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Dense electron-hole plasma cooling due to second nonequilibrium-phonon bottleneck
in CdS crystallites
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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 produ@aughter 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 1.810'° cm 3. 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 effe@®nradiative capture via multiphonon emission, fermion self-
heating, and band-gap renormalizajidlaken 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 phohd&9163-182¢08)08543-9

I. INTRODUCTION neck. However, by using a detailed description of nonequi-
librium phonons of two generations in each cell of the recip-
In highly excited semiconductors, nonequilibrium rocal space, Kiaand Hejda*'® have shown that the
phonons emitted via intraband transitions of hot carriers camonequilibrium daughter phonons rapidly fuse to the capa-
be reabsorbed. After carrier quasithermalization to distribu€ious short-wavelength region of the “mother” LO branch.
tion with the effective temperatuig relaxation of the carrier They came to a conclusion that this relaxation route results
mean energy thus may slow down to a degree determined kig a negligible heating of the daughter phonons, and, there-
the rate of anharmonic depopulation of the nonequilibriumfore, only first nonequilibrium-phonon bottleneck is substan-
phonons, i.e., by hot-phonon “cooling.” The depopulation tial for carrier cooling. After all, recently we have
of nonequilibrium optical phonons takes place on the timedemonstratel§ that this is true only for moderate carrier den-
scale of~1 ps at room temperatuteyhich is much larger sities utilized in Refs. 14 and 15. Actually, for hot-carrier
than that due to carrier-phonon interactior{00 fs)2 This  densities above 8 cm™3, the short-wavelength region of
effect, designated as “nonequilibrium phonon bottleneck,”the LO branch may also be brought out of thermal equilib-
is widely accepted, especially in polar direct-gap crystalsrium. Moreover, certain peculiarities of the vibration spectra
where long-range Fhdich carrier-phonon coupling results in may result in elimination of the zone-boundary modes from
efficient amplification of LO vibrations in the central part of the nonequilibrium-phonon interplay. Additionally, the
the Brillouin zone, which contains small amount of manifestation of the second bottleneck can be considerably
modes®~® enhanced by effects of recombination heating in degenerate-
Under extreme levels of photoexcitation, even slowerfermion systerl’ and by LO-phonon production due to car-
cooling of carriers {100 ps) was observed in GaAs, rier capture by deep centers via multiphonon emission
GaSe® cdse® cdsl® and C¢S;_,Sel! Initially, some data (MPE). Below we present first experimental evidence of
was accounted for by a crude approximation of screening o$low carrier cooling, which is in quantitative agreement with
the carrier-phonon coupling, which was based on tentativéhe extended model of Ref. 16.
estimations performed in Ref. 12. Later, the experimental The structure of the rest of the paper is as follows. In Sec.
data was shown to be in line with a simple balance-equatiotl, we ground our selection of CdS crystallites as a model
model of two generations of nonequilibrium phonons eactsystem for observation of the second bottleneck and briefly
embracing a compact region of the space'’*® The first  describe the experimental setup. Then the luminescence
generation of nonequilibrium phonons, i.e., those directlyspectra and deduced transients for the carrier effective tem-
produced by hot carriers, reside within the zone-center reperature and for other parameters required to estimate the
gion of the LO branch. The second-generatiglaughter  electron-hole plasm#EHP) density are presented. In Sec.
ones, produced via anharmonic decay of the nonequilibriuntll, we outline our theoretical scheme. Section Ill A contains
LO phonons, are supposed to excite a certain spherical layéasic kinetic equations of the model describing the variation
of the k space around the wave number of phonons with af the effective temperature for dense EHP. The plasma den-
half LO-phonon frequency. The long-lived nonequilibrium sity being of crucial importance for slow cooling, the details
daughter phonons hinder the depopulation of nonequilibriunof the carrier recombination rate in large nanocrystals are
LO phonons via recurrent fusion, thus additionally slowingdescribed in Sec. Il B. In Sec. IV, we show an application of
the carrier cooling(second nonequilibrium-phonon bottle- our numerical approach to the experimental data and discuss
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the reliability of the fitting parameters. Finally, in Sec. V we
summarize the results and present our view of the applica-
bility of the second-bottleneck model in other conditions.

