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The effect of carrier diffusion and recombination in semiconductors on the photoacoustic
signal

I.N. Volovichev, L. Villegas-Lelovsky, G. Gonzalez de la Cruand Yu. G. Gurevich
Departamento de Fisica, Centro de Investigacién y de Estudios Avanzados del IPN,
Apdo. Postal 14-740, 07000 México, D.F.
“Centro de Investigacion en Ciencia y Tecnologia Avanzada del IPN,
Legaria 694, Col. Irrigacién 11500, México, D.F.

A quantitative derivation is presented for the heat transport in bipolar semiconductors, takamgaoiat generation and

heating of carriers on the surface due to an incident modulated laser beam on the surface and finite carrier diffusion and
recombination in the solid. The temperature distribution as function of the position and time in the semiconductor is
calculated using appropriate boundary conditions according to the photoacoustic experiomgtitains. In addition,

special emphasis is pointed out in the heat power density generated in the sample due to the recombination of the electron-
hole pair and the effect of the inhomogeneous temperature distribution on the thermal generation rate of carriers in the
photoacoustic signal.

PACS:66.70.+f, 81.70.-q, 82.80.Kq
Keywords:Recombination, Non-equilibrium carriers, Thermal waves.

1. Introduction relaxing to the bottom (top) of the conduction (valence)
band via the carrier-phonon interaction. As the excess

. . . carrier diffuses through the sample, the electron-hole pairs
Thermal-wave physics is becoming a valuable tool in the ; :
- . éventually recombine producing a second source of heat

study of material thermal parameters as well as in thé, : ; ) -
Wwhich also diffuses into the semiconductor.

semiconductor industry for characterizing processes in the One of the simplest and at the same time quite effective

manufacturing of microelectronic devices[1-2]. These g, o
X - model describing the process of heat transport consists in
waves are created whenever there is a periodic heat

. X .assign to each quasiparticle system an individual
generation. The most common mechanism for producin mperature. Then the thermal problem in the total system
thermal waves is the absorption of an intensity modulate P ' P y

X —can be reduced to the determination of the space-time
light beam by a sample. Of the several mechanism$ . S . .
. ; . evolution of these temperatures taking into consideration
available for detecting these waves, the gas microphon
the energy exchange between subsystems. For example, the

photoacoustic detection is one of the most widely used. In o-temperature approach has been used to analyze the

t
ermal wave propagation in semiconductors[4] taking into

this case the sample is usually irradiated by a modulatw?ﬁ

light beam, which is then absorbed by the material an : ! )
ccount the electron-phonon energy interaction. In this
aper we restrict ourselves to study heat transport in

converted into heat. The heat diffuses to the sampfgl
surfaces and then into the surrounding gas of thg ™ : . S L
Semiconductors in one-temperature approximation, which is

phatoacoustic cell. Finally, the t.hermgl expansion of the ga\}srallid when the thickness of the sample is greater than the
generates the photoacoustic signal. The physica

interpretation  of thermal waves produced in thecoohng lengtA of the temperature distribution of the

photothermal experiments and the difference with Wavguasmartlcle_ SB;fStem.S' rlln fRe(;s. [6] Ia btheor)_/ of the
phenomenon have been discussed in detail in Refs. [3] aﬁ?otoacoustlc eftect in the fundamental absorption region

. ~ 0~ of ambipolar semiconductor has been developed allowing

[4]. In the case of semiconductors, the photoacoustic sign ; L

. . . itionof the formation of free electrons and holes, their diffusion
provides us, besides the thermal parameters, with additiona S i
: . - . . __and recombination. In this work the authors used a plane
information regarding the carrier-transport properties.” . Iy A
Qualitatively, this may understood as follows. Theperlgdlc heat sourc@e™™ at the su_r_face of a semi-infinite
absorption of radiation with photon energy greater théemiconductor as boundary condition to study the thermal-
band-gap excitation produces an excess carrier distributi®¥ave propagation. However, in order to observe the
in the semiconductor with an energy above (below) th@hotothermal effect, the sample must be illuminated with a
conduction (valence) band. In a time scale of a feWght which is intensity-modulated by a mechanical chopper
picoseconds these photoinjected carriers distribute thg=1,+ Al ¢ with AI<1,) to generate thermal waves
excess of energy between them via Coulomb interactioiside the solid. In this situation the heat generated at the

