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The carrier intraband relaxation in CdS is studied with femtosecond time resolution using the
luminescence up-conversion technique. The cooling dynamics of high-density carriers clearly show
the nonequilibrium buildup of high populations of certain modes for both longitudinal optical and
acoustic phonons. The acoustic-mode disturbances develop on the subpicosecond time scale and
are observed as a transient reduction of the carrier energy-loss rate through the retardation of the
optical-phonon decay (the effect of the “acoustic-phonon bottleneck”).

The energy losses of hot electron-hole (e-h) plasmas in
polar semiconductors are dominated by the long-range
Frohlich interaction involving longitudinal optical (LO)
phonons.! The carrier energy-loss rate calculated for this
scattering mechanism is density independent? and ex-
plains well the spectroscopic data taken at relatively low
optical excitation intensities.!*> On the other hand, stud-
ies of energy relaxation at high carrier densities show a
strong reduction of the cooling rate with increased exci-
tation level.#™® The decrease of the cooling rate at high
carrier densities can result from two effects: screening of
the long-range polar carrier LO-phonon interaction!®™12
and the buildup of a nonequilibrium population (amplifi-
cation) of the LO-phonon modes in the center of the Bril-
louin zone.'3716 The LO-phonon amplification leads to
increased phonon reabsorption competing with phonon
emission.

The first experimental observations of the reduced
cooling rates have been attributed to the screening of
the polar interaction.®®> However, theoretical studies in-
corporating both effects demonstrate that in the presence
of LO-phonon disturbances free-carrier screening plays
a negligible role in the retardation of the carrier cool-
ing up to concentrations of about 101 cm—3.13:1¢ Thus,
the dominant process in the slowing down of carrier re-
laxation at moderate concentrations is related to the
nonequilibrium population of the zone-center LO-phonon
modes. The LO-phonon amplification during the energy
relaxation of carriers has been directly observed in Ra-
man spectra of laser excited semiconductors.17 19

Experimental studies of carrier intraband relaxation
have been mainly concentrated on III-V semiconduc-
tors such as bulk GaAs and GaAs/Al,Ga;_,As quantum
wells (see, for example, Refs. 3-7). Only a few studies on
this subject have been performed in other polar materials
such as the II-VI semiconductors CdS and CdSe.8:9,20724
These semiconductors are of more polar character than
GaAs, which implies a stronger carrier LO-phonon inter-
action. In addition, II-VI compounds are characterized
by a strong anharmonic coupling between LO and acous-
tic phonons.2® The corresponding coupling constant is
more than an order of magnitude larger in CdS than in
GaAs. On one hand this hampers the development of the
LO-phonon disturbances; on the other hand, as we will
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show, this leads to a fast buildup of an acoustic-mode
population, which in turn can affect the carrier relax-
ation.

In the present paper we report on femtosecond mea-
surements of the e-h plasma relaxation dynamics in
CdS performed by the luminescence up-conversion tech-
nique in the carrier concentration range between 0.3 and
1.4x10'® cm~3. The measured carrier relaxation rates
are far below the values calculated for the polar carrier
LO-phonon interaction in the absence of the phonon dis-
turbances. The data recorded at delays of 300-800 fs
can be well explained assuming the buildup of a large
population of the zone-center LO phonons whose decay
into “cold” acoustic modes dominates the cooling of the
coupled e-h plasma LO-phonon system. An additional
reduction of the energy-loss rate observed at longer de-
lays is explained by a reduced decay of LO phonons re-
sulting from the partial heating of acoustic modes. As
will be shown, this process develops in CdS on the sub-
picosecond time scale. To our knowledge, this is the first
experimental observation of the transient reduction of the
carrier cooling rate due to generation of a nonequilibrium
acoustic-phonon population.

The samples under investigation are CdS monocrystal
platelets with the ¢ axis in the platelet plane. The sam-
ples are excited at 3.1 eV by frequency-doubled 100-fs
pulses from a mode-locked Ti-sapphire laser. The lumi-
nescence from the sample is mixed in a nonlinear beta-
barium borate crystal with a delayed pulse at the fun-
damental frequency of the Ti-sapphire laser generating
a sum-frequency signal in the near UV spectral region.
The up-converted signal is dispersed in a monochroma-
tor and finally detected by a cooled photomultiplier. The
time resolution of the system is 170 fs. All measurements
are performed at room temperature.

