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Transient heat transport by carriers and phonons in semiconductors

A. F. Carballo Sa´nchez, G. Gonza´lez de la Cruz, Yu G. Gurevich, and G. N. Logvinov*
Departamento de Fı´sica, Centro de Investigacio´n y de Estudios Avanzados del I.P.N., Apartado postal 14-740,

07000 México, D.F., Mexico
~Received 9 September 1998!

The electron and phonon temperature distribution in semiconductors initially heated on the surface with a
short laser pulse is calculated as a function of position and time. We solved the coupled one-dimensional heat
diffusion equations for electron and phonon systems in the linear approximation in which the physical param-
eters of the sample are temperature independent. We also consider the heat pulse at the surface of the semi-
conductor as a boundary condition for each electron and phonon system. We believe that the transient heat
transport experiments are a very suitable way of measuring the electron and phonon temperaturesTe,p(x,t) in
the sample, and they also yield the relaxation time associated with the different relaxation processes, e.g.,
electron-electron, phonon-phonon, and electron-phonon relaxation times, respectively. We provide a detailed
quantitative theory for heat transient transport and find that the mechanism for electron energy relaxation time
is strongly dependent on the size of the sample. For thin-film semiconductors the main relaxation process is
due to heat diffusion by carriers, however the energy relaxation in larger samples is due to electron-phonon
energy interaction. On the other hand, for nondegenerate semiconductors the typical ratio of the heat conduc-
tivities of electrons and phonons satisfieske /kp;1023; under these circumstances the phonon energy relax-
ation time is due to heat diffusion by phonons and it is sample size independent. It is exciting that the electron
temperature distribution function can be measured experimentally by means of the thermoelectric effect in
semiconductors as a function of time.@S0163-1829~99!00916-9#
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I. INTRODUCTION

Up to now, thermal parameters in semiconductors h
been extensively investigated by solving the heat diffus
equation in steady-state conditions.1 There is also experi-
mental evidence in favor of this model.2,3 The experimental
photoacoustic effect, which directly measures the press
fluctuations in the chamber gas, yields the thermal diffusiv
of the sample. However, in steady-state transport exp
ments the situation is somewhat more complicated beca
the electrons~phonons! continuously gain energy from th
absorption of the incident radiation and lose it by the int
action between them.4,5 For typical values of the heat con
ductivity of electrons and phonons in semiconductors, i
possible to obtain information about the physical parame
describing the diffusivity and thermal conductivity of ele
trons and phonons as well as the electron-phonon en
interaction. But here these photothermal experiments ca
provide insight into processes related to energy relaxa
times associated with quasiparticle systems. Pulsed op
spectroscopy allows an investigation of the dynamics of n
equilibrium processes and the various relaxation mechan
in photoexcited semiconductor6 and metallic samples.7–11

The decay curves of transient thermoelectric effect12 consist
of all the stages~carrier generation and recombination,13,14

heat diffusion by carrier and phonons,5 etc.!, each with its
characteristic relaxation or decay time. The transient ther
electric effect experiments provide useful information
garding relaxation mechanism, specific heat, thermal di
sivity, and more.15,16

Over the past decade there have been many experim
using excite-and-probe techniques to investigate nonste
thermal processes in semiconductors. Most of these exp
PRB 590163-1829/99/59~16!/10630~9!/$15.00
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ments have been reported where one surface of the samp
heated by means of a flashlamp or a laser pulse and
transient temperature of the other surface is measured u
some photothermal technique.6

Above band-gap excitation of a semiconductor with
intense laser pulse produces a large number of nonequ
rium electron and hole carriers.13,14 As the systems diffuse
into the sample, the electron-hole pairs eventually recomb
producing a second source of heat which also diffuses
the semiconductor. If the following inequalityn(e)
@nee(e)@ne(e),v is valid, wheren~e! is the frequency of
the momentum relaxation,nee(e) represents the electron
electron collision,ne(e) the electron energy relaxation,v is
the external perturbation frequency, ande is the kinetic elec-
tron energy, the nonequilibrium electron system can be
scribed by a Fermi-Dirac distribution function with temper
ture Te.17 Similarly, we can introduce the nonequilibrium
phonon temperatureTp .

