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Temperature-dependent electron-lattice thermalization in GaAs

N. Del Fatti, P. Langot,* R. Tommasi,† and F. Vallée
Laboratoire d’Optique Quantique du CNRS, Ecole Polytechnique, 91128 Palaiseau cedex, France

~Received 8 October 1998!

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

Redistribution mechanisms of the energy of carriers
tween themselves and with the lattice are important issue
the electronic properties of semiconductors.1,2 In polar com-
pounds, LO phonons play a central role in the latter p
cesses, mediating carrier-lattice energy exchanges for
too-low carrier temperatures. The efficiency of this ener
transfer channel is, however, limited by carrier-LO phon
energy exchanges and by the energy redistribution proce
between the lattice modes via the lattice poten
anharmonicity.1–4 As the intrinsic lifetime of LO phonons is
of the order of a few picoseconds,5 they can be driven out o
equilibrium during fast excess energy relaxation of noneq
librium electrons~nonequilibrium phonon effect!.2,6–12 This
bottleneck effect leads to a drastic slowing down of t
electron-lattice thermalization whose dynamics is then
lated to that of the saturation process, i.e., energy redistr
tion between the lattice modes and/or electron-gas–
phonon energy exchanges.

The nonequilibrium phonon effect has been extensiv
investigated in various bulk and quantum-confined semic
ductor systems. Direct correlation between the final cha
teristic electron-lattice thermalization timet th and the LO
phonon lifetimetLO has, however, been only recently dem
onstrated by precisely investigating hot- and cold-elect
thermalization dynamics at room temperature for lo
photoexcited carrier densities (<1017 cm23) in bulk
GaAs.10,12,13 In these conditions, the energy exchanges
tween the electron gas and the LO phonons occur on a m
faster time scale thantLO and, as a quasiequilibrium esta
lishes between the two systems,tLO eventually governs the
final electron-lattice thermalization~i.e.,t th;tLO).12 In con-
trast, at very low temperatures hot electrons have b
shown to cool down to the lattice temperature on a time sc
much longer thantLO .2,6–9 In this regime, slowing down of
the electron-gas–LO-phonon energy exchanges and a
tional bottleneck effect due to second-generation phon
~i.e., phonons created by nonequilibrium LO phon
decay!14,15 play crucial roles.

We have investigated this change of behavior of
electron-lattice thermalization dynamics by extending o
previous room-temperature measurements in bulk G
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~Ref. 12! to lower temperatures, in the range 50–300 K. T
results show that the electron-lattice thermalization time
comparable to the LO phonon lifetime for lattice tempe
tures down to 100 K and becomes much longer for low
temperatures, in agreement with numerical simulations of
carrier-relaxation dynamics.

II. EXPERIMENTAL TECHNIQUE

Measurements were performed using a high sensiti
two-wavelength femtosecond absorption saturation te
nique. The pump wavelength is chosen to photoexcite ‘‘ho
electrons with an average initial energyEex about one LO
phonon energy larger than their average thermal energyEth
at the lattice temperatureEex2Eth(TL);ELO . This moder-
ate electron excess energy precludes any spurious effects
to electron intervalley scattering.16 After photoexcitation,
electrons and holes internally thermalize within each band
few hundred femtoseconds. Electron-lattice thermalizatio
followed by measuring the transient transmission change
probe pulse whose wavelength is chosen so that the sa
absorption change is dominated by the electron response12,17

The femtosecond pump and probe pulses are create
frequency conversion of a high power femtosecond Ti:Al2O3
oscillator. The details of the experimental system were
scribed elsewhere.18 We simply recall here that the initia
pulses are first frequency broadened in an optical fiber
two synchronized, independently tunable 100-fs pulses
selected using two grating pair compressors. This sys
permits very high sensitivity two-wavelength measureme
using a standard pump-probe setup and thus to preci
monitor the electron cooling dynamics.12

Measurements were performed in a 0.2-mm-thick
molecular-beam epitaxy~MBE! grown intrinsic GaAs
sample with AlxGa12xAs cladding layers and antireflectio
coating. It is glued on the cold finger of a helium-coole
cryostat permitting sample temperatures in the range 30–
K.

III. RESULTS AND DISCUSSION

The measured transient differential transmissionDT/T is
shown in Fig. 1 for a carrier density of 131017 cm23 and
4576 ©1999 The American Physical Society
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PRB 59 4577BRIEF REPORTS
sample temperatures of 100 and 190 K. The pump wa
lengthlpump has been modified to account for the band-g
shift with temperature and is, respectively, 775 and 780 n
High-energy electron states in the tail of the electron-
distribution being probed (lprobe;805 nm), electron-gas
cooling corresponds to a decrease of the probed state o
pation number and thus ofDT/T. After a fast transient, the
measured transmission change slowly decays to its long-
value (DT/T)QE that corresponds to a quasiequilibrium sit
ation between the carriers and the lattice.19 The amplitude of
(DT/T)QE actually results from both absorption reductio
due to band filling and absorption increase due to many-b
effects.17 For a fixed carrier density, the former contributio
decreases with temperature due to reduction of the occ
tion numbers of the probed states concomitant with reduc
of the carrier average energy. Lowering the sample temp
ture thus leads to a decrease of (DT/T)QE that eventually
becomes negative as the many-body effect contribution
comes dominant~Fig. 1!. This contribution, however, essen
tially introduces an offset on the measured signal17,20 whose
temporal behavior is thus dominated by the electron therm
ization dynamics.

