-order
term, the least square fitting was done. Time delay Td from the

fundamental light is represented by
Td( A ) =aiA” +bAaA+c. (2.1

Here, A denotes the wavelength of the probe pulse, and a, b and ¢
are fitting parameters. The solid lines in all figures are the
results of the fitting. The agreement between the experimental
results and the fitting is very good, and the maximum deviation

of the data form the fitting curve is smaller than 10 fs. Based

-13-



on’  eq. (2.1, the time delays of probe spectra were corrected
depending on its wavelength. In this way, the time-resolved

spectra were obtained in the wide-energy range.

..14-



2.3 Sample preparation

Samples, CdSe single crystalkthin films were grown on the

mica substrates by means of the hot wall epitaxy.54)

The growth
equipment used in 'this method is illustrated in Fig. 4.
Temperatures of a head, a wall, a source and a reservoir were
controlled. Typical temperatures of each parts were about 400,
650, 580 and 300 °C, respectively. A mica substrate is suitable
for the absorption experiment, because it is transparent for the
visible 1light. Moreover, a mica is a layered compound and its
interlayer interaction comes from van-der-Waals force.
Therefore, the mismatch between a mica substrate and a CdSe
crystal is considered to be smaller than other systems.

In the experiments, a CdSe single crystal thin film 0.65 um

thick was used. Typical transmittance at the pump photon energy

is about 5 %, so that the sample is excited fairly uniformly.
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2.4 Experimental results of the pump-and-probe experiment

As mentioned above, various kinds of photeoexcitation experi-
ments were performed. We show the experimental results in this
subsection and discuss about the results in the section IV.
There are five Kinds of experiments in the rough classification.

(1) Pump at 2.12 eV with the pulse width of 260 fs at 4.2 X.

(2) The same pumping condition at the room temperature.

(3) Pump at 1.99 eV with the pulse width of 70 fs at 10 K.

(4) Pump at 1.86 eV with the pulse width of 110 fs at 10 K.

(56) Pump at 1.82 eV with the pulse width of 150 fs at 10 K.
The experiments (1)~(3) correspond to the Dband-to-band
excitation. The experiments (4) and (5) <correspond to the
resonant excitation of the B- and the A-excitons, respectively.
The data acquisition was done by using an optical multi-channel
analyzér ( OMA ) and a 25 cm spectrometer with low-dispersive
gratings ( 300 groves/mm or 600 groves/mm ) to obtain a wide

energy range spectrum, and in some cases, photomultipliers.
2.4.1 High energy band-to-band excitation

Figures 5 and 6 show the- -time-resolved absorption spectra
under the experimental conditions (1) and (2). The condition (1)
corresponds to the 2.12 eV excitation at 4.2 K and the condition
(2) to the same excitation at the room temperature, respectively.
The excitation densities are 900 and 600 uJ'cm—z, respectively.

The absorption spectra denoted by "NO PUMP" were obtained without

the pump-pulses. The structures of A- and B-excitons are clearly

-16-



observed in Fig. 5. In Fig. 6, A-exciton corresponds to a kink
around 1.76 eV, The spectrum at 0 ps shows a broad spectral dip
around 2.0 eV in Fig. 5 and around 1.9 eV in Fig. 6. It is due
to the nonthermalized distribution of hot carriers. Figures 7
and 8 show the change of the absorption coefficient normalized‘by
unperturbed one, -Aa/a under the experimental condition (1) and
(2), respectively. Figures 9 and 10 show the similar results at
4, 8 and 12 ps time delays. Figures 11 and 12 show the time
dependences of =-Aa/a at 4.2 X and the room temperature,
respectively.

Figures 13 to 16 show the time-resolved absorption change, -
Aae under the experimental condition (3). In Figs. 13 and 14,
each spectrum is normalized by the respective maximum value. In
these cases, the S/N ratio is better than in (1) and (2), so that
detailed structures <can be observed. One of those 1is the
cohereﬁt ogscillation around the exciton structure preceding the

pump pulse in Fig. 13.°22787)

Another is the transient broadening
of the A-exciton in Figs. 14 and 15. Another is nonequilibrium
distribution around the time origin in Figs. 14 and 15, similarly
to the experimental condition (1) and (2). Another is the in-
duced absorption above the B-exciton at several picosecond time
delays in Fig. 16. Figures 17 and 18 show the time dependence of
-Aa within 2 ps time delay and 12 ps time delay, respectively.

The induced absorption above the B-exciton is more clearly ob-

served in Fig. 18.

-17-



2.4.2 Resonant excitation

Figures 19 to 25 show the time-resolved spectra obtained by
using an OMA. Each spectrum in these figures is normalized by
the respective maximum value. Figures 19 to 21 are the results
of the A-exciton resonant excitation. When the probe pulse
precedes the pump pulse, spectral oscillations were observed.
The oscillations come from the coherent effect, similar to the
band-to-band excitation. Other features in the figures are the
transient broadening at the low energy side of the A-exciton and
the induced absorption above the B-exciton. Figures 22 to 25
show the results of the B-exciton resonant excitation. 1In this
figure, the coherent oscillations and the transient broadening at
the low energy side of the A-exciton are also observed.

To see the detailed +time dependences of the spectra, we
observed the transient trace of -Aa at several spectral points.
Figures 26 to 30 show the results around the time origin. The
probe energy Epr is shown in each figure. In all the figures
the so0lid lines represent the data taken under the resonant
excitation of the B-exciton ( excitation condition (4) ), and the
dashed 1lines the data taken under the resonant excitation of the
A-exciton ( excitation condition (5) ). Several features are
found in the figures. One is an induced absorption with a rather
slow rise time about 1.7 ps in Fig. 26 under the resonant excita-
tion of the B-exciton. Another is an absorption saturation with
a rise time about 400 fs as is observed in Fig. 27 under the
resonant excitation of the A-exciton. Another is relatively flat

time dependence as is observed in Figs. 27 and 28 under the

-18-



resonant excitation of the B-exciton. The temporal changes of -
Aa at the picosecond region are also shown in Fig. 31.

The excitation-density dependent change in the absorption
coefficient observed under the resonant excitation of the A-
exciton are shown in Figs. 32 and 33. Figures 32 and 33
correspond to the spectra obtained at the 0 fs time delay and at
the 150 fs time delay, respectively. With the increase in the
excitation density, a structure between the A-exciton and the B-
exciton 1is observed at the 0 fs time delay, but is not observed
at the 150 fs time delay.

Figures 34 and 35 show the time dependence of change in
absorption area, AS observed under the excitation condition (3).
Here, AS 1is obtained by the spectral integration of each time-
resolved spectrum. The spectrally integrated .values of the
bleaching, ASB and that of the induced absorption, ASA are shown
by theusolid lines and the dotted lines, respectively. Figure 34
shows the data in a short time range ( -1 to 1 ps ) and Fig. 35
shows the data in a 1long time range ( -2 to 12 ps ),
respectively. The resuits observed under the excitation condi-
tion (4) are shown in Figs. 36 and 37. The results observed
under the condition (5) are shown in Figs. 38 and 39.

Detailed discussions will be given in the section IV.

-19-



I1I. Monte-Carlo simulation

Recently the advanced femtosecond spectroscopy, 1in par-
ticular the pump-and-white-continuum probe method, has clarified
the carrier distribution at ultrafast time domain. However, some
experimental results are difficult to be interpreted quantita-
tively because of complex scattering channels. Therefore, an
ensemble Monte-Carlo simulation becomes a powerful method to

interpret the experimental results,’8 61)

In the simulation, the
time-dependent distribution functions are used to evaluate the
time-resolved absorption spectrum.