One of the simplest and at the same time quite effec
models describing the process of heat transport in the lo
equilibrium conditions, i.e., a purely dissipative energy tra
port, is the so-called two-temperature model.17 In this case
an individual temperature can be assigned to each subsys
Then the thermal problem in the system can be reduce
the determination of the space-time evolution of these t
temperatures taking into consideration the energy excha
between subsystems. The two-temperature approach
been used to analyze the thermal wave propagation
semiconductors5 and the measurements of transient transp
due to the generation of nonequilibrium electron temperat
which cools to the lattice.11

In general, the photothermal signal is not only depend
upon how heat is carried out by each quasiparticle system
10 630 ©1999 The American Physical Society
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the semiconductor and its thermal parameters~i.e., electron
and phonon thermal diffusivity and thermal conductivity!,
but also on how the energy and momentum are distribu
between them, i.e.,5 the detected signal depends on the d
ferent mechanisms of carrier and phonon interactions.
example, in insulators heat is only carried out by phono
and the energy relaxation time is given ast5 l 2/ap , wherel
is the thickness of the sample andap is the effective phonon
thermal diffusivity; for crystalline Si films with thicknes
100 mm, typical values ofap50.88 cm2/s at room tempera
ture are reported whenTe5Tp and the response of th
sample occurs on at;1024 s time scale.

In order to observe these thermal fluctuations such as
various quasiparticles dynamics and heat diffusion in se
conductors, several photothermal techniques have been
veloped. Some of these are conventional gas-microph
photoacoustic detection, photopyroelectric deflection, or
mote sensing techniques such as photothermal reflec
etc., have been reviewed in Refs. 2 and 3 for a perio
thermal excitation on the surface of the semiconductor du
the absorption of a modulated electromagnetic radiation.

Recently, a novel variant of that technique in which
transient thermoelectric effect is generated by heatin
sample through absorption of optical energy has been
cessfully developed.12,15 Photothermal pulse heating of
sample is frequently produced by using intense light sour
The absorption of optical energy generates electron-h
pairs, increases the energy of the majority carriers, and
duces a thermal flux of phonons. The decay curves of
transient thermoelectric effect thus consist of all the ultraf
processes, each one with its characteristic relaxation or d
time. From the theoretical point of view, it is well know
that heat transport in solids is carried out by these quasi
ticles. Frequently the interactions between them are such
each of these systems can have their own temperature
physical conditions at the boundary of the sample.18

At this point, we would like to draw attention to tw
aspects which, in the final analysis, are important in appl
tions of the photoacoustic or thermoelectric effects. Beca
the source of the photoacoustic signal arises from the p
odic heat flow from the semiconductor, the periodic diffusi
process produces a periodic temperature variation in
semiconductor; in this case only information about the el
tron and phonon thermal parameters are obtained from th
experiments~steady-state conditions, see Ref. 5!. However,
in thermoelectric experiments the important contribution
the signal comes from the different relaxation mechanis
between the quasiparticles which in general occur at diffe
times ~with transient heat transport, which is in the limit o
very long laser pulse duration, the static approximation
recovered; see Sec. IV!.

It is clear from the above introduction that a detail
knowledge of how, when, and where the laser radiation
initially deposited and how it is redistributed in time an
space is a very complicated problem. Nevertheless, this
problem that has to be addressed in order to obtain a b
understanding of ultrafast semiconductor dynamics.

