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Second nonequilibrium-phonon bottleneck for carrier cooling
in highly excited polar semiconductors
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Cooling of high-density electron-hole plasma excited in direct-gap polar semiconductors by a picosecond
pulse of an extreme intensity is considered. Convenient models of carrier coupling with LO phonons via
screened Fidich interaction, nonequilibrium LO-phonon creation by free-carrier intraband relaxation, and
fermion recombination-induced heating were combined with a description of second-generation nonequilib-
rium phonons produced by anharmonic decay of the nonequilibrium LO phonons. An additional source of
nonequilibrium LO phonons due to nonradiative capture by deep centers via multiphonon emission was also
introduced. A numerical simulation for a CdS crystal was performed. Even at room temperature, the carrier
cooling is shown to exhibit a noticeable slow component for plasma densities abbleniG. At the late
stage of the relaxation, the relevant time constantLQO ps) is found to be comparable with the carrier
lifetime, while the magnitude of the excess effective temperature is determined by nonequilibrium population
of the second-generation phonons. The “width” of the second nonequilibrium-phonon bottleneck is demon-
strated to be determined by peculiarities of the lattice vibration spec{i80163-182¢08)04423-3

. INTRODUCTION proposedf1’to account for the observed phenomenon. How-
ever, the room-temperature values of the daughter-phonon
In recent decades, cooling of quasithermalized electronlifetimes required to be introduced in this modet100 ps
hole plasma in highly photoexcited semiconductors has beefRefs. 19 and 20 were too large to be widely accepted.
extensively investigated both for unveiling fundamental in-Furthermore, an improved treatment of nonequilibrium
teractions in solid state and for modeling energy-transfedaughter phonons for a GaAs-type lattice dynafti€shas
processes in devices. Summarization of the experimentalhown that the fusion to the short-wavelength region of the
data reveals a general tendency for slowing down the carriesptical branch makes the hindering process negligible. In
mean-energy relaxation with increasing excitation densityspite of this, the question of the role of second-generation
The first observation of the effécivas attributed to screen- nonequilibrium phonons in carrier cooling is still op&ff:24
ing of the carrier-phonon interaction. Subsequent experimenFhis problem may also emerge with further investigation of
tal studie$™ have stimulated a development of the ideanonequilibrium phonons in “heavy-duty” semiconductors
that the cooling rate may be reduced because of a buildugpuch as GaN® which recently attracted much attention.
of nonequilibrium-optical-phonon populatidnin Ref. 6, On the other hand, there exist mechanisms, maintaining
a detailed description of carrier cooling including non-the carrier and phonon temperatures above the equilibrium
equilibrium-optical-phonon reabsorption was presented andne throughout the whole carrier lifetime. One of them is
used for explanation of the experimental data. This concepiecombination-induced heating of fermié%&’ occurring
is successfully applied up to nowadaysfor carrier densi- due to mean-energy dependence on carrier density. Another
ties below 18° cm™3, which are usually produced in semi- possible one is generation of nonequilibrium optical phonons
conductor objects by means of high-repetition-rate picosecduring carrier nonradiative capture via multiphonon emission
ond and femtosecond lasers. It should be noted thatMIPE). This recombination route dominates at elevated tem-
nonequilibrium optical phonons may result in an extremelyperatures in crystals with strong electron-phonon coupgfing,
slow (nanosecond-scalgctarrier cooling at low ambient including the high-excitation reginf€.At first sight, these
temperatures KgTo<%w, o is the optical-phonon fre- recombination-heating mechanisms are expected to manifest
quency, when the phonon quasitemperati@arithmically ~ themselves only at low ambient temperatures because of
depends on the average occupation number, which relaxdBeir relatively low efficiency.
with time constants of the picosecond ord®his is not In the present work, an attempt is made to treat the carrier
possible for high ambient temperatures, when the averageooling within a model incorporating most relevant energy-
occupation number is linearly related to the phonon quatransfer routes in highly excited polar crysté&Bec. I). Low-
sitemperature. Nevertheless, a lot of experimental evidencefficiency carrier recombination heatirigoth due to intrin-
obtained at room temperature under extremely high photoessic fermion effect® and due to capture by deep centers via
citation by means of low-repetition laséts'®indicated an MPE) is considered here in combination with nonequilibrium
existence of a slow component in the cooling process thgphonons of two generations. Then, in Sec. lll, calculations of
could not be attributed either to the screeniifgproperly  transient behavior of carrier effective temperature are per-
treated or to a trivial lattice heating. A simple model of formed, using reasonable values of the depopulation time
long-lived second-generatiofdlaughter phonons, produced constants, and factors, responsible for the occurrence of sec-
by anharmonic decay of the optical ones and hindering thend nonequilibrium-phonon bottleneck in the carrier cooling,
relaxation through recurrent anharmonic fusion, was thusre discussed in detail. Conclusions are presented in Sec. IV.
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Consider plasma with the density of electron-hole pajrs (B 28 28 2| wd ) (3)