and finally this extra energy is given to the lattice bysurface of the sample has the fofw 0, + AQ¢™ where
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AQ =< Q,. More recently,using photoacoustic amplitude andample can be written asQ,=g,R with R being the

phase measurements in heat transmission configuratioglectron-hole pair recombination rate. Of course, in general,
carrier transport properties were investigated [7-8]an electron-hole pair can recombine radiatively or
Expressions for the distributions of the periodic parts of thaonradiatively. In fact, in many semiconductors the
thermal sources (thermalization, nonradiative surface ambnradiative transition is the dominant process. In the
bulk recombination) were analytically evaluated and theresent work, because the attenuation length of the light

photoaCOUStiC Signal at.the ff:Oﬂt and rear Surface of ﬂ'& [Tl) is too small as Compared with the characteristic
sample were calculated including the absorption process ®hgths to concern in transport theory and size of the

the front side. ~ sample, the emitted photons in the radiative process are
In this work, we further extend the aforementioned,qorhed at the same point in the sample producing heat.

models for the photoacoustic signal by taking into accourg ) 1 nd small miconductors. inst f
the one so far neglected important feature of the behavior pr 9ap-iess and smalfl gap semiconductors, ins eagla

carriers under time-varying excitation, namely the effect offoreé complicated function of temperature appears.
the gradient temperature on the recombination rate dmherefore, the equations governing the photocarriers
carriers in the sample. This term takes into account thgeneration and diffusion at the modulation frequeficin
change of the rate of thermal generation of electrons arlge semiconductor are given in the form

holes. on _dj, op _ Oip
—=—_—-eR, —=-—-e 2
ot 0x R ot 0Xx R @
2. Theoretical model
. on oT
Jn zanE+eDn&+Unan&’ (3)

Let us consider an incident monochromatic light beam on
the surface of the semiconductor at-& with intensity  j, =g E-eD op YO0 — 4

. P A, p~p
I=I,+AI ¢" modulated at an angular frequency ox ox

Q =217, wherel, is the incident monochromatic light flux. 0E _ 4TE(p_ n+N,) (5)
= &)
It is assumed that the energy of the excitation bgans 0X a

greater than the band gap energy of the semicondsgtor where» and p are the local concentrationg, andj, the

Under modulated monochromatic light excitation with arcarrier densities induced by a gradient of temperature and
angular frequency, the flux of photons penetrating {0 ., jer concentrations, ando, the electrical conductivities,

h x in th micon r is given by” (1, + AI ¢ . -
dept _ the se _CO ducto _Sg € &.)y. <I° Ale ) o, anda, the thermoelectric coefficients, aby andD, the
where g is the optical absorption coefficient of the solid yi sjon coefficient of electrons and holes, respectively.

’?amP'e- For sake of S|_mpI|C|ty we sha!l also assume that trl‘#?ere,E is the internal electric field set up due to different
light is only absorbed in a relatively thin layer of the sample

smaller than the thickness of the semiconductor and tifliffusion coefficients of electrons and holes awdis the
carriers diffusion length. In this case a source of heat argbncentration of charge impurity.
carrier generation at the surface of the sample may be For small concentration of nonequilibrium carriers
considered. on=n—ny<n, and ép = p — py<p, (Wheren,, p, are the

