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Abstract. The temperature distributions in the n-type silicon circular plate, excited by
a frequency-modulated light source from one side, are investigated theoretically in the
frequency domain. The influence of the photogenerated excess carrier density on the
temperature distributions is considered with respect to the sample thickness, surface
quality and carrier lifetime. The presence of the thermalization and non-radiative
recombination processes are taken into account. The existence of the fast and slow heat
sources in the sample is recognized. It is shown that the temperature distribution on
sample surfaces is a sensitive function of an excess carrier density under a bulk and
surface recombination. The most favorable values of surface velocities ratio and bulk
lifetime are established, assigned for a simpler and more effective analysis of the
carrier influence in semiconductors. The photothermal and photoacoustic transmission
detection configuration is proposed as a most suitable experimental scheme for the
investigation of the excess carrier influence on the silicon surface temperatures.
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1. INTRODUCTION

It is a well known fact that the basis of photoacoustic (PA) and photothermal techniques
(PT) is a photo-induced change in the thermal state of the sample. When a modulated light
is used to excite a sample, part of the light energy is absorbed and used to periodically
increase its internal energy resulting in a sample heating. A periodic sample heating causes
a periodic temperature change in a sample, both on its surfaces and in the bulk [1-3].

The evolution of solid-state materials and the development of the technology for
integrated circuit and/or microelectromechanical systems (MEMS) fabrication bring
silicon (Si) as well as other crystalline semiconductor materials in focus of modern PT
investigations [4-9]. Our ability to understand the influence of the thermal propagation
and carrier transport processes on the thermal state of Si and other semiconductors is
based on a detailed understanding of the solid-state physics in retrospect, as well as on
the development of the new theoretical and experimental PA and PT methods and models
necessary to turn the "pure” theory into the "measurable” reality [10-13].

A variety of PA and PT methods can be used to characterize the semiconductors in
details [14-17]. The temperature changes can be detected measuring directly a sample
surface temperature variations or perturbations of temperature-dependent thermodynamic
parameters, such as pressure or density. These parameters changes are detected with various
transducers, assuming that the transducer signal intensity is proportional to the amplitude of
the measured parameter and depends of temperature propagation across the investigated
sample and its environment [18-20]. There are several different experimental schemes that
can be used to efficiently detect temperature changes in irradiated semiconductor samples
having the form of circular or rectangular plates. One of the most simple and popular
among them is the so-called PA transmission detection configuration [20-22]. Such scheme
assumes that the sample "front" surface is irradiated by the modulated optical beam, and the
transducer detects the signal behind the "rear" one.

The thermal state of the illuminated semiconductor depends, beside the others, on the
density of photogenerated excess carriers and their generation and recombination ratios in
response to the light-matter interaction. The reason for that lies in the fact that the
generation of periodic excess carriers in semiconductors will produce thermal waves
induced by the carrier thermalization and recombination processes. These processes are
responsible for the existence of fast and slow thermal sources within the semiconductor. A
fast thermal source exists due to the thermalization of carriers to the band gap. Slow thermal
sources exist due to the recombination of carriers in the bulk and on the surface of the
sample. Slows are directly dependent on the density of the photogenerated carriers [23-25].

The lifetime of the photogenerated excess carriers is a single value parameter usually
referring to the carrier recombination lifetime in the material bulk [26,27]. This bulk
lifetime is dependent on the carrier density and doped atoms concentrations. Carriers move
from regions where their density is high to regions where their density is low during their
lifetime. This transport mechanism, called the carrier diffusion, is associated with a random
motion of carriers. Such motion is characterized with the carrier diffusion length, the
average length a carrier covers between generation and recombination. The carrier diffusion
length is related to the bulk lifetime and carrier diffusivity [29]. Knowing that, the diffusion
length can be used as a convenient parameter to define the relative thickness of the
semiconductor sample.

Besides the bulk, the semiconductor surface also plays an important role in recombination.
A recombination on the surfaces is typically described by asurface lifetime. It depends,
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besides other things, on the sample thickness and surface recombination velocities on the front
and rear surfaces of the sample [30]. Higher values of recombination velocities means a large
number of recombination centers (active states) created by the abrupt termination of the
semiconductor crystal. The reduction of these centers using some conventional chemical or
mechanical methods is known as a surface passivation. One can expect the decrease of the
recombination velocity during the passivation.

