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Time-dependent heat diffusion in semiconductors by electrons and phonons
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In this work the electron and phonon temperature distribution functions in semiconductors are calculated.
We consider the time-dependent heat flux at the surface of the sample as a boundary condition for the electron
and phonon systems, and a fixed temperature at the opposite surface. Those boundary conditions reflect the
usual experimental setup in some photothermal experiments where the most common mechanism for produc-
ing interacting “thermal waves” is the absorption of an intensity-modulated light beam by the semiconductor.
The electron and phonon temperature distributions in the sample are given as a function of both, time and
position valid for a wide range of the modulation frequercygf the incident light. The response of the system
in the limit of high- and low-frequency with respect to the characteristic timg(7,) of the electror(phonon
system is analyzedS0163-18208)08436-7

I. INTRODUCTION taking into account the generation of free electrons and
holes, their diffusion, and recombination. However, these au-
The study of photothermal phenomena has recently devethors only considered a single-temperature approximation for
oped into a very active area of research in applied physiczarriers and phonons.
Photothermal technique has become a valuable tool in mea- On the other hand, Sasaki, Negishi, and Irfowere suc-
suring complex parameters of solids and for characterizingessful in developing a variant of that technique in which a
process parameters in the manufacturing of electronic deransient thermoelectric effe€TTE) is generated by heating
vices. These techniques are versatile and nondestructive, andsample through absorption of pulsed-laser irradiation. The
can be employed in a variety of experimental conditions forapsorption of optical energy generates electron-hole pairs,
determining the physical parameters of solids and biologicajncreases the energieating of the majority carriers, and
materials. Some of the different contact-type detection technygquces a thermal flux of phonon due to the energy inter-
niques, such as conventional gas-microphone photoacoustition petween these quasiparticles. The main advantage of
detection, photopyroelectric detection, or remote Sensing,o TTE method is that it is based on direct, straightforward
techniques such as photothermal reflection, etc., were reViS'?‘Heasurements of the electron temperature as a function of

in Ref. 1. - )
. . . _position and time. Moreover, TTE also allows one to make
Being a photothermal technique, the detected signal |$

strongly dependent upon how the heat diffusing through th ocal, instantaneous, practically inertia_less measurements.
sample allows us to perform both thermal characterization o ecent!y therg has been some mterest in a study of thermal
the sampldi.e., measurements of its thermal properties, suc aves in semlconductors.. ln, pa'rtlcufathe electronT apd

as thermal diffusivity and thermal conductiviyand carrier PhononT, temperature distributions were calculated in the
transport propertiedIn the case of semiconductors, the pho_llmlt_when the thlc!mess of the sample is greater than the
tothermal signal can provide us with additional information€o0ling length, defined as the length at which the average
regarding the heat-transport properties and electron-phondi€rgy of the electron system reach equilibrium with the
energy relaxation by the interacting electron and phonon syg2honon syster.For typical values of the heat conductivity
tems, a fact that has been recognized since the early theory 6f electrons and phonons in semiconductors, it is possible to
heat conduction and hot electrons in semiconduct@eali-  obtain information about physical parameters describing the
tatively this be may understood as follows: in studies of thediffusivity and thermal conductivity of electrons and
behavior of semiconductors heated by electromagnetiphonons as well as the electron-phonon energy interaction in
waves, it is usual to assume that the phonon system remaip$otothermal experiments. On the other hand, the phonon
in equilibrium, i.e., the phonon temperatdrgis equal to the  temperature as a function of position can be measured using
temperatureT, of the ambient medium. However, nonequi- a thermocouple in different points on the sample. More8ver,
librium carriers in the bulk of the sample can interact andthermal diffusion of one- and two-layer systems has been
transfer energy to the phonon system, producing an essentig@vestigated using the heat-diffusion equation in the approxi-
increase in the average energy of phonons, which can mostation when both the electron and phonon temperature dis-
conveniently be described in terms of heating of the phonoitributions are equal. This approximation is only valid in the
gas(increase of its temperatyré limit of infinite electron-phonon energy interaction.