homogeneously photogenerated in a semiconductor speci-
men. The plasma may be of any degree of degeneracy W“\W/hereFj(ni) is the Fermi integral of the ordér A notation

':jhe relevant ferml((j)n egfecr:]t_shtaken |rr1]to conS|derat|on..dTheBg(m):Fa(m)/FB(m) is introduced for convenience.
ensity Is assumed to be high enough to ensure a rapid Scat® 5 vhe gther hand, the rate of the mean-energy variation
tering of just generated electrons and holes by intercarrief '

collisions and to establish Fermi-Dirac distribution functions
for both carrier subsystems with a uniform effective tempera-
tureT,

d<E>_<0<E>> +(a<E>) +<‘9<E>> @

dt | ot at at '
ph
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The first term on the right-hand side is due to carrier genera-
. . tion, the second is due to recombination, and the third is due

where ;= ¢&;/(kgT), and ¢ are the Fermi quasilevels for to carrier-phonon interaction.
electrons (=€) and holes (=h). The electrons and holes  Ag mentioned above, we consider a homogeneously ex-
are supposed to reside within the simple parabolic bandsjieq plasma. Thus we treat the carrier-density variation rate

with spherical symmetry. We shall reduce our consideration, 5 most simple way as contributed only by generation and
to the case_when_the carriers interact predommaqtly_ with th‘f"ecombination termghowever, in realistic experiments, dif-
only one dispersionless LO phonon branch. This is a fa'rfusion also may be important

high-temperature =50 K) approximation for II-VI com-
pound semiconductors such as CdS and CdSe with the domi-
nant long-range Fidich carrier-phonon interaction, as well
as a quite realistic approach for Ill-V crystals where, how-
ever, deformation-potential scattering of holes may be also dt
significant. The nonequilibrium LO phonons produced by

hot carriers are supposed to decay by a three-phonon anhar-

monic process into lower-energy phonon@aughter The generation term in the energy rate equafigg. (4)] is
phonong with the frequency around half of that of LO due to the excess energy of the photoexcield pair
phonons(subharmonic frequengyWe shall treat the daugh-

ter phonons as linearly dispersed, but the problem will not be

reduced to the case of acoustic phondf€:* This means (&(E)

dn
—=G(1)+R. (5)

that the daughter phonons generally may be optical as in
CdS, CdSe, and other nonsphalerite crystals.

The main problem of the present consideration is to find
out the transient behavior of the carrier effective temperature -
and to establish the factors governing the cooling time conwhereE_ is the incident-photon energy arkg, is the renor-
stant on the late stage of the relaxation after the excitation bynalized band gap. Assuming that the recombination results
a pulse of a picosecond duration. Following the sequence dh disappearance of the averageh pair energy, the term
Ref. 26, the rate of the effective temperature variation fordue to recombination in Eq4) is®
fermion plasma can be formally derived from the differen-
tiation of the carrier mean energy

e )G=<EL—E9>G<t), ®)