The surface and bulk generation and recombination effects on photogenerated carrier
densities and temperature distributions can be analyzed by various PA and PT measuring
techniques [3,8,24,31]. In the case of PA methods, when the photoinduced effects are
measured and analyzed as the function of the optical source modulated frequency, the
sample response depends practically only on the periodically variable temperature (i.e.
the distribution of periodically variable photogenerated carriers). The steady temperature
and carrier density components does not have the effect on the photoacoustic response.
This is the reason why, in all theoretical considerations, only periodic (quasi-static)
components is taken into account [32-35]. On the other hand, transients can be ignored in
the analysis of signals as the function of a periodic optical excitation [22,31].

The object of this paper is to investigate theoretically the influence of photogenerated
excess carrier densities on temperature distribution in n-type silicon circular plate
irradiated from one side, both on sample surfaces and in the bulk. The assumptions with
respect to the surface and bulk lifetime changes are taken into account as parameters
closely connected to the various PA and PT measurement conditions and configurations.
Detailed thermal source analysis is presented as a function of modulation frequency in
the range of (10'-10") Hz and sample thickness higher (thick sample) and lower (thin
sample) then the excess carrier diffusion length.

2. THEORETICAL BACKGROUND
Photogenerated carrier dynamics

Doped semiconductors contain majority and minority carriers. In the case of n-type
silicon, majority carriers are electrons and minority carriers are holes. Excess carriers
(electrons and holes) can be generated in semiconductors illuminating them with modulated
light source. A necessary condition is that the energy of the light photon is larger than the
band gap of the material. Both minority and majority carriers are generated when a photon
is absorbed. The number of majority carriers in an irradiated semiconductor does not alter
significantly. The opposite is true for the number of minority carriers. The number of
photogenerated minority excess carriers outweighs the number of minority carriers existing
in the doped sample. Therefore, the number of minority carriers in an irradiated sample can
be approximated by the number of light generated excess carriers.

If we assume that the excess carrier transport happens due to diffusion only, and accept
a simple model that defines recombination-generation rates proportional to the minority
excess carrier density, we can write time-dependent 1D diffusion equation for holes along
the x-axes in the low-level donor density n-type silicon [5,22]:

aon, (xt) 5 o%n, (x,1) N

ot —p ox2
where dny(x,t) is the excess minority carriers — holes density, D, is the hole diffusivity,
Gp(xt) is the volumetric rate of the holes generation and Ry(x,t) is the volumetric rate of

G,(xt)-R,(x1), (1)
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the holes recombination. Simple equations can be used to define Gy(x,t) and Ry(x,t)
assuming modulated light excitation [5,6]:

on, (x,1) ~ on,(x) 1

T T 2
where |, is the incident light intensity, ¢ is the photon energy, £ is the semiconductor
material absorption coefficient, w = 2xf, f is the light modulation frequency, 7= 7, is the
holes bulk lifetime and onhy(x) is the spatial part of dony(x,t). _

If the general solution of Eq. (1) is given by dhy(x,t) = (1/2) dhy(x)-(1 + '), one can
obtain steady (Eg.(3.a)) and periodic (Eqg.(3.b)) components of the equation explaining
the excess carriers (holes) dynamics in the sample [22,23,31]:

d’sn, (x) _on,(x) B

(1+eia)1) , (2)

I
Gp(X,t)=&e'ﬁ"—(1+8’“’) and R (x,t) =
e 2 P

L0 o .
X2 |_2p er 7 34
d*sny(x) ony(xe) gl o (3.0)
dX2 Li, 8Dp , |

where L, =L, /J@+ior) | L, = /D,7 is the holes diffusion length, and Ny(x, @) is the periodic
excess carrier density. For the sake of simplicity, we will denote dhy(x,@) = opp(x) in all
further analysis. Assuming that only d4(x) is responsible for sample response (PA case),
the general solution of Eq. (3.b) can be written in the form:

X —X ﬁ[ —px

Su (X) =[A, " +A, e - — L0 e 4)
’ eDy(f* - L)

where A;, and A,, are the integration constants, which can be obtained using proper
boundary conditions. Boundary conditions, among other things, introduce the surface
recombination velocities s onto the front (s;) and back (s,) sample surface, as the parameters
used to define surface recombination process efficiency: a higher value of s means a
higher recombination efficiency. In our case, boundary conditions are given by:

ddu (x) ddu, (x
D, 'L;; =5,-0u,(0) and D, Hp ()
x=0 x=I

where the sample front surface isat x =0, and rear isat x = 1.

