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Dense electron-hole plasma cooling due to second nonequilibrium-phonon bottleneck
in CdS crystallites

S. Jursˇėnas, G. Kurilčik, and A. Žukauskas*
Institute of Materials Science and Applied Research, Vilnius University, Naugarduko 24, 2006 Vilnius, Lithuania

~Received 1 April 1998!

Quantitative evidence on the existence of a second nonequilibrium-phonon bottleneck for dense electron-
hole plasma cooling in a highly excited polar semiconductor is presented. The bottleneck is caused by recurrent
fusion of nonequilibrium LO phonons from their decay products~daughter phonons!. Carrier cooling was
experimentally investigated in CdS, which offers a favorable phonon dispersion. Crystallites of 50-nm radius
were utilized to prevent stimulated recombination and diffusion of photoexcited electron-hole plasma with a
density around 1.531019 cm23. A transient of carrier effective temperature, deduced from time-resolved
luminescence spectra, exhibit a slow-relaxation component with the time constant of 70 ps at room tempera-
ture. The transient was shown to be in quantitative consistence with the theoretical model based on Boltzmann
equations for two generations of nonequilibrium phonons and degenerate-carrier energy rate equation with the
energy income due to recombination effects~nonradiative capture via multiphonon emission, fermion self-
heating, and band-gap renormalization! taken into account. The observed cooling rate agrees with two
nonequilibrium-phonon bottlenecks with the depopulation time constants deduced from the available Raman
data~0.5 ps for LO phonons and 12.4 ps for daughter phonons!. @S0163-1829~98!08543-9#
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I. INTRODUCTION

In highly excited semiconductors, nonequilibriu
phonons emitted via intraband transitions of hot carriers
be reabsorbed. After carrier quasithermalization to distri
tion with the effective temperatureT, relaxation of the carrier
mean energy thus may slow down to a degree determine
the rate of anharmonic depopulation of the nonequilibri
phonons, i.e., by hot-phonon ‘‘cooling.’’ The depopulatio
of nonequilibrium optical phonons takes place on the ti
scale of;1 ps at room temperature,1 which is much larger
than that due to carrier-phonon interaction (;100 fs).2 This
effect, designated as ‘‘nonequilibrium phonon bottleneck
is widely accepted, especially in polar direct-gap crysta
where long-range Fro¨hlich carrier-phonon coupling results i
efficient amplification of LO vibrations in the central part
the Brillouin zone, which contains small amount
modes.3–6

Under extreme levels of photoexcitation, even slow
cooling of carriers (;100 ps) was observed in GaAs7

GaSe,8 CdSe,9 CdS,10 and CdxS12xSe.11 Initially, some data
was accounted for by a crude approximation of screening
the carrier-phonon coupling, which was based on tenta
estimations performed in Ref. 12. Later, the experimen
data was shown to be in line with a simple balance-equa
model of two generations of nonequilibrium phonons ea
embracing a compact region of thek space.11,13 The first
generation of nonequilibrium phonons, i.e., those direc
produced by hot carriers, reside within the zone-center
gion of the LO branch. The second-generation~daughter!
ones, produced via anharmonic decay of the nonequilibr
LO phonons, are supposed to excite a certain spherical l
of the k space around the wave number of phonons wit
half LO-phonon frequency. The long-lived nonequilibriu
daughter phonons hinder the depopulation of nonequilibr
LO phonons via recurrent fusion, thus additionally slowi
the carrier cooling~second nonequilibrium-phonon bottle
PRB 580163-1829/98/58~19!/12937~7!/$15.00
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neck!. However, by using a detailed description of noneq
librium phonons of two generations in each cell of the rec
rocal space, Kra´l and Hejda14,15 have shown that the
nonequilibrium daughter phonons rapidly fuse to the ca
cious short-wavelength region of the ‘‘mother’’ LO branc
They came to a conclusion that this relaxation route res
in a negligible heating of the daughter phonons, and, the
fore, only first nonequilibrium-phonon bottleneck is substa
tial for carrier cooling. After all, recently we hav
demonstrated16 that this is true only for moderate carrier de
sities utilized in Refs. 14 and 15. Actually, for hot-carri
densities above 1019 cm23, the short-wavelength region o
the LO branch may also be brought out of thermal equil
rium. Moreover, certain peculiarities of the vibration spec
may result in elimination of the zone-boundary modes fro
the nonequilibrium-phonon interplay. Additionally, th
manifestation of the second bottleneck can be consider
enhanced by effects of recombination heating in degener
fermion system17 and by LO-phonon production due to ca
rier capture by deep centers via multiphonon emiss
~MPE!. Below we present first experimental evidence
slow carrier cooling, which is in quantitative agreement w
the extended model of Ref. 16.

