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Temperature-dependent electron-lattice thermalization in GaAs
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Thermalization of hot electron with the lattice is precisely investigated in bulk GaAs in the temperature
range 50—300 K using a high-sensitivity two-color femtosecond absorption saturation technique. The results
show that for lattice temperatures larger than 100 K, the photoexcited electron gas eventually thermalizes with
the lattice with a characteristic time close to the LO phonon lifetime as a consequence of the nonequilibrium
hot-phonon effect. For lower temperatures, the electron-lattice thermalization time is found to be longer than
the LO phonon lifetime in agreement with numerical simulations of the coupled carrier-LO phonon dynamics.
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I. INTRODUCTION (Ref. 12 to lower temperatures, in the range 50—300 K. The
results show that the electron-lattice thermalization time is
Redistribution mechanisms of the energy of carriers becomparable to the LO phonon lifetime for lattice tempera-
tween themselves and with the lattice are important issues itures down to 100 K and becomes much longer for lower
the electronic properties of semiconductbfdn polar com-  temperatures, in agreement with numerical simulations of the
pounds, LO phonons play a central role in the latter pro-carrier-relaxation dynamics.
cesses, mediating carrier-lattice energy exchanges for not-
too-low carrier temperatures. The efficiency of this energy-
transfer channel is, however, limited by carrier-LO phonon
energy exchanges and by the energy redistribution processes Measurements were performed using a high sensitivity
between the lattice modes via the lattice potentialtwo-wavelength femtosecond absorption saturation tech-
anharmonicity:™ As the intrinsic lifetime of LO phonons is nique. The pump wavelength is chosen to photoexcite “hot”
of the order of a few picosecondshey can be driven out of electrons with an average initial energy, about one LO
equilibrium during fast excess energy relaxation of nonequiphonon energy larger than their average thermal engggy
librium electrons(nonequilibrium phonon effegf®~*2This  at the lattice temperatut€q,— E,(T.)~E_o. This moder-
bottleneck effect leads to a drastic slowing down of theate electron excess energy precludes any spurious effects due
electron-lattice thermalization whose dynamics is then reto electron intervalley scatterirl§. After photoexcitation,
lated to that of the saturation process, i.e., energy redistribielectrons and holes internally thermalize within each band in
tion between the lattice modes and/or electron-gas—LOfew hundred femtoseconds. Electron-lattice thermalization is
phonon energy exchanges. followed by measuring the transient transmission change of a
The nonequilibrium phonon effect has been extensivelyprobe pulse whose wavelength is chosen so that the sample
investigated in various bulk and quantum-confined semiconabsorption change is dominated by the electron respBride.
ductor systems. Direct correlation between the final charac- The femtosecond pump and probe pulses are created by
teristic electron-lattice thermalization timg,, and the LO frequency conversion of a high power femtosecond TiA!
phonon lifetimer o has, however, been only recently dem- oscillator. The details of the experimental system were de-
onstrated by precisely investigating hot- and cold-electrorscribed elsewher¥. We simply recall here that the initial
thermalization dynamics at room temperature for low-pulses are first frequency broadened in an optical fiber and
photoexcited carrier densities<(10'” cm %) in bulk  two synchronized, independently tunable 100-fs pulses are
GaAs®'213|n these conditions, the energy exchanges beselected using two grating pair compressors. This system
tween the electron gas and the LO phonons occur on a mugtermits very high sensitivity two-wavelength measurements
faster time scale tham g and, as a quasiequilibrium estab- using a standard pump-probe setup and thus to precisely
lishes between the two systems eventually governs the monitor the electron cooling dynamit5.
final electron-lattice thermalizatidine., 7y,~ 7 o). In con- Measurements were performed in a @&-thick
trast, at very low temperatures hot electrons have beemolecular-beam epitaxy(MBE) grown intrinsic GaAs
shown to cool down to the lattice temperature on a time scalsample with AlGa _,As cladding layers and antireflection
much longer tharr_ .2®°In this regime, slowing down of coating. It is glued on the cold finger of a helium-cooled
the electron-gas—LO-phonon energy exchanges and addiryostat permitting sample temperatures in the range 30—300
tional bottleneck effect due to second-generation phononK.
(i.e., phonons created by nonequilibrium LO phonon
decay'*®play crucial roles.
We have investigated this change of behavior of the
electron-lattice thermalization dynamics by extending our The measured transient differential transmissbon' T is
previous room-temperature measurements in bulk GaAshown in Fig. 1 for a carrier density ofX110'” ¢cm 23 and