At first, the carrier distribution corresponding to the real
photoexcitation 1is generated by using the rejection method.Sg)
Time dependence is simulated by using a constant time step
method. Some scattering probabilities.were calculated depending
on eaéh carriers' kinetic energy. In the simulation, electron-
electron, electron-hole, hole-hole, electron-LO phonon and hole-
LO phonon scattering mechanisms are considered. Carrier-carrier
scattering probability is evaluated by the well-known for-

mula,62~64)

u*eszTC g
1/7_ = . X (3.1)

SnﬁB € e 2,82
vac O

This formalism 1is derived based on the the Born approximation
with a screened Coulomb potential. The carriers are assumed to

follow the Boltzmann distribution. Here, &, e, ko, T , %, & ,

B’ "¢’ vac

60, ,& and B denote the reduced mass of a carrier pair, the

-20-



electron charge, the Boltzmann constant, the carrier temperature,
the Planck constant divided by 27, the dielectiric constant of
vacuum, the static dielectric constant of CdSe, the relative
momentum of scattering carriers and the screening wave vector,

respectively. The screening wave vector, B is represented by

n_e
- c 1/2
8 = [ P KT ] . (3.2)

Here, nC denotes the carrier density.

Strictly speaking, the carrier—-carrier scattering rate and
the screening wave vector depend on the distribution function of

5)

carriers.6 Initially, the photoexcited carriers do not obey

the Boltzmann distribution, so that this formula is not correct.
However, there are no theory to show the carrier-carrier scatter-
ing rate in nonequilibrium distribution, so that the formula was
used as the first approximation.

The carrier-LO phonon scattering rate in the polar material

is represented by 34)

2eR
0 ..o =1 B 1/2
1/7 = N_sinh “( ) +
c-LO (Zm*E )1/2 q ﬁwLo
E -zw
¢ N_+1 )sinh ¢ Lo ,1/2 (3.3)
q ﬁmLo

*

Here, m , N 1 0] and E denote the carrier effective mass, the

q’ LO
phonon occupation number which is presented by the Bose distribu-

tion function, the LO phonon energy and the excess energy of

-21_



carriers. A factor eE0 presents the electric force caused by the

oscillations of the LO phonons which is represented by

2 %
_ e m ﬁwLo 1 1 .
o " 5 ( s " o ) (3.4).
4T e *® © 0
vac

eE

Here, €, denotes the optical dielectric constant of CdSe.

Based on the above mentioned scattering rates, the time
evolution of the electron and hole distributions was simulated.
The way to do this is described as follows.

The sum of all the scattering rates, l/rm, was calculated.
Next, a random number R was generated. If the time step At is
larger than RTm, scattering does not occur. If At is smaller
than er, the scattering takes place. In order to decide whiéh

scattering process occurs, another random number R' was gener-

ated.. When the j-th scattering with a scattering rate 1/1'j takes

place, the condition

i-1 J
b Ti z Ti
i=1 . i=1
p < R' K« — (3.5)
m m
should be satisfied. In this way, the scattering type j was
determined. The time step At should be equal to or smaller than

the fastest scattering time.

When the <carrier-carrier scattering takes place, each car-
riers’' momenta and energies after the scattering were decided by
using a random number. O0f course in this case, the momentum

conservation law and the energy conservation law hold. When the

-22-



carrier-LO phonon scattering takes place, the momentum and energy
of scattering carrier were reduced or added by those of the LO
phonon. In both cases above mentioned, the scattering rate after
the scattering was recalculated. In this way, the time evolution
of momenta and energies were simulated.

The results of the simulations are compared with the ex-
perimental data. The discussion will be given 1in the next

section.

-23-



IV. Discussions
4.1 Nonequilibrium distribution of photoexcited carriers

At first, the discussions about the results under the band-
to-band excitation ( experimental «condition (1)-(3) ) will be
given. In this case, a lot of free carriers are generated by an
intense optical pulse with the enough kinetic energy. The
kinetic energy per carrier is an order of 100 meV. It depends on
the difference between the band gap and the excitation photon
energy.

Figures 5 to 8, 14 and 15 show the nonequilibrium distribu-
tion of photoexcited carriers around the time origin. To compare
‘the experimental spectra with the simulated distribution func;
tion, the experimental spectra are shown in the form of -Aa/a in
Figs. ;7 and 8. The relation between -Aa/a and an electron ( a
hole ) distribution function fe(Ee) ( fh(Eh) ) is expressed

by13,66)

(E, ) . (4.1.1)

~Aa/a = fe(Ee) + fh h

Here, Ee and Eh are the kinetic energy of electrons and holes,
respectively. The kinetic energies of electrons and holes are

represented by

Ei = #/mi ( E - Eg) (i==e, h). (4.1.2)



Here, u, m E and Eg denote a reduced mass of an electiron and a
hole, an effective mass, the photon energy and the band gap,
respectively. Equation (4.1.1) is based on an approximation.
Strictly speaking, one must consider the Coulomb enhancement
factor in the band—tofband abserption.

The absorption spectrum in the intrinsic semiconductors
consists of the discrete exciton lines, quasi-continuum state
below @he band gap and true continuum state above the band
gap.67) The absorption spectrum is presented as an interband
absorption multiplied by the excitonic enhancement of the true
continuum states above the band gap.GS) However, we can justify
the approximation, based on eq. (4.1.1) as follows.

At low temperature, the excitonic enhancement of the con-
tinuum state is affected by the high-density free carriers around
the band edge. Above the band edge, the change in the optical
spectrﬁm is not so much. The result of this calculation is shown

in Fig. 40.%3

The detail of this calculation is described in
the appendix. To discuss the high-density effect of the absorp-
tion spectra above the band gap, we may well omit the excitonic
enhancement effect as the first approximation. Therefore, the
" absorption change in the band is considered to come from only the
band filling effect at low temperature. At high temperature ( ~
300 K ), the excitonic enhancement in the band depends on the
carrier density.eg) However, the ratio between the bleaching
caused by the band filling effect and that caused by the reduc-
tion of the excitonic enhancement 1is about 4:1, so that the

reduction of the excitonic enhancement 1is considered to be

neglected. In this approximation, the egs. (4.1.1) and (4.1.2)
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can well describe the experimental results. In the following
discussion, both the equations will be used in the analysis.

In the Figs. 7 and 8, the estimated carrier density is an
order of 1019 cm_3. In the simulation, the same value of carrier
density was used. Insert this value to eqs. (3.1)-(3.3), the
typical carrier-carrier scattering rate is obtained as an order
of femtoseconds. The value is shorter than our experimental time
resolution. Figures 42 and 43 show the results of the Monte-
Carlo simulation. Here, the dashed lines show the histgrams of
the electron distribution and the dotted lines that of the hole
distribution, respectively. The solid lines represent the sum of
both thevdistributions.

Initially, the electrons and the holes distribute around the
excitation energy in the simulation. The initial distributions
of %he electron and the hole are the same. Therefore, only the
sum of the electron distribution function and the hole distribu-
tion function is plotted in Fig. 42. At 50 fs time delay, the
distributions of both carriers are nearly thermalized. However,
the high energy tail of +the electron distribution shows the
nonthermalized feature. The part of the nonthermalized carriers
is smaller than the results of the experiments. In order to
discuss more quantitatively, it is necessary to improve the
simulations.

