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A B S T R A C T

Strain-induced variation of the refractive index is the main mechanism of strain detection in photoacoustic
experiments. However, weak strain-optic coupling in many materials limits the application of photoacoustics
as an imaging tool. A straightforward deposition of a transparent thin film as a top layer has previously been
shown to provide signal enhancement due to elastic boundary effects. In this paper, we study photoacoustic
signal formation in metal covered by thin transparent films of different thicknesses and demonstrate that in
addition to boundary effects, the photoacoustic response is affected by optical effects caused by the presence
of the top layer. The interplay of optical effects leads to a complex temporal signal shape that strongly depends
on the thickness of the thin film.
. Introduction

For the purpose of nanoscale imaging and detection through op-
ically opaque materials, high-frequency ultrasound can become an
ntermediate carrier of information about buried nanostructures [1–
]. As sound frequencies on the order of several hundred gigahertz
orrespond to an acoustic wavelength of only tens of nanometers in
ost materials, such acoustic waves may be used for high-resolution

maging [3–5]. Probably the most straightforward way to generate such
igh frequency acoustic waves is to irradiate the sample of interest
ith ultrafast laser pulses [6]. Due to rapid local heating caused by the
ump laser pulse absorption, the area of the sample near the surface
ndergoes thermal stress which becomes a source of acoustic (strain)
aves. These strain waves propagate longitudinally into the sample and
re reflected from any internal interfaces or structures. The resulting
coustic echoes cause refractive index variations near the surface of
he sample that can be detected by a time-delayed probe laser pulse
Fig. 1(a)). The imaging or detection of internal structures of the sample
f interest can be done by investigating the probe reflectivity change
𝑅∕𝑅0 dependance on the pump-probe delay [1–3].

A weak strain-optic coupling in many materials and low strain
mplitudes of laser-induced strain pulses lead to a very low reflectivity
hange obtained in experiments. To achieve a satisfactory signal-to-
oise ratio, the measurement time needs to be long, limiting the
pplication of photoacoustics in industry. Improving signal levels by
ncreasing pump pulse energy is limited by the finite optical damage
hreshold of materials. In general, strategies to increase signal ideally

∗ Corresponding author at: Advanced Research Center for Nanolithography (ARCNL), Science Park 106, Amsterdam, 1098 XG, The Netherlands.
E-mail address: s.witte@arcnl.nl (S. Witte).

result in a stronger coupling between the strain wave and the probe
light. Therefore, a detailed understanding of such photoelastic interac-
tions is important, and provides a route towards signal optimization
and the design of improved photoacoustic transducers. Furthermore,
in many applications the strain generation does not take place at the
surface of a structure, but at the interface between an opaque material
and a transparent coating layer. In such cases, the generated strain may
travel into the transparent layer, resulting in additional photoacoustic
signal contributions such as Brillouin oscillations and vibrations of
transparent layer interfaces [7–12]. A specific approach to increasing
detection sensitivity is to add a partial reflector above the material
under study, forming a Fabry–Perot resonator that can be designed to
strongly enhance the optical response to strain variations [13]. Here,
we study the photoacoustic response of metals covered by transparent
thin films with a thickness at or below the spatial extent of the strain
pulse. Such stack configurations are found in various applications,
ranging from precision optical coatings to photoresists in nanolithogra-
phy. The use of photoacoustic metrology in such applications requires
a detailed understanding of the signal formation in the presence of
thin transparent films. In previous experiments, we observed signal
enhancements in such a geometry [14]. We now investigate the origin
of this enhancement, and identify several contributions to the pho-
toelastic interaction. The interplay between these effects results in a
complex temporal response, with signals that differ considerably from
the characteristic Brillouin oscillations observed in thicker transparent
layers.
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Fig. 1. The schematic of the acoustics generation and detection process in a single
opaque layer (a) and a sample with a transparent top layer (b).

In the presence of a transparent layer, the total 𝛥𝑅∕𝑅0 signal is
made up of three contributions: a thickness change of the transpar-
ent layer, strain-induced refractive index variations in the transparent
layer, and strain-induced refractive index variations in the opaque layer
(Fig. 1(b)). For small changes of reflectivity, the total 𝛥𝑅∕𝑅0 signal can
be treated as a linear sum of these three contributions. An additional
effect is that in the presence of a transparent top layer, the 𝛥𝑅∕𝑅0
variation due to strain in the opaque layer itself will be different. We
call this difference an optical coating effect of the transparent layer.
Depending on material parameters such as strain-optic coupling and
nominal refractive index, and the thickness of the transparent layer,
the 𝛥𝑅∕𝑅0 signal can be dominated by either of the three mentioned
effects, leading to significant variations in signal shape and amplitude.

