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1. Introduction

The determination of the thermal proper-
ties of thin films and coatings is crucial
in a broad range of applications, which
require the knowledge of how the heat
can be stored, transferred, or removed
from the surface of a material.[1–4]

Photothermal spectroscopies have shown
to be very useful in studying the optical
and thermal properties of films.[5,6] These
methodologies are based on the analysis
of the temperature field, generated by heat-
ing the material by either modulated or
pulsed light sources.[7] The associated
changes in temperature are measured by
different techniques based on optical,
acoustic, and thermal methods.[5,7] In the
case of frequency domain methodologies,
involving modulated light sources, the spa-

tial resolution of the temperature field is of the order of the ther-
mal diffusion length μ ¼ ðα=πf Þ1=2, where α is the thermal
diffusivity of the material and f is the frequency.[7] In particular,
photoacoustics (PA), in which the changes of temperature are
monitored by acoustic microphones,[6] has been used to analyze
low-thermal-diffusivity thin films with micrometric and submi-
crometric thickness, using frequencies up to some tenths of
KHz.[8–10] In the case of SiO2 films, the authors reported that they
can determine the thermal conductivity with a maximum error of
15%, in which the error bars grow when the thickness of the film
diminishes.[8] For polymer films, Hermann et al. performed a
careful analysis of the sensitivity of the PA technique and
have associated uncertainties in the thermal conductivity, which
are in the range of 6%–10%.[9,10] Similarly, using photothermal
radiometry, monitoring the thermal wave effects by the emitted
thermal radiation has been shown that it is possible to determine
the thermal properties of submicrometric polymeric films with
similar modulation frequencies with uncertainties of 16%.[11]

While high-frequency methodologies can yield valuable
results, it is important to incorporate the roughness and corre-
sponding optical properties in the analysis, as well as perform
nontrivial noise reduction and signal extraction. Based on the
previously reported findings, it would be desirable to have at
hand simple low modulation frequency methodologies, which
can provide thermal analysis of the films and that does not
involve the direct illumination of the film. One of the possibilities
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In materials science, the knowledge of the thermal properties of thin films on
thick substrates is crucial in determining the role of the film in the physical
properties of the entire system. Even though the role of the film can be very
important, the determination of its thermal properties is a challenging task due to
the fact that its contribution to heat transfer is generally hard to single out from
the influence of the substrate. Herein, a simple analytical methodology, based on
the photoacoustic technique, useful in the thermal characterization of thin films
on thick substrates, is presented. The approach is based on illuminating one side
of the substrate with a modulated laser beam and monitoring the thermal
contrast when a thin film is formed on the opposite side. This methodology
allows to unambiguously determine the volumetric heat capacity of micrometric
polymeric thin films. The limits of applicability of the method as well as the
possibility of performing a full characterization of the thermal properties of the
film are discussed.
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in photothermal science, which deserves to be explored, involves
the use of thermal contrast between adjacent layers, which could
be used to increase the spatial resolution at low modulation fre-
quencies, as has been discussed in the literature.[12,13]

Otherwise, PA has shown to be a valuable technique in
studying the time evolution of the physical properties of diverse
systems, including polymerization, sedimentation, diffusion,
among others.[14–16] Moreover, the real-time monitoring of the
formation of polymeric layers from liquid solution has opened
the possibility of detecting the presence of thin films of a few
micrometers, on substrates of hundreds of micrometers, using
modulation frequencies under 100Hz, in agreement with previ-
ous studies based on thermal waves interference.[17,18]

In this article, the possibility of broadening the capacity of the
low-frequency PA methodologies, aimed to establish a simple
method to perform the thermal characterization of films with
a thickness of the order of a few micrometers deposited on thick
substrates, is explored. In our methodology, it is shown that
using a conventional PA cell allows to unambiguously determine
the volumetric heat capacity of a thin film, by illuminating at low
modulation frequency one face of the substrate, while the film is
deposited on the opposite one.

2. Theory

Let us consider a two-layer system, with thickness l1 and l2
respectively, surrounded by air as shown in Figure 1. A light
source with amplitude I and harmonically modulated at a
frequency f uniformly illuminates the surface of the layer 1,
inducing thermal waves in the whole sample. If the area of light
incidence is large enough, the 1D heat transport in the layered
system can be assumed.