We can estimate the thermalization time from the experimen-
tal results. A simple rate equation is written by,

dn/dt = g(t) - n/T (4.1.3)

d ’
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where n, g(t) and Td denote the carrier density, the generation
rate of the photoexcited carriers and the decay rate. We can
neglect the decay term because of the fairly long life time of
carriers and assume that the initially generated carriers are

nonthermalized. Then, the eq. (4.1.3i becomes

dn"/dt = g(t) - o/, dn®/dt = n"/7 (4.1.4)
where nn, ne and 7 denote the nonthermalized carrier density, the
thermalized carrier density and the thermalization time constant.
If the generation rate is constant within the time resolution,
ot, the nonthermalized carrier density at time 6t is represented

by

Nesty = Jat on [ (t'=8t)/7 1 dt’ = 2D | (4.1.5)
n — at eXP - 6t - . .

Here, ©&n denotes the carrier density generated within the time

resolution. Equation (4.1.5) shows that the thermalization time
.y
T is estimated to be 5n ot.

From the experimental results, the ratio of the nonthermal-
ized distribution to the total one is obtained as 10 % for the
spectrum at O ps in 4.2 K and as 5 % in the room temperature.
Therefore, 5 ~ 10 % of the present time resolution of 400 1s

roughly gives the thermalization time of 20 ~ 40 fs.
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4.2 Cooling of hot carriers

Cooling of hot carriers are observed in Figs. 7 to 10. In
the analysis, we should take account of an anisotropy in the A-
hole band. Then, the simple expression (4.1.1) is modified. 1In
order to estimate the anisotropy effect in the cooling process of
carriers, a simulation with and without the anisotropy is done.

The absorption spectrum is proportional to an imaginary part

o0f the susceptibility, expressed as70)
Im X(E) « ( 2‘5 372 5o yY/2 o¢ E-E_ INC E-E_ )
" g g g

(4.2.1)

Here, E, u*, and Eg represent the photon energy, a reduced mass
betweep an electron and a hole and the energy gap, respectively.
The step function, 6¢( E—Eg ) means that there is not absorption
below the band gap. The phase space filling effect is taken into

account in term N( E-Eg ), which is represented by

N ( E—Eg ) = 1-£¢( aeE—ue Y-1( ahEh—uh )y . (4.2.2)
Here, ”e and “h represent the electron and the hole quasi-Fermi
energies. The prefactors @, and @, ~mean u/m: and u/m:,

respectively. The anisotropy in the band structures changes u

and N ( E—Eg ). By using the anisotropic masses of the electron

( mL and m// Y and the hole ( ml and m// Y, NC E-E_ ) is repre-
e e h n ! g
sented by,70)
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The effective masses of the electron and the hole are replaced by
averaged values, m,= ( mtzmé/ )1/3, m, = ( m;zmé/ )1/3. The
calculated results of Im X(E) are shown in Fig. 41. The solid
curve and the dashed curve are calculated results with and
without anisotropy, respectively. The difference is very small.
Therefore, it does not matter to neglect the anisotropy in the A-
hole band. If we neglect the anisotropy, we can use the relation
(4.1.1).

Farther, we can approximately replace the right hand side of
eq. (4.1.1) at the high energy tail by the larger one, because
both fe( Ee ) and fh( Eh ) are the exponentially decaying func-
tions at the high energy tail. Then, the analysis procedures
become simple as follows. We analyzed the -Aa/a spectra by fit-
ting the single Fermi distribution function, fc(E)=1/{exp[(E—
EF)/kBTC]+1}, where EF is the chemical potential and Tc is the
effective temperature of hot carriers. Almost all the spectra can
be well fitted by the single Fermi distribution function fC(E)
except the spectra around the time origin. The spectra at 5 ps is
well fitted by a single Fermi distribution function as shown in
Figs. 7 and 8. At the later time range, the spectra are also
well described by the Fermi distribution as shown in Figs. 9 and

10.
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Therefore, the cooling of the hot carriers is characterized
by the effective temperature of the hot carriers TC. The tem-
poral change of the temperatures are plotted in Figs. 44 and 45.
The mean c¢cooling rate of hot electirons and holes, <dEe/dt> and

<dEh/dt>, are written by the equations,17)

1)

exp(-E; -/ kKT ) , (4.2.4)

<dEe/dt> Lo’ ¥pTe

- ELO/ Te

ft

exp(-E, /K. T ) , (4.2.35)

<dEh/dt> Lo’ ¥gTh

- ELO/ Th

where ELO is the LO phonon energy of 26.3 meV and 7 is the

e(h)
phonon emission +time of hot electrons ( holes ), which is es-
timated from eq. (3.4). Electron and hole temperatures are
represented by Te and Th’ respectively. Numerical integration
were done in egs. (4.2.4) and (4.2.5), by using the approximate
relatiéns <Ee>=(3/2)k

Te and <E >=(3/2)kBTh.

B h

The fitting of the experimental data was done in three ways.
One is a cooling of hot electirons, where TC is replaced by the
electron temperature Te = ( u/me )Tc. Another is a cooling of hot
A-band holes, where 'I‘C is replaced by the A-hole temperature ThA
= ( u/mhA )TC. The third one is a cooling of hot B-band holes,
where TC is replaced by the B-hole itemperature ThB = ( u/th )Tc'
The best fitting is obtained in case of hot A-band holes. The
results are shown in Figs. 44 and 45 by solid lines. The fitting
is gquite well. Then initial temperature of Th and phonon emission
time Th are 220 K and 1.5 ps for Fig. 44 and 200 K and 2.0 ps for

Fig. 45, respectively.
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The obtained phonon emission time of 1.5 ps at 4.2 K and 2.0
ps at the room temperature are those of hot A-band holes. They
are longer than 170 fs at 4.2 K for the A-band holes or 120 fs at
4.2 K for the electrons calculated by using eq. (3.4) by an order
of magnitude. As mentioned before, CdSe has a single valley at
the I point below 2.12 eV. Therefore, no intervalley scattering
takes place. Hot electrons and holes lose their energy in the
single wvalley by successive emission of the LO phonons as calcu-
lated by the Monte-Carlo simulation. It is well known that the
holes 1lose their energy much faster than the electrons in

GaAs.4l’42’44)

This fact was explained by considering that hot
phonon effect reduces the =electron cooling rate, while hardly
reduces the hole cooling rate. The carriers interact so strongly
at the high density of 1019 cmj3 that thermal equilibrium between
the electrons and the holes is apt to established. Therefore,
slow céoling'electrons heat fast cooling holes. The disagreement
between the experimental phonon emission time and the theoretical
one probably comes from the fast electron-hole scattering and the
hot phonon effect.71)

Intuitively, the hot phonon effect is considered as follows.
The high density photoexcited carriers with high excess-energy
emit a 1lot of LO phonons. In this case, the phonon occupation
number becomes large compared with that at the lattice tempera-
ture, so that the carriers are apt to absorb the LO phonons and
be heated. Then the net energy flow from the carriers to the
lattice becomes small. In this picture, the energy loss rate of

carriers emitting the LO phonons is described py36:37)
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q i q L 0 q2+ 62)2
1 + exp ( M_ D 1
Log 1T+ exp ¢ M+ 3 X ¢ (4.2.6)
c
where, M+ is represented by,
2 2m 2 o,
-% ¢ LO i
M = —— q + —F—— + —_— (4.2.7)
+ SmikBTi [ kq ] kBTi

Here, the same notation is used as in section III, except for TL'
TL denotes the bath temperature of the lattice.
When the carrier temperature 1is higher than 100 K, the

energy loss rate at nC = 1019 cm_3 is smaller than that at n_ <

c
1015 c:m-3 by an order of magnitude.37) The LO phonon emission
time obtained from the experiment is slower than the calculated
one by an order of magnitude. The agreement between the experi-
ment and calculation is fairly good.