The structure of the rest of the paper is as follows. In S
II, we ground our selection of CdS crystallites as a mo
system for observation of the second bottleneck and bri
describe the experimental setup. Then the luminesce
spectra and deduced transients for the carrier effective t
perature and for other parameters required to estimate
electron-hole plasma~EHP! density are presented. In Se
III, we outline our theoretical scheme. Section III A contai
basic kinetic equations of the model describing the variat
of the effective temperature for dense EHP. The plasma d
sity being of crucial importance for slow cooling, the deta
of the carrier recombination rate in large nanocrystals
described in Sec. III B. In Sec. IV, we show an application
our numerical approach to the experimental data and dis
12 937 ©1998 The American Physical Society
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the reliability of the fitting parameters. Finally, in Sec. V w
summarize the results and present our view of the appl
bility of the second-bottleneck model in other conditions.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The most convenient way to experimentally observe
peculiarities of the carrier mean-energy relaxation is to tr
the temporal evolution of the carrier effective temperat
after the photoexcitation by a short pulse. A simple insig
into EHP transient behavior is offered by time-resolved
minescence spectroscopy. To quantitatively identify the s
ond bottleneck, experimental conditions must provide fac
ties to define the carrier density with minimal ambiguit
However, the required density regime (n.1019 cm23) im-
plies degeneracy of the electron-hole plasma even at e
tive temperatures elevated high above the room tempera
In a crystal with one or more extended dimensions, this
vokes stimulated emission and enhanced diffusivity wh
are difficult to control. Therefore, a quasi-zero-dimensio
semiconductor specimen was chosen as the most favo
investigation object, in which the carrier density is homog
neous and predominantly determined by the rates of ph
generation and spontaneous recombination. Such crysta
of nanometer dimensions are extensively investigated
cause of their unique optical properties related with car
or/and exciton confinement.18 However, here these objec
were utilized as nothing but small bulklike containers of h
and dense EHP.19 In the present work, ‘‘large’’ CdS nanoc
rystals embedded in a multicomponent glass matrix w
used. The sample, which was fabricated by Ekimov,20 con-
tained crystallites with the average radiusa550 nm. The
crystallite size was small enough to ensure homogene
photoexcitation via one-photon process~the absorption
length for the incident light with the photon energy of 3.5
eV is ;100 nm). On the other hand, it was sufficiently lar
to neglect quantum confinement effects~the exciton Bohr
radius is 3 nm in CdS! and to prevent small-size-induce
breakdown ofk-selection rules for electronic transitions~the
inverse average wave number of electrons at 300 K is
than 3 nm!. Finally, a low density of crystallites in the matri
~1% volume! suggested suppression of stimulated emiss
because of large diffraction losses.

The sample was excited by using the third harmonics o
passively mode-locked YAG:Nd31 ~yttrium aluminum gar-
net! laser ~the duration of the Gaussian pulse is 28 ps,
repetition rate is 2.7 Hz!. The experimental results present
below are obtained at the incident density of ene
1.4 mJ/cm2. With reflectance estimated, this correspond
the averaged power density of 40 MW/cm2. The secondary
emission was temporally resolved by means of a CS2 optical
Kerr shutter, dispersed by a 0.4-m grating monochroma
and recorded photoelectrically. To additionally monitor t
transient variation of the carrier density, spectrally integra
intensity of each spectra was registered. Before measu
the luminescence spectra, the sample was exposed to se
thousand laser shots to stabilize the emission propertie
photomodification.21