Since photothermal measurements allow one to determine In this work we further extend the earlier models to study
the diffusion length of carriers, the surface recombinatiorelectron and phonon thermal waves in semiconductors by
velocity, and the bulk lifetime of carriers, Sablikov and taking into account the finite size of the sample. The genera-
Sandomirskii developed a theory of the photoacoustic effecttion and recombination of carriers by absorption of light and
in semiconductors for the region of fundamental absorptionthe diffusion process of carriers are negligible in our model.
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This approximation is valid only if any of the following as- incident radiation is absorbed at the surfatlee electron and

sumption is fulfilled. phonon temperature distribution functions are the solutions
(i) The sample is optically opaque, i.e., the incident radia-of’

tion is completely absorbed at the surface and converted into

heat. &zTe(th) 2 _ 1 9Te(z,t)

(ii) Free-carrier absorption of laser light in the semicon- 9z° —kelTe(zD) = Tp(2,0)]= PR
ductor, when the photon energy is less that the band-gap ©)
energy. Therefore, the initial rise in the carrier temperature &2Tp(z,t) 1 dTy(z,1)

due to the excess kinetic energy received during laser exci- TJFKEJ[Te(Z’t)_Tp(Z’t)]: e
tation causes a substantial increase in the diffusion heat. P

(iii ) Strong electron-hole recombination close to the surwhere k§,p= Plkep, and k;é are the electron and phonon
face of the semiconductor after photoexcitation of electroncooling lengths. The diffusivity for each system is given by
hole pair. The carriers yield energy which is converted intoae ,= ke n/(pC)ep, @aNdpe(pp) andce(cy) are the electron
heat in the sample. (phonon density and specific heat, respectively.

Changes of the electron and phonon concentrations due to The temperature fluctuation, (z,t) should be supple-
the temperature become important only if the variation of themented by boundary conditions at the surface of the semi-
temperature is of the same order as the electron and phon@onductor £=0). In the photothermal experiments, the most
equilibrium temperaturd. These thermal waves generated common mechanism to produce thermal waves is the absorp-
into the material by an incident-beam radiation are analyzetion by the sample of an intensity modulated light beam with
in terms of the characteristic response time of the systerfrequency modulatiow. It is clear that when the intensity of
according to the modulation frequency. In Sec. Il the electhe radiation is fixed, the light converted into heat at the
tron and phonon temperature distributions for semiconducsurface of the sample can be written in general as
tors is calculated by solving the coupled heat-diffusion equa- )
tions for both quasiparticle systems. In Sec. Ill a discussion Qe,p(Z1)];20= Qe p+AQe p€' ", (4)
of our results is presented, and a comparison to the predi
tions of the existing theories is also made. Finally,
we present our conclusions.

; SWhere Qe,p Is the average over time of the total heat flux
In Sec. Vo (z,t) transmitted to electron and phonon systems at the
surface of the sample, and is proportional to the intensity of
the incident light. The last termt\Qe,pe""t represents the
Il. THEORY modulation of the incident beam; it can be positive or nega-
) ) o ) tive. This means that heat flux propagates into the sample
It is well known that heat transport in solids is carried OUtduring a half-period of the modulation he@t1/2w) when

by various quasiparticles system@lectrons, holes, mag- re Aereiwt>O’ and it propagates toward the surface of the

nons, plasmons, ejc.Frequently the interactions between gompie’\when RAQ,,€“'<0. The heat flux associated with
these quasiparticles systems are such that each of these S)gs sitive half-period of the modulated incident light con-

tems can have its own temperature, and the physical condi;arted  into  heat at the surface of the sample
tions at the boundary of the sample can be formulated Sep"(‘ReAQ g“>0), can be described as a decaying solution of
rately for each quasiparticle systéftiTherefore steady-state Eq. (3) e{/F\)/ith inc;easing distance from the surface. On the
heat conduction in am-type semiconductoffor example other hand, the growing term df, , with distance of the

can be described by the following system of equations: dynamical part of Eq(3) represents the propagation of the
. flux in the opposite direction, and is associated with the
div Qe=—PefTe—Ty), divQp=PcfTc—Ty). (1) negative half of the period REQ,,e“'<O0.
The temperature is not used as a boundary condition be-
The termsP(T.—T},) gives the transfer of heat between cause it is usually an unknown parameter in the.pho.tothermal
electrons and phonons. HeRe, is a parameter proportional €xperiments. The general solution of the heat-diffusion equa-
to the relaxation energy frequenay between the electron tions for this one-layer system of thicknedss given by
and phonon systent®.,= P=nwv_, nis electron density and 5

