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Abstract. This paper presents the model of surface temperature variations, resulting 

from the photothermal effect induced in a “thin film – highly absorbing surface layer” 

structure, where the thin film is irradiated. The influence of the optical absorption 

coefficient and sample thickness on the induced temperature gradient is analyzed. It is 

shown that, depending on the product of these parameters (optical absorbance) in the 

described structure, the phenomenon of inverse temperature gradient can occur, further 

influencing the direction and the magnitude of thermoelastic displacement.   

Key words: Photothermal response, photoacoustic, thermoelastic bending, low-
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1. INTRODUCTION 

Interaction between the examined material and the excitation electromagnetic (EM) 
radiation is initiated by partial absorption of excitation energy, whereas a portion of it is 
converted into heat. This effect (of optical heating of the sample) is called the photothermal 
effect, and it represents the basis for a set of non-destructive material characterization 
methods (so-called photothermal methods), the most widely spread of which is photoacoustics 
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(Park et al., 1995; Rosencwaig and Gersho, 1975, 1976; Sablikov and Sandomirskii, 1983; Tam, 
1986; Vargas and Miranda, 1988).  

Photothermal (PT), and consequently photoacoustic (PA) techniques, are based on 
direct or indirect measurement of phenomena resulting from heat transfer processes in the 
examined material, whereas the most straightforward approach considers the examination 
of surface temperature variations of the sample (Popovic et al., 2018, 2021). Since these 
experimental techniques are considered model-dependent, their development largely 
involves the development and the analysis of theoretical-mathematical models which link 
physical processes in the examined material and the measured signal (Dramićanin et al., 
2000; Galovic et al., 2003, 2014; Galović and Dramićanin, 1999; Galovic and Kostoski, 
2003; Markushev et al., 2019; Nesic et al., 2016; Nesic, Galovic, et al., 2012; Nesic, 
Gusavac, et al., 2012; Popovic et al., 2021)(Aleksić et al., 2022; Djordjevic et al., 2022; 
Markushev et al., 2018, 2020; Popovic et al., 2009; Somer et al., 2013; Soskic et al., 2012, 
2016; Todorović, 2003; Todorović and Nikolic, 2000). 

The optimization of the model is pursued, where only dominant processes in the 
measurement range are to be accounted for, since more detailed models, which include 
(too) many low-influence processes, result in an imprecise determination of the examined 
structure parameters by inverse problem-solving (Nesic et al., 2018, 2019, 2020, 2022). 

In transmission PT/PA measurements, similar to other techniques (AFM, IR-
spectroscopy…), additional sample preparation may be required: coatings and layers with 
desired electronic, optical, or other properties are applied in order to protect the detector 
and/or to increase measurement SNR (Cruz and Gurevich, 1995; Medina et al., 2002; 
Muñoz Aguirre et al., 2000)(Astrath et al., 2010; Balderas-López et al., 2002; Mansanares 
et al., 1991; Ordóñez-Miranda and Alvarado-Gil, 2010). In this case, the examined sample 
is regarded as a multilayered structure. Experimental consideration and theoretical 
modeling of these systems, aimed at the characterization of thin films, require simultaneous 
consideration of the influence of all layers (Cabrera et al., 2015; Korte and Franko, 2015; 
Markushev et al., 2017; Ordonez-Miranda et al., 2022; Pawlak et al., 2020, 2021). 
However, in PT methods, the applied high-absorbance layer may be much thinner than the 
examined thin film, reducing its influence on the effect of the surface absorption heat 
source as the generator of the measured signal (Galovic et al., 2014; Markushev et al., 
2012; Nesic, Galovic, et al., 2012). This way, the required detector protection from the 
excitation laser radiation is achieved, but the information regarding the optical properties 
of the examined sample is lost.   

A special case, investigated in this paper, is “thin film – very thin optically opaque 
coating”, whereas the opaque coating (of high absorbance) is not irradiated directly but 
acts as a surface absorbent, i.e. it forms a surface heat source on the non-illuminated side 
of the sample. In this measurement position, the coating protects the detector in the 
transmission configuration, and it does not affect heat transfer but exerts influence on the 
distribution of optically generated heat sources within the sample. Optical properties of the 
sample affect the recorded signal due to the formation of volumetric heat source, induced 
by the EM energy absorption in the sample, which is experimentally confirmed and 
published result (Miletic et al., 2020, 2022). 