d(E) d(E)dn  &E)dT , at n
dt _ n dt @ T dt’ @
Inserting Eqs.(3) and (4) into the right-hand and left-hand
The mean energy per unit volume with neglect of carriersides of Eq(2), respectively, yields the rate equation for the
interaction is plasma effective temperature
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Equation(8) generalizes the fermion heating effects both for 32 )
photogeneration and recombination. For nondegenerate Ren=(To)| =] n* (14
pIasma,Bg( 7;)=1, and the temperature rate equation sim-
plifies to a convenient form The power due to carrier-phonon interaction is obtained by
summing the rates of LO phonon production by carriers over
~ HE Il ph des,
dT (EL—Eg—3kgT)G(t) + _§9t>) afl phonoh modes
ph
—= ) (9) d(E) hwg dvg hog (am| dvg
dt 3kgn ) = ) =70 Z749) 42
B |,V Eq: | 2m%)o | at cq da
Note that the recombination term in the numerator disap- (15)

pears. _ _ _

The carrier photogeneration rate contained in &y.is ~ Where vq is the average occupation number that in our
determined by a laser pulse shape that is usually of Gaussig®herically symmetric treatment is direction independent
form with the full width at half magnitude , (vqg=vg). The rate of an LO phonon generation by hot

carriers via Frblich coupling with both phonon emission
IB 1/2 ,8t2
5" o - £5
a T

U, and absorption taken into account can be presented in the
G(t)y=—
whereU_ is the total number of photons absorbed per unit (%

L

ekt kg DhwokeT .
 Zmegh (L Qg2 ) )

: (10 form similar to that in Ref. 33,
volume, and3=4 In(2). The recombination is considered to at
originate from capture by deep centers and from direct band-

to-band transitions fi(Eiq)
’ 24 i(Eiq
n <3 s {1+ 1 ) 16
R=- TC(T)_Reh(n’T)' 1D wherex, and Ko are the optic and static permittivities, and

o J; is the overlap integrdt (J,=1, J,~0.5). The threshold
We neglect the Auger recombination as there are no reasORnergy for the LO phonon emission i q = (2mwg

able conditions for its manifestation in wide-gap semicon- 4 .2 2/(8m;q?). Equation(16) includes screening of the
ductors under consideratiéhThe rate of trapping by deep carrier-phonon interaction within the model of static random-

centers is assumed to be determined by MPE yielding appase approximatioRPA) with the inverse squared screen-
Arrhenius capture probability at room temperature an ng length

higher?®

11 (To® [ W [T eSS By a7
(T) ex KT (1—?) , (12) RPA SOKOkBT i 12 v
BTo

(1) 7e(To)

whereT, is the equilibrium temperature ami is the height The carrier-temperature LO phonon occupation number is
of the relevant localization barrier. Equatiti®) implies that %
the quasitemperature of LO phonons, responsible for the cap- »(T)= ex;< ﬂ) -1
ture, equals the carrier effective temperature, and the inverse kgT
radius of the deep traps is comparable with the dimension of
the k-space region where the nonequilibrium LO phonons To calculate the power transferred from plasma to LO
are excited. phonons the occupation numbers are to be defined. The LO-

The band-to-band recombination rate here is treated aghonon occupation number for each mode within the spheri-
due to spontaneous process and can be expressed througfik-space layer with the radiugcan be calculated from the
equilibrium-temperature bimolecular recombination coeffi-rate equation
cient y(T,) referred to nondegenerate plasfia,

dvg [dvg g dvg
To\ %2 2 dt_(at) +(¢9t> +(at) ’ (19

Ren= Y(To)(?) E(MEWT) —= ¢ " N

-1
(18

+1

V7 where the first term on the right-hand side is defined by Eq.
= Jxdx (16), the second term is the phonon production rate due to
XJ , nonradiative recombination by MPE process, and the third
0 (exiﬁ X— ne) + 1} ex;{i X— 7 one is the rate of the anharmonic decay to daughter phonons.
Me My The nonradiative recombination by MPE can result in ac-
(13  cumulation of nonequilibrium phonons in the vicinity of the
center of the Brillouin zone providing that the phonon emis-
wherem; (i=e,h) is the effective mass of electrons and sion probability depends oq as in the case of polar cou-
holes andu~*=m_*+m,* is the inverse reduced one, pling. In strongly polar semiconductors, such as CdS and
E,(T)=2(mikgT/2772)%? is the effective density of states. CdSe, the polar coupling dominates over the deformation
For nondegenerate plasma, potential coupling in Huang-Rhys factor when the radius of
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the recombination center; exceeds a few lattice constants.