The temperature at x ¼ 0 (i.e., the illuminated side of layer
1) can be determined by solving the corresponding heat diffusion
equation, imposing the continuity of temperature and heat flux at
each interface. Additionally, assuming that layer 1 is opaque and
neglecting the air thermal effusivity, in comparison with the cor-
responding values of the layers, it can be shown that the temper-
ature is given by[14,19]

T21ðx ¼ 0 , l2, f Þ ¼
I

k1σ1

1þ RS ⋅ expð�2σ1l1Þ
1� RS ⋅ expð�2σ1l1Þ

(1)

with

Rs ¼
R21 þ expð�2σ2l2Þ

1þ R21 ⋅ expð�2σ2l2Þ
, R21 ¼

1� e2
e1

1þ e2
e1

, and

σm ¼ ð1þ iÞ
ffiffiffiffiffiffi
πf
αm

s (2)

where k1is the thermal conductivity of layer 1, em, αm, (m ¼ 1, 2)
are the thermal effusivity and thermal diffusivity of layers 1 and
2, respectively, and i ¼ ffiffiffiffiffiffiffi�1

p
. Thermal boundary resistance

between layers 1 and 2 is here neglected.
In the proposed methodology, layer 1 is the reference bare

substrate with fixed thickness l1, while the thickness l2 of layer
2 changes depending on the growing process. Therefore, the
temperature at x ¼ 0 of the bare substrate without any deposition
can be used as a normalization function as follows

T ref ðx ¼ 0 , f Þ ¼ I
k1σ1

1þ expð�2σ1l1Þ
1� expð�2σ1l1Þ

(3)

The normalized temperature at the front surface, obtained
from the ratio of the temperatures given by Equation (1) and (3),
is given by

TNðx ¼ 0 , l2, f Þ ¼
T21

T ref
¼ 1þ RS ⋅ expð�2σ1l1Þ

1� RS ⋅ expð�2σ1l1Þ
� �

⋅
1� expð�2σ1l1Þ
1þ expð�2σ1l1Þ

� � (4)

To determine the conditions in which the experiments should
be performed to be able to extract the thermal properties from the
temperature, simulations of Equation (4) as a function of the
thickness of layer 2 were performed. Layer 1 is fixed having a
thickness of 100 μm, with the thermal properties of 304-stainless
steel (α ¼ 3.68� 10�6 m2 s�1, e ¼ 7631Ws1=2 m�2 K�1).[20]

These analyses were performed for several polymeric materi-
als, having a long range of thermal properties, and for aluminum
oxide (Al2O3), which has a much higher thermal diffusivity,
in order to compare with the polymers (see Table A1).[20]

Numerical simulations of Equation (1) for materials listed in
Table A1 are shown in Figure 2. Even if the thermal diffusivity
of Al2O3 is much larger than the polymers one, it can be observed
that there are not strong differences between the Al2O3 and the
polymer temperature curves. In contrast, when the volumetric
heat capacity varies, noticeable differences between temperature
curves are observed.

The normalized temperature does not follow a simple behav-
ior on only one of the thermal properties. The curves with the
higher absolute values of the slope correspond to polyimide
resin, followed by polystyrene, oil, PMMA, and Al2O3.
However, at this point, the dependence on the whole set of ther-
mal properties is not easy to single out. To explore these aspects
an analysis, based on an approximation for very small thickness,
of the expression for the normalized temperature is performed.
Figure 2b shows a closer look at this dependence for small thick-
nesses of the upper layer 2. The curves which are closer have
similar values for volumetric heat capacity, concluding that for
thinner layers, ρC is the dominant parameter and exhibits a
nearly linear behavior.Figure 1. Schematic diagram of the analyzed two-layer system.

www.advancedsciencenews.com www.pss-rapid.com

Phys. Status Solidi RRL 2023, 17, 2300057 2300057 (2 of 11) © 2023 The Authors. physica status solidi (RRL) Rapid Research Letters
published by Wiley-VCH GmbH

 18626270, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pssr.202300057 by C

ochraneItalia, W
iley O

nline L
ibrary on [17/12/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.pss-rapid.com


The key idea of our approach is to analyze the case when
layer 2 is thermally thin, using the McLaurin expansion
truncated up to a second order for the exponential term in the
quantity Rs of Equation (1), as follows (see Appendix for more
details).

expð�2σ2l2 Þ ¼ 1� 2σ2l2 þ 2σ22l
2
2 þ : : : (5)

From Equation (A18), the amplitude of the normalized
temperature difference between the two layer and the one-layer
system at the front face can be expressed as

ΔTN ¼ 4ð1þ iÞ
ffiffiffiffiffi
πf

p
ρ2C2

l2
e1

⋅
expð�2σ1l1Þ

1� expð�4σ1l1Þ

� 1� ð1þ iÞ
ffiffiffiffiffi
πf

p
ρ2C2

l2
e1

⋅ cothðσ1l1Þ
� � (6)

To determine the accuracy of the approximation
(Equation (6)), compared with the exact expression
(Equation (4), with ΔTN ¼ 1� TN), simulation of the behavior
of the temperature for the polymers, given in Table A1, was per-
formed. The results are presented in Figure 3. A good agreement

between the complete and approximated expressions is shown in
Figure 3, for thickness smaller than 25 μm, for materials with
thermal diffusivities smaller than 0.25�10�6 m2 s�1. In contrast,
for materials with larger thermal diffusion length, as Al2O3, for
which α ¼ 10.3� 10�6 m2 s�1, the deviation is notable, and our
approximated expression is not valid anymore.

