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An original method is used to measure the specific heat capacity of some layered structures. The conjoint
theoretical–experimental measurement protocol is based on photothermal data and polynomial expansion
mathematical analysis. The obtained value of the specific heat capacity for a solar cell buffer material is
compared to recently reported results.
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Introduction. In the last few decades, photothermal techniques have become powerful tools for the thermo-
physical characterization and nondestructive testing (NDT) of various materials [1–6]. These techniques, which involve
photoacoustics, photothermal radiometry, and photothermal deflection, focused mainly on measurement of the thermo-
physical properties of massive or liquid homogeneous materials. In some recent studies, it was noticed that direct
measurement of the specific heat capacity of some layered structures was very difficult. In this context, one can cite,
among others, the works of L. P. Filippov [7], who proposed some methods employing easily obtainable empirical
data for calculation of the heat capacity of liquids, the investigations of E. S. Platunov [8] on automated devices for
measuring the thermophysical properties of massive materials and components in the temperature range 100–700 K,
and the studies of J. Koreck et al. [9] and Y. D. Huang et al. [10] on the properties of adhesive layers and metal ma-
trix composites [11–15].

In this study, we propose to extend the existing photothermal technique [16–30] to allow measurements of the
heat capacity of microlayered ZnIn2S4 films. In investigations, the Boubaker polynomials expansion scheme is applied
to experimental and graphical data.

NDT Photothermal Deflection Protocol. Experimental Setup. The photothermal deflection techniques are
based on a thermal response to an exogenous heat supply. In fact, when a targeted material receives an amount of heat
from a distant source, it acts afterwards as a local source. A detecting device records the consequent thermal response
in the ambient fluid or at the material surface.

If the source generates a single-pulse heat flux, the technique is called an indicial response technique (Fig.
1a). In this case, a memory-dotted device is used to analyze the output signal, whose amplitude and duration depend
on the material properties. The most used [16–28] is a frequencial response technique (Fig. 1b), where the source pro-
vides a modulated energy whiff toward the material with a preset frequency f. 

In our setup [24, 25], the heat source (see Fig. 1b) is a common photoelectrical laser diode (with power P =
0.1 W, wavelength λ = 6.7⋅10–7 m) coupled to a flexible optic fiber. The use of the optic fiber permits independent
spatial installation of the heat source and the sample sides. The source modulation is carried out by a mechanical chop-
per. The transmitted heat is chopped at a preset frequency f (between 2 and 500 Hz). The main part of the mechanical
modulator is a pierced wheel located between the free extremity of the optic fiber and the targeted sample surface [8–
10]. The wheel speed is controlled by an accurate feedback D.C. motor. The radius of the beam emitted by the pho-
toelectrical laser diode is controlled by an optical micrometrical diaphragm mounted on the mentioned free extremity.

The probe beam crosses the source-excited beam perpendicularly at prefixed height z0 (also called offset) from
the targeted surface. At its path end, the probe beam is focused at a sensor. The sensor-monitored signal is detected
and displayed as an analogical output, namely photothermal signal deflection.
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Measurement Technique. The photothermal deflection measurements are based on a thermal response to the
modulated heat supply. A detecting device records the consequent thermal response as the deflection of a probe beam
that crosses the ambient fluid at the material surface. 

The probe beam is provided by a weak laser diode (P = 10–3 W, λ = 6.33⋅10–7 m). The beam path is
smoothed by interposing two convergent lens appropriately distanced from the source targeted area. The probe beam
offset is fixed at the beginning of each experimental sequence thanks to two endless micrometrical screws bolted to
the sample-sink sliding platform [2, 3, 10]. The probe beam path crosses the pump beam perpendicularly (Fig. 1b),
then it hits the photodiode cell coupled to a synchronous detection unit.

As the mechanical chopper rates the energy flow to the targeted surface, the photothermal deflection occurs
simultaneously and at the same frequency f. Nevertheless, noise and uncontrolled harmonics can interfere with the sig-
nal and induce an error. The synchronous deflection detector enables one to avoid the recording of such perturbations,
since it is adjusted to detect exclusively the signal with the same chopper frequency, so that variations can be securely
attributed to the source effect. An internal synchronous trigger connected to the central unit eliminates any harmonic
component with a frequency outside the narrow band centered at the chopper frequency. The synchronous detection
unit is composed of an EG&G5210 detector coupled to a plugged-in RS232 interface that transmits the selected and
debugged signal to the central unit.

Theory. Photothermal signal deflection (PSD) components. In the case of a Gaussian source, the PSD has two
components (see Fig. 2): normal and transverse (radial). The expression for the normal component of the probe beam
deflection ξz is given by the relation [16–18, 32]

Fig. 2. The probe beam deflection: a) initial path; b) deflected path.

