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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 tempgga(useksin
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
guantitative 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 satisﬁe;/xp~10’3; 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 tinjf&0163-18209)00916-9

[. INTRODUCTION ments have been reported where one surface of the sample is
heated by means of a flashlamp or a laser pulse and the
Up to now, thermal parameters in semiconductors havéransient temperature of the other surface is measured using
been extensively investigated by solving the heat diffusiorsome photothermal techniqfie.
equation in steady-state conditioh§here is also experi- Above band-gap excitation of a semiconductor with an
mental evidence in favor of this modef. The experimental intense laser pulse produces a large number of nonequilib-
photoacoustic effect, which directly measures the pressurdum electron and hole carrietd As the systems diffuse
fluctuations in the chamber gas, yields the thermal diffusivityinto the sample, the electron-hole pairs eventually recombine
of the sample. However, in steady-state transport experiproducing a second source of heat which also diffuses into
ments the situation is somewhat more complicated becaugbe semiconductor. If the following inequalityv(e)
the electrongphonong continuously gain energy from the > ved€)>v(€),w is valid, wherew(e) is the frequency of
absorption of the incident radiation and lose it by the interthe momentum relaxationy.(€) represents the electron-
action between therh® For typical values of the heat con- electron collisionv (€) the electron energy relaxatiom, is
ductivity of electrons and phonons in semiconductors, it ishe external perturbation frequency, ani the kinetic elec-
possible to obtain information about the physical parameterron energy, the nonequilibrium electron system can be de-
describing the diffusivity and thermal conductivity of elec- scribed by a Fermi-Dirac distribution function with tempera-
trons and phonons as well as the electron-phonon enerdyre T..}” Similarly, we can introduce the nonequilibrium
interaction. But here these photothermal experiments cann@honon temperature,, .
provide insight into processes related to energy relaxation One of the simplest and at the same time quite effective
times associated with quasiparticle systems. Pulsed opticahodels describing the process of heat transport in the local
spectroscopy allows an investigation of the dynamics of nonequilibrium conditions, i.e., a purely dissipative energy trans-
equilibrium processes and the various relaxation mechanismort, is the so-called two-temperature motfeln this case
in photoexcited semiconducfoand metallic samples!*  an individual temperature can be assigned to each subsystem.
The decay curves of transient thermoelectric etfeconsist  Then the thermal problem in the system can be reduced to
of all the stagegcarrier generation and recombinatitf}  the determination of the space-time evolution of these two
heat diffusion by carrier and phonohgtc), each with its temperatures taking into consideration the energy exchange
characteristic relaxation or decay time. The transient thermosetween subsystems. The two-temperature approach has
electric effect experiments provide useful information re-been used to analyze the thermal wave propagation in
garding relaxation mechanism, specific heat, thermal diffusemiconductorsand the measurements of transient transport
sivity, and more->16 due to the generation of nonequilibrium electron temperature
Over the past decade there have been many experimenigich cools to the latticé!
using excite-and-probe techniques to investigate nonsteady In general, the photothermal signal is not only dependent
thermal processes in semiconductors. Most of these expenipon how heat is carried out by each quasiparticle system in

0163-1829/99/5@.6)/106309)/$15.00 PRB 59 10630 ©1999 The American Physical Society