Under such conditions the relevant LO phonon production (@)
rate is 7
(ﬁvq> n Eg 2?2 (20 i
JE— A~ — < ,
at ). T hwo 4rq*(1+ 0l q)?’ a=dr

whereqgr=m/a;. The conditionq>qrpa is to be fulfilled

for strict holding of Eq.(20). The generation of long-

wavelength nonequilibrium LO phonons by MPE process is

negligible in GaAs-like crystals where the deformation- :

potential coupling dominates in the Huang-Rhys factor. 0 29,-Q, Q Ay
The anharmonic term in Eq19) is assumed to be deter-

mined by a three-phonon procésé

(b)
v _ 27207 5 Auglloflg N
at h V 5 wg \

X[Vq(1+ NQ)(].‘I‘ Nq-Q) - NQNC]-Q(1+ Vq)]
X S(hwq—fiQo—hQqq), (21)

whereg is a certain constaﬁEQQ andNg are the frequency

and the occupation number of the daughter phonons with the
wave vectorQ. For dispersionless LO phonons (= wg) 0
and linearly dispersed isotropic daughter phonoti¥, ( Qq
=0+ cQ) summing over angles can be performed yielding

S qM

FIG. 1. Interplay of nonequilibrium phonons of two generations

v 1 for simplified lattice vibration spectra in typetd) and type-I1(b)
(_q) = crystals. Bold sections, modes coupled via three-phonon inter-
gty Y(0)Qq branch interaction; fine sections, “nondecaying” LO phonons and
“nonfusing” daughter-branch phonons. Solid arrows, decay of
Qs+92 4QQQZQ57Q long-wavelength LO phonons to subharmonic phonons; dashed ar-
X Q542 woi (2Qs—Q) rows, fusion of subharmonic phonons to a wide spectrum of LO
S phonons; dotted arrows, decay of short-wavelength LO phonons to
X[vq(1+Ng+ NZQS,Q) - NQNZQS,Q]dQ a wide spectrum of daughter phonons.
at q=20Qs, (220  bottleneck occurs, E_c(22) reduces, and, for zone-center LO
phonons decaying via three-phonon process,
and
0 2 0)y2
79) 0 ara=20 o (1] PR
at | 4=Ns: | 9(0) Fo(To) ’
(25

where Qg is the daughter-phonon wave number at the sub-
harmonic frequenc§)q_ = wo/2; the width of the integration

_ ‘ wherev§” andN{) are the equilibrium occupation numbers
interval is S

of the LO phonons and of the subharmonic phonons, respec-

~ _ tively, and 04(Ty) is the LO-phonon depopulation time at
q=min(q.2(qw ~Qs)] @9 the ambient temperatufé.
The zero-temperature zone-center lifetiig(0), employed The second-generatiofdaughtey nonequilibrium pho-
in Eq. (22), is a function of the anharmonic constapnand  Nnons are the products of the anharmonic decay of the LO
daughter-phonon group velocity??> Note that Eq.(23) in- phonons referred to as nonequilibrium phonons of the first
troduces “nondecaying” Short_wa\/e|ength LO phonons,generation. The daughter nonequilibrium phonons may accu-
which are possible only for a nonsphalerite lattice vibrationmulate in the lower-frequency vibration modes and fuse back
spectrum where the “subharmonic” wave number may byto the LO phonons, thus reducing the total rate of the relax-
smaller thangy,/2 (see Fig. L Here, the inability to decay ation. Assuming that the higher-generation phonons are al-
refers to the tree-phonon process under consideration, so th&ost in equilibrium, the occupation numbers of the daughter
other routes of anharmonic relaxation may be possible bughonons obey the rate equation
are assumed to be of insignificant efficiency.