3. Experimental Section

In this section, the basic ideas of the approach introduced
previously, were used to perform the thermal characterization
of polymeric films produced by simple evaporation. The growth
of the films was monitored using the method developed by
Martinez–Torres et al.[14] The experimental setup is shown in
Figure 4 and 5. A 100 μm 304-stainless steel plate was used as
a substrate. This substrate was heated periodically by a laser
beam having a cross section with a diameter (d) of 7.6 mm pass-
ing through the quartz window, which generated the thermal
waves in the layered system, inducing pressure changes in the
air enclosed in the PA chamber, which was detected by an elec-
tret microphone. On top of the steel substrate a plastic ring was

Figure 2. Simulated normalized temperature as a function of the thickness l2 for different kinds of materials. Modulation frequency has been kept at 7 Hz:
a) thickness range from 0 to 60 μm and b) zoom-in from 0 to 12 μm.

Figure 3. Comparison between normalized temperature, as a function of the thickness of layer 2, for the complete equation (Equation (4), dashed line)
and the approximated expression (Equation (6), continuous line) a) for difussivities lower than 0.1� 10�6 m2 s�1, b) for diffusivities between 0.11� 10�6

m2 s�1 and 10.3� 10�6 m2 s�1.
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attached (7.6mm inside diameter and 1mm in thickness) and
used to form the container of the liquid sample.

A schematic diagram of the experimental setup to analyze the
development of the thin polymeric films is presented in Figure 5.
The general idea was to put a drop of the polymer solution inside
the container on top of the substrate, closing the upper part of the
PA cell. After that, the solvent was let to evaporate for several
hours in atmospheric conditions, while monitoring the stability
of the PA signal to guarantee a good measurement. Slow
evaporation, favors for some polymers, the formation of uniform
layers. To guarantee good absorbance of the incident modulated
light on the steel substrates, its face on which the laser beam will
be impinged was previously covered with a very thin layer (10 μm
of aerosolized graphite (Ted Pella Inc.)) and then placed on top of
the PA cell.

Two types of polymeric films were studied: potato starch
biopolymers and PEDOT: PSS. Starch biopolymer films were
synthesized through the casting method. A homogeneous solu-
tion of 0.24 g of potato starch (Sigma-Aldrich) diluted in 30mL of
distilled and deionized water (DDW) was prepared and mixed
with different amounts of sorbitol (Sigma-Aldrich, 98%). This
mixture was heated and stirred at 40 °C and 400 rpm for

10min to homogenize it. Then, the temperature was increased
5 °Cmin�1 until reaching the starch gelation point at 80 °C.[21]

Sorbitol was used as a plasticizer, because it facilitates the
crosslinking between the main starch polymer chains.[22]

Three different sorbitol volume fractions (vf%) were tested,
0.6, 0.8, and 1 vf%.

PEDOT:PSS (1.3 wt% dispersions in water, Sigma-Aldrich)
was further diluted in water for 10%, 33%, and 55%. In order
to reach larger polymer fractions, PEDOT:PSS liquid samples
were also prepared using isopropyl alcohol (≥99.9%,
Fermont), obtaining samples of 60%, 70%, 80%, and 90%.

The illuminating beam was generated using a 100mW diode
laser at 633 nm (HL63163DG) modulated at constant frequency
( f= 7Hz), and sent onto the substrate, while monitoring the PA
signal on the illuminated side of the sample. The microphone
signal was sent into a lock-in amplifier (SR830), and the data
acquisition was made with a homemade LabVIEW-based pro-
gram (see Figure 5). When the PA signal was stable, starch-based
biopolymer (40 μL) or diluted PEDOT: PSS solutions (100 μL for
samples diluted in water and 50 μL for samples diluted in isopro-
pyl alcohol) were dropped on the steel substrate and the PA signal
was recorded as a function of time in a similar way reported by
Martínez–Torres et al.[14]

4. Result and Discussion

Figure 6 shows three typical results of the measurements of the
PA amplitude as a function of time, for each kind of system. The
dynamic evolution of the system can be very complex, due to its
dependence on the evaporation rate, changes in solute concen-
tration, and formation of meniscus and agglomerates, among
several others.[14] However, in general, the PA amplitude shows
a pattern, in such a way that when the liquid sample is initially
deposited, the signal decreases and remains almost constant ðTiÞ
up to a time at which a minimum appears. This minimum is
related to the thermal wave interference process occurring when

Figure 4. Schematic diagram of the PA cell.