PRB 59 TRANSIENT HEAT TRANSPORT BY CARRIERS AN . .. 10631

the semiconductor and its thermal parametess, electron  equilibrium in a small domain, although containing a large
and phonon thermal diffusivity and thermal conductiyjity number of particlesis considerably smaller than the charac-
but also on how the energy and momentum are distributeteristic time of the external perturbatieq (the inverse of the
between them, i.€.the detected signal depends on the dif-chopper frequency in photoacoustic experiments or the laser
ferent mechanisms of carrier and phonon interactions. Fopulse duration in ultrafast experimentslevertheless, many
example, in insulators heat is only carried out by phononsauthor$®~>* have proposed an additional term”T/4t? in
and the energy relaxation time is givenas|?/«,, wherel  the parabolic heat diffusion equation. This new equation
is the thickness of the sample ang is the effective phonon perbolic equationreally represents the propagation of un-
thermal diffusivity; for crystalline Si films with thickness damped heat waves instead of an energy dissipation process
100 um, typical values ofr,=0.88 cnt/s at room tempera- and it is valid !f 7>7.. However, it is well knowq that the
ture are reported whef,=T, and the response of the temperqture d|str|but|oﬁ(x,t) is a thermodynamic param-
sample occurs on a~10"*s time scale. eter WhICh d_escrlbes the local average energy qf the system;
In order to observe these thermal fluctuations such as tHiUS if 7 satisfiest> 7., the local thermodynamic equilib-
various quasiparticles dynamics and heat diffusion in semitlim cannot be established ari{x,t) loses its physical
conductors, several photothermal techniques have been d@eaning’ o L
veloped. Some of these are conventional gas-microphone !N this paper we present a theoretical investigation of tran-
photoacoustic detection, photopyroelectric deflection, or reSi€nt heat transport in semiconductors in the local equilib-
mote sensing techniques such as photothermal reflectiofium approximation within the two-temperature modelec-
etc., have been reviewed in Refs. 2 and 3 for a periodid™onS and phonons With this approximation the
thermal excitation on the surface of the semiconductor due tguasiparticle temperatures are well defined and the heat para-
the absorption of a modulated electromagnetic radiation. POlic equation can be used to describe the heat diffusion
Recently, a novel variant of that technique in which aProCess. To_r_nake the caI(_:uIatlons of carrier an_d phonon trac-
transient thermoelectric effect is generated by heating fable, simplified assumptlons about the transient relaxation
sample through absorption of optical energy has been surocesses of carriers are made. We sh_all_assume that the
cessfully develope®® Photothermal pulse heating of a §em|conductqr is optlcally opaque to the incident laser pulse
sample is frequently produced by using intense light sourcedi-€-» all the incident light is absorbed at the surface and
The absorption of optical energy generates electron-hol0nverted into heat o
pairs, increases the energy of the majority carriers, and pro- !N particular, the heat source produced by recombination
duces a thermal flux of phonons. The decay curves of th@f carriers is neglected in the heat dlffgsmr_w equauons fqr
transient thermoelectric effect thus consist of all the ultrafasE'€ctrons and phonons. The last approximation is only valid
processes, each one with its characteristic relaxation or decd the limit of strong electron-hole recombination near the
time. From the theoretical point of view, it is well known Surface of the semiconductor after the photoexcitation of an
that heat transport in solids is carried out by these quasipaf!€ctron-hole pair. The carrier yields energy which is con-
ticles. Frequently the interactions between them are such th¥grted into heat in the sample. _
each of these systems can have their own temperature and Under these conditions, three energy relaxation mecha-
physical conditions at the boundary of the sanifle. nisms are important to mention: heat diffusion by the elec-
At this point, we would like to draw attention to two tron system gnd relaxatlo.n of the extra energy to the heat
aspects which, in the final analysis, are important in applical€Servoir environment during a timg, 7, will be the char-
tions of the photoacoustic or thermoelectric effects. BecausBCteristic relaxation time of the phonon system to the thermal
the source of the photoacoustic signal arises from the perf€Servoir, and the electron and phonon relaxation energy
odic heat flow from the semiconductor, the periodic diffusionWith @ characteristic time scalg,.
process produces a periodic temperature variation in the

semiconductor; in this case only information about the elec- Il. FUNDAMENTAL EQUATIONS
tron and phonon thermal parameters are obtained from those
experimentgsteady-state conditions, see Ref. However, For simplification, we shall consider a semiconductor