Il. EXPERIMENTAL PROCEDURE AND RESULTS

The most convenient way to experimentally observe the
peculiarities of the carrier mean-energy relaxation is to trace
the temporal evolution of the carrier effective temperature
after the photoexcitation by a short pulse. A simple insight
into EHP transient behavior is offered by time-resolved lu-
minescence spectroscopy. To quantitatively identify the sec-
ond bottleneck, experimental conditions must provide facili-
ties to define the carrier density with minimal ambiguity.
However, the required density regima>10° cm 3) im-
plies degeneracy of the electron-hole plasma even at effec- . . . .
tive temperatures elevated high above the room temperature. 23 24 25 286 27 28
In a crystal with one or more extended dimensions, this in- Photon energy (eV)
vokes stimulated emission and enhanced diffusivity which ) . .
are difficult to control. Therefore, a quasi-zero-dimensional FIG. 1. Transient luminescence spectra of CdS crystallites. The

semiconductor specimen was chosen as the most favorabiRectra are arbitrarily shifted along the vertical axis. The delay time

investigation object, in which the carrier density is homoge-aﬂer the exciting pulse is indicated at each spectrum. Solid lines,

neous and predominantly determined by the rates of photoa}pproximations by calculated line shapes. Arrows indicate the en-
. . itSLoy of the renormalized band gap.
generation and spontaneous recombination. Such crystallite

of nanometer dimensions are extensively investigated be- . T 24 .
cause of their unique optical properties related with carrietrad""‘t've recombination in dense EHP**The high-energy

or/and exciton confinemeff. However, here these objects region of the spectra reflects the carrier effective tempera-
were utilized as nothing but small bulklike containers of hotture. The W_'dth of th_e band can be used for rough estimation
and dense EHP In the present work, “large” CdS nanoc- of the carrier den.sny, pro"'d”.‘g .thaf[ some Qegeneracy IS
rystals embedded in a multicomponent glass matrix werdresent and the stimulated emission is negligible. To extract
used. The sample, which was fabricated by Ekirfbuon- the values of the effective temperature and density, the spec-
tained crystallites with the average radias-50 nm. The tra were fited with conventional line §hapes With -the
crystallite size was small enough to ensure homogeneod%'selectz'fgg, rule for band-to-band transmons taken into
photoexcitation via one-photon procegthe absorption account.™ The energy of the renormalized band gap was

length for the incident light with the photon energy of 3.50 also determined from the fitting procedure. Points in Fig. 2
eVis~100 nm). On the other hand, it was sufficiently Iargeshow the transient evolution of all obtained parameters. The

to neglect quantum confinement effedthe exciton Bohr excess effective temperatufBig. 2] is seen to reach_ a
radius is 3 nm in Cdsand to prevent small-size-induced value of ~300 K at zero delay and to relax to the equilib-

breakdown ok-selection rules for electronic transitiofthe rium value with a “”_‘e constan_t of about 70 ps. In spite of
inverse average wave number of electrons at 300 K is |eSI§rge errors, the carrier d‘?”sﬁ'?'g- Z(b)]l can 92 asserted to
than 3 nn). Finally, a low density of crystallites in the matrix rea(_:h _the peak _values_sllghtly aboveA@m°, after the
(1% volume suggested suppression of stimulated emissiofF*Citation pulse is terminated, and to relax on th#00 ps
because of large diffraction losses. time scale. The variation of the EHP temperature and density
The sample was excited by using the third harmonics of én.ake.s the renormall|zed band-gap ch.ange in {iFig. 2(c)].
passively mode-locked YAG:Nd (yttrium aluminum gar- Kinetics of the I_ummgscence intensity mteg_rateq over the
ned laser(the duration of the Gaussian pulse is 28 ps, the>Pectrum is deplcted n Fig(@. _After some rise time and
repetition rate is 2.7 Hz The experimental results presented nonexpo_nenna_ll relaxation, the integrated intensity tends to
below are obtained at the incident density of energydecay with a time constant of 150 ps.
1.4 mJ/cm. With reflectance estimated, this correspond to
the averaged power density of 40 MW/gnThe secondary Il. THEORY
emission was temporally resolved by means of a @8ical
Kerr shutter, dispersed by a 0.4-m grating monochromator
and recorded photoelectrically. To additionally monitor the To simulate a transient of the effective temperature, we
transient variation of the carrier density, spectrally integrate&employ a kinetic model that starts from the rate equation for
intensity of each spectra was registered. Before measuringtal carrier energy per unit volume with conventional con-
the luminescence spectra, the sample was exposed to sevetapts of photogeneration, recombination, and carrier-phonon
thousand laser shots to stabilize the emission properties bgnergy exchange taken into accotiitelow, a brief descrip-
photomodificatiorf! tion of the extended model, which includes Boltzmann equa-
Figure 1 depicts some luminescence spectra obtained &bns for occupation numbers of nonequilibrium phonons of
different delay after the excitation pulse. The spectra are seemwo generations® is presented. The description is based on
to contain one emission band with features characteristic ahe approach developed in Ref. 16.