Figure 5. Experimental arrangement used for the PA measurements.
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the thickness of the sample is of the order of the thermal diffu-
sion length μ ¼ ðα=πf Þ1=2.[23,24] Afterward, a sudden increase
occurs corresponding to the final stage of the evaporation
process. During the last stage, in which all the solvent nearly
evaporates, the film is formed, and the amplitude of the PA
signal becomes constant ðT f Þ.

In order to determine the thermal properties of the polymer
films, we only need to consider the difference ΔTN between the
final amplitude, when the polymer film is completely formed
(when the solvent is completely evaporated), and the initial
amplitude of the substrate without the liquid sample. The exper-
imental data will be analyzed using the exact and the approxi-
mated expressions given by Equation (4) and (6) respectively.

It is important to mention that our methodology provides the
real-time monitoring of the temperature when the film is grow-
ing. This implies changes on several factors including geometry
and thickness of the film as stated before. Evaporation of the sol-
vent can also produce other observable effects, due to the fact that
the pressure inside the PA cell depends on the nonmodulated
temperature of the cell.[5,7,25–27] However, in our case the evapo-
ration process is very slow, it takes several thousands of seconds.
Therefore, it is possible to reach the thermalization of the cell
with the ambient temperature and in consequence keeping
nearly constant the nonmodulated temperature of the PA cell.
In fact, performing experiments with solvents with fast evapora-
tion rates generates observable effects in the PA cell signal.
Having these restrictions in mind in our experiments, we
avoided those situations, using long evaporation solvents.
Additionally, in the methodology presented here, to determine
the thermal properties of the films, it is not necessary to consider
the changes in nonmodulated temperature and evolution of the
thickness of layer 2, because we only need to analyze the last
stage in which the evaporation of the solvent ended and the films
are formed and the nonmodulated temperature is stable.

Considering that our objective is to determine the thermal
properties of the polymer, the thickness of the final formed

samples was measured by analyzing the cross section of the sys-
tem sample-substrate using scanning electron microscopy
(SEM). To obtain these images, the polymer films were coated
with a layer of 170 nm of silver, which allows to prevent the peel-
ing off of the polymer film from the substrate, when the sample
is cut. Figure 7 shows representative SEM images of the polymer
films observing that the thicknesses are in the range of micro-
meters. The results indicate that the thickness of the PEDOT:
PSS film increases with the concentration of the solution.

Based on the cross section of the SEM images, it can be
inferred that the uncertainty on the thickness is around
0.5 μm. It is important to mention that the thermal expansion
can induce a change of the thickness of the formed film.
However, we took into account that in the final stage, we have
a two-layer system formed by a polymer film on a steel substrate,
with an estimated thermal expansion coefficient of around
2 � 10�4 K�1.[28] Due to the fact that the increase of the temper-
ature during the PA experiments, induced by the heating of the
laser light, is at the most a few centigrade degrees, the changes in
the thickness are much smaller than the uncertainty of 0.5 μm.
Interestingly according to our results, shown in Figure 6 and
Table 1, thinner samples produce smaller changes in ΔTN. It
can be inferred that, in our experiments, having thinner films
than 1 μm would hardly generate an observable change in ΔTN.

On the other hand, the substrate was characterized by X-ray
diffraction (XRD) analysis confirming that its crystal structure
corresponds to 304 stainless steel (Fe0.49Cr0.29Ni0.16C0.06; PDF
00-033-0397).[29] Therefore, it is possible to use the physical
properties of this material in our models (Equation (4) and (6)).
The thermal properties for this well-known material were
taken from the Materials Thermal Properties Database.[20]

These are α ¼ 3.68� 10�6m2 s�1, e ¼ 7631Ws1=2 m�2 K�1,
k ¼ 14.64Wm�1 K�1.

Based on these values, the first factor of Equation (6) depends
only on the parameters of the substrate and modulation
frequency (7 Hz), and therefore

Abs
4
e1

exp �2ð1þ iÞ l1
μ1

h i
1� exp �4ð1þ iÞ l1

μ1

h i
0
@

1
A ¼ 3.80� 10�4 Wm2 Ks�1=2

(7)

Hence, at first-order approximation in the thickness of layer 2,
Equation (6), becomes

ΔTN � 4ð1þ iÞ
ffiffiffiffiffi
πf

p
ρ2C2

l2
e1

⋅
expð�2σ1l1Þ

1� expð�4σ1l1Þ
(8)

Interestingly, this equation implies that the absolute value of
the temperature is mainly governed by the volumetric heat
capacity (ρ2C2) of layer 2, when this layer is very thin.