==, -, (1), )

Using EQgs.(3-5), the constants A;, and A,, can be calculated and presented in the
following form:

>

Ay = [0, =500 +5)8™" = (5, +8)(0, ~5,)e ], (62)
0= %'[(Vow + 52)(V/3 + Sl)e”L - (VDw - 51)(\//3 N sz)eiﬁl] ) (6b)

Pl

EETEE )

and
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(AN -I/L

a= [VDw + Sl]'[VDa) + Sz]e _[VD(o - 51] '[VDm _Sz]e . (6d)

Here vp, = Dp/ L, and v, = D, are excess carrier’s diffusion velocities.

Temperature distribution with excess carrier influence

The excess carrier generation, recombination and transport processes affect the spatial
temperature distribution T, (x,t) =T, (x) +Re(6,(x)e*") within the sample, where T, (X) is the
steady and Re(6,(s)e"") is the periodic (quasi-static) component (modulated light source is
assumed). Taking into account PA simplification, only Re(8, (x)e"") component will be
considered in our further analysis [32,33]. To include the excess carrier influence 4, (X)
is used (Eq.(4)) within the 6,(x) calculations. Assuming that thermalization Hierm(X),
bulk Hy,(x) and surface Hg(x) recombination heat sources exists in the sample, the 1D
thermal diffusion equation can be written in the form [22,23,31]:

2
C20 20,0 =~ (Mo (0 H, (0, )
where o, =(1+i)\zf/D s the complex heat diffusion coefficient, D =k/ (cc) is the
thermal diffusivity of the sample (k — is the heat conductivity, p — is the density, ¢ — is the heat
capacity) and:
8-

& -
P, exp(=fx) , (8.a)

&

H,, (X) =—87gf5ﬂp (), (8.b)

where & is the semiconductor band gap energy. The surface recombination heat sources
Hs(0) and Hg(l) are incorporated in boundary conditions on the front (x = 0) and back
(x = 1) sample surfaces:
dé,(x) dé, (x)
k=2 =8 (0)¢, and k== =-5,04,(0) ¢, (©)
General solution of the Eq. (7), using boundary conditions (Eg. (9)), can be written as
a total temperature distribution 6€(x) given by a vector sum of the thermalization Gnerm(X),
bulk 4,(x) and surface 6,(x) recombination components as a result of three different heat
generation mechanisms [21,22,31]:

H therm (X) =

x=0 z=l

es (X) = cherm (X) + ebr (X) + Hsr (X) ’ (10)
where
| €-¢ 'B eo'w(x_l) + e—(Tw(X—I) _e*/ﬂ (erX + e—cw)() "
Operm (X) = ? ¢ : /),z —O'j, |:b %l _g ol e ) (11.a)

¢,B |Be™ +Be ™ 1 |ou,(x) b*-c?
6. (x) = g1 2 3 _ p + ef/fx 11
() tho? { g%l —g ! ¢ —l{ B, b -1 ' (11.6)
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2 5,044, (0)cosh[o,, (x —1)] +s,0 1, () cosh(c, x)

r _ ) 11.c
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with
b= P -1
Uw L{UO-(U
B =-A,

B,=B,e ™ +B;,

B,=B,e™ +B;,
and

é[&yp (1) =6, (0)cosh(l /L,)] —cosh(l/L,) +e?
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3. RESULTS AND DISCUSSIONS

Our simulations were performed assuming the photogenerated carriers 1D transport along
the x-axes (sample thickness). The illuminated sample front surface is at x =0 and its rear
surface is at x = I. The samples were supposed to be n-type Si circular plates with the donor
density Np=2x10"cm™. The resistivity ps and hole diffusivity D, are found to be:
psi = 2,37 Q-cm and D, = 12 cm?/s [5]. Carrier (holes) bulk lifetime is taken to be 7=10"*s
[4,5,27]. It is assumed that the sample is excited by a 5 mW red laser diode light (A = 660 nm)
modulated in the frequency f range of (10~10) Hz. Upper frequency limit is defined by the
condition 2 7f zerm < 1 [32-35] where znerm —> 1078 s is the assumed Si thermal relaxation time
[35-36]. This condition allows the similar behavior of the &(x) spectra predicted by the
Fourier parabolic or Cattaneo—Vernotte hyperbolic theoretical models. Lower frequency limit
is determined by the fact that in the case of f > 10 Hz we are able to separate the influence of
individual &(x) components. Within the given frequency range it is assumed that the
temperatures of all quasi-particle subsystems are the same [33].