It is worth mentioning that the local equilibrium model o
heat transport process has been investigated by Sobolev19,20

Physically, the approximation of local equilibrium is corre
if the relaxation timet ~the time for the establishment o
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equilibrium in a small domain, although containing a lar
number of particles! is considerably smaller than the chara
teristic time of the external perturbationtc ~the inverse of the
chopper frequency in photoacoustic experiments or the la
pulse duration in ultrafast experiments!. Nevertheless, many
authors19–21 have proposed an additional termt]2T/]t2 in
the parabolic heat diffusion equation. This new equation~hy-
perbolic equation! really represents the propagation of u
damped heat waves instead of an energy dissipation pro
and it is valid if t.tc . However, it is well known that the
temperature distributionT(x,t) is a thermodynamic param
eter which describes the local average energy of the sys
thus if t satisfiest.tc , the local thermodynamic equilib
rium cannot be established andT(x,t) loses its physical
meaning.22

In this paper we present a theoretical investigation of tr
sient heat transport in semiconductors in the local equi
rium approximation within the two-temperature model~elec-
trons and phonons!. With this approximation the
quasiparticle temperatures are well defined and the heat p
bolic equation can be used to describe the heat diffus
process. To make the calculations of carrier and phonon t
table, simplified assumptions about the transient relaxa
processes of carriers are made. We shall assume tha
semiconductor is optically opaque to the incident laser pu
~i.e., all the incident light is absorbed at the surface a
converted into heat!.

In particular, the heat source produced by recombinat
of carriers is neglected in the heat diffusion equations
electrons and phonons. The last approximation is only va
in the limit of strong electron-hole recombination near t
surface of the semiconductor after the photoexcitation of
electron-hole pair. The carrier yields energy which is co
verted into heat in the sample.

Under these conditions, three energy relaxation mec
nisms are important to mention: heat diffusion by the el
tron system and relaxation of the extra energy to the h
reservoir environment during a timete ,tp will be the char-
acteristic relaxation time of the phonon system to the ther
reservoir, and the electron and phonon relaxation ene
with a characteristic time scaletep .

II. FUNDAMENTAL EQUATIONS

For simplification, we shall consider a semiconduc
with the form of a parallelipiped. On one surface (x50)
there is an incident pulsed laser excitation, the surfacex5 l is
maintained at constant temperatureT0 , and the lateral faces
are adiabatically isolated. In this geometry we have to so
a one-dimensional heat-diffusion equations. To evaluate
electron temperature distribution we make the following
sumptions: the sample is optically opaque~i.e., the energy
radiation is fully absorbed at the surface of the sample
converted into heat!, the surface recombination velocity i
infinite so the electron-hole pairs generated at the surface
the incident radiation rapidly recombine, and the profile
the thermal pulse is constant during the laser pulse and
otherwise.

It is common knowledge that heat transfer in semicond
tors is realized by various quasiparticles systems. In the lo
equilibrium model the interaction between these quasipa
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10 632 PRB 59A. F. CARBALLO SÁNCHEZ et al.
cles in a large number of cases can be represented as if
systems have their own temperature, and boundary co
tions can be formulated for each of the subsystems indiv
ally. We shall restrict our analysis to the case of monopo
semiconductors under the condition of strong phon
phonon interaction as discussed by Gurevich a
Mashkevich.17 Therefore, the space and time evolution of t
electron and phonon temperatures (Te andTp , respectively!
are governed by one-dimensional coupled heat-diffus
equations, which were discussed in Ref. 5@see Eqs.~1! and
~3! therein#.

Recently, time-dependent heat diffusion in semicond
tors by electrons and phonons has been investigate
steady-state conditions, where a periodic time-depend
heat flux at the surface of the sample is used as a boun
condition for the electron and phonon systems and a fi
temperature at the opposite surface. On the other hand, in
present work we shall study transient heat transport by
riers in semiconductors~non-steady-state conditions! with
boundary conditions according to the experimental situa
and, of course, the solutions for the electron and pho
temperatures are different as compared with those of Re
Nevertheless, we also use the linear approximation for
thermal parameters.

In the coupled limit~when the energy relaxation time be
tween electrons and phonons vanishes, i.e.,te50) for small
effective cooling length of the electron-phonon energy int
action, as compared to the sample dimensions and st
electron-phonon energy interaction, the system of quasi
ticles can be described by the single temperature approx
tion and the coupled heat-diffusion equations reduce to
usual diffusion equation,

]2T~x,t !

]x2 5
1

a

]T~x,t !

]t
,

where

a5
ke1kp

~rc!e1~rc!p
.