Figures 11 and 12 show that the recovery time of bleaching
at 4.2 K 1is comparable with that at the room temperature. The

solid lines in the figures represent the phenomenological fitting

curves, described by

-Aad = ¢l 1-¢ . '/rr)]exp(—t/fd) . (4.2.8)
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Here, Tr and Td represent the rise time and the decay time,
respectively. The value of ¢ was also determined as a fitting
parameter. The nonlinear-least-squared-fitting was done and all
the parameters were obtained as a function of photon energy.
Here, our attention is paid only to the cooling process, so that
only the discussions about the decay time are giwven.

The results of the fitting are shown in Figs. 11 and 12 by
the solid lines. The agreement between the data and the fitting
curve is good. In Fig. 46, the obtained relaxation time con-
stants are plotted as a function of the photon energy. Here, the
solid 1line shows the relaxation time constants at 4.2 K and the
dashed 1line shows those at the room temperature. The higher the
rhoton energy 1is, the faster the relaxation time is. This fact
is quite reasonable because the carrier cooling rate increases as
the carrier kinetic energy increases.

Aé an interesting feature in Fig. 46, we can find a kink in
the «curve at room temperature. At the low energy side of the
kink point, the hot carrier cooling rate becomes slow. The
energy of the Kink point is 1.828 eV. Figure 6 shows that the A-
exciton energy at the room temperature 1is 1.760 eV. Taking
account of the binding energy of the A-exciton ( ~ 15 meV ), the
energy of the kink point is higher than the band edge by 53 meV.
This energy corresponds to twice of the LO phonon energy ( ~ 26.3
meV ).,

As already mentioned 1in the introduction, the fastest
mechanism in the «cooling processes of hot carriers is the LO
phonon scattering. Therefore, in a simple model, the kink energy

should be higher than the ©band gap by one LO phonon energy.



However, thé situation is more complicated because the exXcess
energy is shared by both an electron and a hole. The fact that
the kink point 1is higher than the band gap by two LO phonon
energy is considered as follows.

In a hot phonon model, the <carriers hardly emit the LO
rhonons with a small wave vector, because of its small phase
space. Therefore, the hot phonon effect reduces the electron
cooling rate, but does not reduce the hole cooling rate.41)
However, if the carrier emits two LO phonons simultaneously, the
situation is very different. In this case, the hot phonon effect
does not work effectively, because the carrier can emit the LO
phonons with large momentum. Therefore, the cooling rate of
carriers which 1is larger than the band gap by twice of the LO
phonon energy is not affected by the hot phonon effect. This is
the reason why the Kink point is observed at the energy where the

excess energy is twice of the LO phonon energy.
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4.3 Common and different features observed in three

pump-and-probe experiments

There are common features among three kinds of the excita-
tion photon energy, 2.00 eV, 1.87 eV and 1.82 eV, which
correspond to the experiments (3), (4) and (b)), respectively.

As shown in Figs. 13, 19, and 22, the oscillated spectra are
observed ©before the pump pulse hits the sample. This feature can
be understocod based on the optical Bloch equation.55_57) When
the pump energy 1is below the exciton, the oscillation is a

precursor of the optical Stark effect.°’°)

Under the band-to-
band excitation or the resonant excitation of the exciton, the
oscillation is a precursor of the absorption saturation.

As shown in Figs. 14, 19 and 23, the dip at low energy side
of the A-exciton is observed around the time origin and suddenly
disapp;ars after the pump pulse hits the sample. Such a tran-
sient broadening is observed in the GaAs quantum well system.47)
The _.transient ©broadening of the exciton line is considered as
follows.

When the ©probe pulse precedes the pump pulse, the coherent
oscillation c¢an be observed as already shown. When the pump
pulse and the probe pulse hit the sample simul taneously, the
transient broadening around the low energy side of the exciton is
observed. However, the transient broadening disappears as soon as
the bleaching occurs. This fact suggests that the excitation
density where the broadening takes place is lower than that the

bleaching takes ©place. Therefore, the broadening occurs before

the bleaching takes place.



The time dependences of the broadening and the bleaching are
more clearly seen in Figs. 34 and 36. In both the figures, the
spectrally integrated bleaching, ASB and the spectrally
integrated induced absorption, ASA are plotted as a function of
the time delay. In Fig. 34, ( in the case of the band-to-band
excitation ) ASA decreases suddenly, because all the absorption
spectra observed below the pump energy are bleached. In both the
figures, the time delay where ASA reaches its minimum corresponds
to the time delay where the increase of ASB finishes. This means
that the induced absorption caused by the exciton broadening is
guickly occupied by the cooled excitons or carriers.

On the other hand, in the case of the A-exciton resonant
excitation, the time dependence of ASA is completely the same
as that of ASB, as shown in Fig. 38 and 39. This fact indicates
that the origin of the induced absorption and the bleaching in
the Alexciton resonant excitation 1is the same. Detailed dis-
cussion about this case is given in the next subsection.

In the case of band-to-band excitation, the initial increase
in the bleaching between 1;81 and 1.88 eV as shown in Fig. 17 is
ascribed to carrier cooling. The carriers with the large kinetic
energy relax to the 1low energy side with emitting LO phonons.
Therefore, the bleaching at the low energy side increases. The
increase or the decrease in the bleaching is determined by the
balance between the coming of carriers from the high energy side
and the going of carriers to the 1low energy side. This
phenomenon was already studied by several authors in GaAs.27-29)

However, there are the intervalley scattering in GaAs, so that

the energy dependence of the c¢cooling ©processes is more
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complicated. On the other hand, there is no intervalley scatter-
ing in this energy region in CdSe, so that the simple cooling and
the monotonous increase in bleaching is observed below 1.92 eV.

The interesting feature observed under the band-to-band
excitation 1is the induced absorption at the higher energy side,
as shown in Figs. 16 to 18. This feature is always observed in
all the excitation energy. This is typically shown in Figs. 16,
21 and 25. Under the A-exciton resonant excitation, the induced
absorption is well explained by considering the broadening of the
B-exciton, but in other cases, the origins are not clearly under-
stood. In case of the A-exciton excitation, the detailed
discussions are given in the next subsection.

There 1is another characteristic difference between the A-
exciton resonant excitation and the B-exciton resonant
excitation. In the «case of the A-exciton resonant excitation,
the bleaching at the B-exciton increases as time precedes, as
shown in Fig. 20. However, in the case of the B-exciton resonant
excitation, the bleaching at the B-exciton decreases as the time
proceeds from 150 fs to 600 fs. In the case of the band-to-band
excitation, the bleaching at the B-exciton also increases as the
time proceeds from 150 fs to 600 fs, as shown in Figs. 15 and 17.