A simple ratio between the sample thickness | and holes diffusion length L, appears in
many equations written above, affecting the behavior of the carrier density and temperature
distribution in the frequency domain. The presented analysis was performed assuming the
existence of two groups of samples defined by a relative thickness: thick in the case of I/ L, >
1; thin in the case of I/L,< 1. In both cases, for given 7, L, = 346.4 xm. Each group is
characterized with specific effects within the carrier density or temperature distributions
induced by photogenerated carriers. The 1000 um thick silicon plate was taken as a typical
representative of the thick samples. The 10 zm thick plate represents the thin ones.

Our calculations were performed regarding the silicon surface quality changing the
values of recombination velocities in the front and in the rear. Bulk lifetime changes are
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taken into account, too. They are closely connected to the sample material quality due to
defects and impurities.

Finally, our analysis is focused on the front and rear sample surfaces, characterized with
the different levels of carrier influence on 6(x). This type of analysis could help one to find
the best method and experimental conditions within the PA and PT measurements to obtain
the significant influence of photogenerated carriers on semiconductor thermal response.

Carrier density: Surface recombination influence

In order to simplify the analysis and to understand better the photogenerated excess carrier
density behavior in the frequency domain, duy(x) amplitudes A are considered rather than
phases. To calculate A Equation (1) is used with different values of recombination speeds s;
and s, and constant holes bulk lifetime (z = 10 s). The values of s are taken to be 0 m/s and
24 m/s representing totally passive and active surface respectively [20,22,23,31]. The value of
7 corresponds to the assumed Np value [5,6,27]. It must be noted here that in reality most
silicon wafers have higher levels of contaminants and thus shorter lifetimes than used here.

Calculated density amplitudes on the front 64,(0) and rear d4(1) sample surface as a function
of modulation frequency f are shown in Figure 1.
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Fig. 1 Comparison of the excess carrier density u,(x) amplitudes A at front (5z4,(0) —
magenta) and rear (dp(1) - light blue) surface versus modulation frequency f, in
the case of a thick (I = 1000 pm — dash) and thin (I = 10 um — solid) sample.
Different surface recombination velocities s; and s, ratios are presented (a,b,c,d)
assuming constant lifetime value 7= 10"s.
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In the case of thick samples, results show that there is an enormously greater density of
excess carriers on the front surface, while rear density is at least one order of magnitude lower.
A brief numerical analysis shows that 8,(0) ~ L, and dp(l) ~ Lo, e Both densities are

independent of frequency when wr<<1. At higher frequencies, a sharp decrease of
o1p(0) and Su(l) is expected with different slopes. Obviously, d(l) is much more sensitive
to the sample thickness | than d4,(0) is.

In the case of thin samples, results show that both 814,(0) and Jz4(1) values are almost
identical. At lower frequencies, they are independent of frequency approaching the limit
density values for the given s; and s, ratio. At higher frequencies, I/L,, ratio determines
their behavior. In the case of I/L,, < 1, a sharp decrease of both densities is expected with
the same slope. In the case of I/L, > 1, a sharp decrease of d(l) continues but &4(0)
slope becomes smaller.

An exception must be made in the case of a full passivation on both surfaces
(sy=5s,=10) presented in Figure 1.c. The obtained values of &u,(0) and Suy(l) at lower
frequencies are much higher than those calculated for other s; and s, ratios. At higher
frequencies, the densities on both surfaces start to decrease following L, frequency
dependence till I/L,,> 1, when they start to differ (f ~ 10" Hz).

It is a well known fact that the correct understanding of the carrier density influence
on the thermal state of the sample sometimes lies in the analysis of a density change, not
of its absolute value [3,31]. Knowing that, the amplitude ratio A, of the carrier density on
the front and back of the sample (A, = |514,(0)/ Suy(l) |) was taken as a suitable parameter
for our analysis. The results of such analysis in frequency domain as a function of the
sample thickness and different s, and s, ratios are shown in Figure 2. As follows from
this Figure, the highest values of density ratios (red lines) are obtained when the
illuminated front sample surface is perfectly passivated (s; = 0 m/s) while the rear one
has a high recombination (s, = 24 m/s). This result will be used in further analysis as the
most suitable recombination velocities ratio in which the effects of the excess carriers are
most obvious.
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Fig. 2 Comparison of the photogenerated excess carrier density amplitude ratio
A, = |ony(0)/ ony(1)] between front and rear surface versus modulation frequency f,
calculated for different surface recombination velocities s; and s, ratios and constant
r=10"s in the case of: a) thick (I = 1000 um) and b) thin (I = 10 um) sample.
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Carrier density: Bulk lifetime influence

The Equation (1) is used again to calculate the photogenerated excess carrier density
oup(x) amplitude A with different values of bulk lifetimes and constant values of
s, =0 m/s and s, = 24 m/s. The values of 7 are taken to be between 10*sand 5x 107 s
representing low- and high-level donor density values Np, respectively. A shorter lifetime
also means a higher level of Si crystal lattice defects and/or contaminants. Calculated
densities on the front 5z4,(0) and rear op4(l) sample surface as a function of the modulation
frequency f are shown in Figure 3.