A special case occurs if the substrate (layer 1) was thermally
thin, where a further simplification could be done as

ΔTN ¼ σ2l2e2
σ1l1e1

¼ ρ2C2

ρ1C1

l2
l1

(9)

Additionally, from the data shown in Figure 3, the linear
approximation, stated in Equation (8), is clearly not followed

Figure 6. Normalized PA amplitude as a function of thickness for a starch
biopolymer, as well as for samples with 10% PEDOT:PSS diluted in water,
and 60% PEDOT:PSS diluted in isopropyl alcohol.
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when increasing the thickness of layer 2. Considering that our
samples are very thin, the analysis of the experimental data
was performed starting with the first order-approximation
(Equation (8)). As can be seen in Figure 8, the fitting using
the linear approximation is adequate and provided the values

of the volumetric heat capacities of PEDOT: PSS and starch
films, which agree with the values reported in the literature.[14,20]

Even though the fittings using Equation (8) are good, we wanted
to explore the viability of obtaining additional information from
our measurements. Therefore, we use the exact solution
(Equation (4)) to fit the experimental data, taking the thermal
effusivity as free parameter, considering that thermal diffusivity
would be in the order of 0.1� 10�6 m2 s�1. The data is also well
fitted (see Figure 8), providing a reasonable standard deviation
for the thermal effusivity (see Table 1). However, the range of
thickness studied is not enough to provide an unambiguous
and accurate process to determine the thermal diffusivity, but
only a rough estimation, which is related to the fact that the
thermal diffusion length of the thermal waves is much larger
than the thickness of the polymer films. This suggests that
the heat transport in films, of a few micrometers or less, is domi-
nated by the thermal contact between the substrate and the film.
In a more specific way, the temperature ΔTN is closely related to
the volumetric heat capacity and has minor dependence of the
thermal effusivity of the film.

PEDOT: PSS films grown in isopropyl alcohol show higher
values for the volumetric heat capacity than samples synthesized
in water. This behavior can be related to changes in the
microstructure generated by the different growth conditions,
which modify the way in which the PEDOT: PSS films store
heat.[18,30–32]

To understand the convergence of the series expansion
to approximate to the exact solution, the analysis of the
nonlinear approximation (Equation (6)) and the exact solution

Figure 7. Representative SEM images of cross section of the formed polymers after the solvent evaporation for a) 10% PEDOT: PSS diluted in water,
b) 60% PEDOT: PSS and c) 70% PEDOT:PSS both diluted in isopropyl alcohol, and d) starch biopolymer (1% sorbitol). SEM analysis was performed
using a field-emission microscope (FESEM-JEOL-7600F) with a LABE detector of 10.0 kV.

Table 1. Thermal properties for PEDOT:PSS and starch biopolymer films
obtained from the fitting properties of the experimental data presented in
Figure 8.

Concentration
[%]

ΔTN

(�0.001)
l2

(�0.5 � 10�6m)
ρ2C2 [�106 Jm�3K�1]

Using
Equation (8)

e2 [Ws1=2 m2 K�1]
Using

Equation (4)

PEDOT:PSS diluted in water

10% 0.020 2.0

33.3% 0.028 3.0 4.10� 0.38 900� 40

50% 0.056 5.5

PEDOT:PSS diluted in isopropyl alcohol

60% 0.012 1.0 4.54� 0.41 900� 90

70% 0.037 3.0

80% 0.090 8.0

90% 0.140 12.5

Starch-based biopolymer

0.8%, 0.6% 0.040 6.5

0.8%, 0.8% 0.050 8.0 2.49� 0.46 1100� 100

0.8%, 1.0% 0.084 13.5
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(Equation (4)) is performed, for both types of polymers. Equation (6)
corresponds to a second-order approximation, and it could be
expected that a reasonable result can be obtained for thin films.
The temperature difference for both solutions is presented in
Figure 9, as a function of the film thickness for starch and
PEDOT:PSS, taking the values αPEDOT∶PSS ¼ 4� 10�8 m2 s�1,

ðρCÞPEDOT∶PSS ¼ 4�106 Jm�3 K�1, αStarchBP ¼ 20.5�10�8 m2 s�1,
and ðρCÞStarchBP ¼ 2.49� 106 Jm�3 K�1. Figure 9 shows that the
difference between the exact and second-order approximation solu-
tion is notable even for small film thickness. This indicates that the
procedure that we have chosen, consisting of using the linear
approximation for very thin films and the complete equation to
fit the experimental data for the effusivity when the thickness is
slightly increased, is the right one. This is due to the slow conver-
gence of the series expansion. Additionally, the ranges of thickness
for the validity of the second-order approximation are wider in
starch than for PEDOT:PSS. As shown in Figure 9, a deviation
of 5% between exact and approximated curves for PEDOT:PSS
occurs at 15 μm of thickness, while for starch occurs up to
30 μm. This is related to the fact that the thermal diffusivity is
more than four times larger in starch than the value for
PEDOT:PSS.