The deposited transparent top layer acts as a Fabry Perot interfer-
ometer (FPI) attached to the sample. When the strain wave returns
to the sample surface it causes changes in FPI parameters, affecting
the 𝛥𝑅∕𝑅0 signals. An FPI-based detection system can significantly
enhance detection sensitivity when designed for that purpose [13].
In our configuration, the strain wave propagates through the entire
‘interferometer’. Furthermore, FPI-type sensors are used for ultrasonic
detection [15,16] and photoacoustic imaging in biomedicine [17].
However, in biomedical applications, the optical pump pulse usually
propagates into the sample and is absorbed by internal features of
interest. Those features become sources of strain waves which are then
detected on the sample surface. Also in that application, the FPI sensors
themselves have no effect on the generation process of strain waves.
Conversely, in our case, both the generation and detection of strain
waves happen near the surface of the sample and any modification of
the surface also influences strain generation.

2. Theoretical model

To study the process of strain waves generation and detection in
bi-layered structures, we use a physical model based on earlier work
of our group [18]. Since the pump illumination area is typically much
larger than both the total thickness of a sample and generated strain
wavelength, we neglect any diffraction effects and only consider a
one-dimensional problem.

Physical samples are fabricated by sequential deposition of poly(me-
thyl methacrylate) (PMMA), metal, and transparent layers onto glass
substrates (see Section 3). The measured time delay range is signifi-
cantly smaller than the acoustic roundtrip time in the PMMA layer.
Thus, the simulation domain excludes glass substrates considering a
three-layer structure with free surfaces.

The model consists of a set of differential equations that we solve
numerically using the finite-difference time-domain (FDTD) method
[19–22].

2.1. Generation of strain waves

Strain waves are generated due to the thermoelastic effect after a
rapid lattice temperature increase [6,23]. To calculate lattice temper-
ature evolution we use a hyperbolic two-temperature model [24–26]
2

Fig. 2. Standard linear solid model. Total stress is splitted into restoring 𝜎𝑟𝑒, viscous
𝜎𝑣, and thermal 𝜎𝑡ℎ components. Restoring stress comes from restoring force due to
body deformation. Viscous stress emulates friction forces due to rate of strain. Thermal
stress originates from the change of lattice temperature.

described by the following coupled equations

𝐶𝑒(𝑇𝑒)
𝜕𝑇𝑒
𝜕𝑡

+
𝜕𝑄𝑒
𝜕𝑧

= −𝐺(𝑇𝑒 − 𝑇𝑙) + 𝑆(𝑧, 𝑡), (1)

𝜏𝑒
𝜕𝑄𝑒
𝜕𝑡

+𝑄𝑒 = −𝑘𝑒(𝑇𝑒, 𝑇𝑙)
𝜕𝑇𝑒
𝜕𝑧

, (2)

𝐶𝑙
𝜕𝑇𝑙
𝜕𝑡

= 𝐺(𝑇𝑒 − 𝑇𝑙), (3)

where 𝑇𝑒 and 𝑇𝑙 are the electron and lattice temperature respectively,
𝑄𝑒 is the electron heat flux, 𝐶𝑒 and 𝐶𝑙 are the electron and lattice heat
capacity, 𝑘𝑒 is the electron thermal conductivity, 𝜏𝑒 is the electron re-
laxation time, 𝐺 is the electron–phonon coupling constant, and 𝑆 is the
source defined by pump light absorbed power density. The temperature
dependences of 𝐶𝑒 ∝ 𝑇𝑒 and 𝑘𝑒 ∝ (𝑇𝑒∕𝑇𝑙) are included [26,27]. Values
for 𝐶𝑒 and 𝐺 are taken from [27], and for 𝑘𝑒 from [28]. The electron
relaxation time is theoretically calculated as 𝜏𝑒 = 3𝑘𝑒∕𝑣2𝐹𝐶𝑒 [29], where
𝑣𝐹 is the Fermi velocity. The temperature dependence of 𝜏𝑒 is neglected.

The two-temperature model is sufficient to describe ultrafast ther-
modynamics in metals. In dielectrics the heat conductivity is deter-
mined by heat transfer via the lattice, which is much weaker than
via free electrons in metals [30]. We therefore exclude heat transport
effects in the top dielectric and bottom PMMA layers. Also, since the
dielectric layers are not absorptive for the pump wavelength used in
our experiments, the strain generation is localized within the metal
layer. Thus, temperature dynamics are only considered in a metal
film with thermal-insulation boundary conditions 𝑄𝑒 = 0 applied to
the dielectric-metal and metal-substrate interfaces, and initial condit-
ions:

𝑇𝑒(𝑧, 𝑡 = 0) = 𝑇𝑙(𝑧, 𝑡 = 0) = 300 K, 𝑄𝑒(𝑧, 𝑡 = 0) = 0. (4)