In the case of thick samples, the results show that, besides an enormously greater
density of excess carriers on the front surface, the rear density sharply decreases by
decreasing the bulk lifetime, reaching the limit of 1 carrier per unit volume at 7 =5 x 10™'s.
As mentioned before, both densities are independent of frequency when wr<< 1. It is seen
that 014,(0) and (1) decrease at higher frequencies with different slopes. As follows from
this analysis, du(l) is much more sensitive to lifetime changes than 54,(0) is.

In the case of thin samples, the results again show that &z4,(0) and duy(l) shapes in the
frequency domain are almost identical, having a weak dependence on the lifetime changes.
Calculated for the same s; and s, ratio, both density values remain constant at lower
frequencies, decreasing at higher ones following | /L, ratio. No significant differences
between o14,(0) and o4(1) are found except at very high frequencies (1/L, > 1).
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Fig. 3 Comparison of the excess carrier density &4,(x) amplitudes A at front (5.4,(0) —
magenta) and rear (5.4(1) — light blue) surface versus modulation frequency f, in the
case of a thick (I = 1000 um — dash) and thin (I = 10 um — solid) sample. Different
lifetime zvalues are taking into account (a,b,c,d) assuming constant s; and s, ratio.
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In order to further survey the influence of the photogenerated excess carriers, we
performed the analysis of amplitude ratios Ar (A = |5u,(0)/ Su(1) |) in the case of thick
and thin samples presented in Figure 3. The results of such an analysis in frequency
domain are shown in Figure 4. It is clear that the less intensive ratios are assigned to the
higher 7 values. In our calculation, higher values of the lifetime means lower levels of
defects and contaminants in the sample. This fact allows for a simpler analysis of carrier
transport effects in the sample. Therefore, in our further calculations, the value of
7 =105 (red lines) will be taken as the basis for the study of excess carrier effect on the
thermal properties of a semiconductor.
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Fig. 4 Comparison of the excess carrier density amplitude ratio A, between front and rear
surface |oh,(0)/ony(I)| versus modulation frequency f, calculated for different values
of bulk lifetimes rand constant s; and s, ratio in the case of: a) thick (I = 1000 pum)
and b) thin (I = 10 um) sample.

Total surface temperature: Excess carrier contributions

Based on the results obtained in previous sections and the established most convenient
parameter values (s, =0m/s, s, =24 m/s, 7=10"*s) assigned for the study of the excess
carrier influence, the dependences of the total temperature distributions &(x) and its
components (Gnerm(X), Gr(X) and 6 (x)) on the modulation frequency f are presented in
Figures 5 and 6. Their normalized amplitudes A, and phases ¢ are calculated using Egs.
(10) and (11) on the front (x=0) and rear (x =1) sample surfaces in the case of thick
(1=1000 um) and thin (I =10 um) samples. The amplitude normalization is performed
using the same values of light intensity I, to make different temperature distribution
components comparable to each other. All calculations are performed assuming that the
absorption of the incident light in the surrounding media is negligible.

In the case of thick samples, the results show that on the front surface (Figure 5.a,b) and
at lower frequencies (f < 10 Hz), the photogenerated excess carrier contribution to the €(x)
is significant through the bulk recombination component 4,(x). At higher frequencies (f >
10° Hz), the Grem(X) component predominates, so no significant excess carrier contribution
to the 6(x) can be found. &,(x) component is negligible in the whole frequency range,
which is expected (s;=0m/s). On the rear surface (Figure 5.c,d), the excess carrier
contribution to the &,(x) can be found in the whole frequency range: at lower frequencies
the &,(x) contributes significantly; at higher frequencies &,(x) predominates (s, = 24 m/s).
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This &(x) analysis confirm previously obtained results [22,23,31] and must hold for all
sample thicknesses satisfying the condition I/ L, > 1.
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Fig. 5 Comparison of the surface temperature distribution €(x) normalized amplitude A,
and phase ¢ at front (a,b — solid magenta) and rear surface (c,d — solid light blue)
of a thick sample (I = 1000 pum), with thermalization (Gnerm(X) — dash), bulk
recombination (&,,k(x) — dot) and surface recombination ( &(x) — dash-dot)
contributions versus modulation frequency f.