Under cqnvgnient assumption that the decay products of dNg (aNQ) NQ_NS))
the nonequilibrium LO phonons are rapidly scattered all over = - ,
the Brillouin zone and no second nonequilibrium-phonon dt , 9a(To)

at (26)
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where the first term on the right-hand side is the rate of thgghonon modes except for cases when the subharmonic wave
daughter phonon production by LO phonons and the secondumber is very close to the zone boundary. Thus, the crucial
term is the rate of the anharmonic relaxation via decay to peculiarity of the GaAs-type lattice dynamics is an involve-
wide spectrum of lower-frequency phonorq(To) is the  ment of a large amount of short-wavelength phonons from
characteristic time constant of the relaxation at the ambieriboth branches into the energy transfer. As it was pointed out
temperature. The daughter phonons are produced via thie Ref. 21, this results in rapid fusion of the second-

three-phonon process with a réte generation nonequilibrium phonons, initially produced in a
narrow segment of widtfy [see Eq(24)], into zone-edge LO
INg| _ 27 4_92 40q2oQq.q phonons that are difficult to bring out of equilibrium because
ot V_ vV g wg of a large amount of modes. A more realistic shape of the LO
branch may reduce the influence of the short-wavelength LO
X[NgNgo(1+v4) = v4(1+Ng)(1+Ngo)] phonons to some exteffthowever, the principle features of

the relaxation remain only slightly changed. We designate
X O(hwq=hQo=1llq.q)- (27 the above described anharmonic interbranch relaxation with
Again, for dispersionless LO phonons and linearly disperse@one boundary phonons involved as type-l second
daughter phonons summing over angles under isotropic coronequilibrium-phonon bottleneck.
dition yields With decreasindg, the number of “nonfusing” daugh-
ter modes reduces, and &s=qy/2 the whole daughter
INg 2(2Qs—Q) o 40o02q.-q branch is exploited. However, a subsequent reduction of the
( ot ) == 94(0)Q2Q Xf -z subharmonic wave number invokes dramatic changes in the
v S energy transfer. Figure(l) presents a case for lattice dy-
% - +N~+ B namics withQs<qu/2. Now, “nonfusing” daughter modes
q[NQNZQS o~ a1+ Ne Naog Qlda appear in the short-wavelength region abo@@s2 Addition-
N == ally, LO modes in the same large-wave-number region lose
at Qs-qu=Q=2Qs @8 e ability to decay through the three-phonon process under
and consideration. The “nondecaying” LO modes also cannot be
N filled by fusing a pair of daughter phonons. The number of
9Nq)| _ _ phonon modes participating in the relaxation process thus
( ot ) =0 atQ>2Qs andQ<2Qs~aw. (29 ) 'pe considerably reduced, e.g., in a crystal witg
~0.3qy, about 80% of the modes in both branches are
eliminated from the interplay. A small number of the daugh-
~ . ter phonon modes can be easily filled by decay of the LO
Q=min(qu,2Qs)- (30 phonons and thus substantially hinder the relaxation. We
Now Eq. (29) introduces “nonfusing” daughter-branch designate this kind of anharmonic interbranch relaxation

phonons with the same reservations as for “nondecaying’With zone boundary phonons excluded from the interplay as

2
2|Qs—Q )

14

The upper limit of the integration in E¢28) is

LO phonons. type-Il second nonequilibrium-phonon bottleneck.
Equations(21)—(24) and (26)—(30) describe a complex
interplay between nonequilibrium phonons of two genera- IIl. CALCULATIONS AND DISCUSSION

tions for the simplified lattice vibration spectra. This inter-  The material-parameter set used in the calculations was
play is schematically depicted in Fig. 1 for two types of theihat of CdS used in Ref. 20 except for phonon depopulation
spectrum with different values of the relative subharmonicjme constants. Zero-temperature LO-phonon lifetif@el