= k
Vo= %08— 10'Ys),* and the heat flux of electro@, and pho- Tep=A+ Bzi?e'zﬂ [Cie ¥+ Cre"]+ B 5(z,1), ()
non Q, systems are described by the usual relationships

where k2=k§+ kg; k represents the inverse of the cooling
Qe=—keVTe, Qp=—x,VT,, (2) length. In the derivation of Eq(5), it is assumed that the

heating modulated light intensity is weak, so that we have
wherekg(kp) is the electror(phonon thermal conductivity. |Tep(z,t) — Te|<Ty, and diffusion equations can be consid-
So far, Egs.(1) include only the static contribution of the ered linear.
heat transport, i.e., the heat flux is independent of time. How- In order to obtain the constants B, andC, ,, and the
ever, in the photothermal experiments, the incident radiatiolynamical contribution to the electron and phonon tempera-
is modulated in time by the chopper, and in this case it idure distributions®, ,(z,t), it is necessary to specify the
necessary to consider the dynamic contribution to the hedioundary condition az=d. Because the temperature is a
transport in the electron and phonon systems. Let us assuntieermodynamic parameter, the one-layer system has to be in
a one-dimensional model for the heat flux. Assuming that theontact with a heat reservoir at some temperature, so that it is
sample is optically opaque to the incident lighe., all the  natural to choose a continuity of the temperature distribu-
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tions in the sample at=d, i.e., T¢ 5(z,t)|,—q=To. In the

photothermal experimental setuf, represents the ambient

temperature. Using this boundary conditions in E%). the
constants are given by

A=Ty+d % (QKL':?# Q:lf), (6a)

SIS
Ci=- % (25 2_:) coz:jkd’ (60
|2 o ©

and the function®, ,(z,t) satisfies coupled heat-diffusion
equations similar to Eq9.3) with the following boundary
conditions:

d®,,

“Kep gy | —AQepe'”s Ocp(z);-g=0. (7)

z=0

G. GONZALEZ de la CRUZ AND YU. G. GUREVICH

PRB 58
‘Ti 2 ‘72
Gi2= TF12: (90
e
and the values o, , are given by
ol =305+ op) 5[ (of—op)*+akeke] % (10)

Equation(10) represents the condition for nontrivial solution
of the coupled electron-phonon differential equations, and
o5, are given by

2 lw
Oep=

+ K2

&p" (11

Tep

As can be seen from EB), the decreasing exponential term
associated with the dynamical part in the temperature fluc-
tuation into the sample attenuates rapidly to zero with in-
creasing distance from the surface, such that, at a distance
L=max (o, 1|0, 1), this contribution to the dynamical
part of the heat-diffusion equations is effectively damped
out. Physically this represents a propagation of the heat flux
from the surfacez=0 to z=d. Once we know the electron

The electron and phonon temperature distributions in thé@nd phonon temperature distributions in the semiconductor,
specimen resulting from the modulated light converted intoVe can calculate the response of the surrounding medium

heat in the sample are given by
2 2

P e —

%t Qp)<d 2)
1/Qe Qp

Y

1
Te(Z,t) :To+ F

k_ﬁ sinhk(d—2)
k?> coshkd

Ke Kp

sinhg1(d—2)

1
coshod

sinh op(d—2z) |e'!

)

2
_|._ e —
cosho,d
and
2 2

. Qe+K—er)(d—Z)
p

Ke

1
Tp(Z,t) :To+ F

k? sinhk(d—2)

_E(Qe Qp)
k? coshkd

K\ke &p

sinh g4(d—2)

1
coshod

sinh oy(d—2z) |e'*t,

2
_|._ J
cosho,d

where

1

Fi=— 2 2
o1(05—01)

. (9

2 2
(0-2_ O-e)

AQp K2+ AQ.
Kp Ke

A A
P K2+ KQ

Kp e

1 e
F,= (02— 0?)
2 oy(05—0?) 1 Ve

., (9D

due to the photothermal heating of the sample using one of
the several alternative detection techniques mentioned above.