Another remarkable aspect is that we use a low-modulation
frequency to perform our experiments, which guarantee
working in the thermally thin region. Therefore, the depen-
dence of the observed phenomena as well as the validity of
our approach when studying this type of process requires a
deeper analysis.

Figure 10 shows the comparison of the normalized tempera-
ture as a function of the film thickness using the approximated
Equation (6) and its comparison with the exact Equation (4), for
different values of the modulation frequency. It was assumed
that the thermal diffusivity of a polymer is typically around
10�8 m2 s�1, and the thermal effusivity is of the order of
1000Ws1=2 m2 K�1, while the values for 304 stainless steel were
taken from the literature.[20] It can be seen that the approximation
works well for low frequencies, for thickness up to around ten
μm, but it is only good for thickness of 1 μm or less for frequen-
cies of 20 Hz. This indicates that larger thermal diffusion lengths
provide better results. Additionally, when the frequency is
increased, the temperature difference (ΔTN) can become so

Figure 8. Normalized ΔT amplitude fitting as a function of thickness for
a) PEDOT: PSS diluted in water, b) isopropyl alcohol, and c) for the starch
biopolymer.

Figure 9. Comparison of normalized amplitude for PEDOT:PSS and
starch Biopolymer, for less than 5% of deviation in TN for increasing
thickness. Dashed lines represent the complete expression (Equation (4)),
and continuous lines correspond to our second-order approximation
(Equation (6)).
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small that it would be hardly measurable. We can infer that in
order to have a larger range of thickness and larger changes of
temperature, low frequencies can be more convenient. This is a
very singular behavior because for frequencies between 7 and
10Hz the thermal diffusion length is around 90 μm; however,
our approach indicates that we can easily detect layers of a
few μm. Moreover, the modulation frequency cannot be as small
as we want. It is important to remark that our approach is also
assuming 1D heat propagation, in consequence going to low-
modulation frequencies would involve 3D effects.[33,34] In this
sense, our approach must have a lower limit, which can be
obtained from the criterion given by d ≥ 10μ, where d is the
diameter of the laser spot and μ is the already defined thermal
diffusion length. In our case, the diameter of the laser spot is
3mm; therefore, for the thermal diffusivities of the analyzed pol-
ymers, we have that 10� 100 μm ¼ 1mm < 3mm, and the cri-
terion is fulfilled. However, for smaller frequencies, such as
0.5 Hz, the criterion is not satisfied.[14,32]

It is important to note that the methodology proposed in this
article provides as the main result the volumetric heat capacity.
For micrometric and thinner films, the proposed methodology is
not enough sensitive to the thermal conductivity/diffusivity.
Therefore, our technique can be even used for high-conductivity
micrometric films, such as metals or diamond ones. In
contrast, high-frequency methodologies, in which the film is illu-
minated, require very high frequencies, of the order of
tenths of MHz, for studying micrometric or submicrometric
high-thermal-conductivity films, with the consequent complica-
tions of the experimental methodology and data analysis.[25,33,34]

Additionally, our method does not require to know the optical
properties of the film and it can have a large roughness, because
we illuminate the substrate, not the film. These aspects make our
method much simpler, without complications of the experimen-
tal methodology and data analysis involved in high-frequency
techniques. In this sense, our technique provides results for a
wider range of thermal conductivity/diffusivities. However,
our approach allows the determination of the thermal diffusivity,
only through increasing film thickness, until the thermal
diffusion length is comparable to the film thickness, as shown
in Figure 10.

It is important to mention that the methodology can be
improved in two aspects, the first one by generating smoother
films by another growth technique, being able to get smaller
values of Δl2, providing more accurate values of the volumetric
heat capacity. A second possibility would be to increase the sen-
sitivity, to the presence of the formed polymer layers on top of the
substrate, by introducing a lighter gas than air inside the PA
chamber, which would allow to measure the required ΔTN
and determine the volumetric heat capacity of thinner films.[9,10]

Finally, it would also be interesting to develop the corresponding
analysis of heat transfer phenomena in multilayered systems in a
wide range of thickness of the layers to further explore the spatial
resolution of photothermal techniques.

5. Conclusion

In this article, the heat transfer in micrometric PEDOT: PSS and
starch polymer films grown on a steel substrate was monitored
using the PA technique. Our theoretical and experimental results
showed that the amplitude of the modulated temperature exhib-
its a nearly linear dependence on the thickness of the formed
film, when this thickness was under 10 μm. This dependence
allows to determine the volumetric heat capacity using a first-
order approximation of the theoretical expression of the modu-
lated temperature and to perform an estimation of the thermal
effusivity of the film when applying the nonapproximated expres-
sion of the theoretical expression.