Il. EXPERIMENTAL TECHNIQUE

IIl. RESULTS AND DISCUSSION
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FIG. 2. Lattice temperature dependence of the measured long
delay electron-gas cooling time, . The full line is computed using
simulations of the coupled LO phonon-carrier dynamics and the
dashed line shows the LO phonon dephasing firp2.
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FIG. 1. (a) Transient change of transmissiaT/T in GaAs for (Fig.' D. Aft.er a ffiSt decayDT depreases almost monoexpo-
a carrier density of X107 cm™2 and lattice temperatureg, of ~ nentially with a time constant, rising from~2.5 ps at 190
100 K (full line) and 190 K(dash-dotted ling (b) Time dependence K to ~5.3 ps at 100 K. A similar behavior has been ob-
of the normalized transmission differenBd = AT/T—(AT/T)ge served over the entire investigated temperature range for
on a logarithmic scale.AT/T)oe is the quasi equilibium\T/T ~ photoexcited carrier densities smaller tharil0'’ cm™2.
measured at=40 ps. The dotted lines correspond to exponentialThe 7, values determined for sample temperature ranging
decays with time constantg, of 2.5 ps T =190 K) and 5.3 ps from 50 to 300 K are plotted in Fig. 2 and show a large
(TL=100 K). increase of the electron-lattice thermalization time for tem-

peratures lower than 100 K.

sample temperatures of 100 and 190 K. The pump wave- The observed behavior can be understood using a simpli-

length\ pump has been modified to account for the band-gapﬁed rate equation model describing energy exchanges be-

shift with temperature and is, respectively, 775 and 780 nmiween the electron-gas and LO phonon subsystems, and their

High-energy electron states in the tail of the electron—ga§°ur_’Iing with the thermal batfother lattice modgs During
distribution being probed Nyrope~805 nm), electron-gas cooling of the electron gas, zone center LO phonons are

cooling corresponds to a decrease of the probed state occfeated in a wave-vector range limited by momentum and

pation number and thus &T/T. After a fast transient, the energy corllservaFio.ns.. Thege .decay into Iower.frequency
measured transmission change slowly decays to its Iong-tenﬁ}’\honon.S _W|thAthe|r mérmsm “feF'me{.LO’ due to Iatttlﬁetant-
value AT/T)qE that corresponds to a quasiequilibrium situ- armonicity. As a cru © approximation, assuming that a tem-
ation between the carriers and the lattié@he amplitude of peratureT, o can be defined for the zone center LO phonons
(AT/T)qe actually results from both absorption reduction mteract(lan](;NltE the electlr_on %as at ;empe(;at‘ﬂggbthg felec- I
due to band filling and absorption increase due to many-bod on an i P otnon' coo_ljngTyna_rrmcil_? ;.T_C” be orsma
effects!’” For a fixed carrier density, the former contribution SXC€SS tempera urgse., Te—Ti, Tio—Ti<T.) by
decreases with temperature due to reduction of the occupa- 0Te Tio—Te

Time Delay (ps)

tion numbers of the probed states concomitant with reduction T s (3.1a
of the carrier average energy. Lowering the sample tempera- eLto

ture thus leads to a decrease dfT(/T)qe that eventually Mo Ce Te-Tio Tio—-TL

becomes negative as the many-body effect contribution be- = — , (3.1b

comes dominangFig. 1). This contribution, however, essen- . Cio Telo Lo

tially introduces an offset on the measured sigh#lwhose  where T, is the lattice temperaturdsecond-generation
temporal behavior is thus dominated by the electron thermalphonons are neglected hgre. o the electron—LO-phonon
ization dynamics. energy exchange timé€, the electron-gas heat capacity, and
The picosecond relaxation &fT/T to (AT/T)qe shows a  C,  the heat capacity of the LO phonons coupled with the
slow cooling of the electron gas to the lattice temperatureelectron gas:**2
For the investigated low-carrier density, screening of the For not-too-low temperatures, electron—LO-phonon en-
Frohlich interaction and plasmon-phonon hybridization playergy exchanges are much faster than LO phonon energy de-
a minor role and this behavior can be attributed to overpopueay to the lattice, 7. o<1 o (Fig. 3. Here 7. o has
lation of the LO phonon modes coupled with the hot elec-been numerically computed for an electron density of
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ing a time-resolved coherent anti-Stokes Raman spectros-
copy techniqug and is reproduced in Fig. 2 by the dashed
line. For lattice temperatures higher than 100 K, the mea-
suredr, and 7 o are comparable in the above model, show-
ing that the final electron-lattice thermalization is governed
by LO phonon decay. The decay timg, is, however, found

(ps)

= to be slightly smaller thar o (Fig. 2), in contrast to the
prediction of Eq(3.2). A similar behavior has been observed

