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We model and quantify the combined impact of the free carriers and absorption coefficient of n-type silicon on
the heat flux generated by its light illumination periodically modulated in time. The light penetration depth is
shown to significantly affect the temperature difference between the illuminated and unilluminated surfaces of
the sample. Consequently, the frequency response of the thermoelastic component of the photoacoustic signal
changes and becomes a reliable indicator of the heat flux variations. Our numerical calculations illustrate how
these variations can be achieved by adjusting the wavelength of the light source.

1. Introduction

Heat transfer in various materials has long captured the interest of
engineers across different research fields, particularly regarding the
processes involved in this transfer [1-3]. The efficiency of heat transfer
is characterized by the heat flux, which describes the movement of
thermal energy from a hot area to a cold one [4-6]. In solids, charac-
terizing heat flow is crucial for applications in electrical engineering,
energy management, and medicine, particularly in micro- and nano-
materials that undergo overheating [7-13]. The heat flow in semi-
conductors is a topic of ongoing interest, particularly regarding the role
of generated free carriers (electrons and holes) as heat carriers in heat
flow dynamics within illuminated samples [14-19]. An analysis of the
photoacoustic response, specifically thermoelastic one, of n-type silicon
with a thickness smaller than the diffusion length of free carriers
(referred to as plasma-thin samples) has shown that heat flow is
significantly influenced by the recombination of excess carriers at the
sample surfaces [20-24]. Whether passivated or not, the condition of
these surfaces plays a critical role. A non-passivated surface, charac-
terized by dangling bonds acting as heat sources and sites of high local
recombination, behaves like a thin layer of material accumulating heat.
Our recent research indicates that this heat accumulation effect is most
pronounced when the passivated front side is illuminated while the
non-passivated back side is not. In this scenario, heat accumulated at the
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non-passivated side, due to intense carrier recombination at the surface,
leads to a sharp increase in temperature at the back of the sample [22,
23]. This alteration changes the direction of the temperature gradient
and heat flow within the sample. Consequently, the amplitude of the
thermoelastic component of the photoacoustic signal in plasma-thin
samples experiences a sudden drop at low frequencies. This drop cre-
ates a structure at higher frequencies resembling a resonant peak,
allowing the thermodiffusion component to dominate the total photo-
acoustic amplitude across the entire measurement range, from 20 Hz to
20 kHz [23-25].

There are several ways to alter the dynamics of free carriers and heat
flow in n-type silicon. Most of these methods require mechanical in-
terventions on the sample, such as changing the surface state or applying
thin films with specific absorption properties to the illuminated surfaces
[26-29]. These interventions can significantly alter the experimental
conditions and often necessitate a more complex theoretical model, such
as one for multilayer structures. This paper will present, using numerical
simulations, a simple method for changing heat flow in n-type silicon
without any interventions on the sample. Such an approach relies on
varying the light penetration depth, which describes how deeply light
penetrates the silicon before absorption. Parameter variations are ach-
ieved by adjusting the wavelength of the light source while maintaining
a theoretical model of a volume absorber with a single-layer structure.
Simply, changes in the wavelength of the illumination light source result
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in variations in the absorption coefficient, g, affecting the depth to
which light penetrates the sample. For example, when using n-type sil-
icon as the sample, a higher frequency of the illumination light leads to a
greater penetration depth due to a lower B. Suppose we denote the
thickness of the sample as L In that case, we find that when optical
absorbance gl — (1-2), the effects of peak-like structures in the sample’s
thermoelastic response in the frequency domain completely disappear.
However, the mentioned disappearance does not signify a loss of free
carriers’ influence on the heat flow, but their more pronounced impact
across the entire range of examined modulation frequencies.

2. Theoretical background

Photoacoustic experiments conducted in transmission mode, espe-
cially with an open-cell photoacoustic setup, are valuable tools for
characterizing materials. However, some limitations are associated with
measurements involving changes in the wavelength of the optical exci-
tation source. Firstly, heat carriers’ effects become more significant at
higher frequencies, particularly those well above the standard modula-
tion frequency range used in photoacoustics (20 Hz - 20 kHz). Secondly,
when using excitation wavelengths from the optical source exceeding
700 nm, plasma-thin n-type silicon becomes increasingly transparent. As
a result, much of the excitation radiation directly stimulates the
microphone membrane, distorting the detected sound signals and
obscuring those generated within the material being probed. Direct
excitation of the detector membrane interferes with the conditions
needed for solving the relevant equations, making it difficult to reliably
compare the sound produced by visible and infrared excitation. For
these reasons, most of the results presented here are based on numerical
simulations related to the theoretical model of the composite piston.
This model is well-established in photoacoustics and has been experi-
mentally validated multiple times, both in our open-cell research
[20-25] and in the published work of other authors [30-33].

According to our previous work [36], the most significant heat flow
parameters are the temperature difference (AT;) between the illumi-
nated (Ts(—1/2)) and non-illuminated (T(—1/2)) sides of the investi-
gated sample (see Fig. 1) and the thermoelastic component of the
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Fig. 1. Simple scheme of the 1D heat propagation and thermoelastic compo-
nent dpre(jo) generation within the periodically illuminated n-type silicon
sample of thickness, 1, and radius, Rs.
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photoacoustic signal (6prz(jw)), which depends on both the value and
sign of AT;. Consequently, our present work will focus on the behavior of
these two parameters with frequency, relying on the composite piston
theory, specifically the mechanical piston model [34,35]. This model
establishes that dpre(jw) is given by [22,36]:

L
2
. 7DoarR?
Spre(joo) :3ngpl‘3’—vz / XT.(x)dx, e}
1
2

where y, is the adiabatic ratio of the gas (air) in the photoacoustic cell, po
and V, are the respective gas pressure and volume, [ is the sample
thickness, D, is the sample thermal diffusivity, ar is the sample coeffi-
cient of linear expansion, R; is the sample radius, and T(x) is the tem-
perature distribution within the homogeneous one-layer sample along
the x-axes (Fig. 1). For a sample of n-type silicon as volume absorber, the
1D dynamic solution of the parabolic heat conduction equation (PHCE)
yields [22,37]:

PT,(x 1 £e—¢ 3
R N ] @
P

Here, I, is the excitation light intensity, o, = (1 +j)\/@/2Dr is the
complex wave vector of heat diffusion, ® = 2xf, f is the modulation
frequency, Dr = k/(pc) is the thermal diffusivity of the sample (k is the
heat conductivity, p is the density, c is the heat capacity), ¢ is the photon
energy, & is the semiconductor band gap energy, 6n,(x) is the minority
excess carrier density (see Appendix I), and f is the absorption coeffi-
cient of silicon at excitation light wavelength.

As a result of our semiconductor response investigation obtained
with open-cell experimental set-up, it was shown that the thermoelastic
component of the photoacoustic signal is very sensitive to the influence
of excess free carriers, especially in the case of plasma-thin samples,
whose thickness is smaller than the diffusion length L, of the minority
carriers (holes, p, in the case of n-type silicon), defined as L, = \/Dp—rp,
where D, is the holes diffusivity, and 7, is the holes lifetime [20-25].
Solving Eq. (2), it was shown that in plasma-thin samples the 1D tem-
perature profile Ts(x) along the direction of heat propagation (Fig. 1,
x-axis) is shaped by the contributions of rapid thermalization compo-
nent Term(X) (corresponding to the p-dependent direct conversion of
light energy into heat) and excess carrier surface recombination
component Ty (x). Considering plasma-thin samples, the thinner the
sample is, the bulk recombination component Tj,(x) can be regarded as
negligible. This is the reason why Ts(x), in the case of plasma-thin
samples, can be written as [22,25,37]:

Ts(x) = Tiherm(x) + T (), 3)
where
T () = Le—g p {ﬂ coshc,, (x — 1/2)]. —e*coshlo, (x +1/2)]
k & p—o2lon sinh(c,1)
_ e—ﬂ<x+l/z>} ,
(€]
and
Ty (x) = & 518m,(—1/2)coshlo, (x — 1/2)] + 526n,(1/2)cosh[o, (x + l/2)]7
ko, sinh(o,1)

()

assuming that s; and s, are the front and back surface recombination
velocities, respectively, 6n,(—1/2) is the minority excess carrier density
at front, and 6n, (I /2) is the minority excess carrier density at back of the
sample (see Appendix I).
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As complex numbers, the frequency response of dprr(jw) (Eq. (1))
and Ts(x) Egs. (3-5) is usually represented by their amplitudes (Arz =
|6pre(jow)| and Ar = |Ts(x)]), and phases (¢ < (SpE(jw)) and
@1 < (Ts(x))) in the modulation frequency f domain. For the sake of
simplicity, only the amplitudes will be analyzed and presented in this
work.

3. Results and discussion

Before any analysis, the following points should be noted. The values
of the assumed n-type silicon parameters for numerical simulations are
presented in Table I [9,10], which follow our standard measurement
conditions (s; > s3) and results at room temperature (T = 300 K). A
sample thickness of [ = 40 ym (plasma-thin sample) is the thickness that
has been found to give the clearest picture of the most intensive effects of
free carriers as heat carriers when measured [20-23,36]. The noticeable
effects of heat carriers can be observed by monitoring changes in the
Sp1e(jo) response in both the modulation frequency (f) and absorbance
(pl) domains (see Appendix II). From the absorbance analysis of the
dpre(jw) amplitude (Arg) and sensitivity (d(Arg) /d(pl)), three key points
can be distinguished, corresponding to absorbance values of f;l =
10.32»1 (4 = 660 nm), f,l=5.00>1 (12 = 755nm) and fsl =
1.53—1 (13 = 880 nm). The significance of these points will be
explained in the following analysis. The absorbance value of j;1 corre-
sponds to the red (R) light excitation frequently utilized in our experi-
ments to validate the composite piston theoretical model within the (20
Hz - 20 kHz) experimental f range. The f,l and ;1 values correspond to
the beginning of the infrared (IR,) and close to the band gap (IRp),
respectively. All simulations are performed in the 1 Hz — 107 Hz, the
frequency range in which the validity of the composite piston theory has
been confirmed [22].

Fig. 2 shows the results of numerical simulations and typical re-
lationships between the temperature amplitudes AR and AR of T;(x) and
its components Tyemm(x) and Tq(x) as a function of the modulation fre-
quency f, under the strong influence of excess carriers, using red (R, 11)
and infrared (IR, A», and IRy, A3) irradiation sources. Simulations are
performed (solid lines) using Eqs. (3-5) applied on the illuminated front
(x=—1/2) and non-illuminated back (x= +1/2) sides of an [ = 40 ym
tick n-type silicon sample (plasma-thin sample). Experimental valida-
tion (solid squares) was performed using a red excitation light source R
within the 20 Hz-20 kHz frequency range (Appendix III). The values of s;
and s, indicate that the front sample side (1) is passivated, while the
back side (2) is not [25,37].

It must be pointed out here that, in the so called “no carrier” sce-
nario, only thermalization component Tyem(X) exists, representing the
case of temperature distribution in silicon T;(x) without the influence of

Table I
Si n-type sample parameters.
Lifetime of minority T, =6ps Coefficient of D, =12 x
carriers minority carrier 10 * m2es !
diffusion
Density p=233x10%  Specific heat ¢ =715 Jekg’
kgem™ Tok !
Thermal conductivity ~ k = 150 Thermal diffusivity Dr=0.90 x
Wem oK ! 104 m2es !
Linear thermal ar = 2.60 x Optical absorption P =
expansion 10°Kk! coefficients 0.258um™
po=
0.125pm™
Pz =
0.038um™
Excitation energy g1 =1.88 eV Energy gap gg=112eV
&y =1.64 eV
e3=1.41 eV
Front surface 51 =2 mes ! Rear surface So =24 mes !

recombination
velocity

recombination
velocity
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free carriers: Ts(x) = Tiherm(X)-

It is clear from Fig. 2 that the Tyenn(x) component (red line) expe-
riences the most significant changes due to variations in the absorption
coefficient, which affects the penetration depth of the excitation light
due to its wavelength changes. These alterations occur more promi-
nently on the back of the sample compared to the front. Also, T (x)
component (green line) experiences significant changes, especially on
the back side. Such Term(x) and Ty (x) changes impact the values of
Ts(x) on both sides. These effects are most apparent when we examine
the amplitude ratios A%« /AR and ATt /AR of T;(x) and its Tyerm(x) and
Ts-(x) components, as illustrated in Fig. 3, indicating the net effect: T;(x)
amplitudes (black lines) on the illuminated front side decreases, while
they increases on the non-illuminated back side, at high modulation
frequencies. More significant changes are observed in the case of
AR /AR,

To understand the implications of presented temperature behavior on heat flow,
one has to analyze the temperature differences of AT, = |Ts(—1/2)| — |Ts(1/2)| and
its components ATpam=|Tirem(—1/2)| — |Them (1 /2)| and
ATe= |T¢(=1/2)| — |Ts(1/2)| between the illuminated and non-illuminated sides
of the sample and how this difference affects the thermoelastic component’s amplitude
Aqg response of the corresponding photoacoustic signal. This type of analysis is depicted
in Figs. 4-6.

Fig. 4a shows “no excess carriers” scenario simulations having
AT, > O(|Ts(—1/2)| > |Ts(1/2)]) for all investigated R (solid), IR, (dash)
and IRy, (dot) cases in the entire modulation frequency f domain. The
corresponding thermoelastic amplitude responses Az are shown in
Fig. 4b. They can be called "standard" thermoelastic responses - constant
at low and sharply falling with small differences in slope at high fre-
quencies, without any spikes or peaks.

Fig. 5 shows the “excess carriers” scenario simulations (solid lines)
for the same R (a,b), IR, (c,d) and IR}, (e,f) cases. Bearing in mind the
mentioned limitations of photoacoustics, experimental validations
(solid squares) were performed only for the R case, within the range of
20 Hz - 20 kHz.

Fig. 5a,c (R and IR, cases) shows that the contributions of thermal-
ization (red) and surface recombination (blue) are nearly equal but have
opposite  signs (ATwerm™> 0= | Tenerm(—1/2)| > |Tenerm(1/2)] and
(ATy< 0—|Te( — 1/2)] < |Te(1/2)]). A slightly lower contribution of
AT perm is noticed in IR, case, while ATy, contribution remains the same.
The combined effect of these contributions (black line) results in AT; <
0 at low frequencies, and AT, > 0 at higher ones. Negative temperature
differences in all cases indicate that the temperature of the illuminated
side of the sample is lower than that of the non-illuminated side. This
suggests that by altering the modulation frequency, one can change the
intensity of the heat flow and its direction. Additionally, it seems
possible to even halt heat flow at a specific frequency (AT; = 0),
although the processes of light absorption and carrier generation within
the sample did not stop. Because of such AT; behaviour, the Arg
amplitude (Fig. 5b and d) changes drastically compared to the "no car-
rier” scenario (Fig. 4b), obtaining a peak-like structure at higher fre-
quencies. We emphasized that the drop in the A7z value at lower
frequencies is the largest one for the IR, case, accompanied by the most
pronounced peak. Such behavior is indicated by point gl =5 in Fig. 6
(Appendix II).

Fig. 5e clearly shows the dominant influence of ATy, on
AT(ATs = ATs < 0), because a smaller value of 5 (f3—1) significantly
reduces ATy, due to an increasingly transparent sample (larger
penetration depth). The dominance of one process is characterized by
the unchanged sign of AT at almost all frequencies (the change at higher
frequencies has a negligible contribution), which results in the return of
the Arg to the "standard” response as in the “no carriers” scenario
(Fig. 5f), as indicated by point fl—1.3 in Fig. 6 (Appendix II). A small
reduction of AT, influence arises from the strong influence of § on the
values of én,(—1/2) and 6én,(l/2) at longer wavelengths. A sharp
decrease in the én,(—1/2) and én,(1/2) values at IR, wavelength is
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Fig. 2. The temperature amplitudes At of T (x) (black solid) and its components Tierm(%) (red solid) and T, (x) (green solid) calculated at front and back of the l = 40
pm thick n-type silicon sample, obtained with Eqgs. (1-3) and parameters from Table I, in the case of red (a, b - (A = 660 nm), infrared IR, (c, d - (Ao = 660 nm) and
infrared IR}, (¢, d — (A3 = 880 nm) excitation light. Experimental validations (a,b) are given with asterisks.

expected (see Appendix I and Eq. (5)), comparing to R and IR, case.
Changing the wavelength of the excitation light from red to infrared
reduces the absorption coefficient, allowing light to penetrate deeper
into the sample. As a result, a greater amount of heat sources (points of
light absorption) builds up at the back side of the sample, producing
significant heat and causing a sharp rise in surface temperature (while
the illuminated front side experiences no significant temperature

change). This process causes ATem to approach zero, so AT, enables a
complete heat flow through the sample (Fig. 5e, AT; ~ AT;). Conse-
quently, the thermoelastic amplitude response, Arg, returns to its orig-
inal "standard" form (Fig. 5f), losing its peak-like structure. The response
of Arg is independent of the sign of AT;. In photoacoustics, the negative
or positive sign of AT, merely indicates whether the sample’s bending is
concave or convex. An analogous effect of heat flow reversal and the
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dash) and IR}, (A3 = 880 nm, B3l, dots) excitation light.

subsequent A responses can be observed when a thin, non-transparent
absorption layer is attached to the back of a transparent material [38,
39]. This technique is frequently employed in experimental photo-
acoustics, where the thin layer prevents the excitation light from
reaching the microphone, thereby reducing distortion of the measured
signal.

4. Conclusions

Based on the results presented so far, the primary process influencing
heat flow in the n-type silicon sample, besides the recombination of free
carriers on the sample surfaces, is the direct conversion of light energy
into heat within the sample. We have demonstrated that the most
effective method for monitoring this process is through photoacoustics.
This involves changing the wavelength (absorption coefficient) of the

excitation light source and monitoring the temperature differences of
the total temperature and its components between the illuminated and
unilluminated sides of the sample, together with the behavior of the
thermoelastic amplitude of the photoacoustic frequency response.

Our numerical simulations, conducted in the modulation frequency
range of 1 to 107 Hz, have shown that the behavior of the thermoelastic
amplitude is intrinsically linked to the temperature differences and their
sign. Specifically, if the total temperature differences do not change sign
within the investigated frequency range, the amplitude of the thermo-
elastic component exhibits a "standard" response, characterized by a
smooth curve that sharply declines at higher frequencies. Conversely, if
the temperature differences change sign within the investigated fre-
quency range, the thermoelastic response becomes "nonstandard” (dis-
torted), taking on a peak-like shape at higher frequencies before
dropping sharply.
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Fig. 5. The n-type silicon [ = 40 pm sample a,c,e) temperature differences of Ts(x) (black solid) and its components Tiherm(X) (red solid) and Ts.(x) (blue solid), and
corresponding b,d,f) photoacoustic thermoelastic component amplitude response At (black solid), calculated in the case of “carrier influence” scenario and a,b) A, =
660 nm (R), c¢,d) Ay = 755 nm (IR,), c,d) 880 nm (IRy,). Experimental verification of the composite piston model was done with red excitation (a,b,R), within the 20 Hz

- 20 kHz modulation frequency range (solid squares).

These results indicate that distortions in the behavior of the ther-
moelastic amplitude (from smooth to peak-like and vice versa) reliably
signal a change in the sign of the thermal gradient and the direction of
heat flow in the sample. Such changes can help define the modulation
frequency range in which silicon can function as either a heat reservoir
or a heat sink. In addition, the change in the sign of the thermal gradient
indicates the existence of a modulation frequency at which it is possible
to stop the heat flow, despite the intense reactions of thermalization and
surface recombination that continuously take place on the surfaces of
the tested silicon. This possibility is very important when it comes to the
efficient operation of electronic components in various devices.
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Appendix 1. Excess carrier density distribution

The n-type silicon has an abundance of free electrons. In other words, the density of electrons in it, n,g, is much higher than the density of holes, n,o
(nno>>my0). Suppose the energy of the photons from the modulated light source (Fig. 1), denoted as ¢, is equal to or greater than the energy band gap of
the semiconductor, &. In that case, the illumination of silicon can generate excess carriers (electrons and holes) in pairs at equal rates. This means that
the densities of excess electrons, denoted as én,(x, t), and excess holes, denoted as én,(x,t), are equal: 6n,(x,t) = ny(x,t). In the case of low-level
injection approximation (no>>dr,(x,t),6m,(x, t)>ny), excess carrier diffusion and recombination processes are driven by the minority carrier den-
sity én,(x,t), which dynamics is explained by the 1D diffusion equation [22,25,37]

061, (x, t)
ot

0%6m, (x, t)
ox?

i 7%(/;:((1 +eir) — oy (X, t)} (A1.1)

T

=D,

and its solution, which implies modulated light excitation, part of the written as [22,25,37]:

#ony(x) omp(x) Pl _py

e 12~ eD,

(A1.2)

where Iy is the incident light intensity, f is the silicon absorption coefficient, L = L,/\/(1 + jwz), L, = /D,1, is the excess carrier (holes) diffusion
length characterized by their diffusion coefficient D, and lifetime 7,, ® = 2xf, and f is the light source modulation frequency. The solution of this
equation is given by [22,25]:

oy (x) = A, e V2L L A g xH/2/L _ pgPxil/2) (A.1.3)

where A = I/ (¢Dpf), and the integration constants A. are defined by [22,25]:

_AvnEs)et —vp(v —sp)e”

A, =
Ty (vp + s2)eVt — (vp — s3)e VL

(A1.4)

depending strongly on g, the relative values of the characteristic diffusion speeds vp = D, /L and vy = D, (vs > vp), and recombination speeds s; and s,
at investigated sample irradiated and nonirradiated surface, respectively. Surface defects (dangling bonds) and impurities are factors that affect s
values. Reducing the number of dangling bonds also reduces s values. The process used for such reduction is called “surface passivation”. Passivation
could be mechanical or chemical. In our experiments, silicon sample surfaces are mechanically passivated (polished), significantly changing s values,
from unpolished s, = 24 ms~! to polished s; = 2 ms™!. Higher s values indicate higher surface recombination rates, while lower s values indicate
lower surface recombination rates. In all our experiments with plasma-thin silicon samples, a necessary condition for the visibility of free carrier
effects is always s; < s3.

Appendix II. Thermoelastic amplitude component sensitivity to the optical absorbance gl

According to Egs. (1-4) and (Al.1), the temperatures Ts(x), Tierm(X), and Ts(x), and therefore the thermoelastic component Sprg(jw) of the
photoacoustic signal depend on the optical absorbance $l. The amplitude Arg = |6prz(jo)| and its first derivative d(Arg)/d(pl) are respectively shown in
Fig. 6a and 6b, as functions of fl. Two points stand out in these figures: gl = 1.3 and pl = 5 originating from the influence of ATerm, and ATy,
respectively. This behavior of Arg thus supports our finding that the light-to-heat conversion driving the temperature difference between the illu-
minated and non-illuminated sides of the sample, becomes significant when gl is between 1 and 2, mainly.

. . . . . : a) . . : : . . b)
6 ! | |
107 ! 1 251 Lo 1
| |2 .
_p‘ | | 5 1 I
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101]  ——s00Hz || ] et
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Fig. 6. The dependences of (a) amplitudes Arg, and (b) thermoelastic component sensitivity on optical absorbance gl. Calculations were done for a sample of
thickness | = 40 pm, modulation frequencies of 2000 Hz, 5000 Hz and 500 Hz, and absorption coefficient g varying in the range (10° — 10) pm™.

Appendix III. Experimental procedure for obtaining thermal and electronic parameters of the sample

Using the open-cell experimental setup [20-25,36], the measured sound response S(jw) (Fig. 7a, asterisks) and its fit Sg(jw) (black line) of
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periodically illuminated n-type silicon with a thickness of 40 pm can be obtained across modulation frequencies ranging from 20 Hz to 20 kHz. The
figure illustrates the significant impact of the microphone acting as an RC high-pass filter in the low-frequency (H. (jo)), and as an RCL low-pass filter
in the high-frequency range (H,(jo)).
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Fig. 7. a) Raw measurement results S(jw) and their fit Sz/(jw), together with b) the "real" photoacoustic signal &ps(jw) and c) its components dprp(jw), dpre(jw) and
Sppe(jw), d) the total temperature T(x) and its components Tierm(x) and Tg(x) on the illuminated and non-illuminated sides, as well as their e) the temperature
differences AT (x), ATiherm(x) and ATg(x).

The relationship between the measured sound response S(jw) and the "real" §p;o (jw) signal that originates solely from the sample is expressed as
[36]

Spie(jo) = 0pror(jo)He (joo) He (jo).- (A.3.1)

Using Sg:(jw) and Eq.(A.3.1), the influences of H,(jw) and H,(jw) can be accounted for and eliminated, thereby yielding the p.(jo) signal (Fig. 7b,
red line) along with all relevant thermal and electronic parameters of the sample (Table I). Since the fitting process is based on the theoretical model of
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a composite piston, it allows us to obtain not only p,(jw) but also all of its components (Fig. 7c): thermodiffusion éprp (jw), thermoelastic dprz(jw), and
plasmaelastic dppg(jw). Additionally, temperature distributions within the sample (T;(x), Tierm (), and Ty (x), Fig. 7d,e and f) are derived, which are
essential for analyzing heat flow.

This methodology for acquiring dp.(j®), thermal parameters, signal components and temperature distributions has been validated through
numerous experiments. This extensive validation gives us confidence to extrapolate the obtained results (Fig. 8. dashed lines) to a much wider fre-
quency domain (1-107 Hz) while still adhering to the principles of Fourier’s law and the assumptions regarding the diffusion character of heat flow.
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Fig. 8. Extrapolations (dashed) of a) p;(jw) and its components Sprp(jw), Spre(jw) and Sppr(jw), b) Ts(x) and its components Tiperm(x) and Ty (x) at illuminated
sample side, c) T(x) and its components Tierm(x) and Tg(x) at nonilluminated sample side, and d) temperature differences AT;(x), ATiherm(x) and ATg(x) in a wide
frequency domain from 1 Hz to 10 MHz, respectively.
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This article discusses the thermoelastic photoacoustic response cut-off frequency, a key concept for measuring
and quality-controlling solid materials. It links the cut-off frequency to the maximum temperature difference
across the sample and its thickness, enabling detailed monitoring of heat flow parameters. The presented model
and numerical simulations were validated by measuring 735 pm and 120 pm aluminium and its alloy samples,
revealing significant changes in thermal diffusion (—43 %) and conductivity (—40 %) that helped identify the

1. Introduction

The efficient transfer of thermal energy is a critical issue in various
fields, including solid-state physics. This problem becomes particularly
complex when dealing with a wide range of electronic and aerospace
materials, polymers, composites and ceramics. The proper
manufacturing of new aircraft and spacecraft devices, electronic
switchers and heat sinks, is based on the knowledge of behaviour of
multilayer systems and layered structures that have different thermal
and electrical conductivities in their layers [1-4]. To address these
challenges, theoretical models based on the analysis of multilayer sys-
tems are necessary, alongside various experimental non-destructive
techniques, including laser flash, IR thermography, beam deflection,
and so on [5-9]. Special attention must be given to the interactions that
occur at the interfaces between the layers. This is why there is a need for
a simpler approach that would not be so theoretically demanding but
would satisfy the needs for quality and reliable heat flow analysis. One
such approach is suggested in this paper, based on photoacoustics.

Photoacoustics is a part of photothermal sciences that uses sound
generated in a material illuminated by a modulated light source to
analyse its periodic thermal state changes. The thermal state changes
lead to the temperature gradient generation implying temperature dif-

* Corresponding author.
E-mail address: dragana.markusev@ipb.ac.rs (D. Markushev).

https://doi.org/10.1016/j.measurement.2025.116902

ferences between the material illuminated and non-illuminated surfaces.
Therefore, photoacoustics can be considered a powerful technique for
heat flow measurements because heat transfer occurs whenever a tem-
perature difference exists [10,11]. A simple theoretical model of surface
absorber (Appendix I) in photoacoustics could help one to analyse
measurement data and calculate important thermophysical properties of
the material, generally referred to as transport and thermodynamic
parameters. In heat flow measurements, the coefficients of thermal
conductivity, k, and thermal diffusivity, D;, are the most important pa-
rameters, knowing that k is the heat transport property of the sample
material, while D; measures the ability of a material to conduct thermal
energy relative to its ability to store it [12-19]. It is not easy to compare
photoacoustics with other measurement techniques because compara-
tive characteristics, such as sensitivity and selectivity, strongly depend
on sample characteristics (measured parameters) and measurement
conditions. In general, sensitivity across the entire range of modulation
frequencies for any material is 10*15K/Hz [20,21], while high selec-
tivity concerning the material being tested is achieved by adjusting the
wavelength of the excitation light source throughout the visible spec-
trum. One of the unique advantages of photoacoustics is its ability to
accurately calculate temperature fluctuations in the range of 107K to
107°K for nearly all types of solids by measuring the amplitude and
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phase of the produced sound. Additionally, the photoacoustic mea-
surement system does not require consumables and has low mainte-
nance needs.

Even based on the simple theoretical model, the photoacoustic heat
flow measurements in solid samples in the frequency domain suggest
multi-parametric analysis managing to extract, besides mentioned, more
thermophysical and mechanical parameters of the investigated samples
simultaneously, using the total photoacoustic signal and its components
[22-30]. To avoid the complexity of multiparameter fitting and simplify
the heat flow analysis we have recently developed a new method based
on the electro-acoustic analogies between the low-pass RC filter and the
thermoelastic (TE) photoacoustic response of the sample [31,32]. This
method implies the analysis of only one photoacoustic signal compo-
nent, a thermoelastic one, introducing only one fitting parameter, the
cut-off frequency, f,, as the single characteristic value of the thermo-
elastic response.

Our investigations have shown that the f, depends on the thickness of
the sample, L f, = f(l) where f, 12, having the D, of the sample material
as a proportionality factor. Thus, obtained f. = f(I) dependence enables
us to establish the reference curves of the tested materials and develop
methods of their characterization or quality control [31]. While elec-
troacoustic analogies have the advantage of simplicity, they are only an
approximation. The f. values determined by the RC filter transfer
function or Bode plot method imply the existence of some level of un-
certainty. Also, RC analogies partially explain f, nature, but its concept
in terms of physics was not fully clarified.

Previously, the concept of cut-off frequency was introduced in pho-
toacoustics as the limiting frequency between thermally thick and thin
regimes [18], relying on analysing all photoacoustic signal components.
In our case, the cut-off frequency concept is the novel one, exclusively
related to the thermoelastic photoacoustic component. It refers to the
frequency at which the temperature difference, AT, between the illu-
minated and non-illuminated sides of the sample, is maximized for a
given sample thickness. Such a concept relies on the composite piston
theoretical model where the temperature variations within the sample
and its surfaces are calculated by applying the dynamic solution of the
parabolic heat conduction equation (PHCE), assuming aluminium as a
surface absorber and heat flow as a diffusion process [22,23,30]. This
approach provides insight into the heat flow efficiency in materials at
different modulation frequencies and allows measurement of the
investigated material’s thermal conductivity and thermal diffusivity.

2. Theoretical background

Following the simple 1D model scheme presented in Fig. 1 and based
on the theoretical model of the composite piston [23], the total

microphone

sound waves

/

microphone
membrane

modulated
light source

>
>
X

N\

sound waves

Fig. 1. A simple scheme of our theoretical model based on the open-cell pho-
toacoustic set-up where the sample, having the thickness [ and radius Rs, is
mounted on the top of the microphone which acts as a photoacoustic cell and
the sound detector in the same time, filled with air, having the length I..
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photoacoustic signal &py(jw) and its components, thermodiffusion
Sprp(jo) and thermoelastic §pre(jw), can be written in the form:

Protal(jw) = prp(jo) + Spre(jw) (@]

where
. . }/gpo \/ng

dpm (jo) = LTov/io \/ﬁTs(l) (2)
N 7ePoarR}

5pTE(]a)) = 37[713 VO M (3)

1

M= / (x—1/2)T, (x)dx )
0

and

T2 = fosiniap) €Ml 0x ] )

Here, = 2xf, f is the modulation frequency, j is an imaginary unit, Ts(I)
is the temperature at the non-illuminated sample surface, Y¢> Dg> Pos Vo
and Ty are the adiabatic coefficient, coefficient of thermal diffusion,
pressure, volume and temperature of the air inside the microphone,
respectively, ar is the coefficient of linear thermal expansion, [ and R
are the sample thickness and radius, respectively, M is the temperature
moment, Ts(x) is the temperature distribution along the heat-flow axes
(see Fig. 1, x-axes), ¢ = (1+j)(w/2D;)"/? is the complex thermal diffu-
sion coefficient of the sample, D, = k/pc is the coefficient of thermal
diffusivity, k is the coefficient of thermal conductivity, p is the sample
density, and c is the specific heat capacity of the sample. The T;(x) and
Ts(1) are calculated by applying a 1D PHCE dynamic solution (see Ap-
pendix A) [22,23,30].

Utilising Eqgs. (1-3) during the data fitting procedure, all the sample
physical parameters mentioned so far can be obtained. Although the
thermoelastic response (Eq. (3)) carries many sample parameters, we
have shown in our previous articles [31-33] that the same response can
be described more simply, with only one parameter. That parameter is
the so-called cut-off frequency f; (w. = 2zf;), which occurs in simple
equations for the amplitude, |6prz(jo) |, and phase, < (épre(jw) ), of the
thermoelastic response in the frequency domain, based on the electro-
acoustic analogies with a low-pass RC filter [31,32]:

1
|opre (jo) | = ———= ©

2
)

and

< (6pre(jo) ) = —arctan <:}—)> 7)
c

In basic electronics, the cut-off frequency is a characteristic of
filtering devices like RC circuits. In simple words, the cut-off frequency
is the point where the amount of attenuation due to the filter increases
swiftly. In literature, the cut-off frequency is usually defined as the
frequency at which the power output of a circuit has fallen to a certain
proportion of the power in the passband, often one-half. This proportion
is also known as the 3 dB point, referring to the fact that a 3 dB fall
corresponds approximately to half power. In terms of voltage ratio, this
is a fall to approximately 0.707.

From the analytical solution of Eq.(3) (Appendix B), we found a
relationship between f, and the parameters of the tested sample (D, and
D in the form [18,31-33]:
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where /2 < m</6 is a calibration factor depending on the method of
determining f. (RC analogy or Bode plot). Following the previous
consideration about thermally thick and thin limiting frequency [18],
we found that the last equation (Eq. (8)) can be generalized and used to
create unique reference curves of the investigated materials calculated
from the adopted values in the literature. Such obtained reference curves
can be represented by a straight line in a log-log scale and used for
material characterization or quality control purposes [18,31-33].

To quantify the heat flow processes in investigated material one can
use appropriate rate equations. Our theoretical model of composite
piston [23] relies on the well-known rate equation, the so-called Fou-
rier’s law of heat conduction. It allows us to use the rate of heat flow, H,
defined as the amount of heat, Q, that is transferred per unit of time, At,
in a given material. Following Fourier’s law and Fig. 1, assuming steady-
state conditions of a 1D heat flow, H can be expressed as [30,34]:

Q AT

H=SX—-kS——
At Ax

©)
where k is the coefficient of thermal conductivity, S is the cross-sectional
area of the sample, and Ax = [ is the sample thickness. In most suitable
form for our investigation, last equation can be written as:

H

AT = El (10)

3. Results and discussion

Since we use previously electroacoustic analogies with RC filters to
describe the thermoelastic response, a basic question can be asked: what
is the physical nature of the cut-off frequency in thermoelastic photo-
acoustic response? To answer that question, we need to refer back to
Equation (3) and consider the presence of the temperature moment M in
it (see Equation (4)). Equation (3) explains the thermoelastic response of
a periodically illuminated sample resulting from the sample bending
(mechanical piston). In solid mechanics, a bending moment is a force
exerted at a certain distance that causes the sample to bend. In Equation
(4), the role of force is taken over by the temperature difference, AT,
between the illuminated (x = 0) and the non-illuminated (x = l) side of
the sample (see Fig. 1): AT = Ts(0) —Ts(I). In photoacoustics, AT is a
frequency-dependent quantity that changes its value following a bell-
shaped curve. At a certain frequency, AT reaches its maximum, corre-
sponding to the so-called cut-off frequency of the thermoelastic
component of the photoacoustic signal. This fact is the essence of the
thermoelastic response cut-off frequency physical nature.

To explain the concept of cut-off frequency and outline a method-
ology for material characterization or quality control, we utilized nu-
merical simulations of the thermoelastic photoacoustic response using
pure aluminium data [35,36]. To validate the proposed method,
experimental measurements were conducted using samples of pure
aluminium and its alloys [37,38], chosen as the most suitable materials
which can be completely described by the simplest theoretical model of
the surface absorber (Appendix I). Although the phases also influenced
the processing of the results, for clarity, only the results for the signal
amplitudes are provided.

4. A. Numerical simulations

Our numerical simulations are based on calculations running on our
computer, following a program in MATLAB — MathWorks. This program
implements a mechanical piston theoretical model (Egs.(3-5)) for an
investigated physical system: periodically irradiated aluminium plates.
The main purpose of the numerical simulations is to indicate the phys-
ical nature of the cut-off frequency by connecting it with the maximum
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temperature difference between the illuminated and non-illuminated
sides of the sample, and the sample thickness. Using the mentioned in-
terconnections, the ultimate goal of the simulations is to establish a
simple methodology for measuring the basic transport and thermody-
namic parameters of heat flow in solids using standard literature data.

4.1. Simulation procedure

A persuasive representation of the applied f. concept is shown in
Figs. 2 and 3. In Fig. 2 numerically simulated frequency responses of
Ts(0) and T;(1) amplitudes are presented, obtained using Eq. (5) in the
case of thick (I=1000pm) and thin (I =10pm) aluminium samples
(Table 1) in the form of circular plates (R = 3mm) at room temperature.
Temperature differences, AT, and difference maximums, ATy, are also
presented in the same Figure. The position of AT in the frequency
domain can be understood as a position of cut-off frequency, f,
(1000 = 127Hz and f1° = 1.27 x 10°Hz), the point after which the
amplitude of the temperature moment M (Eq(4)) attenuates swiftly
(Fig. 3.a). Both f. values match —5 dB or 0.770 falls in electronic terms.
According to Eq. (3), the same behaviour also applies to the amplitude of
thermoelastic photoacoustic response, TE = |dpr(jw) | (Fig. 3.b).

Obviously, there is a strong correlation between the position of
ATme and f. for different sample thicknesses, and the corresponding
behaviour of temperature moments (Myo9p and Mj) and thermoelastic
responses (TEjooo and TEjp) in the modulated frequency domain.

The same AT analysis was carried out for other aluminium sample
thicknesses ranging from 10 to 1000 pm. The obtained results are pre-
sented in Table 2 and Fig. 4, having 5 % relative error for both ATy, and
fc values. Presented analysis shows that ATy, and corresponding f, are
dependent on : ATmex = ATmax(l) and f; =f,(l). Here, besides ATmq, and
fc corresponding values, f.;. values are given for comparison, previously
calculated using RC analogies (Eq. (6), m = 1.545 > Vv2) [31-33]. The
position of f. obtained using the AT, position has smaller values
compared to f.r., which is expected because the RC analogy is a rough
approximation.

When plotted on a log-log scale, ATnax(l) and fc(I) values from
Table 2 form a straight line (Fig. 5). In the case of a) ATax = ATmax(1),
the line follows Eq. (10) (H = 2.12 x 1073W), and in the case of b) f, =
fe(1), the line follows Eq. (8) (m—>\/§).

The results presented in Fig. 5 allow one to establish the simple
methodology for heat flow analysis, and material characterization or
quality control. In Fig. 5.a, the graph allows one to calculate the value of
k (ATmax 1/k, Eq. (10)) directly from the measurements of ATy =
ATmax(l). Similarly, in Fig. 5.b, the graph allows one to calculate the
value of D; (f. Dy, Eq. (8)) defining f, = f.(I) directly from the measured
positions of ATmax = ATmax(l) in the frequency domain. These graphs
can also be used to characterize and control the quality of solid mate-
rials. This is especially true when &poq(jw) for two different measure-
ments does not differ much, implying additional analysis.

Any deviation on either graph obtained using literature values would
indicate the nature of D, changes, helping one to understand whether
such changes are caused by k (changes in AT}, values and positions) or
pc (changes in ATng, positions only). Sensitivity analysis based on Egs.
(8) & (10) indicate that the overall sensitivities of ATax (~1077 K/m)
and f, (~1 Hz/pm?) to sample thickness ! demonstrate high reliability
and robustness of the obtained values for k and D; in the measurement
range of sample thicknesses from 100 to 1000 um. This range of sample
thicknesses is recommended to be used in the measurements. In the case
of thinner samples, the sensitivity of f. to I and f changes significantly,
which leads to unreliable and weaker results.

When talking about the measurements, in photoacoustics, the mod-
ulation frequency range that corresponds to the applied theoretical
model validity includes (10 - 107) Hz [31,32]. Experimental range of
modulation frequencies corresponds to typically electret microphone
frequency response range from 20 Hz to 20 kHz [36,37]. Based on the
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Fig. 2. Amplitude responses of T;(0), Ts(1) and AT as the functions of modulation frequency f, with assumed AT}, and cut-off frequency f, positions in the case of

thick a) 1000 pm and thin b) 10 pm aluminium samples.
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frequencies positions in the case of thick (1000 pm) and thin (10 pm) aluminium samples, as a functions of modulation frequency f.

Table 1

Aluminium sample parameters used in Eq.(1-3) [24,25].
Thermal conductivity, k / (W/mK) 237
Heat capacity, C / (J/kgK) 900
Density, p / (kg/m>) 2700
Thermal diffusivity Dt / (10~° m%/s) 9.75
Linear thermal expansion, ar / (107° 1/K) 23.1

numerical simulation results (Table 2), it is evident that direct mea-
surement of f, can only be done for aluminium samples with a thickness
greater than 70pm. For thinner samples, indirect measurements are
required: extrapolation after the fitting procedure is needed.

5. B. Experimental measurements

Our experience suggests that experimental confirmation of the pre-
viously described methods can best be performed by measuring the
photoacoustic frequency response of aluminium and its alloys. Alloying
elements in solid aluminium usually change (weaken) its thermal con-
ductivity rather than volumetric heat capacity. Therefore, it is expected
that in the case of alloys, an increase in the intensity of the ATy,q, value
(decrease in k) is expected, followed by a decline in the corresponding f.
position in the frequency domain (decrease in D).

Table 2
ATpmax values and corresponding f. positions of investigated aluminium samples
as a function of their thickness 1.

1/ (x107° m) ATpax / (x107°K) fe / (Hz) fexe / (Hz)
10 3 1,271,698 1,482,388
20 6 317,924 370,597
30 9 141,299 164,709
40 12 79,481 92,649
50 15 50,867 59,295
60 19 35,324 41,177
70 22 25,953 30,252
80 25 19,870 23,162
920 28 15,699 18,301
100 31 12,716 14,823
200 63 3179 3705

300 95 1412 1647

400 126 794 926

500 158 508 592

600 190 353 411

700 222 259 302

800 253 198 231

900 285 156 183

1000 317 127 148
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5.1. Experimental set-up and measurement procedure

The experimental set-up used in this investigation is presented with
the schematic diagram in Fig. 6 [19,29,31,32,36,37]. It corresponds to a
standard open-cell configuration that implies transmission photo-
acoustic measurements (modulated light source-sample-microphone)
with a minimal volume cell (microphone body as a photoacoustic
cell). The control box, powered by batteries, contains all the electronics
needed for signal amplification and light source supervision. The PC is
used as a complex instrument; it acts as a function generator and lock-in
generator. Appropriate software is used to generate the signal for laser
diode modulation in the 20 Hz - 20 kHz range and to perform data

modulated

; 1 i h
e p— sample microphone

line in, chl

line in, ch2 PC

control box

line out, chl

Fig. 6. A simple scheme of the open-cell photoacoustic set-up.

acquisition. All experimental conditions are well-controlled. Measure-
ments were made at room temperature without significant fluctuations.
The intensity of the laser diode is controlled by a photodiode. The
microphone is well protected from external noise by a duralumin shield.

In brief, samples are mounted on the front of an electret microphone
(ECM30B) and uniformly irradiated with the red laser diode (15 mW,
660 nm) modulated and controlled by the PC sound card (Intel 82801Ib/
ir/ih hd) and laser diode driver. Usually, photoacoustic signals gener-
ated by the sample are quite weak (tens to hundreds of nanovolts),
which indicates the need for their amplification. High-speed operational
amplifiers OP37 are used to amplify the signal in the low- (x10) and
high-(x100) modulation frequency range. The photodiode (BPW34) of
high speed and radiant sensitivity is used to monitor how the laser diode
works. For clarity, the signal from the photodiode is amplified ten times.
The PC sound card (with appropriate software) is used to record am-
plitudes and phases of the low-level photoacoustic signals picked up by
the microphone, acting as a homemade lock-in amplifier, using the
signal from the photodiode as the referent one. Actual figure of the
descripted set-up is presented in Fig. 7.

5.2. Signal correction procedure

It’s widely recognized that measuring instruments can sometimes
alter the signals we are studying due to their inherent imperfections or
incorrect usage. In photoacoustics, the most significant distortions in the
measured signal are caused by the microphone as a detector (usually an
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\
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Fig. 7. Actual figure of the descripted set-up.

electret microphone) and the accompanying instruments (in our case,
sound cards). Our detailed analyses show that the signal distortion
caused by the influence of measuring instruments can be described as
unwanted RC and RCL filtering of sound signals originating from the
illuminated sample [31,32,37]. This is the reason why signal distortions
can be classified into two groups: low-frequency (RC filtering, 20 Hz — 1
kHz)) and high-frequency (RCL filtering, 1 kHz — 20 kHz) distortions.

Low-frequency distortions result in a gradual reduction in amplitude
without abrupt changes. The mathematical description of such signal
distortion in the modulation frequency f domain (w = 2zf) can be given
using the transfer function H,(jw) of the high-pass RC filters cascade
connection [37]

o o
@e1 We2
L]

o i
1+2 1+

We2

H,(jo) = —

1)

where w,; and we, are the microphone and sound-card characteristic
cut-off frequencies, respectively.

High-frequency distortions, on the other hand, are typical micro-
phone distortions and lead to sudden changes in amplitude, referred to
as peaks, which may occur more than once, depending on the type of
microphone. Their mathematical description in modulation frequency
range uses the transfer function H,(jw) of the low-pass RCL filters

connection [37]
2 2
Wq1 Wa2

= . + .
Wa1? 4+ jouWa® + @2 W2 + jSa2Wa20 + @>

H,(jw) (12)

where wq and wgp are the characteristic frequencies, and §,; and 64 are
dumping factors of the existing peaks.

Fig. 7 depicts how H,(jw) and H,(jw) amplitude distortions appear.
The blue arrows indicate the total photoacoustic signal distortion ten-
dency, dpura(jo). The amplitude of the measured signal, S(jw), in the
low-frequency range, illustrates how the Spq(jo) weakens under the
influence of the microphone and sound card, both acting as high-pass RC
filters described by H.(jw) (Eq.(11)). Furthermore, S(jw) in the high-
frequency range demonstrates how the &p;q(j@) suddenly changes its
amplitude behaviour, forming two peaks with different damping factors.
These peaks are primarily due to the microphone’s influence, indicating
that the microphone acts as a low-pass RCL filter characterised by H, (jo)

(Eq.(12)).
Based on the previous discussion and Fig. 7, the connection between
SProtal(j) and S(jw) can be easily established [37]:

S(jo) = prota(jo)H,(jo)H, (jo) 13)

Here, H,(jw) and H,(jw) could be understood as the calibration fac-
tors. The idea in all our measurements is to fit S(jw) and find the char-
acteristic frequencies and dumping factors of the microphone and sound
card. Such procedure, given in detail somewhere else [37], will allow us
to remove H,(jw) and H,(jw) from Eq.(13), aiming only 8P (j@) for
analysis.

5.3. Measurement data analysis

Open-cell measurements were carried out in the modulation fre-
quency range, f, from 20 Hz to 20 kHz, and samples in the form of cir-
cular plates (R; = 3mm) of pure aluminium (Al) and its alloys (AlA) with
thicknesses of 120 pm (Al120 and AlA120) and 735 pm (Al735 and
AlA735). The measurement results are presented in Fig. 8. Following the

100 low-frequency 1 high-frequency |
g ] :
) |
81074 l
< l
Uy |
R -
3 LTS
E s ] &
‘QIOS_ I i y
: . H(jo)
4 5[7 tolul(-/ OJ) : )
107 - ! ,
10? 10° 10*

Modulation frequency, f, (Hz)

Fig. 8. Photoacoustic signal amplitude distortions due to measuring in-
struments influence in the modulation frequency domain.
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Table 3 Table 4
Measuring chain characteristic parameters. The measurement results obtained from Fig. 7.
parameter value ATmax / (x107°K) f./ (Hz)
microphone characteristic 24+1 Al1120 38 8687
frequency, fe; (Hz) AlA 120 61 4903
PC sound card 16 +1 A1735 233 232
characteristic frequency, feo (Hz) AlA 735 381 133
microphone characteristic 7.8 +0.1
first peak frequency, f,1 (kHz)
microphone characteristicsecond peak (cut-off) 14.7 £ 0.2 pure aluminium in numerical simulations, considering them as reference
 frequency, fop (kHz) curves. It is observed (see Fig. 10) that the results of pure aluminium
first peak damping factor, 5,1 0.80 + 0.05 les (red circles) letel tch th £ (red solid
second peak damping factor, da3 0.02 + 0.01 samples (red circles) completely matc e reference curves (red soli

signal correction procedure, the measured signal, S(jw), for all investi-
gated samples was corrected to the influence of the measuring chain
(Table 3) to obtain dpq(j@), a signal originating only from the illumi-
nated sample.

Applying the composite piston theoretical model, both dprp (jw) and
Spre(jw) signal components are obtained, too, together with corre-
sponding temperature differences AT, AT,q and f, positions. The inte-
grated results of the presented analysis are shown in Table 3, having
ATy and f, relative errors in the range of 7 %.

Based on the results presented in Fig. 9 and Table 4, it is evident that,
in the case of alloys, the maximum temperature difference, ATpmqy, for
both thicknesses increases by almost twice compared to pure
aluminium. At the same time, the value of the cut-off frequency f. de-
creases by nearly the same amount. This behaviour of the mentioned
parameters indicates that the alloying elements have significantly
reduced the sample’s thermal conductivity. The relative error of the
results obtained for D; and f, is approximately 8 %, primarily arising
from the signal correction procedure. To determine precisely whether
the thermal conductivity changes in the investigated sample, we will use
the dependencies ATmgy = ATmax(l) and f, = fc(I) obtained earlier for

10! T T T
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lines). In contrast, the results of aluminium alloys (blue circles) deviate
significantly from them. Using Egs.(8) and (6), we obtain new de-
pendencies for alloys (blue solid lines) that yield values of k=
150Wm—K ! and D, = 5.75 x 10~°m?s~', indicating the 7 % increase
in pc value. Searching for such an alloy in the literature, we found that
the closest is 2014-T4 (p = 3000kgm 3, and ¢ = 870Jkg*1K’1) [24].
Here we have presented only one of the possible ways of using the
proposed methodology for the characterization and quality control of
materials. In addition to the production of alloys and their application in
different industrial branches [39-41], we believe that this methodology
can be easily extended to a much wider field of new and advanced
materials technologies, particularly in the development of nano-
structured materials, especially when exploring new approaches to
manipulate the nanostructure to decrease or increase its thermal con-
ductivity [42-44]. We need to keep in mind that there are some limi-
tations when examining nanostructures using photoacoustics with our
open-cell setup. These structures can’t be studied directly as single-
layered due to their transparency, but only indirectly as two- or multi-
layered structures. This makes the calculation a bit more complicated,
but it doesn’t reduce the effectiveness of the methodology we’re pro-
posing. Also, the thickness of the nanostructures must not be less than
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Fig. 9. Measured signal S(jo) together with total signal 6p,i(j®) obtained after signal correction procedure and its corresponding components sprp(jo) and spre(jo),
temperature differences AT with their maximal values AT}, and corresponding f. positions as a functions of a), b) pure aluminium (Al), and c), d) aluminium alloys
(AlA) samples, having the thicknesses of 120 ym and 735 pm, in the modulation frequency f domain.
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Fig. 10. A) temperature differences ATnax values and corresponding b) f. positions as a functions of aluminium sample thickness 1, and appropriate straight-line fits

obtained by a) Eq. (10), and b) Eq. (8).

10 nm, the established theoretical limit below which the examined
samples cannot be considered thermodynamic systems [18].

The cut-off frequency approach is new and has yet to be validated.
This paper gives only the basics and the simplest theory to understand
the cut-off principle of determining thermal conductivity and diffusivity.
A detailed comparison with conventional methods is yet to follow,
especially when dealing with solid dielectrics, semiconductors, com-
posites and substrate + thin film samples [45-48].

6. Conclusions

In this article, we introduced the cut-off frequency (f.) concept in
heat flow measurements and analysis based on the numerical simula-
tions and experimental measurements of the thermoelastic photo-
acoustic response of aluminium samples. We discovered that the
temperature difference (AT) between the illuminated and non-
illuminated sides of the investigated sample at a specific thickness in
the modulation frequency domain is characterized by its maximal value,
ATmax, which determines the position of f.. We showed how these three
parameters (AT, ATpqy, and f;) influenced the frequency response of the
temperature moment (M) and thermoelastic photoacoustic component
(TE). Additionally, we demonstrated that all mentioned parameters
depend on the sample thickness (I) and how these dependencies can be
used to establish a simplified methodology for heat flow analysis and
material quality control or its characterization. Based on the de-
pendencies of ATy, and f, on sample thickness, we proposed two in-
dependent methods in heat flow analysis to determine the sample’s
thermal conductivity and thermal diffusivity, respectively. The appli-
cability of the proposed methods is confirmed by measuring pure
aluminium and aluminium alloy photoacoustic responses in the stan-
dard modulation frequency range, from 20 Hz to 20 kHz. The cut-off
frequency concept has the potential to be generalised to all types of
materials, especially those with complex thermal behaviours, such as
composites and anisotropic materials. To achieve this, the concept must

Appendix A:. Temperature field in irradiated solid sample

be extended to a new theoretical model, which implies taking into ac-
count the optical properties of the material.
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Detailed knowledge of the temperature field in the solid sample from Fig. 1 is essential in photoacoustics. Once this temperature distribution is
known, the photoacoustic signal and its components can be derived, interconnecting the sound frequency response characteristics and the thermo-
physical characteristics of the irradiated sample as the sound source. In classical physics, the temperature field can be calculated using the heat
conduction equation. Assuming 1D heat flow along the x-axis and the geometry presented in Fig. 1, the heat equation can be derived from Fourier’s

law and energy conservation law in the form

0L (xt) _  FT(x.0)
t

ot 0x?

(A1)
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where T;(x, t) is the temperature within the sample and on its surfaces, D, = k/pc is the coefficient of thermal diffusivity, k is the coefficient of thermal
conductivity, p is the sample density and c is the specific heat capacity of the sample. The last equation is known as the 1D parabolic heat conduction
equation — PHCE or, more general, 1D heat diffusion (time-dependent conduction) equation, a parabolic partial differential equation that describes
heat distribution (in terms of temperature) in an investigated sample (considered as surface absorber) over time.

In photoacoustics, if the modulated light source illuminates a sample, it is reasonable to expect the sample’s thermal state to change in the light
source’s “rhythm”. This means that if the intensity of the modulated light, I, can be represented as I = Ipexp(jwt), where I is the intensity amplitude, j
is the imaginary unit, ® = 2xf, f is the modulation frequency, and t is time, the temperature changes within the sample and on its surfaces can be

defined with
Ts(x, ) = Tamp + Ts(x)exp(jwt) (A2)

where T, is an ambient (room) temperature, and Ts(x) is the sample cross-section temperature at distance x (Fig. 1, the constant temperature is

assumed on the sample cross-sections). Combining Eq. (A1) and Eq. (A2), two equations could be obtained: the static

0*T;(x)
0x?

-0 (A3)

and dynamic one

Ty (x)
0x2

- T,(x) (A4)

Here 6 = (1 +j)(w/2D;)"/2. Photoacoustics is only interested in dynamic, so called harmonic thermal-wave 1D equations because static ones do not
contribute to sound generation. The solution of Eq. (A4) can be found in the form

Ts(x) = A1e™ +Aze™ (A5)
where A; and A, are the constants which can be found from the boundary conditions:
a) —k%WI —fyandb) —k%EX | = 0. (A6)

x=0 x=l

Combining Eq.(A5) and Eq.(A6) leads to.

Ay =Jo e and A, = o < (A7)

Taking into account Eq.(A7), the temperature field within the solid sample and on its surfaces (Eq.(A5)), can be calculated in spatial (x) and
frequency (f) domains using

— IO
Ti(x) = kosinh(ol) cosh[o(x — 1) ] (A8)
Appendix B. . Analytical solution of the thermoelastic photoacoustic component

The analytical solution of the thermoelastic photoacoustic component allows one to explicitly show the analogy between the thermoelastic
response and the low-pass RC filter. The Eq.(3) can be given in the analytical form as:

) 3z LoygpoorR} [tanh(az/z) }
d] 0) =— - Bl
pre(jo) 5 Vok(61)2 (61/2) (B1)
Applying the series expansion of tanh(ol/2)/(cl/2) in the most suitable form for our analysis
tanh(cl/2) 1 sinh(ol/2) 142 @2 . 2
(61/2) ~ (0l/2) cosh(al/2) 1 | wzg!zﬂ + <al£/j>“ o
)
one can obtain [ #—<«1-m<v6
I RY
pra(jun) o AT | L (B3)

2 Wk 1451
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where f is the modulation frequency, f. is the cut-off frequency defined with Eq.(8), and m—+/2. The last equation, Eq.(B3), can be understood as a
jo-domain transfer function, presenting a mathematical description of the frequency-domain behaviour of a first-order low-pass filter. Knowing the
transfer function, one can easily obtain the amplitude, |5pre(jo) |, and phase, < (dpre(jw) ), of the thermoelastic response as:

1

and

< (6prx(jo) ) — arctan (};) (B5)

c

having the same form as the amplitudes (Eq.(6)) and phases (Eq.(7)) of the low-pass RC filter.

Data availability Measurement, 46 (3), (2013), pp: 1208-1211, DOI: 10.1016/j.measurement.201
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Abstract

We numerically and experimentally investigate the impact of photogenerated minor-
ity excess carriers on the plasma—elastic and total photoacoustic response of semi-
conductors. The frequency domain behavior of photoacoustic signals is examined as
a function of the surface conditions, optical absorbance, and material thickness. For
a visible-light excitation, distinct peak-like features in the plasma—elastic amplitude
emerge at high modulation frequencies and for thin enough samples. These trends
are attributed to carrier density asymmetries between the illuminated and non-illu-
minated surfaces. These findings highlight the key role of carrier dynamics in shap-
ing plasma-—elastic coupling to optimize and interpret photoacoustic measurements
in semiconductor characterization.

Keywords Absorption coefficient - Carrier density - Photoacoustics -
Photogenerated carriers - Plasma—elastic response - Semiconductors

1 Introduction

One of the most widely used theoretical models in the photoacoustics of solids is the
composite piston model [1-7]. This model, based on relatively simple mathemati-
cal formulations, describes the generation of the total photoacoustic signal from a
regularly illuminated sample, which results from the combined actions of thermal
and mechanical pistons. The thermal piston is created by the periodic expansion and
contraction of a thin layer of gas on the non-illuminated side of the sample, while
the mechanical piston arises from the periodic bending of the sample due to the dif-
ferent expansion between its illuminated and non-illuminated surfaces. The interac-
tion between these two pistons determines the overall photoacoustic response, which
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is influenced by the thermal and mechanical properties of the sample. Because of
this sensitivity, the composite piston model provides a reliable theoretical basis for
the precise thermal characterization of materials [8—14].

Semiconductors, when illuminated, especially within the visible spectrum,
exhibit unique behavior compared to other materials due to the generation of excess
free carriers, including both majority and minority electrons and holes. This illu-
mination primarily affects the density and dynamics of minority carriers, whose
transport and recombination govern the overall behavior of the excess carriers in
the semiconductor. These photogenerated excess free carriers serve a dual purpose
in photoacoustics: first, as heat carriers, they modify the temperature distribution
within the semiconductor’s volume and surfaces [15-17]. Second, as charge carri-
ers, they generate additional mechanical stress through interactions between elec-
trons and the lattice [18-21]. The resulting asymmetry in carrier densities between
the illuminated and non-illuminated sides produces differential stress, leading to
additional periodic bending of the sample. This effect adds a purely electronic com-
ponent to the mechanical piston. Consequently, excess free carriers, acting as both
heat and charge carriers, influence the material’s photoacoustic response through
interconnected modifications of both the thermal and mechanical pistons [22-26].

In our previous work [27], we provided a detailed analysis of how excess free car-
riers, acting as heat carriers, influence the thermoelastic photoacoustic response of
n-type silicon in the frequency domain. Temperature variations highlighted the sig-
nificant role of surface recombination, while amplitude changes appeared as peak-
like features that indicate strong carrier effects. These effects are most pronounced
in plasma-thin samples with a passivated illuminated side and a non-passivated
rear surface. More recently, we demonstrated that the plasma—elastic component in
thin semiconductor samples significantly influences the time-domain photoacoustic
response [28-30]. A model was developed to account for surface temperature vari-
ations due to surface charge-carrier recombination, revealing the dependence of the
temperature response on surface recombination velocity and electronic parameters
for both plasma-opaque and plasma-transparent samples.