In the limit of small effective cooling length as glectron and hole concentrations in  equilibrium,
icnc;;nrzi'[ii?w \t,)wetpwg; ?Eénp{?aglrgft?;g)gss?:ri [Séio(ré?ecetrr‘g;%‘spectively), the recombination rates are usually assumed
holes and phonons), thg sysrzem of q{lasiparticles can Eoe be of the following for.m[9]-R,,: dnfe, and K, = op/t,,
described in the one temperature approximafip) and where 7, and 7, are the life time of electrons and holes

the coupled heat-diffusion equations reduce to the usual offgSPECtively. However, as can be seen such approximations
dimensional equation. cannot be correct, the physical origin of these

2T (xt)  10T(x1) Q.0,0) inconsistency, in_steady state conditions?, c.omgs because
2’ == AP ! (1) they do not satisfy the Maxwell equatiovj, + j,) =0
ox a o K unless thak,=R,[10].
In Eq. (1) a=«/pc is the thermal diffusivity,p the In order to evaluate the ambipolar kinetic equations let
density,c the heat capacity and the thermal conductivity US assume the following approximations: the total current
of the material. HereQ,(x,7) is the thermal power density density vanishes i.ej=j,+j,=0 (open circuit), the

produced at a point x of the sample due to the electron-hofeccton and hole recomt.)manon. ra_ltes are ] equal ie.
recombination. In terms of this photoinjected excess carridy» = R, = R and charge quz_alsn'_]eutrallty i&=op (i.e. the
concentration, the thermal power density generated in thexcess free electron density is equal to the excess free hole
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density), this latter approach is valid if the thickness of thgyhere @, is the average overtime of the total heat flux
semiconductor is too large as compared with the Deby&x 1) at the surface of the sample and it is proportional to
length[11]. Under charge quasineutrality approximation;=*™ P Prop
Eq.(5) can be neglected. Here, the equations governing tHge intensity of the incident radiatidn

photocarrier generation and diffusion at the modulation In general, the efficiency at which the absorbed light by

frequencyQ in the semiconductor may be written in thethe semiconductor is converted into heat and an electron-

form: hole pair is an unknown parameter and it can be surface
) ) o oT temperature dependent, in this work it will be considered
Ip="In= _eDg - A& (6)  constant. The numerical value of the efficiency factor can
be estimated as follows: The intensity of the incident
and radiation is distributed between carrier generation and

2 2 sample heating in the form
_1@+Da5p+ﬁﬂ_|:g(5p):o @

2 2
e ot o0x° e ox Q, =(w=-gyl ,  AQ, =(hw—¢gy)Al . 9
where

On the other hand, in the high surface recombination
limit (in this case the surface recombination velocity is

The third term in Eq. (7) takes into account the effect 0i[nfinite), the photoinjecte_d carriers rec_ombine very fast near
the thermoelectric field on the ambipolar diffusion Ofthe surface of the semiconductor given all the excess of

carriers in the sample, this important effect has been usuaﬁ‘ergy to phonons. In this limit, the efficiency to produce

neglected in previous theories of the photoacoustic effect ea; in the sampledls high. ith thick h h
semiconductors. or a semiconductor with thickness much greater than

Now, the point to be considered in the case oihe carrier diffusion length ied>L,=\/(Dr), the

semiconductors is the importance of taking into accourfbliowing boundary condition for the carriers at-x/ can
besides carrier diffusion and recombination, the nonge sed

stationary temperature distribution in the description of

DE<61)DI7 + GpDn)/(Gn + Gp) and AE(S,,GP<C¥” - ap)/(cn + Gp)-

carrier concentration under time-varying excitation. To 6p\x =d "~ 0 (10)

incorporate these features into the photoacoustic signal, thed

carrier concentration has to be determinated (see below) T

and in addition, it is necessary to consider the influence of ™ ; :U(r(d) —TO) (11)
X =

heating on the thermal carrier generation which is

proportional ton? (1, is the intrinsic carrier concentration) '0f the heat flux. Herey represents the surface thermal

S . o . conductivity between the sample and the gas at ambient
and in this case the interband recombination rates are given y P 9