in thermoelectric experiments the important contribution towith the form of a parallelipiped. On one surface=(0)
the signal comes from the different relaxation mechanismshere is an incident pulsed laser excitation, the surkaekis
between the quasiparticles which in general occur at differentaintained at constant temperatdrg, and the lateral faces
times (with transient heat transport, which is in the limit of are adiabatically isolated. In this geometry we have to solve
very long laser pulse duration, the static approximation isa one-dimensional heat-diffusion equations. To evaluate the
recovered; see Sec. JV electron temperature distribution we make the following as-
It is clear from the above introduction that a detailedsumptions: the sample is optically opag(ie., the energy
knowledge of how, when, and where the laser radiation igadiation is fully absorbed at the surface of the sample and
initially deposited and how it is redistributed in time and converted into heat the surface recombination velocity is
space is a very complicated problem. Nevertheless, this is iafinite so the electron-hole pairs generated at the surface by
problem that has to be addressed in order to obtain a bett¢ie incident radiation rapidly recombine, and the profile of
understanding of ultrafast semiconductor dynamics. the thermal pulse is constant during the laser pulse and zero
It is worth mentioning that the local equilibrium model of otherwise.
heat transport process has been investigated by SobtA&v. It is common knowledge that heat transfer in semiconduc-
Physically, the approximation of local equilibrium is correct tors is realized by various quasiparticles systems. In the local
if the relaxation timer (the time for the establishment of equilibrium model the interaction between these quasiparti-
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cles in a large number of cases can be represented as if theggil diffusivity (¢~ 1 cnt/s for Si at room temperaturewe
systems have their own temperature, and boundary condfind that heat propagates only 1000 A after 100 ps.
tions can be formulated for each of the subsystems individu- However, when the electron and phonon systems interact
ally. We shall restrict our analysis to the case of monopola{ _+0), the heat diffusion by electrons and phonons is more
semiconductors under the condition of strong phonontomplex. The cooling of the electron temperature to the lat-
phonon interaction as discussed by Gurevich andice can make the heat transient time deviate from the ex-
Mashkevicht’ Therefore, the space and time evolution of thepectedAt~ L2/« behavior and assume a more Comp|icate
electron and phonon temperaturdg @ndT,, respectively dependence.
are governed by one-dimensional coupled heat-diffusion The temperature fluctuationg, o(X,t) should be supple-
equations, which were discussed in RefsBe Eqs(1) and  mented by boundary conditions at the surfaces of the sample
(3) therein. and some initial conditions. In transient heat transport ex-
Recently, time-dependent heat diffusion in semiconducperiments, the most common mechanism to produce a heat
tors by electrons and phonons has been investigated ifulse is the absorption by the sample of an intense pulsed
steady-state conditions, where a periodic time-dependemiser beam. It is clear that when the intensity of the radiation
heat flux at the surface of the sample is used as a boundayy fixed, the light-into-heat conversion at the surface of the
condition for the electron and phonon systems and a fixedample can be written in generafas
temperature at the opposite surface. On the other hand, in the

present work we shall study transient heat transport by car- dTe p(X,1)
riers in semiconductorgnon-steady-state conditionsvith Qe,p(X,8)[x=0=~ Kep— =Qep, Ostsr,
boundary conditions according to the experimental situation x=0 (1a)

and, of course, the solutions for the electron and phonon

temperatures are different as compared with those of Ref. 5.

. L dTe p(X,1)
Nevertheless, we also use the linear approximation for the ——— =0, 7.<t=swm, (1b)
thermal parameters. X |,

In the coupled limitt(when the energy relaxation time be-
tween electrons and phonons vanishes, t.g50) for small and
effective cooling length of the electron-phonon energy inter- To o) ieo=T (10
action, as compared to the sample dimensions and strong epi i it=0T 10
electron-phonon energy interaction, the system of quasipar-
ticles can be described by the single temperature approxima-
tion and the coupled heat-diffusion equations reduce to the

usual diffusion equation, Here Q¢ (x,t) represents the electron and phonon heat flux,
2T(x,1) IT(X1) Qe,p=const, and ak=0 describes the temporal form of the
= , electron and phonon heat pulse during the time(laser
2 Jt pulse duratioji the surface ak=I| remains at the ambient
where temperaturely. In generalQ.# Q. It is important to note
that when chopped incident light is used in photothermal
experiments, the boundary conditions are given by(Egin
Ket Kp Ref. 5 and, of course, the solutions of the heat-diffusion
a= m- equation obtained in this work and in Ref[$ee Eqgs(3)]
are quite different.
The notation is the same as in Ref. 5. In this case, the The general solution of the coupled heat-diffusion equa-
distance traveled by the heat varies with the square root dfons for the electron and phonon systems can be written as
time, L= (aAt)Y2 Choosing reasonable values for the ther-follows. For O<t<r,,