Figure 1 depicts some luminescence spectra obtaine
different delay after the excitation pulse. The spectra are s
to contain one emission band with features characteristi
a-
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radiative recombination in dense EHP.22–24 The high-energy
region of the spectra reflects the carrier effective tempe
ture. The width of the band can be used for rough estima
of the carrier density, providing that some degeneracy
present and the stimulated emission is negligible. To ext
the values of the effective temperature and density, the s
tra were fitted with conventional line shapes with t
k-selection rule for band-to-band transitions taken in
account.24,25 The energy of the renormalized band gap w
also determined from the fitting procedure. Points in Fig
show the transient evolution of all obtained parameters. T
excess effective temperature@Fig. 2~a!# is seen to reach a
value of'300 K at zero delay and to relax to the equili
rium value with a time constant of about 70 ps. In spite
large errors, the carrier density@Fig. 2~b!# can be asserted to
reach the peak values slightly above 1019 cm23, after the
excitation pulse is terminated, and to relax on the;100 ps
time scale. The variation of the EHP temperature and den
makes the renormalized band-gap change in time@Fig. 2~c!#.
Kinetics of the luminescence intensity integrated over
spectrum is depicted in Fig. 2~d!. After some rise time and
nonexponential relaxation, the integrated intensity tends
decay with a time constant of 150 ps.

III. THEORY

A. Kinetic equations

To simulate a transient of the effective temperature,
employ a kinetic model that starts from the rate equation
total carrier energy per unit volume with conventional co
cepts of photogeneration, recombination, and carrier-pho
energy exchange taken into account.3 Below, a brief descrip-
tion of the extended model, which includes Boltzmann eq
tions for occupation numbers of nonequilibrium phonons
two generations,15 is presented. The description is based
the approach developed in Ref. 16.

FIG. 1. Transient luminescence spectra of CdS crystallites.
spectra are arbitrarily shifted along the vertical axis. The delay t
after the exciting pulse is indicated at each spectrum. Solid lin
approximations by calculated line shapes. Arrows indicate the
ergy of the renormalized band gap.
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It should be noted that when the threshold of the plas
degeneracy is reached, the carrier density becomes co
rable with the density of phonon modes the carriers are
teracting with. This circumstance results in the emerging
new effects in hot-carrier energy relaxation, which are n
ligible at moderate carrier density. For instance, at high h
carrier density, slow recombination-induced variation of f
mion meanenergy17 may result in significant rate oftotal
energy release. This release is capable of maintaining
nonequilibrium occupation numbers of the relevant phon
modes for a time comparable with the carrier lifetime. Aga
the nonequilibrium phonons produced via nonradiative
combination of a large amount of carriers may prolong
manifestation of hot-phonon bottlenecks. Here these w
effects are taken into consideration. In the present pa
band-gap renormalization effect is additionally introduced
regard the mean-energy variation caused by carrier inte
tion.

The carrier mean-energy relaxation and the interplay
tween two generations of nonequilibrium phonons is cons
ered within an isotropic approximation of electronic and
bration spectra. For simplicity, the holes are treated withi
single valence band, thus, the effects due to intervalen
band scattering5 are neglected. The Brillouin zone is approx
mated by a sphere of the same volume with the radiusqM .
The carriers are assumed to interact with the only one
persionless LO-phonon branch, and the daughter-pho
branch is supposed to be optical and weakly dispersed w

FIG. 2. ~a! Temporal evolution of the carrier effective temper
ture in CdS crystals. Points, experimental values; solid line, re
of the numerical simulation; dotted line, same without seco
nonequilibrium-phonon bottleneck taken into account; dashed l
effect of ‘‘bare’’ second bottleneck~recombination-induced effect
neglected!. ~b! Transient behavior of the carrier density. Poin
experiment; line, calculation.~c! Same for the renormalized band
gap energy.~d! Transient of the spectrally integrated luminescen
intensity. Points, experiment; line, calculation convoluted with
temporal profile of the gate.
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a linear law.26 The phonon-phonon coupling is assumed to
independent of phonon wave vectors.15

Consider temporal variation of the effective temperatu
for homogeneously photoexcited plasma with the density
the electron-hole pairsn. The exciting pulse is assumed to b
long enough for Fermi-Dirac distributions in both electro
and hole subsytems to be established with the uniform ef
tive temperatureT. Generally, the effective temperature va
ies in accordance with the variation of the carrier total ene

E~n,T!5nS Ẽg1
3

2
kBT(

i

F3/2~h i !

F1/2~h i !
D , ~1!

where Ẽg5Ẽg(n,T) is the renormalized band gap,h i
5j i /kBT, and j i5j i(n,T) are the Fermi quasilevels fo
electrons (i 5e) and holes (i 5h); F j (x) is the Fermi inte-
gral of the orderj. To estimate the band gap renormalizatio
the results of the partly phenomenological approach27 were
utilized. For carrier temperatures and densities under con
eration,

Ẽg5Eg2
p2aBk

12
ER , ~2!

whereEg is the initial band gap,aB andER are the exciton
Bohr radius and Rydberg energy, respectively. The inve
screening length is

k5S e2n

«0«skBT(
i

F21/2~h i !