It is worth mentioning that although the dynamical con-
tributions to the temperature distributions in E(®. have a
sinusoidal dependence through the imaginary part of the ex-
ponential terms, the temperature distributions in the sample
is not like a electromagnetic wave, heat conduction in solids
is a diffusive process.

Ill. ANALYSIS OF T, AND T,

We now turn to the discussion of the results obtained so
far, and compare them with previous theories on thermal
waves. For a nondegenerate semiconductor, the typical ratio
of the heat conductivities of electrons and phonons satisfies
Ke/Kp~lO*3. Under these circumstances, information about
electron and phonon thermal parameters as well as the en-
ergy relaxation frequency can be obtained from photothermal
experiments depending upon the decay lendg®aof ;) of
the dynamical component of the electron and phonon tem-
perature. In this case expressiqfs—(10) are simplified and
take the form

sinhg1(d—2)

Te(zat):Ae(Z)_ COShO’ld

Fi

sinh o»(d—2)
cosho,d

iwt' (128)

2

ot

sinh g,(d—2)

To(z,t)=Ap(2) -G coshod

. (12b

whereG,=0, 0,=0,, o5=iwl/a,, and
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Qe+ Qp from the expressiongl3) that characteristic parameters of
Ae(2)=To+ — — (d—2) the excited thermal waves in the electron and phonon sys-
P tems are different, and those for the phonon system depend
1 Qe Qg sinhke(d—2) only on phonon parameters.
ko | % x| coshk.d We would like to draw attention to two aspects which, in
e e p e . . . . . K
the final analysis, are important in applications of the ther-
Qe+ Q, moelectric and photoacoustic effects. One of these applica-
Ap(2)=To+ (d—2), tions is a determination of a profile of the electron or phonon
p temperature fluctuation with depth from the surface by mea-
1 K2 AQ, AOQ s_uring the dependenc_e of the voltage or t_he ph_otoacoustical
Fi=— — | — e 5 Py e}, signal on the modulation frequenayof the intensity of the
Oeg |07 0 Kp Ke incident light. For nondegenerate semiconductors, typical
values of the density and the thermal capacity for the phonon
k2 AQ, -1AQ, system give thatc),~10% cm™3 (see Ref. 1}, while for
Fo= o= D) rp G= oy Ky the electron gaspc)e~n~ (10%—10'% cm™3, and, because

Ke/Kp~1O‘3, then the ratio of the thermal diffusivity of
Because the source of the photothermal signal arise frorglectrons and phonons is on the ordey/a,~ (10— 16);

the periodic heat flow from the semiconductor, the periodidherefore, from Eqs(13), L,>L, whenevero>v,.. Un-
diffusion process produces a periodic temperature variatioder this approximation,|F|>|G|>|F,|, i.e., the time-
in the semiconductor given by the sinusoi¢adt) component dependent component of the phonon temperature in the
of Eq. (12b); In this case, only information about the phonon semiconductor attenuates rapidly to zero with increasing dis-
physical parameters are obtained from those experimenttance from the surface of the solid as compared with the
However, in thermoelectric experiments, the important concomponent of the time-dependent electron temperature dis-
tribution to the signal comes from E@123 which gives tribution; in this case, information only about the electron
information about the electron-phonon energy relaxation anghysical parameters are carried out by the electron thermal
electron and phonon thermal parameters through the followwave through the coefficierft;. Hence the thermoelectric

ing relationships: experiments, which detect only the electron thermal wave,
give us information about electron thermal parameters. On
o= 27 2V2m the other hand, information about the electron and phonon
Y Imo, 0w\ 2 physical parameters can be obtained# (a,/ae) v, ; then
Kel | 1+ pred B L,<L, and the amplitudes for the dynamical parts of the
0 electron and phonon temperature distributions are given by
2m 2ap e 1/2 1/2
M= 02:277 @ | AQe | ae _ AQp | ap
[Fal~——1-"| » [Fa=[G]~——=|—=
e €
1 V2 1
"Reo; ke w?\12 iz If, in addition, the chopping angular frequency of the light
1+w_(2) +1 converted into heat satisfies<(a,/ae)(x3/x2)v., then