Time-resolved photoluminescence spectra of CdS taken
at pump intensity I, = 26 mW are shown in Fig. 1. The
corresponding photogenerated carrier concentration n. p
is 1.4x10'® cm~3. The measured luminescence spectra
consist of one broadband at 2.46 eV with exponential
slopes to high and low energies from the maximum. The
study of the luminescence dynamics at different wave-
lengths within the measured band shows clear differences
in the temporal behavior in the spectral regions below
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FIG. 1. Time-resolved photoluminescence spectra of CdS
(300 K) measured at excitation intensity I, =26 mW. The
inset schematically depicts the band structure of CdS in the
center of the Brillouin zone.

and above ~ 2.5 eV.2% This indicates the contributions
of at least two different mechanisms of recombination to
the recorded luminescence band. In the present paper
we concentrate on the high-energy part of the spectra
(fw > 2.5 €V). This spectral region is located above the
fundamental band gap and can be therefore attributed to
the e-h plasma recombination. The exponential behavior
of the high-energy tail of the spectra shows that carriers
(electrons and holes) can be characterized by the Fermi-
Dirac distributions with a common temperature T}, given
by the slope of this tail. The absence of any nonthermal
features in the measured spectra indicates that the intra-
band thermalization time is short compared to our time
resolution (170 fs).

We have fitted the high-energy part of the mea-
sured spectra to the calculated spectra of direct plasma
recombination?® to derive the plasma temperature T}, and
concentration n. . The results of the fitting procedure
for T, are presented in Fig. 2 for different excitation in-
tensities and for delay times up to At = 2 ps (the cooling
dynamics in the picosecond range are shown in the inset).

The excess carrier energy determined by the pump-
photon energy corresponds to the plasma temperature
of about 2500 K. The maximum temperatures observed
in the experiment, however, do not exceed 1000 K. Due
to limited time resolution, we are not able to follow the
initial phase of carrier relaxation during the first 200 fs.
Within this time the carriers lose more than half of their
excess energy by fast emission of LO phonons. This leads
to a strong heating of zone-center LO phonons and, as
a result, to a reduced cooling rate at the second slower
stage of carrier relaxation (At > 200 fs) studied by us.
This stage is characterized by nonexponential dynamics
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FIG. 2. Cooling curves derived from the time-resolved pho-
toluminescence spectra of CdS (300 K) at excitation intensi-
ties 6, 10, and 26 mW (corresponding carrier concentrations
are 0.32, 0.54, and 1.4x10'® cm™3). The inset shows the
long-term temperature dynamics at I, = 6 and 26 mW.

(see Fig. 2). The cooling slows down with increasing
time. At I, = 6 mW, the plasma temperature reaches
that of the lattice (T}a4) within 10 ps after excitation. At
I, = 26 mW, however, the carrier temperature remains
significantly higher than Ti,; (by 50-60 K) even at de-
lays of about 20 ps. This long-lasting disparity cannot
be explained by sample heating. Taking into account
the known heat capacity of CdS (2.08 JK~!cm™3) and
the total excited volume of the sample, one can get that
the transient heating (single pump-pulse energy depen-
dent) in the experiments performed does not exceed 0.4
K. The effect of the accumulation of heat (dependent
of the cw-laser power) can be estimated from the heat-
diffusion equation, which gives the value of 1 K for the
maximum background heating. Thus, both the transient
and the background heating are much less than the slow-
relaxing part of the plasma excess temperature that, as
discussed in detail below, is indicative of the long-lasting
nonequilibrium in the phonon distributions.

In Fig. 3 the energy-loss rates per carrier derived from
the data in Fig. 2 are plotted vs plasma temperature.
The points shown are taken for delays At > 200 fs, which
correspond to the plasma cooling in the absence of the
pump. The carrier cooling rates at small delays (At <
700-800 fs) appear nearly independent of the pump in-
tensity. At longer delays, however, large deviations with
changing excitation level are observed. In the present pa-
per, we analyze the energy relaxation within 2—-3 ps after
excitation. On this time scale, the recombination and
diffusion do not affect the temperatures. The evolution
of temperature is entirely related to the plasma cooling
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through carrier phonon interaction.