-1

(31)

wave numbeRQs/qy - The sections of the phonon branchesps) was deduced from a precise value of the Raman
containing modes capable for interbranch interactf@sion  |inewidth 3’ Following the “w~5" rule,® the subharmonic-
of LO modes to daughter modes and fusion of daughtephonon lifetime of 67 ps af,=0 was estimated. The room-
modes back to LO modgsre depicted as bold. Fine lines o mnperature depopulation time of daughter phor@as4 ps
represent modes for which restrictions for interbranch intery, 45 optained under assumption of their further decay to pairs
actions occur as described by E¢83) and(29). The value phonons around the frequenay/4 as
of Qs/qy is seen to be the key factor for the occurrence of
the second-nonequilibrium-phonon bottleneck. hwg

First, we consider a GaAs-type crysf&ig. 1(a)] with the 0(To)=0(0) 1+2/ [ex% 4kBTO) - 1]
condition Qg>qy/2 held. Here, an LO phonon from any
mode can decay into two phonons of the subharmonic branchh® laser-pulse parameters used were=3.50 eV andr_
according to Eq(22), as well as any LO mode can be filled =28 ps. Experimental values of the carrier lifetif#60 p3
by a phonon fused of two appropriate daughter phononsand localization barrier height 10 me\j were used” The
However, the interbranch energy transfer does not involvéadius of the dominating recombination center was equated
the zone-center part of the daughter branch. The unonfus\zvlth one lattice constant to avoid overestimation of the non-
ing” daughter-branch phonons here are determined by théadiative MPE process.
condition Q<2Qs—qy . The inability of these phonons to
fuse to LO phonons originates from the absence of a pair-
daughter phonon satisfying the energy conservation. How- We start presenting the results from carrier effective-
ever, the “nonfusing” region contains a small amount of temperature evolution calculated for the whole model de-

A. Carrier density
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FIG. 2. Evolution of the carrier effective temperature with time EIG. 3. Kinetics of carner cooling in a CdS Cry_Stfl’ exSlte_d by
. . . 0?° photons/cri, for different models employed: “bare” first
in a CdS crystal, excited by a 28-ps laser pulse, for different tota N L . .
3 nonequilibrium-phonon bottlenedl), recombination heating with-
numbers of photons absorbed per’cm N . .
out second nonequilibrium-phonon bottleng@, “bare” second

) ) ) ) ] bottleneck(3), second bottleneck with fermion recombination heat-
SCI’Ibed in Sec. Il Although the Iatt'ce V|brat|0n Spectra 0f|ng (4)’ the same with LO phonon production via carrier Capture by

CdS is anisotropic, we employed an average value of th&pg (5), all mechanisms taken into accou).
subharmonic wave numbe&ps~0.3q,, based on estima-
tions presented in Ref. 20, to model conditions for type-llcomparable with the carrier lifetime. However, at room tem-
second nonequilibrium-phonon bottleneck. Figure 2 depictperature, the magnitude of the temperature increase due to
kinetics obtained for three values of the total number of phorecombination heating is far too small to be importé&his
tons absorbed per unit volum@or carrier lifetime much may not be held for cryogenic ambient temperatties
larger than the laser-pulse duration this number only slightlyAgain, curve 3 shows the relaxation for a “bare” second
exceeds the peak-carrier dengitpne can see that a slow bottleneck without recombination heating taken into account.
component of the relaxation always exist. However,ligr ~ The excess effective temperature now is seen to maintain a
<10% cm™? the effect is negligible and is unlikely to be noticeable value just after termination of the excitation pulse
noticed in an experiment performed with a convenient accuand to subsequently relax almost exponentially. The striking
racy. Above 18° cm 3, the slow component emerges to a feature of the relaxation is that the relaxation time constant
noticeable extent, and the plasma cooling is to be considergd-=42 ps) considerably exceeds the depopulation time of
as not terminated within the first 100 ps, at least. the daughter phonon®(T,)=12.4 ps (this effect is dis-
cussed in detail below in Sec. llI)C