Te,p|x:I:TO- (1d)

1
a

1
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and
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To(X,1)=To+ >
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k coshkl)

Ke Kp

2k2 Qe Qp) w (
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wherek?=k3+k? represents the inverse of the cooling lentftly= ae+ o, and 8,=(2n+1)w/2l with n=0,1,2 .. .,

A= %(_ kga’e_ krz)a'p_ ﬁﬁa+{[k<29ae_ kfyap+ Bﬁ( Qe ap)]2+ 4kgkr2)aeap}1/2)1 (33

(2b)

=5 (—Keae—K2ap— Baa—{[kKiae—Kiap+ Ba( ae— ap) 12+ 4Kk arear ). (3b)

The electron and phonon temperature distribution fget<<co together with the continuity of temperature tat =, i.e.,
Te,p(x,t)|t:T =Tep(X,7), whereT, ,(x,7c) are given by Eqs(2a) and(2b), are

Qe Qp
(X t) TO+ IkZ( e_K_p
" i ’ )( (K2ag+ Blae+ ) (1—e MnTe)ehint— (KPag+ BRag+ A1) (1— e*znfc)e%z)n‘)
Cco X
=, C0%Bn (MmN am) (K24 B2)

el 2 . )\n 1— —MnTc)arint — ﬁ . )\n 1— NonTe) @hont
+Ik2 Qe kaz)E Cos(lznx)((ﬁna+ an)(l—e )e _(Ba+ 1n) (1—e:n"c)eh2 ) 43
Ke =0 IBn Nin—A2n
Qe Q
Tp(x,)=To— |k2( py K;’)
” (K2ap+ Baap+Nop)(1—e MnTe)erint— (K2a,+ Biap+ N qp) (1 — e ManTe)ghant
X 2, codB “X)( (Nan—Nam) (K2+ 2)
L2 Qekz ka2>§ Cosilinx)<(/3ﬁap+>\2n)(l—eMnfc)eklnt—(ﬁ'ﬁapﬂln)(l—eAznfc)e”zn‘)_ b
Ik? =0 Bn Ain—A2n

Once we know the electron and phonon temperature distrithermal conductivity is satlsfled<e/Kp~ 10 3. Then by the
butions in the sample, we can calculate the response of théefinition of the electrok_ * and phonork coollng length
surrounding medium due to the laser pulse heating of th‘k >k,, k™ 1— k‘ , Gurewch et al? show using kinetic

Sample usmg one of the several alternative detection tEChheory of e|ectron gas, that electron heat Capac|ty is propor-

niques mentioned in Ref. 6. tional to the electron density in nondegenerate semiconduc-
tors, i.e., pc)e~n~10"-10cm™3, while for phonon gas
Ill. ELECTRON AND PHONON TEMPERATURE (pc),~107cm3.%° Therefore, under these circumstances, a
DISTRIBUTIONS IN NONDEGENERATE remarkable result is obtained for the electron and phonon
SEMICONDUCTORS thermal diffusivity,
One of the most important properties of any semiconduc- ae=kKelN, ap= 103Ke/(PC)p,

tor at temperaturd is the number of electrons per unit vol-
ume in the conduction band. The determination of these as a Qe  Ke (pC)p

. : : ; —= ~10°-10¢
function of temperature is straightforward through the Fermi- a, (pCle (kp)

Dirac statistics, and one can extract some useful mformauorh
about the electron and phonon thermal parameters prowdet
only that the chemical potential a>ap.
<0, >T. i N L
# ] With these approximations, after simplifying\,,=0,
If it does, the semiconductor is described as nondegeneia,= — as(ki+ B%)] the expressions foF, andT,,, they can
ate and in this case the ratio between the electron and phonde written as
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_—, Qesinffke(I=x)] -, Qesinfke(I-x)]
TGO =To+ = ostika) T O=To+ 2 = ostikd)
2Qe — €OS BnX) N 2Qd — cod(2n+1)7x/2]
— —5———e “elfe™ Pn)l (53) - 2 2021412
ke ni=0 ki+ 85 ke n=0 K5+ (2n+1)°(7=/41°)

x @~ adka+@n+1)2(w2a?)]t O<t=r,, (73
To(x,)=Ty if Ost<r7, (5b)