This feature 1is more clearly seen in Fig. 27. 1In the case
of the B-exciton resonant excitation, the carriers at the B-
exciton energy show only cooling. Therefore, the bleaching at
the B-exciton in this time region simply decreases. 1In the case
of the A-exciton excitation, only the A-excitons are excited.
However, both A-excitons and B-excitons are composed of common

conduction band electrons, so that the bleaching at the B-exciton
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is observed. The rise time of the B-exciton bleaching was found
to be about 400 fs, as shown in Fig. 27.
The resonant excitation of the exciton system were studied

in the GaAs quantum well system.47—49) In the room temperature,

the excitons c¢an be ionized by the LO phonon absorption.47’48)
In this case, the 1ionization time of excitons was found to be
about 300 fs. However, the excitons can not be ionized in CdSe
at 10 K. Therefore, the rise at the B-exciton can not be con-
sidered as the exciton ionization. The reason why the B-exciton

bleaching have a rise time under the resonant excitation of the

A-exciton is discussed in the next subsection.
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4.4 A-exciton resonant excitation

In this subsection, discussions about the resonant excita-
tion of the A-exciton are done.

The induced absorption at the 1low energy side of the A-
exciton 1is considered to come from the broadening of the A-
exciton, as already mentioned. On the other hand, what explains
the induced absorption observed between the A-exciton and the B-
exciton and above fhe B exciton? The induced absorption observed
between the A-exciton and the B-exciton may come from the
broadening of both the excitons. The induced absorption observed
above the B-exciton may come from the ©broadening of the B-
exciton. The time dependence of the induced absorption observed
above the B-exciton structure 1is different from that observed
below the A-exciton as shown in Figs. 26 and 30. Two explana-
tions come to our mind as an origin of the induced absorption
observed above the B-exciton.

One 1is a band gap renormalization ( BGR ). The BGR is
considered as an origin of the induced absorptioﬁ not only below
the nunperturbed band gap,72) but also in the band-to-band
absorption. The other is a B-exciton broadening. However, the
former explanation is omitted as follows.

Figure 47 shows the pure red-shift of the unperturbed ab-
sorption spectrum. In this figure, the induced absorption above
the B-exciton 1is not observed. The result indicates that the
induced absorption observed above the B-exciton can not be ex-

plained by BGR.
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Figure 48 shows the excitation density dependence of ASB and
ASA at the time origin. Figure 49 shows the same data obtained
at 150 fs time delay. The integration wés done between 1.814 eV
and 1.828 eV for ASB. For ASA the integration was done between
1.885 eV and 2.000 eV. As shown in Figs. 32 and 33, the positive

region 1is taken to be the integration range for AS, and the

B
negative region for ASA. respectively. In Figs. 48 and 49, the

solid circles represent ASB and the solid squares ASA,

respectively. The results show that, ASB in both figures obeys

the expression as73>

a=a, 7 . (4.4.1)

Here, Iex and Is denote the excitation density and the saturation

density, respectively. The sum, a1+ az represents the
unperturbed absorption coefficient, and azl is the absorption
coefficient at high density excitation limit. This result indi-
cates that the bleaching at 0 and 150 fs is well explained by the
usual absorption saturation caused by the phase space filling.
The Dbleaching area at 0 fs is smaller than that at 150 fs. This
is quite reasonable, because the absorption saturation is caused
by the leading edge of the excitation pulse at 0 fs .

The absorption area of the B-exciton is estimated to be
between 300 and 600 eV'cm—1 from the unperturbed spectrum. If
the induced absorption comes from the broadening of the B-
exciton, ASA should be smaller than this value. Figures 48 and
49 show that the values of ASA are between 100 and 200 «'—:\J'«cm_1

The values are reasonable.
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The ©broadening of the excitonic line tells us a scattering
time of the exciton. The spectral shape of an absorption line
caused by the <collisional ©broadening 1is represented by a
Lorentzian function.74) In this case, the relatioﬁ between the

energy width, AE and the mean scattering time, 7 is expressed by

AET ~ 2& . (4.4.2)

From this equation, we can estimate the exciton-exciton scatter-
ing time. In order to obtain the energy broadening, AE we fitted
the <calculated spectrum to the experimental spectrum, -Aa. In
the fitting, we did not obtain the sufficient agreement when we
take account of only the B-exciton broadening. The agreement was
improved when both the broadening of the A-exciton and the B-
exciton 1is taken into account, as shown in Fig. 50. Initially,
the bfoadening of the A-exciton was observed below the A—éxciton
peak, as shown in Fig. 19. Therefore, the broadening of the A-
exciton surely occurs. The ©broadening below the A-exciton
disappears as soon as the bleaching becomes large. However, the
broadening observed above the A-exciton probably remains and is
independent of the bleaching. Therefore, it is gquite reasonable
to take account of the broadening of the A-exciton.

As a result of fitting, the energy broadening of the B-
exciton and the A-exciton were found to be about 42 and 27 meV,
respectively. Inserting these values to eq. (4.4.2), we obtained
the mean scattering time between the B-exciton and the A-exciton,
31 £s. We also obtained the mean scattering time between the A-

exciton and the A~exciton, 49 fs.

-41-



The exciton-exciton scattering rate can be estimated from a
simple theory. Excitons have no charge, so that we consider the
scattering mechanism of excitons on the model of rigid-spheres
scattering. Initially, the photoexcitation generates the A-
excitons with zero translational momentum. Then, the
photoexcited A-excitons are thermalized at the lattice tempera-
ture and obey the Boltzmann distribution. The B-excitons
generated by a probe pulse collide wifh the A-excitons. In this
case, the A-exciton and B-exciton mutual scattering rate l/rA_B
is represented by,

1/2

y2( 2wk T. /i ) . (4.4.4)

1/7 = 2n ,Ca,p* agp BIL/ ¥ AR

Here, n s, M , a

ex ex AB and aBB denote the A-exciton density, the

reduced mass between the translational mass of the A-exciton and
that 6f the B-exciton, Bohr radius of the A-exciton and that of
the B-exciton, respectively. In the experimental condition, the
value of Dy and TL are 1><1019 cm_3 and 10 K, respectively. The
calculated scattering time 1is 11 fs. The agreement between the
observed 31 fs and estimated 11 fs is good. Therefore, the
broadening of the B-exciton resonance is well explained by the A-
exciton-B-exciton <collisional ©broadening. As already mentioned
in the previous subsection, the B-exciton bleaching increases
with 400 fs rise time, as shown in Fig. 27. As an origin of the
rise time, two explanations are considered as follows. One is

ascribed to the thermalization time between the exciton's motion

and bath temperature. The "other is the change of the exciton
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phase-space. In order to solve the problem, further studies are
needed.

With the increase in the excitation density, a small struc-
ture is observed just above the A-exciton energy, as shown in
Fig. 32. We took a derivatives of the curves, the energy of the
structure is found to be 1.842 eV. This energy is covered by the
pump pulse. This structure is diminished as soon as the excita-
tion pulse turns off. Actually, the structure is not observed in
Fig. 33, where +the time delay 1is 159 fs. The origin of the

structure may come from the spectral hole burning.
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4.5 B-exciton resonant excitation

In case of the resonant excitation of the B-exciton, both
the B-excitons and the free carriers are generated. The free
carriers are excited from the A-hole band to the conduction band.
Therefore, we must consider the effects due to both the carriers.

There are several characteristic features in case of the
resonant excitation of the B-exciton. One is an induced absorp-
tion with a rise time of 1.7 ps observed above the B-exciton, as
shown in Fig. 26. When we determine the rise time, we omitted
the spikelike structure around the time origin. The induced
absorption is explained as follows.