The notation is the same as in Ref. 5. In this case,
distance traveled by the heat varies with the square roo
time, L5(aDt)1/2. Choosing reasonable values for the th
ese
di-
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mal diffusivity (a;1 cm2/s for Si at room temperature!, we
find that heat propagates only 1000 Å after 100 ps.

However, when the electron and phonon systems inte
(teÞ0), the heat diffusion by electrons and phonons is m
complex. The cooling of the electron temperature to the
tice can make the heat transient time deviate from the
pectedDt;L2/a behavior and assume a more complica
dependence.

The temperature fluctuationsTe,p(x,t) should be supple-
mented by boundary conditions at the surfaces of the sam
and some initial conditions. In transient heat transport
periments, the most common mechanism to produce a
pulse is the absorption by the sample of an intense pu
laser beam. It is clear that when the intensity of the radiat
is fixed, the light-into-heat conversion at the surface of
sample can be written in general as23

Qe,p~x,t !ux5052ke,p

]Te,p~x,t !

]x U
x50

5Qe,p , 0<t<tc ,

~1a!

]Te,p~x,t !

]x U
x50

50, tc<t<`, ~1b!

and

Te,p~x,t !u t<05T0 , ~1c!

Te,pux5 l5T0 . ~1d!

HereQep(x,t) represents the electron and phonon heat fl
Qe,p5const, and atx50 describes the temporal form of th
electron and phonon heat pulse during the timetc ~laser
pulse duration!; the surface atx5 l remains at the ambien
temperatureT0 . In general,QeÞQp . It is important to note
that when chopped incident light is used in phototherm
experiments, the boundary conditions are given by Eq.~4! in
Ref. 5 and, of course, the solutions of the heat-diffus
equation obtained in this work and in Ref. 5@see Eqs.~3!#
are quite different.

The general solution of the coupled heat-diffusion eq
tions for the electron and phonon systems can be written
follows. For 0<t<tc ,
Te~x,t !5T01
1

k2 S Qe

ke
kp

21
Qp

kp
ke

2D ~ l 2x!1
ke

2

k2 S Qe

ke
2

Qp

kp
D sinh@k~ l 2x!#

k cosh~kl !

1
2ke

2

lk2 S Qe

ke
2

Qp

kp
D (

n50

`

cos~bnx!F ~k2ae1bn
2ae1l2n!el1nt2~k2ae1bn

2ae1l1n!el2nt

~l1n2l2n!~k21bn
2! G

1
2

lk2 S Qe

ke
kp

21
Qp

kp
ke

2D (
n50

`
cos~bnx!

bn
2 S ~bn

2ae1l2n!el1nt2~bn
2ae1l1n!el2nt

l1n2l2n
D ~2a!

and
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Tp~x,t !5T01
1

k2 S Qe

ke
kp

21
Qp

kp
ke

2D ~ l 2x!2
kp

2

k2 S Qe

ke
2

Qp

kp
D sinh@k~ l 2x!#

k cosh~kl !

2
2kp

2

lk2 S Qe

ke
2

Qp

kp
D (

n50

`

cos~bnx!S ~k2ap1bn
2ap1l2n!el1nt2~k2ap1bn

2ap1l1n!el2nt

~l ı̂n2l2n!~k21bn
2!

D
1

2

lk2 S Qe

ke
kp

21
Qp

kp
ke

2D (
n50

`
cos~bnx!

bn
2 S ~bn

2ap1l2n!el1nt2~bn
2ap1l1n!el2nt

l1n2l2n
D , ~2b!

wherek25ke
21kp

2 represents the inverse of the cooling length,18 a5ae1ap , andbn5(2n11)p/2l with n50,1,2, . . . ,

l1n5 1
2 „2ke

2ae2kp
2ap2bn

2a1$@ke
2ae2kp

2ap1bn
2~ae2ap!#214ke

2kp
2aeap%

1/2
…, ~3a!

l2n5 1
2 „2ke

2ae2kp
2ap2bn

2a2$@ke
2ae2kp

2ap1bn
2~ae2ap!#214ke

2kp
2aeap%

1/2
…. ~3b!