. temperaturel,. Note that whem goes to infinite (perfect
by op/t— y8T, where 8T(x,t) =T(x,\)—T,, T, is the . C
y _p/r Y ) =T =T, Ty thermal surface), since the heat flux is finite, the
ambient temperature anek[ 2n;/(1 + p,)t](dni/dr)[10]. temperature distribution must be continuous at the surface

The solutionsT(x,r) and dp(x,r) in Egs. (1)-(7) x=d @T(XH|x=4=T,). For finite surface thermal
should be supplemented by boundary conditions=a0xIn  conductivity, T(X,?)|x= 4 # T,.

the photoacoustic experiments, the most common

mechanism to produce thermal waves and nonequilibriu®, Nonequilibrium  carrier  concentration  and
carriers is the absorption of an intensity modulated light
beam. It is clear that when the intensity of the radiation is
fixed, the light energy partially is converted into heat and
partially into surface carrier generation. Under thesén the photohermal experiments, the most common
considerations the boundary conditions for the temperatur@echanism to produce thermal waves is the absorption by
distribution and the excess of carrier concentration arge sample of an incident modulated light beiar A7 ¢,
given by

temperature distribution in the semiconductor

The static heat flux at the surface of the sample is

_KM = Qo +AQOeW , proportional tdl, and it is the responsible one to give rise to
0X lx=o the static temperature distribution in the material, while the
9G0(x.1) _ dynamic contribution part\/ ¢“* is associated with the
-D———+ =1, +Al Oe”‘I (8)  modulated heat source with sinusoidal time dependence at
0x - o . .
x=0 the surface x 0. Similar considerations can be used for the

carrier concentration. Therefore, it is naturally to seek
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solutions for the temperature distribution and the carrieof the carrier concentration and temperature distribution,

concentration in the form respectively
T(x,t) =T () +T, (), (12)  pg=Cq+Copx+Cye +Cype™*, (18)
3p(x,t) = &, (x) + Ip, (X)€", (13)
s d g, =S4 Cooy Cge'* - Cye ™%, (19)

whereQ is the chopper frequency afft{x) andT,(x) are °* a a
the static and dynamic contribution to th
temperaturedistribution andp,(x), dp.x) the static and
dynamic contribution to the charge concentration in the a

. = X

sample, respectively. sl Ao[asinh(Aqd) +TAg cosh@od)]

{aAdsint(agd) + @+ A d) cosh@ed)I(Ty + @)

—To+ aQo}:

In this case the laser beam excitation is not modulated by T +0

the chopper and as a consequence the heat flux through B = —%a,

sample is constant. For simplicity in the calculation is ta

convenient to introduce the following dimensionless [a(l_e,\od)_,ﬂ T _a[e/\od —1- (T - A)I0
— ol'o 0 0 0

2X%M[asini(A,d) + 7\, cosh,d)]

€ with Xo = la+ 1) and the constants, are given by

a) Static part contribution: T(x) and &p,(X)

parameters: x=X/Lp, p,=0pJpy,  6,=T,—T,)/T,  Cs3
a=TyT,, T,=Dgyp,/x, T,=py/y. With these definitions

)

the static contribution to the temperature and carriep. _ 1 .
concentration are given by s4 2, [asini{Ad) + 7 A, cosh@od)]
. {a(e" -1 + M, + el ~1- 26 (7 + 10)]Qu}
S _ =
dx@ b, +ab, =0, (14) In the limit of small intrinsic carrier concentration
, n<kT*/De,?, the change of the thermal generation rate is
S+p -ab =0, (15) small i.e.a<1 and the above equations reduce to the ones
dx® s s obtained in previous theories on transport in