2.2. Propagation of strain waves

To simulate the propagation of strain waves including viscous
damping, we use the theory of linear elasticity in combination with
a standard linear solid (SLS) model [31,32]. A graphical representation
of the model is shown in Fig. 2. The stress–strain relation equations
for the depicted SLS model together with equations of motion form a
phenomenological model of a viscoelastic system:

𝜎𝑟𝑒 = 𝑀𝜀, (5)

𝜎𝑣 = −𝜏
𝜕𝜎𝑣
𝜕𝑡

+ 𝜂 𝜕𝜀
𝜕𝑡

, (6)

𝜎𝑡ℎ = −3𝐾𝛼𝛥𝑇𝑙 , (7)
𝜕𝜀
𝜕𝑡

= 𝜕𝑣
𝜕𝑧

, (8)

𝜌 𝜕𝑣
𝜕𝑡

= 𝜕
𝜕𝑧

(

𝜎𝑟𝑒 + 𝜎𝑣 + 𝜎𝑡ℎ
)

, (9)

where 𝜎𝑟𝑒, 𝜎𝑣 and 𝜎𝑡ℎ are restoring, viscous and thermal stress respec-
tively, 𝜀 is the strain, 𝑣 is the velocity, 𝜌 is the mass density, 𝑀 is the
P-wave modulus, 𝐾 is the bulk modulus, 𝛼 is the thermal expansion



Photoacoustics 38 (2024) 100617M. Illienko et al.
coefficient, 𝜏 is the phenomenological relaxation time, 𝜂 is the phe-
nomenological bulk viscosity. The thermal stress 𝜎𝑡ℎ forms a source
of strain waves, which is included in the model as a thermoelastic
effect [6]. The initial conditions for Eqs. (5)–(9) imply zero values of
stress, strain, and velocity. Edge boundaries are considered to be free
corresponding to zero stress at the front surface of the transparent
layer and the back surface of the PMMA layer. Interlayer boundary
conditions suggest the continuity of stress and velocity across material
interfaces. In numerical calculations, interlayer boundaries are satisfied
by harmonic and arithmetic averaging of elastic moduli and densities
at material discontinuities [21,22].

2.3. Detection of strain waves

The strain waves give rise to a change in reflectivity through the
photoelastic effect. For a one-dimensional problem and longitudinal
strain waves the change of permittivity is

𝛥𝜖𝜀 = −𝜖2𝑃12𝜀, (10)

where 𝜖 is the nominal permittivity and 𝑃12 is the component of
the complex photoelastic tensor. In our case, it is more convenient
to consider changes in a refractive index rather than in a dielectric
permittivity. Thus, from Eq. (10) we get

𝛥𝑛𝜀 =
𝜕𝑛
𝜕𝜀

𝜀, (11)

where 𝜕𝑛∕𝜕𝜀 = −𝑃12𝑛3∕2 is the strain-optic coefficient. From now
we will use the term strain-optic effect instead of photoelastic effect,
meaning that strain induces changes in a refractive index.

In general, refractive index changes can also result from variations
in electron and lattice temperature. The rise of lattice temperature in
our experiments is only in the order of tens of degrees Kelvin. Thus, the
refractive index change can be approximated by a linear relationship
with respect to the lattice temperature increase:

𝛥𝑛𝑇𝑙 =
𝜕𝑛
𝜕𝑇𝑙

𝛥𝑇𝑙 . (12)

Conversely, in the first several femtoseconds after pump absorption,
the electron temperature typically increases by several hundred or
even thousand K. Such a significant temperature variation can lead
to a non-linear response of the refractive index. This behavior can be
very complicated and strongly depends on the material. The time for
electrons and lattice to reach thermal equilibrium is typically less than
1 ps [26]. In our simulations, considering the temperature dependence
of heat capacity and diffusion, this thermalization time does not exceed
5 ps. Since we are mainly interested in acoustic phenomena at later time
delays, we exclude electron thermo-optic effects from our model. The
total change of refractive index due to strain and thermo-optic effect is
then defined as 𝛥𝑛 = 𝛥𝑛𝜀 + 𝛥𝑛𝑇𝑙 .

To solve Eqs. (1)–(3) and (5)–(9) numerically, a stratified thin film
medium is considered. Thus, the whole medium is a stack of thin layers
of different refractive index. We calculate the reflectivity of such a stack
with the transfer matrix method [33]. In addition, the thickness change
of each individual layer due to strain is considered.