2Qd < cog(2n+1)mx/2l]
I ke #=0 k2+(2n+1)2(72/412)

and Te(x,t)=To—

o

2Q. > cog BnX)

X (1— e ke+ (2n+ 12 (x21a12)] )

Te(X,1)=To— (1
e 07 Txe &h kg-l—ﬁﬁ Xe—ae[kg+(2n+l)2(ﬂ-2/4|2)]t’ Te<t<w. (7b)
_ eae(k§+ﬁﬁ)7'c)e7 ae(k§+ﬂr2])t’ (SC)
IV. DISCUSSION
Ty =To if re<t<ce. (5d) We now turn to the discussion of the results obtained so

far for nondegenerate semiconductors. It is clear that, be-

. . . cause of the electron-phonon interaction, there is a charac-
It is clear that, in the case of nondegenerate semlconductoisristic lengthk—1=~k_ 1 (cooling length over which the en-
the phonon temperature distribution is constant and is equ F 9 T e g leng .
to the ambient temperature. ergy acquired _by electrons from the laser pullse is trar_wsferred
Since this is a zeroth-order approximation Tgy(x,t), the to phon.o_ns. with temper.aturéo of .the ambient mgdlum.
next-order approximation can be obtained from Eds. It is Nonequilibrium carriers interact with phonons acting as a
straightforward to show that the amplitude of the dynamicaIbUIIErghne]rtmhgséat' ession®), (6), and (7) it follows that the
contribution to the phonon temperature fluctuation is propor- XPressions), 1), : WS .
tional 1o (e/kp)eXP(—Ay), and becausece/x,<1, this electron temperature distribution depends substantially on

amplud i vty small 2 compared wih. On e ather {12 [910rShip beteen ase puie exclaton imend
hand, the characteristic phonon energy relaxation times 9y or

) : ) i €
proportional to )\1_n1’ ie.. TTp~7\1_n1>TTe: 1/ae(k§+,8ﬁ) For example, if the thickness of the semiconduatoris

o ' greater than the electron cooling Iengkﬁ), thenrt rep-
(electron energy relaxation timewhich means that the sys- ) L o 1
tem of phonons has enough time to redistribute the energgﬁsents the electron-phonon relaxation time= (aeKe)
received from the laser pulse in this approximation. =7, and under this situation the electron energy is mainly
The above expressions for the heat transient transport d¢edistributed between the system of electrons and phonons in
electrons are quite complicated. Nevertheless, there are sorffee range 8<x<k, '<l, and therefore heat flux across the
important limiting cases which are simple to analyze. Thessurface of the sample at=I may be neglected.

cases may be grouped according to the cooling lekgth However, ifl<k_ !, the electron-phonon energy interac-
and the thickness of the sample. tion is not efficient in terms of energy relaxation and in this
Casea: k<1 (thin films). In this case one gets from case 7-Te=I2/ae and the electron heat flux satisfies @y
the electron temperature =(pC)o(dTelt).
Therefore, it is clear from the above discussion that there
; _ are some important limiting cases which should be pointed
Qe SinH ke(l —x) ] : .
T(X,)=Tg+ — ———7— out. (i) The electron system cannot transfer its energy to the
Ke KecOShikel) lattice. This situation corresponds to thin-film semiconduc-

tors whenk_ *>1 and the electron energy relaxation time is
5 5 considerably dependent on the sample thickness and the
T Ken=0 (2n+1) electron thermal diffusivity,rr =1%/a,. (i) For massive

Ko~ 2+ D adddt  g<i< g (63) samples I@;1<I), in this approximation the electron energy

¢ is completely given to the lattice amé,e depends upon both

the electron cooling length and thermal diffusivifere
2\ —

z COi(Zn-f'l)ﬂ;'X/Z'] = (ack?) 1]_ - - - .
n=0 (2n+1) One can now discuss various approximations to the elec-
tron temperature fluctuatiog(x,t) depending on the rela-
tionship between the electron energy relaxation ti;meeand

the laser pulse duration time,. These approximations are
discussed in the following.