For a semiconductor, it is usually assumed thagemiconductors without non-stationary heating:
Ag,lex<]1. This approximation neglects the effect of the

thermoelectric field (second term in Eq. (7)). Note that, ifCy = (L+7d)(1, + Qo) coshd -, a

d CSZ = _(ro + Qo)an

the intrinsic carrier concentration is temperature fTcoshd
independent i.ey— 0 then,T,—  anda— 0. ~ od~
. o . . _ Iy _ e,
We are now in a position to consider the influence ofCg; = -—2"5+, Cgy = 2 -

the thermal field on the temperature distribution and carrier | +e I +e
concentration in the semiconductor due to the absorption of
the incident modulated radiation by the sample. Using the _ o
following boundary conditions b) Dynamic part contribution: T,(x) and 6&p4(X)

d From Egs. (1) and (2) the dynamical contribution to the

p _ N : o

s =7, p =0 (16) temperature distribution and carrier concentration in the
dx x=0 0 Six=d semiconductor are described by the next expressions

de de g2 0 0

s =-Q, sl =18 17 Pd  py —i =2 py +a8y +i~af, =0, 20
dx| 0 dx| ﬁSx:d an e Pq Qrpd d 715 8% (20)
where 2

ddfzd +py —af, —igﬂged =0, 1)
a
T _lobo ~ - Qbo ,TE”LD' !
° Dp,’ 0 kT ' K

The solution of the thermal and the carrier diffusionVNere 6a=7TuTe, Q=1/t, Q =eayA.

equations leads the following expression for the static part
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As can be seen, Eq. (20) is a diffusion equation an@,, ={[(7(F, - F,) — F,A,) cosh@,d) + FA;sinh(A,d)]

therefore the frequencyQ has not meaning like in x expOLd)(FAT: = AOL) + F A (FAT: — AGY /(A-B
electrodynamic theory. PA2d)(FAlg —AQp) + FAx(FAlp = AQp)}H(A;B),

_ The solutio_ns of Egs. (20) ar_u_j (21) are complementegg = 2(F, - F,){ F, cosh@,d)[77 cosh@,d) + A;sinh(A,d)]
with the following boundary conditions — F, coshyd)[7 cosh@,d) + A,sinh(A,d)]}.

| - -AT,, Pal,.q =0, (22) (28)
dX |x=0 In the limit when the change of the thermal generation is
do ~ 46 neglected{— 0), Egs. (28) reduces to
e 2%, T MO @9 i
x=0 x=d — AT, _expRAd)Al,
where BT [1+ exp@A,d)]A, 927 1+ expAd)]), |
AT, = Blobo G, = AQlo Cys =Cys =0,
Dp, KT,

. . FoCas =
Using Egs. (20) and (21) together with the boundary

conditions Egs. (22) and (23) the temperature distribution (A2 —T) cosh@,d)(AQ, — Fildlg) + FiA, exp@zd)ATO,
and carrier concentration in the material can be written as 2cosh@,d)[/7 cosh@,d) + A,sinh(A,d)]A, exp@,d)

FoCas =
(A2 +17) cosh@yd) exp,d)(AQ, — FiATo) + FiA,AT,
2cosh@,d)[f7 cosh@,d) + A,sinh(A,d)]A,

Py = Cp€™ + Cype ™ + Cype’? + Cype ™, (24)

0y = FCye™ + FCyr€ M + F,Cyae"?* + F,Cyue 2% ,(25)

A2 =14i 2 A2=iP <2
with r 2
In Fig. 1 we present the frequency dependence of the

-1 -1 amplitude and phase signal obtained from Eqgs. (24) and
F = E@Hfi_)‘lm , F,= %HBE —A%E , (26)  (25) for different values of the change of thermal generation
a o aQ rate. It is clearly depicted in this plot the influence of the
parameter in the low-frequency region. As can be seen in
Fig. 1a the photoacoustic signal which is proportional to the
X, = E&“aHEHBBg amplitude, increases with the decreasing of the change of
' O o[ the thermal generation parameter in the low frequency
range and they converge to the same value for large
chopper frequency. On the other hand, the phase associated
2 with the photoacoustic signal exhibits a maximum when the
i\/%_aﬂﬂ_DBgD +4aH+ig%, (27) change of the thermal generation rate vanishes and it
O 0 BN o Q disappears with increasimgfor low chopper frequency.
From the expressions (24)-(28), it follows that carrier
and the constants concentration as well the temperature distribution depend