In this article, we extend our previous analyses by examining the influence of
excess free carriers as charge carriers on the purely electronic photoacoustic fre-
quency response of solid n-type silicon. By analyzing the formation of an additional
part of a mechanical piston, the plasma—elastic component of the photoacoustic sig-
nal, we investigate the relationship between carrier density variations on the illu-
minated and non-illuminated sides and their effects on amplitude behavior in the
frequency domain. Special attention is given to elucidating how changes in surface
conditions, such as polishing or passivation, govern the emergence and disappear-
ance of peak-like amplitudes associated with plasma—elastic coupling.

2 Theoretical Background
The generation of a photoacoustic signal in a material arises from the non-radia-

tive de-excitation processes that follow the absorption of energy from modulated
light. These localized non-radiative transitions initiate transport phenomena that

@ Springer



International Journal of Thermophysics (2026) 47:24 Page3of23 24

give rise to thermal, elastic, and electronic effects responsible for the acoustic
response of the illuminated material. Consequently, the resulting acoustic signal
encodes information about the material’s optical, thermal, elastic, and electronic
properties.

The first theoretical description of photoacoustic signals in solids was formu-
lated through the thermal piston model, which explains the phenomenon as peri-
odic expansion and contraction of the gas layer adjacent to the sample (Fig. 1(a))
[1]. This gas layer acts as a piston relative to the surrounding medium, induc-
ing pressure fluctuations that generate sound waves. Subsequently, this model
was extended to include a mechanical piston that models the sound generation of
the mechanical vibrations of the sample’s surface, caused by bending (Fig. 1(b))
[2]. Initially, the mechanical piston was attributed solely to thermoelastic effects
within the solid [31]. However, subsequent studies revealed that in semiconduc-
tors, an additional contribution arises from bending induced by electron—lattice
interactions [22]. Together, these thermal and mechanical pistons form the basis
of the composite piston model, which provides a comprehensive framework for
describing photoacoustic signal generation in solids.

Relying on the composite piston model and Fig. 1, the total photoacoustic sig-
nal 6p,,,(jo) is usually written as [2, 23]:

0P j@) = 6ptp(jw) + 6pmp(jw)’ @))

where 6p,,(jw) is the signal component created by the thermal piston, so-called ther-
modiffusion component, 6pp(jo), and 6p,,,(jw) is the signal component created by
the mechanical piston, recognized as the thermoelastic component, 6p;(jw). Both
are usually represented as [1, 2, 23]:

a)! b)
sample “r microphone : sample “r microphone
1
r N /N L w| N
— — | — —
— | —
—_— i —
—_— sound waves | —_ sound waves
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Fig. 1 Scheme of our composite piston model made up of (a) thermal and (b) mechanical pistons gen-
erating the photoacoustic signal within an open-cell experimental set-up. The sample of thickness / and
radius R, is mounted on the top of the microphone which acts as both a sound detector and an air pho-
toacoustic cell of length /.
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. YePo \/D
oprp(jw) = g—_gTﬂ(l/z)a )
cTO Jo
. 14 PoO‘TR;1
opre(jo) = 37fngM, 3)
0

where j is an imaginary unit, y, is the adiabatic ratio of the gas (air) in the photoa-
coustic cell, p,, V,, and T are the respective cell gas pressure, volume and tempera-
ture, [ is the sample thickness, D, is the air thermal diffusivity, 74(//2) is the tem-
perature of the sample at non-illuminated side, a; is the sample coefficient of linear
thermal expansion, R, is the sample radius, M is temperature moment defined as [13,
23, 31]:

1/2

M= / xTy(x)dx, “)

)

and T(x) is the 1D temperature distribution in the sample along the heat flow axis
(x-axis), acting like the volume absorber (“Appendix 17).

Analyzing Eqgs. 2 and 3, it is evident that periodic variations of the sample tempera-
ture distribution 74(x) generate photoacoustic signal components. The 6pp,(jw) com-
ponent arises from the periodic temperature change 74({/2) on the non-illuminated side
of the sample, while the 6p;;(jw) component results from the periodic temperature dif-
ferences AT} between the illuminated 7y(—! /2) and non-illuminated Tyl /2) sample
sides (M ~ AT, = |Tl,(—l /2)| - 'Tﬂ(l/Z)‘). These two components can be used to
thermally characterize any opaque material in the form of a thin elastic plate, assuming
its homogeneous and isotropic optical, thermal and elastic properties.

In the case of semiconductors, the temperature distribution 7,(x) (“Appendix 17)
is not as simple as in the previous case, but is made up of several components, tak-
ing into account, in addition to the direct conversion of absorbed light energy into
heat, T,y (X) (Tpperm(x) = Tp(x)), the influence of excess carriers as heat carriers
that change the thermal image of the sample, both on the surface, T,(x), and in the
bulk, T},.(x). That is why T (x) is usually represented as [22, 23]:

Tx(x) = Ttherm(x) + Tsr(x) + Tbr(x)' (5)

Excess carrier diffusion and recombination processes are explained by the 1D dif-
fusion equation along the x-axes (Fig. 1) [22, 23, 27]:

96m,,(x, 1) _p 025np(x, 1) N ﬂe—ﬂx ~ om,(x, t)'

ot P ox? € 7,

(6)

Here, I is the excitation light intensity, én,(x,7) is the minority carriers (holes)
density, Dp is holes diffusion coefficient and T, is holes lifetime, f is the absorption
coefficient of silicon, and ¢ is the excitation light photon energy.
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Implying modulated light excitation I=Iy(1+ '), where I, is an exci-
tation light intensity amplitude, and assuming periodical density changes
&n,(x,1) = én,(x)(1 4+ ¢*'), Eq. 6 can be simplified and written in the form [22,
23, 27]:

d*6n (x) 6n (x) I
14 __r — _ﬁe—ﬂx’ (7
dx? L2 eD
w p
where L, =L, /(1 + jot), and L, = /D,7, is the minority excess carrier (holes)
diffusion length.

The solution of Eq. 7 is given by [22, 23, 27]:

5np(x) =A+e(x+l/2)/Lw +A—e—(x+l/2)/Lw —Ae_ﬂ(x+l/2), (8)

L 1

where A = 2= ——
eD, p2—L2’

and the integration constants A are defined by:

(vﬁ + sl)(vD + sz)eil/Lw - (vD +51) (vﬂ - sz)e‘”l

A, = s
* (vD+s1)(vD+sz)e’/L - (vD—sl)(vD—sz)e‘l/Lw

©)

depending on absorbance, fI, the surface recombination velocities at the illuminated
front, s,, and non-illuminated back, s,, sample surfaces, and the relative values of
the characteristic diffusion velocities v, = D,,/L,, and v; = D, (vﬂ > vp).

In earlier articles, we stated that the excess free carriers behave as a heat car-
riers, changing the temperature of the semiconductor sample via T, (x) and T}.(x),
more precisely via the parameters 6n,(x), 7,, s; and s,. This distribution of tem-
perature in relation to other materials also changes the components of the photoa-
coustic signal. The thermal piston gives a thermodiffusion component that has the
same form as in Eq. 2, but instead of T5(//2) now stands 7 ({/2) [1, 23]:

YePo/ D
Sppio) = “—Y_5T (1/2). (10)
lL‘TO .]w

In the case of mechanical piston, the situation is a bit more complicated. The
bending of the semiconductor sample, as the main characteristic of the mechani-
cal piston, can occur for two reasons: (a) unequal temperatures, and (b) unequal
carrier densities on the illuminated and non-illuminated side of the sample.
Therefore, the mechanical piston in semiconductors produces two components
of the photoacoustic signal, the thermoelastic ép (o) and the plasma—elastic
oppg(jo) one, which are usually written in the form [22, 23, 27-30]:

YePoorRy

: 11
Bv, T (b

oprp(jo) =37

and
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Y.D dR:1
LM, (12)

oppp(jo) =37 BY, n

where d, is the coefficient of electronic deformation, and temperature (MT) and elec-
tronic-excess free carrier (Mn) moments, respectively, are given as [22, 23, 27]

/2 /2
My = /xTS(x)dx, and M, = /xénp(x)dx. (13)
-1/2 -1/2

It should be noted here that
My ~ AT, = |T(=1/2)| - |T,(/2)], (14)
and
M, ~ Aén, = |5np(—l/2)| - |5np(1/2)(. (15)

Equations 11 and 12 demonstrate that the mechanical piston plays multiple roles
in the analysis of semiconductors through its generation of ép;(jw) and dppg(jo)
components. First, it allows for the investigation of how excess free carriers func-
tion as both heat [6p;z(jw)] and charge [6ppg(j)] carriers. Second, it contributes
to the formation of the total photoacoustic signal [p,,,(jw)] emitted by the periodi-
cally illuminated sample, which is recorded by the microphone. This highlights the
piston’s crucial role in the accurate and reliable thermal, optical, mechanical, and
electronic characterization of semiconductors.

3 Results and Discussion

To better understand the results and analysis presented in this chapter, several key
points should be considered. The n-type silicon was chosen as a typical represent-
ative of semiconductors because it proved to be highly suitable for photoacoustic
analysis for several reasons, which we highlight: (a) silicon has excellent elastic
properties and is an ideal material for elastic bending analysis; (b) silicon allows for
reliable validation of the composite piston theory within the experimental modula-
tion frequency f range of 20 Hz to 20 kHz; (c) such validation enables accurate
extrapolation of theoretical predictions over a much wider frequency range from
1 MHz to 10 MHz, in the so-called domain of the diffusion character of heat flow
and free carrier movement. The numerical simulations and experimental results dis-
cussed in this article are based on the photoacoustic transmission setup of an open-
cell, which utilizes the microphone body as a minimal photoacoustic cell. This setup
supports the standard solid sample—gas (air)-microphone arrangement, belonging to
the typical, so-called, gas—microphone signal detection configuration. It should also
be noted that silicon samples are assumed to have standard thermal and electronic
parameters presented in Table 1 [27]. For simplicity, all samples are considered
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as isotropic circular discs with thicknesses [ ranging from 10 pm to 1000 pm, and
radius R, = 3mm. This thickness/radius ratio satisfies the condition that each sample
can be analyzed as an elastic thin plate (l < 2RS), whose bending behavior in fre-
quency domain is described by Egs. 15 and 16.

When discussing the state of illuminated front and non-illuminated back sur-
faces of a semiconductor sample, it is important to recognize that surfaces are
places where the crystal lattice is significantly disrupted. Recombination processes
are often enhanced by such defects (dangling bonds) or by the presence of impuri-
ties. As a result, semiconductor surfaces can be seen as areas with particularly high
recombination rates. The surface recombination velocity, s, is a key parameter that
describes the recombination occurring at the surfaces and is closely related to the
dynamics of minority carriers within the sample. The value of s can be reduced
by minimizing the number of dangling bonds through a process known as surface
passivation. The surface passivation process is most often achieved mechanically
(our case, through polishing), chemically (via hydrogen passivation), or thermally
(through high-temperature oxidation). Passivated surfaces exhibit a significantly
lower number of broken bonds, resulting in s-values that approach zero (2 m-s~! in
our case). In contrast, non-passivated surfaces are marked by a high density of bro-
ken bonds, leading to s-values greater than 10 m-s~! (24 m-s~! in our case).

Analyzing the thickness of semiconductor samples, we should also mention the
characteristic thickness defined by the diffusion length of minority carriers, L, (see
Table 1) [23]. In our case, it is Lp = ,/Dprp ~ 85 pm, and it was previously used in
analyzing the response of the amplitude of the thermoelastic component as a bound-
ary between the so-called plasma-thin (I < L, visible peak-like structures) and
plasma-thick (/ > L, no peak-like structures) samples [32]. In the context of analyz-
ing the response of the amplitude of the plasma-elastic component, L, was applied
as the boundary for defining the so-called opaque (/ > L, no peak-like structures)
and transparent (I < L, visible peak-like structures) semiconductor samples [28],
which we confirm in this article.

Due to the nature of their origin, it is understood that the total photoacoustic sig-
nal [6p,,,(jw), Eq. 1] and its components [6p,(j@), 6ppp(jo), 6ppg(jw), Egs. 14-16]
can be represented as complex numbers, usually given in the form Sp(jw) = Ae/®.
Their analysis is reduced to the study of the behavior of their amplitudes,
A = |6p(jw)|, and phases, ¢ =< (6p(jw)), in the modulation frequency f = w/2x
domain. In this paper, for the sake of simplicity, we will focus only on the analysis
of amplitudes.

3.1 Photoacoustic Signal Response vs. Conditions at Sample Surfaces

When analyzing the response of the photoacoustic signal in the frequency domain,
it is important to acknowledge the limitations of the experiment. Reliable operation
occurs within the modulation frequency range of 20 Hz to 20 kHz (Fig. 2, verti-
cal dashed), which is where most microphones used in open-cell (minimal-volume
cells) configurations operate effectively. We have previously noted that, theoreti-
cally, the composite piston theory can be applied to modulation frequencies ranging
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Fig.2 The amplitudes A of the experimental data [S(jw), asterisks], total photoacoustic signal [6p,,,(jw),
Eq. 1, black] and its components [6pyp(jw) red, ép z(jw) blue, 6ppp(jw) green, Eqs. 14-16] as a func-
tion of the modulation frequency (f), in the case (a) s, /s, < 1[27] and (b) s, /s, > 1, for a 40-um-thick
n-type silicon sample (Color figure online)

from 1 Hz to 10 MHz, and its experimental validation can be successfully conducted
within the microphone’s operational frequency range. In earlier work [27, 33], we
outlined the main steps for obtaining experimental data and validating the total pho-
toacoustic signal for a 40 mm thick n-type silicon sample, with the illuminated side
being passivated [Fig. 2(a)]. In this current work, we present the same procedure for
the same sample, but with only the non-passivated side illuminated (see “Appen-
dix 27). The results of this procedure (the total signal) and the comprehensive appli-
cation of composite piston theory (which accounts for all components of the total
signal) are illustrated in Fig. 2(b).

Figure 2 illustrates the amplitudes A of the total photoacoustic signal [op,,,(jo),
Eq. 1] and its components [6pp(j@), oprp(jo), Sppp(jo), Eqs. 10-12] as a function
of the modulation frequency (f) for a 40 mm plasma-thin n-type silicon sample,
obtained after careful fitting of the measuring points and removal of instrumental
deviations. Sample is examined in two cases: (a) the illuminated side is passivated
(s, = 2 m-s~") and the non-illuminated side is not (s, = 24 m-s™"), and (b) the illu-
minated side is non-passivated (s; = 24 m-s~!), and the non-illuminated side is pas-
sivated (s, = 2m-s™1).

The differences in responses and the mutual relationship between op,;(jow) and
oppp(jo) in these two cases are immediately noticeable. In case (a), a change in the
behavior of op;;(jw) is clearly observed, displaying a peak-like structure at higher
frequencies. In contrast, 6ppp(jw) shows the typical response of a mechanical pis-
ton, characterized by a constant amplitude response at low frequencies followed by a
sharp drop in values at higher ones. In case (b), 5pyz(jw) assumes the standard shape
of the mechanical piston response, while 6ppg(jw) exhibits a peak-like structure.

The total signal, in case a) and in the range of experimental frequencies (20 Hz
to 20 kHz), is completely defined by the 6pp(jw) component [6p,,,(jo) = op,,(jo)],
because opyy(jo) suffers a sudden drop at f < 20kHz due to the influence of pho-
togenerated carriers as heat carriers. The oppp(jw) component affects op,,,(jo) at
the ends of the experimental frequency range (~20 kHz). This fact indicates the
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possibility that, in the case of plasma-thin samples, both the electronic parameters
of the sample [d,, 6n,(x)] and the direct influence of 5ppr(jow) on the total signal,
op,,(jo), can be measured, which, in many cases, especially for plasma-thick sam-
ples, was not possible due to the relatively low values of the 6ppg(jw) amplitude
compared to the épyp(jw) and Spp(jow). In case (b), the total signal op, ,(jo) is
defined by the 6p;,(jw) component in most of the experimental frequency range, but
already in the area f > 1kHz it suffers a strong influence of the 6p;(jw) component.

From the results shown in Fig. 2, it is clear that 6ppg(jw) influence on 6p,,,(jo)
must be taken into account if s, /s, < 1, because only in this way the high-quality
thermal and electronic characterization of semiconductors can be performed, which
leading to reliable and precisely determined sample parameters.

3.2 Plasma-Elastic Component Response vs. Sample Thickness

In previous articles, we detailed the reasons behind the peak-like behavior of the
opp(jo) component and the role of photogenerated carriers at sample surfaces as
heat carriers. Now, let’s examine the same behavior of |6ppz(jw)| in two scenarios
(Fig. 3): (a) s,/s, < 1, and (b) s,/s, > 1, for different sample thicknesses ranging
from 10 mm to 1000 mm. If we simulate | 6pp,(j)|'s behavior under the same condi-
tions and normalized it to unity, we can clearly see that in case (a), |5pPE(jw)| main-
tains a standard response across all thicknesses. In case (b), the standard response is
evident for thicknesses greater than 400 mm, while for thinner samples, we observe
the development of a peak-like structure. This peak-like structure reaches its maxi-
mum at approximately 21 mm, and with a further reduction in thickness, its promi-
nence decreases.

The behavior of |6ppx(jw)| in case (b) is consistent with the results of our previ-
ous analysis in the time-domain where we define plasma-opaque and plasma-trans-
parent semiconductor samples: a |6pPE(ja))| response without peak-like structures

10 ‘ ‘ ' 2) ' b

= 102 Pt 0pme e s = 10 Vo | 3
- oo 20pm ) s | TR | e
5101_ | ——30pm 5101‘ | gL
—= I ——40pm 73\ ! i
> I | | dol)
S0 j 1000 pm ! 00 : T LAESEINND
‘élo i o t 1075 i =
& i : S | |
L | g0 D——aoum 1\
3 : : g | ———400 pm | 51724 m/s, N
§~|o-2 | | \ £102 | —— 1000 pm 15,72 m/s N
< —+ T T —+ T T - ~ — — T —+ T T

10° 100 10> 10 10* 10° 10° 107 10° 100 10> 10° 10* 10° 10° 107

Modulation frequency, f, (Hz) Modlulation frequency, f, (Hz)

Fig.3 Normalized plasma—elastic amplitude |5pPE(iw)| response in the case (a) (s;/s, < 1) and (b)
(sy/s, > 1), as a function of the modulation frequency f. Calculations were done n-type Si sample with
thicknesses 10 pm < / < 1000 pm. Thicker lines represent sample thicknesses relevant to this study,
while thinner lines correspond to thicknesses within the specified range
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can be expected in the case of plasma-opaque samples (/> L, ~ 85 pm). In con-
trast, peak-like structures are strongly expressed in the case of plasma-transparent
samples (/ < L ~ 85 pm).

3.3 Plasma-Elastic Component Response vs. Excess Free Carrier Density

As previously established, the formation of the peak-like structure in the ampli-
tude of the thermoelastic component is related to the relationship and difference in
temperatures on the illuminated and non-illuminated sides of the sample (Eq. 14,
My ~ AT,). Similarly, one can assume that the formation of a peak-like structure in
the 6ppp(jo) component amplitude is connected to the relationship and difference in
photogenerated carrier densities on those same sides (Eq. 15, M, ~ Aén,,). Based
on the results shown in the previous section, the analysis of 6n,(x) in the frequency
domain will be divided into two groups: (1) for sample thicknesses [ > 400 pm
(Fig. 4) with representative thicknesses of 400 pm, 500 pm, and 1000 pm, and (2)
for sample thicknesses / < 400 pm (Fig. 5) with representative thicknesses of 10 pm,
20 pm, 21 pm, 30 pm, and 40 pm.

The results presented in the first group (Fig. 4) show that the amplitude values of
’5np(—l/2)| (solid lines) are approximately the same for all shown sample thick-
nesses, while the amplitude values of |5np(l/2)‘ (dashed lines) are significantly

lower, and gets lower as the thickness of the sample increases. It means that
Aén, > 0 for all thicknesses, all frequencies, and all cases (a) (s; /s, < 1) and (b)
(sy/s, > 1), assuring standard plasma—elastic amplitude response without peak-like
structures.

The results shown in the second group (Fig. 5) show that differences between

’6np(—l/2)| (solid lines) and |5np(l/2)| (dashed lines) are getting smaller as we

move towards thinner samples. In case (a), the values of A(Snp are in a wider
range, and Aénp > 0, up to the thinnest samples. In case (b), the values of Aénp

1019 — . . | : a) |0|9 : . . | b)
~10'8 \ Z10" ]
Eqpi7d SSUOUSSUO— 4 1 =07l e eesenaaeencaeaced N
;10]6 00 :'0“1 {200 um 1
107 R 200um 1 [ e 200 pm
< JIE EEEEEREERE L T T FE N M P N T 1
K104 L ——500 um | 210“ : 500 ym |

- 1 1 1 1
10" | e 500 um 1 T10" pee 500 pm
ESSTI LN R T Vo] R R % [
§10‘2 | —— 1000 pm 5‘_2m/s’ ] ‘%lou (1000 um 5,724 m/s,
= . e 1000 um | 3 $F24M5 | e 1000 pm | % 5,22 m/s

10 : . : 10 e . :

10° 10t 10> 10° 10* 10° 10® 107 10° 10" 10* 10° 10* 10° 10° 107
Modulation frequency, f, (Hz) Modulation frequency, f, (Hz)

Fig.4 The amplitude values of ‘5”17(_1/2)‘ (solid lines) and ‘5np(l/2)‘ (dashed lines) in the case of (a)

(s;/s, < 1) and (b) (s;/s, > 1), as a function of the modulation frequency f. Calculations were done for
a Si n-type sample with thicknesses 400 pm </ < 1000 pm
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(s,/s, < 1) and (b) (s, /s, > 1), as a function of the modulation frequency f. Calculations were done for
a Si n-type sample with thicknesses 10 pm </ < 40 pm

are in a much narrower range, simultaneously changing their sign (Adn, <0) to
the thinnest samples (21 mm, 20 mm, and 10 mm). Such behavior of Aén, (nar-
rowing the values range) is the reason for the appearance of a peak-like structure
in the |6ppz(jw)| response [Fig. 3, case (b)].

To obtain a clearer understanding of these effects, Fig. 6 displays the calcu-
lated amplitude ratio R, = |5np(—l/2)‘ /|6np(l/2)‘ for the thinnest samples. It is

evident that in case (a) (s,/s, < 1), R, > 1.1 for all the shown thicknesses, mean-
ing no peak-like structures in |5pPE(ja))| response. In case (b) (s,/s, > 1), the
change from 1.0 <R, < 1.1 (30 mm and 40 mm) to 0.9 <R, < 1.0 (21 mm,
20 mm, 10 mm) is clearly observable, meaning the emergence of peak-like struc-
tures in |6pPE(ja))| response. This result confirms the assumption that the tendency
of én, to narrow the R, values range around unity (1 + 10 %) is one of the causes
of the peak-like structure appearance in the |5pPE(jaJ)| response.
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Fig.6 The calculated amplitude ratio R, = ‘5np(—l/2)’/)5np(l/2)‘ in the case of (a) (s,/s, < 1) and (b)
(sy/s, > 1), as a function of the modulation frequency f. Calculations were done for a Si n-type sample
with thicknesses 10 pm <7 <40 pm
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3.4 Plasma-Elastic Component Response vs. Sample Absorbance

The absorption coefficient measures how deeply light of a specific wavelength can
penetrate a semiconductor before being absorbed. In materials with a low absorp-
tion coefficient, light is weakly absorbed, and if the material is sufficiently thin, it
may appear transparent to that wavelength. The absorption coefficient depends on
factors such as temperature, doping level, wavelength, and the intensity of the light
being absorbed. Therefore, it is possible to alter a semiconductor’s absorption coef-
ficient by adjusting the operating temperature, increasing the doping concentration
to enhance free carrier absorption, modifying its bandgap energy through changes
in material composition, or increasing light intensity to induce nonlinear absorption.

In the field of photoacoustics, the total photoacoustic signal and its components,
particularly the thermoelastic component, are influenced by the absorption coeffi-
cient, which we refer to as beta. In our previous work, we examined the behavior of
the thermoelastic component in the frequency domain through a phenomenological
analysis of its sensitivity to f (more precisely f1), but without detailed elaboration
(all results were normalized to the red-light excitation). It was demonstrated that,
within the optical and near-infrared spectrum, the amplitude of the thermoelastic
component changes its shape, a peak-like structure may form or disappear depend-
ing on the temperature difference and the contributions of thermalization and sur-
face recombination temperatures on both the illuminated and non-illuminated sides
of the sample. We emphasized that all findings suggested the illuminated side was
passivated, while the non-illuminated side was not. Furthermore, under other pas-
sivation conditions, the peak-like effect was not observed. It was also emphasized
that the temperature component of surface recombination strongly depends on the
density of photogenerated minority carriers, 6n,(x), on the illuminated and non-illu-
minated side.

Here, a phenomenological analysis of the 40 mm Si n-type thick sample
plasma—elastic 6ppp(jo) component behavior in the frequency domain is presented
(Fig. 7), based on its sensitivity to § (Table 2, red, infrared IR,, infrared IR,) and

- a) b)
g I I = — Ppsljw) red i
& ! 1 = N ) 1

£ | : g —— o) IR, !

S | : s _ !
104 | | S10{ TPl Ry

= ' : B ! .

:%E — ppiljo) red ' \3 ! !
- o) IR, ! A ! :

) i s o) !

E 7 élum(/a)) s S =2 m/s 3 ' E 5,=2 m/s

E:‘IO Si, /=40 pm L s,=24 m/s %10'7* Si, /=40 um ' s,=24m/s

< — . . — . . 8 —F . . — . .

10° 100 10> 10° 10* 10° 10® 107 < 10° 10' 10*° 10° 10* 10° 10 107

Modulation frequency, f, (Hz) Modulation frequency, f, (Hz)
Fig. 7 Plasma-elastic amplitude |5pPE(jw)| response in the case (a) (s;/s, < 1) and (b) (s,/s, > 1), as

a function of modulation frequency, f, and 40 mm thick Si n-type sample excitation light wavelengths:
660 nm (red), 755 nm (/R,) and 880 nm (/Ry) (Color figure online)
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Table 2 Si n-type sample parameters for b analysis

Light wavelengths l.q=660 nm Optical absorption coefficients beq=0.258 mm™!
Liga=755 nm bjga=0.125 mm™!
=880 nm by, =0.038 mm™~!

Excitation energies €.q=1.88eV Energy gap g,=1.12eV
era=1.64eV
ey=141eV

s, /s, ratio, using density of carriers dependences at illuminated (|6np(—l/2)|) and
non-illuminated (|5np(l/2)|) sample surfaces (Fig. 8), and their ratios
R, = |5np(—1/2)( /|6np(l/2)‘ (Fig. 9).

In Fig. 7, plasma—elastic amplitude |6p,z(jw)| frequency responses are given, pre-
senting “standard” response without peak-like structure in the case (a) (s, /s, < 1),

: " . . . a) . . . . . . b)
108 s s 1013 sl s v oo ; 1
..,?'\ :====.—'[=========sa=: a ‘I ]
\E/_ . red front i LE:I 07 red front i
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Fig.8 The amplitude values of |6n,(—[/2)| (solid lines) and |6n,(l/2)| (dashed lines) in the case of (a)
P P

(sy/s, < 1) and (b) (s;/s, > 1), as a function of modulation frequency, f, and 40 mm thick Si n-type
sample excitation light wavelengths: 660 nm (red), 755 nm (/R,) and 880 nm (/R,) (Color figure online)

10' , a) 1o . — : b)
red ! 15,=24 m/s,
. - d [
o< — IR, o ;; 5 2 m/s
S — IR, S ' |
N o N i
2 Si, /=40 pm 3 i
2 | S i
3 : £ !
A 0 | = ) l
104 ---- d oo cimimims e o 1094 T
| |
10° 10' 10> 10 10* 10° 10® 107 10° 10' 10> 10° 10* 10° 10° 107

Modulation frequency, f, (Hz) Modulation frequency, f, (Hz)

Fig.9 The calculated amplitude ratio R, = ‘5np(—l/2)’/)5np(l/2)‘ in the case of (a) (s,/s, < 1) and (b)

(sy/s, > 1), as a function of modulation frequency, f, and 40 mm thick Si n-type sample excitation light
wavelengths: 660 nm (red), 755 nm (/R,) and 880 nm (/R,)) (Color figure online)
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and red and IR, peak-like structure in the case (b) (s;/s, > 1), returning to the
“standard” response at IR,. Such behavior is similar to the thermoelastic amplitude
component in reverse s, /s, order. It must be noted that the plasma—elastic peak-like
structure is wider than the thermoelastic one, which is expected, because the nature
and behavior of temperature and carrier density in the frequency domain are not the
same.

In Fig. 8, the amplitude values of |5np(—l / 2)| (solid lines) and |6np(l / 2)| (dashed
lines) in the case of (a) (s,/s, < 1) and (b) (s, /s, > 1), as a function of modulation
frequency, f, and different excitation light b values and wavelengths. It is clear that
Aén,, in case (a) maintains a noticeable difference and does not change sign
(Aén, > 0) for each b. In the case (b), Adn, values are significantly smaller and
changes sign: in the case of red, Aén, > 0 in the entire f-domain; in the case of IR,,
Aén, = 0 in the largest part of the f-domain, while at higher frequencies Aén, > 0;
in the case of IR, Adén, <0 in the largest part of the f-domain, and at higher fre-
quencies Aén, > 0.

To enhance our understanding of the behavior of Aén,, Fig. 9 introduces the
results presented in Fig. 8; however, the ratio R, is given instead of Aén,,. It is evi-
dent that, in both scenarios (a) and (b), a peak-like structure will only appear when
R, =1+ 10% (almost the same density on both sides) for a significant portion of
the f-domain.

The obtained results indicate that the effects of carriers, shown by the peak-like
structures in the plasma—elastic component of the photoacoustic signal, are only
clearly visible at frequencies above the measurement range of standard photoacous-
tics. Therefore, it is necessary to find a technique that can experimentally observe
these effects. Photothermal radiometry is a promising technique which generally
operates up to 10 MHz [34].

4 Conclusions

Using numerical simulations and experimental measurements, we have shown that the
influence of photogenerated minority excess carriers on plasma—elastic photoacous-
tic responses is significantly affected by the surface conditions of the semiconductor,
particularly regarding recombination rates. When carrier influence is substantial, the
photoacoustic response is determined by two key effects. The first one involves the
high-frequency contribution of the plasma—elastic component to the overall signal
when the illuminated surface is passivated, while the rear surface is not. The second
one is characterized by peak-like structures of the plasma—elastic amplitudes when the
non-illuminated surface is passivated and the illuminated surface is not. Peaks occur
when the carrier densities on both surfaces are nearly equal and diminish as their dif-
ferences increase, similar to the temperature-driven changes observed in thermoe-
lastic responses. Amplitude peak-like behavior primarily occurs in plasma-thin and
plasma-transparent samples with non-passivated illuminated surfaces, whereas plasma-
thick and plasma-opaque samples do not exhibit such behavior. Additionally, increas-
ing the excitation light wavelength reduces absorption and suppresses these peaks by
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Fig. 10 Experimental validation and extrapolation procedure based on measured photoacoustic signal
S(jw) amplitudes (asterisks): (a) fitting procedure with S (jw) (solid pink), (b) removing H,(jw) and
H,(jw) deviations targeting 6p,,,(jw) (solid black), (c) obtaining signal components: 6p,(j®), 6prg(jo),
and 6pp(jo) (red, blue and olive, respectively), and (d) extrapolation of all total signal and signal com-
ponents to the wider frequency range (dashed lines). Vertical dashed lines indicate experimental fre-
quency range (Color figure online)

Table 3 Measuring chain characteristic parameters

Fitting parameters Value
H,(jew)
Microphone characteristic frequency, f;, (Hz) 24+1
PC sound card characteristic frequency, f,, (Hz) 16+1
H,(jo)
Microphone characteristic first peak frequency, f,; (kHz) 7.8+0.1
Microphone characteristic second peak (cut-off) frequency, f,, (kHz) 14.7+0.2
First peak damping factor, &, 0.80+0.05
Second peak damping factor, J,, 0.02+0.01

enhancing the sample’s transparency. Overall, plasma—elastic features are sensitive to
surface passivation, sample thickness, and excitation light wavelength. This sensitiv-
ity emphasizes the importance of optimizing experimental conditions to accurately
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identify the electronic and recombination properties during semiconductor photoacous-
tic characterization.

Appendix 1: Temperature Distributions in Irradiated Solid Sample

Detailed knowledge of the temperature distributions in the solid sample based on the
geometry from Fig. 1 is essential in photoacoustics. Following the classical physics
approach and one-dimensional case of heat flow along the x-axis, the temperature dis-
tributions can be calculated using the parabolic heat conduction equation adopted in
three basic cases:

Surface Absorber

b PTG 9T _

0, 16
T ox2 ot (16)

where T'(x, t) is the temperature within the sample and on its surfaces, assuming that
light absorption occurs only on the sample surface.

Volume Absorber

2
b 0°Ty(x, 1) _ aTy(x, 1) _ —&ﬂle_ﬂx (17)
T o2 ot k ’
where Ty (x, 1) is the temperature within the sample and on its surfaces, assuming that

absorption occurs on the sample surface and within the samples’ volume.

Semiconductor Absorber

D *T(x, 1) oTy(x,1) DTﬁle—eg ~Px Dre,
T ox2 ok €

om0, (18)

4

where T, (x, ¢) is the temperature within the sample and on its surfaces, assuming that
absorption occurs on the sample surface and within the sample’s volume, followed
by the intensive photogeneration of excess free carriers.

In the case of modulated light excitation of the sample / = 10(1 + & ), where I is
an excitation light intensity amplitude, periodical changes of the temperature distribu-
tions T'(x, 1), Ty(x, 1) and T (x, 1) are expected, so Eqs. 16-18 can be simplified in the
forms

PT(x)
0x?

o2T(x) =0, (19)
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0°Ty(x) Bl
p 2 _ 0 —fx
o2 - O-wTﬂ(x) = - X ce s (20)
and
P°T,(x) 2 ply €—& _ &
PO o, T(x)=——¢ oo P — &, o on,(x), (21)
respectively.

Solution of the Eq. 19 can be written as:

3 Iycosh [Uw(x - l)]

T(x) 22
ko, sinh(o,,!) @2)
Solution of the Eq. 20 is usually represented as:
- —e Pl
7,00 = ]_0 B B cosh [aw(x l/2)] e P'cosh [o-w(x + l/2)] e |
k p* -2 | o, sinh(o,,!)
(23)

Here, o, = (1 +j)v/w/2D; is the complex wave vector of heat diffusion,
o = 2zf, f is the modulation frequency, D = k/(pc) is the thermal diffusivity of
the sample (k is the thermal conductivity, p is the density, c is the specific heat),
and f is the absorption coefficient of silicon at excitation light wavelength.
Solution of the Eq. 21 has the form equal to Eq. 6:

Tx(x) = Ttherm(x) + Tsr(x) + Tbr(x)’ (24)
where
T herm () = Lye—€ p | pcosh [0, = 1/2)] = e”'cosh|o,,(x +1/2)] _ Pt |
ferm k & p-o2|o, sinh(c,,/)
(25)
- g, 5,6n,(—1/2)cosh|o,,(x = 1/2)] + 5,6n,(1/2)cosh o, (x + 1/2)]
s X) = — 5
ko, sinh(c,,!)
(26)
and
Iy = SB[ Boe P 4 Byt 1 [0 2 =2 ] |
R eoul — =00l -1 B, ~ p-1

27

Here, € is the photon energy, €, is the semiconductor band gap energy, s, and s,

are the surface recombination velocities at the illuminated front and non-illumi-
nated back sample surfaces, respectively, while the other constants are given by
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1
L o

(ONE 0]

’

b:ﬂ,cz
)

Bl

B=—v——
l gDp(ﬂz_L;z)

B, = B,e %' + B,

B, = B,e%' + Bs,

1 Iy _ _I AR i -pl
B, [5np<2> 5np< 2>cosh(L )] cosh(Lw)+e b

B4 = —C - N

sinh(%)-(cﬂ—l) b -1

B—‘] [6n,(1/2)cosh(1/L,,) = 8m,(=1/2)] = 1 + e Pleosh(l/L,) |,
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where L, = L, /(1 + jwr), L, =/D,7, is the minority excess carrier (holes) dif-
fusion length characterized by their diffusion coefficient D, and lifetime 7,, param-
eter 6n,,(x) is the holes density, 6n,(—/ /2) is the holes density at front, and on,(l /2)
is the holes density at back of the sample.

Appendix 2: Experimental Validation and Extrapolation Procedure

When discussing the theoretical background, we highlighted a crucial fact. The
scheme in Fig. 1, which illustrates the theoretical model of the composite piston,
fully aligns with the experimental setup of an open-cell (minimal-volume cell) oper-
ating in transmission mode. This experimental setup, described in detail multiple
times in our previous works [27, 32, 33], allows measurements of the amplitudes and
phases of the total photoacoustic signal in the frequency domain, by selecting modu-
lation frequencies of the light source so that they evenly (on a logarithmic scale)
cover the standard measurement range from 20 Hz to 20 kHz, with about 70 points.
These measurements, among other purposes, serve to validate the theoretical model
used, enabling us to extend our research through extrapolation from the measured
range to 1 Hz to 10 MHz, in which we assume the model remains valid. Through
this extrapolation, the effects occurring within the sample (e.g., changes in heat or
carrier flow) are included, which only display their full potential at high frequencies,
well beyond the measurement range where only end effects are observable.

In a previous study [27], we analyzed the total photoacoustic signal, op,,,(jo),
obtained by periodically illuminating an n-type silicon sample that is 40 pm thick
(see Table 1). We investigated this sample when the illuminated side was passivated
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(s, =2 m-s~"), and the non-illuminated side was non-passivated (s, =24 m-s™!). In
this work, we will examine the behavior of the plasma—elastic component of the pho-
toacoustic signal by rotating the sample along its vertical axis. As a result, the illumi-
nated side is now non-passivated (s; = 24 m-s~"), while the non-illuminated side is
passivated (s, = 2 m-s™"). For clarity, we will focus on analyzing only the measured
amplitudes, assuming that the signal level is significantly above the existing back-
ground noise (flicker noise) and/or parasitic signals (coherent noise), which have been
measured and confirmed multiple times under the current experimental conditions
[33]. We must remain aware of unavoidable deviations in the measured signal, result-
ing from the electronic and acoustic characteristics of the microphone used as a detec-
tor, as well as some devices within the measurement chain, such as a computer sound
card that emulates a lock-in amplifier.

We found that the influence of the measuring chain, primarily the microphone
and the lock-in amplifier, is manifold [33]. In the low-frequency range, this influ-
ence is reflected in the attenuation of the measured signal, similar to the behavior of
RC filters. Consequently, this attenuation can be represented by the transfer function
H,(jw), which consists of a cascade connection of two high-pass RC filters (the first
from the microphone and the second from the sound card). In the high-frequency
range, this influence is manifested through peaks due to acoustic resonances of the
microphone, displaying characteristics typical of the response from RCL filters. This
behavior can be represented by the transfer function H,(jw), which includes two con-
nected low-pass RCL filters (our microphone exhibits two peaks).

With this understanding, the measured signal S(jo) can be fitted using the function
Sp(jw) = op,,(jo)H, (jo)H ,(jw) (see Fig. 10(a)) [33]. This fitting allows us to deter-
mine the necessary parameters for the RC and RCL filters, presented in Table 3. With
these parameters, we can remove the deviations contributed by H,(jw) and H, (jo),
isolating the signal 6p,,,(jo) (see Fig. 10(b)). Based on the composite piston theory
(Eq. 1), we can then derive all the components of this signal: 6p,p,(jw), oppr(jo), and
oppp(jo) (see Fig. 10(c)), together with sample parameters presented in Table 1.

The thermal and electronic parameters of the sample obtained through this pro-
cess can be used to extrapolate the components and the signal itself across a fre-
quency range from 1 Hz to 1 kHz [Fig. 10(d)], assuming that the theoretical model
in use is valid. This approach allows simulation of various experimental conditions
(such as sample thickness and/or illumination wavelength) and investigation of the
effects observed through these simulations.
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Abstract

When a semiconducting sample is illuminated by an intensity-modulated monochromatic
light beam with photon energy exceeding the band gap, part of the absorbed energy is directly
converted into heat through photon-lattice interactions. This gives rise to a heat source that
closely follows the temporal profile of the optical excitation, known as the fast heat source.
Simultaneously, another portion of the absorbed energy is used to generate electron-hole pairs.
These charge carriers diffuse together and recombine via electron—electron and electron—hole
interactions, transferring their kinetic energy to the lattice and producing additional heating
of the sample. This indirect heating mechanism, associated with carrier recombination, is
referred to as the slow heat source. In this study, we develop a model describing surface tem-
perature variations on the non-illuminated side of a thermally thin semiconductor exposed to
a rectangular optical pulse, explicitly accounting for the contribution of surface charge carrier
recombinations. Using this model, we investigate the influence of surface recombination
velocity and the material’s plasma properties on the time-domain temperature response for
both plasma-opaque and plasma-transparent samples. Our results demonstrate that charge
carrier recombinations can significantly affect the transient photoacoustic signal recorded
using a minimum volume cell, highlighting the potential of time-resolved photoacoustic
techniques for probing the electronic properties of semiconductors.

Keywords: time-domain photoacoustic; minimum volume cell; semiconductors; plasma
effects; surface recombinations

1. Introduction

Frequency-domain photoacoustic (PA) techniques for semiconductors have been
under development for more than four decades. Their primary objective is to enable
non-destructive characterization of key material properties—optical, thermal, elastic, and
electronic—which are crucial for the design and optimization of microelectronic, photonic,
sensor, and biosensor devices, as well as for solar cells and thermal management in VLSI
circuits [1-9].

Photoacoustic (PA) phenomena arise when a sample is illuminated by an intensity-
modulated optical beam, leading to time-dependent heating and subsequent generation
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of pressure waves (acoustic waves). The resulting acoustic signal can be detected using
a variety of techniques: deflection-based photothermal (PT) methods [10,11], ultrasonic
detectors [12,13], or gas—microphone configurations, either in reflection or in transmission
using a minimum volume cell [14].

The generation of acoustic waves is a consequence of the PT effect, wherein absorbed
electromagnetic energy from the excitation beam is converted into heat. In addition to
generating acoustic waves, the PT effect also produces other detectable phenomena that
do not rely on acoustic sensors [10,11,15-17]. For example, it may cause changes in the
infrared spectrum of the sample, which can be captured via radiometry; induce gradients
in the optical refractive index within the sample (utilized in thermal lens spectroscopy
methods) or in the surrounding medium (mirage techniques); or be directly observed as
surface temperature changes using calorimetric methods.

This study focuses on the gas—microphone technique implemented using a minimum
volume cell. This configuration has been developed in parallel with the more widespread
reflection-mode PA techniques [14], and it has proven especially effective for the characteri-
zation of metals, semiconductors, and semiconductor devices [1].

In recent years, special attention has been given to developing time-domain PA tech-
niques for real-time electronic characterization of semiconductor structures. However, a
critical challenge in this domain is the deconvolution of signal contributions arising from
charge carrier dynamics and those due to the detection system. This challenge motivates
our current study.

Previous studies have shown that frequency-domain PA spectroscopy [18] can be
used to measure the electronic properties of semiconductors. However, these methods are
generally not suitable for real-time measurements, which are increasingly important for
industrial and biomedical applications [19]. In contrast, time-domain PA methods [20-23]
offer the potential for real-time characterization, but they require more advanced models
and signal-processing techniques [22].

There are three main approaches to modeling PT and PA effects in semiconductors.
The first approach assumes that photogenerated carriers influence the thermal conductivity,
diffusivity, or relaxation times of the semiconductor, thereby affecting the temperature
distribution and, ultimately, the generated pressure wave [24-27]. The second approach uti-
lizes the two-temperature model, treating electrons and lattice as separate thermal systems;
this is particularly suited for highly doped or degenerate semiconductors [28-31]. The
third approach, which we adopt in this study, considers two types of heat sources: fast heat
sources resulting from immediate photon-lattice interactions and nonradiative relaxation,
and slow heat sources resulting from recombination of photogenerated carriers [18,32-34].
Among these, the third approach—based on distinguishing fast and slow heat sources—is
particularly well-suited for the PA analysis of moderately doped semiconductors. This
model forms the theoretical basis of our study.

The first type of heat source, referred to as the fast heat source, is characteristic of all
solid-state materials. It originates from the interaction of the excitation electromagnetic
radiation with lattice vibrations and non-radiative de-excitation processes. These mech-
anisms rapidly convert the absorbed photon energy into heat and operate on timescales
much shorter than those relevant to photothermal detection. As a result, the temporal
profile of this heat generation closely follows that of the incident optical pulse. However,
due to the electronic band structure of semiconductors—which includes a filled valence
band, a partially empty conduction band, and a band gap in between—photons with energy
exceeding the band gap can excite electrons into the conduction band, leaving behind holes
in the valence band [35]. These electron-hole pairs (quasi-free charge carriers), bound by
Coulomb attraction, diffuse through the material driven by concentration gradients and



Appl. Sci. 2025, 15, 7290

30f23

eventually recombine after a characteristic time known as the carrier lifetime. During
recombination, their kinetic energy is transferred to the lattice, generating additional heat.
These recombination events are distributed in space and time, and form what is known as
the slow heat source. The overall temperature distribution in the semiconductor is therefore
a superposition of the contributions from fast and slow heat sources. This dual-source
model is especially appropriate for moderately doped, narrow-band gap semiconductors,
where the Fermi level remains within the band gap and the photoinduced plasma plays a
significant role in thermal dynamics.

From the perspective of PA research and device characterization, this approach pro-
vides a physically realistic and experimentally relevant description of how photogenerated
carriers influence the PA signal. It links electronic properties, carrier dynamics, and recom-
bination processes to the optically induced heating and the resulting acoustic response
detectable in gas—microphone or other PA configurations [18,32-34].

Using the third modeling approach, where photogenerated charge carriers contribute
to additional heating via recombination (slow heat sources), frequency-domain PA measure-
ments have already enabled the electronic characterization of semiconductors. However,
despite having an original time-domain PA setup with gas microphones and validated
knowledge from frequency-domain studies, the use of time-domain gas-microphone PA
techniques for the electronic characterization of semiconductors remains challenging. The
main obstacle lies in the complexity of the system’s transfer characteristics in the time
domain—specifically, the transformation of optically induced temperature variations on
the non-illuminated surface into acoustic signals, and subsequently into the final electrical
signal detected by the microphone. This transformation process is not yet fully under-
stood [22,36], and as a result, it is currently not possible to deconvolve the contributions
of charge carrier dynamics from those of the detection system response with sufficient
accuracy. Therefore, although our broader research goal is to establish time-domain PA
methodologies for the electronic characterization of semiconductor structures, this cannot
be realized without first addressing a fundamental intermediate step: quantifying the
influence of photogenerated charge carriers on the transient temperature response at the
non-illuminated surface.

In this study, we investigate how photo-induced quasi-free carriers affect surface
temperature variations in a thin, moderately doped semiconductor when illuminated by
square optical pulses. We analyze the transient temperature response at the non-illuminated
surface using parameters introduced in our previous work [22,36]: rise time, fall time,
settling time, and steady-state value, which are commonly used in system dynamics and
signal processing. This provides a quantitative and physically interpretable way to assess
the role of photogenerated carriers in shaping the thermal response detectable via time-
domain PA measurements.

The paper is structured as follows. Section 2 presents a theoretical model of temper-
ature variations caused by fast and slow heat sources using the Laplace transform and
electro-thermal analogies. Section 3 analyzes the impact of thickness, surface recombination
velocity, and electronic properties on the time-domain PA signal. Section 4 summarizes our
conclusions. Technical details of the calculations are provided in Appendices A and B.

2. Photoinduced Heat Transfer Across Thin Semiconductor:
Theoretical Model

The model of photoinduced heat propagation is derived under the following
assumptions:
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The sample is excited by an optical pulse of irradiance I(t) = If(t) [W/m?], where
f(t) describes the time dependence of the incident irradiance:

f(t) =h(t) = h(t = T) )

where h(t) is denoted the Heaviside step function and with T [s] is the pulse duration.
Before the excitation of optical radiation, the whole structure and its environment are
at the same temperature—1,,,; [K].

The deexcitation—relaxation processes due to photon—phonon interactions are assumed
to be much faster than the rate of change of the rising edge of the optical pulse. Thus,
the heat sources formed by these processes follow the temporal shape of the optical
pulse [37].

We consider a semiconductor disk uniformly illuminated across its cross-sectional
surface normal to the direction of light propagation (Figure 1), allowing the en-
tire problem of optically generated heat propagation to be analyzed using a one-
dimensional approximation.

It is assumed that the surrounding gas does not absorb the incident radiation. Heat
sources are generated solely within the sample; however, the resulting thermal distur-
bance affects the surrounding area.

The sample is considered optically opaque, i.e., fls > 1, where B is the optical
absorption coefficient [m~1] and /s [m] is the sample thickness. Thus, the excitation
optical beam penetrates only a thin layer of the semiconductor near its illuminated
surface. The optically generated heat due to photon—-phonon interactions can be
described as a surface heat source [38]:

Hr(t) = (1 = R)Iod (x) f () = Sod(x) f(¢) @

where R is the sample’s reflectance, ¢ is the Dirac delta function, and Sy = (1 — R)Iy.

r .
source sample microphone

Figure 1. The geometry of the problem of optically excited temperature variations in semiconductors.

Consequently, the optically generated concentration flux of charge carriers can also be

described as surface excitation [39]:

$(6) = (1= R “C8(x) (1) = S0~ 8(x)f (1) ®

where Eg and E signify the energy gap of semiconductor and photon energy, respectively,
and E > Eg [18].

The slow heat sources generated by charge carrier recombinations, denoted as H gR (t),
HIfR (t), and HBR(x, t), can be described by [18,32-34]
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HZR(t) = Egsgn(0,1) (4)
HiR(t) = Egspn(ls, t) (5)
HEBR (x, 1) = EG"(J;’ ) (6)

where s¢ and s, are parameters describing the surface recombination velocity at the illumi-
nated (g) and non-illuminated (b) surfaces of the semiconductor sample. The terms n(x, t),
n(0,t),and n(ls, t) represent the concentration of photoinduced minority carriers within the
sample and at the sample surfaces, illuminated and unilluminated, respectively, obtained
by solving the diffusion equation for minority charge carriers induced by a surface source,
as described by by Equation (3).

The surface recombination velocity depends strongly on the surface treatment of the
semiconductor. Chemically etched surfaces typically exhibit low recombination velocities
due to the removal of surface defects, while untreated or contaminated surfaces can have
significantly higher recombination rates. Additional passivation techniques—such as
thermal oxidation, hydrogenation, or dielectric layer deposition (e.g., SiO, Al;O3)—are
commonly employed to further reduce surface defect density and electronically stabilize
the surface [40]. However, surface recombination velocities are generally higher than
volumetric recombination rates, which are intrinsic to the semiconductor and primarily
depend on the doping level.

e Due to the significantly lower rates of volumetric recombination compared to surface
recombination [39], the intensity of the volumetric heat source described by Equation
(6) is much smaller than that of surface-related heat sources [18,34] and can thus be
neglected in the thermal analysis

e  The semiconductor sample is surrounded by air, which is a much poorer thermal
conductor than the semiconductor itself. Therefore, adiabatic boundary conditions for
the heat flux are assumed.

e Nonlinear effects in heat conduction, transport of photogenerated charge carriers
through the semiconductor, thermal relaxation effects, and effects of dissipation of
heat caused by charge carrier recombination are neglected because these effects are not
expected to be significant in gas—-microphone photoacoustic experiments [18,32,33].

Under these assumptions, the conduction of photogenerated heat through the semi-
conductor sample can be described by the one-dimensional classical Fourier’s theory of
heat conduction [41], leading to the following system of linear partial differential equations:

929(x, t) 1 99(x, t)

02 Dt ot =0 @
gl ) = k200 ®

With the following inhomogeneous boundary conditions [18]:
9(x =0,t) = Hr(t) + H3"(¢) ©)

q(x = Is,t) = HR(t) (10)

and zero initial conditions.

In the above equations (Equations (5)—(8)), 9(x, t) denotes the temperature variation
in relation to the ambient (initial) temperature, 9(x,t) = T(x,t) — Taup, 4(x, t) is the heat
flux, Dr is the thermal diffusivity of the semiconductor, and k is the thermal conductivity.
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Since the problem is linear, the temperature distribution in the illuminated semicon-
ductor sample can be obtained by applying the Laplace transform to Equations (7)—(10).
In this case, the system of Equations (7)—(10) reduces to a system of ordinary differential
equations in the complex domain:

d?0(x) =
dx(2 ) _ o(x) =0 (11)
1 dd(x)
(x) - 52(: dx (12)
with the following boundary conditions:
— = 7SR
q(x =0) = SoF(s) + H, (13)
jx=1)=Hy" (14)

In Equations (11)—(14), the variables with an overline denote the Laplace transforms
of the temperature, heat flux, the time function describing the modulation of the exci-
tation beam’s amplitude, and the recombination heat sources on the illuminated and
non-illuminated surfaces. Here, s is denoted the complex frequency s = a + jw and
j = v/—11is the imaginary unit (see Appendix B).

The symbols o and Z. represent the complex coefficient of heat propagation and
thermal impedance, respectively, defined as follows:

NG
Vo )
VvDr

E:

= 1
Z,=Y"1— 16
As can be seen from Equations (11) and (12), heat propagation through the semicon-
ductor sample is described by equations analogous to those governing the propagation

of current and voltage through an electrical transmission line [42—44] (see Figure 2), with
propagation coefficient & and characteristic impedance Z;, defined as

7= (17)

(18)

NI

I
Q‘ i
<[] N <

X r:% x+Ax
Taw i glx+hv) |t
9(x c=k 9(x+Ax
(x) 5 ( )

Figure 2. Equivalent transmission line for the description of heat transfer problem based on classical
Fourier heat conduction theory.
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With symbols z and 7, we denote complex series impedance and complex parallel
admittance of a transmission line segment (Figure 2):

_ 1
z—r+sl—E 19)
Y= —Q—sc—sL (20)

As can be seen from the boundary conditions (Equations (13) and (14)), heat propaga-
tion is driven by surface heat fluxes, which is analogous to the excitation of an electrical
transmission line by current sources:

L =SoE+Hy =Tr+1o° (21)

L=H"=5" (22)

To calculate surface temperature variations on the unilluminated side, it is convenient
to use the representation of an electrical transmission line via a symmetrical electrical T-
network with two ports (quadripole) [43-49]. The analogous electrical circuit for calculating
surface temperature variations on the unilluminated surface is shown in Figure 3.

Z Z
70) 2 2 )
. —
g
1%) IT%) 5o [z s OF
x=0 x =lg

Figure 3. The equivalent quadripole for the calculation of surface temperature variations in the
semiconducting sample.

The impedances of the equivalent electrical circuit shown in Figure 3 are given by the
following expressions [43,44]:

- - 1 zZ 1
7 Ty =\ Y *

5 _ = Cch@s) -1 [Z ZY
=2 gmy T

(24)

where Z and Y denote the equivalent longitudinal impedance and the equivalent longitudi-

nal admittance, respectively:
— Is

Z:le:k (25)
Y =1l —Sil (26)
=Yls = DTs

The equivalent current sources are given by the following expression:

Ir =Hp = SoF = 50§(1 —e5T (27)

SR ==SR _
I," = H, = Egsgn(0) (28)
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<SR 3SR _

Ib = Hh = EGSbn(ls) (29)
The symbols 7(0) and 7(l;) signify the spectral functions of the concentrations of

minority charge carriers at illuminated and non-illuminated surfaces, respectively.
Spectral functions of charge carrier concentrations are obtained by solving the diffusion

equation for minority charge carriers [18,34] (see Appendix A):

So—

7(0) = SOF(s)y s @0
(I = PF)G() @

In the above equations, G¢(s) and Gj(s) represent complex functions given by the
following relations (see Appendix A and [18,34]):

1
Gg(s) = m (32)
L
Eb(s) ~0 (33)

for Is/ pmax >> 1 (plasma opaque sample), where

— De/ T
L= P 34
1+ st (34)
and .
1 I Sls+l?s+ e?sp 1b
— 5¢ Do/ Dep 5%
Ggls) = 7——+ ! (35)
e ) L tas
P S sl kb oA
(Deb/p+58'>%
1
— S¢ 1
Gb(s) = £ Is 1,1 (36)

s l) D 5 So
(De/p * g/ sls + l;s + S B B

Is 1\1
(De/p+5g)sb

for Is/ pimax < 1 (plasma transparent sample).

In the above relations, the symbol D, signifies the coefficient of diffusion of minority
charge carriers—electrons in p-doped semiconductors (index e) or holes in n-doped semi-
conductors (index p). The symbol T denotes the lifetime of photoinduced charge carriers.
The maximum diffusion length of minority carriers is given by pmax = /D, pT [34,50],

By substituting Equations (30) and (31) into Equations (28) and (29), a mathematical
description of the spectral functions of recombination heat sources in the illuminated
semiconductor is obtained:

<SR _ SR Ec = Ec —  —
I,”=H, = SOF(S)?ngg(s) = fngT(s)Gg(s) (37)
<SR _ SR = ~Ec = Ec — , .=
Iy" = Hy = SoF(s) Zs0G(s) = 5 spHr(s)Go(s) (38)

As can be seen from Equations (37) and (38), the recombination sources can be de-
scribed as a convolution of the function that represents the thermalization source and
the functions Gg(s) and G,(s), which depend on the diffusion of minority carriers in
the semiconductor.
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By applying the superposition principle in solving the circuit shown in Figure 3, we
obtain the spectral functions of the total temperature variations on the unilluminated
surface as a sum of temperature variations generated by each of the sources described in
Equations (27), (37), and (38):

8(ls) = Or(ls) + 05 (1) + 05 (Is) = Or(ls) + 8" (Is) (39)

It is important to note that there are two limiting cases considering the frequency of
excitation harmonic: the thermally thin sample (Re{1/0ls} = Im{1/7l;} > 1) and the
thermally thick sample (1/Re{cls} = 1/Im{vls} < 1).

Considering the definition of & (Equation (15)) the following relation is obtained:

Re{0l;} =Im{cls} = Is f (40)
Dr
From the above equation (Equation (40)), it can be easily concluded that for low
frequencies, below a certain cutoff frequency f. (which depends on I; and Dr), every
sample is thermally thin. Conversely, for high frequencies, above the cutoff frequency f,
every sample is thermally thick, where f. is given by:

1Dr
=T 41
In further considerations, we assume that the sample is geometrically thin, such that

the excitation harmonics span a wide frequency range, and that the sample is thermally
thin. In this case, the equivalent circuit from Figure 3 is reduced to the equivalent circuit

shown in Figure 4 [43].

x =0 x =l

Z
1
S|

I I

=~

TSR
Ib

Figure 4. Equivalent electrical circuit for the calculation of temperature variations in a thermally thin
semiconducting sample.

By solving the circuit shown in Figure 4, we obtain the spectral functions of surface
temperature variations caused by photon-lattice interactions, as well as the spectral func-
tions of temperature variations resulting from surface recombination of photogenerated
excess charge carriers, as follows (Equations (42)—(44)):

_ 1

Or(ls) = HT? (42)
3R, = FoR L 43
g (S) — g ? ( )
CASES i (44)

By substituting Equations (26) and (27) into Equation (42), the spectral function of
surface temperature variations caused by lattice thermalization at the non-illuminated side
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of the semiconductor sample exposed to the action of a square optical pulse of duration T
is obtained:

— Dr 1 _
Br(ls) = Sogg 2 (1-¢7) (45)

By substituting Equations (26), (30), and (31) into Equations (43) and (44), the spectral
function of surface temperature variations due to recombination sources at the surface of
the semiconductor, is obtained:

_E

8 (1) = =281 (1) (55 (5) + ,Go s)) (46)

By finding the inverse Laplace transform of Equation (45), we obtain [44,46]:
Dr
Or(ls,t) = So i [th(t) — (t = T)h(t — T)] (47)
S

Considering heat sources generated by recombinations of minority carriers at the
sample surfaces depend on the ratio between the sample thickness and the diffusion length
of the minority carriers (i.e., plasma transparency (Equations (32)—(36)) [28], we further
observe two limiting cases: thermally thin and plasma opaque, and thermally thin and
plasma transparent samples.