F1/2~h i !
D 1/2

, ~3!

where«s is the static dielectric constant.
The rate equation for the carrier total energy is

dE

dt
5hn incG~ t !2

E

n
R1Pc-ph , ~4!

wherehn inc is the incident photon energy,G is the carrier
photogeneration rate, andR is the recombination rate. Here
each recombination event is assumed to remove the ave
energyE/n from the system. The third term on the righ
hand side of Eq.~4! is the ordinary power of the carrier
phonon exchange, which is obtained by summing the rate
LO-phonon production by carriers28 over all phonon modes
with the wave numbersq. Screening of carrier-phonon cou
pling was taken into account in the static limit of random
phase approximation by reduction of the relevant rate c
stants by a factor@11(kq)22#2. The power of the carrier-
phonon exchange depends on carrier density and effec
temperature as well as on mean occupation numbers of
phononsnq .

Comparison of Eqs.~4! and~1! in the manner used in Ref
17 yields

dT

dt
5S ]E

]TD 21F S hn inc2
]E

]n DG~ t !2S ]E

]n
2

E

n DR1Pc-phG .
~5!

Here the partial derivatives on temperature and density
obtained by explicit differentiation of Eq.~1!. The first term
in the brackets of the right-hand side of Eq.~5! is the energy
income rate due to carrier-pair generation by photons and
second one is the power released during the recombina
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The magnitude and the sign of the latter is determined by
competitive variation of the gap width and the mean kine
energy of the electron-hole pairs with carrier density a
effective temperature. For instance, when the carrier den
is decreasing, the relevant drop of the Fermi quasilevels
creases the effective temperature,17 while the band gap wid-
ens at the expense of the reduction of kinetic energy.

The LO-phonon occupation numbers, which determ
the powerPc-ph , are assumed to vary in accordance with t
Boltzmann equation

dnq

dt
5S ]nq

]t D
c

1S ]nq

]t D
N

1S ]nq

]t D
nr

, ~6!

where the first term on the right-hand side is the phon
production rate due to carrier intraband transitions.28 The
second term is the rate due to the three-phonon anharm
interaction with the ensemble of daughter phonons charac
ized by wave numbersQ and mean occupation numbersNQ .
For daughter phonons with the frequency differing little fro
half of LO phonon frequencyv0

S ]nq

]t D
N

52
1

q0~0!QS
2q
E

QS2q̃/2

QS1q̃/2
Q~2QS2Q!

3@nq~11NQ1N2QS2Q!2NQN2QS2Q# dQ

at q,2QS , ~7!

whereQS is the daughter-phonon wave number at the s
harmonic frequencyVQS

5v0/2, and q0(0) is the zero-
temperature zone-center LO phonon lifetime. The integra
interval is q̃5min@q,2(qM2QS)#. The energy and momen
tum conservation yield zero rate atq.2QS . Assuming that
the phonons of higher generations are almost in equilibriu
the occupation numbers of the daughter phonons obey
Boltzmann equation

dNQ

dt
5S ]NQ

]t D
n

2
NQ2NQ

~0!

QQ~T0!
, ~8!

whereNQ
(0) is the equilibrium occupation number,QQ(T0) is

the characteristic time constant of the anharmonic relaxa
to lower-frequency phonons at the ambient temperature.
daughter-phonon production rate due to the three-pho
process involving LO phonons is

S ]NQ

]t D
n

52
2~2QS2Q!

q0~0!QS
2Q

E
2uQS2Qu

Q̃
q

3@NQN2QS2Q2nq~11NQ1N2QS2Q!# dq

at 2QS2qM,Q,2QS , ~9!

whereQ̃5min(qM,2QS). Again, zero rate is obtained forQ
.2QS andQ,2QS2qM . The integration limits in Eqs.~7!
and ~9! are seen to be determined by the subharmonic w
numberQS, which is of crucial importance for the manifes
tation of second bottleneck.16 At QS.qM/2, LO phonons
decay to short-wavelength daughter phonons, which can
idly fuse to numerous modes of zone-boundary LO phono
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Meanwhile, at QS,qM/2, the zone-boundary modes a
eliminated from the nonequilibrium-phonon interplay, a
the second-bottleneck effect considerably increases.