In this paper, a theoretical model describing surface temperature variations in the 
structure defined above is presented. The influence of optical absorption on temperature 
gradient is examined. Depending on the product of the optical absorption coefficient and 
sample thickness (optical absorbance), it is shown that an inverse temperature gradient may 
occur, affecting the direction and magnitude of thermoelastic displacement. 
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2. THEORETICAL MODELING 

PT effect results in heat transfer through the optically excited sample and, thus, space 

distribution of temperature change within its boundaries is induced. Consequently, a 

temperature gradient is formed inside the sample, which can cause its thermoelastic bending. 

This gradient, considering the small thickness of the sample, can be approximated by the 

relation of temperature variations at the surfaces of the sample.  

The geometry of the problem in transmission PT experimental configuration is presented in 

Figure 1: 

 
Fig. 1 Experimental set-up: surface absorbent with coating on the non-illuminated side in 

transmission configuration 
 

The sample is exposed to intensity-modulated optical EM radiation: 

 𝐼(𝑥, 𝑡) =
𝐼0

2
(1 + cos 𝜔𝑡), (1) 

where I0 is the intensity of the excitation beam at the surface of the sample, given in [W/m2], 

ω is the rotational frequency (𝜔 = 2𝜋𝑓), given in [s-1]. Absorption of incident energy, in 

general, is described by Beer – Lamber’s law: 

 𝐼𝑎𝑏𝑠(𝑥) = (𝐼0/2)𝑒−𝛽𝑥(1 + cos 𝜔𝑡), (2) 

where β signifies the coefficient of optical absorption of the medium, given in [m-1]. 

The generation of heat sources in the volume of the sample is described as: 

 𝑆(𝑥, 𝑡) = −𝜂
𝜕𝐼𝑎𝑏𝑠(𝑥,𝑡)

𝜕𝑥
. (3) 

Based on expressions 2 and 3, for the structure presented in Figure 1, generated heat 

sources can be described as in the following expression: 

 𝑆(𝑥, 𝑡) =
𝐼0

2
[𝜂𝛽𝑒−𝛽𝑥 + 𝑒−𝛽𝑙𝛿(𝑥 − 𝑙)] ∙ [1 + cos 𝜔𝑡], (4) 

where η represents the quantum coefficient of conversion of incident energy into heat.  

Temperature distribution inside the sample can be expressed as: 

 Т(𝑥, 𝑡) = 𝑇𝑎𝑚𝑏 + 𝜃(𝑥) + 𝜗(𝑥, 𝑡), (5) 

where Tamb is the temperature of the environment, θ(x) is the temperature component 

variable in space, while υ(x,t) represents the temperature component variable in both space 

and time – the direct consequence of the PT effect.  
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Given the fact that only the temporal temperature component is of relevance in 

measurements, the distribution of this dynamic temperature variation can be determined by 

solving the following system of equations: 

 [𝑘
𝜕2

𝜕𝑥2 − 𝜌𝐶𝑃 (
𝜕

𝜕𝑡
+ 𝜏

𝜕2

𝜕𝑡2)] 𝜗(𝑥, 𝑡) = − (1 + 𝜏
𝜕

𝜕𝑡
) 𝑆(𝑥, 𝑡), (6) 

 (1 − 𝜏
𝜕

𝜕𝑡
) 𝑞(𝑥, 𝑡) = −𝑘

𝜕𝜗(𝑥,𝑡)

𝜕𝑡
, (7) 

with zero boundary conditions (considering air as a much worse heat insulator in 

comparison to the sample): 

 𝑞(0, 𝑡) = 0, (8) 

 𝑞(𝑙, 𝑡) = 0. (9) 

In expressions (6-9), k stands for heat conductivity given in [W/(mK)], CP is volumetric 

heat capacity given in [J/(m3K)], DT=k/CP represents heat diffusivity given in [m2/s], and 

τ is thermal relaxation time given in [s].  