2.1. Surface Temperature Variations in Thermally Thin and Plasma Opaque
Semiconductor Samples

Using Equations (32)-(34), the spectral functions of recombination heat sources in
plasma opaque samples can be described as follows [34]:

— b
sbéb(s) ~0 (49)
where
a=1/t (50)
p— 8 (51)

1/D3/p

In this case, the temperature variations generated by surface recombination (based on
Equation (46)) becomes
SR DrEg 1 b

97 (Is) = ﬁgSR(ls,S) + 19sz(ls,S) = SOEf?m(l - efsT) (52)

By finding the inverse Laplace transform of Equation (52), we obtain (see Appendix B):

R (1, 1) = So - g1 (DI(E) = ga(t = T)h(t — 7)) 3

where the function g; is defined by

21(t) = c3b et + eb‘\”}f — czerf(\/ﬁ) — Cg,e*(“*bz)terfc(b\/f) — t%erfc(\/ﬁ) +c3 (54)

and
Va—b
b

1= (55)
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b 1 1
2= Jia—0) Tva G aw

2.2. Surface Temperature Variations in Thermally Thin and Plasma Transparent
Semiconductor Samples

(56)

Using Equations (35) and (36), the spectral functions of recombination heat sources in
plasma-transparent samples are given by [34]

—= s+p
G = 57
Sg g(S) 1 s+q (57)
Gy(s) = 58
spGp(s) = r2 p (58)
Parameters r1, 12, p, and g are defined by the following expressions:
(5/Dery)
r = (59)
((1/58) + (ls/De/P)>
ry = (s0/5¢) (60)

<<Zs/De/p> + (1/sg))zs

(/Do) + (sy) 1
P= /) (L/Dy,) T D

Is/Dpyse) +1/sg +1/
q= (( pie ¥ 1/% Sb) . (62)
(1s/55) (1s/Dyye) + (1/55))

By substituting Equations (57) and (58) into Equation (46), we obtain the spectral func-

tion of temperature variations in a thermally thin and plasma-transparent semiconductor
sample, caused by surface recombination heat sources:

DTEG 1s+rs

Il B S _ ,—sT
AL Rl G (63)

7815 = S,

with the parameter r3 defined by

_ (Zs/De/p) + (1/517) 1 Sp
> (5/)(s/Desp) T sg(12/Dyy)

(64)

By finding the inverse Laplace transform of Equation (63) (see Appendix B), we obtain
the following:

05R (1, 1) = so%%@rl (22 () (E) — go(t — TYh(t — T)] (65)

where the function g, (f) is defined by

o) = (”7 Eab ”queq*) (66)

3. Analysis and Discussion

PA measurements with a minimal volume cell record pressure fluctuations in the gas
column located on the non-illuminated side of the sample. The measurement configuration
is transmission-based, as the source and the detector are on opposite sides of the sample
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being examined [51]. The literature indicates that in this type of measurement configuration,
the spectral function of the resulting pressure fluctuations in the closed cell can be described
by a composite piston model [52]. Specifically, these pressure fluctuations are a consequence
of the thermal piston effect, which involves the expansion and contraction of the thin layer
of air adjacent to the illuminated surface of the sample [53,54]. Additionally, the bending of
the sample surface due to the generation of a thermal moment within the sample [52] acts
as a mechanical piston, producing the thermoelastic (TE) component of the PA response.

In semiconductors, due to the photogeneration of charge carriers, there exists a plasma-
elastic component resulting from the bending of the sample surface caused by the concen-
tration gradient of excess charge carriers in illuminated semiconductor samples [18,39]. If
the sample is thin, both the TE and plasma-elastic components can be neglected [22,55].
In such cases, it can be assumed that the pressure fluctuations are caused solely by the
thermal piston effect and are consequently proportional to the surface temperature varia-
tions [55-57].

However, the thermal piston model is not suitable for time-domain
photoacoustics [22,36,58—60]. In this case, it is more appropriate to use models derived
in [22,36,58-60], which indicate that temperature changes at the non-illuminated surface
generate pressure variations in a closed PA cell. However, the thermal thickness of the gas
column in the closed PA cell [36] and the transfer characteristics of the microphone [22,36]
can alter the time profile of the recorded time-resolved electrical signal.

P (S) = E(ZS )Tgasfcolumn (S) (67)

Smic(t) = LBy, () Thic(5) } (68)

As can be seen from Equations (67) and (68), the recorded photoacoustic signal is
a convolution of the temperature variations at the non-illuminated side of the sample
and the system’s transfer characteristics, described by Tgas_wlumn(s) and T,,;.(s). This
implies that a complete understanding of the measured time-domain signal [23] requires
the deconvolution of these effects. However, in order to determine the electronic properties
of the semiconductor, it is essential to first investigate the influence of photogenerated
charge carriers on the surface temperature variations 9(ls).

In this study, we analyze the evolution of temperature changes at the non-illuminated
surface and the influence of photogenerated charge carriers on the magnitude and slope of
these changes based on the derived model (hereafter referred to as the time-domain temper-
ature signal). However, modeling the transfer function of the gas column (Tgas—column (s))
and the microphone (T ;. (s)), which is essential for a complete understanding and accurate
processing of the recorded time-resolved PA signal in semiconductors [23], remains the
focus of our future research.

In the calculations, it was assumed that the optical source has a nondestructive ir-
radiance, with the power of the employed LED diodes typically below 20 mW and the
illuminated surface area approximately 25m mm? (see Figure 1) [18,22]. Furthermore, the
excitation takes place in the visible part of the electromagnetic spectrum, where the photon
energy is approximately equal to the energy bandgap of narrow-gap semiconductors such
as silicon. Under these conditions, E/ E is close to unity [18]. The normalized components
were evaluated relative to a constant reference value, K = SoD7 /kl.

The time interval was selected to match the excitation pulse duration, which reflects
our experimental conditions. This pulse width corresponds to the excitation used in our
PA setup and was chosen based on our real measurements on silicon membranes (see
Refs. [22,23]). In the analysis, it was assumed that the pulse duration is T = 50ms. The
normalized signal was observed over a time interval of t = 2T.
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The values of surface recombination velocity (Table 1) were chosen based on the
analysis of frequency-domain PA measurements on semiconductors [18].

Table 1. Electronic, thermal, and geometrical properties of silicon samples used in the analysis of the
model [18,61].

Parameter Value
Coefficient of diffusion of holes D), 1.2 x-1073 m?s~!
Coefficient of diffusion of electrons D, 3.6 x 1073 m2s1
Lifetime of excess charge carriers T 5x107°s
Energy gap Eg 1.12 eV

Velocity of surface recombination S, 2-24ms~!
Coefficient of thermal diffusivity Dr 9 x 107> m?s~!
Thermal conductivity k 150 Wm 1K1

The parameters of the Si sample used in the calculations are provided in Table 1 [18,61].

Let us consider the thicknesses of the Si sample for which the assumptions of the
derived model are satisfied (the absorption coefficient is significantly larger than the inverse
of the sample thickness, justifying the assumption of strong absorption in the thin layer
close to the illuminated region—practically surface absorption).

The optical absorption coefficient of silicon is 10> m~! for light in the visible part of
the electromagnetic spectrum [62]. Consequently, the approximation of an optically opaque
sample is reasonable for silicon samples thicker than 10 pm.

Since the thermal diffusivity of silicon is 9-107> m?s~! [18], the cutoff frequency
between thermally thin and thermally thick regimes for a sample thicker than 10 um can
be calculated from Equation (41). It ranges from approximately 5 kHz for a 90 um thick
sample to 300 kHz for a 10 pm thick sample. For samples with a thickness of about 100 pum,
the cutoff frequency varies from 50 Hz for a 900 um thick sample to 3000 Hz for a 100 pm
thick sample. This implies that in the PA measurement range (from 50 Hz to a few kHz),
silicon samples with a thickness of 10-150 pm can be considered thermally thin.

Finally, in our model, we considered two cases related to the ratio of the maximum
diffusion length of minority carriers to the geometric thickness of the sample. These include
the plasma-opaque case, where this ratio is less than one, and the plasma-transparent case,
where the ratio is greater than one.

Since the maximum diffusion length of minority carriers is given by the square root of
the product of their diffusion coefficient and lifetime (see Appendix B), it can be estimated
based on the parameters given in Table 1 that a p-doped silicon sample with a thickness
greater than 135 um is plasma-opaque, while an n-doped silicon sample is plasma-opaque
if it is thicker than 75 pm. This means that Si samples, whether p- or n-doped, with a
thickness below 75 pm are plasma-transparent, whereas samples thicker than 135 pm
are plasma-opaque.

In the further analysis, we considered silicon samples with a thickness of 20 um as
representatives of plasma-transparent, thermally thin, and optically opaque semiconductor
samples, and samples with a thickness of 140 um as representatives of plasma-opaque,
thermally thin, and optically opaque semiconductor samples.

Figure 5 shows the normalized time-domain temperature signal (evolution of temper-
ature change on the non-illuminated side) for a thermally thin, plasma-opaque n-doped
silicon sample (/s = 140 um, D), = 1.2 x 1073 m2s~1). The red line represents the signal
originating from lattice thermalization (fast thermal source), while the blue lines corre-
spond to signals influenced by surface recombination for different values of s¢. The green
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lines depict the total signal resulting from both sources. (Legend: s, = 6 ms™ (solid line),
s¢ =10ms™! (dashed line), s; = 14 ms~! (dash-dot line)).

03 plasma opaque thermally thin n-doped Si sample
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Figure 5. The normalized time-domain temperature signal for a thermally thin and plasma opaque

n-doped silicon sample. The red line represents the signal resulting from lattice thermalization (fast

heat source), while the blue lines indicate the signal from surface recombinations at different s¢

values. The green lines represent the total signal caused by both sources: s, = 6 ms™! (solid line),

s¢=10 ms ! (dashed line), and sg=14 ms~! (dash-dotted line).

As shown in Figure 5, in plasma-opaque and thermally thin samples, carrier recombi-
nation does not alter the shape of the signal but does affect its maximum value (blue and
green lines). When the parameter s; is low (below 6 ms~ 1), the contribution of recombina-
tion sources is negligible, and the signal is primarily determined by lattice thermalization
(solid red and green lines). However, as s¢ increases, recombination effects become more
significant. For s, = 14 ms™!, recombination sources play a dominant role in temperature
change (dash-dot green and blue lines in Figure 5).

From Figure 5, it can also be observed that the time-domain temperature signal for a
thermally thin semiconductor sample reaches a steady value of zero after a time equal to
2T. This indicates that the settling time is equal to twice the duration of the optical pulse.

In cases where the signal does not reach a peak during the pulse duration, it is not
appropriate to work with parameters such as rising time or falling time; instead, it is much
more suitable to consider the slope of the rising or falling curve. Figure 5 shows that the
slopes of the rise after the leading edge of the excitation and the slope of the fall after the
trailing edge of the pulse are equal and depend on the surface recombination velocities.

To investigate the impact of the charge carrier diffusivity (the semiconductor elec-
tronic property) on the shape of the time-domain temperature signal, Figure 6 presents
the signal for a thermally thin and plasma-opaque p-doped Si sample (Is = 140 um,
D, = 3.6 x 1073 m?s~!). The red line represents the signal resulting from lattice ther-
malization (fast heat source), while the blue lines indicate the signal from surface recombi-
nations at different s values. The green lines show the total signal caused by both sources:
sg=6 ms ! (solid lines), sg =10 ms ! (dashed lines), and sg =14 ms~! (dash-dotted lines).

As seen in Figure 6, for the plasma-opaque and thermally thin p-doped sample, the
recombination of charge carriers similarly affects the time domain temperature signal as in
the n-doped sample (Figure 5). Specifically, it does not influence the shape or settling time,
but it does impact the maximum value of the signal in the time domain (indicated by the
blue and green lines in Figures 5 and 6) and the slopes of both the rising and falling curves.

However, in the case of the p-doped sample, minority carriers are electrons, which
have a diffusion coefficient three times larger (as shown in Table 1). Therefore, at the same
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surface recombination velocities, the dominance of recombination sources does not occur
71 .
for the s > 10 ms™* (Figure 6).
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Figure 6. The normalized time-domain temperature signal for a thermally thin and plasma opaque
p-doped silicon sample. The red line represents the signal resulting from lattice thermalization (fast
heat source), while the blue lines indicate the signal from surface recombinations at different s¢
values. The green lines represent the total signal caused by both sources: s, = 6 ms™! (solid line),
sg=10 ms ! (dashed line), and sg=14 ms~! (dash-dotted line).

Based on this observation, it can be concluded that the slopes of the time-domain
temperature signal—both the rising slope following the leading edge of the optical pulse
and the falling slope following the trailing edge—are influenced by the electronic properties
of the semiconductor, particularly the diffusion coefficient of the minority carriers. An
increase in the diffusion coefficient results in a slower rise and fall of the signal and
consequently a smaller maximum value for the same surface recombination velocities.

It is interesting to note that the results presented in Figures 5 and 6 indicate that the
complex function describing the time-domain temperature signal in thermally thin and
plasma-opaque samples (Equation (47)) can, in fact, be approximated by a linear function.
The electronic parameters of silicon (such as the minority carrier lifetime and their diffusion
coefficient) primarily influence the slope of the linear function.

Figure 7 illustrates the normalized time-domain temperature signal for a thermally
thin and plasma-transparent n-doped silicon sample (/s = 20 pm, D, = 1.2 x 1073 m?s~1).
The red line represents the signal originating from the thermalization of the lattice (a fast
heat source), while the blue lines show the signal resulting from surface recombinations for
sp =6 ms~! and various s, values. The green lines depict the total signal generated by both

1 ~1 as a dashed line)

sources (s¢ =6 ms~ " as a solid line and s¢ = 14 ms

As seen in Figure 7, the time-domain temperature signal from the plasma-transparent
sample behaves similarly to that of the plasma-opaque sample in terms of shape, settling
time, and dependence on s¢. However, for the plasma-transparent sample, the slopes of
both the rising and falling edges are also affected by the surface recombination velocity s;.
This results in a slower rise of the signal, leading to significantly lower maximum signal
values when all other electronic and thermal parameters remain constant.

To further investigate the impact of s;, Figure 8 presents the time-domain temperature
signal for a thermally thin and plasma-transparent n-doped silicon sample (I; = 20 pm,
D, =12 x 1073 ms™—!) with a fixed Sg=2 ms 1. The value of the surface recombination
velocity on the unilluminated side, s;, was varied. The red line indicates the signal resulting
from thermalization of the lattice (a fast heat source), while the blue lines show the signal

from surface recombinations for s; = 2m/s at different s, values. The green lines represent
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the total signal caused by both sources, with s, = 6 ms~! indicated by a solid line and
sp =24 ms~! by a dashed line.
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Figure 7. The normalized time-domain temperature signal for a thermally thin and plasma-
transparent n-doped silicon sample (Is = 20 um, D) = 1.2 x 1073 m2s~1). The red line represents the
signal originating from the thermalization of the lattice (a fast heat source), while the blue lines depict
the signal resulting from surface recombinations for s, = 6 m/s and various sy values. The green lines
illustrate the total signal produced by both sources, with s = 6 ms~! represented by a solid line and
sg = 14 ms~! by a dashed line.
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Figure 8. The normalized time-domain temperature signal for a thermally thin and plasma-

transparent n-doped silicon sample (s = 20 pm, D, = 1.2 x 1073 m2s~1). The red line represents the

signal originating from the thermalization of the lattice (a fast heat source), while the blue lines show

the signal from surface recombinations for sg = 2 ms~! at different s, values. The green lines depict

the total signal caused by both sources, with s, = 6 ms~! indicated by a solid line and s, = 24 ms ™!

by a dashed line.

As seen in Figure 8, the increase in s, influences both the slope of the time-domain
temperature signal and the maximum value the signal reaches just before the falling edge
of the optical pulse, similar to the effect observed with an increase in s,.

Finally, Figure 9 presents the normalized time-domain temperature signal for a ther-
mally thin and plasma-transparent p-doped Si sample (/s =20 pm, D, =3.6 x 1073 ms™1)
atsg =2 ms~!, s, =2ms ™! and Sg=24 ms~!, s, = 24 ms~!. This analysis aims to investigate
the influence of the electronic properties on the time-domain temperature signal of the
thermally thin and plasma transparent semiconductor samples.

By comparing the results shown in Figures 6 and 8, it is evident that an increase in the diffu-
sion coefficient of minority carriers—similar to the case of plasma-opaque samples—influences
both the maximum value that the time-domain temperature signal can achieve during the pulse
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duration and the steepness of the nearly linear rising and falling curves. However, this increase
does not affect the settling time.
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Figure 9. The normalized time-domain temperature signal for a thermally thin and plasma-
transparent p-doped silicon sample. The red line represents the signal originating from the thermal-
ization of the lattice (a fast heat source), while the blue lines denote signals resulting from surface
recombinations at various values of sg and s;,. The green lines indicate the total signal contributed by
both sources, with the solid line corresponding to s; =2 ms~! and s, =2 ms~! and the dashed line

corresponding to s¢ = 24 ms !and s, =24 ms— L.

4. Conclusions

In this paper, we developed a model to describe the temperature variation on the non-
illuminated side of thermally thin semiconductor samples exposed to rectangular optical
pulses. The model incorporates the effects of surface recombination of photo-generated
charge carriers.

Using the derived expressions, we analyzed how recombination heat sources and the
electronic properties of semiconductors influence the surface temperature response, with
moderately doped n-type and p-type silicon as representative cases.

Our results demonstrate that, depending on the surface recombination velocity—which
is strongly influenced by surface treatment methods—recombination heat sources can sub-
stantially affect both the amplitude of surface temperature changes and the dynamics of its
rise and decay, particularly in plasma-opaque samples with high recombination velocity at
the illuminated surface.

At low surface recombination velocities, lattice thermalization remains the dominant
heating mechanism, and the contribution of recombination sources becomes negligible in
thermally thin and plasma-opaque samples, especially for low recombination rates at the
illuminated surface. In contrast, for plasma-transparent samples, recombination remains a
non-negligible contributor to heating, regardless of surface recombination velocity.

Additionally, we show that the electronic properties of the semiconductor, particularly
the minority carrier diffusion coefficient, affect the slopes of the temperature signal and
its maximum value, but have little influence on the overall shape or settling time of
the response.

These findings indicate that carrier recombination can significantly influence the
thermal response at the non-illuminated surface and, consequently, the time-domain PA
signal. The observed dependence of temperature dynamics on sample thickness, surface
processing, and electronic transport parameters suggests that this method could be used to
extract the electronic properties of semiconductor materials.

The developed model and conclusions of this study may be applied not only to
improve the time-domain PA characterization of semiconductors but also in the broader
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context of non-destructive time-resolved techniques for the electronic characterization of
semiconductor materials, nanoelectronic devices, and sensors.

For a complete interpretation and accurate processing of experimentally recorded
time-resolved PA signals in thin semiconductor membranes [23], further investigations are
needed to fully understand the transformation of transient surface temperature changes
into pressure fluctuations, and their subsequent conversion into detectable electrical signals.
This remains an open challenge and a subject of our ongoing research.
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Appendix A. Photogenerated Diffusion of Charge Carriers
in Semiconductor

The equation describing the transport of photogenerated charge carriers in a semicon-
ductor, under the low-level injection approximation, is a linear, one-dimensional spatial
diffusion equation for minority carriers. By applying the Laplace transform, this equation
is reduced to the second-order differential equation in the complex domain [12].

In the case where optical absorption occurs in a thin layer near the illuminated semicon-
ductor surface (i.e., when the sample is optically opaque and has a high optical absorption
coefficient), the transport problem of photogenerated charge carriers is described by the
following system of homogeneous differential equations (Equations (A1) and (A2)), with
inhomogeneous boundary conditions (Equations (A3) and (A4)) [34]:

dz;fzx) - Lln(x) -0 (A1)
: d

j(x) = Dy ) (a2
7(0) = G(s) — 5,7 (0) (A3)

j<15) = spn(ls) (A4)
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In the above equations, G(s) = (So/E)F(s) denotes the spectral function of the
optically generated source of excess carriers, under the assumption that the semiconductor
is optically opaque (it is important to note that the model is derived under the assumption
of shallow optical penetration depth, meaning that the generation of charge carriers occurs
within a spatially confined region near the illuminated surface—practically at the surface
itself) [34].

By solving the problem described by Equations (A1)—(A4), the following expression
for the spectral function of concentration distribution of photogenerated minority carriers
is obtained:

D x—Is D _x—ls
(%—sb)e L +<%+sb>e L

D,/p De/p Is De/p D./p _
(T +sg)( T +sb)eL — (—Z —sg)< T —sb)e

Based on Equation (A5), expressions describing the carrier concentrations at the

(A5)

[ol[

semiconductor surfaces can be readily derived [34].

D, -k D, L
(3 o)t (Gt a)ef

oy Sox
T ) G ) T () B T
n(ls) = “UF( s (A7)

[l

s)
De/p De/p L De/p De/p -
(—z —|—sg>( T +sb)eL - (T —sg>( T —sb)e

In this work, we analyzed two asymptotic cases—the plasma-opaque and the plasma-
transparent semiconductor sample—using an analogy with propagation processes. If
the complex frequency is written as s = jw (stationary propagation), where the symbol
j denotes the imaginary unit, the real part of the inverse of the complex propagation
coefficient (Equation (34)) corresponds to the diffusion length of charge carriers [34,50].

R {1} _ | 2T (A8)
MU R (e ez

As can be seen from Equation (AS8), the carrier diffusion length depends on the
frequency of the harmonic excitation. As the frequency increases, the diffusion length
decreases to zero, while for a frequency of zero, it reaches its maximum value [34,50]:

Hmax = 1/ De/pT (A9)

If the sample thickness is much greater than the maximum diffusion length
(Is/u(w) >> 1), the sample is plasma opaque. Conversely, if the sample thickness is
smaller than the maximum diffusion length (I /u(w) < 1), the sample is plasma transpar-
ent [34].

Following the results of [34], in the case of optically opaque samples, Equations (A6)
and (A7) can be reduced, and the theoretical model of surface recombination heat sources
is described by Equations (52) and (63) in the paper.
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Appendix B. Inverse Laplace Transform: Method of Partial Fraction and
Irrational Function

To obtain the evolution of a function f(t), given its spectral function F(s), one should
solve the inverse Laplace transform. The inverse Laplace transform of functions of a
complex argument is defined as follows [63,64]:

LR
F(t) = LYF(s)} () = o im / eTE(s)ds (A10)
BT

where s = & + jw is complex plane and « is a real number greater than the real part of all
singularities of F(s).

The integral formula given by Equation (A10) is called the Bromwich integral, also
known as Mellin’s inverse formula or the Fourier—-Mellin integral. In many cases, the
complex integral can be evaluated using the Cauchy residue theorem.

In practice, it is not necessary to solve the complex integral given by Equation (A10).
Instead, existing tables of inverse Laplace transforms can be used [65,66], along with
various methods of representing a complex function in forms for which Bromowich integral
solutions are known, such as method partial fractions for rational functions of complex
argument s [34,65].

For solving the inverse Laplace transform of the irrational function obtained in this
study, the known solutions given in table bellow were used [65].

Complex Function Inverse Laplace Transform
1 1 b2t
e o= —be erfc(bv't)

Additionally, the following properties of the Laplace transform were used [67-69]:

L YF(s+a)} =e "f(t) (A11)
t
LYFETE)} = [ ft-t)ge)ar (A12)
0
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Abstract

The explanation of the n-type silicon thermoelastic photoacoustic response is given
by electro-acoustic analogies, which clarify the influence of excess free carriers
as heat carriers. It was found that electro-acoustic analogies could interconnect
different theoretical models of heat flow and carrier dynamics aiming to find the
optimal experimental conditions for the efficient free carrier influence analysis of
the sample thermoelastic photoacoustic response. Theoretical analysis was based on
the comparison between the composite piston, surface recombination, and RC filter
frequency response models, extrapolating the behavior of the photoacoustic response
much beyond the experimental frequency domain. Experimental analysis was based
on the open-cell photoacoustic setup operating under the transmission configuration
within the modulation frequencies range from 20 Hz to 20 kHz. The accuracy of
our predictions and the validity of electro-acoustic analogies are confirmed by
measuring 875 pm plasma-thick and 35 pm plasma-thin silicon samples.
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1 Introduction

Within the framework of photothermal sciences, photoacoustics is established
as a very sensitive and convenient nondestructive method for investigating
thermal and electronic transport in semiconductor materials and micro- and
nanostructures based on them [1-9]. Special attention has been paid to the
generation and dynamics of excess carriers as well as to their participation in
thermal transport processes that profile the thermal states of the investigated
samples [10-14]. By using an open-cell photoacoustic setup with a simply
supported circular plate sample, we observed that it is possible to measure the
effects of excess carriers, for modulation frequencies from 20 Hz to 20 kHz.
In our recent photoacoustic studies of n-type silicon [14-17], we found that
the influence of excess carriers, acting as heat carriers, can be observed in the
amplitude and phase patterns of both the total photoacoustic signal and its
components at higher modulation frequencies and thin samples. Those patterns
show up for silicon thicknesses around the excess free carrier diffusion length L,
the average distance that carrier can diffuse before recombination (see Appendix
I). This is the reason why we introduced the division into the so-called a) plasma-
thick and b) plasma-thin semiconductors, whose thickness / is larger (l > Lp), or
smaller (l < Lp) than L, respectively. For plasma-thick samples, the frequency
dependence of the amplitude and phase patterns of the photoacoustic signal are
the same as the corresponding ones in absence of excess carriers. On the contrary,
the photoacoustic amplitude and phase of plasma-thin samples are strongly driven
by excess carriers [14, 17].

A particularly interesting case of heat transport in semiconductors driven
by excess carriers is visible in the frequency response of the thermoelastic
photoacoustic signal component [18]. For plasma-thin samples, its amplitude
strongly decreases at low frequencies, forming a peak-like shape at higher
ones. These features are absent in plasma-thick samples [14, 17]. On the other
hand, our latest results show that any thermoelastic response of a photoacoustic
system without the influence of excess carriers can be described, through electro-
acoustic analogies, by the transfer functions of a low-pass RC filter [19]. In such
a way, the analogies between different parameters, such as the photoacoustic
signal (amplitude and phase), thermal characteristics of the sample (temperature,
heat flux, thermal conductivity, heat capacity), and electrical parameters of the
filter (voltage, current, resistance, capacitance), could be established [20]. By
analyzing the amplitudes and phases of the silicon thermoelastic response, using
transfer functions of the RC low-pass filter (which takes into account surface
absorption and no excess carriers), it is possible to identify some characteristic
cut-off frequencies. These frequencies can be used to create a calibration curve
for the material being investigated. This approach demonstrates how electro-
acoustic analogies can enhance photoacoustic measurement techniques and
provide a better understanding of cut-off frequencies.

In this study, we have used electro-acoustic analogies to create a method for
understanding the behavior of the n-type silicon thermoelastic response under the
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presence of excess carriers. This method enables one to find optimal experimental
conditions to measure the surface recombination effects, most significant effects
of free carriers as heat carriers in semiconductors. To analyze plasma-thick
samples, we have used a low-pass RC filter with a characteristic cut-off frequency
that depends on the thickness of the sample. For plasma-thin samples, we have
used a cascade connection of the low-pass RC filter and lead compensator, which
has additional characteristic frequencies connected to the surface lifetime of the
excess carriers and their recombination speeds on both illuminated and non-
illuminated sample surfaces. We have experimentally confirmed our results by
measuring both plasma-thick and plasma-thin samples of the same material
using a standard open-cell photoacoustic setup operating under the transmission
configuration.

2 Theoretical Background
2.1 Photoacoustic Response

The simplest explanation of the photoacoustic response in solids relies on the com-
posite piston model (thermal and mechanical) and the setup geometry presented in
Fig. 1. The sample, presented as a homogeneous and circular thin plate of thickness
I and radius R, (I < R,), is heated up with the modulated (sinusoid) light beam hav-
ing the intensity I = I,exp(—jwt), where j is an imaginary unit, ¢ is the time, and
o = 2xf, where f is the modulation frequency. Assuming that the light source spot
is greater than R, allows one to consider that heat propagates mainly along the x
-axis—1D case.

The total photoacoustic signal 6p,,,(jo), generated by a sample and
detected by a microphone membrane M (Fig. 1), is theoretically described
as a combination of thermal and mechanical piston responses resulting
from the thermal state changes of the sample and the surrounding gas (air)
[21-25]. A thermal piston generates a thermodiffusion response, the so-called
thermodiffusion component 6py,(jo) of the total photoacoustic signal,

Fig. 1 Simple scheme of the sample . —
. S - P
photoacoustic setup under <5
consideration —> | ; P
-G | 1
— |/ R.r 1
—_— | 1
— | 1
I + > M
— > | | b
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> ! \
— Vs Py
sample iz S ] «—— microphone
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/) In 1+12

@ Springer



107 Page 4 of 23 International Journal of Thermophysics (2024) 45:107

while a mechanical piston generates a thermoelastic response, the so-called
thermoelastic component ép;;(jw) of the total photoacoustic signal. In the case
of semiconductors, the mechanical piston generates an additional plasmaelastic
response caused by excess free carrier influence, the so-called plasmaelastic
component Sppg(jw) of the total photoacoustic signal. It is important to keep
in mind that excess free carriers affect the behavior of all three components
in completely different ways. In opyp(jw) and ppp(jw), excess free carriers
impact temperature distributions as heat carriers, while their influence as
charged particles is ignored. In ppg(jw), their influence is primarily through
their properties as charged particles, while their role as heat carriers is ignored
(their influence on temperature distributions is not considered). Typically, the
ODaJ) 1s represented as the sum of its independent components [14-17]:

OP1o1at(J®) = 0prp(jw) + 0pre(jo) + Sppp(jo) (1)

Analytical expressions of all op,,,,(jw) components are given in the form
[14-17, 21-25]:

YePo\/Dy

Sprp(jo) = T,(/2) )
[.Ty\/jo
1
) Y PoorR* 3
oprp(jo) = 3”% S xT (x)dx 3)
PVy 1
2
1
. YoPod,RE 2
Sppelio) = 3n=5——— [ xén,(x)dx, @)
BV, i
2

where y, is the adiabatic ratio of the gas (air) in the cell, p, and 7|, are the ambient
pressure and temperature, respectively, /. is the cell length, D, is the sample thermal
diffusivity, a; is the sample coefficient of linear expansion, T,(//2) is the sample
temperature variation at non-illuminated surface, T, (x) is the sample temperature
variation distribution along the heat propagation axes, d, is the coefficient of
electronic deformation, and 6n,(x) is the minority excess carrier density (holes, p,
in the case of n-type silicon) along the propagation axes. As complex numbers, the
responses of the total signal and its components are usually represented by their
amplitudes and phases in the frequency domain.

Obviously, Eq. 4 is obtained after 6n,(x) calculation using the theoretical
model presented in Appendix I. Equations 2 and 3 are obtained after knowing
the temperature variations 7,(x) inside the sample of thickness /. The explicit
expressions of T(x) for (i) a surface absorber without excess carriers,
T (x) =T, ,(x), and (ii) a volume absorber under the influence of excess carriers,
Ty(x) =T, (x), are derived in the Appendix II.

@ Springer
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2.2 Surface Recombination

The electron—hole recombination process occurs in the bulk as well as on both
surfaces of the sample giving up the energy to produce heat. The surfaces play an
important role in recombination of free carriers and temperature variations of the
semiconductor samples [14—17, 26-28]. Any defects or impurities within or at the
sample surface promote recombination. Recombination at the surfaces is usually
described by a surface recombination lifetime 7., which is a function of the surface
recombination velocities s; at illuminated, and s, at non-illuminated surface, the
sample thickness /, and the minority carrier diffusivity D,. Our earlier research
showed that the states of semiconductor surfaces define the dynamics of heat flow
in it. It turns out that the most interesting case of studying the influence of excess
carriers as heat carriers on the photoacoustic response (especially thermoelastic)
is the one that implies s; — 0 and s, > s,. In this work, we investigate how 7,
more precisely, the surface recombination frequency f, =1/ (27rrs) affects the
thermoelastic photoacoustic response. For this purpose, we use the approximate
expression for f;, given by (see Appendix III) [27, 28]:

(sl + sz)Dp + 5,85,1

fo = 22D, ©)

For plasma-thick samples of n-type silicon excited with red light and
5y > sl(s1 - 0), the heat flow is driven by the temperature variations on the
front (illuminated) side: T, ,,(x) = Tyepn(X) = Ty ,(x) [29]. In plasma-thin samples,
the heat flow is determined by the temperature variations on the back (non-
illuminated) side: T ,(x) = Tiperm () + T (x) [29]. Such spatial distribution of
temperature is a direct consequence of the surfaces state of the sample, where
the illuminated front is passivated (small value of s,), and the unilluminated back
is not (large value of s,) [29]. In other words, the back surface serves as a heat
reservoir: in the case of plasma-thin samples, intensive recombination of carriers
occurs on it, which leads to the release of a larger amount of heat and an increase
in the temperature on that surface.

2.3 Thermoelastic response

Recently, we showed that the thermoelastic response of n-type silicon is very
sensitive to the influence of excess carriers, which can be seen on the frequency
spectra of the amplitude and phase (they take the shape of resonant peaks) of
opre(jo) for plasma-thin samples [14, 17, 29]. Combining Eq. (3) and the
assumption of the volume absorber (Ts(x) = Ts‘b(x),Eq.(A2.2)), one can calcu-
late, using parameters from Table 1, the corresponding amplitudes |5pTE(ja))| and
phases < (5pTE(ja))) in modulation frequency f domain, as a function of sample
thickness, /,. Obtained results are presented in Fig. 2. Note that the thermoelas-
tic responses of a plasma-thick sample (l > Lp), oprg,(jw), are the same as the
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Fig.2 Frequency spectra of the (a) amplitude and (b) phase of the dp response for an n-type silicon
sample with thicknesses in the (10-1000) gm range, showing its patterns for plasma-thick and plasma-
thin regimes. Calculations were done taking the data from Table 1. The minority excess carrier diffusion
length /=L, = 4/D,7, = 85um defines the border line (dashed) between plasma-thick and plasma-thin
samples

thermoelastic responses of surface absorbers are (Tsyb(x) - T, (), Eq.(AZ.I))
without the excess carrier influence [14, 17, 29]:

Y¢Po “TR?
BV,

S~~~

oprp,(jo) = 3r XTS,a(x)dx (6)

(SRS

On the other hand, the plasma-thin sample (l < Lp) thermoelastic responses,

5PTE,2(iw)’ are more complicated (Tep () = Tipem@) + Ty (x), Eq.(A2.1), Ty, (x) almost negligible) »
exhibiting the peak-like structure generated by the excess carrier recombination at
the sample surfaces [14, 17, 29]:

J/gp 0 aTR;t
BV,

NI

Spreo(jo) = 37 X(Tiperm @) + T (%)) dx €

DI~

2.4 Electro-acoustic analogies

In this work, we focus on the analysis of the épg(j) component under the strong
influence of excess carriers as heat carriers, trying to find an electro-acoustic anal-
ogy for describing their effects on photoacoustic measurements. Based on the tem-
perature-voltage analogy (Appendix IV), we aim to describe any photoacoustic sys-
tem like an ordinary LTI system (Fig. 3), with an input (U;,(f) = x(¢)) and output
Uy (1) = (1)) voltages varying with time.

Typical plasma-thick response (Eq. 6, Fig. 2) can be simulated by the low-pass
RC filter (Fig. 3) response, and fitted (so-called RC fit) by the corresponding transfer
function amplitude and phase in the form [19]:

@ Springer
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light in sound out

> + >
x() - c__ y()

Fig.3 The linear time-invariant system presentation of the low-pass RC filter as an analog to the ther-
moelastic photoacoustic response of plasma-thick n-type silicon. The light input x(¢) will give the sound
out y,(#) generated by the heated sample, characterized by its thermal properties—system response func-
tion 2, (?)

. 1
[8p 7 Geo)| = 2 ®)
()
and
< (6prg,(jw)) = —arctan <wi> )
01

respectively. Here, w = 2zf, f is the modulation frequency of the input signal,
wo; = 2xfy; = 1/RC, and f,, is the filter cut-off frequency.

Typical plasma-thin response (Eq. 7, Fig. 2) is more complicated dependence
due to the strong excess carrier influence. We found that 6pyp,(jw) can be
simulated by the cascade connection between the same low-pass RC filter (Fig. 3)
and lead compensator (Fig. 4), and fitted (so-called RCC fit) by the amplitude and
phase of the corresponding transfer functions in the form:

light in sound out

v

>

x(1) »(0)

UV

Fig.4 The linear time-invariant system presentation of a cascade connection between the low-pass RC
filter (R, C) and phase lead compensator (R, C,, R,), as an analog to the thermoelastic photoacoustic
response of plasma-thin n-type silicon. The light input x(¢) will give the sound out y,(¢) generated by the
heated sample, characterized by its thermal properties under the strong excess carrier influence—system
response function A,(1)
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Fig.5 Typical (a) amplitude and (b) phase of the dprg; response (red line) of a plasma-thick samples
and RC filter fit (black dashed), with marked characteristic cut-off f,, and critical f,, frequencies. Red
solid lines represent the numerical simulations obtained with Eq. 6, and black dashed lines stand for RC
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Fig.6 Typical (a) amplitude and (b) phase of the dpy, response (red line) of plasma-thin samples and
RCC filter fit (black dashed), with marked characteristic cut-off fy;, f,, fy3» and critical f,, frequencies.
Red solid lines represent the numerical simulations obtained with Eq. 7, and black dashed lines stand for
RCC (Egs. 10 & 11) fits

(1+(2))"

|8prz2Gi0)| = o\ 172 N 172 (10)
(1+(z)) (=)
and
< (6pgga(jw)) == —arctan <a)£01> — arctan (wioz> + arctan <a)103> an

@ Springer



107 Page 10 of 23 International Journal of Thermophysics (2024) 45:107

respectively. Here, wy = 2zfy; = 1/RC (Fig. 3), wy, = 2xfy, = (R, +R,)/(R,R,C,) and
w3 = 27fo3 = 1/R,C,.

To illustrate how the analogy works, we selected samples with thicknesses
of 500 ym and 40 ym from the data set shown in Fig. 2 as typical examples of
plasma-thick and plasma-thin n-type silicon. The related amplitudes and phases
are seen in Figs. 5 and 6, respectively.

The RC fit from Fig. 5 provides finding the thermoelastic cut-off frequency
Jte =fo1 = (560 + 8) Hz using Eqs. 8 and 9, allowing one to establish the referent
curve for investigated material f;; = f(/), using well-known equation [19]

2 D
fre=fo === -m, (12)

2
where V2 <m < \/g [19, 20] is a calibration factor depending on the assumed RC
approximation validity. Critical frequency f,, = (1375 + 20) Hz can be calculated,
also, when m = \/6 [20].

The RCC fit from Fig. 6 provides not only the thermoelastic cut-off frequency
Jre =fo1 = (91500 + 1500) Hz, but f, = (110000 + 1500) Hz, and f,; = (17000 + 300) Hz
as well, using Eqs. 10 and 11. The critical frequency was found to be

Table 2 Fitting results of an Si n-type semiconductor samples estimation of f;;, fy,, f;;, frequency differ-
ence Af, and quality factor Q (height of a pick-like structure) as a function of sample thickness 1

Sample fo; / Hz) £y, / (Hz) Af=fy,—f,, /(Hz) fy;/Hz) f,./(Hz) Q Q*
thickness 1/

(%107 m)

10 1467250 420382.16561 —1046867.83439 - 3439 490 -

20 352064.0 213 375.79618 — 138 688.20382 71 007 859 872 1.97 0.51
30 150994.8 144 373.67304 — 6621.12696 2600 382165 22.30 0.39
40 9146538 109 872.61146 18 407.23146 17 007 214 968 8.08 0.92
50 58578.48 89 171.97452 30 593.49452 26 000 137 579 2.36 0.85
60 40 865.79 75371.54989 34 505.75989 32000 95541 1.61 0.93
70 28097.52 65514.10373 37 416.58373 34000 70193 1.14 091
80 21687.13 58 121.01911 36 433.88911 35000 53742 0.97 0.96
90 17 231.35 42 462

100 14013.44 34 394

200 3475.289 8598

300 1578.390 3821

400 871.7279 2149

500 558.1317 1375

600 387.6765 955

700 284.8613 701

800 217.3823 537

900 172.3485 424

1000 139.6089 343
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for = (214000 =+ 4000) Hz (m = \/6) [20]. In both RC and RCC approximations,

the critical frequency represents the limiting frequency of their validity.

The results of such fitting procedures, obtained for all sample thicknesses from
10 to 1000 microns, are shown in Table 2. Relative errors for all frequencies are
laying in the (1.5-2.0)% range. RC fit was used for all sample thicknesses > 90
microns. For thicknesses < 90 microns, RCC fit is used.

The chart in Fig. 7 illustrates the meanings of all the acquired frequencies and
their differences. The symbols, including circles, squares, asterisks, and polygons,
were determined using RC and RCC fits as per Egs. 8 and 10. The solid blue and
red lines were computed by solving Eqgs. 12 and 5 using the parameters listed in
Table 1. The green line indicates the difference between the blue and red lines.

Comparing the f;,, values obtained from RC and RCC fitting with the f; values
represented by the blue line (according to Eq. 12), one can conclude that f, is
equal to frp. Similarly, comparing the f), values (squares) obtained from the RCC
fit with the f, (red line, according to Eq. 5), one can conclude that f, is equal
to f;. The minimum value of |Af| = |fy, —fy| (green solid) gives the thickness
l, = 31.4um at which the influence of the carriers in the thermoelastic response is
most visible (the most intense amplitude of the peak-like structure). There is also
clear connection between f;/|Af| = Q*, where Q* is a quality factor showing the
system (thermoelastic response) dumping level at lower modulation frequencies
f- The parameter which follows the amplitude peak-like structure behavior is the
quality factor Q = \/fo /oo /1Af

The purpose of the presented analysis (Fig. 7) is to show (a) how the cut-off
frequency can be used to confirm that the sample material belongs to the n-type
silicon reference curve (blue line, Table 1), and, (b) how the most favorable
measurement conditions intended to study the thermal influence of the excess
carriers (for example, sample thickness) can be found by combining cut-off and
surface recombination frequencies. In our case, if we follow the minimal values
of |Af|, we can find the sample thicknesses (lp + 10/4m) on which the effects of
excess free carriers as heat carriers (surface carrier recombination) on épyg(j®)
will be most visible.

Fig.7 Typical results of our 10° o -
RC and RCC fitting procedures 10°1 L~ Sor it
used to calculate frg=f;; (black e ! = S fit
circles), fy, (black squares), & 1074 L AfLfit ]
Af (black asterisks), and fy, < 106 . 147 fit ;
(white polygons), together with N | Jos fit
the theoretical predictions of § 104 - H
Egs. 12 (fy;, blue solid), and (5) S 104 T i
(fy, and IAf1). Also, the limit 5 o Ea(12) i
thickness L;, is shown with /,, 104 —— /i BQ.(5) ' ! 1
the thickness at which the influ- 1024 Af| = i—1 1
ence of excess carriers is most 10! A1 = 1 foa o] » ! i
visible 1 10 100 1000

Sample thickness, I, (um)
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3 Experimental Setup

The practice has shown that the experimental setup that best fits the theoretical
model of the composite piston explained in previous paragraphs (Fig. 1) is the
so-called transmission configuration of an open photoacoustic cell—OPC [17, 30,
31]. Simple scheme of the experimental setup based on the OPC configuration
used in our investigation is presented in Fig. 8. This configuration uses the micro-
phone body as a minimal-volume photoacoustic cell. To ensure no air leaks from
the cell, the sample is mounted to the front of an electret microphone (ECM 30B,
Jin In Electronic Co., Ltd) and secured with vacuum grease. The microphone’s
cylindrical shape and circular front opening prefers the examined sample’s circu-
lar shape, having the radius R, = 4mm. In order to preserve the real relationship
between the components of the photoacoustic signal, the sample is simply sup-
ported at the ends of the microphone opening (clamping would disturb that rela-
tionship increasing the bending). A low-power 10 mW red laser diode (660 nm
XL7090- RED, RF Communication Electronic Technology Co., Ltd.) having the
spot radius of 5 mm is used as a sample illuminator, modulated with the home-
made current modulator within the 20 Hz-20 kHz frequency range. Sensitive
photodiode (BPW34 Vishay Telefunken) controls the illumination of the sample.
The amplitude and phase of the photoacoustic signal measured by the microphone
are extracted from the noisy environment using a PC sound card (Intel 82,801 Ib/
ir/ih hd audio controller) which emulates a lock-in amplifier, using a photodiode
signal as a reference [30].

Because our samples are made of n-type silicon (Si) from the same wafer
(Table 1), the light source wavelength corresponds to the absorption coefficient
of f=258x10°m™!, which, for a given range of sample thicknesses
[ = (10— 1000) x 10™°m, ensures that fI > 2, justifying the approximation of
the surface absorber in the case of plasma-thick samples. Measurements have
been conducted for two Si circular plates, having the thicknesses / = 875um
and 35um. Illuminated (front) side is mechanically passivated to reduce surface
recombination, while non-illuminated (rear) side is mechanically roughened
to assure high surface recombination rate. By focusing on the role of surface
recombination in the photoacoustic response, we can now accurately measure it
by studying the behavior of the total signal and its components within a given

photodiode
chl amplifier T ildi;c(;e
PC ‘ |- sample
ol —
ch2 modulator |~ microphone
—l;

Fig.8 Simple scheme of the experimental setup based on the open photoacoustic cell configuration
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modulation frequency range. To avoid any disruptions caused by the public
electrical network, the amplifier, photodiode, and modulator are powered by
batteries.

4 Results and Discussion

To validate the RC and RCC analogy method presented in 2.4, we conducted an
experimental check using an OPC setup (see Fig. 8) and two n-type silicon plasma-
thick and plasma-thin samples having 875- and 35- micron thicknesses, respectively.
With the plasma-thick sample, we will try to verify how the cut-off frequency can
be used to confirm that the sample material belongs to the n-type silicon reference
curve. With the plasma-thin sample, we will try to verify how properly picked-up
sample thickness can be used to show the thermal influence of the excess carrier
through the cut-off and surface recombination frequencies. Details about our
measurement procedures applied to obtain 6p,,,,,(jew) and its components, Spp(j)
and ép i (jw), are given in Appendix V [31].

After extraction from ép,,,,(jw)(Fig. 12), the px(jw) components are obtained at
different sample thicknesses (Fig. 9, nonnormalized ones) and analyzed based on the
electro-acoustic analogies. Plasma-thick sample dpzg75(jo) amplitudes and phases
are fitted by RC fit (Eq. 8 and 9), giving f;,, = (180 + 5)Hz as a result. Plasma-thin
sample op 35 (joo) amplitudes and phases are fitted by RCC fit (Eq. 10 and 11) giving
Jor = (110000 + 2500)Hz, f, = (123000 + 2600)Hz, and f;; = (9200 + 200)Hz as
the results. Critical frequencies are obtained as follows: f,,g;5 = (460 + 20)Hz and
Serzs = (290000 + 6000)Hz.

To ensure a precise measurement quality assessment, all the experimental results
with different sample thicknesses are displayed in Fig. 10, a simplified version of
Fig. 7. The accurate reproduction of the experimental data shows that our theoreti-
cal assumptions and analysis through electro-acoustic analogies are correct. Similar

10 i ¥ . i g = g a) 0 i i i i . : b b)
! Sin-type | D135 J®) 1 Sintype 1 —— dpryss(jo)
= L i) | 5 | T Pmmso)
=10%9 | £, 1 ----RCfit £-1001 | | """ RCfit
1 - eroy ~ 1 1 -————
N | | ---- RCCfit S | - RCCfit
% | I > | | ‘f(”
S 1 1 'Q) 1 1 .
g | ‘ § K :
S0y : 2001 | |
= I | |
10-7 : - . —L . . ; -300+ . . —L : . :
10" 10 10° 10 10° 10° 10" 10 10" 102 10° 10° 10° 10° 10" 10°
Modulation frequency, f, (Hz) Modulation frequency, f, (Hz)

Fig.9 Extracted dp (jw) (a) amplitude and (b) phase responses of a plasma-thick (6pygg75 (@), 875 pm,
solid blue) and plasma-thin (6pyz35 (j@), 35 um, solid magenta) samples in frequency domain, together
with the RC (dash red) and RCC (dash black) fits and calculated characteristic frequencies. Vertical
dashed lines indicate the range of experimental modulation frequencies f

@ Springer



107 Page 14 of 23 International Journal of Thermophysics (2024) 45:107

10° , —
108 ! © Jofit:
R 107 i - fozﬁtj
i 106 \ :kl35 ‘ f03 ﬁt
T 07 A fors =
S 10 \¢ -
& ] M Ee2 b
T feBa®) Do
o A L]
10"+ —— "
1 10 100 1000

Sample thickness, I, (um)

Fig. 10 Simplified form of Fig. 7 with typical results of our RC and RCC fitting of the dpzg;5 (jw) and
Oprpg7s (jo) amplitudes and phases calculated from the measured signal, presented as f;; (black circles),
fo» (black squares), and fy; (white polygon), together with theoretical predictions for the same frequen-
cies obtained with Eq. 12 (f;,, blue solid), Eq. 5 (f;,, red solid) and |IAf] (green solid). Also, plasma-thick
thickness lg;5 is presented together with plasma-thin one, /55

analogies can also be applied to gases, as was recently proposed [32]. To build a
reliable and simple experimental setup and measure how carriers affect heat flow
and temperature changes in n-type silicon with standard properties at 300 K, one
therefore must follow the proposed numerical analysis. This involves illuminating a
circular plate-shaped sample with modulated light from the visible spectrum, ensur-
ing the spot is larger than the sample, with a thickness of /, + 10um, and a radius
similar to the opening of the microphone. The sample should be passivated on the
illuminated side and non-passivated on the non-illuminated side. Further, to accu-
rately analyze the thermoelastic component for different sample thicknesses, the
sample should be freely supported without any side clamps.

5 Conclusions

We have developed a method for accurately determining the experimental
conditions needed to analyze the impact of free excess carriers as heat carriers on
the heat flow and thermal response of an n-type silicon sample. By numerically
testing its photoacoustic response in the frequency domain, and analyzing it with
the composite piston model, we have confirmed that the thermoelastic component
of the photoacoustic signal is the most sensitive to the carrier influence, especially
in plasma-thin samples. Through electro-acoustic analogies, we have discovered
that this component can be used to identify characteristic cut-off frequencies needed
to establish the calibration curve of the tested material. Furthermore, we have
found that surface recombination frequencies are the most important parameters
for describing the thermal influence of excess carriers. We have also identified the
sample thickness /, at which the influence of excess carriers is most significant for
our experimental setup. This influence can only be observed if a) gl > 2, and b) the

@ Springer



International Journal of Thermophysics (2024) 45:107 Page 150f23 107

illuminated surface of the sample is passivated while the non-illuminated surface is
not.

Although our measurements of the free carriers’ heat carrier effects on the
thermoelastic component of plasma-thin samples are indirect and based on
extrapolation outside the measurement range of modulation frequencies, we have
found that the obtained results are highly reliable and consistent with the predictions
of the theoretical model of the composite piston. This reliability is also observed
in plasma-thick samples, where the explanations and predictions of the electro-
acoustic analogies are much simpler. We believe that the methodology presented can
be applied generally to analyze the impact of excess free carriers on heat flow and
temperature changes in all types of semiconductors under the same experimental
conditions (transmission measurements, passivation of the illuminated side, and
non-passivation of the non-illuminated side).

Appendix

See Fig. 11 and 12

Appendix |. Excess carrier density distribution

Following the simple scheme of the photoacoustic system under consideration
(Fig. 1), one can say that excess carriers (electrons and holes) can be generated
in semiconductors illuminated by the modulated light source if the energy
of the light photon is larger than the band gap of the semiconductor. Both
minority and majority carriers are generated when a photon is absorbed. After
they are generated, both types of excess carriers diffuse from regions of high

10 ' T ! ' 2 ' ' ‘ ' ' : ®)
s Sin-type 1 ——S,(jo) -100+ Si n-type A
10 : P i
;\ -3 ! 5[7“,‘35(](1}) -200+ 1
2107 | ! %
10t 1 S5(J@) £-300 |
Si09] ! S Do) | s
5105 ] P i t0t875 - 1
$10°Y H o) \ - oo | :
10090 | 1 §-500 . S ]
W, (o ' l o A
‘% 1074 | -m / H, 4 °~-600- : —— Prozs(J ) ]
10747 WWV Ji 700 ; Sg75(J @)
9 | Y » | N . | .
01 1 { No(jo) | ol NG Do J)
10" 102 10° 10 10° 10° 107 10° 10" 102 10° 10* 10° 10° 107 10°
Modulation firequency, f, (Hz) Modulation firequency, f, (Hz)

Fig. 11 Typical measured S(jw) (a) amplitude and (b) phase responses (asterisks) in frequency domain,
together with dp,,,,(jo) responses obtained by composite piston model fitting (solid lines) of a plasma-
thick (875 pm, blue) and plasma-thin (35 um, red) samples. Coherent (N(jw)) and incoherent (N;,(jw))

1
signals are presented with black square-lines. Vertical dashed lines indicate the range of experimental

modulation frequencies f
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Fig.12 The op,,,(jo) (a, c) amplitude and (b, d) phase responses (solid lines) of a plasma-thick
(875 pm, blue) and plasma-thin (35 um, red) samples in frequency domain, obtained by composite pis-
ton model fitting of measured S(jw), together with corresponding Spy, (jw), opyy (jw), and Sppp (jw)
component responses (dashed lines). Vertical dashed lines indicate the range of experimental modulation
frequencies f

density to ones of low density, changing the temperature distribution within the
semiconductor and on its surfaces. In the case of n-type semiconductor, carrier
diffusion and recombination processes are driven by the minority carrier density
on,(x), which dynamics is explained by the dynamic part of the 1D diffusion
equation written as

Pon, ) om0 ply e . . . . .
e o -, (Al.1). where I is the incident light intensity, € is

»
the light photon energy, f# is the semiconductor material absorption coefficient,

L= Lp/ (1 +jot), L,=4/D,7, is the excess free carrier (holes) diffusion
length characterized by their diffusion coefficient D, and lifetime 7,, 0 = 2xf,
and f is the light source modulation frequency. The solution of this equation is
given by [22, 23]:

n,(x) = A DL 4 A mCHID/L — Ae=POH/2)(A1.2). where 4 - /ep,p)» and
the integration constants 4, are defined by [22, 23]:
4 00D (s )P (A 3.

D (vpsy)el/L—(vp-sp)e~l/L

A, =

+
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depending strongly on the relative values of the characteristic diffusion speeds
vp=D,/Land v, = pD, (vﬂ > vD), and recombination speeds s; and s, at sample
irradiated and nonirradiated surface, respectively.

Appendix Il. Temperature variations

In the case of surface absorber without the excess carrier influence, the 1D temperature
profile in semiconductors is given by [14—17, 19] as a solution of Eq. (A4.1):
T ()= Ay cosh[aw(x—l/2)
sa ko,  sinh(c,l)

the complex wave vector of heat diffusion, and Dy = k/(pc) is the thermal diffusivity
of the sample (k is the heat conductivity, p is the density, c is the heat capacity). The
equation of temperature variations in semiconductors as a volume absorber under the
influence of excess carriers, T, ,(x), is more complex, having three contributions:
T herm (X¥)—direct light-heat conversion (immediate excess carrier thermalization), 7},.(x)
—nonradiative excess carrier recombination in the bulk, and T (x)—nonradiative
excess carrier recombination at surfaces. This is the reason why T ,(x) can be written
as [14-17]:

, (A2.1). where I is the light intensity, o, = (1 +j)y/z7/D; 1S

Ts,b(x) = Ttherm(x) + Tbr(x) + Tsr(x)’ (A22)
where
I (= Le—g bcosh [o,(x=1/ 2)]. — e lcosh|o,(x +1/2)) _ e |
k e p>-o2 sinh(o,,!)
(A2.3a)
E'Bl B, eCo&+/2) +B e Co(x+1/2) 1 én (x) P — 2
T. (x) = =2 2 3 _ P —BGH/2)
() Tpkoi{ €%l — e=0! 2-1| B e ’
(A2.3b)
_ g, 510n,(—1/2)cosh[o,,(x — /2)| + 5,6n,(1/2)cosh[o,,(x +1/2)|
r X)) = — .
) ko, sinh(awl)
(A2.3.0)

Here, ¢ is the photon energy, €, is the semiconductor band gap energy, s, and s, are
the surface recombination velocities at the illuminated front and non-illuminated back
sample surfaces, respectively, while the other constants are given by

1

b:ﬁ,cz
)
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B, = B,e%' + Bs,

Bil[éan) - 6np<—é>cosh(é)] - cosh(é) +e M
—c _

B4 - 9
sinh(£) - (2= 1) B =1
o [6n,(1/2)cosh(I/L,,) = n,(=1/D)] = 1 + e Pleosh(I/L,)
By =c— + )
e sinh(I/L,) - (¢ 1) P 1

Appendix lll. Surface recombination

There are various recombination mechanisms within even a uniformly doped piece of
semiconductor. In bulk materials, the carriers recombine by either radiative (also known
as band-to-band) recombination, Auger recombination or defect recombination (via traps
within the energy gap). For an indirect bandgap semiconductor such as silicon, radiative
recombination time is very large and usually neglected. The direct measurement of
the bulk lifetime is usually complicated due to the influence of surface recombination
described by the surface lifetime 7, or surface recombination frequency f, = 1/ (275@).
These parameters are the function of the surface recombination velocities s, and s,, the
sample thickness / and the minority carrier diffusivity D,. General equation that allows
one to calculate 7, is given by [27, 28]:

< 1 ) 51+ 5
tan ol )= .
TSDp 1 R Dp _ 51985, (A31)

7,D, L,
Dy P

While the exact solution (A3.1) may be complex, there are approximate solutions
available for specific scenarios that are accurate enough for most needs. One of them
has the form:

D,l

T, = ) A32
(s1+s2)Dp+s1szl (A32)

obtained under the approximation tanx =~ x (our case).

Appendix IV. The basics of electro-acoustic analogies
Using the electro-acoustic analogy, it is possible to create models of acoustic

systems with basic electrical elements. This allows for the use of established
electrical network theory to study, design, and characterize complex systems like
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photoacoustics. Through this elegant modeling, the behavior of the photoacoustic
system can be explained in the electrical domain, and the interactions between
electrical and acoustical parameters can be accurately predicted [20].

In photoacoustics, as one of the methods of photothermal science, it is very
important to determine the thermal state of a periodically illuminated sample, so
that its acoustic response can be correctly interpreted. The simplest way to do this
is to analyze the absorption of light by a sample that behaves as a surface absorber.
In this case, the temperature variation distribution 7(x) within the sample, can be
obtained by solving the dynamic part of the 1D parabolic heat conduction equation
(PHCE) along the x-axes (Fig. 1):

PT,(x,0) 1 OT,(x.1)
x> Dp ot

, (A4.1)

Where 7, 1) = 7,000 + T,0(1 + &) » Tymp (X) 18 the ambient temperature, e is the modulation
circular frequency, p, =k/(sc,), k is the thermal conductivity, p is the density, and
Cy is the volumetric thermal capacity of the medium. This is, so called, parabolic
heat conduction equation (PHCE), depicting heat transfer process in medium as a
diffusion process.

To make the analogy with the electrical system, one can find in literature that Eq.
(A4.2) is similar in form to the (telegraph) equation, which, given in terms of the
voltage u(x, t) along the transmission lines, reads [20, 33]:

0%u(x, ) du(x, t)
=rc ,

A4.2
ox? ot ( )

where r is the distributed resistance, and c—the distributed capacitance of
the line. One can establish an analogy between Eq. (A4.1) and Eq. (A4.2) as an
analogy between two distributed parameter systems, by introducing the following
relationships: u < T, ¢ < pCy, and r < 1/k.

Previously it was found that the electric network which consists of the elements
with lumped (not anymore distributed) parameters can be established to describe
the system defined with Eq. (A4.2) [20, 34]. The thermal system (and therefore the
photoacoustic one) can be analogously described through an RC electrical system.
The analogies are, of course, approximations, only valid in a limited frequency
domain.

Appendix V. Signal correction procedure

Our experience has shown that photoacoustic measurements can be distorted due
to the measuring chain, which is a series of connected instruments (detectors,
modulators, and amplifiers) that transmit the signal from the sample to the PC as
a receiver [31]. This distortion can be caused by various factors, such as electronic
and acoustic filtering properties of the microphone and accompanying electronics,
random noise, and parasitic currents that can interfere with the measurement signal
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at higher frequencies and significantly alter the results. To address this issue, we
follow the established signal correction procedure (SCP) to detect and eliminate any
signal disturbances [31]. This ensures that only the relevant signal remains, which
can then be fitted to a well-known theoretical model.

Measurements performed in this work, Y(jw), can be expressed by the sum of
the total measured signal S(jw) (Fig. 11, asterisks), and noise N(jw) (Fig. 11, black
square-lines), as it is explained in details in [31]:

Y(jow) = S(jo) + N(jw). (AS.1)

The noise N(jw) is measured using the apparatus without sample irradiation,
showing the existence of random noise as an incoherent signal N, (jw), and parasitic
coherent signal N (jw) [31]: N(jw) = N(jw) + N_(jw). It is obvious from our
measurements that signal-to-noise ratio is always large enough to ensure that our
S(jw) can be fitted as a signal clear from noise, but under the strong influence of the
measuring chain.

The S(jw) can be written as [17, 31]:

S(jw) = A e exp(j@) = 6P,y (j0)H(j), (A5.2)

where A and ¢ are the measured amplitudes and phases, respectively, 6p,,,,;(jo) is
the total signal (Fig. 11, solid lines) generated by the illuminated sample (Eq. 1),
and H(jw) = H,(jw) » H,(jw) is the response of a measuring chain. The H,(jw) and
H ,(jo) influence are indicated in Fig. 11 with arrows. The H,(jw) alters the signal at
low frequencies (decreasing it), while H,(jw) shows sharp peaks at high frequencies.
Both H,(jw) and H (jw) are given in the form [17, 31]

w w
: ., o, : 1 1
H,(jo) = ———— « —%2_ andH (jw) = — + —,
L+jo= 1+j- T+0 -+ 10+

a2
(A5.3)
where ,;, w,, and @, are characteristic microphone frequencies, w, is
characteristic PC sound-card frequency, and 6, and 6, are corresponding dumping
factors.

Fitting the S(jw) with Eq. (A5.2) one can find H,(jw) and H,(jw) frequencies
and dumping factors (AS5.3) and remove it, leaving only 6p,,,,,(jo) which can be
extrapolated using a composite piston theoretical model beyond the experimental
range of modulation frequencies (Fig. 11, vertical dashed lines).

The same theoretical model could be used to obtain all ép,,,,(jw) components
(6prpjm), oprp(jw)anddppg(jow), Fig. 12, dashed lines). We are interested in the
thermoelastic components for both thicknesses, 6pz35(j@) and 6pypg75(jo), and we
will continue to analyze them in Chapter 4.