. substantially on the relationship between the size of the
Cy = FL—-F,)-FRA h@,d) - F,A Ad
d|1: A{IEIT(A1~ 2)F Al 1) cosd @; A)I~ 2A2~smi‘( 20)] sample and the thermal attenuation lergthy/(2a/Q). For
X - + -
(FaAlo = AQp) + FoAy exptd)(FAlo ~ Qo)) example if the thickness of the semiconductas smaller

/(A Bexp(Bexp@®,d)), N L

gl Py Pd)) than L (quasistatic approximation), the temperature

Cy2 ={l(7(F, - F,) + FA;) cosh@,d) — FoA5sinh(A,d)] distribution is almost constant across the sample and in this

% expAd)AG = F-ATS) = FA(AG- — EAT-Y/(AB situation the time to heat the sample is considerably
PALA)(AQ0 ~ Fohlo) = FoA(AQp = il o)H/(4B) dependent on the sample thickness whereas the signal phase

Cys ={l(7T(F, - F,) + F,A,) cosh@,d) + FAsinh(Ad)] increases monotonically with the chopper frequency (see

Fig. 2). On the other hand, in the limit of high chopper
frequency L<d the temperature fluctuation decays

exponentially from the surface of the semiconductor and in
this case the energy relaxation time is frequency dependent
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Fig. 1. Influence of the thermal generation rate change on the amplitude ip. 2. Frequency characteristics of the PAE in samples of different sizes:
and phase (b) of the PAE responsex=0; 2-a=0.1; 3-a=0.5; 4 - 1-d=01 2-d=1, 3-d=10 @=1, T =1, AQ0 =AIO,

a=1 @d=1, 7 =1, AQO:ATO, D/a=10°, D/a=1G%)

= S AT = 2 2 C :
90 =20, [(AQ, +Al,) ea‘\/Re[Qd(o)] MmO . | this situation the amplitude of the thermal wave for
W =arccos(Re]y(0)]/0,)/m). The modulation frequency is A7=( is greater than the other ones when electron-hole

normalized by carrier's lifetime transition is finite, while the phase has similar behavior as
in Fig. 1b.
i.e. T,~L~Q 2 while the signal phase increases until it
reaches a maximum for some frequency and then remaifis The resonance effect
constant as function of the chopper frequency.

In Fig. 3 the normalized amplitude and phase signal arg/e now turn to the discussion of one of the amazing results
shown as a function of the normalized chopper frequency gbtained so far and compare them with the corresponding
the limit of poor, intermediate and perfect surface thermalesults with previous theories on the photoacoustic effect
conductivity for vanish thermal generation rate andeported in the literature. In the theoretical models of the
intermediate carrier diffusion length. As can be seen, thehotoacoustic effect in semiconductors the carrier diffusion
amplitude has an exponential dependence with thgnd recombination mechanism have been considered in the
frequency whereas the phase has a pronounced maximg@insport properties. However, as has been showed in this
for a small parameter of the surface conductivity and ifyork, the thermoelectric field (thermal waves) mechanism

tends to disappear in the limit of perfect surface thermalas a strong effect on the electron-hole pair recombination
conductivity in the low frequency limit. rate through the parametgr Taking into account this new
Finally, in Fig. 4 we compare the amplitude and phase . . . .
; g é‘nechanlsm in our theoretical model, the solutions for the

o . Carrier concentration and temperature distribution are given
radiation energy necessary to create an electron-holapair by Egs. (24) and (25), respectively. According to these

and the light converted into heat in the semicondusfar results, if the change of the thermal recombination rate is
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Fig 3. Influence of the surface thermal conductivity on the frequencyig. 4. Frequency characteristics of the PAE for different proportions
characteristic of the PABL - T =0.2; 2- /7 =1; 3-7 =5 @=0, between fractions of the light, causing carrier generation and direct heating

of the specimeni - Aro =0;2- AQO =Ar0; 3 - A@O =0 (=0,

d=1; AQ =AT , D/a=10%).
equal to unit i.e.a=1 (y=«/Dg) and the incident d=1; [ =1, D/a=10%).