As soon as the pump pulse comes in, the transient broadening
of the B-exciton occurs. At that time, the induced absorption at
the time origin in Fig. 26 is observed. Next, the photoexcited
carrie}s spread out in the mémentum—energy space by the carrier-
carrier scattering. Therefore, the bleaching was observed above
the excitation energy. This phenomenon corresponds to a tran-
sient recovery in Fig. 26. After that, the carrier cooling takes
place. As. a result, the bleaching disappears -and only the
broadening of the B-exciton remains. Therefore, the rise time ¢(
1.7 ps ) in Fig. 26 is considered to be carrier cooling.

Figures 28 to 30 show the time dependence of the change in
the absorption, -Aa observed below the pump energy. In contrast
with the results under the band-to-band excitation as shown in
Fig. 17, the ©bleaching at both the A-exciton and the B-exciton

energies after the pump takes place promptly. Here, we refer to



the mechanisms of the exciton bleaching before we consider about
this results.

In 3D system, the dominant contribution on the exciton
bleaching comes from the screening of the Coulomb interaction.IS)
There is another contribution to the exciton bleaching caused by
the phase space filling effect. The screening of the Coulomb

3,75,76) The cold

interaction depends on the carrier tgmperature.
carriers screen the Coulomb interaction much effectively compared
with the hot carriers. Therefore, some part of the increase in
the exciton bleaching comes from the phase space filling, and
other part comes from the screening effect and the carrier
cooling. The most plausible reason why the gradual increase of
the exciton bleaching is not observed wunder the B-exciton
resonant excitation is suggested as follows.

Under the resonant excitation of the B-exciton, not only the
free éarriers but also the B-excitons are generated. The A- and
the B-excitons have a common conduction band, so that the phase
space filling on the conduction band 1is considered to be
effective. Therefore, the bleaching at the A-exciton shows no
rise.

Figures 27 and 28 show that the bleaching observed around
the time origin shows the flat time dependence. Such a flat
region was not observed at the A-exciton energy, as shown in Fig.
29. As already mentioned, the bleaching observed at the A-
exciton underv the B-exciton resonant excitation takes place
promptly. This result is different from that observed under the

band-to-band excitation. Therefore, the flat time dependence is
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not explained by a simple carrier cooling. We cannot understand
the acutual origin of this structure. |

The recovery time of the B-exciton's bleaching was faster
than that under the A-exciton resonant excitation and that under
the band-to-band excitation. Figures 16, 21 and 25 show this
feature. More c¢learly, Figs. 18 and 31 show the results. UnderA
the ©band-to-band excitation the time delay where the bleaching
becomes the half of its maximum valueﬁwas 5.3 ps, as shown at the
1.87 eV time trace in Fig. 18. Under the resonant excitation of
the B-exciton, this time was 1.8 ps, as shown at the 1.86 eV time
trace in Fig. 31. This time is much longer than 10 ps observed
under the resonant excitation of the A-exciton, as shown in Fig.
31. The reason why this time constant is so fast under the B-
exciton resonant excitation is considered as follows. The
rhotoexcited <carriers gquickly spread out in the momentum-energy
space. 'In case o0f the B-exciton resonant excitation, the pump
photon energy 1is the same with the B-exciton resonance, so that
the carriers spread out from the B-exciton energy. The other
explanation is a fast scattering process from the B-hole band to

the A-hole band.



V. Conclusions

In this work, ultrafast pump-and-white-continuum-probe
spectiroscopy was adopted to study the dynamical behavior of
photogenerated <carriers in a CdSe thin film. As a result,
the dynamics of the photogenerated carriers in CdSe is clarified
as follows,

Under the band-to-band excitation, nonthermalized hot car-
rier distribution was observed when the pump pulse turns on. The
duration of the nonthermalized feature could not be resolved in
the experiment, but the ratio of the nonthermalized distribution
to the total one gives the thermalization time of 20-40 fs.

In the cooling process of photogenerated hot carriers, hot
carriers loose their excess energy by emitping the LO phonons
keeping the thermalized distribution. From the time resolved
absorpfion spectra, the time dependence of the distribution
function was determined. As a result, the carrier-LO phonon
scattering time 1is estimated to be 1.5-2.0 ps. The value are
slower than those estimated from Frolich interaction by an order
of magnitude. The observed slow cooling time is due to the hot
" phonon effect of the electrons and rapid thermalization between
the electrons and holes.

In the pump-and-probe experiment, the pump photon energy was
widely <changed and the pump energy dependence was studied.
Through the study, the common and different features are
clarified. One of the common features is the coherent oscilla-
tion around the exciton resonance before the pump pulse hits the

sample. Another 1is a transient broadening of the A-exciton
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around the time origin. This feature is diminished as soon as
the bleaching becomes large. The third one is an induced absorp-
tion in the band-to-band absorption region.

Under the resonant excitation of the A-exciton, the small
bleaching with 400 fs rise time and the broadening were observed
for the B-exciton . From the observed broadening, the A-exciton-
B-exciton scattering time is estimated to be 31 fs. This value
is well wexplained by the rigid-spheres scattering model. This
fact clarifies the information about the exciton dynamics in the
femtosecond domain.

Under the resonant excitation of the B-exciton, the instan-
taneous 1induced absorption and its prompt recovery was observed.
This spikelike temporal structure is well explained by the
broadening of the B-exciton and the fast carrier scattering in
the momentum~energy space. The scattered carriers cool down to
lower energy and only the broadening of the B-exciton was
remained. The cooling time was about 1.7 ps.

The time dependence of the bleaching at the A-exciton ob-
served under the B-exciton resonant excitation was different from
that observed under the band-to-band excitation., The difference
suggests the phase space filling of the conduction band.

Further experimental and theoretical works are necessary for
the full understanding of the ultrafast scattering processes in

solids.
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Appendix

Optical absorption coefficient a(E) is represented by

- — B
a(E) = () Ac Im X(E) . (a.l)
Here, E, n(E), ¢ and X(E) denote the photon energy, the refrac-
tive index of the material, the light velocity and imaginary pgrt

of susceptibility. The imaginary part of the susceptibility is

represented by

2 £2k*
Im X(B) = 27f r % [ 1-f G)-f (k) 1 8C E-E_ - "EH;’— )
; (a.2)

in the case of interband transition. The sum v is done through
all the wvalence bands concerning to the photoexcitation. Here,

rCV and O6(E) is the matrix element of the interband transition

and the delta-function, respectively. Other notation is the same
as used in the text.

Equation (a.2) is the simplest expression for Im X(E). Ve
must take into account of Coulomb interaction between electrons
and holes. As a result, the excitonic¢ enhancement at band edge

appears. At zero temperature Im X(E) is represented by

- 2 2
Im X(E) = 275 T g | ?,( r=0)

|2
cv

5 ( E—Egv—EA )y . (a.3)

Here, ?, ¢ and EA denote the coordinate of the relative motion

A’
between an electron and a hole, the eigenfunction and the
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eigenenergy of a Wannier equation. This formula is well-known as
an Elliot formula. In the general case, one should take account
of this Coulomb interaction at the finite temperature and the
finite <carrier density. To solve the Wannier equation at the
finite temperature and the finite carrier density, one must use a
Bethe-Salpeter equation for the electron-hole pair function.
However, there is a simple analytical form which evaluate the

imaginary .part of the susceptibility.ﬁa)

In this formalism, eq.
(a.2) and (a.3) are simply combined. The egs. (a.2) is replaced

by 2nrch(E), where A(E) is represented by

E-ué~u

2kBTC

h

A(E) = tanh( ) . (a.4)

In this approximation, the formula,

> 2 _ _
Im X(E) = 27r _ A(E) §% | ¢,¢r=0) |" 8CE B,y By ) 5 (a.5)
is obtained.