10%F

Luminescence intensity (arb. units)

A. Kinetic equations
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a linear law?® The phonon-phonon coupling is assumed to be

independent of phonon wave vectdrs.

Consider temporal variation of the effective temperature
for homogeneously photoexcited plasma with the density of
the electron-hole pains. The exciting pulse is assumed to be
long enough for Fermi-Dirac distributions in both electron
and hole subsytems to be established with the uniform effec-
tive temperaturd. Generally, the effective temperature var-
ies in accordance with the variation of the carrier total energy

'CdS

. 3 Fal 7
E(nT)=n| Eg+SkaTS 3 )

T~ Fudm))’ @)

where E;=E4(n,T) is the renormalized band gapy,
=¢/kgT, and &=¢;(n,T) are the Fermi quasilevels for
d) electrons (=€) and holes (=h); F;(x) is the Fermi inte-
E ] gral of the ordej. To estimate the band gap renormalization,
L ] the results of the partly phenomenological appréaetere
utilized. For carrier temperatures and densities under consid-
ol o ] eration,
0 100 200 300
7TZaBK

Delay time (ps) Ey=E4— — Er: )

I (@rb. units)
3

FIG. 2. (a) Temporal evolution of the carrier effective tempera- . L .
ture in CdS crystals. Points, experimental values; solid line, resulVhereEy is the initial band gapag andEr, are the exciton
of the numerical simulation: dotted line, same without secondBohr radius and Rydberg energy, respectively. The inverse
nonequilibrium-phonon bottleneck taken into account; dashed lineScreening length is
effect of “bare” second bottleneckiecombination-induced effects

. . . - ) e2n F ( ) 1/2
neglectedl (b) Transient behavior of the carrier density. Points, _ U2\ 7i 3)
experiment; line, calculatior(c) Same for the renormalized band- ok TT Fip(mi) '
gap energy(d) Transient of the spectrally integrated luminescence . o .
intensity. Points, experiment; line, calculation convoluted with theWherees is the static dielectric constant. .
temporal profile of the gate. The rate equation for the carrier total energy is
It should be noted that when the threshold of the plasma d_E: ] _ E
: ; i hvi,.G(t) R+Pcpn, (4)
degeneracy is reached, the carrier density becomes compa- dt n

rable with the density of phonon modes the carriers are in-
teracting with. This circumstance results in the emerging o hotogeneration rate, arilis the recombination rate. Here,

new effects in hot-carrl_er energy relaxe_ltlon, which ar€ Negq ch recombination event is assumed to remove the average
ligible at moderate carrier density. For instance, at high hot-

carrier density, slow recombination-induced variation of fer_energyE/n from the system. The third term on the right
. Y, 7 R hand side of Eq(4) is the ordinary power of the carrier-
mion meanenergy’ may result in significant rate dbtal

enerav release. This release is capable of maintaining t honon exchange, which is obtained by summing the rates of
gy reiease. ) P 9 O-phonon production by carriéfsover all phonon modes
nonequilibrium occupation numbers of the relevant phonon

modes for a time comparable with the carrier lifetime. Again with the wave numbers. Screening of carrier-phonon cou-
P - A9 'pling was taken into account in the static limit of random-

the nonequilibrium phonons produced via nonradiative re- hase approximation by reduction of the relevant rate con-

combination of a large amount of carriers may prolong theptants by a factof1+ (xq) 2] The power of the carrier-

manifestation of hot-phonon bottlenecks. Here these Wea‘%honon exchange depends on carrier density and effective

effects are taken into consideration. In the present pape .
o . o . émperature as well as on mean occupation numbers of LO
band-gap renormalization effect is additionally introduced to hononsy
q-

regard the mean-energy variation caused by carrier interat Comparison of Eqs4) and(1) in the manner used in Ref.