Fig. 1. NDT photothermal deflection techniques: a) indicial response setup; b)
frequencial response setup.
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where dl is the geometrical element of the beam path. In the case of the targeted layers, the theoretical calculation of
the normal probe beam deflection ξz for a small offset z0 yields [16–18, 24, 25]
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Conjoint Theoretical-Experimental Measurements Protocol. The protocol is based on a set of theoretical curves
that give variations of φz versus the frequency square root √⎯f  (Fig. 3) for different values of the thermal diffusivity Ds ac-
cording to Eq. (3). In the same figure the experimental values φzexp are shown. Furthermore, the experimental fitted
dependence φzexp versus √⎯f  is obtained by using the Boubaker polynomials expansion scheme (BPES) [26–30]. For this
purpose, calculations were carried out by starting from a set of m measured couples (φzi

, √⎯⎯fi )  with ⎪ √⎯⎯fi  � [√⎯⎯⎯⎯fimin
; √⎯⎯⎯⎯fimax

],
where i = 1, ..., m,

Fig. 3. PSD phase versus √⎯f : theoretical curves for different values of Ds (Ds⋅105

= 1 m2⋅sec–1 (1); 2 (2); 3 (3); 4 (4); 5 (5)) as well as BPES fitting (6) and
asymptotic limits (7). φz, deg; f, Hz.
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Here, N is a prefixed integer, B4q (q = 1, 2, ..., N) are 4q-order Boubaker polynomials, and θq are coefficients that
minimize the real function Fm
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Equation (5) involving the calculated coefficients θq gives the approximate BPES fitting, which is also shown in Fig. 3.
Finally, the approximated value of the thermal diffusivity Ds,exp is obtained by applying the Khi2 test to the

fitted experimental set of points and choosing the nearest theoretical curve. We obtain Ds,exp = (35.2 ± 4.5)⋅10–6

m2⋅sec–1. The main uncertainties in the obtained value are attributed to the errors introduced by the Khi2 test and the
frequency measurement accuracy.

Fig. 4. PSD amplitude versus √⎯f : theoretical curves for Ds = 35.2⋅10–6 m2⋅sec−1

and different values of ks(ks = 5 W⋅m–1⋅K–1 (1); 10 (2); 20 (3); 30 (4); 40 (5)) as
well as BPES fitting (6) and asymptotic limits (7).  f, Hz.

Fig. 5. Theory-experiment conjoint protocol.
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According to expression (4), the PSD amplitude depends on both Ds and ks. Figure 4 gives the theoretical
variation of ln|ξz| versus √⎯f  for Ds = Ds,exp and different values of the thermal conductivity ks according to Eq. (4).
The same graph shows the experimental values of ln|ξz|  and those subjected to the Boubaker polynomials expansion
scheme. The approximated value of the thermal conductivity ks,exp is also obtained by considering the theoretical curve
nearest to the experimental points. We obtain ks = (8.8 ± 0.9) W⋅m–1⋅K–1. In Figs. 3 and 4, the asymptotic behavior
(f → ∞, f → 0) of the theoretical dependences is also presented (see lines 7 in the figures mentioned). Finally, the spe-
cific heat capacity Cs is deduced [27–29] using the relation

Cs = 
1

ρs
 
ks,exp
Ds,exp

 . (7)

The obtained value is Cs = (651.7 ± 98.0) J⋅K–1⋅kg–1. The protocol described is summarized in Fig. 5.
Analysis and Conclusions. In the paper, we analyzed theoretical results and numerical data in order to calcu-

late the specific heat capacity of Zn-doped thioindate films. It was noticed [11–18] that the measurement of the ther-
mal characteristics for such materials was a hard task due to low dimensioning and surface roughness effects. We
developed a new nondestructive protocol based on photothermal measurements and graphical interpretation. The tar-
geted material has been chosen on the basis of previous studies [31, 32] as a low heat-conductive sample. The results
agree very well with the values for similar materials reported in the literature. In fact, the specific heat capacity Cs
≈ 650 J⋅K–1⋅kg–1 is not far from the value reported by M. De Otfried [33] and about 14% lower than that presented
by S. Picard et al. [34] and S. M. Stishov [35] for similar material at room temperature.

One of the advantages of our method, when compared to the works of M. V. Arx et al. [36], S. Dilhaire et al.
[37], and K. Morimoto et al. [38, 39], is that neither special confined measurement apparatus as in [38] nor vacuum cham-
bers as in [39] were needed. Nevertheless, it was experimentally noticed that the validity of the results was limited by
the layer thickness of 5 μm.

NOTATION

B4q, 4q-order Boubaker polynomials; Cs, specific heat capacity, J⋅K–1⋅kg–1; Dfl, fluid medium thermal diffusiv-
ity, m2⋅sec–1; Ds, deposited layer thermal diffusivity, m2⋅sec–1; f, modulation frequency, Hz; Fm, real function; j,
imaginary unit; ks, deposited layer thermal conductivity, W⋅m–1⋅K–1; N, integer; Q0, deposited heat per unit surface,
W⋅m–2; r, radial coordinate, m; T, absolute temperature, K; T0, maximum absolute temperature, K; w, Gaussian beam
radius, m; z0, probe beam offset above targeted surface, m; z, axial coordinate, m; α, absorption coefficient, m–1; θq,
real coefficients in (5) and (6); λ, wavelength, m; ξ, photothermal signal deflection (PSD); |ξz|, PSD amplitude; φz,
PSD phase, o; ω, cyclic frequency, Hz. Subscripts: exp, experiment; fl, fluid; max, maximum; min, minimum; s, solid;
th, theoretical.
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