Here, we will briefly refer to the obtained results. Analyzing Fig. 12 one
can say that our previous investigation findings are confirmed [14, 17]. The
effects of photogenerated carriers have been found to be intensive in cases when
the illuminated side is passivated and the non-illuminated side is not. Also, the
intense drop in épp;(jw) amplitude and growth in its phase in plasma-thin samples
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(5pTE350w)) is confirmed in the range of experimental modulation frequencies.
Such behavior of 6pyy;35(jw) has the consequence that the 6pyy;s(jw) component
is dominant in the dp,,,,(jw) signal of plasma-thin samples (6p,,35(jw)) in the
entire domain of experimental frequencies. In the case of plasma-thick samples,
Oprps75(jw) 1s dominant in p, .¢;5(jw) at lower frequencies (I < 1000Hz), while
OprEs7s(jo) dominates at f > 1000Hz, resulting in a unique saddle shape in both
amplitude and phase of the p,,,4;5(jo).
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Abstract: In this paper, the possibility of determining the thermal, elastic and geometric characteristics
of a thin TiO, film deposited on a silicon substrate, with a thickness of 30 um, in the frequency range
of 20 to 20 kHz with neural networks were analysed. For this purpose, the geometric (thickness),
thermal (thermal diffusivity, coefficient of linear expansion) and electronic parameters of substrates
were known and constant in the two-layer model, while the following nano-layer thin-film parameters
were changed: thickness, expansion and thermal diffusivity. Predictions of these three parameters
of the thin-film were analysed separately with three neural networks. All of them together were
joined by a fourth neural network. It was shown that the neural network, which analysed all three
parameters at the same time, achieved the highest accuracy, so the use of networks that provide
predictions for only one parameter is less reliable. The obtained results showed that the application of
neural networks in determining the thermoelastic properties of a thin film on a supporting substrate
enables the estimation of its characteristics with great accuracy.

Keywords: thin-film; TiO,; photoacoustic; artificial neural networks; thermal diffusion; thermal
expansion; inverse problem

1. Introduction

The photoacoustic effect is the effect of the appearance of sound in the gaseous
environment of a sample that is illuminated. This effect was discovered by A. G. Bell
in 1880 [1], and explained by A. Rosencwaig almost 100 years later, in 1975 [2—4]. If
the sample is exposed to the effect of electromagnetic radiation, part of the excitation
energy is absorbed and part of the absorbed energy is transformed into heat through a
non-radiative de-excitation relaxation process. This process is also called the photothermal
effect. The heated sample generates a disturbance of the thermodynamic equilibrium with
the environment and, as a result, there is a fluctuation of pressure, density and temperature
in both the sample itself and in its gaseous surrounding. These fluctuations affect the
appearance of several phenomena that can be detected in different ways [4]. Numerous
non-destructive methods, known as photothermal methods, based on the recording of these
phenomena, have been developed in the last half-century and are increasingly used for
the characterization of various materials, electronic devices, sensors, biological tissues, etc.
Pressure fluctuations are, in fact, a sound signal, the so-called photoacoustic effect, which
can be detected using piezoelectric or ultrasonic sensors as well as a microphone [5-11].
The gas microphone photoacoustic was the first developed and today is one of the most
widespread experimental techniques. The implementation of this measuring technique
with a cell of minimal volume, proposed in the early 1980s, ensures that acoustic losses are
attenuated as much as possible in detection.
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In the last decade, TiO; has had a wide range of applications in coatings, medicines,
plastics, food, inks, cosmetics, and textiles. In the form of thin-film, TiO, has been used for
a great variety of applications, including photocatalytic degradation of organic pollutants
in water as well as in air, dye-sensitized solar cells, anti-fogging, super hydrophilic, micro-
and nano-mechanical sensors, etc. [12-15]. To be able to measure the physical properties of
such thin films, it is usually necessary to deposit such a film on a thicker wafer.

The analysis of thin-films on substrates has always been a challenge for photoacoustic
because film thicknesses ranges from a few tens to several hundred nanometres. Depending
on the thickness of the substrate (usually more than tens of microns), such film thicknesses
are usually at the limit of experimental detection [16-19]. This means, for example, that the
differences in the amplitude of the photoacoustic signals (PAS), generated by a two-layer sample
(substrate + thin-film) in the case where only the thickness of the film is changed, are extremely
small [20-28]. The analysis of such two-layer samples is also theoretically demanding.

For photoacoustic measurements to be used in the characterization of materials, it
is necessary to develop a theoretical model that well describes all the processes involved
in the formation of the measured signal: the process of absorption and its conversion
into heat, which depends on the optical properties of the sample, the processes of heat
conduction and sound propagation, which depend on the thermal and elastic properties
of the sample and the thermodynamic pressure change in the gaseous environment of
the sample, that is, the sound signal formed by the heated sample and recorded by a
microphone. The inverse solution of the photoacoustic problem is essentially a multi-
parameter fitting of the sample properties based on the developed model, which should
lead to the best matching of the theoretical model with the experimentally measured signal.
Since it is a multi-parameter problem, which is also a non-linear and ill-posed problem of
mathematical physics due to the limited measurement range, the inverse photoacoustic
problem is still the subject of intensive research, especially in the case of multi-layered
structures or semiconductors where an increased number of parameters influence the
recorded increase in signals (in semiconductors, photogenerated carriers affect the recorded
signal. In multi-layered structures, the same processes occur in all layers, but they are
controlled by properties of each layer). This makes solving the inverse photoacoustic
problem extremely difficult.

Recently, machine learning has been introduced to solve the inverse photoacoustic
problem. The achieved results are encouraging because they show that the application of
neural networks allows a very high accuracy of the multi-parameter fitting.

The earlier developed procedure based on neural networks [10,11,29-31] for pro-
cessing of experimentally recorded photoacoustic signals of silicon samples by the open
photoacoustic cell [32-35] shows effective recognition and removal of instrumental influ-
ence [33—40], and, consequently, provides a detailed and precise characterization of the
sample [41-46]. On the other hand, a very thin TiO, layer (nano-layer) is easily deposited
in a silicon substrate. Therefore, we selected a well-photoacoustically characterized silicon
sample as the substrate, open photoacoustic cell photoacoustic set-up for measurement,
and neural networks for solving the inverse PA photoacoustic problem and determining
the thin-film’s properties.

In order to avoid additional normalizations and the calculation of effective values, we
resorted to the use of the two-layer model for determining thin-film parameters where the
properties of the silicon substrate are known [21,47-62]. Neural networks were formed for the
analysis of photoacoustic signals generated from the Si substrate and the TiO, thin-film system.

Based on previous experiences in PAS processing, we expected that they would recog-
nize differences in signals caused by only changing film parameters (thickness, thermal
diffusivity, coefficient of thermal expansion). We also expected that neural networks can
determine the specified parameters of TiO, thin-film with satisfactory accuracy and reliabil-
ity. To do this, we created a relatively small database of photoacoustic signals for training
and four types of networks; three of them serve as the individual predictions of only one
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parameter of the film, and the fourth, which serves as the prediction of all three parameters
simultaneously.

In Section 2, a brief description of the theoretical model for the PAS measured on a
two-layer structure is given. In Section 3, the network architecture used in the work is
explained. Section 4 explains in detail how the base upon which the networks were trained
and tested was formed. In Section 5, the results are given and discussed. In the end, the
most important conclusions were drawn. The obtained results show that the application of
neural networks in determining the thermoelastic properties of a thin-film on a supporting
substrate enables the estimation of thin-film characteristics with great accuracy.

2. Experimental Procedure

The open-cell experimental photoacoustic set-up in a transmission configuration is
illustrated in Figure 1. Excitation is performed by a low-power 10 mW laser/LED (XL7090-
RED, RF Communication Electronic Technology Co., Ltd., Xiamen, China) diode regulated
by a frequency generator in the range of 20 Hz to 20 kHz and which illuminates the sample
with a red light of a wavelength of 660 nm with a distance that ensures homogeneous
(uniform) surface illumination. Illumination control is performed by a sensitive photodiode
(BPW34 Vishay Telefunken).

exsditacion unit
1
[ 1.— LED current
190 — modulation
— ||
hotodiode
p sample data coptrol al}d
s processing unit
cell
/
microphone  detectionfunit

Figure 1. Open-cell experimental set-up in transmission configuration.

After absorption and excitation of the sample structural units, thermal energy is re-
leased through a non-radiative relaxation process, causing changes in the temperature
profile of the sample. Periodic excitation generates a periodic change in the temperature
distribution of the sample, which leads to periodic change in the pressure in the microphone
hole that serves as a photoacoustic cell [32]. The sample is placed directly on the photoa-
coustic cell. The pressure changes are very small, ~10~° bar, but the MC60 microphone,
due to its sensitivity, detects their amplitudes and phase deviations from excitation optical
signals recorded by the photodiode at each modulation frequency. The photoacoustic re-
sponse is finally given in an amplitude-phase characteristic in a wide range of frequencies,
from 10 Hz to 20 kHz.

The open photoacoustic cell [32], is formed so that the inside of the microphone
represents a cell. Thus, the measurement takes place with a minimum volume, which
enables the recording of weak sound signals. In the measuring set-up from Figure 1, the
computer sound card (Intel 82,801 Ib/ir/ihhd) is used for making the lock-in amplifier. The
sampling of the modulation frequencies is programmed in a regular logarithmic equidistant
step. The photoacoustic response recorded in this way is suitable for the analysis of silicon
samples up to 1 mm thick, with layers of thin-films with a thickness of up to several 100 nm,
or the analysis of thin layers of multilayer structures.

One of the problems of photoacoustics is that the entire measurement frequency range
is most often not used due to the influence of the accompanying measurement instrumen-
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tation in the low and high-frequency ranges. The influence of the used instruments is
reflected in the fact that the amplitude of the photoacoustic signal of the sample is distorted
in the low and high frequency parts, and the phase shifts its position, as is shown in Figure 2.
With the developed methodology of removing the instrumental influence [35-40], from
the microphone to the accompanying electronics, it was shown that it is possible from the
recorded photoacoustic response S(f) to obtain the photoacoustic signal p;oa1(f), with a
wide frequency range of 20 to 20 kHz, which can be used for further precise characteriza-
tion [36—40]. The instrumental influence in the photoacoustic experiment can be described
by the transfer function H(f), which distorts the photoacoustic signal of the sample époa1(f),
in the following way:

S(f) = éptotal(f)H(f) 1)

H(f) = teotal (f) taotal (f) (2)

The form of the function H(f) = Hy, ., (f)Hp ., (f) used for filtering in the low-
frequency part represents the transfer functions, which characterize the influences of the
microphone and accompanying electronics:

WT w Teo

teotal(f) = _(1+iw‘Tcl) : (1+iw . TCZ) ’ (3)

where time constants are 7.1 = (27‘[fC1)_1 and T = (27tfcz)_1, the attenuation factor is
0j (j = 3, c4), the peak frequency is denoted by w3 and cut- by w4 (w = 27f) (blue arrows,
Figure 2). The function of form H{ ,(f) is used for filtering in the high-frequency part. It
is a combination of second-order transfer functions:

2 2
Wes Wey

?otal (f ) =

(4)

; + ;
W% + bz — w? w2 + Siw — w?’

The correction procedure of the experimentally recorded photoacoustic response of
multilayer samples produces a signal that can be further analyzed using a theoretical model
and all frequency ranges of the measurement.

Exp measured PAS of two-layer sample: Exp measured PAS of two-layer sample:

270 TiO2 on Si substrate

100 TPy TiO2 on Si substrate 1
E) ~
< on
< .
~ 2
180+ 5
) S-
Epe 3
= 1073 =
g A~ 90 4
corrected PAS —corrected PAS
a) —#— experimental signal ] b) —+— experimental signal
10 - — 0 : : :
10' 10° 10* 10! 10° 10° 10*
Modulation frequency f'(Hz) Modulation frequency f'(Hz)

Figure 2. Frequency dependence of (a) amplitude and (b) phase of experimentally measured photoa-
coustic signal TiO; placed on Si substrate (red asterisk) and the corresponding amplitude and phase
of the photoacoustic signal dpoa1(f) (black line), correction on the instrument input (blue arrows).
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3. Theoretical Background

Using uniform illumination of the two-layer sample (Figure 3) with a modulated
light source, the electromagnetic radiation is absorbed and produces a periodic change in
the thermal state of both the thin-film and the substrate. The layer of TiO; is considered
dielectric because there is no effect of photogenerated charge carriers due to the larger
energy gap of TiO; in comparison to the photon energy of the exciting beam, while the
photogenerated charge carriers affect the temperature profile of the silicon substrate To(z,f).
Temperature changes of the non-illuminated side of the sample T,(,f) and the temperature
gradient between the illuminated and non-illuminated sides of the sample causes the
change in the thermodynamic state in the air behind the sample. Such fluctuations create
three different components of sound that result from thermal transfer from the elastic
bending of the sample (composite piston theory) that the microphone detects as a total
photoacoustic signal dpya1(f), defined as [10,11,21,30,63-66]:

Oprotal(f) = 6prp(f) + SpTE(f) + OPPE(f), (5)

where f is the modulation frequency, and dprp(f), dpTe(f) and dppe(f) are the thermodif-
fusion (TD), thermoelastic (TE) and plasmaelastic (PE) photoacoustic signal components,
respectively. The thermodiffusion component arises as a result of periodic heating of the
non-illuminated surface of the sample, which periodically heats the air layer, causing it to
periodically expand and contract. The periodic expansion and contraction of the air layer
create a disturbance that is detected by the microphone. The thermoelastic component
arises due to the temperature gradient between the illuminated and non-illuminated sides
of the sample, which leads to the bending of the sample. Due to the modulation of the
illumination, the bending is periodic, which pushes the pressure in the air that is detected
by the microphone. The plasmaelastic component is caused by the photogeneration of
carriers due to illumination, which leads to the additional bending of the sample, caused
by a concentration gradient of charge carrier that pushes the pressure in the air which is
then detected by the microphone. These components can be written as [10,11,21,30,63-66]:

— PO'Yg TZ(ZZ/f)

1) , 6
po(f) ol T (6)
Rs
ope(f) = %/ZHrUZ,C(r,z)dr c=TE, PE )
0

where 7, is the adiabatic constant, pg and Ty represent the standard pressure and temper-
ature of the air in the microphone, 0y = (1 +1)/ g, pig is the thermal diffusion length of
the air, I, is the photoacoustic cell length, T(l5,f) is the dynamic temperature variation at
the substrate rear (non-illuminated) surface [10,11,21,30,63-66] (see Appendix A), V is the
open photoacoustic cell volume and U, ((r,z) is the sample displacement along the z-axes
(see Appendix B).

The total photoacoustic sound signals dpiora1(f), (Equation (5)) are usually represented
using its amplitudes A(f) and phases ¢(f). Therefore, dpiota1(f), can be written as a complex
number in the form:

Sprotal(f) = A(f)e'?V), ®)

where i is the imaginary unit. The theoretically calculated photoacoustic signal dpoa(f) is
comparable to the experimentally recorded amplitude and phase from which the instrumen-
tal influence has been removed (Equations (1)-(4)). Thus, by analytically developing the
model and numerical simulations, a standard method can be used for making the base of
signals required for neural networks. The application of neural networks in photoacoustics
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for characterization requires an adjusted value of amplitude in order to be comparable with
the values of phase. A formula used for this purpose has a form:

Ascale (f) =20 1Oglo A(f) (9)

The theoretically determined photoacoustic signal épiai(f), is compared with the
experimentally recorded amplitude and phase, and is used for material characterization.

modulated , microphone
light source TiO, Si air membrane

e D) ( -
|

40 1 L

Figure 3. The simplest scheme of the two—layer sample irradiated by modulated light source.
1 and I, (I} << I,) are the thicknesses of the thin—film (TiO;) and substrate (Si), respectively. R is the
sample radius, T1(z,f) and T»(zf) is the temperature distribution in the thin-film and substrate.

4. Networks Structure

The structure of the networks used to characterize the thin-films on the substrate is
shown in Figure 4. All networks used in this paper have the same structure: 2 x 72 input
neurons (72 amplitudes and 72 phases) and 15 neurons in the hidden layer. The three
networks, labeled NN1, NN2 and NN3, have one neuron each in the output layer that
serves to predict the Iy, ar, and Dr, thin-film parameters, respectively. The network
designated as NN4 has three neurons in the output layer that simultaneously predict all
three mentioned parameters. The bases formed for the training of the first three networks
were made individually (Base 1, Base 2 and Base 3), while the training base NN4 (Base 4)
was made by merging all three individual bases [67-70].

Base 3 or Base 2 or Base 1

20log,(4,)
5

I, (um) NN
5 (K»u) NN 2
20log,(4-,) D,(m’s™) NS

1, (um), o, (K )& D, (m’s")[— NN 4

Figure 4. A representation of the structure of a single—layer neural network used for the training
and prediction of TiO, thin—film parameters.
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The training process involved neural network training on theoretical signal Bases 14,
amplitude-phase characteristics and the connection with the parameters of the thin-film, per-
formed by an algorithm that uses statistical models of machine learning that enable prediction,
as shown in Figure 4. In the prediction process, thin-film parameters are determined from the
test signal or the experimentally recorded photoacoustic signal.

5. Formation of the Networks Training Bases

The accuracy of the neural network largely depends on the selection of the basis
for training, testing and validation. The bases have been obtained numerically using
Equations (5)—(9). It is assumed that all these signals are generated by the Si substrate
and TiO, thin-film two-layer system presented in Figure 3. All bases consist of 41 pho-
toacoustics and one basic. The rest of them were obtained by changing 10% of the TiO,
thin-film parameters. The basic parameters as a system property that affects the photoa-
coustic signal include: geometric (thickness), thermal (thermal diffusivity, coefficient of
linear expansion) and electronic, which depend on the level of doping and the purity of
Si and the properties of the TiO, thin-film, which are shown in Table 1, with standard
temperature and pressure. Base 1 was formed for NN1 training, changing the thickness
of TiO, film in the range of /1 = (475-525) nm with a step of 5 nm. Base 2 was formed
for NN2 training, obtained by changing the coefficient of thermal expansion of TiO, film
in the range of a1 = (1.045-1.55) x 102 K~! with a step of 5 X 1078 K~1. Base 3 was
formed for NN3 training, changing the thermal diffusivity of TiO, film in the range of
D1 = (3.515-3.885) x 107® m?s~! with a step of 18.5 x 1078 m?s~!. Base 4 was formed for
NN4 training, obtained by collecting 3 x 41 signals from all three previously mentioned
bases. Since all bases are very similar, we will show only one of them, Base 4, bearing in
mind that, by one photoacoustic signal, we mean two curves presented in the networks:
one for amplitude and another for phase (Equation (9) and Figure 5).

Table 1. Values of basic parameters used for PA simulation TiO, thin-film deposed on Si substrate.

Parameters Labels Values
Air thermal diffusivity Dg[m?s~1] 2.0566 x 107>
Air thermal conductivity kg [W(mK) 1] 0.0454
Relaxation time of air Tg[s] 2 x 10710
Air adiabatic index Tg 1.4223

Si Thermal diffusivity Drp[m2s—1] 9 x107°
TiO, Thermal diffusivity Dri[m2?s™1] 3.7 x 1076
Si Thermal conductivity ko [Wm~1K1] 150.0

TiO, Thermal conductivity K [Wm—1K-1] 11.0

Si Thermal expansion coefficient arp[K1] 2.6 x 1076
TiO;, Thermal expansion coefficient ar[K1] 1.1 x 107°
Si absorption coefficient B2 2.58 x 10°
TiO, absorption coefficient B1 1.8 x 10°
Si reflexing coefficient Ry 0.3

TiO; reflexing coefficient Rq 0.2

Si Young’s modulus Ey, 1.37 x 101
TiO; Young’s modulus Eyq 1.0 x 101
Si Poison coefficient o 0.35

TiO, Poison coefficient U1 0.30

By displaying the photoacoustics of a silicon substrate thickness of I, = 30 pm, with

different applied layers I; of TiO, thin-film, it is observed that there is no clear visual
difference in the frequency dependence of the amplitudes, A, and that the factor of precise
characterization by neural networks can be a visible difference in signal phases, ¢, especially
in the range from 103 Hz to 20 kHz, shown in Figure 5. The difference that exists in the
phases is sufficient to train neural networks NN1-4 on the amplitude-phase characteristics
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Mean Squared Error (mse)

Amplitude 4 [a.u.]

and to correctly determine the parameters of a thin layer that is two orders of magnitude
thinner than the substrate.

10! . . . 240 : : .
Si-TiO, Si - TiO,

; Si L=30um ] Si £,=30 um
107 3 %‘) 210-

] ] S

2
10 TiO, ] é‘ 180- TiO,
I, = (475-525) nm [, = (475-525) nm
1 o =(1.045-121)x10° K" o= (1.045-1.21)x10° K
a) D, =(3.5153.885)x10° m’s™ b) Dy =(3.515-3.885)x10° m’s™

107 - - 150

10v

10?

Modulation frequency f'(Hz)

10? 10° 10*
Modulation frequency f[Hz]

10° 10

Figure 5. (a) Amplitudes, A, and (b) phases, ¢, of the two—layer model: TiO, thin—films deposited
on the Silicon substrate, obtained by changing parameters of the thin—film, diffusivity D1, expansion
a1 and thickness 4.

6. Results and Discussion

The training results of the NN1-4 neural networks are given in Figure 6a—d, showing
the Mean Square Error (MSE) of training, test and validation, depending on the number of
epochs, and obtaining the best training performance. From each base for NN1-3 training,
four signals were extracted for later testing. In the case of NN4 training, 3 x 4 = 12 signals
were also extracted from Base 4 for later testing. Network training interruption is activated
by the deviation criterion of Mean Square Error training in relation to validation and testing.
The performance achieved by network NNT is 4.1292 x 10~% in 5 epochs, network NN2
achieved 9.5639 x 10~ in 5 epochs, network NN3 achieved 3.6325 x 10~° in 3 epochs and
network NIN4 achieved 9.8558 x 10~ in 7 epochs. It can be seen by comparing these values
that the best performance was obtained by the NN4 and NN2 networks for determining
all three parameters and expansion, respectively. The NN1 network obtained the weakest
performance for determining the thin-film thickness parameter.

e Tr iy

Train ]

Validation Validation L
e T25t 1072 Test | =
) g | 0000 e e Best__|
10 =
1=
g
E yptof
w 10
o
7]
-
3
-0 o
10 @
£ 1010
©
LT
=
15 a
10 jr2o b
0 05 1 15 25 3 35 4 45 5 0 1 2 3 4 5 [ 7
5 Epochs 7 Epochs

(a) (b)

Figure 6. Cont.
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Figure 6. Network training: (a) NN1, (b) NN2, and (c) NN3 for determining the parameters of
thickness, expansion, and diffusivity of the TiO, thin—film, respectively, and (d) NN4 for determining
all three data, simultaneously.
6.1. Networks Testing with In-Step, Out-Step of Photoacoustic Signal
As we said in the previous paragraph, four signals that did not participate in the
training were separated from each training base of the NN1-3 networks. A similar thing
was carried out with the training base for the NN4 network, from which 12 signals were
separated and did not participate in the training. All four networks were tested with these
“in-step” signals and the results of such tests are shown in Tables 2 and 3. Relative error
predictions (%) presented in these tables show that the most accurate networks are NIN2
for the prediction of a1 and NN4 for the prediction of Dr;.
Table 2. Relative (%) error prediction of TiO, thin-film parameters on 4 test photoacoustic signals
that are in step by NN1, NN2 and NN3 networks.
Type of Network NN1 NN2 NN3
Base 1 2 3
Parameter [NN1 aN2 DRN3
TiO, film no.1 0.4060 0.1041 0.3424
TiO, film no.2 0.1681 0.1270 0.1526
TiO; film no.3 0.1414 0.0690 0.2317
TiO, film no.4 0.0658 0.1583 0.0764
Relative % error 0.1953 0.1146 0.2008
Table 3. Relative (%) error prediction of TiO, thin-film parameters NN4 on 4 signals from three bases
“in-step” of training network.
Type of Network NN4
Base 1 2 3
Parameters N4 a4 DRN4 N4 a4 DN N4 a4 DN

TiO, film no.1
TiO; film no.2
TiO, film no.3
TiO, film no.4

0.7878 0.8782 0.4542 0.3579 0.1592 0.9610 0.2958 0.0951 0.0152
0.0130 0.2941 0.3980 0.4126 0.4990 0.0564 0.0165 0.1059 0.2139
0.0187 0.2002 0.1512 0.7414 1.1077 1.3738 0.0932 0.0016 03694
0.1578 0.0588 0.2811 0.4206 0.8822 0.8822 0.1298 0.1278 0.0663

Relat % error

0.2443 0.3578 0.3211 0.4831 0.6434 0.8183 0.1325 0.0831 0.1661
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Our next step is to check the quality of the prediction of neural networks with “out-
step” signals—signals outside the training step but within the framework of parameter
changes. For this purpose, 12 signals were randomly generated. Four for each changed
parameter [, a7 and Dt individually. The prediction results for all four networks are given
in Table 4 (NN1-3) and Table 5 (NN4). It is interesting to note that the NN1 network
gives the worst prediction of sample thickness, while the NN4 network gives relatively
satisfactory predictions for all three parameters.

Table 4. Relative (%) error prediction of TiO, thin-film parameters NN1-3 on 4 signals from three
bases “out of step” of training network.

Type of Network NN1 NN2 NN3
Parameter [NN1 a N2 DRN3
TiO; film no.1 2.4890 0.0186 0.0777
TiO; film no.2 2.4584 0.0293 0.0927
TiO; film no.3 5.4138 0.0011 0.2593
TiO; film no.4 4.8427 0.0031 0.0116
Relative % error 3.8099 0.0130 0.1103

Table 5. Relative (%) prediction error of TiO, thin-film parameters by NN4 for 4 signals “out of step”.

Type of Network NN4
Base 1 2 3
Parameter NNEGNNG NN NN& NNE pNNe o NNE GNNE L DN

TiO, film no.1
TiO; film no.2
TiO, film no.3
TiO, film no.4

0.1184 0.0422 1.33552  0.0173 0.0081 0.0164 0.0070 0.0049 0.0245
0.0422 0.0116 1.3516 0.0055 0.0183 0.0153 0.0182 0.0140 0.0104
0.0066 0.0599 1.3880 0.0080 0.0058 0.0270 0.0097 0.0215 0.0104
0.1213 0.0044 1.3685 0.0781 0.0225 0.0520 0.0245 0.0238 0.0059

Relative% error

0.0721 0.0368 1.3658 0.0272 0.0137 0.0277 0.0149 0.0161 0.0128

6.2. Networks Testing with Experimental Signals

The final part of our analysis is to test the ability to predict our networks on experi-
mental signals. For this purpose, we measured, by the standard method of an open photoa-
coustic cell, the frequency response of a circular plate of a two-layer sample (silicon + TiO).
Amplitudes and phases of the measured response (red stars) are shown in Figure 1. By
removing the influence of the measuring chain (measuring instruments, especially detec-
tors), corrected amplitudes and phases (black line) are obtained which can be analyzed
by Equations (1)—(4) by the standard fitting method. The results of such analysis of the
corrected signal give values of silicon (I; = 30 um), which corresponds to standard sili-
con substrate (thin plate) thicknesses, titanium-dioxide (I, = 500 nm), which corresponds
to standard thin-film thicknesses, and radius R = 3 mm, while other parameters corre-
spond to the parameters from Table 1, with an error of 5%. The corrected signals from
Figure 2 are further presented in our networks and the results of their prediction are given
in Tables 6 and 7. The relative error in these tables is the result of comparing network
predictions and standard fitting of the existing theoretical model.

Table 6. Parameters l{\TNl, “1%1%\12 and DI}HNS obtained by prediction of NN1-3, with relative (%) errors
are calculated according to the parameters obtained from standard photoacoustics techniques.

Parameter [NN1 NN DN
NN exp prediction 4.8018 x 10> nm 1.0955 x 1075 K1 3.57913 x 107° m?s~!

relative (%) error 3.9644 0.4066 2.9372
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Table 7. Parameters llNN4, ocl}q\m and D%N‘l obtained by prediction of NN4, with relative (%) errors
are calculated according to the parameters obtained from standard photoacoustics techniques.

Parameter [NN4 a4 DN
NN4 exp prediction  4.8690 x 10> nm 1.1166 x 1075 K1 3.7189 x 1074 m?s~!
relative (%) error 2.6196 1.5106 0.5105

Based on the results of the prediction by neural networks NN1-3, (Table 6), the most
accurate network is NN2 in the prediction of the thermal expansion coefficient a)V? of a
thin-film TiO,, with a relative (%) error <1%, while the precision in the prediction of the
thermal diffusivity D¥1N3 and thickness llNN1 is with relative (%) errors <5%.

In the simultaneous prediction of the parameters of thickness /N'#, thermal expansion
coefficient aiN* and thermal diffusivity DYN* (Table 7), the NN4 network gives satisfactory
results comparable to the prediction results of NN1-3.

Despite the expectations based on the consideration of the theoretical model, which is
reflected in the small visual difference of the amplitude characteristics and stratification
of signal phases in the high-frequency part (1-20) kHz, neural networks based on the
coupled amplitudes and phases in the frequency domain (20-20 k) Hz can determine the
parameters of the thin-layer TiO,. The results of neural networks show that more precise
and accurate results are obtained in networks in which multiple parameters are determined
at the same time (Tables 3 and 5) than in networks in the prediction of individual parameters
(Tables 2 and 4). This conclusion is also valid for the prediction of the thin-film parameter
from the experimental results, where the reduction of the relative % error in the prediction
of the network NN4 in relation to NN1-3 is observed, which can represent one of the
methods of optimizing the work of networks in prediction the parameter of thin-films. It
should be noted that the derived model is made for the expected ranges that each of the
three parameters of the thin layer can have. If some of the parameters are outside this
range, e.g., thickness of the thin-film, it could lead to incorrect determination of all three
parameters of the thin-film using the proposed model.

This consideration is particularly valid due to the analysis of a thin layer of TiO,
placed on a well-characterized substrate, in this case, silicon. The method of characteriza-
tion of TiO;, developed in this way can be applied and analyzed on other well-characterized
optically transparent and non-transparent substrates. By applying TiO, to optically trans-
parent substrates, and by characterizing it, we obtain a suitable material for protecting the
detectors of the measuring system.

7. Conclusions

The results presented in this paper indicate one very important fact—if in the measure-
ment range, there is an influence of the thin-film on the total photoacoustic signal, neural
networks easily can recognize these changes, even if they are negligibly small. Theoretical
analyses of two-layer samples Si (substrate) and TiO, (thin-film) showed relatively easy
recognition of changes in the film of a thickness of £5 nm, with the coefficient of thermal
expansion of +5 x 1078 K~! and coefficient of thermal diffusion of £18.5 x 1078 m?s71.

In addition, it has been shown that neural networks for predicting thin-film parameters
can be well-trained with a relatively small database, either to predict one or three parame-
ters simultaneously. Furthermore, all networks give approximately the same accuracy of
prediction in both theoretically generated signals and experimental data. Therefore, it can
be recommended that, for the analysis of thin-films on different substrates, it is enough
to form one network that simultaneously predicts several of its parameters instead of a
separate network for determining each parameter.
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Appendix A. Temperature Distributions in Two-Layer Sample

Periodic temperature distributions in the thin-film (label 1 forTiO;) and substrate
(label 2 for Si) illuminated by the modulated light source (Figures 1 and 3) can be obtained
by solving the thermal-diffusion equations in the form [21,31,59,62]:

PT(zf)  iw _ 1 ~Prz
5~y TiE ) =~ Ball— Ri)le (A1)
and
w —(TzT (Z f) - _ €g n (Z f) _ @ . ﬂgflgzz (A2)
022 272 kory PPN ka €

where w = 27f, f is the modulation frequency, Iy is the incident light intensity,
I = (1—Ry)(1—Ry)e Prlify, Ry is the film reflection coefficient, R; is the substrate re-
flection coefficient, o1 = v/iw/Drq is the film complex thermal diffusivity, Dy is the film
thermal diffusion coefficient, o = /iw /DT> is the substrate complex thermal diffusivity,
D5 is the substrate thermal diffusion coefficient, k; is the thin-film heat conduction coeffi-
cient, k; is the substrate heat conduction coefficient, 3; is the film absorption coefficient,
B2 is the substrate absorption coefficient, and d7,5(z,f) is the substrate photo-generated
minority carrier dynamic density component (Equation (A2)).

The general solutions of Equations (A1) and (A2) can be written in the form [21,31,59,62]:

Ti(z, f) = A1e7% + Age 1% 4 Aze P1%, (A3)

and
To(z, f) = B1e™* + Bye " + B3dny(z, f) + Bye P17, (A4)

where the constants A3, B3 and By are given as:

Dy ko

~ Balo(1—Ry) By — €g g, — P01 —R1)(1—Ry)e Fil], ( B; ssg>
ki (Bt — o) ’

- 4 2 2
& — O
ko Tpo <(722 - L1%> (B3 — 03)

Here L, = /7 Jjgﬁ; is the complex minority carrier diffusion length, D), is the

diffusion coefficient of minority carriers (holes p in the n-type substrate), and 7, is the bulk
minority carrier lifetime. Constants A, A,, By and B; can be found solving the boundary
conditions [21,31,59,62]:
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(c) =k — o = anpz(O,f)sg kq s L
0T>(z,
(d) — k2 % = —srnp(l2, f)eg, (A5)
Z:lz

where sp and sy are the substrate surface recombination speeds at the front (z = 0) and rear
(z = ) surfaces, respectively.

Based on our previous investigations, the analysis of the two-layer optical properties
shows that the multiple optical reflections can be neglected in the Si substrate [31], but
must be taken into account in the case of thin TiO; film. This is the reason why the film
reflection coefficient R; is calculated here using [21,62]:

6_2'6111

Ri=rp+(1—rg)rgr —
1=ret( F)TR 1 — rprre—2P1h

(A6)

where rp and rR are the front and rear thin-film reflectivity coefficients, respectively.

Appendix B. Two-Layer Sample Displacement along the Heat-Flow Axes

The U, ((1,z) of the two-layer sample at the back surface, z = I, important in transmis-
sion photoacoustic measurements, can be written in a general form as:

Use(r,z) = % (R§ - r2), ¢ = TE, PE, (A7)

where R; is the sample radius and

Ay + Ay + E1Ex[at11(2M71 — bNT1) + ol (2M12 4 11 N72)]
E31} + E3I5 + 2EyEqloly (213 + 3114 + 213)

Crg =6 , (A8a)
[Elll (ZMn + lan) + Ele(ZMn — lan)]
E213 + E2I} + 2EoEq oy (212 + 3114 + 212)
Here A1 = E%ll(ZMTl +l1NT1)0CT1, Ay = E%lz(ZMTz — ZZNTZ)IXTZI E1 and E; are

Young’s modulus of the film and substrate, respectively, d, is the coefficient of electronic
deformation and Mr1, M2, M, N11, N1 and N, are defined as:

Cpg = 6d,E>

(A8Db)

0 I I
M7 = /z -T1(z, f)dz,Mrp = /z - To(z, f)dz,M,, = /z'énpz(z,f)dz, (A9)
-1 0 0
0 I I
NTl = / T1 (Z,f)dZ.NTz = /TZ(Z/f)dZ/Nn = /§np2(zlf)dzf (AlO)
- 0 0

where T (z, f) is the temperature in the thin-film and T,(z, f) is the temperature in the
substrate and 61,,(z, f) is the photo-generated minority carrier density. The M1, and
Mr; are the first moments of the temperature change, and the M, is the first moment of
the photo-generated minority carriers change along the z-axis. The Nt; and Nt are the
average temperature changes and N, is the average photo-generated minority carriers
change along the z-axes [21,31,59,62].
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Abstract

In this paper, electronic semiconductor characterization using reverse-back procedure was
applied to different photoacoustic responses aiming to find effective ambipolar diffusion
coefficient and a bulk lifetime of the minority carriers. The main idea was to find the small
fluctuations in investigated parameters due to detecting possible unwanted sample contam-
inations and temperature variations during the measurements. The mentioned procedure
was based on the application of neural networks. Knowing that in experiments the con-
taminated surfaces of the sample can play a significant role in the global recombination
process that we are measuring and that the unintentionally introduced defects of the sample
crystal lattice could vary the carrier lifetime by several orders of magnitude, a method of
PA signal adjustment by the reverse-back procedure is developed, based on the changes of
the carrier electronic parameters.

Keywords Photoacoustic - Semiconductors - Coefficient of ambipolar diffusion - Carrier
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1 Introduction

For many applications of semiconductors in microelectronics, photonics, sensor and
converter development, it is very important to know the electronic properties of semi-
conductors, using well-known parameters such as the diffusion coefficients of charge
carriers and their lifetime, because the dynamics of charge carriers represent the basics
of operation of all electronic devices (Wang 1989). Researchers have been working
for more than half a century to improve old and develop new techniques for the char-
acterization of semiconductors and semiconductor devices. Of particular importance
are non-destructive and non-contact techniques suitable for use in the semiconductor
industry and the electronics industry (Mandelis and Hess 2000; Todorovic et al. 1995;
Dramicanin et al. 1995; Todorovi¢ et al. 2014). It was shown that photoacoustics (PA)
and other photothermal (PT) techniques could be very suitable for such application
(Fournier et al. 1986), not only as non-destructive and non-contact but the techniques
that require minimal or practically no sample preparation.

The general theoretical framework for the interpretation of PT and PA signals pro-
duced in a semiconductor has been developed by many authors in the last forty years
(Wang 1989; Todorovié et al. 2014; Sablikov and Sandomirskii 1983; Neto et al. 1989;
Stearns and Kino 1987; Yu and Gurevich 2021; Melnikov et al. 2021). Based on these
investigations, it can be concluded that the dynamic of photogenerated charge carri-
ers, generated by the modulated light beam, can have a significant influence on the PA
and PT response of semiconductors (Wang 1989; Mandelis and Hess 2000; Todorovic
et al. 1995; Dramicéanin et al. 1995; Todorovi¢ et al. 2014; Sablikov and Sandomir-
skii 1983; Neto et al. 1989; Stearns and Kino 1987; Yu and Gurevich 2021; Melnikov
et al. 2021). It means that PA and PT techniques can be established as a diagnostic
method with good sensitivity to the photogenerated charge carrier changes described
by material-dependent electronic parameters such as lifetime and ambipolar diffusion
coefficient.

As the group of model-dependent techniques, the PA and other PT techniques com-
prise the development and improvement of fast and accurate inverse solving techniques,
which should work in real-time. It has been shown that the use of neural networks in
the inverse solution of the photoacoustic problem can determine those properties of the
material that dominate the recorded signal in real-time with high accuracy (Lukic¢ et al.
2013, 2014; Cojbasic et al. 2011; Albu et al. 2019; Glorieux et al. 1993; Djordjevic
et al. 2020a, b, c; Aleksié et al. 2016). In the case of semiconductors, the thermoelas-
tic and heat diffusion properties of the sample have been determined first (Djordjevic
et al. 2020a, b).

In our previous paper, a neural network-supported reverse-back procedure for the
additional determination of optical parameters of silicon samples is proposed (Djord-
jevic et al. 2020c). Here, in this article, electronic parameters of plasma-thick samples
are proposed for determination within the same reverse-back procedure, trying to find
some typical patterns in parameters behavior due to sample thickness and overall influ-
ence of photogenerated carriers. A method of PA signal adjustment by the reverse-back
procedure applied here is based on the changes of the carrier electronic parameters.
The presented method can be used, besides the others, in the quality control procedure
of the investigated samples, active control of the experimental conditions, and within
the general characterization process of semiconductors.
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2 Theory

Our theoretical consideration of excess carrier influence on photoacoustic response
relies on the theory of the one-dimensional (1D) ambipolar transport (Wang 1989; Nea-
men 2002; Markushev et al. 2018, 2019). Within this theory, if an external light exci-
tation is applied to the semiconductor, excess carriers (electrons and holes) could be
generated (at equal rates, in pairs) if the light photon energy ¢ is equal or larger than the
semiconductor energy band-gap ¢,. Both excess electrons (5nn(x, t)) and holes (6np(x, t))
concentrations exist as an addition to the thermal equilibrium concentrations. They do
not move independently of each other due to the existence of the internal electric field
E,, between the excess carriers. This field creates a force attracting the electrons and
holes, holding them together, so they diffuse, drift, and recombine with the same effec-
tive ambipolar diffusion coefficient D,; and drift mobility y,;. Their movement within
the semiconductor due to an applied constant external electric field E (E> > E;;,) can be
explained using the time-dependent diffusion equation in a homogeneous semiconductor
(the doping concentration of electrons n,, and holes n,, is uniform throughout the semi-
conductor), written as (Wang 1989; Neamen 2002):

don(x, 1) 0%6n(x, 1) daon(x, 1)
o = Deﬁf Fye) + ,ueﬁE o + G(x,1) — R(x, 1) (1)
where
unD, + pu,pD, Moty (P — 1)
Dy=——"7"7— Hepg = — 2
Halt + Mot + P

D, is the electron diffusion coefficient, Dp is the hole diffusion coefficient, y, is the
electron mobility, Hp is the hole mobility, and G(x,t) and R(x,t) are the excess carri-
ers generation and recombination rates, respectively, equal for both electrons and holes.
Considering that excess carriers are generated in pairs (charge neutrality), it is assumed
that on,(x,1) = 6n,(x,1) = 6n(x, 1).

In the case of n-type semiconductors (”no >> npo) and low-level injection approxima-
tion (”no >> 6m,(x, 1), 0n,(x, 1) >> npo), Eq. (1) can be written in the form (Wang 1989;
Neamen 2002), (D5 = D, .up = —phy,, G(x, 1) = G (x, 1), R(x, 1) = R (x, 1)):

0on,,(x, 1) 826np(x, 1) 0on,,(x, 1)
=D —u E
ot P ox? P ox

+G,(x,1) = R, (x,1) 3)

The last Equation leads to the general conclusion: in the low-level injection n-type
semiconductors, the dynamics of excess carriers can be described using the concentra-
tion changes of the minority ones—om,(x, 1).

Within the photoacoustics excess carriers are usually light-generated (so-called pho-
togenerated carriers) (Mandelis and Hess 2000; Todorovic et al. 1995; Dramicanin
et al. 1995; Todorovi¢ et al. 2014). Their concentration calculations are based on
Fick’s second law of diffusion, assuming that electrons and holes are identical par-
ticles neglecting their electrical nature (E;,,=0), generating in pairs described by
G,(x,1) = ﬂloe‘ﬂx(l +ei2”f’) /2e (modulated light source of intensity I;,, modu-
lation frequency f and absorption coefficient of silicon f), and recombining by
R,(x,1) = on,(x, t)/rp(rp is the bulk lifetime of minority carriers). Including all the
mentioned assumptions, taking that E=0, 1D time-dependent diffusion equation of
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photogenerated carrier transport, used in photoacoustics for low-level injection n-type
semiconductors, can be written in the form (Tyagi and Overstraeten 1983, Markushev
et al. 2018, 2019):

oaén (x,1) 0%6n (x,1) 1.e~P* ) on (x,1)
D _p T e (1+e2) - L= )
ot P ox2 £ T,

Last Equation is identical to Eq. (3) in the case of E=E; =0. The dynamic part of
Eq. (4) (important for PA sound generation), is given in the form:

d*6n,(x.f) o) ply

dx? 12 eD,

e, )

where L =L,/ (1 + i27zf1p) "2 s the complex excess carrier diffusion length, L, = 4/D,7,
is the excess carrier diffusion length, and 6n,(x, f) is the photogenerated minority dynamic
concentration component. The solution én,(x,f) of Eq. (5) (Appendix 1) shows a very
complex dependence on the D, and 7,,. These parameters can be easily extracted and calcu-
lated from the experimental data during the standard fitting procedure.

The importance of the D, and 7, calculation lies in the fact that they allow L, calcula-
tion, the parameter that can be used to define the thickness of a semiconductor in relation
to the influence of photogenerated carriers on its thermal and mechanical characteristics
(Markushev et al. 2018, 2019). All semiconductor samples with a thickness: (a) larger
than L, are named plasma-thick samples; (b) lower than L, are named plasma-thin sam-
ples. Under the same conditions of the influence of photogenerated carriers on thermal
distributions within the investigated sample, plasma-thick samples have different patterns
of behaviour of temperatures and/or photoacoustic signals in relation to plasma-thin ones.
The word "plasma" here refers to the excess carriers which are characterized by two main
properties of plasma: acting like a swarm of charged particles, possessing the property of
charge neutrality.

As we mentioned earlier, measured carriers ambipolar diffusivity and lifetime in the
experiment could be understood as the effective minority carrier ambipolar diffusivity D,
and lifetime 7,4. These values sometimes do not correspond to the PA model predicted D,
and T, due to the fact that Fick’s model (Eq. (4)) does not recognize the difference between
electrons and holes. Another thing that supports D, and 7, definition of effective param-
eters is the fact that Eq. (5) is a dynamic part of Eq. (4) responsible for PA sound genera-
tion. Also, one must bear in mind that in most experiments the silicon samples really have
higher levels of contaminants (or structural growing defects) so the lower lifetimes than
theoretically predicted 7, can be expected.

Photogenerated minority carrier concentration 6n,(x,f) is important because it also
appears in the heat diffusion equations:

62Ts(x, 1) 1 0T (x,1) E—g, £,
o2 D, =- 1o — 5, (x, 1),
o> Dy o e e oD ©)

where T(x, 1) is the temperature of the irradiated sample, I = IO(I + ei2#ft ) is the intensity
of the modulated light source, k& is the coefficient of thermal conduction, and Dy is the heat
diffusion coefficient. Following the modulated irradiation of the sample it is assumed that
Ty(x, 1) = T,(x)(1 + &) and 6n,,(x, 1) = 6n,(x)(1 + €?*") are changed in the rhythm of
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modulation, so dynamic part of Eq. (6) (responsible for sound generation) can be written in
the form (Markushev et al. 2018, 2019):

d*T.(x,
(;x—(zf) O, f) = = e - k—an .1, ™)
where T,(x,f) is the dynamic temperature component, ¢; = (1 + i)u~!is the complex ther-
mal diffusion length and u = v/D/(xf) is the thermal diffusion length. It is obvious that
T,(x,f) strongly depend on the photogenerated minority dynamic concentration component
on,,(x, f).

The solution T (x,f) of the Eq. (7) is given in Appendix 2. It is expected that T(x, f)
is a function of Dp and 7,, too.

Both T(x,f) and én,(x,f) are used to calculate photoacoustic signal thermodiffusion
optp(f), thermoelastic prg(f) and plasmaelastic oppg(f) components (Todorovic et al.
1995; Dramicanin et al. 1995; Todorovié¢ et al. 2014; Markushev et al. 2018, 2019;
Rabasovié et al. 2009; Markushev et al. 2015):

o T
5pro(f) = gl Ty ®)
1
R4
) = ar P EE [ (= L)1, 0x ©)
0
i
R4
(1) = dy 20 3EE [ (= L (10)
0

where [ is the sample thickness, [, is the photoacoustic cell length, a; is the coefficient of
linear expansion of the sample, d, the coefficient of electronic deformation, y is the adiaba-
tic ratio, R is the sample effective radius, p, and T, are the gas pressure and temperature in
the photoacoustic cell, respectively, and o, is the complex thermal diffusion length of the
gas surrounding the sample (usually air). All these components represent constitutive parts
of the total photoacoustic signal 6p,.,(f), the measured value in the experiments, usually
represented in the form (Todorovic et al. 1995; Dramicanin et al. 1995; Todorovic¢ et al.
2014; Markushev et al. 2018, 2019; Rabasovi¢ et al. 2009; Markusheyv et al. 2015):

Pt (f) = 6prp(f) + 6pre(f) + 6ppp(f)- an

The standard procedure for processing the p,,,(f) involves fitting it with Egs.
(8-11) and extracting the wanted thermal (Dy,k,a;) and electronic (Dp,rp) parameters
of the sample. With the help of these parameters the minority carrier diffusion length
L, =4/D,t, can be calculated as the average length a carrier moves between genera-
tion and recombination. Our goal here is to extract mentioned electronic parameters
from the PA experiment as an effective one using standard PA procedures and neural
networks as a powerful tool within the semiconductor characterization. Later, effective
L, will be calculated to establish plasma-thick—plasma-thin boundaries.
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3 Parameter determination procedures

Conditioned by multiparameter nonlinear dependences of photoacoustic signals on sample
parameters (Eqs. 8—11), a goal of this work is to implement computational intelligence and
machine learning for electronic parameter determination and precise sample characteriza-
tion. Supervised machine learning is used to provide an algorithm that connects the input
photoacoustic signals and the output values of the sample parameters, stored in the artifi-
cial neural network structure which was developed and optimized previously (Djordjevic
et al. 2020a, b, c). In such a way an optimal tool for precise sample parameter prediction
in real-time is devised and efficiently used, utilizing the advantages of the artificial neural
networks (NN) based approach. In order to emphasize the possibilities of developing ana-
lyzes of physical processes and application to experimental results, deep machine learning
and other computationally demanding approaches have been avoided but instead network
structure has been optimized and kept simple to provide for easy hardware and software
implementation, high precision and very fast performance.

To determine heat diffusion, thermoelastic and geometric parameters of the investi-
gated samples in real-time (~ 7.1us) and with high precision (performance of NN ~ 107)
(Djordjevic et al. 2020a, b, c), a neural network with optimized structure containing
single hidden layer with 50 neurons was used. By training the NN with theoretically
obtained photoacoustic signals (Eqs. 8—11) generated in thick samples (1 mm-100 pm),
characterized with the heat diffusion coefficient D, the coefficient of linear expan-
sion a; and the sample thickness /, a model for determining mentioned semiconductor
parameters was formed, which predicts DN N and ANN. The learning process is
based on the modification of weights w/ and b1ases 01 matrices to reach the minimum of
mean square error (MSE) (Djordjevic et al. 2020a):

1
MSE = 2 Z (O — Tk)z’ T, € {Dr.ar. 1} (12)

kek

where Q, (with k = 1,2, 3) are the calculated values of the output layer of the neural net-
work, which are compared at the end of each epoch with the values 7}, (k = 1,2, 3):

72
0, = 6(2 W’ 6(2 (wj{l.zo 108 Ayt () + Wl Brora (f)) - 0}) + 9§>, k=1,23.

13)
where A, (f ) and ¢, (f ) are the op,,;(f) amplitudes and phases (Eq. (11)) respectively,
which numerical values are in the ranges of several orders of magnitude for amplitude
and between 0 and 360 deg for phases. To improve network performances scaling of the
input amplitude data was performed with the 20log A, (f ) function aiming to "equalize"
amplitude and phase numerical values. Selecting the simple perceptron feed-forward neu-
ral network with 50 neurons in a single hidden layer, which is very fast and optimized for
real-time operation, we obtained a network model with optimal characteristics (Djordjevic
et al. 2020a, b, ¢). This NN model predicts DNN, a2™N and *N parameters from experi-
mentally measured PA signals. Predicted parametars are used to obtain amplitude AANN(f;)
and phase ¢ NN(f; ) curves of the predicted signal that differs slightly from the measured
one (A[;al(f )and d)mal) (Djordjevic et al. 2020b). The esence of the reverse-back procedure
(RBP) is to find such small differences between network prediction and measured PA and
use it to determine the deviation parameter MSD in the following way:
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i ((201og AGEY () — 20log At () + B (1) = b )))

n

MSD =¢ =
i-1

(14)
MSD is iteratively reduced until the network prediction and measured PA curves coin-
cide. Assuming that experiment is well controlled due to the optical stability of the radia-
tion source (Djordjevic et al. 2020c), founded differences are joined to the minority carrier
dynamic electronic parameters: diffusivity DRBF and bulk-life time T}}BP. Based on these
values, the excess carrier diffusion length LEBP was determined, too. One can assume
(Djordjevic et al. 2020c) that the RBP allows us to determine mentioned parameters pre-

cisely, accurately and in real-time (Fig. 1).

4 Application of the reverse-back procedure to experimental
photoacoustic measurements

In our research, we will use the photoacoustic experimental results (Fig. 1, asterisks)
taken by measuring the two thicknesses of silicon plates made from the same wafer. Using
standard signal correction procedure (Rabasovi¢ et al. 2009) the corrected experimental
signals (Corrected PA), also called the “true” PA signals, are obtained indicating (Fig. 1,
solid) the same mutual parameter values of D} = 9.0 x 10~ m?s~!, 7" = 2.6 X 10°K ™",
T;Xp =5.0x 107, D;xP =12x102m?s~! (same wafer) for all sample thicknesses:
;=227 um, and /,=690 pym (Fig. 2s).

| gser

H | H Sin-type Ambipolar diffusion
f o0 L Life-time
¢ SN
0T [#eo5 1+ .
. W Microphone B [ofs’]
o ]
/
X no
RBP  RBP
Dy, T,
e +ADY™ yes
+An”
Exp photoacoustic signal Neural network : ;

comparator

Fig. 1 Reverse-back procedure (RBP) scheme for the minority carrier dynamic electronic parameters
and RBP, by reducing the deviation of the neural network prediction from the experimentally measured
signa!

DRBP
P
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Si plate measurements

Si plate measurements

100+

Photoacoustic amplitude, 4, [a.u.]

—— A7 227um 04 —— ¢ 227um
—*—4,227um —+— ¢, 227um
AP 690um 5P 690um
—*— A, 690um —— ¢, 690um
10°® -100
10 10° 10* 10 10° 10*
Modulation frequency, f, [Hz] Modulation frequency, £, [Hz]

Fig.2 The photoacoustic experimental results (asterics) in frequency range 20 Hz-20 kHz: (a) amplitudes
A; and (b) phases ¢, of two n-type silicon samples thickness (690 um, 227 um) and corresponding Cor-
rected PA signals a) amplitudes A, and b) phases ¢; " obtained with standard signal correction procedure
(Markusheyv et al. 2015) (i=1, 2)

The corrected photoacoustic signals with mutual parameters (Table 1, Standard PA) are
presented to our network, so the ANN can predict DNN, (xTANN and /AN (Table 1, ANN
prediction). The ANN prediction/Corrected PA ratio is used to calculate relative error
(Table 1, relative % error) (Djordjevic et al. 2020a; b).

The parameters obtained by the ANN prediction were returned into the theoreti-
cal model. The PA signals thus calculated are slightly different from the Corrected PA
obtained in experiment. In our previous article we have seen that these differences can be
used to check the stability of the radiation source and the purity of the sample surface
calculating changes in the sample optical parameters (absorption § and reflection R, coef-
ficient) within the RBP (Djordjevic et al. 2020c). Now, assuming that mentioned § and R,
changes are negligibly small (well controlled experimental conditions), we can go a step
further and all RBP calculated changes join to the electronic characteristics of the semicon-
ductor sample, getting DX®" and/or 73", It must be noted here that DX"" and 7\°" have be
considered as an effective values which are the combination of different effects on surface
or in the bulk of the investigation sample.

Usually, reverse-back procedure comprises the analysis of amplitude ratios (A?NN /A?XP)
and phase differences (¢*"N — ¢7) between ANN prediction and Corrected PA signals
(Fig. 3, i=1,2) (Djordjevic et al. 2020a, b, c). In our case, for all sample thicknesses 1
(227 pm) and 2 (690 um), the reverse-back procedure results are presented in Table 2,

where D‘;BP and TI‘}BP are the parameters obtained directly, and L;‘BP = |/ DREPZREP,

Based on the results presented in Table 2 it is obvious that the reverse-back procedure
gives very accurate results for DRBP and 7®BP, with an error of less than 0.2%. It means that
the performed experiment is reliable, the investigated samples are not accidentally con-
taminated and the temperature fluctuations during the experiment are negligible. The DllfBP
and 7RBP values are in accordance with the literature ones obtained with the same (Marku-
shev et al. 2018, 2019; Rabasovi¢ et al. 2009; Markushev et al. 2015) and other established
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(a) (b)
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Fig. 3 (a) Ratio of amplitudes and (b) difference of phases of ANN prediction and Corrected PA (exp) sig-
nal in frequency domain

Table 1 Neural network prediction parameters DN, ap™N and /ANN with corresponding relative % error in
relation to the values of standard photoacoustic measurements

Parameters Sample no. 1 227 pum Sample no.2 690 pm

D.:I%_NN a?NN lANN D./;NN a?NN lANN
Units [1079m2s™'] [107°K~'] [10%um] [107m?s™'] [107°K~'] [10%um]
Corrected PA 9.0000 2.6000 227 9.0000 2.6000 6.90
ANN predict 8.9823 2.6246 2.2804 9.0492 2.5831 6.8918
rel. % error 0.1967 0.9462 0.4881 0.5467 0.6500 0.1188

Table 2 The electronic

. . Parameters & relative errors Sample no. 1 Sample no.
characteristics of semiconductor
. 227 pum 2690 ym
sample in reverse-back
procedure, the minority diffusion RBP 301
coefficient DRBP and their D, [10 m=s ] 1.20999 1.19511
lifetimes TI‘}BB determined with Relative % error 0.83250 0.40750
corresponding relative % errors. RBP [10—65] 5.05599 4.99911
. . P
From the§e values is determined Relative % error 1.11980 0.01780
the effective value of the
minority carrier diffusion length L‘;BP [107m| 7.82157 7.72948
LEB? Relative % error 0.97561 021327

characterization systems (Popovic et al. 2010; Palais et al. 2000; Cuevas and Daniel 2003;
Alamo and Swanson 1987). The obtained values of LIISBP ~ 77um confirms that all inves-
tigated samples are plasma-thick (/>L,), meaning that one can expect the bulk recombi-

nation to dominate over the surface ones, so the T;BP parameter can be considered as an
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effective carrier bulk lifetime where SRH (Shockley—Read—Hall) recombination dominates
(Popovic et al. 2010; Palais et al. 2000; Cuevas and Daniel 2003; Alamo and Swanson
1987). Higher values of the T}}BP relative error in thinner samples indicate the fact that,
as the sample becomes thinner the effect of surface recombination slowly becomes more
and more important (Popovic et al. 2010; Alamo and Swanson 1987). This result could
be understood as a typical pattern of effective 7, behavior approaching the L, boundary
value in the case of plasma-thick samples. Calculating the photogenerated carrier density
én,,(x,f) from obtained Corrected PA signals we found that 6n,(x,f) = (1 —2) x 10" m™3,
It means that 6n,,(x,f) << Nr, so the low-injection approximation (Tyagi and Overstraeten
1983; Wang 1989; Neamen 2002) in our experiment is always justified.

5 Conclusion

It is shown in this paper that the proposed reverse-back procedure leads to the solution
of the inverse photoacoustic problem enabling one to determine the changes in the elec-
tronic properties of semiconductors with high accuracy. The obtained results of the diffu-
sion coefficient and the lifetime of minority carriers can help one to check the reliability of
the experimental samples of low-level injection n-type silicon having two different thick-
nesses: 227 um and 690 pm. The small deviations of DEBP and T:}BP from standard PA
response and literature values indicate that investigated samples are not accidentally con-
taminated. Also, the temperature fluctuations during the experiment are negligible. Knowl-
edge of DRBP and zRBP is essential for LRBP calculation needed for determining the bound-
ary thickness of the semiconductor samples that separates plasma-thick from plasma-thin
ones. The obtained numerical value of LRBP ~ 77um justifies our assumption that all sam-
ples are plasma-thick, meaning that zRBF parameter can be considered as an effective car-
rier bulk lifetime where SRH recombination dominates. At the same time, higher values of
7RBP relative error in thinner samples indicate the larger influence of surface recombination
on the measured (effective) lifetime of carriers, which is expected and theoretically pre-
dicted. The methodology presented here was found to be effective not only as a powerful
tool for the control of the experimental condition changes but, also, for the complete elec-
tronic characterization of semiconductors, too, based on the theory of ambipolar diffusion.

The development of procedures for the determination of the semiconductor electronic
parameter from photoacoustic measurement, especially silicon, is of particular interest
because it provides a direct possibility of implementing photoacoustic as a precise and
non-destructive method in engineering of properties of semiconductors for various applica-
tions in the semiconductor industry.

Appendix 1: Photogenerated density calculation

The Solution of the Eq. (5) can be found in the form (Markushev et al. 2018; 2019):

8 n,x.f) =A, el 4 A +Age 7, 15)
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The Ay is the solution of the inhomogeneous part of the differential equation, and A,

and A_ are the integration constants which are given in the form:
_

A= 22[(150) (14 9Lo)e? = (1 £.03) (14 pLoy )|
L

Ap=(1+0))(1+ az)ewl - (1=0))(1- az)e_wl
Iy pL
M=o
evp L p
calculated using the boundary conditions.
dén (x) dén (x)
D P P

(a— = slénp(O) and D,

x=0 x=l

= —s25np(l)

(16)

an

(18)

19)

where o, =D, (smL)_l is the dimensionless parameter which depends on the surface
recombination speed s, at front (m=1) and back side (m=2) surfaces of the sample, and

vp =D,L~ lis the diffusion velocity of the photogenerated minority carriers.