The picosecond relaxation ofDT/T to (DT/T)QE shows a
slow cooling of the electron gas to the lattice temperatu
For the investigated low-carrier density, screening of
Fröhlich interaction and plasmon-phonon hybridization pl
a minor role and this behavior can be attributed to overpo
lation of the LO phonon modes coupled with the hot ele

FIG. 1. ~a! Transient change of transmissionDT/T in GaAs for
a carrier density of 131017 cm23 and lattice temperaturesTL of
100 K ~full line! and 190 K~dash-dotted line!. ~b! Time dependence
of the normalized transmission differenceDT5DT/T2(DT/T)QE

on a logarithmic scale. (DT/T)QE is the quasi equilibriumDT/T
measured att540 ps. The dotted lines correspond to exponen
decays with time constantst th of 2.5 ps (TL5190 K) and 5.3 ps
(TL5100 K).
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trons, i.e., a hot phonon effect.12 The characteristic long-term
electron-lattice thermalization time can be estimated by p
ting the transmission differenceDT5DT/T2(DT/T)QE on
a logarithmic scale as a function of the probe-time de
~Fig. 1!. After a fast decay,DT decreases almost monoexp
nentially with a time constantt th rising from;2.5 ps at 190
K to ;5.3 ps at 100 K. A similar behavior has been o
served over the entire investigated temperature range
photoexcited carrier densities smaller than;1017 cm23.
The t th values determined for sample temperature rang
from 50 to 300 K are plotted in Fig. 2 and show a lar
increase of the electron-lattice thermalization time for te
peratures lower than 100 K.

The observed behavior can be understood using a sim
fied rate equation model describing energy exchanges
tween the electron-gas and LO phonon subsystems, and
coupling with the thermal bath~other lattice modes!. During
cooling of the electron gas, zone center LO phonons
created in a wave-vector range limited by momentum a
energy conservations. These decay into lower freque
phonons with their intrinsic lifetimetLO , due to lattice an-
harmonicity. As a crude approximation, assuming that a te
peratureTLO can be defined for the zone center LO phono
interacting with the electron gas at temperatureTe , the elec-
tron and LO phonon cooling dynamics is described for sm
excess temperatures~i.e., Te2TL , TLO2TL!TL) by

]Te

]t
5

TLO2Te

te-LO
, ~3.1a!

]TLO

]t
5

Ce

CLO

Te2TLO

te-LO
2

TLO2TL

tLO
, ~3.1b!

where TL is the lattice temperature~second-generation
phonons are neglected here!, te-LO the electron–LO-phonon
energy exchange time,Ce the electron-gas heat capacity, an
CLO the heat capacity of the LO phonons coupled with t
electron gas.3,4,12

For not-too-low temperatures, electron–LO-phonon e
ergy exchanges are much faster than LO phonon energy
cay to the lattice,te-LO!tLO ~Fig. 3!. Here te-LO has
been numerically computed for an electron density

l

FIG. 2. Lattice temperature dependence of the measured
delay electron-gas cooling timet th . The full line is computed using
simulations of the coupled LO phonon-carrier dynamics and
dashed line shows the LO phonon dephasing timeT2/2.
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131017 cm23 taking into account screening and Pauli e
clusion principle.12 The calculatedte-LO values are almos
identical to the ones that can be obtained in the small ex
temperature limit from the usual formula for the average r
of electron-energy loss.1,2 In this regime, analogous to th
room-temperature one, the two strongly interacting s
systems thus quickly reach a quasiequilibriumTe;TLO
.TL and their subsequent cooling is governed by LO p
non decay. Using Eqs.~3.1! one can show that the couple
subsystems thus cool to the lattice temperature with a c
acteristic timet th :3,4,12

t th'~11Ce /CLO! tLO , ~3.2!

depending on the ratio of the heat capacity of the electr
gas and LO phonon subsystem, with

CLO'
~ELO!2kM

3

6p2kBTLO
2

nLO~11nLO!. ~3.3!