The first approximation is to neglect the dynamical con-
Caseb: kI>1 (bulk), tribution in the electron temperature distribution so that the

~ 8Qd = cog(2n+1)wx/2l]

8Qd &
To(X,1)=Tg—
(X,1)=Tp o i
X (1_ e(2n+ 1)2(W2a9/4|2)7'c)

Xe—(2n+1)2(7r2ae/4|2)t, re<t<os. (6b)
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electron heat flux is almost constant. This situation is valid if<t<r,, the electron temperature decreases exponentially
the surface of the sample is illuminated during a tirgesuch  with increasing distance from the surface such that, at dis-
that 7.>7r . This approximation resembles the quasistatictancex= \/at, the temperature fluctuation has been damped
heat diffusion in which the temperature is a linear function ofout. Therefore, the initial rise in the carrier temperature due
the position WhenTTe:|2/ae and kl<1 (see Fig. 1 or to the excess kinetic energy received during laser excitation
Te(x,t) is an exponential function fo,;-Tez 7. and kl>1 results in a diffusion of carriers out of the interactive region

(see Fig. 2 It increases exponentially with time in the inter- (0SX<Xc=aerc). However, the diffusion of carriers per-

val 0<t<r;, and it is time independent in the regime sists over a period of> . in the semiconductor until the
<t<rt.; aftgr the laser pulse has been extin uisheci thgpatial inhomogeneity returns to equilibrium.
7o P 9 ' Note that there are two regions in the sample. One of

glect'ron temperature gttenuates rapidly to zero with increaﬁhem in the interval & x<x., where?Te/dx2<0, corre-

ing time such that at time> 7+ 7r_the temperature fluctua- o, 4¢ 1 the hot region in the semiconductor, while the cold

tion is effectively fully damped out. region x>Xx. is described by the electron temperature such
On the other hand, for short laser pulse excitatiop ( that 92Te/9x2>0. In the hot region of the sample the elec-

<7r,), the evolution of the electron temperature distributionyyon temperature decreases in time, therefore this implies that

is the following (see Fig. 3 at fixed time in the range O the heat flux incoming into a small volume element in the
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sample is smaller than the outgoing heat energy. However, isemiconductor. As can be seen, all the curves increase during
the cold region the heat flux decreases with respect to posthe laser pulse excitation heating the electron system, and
tion. The hot carriers close to the surface of the semiconducsubsequently the carriers lose their kinetic energy and the
tor (0<x<x.) correspond to the photoexcited electrons withsystem returns to thermal equilibrium. Note that the cooling
excess of kinetic energy from the incident radiation pulseof the carrier system occurs after the electron temperature
Therefore, this extra energy is transferred by diffusion to theeaches its maximum value &t 7. in a region close to the
cold region of the semiconductox®x;) until the electron surface of the sample €@x<x.). However, the electron
energy is fully relaxed at the surface of the sample or to theemperature peak shifts notably towards greater tintes (
phonon system. In Fig. 3 we show the calculated results for-7.) with increasing distance from the surfaces of the
the electron temperature distribution thin-film approximationsample &.<x<I). This arises from the fact that after the
using Eqs(6) (kel <1) during and after the short laser pulse laser pulse excitation the heat at the surface is transferred to
excitation. In Figs. 8) and 3b) the normalized electron the subsequent volume element in the sample by a diffusion
temperature is shown as a function of the position for variouprocess.

values oft before and after the laser pulse has been switched We now return to analyzing a massive semiconductor
off. In Fig. 3(c) we compare the temporal electron tempera-sample described by the inequalityl>1. In this case the
ture evolution for various fixed values of the position in the electron-phonon interaction is more efficient in terms of the