The system of partial differential equations is Fourier-transformed into the system of 

linear non-homogenous differential equations, which takes its form (in the complex 

domain) as:  

 
𝑑2�̃�(𝑥)

𝑑𝑥2 − �̃�2�̃�(𝑥) = −
1+𝑗𝜔𝜏

𝑘

𝐼0

2
𝜂𝛽𝑒−𝛽𝑥 , (10) 

 �̃�(𝑥) = −
1

�̃�𝑠𝑧𝑐

𝑑�̃�(𝑥)

𝑑𝑥
, (11) 

with boundary conditions: 

 �̃�(0) = 0, (12) 

 �̃�(𝑙) =
𝐼0

2
𝑒−𝛽𝑙 , (13) 

where parameter  �̃� represents the complex coefficient of heat propagation, and �̃�𝑐 represent 

heat impedance, both of which are given as: 

 �̃� = √
𝑗𝜔(1+𝑗𝜔𝜏)

𝐷𝑇
, (14) 

 �̃�𝑐 =
√𝐷𝑇

𝑘
√

1+𝑗𝜔𝜏

𝑗𝜔
. (15) 

Herein, �̃�(𝑥) i �̃�(𝑥) denote complex expressions for dynamic temperature variation and 

heat flux: 

 𝜗(𝑥, 𝑡) = 𝑅𝑒{�̃�(𝑥)𝑒−𝑗𝜔𝑡}, (16) 

 𝑞(𝑥, 𝑡) = 𝑅𝑒{�̃�(𝑥)𝑒−𝑗𝜔𝑡}. (17) 

Solving the system of differential equations defined above, final expressions for surface 

temperature variations of the examined sample are obtained: 

 𝜗(0) =
𝐼0𝑧𝑐

2∙sinh (𝜎𝑙𝑠)
∙

1

𝜎2−𝛽2 ∙ [𝜎𝛽 sinh(𝜎𝑙𝑠) − 𝛽2 cosh(𝜎𝑙𝑠) + 𝜎2𝑒−𝛽𝑙𝑠], (18) 

 𝜗(𝑙𝑠) =
𝐼0𝑧𝑐

2∙sinh (𝜎𝑙𝑠)
∙

1

𝜎2−𝛽2 ∙ [−𝛽2 + (𝜎𝛽 sinh(𝜎𝑙𝑠) + 𝜎2 cosh(𝜎𝑙𝑠))𝑒−𝛽𝑙𝑠]. (19) 
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3. RESULTS AND DISCUSSION 

In theoretical considerations, Poly-L-lactide (PLLA) with the following properties, 

listed in Table 1, was used. The value of the coefficient of absorption, β, is varied with 

respect to the way of preparation of PLLA thin film, which also determines its level of 

crystallinity (Miletic et al., 2020). The thickness of the thin opaque coating (absorption 

layer) is considered much smaller, while its coefficient of optical absorption is considered 

much higher in comparison to the same properties of the examined PLLA. The quantum 

conversion coefficient is considered equal to one, aiming at computational simplicity. 

Table 1 Examined material properties 

Parameter Value 

k [
𝑊

𝑚𝐾
] 0.13 

DT [× 10−8 𝑚2

𝑠
] 5.8 

β [
1

𝑚
] 500 – 9000 

ls [× 10−6𝑚] 30 – 300 

Changing the sample thickness at fixed values of β, the following surface temperature 

variation characteristics are acquired (Figure 2): 

 
(a) (b) 

Fig. 2 Variation of ls = (10,15,30,60,100,300) µm at fixed value of β = 1000 m-1 

With regard to the amplitude characteristics, at a fixed value of the optical coefficient 

of absorption (β = 1000 m-1), the increase in sample thickness (ls) results in a slight 
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temperature variation decrease at the non-illuminated side (dotted lines). On the other hand, 

at the illuminated side, a considerable shape alteration (full lines) can be observed: firstly, 

a well-defined local minimum point is shifted towards lower frequencies, simultaneously 

becoming less and less pronounced, while a new local minimum point emerges (always at 

lower frequency); and secondly, the line becomes more and more flat and monotonously 

decreasing. Its final shape is given in the full black line of Figure 2-a.  