In order to get an analytical form of Im X(E), we replace

the screened Coulomb potential in the Wannier equation by the

Hul then potential, and obtain a final form

Im x(E) = €tanhl ¢ E/T-L -k >/2 1 x
ng
{ £ w8 Ber1/1-1/21% ) x 2¢ g-12 )¢ 21%-g y/1%2% x
1=1
> _nfrn®1%-c go1% 5% |
n=1 ¢ n®-12 y( n21%2-g2 )
© 2 2
J 72 1 o1+ 5 2gn2-g s 18:C x-E ) } (a.6)
n=1 (n"—g )"+ n"g"x
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Here, all the parameters are written in dimensionless units as

represented by,

wp _ 3 _ a _ W .

€ =r_ /2majEp, ¥E=(CE E, )/Eg, ¥ = kpT/Eq, £,= #. /KT C i=e, h
), respectively. A parameter g is derived from the Hulthen
potential, and 1is described by g = 12/ma_ k. The screening vec-

B
tor, &« is a function of the <carrier distribution and is

represented by,

1/2 ®
k2 = —éig—— J dx x172 2 w3250 30 o0 1-£C x-%.y 1,
. 1 1 1
naB 0 i

(a.7)

where, ﬁi is the effective mass normalized by the reduced mass.
The line broadening function SF( X 9 is chosen as 1/[ wal'cosh( x/T
) ] in order to produce an exponential low-energy tail, which is

called Urbach tail. The results of the calculation are shown in

Fig. 40.
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Figure captions

Fig. 1 Time delay vs. wavelength caused by the group velocity

dispersion in the experiment (1). ( see text )

Fig. 2 Time delay vs. wavelength caused by the group velocity

dispersion in the experiment (2). ( see text )

Fig. 3 Time delay vs. wavelength caused by the group velocity

dispersion in the experiments (3) to (5). ( see text )
Fig. 4 The illustration of the hot-wall-epitaxy equipment.

Fig. 5 Time-resolved absorption spectra of CdSe observed under
the 2.12 eV excitation at 4.2 K. The spectrum denoted by "NO
PUMP" 'shows the spectrum without the pump. The pump-and-probe

spectra at 0 ps, 5 ps and 12 ps time delays are shown.

Fig. 6 Time-resolved absorption spectra of CdSe observed under
the 2.12 eV excitation at ithe room temperature. The spectrum
denoted by "“NO PUMP" shows the spectrum without the pump. The
pump—-and-probe spectra at O ps, 5 ps and 12 ps time delays are

shown.

Fig. 7 The change in the absorption coefficient divided by the
unperturbed absorption coefficient, -Aa/a observed under the 2.12
eV excitation at 4.2 K. The left part shows -8a/a in the linear

scale, and the right part shows -Aa/a in the logarithmic scale.
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The effective temperature of the hot carriers TC is estimated
from the distribution and the fitting shown by dashed lines. The
values of TC for spectra at 0 ps, 0.6 ps and 5 ps are 970 K, 850

K and 540 K, respectively.

Fig. 8 The change in the absorption coefficient divided by the
unperturbed absorption coefficient, -Aa/a observed under the 2.12
eV excitation at the room temperature. The left part shows -da/«
in the linear scale, and the right part shows -Aa/a in the
logarithmic scale. The effective temperature of the hot carriers
TC is estimated from the distribution and the fitting shown by

dashed lines. The values of TC for spectra at 0 ps, 0.6 ps and 5

ps are 1100 K, 860 K and 560 K, respectively.

Fig. 9 The change in the absorption coefficient divided by the
unpertﬁrbed absorption coefficient, -Aa/a observed under the 2.12
eV excitation at 4.2 K. The figure shows the spectra observed at
the late time ( solid lines ). The vertical scale is logarithmic
one. The fitted Fermi distribution functions are shown by dashed
lines. The effective temperature of hot carriers~TC for spectra

at 4 ps, 8 ps and 12 ps are 580 K, 440 K and 390 K, respectively.

Fig. 10 The change in the absorption coefficient divided by the
unperturbed absorption coefficient, -Aa/a observed under the 2.12
eV excitation at the room temperature. The figure shows the
spectra at the late time ( solid lines ). The vertical scale is
logarithmic one. The fitted Fermi distribution functions are

shown by dashed lines. The effective temperature of hot carriers
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Tc for spectra at 4 ps, 8 ps and 12 ps are 590 K, 460 K and 400

K, respectively.

Fig. 11 The absorption change normalized by the unperturbed
absorption coefficient, -Aa/a as a function of the time delay
observed under the 2.12 eV excitation at 4.2 K. All dots repre-
sent the experimental data and the solid lines represent the

fitting curves. The probe energy of each trace is shown in the

figure.

Fig. 12 The absorption change normalized by the unperturbed
absorption coefficient, =-Aa/a as a function of the time delay
observed wunder the 2.12 eV excitation at the room temperature.
All dots represent the experimental data and -the solid lines
represent the fitting curves. The probe energy of each trace is

shown in the figure.

Fig. 13 The change in the absorption coefficient, -Aa observed
under the 1.99 eV excitation at 10 K. Each curve is normalized
by the respective maximum value. The time delay of each spectrum

is shown 1in the figure. The lowest curve shows the pump laser

spectrum.

Fig. 14 The change in the absorption coefficient, -Aa observed
under the 1.99 eV excitation at 10 K. Each curve is normalized
by the respective maximum value. The time delay of each spectrum
is shown in the figure. The lowest curve shows the pump laser

spectrum.
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Fig. 15 The change in the absorption coefficient, -Aa observed
under the 1.99 eV excitation at 10 K. The time delay of each

spectrum is shown in the figure.

Fig. 16 The change_in the absorption coefficient, -Aa observed
under the 1.99 eV excitation in 10 K at the late time. The
spectra at 2 ps, 5 ps, and 10 ps time delays are shown. The

lowest curve shows the pump laser spectrum.

Fig. 17 The change in the absorption coefficient, -Aax as a
function of the time delay observed under the 1.99 eV excitation

at 10 K. The probe energy of each trace is shown in the figure.

Fig. 18 The change in the absorption coefficient, -Aa as a
function of the time delay observed under the 1.99 eV excitation
at the late time. The probe energy of each trace is shown in the

figure.

Fig. 19 Time-resolved absorption change, -Aa observed under the
resonant excitation of the A-exciton at 10 K around the time
origin. The vertical scale of each curve is normalized by the

respective maximum value. The lowest curve shows the pump laser

spectrum.

Fig. 20 Time-resolved absorption change, -Aa observed under the
resonant excitation of the A-exciton after the pump. The verti-
cal scale of each curve is normalized by the respective maximum

value. The lowest curve shows the pump laser spectrum.
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Fig. 21 Time-resolved absorption change, -Aa observed under the
resonant excitation of the A-exciton at the late time. The
vertical scale of each curve 1is normalized by the respective

maximum value. The lowest curve shows the pump laser spectrum.

Fig. 22 Time-resolved absorption change, -Aa observed under the
resonant excitation of the B-exciton before the time origin. The
vertical scale of each curve 1is normalized by the respective

maximum value. The lowest curve shows the pump laser spectrum.