The electron and phonon temperature distribution fortc<t,` together with the continuity of temperature att5tc , i.e.,
Te,p(x,t)u t5tc

5Te,p(x,tc), whereTe,p(x,tc) are given by Eqs.~2a! and ~2b!, are

Te~x,t !5T01
2ke

2

lk2 S Qe

ke
2

Qp

kp
D

3 (
n50

`

cos~bnx!S ~k2ae1bn
2ae1l2n!~12e2l1ntc!el1nt2~k2ae1bn

2ae1l1n!~12e2l2ntc!el2nt

~l1n2l2n!~k21bn
2!

D
1

2

lk2 S Qe

ke
kp

21
Qp

kp
ke

2D (
n50

`
cos~bnx!

bn
2 S ~bn

2ae1l2n!~12e2l1ntc!el1nt2~bn
2ae1l1n!~12el2ntc!el2nt

l1n2l2n
D , ~4a!

Tp~x,t !5T02
2kp

2

lk2 S Qe

ke
2

Qp

kp
D

3 (
n50

`

cos~bnx!S ~k2ap1bn
2ap1l2n!~12e2l1ntc!el1nt2~k2ap1bn

2ap1l1n!~12e2l2ntc!el2nt

~l1n2l2n!~k21bn
2!

D
1

2

lk2 S Qe

ke
kp

21
Qp

kp
ke

2D (
n50

`
cos~bnx!

bn
2 S ~bn

2ap1l2n!~12e2l1ntc!el1nt2~bn
2ap1l1n!~12e2l2ntc!el2nt

l1n2l2n
D . ~4b!
st
f t
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Once we know the electron and phonon temperature di
butions in the sample, we can calculate the response o
surrounding medium due to the laser pulse heating of
sample using one of the several alternative detection te
niques mentioned in Ref. 6.

III. ELECTRON AND PHONON TEMPERATURE
DISTRIBUTIONS IN NONDEGENERATE

SEMICONDUCTORS

One of the most important properties of any semicond
tor at temperatureT is the number of electrons per unit vo
ume in the conduction band. The determination of these
function of temperature is straightforward through the Fer
Dirac statistics, and one can extract some useful informa
about the electron and phonon thermal parameters prov
only that the chemical potential

m,0, umu@T.

If it does, the semiconductor is described as nondege
ate and in this case the ratio between the electron and ph
ri-
he
e
h-

-

a
i-
n
ed

r-
on

thermal conductivity is satisfied;ke /kp;1023. Then by the
definition of the electronke

21 and phononkp
21 cooling length

ke@kp , k215ke
21, Gurevich et al.24 show, using kinetic

theory of electron gas, that electron heat capacity is prop
tional to the electron density in nondegenerate semicond
tors, i.e., (rc)e;n;1014– 1016cm23, while for phonon gas
(rc)p;1023cm23.25 Therefore, under these circumstances
remarkable result is obtained for the electron and pho
thermal diffusivity,

ae5ke /n, ap5103ke /~rc!p ,

ae

ap
5

ke

~rc!e

~rc!p

~kp!
;106– 104,

thus

ae@ap .

With these approximations, after simplifying@l1n50,
l2n52ae(ke

21bn
2)# the expressions forTe andTp , they can

be written as
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Te~x,t !5T01
Qe

ke

sinh@ke~ l 2x!#

ke cosh~kel !

2
2Qe

lke
(
n50

`
cos~bnx!

ke
21bn

2 e2ae~ke
2
1bn

2
!t, ~5a!

Tp~x,t !5T0 if 0<t<tc ~5b!

and

Te~x,t !5T02
2Qe

lke
(
n50

`
cos~bnx!

ke
21bn

2 ~1

2eae~ke
2
1bn

2
!tc!e2ae~ke

2
1bn

2
!t, ~5c!

Tp~x,t !5T0 if tc<t,`. ~5d!

It is clear that, in the case of nondegenerate semiconduc
the phonon temperature distribution is constant and is e
to the ambient temperature.