Appendix 2: Temperature calculation

The solution of the Eq. (6) can be written as (Markushev et al. 2018; 2019):

T(x.f) = by e + bye™ ™ + byon,(x,f) + bye ",

bk < dén,,(x) > _ o < dén,(x) ) ] .
dx x=0 dx x=l

e 0+ bt 1

where

) coth (o;l) — 1
e 2ko;

L

b ! { b k<d5n”(x)> +e,6n ()s, + bykp e P+
=4 — e, on S e
g 2ko;sinh(o;l) ’ dv /e

ol don,,(x)
+e %" | byk P +¢€,0n,(0)s; — b,kp
x=0

£ Ji¢ b E—€
bi=——2% andd =—0<_3_ 3)
(oo T (P -a) \D,
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dT (x) dT(x)
—k c;x . = 5,6n,(0)¢, and —k cix _

= —s25np(l)5g 24)

Here s, and s, are the surface recombination speeds at illuminated front (1) and nonil-
luminated back (2) sample surface.
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ABSTRACT

Based on the analogy between resistor-capacitor (RC) filters and the thermoelastic component of a photoacoustic signal, the complex
thermoelastic response of an open photoacoustic cell is described as a simple linear time-invariant system of a low-pass RC filter. This
description is done by finding a linear relation between the thermoelastic cut-off frequency and sample material thickness within the range
of 10-1000 um. Based on the theory of a composite piston, we run numerical simulations of the proposed method for n-type silicon,
described as either a surface or volume absorber. Theoretical predictions are experimentally validated by using an open photoacoustic cell
setup to record the signal of an 850-um-thick n-type silicon wafer illuminated by a blue light source modulated with frequencies from
20 Hz to 20 kHz. The obtained experimental results confirm the linear dependence of the thermoelastic cut-off frequency on the sample
thickness, and, therefore, they lay the foundation of a new method for the thermal characterization of materials.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152495

I. INTRODUCTION

Although photoacoustics is a powerful method that has been
used for decades for the thermal characterization of solids and
liquids,'™® it also provides a platform for the development of new
methods based not only on the analysis of its total signal but also on
its signal components for semiconductors.””'" By analyzing the fre-
quency spectrum of the thermoelastic component of the photoacous-
tic signal generated by semiconductors, some research groups'*™"*
recently showed that its patterns can be used to probe the influence of
free carriers. Such analysis can be used in different areas, such as the
design of heat sinks in electronic devices'”™” and silicon membranes
suitable for micro electromechanical systems (MEMSs) sensors. ™’

The practice has shown that analog electrical networks are a
suitable tool for representing systems and processes of diverse phys-
ical nature.”’ ™ In particular, linear time-invariant (LTI) systems
are widely used to process signals modeling physical phenomena
and implementing the desired effects on data. For instance, a

simple LTI system made of analog passive RC (resistor—capacitor)
filters is commonly applied to pass data through and eliminate
unwanted frequencies.”>*’

In this article, we show that a photoacoustic cell can be consid-
ered as a LTI system composed of an analog passive RC low-pass
filter.”® By finding the characteristic cut-off frequency (frg) of the
thermoelastic component, this electro-acoustic analogy is used to
develop a new methodology for the thermal characterization of semi-
conductors. This methodology provides the cut-off frequency frg (I)
as a function of the sample thickness /, a unique curve for a given
material. Numerical simulations of the frequency response of n-type
silicon are performed to determine its characteristic curve in the
presence of surface or volume absorption and without the influence
of free carriers. Furthermore, the proposed method is experimentally
validated by using an open-cell photoacoustic setup to measure the
photoacoustic signal of n-type silicon samples of different thick-
nesses. We selected this silicon sample because of its ability to act
both as a surface (blue light, low absorption depth) and volume
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absorber (red light, high absorption depth) by changing the wave-
length of the illumination light. This material behavior allows us to
treat the thermoelastic response of silicon in the simplest way
(surface absorber) needed to establish the RC analogy.

Il. THEORETICAL BACKGROUND
A. Fundamentals of linear time-invariant systems

Following the definition of a signal as the description of how
one parameter varies with another, and the definition of the system
as a process that maps an input signal to an output one, practice
shows that the most useful systems fall into the LTI category.”"*’
This is the reason why LTI systems are primary signal-processing
tools, mostly represented as filters of different kinds. A LTI system
has the following properties: homogeneity, additivity, and time
invariance. Homogeneity means that a change in the input signal’s
amplitude results in a corresponding change in the output signal’s
amplitude, additivity means that the signals added at the input
produce signals that are added to the output, and time invariance
means that the system responds in the same way now or later.””

ARTICLE scitation.org/journalljap

Static linearity, sinusoidal fidelity, and commutativity are the
other useful properties of LTT systems™ to understand the analogy
between low-pass RC filters and photoacoustics. Static linearity
defines how a LTI system reacts when the signals do not change (DC
or static signals): the output is the input multiplied by a constant.
Sinusoidal fidelity establishes that if the input to a LTI system is a
sinusoidal wave, the output will also be a sinusoidal wave oscillating
with the same frequency as the input. If two or more systems are
combined in a cascade (the output of one system is the input to the
next), and if each system is linear, then the overall combination will
also be linear. The commutative property states that the order of the
systems in the cascade can be rearranged without affecting the char-
acteristics of the overall combination. As one of the most used ways
of describing a LTI system is its frequency response, in this article,
we study this frequency in relation to a photoacoustic signal.

B. Analog passive low-pass RC filters

Filters are electronic circuits that reject a band of frequencies
and allow others to pass through. They alter a signal’s amplitude

a)
R
in x out
»| [ T >
h(?)
b)
Z.,=
in n a1 out
> . 1 '
U. — ;
X(]O)) ’"(;](D) ZC J(DC Uoul(.]o‘)) Y(]O))
H(jw)

FIG. 1. Typical LTI schemes of the low-pass RC filter on (a) time and (b) frequency domains. The red and blue lines stand for the usual sinusoidal input and output

signals of the same frequencies.
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and/or phase characteristics with respect to frequency in the way
that the LTI system does. A filter circuit that consists of passive
components such as resistors, capacitors, and inductors, is called a
passive filter.””~*’ Considering that the operating frequency range
of a filter is determined by the components used to build its circuit,
a filter can be categorized based on the operating frequency of a
particular circuit. The basic categories are low-pass, high-pass,
bend-pass, and bend-stop filters. Here, we present fundamentals of
the analog passive low-pass RC filter (LPRCF). This filter provides
a constant output (gain) from zero up to the cut-off frequency f,,
by attenuating all frequencies above f,. The schemes of a LPRCF on
time and frequency domains are shown in Figs. 1(a) and 1(b),
respectively.

Mathematically, a LPRCF is often described in terms of its
transfer function H(jw) (frequency response), which is given by
the ratio of the Fourier transforms Y(jw) and X(jw) of its respec-
tive output and input signals, as follows:

_Y(jo) Upu(jo) 1

- X(jo)  Uan(jo) +j2, @
(2

H(je)

where j is the imaginary unit, ® = 2zf, f is the modulation fre-
quency of the input signal, @ = 2xfy = 1/RC, with f, being the
filter cut-off frequency, R the electrical resistance, C the capaci-
tance, Uj,(jw) the input voltage (ideal voltage source), and
U,u(jw) the output voltage. As a complex quantity, the amplitude
|H(jw)| and phase ¢ of H(jw) are given by

|H(jo)| = - 6)
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@ = —arctan (—) .
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To plot |H(jw)| and ¢ for 0 < & < oo, we obtain their values
at the following characteristic points: (1) when ® — 0 then
|H(jw)] — 1 and ¢ — 0°% (2) when @ — co then |H(jw)| — 0 and
¢©—90% and (3) when ® =, then |H(jw)|=1//2 and
¢ = —45°. According to Eqs. (2) and (3) and these characteristic
points (black dots), the LPRCF frequency response is plotted and
shown in Fig. 2.

To locate the crucial features of the amplitude and phase of
the transfer function, we follow the standard practice to use Bode
plots, semi-log plots of the amplitude (in decibels), and phase (in
degrees) of a transfer function vs frequency. To obtain these Bode
plots (Fig. 2), we transformed the amplitude |H(jw)| [Eq. (2)] into
Agp (in decibels) given by

Agp = 20log |H(jw)|. (4)

Agg is shown in the right vertical axis in Fig. 2(a) and contains
the same information as the logarithmic plot of |H(jw)|, but it is
much easier to construct and interpret. The phase ¢, on the other
hand, is shown in Fig. 2(b) and its Bode plot remains the same.

C. Photoacoustic thermoelastic component

As it is well known, photoacoustics relies on the photoacoustic
effect dealing with the generation of sound waves due to the modu-
lated light absorption in a material.”’** Sound waves are usually
detected by different kinds of sensors, usually microphones, in
the form of the total photoacoustic signal—the time variation of
the microphone electric output (voltage or current). Based on the

b)

04

=204

404 N

-60

Phase, ¢, (deg)

-801 £ =30000 Hz

-100
10°

10" 102 10° 10* 10° 10° 10’
Modulation frequency, f; (Hz)

FIG. 2. Frequency response of the (a) amplitude and (b) phase of a typical LPRCF. Calculations were done for f, = 30 000 Hz and the amplitude in arbitrary units and deci-

bels in (a).
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FIG. 3. Scheme of a LTI for the photoacoustics thermoelastic frequency response. The red and blue lines represent the sinusoidal input (modulated light) and output
(sound) signals oscillating at the same frequencies, as processed by an open photoacoustic cell.

theoretical model of the composite piston,””" the total photoa-

coustic signal dporl(jo) of the semiconductor, excited without the
excess carrier influence, consists of two components: one generated
by the thermal piston (thermo-diffusion component, dprp(jm))
and another one generated by the mechanical piston [thermoelastic
component, Jprg(jw)]. Mathematically, the total photoacoustic
semiconductor signal is a complex function composed of its two
components as follows:
Oprotal(jo) = Sprp(jo) + Spre(jw). ()
Being complex quantities, all components have amplitudes
and phases. For our analysis, we will single out the thermoelastic

a)

E§ . N U
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107 - . - y '
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Modulation frequency, f, (Hz)

component, dprg(jw), of the semiconductor as the one whose fre-
quency response, based on our experience, most closely matches
the response of the low-pass RC filter—LPRCEF.

A schematic representation of the most used setup of photoa-
coustics, the so-called open-cell setup, is shown in Fig. 3. The
microphone is the detector of the photoacoustic cell having a
length I. and volume V;. Open cell fairly represents the photoa-
coustic setup as a LTI system, with all its aforementioned character-
istics. The modulated light source (red lines and sinusoids)
uniformly illuminates the front side of the semiconductor sample

with a circular shape of thickness / and radius R (dashed sample :

lines). The energy of absorbed light on the illuminated surface and

in the nearby volume is transformed into thermal energy that is ¢

T T T :I T b)
{1 ]| EE—————— bomeeenenneneneees .
%0160 |
= i
1404 L
§ .
¥ 1204 Sin-type
§ /=40 um
00 — oS3
804 — — ~ RC fit |
10" 10> 100 10* 10° 10° 107

Modulation frequency, f, (Hz)

FIG. 4. Frequency response of the (a) amplitude and (b) phase of Spre(jw)s (black solid lines) for a n-type Si sample of thickness /=40 um, together with their RC fit

(red dashed lines).
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TABLE I. Si n-type sample parameters used in Eq. (16).

Thermal conductivity, k (W/mK) 150
Heat capacity, C (J/kgK) 715
Density, p (kg/m?) 2329
Thermal diffusivity, Dy (mm?/s) 90.0
Linear thermal expansion, ar (107° 1/K) 2.60

transferred through the sample along the z axis (1D transfer)
changing the thermal state of the semiconductor. Such a change
leads to different temperatures on the illuminated and non-
illuminated sides of the sample, which leads to its, so-called, ther-
moelastic bending (solid sample lines). The bending is periodic,
consistently follows the rhythm of the light source, and periodi-
cally changes the air pressure in the immediate vicinity of the
unilluminated side of the sample (mechanical piston). A change
in air pressure creates sound, i.e., the thermoelastic component
opre(jw) of the photoacoustic signal is formed (blue curves). The
sound propagates through the air (at atmospheric pressure po)
and it is registered by the microphone membrane (M), having the
typical frequency response (blue sinusoids) of the semiconductor
illumination without the influence of free carriers (electrons and
holes).

From a physics point of view, there are two different classical
ways to describe the temperature distribution of a semiconductor
during its illumination (Fig. 1): (1) surface absorption and (2)
volume absorption, both without the excess carrier influence.
Avoiding deeper analysis and derivation of the main temperature
distribution equations, we present the final expressions and the
underlying ideas about the new methods of thermal characteriza-
tion based on electro-acoustic analogies between RC filters and
photoacoustics. Based on the model of the composite piston®>**
and the theory of thermoelastic bending,”>° the thermoelastic
component dprg(jw); of the photoacoustic signal is given by

112

J zTi(z)dz, (6)

-2

YePoarR?

5pTE(jw)i =3z A Vo

where Ti(z) is the temperature distribution within the sample in
the case of surface (i=s) or volume (i=v) absorber, p, is the air
pressure in the cell volume V), 7, is the ratio of the heat capacities
of the intracell air, and at is the coefficient of thermal linear
expansion of the sample.

D. Surface absorber without excess carrier influence

In this section, we will show how electro-acoustic analogies
can be established between the frequency response of the thermo-
elastic component of the photoacoustic signal and the low-pass RC
filter. In the case of n-type semiconductor surface absorption
without excess carrier influence, solving the parabolic heat conduc-
tion equation (PHCE), the temperature distribution Ty (z) within
the illuminated semiconductor (1D heat transport along the z axis
and geometry presented in Fig. 1) can be written by a simple
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_ Iicosh[c(l/Z —2)]

L@ =™ sinhto)

™

where I, is the amplitude of the incident light intensity I,
o= (1+ju! is the complex wave vector of heat diffusion,
U = +/2Dr/w is the thermal diffusion length, @ = 2zf, fis the light
source modulation frequency, Dr is the thermal diffusivity, and k is
the thermal conductivity of the sample.

Solving the integral in Eq. (6) with T(z) [Eq. (7)] yields a
simple analytical expression for the thermoelastic component
Spre(jm),

®)

IoygpoarR* {tanh(ol/z) }
1 j0), = 3 -1,
Pl =30 vl U oll2

which can be easily analyzed in detail. The amplitude Arg(f), and
phase @i (f), of dpre(jw), [Eq. (8)] as a function of light source
modulation frequency f are numerically obtained using MATLAB

and presented in Fig. 4 (blue solid lines), in the case of | = 40um :

thick n-type silicon (Si) sample with basic parameters given in
Table 1. The resulting dprg(jo), responses are very similar to the
|H(jow)| [Eq. (2)] and ¢ [Eq. (3)] responses of the RC filter (Fig. 3).
Based on such obvious similarity, the RC fit is performed on ampli-
tude Arg(f), and phase ¢rg(f), [Eqs. (2) and (3), respectively,
Fig. 4, red dashed lines] which reveals that Sprg(jw), has the
cut-off frequency frgs = (9.1 + 0.1) x 10* Hz. Small discrepancies
were observed between dpre(jw), and RC fit at higher frequencies,
roughly f.; > 2 x 10° Hz, both in amplitude and phase.

Here, the question arises whether the obtained fitting results
have justification and meaning, knowing that our photoacoustic
system is a system described by partial differential equations, the
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FIG. 6. Typical Spre(jw), (a) amplitude and (b) phase frequency responses (black solid lines) in the case of Si n-type sample having the thickness, /=40 um, together

with their RC fit (red dashed lines).

so-called distributed parameter system (DPS), while RC filters are
typical representatives of systems described by ordinary differential
equations, the so-called lumped-parameter system (LPS).

Without going into the details, the justification and
meaning of obtained results are as follows: in a previous
article,”® the condition that should be met to make the photo-
thermal induced temperature variations of a solid sample analo-
gous to the voltage variations of the electric network with
passive linear elements is presented. Temperature variations are
calculated using the hyperbolic heat conduction equation
(HHCE) if the relaxation time 7 of thermal processes in the
medium exists (r # 0). It was found that HHCE based

1 0-4 g T T T T a)

., (arb.un.)

~
= 10-7_
)

d

10-8_

1t

Si n-type
107 - [ in = 10 pm

I =1000 um

Ampl

10—10_
10!

102 100 10* 100 10 107

Modulation frequency, f, (Hz)

photothermal (photoacoustic) system (DPS) can be represented
as a linear passive electrical network (LPS) under certain condi-
tions |0l < /6 (see Appendix A), where o is defined by a
RLC filter. Taking our PHCE case (7 — 0), these conditions
remain, but o is reduced to the RC filter. In addition, our pho-
toacoustic thermoelastic system can be described only with resis-
tors and capacitors® (see Appendix A). Considering the
description of o by passive electrical elements (resistor, capaci-
tor, and coil), a similar condition for the modeling of the TE
component by a passive linear electrical network can be
obtained: |o|l/2 < v/6 (see Appendix A). For 7 =0 (our case),
this electrical network becomes the RC filter (see Appendix A).

b)

1Si n-type
i = 10 pm

[ ax = 1000 pm

80

10" 10> 10 10* 100 10° 107

Modulation frequency, f, (Hz)

FIG. 7. Frequency response of the (a) amplitude and (b) phase of dpre(jw)s for a n-type Si sample. Calculations were done for a sample thickness in the range 10—

1000 um, which is used to find frgs applying a RC fit [Egs. (2) and (3))].
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TABLE II. Cut-off frequency frgs determined by fitting for a n-type Si semiconductor
of different thicknesses.

Sample thickness [ (x10™° m) Cut-off frequency frg, (Hz)

10 1467 250
20 352 064.0
30 150 994.8
40 91 465.38
50 58 578.48
60 40 865.79
70 28097.52
80 21687.13
90 17 231.35
100 14013.44
200 3475.289
300 1578.390
400 871.7279
500 558.1317
600 387.6765
700 284.8613
800 217.3823
900 172.3485
1000 139.6089

The stated condition can be adapted to our analysis (Fig. 5),
where for the range of Si sample thicknesses from 10 to 1000 ym,
the range of critical modulation frequencies 4 x 102
<fy <4x10°Hzis determined (DPS-LPS approximation).
When [ =40um (Fig. 4), the photoacoustic system thermoelastic
response can be described only by resistors and capacitors—a
low-pass RC filter—LPRCEF, at frequencies fo, < 2 X 10° Hz.

The final results show the possibility to develop an electric
network—RC low-pass filter (Fig. 1) that will be the analog of the
photoacoustic system under consideration (Fig. 3). More precisely,
the illuminated sample is modeled by LPRCF, where the values of
voltages and electric currents in this filter are analog to the values
of temperature distribution and heat flux at the respective points of
the sample. The resistor corresponds to the reciprocal value of the
sample thermal conductivity, and the capacitor corresponds to the
sample thermal capacity.

E. Volume absorber without excess carrier influence

In the case of n-type semiconductor volume absorption
without free carrier influence, under the same excitation condition
as in the surface absorber case, the temperature distribution T(z)
(1D case) within the semiconductor can be written as’>®

I 2
Ty(2) = éﬁ
cosh[o(l/2 — z)] — e Plcosh(c(l2+2) o B2
x sinh(cl) ~5° '

)

Here, S is the absorption coefficient of the sample. Solving the

ARTICLE scitation.org/journalljap

Si n-type
calibration curve

[

S
[=))
1

= Surface absorber fip
|——Eq.(2) fit '

10! 10°
Sample thickness, I, (x10°m)

Cut-off frequency, fr, (Hz)

et
S
[

FIG. 8. The calibration curve of n-type Si, showing the cut-off frequencies frgs
of 8pre(jw)s as a function of the sample thickness (Table |1).

integral in Eq. (6) with Ty(z) [Eq. (11)] yields a slightly more com-
plicated analytical expression for the thermoelastic component
5pTE(jw)V337’38

Io}’gpoaTR4 B
2kVy(ol)? p* — o2

) [tanh(ali2) ]_ (E)Z [
x{(l—l—e >[70'l/2 1 5) Bi( (10)

where C =2 — Bl — (2 + pl)e?". The amplitude Ag(f), and phase
ore(f), of dpre(jm), as a function of light source modulation fre-
quency f are presented in Fig. 6 (blue solid lines), in the case of
I =40um, a thick n-type Si sample with basic parameters given in
Table I, adding f=2,41 x 10°m™! and excess carrier lifetime
7/ 1077 s (ultrafast recombination—no excess carriers influence).

opre(jo), =3m

photodiode

LED /

L || signal current
— I detection modulation
system system
PC
sample \
microphone

FIG. 9. Scheme of the open-cell photoacoustic setup.
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It is obvious that Arg(f), and phase @rg(f), of dpre(jw), are
the same as in the surface absorber case (8] — 00). It means that
the RC fit [Egs. (2) and (3), Fig. 6, red dashed line] reveals the
same value of frg, = frgs = (9.1 + 0.1) x 10* Hz. Also, it reveals
the same values of £, as in the surface absorption case at | = 40 um
(foe <2 x 10° Hz) and in the whole investigated range of thick-
nesses (10° Hz < f,, < 107 Hz).

lIl. NEW METHOD FOR MATERIAL CHARACTERIZATION

In the previous paragraphs (Sec. 1I), we found the essential
characteristics of our thermoelastic photoacoustic system: frg, for
(Figs. 4 and 6), and dependence of f.. on the sample thickness, [
(Fig. 5). In this paragraph, we will find another essential character-
istic of our system, which is the dependence of frgs on L This
dependence is the basis of establishing a new material characteriza-
tion method that connects the external parameters (frgs, /) that can
be changed in the experiment, with the internal essential one
(thermal diffusivity, Dr), a natural material characteristic. It can be
found from the ol/2 value in square brackets of Eq. (8) when
f = fres. In this case, one can write

lolf _

S =m (11)

or

2Dy
fTEs = ;l_z mz) (12)
considering that |o| = /o/Dr, ® = o1 = 27frgs, and V2 < m
< /6 (see Appendix A).”

Applying the identical procedure as in Fig. 6, frgs values can
be found from Spre(jo), [Eq. (8)], for a wide range of silicon
sample thicknesses (from 10 to 1000 um, Fig. 7, Table II), with the
same characteristics as it was given in Table I. Thicknesses are
taken from Iy, = 10 to 100 #m in steps of 10 um and from 100 to
Imax = 1000 um in steps of 100 um.

Using the results presented in Table II, one can plot the
dependence of frgs on the thickness of the sample, J, in a log-log
scale (Fig. 8). By fitting these results with Eq. (12), the value of
m = (1.513 + 0.002) is obtained. This result, in a general sense,
represents a reference curve for a certain material (n-type Si, in our
case, with parameter Dy from Table I) and can be used as a calibra-
tion curve within the framework of material characterization. In
other words, a new method for material characterization (not only
semiconductors), based on the analysis of Spre(jw), frequency
response and its frgs dependence on the thickness of the sample,
can be established. Such a methodology can be advantageous when
it comes to the development of non-destructive methods of mate-
rial characterization, investigation of semiconductor wafers as sub-
strates for thin film analysis, as well as the role of photogenerated
excess carriers both at surfaces and in bulk.””™"’

IV. EXPERIMENTAL CONFIRMATION

To experimentally confirm the validity of the calibration
method described in Sec. 111, let us use the measurement results of
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FIG. 11. Cutoff frequency f&° experimentally obtained (black dot) for an
850-um-thick circular silicon wafer compared to the n-type silicon calibration
curve (solid red line) predicted by theory (Fig. 8).

a circular n-type silicon wafer with a radius of R =3 mm and a
thickness of [ = 850 um. Measurements were made by the open-cell
photoacoustic setup (Fig. 9), explained in detail somewhere
else,'"” with a blue LED light source (450 nm), and corresponding
wafer absorption coefficient 8 = 2, 41 x 10°m~! (8] >> 1, surface
absorption) and excess carriers relaxation time, 7 ~ 10~ % s, insuffi-
cient for their influence on the photoacoustic signal (and its com-
ponents) in the 20 Hz to 20 kHz modulation frequency f range.

The obtained measured signal S(jo),, its amplitude A, and
phase ¢ [red asterisks, Figs. 9(a) and 9(b)] are cleaned from the
influence of the experimental instruments in the low-frequency
[He(jw)] and high-frequency [H,(jw)] regions, in order to obtain
the “true” signal Opioi(jw), amplitudes and phases (solid blue
lines, Figs. 10(a) and 10(b)], the signal originating directly from the
illuminated sample'*>** (see Appendix B).

The obtained Spiol(jw), is fitted using the composite piston
model [solid blue, Figs. 10(c) and 10(d)]. Besides the basic sample
parameters (matching those from Table I), such a fitting procedure
leads to the signal components: Sprp(jw), from the thermal

(dashed red) and Sprg(jo), from the mechanical (dashed blue) ¢

. 13,33,34,44
piston.

Singling out Spre(jw), [solid black, Figs. 10(e) and 10(f)], it is <

clear that the analogy with RC circuits can be applied to this com-
ponent, i.e., its amplitudes and phases can be fitted with Eqgs. (2)
and (3), respectively (red dashed). The results of that fitting give
the value of cut-off frequency f5° = (200 + 10)Hz and
£350 = (480 + 20) Hz. The value of £330 matches to the Si n-type
calibration curve (Fig. 11), and f < f%° defines the frequency
range where the RC fit of dpre(jw), is fully applicable.

The results obtained from the experimental data confirm the
applicability of the new method aimed at the thermal characteriza-
tion of n-type silicon based on electro-acoustic analogies between
passive low-pass RC filters and thermoelastic components of the
photoacoustic signals.
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V. CONCLUSIONS

We have demonstrated that the thermoelastic response of
n-type silicon recorded via an open photoacoustic cell can be
described as a simple linear time-invariant system made of a
passive RC filter. This analogy is driven by the linear relation
between the silicon sample thickness and the modulation frequency
of its thermal excitation. For both surface and volume excitations
without the influence of free carriers, we have obtained the values
of the critical frequencies, below which the analogy between the
photoacoustic (temperature, heat flux, thermal conductivity, and
heat capacity) and electrical (voltage, current, resistance, and capac-
itance) quantities is complete. Based on the proposed analogy, the
frequency spectrum of the amplitude and phase of the thermoelas-
tic component of the silicon photoacoustic signal has been analyzed
like a passive low-pass RC filter to determine the characteristic
thermoelastic cut-off frequencies. By correlating the obtained
cut-off frequencies with the thickness of the examined n-type
silicon, we have determined that its linear calibration curve is
driven by thermal diffusivity. Such linearity has been experimen-
tally validated using an open-cell setup to measure the photoacous-
tic response of the 850-um-thick silicon wafer excited with a blue
light source within the 20 Hz-20 kHz modulation frequency range.
Thus, the proposed method is expected to be useful for the thermal
characterization of materials.
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APPENDIX A: PHOTOTHERMAL RESPONSE AND
ANALOGY WITH PASSIVE LINEAR ELECTRIC
NETWORKS

The thermal response of the sample illuminated by a modu-
lated light source is described by the temperature distribution Ts(z)
within the sample [Eq. (7)], obtained by solving the dynamic part

ARTICLE scitation.org/journalljap

of the 1D diffusion equation of heat transport along the z axis,

PTz1) 1 9Tz 1)

= , Al.l

072 Dy ot ( )

where Ty(z, t) = Tamp(2) + Ts(2)(1 4 /), Tamp(2) is the ambient
temperature, @ is the modulation circular frequency,

Dr = k/(pCy), k is the thermal conductivity, p is the density, and
Cy is the volumetric thermal capacity of the medium. This equation
is the so-called parabolic heat conduction equation (PHCE), which
is always stable, depicting a heat transfer process in the medium as
a diffusion process. It assumes an infinite speed of heat propagation
or, in other words, the zero-relaxation time (r — 0) of thermal
processes in the medium. On the other hand, the 1D hyperbolic
heat conduction equation (HHCE) along the z axis,”®

PTzt) 10T | 7 PL )

822  Dr Ot Dy o (Al2)

acknowledges the finite speed of heat propagation, or finite value of
7 (r # 0), describing the heat transfer process in the medium as a
wave propagation process. Equation (A1.2) is similar in form to the
Maxwell (telegraph) equation of an electromagnetic field, which,
given in terms of voltage u(z, t) between the lines has the form™®

u(z, t) Ou(z, t)
=rc

. Pu(z, t)
072 ot ’

or?

+1, (A1.3)
where r = dR/dz is the distributed resistance, ¢ = dC/dz—the dis-
tributed capacitance, and I; = dL/dz—the distributed inductance
of the line. An analogy between Eqs. (A1.2) and (Al1.3) can be
established, as an analogy between two distributed parameter
systems, by introducing the following relationships: u < T,
¢ < pCy, r > 1/k, and I; < 7/k.

However, the electric network which consists of the elements
with lumped (not anymore distributed) parameters can be estab-
lished to describe the system defined with Eq. (A1.3). Such a
system consists of the equivalent impedance Z.; and admittance
Yeq» given in the forms,”*

tanh vzy

an 2 iy Ysinh(\/ZY)

————Z an =Y ——=
VZY “ VZY

2

Zg=2

where

Z = l(r + jol) and Y = jowcl, (A1.5)
and [; is the length of the line. If one wants to represent Zeq and Yeq
with real electric elements (resistors, capacitors, and coils),
Eq. (A1.4) must be simplified to
Zeq=ZandYq =Y. (Al.6)
This can be done if the condition ZY < 6 is satisfied, as
shown in Ref. 26.

(A1.4) ¢
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If 7 = 0 is the case we are considering, the equivalent electric
circuit that describes the optically induced surface temperature var-
iations is an RC filter (the coil as an element is lost). The equivalent
impedance Z.q and the equivalent admittance Y.q are given by the
expressions:

1

Zy=Z=lr=1

lland Yy = Y = jocl = jopC,l. (A1.7)
Using the knowledge that the properties of materials in rela-
tion to heat conduction can, under certain conditions, be described
as equivalent to resistance and capacitance [Eq. (A1.7)], the condi-
tion under which the TE component of the PA signal [Eq. (8)] can
be described with RC filters is ZY << 24 (obtained following the
series expansion of tanh(\/ZY/Z)/(\/ZY/Z) ).”° The condition can
be written as
ZY = lrjocl :ja)rcl,2 < 24 (A1.8)
or rewritten in terms of sample properties using established analo-
gies (sample thickness I =1;),”°

1
ja)D—le < 24. (A1.9)

This condition in terms of real numbers can be written as

1
o—PL = (o|l)’ < 24, (A1.10)
Dr

which leads to the final form of |o|l < 2+/6. Taking into account
the obtained limits and series expansion, the analytical expression
of dpre(jo), [Eq. (8)] can be simplified as

IngpoaTR4 1
8m2kVy |1+ (jolwr)|’

opre(jw), = 3n (A1.11)

where

Arg(jo), = |6pre(jw),| ~

1 + (w/wtE) OTE

(A1.12)

Here, wrg = Dr/(1/2m)? and 2 < m < /6, depending on the
number of terms in the series expansion.

APPENDIX B: THE CLEANING OF EXPERIMENTAL
SIGNAL FROM THE INFLUENCE OF THE MEASURING
CHAIN

The measuring chain of photoacoustics consists of many
devices with associated electronics that measure not only the
desired signal but also control the conditions of the experiment,
especially the sources of excitation. All these devices, in addition to
their good features, carry with them (as electronic devices) plenty
of bad features that are reflected in different types of noise and

1 0]
—— and ¢ = —arctan (—) .
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strong signal deviations in the entire frequency domain of interest
for our research.**

In our case, the microphone as a detector, with its associated
electronics, introduces the most interference and affects the shape
of the measured signal in the entire range of modulation frequen-
cies f from 20Hz to 20kHz. In the low-frequency range
(f< 10° Hz), the microphone and the lock-in, which is emulated by
the computer’s sound card, act like two cascaded high-pass RC
filters, decreasing the measured signal more and more, as we move
toward lower frequencies. In a mathematical sense, their influence
can be described by a transfer function H.(jw) of the first order

having the form
@) ()
w1 % (9)) i
142 14 =
J o J 3

where w = 2xf, @, = 2xf;, where f; is the microphone cut-off fre-
quency, and w, = 2xf,, where f, is the lock-in (sound card) cut-off
frequency. In the high-frequency range, the microphone acts like
two second-order high-pass RC filters, altering the measured signal
in the form of peaks (resonances) more and more as we move
toward higher frequencies. In a mathematical sense, microphone
influence (acoustic response) can be described by a transfer func-
tion H,(jw) of the second order having the form**

He(jo) = — (A2.1)

1 1

3 +
@ @
1 - (—) + jos —
w3 w3

Here, w3 = 2xf; and w, = 2xfy, where f; and f; are the characteris-
tic cut-off frequencies of the first and second peaks of the micro-
phone, while 65 and J, are their corresponding dumping factors.

The measured photoacoustic signal S(jo), is the product of
the “real” photoacoustic signal Opil(jw), originating from the
sample, multiplied by the aforementioned effects of H.(jw) and
H,(jw) in the entire frequency domain,**

Ha(jw) =

S(jw), = op(jw) He(jo)H,(jo). (A2.3)

The basic idea of cleaning the measured signal is to recognize
all the mentioned cut-off frequencies of the microphone and
lock-in (sound card), e.g., by fitting the S(jo),. In this way, He( jo)
and H,(jw) can be fully recognized and removed from the mea-
sured signal, leaving only the “real” signal dpioi(jo), that carries
information about the illuminated sample. The “real” signal, now,
can be the subject of fitting based on, for example, the theory of
composite piston, searching for the signal components, especially,
the thermoelastic one.
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ABSTRACT

The model of a photoacoustic gas-microphone signal in the time domain recorded in a transmission configuration using a minimum :

volume cell is derived. This model takes into account the inertial thermal relaxations of both the sample and the gas filling the cell by

means of the generalized hyperbolic theory of heat conduction. With the introduction of electro-thermal analogy for the thin sample and ¢

short microphone length cavity, characteristic quantities are defined, which can be used in solving the inverse problem in time-domain pho-
toacoustic in both cases, when thermal relaxations are neglected as well as when they are considered. The derived model that includes
thermal relaxation explains the experimentally observed occurrence of overshoots and undershoots as well as an oscillatory approach to the
steady values of the recorded signal in high-resolution time-domain photoacoustic measurements of thin semiconductor membranes, which

will be presented in detail in Paper II of the paper.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152519

I. INTRODUCTION

If a sample is illuminated by an electromagnetic (EM) beam,
one part of the incident EM energy is absorbed by the sample and
part of the absorbed energy is transformed into heat. The heated
sample generates pressure fluctuations and the propagation of
sound in its gaseous or fluid surrounding, which depends on
optical, thermal, elastic, electronic, and other related physical prop-
erties of the sample. This effect of optically generated sound is
called photoacoustic (PA) effect, and it is suitable for the develop-
ment of experimental non-contact and non-destructive methods
allowing for the examination of various properties of solids and
soft matter.'™**

In the so-called solid-gas-microphone (SGM) photoacoustics,
pressure fluctuations in the gas column of a closed cell are recorded

by a microphone; i.e., the acoustic response is detected. The time

variation in the electric output from the microphone is the well- ;

known PA signal.

The PA signal can be recorded in the frequency domain' " or
in the time-domain.”'™*

In frequency PA methods, the excitation optical signal of a
given wavelength is periodically modulated, while the amplitude
and the phase of the PA signal at each modulation frequency are
the subjects of the measurement. The characteristics of frequency
domain PA are periodically modulated optical sources with modu-
lation frequency matched to frequency-phase selected signal detec-
tion (lock-in amplifier, boxcar integrator), cost efficient setup, high
signal-to-noise ratio (SNR), low laser fluence, and the technical
simplicity of EM sources. On the other hand, the acoustic response
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in the frequency domain is narrowband and many processes that
become observable at high frequencies cannot be detected.

A monochromatic source is usually modulated by current-
voltage control of its electrical supply. Then, a series of optical
pulses appear as an optical output where two cases can be
distinguished. If the frequencies of this periodical series are higher
than 10 Hz, the excess energy in the system is not completely
relaxed (dissipated) for most materials and structures, and a
quasi-stationary regime is established. Typically, this is the case in
the frequency-domain solid-gas-microphone detection. The other
case is when the excitation pulse is short enough compared to the
pause until the next pulse so that the system has enough time to
fully relax and return to the unexcited state before the next pulse;
this is when the PA signal is to be measured in time domain. There
are two types of time-domain photoacoustics: optoacoustics, for
pulse durations less than 10ns, and thermoacoustics, for pulse
duration between 500 ns and 1 ms.””™" The characteristics of time-
domain photoacoustics are pulsed sources, broadband response,
time of flight measurement, high SNR, and high energy pulses
(10-100 m]/pulse), relatively high costs. The most common appli-
cations of time-domain photoacoustics are given in Refs. 30-42.

The response of an experimental system to pulse excitation, as
well as the acoustic response to periodical modulation, contains
information on optical (light absorption) and thermal properties of
the material under investigation, but due to broadband response,
such experimental configurations allow the measurement of addi-
tional high-rate relaxation properties, which affect the PA signal at
very high frequencies.”>*~**

The time-domain or pulse gas-microphone PA experiments
may be carried out using the modified frequency gas-microphone
setup, but the received PA signal is more difficult to interpret due
to its wide frequency bandwidth. To understand and correctly
interpret a pulsed signal, it is necessary to carry out a theoretical
analysis, taking into account such a specific way of the exciting
signal modulation and high-rate relaxation processes that affect the
measured PA signal.

This paper will consider the case when the excitation optical
signal is given by one short pulse followed by a sufficiently long
pause so that the excited system can fully relax. This means that

microphone membrane

Tof(t)

sample gas column
air (s) (2) air
DTs, ks,Ts DTg, kg, Tg

ds+ds

FIG. 1. Geometry of the problem in the ftransmission configuration of a
sample-gas-microphone setup. A solid of thickness ds (m) having an optical
absorption coefficient 8 (m™") is surrounded by optically transparent air and
supported by an electret microphone. The cell (microphone hole) of length dj
(m) contains an optically transparent gas. The surrounding air is taken to be
thick so that its exterior boundaries are not important.
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the PA signal in the time domain can be modeled as the response
to a single optical pulse.

Existing theoretical models of the time-domain gas-
microphone PA signal’' ™" do not take into account high-rate
relaxation phenomena and might be insufficient for the analysis of
experimental signals. A generalized model transmission PA
response in a minimum volume cell including thermal relaxation is
presented in this article. The spectral function of the PA signal is
derived in Sec. II by using Laplace transform and thermal quadru-
pole formalism. In Sec. III, time-domain PA responses for a step
function and short pulse are calculated and analyzed. It is shown
that the derived model predicts the possible occurrence of over-
shoots and undershoots in the vicinity of the step changes of the
excitation optical pulse. The similar phenomenon was observed by
the experimental gas-microphone measurement of a thin Si plate
that could not be explained by the existing models.** The relation-
ship between thermal and geometrical properties of the semicon-
ductor sample and the characteristics of time-domain PA signal are
discussed. In the end, the most important conclusions are drawn.

A detailed description of the PA experiments on a thin Si
plate and the processing of experimental measurements applying
the derived model will be presented in Paper II of this paper.

Il. THEORETICAL BACKGROUND

Optical, acoustic, and thermal processes occurring in a
minimum volume PA cell excited by a light pulse of short duration
are treated in one-dimensional approximation corresponding to the
configuration illustrated schematically in Fig. 1.

A. Outline of the model

The increase in the cell temperature excited by the light pulse
results in the change in gas pressure. The additional value of gas
pressure in the cell is proportional to the average gas temperature,
independent of the thermodynamic process (assumed to be adia-
batic"*’ or isochoric).”** Only the coefficient of proportionality
changes depending on the assumed model. In this paper, the gas
overpressure is calculated for the case of an isochoric process,
similar to the calculation given in Refs. 31, 32, and 34.

Under typical experimental conditions, the gas in the cell may
be treated as an ideal gas and, consequently, the equation of state
can be applied to it,

p(x, 1) = Rp,(x, ) Tg(x, 1), 1

where pg(x, t) (kg/m3) and Tg(x, t) = Ty + O4(x, t) (K) are the
density of the gas and temperature in the one-dimensional enclo-
sure (gas column), respectively, and 6,(x, t) is the departure from
the equilibrium temperature Tp. With symbol R being denoted as
the universal gas constant, p(x,t) (Pa) is the pressure fluctuation in
the chamber. The average pressure in the chamber can be com-
puted by taking the spatial average of p(x.t). Rearranging Eq. (1)
and recognizing that the spatial integral of p(x,f) is the total mass
of gas M, in the one-dimensional system and, therefore, constant,
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TABLE I. The range of sound wavelengths in air in the audible frequency range of
sound.

f(Hz) 20 50 100 500 1000 5000 10000 20000
A(m) 17 68 34 0.68 034 0.068 0.034 0.017
results in
d+-dg ds+d,
px, 1) J €
dx =R (x, t)dx = RM,. 2)
L Ty 1) . e ’

In the configuration shown in Fig. 1, the PA cell consists of an electret
microphone chamber. The dimensions of this cell are of the order of
a millimeter (d; ranges from 1 to 4 mm; the microphone diameter is
around 5mm), and it is filled with gas, usually air. The speed of
sound propagation is about 300 m/s in gaseous media. Using the rela-
tionship between the wavelength of sound and the frequency of the
sound wave in the audible range, as shown in Table I, it can easily be
concluded that the wavelength of sound is much larger than the
linear dimensions of the cell, so it can be considered a small acoustic
volume chamber (linear dimensions of the chamber are smaller than
the wavelength of sound waves in the gas). Therefore, it can be con-
sidered that p(x, t) =~ p(t) and, consequently, Eq. (2) becomes

ds+dg dx
<P(t)>J D\ RM.
4T (1 +== )

0

(©)

Considering that there are small departures from the equilibrium
temperature (6,(x, t)/Ty << 1) and expanding the denominator in
terms of powers of 6,(x, t) as well as putting {p(t)) = po + Ap(t)
lead to the following description of pressure fluctuation:

Po d+dy
Ap(t) = ngJ\dS Og(x, t)dx

“)

From Eq. (4), it can be concluded that for calculating the PA
signal, it is necessary to calculate the average temperature variation
inside the PA cell.

The sample is excited by a light pulse of duration ¢, (s) and of an
irradiance of I (W/m™). Assuming that the light pulse comes from
the negative side of the x axis to the sample of thickness d; and of
absorption coefficient §, and is absorbed as described by the Beer-
Lambert law, as well as considering the nonradiative deexcitation pro-
cesses following light absorption in the solid to be instantaneous,” the
density function of the volume heat source takes the following form:

S, £) = (1 = Rep)nlofe™f (£) = Sofe”f (¢), ®)
where dimensionless parameters are as follows: Rys is the coefficient of
the optical reflection, 7 is the quantum coefficient of the conversion of
electromagnetic energy into heat, and the function f{f) describes the
time shape of the incident light, with 8 (1/m) denoting the coefficient
of optical absorption of the sample.

ARTICLE pubs.aip.org/aip/jap

In the case of solids with high optical absorption coefficient,
such as semiconductors, it can be assumed that all light is absorbed
in a very thin layer close to the surface of the sample so that heat
sources (excitation heat flux) are generated only in this thin layer.
This means that it can be considered that there is a surface heat
source; 10 that is, an optically induced excitation heat flux on

the illuminated surface of the sample can be described by

SCe, £) = lim (1= Ry)nloBe (1) = Sof (1)5(x), (6)

where &(x) is Dirac’s delta function; i.e., there is a surface heat
source at the illuminated side of the sample during the duration of
the pulse t,,.

With respect to air being a much better thermal insulator
than the sample, thermal propagation across surrounding is not
taken into account.

Under the conditions outlined above, the heat transfer equa-
tions including thermal relaxations for each of the regions i =s, g
(Fig. 1) can be written as* "'

00i(x, t)  Ogqi(x, t) 0
ot ox

PiCpi (7)

0qi(x, t) -
ot

89,~(x, t)
_kz Ox >

qi(x, t) + 7 (8)

where 6;(x, t) (K) is the temperature departure from the initial
ambient temperature Ty and gq;(x, t) (W/m?) is the heat flux. In the
above equations, symbols k;(W/mK), C,; (J/kgK), p; (kg/m’), and
7; (s) signify the thermal conductivity, specific heat, density, and
thermal relaxation time of the ith layer, respectively, and
kil(p;Cpi) = Dr; (m?/s) is the thermal diffusivity.

The heat flux delayed constitutive relation given by Eq. (8)
enables the inclusion of inertial thermal relaxation and the removes
non-physical preposition of the classical theory of heat conduction
about infinite heat propagation speed."””' ™" If thermal relaxations
are neglected (7; = 0), Eq. (8) is reduced to classic Fourier’s consti-
tutive relation and, consequently, heat conduction is described by
classic parabolic diffusion theory’” widely used in frequency
photoacoustics.' ™" This approximation is justified in the case when
the frequency scale of the experiment is smaller than the inverse
value of the inertial relaxation time. Unfortunately, this relaxation
time and the associated heat propagation speed have not been
determined so far for any material or structure at room tempera-
ture, and theoretical estimates range from a few seconds for biologi-
cal tissues to a few femtoseconds for metals.”*>*>°" This means
that it is not possible, for experiments based on heat propagation,
to determine in advance whether it is necessary to take thermal
relaxations into account or whether they can be neglected.

Recently, the values of inertial relaxation time have been mea-
sured for the graphene plane at low temperatures (above 100 and
200K) in time-domain experiments based on the photothermal
effect by using the theoretical model that includes thermal relaxa-
tions.”>"” Starting from the facts that time-domain photoacoustics,
as well as other PT techniques, are broadband and that the inertial
relaxation time of either the semiconductor or gas is not known,
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they are included in the derivation of the model for the time-
domain PA signal.
Equations (7) and (8) are subject to the zero initial condition,

199,~(x, t)

ET: (9a)

[t=0,

0i(x, t =0). (9b)

Zero initial conditions are common in the consideration of
heat transfer in many problems, whether one uses classical diffu-
sion theory or one of the generalized theories.””™*>****** Such con-
ditions ensure the causality of the transport process and stability of
solutions. The detailed study of the influence of initial conditions
to heat transfer can be found in Refs. 65-67.

Assuming that surrounding air is a much better thermal insu-
lator than the system sample-gas column, zero boundary conditions
can be considered," ">’

gs(x=0,t) =0, (10a)

gg(x =D, t) = 0. (10b)
We also suppose temperature and heat flux continuity at the bound-
aries between the sample and the gas column at all time points,

0,(ds, £) = O,(ds, 1), (11a)

4(ds. 1) = qy(d 1), (11b)

The solution to the problem described above may be obtained
with different methods,”>*” " and the result will not depend on the
chosen method. One of them is to use Laplace transform for the cal-
culation of the spectral function of the PA signal and inverse
Laplace transform for the calculation of the time-domain PA signal.

B. Spectral function of the PA signal

By applying the Laplace transform to expressions (7)-(8) and
assuming that zero initial conditions can be applied [Eq. (9)], this
system is reduced to the system of ordinary differential equations
in a complex domain that is analogous with equations of propaga-
tion of voltage and current across the transmission line.”' "~ After
solving this system of linear differential equations for each layer,
complex representatives of temperature variations and heat flux for
each layer from Fig. 1 are obtained as follows:

0;(x) =

©jich[oi(d; — x)] + Z;Qushloi(d; — x)], (12)

- Ou , ———

Q(x) = S shloi(d: — )] + Quehloi(d; — 0], (13)
where s is the complex frequency. In the above expressions, ©; and
Qi are the complex representatives of temperature variations and

heat flux at the end of the ith layer (at points d; or d; + d,, see Fig. 1).
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In the above expressions and further in the text, all complex
variables are marked with overbar diacritic and their dependence
on s is omitted for readability.

The propagation coefficient and the characterlstlc impedance
of each layer are given by the following expressions:’

6-1' = Zi}_/i: (14)
_ Zi
Zci - = (15)

Parameters z; and y,, longitudinal impedance and admittance,
are introduced by using the analogy of the heat conduction process
and propagation of voltage and current across the transmission line,”’

2,‘ =1 + Sl,‘, (16)

¥ =& *+ sci, (17)
where distributed (longitudinal) resistivity r;, capacity ¢;, inductivity /;,
and conductivity g; are related to thermal properties of the ith layer
by the following relations:”"

1
r = o (18a)
ki
=p;Cpi = E, (18b)
b=, (18¢) :
g =0. (18d)

By introducing Laplace transform into the expression for pres-
sure fluctuations [Eq. (4)] and substituting Eqs. (12) and (13) in it,
the following model of the spectral function of the pressure fluctua-
tion is obtained,

AP (S) Po cg

TO g (QgO

Qg1)>

where symbols Qg and Q,; denote the heat flux at the beginning |

(x=4d;) and at the end of the gas column (x = d; + d,), respectively
(see Fig. 1).

If we take into account the boundary condition Qg =0
[Eq. (10b)], which assumes that there is no heat exchange between
the PA cell and the surrounding, Eq. (19) is reduced to

AB(s) = 0 2

Ty Ggdg (20)

QgO

As can be seen from Eq. (20), for the calculation of the PA
signal, it is necessary to know the value of the heat flux at the
boundary between the gas column and the optically heated sample

(19)

pd'61625L0°G L L0LSYZ/8€ZEL081/61525L0°6/E90) 0L/!opupd-ew!uE/de,l/d!e/SJO'd!E'sqnd//:duu woyy pepeojumoq

J. Appl. Phys. 133, 245701 (2023); doi: 10.1063/5.0152519
Published under an exclusive license by AIP Publishing

133, 245701-4


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

Q.-o Qx 1
> —>

1T
Zli

610 2ZZx 22—21 @il @,0

n o

O

(a) | (b)

FIG. 2. Equivalent thermal quadrupole for the ith layer: (a) equivalent
T network and (b) equivalent IT network.

and not the entire profile of temperature and heat flux through the
system shown in Fig. 1. For this calculation, it is suitable to apply
the thermal quadrupole model.”"”*~"*

By using Eqs. (12) and (13), it can be shown that each layer
can be represented by an equivalent IT or T network (Fig. 3),”""
the impedances of which, calculated from Eqgs. (12) and (13), are
given by the following expressions:

. i) o

5 1 VZYi2
T Yianh (VZ1:2)

Parameters Z; and Y; are defined by distributed (longitudinal)
impedance and admittance [Egs. (16) and (17)], respectively, as
well as layer thickness, d;,

(22)

Z,‘ = Ri + SL,‘ = T’,‘d,‘ + Slidi = (% + S%d‘), (23)
Y; =sC; = scid; = sﬁd- (24)
i = St = it = Dri i

By applying Laplace transform to Eq. (6), the surface heat
source can be represented by an equivalent ideal current source,

S(s) = SoE(s). (25)

Considering the above calculations, the heat flux at the begin-
ning of the gas column can be calculated by solving equivalent elec-
trical circuits, which consist of two cascade related networks from
Fig. 3, excited by the current source given by Eq. (25).

In the case of a very thin sample and minimum volume PA
cell, the following condition is met:*®

ZY <6 i=sg (26)

In that case, each thermal quadrupole (Fig. 2) can be reduced
to a passive linear network: RC filter if the description of heat con-
duction is based on classic Fourier theory where 7; =0 or RLC
filter if the theory of heat conduction includes thermal relaxation,
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FIG. 3. Equivalent electrical circuit that represents the photothermally induced
heat transfer across the system from Fig. 1 under the condition given by
Eq. (26).

7; # 0.”' The equivalent electrical circuit in that case is shown in
Fig. 3.

By solving the equivalent electrical circuit from Fig. 3, a rela-
tion can be established between the excitation flux and the heat
flux at the beginning of the gas column that appears in the expres-
sion for the PA signal [Eq. (20)]. The transfer function of the
system in Fig. 3 is

H) == 5——. (27)

By using Eqs. (23) and (24), for the case when thermal relaxa-
tions are included, the transfer function becomes

K

H(s) = — (28)

LA I
w? n
Parameters K, &, and o, are the coefficient of amplification,
the coefficient of attenuation of the system, and the natural (own)
frequency of the system or inverse natural time constant of the
system, respectively, calculated using Eqs. (23) and (24) as follows:

ke Drde
B ks DTg ds)

é_Rg\/E C 1 [k d  [a [d (30)

2 N\, 2\k/Drr, Va+1\d

oy— L L _ Jk Dr_1 fat1 (31)
VK /ClL, k\ 7o \/dd, a

In the case when thermal relaxations are neglected, Eq. (28) is
reduced to

(29)
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where R
R £ C ——

| |

[

-

= == s 33
TG +C Dpatl (33) v
mn°
with g and K being dimensionless variables defined by Eq. (29). + —©° Vout
The heat flux that enters into the PA cell (Fig. 3) is described Lin

by

Qgo = H(s)SoF(s). (34)
FIG. 4. The simplest circuit that can describe the recorded voltage signal

L . . by electret microphone that is proportional to the pressure fluctuations in
By substituting Eq. (34) in Eq. (20), an approximate model of the PA cell.

the spectral function of pressure fluctuation is obtained as follows:

AP(s) = Sy %f—ng(s)ﬁ(s). (35) lll. TIME-DOMAIN PA PULSES

s
et In this section, transmission time-domain PA signals, recorded
by a gas-microphone experimental setup with a minimum volume
cell and produced by a step function or short pulse, are calculated.

The step function can be mathematically described by

In order to analyze the time response of the PA signal, it is
necessary to take into account the transfer characteristic of the
detector system. In the case of an electret microphone, which is
used in transmission gas-microphone photoacoustics with
minimum volume cell, the microphone membrane is a moving f) =h() = {
electrode of the capacitor, the movement of which, due to the fluc-
tuation of pressure in the cell, leads to the voltage change in the
capacitor, recorded via amplifiers as the PA signal. The simplest
circuit that can describe the recorded voltage signal proportional to
the pressure fluctuations in the PA cell*”* is shown in Fig. 4. )

This circuit (Fig. 4) behaves as a high-pass RC filter when a F(s) =-—. (39)
periodic voltage is applied to its input,">*" which is widely used in $
high-frequency photoacoustics. However, in time-domain record-
ing, its behavior in the transition process must be taken into

0, t<0,

1, t>0, (38)

where h(t) is Heaviside’s function.*” The Laplace transform of
Heaviside’s function is given by

The short pulse function can be mathematically described by

account. (t) = h(t) — h(t — t,). (40)
By analyzing the circuit shown in Fig. 4 in the Laplace / ?

domain, it is shown that the transformation of pressure into Its complex representative is obtained by the application of

recorded voltage can be described by the following transfer func- Laplace transform to Eq. (40),%

tion:

1 —tps
Vou = A(S)Viy = —RCV. (36) Fs) =0 —e). (41)

Two cases are analyzed: when thermal relaxations in the gas

It can be concluded from [Eq. (36)] that the microphone are neglected and when their impact is taken into account.

behaves as an ideal inverting differentiator of voltage fluctuations at
its input. Taking this into account as well as Egs. (35) and (36), the

spectral function of the recorded voltage can be described by the A. PA signal neglecting thermal relaxation in PA cell
following expression:
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By substituting Eqs. (32) and (39) in Eq. (37), the spectral
D function of the normalized PA response to the step function is
S(s) = A(s)AP(s) = Asoﬂi H(s)F(s), 37) obtained in the case when thermal relaxations in the gas column

Ty kg dg are neglected,
where A is the detector system gain, which depends on the time _ Ss)1 1
constants of the microphone and microphone preamplifier. Snols) = P sms+1°

As can be seen from the expressions given by Egs. (28) and

(32)-(37), the spectral function of the recorded PA signal (i.e., pro- where P = AS)K 22 2™t s the system gain that is equal to the steady

(42)

To ed
portional to pressure fluctuations) is a real rational function, so its value of the measured signal. In this way, the measured signal is
inverse Laplace transform can be found analytically. normalized to its steady value.
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By developing the function given by Eq. (42) into partial frac-

tions and by solving the inverse Laplace transform for each partial

fraction,” the normalized PA signal excited by a step function is

obtained as follows:

yo(t) = (1 —e

Figure 5 shows the PA signal described by Eq. (43) for three

t

T

)h(t).

(43)

values of the parameter 7, which depends on the thermal and geo-

metric properties of the sample and the gas column as described by

Eq. (33).

As can be seen from Fig. 5, Eq. (43) predicts that the PA
signal generated by step excitation approaches the steady value
asymptotically, from below. The rate of approach to the steady

value depends on the time constant of the system, 7. Two charac-

teristic quantities are defined to estimate the influence of this time

constant to the signal, described by Eq. (41): rise time #, and set-

tling time £, (see Fig 5).

Rise time (t,) is the time that elapses from the moment when
the response reaches 10% of the steady state to the moment when

the response reaches 90% of the steady state. Applying this defini-
tion to Eq. (43), the rise time is equal to

t, = 2.21.

(44)

Settling time (#;) is defined as the time required for the
response amplitude to decrease to the value less than 2% of the
steady-state response value. Inserting the value 0.98 into Eq. (43),

the settling time is obtained,

ty = 4r.

(45)

Using these two characteristic quantities, it is possible to

determine the time constant 7 from the measured signal, and using

the relationship between 7 and the geometrical and thermal proper-
ties of the sample and the gas column [Eq. (33)], it is possible to

determine these values or their ratios.

By substituting Eqs. (32) and (41) in Eq. (37), the spectral
function of the normalized PA response to the short pulse function
is obtained. By using solution given by Eq. (43), the normalized PA

signal excited by a short pulse during the period ¢, is obtained,

yolt) = (1 - e‘f)h(t) - (1 e

Figure 6 shows the PA response to a short pulse given by

t—tp

Jht = 1,).

Eq. (46) for the three values of the pulse width.

As can be seen from Fig. 6, the PA response will follow the
excitation pulse only if the settling time of the system is less
than the pulse width (blue line). In the opposite case, the
steady value will not be reached (green and red lines) and for
the larger values of the ratio of the pulse width (f,) and time
constant of the system (z), the system is slowly relaxed to the
equilibrium state after the excitation has stopped [falling time

is equal to rise time, Eq. (44)].

(46)

It is important to note that the neglecting of thermal relaxa-
tion in the gas column leads to the PA signal that monotonically
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FIG. 5. PA signal normalized to the steady value, calculated on the basis of the
derived model for step function excitation (magenta line) and in the case when
thermal relaxations in the gas are ignored. Three values of the scaling time
constant = are considered: 71 = 0.5z, (red line), = = 7, (green line), and

73 = 275 (blue line).

rises (due to the increasing step jump of the excitation) or falls
(due to the decreasing step jump of the excitation) toward to steady
or equilibrium values, respectively, all of which is also predicted by
previous models, which ignore thermal relaxation either in the gas
or in the sample.

32,34
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FIG. 6. PA signal normalized to the steady value, calculated on the basis of the
derived model for short pulse excitation function (magenta line) and in the case
when thermal relaxations in the gas are ignored. Three values of the scaled
pulse width t,/z are considered: ty = 0.25 (red line), t, = 7.5 (green line),
and t,3 = 15 (blue line).
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B. PA signal including thermal relaxations in the PA
cell

By substituting Eqs. (38) and (39) in Eq. (37), the spectral
function of the normalized PA response to the step function is
obtained in the case when thermal relaxations in the gas column
are taken into consideration,

- SGs) 1 1
Sys) =22 47
© P ss? 25 “47)
=
@ o,

By expanding the complex function given by Eq. (47) into
partial fractions and solving the inverse Laplace transform for each

| / S /
y(t):{l—li_éze”t [cos(a)n 1—§2t)+\/17__§251n(wn l—fzt)]}h(t).

The function given by Eq. (48) is shown in Fig. 7(a) for
several values of £ and in Fig. 7(b) for several values of @, [defined
by Egs. (30) and (31)].

As can be seen from Fig. 7, unlike the previous case, where the
properties of the system from Fig. 1 affect only the promptness of the
response to the step function; in this case, these properties affect,
through the parameters & and ®,, not only the intensity of the
response rate but also its nature. Equation (48) predicts the occur-
rence of an overshoot of the PA signal in relation to its steady value
and an oscillatory approach to the steady value with smaller and
smaller deviations from it [green and blue curves in Figs. 7(a)
and 7(b)]. The position of the first maximum depends on both
parameters and is given by the following expression [calculated from
Eq. (48)]:

V3
fhax X ——— .
a)n\/l—.f2

The signal described by Eq. (48) oscillatory approach to steady
values [Figs. 7(a) and 7(b)] with a period of damped oscillations
that is twice longer than time at which the first maximum occurs
[Eq. (49)]:

(49)

2r
w0,/ 1 — 52'

The extent of the overshoot depends only on & [Fig. 7(a)] and
is given by the following expression:

~
~

te (50)

= ymax —J/(°°)

__¢r
= X 100% = e V1-2100%.
y(00)

(51)

From Eq. (51), it can be seen that the increase in & [the
damping of the system increases due to increasing either sample
thickness or PA cell length, see Eq. (30)] decreases this overshoot.
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fraction,’”*” the normalized PA signal is obtained in time domain.

The development of the function given by Eq. (47) into partial frac-
tions depends on the root of the characteristic polynomial in the
denominator of Eq. (47). Considering Eq. (30), the parameter &
must be positive, so the polynomial in the denominator can only
have negative real or conjugate complex solutions with a negative
real part; ie., poles of the transfer function given by Eq. (47) are
located in the left part of the complex plane s. Besides, for a small
volume PA cell and for thin samples, parameter & calculated by
Eq. (26) must be smaller than unity. Only the case 0 < & <1 can
be considered, when there are conjugate complex solutions of the
characteristic polynomial in the left part of complex plane s. In that
case, the normalized PA response to the step function becomes

(48)

The rise time of the signal, as well as the position of the first
maximum, depends on both parameters. As & increases, the rise
time increases, while as w,, increases, the rise time decreases, and it
can be described by the following expression [based on Eq. (48)]:

, L 2165+06

u

(52)
Oy

By considering Egs. (30), (31), and (51), the increase in the
sample thickness or in the PA cell length affects increasing & and
decreasing o, and, consequently, decreases the rise time.