tion. 17 yields
The carrier mean-energy relaxation and the interplay be- y

tween two generations of nonequilibrium phonons is consid- 41 (aE) -1

herehv;,. is the incident photon energg is the carrier

ered within an isotropic approximation of electronic and vi- TR (hvmc— %)G(t)— (%—%
bration spectra. For simplicity, the holes are treated within a

single valence band, thus, the effects due to intervalence- 6)
band scatterirmjare neglected. The Brillouin zone is approxi- Here the partial derivatives on temperature and density are
mated by a sphere of the same volume with the radjys  obtained by explicit differentiation of Eq1). The first term
The carriers are assumed to interact with the only one disin the brackets of the right-hand side of Ef) is the energy
persionless LO-phonon branch, and the daughter-phondncome rate due to carrier-pair generation by photons and the
branch is supposed to be optical and weakly dispersed withiaecond one is the power released during the recombination.

R+ Pc_ph}.
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The magnitude and the sign of the latter is determined by th&leanwhile, atQs<qu/2, the zone-boundary modes are
competitive variation of the gap width and the mean kineticeliminated from the nonequilibrium-phonon interplay, and
energy of the electron-hole pairs with carrier density andhe second-bottleneck effect considerably increases.
effective temperature. For instance, when the carrier density The third term on the right-hand side of E§) is the rate
is decreasing, the relevant drop of the Fermi quasilevels inef the LO-phonon production due to nonradiative recombi-
creases the effective temperattfayhile the band gap wid- nation of the carriers. In semiconductors with strong
ens at the expense of the reduction of kinetic energy. electron-phonon coupling, the dominating route of the non-
The LO-phonon occupation numbers, which determineradiative recombination is carrier trapping to deep centers via
the powerP._,,, are assumed to vary in accordance with theMPE 2° Generally, the relaxation of deep traps involves in-

Boltzmann equation teraction of local vibrations with phonori$However, in un-
doped semiconductors like CdS, the deep traps originate pre-
dvg (dvg dvg dvg dominantly from the “native” defects(e.g., vacancigs
— == +|—=] +|="] , (6) : .
dt at ).\ at ) at | . which are known to change the local density of phonon

modes rather than to produce local vibratiGhgherefore,
where the first term on the right—hand side is the phOﬂOF[he nonequi“brium LO phOﬂOﬂS can be assumed to be pro-
production rate due to carrier intraband transitithdhe  guced directly during the relaxation of the trap. Given that
second term is the rate due to the three-phonon anharmonige probability of nonequilibrium phonon emission in a
interaction with the ensemble of daughter phonons charactemodeq is proportional to its contribution to the Huang-Rhys

ized by wave number® and mean occupation numbeé¥s,.  factor, the relevant phonon production rate is
For daughter phonons with the frequency differing little from
half of LO phonon frequencw, v n & 2.2
(ﬁ_tq) T Tk 5 2 220 9sAr (10
vy 1 Qsta/2 ne Te M@0 qrqT1l+(xq) 7]
Tt T T 5o =, Q2QsQ) _ o . .
N 90(0)Qsq/Qsar2 wherer, is the carrier lifetime andr= m/ay is the radius of

thek-space region in which the nonequilibrium LO phonons
are produced &5 is the radius of the trgp Equation(10)
implies the domination of the screened Rioh coupling.