With regard to the phase, the increase in sample thickness results in the increase of 

slope at the non-illuminated side (in a limited frequency range), but also in the shift towards 

lower frequencies of the point where phase lines get asymptotically close. On the other 

hand, at the illuminated side (similarly to the behavior of the amplitude characteristic), a 

local minimum is shifted towards lower frequencies while becoming less pronounced, at 

the same time.  

Overall, looking at Figure 2, it can be observed that the increase in sample thickness 

results in more flat, monotonously decreasing amplitude lines of constant slope (depending 

on the side of the sample) at all modulation frequencies. The lines lose peculiarities, such 

as local minima and/or turning points, and become parallel to each other. Phase lines also 

become monotonous and get asymptotically close.  

It is also important to note that, with the increase of sample thickness, a phenomenon 

of temperature gradient inversion occurs (the intensity of surface temperature variations at 

the non-illuminated side of the sample becomes higher in comparison to the illuminated 

side), which is not the case for thin samples at low modulation frequencies.  

In Figure 3 amplitude and phase characteristics of surface temperature variations at 

illuminated and non-illuminated sides of the sample are presented at two thickness levels: 

ls = 300µm (a,b) and ls = 30µm (c,d), for a wide range of coefficient of optical absorption 

(β=500-9000 m-1).  

At ls = 300 µm, with regard to amplitude (Figure 3-a), the decrease of β results in the 

increase of temperature variation at the non-illuminated and the increase at the illuminated 

side of the sample. At the high value of β = 9000 m-1, there exists a frequency above which 

the effect of temperature gradient inversion takes place, however with its decrease (β < 

6000 m-1), this effect is present in the whole frequency range. 

At ls = 30 µm (Figure 3-c), the influence of β alteration is more observable at the 

illuminated surface and high frequencies, while at low frequencies it is lost completely at 

both sides. At the lowest frequencies, the lines get asymptotically close, i.e. surface 

temperature variations at both surfaces become equal and, consequently, the temperature 

gradient becomes zero. Also, the decrease of β results in the soothing and shifting towards 

higher frequencies of a local minimum, until it becomes completely lost, while at the same 

time, at a certain (fixed) modulation frequency, another local minimum point is formed. 

The decrease of temperature variation at the non-illuminated side is more easily 

observable at higher sample thickness, (Figure 3-a, ls = 300 µm, in comparison to Figure 3-

c, ls = 30 µm). Also, the lines are distinctly separated, i.e. there exists a temperature gradient 

in the whole frequency range (in comparison to the lower thickness, where lines get 

asymptotically close at low frequencies, and thus the temperature gradient is negligible).  

With regard to the phase lines, at both surfaces, they tend to get asymptotically close, 

although at high thickness the effect of β alteration is more easily observable (in 

comparison to thinner sample, Figures 3-b and 3-d). With the increase of β, on the irradiated 

side, certain soothing of the local minimum occurs, but its position on frequency axes 

remains the same. At lower frequencies, the slope of lines is dependable on the coefficient 
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of optical absorption. Also, with the increase of β temperature variation phase on the 

irradiated side increases and on the non-irradiated side decreases, similar to amplitude 

lines, which is more notable at higher thickness levels. 

 

Fig. 3 Influence of varying β (500,1000,1500,3000,6000,9000) m-1 at two levels of ls 

(300 µm,30 µm) 
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The effect of temperature variation inversion, and consequently the temperature 

gradient inversion, at low thickness levels, is present in the whole range of modulation 

frequencies. Also, one can note that this effect increases with the decrease of the optical 

absorption coefficient. 

Based on amplitude characteristics of surface temperature variations presented in 

Figures 2 and 3, it can be concluded that at the high thickness level of the sample, along 

with a simultaneous increase in the coefficient of optical absorption, the effect of the 

inversion of surface temperature variations takes place at least in one region of modulation 

frequency range. Since, in theoretical modeling, sample thickness and the coefficient of 

optical absorption figure in the form of a product (in several instances), the whole model 

can be transformed in a way that this product is separately accounted for, in the form of a 

parameter. This parameter is known as the absorbance of the sample, e1, and is given in 

the following form: 

 𝑒1 = 𝛽𝑙𝑆, (20) 

while the introduction of the replacement parameters: 

 𝑎 = 𝜎𝑙𝑆, (21a) 