The third term on the right-hand side of Eq.~6! is the rate
of the LO-phonon production due to nonradiative recom
nation of the carriers. In semiconductors with stro
electron-phonon coupling, the dominating route of the no
radiative recombination is carrier trapping to deep centers
MPE.29 Generally, the relaxation of deep traps involves
teraction of local vibrations with phonons.30 However, in un-
doped semiconductors like CdS, the deep traps originate
dominantly from the ‘‘native’’ defects~e.g., vacancies!
which are known to change the local density of phon
modes rather than to produce local vibrations.31 Therefore,
the nonequilibrium LO phonons can be assumed to be p
duced directly during the relaxation of the trap. Given th
the probability of nonequilibrium phonon emission in
modeq is proportional to its contribution to the Huang-Rhy
factor, the relevant phonon production rate is

S ]nq

]t D
nr

5
n

tc

Ẽg

\v0

2p2

qTq2@11~kq!22#2
, q<qT , ~10!

wheretc is the carrier lifetime andqT>p/aT is the radius of
thek-space region in which the nonequilibrium LO phono
are produced (aT is the radius of the trap!. Equation~10!
implies the domination of the screened Fro¨hlich coupling.

B. Carrier recombination in crystallites

Equation~5! implies that the carrier density variation ra
is

dn

dt
5G~ t !2R. ~11!

Under homogeneous excitation, the generation rate isG(t)
5aI inc(t)/hn inc , wherea is the absorption coefficient an
I inc(t) is the incident power density with the relevant tem
poral profile.

For spherical nanocrystals that exhibit enhanced surfa
to-volume ratio, the recombination rate should contain ad
tional terms in comparison with bulk crystals

R5Rb1Rs1Reh1Rpi . ~12!

Here the first and the second terms on the right-hand side
the bulk and the surface rates of carrier nonradiative cap
via effective-temperature activated MPE, respectively,
third term originates from spontaneous direct band-to-b
transitions,32 and the last one is due to crystallite photoio
ization effect, which results in carrier trapping in the gla
matrix.33,34We neglect the Auger recombination as there
no reasonable conditions for its manifestation in bulk CdS35

meanwhile, the crystallites under consideration are too la
for small-size-enhanced Auger process.36

In the high-temperature limit, the bulk nonradiative ca
ture due to MPE is described by Arrhenius probability
surmounting a certain barrierWb . In strongly polar semicon-
ductors, under conditions of carrier and long-wavelength
phonon heating, the relevant recombination rate can be
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pressed through the effective temperature and equilibri
temperature lifetime24 tb(T0),

Rb5
n

tb~T!
5

n

tb~T0!S T0

T D 3/2

expF Wb

kBT0
S 12

T0

T D G . ~13!

The surface recombination rate can be presented in the s
lar way37

Rs5
3S~T!n

a
5

3S~T0!n

a S T0

T D 3/2

expF Ws

kBT0
S 12

T0

T D G ,
~14!

whereS(T0) is the equilibrium-temperature surface reco
bination velocity andWs is the localization barrier height fo
dominating centers of capture via MPE on the surface. B
bulk and surface routes of nonradiative capture via MPE
assumed to produce nonequilibrium LO phonons and
taken into account in Eq.~10! throughtc5n/(Rb1Rs).

The photoionization effect in Eq.~12! is considered as
incident-photon assisted trapping of electrons, localized
the glass-semiconductor interface, to the glass states.
spherical crystallites, the relevant rate is

Rpi5
3%sspi

a
I'bpiG~ t !, ~15!

where%s is the surface density of the filled traps andspi is
the photoionization cross section. At high excitation inten
ties, it is reasonable to assume that the surface traps
saturated by electrons due to rapid trapping process,38,39

therefore, the photoionization rate is proportional to the g
eration rate and can be expressed asRpi5bpiG(t), where
bpi is a certain constant—the photoionization factor
<bpi,1).