X[Vq(1+ NQ+ NZQS_Q) - NQNZQS—Q] dQ

at q<2Qs, (7)
where Qg is the daughter-phonon wave number at the sub- B. Carrier recombination in crystallites
harmonic frequencyQQsz wol2, and 9¢(0) is the zero-
temperature zone-center LO phonon lifetime. The integrationg
interval isa= min[g,2(qu — Qs)]. The energy and momen-

Equation(5) implies that the carrier density variation rate

tum conservation yield zero rate @t>2Qg. Assuming that dn
the phonons of higher generations are almost in equilibrium, gr - CG-R (13)
the occupation numbers of the daughter phonons obey the
Boltzmann equation Under homogeneous excitation, the generation ra®(ig
0) = al(t)/hv,,., Wherea is the absorption coefficient and
dNg :(&NQ) _NQ_NQ (8) linc(t) is the incident power density with the relevant tem-
dt at | Oq(To) ’ poral profile.

For spherical nanocrystals that exhibit enhanced surface-

whereN() is the equilibrium occupation numbé,o(To) IS to-volume ratio, the recombination rate should contain addi-
the characteristic time constant of the anharmonic relaxatiofonal terms in comparison with bulk crystals

to lower-frequency phonons at the ambient temperature. The
daughter-phonon production rate due to the three-phonon R=R,+ Rs+ Rop+ Ry; . (12)
process involving LO phonons is P

Here the first and the second terms on the right-hand side are

INg\ 2(2Qs—Q)ffz the bulk and the surface rates of carrier nonradiative capture
ot V__ ﬁo(O)QéQ 2IQS*Q\q via effective-temperature activated MPE, respectively, the
third term originates from spontaneous direct band-to-band

X[NgN2q @~ q(1+Ng+Nyq - q)]1dq transitions’” and the last one is due to crystallite photoion-

ization effect, which results in carrier trapping in the glass
at 2Qs—qu<Q<2Qs, (9  matrix****We neglect the Auger recombination as there are
_ no reasonable conditions for its manifestation in bulk CUS,
whereQ=min(qy,2Qs). Again, zero rate is obtained f@  meanwhile, the crystallites under consideration are too large
>2Qs andQ<2Qs—qy . The integration limits in Eqg7)  for small-size-enhanced Auger procéSs.
and(9) are seen to be determined by the subharmonic wave In the high-temperature limit, the bulk nonradiative cap-
numberQs, which is of crucial importance for the manifes- ture due to MPE is described by Arrhenius probability of
tation of second bottlenedR. At Qs>qy/2, LO phonons surmounting a certain barri&, . In strongly polar semicon-
decay to short-wavelength daughter phonons, which can raghuctors, under conditions of carrier and long-wavelength LO
idly fuse to numerous modes of zone-boundary LO phononghonon heating, the relevant recombination rate can be ex-
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pressed through the effective temperature and equilibriumwave numbeQs, and the photoionization factdy,;) and by
temperature lifetim@ 7,(T,), keeping the transient of the carrier density close to the ex-
3 perimental ondFig. 2(b)]. Solid curve in Fig. 2a) present
ex;{ W, (1_ E” (13 the result of simulation ata=3.3x 10" cm™ !, Qg
=0.18y, andb,;=0.62. The curve is seen to completely

n n (To

Ro= ™ ™ (Tl T

ccount for the experimental points. Curves in Figs. 2 from

The surface recombination r n resented in the simj- ) : .
ate can be presented in the s b) to (d) depict the calculated transients for the carrier den-

7
lar way’ sity, renormalized band gap, and luminescence intensity
3S(T)n 3S(T0)n/TO 3/2 WS TO (||_umOc Reh), reS'peC.tive!y. .
Rs= - \T e T 1- T/ The dotted line in Fig. @) presents the results of simu-
BTO lation obtained at zero lifetime of daughter phonons, i.e.,

(14 with neglect of the second bottleneck. The transient, which is
where S(T) is the equilibrium-temperature surface recom-determined by screening of the carrier-phonon coupling and
bination velocity and\ is the localization barrier height for nonequilibrium LO phonons<{y~0.5 ps at room tempera-
dominating centers of capture via MPE on the surface. Botlture) is seen to differ negligibly from the shape of 28-ps
bulk and surface routes of nonradiative capture via MPE arexcitation pulse. Only when the excess effective temperature
assumed to produce nonequilibrium LO phonons and ardrops below 1 K, the cooling slows down. The weak residual
taken into account in Eq10) through7.=n/(R,+Ry). heating is maintained by total energy release due to