In the case of thin samples, the results show that on the front surface (Figure 6.a,b),
the photogenerated excess carrier contribution to the 6(x) is significant in almost whole
frequency range through the surface recombination component é&,(x). Only at very high
frequencies (f > 10° Hz) Gnem(X) component dominates, so no significant excess carrier
contribution to the &,(x) can be found. &,(x) component is negligible in the whole frequency
range, which is expected (I <<L;). On the rear surface (Figure 5.c,d), the excess carrier
contribution to the &(x) can be found in the whole frequency range, where 6,(x) component
dominates. As far as we know, especially in the case of higher frequencies, this kind of
&(x) analysis was not presented in any article published before. It must hold for all
sample thicknesses satisfying the condition 1/L, <1, indicating that in the case of thin
samples and higher frequencies 6,(0) at front illuminated surface could drop much faster
than (1) at rear non-illuminated one. Such &,(x) behavior may result in a major change
of PA and PT signals, especially for those taking into account temperatures from both
surfaces (e.g. PA thermoelastic signals) [22,23,31].
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Fig. 6 Comparison of the surface temperature distribution €(x) normalized amplitude A,
and phase ¢ at front (a,b — solid magenta) and rear surface (c,d — solid light blue) of
a thin sample (I = 10 um), with thermalization (Gnem(X) — dash), bulk recombination
(Bu(x) — dot) and surface recombination (&,(x) — dash-dot) contributions versus
modulation frequency f.

Based on the results presented in Figures 5 and 6, we analyze amplitude ratios A, and
phase differences Ap between €,(x) and 6(x), where i =therm, br and sr. The results of
such an analysis are presented in Figures 7 (tick) and 8 (thin samples). Obviously, the
back surface of the thick and thin samples suffers the greatest influence of photogenerated
carriers. Therefore, we can recommend the transmission detection configuration as the
most favorable experimental PA or PT scheme for studying the influence of free carriers
on the thermal state on silicon surfaces.
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4. CONCLUSIONS

By the combination of the photogenerated excess carrier density and heat source
analysis in n-type silicon excited by a frequency-modulated light source, we established the
most favorable values of surface velocities and bulk lifetime assigned for the examination
of the excess carrier influence on temperature distributions at the semiconductor surfaces.
These analyses were performed by a theoretical study of the carrier density and temperature
amplitudes and phases in the case of thin (10 um) and thick (1000 um) silicon circular
plates as a function of modulation frequencies in the range of (10— 10")Hz. The relative
thickness of the samples is defined by the ratio of sample thickness | and carrier diffusion
length Ly: 1 /L, >1 thick and I /L, <1 thin.

It was demonstrated that the photogenerated excess carrier density strongly depends
on the sample surface characteristics and material quality described by the surface
recombination velocity and bulk lifetime respectively. We suggest that the most intensive
excess carrier influence in thick and thin samples could be found when the illuminated
front surface is perfectly passivated (s; = 0 m/s) and the rear has a high recombination (s,
= 24 m/s). Also, we propose a high value for the carriers bulk lifetime (z = 10™s), which
implies a low concentration of dopant and internal defects, allowing a much simpler
analysis of the carrier transport in semiconductors.

Furthermore, a detailed heat source analysis was performed to demonstrate the effects of
photogenerated carriers on the surface temperature distributions. In the case of thick samples,
this analysis predicts a strong influence of the bulk recombination on both surfaces and at
lower frequencies (f < 10° Hz). At higher frequencies (f > 10° Hz), a strong surface
recombination influence can be found only on the rear surface. In the case of thin samples, the
bulk recombination is negligible but the surface recombination dominates: on the rear surface
at all frequencies; on the front surface at f < 10° Hz. Also, on the front surface of thin samples
one can expect sudden decrease of the total temperature at higher frequencies due to the
changed roles of temperature components (thermalization and surface recombination).

This kind of analysis allows one to choose which type of the experimental set-up,
transmission or reflection is much convenient to use due to a free carrier influence study.
The results of our study predict a strong influence of the recombination processes on the
rear sample surfaces in the whole range of frequencies regardless of the thickness.
Therefore, the transmission photoacoustic or photothermal configuration can be
recommended as the most suitable experimental scheme for studying the influence of
photogenerated carriers on surface temperatures.
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