As already mentioned, the dominant mechanism for
carrier energy losses in polar semiconductors is the
Frohlich interaction with LO phonons.! In Fig. 3, the
corresponding energy-loss rates (dashed line) are com-
pared with experimental data. The measured values
are obviously much smaller, differing from the calculated
ones by a factor from about 10 (at At = 300 fs) to about
200 (at At = 3 ps). The free-carrier screening even in the
most effective static form!® reduces the relaxation rate by
not more than a factor of 2 (dotted line in Fig. 3), which
is clearly not enough to explain the experimental data.

It is known that the buildup of the zone-center LO-
phonon modes is the main reason for a reduced carrier
cooling in ITI-V semiconductors.!371¢ The evolution of
the LO-phonon distribution function is determined by
the competition between polar interaction with carriers
and the anharmonic interaction with acoustic phonons.
The first process drives the LO-phonon system into ther-
mal equilibrium with the e-h plasma and the second
forces the LO phonons into thermal equilibrium with
acoustic phonons. These competing tendencies can be
described by two characteristic times 74, and 74,.'® The
first time represents the carrier LO-phonon interaction;
the second describes the anharmonic decay of a zone-
center LO phonon into two counterpropagating acoustic
phonons?® with energies hw, = %ﬁwo, where Awg is the
energy of the zone-center LO phonon.

The critical carrier concentration n.. for the onset of
the LO-phonon amplification is determined by the con-
dition 7T4. = 744, which gives ng ~ 2 x 10 cm™3. The
carrier concentration in the measurements performed ex-
ceeds by far this value. Therefore, a strong LO-phonon
amplification is expected. The phonon nonequilibrium
develops on a time scale given by 74, = %Tqa. Using
T4a(300 K) = 0.56 ps (Ref. 27), we find that 74, is less
than 40 fs at a plasma concentration 3x107 cm™3 corre-
sponding to the lowest intensity in the experiments per-
formed.

As was mentioned, the energy-loss rates shown in
Fig. 3 are derived for delays exceeding 200 fs. The
above estimates lead to the assumption that during this

1 pr—————— T

- ==T== e
E polar unscreengcl___-—"'-?::: """"""""""""""""""" At =300 - 400 fs 3
_________________ polar screened
or L // .......

i~ E ’ . E
& ! LO-phonon decay 7
> ; T,=365K 1
E oot} 3
2 ] E
5]
& F
2 L
3 0.001 E Experiment E
— 3 H ] =26mW
&0 F b
& [ A 10mW
8 o000t | © omw 3

E [ ] E

$at=10.5-205ps
o ]
0.00001 L1 1 —l L *
300 400 500 600 700

T, ()

FIG. 3. Energy-loss rate per carrier found from the mea-
sured cooling curves (symbols) and calculated (lines) for dif-
ferent energy-loss mechanisms (see text).
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time a large number of zone-center LO-phonon modes
are heated up to the plasma temperature. The cool-
ing dynamics of this coupled plasma-LO-phonon system
are governed by the decay of LO-phonons into acous-
tic phonons (the “LO-phonon bottleneck”).'371¢ Under
steady state conditions, the energy-loss rate per carrier

for this energy-loss mechanism is given by!5
hwg n
T = — s [NVa(Tp) = No(Ta)], (1)
qa  4Te,

where n, is the concentration of LO-phonon modes ex-
cited, and Ny(Tp) and Ny(T,) are the LO-phonon occu-
pation numbers for phonon temperatures T, = T, and
T., respectively. The dynamical energy-loss rate mea-
sured in the absence of the pump is smaller than a static
one by a factor determined by the plasma contribution
to the heat capacity of the coupled carrier LO-phonon
system:!® Jgyn = %:h(l + %flh)“let, where Cep, and Cy
are the heat capacities of the e-h plasma and amplified
LO-phonon modes, respectively. The ratio between the
heat capacities of the plasma and the LO phonons is es-
timated to be less than 15% for the concentration and
the temperature ranges under consideration. Therefore,
compared to C, the plasma heat capacity can be ignored,
which leads to the following final expression for the dy-
namical energy-loss rate:

Jd'yn ] (Ceh/cq) Jst

_ 3 hwo <4 _4) Ny(Ta) (k_T_> ol
2 Tqa N, q (TP) ﬁ(.UO

(2)
Under the condition of strong LO-phonon amplification
(Cq > Cep) the plasma energy-loss rate is independent of
carrier concentration. This agrees very well with exper-
imental data measured at small delays (see Fig. 3). In
order to clarify the experimental results, we have plotted
in Fig. 3 (solid lines) the energy-loss rates derived from
Eq. (2) assuming different temperatures of the acoustic
modes T,. For all three pump intensities, the experimen-
tal points taken at delay times from 300 to 800 fs coincide
well with a curve calculated assuming the LO-phonon de-
cay into “cold” acoustic modes (T, = T}a4) with a charac-
teristic time 744(300 K) = 430 fs (thick solid line in Fig.
3). This value agrees well with the data derived from Ra-
man spectroscopy.?” The energy rates measured at longer
delays deviate from the above curve with increasing ex-
citation level. This deviation can be explained by the
retardation of the LO-phonon decay resulting from the
partial heating of acoustic modes.

The data taken at the lowest pump intensity (6 mW)
differ only slightly from the calculations performed in the
absence of the acoustic-mode disturbances and can be
well explained assuming the heating of acoustic phonons
up to 313 K [thin solid curve (a) in Fig. 3]. At the
same time, the data taken at 26 mW show a significant
deviation from the calculations performed for T, = Tjas.
A strong heating of acoustic modes up to nearly 360 K
at At =~ 1 ps has to be assumed [thin solid curve (c) in
Fig. 3]. As was mentioned, this cannot be explained by
the sample heating and strongly evidences for the selec-
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tive heating of the limited number of the acoustic modes,
most strongly coupled to the zone-center LO phonons.
The assumption about the partial heating of acous-
tic phonons is confirmed by the simulation of the short-
term cooling dynamics performed according to the tem-
perature approach of Refs. 13 and 14 by taking into ac-
count the nonequilibrium occupation of both LO- and
acoustic-phonon modes. The carrier phonon scattering
mechanisms taken into consideration are the statically
screened polar and unscreened nonpolar carrier optical-
phonon interaction. The results of the simulation for
temperature dynamics of the e-h plasma, LO phonons (at
g = 5.7 x 10% cm~1), and acoustic phonons are presented
in Fig. 4 in comparison with experimental data measured
at nep =1.4x10'® cm™3. As expected, shortly after ex-
citation within the first 200-300 fs the LO-phonon-mode
temperature reaches the plasma temperature. At longer
times LO-phonon decay governs the cooling of the cou-
pled plasma-LO-phonon system. The fast decay of LO
phonons leads to the nonequilibrium population of the
selected acoustic-phonon modes, which develops within
about 1 ps and results in the further decrease of the car-
rier cooling rate. Let us note that acoustic-phonon am-
plification develops in GaAs on a much slower time scale
[in GaAs 74,(0) = 15 ps (Ref. 17) in comparison with 1.2
ps in CdS] and is, therefore, more difficult to observe.
In conclusion, we have studied with femtosecond time
resolution the cooling of e-h plasma in CdS excited by
100-fs pump pulses. The measured energy-loss rates of
carriers are well below the characteristic values of the
polar carrier LO-phonon interaction (for both, the un-
screened and the statically screened forms). This indi-
cates a strong LO-phonon amplification and an impor-
tant role of the plasma cooling through the “LO-phonon
bottleneck.” The LO-phonon decay into “cold” acoustic
modes explains well the experimental data taken at small
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FIG. 4. Measured dynamics of carrier cooling (circles)
in comparison to calculation (lines). Temperature dynam-
ics in e-h plasma, LO-phonon (¢ = 5.7 x 10° cm™'), and
acoustic-phonon systems are shown by solid, dashed, and
dashed-dotted lines, respectively.

delay times (from 300 to 800 fs). The further strong re-
duction in the cooling rate observed at longer delays is ex-
plained by the nonequilibrium population of the acoustic
modes built up by decay of the zone-center LO phonons
(an “acoustic-phonon bottleneck”).
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