Since this is a zeroth-order approximation forTp(x,t), the
next-order approximation can be obtained from Eqs.~4!. It is
straightforward to show that the amplitude of the dynami
contribution to the phonon temperature fluctuation is prop
tional to (ke /kp)exp(2l1nt), and becauseke /kp!1, this
amplitude is very small as compared withT0 . On the other
hand, the characteristic phonon energy relaxation timetTp

is

proportional to l1n
21, i.e., tTp

;l1n
21@tTe

51/ae(ke
21bn

2)
~electron energy relaxation time!, which means that the sys
tem of phonons has enough time to redistribute the ene
received from the laser pulse in this approximation.

The above expressions for the heat transient transpo
electrons are quite complicated. Nevertheless, there are s
important limiting cases which are simple to analyze. Th
cases may be grouped according to the cooling lengthke

21

and the thickness of the sample.
Casea: kel !1 ~thin films!. In this case one gets from

the electron temperature

Te~x,t !5T01
Qe

ke

sinh@ke~ l 2x!#

ke cosh~kel !

2
8Qel

p2ke
(
n50

`
cos@~2n11!px/2l #

~2n11!2

3e2~2n11!2~p2ae/4l 2!t, 0<t<tc , ~6a!

Te~x,t !5T02
8Qel

p2ke
(
n50

`
cos@~2n11!px/2l #

~2n11!2

3~12e~2n11!2~p2ae/4l 2!tc!

3e2~2n11!2~p2ae/4l 2!t, tc<t,`. ~6b!

Caseb: kel @1 ~bulk!,
rs
al

l
r-

y

of
me
e

Te~x,t !5T01
Qe

ke

sinh@ke~ l 2x!#

ke cosh~kel !

2
2Qel

lke
(
n50

`
cos@~2n11!px/2l #

ke
21~2n11!2~p2/4l 2!

3e2ae@ke
2
1~2n11!2~p2/4l 2!#t, 0<t<tc , ~7a!

Te~x,t !5T02
2Qel

lke
(
n50

`
cos@~2n11!px/2l #

ke
21~2n11!2~p2/4l 2!

3~12eae@ke
2
1~2n11!2~p2/4l 2!#tc!

3e2ae@ke
2
1~2n11!2~p2/4l 2!#t, tc<t,`. ~7b!

IV. DISCUSSION

We now turn to the discussion of the results obtained
far for nondegenerate semiconductors. It is clear that,
cause of the electron-phonon interaction, there is a cha
teristic lengthk21.ke

21 ~cooling length! over which the en-
ergy acquired by electrons from the laser pulse is transfe
to phonons with temperatureT0 of the ambient medium.
Nonequilibrium carriers interact with phonons acting as
bulk thermostat.

From the expressions~5!, ~6!, and ~7! it follows that the
electron temperature distribution depends substantially
the relationship between laser pulse excitation timetc and
the characteristic time of the electron energy relaxationtTe

.
For example, if the thickness of the semiconductor~l! is
greater than the electron cooling length (ke

21), thentTe
rep-

resents the electron-phonon relaxation timetTe
5(aeke

2)21

5te , and under this situation the electron energy is mai
redistributed between the system of electrons and phonon
the range 0,x<ke

21! l , and therefore heat flux across th
surface of the sample atx5 l may be neglected.

However, if l !ke
21, the electron-phonon energy intera

tion is not efficient in terms of energy relaxation and in th
casetTe

5 l 2/ae and the electron heat flux satisfies divQe

5(rc)e(]Te /]t).
Therefore, it is clear from the above discussion that th

are some important limiting cases which should be poin
out. ~i! The electron system cannot transfer its energy to
lattice. This situation corresponds to thin-film semicondu
tors whenke

21@ l and the electron energy relaxation time
considerably dependent on the sample thickness and
electron thermal diffusivity,tTe

5 l 2/ae . ~ii ! For massive

samples (ke
21! l ), in this approximation the electron energ

is completely given to the lattice andtTe
depends upon both

the electron cooling length and thermal diffusivity@tTe

5(aeke
2)21#.