For a finite electron temperature, there is no clear cut-off
the maximum wave vectorkM of the LO phonons interacting
with the electron gas andCLO is thus not precisely define
here. Using numerical simulation of the nonequilibrium L
phonon population dynamics,12 kM can however be esti
mated to be of the order of 53106 cm21. The ratioCe /CLO
computed with this approximation is plotted in Fig. 3 f
identical electron and LO phonon temperatures and elec
densities of 131017 and 131016 cm23. For low-electron
densities and not-too-low temperatures,CLO largely exceed
Ce . In this regime, most of the excess energy of the coup
system is stored in the LO phonons and it thus cools do
with a time constantt th almost identical totLO .

In intrinsic GaAs in absence of injected carriers, scatt
ing of zone center LO phonons is dominated by populat
decay processes and their lifetime and dephasing time ca
identified (tLO5T2/2).5,13 The temperature dependence
the latter has been investigated in semi-insulating GaAs

FIG. 3. Temperature dependence of the electron–LO-pho
energy exchange timete-LO calculated for an electron density o
131017 cm23 and of the LO phonon dephasing timeT2/2. The
inset shows the temperature dependence of the ratio of the ele
and LO phonon heat capacities computed using Eq.~3.3! and for
carrier densities of 131017 cm23 ~full line! and 131016 cm23

~dotted line!.
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ing a time-resolved coherent anti-Stokes Raman spect
copy technique5 and is reproduced in Fig. 2 by the dash
line. For lattice temperatures higher than 100 K, the m
suredt th andtLO are comparable in the above model, sho
ing that the final electron-lattice thermalization is govern
by LO phonon decay. The decay timet th is, however, found
to be slightly smaller thantLO ~Fig. 2!, in contrast to the
prediction of Eq.~3.2!. A similar behavior has been observe
in previous room-temperature studies and can be ascribe
additional energy transfer to the photoexcited holes,
electron-hole and nonequilibrium phonon-hole interactio
that have been neglected here.12

For lower lattice temperatures (TL,100 K), the LO pho-
non electron-gas energy exchange time,te-LO , strongly in-
creases due to reduction of the number of electrons above
threshold for LO phonon emission as the electron tempe
ture decreases~Fig. 3!. This, together with the reduction o
the LO phonon heat capacity as compared to the electr
one, is responsible for the observed strong slowing down
the electron-gas cooling at low temperatures. In this regi
no quasiequilibrium is established between the electrons
LO phonons and a large part of the excess energy stays in
electron gas.t th is then no more limited by the LO phono
lifetime and becomes much larger thantLO ~Fig. 2!.

To better describe our results we have performed sim
tions of the carrier-relaxation dynamics by numerically so
ing the coupled LO phonon-carrier Boltzmann equations
electrons and heavy and light holes.12,17 All carrier-carrier
scattering processes have been considered including t
inducing intervalence-band transfers. Hole-optical phon
polar and nonpolar interactions have been considered
both intra and intervalence-band mechanisms as well
intervalence-band transfer assisted by acoustic phonon
the energy equipartition approximation. Carrier-acous
phonon energy exchanges were neglected as the minim
lattice temperature investigated here is 50 K.2 Dynamic
screening in the plasmon pole approximation has been u
for the LO phonon polar interactions with electron and lig
holes. The nonequilibrium LO phonon effect has been c
sidered both for electrons and light holes but has been
glected for heavy holes in agreement with recent experim
tal investigation of cold-hole heating.17 The long delay
electron-gas cooling times extracted from the computed
sorption change are in very good agreement with the m
sured ones~Fig. 2, full line! with in particular the same in-
crease oft th for temperatures lower than 100 K (tLO
5T2/2 has been used in the simulations!.

IV. CONCLUSION

Using a two-color femtosecond technique we have inv
tigated the cooling dynamics of a hot photoexcited elect
gas to the lattice in GaAs for low-carrier densitie
(<1017 cm23) in the temperature range 50–300 K. The r
sults show that for lattice temperatures higher than'100 K
the final electron-gas cooling dynamics is limited by the L
phonon lifetime, in agreement with a simple rate equat
model. In this strong coupling regime of the electron g
with the LO phonons, the two systems quickly reach a th
mal quasiequilibrium where most of their excess energy
stored in the LO phonon subsystem. The electron coo
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time thus reflects decrease of the common temperature d
energy losses of the LO phonon subsystem to the other
non modes. This correlation between the electron coo
time and the LO phonon lifetime also provides a new way
determining this lifetime in polar semiconductors.13

At lower temperatures, electron-gas cooling times mu
larger than the LO phonon lifetime have been measu
This additional slowing down reflects reduction of both t
a

d
a

to
o-
g
f

h
d.

electron-gas–LO-phonon energy exchanges due to bloc
of the LO phonon emission by electrons and of the h
capacity of the LO phonons coupled with the electron g
These results are in very good agreement with numer
simulations of the coupled carrier-LO phonon dynamics
dicating, in particular, that second-generation phonon effe
important at very low temperatures and high carr
densities,15 are negligible here.
.
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