The settling time for the transfer function described by
Eq. (47) can be described by

t, ~

Zor (53)

As it can be seen from Eq. (53), it also depends on both
parameters, £ and @,, in the same way: if these parameters increase,

the settling time decreases. It can be seen from Egs. (30) and (31)

that &~ \/did, and @, ~ 1/\/dd,. It means that geometrical
properties of the system from Fig. 1 do not affect the settling time

[see Eq. (53)]. This characteristic of the time-domain response <

depends on the ratio of thermal properties of the sample and gas as
well as on the inertial relaxation time of gas.

The conducted analysis shows that from the recorded PA
signal, it is possible to determine the parameters & and w, using
the enumerated characteristic values and then, based on Egs. (30)
and (31), thermal and geometric properties of the optically excited
sample.

Figure 8 shows the PA signal for the system from Fig. 1
excited by short pulses.

As it can be seen from Fig. 8, the derived model, which
includes thermal relaxations in the gas column, predicts the occur-
rence of not only overshoots but also undershoots in the vicinity of
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FIG. 7. PA signal normalized to the steady value, calculated on the basis of the derived model for the step excitation function (magenta line) and in the case when
thermal relaxations in the gas are taken into account: (a) dependence on the attenuation coefficient & for wyr = 1s~": & = 0.2 (red line), & = 0.4 (green line), and
&3 = 0.8 (blue line) and (b) dependence on the scaling natural frequency @, for & = 0.5: w1 = 0.5wyr (red line), w2 = wrer (green line), and w3 = 2wy (blue line).

steep changes in the excitation signal. If the settling time is shorter
than the pulse length, the PA signal will follow the excitation signal
fairly well [blue and green lines in Fig. 8], except near the steep
changes. In the opposite case, the PA signal becomes distorted.

1,<t,
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-p3
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to,
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FIG. 8. PA signal normalized to the steady value, calculated on the basis of the
derived model for the short pulse excitation function (magenta lines) and in the
case when thermal relaxations in the gas are taken into account; three values of
the scaled pulse width t,w, are considered: ty = 0.25 (red line), t, =7.5
(green line), and t,3 = 15 (blue line).

It is important to note that introducing the thermal relaxation
model into the gas column leads to the PA signal that monotoni-
cally rises (at increasing step jump of excitation) up to the first
maximum that is higher than the steady value of the signal
(so-called overshoot) or falls (at decreasing step jump of excitation)
up to the first minimum that is lower than equilibrium values
(so-called undershoots). Approaching the steady or equilibrium
value of the signal is oscillatory, in difference to the behavior of the
PA signal in the case when the thermal relaxation in the gas
column is neglected. The period and amplitudes of oscillations
depend on & and w,.

Our experimental measurements of a thin Si membrane
(thickness of 32um) by the time-domain PA experimental setup
(pulse period 125 ms, pulse width 62.5ms, duty cycle 50%, time
resolution 100 us) published in Ref. 48 show the existence of over-

shoots and undershoots similar to the PA signal predicted by a |

derived model that includes thermal relaxations into the PA cell
(Figs. 7 and 8).

A detailed description of gas-microphone PA experiments in
the time domain, normalization and synchronization of the mea-
sured signal, measurement resolution, sensitivity, and geometric
and physical properties of the tested semiconductor membranes
will be presented in Paper II of this paper, as well as an analysis of
the measurement results using the derived model.

IV. CONCLUSIONS

A time-domain model of the gas-microphone PA signal
recorded in a transmission configuration with a minimum volume
cell was derived. The influence of the electret microphone on the
PA signal, the finite length of the PA cell, and the thermal
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relaxation in the sample and in the gas were taken into account.
Characteristic quantities were proposed that relate the properties of
the time-domain PA signal to the properties of the sample, in
order to enable the inverse solution of time-domain PA problem
and the estimation of the properties of the tested sample using
such measurements.

It was shown that thermal relaxations in the gas significantly
affect the shape of the time-domain PA signal in the case when the
sample is thin and the length of the cell is much smaller than the
wavelength of the acoustic wave in the cell. Due to the presence of
these relaxations, overshoots and undershoots of the PA signal in
relation to its steady or equilibrium (zero) values, respectively, as
well as oscillatory approaching of the PA signal toward its steady or
equilibrium value occur.

Such characteristics of the PA signal were observed during
experimental gas-microphone measurements of thin Si membranes
in a transmission configuration with a minimum volume cell** but
could not be explained by the existing model. A detailed descrip-
tion of the experiment and the processing of experimental mea-
surements using the derived model will be presented in Paper II of
this paper.
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ABSTRACT

The plasma-elastic component of the photoacoustic response in the time-domain of thin semiconductor samples excited by long electro-
magnetic radiation pulses is analyzed in detail. The plasma-elastic component model assumes that ambipolar diffusion can be approximated
by the minority carrier diffusion. The results obtained show that the plasma-elastic component in thin semiconductor samples affects pho-
toacoustic measurements in the time domain, which is important for the photoacoustic determination of semiconductor electronic

properties.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0152713

I. INTRODUCTION

As in other materials, illumination by a modulated light
induces a thermal response in semiconductors. Light absorption
leads to time-dependent heating of the semiconductor sample
and, hence, to a time-dependent change in the temperature dis-
tribution. Time-dependent heat flux is present on the surfaces as
well as in the bulk of the sample.'”'" However, the effect of
quasi-free electron and hole generation occurs only in
semiconductors.

If the energy of a photon is equal to or greater than the
bandgap of the material (€ =hv; > &), such a photon promotes an
electron from the conduction band into the valence band, and the
electron-hole pair is generated."’ The generation is the strongest on
the surface of the material, where the majority of the light is
absorbed and the resulting electron-hole pairs are called photogen-
erated or excess carriers.'”>' Diffusion of carriers through the
semiconductor material along the gradient, in the direction of
lower concentrations, affects the temperature distribution along the
depth of the sample, as well as the temperature gradient, thus
affecting the thermal diffusion and thermoelastic component of the
photoacoustic signal.””~*’

In the late 1990s, Todorovi¢ and Nikoli¢’' noticed the exis-
tence of another effect in semiconductors that is a direct conse-
quence of the excess carrier photogeneration. They noticed that the
photogeneration of excess carriers is followed by higher concentra-
tions of excess carriers, not in the entire semiconductor sample,
but in places where the light is absorbed.

For photogeneration induced by a harmonically modulated light
source, due to the charge carrier motion, periodic charge concentra-
tions are being formed at the ends of the semiconductor sample,

higher on the illuminated side and lower on the non-illuminated side <

of the sample. The interactions of charge carriers with the semicon-
ductor lattice are greater at locations where charge carrier concentra-
tions are higher and smaller at locations where charge carrier
concentrations are lower. These interactions cause periodic bending
of the sample that results in gaseous sample compression and sound
creation. By analyzing sound, it is possible to obtain the
plasma-elastic parameter of the sample: the electronic deformation
coefficient for the material in question. In this way, a new photoa-
coustic signal component in semiconductor photoacoustics is intro-
duced, called plasma-elastic component.””™*" Consequently, the total
photoacoustic signal, induced by the harmonically modulated illumi-
nation of the semiconductor sample and detected by the microphone,
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is composed of three components: thermal diffusion, thermoelastic,
and plasma-elastic components. Among other things, the prevalence
of the particular component depends on the concentration of photo-
generated charge carriers, the surface properties, i.e., the velocity of
the surface recombination, the charge carrier lifetime, the thickness of
the sample, but also the modulation frequency of the excitation.”

Previous research has shown that the effects of plasma-elastic
components become significant at high modulation frequencies
(@ >1/7, 7 being the charge carrier lifetime). Therefore, it can be
expected that, for pulse excitation, this effect will become signifi-
cant on a time scale shorter than the carrier lifetime ranging from
microsecond for doped semiconductors to milliseconds for pure
samples.'”' " In addition, it is comparable to a time scale where
the photoacoustic signal in the time domain can be recorded.”

In this paper, in the second section, a brief overview of the
theoretical model of the spectral function of the plasma-elastic
component of the photoacoustic signal, generated by the time-
dependent monochromatic excitation, is given. Results obtained by
the analysis of the plasma-elastic component of the photoacoustic
response in the time-domain are presented and discussed in the
third section. Finally, the most important findings are presented in
fourth section.

Il. THEORETICAL MODEL OF THE SPECTRAL FUNCTION
FOR THE PLASMA-ELASTIC COMPONENT OF THE
PHOTOACOUSTIC RESPONSE

The model of charge carrier transport in semiconductor mate-
rials used in this study is based on the assumption that the photo-
generated charge carrier concentration is much lower than the
concentration of charge carriers due to doping. Therefore, charge
carrier transport can be described by minority carrier transport."'

The transport of photogenerated charge carriers in type n
semiconductors is generally described as a diffusion process. The
source of minority carriers in a semiconductor can be given as

S(x, t) = G(x, t) — R(x, t), (1)

where minority carrier (hole) photogeneration is G and recombina-
tion R. Therefore, the ambipolar minority charge transport equa-
tion for the zero electrical field becomes'"*"~

on(x, t)

Pn(x, t)
o Dr

Ox?

+ G(x, t) — R(x, t), 2)

where Dg is the minority carrier diffusion coefficient. Assume that
the round semiconductor sample of radius R and thickness
I (R>1) is a semi-transparent material illuminated on the front
surface with an absorption coefficient f (B—o0) (Fig. 1). In this
case, charge carriers are transported along the single axis (x-axis)
and the photogeneration of minority carriers becomes a boundary
condition. Light intensity, G and R, for modulated excitation®"**
are

I'=If (0), ©)
Glx, 1) =0, (4)

ARTICLE scitation.org/journalljap
R(x, 1) = ”(’;’ 2 )

where I, is the intensity of the incident light, f is the light source
modulation function, and n(x,t) is the charge carrier concentration
along the x-axis. The charge carrier concentration change can be
expressed as

on(x, 1)  On(x,t) nlx, 1)
ot =De o 1 ©

Due to the linearity of Eq. (6), the Laplace transform can be
performed and the change in the photogenerated minority carrier
concentration can be written as

n(x, s) = Lin(x, t)} . (7)

As a result, the equation describing the dynamic component
of the photogenerated charge carrier volume becomes

&Pa(x)  7ax)
T ®

with the complex minority carrier diffusion length

L =Ly//(1+s0), ©)

where the minority carrier diffusion length is

Lp = \/DET,

(10)

with 7 being the minority carrier (hole) lifetime.
Considering that Eq. (8) is an ordinary linear differential
equation of the second order, its general solution can be written

27-30

as
i(z) = Ajet + AyeT, (11)

where A; and A, are constants obtained using the following boun-
dary conditions:

I
Duga| = S(0) =5 52 F ) (12)
and
D _ s, (12b)
dz z=l

where surface recombination velocities are being introduced in the
front (S, x = 0) and back (S, x =) side of the sample.
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FIG. 1. (a) Schematic representation of the transmission configuration (optical source: single very short duration Gaussian pulse, wavelength: 660 nm—red light), (b) elec-
tron-hole generation and recombination, and (c) generation of excess carriers.

The integration constants are The plasma-elastic component of the photoacoustic signal
induced by the electronic deformation (electronic strain) is*"***"**
D
I (TE —% ) e -Ep  YPy
A =D =24 j 2mri(r, — r, (17)
0

&Dg (Dg Dg Dg Dg o Vo

(L+S)(L+Sb I Sg I Sy | eT
where y is the adiabatic constant, P, is the equilibrium pressure of
the air in the microphone, V,= T’%ﬂ'lg is the photoacoustic cell
volume, 7, is the microphone radius, and [, is the length of the pho-

Dg s\t toacoustic cell.
— i
o )€ Equations (17) and (15) show that the plasma-elastic compo-

SgDE DE Ds | Dg Ds o nent of tbe photoacoustic sigl}al depends on the concentration
—+ S T-i- Sp et — T Se |l = —Sb|er moment [integral on the left in Eq. (15)] reduced by the mean
carrier concentration along the sample [integral on the right of
(14 Eq. (15)].
Based on Egs. (11) and (13)-(17), the plasma-elastic compo-
nent of the photoacoustic signal can be expressed as follows:
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Since photogenerated charge carriers cause plasma-elastic
bending of the sample, the sample surface displacement along the

. 2ED,, 21 ) p
x-axes i, (r, —I) becomes §P 7 03 R ‘ {AIL[E%<£—L> N (£+L>:|

N 6R* r I
uP(r, — 1) = dl_3 <1 _ﬁ> <an(x Ydx — l (x) dx), (15) —AzL[e%(é—FL) + <£—L)] } (18)

where d denotes the pressure dependence on the bandgap energy

&g at the constant temperature 11l. RESULTS AND DISCUSSION
L /8 In order to find the plasma-elastic component of the photoa-
== (ﬁ) . (16) coustic signal in the time domain, the Invlap method for numerical
op inversion of the Laplace transform was used.
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Calculations have been carried out for silicon type n whose

(@)

parameters are presented in Table ">’ 5r
The plasma-elastic component of the photo-acoustic response
depends mainly on the surface quality of the semiconductor —
sample that is being determined by the front and back surface ok
recombination velocities S, and Sj, respectively, sample thickness [
and, using the diffusion length of minority carriers L, [Eq. (10)],
by the lifetime of minority carriers 7. The ratio I/L, determines the a
plasma thickness of the sample. For plasma-thin samples, [/L, <1, © 57
and for plasma-thick ones, I/L,> 1. Another important parameter
is the volume recombination velocity [Dg/L from Egs. (13) — Sg=24; Sb=2;
. . . — Sg=2; Sb=24;
and (14)]. Both components depend on the carrier lifetime -10¢ Sg=2. Sb=2;
[Egs. (9) and (10)]. ——— Sg=24; Sb=24;
In order to analyze the plasma-elastic component of the time-
domain photoacoustic response, calculations were performed for s | |
three semiconductor samples with different lifetimes of minority 0 0.1 0.2 03 04 05
carriers (1, =107%s, 7,=10°s, and 7; = 10™*s), of different thick- tls] g
nesses (10 um, 100 um, and 1 mm), and surface qualities (passiv- (b) E
ated or active). <1073 s
In Fig. 2, plasma-elastic components of time-domain photoa- 27 %
coustic responses for pure semiconductor samples (7; =6 x 10™*s) 3
are given. It can be seen that the plasma-elastic responses are of the or ~——— g
same shape but of different orders of magnitude. For the fixed g
value of the volume recombination velocity, in the beginning, the 2r o
sample experiences negative straining, it bends toward the light 2
source causing the underpressure in the photoacoustic cell. Over 3 all :§
time, the system relaxes and tends towards a stationary state, ® Al §
depending on the surface recombination velocities. For Sg=24, —Sg-24; Sb=2; g
regardless of the S, value, the system reaches a straining-free sta- | 5972 Sb=24; ¢
tionary state. For S, =2, regardless of the S, value, the system oscil- ® s B
= % > —— Sg=24; Sb=24; 3
lates around the stationary state. With the increase in the sample 1ob g
thickness straining decreases, the decrease is non-linear. The °
decrease is greater for plasma thick samples. 12 . | §
0 0.1 0.2 0.3 0.4 0.5 2
t[s] ﬁ
TABLE I. N-type Si sample parameters used in performed calculations. © 5
. x107 ]
Parameter Fixed values 27 8
[
Sample radius (R) 5%107°m ol /\ — g
Minority carrier diffusion coefficient (D) 1,2x 10 m?s™ &
Adiabatic constant (y) 14 b E
Inner microphone radius (ry) 4%10%m ln
Photoacoustic cell length (1) 2x1072m 4t %
Equilibrium pressure (Py) 101 kPa g 3
Absorption coefficient (53) 258%x10°m™ 6F g
Pressure dependence on the bandgap -9x107' m’ — Sg=24; Sb=2; -
energy @) — e
Intensity of the incident light (I,) 150 W/m? ——— Sg=24; Sb=24;
Excitation energy () 1.88 eV 10+
Energy gap (g,) 2,1eV
Parameter Variables 2 0.1 0.2 03 04 05

Sample thickness (/)
Lifetime of minority carriers (7)
Front surface recombination velocity (S,)

10 um, 100 gum, 1 mm
108,107, 107*s
2,24 m/s

t[s]

FIG. 2. Plasma-elastic components of time-domain photoacoustic responses for

pure semiconductor samples (z;=6x10"*s) of different thicknesses:

Back surface recombination velocity (Sp) 2,24 m/s (a) 1=107%, (b) I=107* and (c) /=10"°m.
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FIG. 3. Plasma-elastic components of time-domain photoacoustic responses for
doped semiconductor samples (r,=6x107°s) of different thicknesses:
(a)1=1075, (b) I=10~* and (c) /=10 m.

FIG. 4. Plasma-elastic components of time-domain 2g)hotoacoustic responses for
highly impure semiconductor samples (z;=6 x 107" s) of different thicknesses:
(a) /=105, (b) /=107* and (¢) /=103 m.

J. Appl. Phys. 133, 235701 (2023); doi: 10.1063/5.0152713
Published under an exclusive license by AIP Publishing

133, 235701-5


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

In Fig. 3, plasma-elastic components of time-domain photoa-
coustic responses for doped/impure semiconductor samples
(1,=6%x107%s) are given. Differences in the shape of
plasma-elastic components can be observed for samples of different
thicknesses. When compared to Fig. 2, the volume recombination
velocity and diffusion length are smaller but fixed for all three
sample thicknesses. Also, the straining is smaller. With the increase
in thickness straining decreases non-linearly. For S,= 24, deflection
is the lowest and the system requires the least amount of time to
achieve the stationary state. When two thinner samples are in ques-
tion, a variation in shape can be noticed due to the lower volume
recombination velocity value. In the beginning, the straining is pos-
itive, the sample bends away from the light source and an overpres-
sure is created. Over time, the system reaches a stationary state with
the exception of the thickest sample. In thinner samples, a greater
number of electrons reach the back surface, creating the negative
concentration gradient that affects the bending direction. With the
increase in sample thickness, regardless of the lower value of the
volume recombination, the electrons recombine before they reach
the back side, there is no change in the concentration gradient sign
and sample behavior is similar to that shown in Fig. 2.

In Fig. 4, plasma-elastic components of time-domain photoa-
coustic responses for heavily doped/impure semiconductor samples
(73=6x107%s) are given. The plasma-elastic component is given
for samples with even lower diffusion length and volume recombi-
nation velocity values. Therefore, the strains are even smaller in
comparison to those shown in Fig. 3. With the increase in sample
thickness, strains exhibit a non-linear decrease, similar to the previ-
ous two figures. At such low volume recombination velocity values,
differences in samples with S, =24 (blue and black line) cannot be
noticed. The behavior closely resembles that of Fig. 3, for the thin-
nest sample, for given fixed diffusion length and volume recombi-
nation velocity values (lower than in Figs. 2 and 3). There is a
concentration gradient inversion because a larger number of elec-
trons are able to reach the unilluminated side of the sample due to
a low volume recombination velocity value. However, for thicker
samples, electrons recombine before they can reach the back
surface and there is no gradient inversion. Initially, straining causes
overpressure, and over time, the system relaxes to a stationary state.

Performed analysis shows that surface recombinations, sample
doping (via the charge carrier lifetime), and sample thickness have
a significant influence on the shape and size of the plasma-elastic
component of the photoacoustic response.

IV. CONCLUSIONS

Based on the model of the plasma-elastic component of the
photoacoustic response, an analysis was conducted to examine the
behavior of this component for single long optical pulse excitation
of semiconductor samples. It is shown that the plasma-elastic com-
ponent tends to a stationary value that is influenced by the sample
thickness, the charge carrier lifetime (determined by the sample
purity and doping), and the surface recombination velocity (deter-
mined by surface qualities that can be passive or active).

It has been found that the shortening of the charge carrier
lifetime, which is related to increased impurities or higher doping
of the semiconductor sample, decreases the plasma-elastic
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component of the photoacoustic response. The increase in the
sample thickness also reduces the component in question. The
dependencies are not linear, for a small increase in thickness or a
shorter carrier lifetime, the plasma-elastic component decreases
exponentially. For thin samples with low volume recombination
rate (short lifetime), i.e., for samples of lower purity, the inversion
of the concentration gradient can occur as well as the change of the
bending direction of the sample within the short time interval after
excitation. Surface recombinations described by their velocities
(related to surface qualities) also affect strain amplitudes.
Recombinations on the illuminated surface have a greater impact
on the plasma-elastic component for greater volume recombination
velocity values (in samples of higher purity and/or lower doping).

The observed effects, even though the recorded signals are
low, are important. Deconvolution of the effect allows characteriza-
tion of the electronic properties of semiconductors and, at the
same time, the application potential of the photoacoustic method is
increased.
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ABSTRACT

The effect of the sample radius on the total photoacoustic signal processed by neural networks trained with undistorted and distorted
signals is carefully analyzed for modulation frequencies from 20 Hz to 20 kHz. This is done for signals generated for a 400-um-thick Si
n-type plate, whose radius varies from 2 to 7 mm. It is found that the networks trained with both undistorted or distorted signals yield the
best predictions for sample radii between 2 and 3 mm, which is close to the used microphone aperture radius of 1.5 mm. The network
trained only with undistorted signals gives the best results for sample radii comparable to the microphone dimensions. The obtained results
of neural networks in the prediction of Si-plate radius indicate the experimental necessity to use samples with radii slightly over to a micro-

phone aperture.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0123041

I. INTRODUCTION

The photoacoustic effect is the effect of the sound appearance
due to the illumination of a sample with an optical beam whose
intensity is time-dependent.'~ Numerous non-destructive methods
for the characterization and imaging of various solids, multilayer
structures, microelectronic and photonic devices, soft matter, and
biological tissues are based on this effect.””** The use of neural net-
works in photoacoustics has become very popular recently, espe-
cially in imaging within biomedical applications.””™* Significant
progress has been made, also, in photoacoustics of solids with dif-
ferent types of networks both in material characterization and in
the development of experimental procedures.””** Networks have
proven to be a very effective tool for predicting the physical charac-
teristics of solid samples.”””"" Within the framework of multi-
parameter fitting in photoacoustics, the networks most often pre-
dicted the values of the sample parameters, such as thermal diffu-
sion (Dy) and thermal expansion (a7) together with the thickness
of the sample (1).”>** These parameters are important because they

occur when calculating the temperature distributions of the sample
and all components of the photoacoustic signal (PAS) generated by
the periodic illumination of the sample.

It has long been known that the geometric parameters of the
sample are very important for the correct interpretation of the pho-
toacoustic signal in the frequency domain.”*° If the circular plate
shape samples are tested, one of such parameters is its radius R. It
explicitly appears in the equation for calculating the thermoelastic
and plasmaelastic components of the photoacoustic signal of a
semiconductor so that its influence on the shape of the total signal
through these two components can be extremely significant.” >
In this paper, the analysis of the influence of the semiconductor
sample radius changes on all components of the photoacoustic
signal, thermodiffusion (TD), thermoelastic (TE), and plasmaelastic
(PE), is presented based on the theoretical model of a composite
piston' ™ that serves to form an appropriate base of photoacoustic
signals for neural network training.”>”” The tested sample is an Si
n-type 400 um thick wafer, classified as a plasma-thick sample—a
sample with a thickness larger than the diffusion length of free
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carriers. Plasma-thick semiconductor samples have a thermal

response of known and characteristic patterns of behavior of the
total signal and its components in the modulation frequencies
ranging from 20 Hz to 20 kHz.”” These patterns include domina-
tion of the TD component at lower frequencies and the TE compo-
nent at higher frequencies, while the PE component’s influence on
the total signal is negligible.

The basic idea of this paper is to determine which type of
neural network gives better predictions in the case of a change in
the radius of the sample: one that is trained by distorted signals or
by signals undistorted with instrumental deviations.”’ ™’ This anal-
ysis is very important because its results can give the possibility of
working with distorted signals, which significantly simplifies and
speeds up the process of characterization of the tested samples.
Both types of network training signals were obtained theoretically,
and the final verification of network efficiency was tested on experi-
mental data. The conclusions of this analysis indicate, in experi-
mental terms, the importance of the choice of sample radius about
the dimensions of the microphone as a photoacoustic cell and a
signal detector. Also, based on the obtained network predictions, a
conclusion can be drawn on the justification of using approxima-
tions in the theoretical model of the composite piston, especially
those related to the equality of a microphone aperture and sample
radii.

Il. THEORETICAL INTRODUCTION

The theoretical model of the composite piston presented in
this paper is adapted to the experimental setup of an open photoa-
coustic cell (OPC).*>**?”*" Tt is assumed that a frequency-
modulated light source of wavelength 660 nm illuminates the Si
n-type plate. Due to the photoacoustic effect of the absorbed mod-
ulated light and the sample interaction, a sound is recorded by an
open photoacoustic cell in the transmission configuration (Fig. 1).

« T~ Source — *

|| T %(HC"S(W)) e
—_— R? I

- Sample
3o

O tOpps

-. Membrane of
R, 1) “__— Microphone 7
z

FIG. 1. Simple ideal scheme of the transmission configuration of an open pho-
toacoustic cell with an electret microphone and samples of different radii.
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The photoacoustic signal detector is assumed to be an electret
microphone (ECM 30B, Jin In Electronics Co., Ltd.) with a radius
of Ry =4.9mm and an aperture radius of ry=1.5 mm.”” The
sample is placed directly on the microphone with points of support
that are slightly smaller but close to the radius of the sampleR; so
that the microphone at the same time can serve as a measuring cell
of minimal volume V, = ﬂ'rglc, where I, is the distance from the
microphone aperture to its membrane (length of OPC) (see Fig. 1).

The measured signal in the transmission configuration and in
the frequency range from 20 Hz to 20 kHz is a sound signal that
occurs due to the photoacoustic effect in the sample itself and is
usually distorted by the influence of used instruments and the dif-
ferent types of noise. The signal, thus, measured is called the dis-
torted signal Spa(f). If a well-known signal correction
procedure” "~ is applied to such a signal, the so-called true or
undistorted signal Spioi(f) can be obtained, generated from an
illuminated sample. The theoretical model that fully describes the
undistorted signals is based on the composite piston model.'™ This
model explains that the total photoacoustics signal Spiori(f) of a
semiconductor is equal to the sum of its components: thermodiffu-
sion 8prp(f), thermoelastic Spre(f), and plasmaelastic Sppg(f ),7 540

Sprotal(f) = Spro(f) + Spre(f) + Sppe(f)- 1)

The thermodiffusion component can be written as
follows:” "'

Spro(t) = P2 L gy i), @

l. V2T,

where @ = 2zf, f is the modulation frequency, y is an adiabatic
ratio, py and Ty are the ambient pressure and temperature, 4, is the
thermal diffusion length of the surrounding gas, T(I) (see
Appendix A) is the dynamic temperature component at the back
sample surface, [ is the sample thickness, and I, is the length of the
cell (microphone).

Due to different temperature values on the illuminated and
non-illuminated side of the silicon sample, its periodic bending
and expansion occur. The effect of bending and spreading is most
simply described by cylindrical (z, r) coordinates so that the ther-
moelastic component dprg(f) of the photoacoustic signal can be
written in the form™*’

112

J 2T (z)dz, (3)

-2

3mpoy R
Vo B

opre(f) = ar

where T(z) is the temperature distribution in the sample along the
z-axes (see Appendix A), arr is the coefficient of thermal expansion,
Vy is the microphone (cell) volume, and R; is the sample radius. In
most of the theoretical analyses, the R, ~ Ry, approximation is
taken to simplify the analysis.”>*>*"*

By modulated illumination of the sample with the light of
proper wavelength, free carriers (electrons and holes) are generated,
which leads to additional stress and periodic bending of the
sample. The influence of phototgenerated carriers on the bending
of the sample is described by the plasmaelastic component
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5PPE(f),33’40

)
J z 6 np(2)dz, (4)

=12

3r Rf
B

_ 4 Py
Sppe(f) = d, Vo

where 6n,(z) is the minority carrier density (see Appendix B) and
d, is the coefficient of electronic deformation. Analyzing Egs. (3)
and (4), one can see that dprg(f) and Jppr(f) depend on R;‘,
meaning that small changes in R; lead to large changes in dprg(f)
and 5PPE (f)

It must be borne in mind that during the measurement, there
are many signal distortions due to the influence of the used instru-
ments (microphones and accompanying electronics). These distor-
tions have signal filtering characteristics and are described, in the
low-frequency range, by the function of the first-order low-pass
filter H,(f) in the form®"*’

7T OTH
A+iw-7q) 1+io-10)

He(f) = ®)

where o =2xf, f is the modulation frequency, and
T = (271.’fc1)71 =R;C; and 745 = (271'f52)71 = R,C, are the time
constants and RC characteristics of the microphone and accompa-
nying electronics (usually sound-card or lock-in).

In the high-frequency range, these distortions are described by
the function of the second-order low-pass filter H,(f) in the
form37,39

% + o
W4 + 053050 — 0 04 + i0uwa0 — @

Ha(f) =

(6)

where &y is the damping factor (k= c3,c4), @ is the microphone
cut-off frequency, and w. is the characteristic frequency, which
depends on the geometry of the microphone body.

The total measured signal Si,i(f) can be written as a product
of Sptotal(f): He(f): and Ha(f)’m’ﬁrw

Stotal (f) - 5Ptotal (f)He (f)Ha (f) (7)

Characteristic parameters H,.(f) and H,(f) can be obtained
either from the microphone manual or by independent measure-
ments.”>”** By finding them, H,(f) and H,(f) can be removed
from Sirai(f) in Eq. (7) so that the required Opiowi(f) can be
obtained,””” which is further described by the composite piston
theory [Eqgs. (1)-(4)].

I1l. NEURAL NETWORKS

Our motive for the study of neural networks is their use in the
precise characterization of the properties of the tested materials. In
the process of supervised learning by connecting the data of input
neurons (values of photoacoustic signals) with the data of output
neurons (radius), the weights are adjusted to the moment when the
output becomes increasingly like the desired data values. In our
work with networks so far, we have learned that for the sake of pre-
diction, we need to present undistorted data to the trained
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network, the data that are adapted to the theoretical model used to
create the training base. This assumes that during the processing of
experimental results, we must also count on the signal correction
procedure. If it turns out that signal correction is not required to
determine some of the sample parameters (expected in the case of
only R, changes), this will mean significant time savings. Therefore,
in this paper, we will try to train networks with distorted (NN1)
and undistorted (NN2) photoacoustic signals with the desire to
determine the radius of the investigated sample, as a very important
experimental parameter. Our goal is to see if there are differences
in the prediction of the radius of the sample of such formed net-
works and whether, based on that, we can speed up the process of
processing experimental data.

For the sake of simplicity and based on the problem we want
to solve, we decided that both networks used here have the simplest
architecture, the so-called shallow networks: input layer, one
hidden layer, and output layer.”>*” The input layer was determined
by 144 neurons (i = 72 values of the photoacoustic signal amplitude
A; and i =72 values of the photoacoustic signal phase ¢; character-
istic), the hidden layer was determined by 10 neurons, and the
output layer was determined by one neuron (the prediction of R;,
Fig. 2). The choice of the neural network architecture ensures good
accuracy and optimal training time. Due to the better precision of
the neural network, we adjusted the amplitudes by logarithmic nor-
malization 20log;oA; to obtain the phase value range (A; represents
amplitudes normalized to unit pressure).

20log,(4,)
BN

FIG. 2. Representation of a single-layer neural network used for the analysis of
distorted and undistorted photoacoustic signals that depend on the radius of
silicon samples.
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IV. RESULTS AND DISCUSSION
A. Signal database formation

Due to the high sensitivity of these components to R; changes
in the total photoacoustic signal, we formed a “small” base of 26
undistorted Spiorar(f) and 26 distorted Sira(f) theoretical photoa-
coustic signals obtained by Egs. (1)-(7). As we said earlier, we
assume that the sample is an Si n-type plate, 400 um thick. Bases
are determined by amplitude—phase characteristics in the frequency
domain from 20 Hz to 20 kHz, changing R from 2 to 7 mm in the
steps of 0.2 mm. To simplify our considerations, we assumed that
the excitation light intensity I, = const. The dependences of the (a)
amplitudes and (b) phases of Siotal(f) and Spiotar (f) signals on R, in
the frequency domain are clearly shown in Figs. 3 and 4,

107! ' ' '
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=,
< 1 0-3 4
S
4= i
£
=
E 1 -5
s 0
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240
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S
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10° 10° 10*
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FIG. 3. The bases of distorted PA signal Sy(f) : (a) amplitudes, A, and (b)
phase, ¢, from an Si n-type as a function of simple radius Rs and modulation
frequency f.
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respectively. The influence of R; is clearly expressed in both figures
at frequencies f> 100 Hz in the amplitudes (saddle shape) and in
phases (distend areas). The black arrows indicate the directions of
changes due to the R; value increase. Unchanged amplitudes and
phases in the low-frequency region (f<100Hz) indicate an area
where Siotal(f) and Oporl(f) are insensitive to R, changes.

Figures 3 and 4 clearly show the instrumental influences as
electronic filtering [Eq. (5)] at lower frequencies (H, at f< 100 Hz)
and acoustic filtering [Eq. (6)] at higher frequencies (H, at
f>5kHz).”>""" Electronic filters H, reduce amplitudes [Figs. 3
and 4(a)] and raises phases [Figs. 3 and 4(b)] at low frequencies.
Acoustic filters are characterized by resonant peaks in both ampli-
tudes and phases. The parameters that define H, and H, are not
dependent on R; and are constant during its changes. Therefore,

102 Sin-type R =(2-7) mm
=
El -
~
s 10
<
2 ]
a
Z10°
; a) 5}7 total(f ) ;
107 10° 10*
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180+
o0
Q
=
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s 1204
3
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60
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10° 10° 10*
Modulation frequency, /' [Hz]
(b)

FIG. 4. The bases of undistorted PA signal Spyal(f): (@) amplitudes, A, and (b)
phase, j, from an Si n-type as a function of simple radius Rs and modulation fre-
quency f.
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the reasons for changing Sii(f) and Spiora(f) by changing R, are
the same and consist of the following: both signals are character-
ized with a saddle shape in amplitudes, which is more pronounced
for Ry = 2 mm, while with an increasing radius, the saddle shape
slowly disappears, and at Ry = 7 mm, it completely vanishes.

The insensitivity of the Siori(f) and Opiral(f) signals to R
changes at lower frequencies allows one the possibility of, so-called,
signal self-normalization that can contribute to the better perfor-

mance of network training. On the other hand, the saddle shape of

the Sotal (f) and Oproral (f) signals is a typical pattern of plasma-thick
silicon sample behavior in the frequency domain (strong TD and
TE influence), allowing one to obtain better network parameter
prediction. Both mentioned signal characteristics, insensitivity,
and saddle shape are the reason why, in this paper, we decided
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= ]
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-120+ : -

b) 6prp ——7
107 10° 10*
Modulation frequency, f[Hz]
(b)

FIG. 5. Thermodiffusion component Sprp(f) (a) amplitudes A and (b) phases ¢
as a function of simple radius Rs and modulation frequency f.
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to create a training base with distorted and undistorted signals of
the plasma-thick samples, expecting efficient neural network
optimization.

The question may be asked why the signal Si(f) and
Oprotal(f) changes in amplitudes and phases due to R variations are
most visible at f>100 Hz. The explanation can be given by the
theory based on the composite piston model [Egs. (1)-(4)], in
which the radius of the sample does not affect all components of
the photoacoustic signal equally. Changes in R; do not affect
changes in the amplitude of the Jprp(f) component at all
[Fig. 5(a)], but they do change the amplitudes of Sprg(f) [Fig. 6(a)]
and 6ppr(f) components [Fig. 7(a)]. In both Spre(f) and Sppe(f)
cases, the amplitudes increase with R;. In all cases [Figs. 5(b), 6(b)
and 7(b)], phases do not change at all.
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FIG. 6. Thermoelastic component Spre(f) (a) amplitudes A and (b) phases ¢
as a function of simple radius Rs and modulation frequency f.
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To fully understand what presented signal component ampli-
tude and phase changes mean, it is necessary to draw all the com-
ponents and the total signal together because not only the values of
the components are important but also their mutual relationship,
which is shown in Fig. 8. This figure shows the amplitudes and
phases of total signals and their components for R; = 2 mm (solid
lines) and R; = 7 mm (dashed lines). The amplitude changes of the
O6ppe(f) component (blue) are smaller in absolute values compared
to the changes in dpre(f) (green). This is the reason why Sppg(f)
components do not affect the change in the total signal Spiota(f)
(black). Therefore, only the mutual relationship between Sprp(f)
(red) and Spre(f) (green) amplitudes drives the dpiori(f) behavior
in the frequency domain.
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FIG. 7. Plasmaelastic component Sppe(f) (a) amplitudes A and (b) phases ¢
as a function of simple radius Rs and modulation frequency f.
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If Ry =2mm, the intersection of dprp(f) and Spre(f) is at
f~2.4kHz, and therefore, dpioral(f) (solid black) has a saddle shape
at higher frequencies. WhenR; = 7 mm, the intersection of dprp(f)
and Spre(f) is at f~ 600 Hz, and therefore, Spioal(f) (dashed black) is
flattened (it has lost its saddle shape). Changes in the total signal for
these and all other R, values used to make the presented base will be
visible in the range f>200 Hz. The same conclusion was states for the
distorted Sora(f) signal, too. The analysis of the change of radius
outside the range from 2 to 7 mm shows the loss of the influence of
thermoelastic components on the total signal in the case of
R; < 2mm and their dominance in the total signal for R; > 7 mm.
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FIG. 8. The tendency of changes in (a) amplitudes A and (b) phases ¢ of total
photoacoustic signals dpya(f) (black lines) with its components: thermodiffusion
Sprp(f) (red lines), thermoelastic Spre(f) (green lines), and plasma elastic
S ppe(f) (blue lines) for 400 um thick Si samples of radius Rs=2mm and
Rs=7mm.
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FIG. 9. Network performance results: (a) NN1 trained on distorted FA signals and (b) NN2 trained on undistorted FA signals.

The presented theoretical analysis of the total signal behavior
by changing the radius of the sample shows that it makes sense to
use both undistorted and distorted total signals to recognize R,
values because their amplitudes change significantly with changes
in R, only at higher modulation frequencies. The low-frequency
range can be used as the total signal self-normalization range due
to the absence of any R; influences on the total signal.

B. Network prediction results

The training results of NN1 neural networks trained by the
base of distorted (Fig. 3) and NN2 trained with the base of

TABLE I. The results of NN1 and NN2 neural network predictions of the sample
radius with relative (%) errors. The asterisk denotes the predictions for experimen-
tally measured PASs.

R NNI1 R rel % error, NN2 R rel % error,
(mm) (mm) NN1 (mm) NN2
2.1 2.1356 1.6933 2.1023 0.1086
2.5 2.4849 0.6048 2.5400 1.5996
2.9 2.9038 0.1319 2.8572 1.4745
33 3.2037 2.9183 2.8572 0.3332
3.7 3.8832 4.9527 3.7098 0.2650
4.1 4.1947 2.3089 4.1427 1.0416
4.5 4.7968 6.5967 4.5426 0.9470
4.9 4.8915 0.1740 4.5426 7.2936
5.3 5.3213 0.4014 5.1965 1.9530
5.7 5.6535 0.8155 5.6941 0.1028
6.1 6.0561 0.7190 6.1364 0.5964
6.5 6.4283 1.1034 6.1364 5.5942
6.9 6.8216 1.1358 6.8506 0.7156
4.54* 4.7976 5.6749 4.6644 2.7398
2.63* 2.6521 0.8315 2.6247 0.2014

undistorted (Fig. 4) signals are presented by the mean square error
(MSE) dependence of the number of epochs in Fig. 9. During
network training, bases are divided into a training base, a testing
base, and a validation base, based on which the generalized capabil-
ities of networks are determined. To ensure the best performance
of the networks, the criterion of interrupting the MSE deviation of
individual curves is activated. The NN1 network stopped its work
in three epochs with the best validation performance of 0.014 063
[Fig. 9(a)], while the NN2 network stopped its work in four
epochs, with the best validation performance of 0.0075805
[Fig. 9(b)].

10.0 . . . ;
— NNl
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7.541 © NNIexpPAS g

e NN2exp PAS

5.0

Relative error (%)

2.51

0.0+

3 4 5 6
Radius, Rs [mm]
FIG. 10. Dependence of relative% error prediction of NN1 (red line) and NN2

(black line) networks on the sample radius for the tests of theoretical results
and experimental verification [NN1 (red dots) and NN2 (black dots)].
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To evaluate the neural networks’ (NN1 and NN2) ability to
predict, we formed additional distorted and undistorted signal
bases with values from 2.1 to 6.9 mm, formed using a step of
0.4 mm. These additional bases are used for network testing. In this
way, we obtained 13 distorted + 13 undistorted test signals evenly
distributed throughout the range of R, changes. The results of the
neural network test on these signals are shown in Table I. The
obtained relative errors are at the experimental measurement level
of accuracy, which shows that for the network analysis of certain
properties of samples, large photoacoustic signal databases are not
necessary.

For the sake of clarity, the results in Table I are presented in
Fig. 10. It can be seen, based on the relative error percentage for
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FIG. 11. Experimental result of the (a) amplitude | (b) phase of distorted (star)
and undistorted (line) photoacoustic signals presented to NN2 and NN1, respec-
tively, for a sample of 400 um thick silicon n-type with a radius of Rs=4.54 mm
(black) and Rs=2.63 mm (green).
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NNI1 and NN2 (Table T and Fig. 10), that the prediction is good
only in limited sample radius areas. A more accurate prediction
of NNI1 (low % value of relative error) is for samples having
R, < 3mm and samples with a radius larger than the microphone
dimension (R; > 5mm). A more precise prediction of the NN2
network ranges in a much wider range of radius values
(R < 4.5mm), while for higher values of R,, it give poorer
predictions. The largest (%) relative errors are made by both NN1
and NN2 networks for the radius of the sample in the range
(4.0-5.5) mm, i.e., about a value equal to the radius of the micro-
phone Ry = 4.9 mm. These results lead to the conclusion that both
networks give the best predictions when the value of R; approaches
the value of the microphone aperture radius (ry = 1.5 mm). This
confirms the justification of the approximations R;=r, taken here
with the experimental configuration of the open cell. In general,
the results show that for experimental work, it is best to take
samples whose dimensions are smaller than the dimensions of the
microphone (Ry).

To confirm the previous results, both networks presented the
experimental results of distorted and undistorted signals of a
sample that had a radius approximately equal to the microphone
radius Ry &~ Ry and with a sample radius close to the aperture
radius R, > rg.

The results of network prediction in the case of the signal
from Fig. 11 (black for Ry = 4.54 mm and green for R; = 2.63 mm)
obtained using the open photoacoustic cell experimental setup are
shown in Table I with an asterisk and in Fig. 10 with dots (red for
NNI1 and black for NN2). Based on the experimental results, it can
be concluded that the prediction of the experimentally corrected
photoacoustic signals by the NN2 network is more accurate.
Therefore, it can be recommended that networks trained on undis-
torted signals (NN2) should be used in determining R, of the tested
sample only with values smaller than the microphone radius R.

V. CONCLUSION

We have shown that the radius of the sample R, is a very
important parameter that can lead to changes in the shape of the
amplitude and phase of the total photoacoustic signal and its
elastic components (plasma elastic and thermoelastic) in the fre-
quency domain from 20 Hz to 20 kHz. The analysis includes the
total signals with respect to the influence of measuring instruments
(distorted signals) and those generated directly by the illuminated
sample (undistorted signals). It was found that the largest changes
in the total signal due to R, changes occur in its thermoelastic com-
ponent amplitude, bearing in mind that the amplitude is propor-
tional to Ri. It means that total signal amplitude changes are
expected to find only at modulation frequencies f> 100 Hz, while at
lower frequencies, the total signal amplitude remains the same; i.e.,
it is not sensitive to R, changes at all. As it is expected, changes in
the PE component amplitude are found to not affect total signal
behavior. It was also found that amplitudes of the signals that are
distorted under the influence of measuring instruments have
similar behavior due to R, changes. It was determined that the
radius of the sample does not affect the change of the thermodiffu-
sion component and that the largest changes in the total undis-
torted and distorted signals are due to changes in the relationship
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between the thermodiffusion and thermoelastic components, which
are noticeable in the modulation frequency domain of f>100 Hz.
The same relationship changes the phase of total signals in the
entire frequency domain.

Numerical simulation created bases of distorted and undis-
torted signals depending on the sample radius in the range of
changes from 2 to 7 mm with a change step of 0.2 mm, which were
used for NN1 and NN2 network training, respectively. Through
training, it has been shown that both networks achieve satisfactory
accuracy after only a few epochs. This means that shallow networks
can achieve acceptable performance even with databases created
from a small amount of data. Undistorted and distorted signals,
out of the base, having the same range of R, but with a different
step of its changes are presented to such trained networks due to
the test.

Predictions of both NN1 and NN2 networks proved to be the
best for small values of R; in the range (2-3) mm, close to the
dimensions of the microphone aperture (ry=1.5 mm). This result
indicates the justification of the theoretical approximation, which
assumes that R, =r,. In that case, the correction of the measured
signal due to the instrumental influences is not necessary to obtain
correct network prediction, which means that the experimental
data analysis procedure can be simplified.

When R, values approach the microphone radius R, region,
the NN2 network trained with undistorted signals gives better pre-
dictions. Both networks give poorer predictions for samples whose
radii are larger than R,. This result leads to the conclusion that the
samples used in open photoacoustic cell configuration, whose radii
are not larger than the dimensions of the microphone, should be
used.
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APPENDIX A: PERIODIC TEMPERATURE COMPONENT
IN AN Si SAMPLE

Following the geometry of the problem presented in Fig. 1, we
are enabled to use the 1D diffusion equation to describe the tem-
perature changes within the investigated Si sample along the heat
propagation axis (z axis),>? >

ET(z)
dz?

1
o?Ti(z) = — P

g;—ggmoexp(—ﬁz) - ‘%ganp(z)} . (A1)

The solution Ts(z) to Eq. (3) can be given as a sum of ther-
malization Tiperm(2), bulk Ty, (x), and surface Ty (x) recombination
components,”””

T:(Z) = Ttherm(z) + Tbr(z) + Tsr(z)r (AZ)
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(A4)
() = 2&5157/1},(0) cos h[o(z — D)] + s26n,(1) cos h(cz) (as)
ko el — g0l
where constants are
_B 1
b= o’ €= Lo’
[ —
eD,(B° — L72)
B, = Bsje ' + Bs,
B3 = B4€61 + Bs,
and
1
5 [6mp(D) = 8mp(0)cosh(/L)] — cosh(l/L) + oy
By = —c! - ,
1T sinh (VL) - (& — 1) -1
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Bi[5np(l) cos h(I/L) — 6n,y(0)] — 1+ e Pl cos h(I/L)
1
sin h(I/L) - (2 — 1)

be B
e

Bs=c¢

Here, 0 = (1 +i)/u is the complex heat diffusion coefficient,
41 = +/Dinf the thermal diffusion length of the semiconductor,
the semiconductor absorption coefficient, and D the thermal dif-
fusivity. Also, L = Ly/(1 + 1'271']‘1‘1,)”2 is the complex excess carrier
diffusion length, L, = /D,7, the minority excess carrier diffu-
sion length, i the complex unit, 6n,(z) the photogenerated
minority carrier (hole) dynamic density component, D, the hole
diffusion coefficient, 7, the hole lifetime, and s, and s, are the
surface recombination velocities at front and rear sample sur-
faces, respectively.

Total temperature and its components at the rear (nonillumi-
nated) side of the sample (z = I, e P — 0) can be written as®>”*

Ts(l) = Ttherm(l) + Tbr(l) + Tsr(l)> (A6)
where
_he-g iz 1
Tinerm (D) = ko e p*—o?sin h(ol)’ (A7)
Eg Bl Bze"l + B36701 1 61117(2)
Tie(z) = T2 2 — B ) >
tko? D, (f° — L72) 2 sin h(ol) -1 B
(A8)
() eislénp(o) + 5,6n,(1) cos h(ol) (A9)

ko sin h(ol)

APPENDIX B: PERIODIC CARRIER DENSITIES IN AN Si
SAMPLE

Considering that the used Si membranes (Fig. 1) are the
low-level injection n-type semiconductors (minority carriers are
used to explain carrier dynamics), the dynamic part of the 1D
diffusion equation (important for sound wave generation) that
explagrig zEarrier transport in membranes can be written in the
form™" =7

d*on,(z)

5";7(2)7 Bly —Bz
& 2 en’ B

where L = L,/(1 + i27rf‘:p)l/2 is the complex excess carrier diffu-
sion length, L, = /D, 1, the excess carrier diffusion length, i the
complex unit, Jny(z) the photogenerated minority (hole)
dynamic density component, D, the hole diffusion coefficient,
and 7, the hole lifetime. The solution dn,(z, f) of Eq. (B1) is
given by™’ >’

5nP(Z) _ A+€Z/L +A,eiZ/L _ Ae*ﬁz, (BZ)

where A = I)/(eD,f8), and the integration constants A, are
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defined bY8,32,33

A A vg(vp £ sp)eThIL — vp(vg — sp)ePh
TTup (i + ekt — (vp — sp)e B

, (B3)

depending strongly on the relative ratio of the characteristic dif-
fusion speeds vp = D,/L and vg = BD,.
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ABSTRACT

The reduction of the photogenerated charge carriers’ influence in periodically illuminated thin silicon membranes is investigated by using
the experimental setup of an open photoacoustic cell in the standard range of modulation frequencies from 20 Hz to 20 kHz. It is confirmed
that the deposition of a 200 nm thin film of titanium dioxide on the 30- and 50 um silicon membrane leads to a large increase of the ther-
moelastic component of the photoacoustic signal, which restores the flexibility lost to the membrane under the influence of photogenerated
carriers. The effect of the thermoelastic component enhancement is analyzed by observing the displacement of the tested samples along the
heat propagation axis, depending on the carrier density and temperature differences on the illuminated and unilluminated sides, for differ-
ent membrane thicknesses and a constant film thickness. It is found that the effect of enhancement of several orders of magnitude is more
visible in thinner membranes due to higher ratios between the film and membrane thicknesses.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0079902

INTRODUCTION

It is well known that the illumination of semiconductors with
a modulated light source can generate charge carriers that cause
different types of thermal responses.'™ There are various spectro-
scopic methods within photothermal sciences that can be used to
analyze such thermal responses.””'” In our previous articles,"”™"”
we showed that photoacoustics (PA) is a method by which different
thermal responses of semiconductors can be clearly observed under
the strong influence of photogenerated carriers by analyzing differ-
ent patterns of behavior of photoacoustic signals and their compo-
nents. It was observed that the influences of carriers on the thermal
response are most intense in semiconductor membranes having the
shape of circular plates with a thickness smaller than the sample
carrier diffusion length (so-called plasma-thin samples). A strong
decrease in the amplitude of the thermoelastic component and a

decrease in the total phase of the photoacoustic signal were
observed as a typical pattern of the PA signal behavior in the fre-
quency domain.'”'* In practical terms, it means that the degree of
bending of the illuminated semiconductor membrane decreases
under the influence of photogenerated carriers. This is a very sig-
nificant effect that can affect the reliability, accuracy, and sensitivity
of MEMS sensors (e.g., pressure sensors), in which silicon mem-
branes are an integral part.”” Among the others, the zero and span
calibration shifts are the most frequent errors caused by Si mem-
brane illumination. They may be sufficient to cause unacceptable
mistakes in the sensor operation process so their avoidance is the
ultimate manufacturing goal.

One very important question also arises: is there a way to
significantly reduce the influence of photogenerated carriers on
the bending degree of illuminated semiconductor membranes?
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Our research shows that this can be done by coating the silicon mem-
branes with a thin transparent film on the membrane illuminated
side. Such a film should be made of a material that does not generate
charge carriers at the light source wavelength, transparent to allow
direct membrane excitation, having a thickness relatively large enough
to be visible in photoacoustic measurements. Titanium dioxide
(TiO,), with which we already have experience in working with
plasma-thick samples,'®'” appears to be a good thin film candidate.

Here, we measure and analyze photoacoustic signals (amplitudes
and phases) generated by the single- (silicon membranes 30- and
50 um thick) and two-layer samples (30- and 50 um thick silicon
membrane substrate + thin TiO, film of constant 200 nm thickness)
and monitor the behavior of their thermoelastic components. This is
done by using an open photoacoustic cell operating in the transmis-
sion configuration with modulation frequencies from 20Hz to
20 kHz. The relationship between the PA signal thermoelastic compo-
nent and the thermoelastic bending degree is studied by using the
sample displacement as a parameter involved in the applied theoreti-
cal model.

THEORETICAL BACKGROUND

The thermal response of a semiconductor sample illuminated
by a modulated light source is a consequence of several processes.
The first one is the process of light absorption resulting in an
increase in the internal energy which leads to the sample heating
and temperature gradient formation. Due to the mentioned gradi-
ent formation, the thermal-diffusion process starts to transfer heat
through the sample periodically changing its temperature in the
bulk and on its surfaces. At the same time, the temperature differ-
ence on the illuminated and nonilluminated side of the sample
results in the process of sample periodic, the so-called thermoelas-
tic bending. In addition, the generation of free carriers on the illu-
minated side of the sample results in their diffusion through the
semiconductor material, periodically changing their concentrations
within and on its surfaces. Different concentrations of carriers on
different sides of the sample lead to its periodic bending process,
the so-called plasma-elastic bending.

All of the mentioned processes are incorporated in the theo-
retical model of composite pistons,'>'? the well-known model of
photoacoustics. Although this model is basically made for single-
layer samples consisting of a pure arbitrary material, it can be
easily adapted to multi-layer structures as well. The typical scheme
used for thermal response analysis of a two-layer sample (Si
substrate + TiO, thin film) irradiated from one side by the modu-
lated light source is presented in Fig. 1. The presented scheme is
used for the explanation of 1D heat transfer along the heat flow
axes parallel to the sample thickness. The samples used in the pre-
sented investigation have cylindrical symmetry so cylindrical coor-
dinates are a reasonable choice and heat transfer is assumed to take
place along the z axis.

The photoacoustic response of the two-layer sample irradiated
with the modulated light source (Fig. 1)'®'”*" can be theoretically
described by the total PA signal Spioa(f) defined with the simple
equation:' "

Opuotal(f) = 6pro(f) + 6pre(f) + Spee(f), 1
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FIG. 1. The simplest scheme of the two-layer sample irradiated by a modulated
light source. /y and I, (I1 << I) are the thicknesses of the thin film (TiO,) and the
substrate (Si), respectively. Rs is the sample radius, T4(z,f) is the temperature in
the thin film, and T,(z,f) is the temperature in the substrate.

where f is the modulation frequency and Sprp(f), dpre(f), and
Oppe(f) are the thermal diffusion (TD), thermoelastic (TE), and
plasma-elastic (PE) PA signal components, respectively. Using a simple
1D theoretical model,"*'*'”*" these components can be written as

_ Povg T>(h, f)
opm(f) = ol T, (2)
Ry
opc(f) = % J 271U, (r, z)dr, ¢ = TE, PE, (3)

0

where y is the adiabatic constant, p, and T are the equilibrium pres-
sure and temperature of the air in the microphone, o, = (1 + i)/,ug,
Mg is the thermal-diffusion length of the air, I is the PA cell length,
Ty(hL, f) is the dynamic temperature variation at the substrate rear
(nonilluminated) surface,'®*™*° Vj, is the photoacoustic cell volume, and
U, (r2) is the sample displacement along the z axis.

U,(rz) of the two-layer sample at the back surface, z=1,
important in a transmission photoacoustic measurements, can be
written in a general form as'®'"*

C
Uz,c(r» Z) = ?C(R? - r2), c¢=TE, PE, (4)
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where R; is the sample radius and

Ay +Ay+E EyJar L(2Mr — LNr) +ar i My + 11 NT3)]
B2+ B2+ 2B, E1 L1 QB + 3L 1, +2B)

Crg=6

>

(5)

[E:L(2M,, + | N,) + E;L(2M,, — LN,,)]

Cpg = 6d,E .
PRI B B2 £ 2B, E L1 (2B + 3Ll + 2B)

(5b)

Here, A; = EX(2M7; + LNT1)ar1, Ay = E2L(2Mr; — LNT2)ars,
E; and E, are Young’s modulus of the film and the substrate,
respectively, d, is the coefficient of electronic deformation, and
My, Mg, M, Npy, Ny, and N, are defined as'®'”*°

1

0 73
M, :J 2Tz f)dz, My, :J ZTa(o f)dz,
-1 0

)
M, = J z6n,(z, f)dz, (6)
0

h

0
Nn =J T f)d Nz = J Ty(z f)dz,

0

b
N, = J 6ny(z, f)dz, (7)
0

where Ti(z, f) is the temperature in the thin film, T5(z, f) is the
temperature in the substrate, and n,(z, f) is the photogenerated
minority carrier density. Mr; and Mr, are the first moments of the
temperature change, and M,, is the first moment of the photogener-
ated minority carriers change along the zaxis. Ny; and N, are the
average temperature changes and N, is the average photogenerated
minority carriers change along the z axis.

In the case of one-layer sample (Fig. 1, substrate only),
Egs. (1)-(7) reduce to'>'*'*

Optoral(f) = optp(f) + opTe(f) + opte(f), (8)

%Tz(lz,f)

> 9
O'glc To ( )

optn(f) =

6(R? — 12
Uire(r, 2) = ar %Mn, Mr,
2
L lZ
= J (z - 7) Ty (z, f)dz, (10a)
0 2
22
UZPE(V’ Z) - dn %Mm Mn
2
b 12
- J (z - 5) Sny(z, f)dz, (10b)
0

4 rh 1
opfe(f) = 0sz70 B s L (z - 52) Ty (z, f)dz, (11)

and

R (" !
Spse(f) — dnyvpoﬁﬂ s J (z - ;) Sny(z, fdz. (12)

3
12 0

RESULTS AND DISCUSSION

To check the influence of thin films on the bending degree
of illuminated silicon membranes, we measured the amplitude
A(f) and phase ¢(f) of the photoacoustic signal S(f)
= A(f)explie(f)] as functions of the modulation frequency
f within the 20 Hz-20 kHz range.'>'®'” Measurements were carried
out for two thicknesses of membranes (50 and 30 um) with (Sex,)
and without (S*ep) the 200 nm-thick TiO, thin film coating,
illuminated with the laser diode light source having 660 nm wave-
length and intensity of I, = 10 W/m®. The results of such measure-
ments are presented in Fig. 2. All substrate samples used in the
presented investigation are made from the same n-type Si wafer
({100), 3-5Qcm) in the form of thin circular plates (membranes)
having the radius R, =30 mm. The TiO, thin films were deposited
on Si membranes using RF sputtering technique.'®

The amplitudes and phases of the measured photoacoustic
signals %, (f) and Sexp (f) shown in Figs. 2(a) and 2(b), respectively,
were obtained using an open photoacoustic cell apparatus operating
in the transmission mode, described in detail in our previous
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FIG. 3. Experimental (asterisks) and
corrected (solid line) total photoacous-
tic signals along with the corresponding
components (dashed lines) for the
amplitudes A of the Si membranes
without S (f) [(@) and(c)] and with
Sexp(f) [(b) and(d)] a thin TiO, film, as
functions of the modulation frequency f.

FIG. 4. Experimental (asterisks) and
corrected (solid line) total photoacous-
tic signals along with the corresponding
signal components (dashed lines) for
the phases ¢ of the Si membranes
without S (f) [(@) and(c)] and with
Sexp(f) [(b) and(d)] a thin TiO, film, as
functions of the modulation frequency f.
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TABLE |. Basic Si and TiO, parameters obtained after signal correction procedure.

Si TiO,
B (10°/m) (2.6+0.2) (1.8+0.4)
Dy (107 m?/s) (9.0+0.1) (3.9+0.5)
ar (1075/K) (2.6 +0.2) (11+2)
k (W/mK) (150 +2) (10+3)

articles.'™'* All these signals are a complex combination of the
“real” photoacoustic signals Spj(f) [Eq. (8)] and Sprota(f)
[Eq. (1)] that come directly from the illuminated samples and their
electronic H.(f) and acoustic H,(f) deviations caused by the influ-
ence of measuring instruments' >’ (Appendix A),

S:xp(f) = 6p§)ta.l(f)He(f)Hu(f) (13)

and

Sexp(f) = 5ptotal(f)He(f)Ha(f)- (14)

The influence of measuring instruments can be simply
described as electronic filtering (H,) which reduces the signal
amplitude in the low-frequency range, and acoustic filtering
(H,) which generates typical signal peaks at higher frequencies
(Figs. 3 and 4, Appendix A), usually recognized as shaped, or
tailored, microphone frequency response.”’ The measured
signals Sk (f) and Sep(f) are corrected by the well-known pro-
cedure of recognizing and removing H, and H,'>*' in order to
obtain Spfhal(f), Oprotar(f), and corresponding basic sample
parameters: coefficient of optical absorption 8, thermal diffusiv-
ity Dy, coefficient of thermal expansion ag, and thermal conduc-
tivity k. The results of such procedures are presented in Table I.
They are in accordance with the literature values obtained by
different methods*™*° and our previous research.'”'® Other
important parameters, like Young’s modulus of the film
(E; = 280 GPa) and the substrate (E, = 137 GPa), the coefficient
of electronic deformation (d, = —9.0 x 107> m?) and photo-
generated carriers’ lifetime (7 =6 x 107%s) are taken from the
same literature.' > >**7*°

)
R
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Based on the composite piston theory,18 obtained Spfoa(f)
and Spioral(f) are disassembled into three signal components—
TD, TE, and PE, whose amplitudes and phases are shown in
Figs. 3(a), 3(c), 4(a), and 4(c) in the case of single-layer [Si mem-
branes, Eqgs. (8)-(12)] and Figs. 3(b), 3(d), 4(b), and 4(d) in
the case of two-layer systems [Si membrane +thin TiO, film,
Egs. (1)-(7)].