The photoionization effect in Eq12) is considered as recombination-induced effect&ariation of fermion mean
incident-photon assisted trapping of electrons, localized aktinetic energy, band-gap renormalization, and nonradiative
the glass-semiconductor interface, to the glass states. Feecombination The dashed line in Fig.(d) reflects the ac-

spherical crystallites, the relevant rate is tion of the “bare” second bottleneck, i.e., cooling without
the recombination effecfshe second term in the brackets on

3050 the right-hand side of Eq5) and the last term on the right-

Rpi= a I ~bpiG(1), (15 hand side of Eq(6) are neglected The combined action of

_ . ' . all factors (solid curve infers that weak recombination-
whereg is the surface density of the filled traps amg} is  induced processes result in a noticeable enhancement of the
the photoionization cross section. At high excitation intenSi-s|0W_coo|ing component caused by the second

ties, it is reasonable to assume that the surface traps ap@nequilibrium-phonon bottleneck.
saturated by electrons due to rapid trapping prodess, The calculated evolution of the carrier dendiBig. 2(b)]
therefore, the photoionization rate is proportional to the genis in reasonable agreement with the experimental data. Some
eration rate and can be expressedrRas=b;G(t), where discrepancy at the peak is probably caused by finite temporal
bpi is a certain constant—the photoionization factor (Oresolution which suggests that the luminescence spectra at
<b,<1). zero delay time are contributed by emission of low-density
plasma at negative delay time.
IV. DISCUSSION The shape of the calculated band-gap trandiEigt. 2(c)]
) ) also agrees with the experimental points. However, the fit
The materlal-pgrameter set used in the calculations Wasmploys the width of the initial band galp,=2.470 eV,
that of CdS used in Refs. 11 and 16. Zero-temperature LOwhich is about 15 meV below the actual value obtained from
phonon lifetime,(0)=2.1 ps was deduced from a Precise the exciton position at room temperatdfeThis discrepancy
value of the Raman linewidt. Following the “@™"  may be attributed to a systematic error following from the
rule;~ the subharmonic-phonon lifetime of 67 ps®&=0  application of a simplified line shape in describing the low-
was estimated. The extrapolated value of room-temperatuignergy wing of the experimental spectfig. 1).
depopulation time of ~subharmonic phonths @ The calculated transient for the integrated luminescence
=12.4 ps was used for al). Experimental values of the intensity[Fig. 2(d)] does not explicitly depend on the fitting
carrier bulk lifetimer,(T,) =860 ps, surface recombination parameters and just corroborates the set of recombination
velocity S(T,)=1300 cm/s, and localization barrier heights constants determined in Ref. 37.

W,=200 meV andW,=130 meV were uset’®* The ra- The obtained values of the fit parameters are to be dis-
dius of the deep centers for capture via MPE was equaled toussed. First, it should be emphasized that the value of the
one lattice constant. absorption coefficient at 3.50 eV (X30* cm™?) is in fair

To fit the experimental data on effective-temperature evoagreement with the measured optical density in the same
lution, the rate equation for the effective temperatlitg. CdS-doped glassé8,which yield a=(2—5)x10* cm .
(5)] was solved in combination with the balance equation forThis means that the initial energy passed to the carrier-
carrier density{Eq. (11)] and a set of the Boltzmann equa- phonon system in the calculation conforms with the actual
tions for the LO phononEEg. (6)] and the daughter phonons energy income caused by the photoexcitation.
[Eqg. (8)]. The phonon system was treated discretely by split- The value of the subharmonic wave number (@y}Bcan
ting the zone into 100 spherical layers of uniform thicknessbe compared with those determined by other methods. For
The resultant system of 202 differential equations was solveihstance, the vibrational spectrum of CdS determined by
numerically. means of small-angle x-ray diffractithyields Qs=0.4q