Fig. 23 Time-resolved absorption change, -Aa observed under the
resonant excitation of the B~exciton around the time origin. The
vertical scale of each curve 1is normalized by the respective

maximum value. Thé lowest curve shows the pump laser spectrum.

Fig. 24 Time-resolved absdrption change, -Aa observed under the
resonant excitation of the B-exciton after the pump. The verti-
cal scale of each curve is normalized by the respective maximum

value. The lowest curve shows the pump laser spectrum.

Fig. 25 Time-resolved absorption change, -Aa observed under the
resonant excitation of the B-exciton at the long time delay. The
vertical scale of each curve 1is normalized by the respective

maximum value. The lowest curve shows the pump laser spectrum.
Fig. 26 Plots of the absorption change, -Aa as a function of the

time delay around the time origin. The probe energy EPr is 1.91

eV. A solid 1line shows the data taken under the B-exciton
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resonant excitation and a dashed line shows the data taken under

the A-exciton resonant excitation.

Fig. 27 Plots of the absorption change, -Ac as a function of the
time delay around the time origin. The probe energy Epr is 1.86
ev. A solid 1line shows the data taken under the B-exciton
resonant excitation and a dashed line shows the data taken under

the A-exciton resonant excitation.

Fig. 28 Plots of the absorption change, ~-Aa as a function of the
time delay around the time origin. The probe energy Epr is 1.84
eV. A solid 1line shows the data taken under the B-exciton
resonant excitation and a dashed line shows the data taken under

the A-exciton resonant excitation.

Fig. Zé Plots of the absorption change, -Az as a function of the
time delay around the time origin. The probe energy Epr is 1.82
ev. A solid 1line shows the data taken under the B-exciton
resonant excitation and the dashed 1line shows the data taken

under the A-exciton resonant excitation.

Fig. 30 Plots of the absorption change, -Aa as a function of the
time delay around the time origin. The probe energy Epr is 1.81
ev. A solid 1line shows the data taken under the B-exciton
resonant excitation and a dashed line shows the data taken under

the A-exciton resonant excitation.
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Fig. 31 Plots of the absorption change, -Aa as a function of the
time delay at the long time delay. The probe energies Epr are
shown in the figure. The solid lines show the data taken under
the B-exciton resonant excitation and the dashed lines shows the

data taken under the A-exciton resonant excitation. The horizon-

tal short bars represent the respective zero point.

Fig. 32 The change in the absorption coefficient, -Aa observed
under the resonant excitation of the A-exciton at 10 K. The
excitation density of each spectrum is shown in the figure. The

time delay is 0 fs.

Fig. 33 The change in the absorption coefficient, -Aa observed
under the resonant excitation of the A-exciton at 10 K. The
excitation density of each spectrum is shown the figure. The

time delay is 150 £s.

Fig. 34 Temporal changes in the spectrally integrated value of
the bleaching, ASB ( solid lines ) and that.of the induced ab-
sorption, ASA observed under the 1.99 eV excitation at the short
time delay. The left part shows the data in the linear scale,

and the right part in the logarithmic scale.

Fig. 35 Temporal change in the spectrally integrated value of
the bleaching, ASB ( solid lines ) and that of the induced ab-
sorption, ASA observed under the 1.99 eV excitation at the long
time delay. The 1left part shows the data in the linear scale,

and the right part in the logarithmic scale.



Fig. 36 Temporal change in the spectrally integrated value of
the bleaching, ASB ( solid lines ) and that of the induced ab-
sorption, ASA observed under the B-exciton resonant excitation at
the short time delay. The left part shows the data in the linear

scale, and the right part in the logarithmic scale.

Fig. 37 Temporal change in the spectrally integrated value of
the ©bleaching, ASB ( solid lines ) and that of the induced ab-
sorption, ASA observed under the B-exciton resonant excitation at
the 1long time delay. The left part shows the data in the linear

scale, and the right part in the logarithmic scale.

Fig. 38 Temporal change in the spectrally integrated value of
the bleaching, ASB ( solid lines ) and that of the induced ab-
sorption, ASA observed under the A-exciton resonant excitation at
the shért time delay. The left part shows the data in the linear

scale, and the right part in the logarithmic scale.

Fig. 39 Temporal change in the spectrally integrated value of
the bleaching, ASB ( solid lines ) and that of the induced ab-
sorption, ASA cbserved under the A-exciton resonant excitation at
the 1long time delay. The left part shows the data in the linear

scale, and the right part in the logarithmic scale.

Fig. 40 A calculated absorption spectrum based on the general-
ized Elliot formula. The detail of the calculation is described

in the appendix. The so0lid line shows the result for the low



carrier density ( =~ 1014 crn_3 > and the dashed line shows the

result for the high carrier density ( ~ 1017 cm"3 ).

Fig. 41 Calculated absorption spectra of the interband transi-
tion in direct-gap semiconductors. A solid 1line shows the

isotropic case, and a dashed line the anisotropic case.

Fig. 42 The electron and hole distribution functions simulated
by means of the Monte-Carlo method. The dashed lines show the
electron distribution function, and the dotted lines show the
hole distribution function. The solid lines show the sum of both
the distribution functions. The bottom curve shows the initial

distribution.

Fig. 43 The electron and hole distribut;on functions simulated
by me;ns of the Monte-Carlo method. The dashed lines show the
electron distribution function, and the dotted lines show the
hole distribution function. The solid lines show the sum of both

the distribution functions.

Fig. 44 Temporal change of the effective temperature of hot
carriers Tc at 4.2 K. Solid circles show experimentally es-
timated temperature. A so0lid 1line 1is the best fitted result

based on eq. (4.2.2) in the text. Here, the vertical scale of TC

is replaced by Th = ( u/mh )Tc, corresponding tuv the case that

hot carriers are hot A-holes. Then, initial temperature of 'I‘h is

220 K and the phonon emission time 7. is 1.5 ps.

h
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Fig. 45 Temporal change of the effective temperature of hot
carriers Tc at the room temperature. Solid circles show ex-
perimentally estimated temperature. A solid line is the best
fitted result based on eq. (4.2.2) in the text. Here, the verti-
cal scale of TC is replaced by Th = ( u/mh )TC, corresponding to
the case that hot carriers are hot A-holes. Then, initial tem-
perature of Th is 200 K and the phonon emission time 7, is 2.0

h
pPs.

Fig. 46 The relaxation time constants of the bleaching as a
function of the photon energy observed under the 2.12 eV excita-
tion at 4.2 K ( solid line ) and the room temperature ( dashed
line ) in the logarithmic scale.

Fig. 47 The change in the absorption induced by the rigid energy
shift :of the wunperturbed absorption spectrum, ad(E)-ad(E-SE).

The rigid energy shift 8E is taken to be 4 meV in this figure.

Fig. 48 Excitation density dependence of the spectrally
integrated bleaching, ASB ( solid circles ) and the spectrally
integrated  induced absorption, ASA ( solid squares ) observed

under the resonant excitation of the A-exciton at 0 fs.

Fig. 49 Excitation density dependence of the spectrally
integrated bleaching, ASB ( solid circles ) and the spectrally
integrated induced absorption, AS ( solid squares ) observed

A
under the resonant excitation of the A-exciton at 150 f£s.
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Fig. 50 Fitting of the line broadening. The solid line shows

the experimental spectrum observed under the A-exciton resonant

excitation at 560 fs. The dashed line shows the calculated

spectrum based on the broadening of two Lorentzians.
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