The changes in the mutual relationships of the photoacoustic
signal components are clearly visible in Figs. 3 and 4. They are caused
by the deposition of a thin TiO, film on both membrane thicknesses.
Larger mutual relationship changes are detected in the case of the
thinner substrate (30um), where the amplitude of the total signal
decreases at higher frequencies more intensely (up to 35% lower
values) in the case of the two-layer system [Fig. 3(b)] compared to the
pure silicon [Fig. 3(a)]. In the case of the thicker substrate (50 um),
total amplitude decrease is much lower: up to 5% lower values in the
case of the two-layer system [Fig. 3(d)] at middle frequencies com-
pared to the pure silicon [Fig. 3(c)]. At the same time, the total phase
in pure silicon [Fig. 4(a) and 4(c)] at higher frequencies increases, but
in the case of a two-layer system [Figs. 4(b) and 4(d)], total phase
decreases. One can conclude that explained effects of the total PA
amplitudes and phases behavior in the frequency domain are more
intense in the case of thinner substrates.'>""

Comparing Figs. 3(a), 3(c) and 3(b), 3(d), it is obvious that
the amplitude of the thermoelastic component (blue dashed line)
undergoes the greatest changes: (a) for pure silicon, under the
action of photogenerated carriers, TE amplitude at low frequen-
cies drops to ~1077 [Fig. 3(a)] and ~107° [Fig. 2(c)], changing its
functional dependence at higher frequencies'>'* and (b) TE
amplitude of the two-layer system increases up to ~107"
[Fig. 3(b)] and ~1072 [Fig. 3(d)] at lower frequencies, decreasing
in the entire frequency domain up to ~10™* [Fig. 3(b)] and ~10~>
[Fig. 2(d)] at higher frequencies. For clarity, in Figs. 3(b) and 3(c),
the thermoelastic components of the pure silicon samples are
marked with dashed gray lines so that the increase in the thermo-
elastic component, which is indicated by arrows, can be more
noticeable.

In phases (Fig. 4), as in amplitudes, the thermoelastic compo-
nent (blue dashed line) suffers the largest changes, which is indi-
cated by the arrows in Figs. 4(b) and 4(d), where the dashed gray
line represents the thermoelastic component phase of pure silicon
samples [Figs. 4(a) and 4(c)].

b)

—— U, 1(0.1) $i 30 um, TiO, 200nm |
<__ z,TE*(O:lZ) Si30 pm

—— U,1(0,1,) Si 50 um, TiO, 200nm |
—— U.7(0.1) Si 50pm

FIG. 5. Thermoelastic displacements
of the (a) 30 and (b) 50 um Si mem-
branes with Ure(r,z) and without
Uste(r, z) a thin TiO, film, as func-
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UZ(0,0) U.+(0,1)

z —

7 Si+TiO, 7

FIG. 6. Schemes of the thermoelastic displacement of the irradiated Si mem-
branes with U, 1e(r, z) and without Ux1e(r, z) a thin TiO, film (blue line), where
photogenerated electrons (-n) and holes (+p) are present.

Analyzing Eqgs. (3) and (11), one can conclude that the pre-
sented thermoelastic component amplitude behavior in all cases
(Fig. 3) was guided by the displacements of the sample along the
zaxis U,rg(r, ). Following such behavior, the results of U}rg(r, z)
[Eq. (10a)] and U, rg(r, z) [Egs. (4)-(6)], for both substrate thick-
nesses in the case of z=1, and r=0 in the whole range of modula-
tion frequencies are presented in Fig. 5, where clear differences can
be seen between “pure” and “coated” membranes.

In the generalized scheme, displacements of membranes of
different thicknesses with and without a thin film (Fig. 5) can be
simply represented as in Fig. 6. Regardless of the thickness of the
substrate, the UXrg(r, z) < Urg(r, ) ratio will always apply.

To find the cause of differences between UZrg(r,z) and
U,r(r, z), one needs to analyze the changes in Crg values
[Eq. (52)]. It is obvious that these changes depend on the mutual
relationships between My and Ny and My, and Ny,. Changes in
the first moments and/or average temperature changes can lead to
the changes in Crg and, thus, in U,1g(r, z) changes. The first
moments and average temperatures depend on the temperature dis-
tribution in the sample, and temperature distribution depends on
the density distribution of the photogenerated carriers. This is the
reason why one can attribute all changes in Ujrg(r, z) and
U,1x(r, z) behavior to changes in differences in the photogenerated

ARTICLE scitation.org/journalljap

carrier densities Adny, Adny, and temperatures AT, AT, at the
substrate surfaces (illuminated, z=0, and nonilluminated, z=1)
defined by

Adng=0n§(0) — dnj(l), Adn, = 5n,y(0) — ony(L)
and
AT3=T3(0) — T3(l), AT, = T,(0) — Ty(L).

The analysis results are presented in Table II, where all carrier
densities (Appendix B) and substrate temperatures (Appendix C)
correspond to the calculated sample displacements UZ1g(0, ;) and
U,1E(0, L) (Fig. 5) for both substrate thicknesses I, and three char-
acteristic modulation frequencies (100, 1000, and 20 000 Hz). One
must always bear in mind that T7(0) = T»(0) (Fig. 1) is one of the
boundary conditions for temperature calculations (Appendix B).

The results presented in Table II show that the film deposition
on the substrate reduces the differences in carrier density
(Adn, < Aén3) and temperatures (AT, < AT%) on the illuminated
and unilluminated sides of the sample. These reductions indicate a
decrease in the influence of free carriers, i.e., an increase in the
degree of bending (flexibility) which is the main goal of this work.
The influence of carrier and temperature decrease on U, 1g(0, k) is
larger at lower frequencies, while at higher ones, such an influence
is reflected through the dominant mutual relationship between M,
and Nr,: the impact of the film becomes insignificant. Also,
U,1E(0, 1) is larger for thinner substrates, which is expected, since
U, 1 ~ l{3 [Egs. (4), (5), and (10)].

CONCLUSIONS

The enhancement of the thermoelastic component of the pho-
toacoustic signal measured by using an open photoacoustic cell for
plasma-thin silicon samples with a thin layer of TiO, has been
studied. The photoacoustic theory for two-layer samples consisting
of a substrate in the form of 30- and 50-um thick Si membranes,
and a 200 nm-thick TiO, film has been used in the data analysis.
These substrate thicknesses are smaller than the diffusion length of
the heat carriers, while the film is thick enough to be well visible for
photoacoustic measurements. It has been found that the TiO, film

TABLE Il. Temperatures at sample surfaces (illuminated and nonilluminated), their differences and ratios, together with sample displacements of Si and Si + TiO, at character-

istic modulation frequencies.

f (Hz) ASn%(10" m~3) ASn,(10" m™> AT% (10710 K) AT, (1071° K) Uzre(0, L) (10713 m) U,1e(0, L)(107"? m)
L, =30 um

100 3.083 53 2.974 50 —-14.99 —-13.573 0.1232 609.41

1000 3.083 45 2.974 42 —155.92 —141.16 0.1381 152.96

20000 3.055 48 2.947 44 —2926.2 —2636.7 1.2131 2.3370

I, =50 um

100 4.906 65 473315 -12.67 —421 3.065 132.52

1000 4.906 37 4732 88 —-138.26 —43.7 2.5486 134

20000 4.801 61 4.63183 -1626.9 -101.3 3.3993 443
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enhances both the amplitude and phase of the thermoelastic compo-
nent of the photoacoustic signal of the entire two-layer system.
This enhancement is a direct consequence of the sample displace-
ment along the heat propagation axis, such that larger displacements
are obtained for the thinner substrate (30 um). This is reasonable
as the displacement of a two-layer sample is inversely proportional
to the (thickness)® of the substrate. Based on the analysis of the pho-
togenerated carrier densities and temperature differences at the
illuminated and nonilluminated sides of the samples, for three char-
acteristic modulation frequencies, it has been shown that the dis-
placement of two-layer samples is larger than that of the single-layer
ones. The TiO, film, therefore, suppresses the influence of the photo-
generated carriers and enhances the bending of the sample described
by the thermoelastic component of the photoacoustic signal. The
obtained results, thus, show that the loss of flexibility of Si samples
induced by photogenerated carriers can be overcome by depositing a
thin transparent TiO, film on the illuminated Si side, which can be
useful for developing MEMS and the electronic industry in general.
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APPENDIX A: THE INFLUENCE OF MEASURING
INSTRUMENTS ON THE PHOTOACOUSTIC SIGNAL

The photoacoustic signal generated by the sample excited by
the modulated light source contains various influences of the
instruments used in its measurement. A detailed analysis deter-
mines that such influences arise mostly from the microphones used

ARTICLE scitation.org/journalljap

in measurements and accompanying electronics. These effects are
reflected in signal distortion due to different types of filtering at
low and high frequencies.' '

At low frequencies (<1kHz), the PA signal is distorted in a
way typical for the high-pass filters: amplitude decreases and phase
increases with decreasing frequencies (Fig. 7). The degree of distor-
tion is described by the cascade connection of the RC low-pass
filters. Each filter corresponds to one instrument with characteristic
RC values. Therefore, low-frequency filtering of photoacoustic
signals is called electronic filtering described by the H,(f)
function,'*"*!

7T T

Tt iern) < U +iwra) (A1)

He(f) =

where o = 2zf, f is the modulation frequency, and 7,4 = (27z'fd)_1
=RC; and 7, = (271']‘52)71 = R,C, are the time constants and RC
characteristics of the microphone (A1) and signal processing elec-
tronics (A2) (usually the sound-card or lock-in).

At high frequencies (>1kHz), the PA signal is distorted in a
way typical for the low-pass filters: sharp jumps and falls of ampli-
tude and phase values occur which gives typical peak structure
responses (Fig. 8). The size and shape of peaks with characteristic
frequencies and dumping factors are described by the sum of low-
frequency RCL filters. Since the peaks are a typical high-frequency
microphone response caused by its acoustic characteristics, filtering
in the high-frequency region is called acoustic filtering described by
the function H,(f)," "'

2
wc3 wc4

= - + - >
0% + 0300 — 0 04 + i6u0qn — ©?

2

H,(f) (A2)

where 8y is the damping factor (k = c3,c4), @ is the microphone
cut-off frequency, and w. is the characteristic frequency which
depends on the geometry of the microphone body.

Characteristic PA signal distortion, H,(f) and H,(f), parame-
ters calculated from our presented and previous measurements,'’
used here to draw Figs. 7 and 8, are presented in Table III.

a) b)
- —— P(OHL) 100 —— P(H)T
=10 —@n 1 s — )
= g
= = 0 o -
g s FIG. 7. Typical signal distortion (red
2 s =501 E line) of the (a) amplitude A and (b)
= [}
= 3 phase ¢ for modulation frequencies
5 £ -100 | 1 f<1kHz.
10°1 : -150 1
T -200 :
10! 102 10° 10! 10 10°

Modulation frequency, f, (Hz)

Modulation frequency, f, (Hz)
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g < FIG. 8. Typical signal distortion (red
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= j:"é tude A and (b) phase ¢ behavior at
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APPENDIX B. PERIODIC CARRIER DENSITIES IN THE SI
SUBSTRATE

Within photoacoustics, photogenerated carrier density calcula-
tions are based on Fick’s second law of diffusion, assuming that
electrons and holes are generated in pairs as identical particles
neglecting their electrical nature. Considering that the used Si
membranes (Fig. 1) are the low-level injection n-type semiconduc-
tors (minority carriers are used to explain carrier dynamics), the
dynamic part of the 1D diffusion equation (important for sound
wave generation) that explains carrier transport in membranes can
be written in the form'’™"”

d25np(z,f) B ony(z, f) B —&e_ﬁz (B1)

dz? > eD,
where L = L,/(1 + i27rfrp)”2 is the complex excess carrier diffu-
sion length, L, = \/Dytp is the excess carrier diffusion length, i
is the complex unit, &n,(z, f) is the photogenerated minority
(holes) dynamic density component, D, is the holes diffusion
coefficient, and 7, is their lifetime. The solution EnP(z, f) of
Eq. (17) is given by >~

Sny(z) = Ay + A_e ¥ — Ae P, (B2)

where A = Iy/(eDyf) and the integration constants A, are
defined by'*™"*

A vg(vp £ sy)et bl — vp(vg — s)e Pk
Ar=_- /L LI (B3)
vp  (vp+s)et — (vp — sy)eh

TABLE lll. Characteristic PA signal distortion He and Ha parameters used to obtain
Figs. 7 and 8.

Characteristic frequency f.; (Hz) 25
Characteristic frequency f., (Hz) 5
Characteristic frequency f.; (Hz) 9400
Characteristic frequency f., (Hz) 14 700
Damping factor d.3 0.6
Damping factor d.4 0.08

Modulation frequency, f, (Hz)

depending strongly on the relative ratio of the characteristic diffu-
sion speeds vp = D,/L and vs = BD,.

APPENDIX C. PERIODIC TEMPERATURE
DISTRIBUTIONS IN THE THIN TIO, FILM AND THE SI
SUBSTRATE

Periodic temperature distributions in the thin film (1-TiO,)
and the substrate (2-Si) illuminated by the modulated light source
(Fig. 1) can be obtained by solving the thermal-diffusion equations
in the form'®'"*’

PLf) o

1
- _ —Biz
02 Dy Ti(z, f) = K Bi1(1 — R)lpe (C1)

and

PLEf)

£ Bl e—¢g _4,
5 3Tz f) = ——ny(z, f) _k_zz x Tge bz,

szz
(C2)

where @ = 2xf, f is the modulation frequency, I, is the incident light
intensity, I = (1 —R;)(1 — Ry)ePhIy, Ry is the film reflection
coefficient, R, is the substrate reflection coefficient, oy = /iw/D;
is the film complex thermal diffusivity, Dy is the film thermal-
diffusion coefficient, o, = v/io/Dr, is the substrate complex
thermal diffusivity, Dr, is the substrate thermal-diffusion coeffi-
cient, k; is the thin film heat conduction coefficient, k, is the sub-
strate heat conduction coefficient, f; is the film absorption
coefficient, B, is the substrate absorption coefficient and dn,(z, f) is
the photogenerated minority carrier dynamic density component
[Eq. (18)].

The general solutions of Egs. (17) and (18) can be written in
the form™

Ti(z, f) = A1€”' + Are % + Ase P1* (C3)
and

Ty(z, f) = B1e™* + Bye ®* + Byny(z, f) + Bye 7, (C4)
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where the constants A, B; and B, are given as

Iy(1 —R
A3 = _ﬂkl ((;3(2 —21)), B3 = —7Sg 1 R
-0
1Py 1 kZsz (O‘% 7ﬁ>
B, — B —R)(A - Ry)e Pl (& e 8g>
! (B3 —o3) D, k )’

Constants A;, A,, By, and B, can be found by solving the fol-
lowing boundary conditions:*’

@ —k20EH
0z —
(b) Tl (O)f) = TZ(O)f))
0T, (z, T (z, (C5)
© -kIEE) =m0, ey - K IeS) .
Ty (z,
(d) - kz% Z=12: _SR”p(lz»f)eg)

where sp and sg are the substrate surface recombination speeds at
the front (z = 0) and rear (z = ) surfaces, respectively. Based on
our previous investigations, >~'*" the analysis of the two-layer
optical properties shows that the multiple optical reflections can be
neglected in the Si substrate,'” but must be taken into account in
the case of the thin TiO, film. This is the reason why the film
reflection coefficient R is calculated here using'®'”

-2l

Ry =rg+ (1 — TF)ZTR X (C6)

1-— T’FTRefzﬁll‘ ’

where 7 and rg are the front and rear thin-film reflectivity coeffi-
cients, respectively.
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Abstract

This paper describes the influence of thin transparent film on thermal and elastic characteristics of the two-layer sample
consisting of the silicon substrate and thin TiO, film using analysis of photoacoustic signals and their components in the
20 Hz — 20 kHz frequency domain. Through thermoelastic component changes, it was found that the thin film significantly
changes the thermal state of the substrate and makes the degree of its bending increase drastically. The relationships between
the thermoelastic component, the displacement along the heat flux axis and the difference of carrier density and tempera-
tures on the different sides of the sample are described. It has been shown that the addition of a thin transparent film to a
silicon substrate can effectively reduce the influence of photogenerated carriers in the substrate, especially on its degree of

flexibility and restore it efficiently.

Keywords Photoacoustic - Illumination - Si-TiO2 - Bending - Thermoelastic

1 Introduction

It is a well-known thing in photoacoustics that modulated
optical irradiation of the semiconductor sample from one
side can be used to excite a sample due to the absorption
of the part of radiation energy. Such optical excitation fol-
lowed by nonradiative energy transfer results in sample
heating from the irradiated side, changing its temperature.
Temperature change results in thermal gradient between
irradiated and nonirradiated sides of the sample generating
heat transport between them [1-6]. In the most simplified
case of a sample in the form of a plate, if one side of the
plate is irradiated, heat is transferred along with the sample
thickness axe - 1D transfer. Knowing the temperatures on
both plate sides (surfaces) allows one to calculate thermal
diffusion (TD) and thermoelastic (TE) photoacoustic signal
components generated from the sample [7—-11].
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If the optical source emitted light with the proper wave-
length, photogenerated charge carriers transfer occurs, too,
parallel to the heat transfer process within the semiconduc-
tor sample [12—14]. Knowing the carrier densities on both
sides of the sample allows one to calculate plasmaelastic
(PE) photoacoustic signal component and recalculate, at the
same time, TD and TE components, knowing that charge
carriers are also energy carriers that change temperatures
within the sample and at its sides. In the end, all mentioned
components TD, TE and PE are the constitutive part of the
total PA signal used in our measurements [15-17].

In our previous research, we show that specific tempera-
ture behavior patterns exist in PA signal amplitude and phase
when the semiconductor is under the strong influence of
photogenerated carriers [18, 19]. Such an effect is reflected
in the amplitude decrease of the PA signal TE component,
which is more pronounced in plasma-thin samples (samples
whose thickness is less than the diffusion length of the pho-
togenerated carriers). Decrease of the thermoelastic compo-
nent amplitude results in smaller sample displacement along
the heat-flow axes i.e. smaller bending. It indicates that pho-
togenerated carriers change (reduce) the flexibility degree
of semiconductors, especially thin ones. Flexibility change
can affect the correct operation of some MEMS devices by
changing their sensitivity at a constant temperature.
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In this article, we will show that the deposition of a thin
layer of titanium-dioxide on the illuminated side of silicon
plates can almost completely attenuate the effect of pho-
togenerated carriers and restore their flexibility. A complete
analysis of the PA signal and the behavior of its components
is given using temperatures on the illuminated and nonil-
luminated side in the case of the plasma-thin silicon plate
samples with (Fig. 1a) and without (Fig. 1b) a thin TiO,
film. Comparative analysis of the plate displacements along
the heat flow axis is given, too, considering displacement
as a parameter directly connected to the sample flexibility
degree. The influence of photogenerated carrier densities
and temperature differences on the mentioned displacements
is also given in order to show the direct influence of the
electronic and thermal state of the tested samples on their
thermoelastic bending properties.

2 Theoretical Model

The aim of this research is to analyze the photoacoustic
response of a two - layer system illuminated by a modulated
light source [20-26]. The investigated system is presented
in Fig. 1a and consists of a thin TiO, film (first layer) depos-
ited on a silicon wafer (second layer). The TiO, film is con-
sidered as a dielectric transparent material while the wafer
is considered as semi-transparent semiconductor — n-type
silicon. Such a distiction is based on the assumption that
the illumination will be performed by a light source of such
a wavelength (red laser diode) which will excite only the
substrate but not the film. The thickness of the film (/) is
assumed to be much less than the thickness of the wafer (,):
l;< < I,. The radius R, of both layers was taken as the same.
Also, the thickness of the wafer is taken to be much smaller
than its radii: R; > > [. In order to simplify all derivations, it
is assumed that the complete two-layer system has cylindri-
cal symmetry, so the heat transfer can be analyzed only in

one dimension around the z-axis, the so-called 1D transfer.
It means that all carrier density and temperature distribu-
tion calculations along both layers are based on the dynamic
part of 1D diffusion equations solving (static part does not
participate in photoacoustic signal generation).

In the case of the thin TiO, film (first layer) as a transpar-
ent dielectric volume absorber, the dynamic part of the 1D
heat diffusion equation has the form [24-26]:

0°Ty(z, j ]
# -5 Tr@h) = —éﬂF(l —Rp)le™ (1)

where @ = 2xf, f is the modulation frequency, I, is the
incident light intensity, R is the film optical reflection coef-
ficient, Dy is the film thermal diffusion coefficient, &, is the
film heat conduction coefficient, and f is the film absorp-
tion coefficient. The general solution of Eq. (1) can be writ-
ten in the form [26]:

Tp(z.f) = A7 + Aye " + Ay, )

where 6, = \/iw/Dyp is the complex thermal diffusivity
of the film, and constant A5 is given as [26]:

ﬂFIO(l - RF)

YT k(o)

The temperature distribution 7, (z,f) in the second layer as
a semitransparent n-type Si semiconductor can be obtained
solving the dynamic part of 1D heat diffusion equation given
in the form [24-26]:

0*T,(z.f) ) 3 Bl €&
—_ S 5T =__° D 8 ,ha
py 0. T,(z.f) kit n,(z.f) A Pt
(3)

where I = (1 —Ry)(1 — R)e™" 1, n(z.f) is the minority
carrier density along the z — axes, €, is the substrate energy
gap, ¢ is the incident light photon energy, R is the substrate

r r
3 Q
?é % thi R, g g R,
=3 n =9
ER film substrate > el substrate .
Sp= S =
a1 !
-1, 0 I 0 I
a) b)

Fig.1 The principal scheme of an investigated a) two-layer b) one-layer system
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optical reflection coefficient, o, = v/iw/Dy, is the substrate
complex thermal diffusivity, D, is the substrate thermal dif-
fusion coefficient, &, is the substrate heat conduction coef-
ficient, 7, is the bulk minority carrier lifetime and f, is the
substrate optical absorption coefficient.

The general solution of Eq. (3) can be written in the form

[26]:

T,(z.f) = B1e™" + Bye " + Byn, (2.f) + Bye P, )
where.
£, B (1= Rp)(1 = R)ePFIFLy (B, e—¢,
By=- 1 » Bi=- 2 _ 52 (D__k_>
k., (O’AZ - L_Z) £(p2-a?) P s

D,z . . . . .
and L = 4/ —= is the complex minority carrier diffu-

I+ioT
sion length (D, is the diffusion coefficient of minority
carriers).
Constants A,, A,, B, and B, can be found solving the
boundary conditions [26]:

~kp TER| =0, b) Tp0.f) = T,0.f).
c) _ ks—”jjf oo = $1m, 0. — kp EL| )
9T (z.f)
d) —k B_j =l —sat, (kS )€,

where s, and s, are the substrate surface recombina-
tion speeds at the front (z=0) and rear (z=/,) surfaces,
respectively.

Using Egs. (1-5) one can calculate T (f), the tempera-
ture at nonilluminated substrate side (z =/, see Fig. 1) which
can be used to calculate thermodiffusion (TD) component of
the photoacoustic signal, given in the form [23-26].

Po7?g Tz(lz,f)
o,l T,

8c

opm(f) =

) ©6)

where y, is the adiabatic constant, p, and 7|, are the equilib-
rium pressure and temperature of the air in the microphone,
0, =140, p,is the thermal diffusion length of the air and
[, is the PA cell length.

Continuing calculation with the same Equations, one can
find temperatures of the film T (-[f), Tr (0,f) and substrate
T (0.f) and T (I,,f), assuming that n,(0,/) and n,(l,.f) are
calculated before (Appendix II). Knowing all mentioned
temperatures and densities one can calculate the sample dis-
placements U, (7,7) along the z-axes at r=0 and z =/, (back-
side displacement), which can be used in the calculation
of thermoelastic (TE) and plasmaelastic (PE) photoacoustic
signal components.

The U, (rz) can be written in a general form as [26]:

C 2
U, .(r,2)= (R —r?),c =TE,PE, (7

where R is the sample radius and

A +AY+EpE | appl,(2M =1 Ny )+ L (2M 5~ 1Ny, ) |
E2E+ B2 42E, Epl 1 (24311 p+212) ’ ®)
Co = 6d.E [Erlr(2M, 1N, )+E L (2M,,—N,)]
PE NS R EL I 42E, Epl L (2R 4311 +202)

Cp=06

H e r e
Ap = E21p(2Myp + 1pNpp ) agp, Ay = E2L(2M — [Ny ) oy,
Eand E are the Young’s modulus of the film and substrate,
respectively, arr and ag, are the film and substrate coeffi-
cient of thermal expansion, d,, is the coefficient of electronic
deformation and My, My, M,, Nyp, Ny, and N, are defined
as [16, 17, 20].

My = [0 2 Te@ s, My = [ 2 T,@Ndz, M, = [ 2 8n, (. f)dz,

(9.a)

" 6n, (2, f)dz.
(9.b)

In general, the U,.(r2) exhibit parabolic thermoelastic
and plasmaelastic displacement representing bending. Such
bending produces the back-side acoustic waves with pres-
sures [24-26].

0 I,
Npp =[5 Te(@f)dz. Ny = [y Ty(@.f)dz, N, =

Spre(f) = L0 / 271U, 15 (r, 2)dr, (10.2)
0 0

Sppe(f) = 220 / 271U, pi(r, 2)dr, (10.b)
0 0

which can be detected with a microphone as a thermoe-
lastic, Spg(f), and plasmaelastic, oppg(f), photoacoustic sig-
nal components.

Knowing that the microphone integrates all signal
components into one, so called total photoacoustic signal
OPoral(f), ONE can write it as [24-26]:

OProral(f) = 6prp(f) + 6pre(f) + 6ppe(f), an

In the case of one-layer (Fig. 1b) Egs. (6—11) are reduced
to [17-19].

pors Ty (1:f)
ptp(f) = T (12)
6<R?_r2) l.r lY %
Vit =g [ (+-3) T
(13.2)
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, 6(RZ—r2) b I
Ulpg(r.2) =dy———— /0 (z - 5) -6n,(z,f)dz,

P
' (13.b)

¢ YDo Sﬂ-R? b ls ¢
oprp(f) = 05770?/0 (Z - 5) T} (z,f)dz, (14)

" YPo 3”R? /l2 L
5 =d,=— — =) 68n(z,H)dz
P = d, % B o z=5 n(z,f)dz (15)

opr () = 6p3p () + 6p1p(N) + Sppe (), (16)

3 Results and Discussion

The experimental set-up used here is based on the well-
known transmission open-cell model where a miniature
electrets microphone is used as a PA cell. The investigated
sample is mounted directly onto the front surface of the
microphone. Modulated optical source (656 nm laser diode)
is controlled by the sensitive photodiode and is used for sam-
ple excitation. The computer is used as the measurement
control unit and data storage at the same time [18, 19, 26].

All investigated samples (one- and two-layer) have the
form of thin circular plates with 40 pm thick Si n-type sub-
strate and 200 nm thin TiO, film (Fig. 1). Substrates are
taken from the same wafer while the film is deposited on
the substrate with a conventional RF sputtering technique.

Knowing that experimental photoacoustic signal S,,()
can be represented by the simple formula [18, 24-26].

0 j j i a)
7 1073 ——S_Si+TiO, ]
2 ] total 1 1 2
~ -1 ] o . i
é 10 —*_Stotal Sl
~ 1024 -
g
21074 3
T
£ 10 55
s . s 8
& 1073 i |
N
10 - - -
10% 103 104

Modulation frequency, f, (Hz)

Fig.2 Results of the a) measured (S, and S”

otal

Sota () = Ao (NEXP i@ ()] (17)

the obtained measured data-set contains two features:
amplitudes A,,,(f) and phases @, () in the modulation
frequency f range from (20 — 20 k) Hz. Our experience
shows that even these two features are in different ranges,
both A,,,(f) and phases ¢, (f) are features of equal impor-
tance. Due to that fact and simplicity, the results presented
here will include only amplitudes of the PA signal and its
components.

All experimental signals obtained with S, ,,(f) and with-
out Sfmal(f) thin TiO, film (Fig. 2a) are corrected due to
the distortions induced by the instrumental filtering (RC
at low, acoustic at high modulation frequencies), flicker
noise and coherent deviations (crosstalk signals). After the
proper correction procedure (explained in detail in [18, 26,
27]), corrected signals 6p,o,(f) and op;  (f) are obtained
(Fig. 2b) representing the “true” PA signals generated by
the two- and one-layer sample, respectively, free from any
kinds of deviations. Finally, total signals are fitted with
the proper theoretical model (Eq. (6—-16)) to obtain all
PA signal components (TD, TE and PE, Figs. 3a and b).
The accuracy of fitting procedure is +8%. Fitting param-
eters are divided into three different groups; measured, lit-
erature and fitted ones. Layer thicknesses (/;=200 nm and
[s=40 pm) and radius (R;=3 mm) together with the sub-
strate surface recombination speeds at the front illuminated
(s; =2m/s) and back nonilluminated (s, =24m/s) surfaces
are taken as independently and previously measured param-
eters [26, 27], respectively. Young’s modulus of the film
(E,=280GPa) and substrate (E,=137GPa), together with
the film (8= 1.8x 10°’m™") and substrate (8,=2.6x 10°’m™")
optical absorption coefficients, and substrate band gap
(¢,=1.78x 107"°]) are taken from the literature [18, 19].

b)

7 10% — SHTIO, ]
=] ptotal(f) i,

- 5p:<0tal(f) Si 3

<10

tota

‘Cﬁ 10-2 i
10-3_
10-4_

| amplitude

10—5_

Signa

10

10 10° 10*
Modulation frequency, £, (Hz)

woral> asterisks) and b) corrected (8pyyy and 8p” oy solid lines) photoacoustic signals for pure

40 pm silicon (Si) and same silicon coated with 200 nm thin-film (Si+ TiO,) in frequency f domain
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Fig.3 Decomposition of the corrected photoacoustic signals (dpy, and dp” ., — Fig. 2) on their components a) 5p"1p, p g, and 3p pg, and b)

Oprp»> OprE> and Oppg, in frequency f domain

Thermal diffusivity, thermal expansion, thermal conductiv-
ity and optical reflections of both layers together with sub-
strate layer diffusion coefficient of minority carriers, coef-
ficient of electronic deformation and photogenerated carriers
bulk lifetime are taken as fitting parameters. Their obtained
values are presented in Table 1.

The results of photoacoustic signal decomposition shown
in Fig. 3a agrees with the results of our previous research
[18, 19] based on the typical photoacoustic response of
plasma-thin silicon samples - samples whose thickness
is less than the diffusion length of their minority carriers.
The characteristic of this response is a large decrease in the
TE component (blue dash) at low, and its peak-like growth
at high frequencies, leaving TD component (red dash) to
dominate in 6p; (f) (solid black, Eq. (16)) in the whole
frequency range (6p, (f)>>0pp (f)>6p1:(F))- It was found,
in the same articles [18, 19], that the decrease in the TE
component is a consequence of the heat transfer effect called
“temperature equalizing” on oposite sides of the illuminated
sample caused by the movement of photogenerated carriers.
It is obvious from Fig. 3b that op(f) component of the two-
layer sample suffers drastically changes compared to 6p1(f)

of the one-layer one (arrow pointing the change), indicating
that sample bending is much larger in the two-layer sample
due to the existence of a thin TiO, film. This is a good exam-
ple of how thin film on Si substrate can restore (enhance)
sample bending degree attenuated by the influence of the
photogenerated carriers in semiconductors.

The differences between Sprg(f) and 6pi(f) are driven
by the sample displacements U_ rg(r, z)and U;TE(r, 2)
(Fig. 4a, Egs. (7-9, 13)) along the z-axes (axes of the heat-
flow), which frequency behavior is controlled by the dif-
ferences of carrier densitiesA(Snp(z) = 6np(0) - 6np(ls) and
Abni(z) = 6n3(0) — Sn;(ls) (Fig. 4b), and temperatures
AT(z)=T,0) - T,(I,) and AT*(2) = T*(0) — T*(1,), (Fig. 5a)
at illuminated (z = 0) and nonilluminated (z =/;) sample sur-
faces, together with temperature ratios R;=T,(0)/T([;) and
R: = T*(0)/T*(1,), (Fig. 5b), obtained with Egs. (18-22)
and (1-5), respectively. Here we must remind that the illumi-
nated sample bends in two ways due to the formation of two
gradients: temperature gradient and gradient of photogen-
erated carriers. Under the experimental conditions, we used
in the presented research, bending under the influence of
photogenerated carriers does not suffer significant changes

Table 1 Two-layer sample
characteristic parameters
obtained by photoacoustics

parameters

value

Si TiO,

thermal diffusivity, Dy (m?%s~!)
thermal expansion, a; (K™H

thermal conductivity, K (Wm™' K1)

optical reflection, R

diffusion coefficient of minority carriers, D, (m%s7h
coefficient of electronic deformation, d,, (m%)

excess carrier bulk lifetime, 7(s)

(3.7+£0.2)x1076
(11£3)x107°
(11+2)
(0.20+0.02)

(9.0£0.1)x107°
(2.6+0.2)x107°
(150 +15)
(0.30+0.02)
(12+0.2)x1073
(=9.0£0.1)x1073!
(6.0£0.3)x107°
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by applying a thin film to the substrate (see green dashed
lines in Figs. 3a and b), while bending due to the temperature
changes, the so-called thermoelastic bending, is significant
and dominant. Although the carrier density and temperature
differences (Fig. 4b and 5a), together with temperature ratios
(Fig. 5b) are small, such differences conducted the U, 1x(r,2)
and U;TE(r, 2), significantly change their behavior in the fre-
quency domain. Larger changes are in lower frequencies,
smaller at higher ones. Such displacement behavior confirms
the previously obtained results in the analysis of the behav-
ior patterns of the thermoelastic component of the photoa-
coustic signal of plasma-thin samples under the influence of
photogenerated carriers. The greater the difference between
the temperatures of the illuminated and unilluminated side

@ Springer

of the sample, the smaller the value of the TE component
and vice versa.

4 Conclusions

In the presented article, the photoacoustics analysis of the
influence of thermal state changes on silicon-TiO, sample
bending along the heat-flow axes is presented. The 40 mm
thick silicon plates were used as the basic sample. Their
thickness was chosen to be less than the value of the dif-
fusion length of the photogenerated carriers (plasma-thin
samples), which allows one clear visibility of the bending
reducing effect of the plates due to the strong carrier influ-
ence. Part of the plates was used as the substrates covered
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by 200 nm transparent thin TiO, films. The film thickness
is chosen not only to be visible in photoacoustic measure-
ments but to keep transparency, too. In this way, single-
layer (silicon plates) and double-layer samples (silicon
plates + thin film) were obtained which has been used in
this investigation.

The whole research is based on the analysis of amplitudes
and phases of the total photoacoustic signal (response) and
its components generated by illumination of the mentioned
samples in the frequency domain from 20 Hz to 20 kHz.
It has been observed that the largest changes in the pho-
toacoustic response of a two-layer sample come from the
thermoelastic component that increases rapidly compared
to the same component of a single-layer sample, especially
in the low-frequency region. It has been shown that such
behavior of the thermoelastic component is directly related
to the displacements of the sample along the heat-flow axis
which is a consequence of the sample thermoelastic bend-
ing. It has also been shown that larger displacements are a
consequence of small changes in the photogenerated carriers
caused by the thin film. Knowing that changes in the carrier
density result in larger changes in temperature differences
and ratios between the illuminated and unilluminated sides
of the sample, it was concluded that the sample displace-
ment behavior in the frequency domain is conducted by the
simultaneous changes of carrier density and temperatures on
both sides of the sample.

As a general conclusion, one can say that covering
plasma-thin silicon plates with a transparent TiO, film of
nanometer thickness leads to overcoming the problem of
reducing the bending degree of plates due to the influence of
photogenerated carriers. Such covering increases the bend-
ing degree of the plates and restores their flexibility, which
is a very important feature for various MEMS devices that
use silicon membranes of similar thicknesses.

Appendix

Appendix . General presentation of thermoelastic
bending

Generally speaking, thermoelastic bending of the illumi-
nated sample produces a parabolic mirror characterized by
the curvature

0?U,(r,z) 12
# 0 = —M,. (18)

The photoacoustic and thermal mirror responses are sub-
sequently interrelated through

yPo zR* °U(r.2)
o= | (19)

VO 4 r=0

If one wants to represent in general such parabolic ther-
mal mirror curvature graphically, it would look like in Fig. 6:

Figure 6a shows a cross-section of the initial, equilib-
rium state of the nonilluminated Si membrane (AT, =0).
Figure 6b shows the equilibrium state of the same mem-
brane illuminated by the light of such a wavelength that
does not generate free carriers. The membrane is curved,
and the degree of curvature is defined by the displacement
of the sample U, along the heat transfer axis, which is pro-
portional to the temperature difference AT, In Fig. 6c, the
same membrane is illuminated by the light of a wavelength
that generates free carriers (electrons, n, and holes, p). The
displacement U is smaller than U, because the carriers
efficiently transfer heat from the illuminated to the nonil-
luminated side of the sample, thus reducing the temperature
difference between these sides. In Fig. 6d, the same mem-
brane is illuminated with the light as in Fig. 6¢, but covered
with a thin transparent film on the illuminated side. The
thin film absorbs one part of the light energy and reduces
the number of photogenerated carriers in the semiconduc-
tor. In such way, the temperature difference decreases and
the displacement of the sample U, increases, approaching
the value of Uy,

Appendix Il. Photogenerated carrier distribution
in silicon

Following the ambipolar transport model that describes
the nonequilibrium, coupled motion of electrons and holes
(photogenerated free carriers) drifting and diffuse together
without external influence, photoacoustics theoretical model
is based on Fick’s laws of carrier diffusion. Here, carriers
act as heat (not charge) carriers participating in the calcula-
tion of temperature distributions in the tested sample. In the
case of low-level injection n-type silicon the equation used
for carrier concentration distribution within and at sample
surfaces is given in the form [20, 21]:

dzﬁnp(x,f) _ on,(x,f) 3 _&

dx2 12 eD,

e, (20)

where L=L,/(1+ i27rf1p)” 2 is the complex excess carriers
diffusion length, Lp = 4 /Dprp is the excess carrier diffusion
length, and én,,(x, /) is the photogenerated minority dynamic
concentration component.

The solution of the Eq. (5) can be found in the form [20,
21]:

n,(x.f) =A, et +A_e™ T + Age @n
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The Ay is the solution of the inhomogeneous part of the
differential equation, and A, and A_are the integration con-
stants calculated from the boundary conditions, which are
given in the form:

A 1
Ay =222 [(1F0) (14 pLoy)e? = (1:£.0,) (1 + pLoy ),

+ _AL
(22)

A = (l +0'1)(1 + GZ)eZUI - (1 - 0'1)(1 - Gz)e_lL_l (23)

Iy PL
Ay=—2 =
b evp L2 — p2 24)

where o, =Dp(smL)_1 is the dimensionless parameter which
depends on the Si surface recombination speed s,, at front

@ Springer

(m=1) and back side (m=2) of sample, and vD=DpL_l
is the diffusion velocity of the photogenerated minority
carriers.
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Abstract. This paper presents a new approach to the thermal characterization of
aluminum, based on the electro-acoustic analogy between the thermoelastic component
of the photoacoustic signal and the passive RC low-pass filter. The analogies were used
to calculate the characteristic thermoelastic cut-off frequencies of the photoacoustic
component and obtain their relationship with the thickness of the aluminum samples.
Detailed numerical analysis showed that the required relationship is linear in the log-
log scale and can serve as a reference curve for the given material. The results of the
numerical analysis were also confirmed experimentally.

Key words: electro-acoustic, thermoelastic component, photoacoustic signal, RC filter

1. INTRODUCTION

Photoacoustics, as one of the very sensitive detection methods within photothermal
sciences, is based on the photoacoustic effect [1,2]. The photoacoustic effect is the effect of
the formation of sound waves after the interaction of light and the matter of the periodically
illuminated sample in any aggregate state. In this article, we will deal with the analysis of solid
samples. The sound generated in solids after light-matter interaction is usually called a
photoacoustic signal. It is a complex combination of at least two components: thermo-
diffusion and thermoelastic [3,4]. If a plate-shaped solid sample is illuminated by a modulated
light source from one side, the thermo-diffusion component is generated by the periodic
expansion and contraction of a thin layer of air adjacent to the unilluminated surface of the
sample. On the other hand, periodic bending of the same sample occurs because of different
temperatures at illuminated and nonilluminated sample surfaces. Such bending causes the
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compression of the gas in the sample vicinity, changing gas pressure, and thus the
thermoelastic component is generated [5,6]. Both components bring physical characteristics
of the illuminated sample material, usually given in the terms of different coefficients: thermal
diffusion, Dr, thermal conduction k, linear thermal expansion ar, etc.

The thermoelastic component of the photoacoustic signal is specific in that its
frequency response, both amplitude, and phase, is very similar to the frequency response
of a low-pass RC filter [7-10]. Therefore, in this paper, we will try to establish an electro-
acoustic analogy between the thermoelastic response and the response of a passive RC
low-pass filter. We will show that the amplitude and phase graphs of the thermoelastic
component can be understood as Bode plots and analyzed with the same transfer function
as the aforementioned RC filter. Also, we will show that characteristic cut-off frequencies
obtained from such an analysis can be used to obtain the thermal diffusion coefficient of
the material from which the examined sample is made.

2. THEORETICAL BACKGROUND
2.1. Theory of thermoelastic bending

A typical photoacoustic setup for material characterization (an open-cell setup)
involves illuminating the sample with a modulated light source intensity (pure sinusoid I,
Fig.1, with frequency w=2xf, f is the modulation frequency) [5,11-13]. The sample is
surrounded by air and placed on top of the microphone. Illumination leads to a change in
the thermal state of the sample, which results in different temperatures on its illuminated
and non-illuminated sides. Different temperatures cause the sample to bend (see Fig.1).
The bending is periodic and elastic, following the rhythm of the light source modulation.
The bending of the sample described in this way is called thermoelastic bending. Theory
of thermoelastic bending [14,15] derived equations describing the thermoelastic bending
of a uniform-thickness plate being heated.

A,

O

8] "

Op AR Y A
| '
N4 N

t

Fig. 1 The basic scheme of the open-cell setup shows the thermoelastic bending of a
periodically illuminated sample of thickness I, radius R, and the thermoelastic sound
component dpre generation and propagation along the z - axis (axis of heat propagation)
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Thermoelastic bending produces a back-side acoustic wave, so-called thermoelastic
component of the photoacoustic signal dpte (pure sinusoid, same frequency as I, different
amplitude and phase), with a pressure detected by the microphone membrane defined as
[16,17]:

7/_po37zR4

OPre =04 v e M, 1)
0

where ar is the coefficient of linear thermal expansion, y, po and Vo are the adiabatic
constant, pressure and volume of the air in microphone, respectively, and Mr is the first
moment of the plate temperature change along the z - axis, defined as [15-17]:
112
M, = j T, (z,0)dz . (2)

-1/2

Here Ts (z,w) is the temperature distribution along the z - axis. When Mr is calculated
in the case of a surface absorber, it can be written as [15-17]:

M, =|—°3~{tanh(a—‘lj—a—‘l}, 3)
ko: 2 2

where lp is the amplitude of excitation, k is the thermal conductivity of the sample
material, and o; :(1+j)«/w/2DT is the complex thermal diffusion coefficient (j is the
imaginary unit, Dr is the diffusion coefficient).

Being the complex number, dpre has an amplitude Are and a phase ¢re (see Appendix
). Usually, their common modulation frequency f response plots are presented as in
Fig. 2.a (Are ) and Fig. 2.b (p1e ), where calculations are performed for the pure aluminum
circular plate sample having the thickness, |1 = 100 um, and a radius, R = 2.5 mm, with basic
thermal properties given in Table 1 [17,18].

Table 1 Aluminum sample parameters used in Eq. (1-3)

Thermal conductivity, k / (W/mK) 237
Heat capacity, C / (J/kgK) 900
Density, p / (kg/m?3) 2700
Heat diffusion Dt/ (10°° m?/s) 9.75
Linear thermal expansion, at / (10 1/K) 23.1

Since Jpte represent sound, the Are values can also be represented in decibels (dB),
Figure 2a (Ags), using the equation:

A = 20109% : (4)

E

where Are™ is the maximal amplitude value in the given frequency domain. Corresponding
phase ¢ values are represented in Figure 5b. Both quantities, Ass and ¢, have the same
shape in the frequency domain as Are and ¢re, but different numerical values.
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Fig. 2 a) Amplitudes Are and b) phases gte of the photoacoustic signal thermoelastic
component dpte (Eqg. (1)) as a function of the modulation frequency f. Amplitude
Agg in decibels (Eq.(4)) and corresponding phase ¢ values were depicted, also

2.2. Low-pass RC filter

Analyzing Jdpre response from Figure 2, one can see that our photoacoustic system can
pass certain frequencies while attenuating others. In other words, our system acts as a filter, so
the analogy can be made with a passive low-pass RC filter, presented in Figure 3 in (a) time
and (b) frequency domain [7-10]. Here, Ui, is an input voltage, U i an output voltage
(voltage across the capacitor), Zz = Z is the resistor impedance, and Zc = 1/sC is the capacitor
impedance, where s is a complex number s=o+ jo (j is the imaginary unit, o is the
exponential decay constant, and w is the sinusoidal angular frequency).

By viewing the circuit (Figure 3b) as a voltage divider, and considering a special case
of sinusoidal steady state in which the input (red line) and output (blue line) voltage
consists of a pure sinusoid (no exponential decay, o =0, s = jw), the transfer function H(jw)
from the input voltage to the voltage across the capacitor can be given in the form [7-10]:

Uy (jo) 1 1

U,(jo) 1+jwRC |, o

H(jw) = (®)

2

assuming zero initial conditions, where wo=1/RC is the cut-off frequency, a boundary
frequency at which energy flowing through the circuit begins to be attenuated. As a
complex number, H(jw) has an amplitude |H(jw)| and the phase ¢ which can be presented
in the forms:

H(io)-——— ©

2
1+ a)J
20

@ =—arctan [ﬁj @)

@,

and
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Fig. 3 A simple scheme of RC low - pass filter in a) time and b) frequency domain.
Usually, the magnitude A is calculated in decibels (dB) using [7-10]:

A=20log|H (jo) (8)
The standard representations of a given low-pass RC filter A and ¢ are Bode plots

[19,20] (Figure 4), obtained using Eq.(6-8), taking into account that wo= 2zf;, and
fo=1.5-10*s*.
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10" 10> 10° 10* 10° 10° 107 10% 10" 10> 10° 10* 10° 10° 107 10%
Modulation frequency, f, (Hz) Modulation frequency, f, (Hz)

Fig. 4 Bode a) amplitude A and b) phase ¢ plots of the RC low-pass filter response in
frequency domain. Dashed auxiliary lines define the position of f;
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3. RESULTS AND DISCUSSION
3.1. Theoretical procedure

Based on the introductory remarks, both the photoacoustic system (Figure 1) and the
low - pass RC filter (Figure 3) can be considered as the linear time - invariant (LTI) systems
[21,22] whose frequency responses after sinusoidal inputs (excitations) are shown in
Figures 2 and 4. The cut - off frequency fre of the thermoelastic component can be found,
using the Bode diagrams from Figure 2 for 1 =100 m and R =2.5 mm values, in two
ways: 1) approximately, finding the intersection of the amplitude asymptotes (dashed lines
in Figure 5a), and/or 2) explicitly, by fitting the amplitude (Figure 5.a) with a function yre,
based on Egs. (6) and (8), given in the form:

Yre = 20log [1+(%) ] 2 9

where, x = f is the modulation frequency, and m and n are fitting parameters, fre = m and
the slope is n/2. This expression is commonly used in electronics to describe the cascade
connection of the RC filters, but in our case, it is intended to cover a slope, different to
the RC filter. The results of the dpre amplitude fitting procedure (Figure 5a, blue line) are
as follows: fre=(15660+60) and n = (9786+6)-10“. The value of fre is depicted in
Figures 5.a.b, using dashed vertical line.

Applying the obtained fre value in A (Eq. (8)) and ¢ (Eqg. (7)) one can calculate
corresponding low - frequency bandpass RC filter responses (red lines in Figure 5.a, and
Figure 5.b, respectively). Obvious discrepancies between blue and red lines can be observed
at higher frequencies for both amplitudes and phases. This result is only a consequence of
the fact that real systems (photoacoustics) are not the ideal analogies (RC filters).

&
=

S ———— b) 10
0_ N} 0_
-10+
=20
_3()_
=40
5 =501
_6OA
N =70
— P V1E -804
—A -90
-80 g " > T ; -100 . " ! " ; ;

100 10° 10° 10* 10° 10° 10" 10° 10' 10> 10° 10* 10° 10° 107 10°
Modulation frequency, £, (Hz) Modulation frequency, f, (Hz)

@, (deg)

Amplitude, 445, (dB)
Phase

Fig. 5 Bode a) amplitude and b) phase plots of the photoacoustic signal thermoelastic
component dpte obtained theoretically (Eq. (1)) in the case of aluminum circular
plate having the thickness I and radius R, with basic thermal parameters which are
given in Table I. Cut-off frequency fre is obtained using ye fit (Eq. (9)). Red line
A is obtained using Eq. (8) and fre
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Using the same procedure, we can fit thermoelastic components for aluminum
samples of the same shape but different thicknesses: from Imin = 10 to 100 pm in steps of
10 pm, and from 100 to lmax = 21000 pum in steps of 100 pum (Figure 6). All presented
thermoelastic components of the photoacoustic signals are obtained using Eqg. (4) and
sample parameters are given in Table 1.

£

a) 20 :
Imin (I

dB? (dB)
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(e
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[

Phase, ¢, (deg)

Amplitude, 4

-100+

120+ e

100 10> 10° 10 10° 10° 107 10} 100 102 10° 10 10° 10° 107 10}
Modulation frequency, f, (Hz) Modulation frequency, f; (Hz)

-90 ] [max —

Fig. 6 Bode a) amplitude and b) phase plots of the photoacoustic signal thermoelastic
component dpte obtained theoretically (Eq. (1)) in the case of aluminum circular
plate with different thicknesses | and constant radius R, with basic thermal
parameters which are given in Table 1

The fitting results obtained by Eq. (9) are shown in Table II, based on which the
dependence of fre on the sample thickness | is drawn (red line, Figure 7).

Table 2 Fitting results of an aluminum sample estimation of cut - off frequency as a
function of sample thickness.

Sample thickness 1 / (x10% m) Cut-off frequency fre / (Hz)

10 1480460

20 376097

30 168860

40 95666.5

50 61560.5

60 42936.7

70 31658.7

80 24313.1

90 19261.3
100 15638.0
200 3965.95
300 1776.11
400 1004.17
500 645.126
600 449.404
700 331.063
800 256.923
900 204.806

1000 167.771
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Fig. 7 Log-log scale of fre dependence on sample thickness I. Red line represent the fit
line obtained using Eq. (11)

Mathematically, the dependence of fre on | in a logarithmic scale (Figure 7) can be
obtained by finding the value of 4 I/2 in the square bracket of Eq. (3), in the case of f=fr,
using:

il
2 —p 10
5 (10)
or

Dr e (11)

|2

SRS

fTE =

considering that |o;|=/@/D; , and @ =@ =27 f. Fitting the data from Figure 7
with Eqg. (11) (red line), it is obtained that b = 1.545. Obtained data fit line represents the
reference value of the aluminum samples considered as surface absorbers. It can be used
to check the validity of measurements and deviations from theoretical model and/or
literature values due to various sample impurities, physical damages, etc.

3.2. Experimental validation

To validate the suggested Jdpre analysis procedure based on electro-acoustic analogy
with low - pass RC filter and Eq.(11), we measured and analyzed the photoacoustic
response of aluminum sample in 20 Hz — 20 kHz modulation frequency f domain, using a
typical open-cell photoacoustic experimental set-up (see Appendix II). The investigated
sample was circular in shape, having a thickness, | = 155 wm, and a radius, R = 2.5 mm.
The results of such analysis are shown in Figures 8 - 11. Using the well-known method of
the signal "cleaning” from the instrumental influence [23-25], we obtained the "real"
signal dp (blue line, Figure 8) from the measured experimental values Sex, (Figure 8,
asterisks), within the experimental error of 5 %.
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<

107 103 10* 10° 10° 10
Modulation frequency, /; (Hz) Modulation frequency, f, (Hz)
Fig. 8 a) Amplitude and b) phase of the aluminum A; sample experimental signal Sey

(asterisks) and the “real™ signal dp (blue line), signal freed from the instrumental
influences

Applying the composite piston model on the "real" signal Jp [4,16,17], both
components were obtained: thermo-diffusion, dpp, and thermoelastic, dpre, (Figure 9,
green and red lines, respectively). One must take into account that model suggest simple
relationship: dp=0p;, +J5Pe. Obtained frequency response of these components
correspond to the thermal characteristics of the investigated sample given in Table I.

a) 10! ; : : b) : :
~ 10 - ] 301 . )
= /=155 um /=155 pm
£107 1 & o] ]
510'21 | =
e 7
€107 . : =0
%]0.4_ — 1 E00{—®
- ol Pro — P
6 —— i -1501 —
10 0 0 To* 0 0 To*

Modulation frequency, f, (Hz) Modulation frequency, f, (Hz)

Fig. 9 a) Amplitude and b) phase of the "real" Jp signal and its components (thermo-

diffusion, dprp, and thermoelastic, dpre), obtained using the composite piston model
[4,16,17]

Analyzing obtained thermoelastic component with Eq. (12) (Figure 10), the value
freiss = (6275+325) Hz is obtained for the measured sample.
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Fig. 10 Analysis of a) amplitude A and b) phase ¢ of dpre using Eq. (9) (red line) and the
analogue curve of the RC low - pass filter obtained by equations (7) and (8) and
frequency fo = fre1ss

The value of fresss is plotted on the dependence graph fre = f(I) (Figure 11, blue line)
copied from Figure 7 (red line). It is obvious from Figure 11 that the full matching of
freiss with the blue line confirms the correctness of Eq. (11).

107 .

108+

105_

Cut-off frequency, £, (Hz)
2

10' ,
10! 10% 10°
Sample thickness, 7, (10 m)

Fig. 11 Dependence of the characteristic thermoelastic cut-off frequency, fre, on the
thickness of the sample, |, with the value of freiss (red circle) of the experimental
Al sample having a thickness of 155 microns

4, CONCLUSIONS

In this paper, we have shown that it is possible to make an analogy between the
response of the thermoelastic component of the photoacoustic signal in the frequency
domain and the frequency response of the low - pass RC filter because both systems
behave as linear time - invariant systems. It was established that the thermoelastic
component could be numerically processed by a function created based on of the RC
filter transfer function. As a result of such processing, the characteristic cut - off
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frequency fre of the thermoelastic component is obtained, the value of which changes by
changing the thickness of the tested sample. It was observed that the dependence of fre on
sample thickness | in a logarithmic scale is linear, and that f is proportional to 1/12. The
proportionality coefficient contains the value of the thermal diffusion coefficient Dt and
the numerical value of the constant b that defines the value of temperature moment Mr in
the case when f=fre. Since both Dr and b constants are related to the tested sample, the
dependence fre ~ 1/1? can be used to define a reference curve for the thermal characterization
of the sample material. To confirm the slope of the reference curve, the photoacoustic
response of a 155 um thick aluminum sample was measured with the open-cell experimental
set-up, and its thermoelastic component was processed. The obtained value of fre entirely
coincides with the established reference curve of aluminum obtained by theoretical analysis,
thus confirming the correctness of the newly established methodology for the thermal
characterization of the material.

The importance of the presented article is that it can serve as a basis for the future
application of electro-acoustic analogies in the description of transport processes both in
physics and electronics [26] (for example, characterization of semiconductors through the
contribution of excess carriers) and in medical sciences [27,28] (transport and exchange
of energy by diffusion, the transmission of information by the nervous system, modelling
axons as electrical cables, forming axon circuits, etc.).
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APPENDIX |

Considering Egs (1-3) the expression for dpre can be written in the form

ol
tanh| ——
AN ( 2 j

2Vk (Uil)z ill
2

OPre =0 -1y, (12)

as a complex number dpte has its amplitude and phase, whose analytical expressions are
complicated. But, for electro-acoustic analogies [26], with the series expansion of the
expression in square brackets, one can obtain a simplified expression for dpre of the form

71oPoR" 1

16V, k 1+j£

Wrg

5Py =37, , (13)
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whose amplitudes and phases are given as

. . 1
A (jo) =] pre (jo0)| ~ ————  and ¢,:_arctan[£]. (14)
,fl+ (0! @)’ @re

Here @ =D, /(1/2b)? and J2 <b<[6, depending on number of terms in series
expansion.

APPENDIX Il. EXPERIMENTAL SET-UP

The experimental setup of the open-cell used in this work is presented in Figure 12. It
is a homemade non-commercial setup, explained in detail somewhere else [23,24]. As a
light source, a red laser diode with a wavelength of 650 nm, modulated by a frequency
generator from the control unit, was used. The photodiode controls the operation of the
laser diode and its signal is recorded by the signal processing unit. As a sample, a thin
circular aluminum plate, 3 mm in diameter and 155 microns thick, was used, and placed
on the microphone's opening. The sample and the microphone together form the so-called
photoacoustic cell of minimal volume.

4. microphone

1. sample

2. light 3. cell

source N\ ./

microphone
diaphragm

photodiode

5. electronic signal
processing equipment

Fig. 12 Simple scheme of the open-cell photoacoustics experimental setup used in our
measurements.

The sound created by the illumination of the sample spreads through the air in the cell
to the microphone membrane, which records it as a photoacoustic signal, converts it into
a voltage signal and forwards it to the signal processing unit for further processing. The
PC is used simultaneously as a control (frequency generator) and a signal processing unit.
(lock-in amplifier). As a replacement for the instrument, the computer's sound card emulates
the lock-in amplifier's operation, with which we record the amplitude and phase of the
measured signal (the signal from the photodiode is used as a reference signal).
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Abstract—This paper is based on the use of RC analogies and
the development of a theoretical model that can be employed as
a laboratory exercise for thermal characterization of materials
in electronics. Investigation and analysis of the method have
demonstrated that it is reliable and non-destructive for the
samples under study. Since the thermoelastic component of a
photoacoustic signal (sound) can be approximated by an RC
circuit, and a mathematical framework for this method has been
established, thermal diffusivity and thermal conductivity—both
dependent on sample thickness—as well as the cut-off
frequency, can be determined. The results obtained so far
through mathematical analysis, numerical simulations, and
experiments have shown a high degree of consistency and
reliability. Compared to conventional techniques, it offers
excellent reliability, reduced complexity, and strong agreement
between theory and experiment, confirming its potential for
accurate, efficient, reliable, and universal thermal
characterization of a wide range of materials.

Keywords—photoacoustic, RC circuit, analogies, thermal
characterization.

1. INTRODUCTION

Managing heat in modern electronic devices is one of the
most important challenges in science and engineering.
Electronic components keep getting smaller, while energy
dissipation increases. Efficient heat transfer and removal are
crucial for protecting device performance, stability, and
lifetime. For this reason, the thermal characterization of
materials plays a central role not only in electronics but also
in fields such as energy technologies, industrial applications,
and even biomedical systems. In these areas, precise
temperature control is required.

It is an also well-known fact that all materials assigned for
electronics can be viewed as thermal systems that serve to
transfer, store, or remove heat. These properties are crucial
because thermal effects are inherent to all significant
processes in electronic components and systems. In all
materials, heat transfer is described by diffusion processes,
with two characteristic ~parameters: the temperature
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difference, AT, of the heated and unheated side of the sample,
and the thermal diffusion coefficient of the material, Dz, from
which the sample is made [1,2].

One of the most suitable techniques for the thermal
characterization of materials is photoacoustics. This is due to
its high sensitivity, non-destructive nature, and ability to probe
a wide range of materials, including thin films, composites,
and layered structures. The technique is based on the
fundamental photoacoustic effect - absorption of modulated
light in a material leads to localized heating, which in turn
generates an acoustic wave. Alexander Graham Bell first
discovered this in the 1880s. Over the decades, this effect has
evolved from a scientific curiosity into a powerful diagnostic
tool in material science and solid-state physics.

Examination of sound, which is generated during the
process of illuminating a material, is the crucial information
to analyzing its periodic changes in thermal state and also it is
the basis of this work. The shape of that audio signal, created
in periodically illuminated material, as well as the values of its
amplitudes and phases, gives a thermal image of the material
and provides information about its ability to transfer heat. A
simple scheme of the theoretical model on which the research
is based is shown in Fig. 1 [3].
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Fig. 1. A simple scheme of the theoretical model. The sinusoidal input
represents modulated light, and the sinusoidal output represents sound.

The modulated light source uniformly illuminates the front
surface of the sample, which has a circular shape with
thickness / and radius R. The absorbed light energy on the



illuminated surface and in the nearby volume is converted into
thermal energy, which is then transferred through the sample
along the z-axis (1D transfer), altering the thermal state of the
semiconductor. This change creates a temperature difference
between the illuminated and non-illuminated sides of the
sample, resulting in its so-called thermoelastic bending. The
bending occurs periodically, following the rhythm of the
modulated light, and periodically changes the air pressure near
the non-illuminated side of the sample (mechanical piston
effect). This pressure variation generates sound, i.e., the
thermoelastic component dprz(jw) of the photoacoustic signal
is produced [3].

The thermoelastic component of the photoacoustic signal,
which relies on changes in the mentioned parameters Dy and
AT, is particularly suitable for rapid material characterization.
A simplified theoretical model underlying photoacoustics can
be a significant aid in the analysis of experimental data and
the calculation of the corresponding physical quantities, which
are affected by their values, and describe important
thermophysical properties of the material, known as transport
and thermophysical parameters. The most important
parameters are the thermal conductivity, &, and the thermal
diffusivity, Dz, where k is the heat transfer property of the
material sample, while Dr quantifies the material's ability to
conduct thermal energy relative to its ability to store it.