IV. DISCUSSION

The material-parameter set used in the calculations
that of CdS used in Refs. 11 and 16. Zero-temperature
phonon lifetimeq0(0)52.1 ps was deduced from a preci
value of the Raman linewidth.40 Following the ‘‘v25’’
rule,41 the subharmonic-phonon lifetime of 67 ps atT050
was estimated. The extrapolated value of room-tempera
depopulation time of subharmonic phonons16 QQS

512.4 ps was used for allQ. Experimental values of the
carrier bulk lifetimetb(T0)5860 ps, surface recombinatio
velocity S(T0)51300 cm/s, and localization barrier heigh
Wb5200 meV andWs5130 meV were used.19,37 The ra-
dius of the deep centers for capture via MPE was equale
one lattice constant.

To fit the experimental data on effective-temperature e
lution, the rate equation for the effective temperature@Eq.
~5!# was solved in combination with the balance equation
carrier density@Eq. ~11!# and a set of the Boltzmann equ
tions for the LO phonons@Eq. ~6!# and the daughter phonon
@Eq. ~8!#. The phonon system was treated discretely by sp
ting the zone into 100 spherical layers of uniform thickne
The resultant system of 202 differential equations was sol
numerically.

The fitting procedure was performed by adjusting th
parameters~the absorption coefficienta, the subharmonic
-
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wave numberQS , and the photoionization factorbpi) and by
keeping the transient of the carrier density close to the
perimental one@Fig. 2~b!#. Solid curve in Fig. 2~a! present
the result of simulation at a53.33104 cm21, QS

50.18qM , and bpi50.62. The curve is seen to complete
account for the experimental points. Curves in Figs. 2 fr
~b! to ~d! depict the calculated transients for the carrier de
sity, renormalized band gap, and luminescence inten
(I Lum}Reh), respectively.

The dotted line in Fig. 2~a! presents the results of simu
lation obtained at zero lifetime of daughter phonons, i
with neglect of the second bottleneck. The transient, whic
determined by screening of the carrier-phonon coupling
nonequilibrium LO phonons (q0'0.5 ps at room tempera
ture! is seen to differ negligibly from the shape of 28-p
excitation pulse. Only when the excess effective tempera
drops below 1 K, the cooling slows down. The weak resid
heating is maintained by total energy release due
recombination-induced effects~variation of fermion mean
kinetic energy, band-gap renormalization, and nonradia
recombination!. The dashed line in Fig. 2~a! reflects the ac-
tion of the ‘‘bare’’ second bottleneck, i.e., cooling withou
the recombination effects@the second term in the brackets o
the right-hand side of Eq.~5! and the last term on the right
hand side of Eq.~6! are neglected#. The combined action of
all factors ~solid curve! infers that weak recombination
induced processes result in a noticeable enhancement o
slow-cooling component caused by the seco
nonequilibrium-phonon bottleneck.

The calculated evolution of the carrier density@Fig. 2~b!#
is in reasonable agreement with the experimental data. S
discrepancy at the peak is probably caused by finite temp
resolution which suggests that the luminescence spectr
zero delay time are contributed by emission of low-dens
plasma at negative delay time.

The shape of the calculated band-gap transient@Fig. 2~c!#
also agrees with the experimental points. However, the
employs the width of the initial band gapEg52.470 eV,
which is about 15 meV below the actual value obtained fr
the exciton position at room temperature.42 This discrepancy
may be attributed to a systematic error following from t
application of a simplified line shape in describing the lo
energy wing of the experimental spectra~Fig. 1!.

The calculated transient for the integrated luminesce
intensity@Fig. 2~d!# does not explicitly depend on the fittin
parameters and just corroborates the set of recombina
constants determined in Ref. 37.

The obtained values of the fit parameters are to be
cussed. First, it should be emphasized that the value of
absorption coefficient at 3.50 eV (3.33104 cm21) is in fair
agreement with the measured optical density in the sa
CdS-doped glasses,43 which yield a5(225)3104 cm21.
This means that the initial energy passed to the carr
phonon system in the calculation conforms with the act
energy income caused by the photoexcitation.