R in previous room-temperature studies and can be ascribed to

3 additional energy transfer to the photoexcited holes, via

electron-hole and nonequilibrium phonon-hole interactions
that have been neglected héfe.
For lower lattice temperature3 (<100 K), the LO pho-
non electron-gas energy exchange timg, o, strongly in-
creases due to reduction of the number of electrons above the
FIG. 3. Temperature dependence of the electron—LO-phonoffeshold for LO phonon emission as the electron tempera-
energy exchange time,.  calculated for an electron density of ture decrease~ig. 3). This, together with the reduction of
1x 10" cm 2 and of the LO phonon dephasing tinfe/2. The  the LO phonon heat capacity as compared to the electronic
inset shows the temperature dependence of the ratio of the electréi1€, is responsible for the observed strong slowing down of
and LO phonon heat capacities computed using (B® and for  the electron-gas cooling at low temperatures. In this regime,
carrier densities of X107 ecm~2 (full line) and 1x10® cm™2  no quasiequilibrium is established between the electrons and
(dotted ling. LO phonons and a large part of the excess energy stays in the
electron gasy, is then no more limited by the LO phonon
1x 10 cm2 taking into account screening and Pauli ex- lifetime and becomes much larger than, (Fig. 2).
clusion principle? The calculatedr, o values are almost To better describe our results we have performed simula-
identical to the ones that can be obtained in the small excedins of the carrier-relaxation dynamics by numerically solv-
temperature limit from the usual formula for the average raténg the coupled LO phonon-carrier Boltzmann equations for
of electron-energy loss? In this regime, analogous to the electrons and heavy and light hofés.” All carrier-carrier
room-temperature one, the two strongly interacting subscattering processes have been considered including those
systems thus quickly reach a quasiequilibriufg~T, o inducing intervalence-band transfers. Hole-optical phonon
>T, and their subsequent cooling is governed by LO phofolar and nonpolar interactions have been considered for
non decay. Using Eq$3.1) one can show that the coupled both intra and intervalence-band mechanisms as well as
subsystems thus cool to the lattice temperature with a chafitervalence-band transfer assisted by acoustic phonons in
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acteristic timery, : 312 the energy equipartition approximation. Carrier-acpqstic
phonon energy exchanges were neglected as the minimum
Tih~(1+Co/CLo) TLo, (3.2 lattice temperature investigated here is 50° Kynamic

) . ) screening in the plasmon pole approximation has been used
depending on the ratio of the heat capacity of the electronfor the LO phonon polar interactions with electron and light

gas and LO phonon subsystem, with holes. The nonequilibrium LO phonon effect has been con-
sidered both for electrons and light holes but has been ne-
(ELo) %Ky glected for heavy holes in agreement with recent experimen-

Lo™ 6w2kBTEOnLO(1+nLO)' (33 tal investigation of cold-hole heatig. The long delay

electron-gas cooling times extracted from the computed ab-
For a finite electron temperature, there is no clear cut-off fosorption change are in very good agreement with the mea-
the maximum wave vectds, of the LO phonons interacting sured onesFig. 2, full line) with in particular the same in-
with the electron gas an@, o is thus not precisely defined crease ofry for temperatures lower than 100 Ko
here. Using numerical simulation of the nonequilibrium LO = T2/2 has been used in the simulations
phonon population dynamic$, ky,, can however be esti-
mated to be of the order 0f610° cm™ 1. The ratioC./C, o
computed with this approximation is plotted in Fig. 3 for
identical electron and LO phonon temperatures and electron Using a two-color femtosecond technique we have inves-
densities of X107 and 1x10' cm™3. For low-electron tigated the cooling dynamics of a hot photoexcited electron
densities and not-too-low temperatur€y, largely exceed gas to the lattice in GaAs for low-carrier densities
C.. In this regime, most of the excess energy of the coupled<10'" cm3) in the temperature range 50—300 K. The re-
system is stored in the LO phonons and it thus cools dowmults show that for lattice temperatures higher that00 K
with a time constant, almost identical tor, o . the final electron-gas cooling dynamics is limited by the LO
In intrinsic GaAs in absence of injected carriers, scatterphonon lifetime, in agreement with a simple rate equation
ing of zone center LO phonons is dominated by populatiormodel. In this strong coupling regime of the electron gas
decay processes and their lifetime and dephasing time can léth the LO phonons, the two systems quickly reach a ther-
identified (r_o=T,/2).>'® The temperature dependence of mal quasiequilibrium where most of their excess energy is
the latter has been investigated in semi-insulating GaAs usstored in the LO phonon subsystem. The electron cooling

IV. CONCLUSION
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time thus reflects decrease of the common temperature due ¢étectron-gas—LO-phonon energy exchanges due to blocking
energy losses of the LO phonon subsystem to the other phaf the LO phonon emission by electrons and of the heat
non modes. This correlation between the electron coolingapacity of the LO phonons coupled with the electron gas.
time and the LO phonon lifetime also provides a new way ofThese results are in very good agreement with numerical
determining this lifetime in polar semiconductdrs. simulations of the coupled carrier-LO phonon dynamics in-

At lower temperatures, electron-gas cooling times muchdicating, in particular, that second-generation phonon effects,
larger than the LO phonon lifetime have been measuredmportant at very low temperatures and high carrier
This additional slowing down reflects reduction of both thedensities:® are negligible here.
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