One can now discuss various approximations to the e
tron temperature fluctuationTe(x,t) depending on the rela
tionship between the electron energy relaxation timetTe

and

the laser pulse duration timetc . These approximations ar
discussed in the following.

The first approximation is to neglect the dynamical co
tribution in the electron temperature distribution so that
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FIG. 1. Time dependence of the normalize
electron temperatureu5(ke/Qel )(Te2T0) as a
function of position in the quasistatic approxima
tion; kel !1 and tc@tTe

5 l 2/ae for ~a! 0,t1

,t2,¯,tc , ~b! tc,t3,t4,¯ , ~c! position
dependence ofu as a function of time at 0,x1

,x2,¯, l .
ti
o
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th
a
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(
on
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dis-
ed
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tion
on
-

of

old
ch
c-
that
he
electron heat flux is almost constant. This situation is valid
the surface of the sample is illuminated during a timetc such
that tc@tTe

. This approximation resembles the quasista
heat diffusion in which the temperature is a linear function
the position whentTe

5 l 2/ae and kel !1 ~see Fig. 1! or

Te(x,t) is an exponential function fortTe
5te and kel @1

~see Fig. 2!. It increases exponentially with time in the inte
val 0,t,tTe

, and it is time independent in the regimetTe

,t,tc ; after the laser pulse has been extinguished,
electron temperature attenuates rapidly to zero with incre
ing time such that at timet.t1tTe

the temperature fluctua
tion is effectively fully damped out.

On the other hand, for short laser pulse excitationtc
!tTe

), the evolution of the electron temperature distributi

is the following ~see Fig. 3!; at fixed time in the range 0
if

c
f

e
s-

,t<tc , the electron temperature decreases exponent
with increasing distance from the surface such that, at
tancex5Aaet, the temperature fluctuation has been damp
out. Therefore, the initial rise in the carrier temperature d
to the excess kinetic energy received during laser excita
results in a diffusion of carriers out of the interactive regi
(0<x<xc5Aaetc). However, the diffusion of carriers per
sists over a period oft.tc in the semiconductor until the
spatial inhomogeneity returns to equilibrium.

Note that there are two regions in the sample. One
them in the interval 0,x,xc , where]2Te/]x2,0, corre-
sponds to the hot region in the semiconductor, while the c
region x.xc is described by the electron temperature su
that ]2Te/]x2.0. In the hot region of the sample the ele
tron temperature decreases in time, therefore this implies
the heat flux incoming into a small volume element in t
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FIG. 2. The same as Fig. 1 but forkel @1,
tTe

5te .
r,
o
u
ith
se
th

th
fo

on
se

ou
he
ra
he

ring
and
the

ing
ture

(
he
e
d to
ion

tor

he
sample is smaller than the outgoing heat energy. Howeve
the cold region the heat flux decreases with respect to p
tion. The hot carriers close to the surface of the semicond
tor (0,x,xc) correspond to the photoexcited electrons w
excess of kinetic energy from the incident radiation pul
Therefore, this extra energy is transferred by diffusion to
cold region of the semiconductor (x.xc) until the electron
energy is fully relaxed at the surface of the sample or to
phonon system. In Fig. 3 we show the calculated results
the electron temperature distribution thin-film approximati
using Eqs.~6! (kel !1) during and after the short laser pul
excitation. In Figs. 3~a! and 3~b! the normalized electron
temperature is shown as a function of the position for vari
values oft before and after the laser pulse has been switc
off. In Fig. 3~c! we compare the temporal electron tempe
ture evolution for various fixed values of the position in t
in
si-
c-

.
e

e
r

s
d

-

semiconductor. As can be seen, all the curves increase du
the laser pulse excitation heating the electron system,
subsequently the carriers lose their kinetic energy and
system returns to thermal equilibrium. Note that the cool
of the carrier system occurs after the electron tempera
reaches its maximum value att5tc in a region close to the
surface of the sample (0<x<xc). However, the electron
temperature peak shifts notably towards greater timest
.tc) with increasing distance from the surfaces of t
sample (xc<x< l ). This arises from the fact that after th
laser pulse excitation the heat at the surface is transferre
the subsequent volume element in the sample by a diffus
process.