The value of the subharmonic wave number (0.18qM) can
be compared with those determined by other methods.
instance, the vibrational spectrum of CdS determined
means of small-angle x-ray diffraction44 yields QS50.4qM
in the B1 optical branch (D direction! which is in line with
the second-order Raman measurements.45 The roughly aver-
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aged over directions value of the subharmonic wave num
in the B1 vibration branch described in Ref. 26 is arou
0.3qM .11 Recent experimental investigations of inelas
neutron scattering in114Cd-enriched CdS infer46 that theB1
branch exhibits negative group velocity but resides a little
below the half of LO-phonon frequency~a systematic error
which diminishes the zone-center optical-phonon frequ
cies, is admitted by the authors of Ref. 46, however!. The
total combination of the available data indicates that our
fective value of the subharmonic wave number is within r
sonable limits. Probably, the subharmonic wave numbe
CdS is less than half of the radii of the zone, indeed. T
prevents the daughter phonons from fusing into zo
boundary LO phonons and ensures the most favorable
ditions for the observation of second nonequilibrium-phon
bottleneck in carrier cooling.16

The third fitting parameter—the photoionization factor
free. It reflects the experimental fact that a significant port
of photogenerated carriers~more than a half in our case!
disappears from the nanocrystal during the action of
pump pulse. Although there is a lot of implications for sim
lar behavior of carrier system in nanocrystals,47,48 the physi-
cal meaning of the factorbpi and the way of its introduction
should be considered as tentative.

Despite some ambiguities in fit parameters, our approa
which is based on inclusion of conventionally weak facto
in energy transfer~fermion recombination heating, nonrad
ative trapping, band-gap renormalization, and sec
nonequilibrium-phonon bottleneck!, is capable of accounting
for the observed slow carrier cooling in a direct-gap se
conductor under high photoexcitation at room temperatu
Under experimental conditions employed, the principal r
that determines the occurrence of a noticeable slow com
nent in carrier cooling is to be attributed to seco
nonequilibrium-phonon bottleneck.

V. CONCLUSIONS

We have presented first experimental evidence on s
carrier cooling, which is consistent with the model of tw
generations of nonequilibrium phonons described by Bo
mann equations.15,16 By using a specially selected samp
and additional transients~for width, position, and intensity o
the luminescence band! we have achieved a quantitativ
agreement of the experimental carrier-cooling kinetics w
the model calculations. It should be noted that no adjustm
for phonon lifetimes was performed, but the values extra
er
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lated from the Raman linewidth were utilized. These resu
make possible to claim that the understanding of the sec
bottleneck has undergone a leap similar to that of the fi
nonequilibrium-phonon bottleneck in highly excited sem
conductors: from pioneer idea of van Driel49 to quantitative
description by Po¨tz and Kocevar.3

The presented results refer to the excitation densi
which are more than one order below the threshold of cry
damage. At higher excitation, the cooling time constant m
attain values of several hundred ps,11 i.e., becomes close to
carrier lifetime. Probably, this is due to increased role
recombination effects. For instance, under domination
stimulated transitions, which remove electron-hole pairs w
the kinetic energy close to zero, Eqs.~4! and ~5! suggest a
dramatic increase of fermion recombination heating. Ho
ever, a quantitative analysis of the relevant experimental d
may be complicated by ambiguities in describing carrier
combination.

Possible manifestation of second bottleneck in some o
materials is of interest. The situation in CdSe is to be sim
to that in CdS. In GaAs, where the low-temperature LO ph
non lifetime is 7 ps,50 extrapolation yields that, at room tem
perature, the daughter phonons should decay to low
frequency phonons within 40 ps. Thus, second bottlen
can account for some experimental data on slow cooling7,51

However, the phonon dispersion curves in GaAs as well a
most cubic crystals infer that the daughter phonons are
ated in the acoustic LA branch and the subharmonic w
number exceeds a half of the zone radius. As it was m
tioned, this involves into interplay numerous modes
zone-boundary,16 and reduces the daughter-phon
lifetime,15 unless the zone-boundary phonons come out
equilibrium ~some modification of the present model shou
be performed with a glance to phonon dispersion15!. Eventu-
ally, at the slow stage of the relaxation, the magnitude of
excess effective temperature should be smaller. As for G
where the phonon dispersion exhibit zero density of state
half LO phonon frequency both for cubic52 and hexagonal53

modifications, the treatment of the energy relaxation via s
ond nonequilibrium-phonon bottleneck requires the LO ph
non decay route to be considered in a different way.54
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16A. Žukauskas, Phys. Rev. B57, 15 337~1998!.
17D. Bimberg and J. Mycielski, Phys. Rev. B31, 5490~1985!.
18U. Woggon, in Optical Properties of Semiconductor Quantu

Dots, edited by G. Ho¨hler, J. Kühn, T. Müller, R. D. Peccei, F.
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