modulated light frequency is given b = 2a/|a — Dz, a C,= —{[()\d +1-2A7A) (A8, - ATy) + 2i/\2AT0]
resonance effect should be observed, the temperature ) .

amplitude becoming very large. We should expect the veryAd exp@d) +[(i + 2A%)sinh(Ad) + 27A cosh@d)]
large amplitudes in the temperature fluctuations at, [(i +2A2)AT0 + AG, 1} /[BA exp(d)],
resonance to give rise to a strong peak in photoacoustic

signal at the chopper resonance frequency. However th@,, ={[ sinh(Ad) - 2i77A cosh@d) + Ad exp@d)]
phenomenon does not occur in typical photothermal . ~ - T ~ .
experiments. In order to see this more clearly, let us solve (1AQo — Alg) + 2IATiAQ, cosh@d) + Al gsinh(Ad)]}
the coupled carrier and heat diffusion equations at thdBexp(@d)],

resonance frequencyQ);. In this case the carrier
concentration and the temperature distribution become
Pr =(Cry +Cr2X)e™ +(Crs +Cryx)e™, (29)

C,5 ={[(i + 2A?)sinh(Ad) + 277A cosh@d)J{(i + 2A%)AT,
+AQ,lexp@d) + Add(1- Ad + 2iTA)(IAQ, — Al,)

+ 2iA%dATL} /(BA),
8, = i(C,, - 2IAC,, + C, )™ °

Ci(Coa + BIAC, + C, 0™, B0 ¢, = (21 AT, +iaG,]sinh(Ad) + ATAGAT, + AG,)
iB_ D[Q D+a + ’0Qy] cosh@d)} exp@d) +iAd(iAT, +AQp))/ B
2 _ R _ :
A "1+ED +ZDQT = e (1) B = 2A%[2iAd +4A cost? (Ad) + (i + 2A2)sinh(2Ad)].

where the integration constants can be written as
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As can be seen, this resonance singularity undgt0].R. A. Smith,Semiconductors(University Press, Cambridge,
consideration does not appear in the temperature amplitude 1961). _ _ i
and as a consequence there is not a peak in thetl-!- ';‘-A\\/OI\LIOV'PTEWSGB E_tstp‘al‘t)v \F()‘; G-RGureé"Ch' O. Yu. Titov

: : A an . Meriuts, suomittea to YyS. RevV.
f:p())rteosa ecr?tust: egi%ig?;ﬁntsbrggfsf b;(:s?gasg Eg?. (;) awngvg%].v. P. Silin and A. A. Rukhadzé&lectromagnetic properties
; - - of the plasma and plasma related med{atomizdat,
phenomenon. However, we conS|d<_ar this effect sufficiently Moscow, 1961)[in Russian].
interesting and worth to being mentioned.

5. Conclusions

In this paper we have presented a theoretical analysis of the
photoacoustic effect in semiconductors taking into account
the influence of both carrier diffusion and recombination
effects. In addition, we have also included in our
calculations for the first time, the effect of the
thermoelectric field on the thermal generation process. We
have derived exact solutions for the carrier concentration an
temperature distribution in the sample.

It is shown that the influence of the thermoelectric field
on the thermal generation rates, the temperature distribution
in the semiconductor a suitable resonance effect appears,
however, this is a spurious effect in these solutions.

The above findings tell us that the photoacoustic effect
can be used not only for obtaining information about the
thermal parameters of the material but can also be used as
an alternative tool for measuring carrier recombination
time, carrier diffusion coefficient and for example, the
thermal dependence of the intrinsic concentration.
Furthermore, the photoacoustic spectroscopy may give us
information about the electron-phonon energy interaction in
the two temperature approximation i.e each quasiparticle

system is described by its own temperatlieand T,
respectively.
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