|F,|=|G|>|F,| and the time-dependent electron and pho-
1 (Zap)l’z non temperature fluctuations are the same; this means that

phonon physical parameters can be obtained from both ther-
moelectric and photoacoustic experiments. Finally, for a in-
where the quantitywy= aek?=[n/(pC)c]v. has the dimen- termediate chopping frequency i.eay/ac)(x3/(x5)v.)
sions of frequency, and it coincides with the electron en-  <w<(ap/ag) v, |F1|>|F,|=|G|, and in this limit the sig-
ergy relaxation frequency in steady state conditions sinc&al produced by the fluctuation of the electron thermal wave
(pC)e~n. For various semiconductors wo~v, €quation(12b) depends strongly on the thickness of the
~(10°-10'Ys™2. Let us introduce a characteristic relaxation sample and the position of the detector. For example, con-
time of the phonon temperature fluctuation by the relationSider the case whem,d>1, and the position of the detector

ship 7,=d? a,, and rewrite the above equations as follows:in the sample is such that;z<1 and as a consequentg
~F1 exp(—0,2)>T,; this, in this limit, we obtain only in-

L,

_RGO'Z_ w

N =227l [ V1+(w7Te)>—1]*2 (133  formation about electron thermal parameters through the
electron thermal waves. Foroy'<z<o;', T.=T,
Np=2V2md(wr,) 2 (130  +F, exp(—0,2), and in this case the contributions of the
fluctuations of the electron and phonon temperature to the
L=v2l [ V1+(w7e)?+1]Y2 (1390  photothermal signal are the same. On the other hand, for the
thickness of the sample, such thad<1:T.>T, and again,
L,=v2d(wT,) "2 (13d)  the signal produced in the experiment is due to the electron

thermal wave. A similar analysis can be done for the inter-
Here | .= k;l is the electron cooling length, and,  mediate values of the thickness of the sample, i.e., when
= ve_l is the electron time of energy relaxation. It follows o-l_l<d<02_1 (see Fig. 1
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tatically to the external perturbation, while the phonon tem-
perature fluctuation in the sample is small compared with the
- static contribution.

We now consider the situation represented by the strong
coupling between electrons and phonons, Pes;. In this
case the electron-phonon energy interaction is very efficient.
Here the solutions of Eq10) are given by

Amplitudes for electron(Tg Jand phonon (T, ) thermal waves

22 219 ki kS i .
01=K,0,= K2 @ a, = Kot Kp [pece ppcp]v
17
and G,=F,. Therefore, in this limit both temperatures are
the same:
QetQp
T(z,t)=Te(z,t)=Ty(z,t) =T+ d-z
1 ‘ | : ( ) e( ) p( ) 0 Kot Kp ( )
: inh or5(d
FIG. 1. Schematic representation of the spatial distribution of sinh 5(d—2) i wt
the amplitudes for electronl) and phononT,) thermal waves in 2 cosho,d '
the limits|F4|>|F,| and|o4|>|05|. 18
1>F2 L i +1AQe+AQp (18
In the case wherk, ,— 0 (electron-phonon interaction 270y Ket Kp
vanishes it follows from Egs.(8) that the electron and pho-  ere the thermal waves generated into the semiconductor by
non temperatures reduce to the incident beam radiation can be analyzked both limits:
) high and low modulation frequenciesand the effective
_ Qep . AQep sinhoep(d—2) characteristic time of the total systems is
Tep=Tot (d—2z2)+ e'“t,
Kep KepOep COShog d " 42 o
e 3
= _— + _
Teff ket kp e  ap) (19

i.e., forP—0 we have noninteracting systems of quasiparti-
cles, and heat transport is carried out by the electrons anf

phonons independently through the semiconductor. In th& "S-

limit when |Ue,p|d<1 or w7e <1 (low frequency where However in general, the analysis of heat flux in the sem!—
7-e,p:d2/oze,p are the characteristic times at which the eIec-Cc.mdl.JCtOr through the electron apd phonon temperature dis-
tron and phonon systems respond to an external perturbatioﬁ!bUt'ons[EqS'(.12.)] is very complicated for any mgdulaﬂo.n
Eq. (14) reduces to requency a_nd finite value of the electron-phonon interaction.