According to our analysis, the optimal modulation frequency
of our technique is around a few Hz, keeping in mind that the
frequency cannot be too low because the 3D heat transfer effects
must be taken into account, but cannot be too high because, in
this case the temperature difference (ΔTNÞ would be too small
and in consequence hardly measurable. Our findings demon-
strate that thermal contrast is an effective method for analyzing
heat transfer in polymer films, when the sample is heated by illu-
minating the substrate on which the polymer is deposited. The
method, proposed in this article, enables the study of thermal
properties in thin films without the need for high-modulation
frequencies or prior knowledge of the film’s roughness or optical
properties.

Figure 10. Comparison of the thickness dependence between normalized temperature for exact equation (Compl, Equation (4)) and the approximated
expression (Approx, Equation (6)) for different frequencies. a) Thickness range from 0 to 50 μm and b) zoom-in from 27.4 to 37.5 μm.
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Appendix

Thermal properties used for numerical simulation of the
behavior of the modulated temperature for different polymers
are presented in Table A1.

A second-order series expansion was performed in the expo-
nential

expð�2σ2l2Þ ¼ 1� 2σ2l2 þ 2σ22l
2
2 þ : : : (A1)

The coefficient Rs is given by

Rs ¼
R21 þ 1� 2σ2l2 þ 2σ22l

2
2

1þ R21 � 2σ2l2R21 þ 2σ22l
2
2R21

(A2)

Rs ¼
1þ R21 � 2σ2l2 þ 2σ22l

2
2

1þ R21

� �
1

1� R21
1þR21

ð2σ2l2 � 2σ22l
2
2Þ

" #

(A3)

Applying a McLaurin approximation for the second factor, and
keeping in mind that

1
1�z � 1þ zþ z2 for z « 1, one obtains

Rs ¼ 1� 2σ2l2 � 2σ22l
2
2

1þ R21

� ��
1þ R21

1þ R21
ð2σ2l2 � 2σ22l

2
2Þ

þ R21

1þ R21

� �
2
2σ2l2 � 2σ22l

2
2ð Þ2

� (A4)

after some algebra and keeping only terms in σ2l2 up to the sec-
ond order

Rs ¼
�
1� 1� R21

1þ R21
2σ2l2 � 2σ22l

2
2ð Þ

þ � R21

ð1þ R21Þ2
þ R21

1þ R21

� �
2

� �
4σ22l

2
2

� (A5)

from which

Rs ¼ 1� 2
1� R21

1þ R21
σ2l2 þ 2

1� R21

1þ R21

� �
2
σ22l

2
2

� �
¼ 1� 2y þ 2y2

(A6)

where y ¼ 1�R21
1þR21

σ2l2 ¼ e2
e1
σ2l2

The expression in Equation (A6) can be inserted directly in
Equation (1)

T21 ¼
I

k1σ1

1þ ð1� 2y þ 2y2Þ ⋅ expð�2σ1l1Þ
1� ð1� 2y þ 2y2Þ ⋅ expð�2σ1l1Þ

� �
(A7)

T21 ¼
I

k1σ1

1þ expð�2σ1l1Þ � ð2y � 2y2Þ ⋅ expð�2σ1l1Þ
1� expð�2σ1l1Þ þ ð2y � 2y2Þ ⋅ expð�2σ1l1Þ

� �
(A8)

and after some algebra

T21 ¼
I

k1σ1

1þ expð�2σ1l1Þ � ð2y � 2y2Þ ⋅ expð�2σ1l1Þ
1þ expð�2σ1l1Þ

1� expð�2σ1l1Þ þ ð2y � 2y2Þ ⋅ expð�2σ1l1Þ
1þ expð�2σ1l1Þ

2
6664

3
7775

⋅
1þ expð�2σ1l1Þ
1� expð�2σ1l1Þ

� �
(A9)

where

T ref ðx ¼ 0, f Þ ¼ I
k1σ1

1þ expð�2σ1l1Þ
1� expð�2σ1l1Þ

(A10)

T21 ¼
1þ expð�2σ1l1Þ � ð2y � 2y2Þ ⋅ expð�2σ1l1Þ

1þ expð�2σ1l1Þ
1� expð�2σ1l1Þ þ ð2y � 2y2Þ ⋅ expð�2σ1l1Þ

1þ expð�2σ1l1Þ

2
6664

3
7775 ⋅ T ref

(A11)

from which

TN ¼
1� 2ðy � y2Þ ⋅ expð�2σ1l1Þ

1þ expð�2σ1l1Þ
1þ 2ðy � y2Þ ⋅ expð�2σ1l1Þ

1� expð�2σ1l1Þ
(A12)

and keeping in mind that 1
1þz � 1� zþ z2 for z « 1, one obtains

TN ¼ 1� 2ðy � y2Þ ⋅ expð�2σ1l1Þ
1þ expð�2σ1l1Þ

� �

�
�
1� 2ðy � y2Þ ⋅ expð�2σ1l1Þ

1� expð�2σ1l1Þ

þ 4ðy � y2Þ2 ⋅ expð�2σ1l1Þ
1� expð�2σ1l1Þ

� �
2
�

(A13)

after some algebra and keeping only terms in and up to the sec-
ond order it becomes