PRB 59 TRANSIENT HEAT TRANSPORT BY CARRIERS AN . .. 10 637

o
0.4
D)
0.3 o,
FIG. 3. Time dependence of the normalized
6 0.2 ———% electron temperaturer(< 77 ) in the approxima-
B tion; k<1 and 71 =1%/a,, for (8 0<t;<t,
o1 — <7, (b) T.<tz<t,<---, () position depen-
dence of@ as a function of position of time 0
. <X <Xp<+++<I.
0 0.2 Xc 0.4 0.6 0.8 1
X
n=7
0.4
)
X=0
0.3
6 0.2 \§
— T
0.1 g ——
b O e e e
Wi 53522 =
0 |41 ==z :
1 2 3 4 5 6
t
1o
electron energy relaxation. In this approximation the charac- V. CONCLUSIONS

teristic relaxation time corresponds to the electron-phonon A theoretical analysis of heat diffusion carried out by

time relaxation 77, = 7= (agke) " It s clear from the oo o0 cemiconductors has been performed. Solving the
above discussion that the carriers lose their energy within feat-diffusion equations with appropriate boundary condi-
small region in the semiconductor of thickndss', and the  tions, we obtain the electron and phonon temperature distri-
rest of the sample, i.ex>k; *, remains in equilibrium with  pution in the sample, which can be experimentally measured
the lattice. using the thermoelectrical effect and the photoacoustic tech-
Similar behavior of the diffusion heat in the semiconduc-nique, respectively. For typical parameters of the electrons
tor for 7.< 7. can be observed as compared for the thin-filmand phonons in semiconductork % ko and ac>ay) it is
semiconductor approximation, as shown in Fig(f@r 7. possible to obtain the spatial and temporal behavior of the
<r7,.), but the amplitude of the electron temperature iselectron temperature. It is shown that the electron tempera-
smaller tharT¢(x,t) in the limit of thin films(see Figs. 1 and ture is ultimately governed by the thickness of the semicon-
2) and the electron temperature has an exponential depeductor and the electron cooling length. In our model, the
dence on position. effect of the laser pulse excitation timg on the electron
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heat diffusion in semiconductors has been pointed out ademperature, after the laser pulse has been disconnected,
cording to whether is greater or shorter than the electron shows a different decaying curve if <x<x., where
energy relaxation timeTe. If 7> T, the electron heat dif- 9%T./9x?<0, or is greater thar,, whered?T,/9x?>>0 and
fusion in the sample is quasistatic while fey<7r_the elec-  Xc=Vae7c. The origin of the transient behavior observed in

tron temperature represents a typical transient heat-diffusiofy!d- 3 for the elgctron temperature comes from the hot elec-
process. trons, photoexcned_ by the laser pulse close to the surface of
For a nondegenerate semiconductor, the electron energm_e semiconductor in the range<X<x; as a consequence,
relaxation time depends strongly upon the relationship belfiS extra energy diffuses to the cold region of the semicon-
tween the electron cooling length and the size of the sampldluctor (>x>x.) after the laser pulse has been extin-
In the case of thin-film semiconductors, when the electrorfUished. _ _ o
cooling length k;l is greater than the thickness of the We shall conclude this section by mentioning the fqllow-
sample, i.e.k. <1, the electron energy relaxation time is Ing: In contrast to the steady—state photothermal experiments,
given asry =12/a,, which means that the electron energyt.he transient h.eat transport in semiconductors provides addi-
) e i tional information about the electron thermal parameters and
received from the laser pulse is transferred to the reservof,o electron-phonon energy interaction, which can be deter-

across the surface of the semiconductarat. On the other  ined by means of the transient thermoelectric experiments.
hand, for massive semiconductded >1 the energy relax-

ation time satisfies-Te=(aek§)*l, and in this case the ex-

cess of the electron energy is redistributed to the phonon

system. This work has been partially supported by Consejo Nacio-
The heat electron transient transport has also been studiedl de Ciencia y Tecnologi(CONACYT-Mexico). One of

for various values of laser pulse duratign Specifically, for  us(G.G.C) also wishes to thank Centro de Investigacen
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