The fitting procedure was performed by adjusting threein the B; optical branch A direction which is in line with
parametergthe absorption coefficientr, the subharmonic the second-order Raman measuremé&hfhe roughly aver-
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aged over directions value of the subharmonic wave numbdated from the Raman linewidth were utilized. These results
in the B, vibration branch described in Ref. 26 is around make possible to claim that the understanding of the second
0.39y .1 Recent experimental investigations of inelasticbottleneck has undergone a leap similar to that of the first
neutron scattering itt“Cd-enriched CdS inféf that theB,  nonequilibrium-phonon bottleneck in highly excited semi-
branch exhibits negative group velocity but resides a little bittonductors: from pioneer idea of van Dfféto quantitative
below the half of LO-phonon frequendg systematic error, description by Ptz and Koceva?.
which diminishes the zone-center optical-phonon frequen- The presented results refer to the excitation densities
cies, is admitted by the authors of Ref. 46, howgvéhe  which are more than one order below the threshold of crystal
total combination of the available data indicates that our efdamage. At higher excitation, the cooling time constant may
fective value of the subharmonic wave number is within rea-attain values of several hundred J3d,e., becomes close to
sonable limits. Probably, the subharmonic wave number ircarrier lifetime. Probably, this is due to increased role of
CdS is less than half of the radii of the zone, indeed. Thigecombination effects. For instance, under domination of
prevents the daughter phonons from fusing into zonestimulated transitions, which remove electron-hole pairs with
boundary LO phonons and ensures the most favorable coithe kinetic energy close to zero, Edd) and (5) suggest a
ditions for the observation of second nonequilibrium-phonordramatic increase of fermion recombination heating. How-
bottleneck in carrier coolindf ever, a quantitative analysis of the relevant experimental data
The third fitting parameter—the photoionization factor is may be complicated by ambiguities in describing carrier re-
free. It reflects the experimental fact that a significant portioncombination.
of photogenerated carriegnore than a half in our cage Possible manifestation of second bottleneck in some other
disappears from the nanocrystal during the action of thematerials is of interest. The situation in CdSe is to be similar
pump pulse. Although there is a lot of implications for simi- to that in CdS. In GaAs, where the low-temperature LO pho-
lar behavior of carrier system in nanocryst#ié8the physi-  non lifetime is 7 ps? extrapolation yields that, at room tem-
cal meaning of the factds,; and the way of its introduction perature, the daughter phonons should decay to lower-
should be considered as tentative. frequency phonons within 40 ps. Thus, second bottleneck
Despite some ambiguities in fit parameters, our approactgan account for some experimental data on slow codltiig.
which is based on inclusion of conventionally weak factorsHowever, the phonon dispersion curves in GaAs as well as in
in energy transfeffermion recombination heating, nonradi- most cubic crystals infer that the daughter phonons are cre-
ative trapping, band-gap renormalization, and secondted in the acoustic LA branch and the subharmonic wave
nonequilibrium-phonon bottlenegkis capable of accounting number exceeds a half of the zone radius. As it was men-
for the observed slow carrier cooling in a direct-gap semitioned, this involves into interplay numerous modes at
conductor under high photoexcitation at room temperaturezone-boundary® and reduces the daughter-phonon
Under experimental conditions employed, the principal rolelifetime,*> unless the zone-boundary phonons come out of
that determines the occurrence of a noticeable slow compeequilibrium (some modification of the present model should
nent in carrier cooling is to be attributed to secondbe performed with a glance to phonon disperSiprEventu-

nonequilibrium-phonon bottleneck. ally, at the slow stage of the relaxation, the magnitude of the
excess effective temperature should be smaller. As for GaN,
V. CONCLUSIONS where the phonon dispersion exhibit zero density of states at

_ _ _ half LO phonon frequency both for cubfcand hexagonat
We have presented first experimental evidence on slownodifications, the treatment of the energy relaxation via sec-
carrier COOllng, which is consistent with the model of two ond nonequi“brium_phonon bottleneck requires the LO pho_

generations of nonequilibrium phonons described by Boltznon decay route to be considered in a different Way.
mann equation®*® By using a specially selected sample

and additional transient$or width, position, and intensity of
the luminescence bahdve have achieved a quantitative
agreement of the experimental carrier-cooling kinetics with The work was supported by the Lithuanian State Science
the model calculations. It should be noted that no adjustmerdand Studies Foundation. The authors acknowledge the tech-
for phonon lifetimes was performed, but the values extraponical support from EKSMA Co. Lasers, Optics, Electronics.
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