 𝑃1 =
𝑆0𝑧𝐶𝐹

sinh (𝑎)
∙

1

𝑎2−𝑒1
2,  (21b)  

transforms the expressions (18) and (19) into the following form: 

 𝜗(0) = 𝑃1(𝑎𝑒1 sinh 𝑎 − 𝑒1
2 cosh 𝑎 + 𝑎2𝑒−𝑒1), (22) 

 𝜗(𝑙𝑆) = 𝑃1[−𝑒1
2 + (𝑒1𝑎 sinh 𝑎 + 𝑎2 cosh 𝑎)𝑒−𝑒1]. (23) 

 

 
(a) (b) 

Fig. 4 The influence of different values of absorbance (e1) on amplitude (a) and phase (b) 

of surface temperature variations of the examined sample 
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The noted effect of temperature (variation, but also the gradient) inversion as the function 

of e1 can be illustrated in Figure 4. The minimum value of absorbance when the inversion of 

temperature gradient occurs (at lowest frequencies) is e1_min = 1.8, while its value when the 

phenomenon is present in the whole frequency range is approximately e1 = 5.4. 

Temperature gradient induced by the photothermal effect results in thermoelastic 

bending of the examined sample. In theoretical and experimental papers dealing with the 

PA response of similar systems, a negative temperature gradient has been reported and 

modeled (Figure 5-a) at various modulation frequencies. However, in papers dealing with 

piezoelectric PA spectroscopy (Maliński et al., 2007; Zakrzewski et al., 2017), the 

phenomenon of temperature gradient inversion has been reported as the consequence of 

the alteration of the optical coefficient of absorption resulting from the change in excitation 

EM radiation wavelength (excitation energy) (similar to the effect obtained in this work, 

only depending on the modulation frequency) which also leads to the change in the 

direction of thermoelastic bending (Figure 5-b). In contrast to piezoelectric spectroscopy, 

in modulation frequency–based methods (photoacoustics, PT diffraction, and deflection), 

the effect of temperature gradient inversion can be present in the whole measurement range, 

depending on the sample absorbance. 

 

  
(a) (b) 

Fig. 5 Influence of temperature gradient on the thermoelastic displacement of the sample, 

as a function of the position of the coating (illuminated – a, non-illuminated – b) 

CONCLUSION 

Detailed analysis of the model has proven that in thin samples with surface absorption 

of incident EM radiation at a non-illuminated surface and a certain value of optical 

absorption coefficient, the phenomenon of temperature gradient inversion occurs. Given 

that thermoelastic displacement is proportional to this gradient, the conclusion is derived 

that the described gradient change can result in the oscillation of the sample in the direction 

opposite to the usual case (of surface absorbent on the illuminated side).  

The occurrence of the borderline case, where in one part of the modulation frequency 

range the inversion is not present while in the rest of the range it exists, depends on the 

coefficient of optical absorption, but also the thickness of the sample.  

All of the above indicates the necessity of further theoretical and experimental exploration 

of the influence of thermoelastic bending on the photoacoustic response of the samples with 

low levels of absorbance in the configuration “illuminated sample – optically opaque 

coating”, aimed at determination thermal, elastic and optical properties by methods based on 

PA response measurement. 
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UTICAJ OPTIČKOG APSORBERA POSTAVLJENOG  

NA NEOBASJANU POVRŠINU TANKOG FILMA NA 

TEMPERATURNI GRADIJENT INDUKOVAN 

FOTOTERMALNIM EFEKTOM 

U radu je prikazan model koji opisuje površinske temperaturske varijacije nastale kao posledica 

fototermalnog efekta u strukturi tanki film – prevlaka sa visokim koeficijentom optičke apsorpcije, 

gde je obasjan tanki film. Analiziran je uticaj koeficijenta optičke apsorpcije i debljine uzorka na 

indukovani gradijent temperature. Pokazano je da u zavisnosti od proizvoda koeficijenta optičke 

apsorpcije i debljine uzorka (apsorbanse uzorka), u takvoj strukturi može doći do formiranja 

inverznog temperaturskog gradijenta, što utiče na smer i veličinu termoelastičnog pomeraja.  

Ključne reči: Fototermalni odziv, fotoakustika, termoelastično savijanje, uzorci niske apsorbanse 