Comparison of the latter two curves with that obtained
with both the recombination heating and the second bottle-
The model used for calculating the kinetics presented imeck being taken into accouftturve 9 infers that the cool-
Fig. 2 conceals a few mechanisms accounting for slow cooling rate is generally determined by the recombination rate of
ing. To elucidate the role of each mechanism a calculatiotong-living nonequilibrium carriers. Meanwhile, the magni-
with sequential switch-on of various factors was performectude of the excess temperature at large delay is substantially
at U =10? cm™2 (Fig. 3). Curve 1 depicts the variation of increased because of the second nonequilibrium-phonon
the carrier effective temperature with time for a “bare” first bottleneck. Eventually, it is obvious that for carrier densities
nonequilibrium-phonon bottleneck: both recombination heatabove 16°cm ™3 a combined action of the second
ing mechanisms—fermion recombination and nonradiativenonequilibrium-phonon bottleneck and recombination heat-
recombination—are excluded and the second bottleneck i&g results in a noticeable slow component of the plasma
ignored[®(Ty)=0]. The excess effective temperature is cooling on a time scale of hundreds of picoseconds.
seen to vary concurrently with the excitation, as the room- The relative contribution of each recombination-heating
temperature LO-phonon depopulation time in Gad®.5 p9  mechanism can be estimated from curves 4 and 5 in Fig. 3.
is much smaller than the laser-pulse duration utilized in theélhe effect of the second bottleneck combined with only the
calculation. fermion recombination heating is depicted by curve 4; the

Next, curve 2 is the case when the recombination heatingame but with only the heating due to production of nonequi-
(both mechanismss taken into account. A slow-relaxation librium LO phonons in the MPE process is depicted by curve
component is seen to emerge with the decay time constaBt The relative contribution of each recombination heating

B. Slow-relaxation factors
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not drop below the value of 2. Our simulations have shown
(a) that this ratio does not depend on the excited carrier density
100¢ 3 and thus is determined only by lattice vibration spectra. The
< effect can be understood in terms of a simplified approach to
5 the interplay of two phonon branches as presented below.
o 10¢ Consider an LO and a daughter branch with the number of
=] modes effectively involved into interaction and A, which
g are uniformly occupied with average numbersandN, re-
<1t spectively. At the relaxation stage, the temporal evolution of
the occupation numbers can be described by a system of
equations®
12t 1 B B
ol (®) | dr HN+DP-NA(HD)
dt 30 '
8t 1 © (32
@ 6}. l dN 2\ »(N+1)?~N*(v+1) N-N©
al ] dt A 9(0) 0(Ty)
ol ] For small excess occupationsv=v—1® and AN=N
—N©) the condition®> 9(0) being held, the solution of
% 02 04 06 08 1 the system is
Qc/a,, Av,ANecexp( —t/7), (33

FIG. 4. (a) Residual excess effective temperature after 100-psyhere the relaxation time constant is
delay in a CdS crystal, excited by #@hotons/cr, as a function

of the relative subharmonic wave number. Lower curve, “bare” Y 4(ﬁ(0)_;(0))
second bottleneck; upper curve, the same with the recombination 7=0(Tg)| 1+ — o=
heating taken into accountb) Slow-relaxation time constaritn A 2NT+1

®(Ty) at low temperature(N©<1)