We now return to analyzing a massive semiconduc
sample described by the inequalitykel @1. In this case the
electron-phonon interaction is more efficient in terms of t
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FIG. 3. Time dependence of the normalize
electron temperature (tc!tTe

) in the approxima-
tion; kel !1 and tTe

5 l 2/ae , for ~a! 0,t1,t2

,•••tc , ~b! tc,t3,t4,¯ , ~c! position depen-
dence ofu as a function of position of time 0
,x1,x2,¯, l .
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no
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he
electron energy relaxation. In this approximation the char
teristic relaxation time corresponds to the electron-pho
time relaxation tTe

5te5(aeke
2)21. It is clear from the

above discussion that the carriers lose their energy with
small region in the semiconductor of thicknesske

21, and the
rest of the sample, i.e.,x.ke

21, remains in equilibrium with
the lattice.

Similar behavior of the diffusion heat in the semicondu
tor for tc!te can be observed as compared for the thin-fi
semiconductor approximation, as shown in Fig. 3~for tc

!te), but the amplitude of the electron temperature
smaller thanTe(x,t) in the limit of thin films~see Figs. 1 and
2! and the electron temperature has an exponential de
dence on position.
c-
n

a

-

s

n-

V. CONCLUSIONS

A theoretical analysis of heat diffusion carried out b
electrons in semiconductors has been performed. Solving
heat-diffusion equations with appropriate boundary con
tions, we obtain the electron and phonon temperature di
bution in the sample, which can be experimentally measu
using the thermoelectrical effect and the photoacoustic te
nique, respectively. For typical parameters of the electr
and phonons in semiconductors (ke@kp and ae@ap) it is
possible to obtain the spatial and temporal behavior of
electron temperature. It is shown that the electron temp
ture is ultimately governed by the thickness of the semic
ductor and the electron cooling length. In our model, t
effect of the laser pulse excitation timetc on the electron
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heat diffusion in semiconductors has been pointed out
cording to whethertc is greater or shorter than the electro
energy relaxation timetTe

. If tc@tTe
, the electron heat dif-

fusion in the sample is quasistatic while fortc!tTe
the elec-

tron temperature represents a typical transient heat-diffu
process.

For a nondegenerate semiconductor, the electron en
relaxation time depends strongly upon the relationship
tween the electron cooling length and the size of the sam
In the case of thin-film semiconductors, when the elect
cooling length ke

21 is greater than the thickness of th
sample, i.e.,kel !1, the electron energy relaxation time
given astTe

5 l 2/ae , which means that the electron ener
received from the laser pulse is transferred to the reser
across the surface of the semiconductor atx5 l . On the other
hand, for massive semiconductorskel @1 the energy relax-
ation time satisfiestTe

5(aeke
2)21, and in this case the ex

cess of the electron energy is redistributed to the pho
system.

The heat electron transient transport has also been stu
for various values of laser pulse durationtc . Specifically, for
a short laser pulse as compared with the characteristic e
tron energy relaxation time (tc,tTe

), the transient electron
B

c-

on

gy
-

le.
n

ir

n

ied

c-

temperature, after the laser pulse has been disconnec
shows a different decaying curve if 0,x,xc , where
]2Te /]x2,0, or is greater thanxc , where]2Te /]x2.0 and
xc.Aaetc. The origin of the transient behavior observed
Fig. 3 for the electron temperature comes from the hot el
trons, photoexcited by the laser pulse close to the surface
the semiconductor in the range 0,x,xc ; as a consequence
this extra energy diffuses to the cold region of the semico
ductor (l .x.xc) after the laser pulse has been extin
guished.

We shall conclude this section by mentioning the follow
ing: in contrast to the steady-state photothermal experime
the transient heat transport in semiconductors provides a
tional information about the electron thermal parameters a
the electron-phonon energy interaction, which can be de
mined by means of the transient thermoelectric experime
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