An exhaustive study of electron and phonon thermal waves
was made in Ref. 7 in the limit of very large samples.

hich depends upon the electron and phonon thermal param-

Qe (d—z)+& (d—z)e'“t, (15)
p

Kep Ke,

Tep(z,t)=To+
ep(Z0)=To IV. CONCLUSIONS

In this limit the electron and phonon temperature distribu- [N conclusion, a theoretical analysis of thermal waves has
tions are quasistatic and independent of the diffusivity of thé>een studied. Using the appropriate boundary conditions, ac-
systems; i.e. from any photothermal experiments only inforcording to the usual photothermal experiments, we obtain the
mation about electron and phonon thermal conductivity car@lectron and phonon temperature distributions in the sample.
be obtained. Note that, at low modulation frequency, thelhermal waves generated into the material by the incident-
thermal diffusion Iengthie'p=(2ae,p/w)1’2, are large as beam radiation in general can be analyzed as function of the
compared withd. electron and phonon thermal_ parameters as well as the

On the other hand, in the limit whefo,,/d>1 or e_Iectron—phonon.energy relaxation. In particular, we have dg—
w7e,,>1 (high modulation frequendy Eq. (14) reads rived exact solutions for electron and phonon temperatures in
’ semiconductors in the limit of weak and strong electron-
Qep AQep . phono_n interacti_on_for both_hi_gh and low modulation fre-

= (d—z)+ ——— e'@t" Tep?, guencies of the incident radiation on the sample. The above
Ke,p KepTep findings tell us that the different responses of the system

(16) depend on the modulation frequency.

Tep(z,t)=To+

In this limit the dynamical part of the electron and phonon
temperature distributions are smaller than the static contribu-
tions, i.e.,AQ¢ /0 pke p<Qep/Kep, and they attenuate  This work was partially supported by Consejo Nacional
rapidly to zero with increasing distance from the surfacede Ciencia y Tecnologi(CONACYT). One of us(G.G.C)
such that, at a distande<d, the temperature fluctuations also wishes to thank Centro de Investigacien Ciencia
are effectively damped out. At frequency modulation in theAplicada y Tecnologi Avanzada del Instituto Politeico
range r‘;l< 0< 7'6,_1, the electron system responds quasis-Nacional(CICATA-IPN) for helpful support.

ACKNOWLEDGMENTS



PRB 58 TIME-DEPENDENT HEAT DIFFUSION N . .. 7773

IH. Vargas and L. C. M. Miranda, Phys. Ref61, 43 (1988. ’G. Gonzéez de la Cruz and Yu. G. Gurevich, J. Appl. Phs,
2E. M. Conwell, High Field Transport in Semiconductoféca- 1726(1996.

demic, New York, 196}, 8G. Gonzéez de la Cruz and Yu. G. Gurevich, Phys. Rev5B
3F. G. Bass and Yu. G. Gurevich, Usp. Fiz. Nal03 447 (1971 2188(1995.

[Sov. Phys. Uspl4, 113(1971]. %Yu. G. Gurevich, O. Yu. Titov, G. N. Logvinov, and O. I. Ly-
4Yu. G. Gurevich and O. L. Mashkevich, Phys. Ra@&1, 327 ubinov, Phys. Rev. B51, 6999(1995.

(1989. 10y, s. Bochkov and Yu. G. Gurevich, Fiz. Tekh. Poloprovoif.
5V. A. Sablikov and V. B. Sandomirskii, Phys. Status Solidi B 728 (1983 [Sov. Phys. Semicond.7, 456 (1983].

120, 471(1983. Handbook of Chemistry and Physjeglited by Robert C. Weast

5M. Sasaki, H. Negishi, and M. Inoue, J. Appl. Phy9, 796

(CRC Press, Boca Raton, FL, 197p. E101.
(1986.