Table A1. Thermal properties of different of low-thermal-diffusivity
polymeric materials. In the last row the thermal properties of Al2O3 are
shown as a reference of a relatively high-thermal-diffusivity material.[20]

Material α

(�10�6m2 s�1)
ρC

(�106Jm�3 K�1)
e

(Ws1=2 m�2 K�1)

Ethyl vinyl acetate 0.03 2.76 478

Polystyrene 0.06 1.45 355

Natural rubber 0.07 1.95 516

Allyl cast resin 0.07 3.05 807

Lubricating oil 0.08 1.70 483

Bakelite 0.11 2.00 663

PMMA Poly (methyl
methacrylate)

0.12 1.72 596

Polyethylene
(medium density)

0.19 2.15 937

Polyimide resin 0.25 0.85 425

Al2O3 10.3 1.7 5456
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TN ¼ 1þ�4ðy � y2Þ ⋅ expð�2σ1l1Þ þ 4y2 ⋅ expð�4σ1l1Þ
½1þ expð�2σ1l1Þ� 1� expð�2σ1l1Þ½ �

þ 4y2
expð�2σ1l1Þ

1� expð�2σ1l1Þ
� �

2
(A14)

which can be simplified into

TN ¼ 1� y
4 ⋅ expð�2σ1l1Þ
1� expð�4σ1l1Þ

þ y2
4 ⋅ expð�2σ1l1Þ

½1� expð�2σ1l1Þ�2
(A15)

and keeping in mind that y ¼ σ2l2
e2
e1

TN ¼ 1� 4σ2l2
e2
e1

⋅
expð�2σ1l1Þ

1� expð�4σ1l1Þ

þ 4σ22l
2
2
e22
e21

⋅
expð�2σ1l1Þ

½1� expð�2σ1l1Þ�2
(A16)

which can be written in terms of temperature variation
ΔTN ¼ 1� TN as follows

ΔTN ¼ 4σ2l2
e2
e1

⋅
expð�2σ1l1Þ

1� expð�4σ1l1Þ
1� σ2l2

e2
e1

⋅
1þ expð�2σ1l1Þ
1� expð�2σ1l1Þ

� �
(A17)

ΔTN ¼ 4σ2l2
e2
e1

⋅
expð�2σ1l1Þ

1� expð�4σ1l1Þ
1� σ2l2

e2
e1

⋅ cothðσ1l1Þ
� �

(A18)

According to Equation (A18), ΔTN exhibits a substantially
linear behavior with the thickness l2. The nonlinear quadratic
effect is related to the term in square brackets and can be
neglected only if

jσ2l2
e2
e1

⋅ cothðσ1l1Þj � 1 (A19)

The extreme case occurs when the layer 1 is thermally thin,
and consequently cothðσ1l1Þ � 1=σ1l1 drastically increases. In
order to find the maximum thickness l2, which guarantees the
linearity, Equation (A19) should be replaced by the more strin-
gent one

σ2l2e2
σ1l1e1

¼ ρ2C2

ρ1C1

l2
l1
� 1 (A20)

In our experiment, given that ρ1C1 ¼ 4� 106 Jm�3 K�1

for 304� stainless steel, and since the quantity ρ2C2 falls also
in the same range, around some units of 1� 106 Jm�3 K�1for
most of the materials listed in Table 1 and A1, from
Equation (A20), we can conclude that nonlinear effects can be
definitively neglected if l2< l1= 100 μm.

In such a case, Equation (A18) can be truncated at the first
order as follows

ΔTN ¼ 4σ2l2
e2
e1

⋅
expð�2σ1l1Þ

1� expð�4σ1l1Þ

¼ ρ2C2l2 ⋅
4

ffiffiffiffiffiffiffiffiffi
2πif

p
e1

⋅
expð�2σ1l1Þ

1� expð�4σ1l1Þ

(A21)

showing a clear dependence only on the volumetric heat capacity.
Note that if the substrate were thermally thin a further simplifi-
cation could be done so that Equation (A21) eventually becomes

ΔTN ¼ σ2l2e2
σ1l1e1

¼ ρ2C2

ρ1C1

l2
l1

(A22)

X-ray diffraction spectrum of the substrate is shown in
Figure A1, confirming 304 stainless steel material,[29] with
characteristic peaks appearing at 2θ ¼ 43.59°, 50.75°, 74.63° :
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Figure A1. XRD pattern for 304 stainless steel substrates.
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