O(Ty)(1+N/A) at high temperaturg N©>1).
mechanism is seen to be of the same order, though it may (34)
vary in real situations depending on carrier lifetime, degree
of degeneracy, dimensions of deep centers, etc. In the high-temperature limit, the relaxation time enhances
because of the nonzero equilibrium occupation of subhar-
C. “Bare” second bottleneck monic phonons, probably,.becau.sg (_)f fusion of nonequilit_)—
rium daughter phonons with equilibrium ones. The magni-
It is worth discussing the second bottleneck in more detaityge of the enhancement is related with the raticn that
under conditions of the absence of the recombination heakypstitutes an actual complex distribution of nonequilibrium
ing, as the relevant effective-temperature relaxation time sigphonons within two branches. For the subharmonic wave
nificantly exceeds the daughter-phonon depopulation time agumber close to half of the zone dimension, both branches
discussed above. Our analysis shows that this effect is detegre heated almost entirel\{A~1), and Eq.(34) yields
mined by the relative location of the subharmonic waver~2@, which is in line with the results presented in Fig.
number, i.e., by the ratiQs/qy . A set of cooling curves for  4(b). For a well-pronounced type-I second bottleneck the re-
different values of the subharmonic wave number was CalCbeaﬁon time increases due to the exclusion of |ong_
lated. The results fOUL: 1020 CrT173 are generalized in Flg Wave|ength daughter mod@e F|g 13)] Meanwh”e, for a
4. Figure 4a) depicts variation of the excess carrier tempera+type-I| bottleneck, short-wavelength daughter modes are ex-
ture at a 100-ps delay witQs (lower and upper curves rep- cluded, but some nondecaying LO modes still indirectly par-
resent the bottleneck in the “bare” form and with the recom-ticipate in the relaxation as they are coupled with the carrier
bination heating taken into account, respectiyelfhe  system. This is identical to a growth of the raféA and,
residual excess temperature is seen to increase when the s Sequenﬂy, in a Steep increase of the relaxation time con-
harmonic wave number approaches either the zone boundagyant for small values o5 as shown in Fig. @).
(type-l second bottlenetglor the zone centeftype-ll), the
latter effect being more pronounced. This is easily under-
stood as in both cases the number of the daughter modes
involved into energy transfer is substantially reduced, and A revision of the second-generation nonequilibrium pho-
the second bottleneck “narrows(see Fig. 1. However, the non bottleneck model was performed. We have shown that,
most striking feature of the relaxation is that the time con-in  combination with relatively inefficient recombination
stant for the “bare” bottleneck always exceeds the secondheating processedermion recombination heating and gen-
generation phonon lifetim@® as shown in Fig. é). For the  eration of nonequilibrium LO phonons due to nonradiative
most unfavorable conditionsQs~0.7) the ratior/® does capture via MPE the second bottleneck manifests itself by

number.

daughter-phonon depopulation-time ujitss subharmonic wave [

IV. CONCLUSIONS
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slowing the plasma cooling even at room temperature. Foquantitative fitting, factors determining the carrier density
photogenerated carrier densities abové®1tin 3 an instru-  are to be treated in detail, according to experimental condi-
mentally distinguishable slow-cooling phase emerges withions.

the relaxation time constant 100 ps, determined by carrier ~ The sensitivity of the manifestation of the “slow” phase
lifetime, and with the residual excess temperature detefin carrier cooling to recombination processes and lattice vi-
mined by daughter-phonon depopulation time. However, thgyration spectrum may be the cause of ambiguous data on
most striking result obtained here is that, even with the recarrier cooling rate in low-dimensional semiconductor
combination heating being negligible, the relevant effectivestructures® Different density of phonon modes, confinement
temperature relaxation time constant exceeds the daughtesffects, and “folding” of phonon branches may originate a
phonon depopulation time for at least 2—-3 times due tqsariety of second-bottleneck configurations here. Meanwhile
complex interplay between both nonequilibrium and equilib-the centers of nonradiative recombination, especially those

rium phonons of two branches. The efficiency of the secondelated with interfaces, may result in unpredictable role of
bottleneck was shown to be strongly dependent on latticeecombination heating.

vibration spectrum, and the most favorable conditions for its
manifestation are realized in crystals with the wave number
of the subharmonic phonon less than half of the zone radius
(type-II bottleneck

The calculations presented above are in qualitative agree- The work was supported by the Lithuanian State Science
ment with former experimental resufts.*® However, for and Studies Foundation.
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