The results of the photoacoustic analysis are usually given
through the analysis of amplitudes and phases of the obtained
sound in the frequency domain from 20 Hz to 20 kHz.
Although there is a tendency to use a simplified theoretical
model, frequency-domain  photoacoustic heat flow
measurements in solid samples suggest that it is necessary to
analyze a larger number of thermophysical and mechanical
parameters of the tested samples parameters that can be
extracted simultaneously, using the total photoacoustic signal
and its components. A recently developed method, which aims
to simultaneously avoid complex multi-parameter matching,
is based on electroacoustic analogies between a low-pass RC
filter and the thermoelastic (TE) photoacoustic response of a
sample [2-4]. This method extracts only one component of the
photoacoustic signal for analysis (the thermoelastic), by
introducing only one matching parameter (the cut-off
frequency, f.), as the only characteristic value of the
thermoelastic response.

The focus of this work is to provide a theoretical overview
of photoacoustics with an emphasis on the analogy between
thermal and electrical systems. By establishing
electroacoustic analogies, the thermoelastic component of the
photoacoustic signal can be described in terms of a low-pass
RC filter model. This simplified but powerful theoretical
approach allows for the extraction of key thermophysical
parameters of materials using only a single characteristic
parameter — the cut-off frequency. The goal of this paper is
therefore to highlight the theoretical background of
photoacoustics, explain the derivation of the thermoelastic
signal in terms of diffusion processes, and demonstrate the
usefulness of electroacoustic analogies in material
characterization.

II. THEORETICAL BACKGROUND

Apart from physical models, the characterization of
materials with photoacoustics can also be done by establishing
appropriate electroacoustic analogies. Namely, in the physical
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sense, the temperature changes and transport of heat in the
material are described by the 1D diffusion equation [2]:

PTg(xt) _ 1 9Ts(xt)

- ) (1)

dx2 D 0Ot

where the temperature field in the case of period
illumination is expressed as:

To(x, ) = Tomp (%) + T () + T (). (2)

Here, T,mp(x) is the ambient temperature, Ty, (x) is the
static temperature component of the sample, Ty(x) is the
dynamic temperature component of the sample, w = 271f is
the angular modulation frequency, j is the imaginary unit and
the above mentioned D = k/(pCy), where k is the thermal
conductivity, p the density and C;, the volumetric thermal
capacity of the material. The dynamic solution of Eq. (1) in
the frequency domain, which is also responsible for creating
sound in the illuminated material, in the case of surface
absorbers has the form [2]:

Ts(x) :I_Ocosh[da,(x—l/z)]’ (3)

ko sinh(oyl)

where [y is the light intensity, a,, = (1 + j)/7f /Dy is the
complex wave vector of heat diffusion, / is the thickness of the
sample, and f'is the modulation frequency.

To make the analogy with electrical systems, one can find
in literature that Eq. (1) is similar in form to the Maxwell
(telegraph) equation of an electromagnetic field, which, given
in terms of the voltage u(x,?) between the lines, reads [3]:

2u(xt) ou(x,t)

¢ o )

where r = dR/dx is the distributed resistance, and
¢ = dC/ dx —the distributed capacitance of the line. One can
establish an analogy between Eq. (1) and Eq. (3) as an analogy
between two distributed parameter systems, by introducing
the following relationships: u & T, ¢ < pCy, andr < 1/k.
This analogy shows that heat diffusion in solids can be treated
as an electrical low-pass filtering process, where heat
conduction plays the role of resistance, and thermal storage
the role of capacitance.

Based on the established analogies, the diffusion process,
which establishes the flow of heat through a material, can be
described in the jow domain by a simpler model, the low-
frequency bandpass RC filter whose transfer function has the
form [3,4]:

H(jw) = ﬁ ©)

wc

where w, = 27 f, is the so-called cut-off frequency of the
filter. For low frequencies (f < f;), the material can follow
the periodic illumination almost completely, leading to strong
photoacoustic signals with negligible phase shift. Conversely,
for high frequencies ( f > f, ), the penetration depth
decreases, and the signal is strongly attenuated with a phase
lag approaching —90°[5].

On the other hand, the analytical form of the equation that
describes the thermoelastic component of the photoacoustic



signal 8prg(jw) in the jow domain can also be reduced to the
form of the transfer function of the RC low-pass filter [3]:

.\ _ 3mloYgPoarRs [tanh(al/2)
Spre(jw) = 2 Vok(ol)? (al/2) 1]’ ©)

from which it follows:

, _ 3_71101’_a71’017¢TR§L 1
Spre(w) = 2 vk [_”fa% ) @)
whose amplitudes are |6prg(jw)| and phases <

(6pTE (jw)) given in the form [2,3]:

16prs )| » —— ®)
(h)
and
1< (8pre(jw)) » —arctan (}f—c) 9)

which represents a complete analogy with the amplitudes
and phases of H(jw) (Eq. (4)). Using the last two equations,
the amplitudes and phases shown in Fig. 2 were obtained for
different thicknesses of the tested sample, while Table I
presents the basic parameters for aluminum as the material
from which the samples were made.
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Fig. 2. Based on the Eq. 7, a) amplitudes, Aqs (Eq. 8), and b) phases, ¢
(Eq. 9), of aluminum thermoelastic frequency responses are depicted, for
different thicknesses / of the sample in the form of circular plates, having
constant radius R and thermal parameters given in Table I [5,6].

TABLE L ALUMINUM SAMPLE PARAMETERS
Thermal conductivity, £/ (W/mK) 237
Heat capacity, C / (J/kgK) 900
Density, p / (kg/m®) 2700
Heat diffusion DT/ (10 m%s) 9.75
Linear thermal expansion, a.7/ (10 1/K) 23.1

III. RESULTS AND DISCUSSION

According to the established analogy model, any material
that functions as a surface absorber exhibits a characteristic
RC response in the frequency domain. The frequency
response of the RC filter (Fig. 2), based on the analogies
established using Eq. (4), can assist in the thermal
characterisation of the material in question. Therefore, it is
important to determine whether this statement is purely
theoretical or whether the material can be characterised using
actual RC parameters.

257

To assess the practical applicability of RC material
characterisation, consider the example of aluminium from our
previous work [5]. Based on the Table II that provides the
reference curve for aluminium, and using the simple
relationship 7 = RC = 1/(2nf.), the connection between
fcand RC values can be determined (Table II). By using
standard resistor (100 €, 1-100 k) and capacitor (1-100 nF)
values, commonly available for measuring the frequency
characteristics of RC filters in laboratories [ 7], we observe that
the 7 values for thicknesses of 10, 100, and 1000 micrometres
correspond to combinations of R = 100 Q with C =1 nF, 100
nF and 10 pF, respectively.

a)

b)

Fig. 3. A simple scheme of RC low-pass filter in a) time, and b) frequency
domain [5,6].

TABLE IL FITTING RESULTS OF AN ALUMINUM SAMPLE ESTIMATION
OF CUT-OFF FREQUENCY AND RC TIME CONSTANT AS A FUNCTION OF
SAMPLE THICKNESS [5]

Sample thickness Cut-off frequency Time constant
[/ (x10° m) fe/ (Hz) t/(x107 s)
10 1480460 1.07418
20 376097 4.29673
30 168860 9.66765
40 95666.5 17.18693
50 61560.5 26.85458
60 42936.7 38.6706
70 31658.7 52.63499
80 24313.1 68.74774
90 19261.3 87.00885
100 15638.0 107.41834
200 3965.95 429.67335
300 1776.11 966.76504
400 1004.17 1718.6934
500 645.126 2685.45843
600 449.404 3867.06014
700 331.063 5263.49852
800 256.923 6874.77358
900 204.806 8700.88532
1000 167.771 10741.83372

The obtained result confirms the correctness of the
established analogies between the photoacoustic response and
the RC filter response of a low-pass filter, demonstrating that



photoacoustic methods of characterising electronic materials
can be developed, among others, through the laboratory
exercises in electrical engineering for undergraduate students.

IV. CONCLUSION

Based on the analogies established in the presented way,
several conclusions can be drawn. From the side of
photoacoustics, the analytical form of §prg(jw) (Eq. 6) was
obtained based on the assumption that the analogy with RC
filters exists, connecting the cut-off frequency f;. and filters’
time constant T = RC. On the other hand, there is a connection
between the cut-off frequency, the thickness of the examined
sample through and heat diffusion coefficient D7. The
presented approach to connecting the RC characteristics of
electronic circuits with the photoacoustic response and
thermal properties of tested material samples opens up the
opportunity for developing new and advanced methods of
rapid characterisation, as well as various types of student
exercises. These would enable students to find real-world
applications of photoacoustics and establish a direct link with
specific chapters in electronics. By establishing such
analogies, one can easily arrive at effective methods of
material characterization, which not only determine its
thermal characteristics but can also predict its behavior under
special conditions of storage or heat removal [2,3].
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Abstract— This article will cover the fundamentals of solid-
state photoacoustics, which involves sound wave generation by the
sample illuminated with a modulated light source, and various
sound applications within the characterization of the sample in the
solid phase. Among the many sound components, the thermoelastic
component is beneficial for establishing a generalized model to
characterize the solid. Based on electro-acoustic analogies, the
simplest analysis of the thermoelastic component in the frequency
domain gives a relationship between the characteristic cut-off
frequency of the mentioned component and the corresponding
thickness of the investigated sample. The proportionality
coefficient in this relationship represents the thermal diffusion
coefficient for the sample material. This simple relation can be
established for any material in the solid phase, allowing one to
establish the generalized method aimed at material
characterization. Such a method is reliable and precise and can be
used in various branches of science and industry, from the analysis
of new materials to material quality control in electrical and
electronic engineering.

Keywords — photoacoustic, sound wave, thermoelastic
component, temperature distribution, electro-acoustic analogies,
thermal diffusion, cut-off frequency

I. INTRODUCTION

To advance modern technologies, it is crucial to have
devices, research methods, and computational approaches that
perform better and can be applied across various applications. To
enhance the function and performance of these devices, it is
essential to investigate the properties of related materials,
composites, and applications [1-3]. This article explores new
trends in the characterization and quality control of new
materials. Such advancements can ultimately lead to the
developing of more advanced and efficient technologies.

For many years, photoacoustic spectroscopy has been a
leading non-destructive method for characterizing various solid
phase materials [4]. Photoacoustics is based on the photoacoustic
effect, which involves the generation of sound by a periodically
illuminated material [5]. The method is characterized by its
ability to extract a large number of optical, thermal, and
mechanical parameters from experimental data, using a well-
known theoretical model of a composite piston. Experimental
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data consists of amplitudes and phases of the total sound signal
picked up by the microphone. This signal consists of at least two
components, thermal-diffusion and thermoelastic one, to which
these parameters are distributed. The parameters obtained are
characteristics of the investigated material.

Despite the large number of parameters that make
photoacoustics a very powerful method, the plethora of these
parameters makes it challenging because fitting them does not
always result in a unique solution. In other words, the
combination of parameters obtained through fitting may satisfy
an amplitude curve that appears correct but suggests a different
material altogether. To overcome this challenge, it is necessary
to analyze both amplitudes and phases simultaneously. This is a
more complicated and time-consuming task.

In search of simpler and faster solutions, a recent paper
introduces a new methodology in the photoacoustic
characterization of materials [6]. The novelty is that the total
signal is not used for characterization, but one of its components
- the thermoelastic one. And what is even more important, is that
the thermoelastic component is characterized by only one
parameter, the so-called cut-off frequency, fo. The fo depends on
the thickness of the investigated sample, /, and serves to establish
a reference curve for the tested material. The coefficient of
proportionality between f; and / is the thermal diffusion
coefficient, Dr. In this article, a brief overview of a new material
characterization method based on sound analysis using
thermoelastic photoacoustic components will be provided.

II. THEORETICAL BACKGROUND

A. The Photoacoustic Signal Structure

A photoacoustic signal, dp(f), is a sound signal composed of
at least two components: thermodiffusion, Jdprp(f), and
thermoelastic, dpre(f). According to the composite piston theory,
the most widely recognized theory of photoacoustics, the dpp
component is generated due to the formation of a thermal piston,
and the dpre(f) component is generated due to the creation of a
mechanical piston. Both pistons are formed behind the sample
being illuminated. Based on this theoretical model one can write

[7]:
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Here, [y is the amplitude of the illuminated light, y is the adiabatic
exponent of air, po , Vo and T are the air pressure, volume and
temperature within the cell (microphone), respectively, D, and
Dr are thermal diffusivities of the air and sample, respectively, /.
is the length of the cell (distance between the sample and
microphone diaphragm), ar is the sample thermal expansion
coefficient, k is the sample heat conduction coefficient, / is the
sample thickness, R is the sample radius, f is the modulation
frequency, and o is the complex heat diffusion coefficient (o=
(i +1)/u, u= (D' #f)'?, i is the imaginary unit).

The standard procedure in material characterization by
photoacoustics consists of the following [7]. The sample
response to modulated illumination is usually presented by
photoacoustic signal amplitude, 4, and phase, ¢, as measured
points marked by black solid ones in Figure 1 (idealized case).
Multiparameter fitting procedure based on (1-3) will give dp(f)
(red solid line), and both dprp(f) and Jpre(f) components (dashed
lines) on the same Figure, together with most of the calculated
parameters mentioned in previous paragraph.
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Fig. 1. Measured and fitted photoacoustic signal and its components a)

amplitudes, 4, and b) phases, ¢, as a function of modulated frequency, f, for an
arbitrary material of thickness, /, in the form of thin plate.

B. The Concept of Cut-Off Frequency

In the beginning, it was mentioned that photoacoustics
provides a large number of physical parameters that can be time-
consuming and complex to analyze. To simplify things,
researchers are looking for simpler characterization models that
focus on analyzing individual components of the photoacoustic
signal rather than the total one [6].

One useful component of the photoacoustic signal is the
thermoelastic component (3), which is effective in developing a
generalized model for material characterization in the solid state.
This method is based on the concept of cut-off frequency f, a
unique parameter that describes both the amplitude and phase of
the thermoelastic component (Figure 2). There are three
techniques based on which one can extract and define the cut-off
frequency of the thermoelastic component. First relies on the
frequency at which the temperature difference AT between the
illuminated and non-illuminated sides of the sample is at its
maximum. Second relies on the use of electro-acoustic analogies
[8] between the response of the low-frequency RC filter and the
thermoelastic photoacoustic response. The third is based on the
intersection of the amplitude asymptotes and the inflection point
of the phase.
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Fig. 2. Thermoelastic component a) amplitude, 4, and b) phase, @, as a
function of modulated frequency, f, for an arbitrary material of thickness, /, in
the form of thin plate, with cut-off frequency, fo, defined with asymptotes
(amplitude) and inflection point (phase).

Whatever technique is used, the simplest analysis of the
thermoelastic component in the frequency domain shows a
dependence Dbetween the cut-off frequency and the
corresponding thickness of the investigated sample. In Figure 3
the results of such analysis are presented for an arbitrary material
in the lnin = 10 um to /max = 1000 um thickness range.
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Fig. 3. The dependence between the thermoelastic component shape in the
frequency domain (the cut-off frequency possition) and the corresponding
thickness, /, of the investigated sample, as a function of the modulation
frequency, f.

If we create a logarithmic plot of the cut-off frequency, fo,
against the sample thickness, /, we will observe that the resulting
dependence can be represented by a straight line (Figure 4). The
slope of this line is defined by /2 The coefficient of
proportionality between f; and /72 is thermal diffusion coefficient
Dr of the material being tested.
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Fig. 4. The resulting dependence between f; and / creating the reference curve
for the given material.

This simple relation between f; and / can be derived from the
composite piston model and written as [6]

_2D1 42
fo=22Lb?, @
where b is, so called, calibration factor, depending on the
technique used to establish the analogy.

Such a relation can be established for any material in the solid
phase (Dr corresponds to the given material), allowing the
formation of a generalized photoacoustic method of material
characterization based on one sound component analysis. Any
deviation from the obtained straight line along the x-axis

indicates geometric changes in the sample (e.g. thickness). In
contrast, deviations along the y-axis indicate changes in the
structure of the sample (e.g. impurities, defects, etc.).

III. RESULTS AND DICUSSION

Efficient methods aimed at material characterization can be
done using sound. One of them is based on the thermoelastic
component of the photoacoustic signal. This method involves
measuring the amplitudes and phases of the total sound signal
detected by the microphone in approximately 80 equidistant
points in the range of modulation frequencies from 20 Hz to 20
kHz. The measurement results are then fitted using the
theoretical model of the composite piston and the model of
recognition of the influence of measuring instruments [9]. The
influence of the instruments is removed to obtain the total
photoacoustic signal generated in the illuminated sample of the
given thickness [10]. The total signal is then divided into
thermodiffusion and thermoelastic components. For the obtained
thermoelastic component, the cut-off frequency is determined as
the frequency corresponding to the maximum temperature
difference between the illuminated and non-illuminated parts of
the sample. For the specified sample thickness, the obtained cut-
off frequency is plotted on the graph with the reference curves of
different materials. Matching the value of this frequency and the
thickness of the sample with the corresponding reference curve,
the unknown material is recognized. Possible disadvantages or
advantages of this material, such as defects, impurities, etc., are
defined based on the deviation from the ideal curve.

A. Experimental set-up

Experimental photoacoustic spectroscopy of solids often
uses a transmission configuration of a photoacoustic cell with
minimal volume taking the microphone body as its cell [9-11].
This configuration allows for frequency analysis of samples
illuminated from only one side by a modulated light source from
the optical spectrum. The scheme of this configuration is shown
in Figure 5.
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Fig. 5. Simple sheme of the minimal volume experimental set-up.

modulator

The excitation unit (EU) consists of a diode (LED or laser
diode) and a photodiode. The frequency generator modulates the
light intensity of the diode. The photodiode controls the diode's
operation. The signal from the photodiode serves as a reference
signal that measures how much the microphone signal lags
behind the modulated source.

The detection unit (DU) consists of a microphone as a
detector and a cell. The sample is placed on the opening of the
microphone, and the diode illuminates the sample uniformly.
The sample is formed as a flat plate, with a thickness much
smaller than its width and length, allowing simple 1D heat flow
analysis along the sample thickness (x-axis). The sound wave is
transmitted through a narrow air tunnel between the sample and
the microphone membrane. Since this configuration detects
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sound behind the sample and on the opposite side from the
excitation source, it is called a transmission configuration.

Control and signal processing unit is used to control the
modulation of the diode and to process the signals coming from
the photodiode and the microphone.

B. Measurement Data Analysis

To prove the accuracy and effectiveness of the method that
characterizes materials using sound by analyzing the cut-off
frequency of the thermoelastic photoacoustic component, we
will examine the experimental data of aluminum and silicon
samples with thicknesses of 40 and 400 microns. We chose these
two materials because their Dy values are similar, which makes
it necessary to differentiate them to verify the correctness of the
method. To analyze the measured data, three independent steps
need to be taken. The first step is to remove instrumental
deviations from the measured signal to obtain dp (1). The second
step is to extract the thermoelastic component dpre (3) from dp
and find fy (4). Finally, the third step is to compare the obtained
results with the reference curves of aluminum and silicon.

10° b
Lo ; - H Lixp 8i 40 pm
£ e Exp Si 400 ym
= ]! i c)p"l(f) 40 um ]
ER — ¥ £) 400 pm
J100 Y 1
G107 e )
Swel L
g7 H="
Tt :
1O . e . i
J4 L 1 SRS [V VA [V 1 LA [V &
Modulation frequency, f. (11z)
01— , b)
' H, |
-1007 Pwe ! 1
0 | .
22004 = 1
s | :
$-3001 | AL
2 ———TLxpSid0pm N 7
=400 |~ Exp $i 400 ym 1’
_ i (E'J”“‘(f) 40 um !
01— P ) 400 um |

KGR VS VS 1 A VD [V A 1VE
Muodulation frequency, £ (11z)
100 ¢)
Hxp Al 40 um

CExp Al 400 um
M40 m ]
S £) 400 pm ]

B

10-

S it

Amplitide, A, (arh. units)

F N v S [ S U (A [ S [ LA [
Mudulation frequency, f. (11z)

01— d)
| SV 40
-1004 M £ 400 um-
e ‘ '
£-2004
=4 | : .
$-3001 | A -1, 1
= | VAT .
Sdon| ! {},:.- .
: Exp A140 um :1:
-500 Fxp Al 400 ym Y

10" 10? 10° 104 1 108 10’
Modulation frequency, 7. (11z)

Fig. 6. a,c) Amplitudes, 4, and b,d) phases, @, of the distorted experimental
signal, and Jp(f) signal after signal correction procedure, clear from all
instrumental deviations H, and H, in the frequency domain, in the case of
silicon (Si - a,b) and aluminum (Al - ¢,d).

The accuracy of photoacoustic measurements can be affected
by the measuring chain consisting of interconnected instruments
such as detectors, modulators, and amplifiers. These instruments
transmit the signal from the sample to the PC as a receiver. The
measuring chain can introduce distortion to the measurement
which can be caused by various factors such as electronic, H,, or
acoustic, H,, filtering properties of the microphone,
accompanying electronics, random noise, and parasitic currents.
These factors can interfere with the measured signal (symbols)
at lower (H,) or higher (H,) frequencies and substantially impact
the results (see Figure 6). To address this issue, we use a signal
correction procedure (SCP) [10] to identify and eliminate any
signal disturbances. This process ensures that only the relevant
signal Jp remains (solid line), which can be fitted with a well-
known theoretical model of the composite piston, and
extrapolated to the larger frequency range.
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Fig. 7. Thermoelastic component a,c) amplitudes, 4, and b,d) phases, ¢, in
the frequency domain with obtained cut-off frequencies foi, foo, f03, and fos , in
the case of silicon (Si - a,b) and aluminum (Al - ¢,d).

After fitting the Jdp using the composite piston model, the
components (2-3) of the photoacoustic signal can be obtained.
Singling out the thermoelastic components (Figure 7), one can
easily obtain the matching cut-off frequencies fo1, fo2, fo3, and fo4
for the corresponding sample thicknesses, using one of two
mentioned techniques. In Figure 8 cut-off frequencies are found
using the maximal temperature difference method (ATmax).

C. Material Characterization

After finding all the cut-off frequencies from Figure §, one
can enter their values, for the corresponding sample thicknesses,
on the graphs of the aluminum and silicon reference curves
presented in Figure 8 (solid lines). By comparing the data with
the reference curves, we can accurately confirm the type of
material being examined. Reading the results presented in Figure
8 it is obvious that f5; and f;, (red asterisks) corresponds to the
silicon, while fo3 and fos (blue asterisks) corresponds to the
aluminum sample. Any deviations from the reference curves,
either horizontally or vertically, suggest irregularities in the
material's thermal, mechanical, optical, transport or structural
properties. All the mentioned properties are essential when it
comes to materials characterization, whether they are completely
new or it is about improving the characteristics of existing ones.

IV. CONCLUSIONS

This paper shows how sound, especially one of its
components, can be a powerful tool in developing advanced
methods of characterizing new materials. It is shown that by
extracting the thermoelastic component and analyzing it based
on only one parameter, the cut-off frequency, a set of reference
curves for different materials defined based on the thermal
diffusion coefficient can be obtained. The validity of this method
was experimentally confirmed in the cases of silicon and
aluminum in thick and thin samples. Its great possibilities were

pointed out when characterizing single-layer and multi-layer
samples, thin films and bulk materials. Determination of thermal,
optical, transport and structural properties is the main task of this
method, and special attention should be directed to weakly
absorbing organic, inorganic, hybrid and nanomaterials, which
are rough or highly scattered and their analysis by conventional
techniques is rather difficult.
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Fig. 8. Typical reference curves in the case of silicon (Si — a) and aluminum
(Al — b) and experimentaly obtained cut-off frequencies (asterisks) from
Figure 7.
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Background

Itis a well-known fact that the photoacoustic analysis in the frequency domain was always multi-parametric
and that it managed to extract many thermal and mechanical quantities of the investigated samples, such
as D,as the coefficient of thermal diffusion, £ as the coefficient of heat conduction, ¢; as the coefficient
of linear thermal expansion, /and R as the sample thickness and radius, respectively, etc, using the total
photoacoustic signal and its components [1-3]. Although multiparameter fitting has numerous advantages,
it has a significant drawback: the combination of fitting parameters may not always be unique. As a
consequence, both amplitudes and phases must be used simultaneously. There is no correct way to single
out only one or the other. Additionally, it is necessary to measure independently at least one or two
parameters with different methods (/and/or R for example) to be included in the fitting process of the

experimental data as constants.

Methods

We have recently developed a new method of material characterization based on electro-acoustic analogies
between the low-pass RC filter and the thermoelastic (TE) photoacoustic response of the sample [4]. This
method introduces the cut-off frequency, f, the characteristic value of the thermoelastic response. By
establishing a relationship between the cut-off frequency and the square of the thickness of the sample,
we can obtain the reference curve of the sample material, knowing that the proportionality parameter
between £ and /7 is the thermal diffusivity coefficient, D,, of the investigated material. It is important to
point out that while electroacoustic analogies have the advantage of simplicity, they are only an
approximation. There is a margin of error of £10% when determining / using this method. It is also worth
noting that the concept of f can be somewhat unclear.

293
ISBN: 978-989-33-6212-9



ICPPP22 - 22" International Conference on Photoacoustic and Photothermal Phenomena

Results

In this paper, we present the concept of £based on the parabolic heat conduction equation (PHCE) applied
for temperature variation calculation within the sample and on its surfaces [2,3]. The f refers to the
frequency at which the temperature difference AT between the illuminated and non-illuminated sample
sides is at its maximum for a given sample thickness. A persuasive representation of the /. concept is shown
in Figure 1, displaying TE amplitude responses alongside the corresponding temperature differences for a
thick (a-1000 pm) and thin (b-10 pm) aluminium sample. The maximal value of temperature difference
corresponds to the f position in the frequency domain (fall to 0.707 of the thermoelastic component
amplitude).

Conclusions

The cut-off frequency concept of thermoelastic photoacoustic response has proven effective for several
reasons. First, it allows the TE response to be described with only one parameter. Secondly, it allows the
obtaining of reference curves for different materials, enabling effective material quality control, necessary
when creating advanced materials for certain purposes. Thirdly, it connects with the maximum
temperature difference on the illuminated and non-illuminated side of the tested sample, which gives an
insight into the efficiency of heat transport in materials at different modulation frequencies. Finally, this

concept applies to any solid material.
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Fig. 1. Thermoelastic amplitude responses TFE and corresponding temperature differences AT as a functions of
modulation frequencies £, with assumed cut-off frequency f; position in the case of a) thick (1000 pm) and b) thin

(10 pm) aluminium sample.
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Background

The photoacoustic method for material characterization is non-destructive, offering high potential for
industrial applications [1]. This paper introduces two techniques to reduce the number of experimental
points required to train a neural network (NN) to predict sample parameters from thermoelastic responses
of aluminium samples accurately. By minimizing input features, the measurement time for photoacoustic
characterization can be reduced from hours to minutes. For this case, 67000 simulated thermoelastic
responses were used. Fach simulation represents an aluminium sample’s thermoelastic response measured
at 300 modulation frequencies, with the sample having a specific thickness | and cut-off frequency frg.
Input features for the NN are amplitudes and phases of these thermoelastic signals where each modulation
frequency has a corresponding amplitude and phase. There are 600 features (300 amplitudes and 300
phases). The output features of the NN are thickness ranging from | = (10 — 1000) um and cut-off
frequency ranging from fry = (0.149 — 1,481) kHz. Two techniques for reducing the number of input
features were proposed: principal component analysis (PCA) [2] and genetic algorithms (GA) [3]. The
study demonstrates that using only five input features, corresponding to five different modulation
frequencies, is sufficient for precise and accurate prediction of sample parameters.

Results
During data pre-processing, the amplitudes were converted to logarithmic values and then maximum
absolute scaling was applied to all 600 features. Logarithmic values of both output values were taken, and
then maximum absolute scaling was done. The neural network had an input layer with 5 neurons, one
hidden layer with 5 neurons and an output layer with 2 neurons, corresponding to the output vatiables [
and frg. The two extracted feature groups were used on the same model with the same hyperparameters
during training. GA are in their nature stochastic, so reproducibility is not to be expected in their case. In
Fig 1. are the predicted values vs true values for thickness and cut-off frequency, done on previously
unseen data (validation set). GA extracted variables perform better than those obtained by PCA, with 1000
epochs and a learning rate of 10%, the mean relative errors for | and frg are 0,04% and 0,12%
367
ISBN: 978-989-33-6212-9



ICPPP22 - 22" International Conference on Photoacoustic and Photothermal Phenomena

respectively. For PCA extracted variables the mean relative errors ate slightly higher, 0,07% and 0,17%

for l and fTE'

Conclusion

Current analysis shows that an NN with 5 thermoelastic signal points as input features predicts the
aluminium sample’s thickness and cut-off frequency with adequate precision and accuracy. Genetic
algorithms are better suited for feature extraction of photoacoustic signals used for material
characterisation. PCA performs well for thicker samples, but as the sample gets thinner, the relative error
for prediction grows. NNs trained on GA-extracted features perform well for both thick and thin samples.
It should be noted that GA neural networks were trained on features corresponding to modulation

frequencies far outside of the photoacoustic range of 20 Hz to 20 kHz.
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and for GA extracted variables (c and d)
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Abstract

The photothermal effect is the phenomenon that describes the absorption of the incident electromagnetic
radiation and its conversion into heat in different non-radiative relaxation and de-excitation processes.
This way generated heat causes the disruption of the thermodynamic state of the sample (pressure,
temperature, density), which propagates through the sample and the nearby environment, producing many
detectable phenomena. Photoacoustic is a first set, non-destructive and versatile photothermal technique,
that measures the air pressure oscillations in the photoacoustic cell occurred as a consequence of the
periodic sample heating exposed to a modulated light beam.

In this paper, the dependence of the photoacoustic response on the level of crystallinity of Poly-(L-lactide)
(PLLA) samples is investigated. By varying the cooling conditions following the compression molding
process, two kinds of PLLLA samples with significant differences in microstructure and crystallinity were
prepared; samples quenched in ice-water mixture had a crystallinity of 20%, while ones slowly cooled
down had a high crystallinity of over 70%. These samples have substantial discrepancies in optical
properties (transparency, color, and others), as the crystallinity significantly impacts the optical behavior
of polymers.

The theory-mathematical models of thermoconducting and thermoelastic components of total
photoacoustic presser are derived based on the generalized theory of heat conduction [3,4,5]. The total
pressure is obtained as the sum of those two components. It is discussed thermaly opaque (thermal
diffusion length is smaller than the thickness of the sample) and thermaly transparent sample (sample
tikness is smaller than the thermal diffusion lenght) dependence on the coefficient of the optical
absorpcion. Figure 1 shows the amplitudes of the photoacoustic response and its two components as a
function of frequency for different values of the optical absorption coefficient. It can be observed that for
values of optical absorbance (product of the coefficient of optical absorption and thickness) greater than
1.5, all three components change their behavior.
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Based on the analysis performed in the paper, it can be concluded that different sample preparation
methods can be distinguished and that the photoacoustic response can be related to their crystallinity. By
further analysis of the data, it is possible to establish an exact relationship between the photoacoustic
response and the degree of crystallinity of the material and determine the coefficient of optical absorption

of polylactide.
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Evaluation of Thermophysical Properties of Semiconductors by Photoacoustic Phase Neural Network
Katarina Lj Djordjevic et al.

1. Introduction

Photoacoustics is a non-destructive technique that considers the effects of the interaction of
light and matter. In the most cases, it is non-contact experimental setup and requires little
preparation of samples for the experiment. With the experimental setup of the open
photoacoustic cell, the photoacoustic response is recorded with a microphone directly placed on
the sample [1-6]. The photoacoustic response (amplitude-phase characteristics) can be used by
standard analysis to determine the sample's optical, thermal, elastic and many other properties.
Most often, in the analyzes of the results of various photoacoustic settings, only the amplitude
characteristics in a narrower frequency range are considered, cutting off the frequency ranges
where there is the detection of instrumental influences [7-9].

By developing theoretical-simulation models [10-17] of physical effects that exist in a
modulated illuminated sample that affects the formation of a signal detected by a microphone, it
was possible to develop algorithms for the inverse determination of the parameters of the
analyzed sample [18-21]. A neural network algorithm is based on a working replica of the
human brain in process of learning from the given data. The structure of neural networks
consists of connected neurons that are placed in three layers: input, hidden and output. During
training through the neural network, forward and backward, input layer values and output layer
values connect. In our case, the phases of photoacoustic signals with the aim of characterizing
the sample.The application of neural networks in the inverse solution of the photoacoustic
problem showed high precision in determining the parameters from the experimentally recorded
signal in the range of 20 to 20kHz. The question arises as to how precisely it is possible to
determine parameters from experimentally recorded phases[22], and whether it is possible to
apply some optimization method in the application of neural networks.

2. Theoretical background

The sample considered is a circular silicon wafer whose radius is significantly greater than
its thickness, which ensures one-dimensional energy transport based on Fourier's law of heat
conduction. In the photoacoustics of semiconductors, three effects that lead to the formation of a
photoacoustic signal are considered: thermodiffusion, thermoelasticity and plasmaelasticity. The
thermodiffusion effect is a consequence of heat conduction through the sample and depends on
the thermal diffusivity of the semiconductor sample. The thermoelastic effect is a consequence
of mechanical stress caused by photothermally induced temperature gradient within the sample
and depends on thermal expansion coefficient and thickness. The plasmaelastic effect is a
consequence of the mechanical stress that occurs due to the appearing of concentration gradient
of photogenerated carriers. The most influential physical effects create a sound that is
experimentally measured and well described by a theoretical simulation model. By changing the
parameter in the theoretical simulation model of thermal diffusivity, expansion in the range of
10% from literary values of pure silicon sample and thickness in the range of 100 to 1000
microns, the phase base of >5000 photoacoustic signals is obtained, which is shown in Figure
la) in degrees (deg) [13-21]. The database was used to train the phase neural network NNO,
Figure 1b). In the process of training the NNO network, an algorithm is activated that connects
the data of the input layer, phase ¢;-¢,, with the data of the output layer, thermal diffusivity Dr,
thermal expansion ar and sample thickness /. The number of input neurons 72 is determined by
the number of values of the experimentally measured photoacoustic signal. The hidden layer is a
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single layer, and has 50 neurons. During the time of one epoch, all the data of the input and
output databases are used once. By back propagation, correction is made until the minimum
error is reached.
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Figure 1. a) phase base of photoacoustic signals, b) neural network architecture.

3. Results and discussion

Phase neural network NNO, after training on the basis, Figure 1, achieved exceptional
performance of 1.7246x10°® in 1000 epochs, which provides high precision with errors <1% on
simulated signals and errors of 30%, 16% and 15% on experimentally recorded signals in the

L. . L. DN . oW . JAW
prediction of parameters of thermal diffusivity “r , expansion % and thickness‘ ..In
addition to the neural network NNO, neural networks NNI1-5 were also formed by the
application random Gaussian noise in degrees % from 1-5 with the aim of adapting the signal
base, Figure la, to the experimental conditions [5-7].

The basic characteristics of networks NN1-5 are that their training time, which is determined
by the number of epochs, decreases (from 44 to 5 epochs) and that their performance decreases
(increases from 1.58x107 to 7.0721x107?), with increasing % added Gaussian noise (1-5%). In
front of the basic characteristics, as a requirement for further use, their precision and time of
prediction of parameters of thermal diffusivity, expansion and thickness are imposed. The accu-
racy of the prediction of these three parameters on the theoretical photoacoustic signals is lost,
the errors increase from ~107 to 11%, while the accuracy in the prediction of the experimental

signals becomes better, decreasing to 30%, 16% and 15% at error values <2% in parameter pre-

L. ANN ANN ANN .
dictions Pr | & and! | respectively.

Practical application of formed networks NNO-5 is a test on recorded experimental pho-
toacoustic signals. The results show that the most optimal network for predicting sample param-
eters from measured photoacoustic signals is a network that has a degree of added random
Gaussian noise with a value between 3 and 4%, which fits with the most common measurement
uncertainty of photoacoustic phases.

4. Conclusion

The presented results show that it is possible to determine the thermoelastic properties of
semiconductors based on the measurement of the phases of the photoacoustic signal when the
inverse photoacoustic problem is solved using neural networks. Phase networks without adding
noise, although they have a high accuracy on the numerical experiment data, do not show a high
accuracy in the real experiment. By adding the Gaussian noise to the base, the networks are
trained faster and a much higher accuracy is obtained in determining all sample parameters. Be-
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sides, prediction errors show that the optimal adding Gaussian noise is between 3 and 4% corre-

sponding to the uncertainty of the experimental phase measurement.
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Abstract:Researchers often come across the problems of storing and processing massive data sets in machine learning tasks, as it is
a time-consuming process and difficulties to interpret also arises. Not every feature of the data is necessary for predictions. These
redundant data can lead to bad performances or overfitting of the model. Through this article implementation of an unsupervised
learning technique, Principal Component Analysis for dimensionality reduction in preprocessing phase of photoacoustic
measurement data processing is presented. It helped model deal effectively with these issues to an extent and provided sufficiently
accurate prediction results.

Keywords:principal component analysis, simulated data, photoacoustic, measurement, neural network

1. INTRODUCTION

Massive datasets are very common in machine learning, often with high dimensionality which includes measurements
on many variables. Having a large number of features can pose many problems, and the most frequent is overfitting
which reduces the ability to generalize beyond the training set. Question is how many features are irrelevant due to
correlations and duplications compering with other features? Contemporary Machine Learning (ML) techniques in its
preprocessing phase usually involve some of widely used mathematical procedures that reduces dimensionality. PCA is
one of these mathematical procedures which main characteristic is transformation of a set of features in a dataset into a
smaller number of features called principal components while at the same time trying to retain as much information in
the original dataset as possible.

The Principal Component Analysis (PCA) reduction in the number of attributes is obtained by removing redundant
information. PCA tries to reduce redundancy by combining the original attributes into new attributes in order to
decrease the covariance, and as a result the correlation between the attributes of a data set. To do this, transformation
matrix operations from linear algebra are used. These operations transform the attributes in the original data set, which
can have high linear correlation, to attributes that are not linearly correlated. These are called the principal components.
Each principal component is a linear combination of the original attributes. The components are ranked according their
variance, from the largest to the smallest. Next, a set of components is selected, one by one, starting with the component
with the largest variance and following the ranking. At each selection, the variance of the data with the selected
components is measured. No new components are selected once the increase in the variance is small or a predefined
number of principal components has been selected [1], [2], [3].
Advantages of using PCA are [1], [2], [3]:
*Removes correlated features. PCA removes all the features that are correlated, a phenomenon known as multi-
collinearity. If the number of features is large, finding correlated features is time consuming.
eImproves machine learning algorithm performance. With the number of features reduced with PCA, the time
taken to train ML model is now significantly reduced.
*Reduce overfitting. By removing the unnecessary features in the dataset, PCA contributes to overcome
overfitting.
On the other hand, PCA has its disadvantages [1], [2], [3]:
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eIndependent variables are now less interpretable. Each of PCA reduced component isnow a linear
combination of original features, which makes it less readable and interpretable.

Information loss. Data loss may occur in case of not proper choice the right number of components.

*Feature scaling. Because PCA is a variance maximizing technique, PCA requires features to be scaled prior to

processing.

The article presents discussion on a convenience of use of PCA technique in processing photoacoustic measurement
data.

Photoacoustics is one of phototermal methods which aim is physical characteristics determination of measured sample.
It is experimental life science that has, in the recent years, an explosion of the data available from experiments,
especially a simulated experimental values or numerical experiments. In our previous work, [4] the potential of using
simulated data in photoacoustics is proved and became practice in designing machine learning models for decision
making. A mainstay of simulated data generation is developed theoretical-mathematical model of photoacoustic
response. Validity of created data is obtained due to experimental experience and expert knowledge. Numerical
experiments imitate proximately all experimental conditions. Hundreds of measurements for a single experiment are
reported and therefore the statistical methods face challenging tasks when dealing with such high dimensional data.

2. PROBLEM DESCRIPTION

Database that we investigate in the paper consists of 270 000 records. Each record has 200 instances of amplitude and
200 instances of phase obtained by sampling amplitude and phase characteristics of simulated photo acoustic response
at defined points of frequency axe [4]. Photoacoustic response hides, among other harmful influences, the influence of
measurement system, represented as distortions. The main part of measurement system in the photoacoustic experiment
has microphone as a detector [5]. Without going into deeper analysis and explanations of photoacoustic experiment,
some general truths will be represented here. Microphone has the greatest impact to distortions, its response in the
frequency and time domain differs due to construction, geometry and membrane type, and two identical microphones
do not exist in practice. Having these facts in mind it is obvious why a lot of our research attention is focused to the
correction of distorted photo acoustic signal where distortions are mainly caused by microphone [6] [7].
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Figure 1:The block sheme of distorted photoacoustic measurement signal autocorrection method [6]
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In Figure 1, a block scheme of the autocorrection of distorted photoacoustic signal is presented. The PA response of the
experimental setup measured in a certain number of points represents the input signal. Input signal is first interpolated
to some points that correspond to the number of neural network input vector elements. The interpolated PA response is
an input of the classification model. The output is the type of microphone used as a detector in the setup. Further more,
class of microphone determines the corresponding database. Regression model, trained on the selected database, gives
the targeted microphone parameters. Results of corrections are amplitude and phase characteristic of the “true” PA
signal. In the case of class 3 (IM) regression is not executed, experimental signal is the “true” PA signal. Detail analysis
of the method is explained in our previous work [6]. In this paper focus is dimensionality reduction of the input vector.
The dataset is generated using well defined preset of three electret microphones frequently used in photoacoustic
experiment and ideal microphone (microphone of ideal characteristics) used as a reference [4]. Visualization of the
dataset in the form of scatter diagram, is given in Figure 2. Each point on a scatter diagram is one point of 200 points
that corresponds to one curve of 270,000 curves in the database. Different classes of microphone are presented with

different colors.

Phase, 9, [deg]
o

-100

200

-300

1077 104 10°
Amphtude, A, [a.u.]

Figure 2:Scatter diagram of the data set [4]

3. RESULTS AND DISCUSSION

PCA applied on whole dataset (400 features) provides promising results of retained variance, Figure 3. It means that the
dimensionality reduction could be done even to 2 components, where retained variance is 99.55%. Results for 4 and 6

components are 99.89%, 99.96% respectively.
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Figure 3:Retained variance in realtion to number of components

Regarding literature suggestions [8] [9] [10], 99% of retained variance means preserved information in the data set, it
can be concluded that the idea of dimensionality reduction of input vector is justified. Furthermore the decision on the

number of PCA components could be choice of nearest result to 99% and that means 2 components.
Validity of proposed dimensionality reduction is checked on classification model for recognition of microphone type

perfomance.Input vector is reduced in accordance with proposed dimensionality reduction.
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Training, validation and test sets are obtained randomly because dataset is first shuffled and then divided into training,
validation and test set. Generalization of the results is obtained on that way, thus 243 000 records or 90% of the total
number of records belongs to the training set, 13500 records or 5% belong to the validation set and the rest belongs to
the test set.

Comparison of the classification model performance with [4] and without of dimensionality reduction done in
preprocessing phase is presented in Table 1. Analyzing the table it can be concluded that the accuracy of the model is
slately lower in the case of dimensionality reduction but it is still a very good result. The implementation of PCA
technique is thus proven to be the adequate dimensionality reduction technique regarding the PA experiment request for
precision and real time work.

Trainaccuracy(%) Dev accuracy(%) Test accuracy(%) Number of epochs | Prediction time (ms)

Perfomance of
the model
without 99.99 99.99 99.99 100 14ms
dimensionality
reduction

Perfomance of
the model with
dimensionality
reduction

99.21 99.12 99.15 100 13ms

Table 1: Performance of the classification model with and without the dimensionality reduction

The reliability of the classification model is tested on independent data tests. Sixteen different independent data sets,
meaning for different amplitude and phase characteristics for each type of microphone were created, where the
microphone parameter values differed from those on which the network was trained, but in the given parameter range.
Results are presented in Table 2. According to table our model is reliable, it recognizes the microphone type precisely
and gives an answer regarding the microphone type in real time.

Test 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Class. 1 3 0 2 1 2 3 0 2 3 1 2 1 0 3 0
Accuracy T T T T T T T T T T T T T T T T

Table 2: Indepedent data tests, T means true
4. CONCLUSION

The paper discusses the results of PCA technique application in the preprocessing phase of PA measurement data
processing. The change in performance of classification model is negligible compering to classification model without
dimensionality reduction.It can be concluded thatPCA is suitable for implementation regarding PA experiment request
for precision and real time work. Managing and exploratory analysis of the dataset are now much easier. However,
interesting question came up during this research. Is there a possibility of reduction in the number of measurement
points and thus simplifying the measurement procedure in real experiments? Such a reduction would significantly
reduce the measurement time and researcher engagement. Unfortunately, PCA is not suitable for solving this problem.
PCA component is a linear combination of original features, so the number of features is not changed, the same as
number of measurement points, but its interpretation is. Solution of araised problem will need further investigation.
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A new and straightforward method for
thermal quality control of radiation shielding
materials based on photoacoustic thermoelastic response

Dragan Markushev, Dragana Markushev

Institute of Physics Belgrade, Belgrade, Serbia

Introduction. Radiation shielding materials are various mixtures of elements that serve to
block or keep radiation dose as low as reasonably achievable. It was found that thermal properties are
one of the factors that influence the design, selection, and use of shielding for radioactive material, so
the development of methods for their thermal quality control is gaining more and more importance.
In this article, we will present a new and straightforward method for the thermal quality control of
shielding materials, based on their thermoelastic photoacoustic response in the modulation
frequencies domain from 20 Hz to 20 kHz.

Methods and Materials. In our experiment, we used an open-cell transmission setup to
analyze the total photoacoustic signal of radiation shielding materials (aluminium and high-density
polyethylene) with thicknesses [ ranging from 10 to 1000 microns. Our objective was to determine
the position of the maximum temperature difference ATmax between the illuminated and non-
illuminated sides of the sample within the specified frequency range. This ATmax position also
represents the cut-off frequency position f. of the sample’s thermoelastic response - a constitutive
component of the total photoacoustic signal. By plotting the dependencies of ATmax = f(l) and
fe =f(D on a log-log scale, we can establish linear relationships that allow us to calculate the sample’s
thermal conductivity k and thermal diffusivity Dr. By comparing potential deviations from the
reference curves, we can deduce the thermal quality of the investigated materials and identify any
alterations from the required properties due to manufacturing defects.

Conclusion. This presentation aims to demonstrate that the proposed new and straightforward
methodology for assessing the thermal quality control of radiation shielding materials, based on the
thermoelastic photoacoustic response, holds significant promise for heat flow analysis. This method
allows for calculating thermal transport parameters in aluminium and high-density polyethylene.
These properties are essential for the advanced materials development assigned for radiation
shielding and their non-destructive thermal analysis.

Acknowledgments: The authors acknowledge funding provided by the Institute of Physics Belgrade,
through the grant by the Ministry of Education, Science, and Technological Development of the Republic of
Serbia.
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Reduction of a set of thermoelastic photoacoustic
parameters used for shielding material characterization

Dragana Markushev, Dragan Markushev

Institute of Physics Belgrade, Belgrade, Serbia

Introduction. The frequency domain photoacoustic characterization of solids has traditionally
relied on multiparameter fitting to extract investigated samples’ thermal, optical, and mechanical
properties. While this method has proven effective, it also has its drawbacks. Therefore, a growing
focus is on finding alternative, simpler sound processing methods with fewer parameters. Our recent
research has demonstrated that analogue electrical circuits can be useful for the straightforward
study of photoacoustic systems and processes. Using this analogy, one can represent the
thermoelastic photoacoustic response with just one parameter instead of the large number in
traditional photoacoustic theory. Even though the analogy is approximative, this approach retains the
original behaviour of the thermoelastic response.

Methods and Materials. The method used in this study is based on electroacoustic analogies
of thermal systems, where heat is transferred and stored, and can be described using RC circuits of
various complexity. It is based on the similarity between the thermoelastic response of the
illuminated material (lead, iron, aluminium, high-density polyethylene) and the response of the low-
frequency RC filter in the frequency domain. We discovered that the filter we mentioned is defined by
a single parameter, the cut-off frequency, and found a similar point in the thermoelastic response.
Using the analytical form of the thermoelastic component equation, we linked the cut-off frequency
to the sample’s thermal and mechanical properties. This allowed us to create referent curves using
data from existing literature to characterize various materials intended for radiation protection.

Conclusion. With this presentation, we want to show that the proposed reduction of a set of
thermoelastic photoacoustic parameters is nothing but the transformation from a multi- to one-
parameter analysis retaining some meaningful properties of the original data, ideally close to its
original one. By reducing the number of parameters and discretizing thermal systems, where heat is
transferred and stored through various physical processes, it has been demonstrated that all thermal
processes can be represented using RC circuits of varying complexity It was found that reducing
parameters is essential in establishing an efficient thermal characterization method, knowing that
thermal properties are an important factor influencing the design, selection, and use of shielding for
radioactive material.

Acknowledgments: The authors acknowledge funding provided by the Institute of Physics Belgrade,
through the grant by the Ministry of Education, Science, and Technological Development of the Republic of
Serbia.
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Transsmision Photoacoustic Response of Coated Polymer Samples Measured With Minimum
Volume Cell

M.N. Popovic', S.P. Galovic?, D.K. Markushev', E. Suljovrujic?, D.D. Markushev'

'Institute of Physics — National Institute of the Republic of Serbia, University of Belgrade
*Vinca Institute of Nuclear Sciences — National Institute of the Republic of Serbia, University of Belgrade

marica.popovic@ipb.bg.ac.rs

The photoacoustic (PA) investigation of polymer samples, particularly in a transmission configuration using
a minimal-volume cell, often necessitates additional sample preparation due to the generally low optical
absorption coefficient of polymers. To improve photothermal efficiency, a thin dye coating, typically less
than 10 pm thick, is applied to the sample. This coating not only enhances absorption but also protects the
detector, which could otherwise be exposed to optical excitation if the sample is transparent or semi-
transparent in the minimal-volume cell configuration. To ensure that also the optical properties could be
measured (not just thermal and mechanical properties) after this preparation, the experiment is set up so that
the coated surface remains unilluminated, while the optical excitation is directed onto the uncoated side of
the sample [1,2].

This study analyzes the effects of sample thickness and thermal relaxation time on the photoacoustic (PA)
response. Using a model of optically induced temperature variations in a sample with an unilluminated
coated surface, and examining the thermoelastic component of the PA signal linked to thermal moments and
surface displacement, it is evaluated both individual and total components of the PA response. The findings
indicate that sample absorbance significantly influences the thermoelastic signal more than the
thermoconducting component, thereby affecting the overall PA response. Sample thickness modifies the
relative contributions of these components within the measured range, while the thermal relaxation time
establishes the frequency of appiriance periodic oscillations in the PA signal due to thermal memory effects
in the polymer.

Our results indicate that by varying the sample thickness, it is possible to probe not only optical, mechanical,
and standard thermal properties such as thermal conductivity and thermal diffusivity, but also memory-

related properties associated with the finite speed of heat propagation in polymeric materials, within the PA
frequency range corresponding to the audio spectrum (20 Hz to 20 kHz).

References

[1] V. V. Miletic et al., J. Appl. Phys. 133, 075101 (2023).
[2] M. N. Popovic et al., Int. J. Therm. Sci. 211, 109689 (2025).
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OC19 - Influence of excess charge carriers recombination to

time-resolved photoacoustic response of semiconductor
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Suljovrujic E @, Todorovic D ©®
(1) Vinca Institute of Nuclear Sciences-National Institute of the Republic of Serbia, University of
Belgrade, Belgrade, Serbia.
(2) Institute of Physics-National Institute of the Republic of Serbia, University of Belgrade, Belgrade,
Serbia.
(3) Institute for Multidisciplinary Research, University of Belgrade, Belgrade, Serbia.

* bobagal@vin.bg.ac.ts

Abstract

When a semiconductor sample is illuminated by a monochromatic source, part of the excitation
electromagnetic energy is absorbed, and part of the absorbed energy is converted into heat due to non-
radiative deexcitation-relaxation processes, leading to thermalization of the sample. However, if the energy
of the excitation photons is greater than the width of the energy gap in semiconductors, part of the
absorbed excitation energy is spent on exciting electrons from the valence to the conduction zone, leaving
in the valence zone an excess of positively charged quasi-particles, so-called holes. Therefore, an electric
tield is established in the optically excited semiconductor sample [1].

Under the influence of this field, the photogenerated excess of electrons in the conduction zone
recombines with the photogenerated excess of holes in the valence zone, transferring its kinetic energy to
the crystal lattice. This means that part of the absorbed electromagnetic energy, spent on the generation
of excess charge carriers, is indirectly (through the recombination process) converted into heat, forming
an additional heat source in illuminated semiconductors [2].

Considering both types of heating of a semiconductor sample it can be concluded that the temperature
variations on the sample surfaces, and consequently pressure fluctuations in the gaseous environment of
the photothermally excited semiconductor, depend not only on the thermal properties of the sample that
manage heat transfer but also on its electronic characteristics that manage recombination processes of the
photogenerated excess charge [3].

In this paper, the model of the spectral function of the photoacoustic response of optically opaque and
thermally thin semiconductor sample that includes surface recombination of excess charge carriers was
derived based on electro-thermal analogy [4,5]. By application of inverse Laplace transform to the model
the theoretical description of the time-resolved photoacoustic signal generated by a train of optical pulses
of various duty cycles was obtained. The model was validated by comparing with time—resolved
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photoacoustic measurement with a minimum volume cell [6] of thin doped silicon membrane of the

thickness of 40 micrometets.

The analysis of pulsed photoacoustic signal shows that the influence of photo-generated carriers is small
in the short-time limit and pronounced in the long-time limit indicating that it is possible to deconvolve
the contribution of recombination processes and deexcitation relaxation processes to the indirect PA
signal by adjusting the duty cycle of the optical excitation. It means that time-resolved photoacoustic
enables simultaneous measurement thermal and electronic properties of semiconductors.
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Characterization of T10> thin films deposited
on silicon membranes using neural networks
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Background — This paper presents a theoretical analysis of the possibility of thermal characterization
of a thin TiO; film deposited on a 30 um thick Si membrane as a wafer in the frequency domain of
photoacoustics from 20 Hz to 20 kHz. For this purpose, photoacoustic signals generated by such a
sample were used (Figure 1) in which the membrane parameters were known and constant, while the

film parameters were changed in the ranges of thickness /; :(475—525)11111, thermal expansion

coefficient ¢; =(1.045-1.1 55) -10°K", and thermal diffusivity D; = (3.515-3.885): 10°m’s™ . 1t

can be seen from the Figure 1 that changes in the signal amplitude for the given changes in the film
parameters cannot be noticed, while in the phase such changes are clearly noticeable. Within the
classical approach of photoacoustic signal processing, non-distinguishing of amplitudes requires the
introduction of an additional process of their normalization. In this paper, we will show that well-trained
neural networks have no problem distinguishing signal amplitudes and that networks recognize
precisely the parameters of thin films on such signals, knowing that the thickness of the films can be
two orders of magnitude thinner than their wafers.

Results — The neural networks used in this paper were trained with the basis of photoacoustic signals
from Figure 1. The supervised learning algorithm was used by connecting the data of the frequency
amplitude-phase characteristics of the input layer signals with the values of the given parameters of the
output layer change. The network architecture is very simple and consists of one input (144 neurons),
one hidden (10 neurons), and an output layer (3 neurons). The number of input layer neurons
corresponds to 144 points that define the photoacoustic signal (72 amplitudes + 72 phases). The three
neurons of the output layer are connected to the thin-film parameters: /;, ar and Dy. In the case of the
thin film thickness, the obtained network performances are 4.3106 x 107 for 4 epochs, in the case of
coefficient of thermal expansion 3.567 x 10° for 7 epochs, and in the case of thermal diffusivity
0.0044842 for 4 epochs. The prediction of neural networks on test signals with errors of less than 1%
shows that the networks are sensitive to small changes in TiO» parameters.
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Fig. 1. Photoacoustic signals: a) amplitudes and b) phases of the two-layer model of the TiO2 layer on the Silicon sample

obtained by changing the parameters of thickness lf , expansion af and diffusivity Df of the TiO: layer.

Conclusions — Our analysis shows that neural networks have a significant sensitivity to changes in the
characteristics of thin layers of TiO» deposited on silicon membranes. This fact points to the possibility
that neural networks, in combination with photoacoustics, can be a powerful tool in characterizing thin
single-layer or multilayer coatings, important for the production of MEMS and NEMS sensors, as well
as for the electronics and automotive industries in general.
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Polylactides, like all polymers, are materials with low coefficient of optical absorption. Transmission
photoacoustic measurements on such materials require that a transparent sample be coated with a thin
layer of good optical absorption, such as ink, dye or metal foil, in order to ensure optical opacity and to
protect the microphone. The photoacoustic response of the Poly-(L-lactide) (PLLA), on which a thin
layer of ink dye was previously applied, is measured in a minimum volume cell transmission
configuration for two different positions of the two-layer sample: 1) the absorption layer is directly
illuminated and 2) the transparent polymeric layer is directly illuminated. Thermal diffusivity, linear
expansion coefficient and optical absorption coefficient of PLLA are determined by applying the
boundary model of photoacoustic response for a two-layer sample in the case of optically thick and
thermally thin absorption layer and self-consistent procedure for the inverse solution of the
photoacoustic problem is derived. The obtained properties are in the range of literary expectations.
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Fig. 1. Experimentally obtained photoacoustic response of 516 pm thick PLLA sample, coated with black acrylic dye 44 pm
thick. Amplitude and phase characteristics when front-side illuminated (a,c), and when back-side illuminated (b,d).
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The amplitudes and phases of photoacoustic signal measured for the thin foil of graphene oxide (about
20 micrometers) in dependence of modulation frequencies of excitation laser beam are presented.
Measurements were performed in a gas-microphone photoacoustic transmission configuration with an
open cell of minimum volume [1]. Periodic changes in amplitude and phase at frequencies higher than
4 kHz (Fig.1) were interpreted as a possible consequence of thermal resonances in the sample, which
occur due to the thermal memory of graphene oxide [2]. Based on both, the generalized model of
photoacoustic response for media with thermal memory [2,3] and the presented measurements, the
velocity and diffusion lengths of heat propagation in graphene oxide were determined. The estimated
value of the heat propagation speed indicates the presence of relaxation phenomena in graphene oxide
whose rate is of the same order of magnitude as in polymeric materials [4] and which are much slower
than those in crystalline solids. It is in agreement with existing knowledge about structure properties of
graphene oxide [5,6].
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Fig. 1. Experimental measurements of (a) amplitudes and (b) phases of photoacoustic response of graphene-oxide foils

which thickness is 20 micrometers. Measurements were performed in a gas-microphone photoacoustic transmission
configuration with an open cell of minimum volume
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The research presented in this paper is part of an effort to improve the process of calibration procedure
optimization of model - dependent diagnostic techniques (transmission frequency photoacoustics) using
a machine learning approach. A regression model for recognizing the characteristics of a microphone
as a photoacoustic detector has already been developed and significant results have been obtained, first
in reducing the influence of measuring instruments, then in significantly reducing the processing time
of measured data, reaching the so-called work in real time, while maintaining the basic requirements -
to make measurements reliable and accurate. Testing the model under different conditions (theoretical
or experimental signals, with and without noise, different types of microphones, different samples) we
found that the accuracy of the model is high and that the processing speed of measured data does not
change significantly by reducing the input vector dimension of the machine learning algorithm. The
question is how far can the reduction go without losing the quality of measurements? Computational
intelligence algorithms - artificial neural networks and principal component analysis of main
characteristics (amplitude and phase), supplemented by discussion of their correlations and expert
knowledge can indicate a solution: the data set can be reduced to 10 characteristics, which means that
the measurement procedure is reduced to 5 measuring points. We confirmed this assumption in this
paper with satisfactory accuracy and reliability by a regression model for the characterization of three
types of microphones. It has been shown that the procedure of measuring and characterizing a
microphone can be performed simply and quickly by measuring at 5 defined points. At the same time,
the problem of different number of measuring points is generalized by a new reduced set of
characteristics.

-367 -



ICPPP21 - International Conference on Photoacoustic and Photothermal Phenomena

PCA %0 vs # features PCA %g” vs # features

%0 0 5 10 15

Fig. 1. a. Reduced dataset variance depending of number of features, analyzed for microphone ECM30B (dataset original
dimension: 400 x 67 500), b. zoom of diagram a. to lower number of features

Table 1. Regression model performance on reduced data set for three types of microphones

Average deviation from the accurate value expressed in percentage of the accurate value on the test set,
microphone ECM30B, accuracy of the regression model 97.8 %

Parameter f2 f3 fa $3 $a
Average deviation 0.05664359 0.13738047 0.0719733 1.290471 1.2778711

Average deviation from the accurate value expressed in percentage of the accurate value on the test set,
microphone ECM60, accuracy of the regression model 98.32 %

Parameter f2 f3 fa &3 &4
Average deviation 0.06761368 0.08670316 0.05289495 0.85380656 1.0646605

Average deviation from the accurate value expressed in percentage of the accurate value on the test set,
microphone WM66, accuracy of the regression model 98.02 %

Parameter f2 f3 fa &3 &4
Average deviation 0.0737425 0.13992077 0.08633012 1.1550651 1.2725114
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