3. Experimental setup and samples

Experiments were performed with a setup developed in our group
[34], which incorporates the pump-probe technique via modulated
asynchronous optical sampling. The schematic of the setup is shown
in Fig. 3. The pump source is an Ytterbium-doped fiber laser operat-
ing at 1030 nm wavelength, generating pulses with 180 fs duration at
50MHz repetition rate (Menlo System Orange). The probe source is
the frequency-doubled output of an Erbium-doped fiber laser at 780 nm
wavelength, which emits 70 fs pulses at 100MHz repetition rate (Menlo
System C-Fiber 780). The probe pulses can be further upconverted
to a wavelength of 390 nm through second harmonic generation in
3

Fig. 3. Simplified schematic of the experimental setup used for time-resolved photoa-
coustic spectroscopy. See main text for details.

a beta-barium borate (BBO) crystal. The pump laser is electronically
synchronized to the free-running probe laser, and the pump-probe delay
can be tuned by adding a controlled offset to the pump laser repetition
frequency [35].

Both pump and probe laser beams are collinearly focused by a
microscope objective (Olympus LUCPLFLN20X, x20, N.A. 0.45) onto
the sample surface. The reflected probe beam is filtered by a dichroic
mirror and detected in one of the ports of a multimode fiber-coupled
balanced detector (500MHz, Femto HBPR), with a reference beam
straight from the probe laser in the other port. The detector signal is
then amplified by a lock-in amplifier (Zurich Instruments UHFLI) at
50MHz demodulation frequency.

We use 780 nm and 390 nm probe light to measure strain-induced
reflectivity change in aluminum and gold, respectively. Different probe
wavelengths are used to maximize strain-optic coupling in a particular
material.

The experimental samples were fabricated on glass coverslips (bor-
osilicate 0.5mm). To reduce losses of strain waves due to coupling
into the glass substrate, a layer of 1 μm-thick PMMA layer was first
deposited by spin coating. PMMA has a significantly lower acoustic
impedance than the metals used in our experiments. Thus, a strain wave
that propagates to the rear side of the metal layer is strongly reflected
from the metal-PMMA interface. The metal layers (gold and aluminum)
and transparent layers of varying thickness (Al2O3) were deposited by
electron beam physical vapor deposition (E-Flex, Polyteknik).

4. Results and discussion

4.1. Photoacoustic signals in aluminum films

Fig. 4(a) shows the reflectivity change due to laser-induced strain
waves in a 170 nm thick aluminum film with Al2O3 top layer. The first
echo reaches the front surface around 50 ps after the pump excitation,
causing a dip in the reflectivity curves. This dip repeats approximately
every 50 ps corresponding to the roundtrip time in this Al2O3/aluminum
structure. At zero pump-probe time delay, a peak is observed both
in simulations (Fig. 4(b)) and experiments. The origin of this peak
is the thermo-optic effect and thermal strain near the surface of the
aluminum film. Supplementary Movie 1 shows a simulation of the
propagating strain pulse in the aluminum layer, along with the resulting
time dependent 𝛥𝑅∕𝑅0 signal.

The experimental curves show strong echo decay caused by sound
attenuation in aluminum and strain wave coupling into the PMMA
layer. The sound attenuation is frequency dependent and acts as a
lowpass filter leading to signal smoothing and dispersive broadening.
In simulations, we adjusted the aluminum viscosity parameter 𝜂 =
5 × 10−3 Pa s to optimize the shape of echoes. The coupling of strain
waves into the PMMA layer is also significant. For speed of sound
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Fig. 4. Measured (a) and simulated (b) reflectivity change in Al2O3/aluminum samples. Pump pulse energy 1 nJ. Probe wavelength 780 nm. Aluminum thickness 170 nm. Al2O3
thickness is shown on the graph in nm. A vertical offset between the different traces is applied for clarity. Optical parameters of aluminum used in simulation: 𝑛𝑝𝑢𝑚𝑝 = 1.4 + 9.85𝑖,
𝑝𝑟𝑜𝑏𝑒 = 2.65+8.46𝑖, 𝜕𝑛∕𝜕𝜀 = −29.19−25.15𝑖, and 𝜕𝑛∕𝜕𝑇𝑙 = (−1.18+1.62𝑖)×10−3 K−1. Strain-optic and thermo-optic coefficients are taken from [36]. The magnitude of these coefficients
s adjusted for better agreement with experiments keeping the ratio of real and imaginary parts. Optical parameters of Al2O3: 𝑛𝑝𝑢𝑚𝑝 = 1.67, 𝑛𝑝𝑟𝑜𝑏𝑒 = 1.67, and 𝜕𝑛∕𝜕𝜀 = −0.4. The
train-optic coefficient of Al2O3 is adjusted for better agreement with experiments.
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𝐴𝑙 = 6440m∕s, 𝜈𝑃𝑀𝑀𝐴 = 2750m∕s and density 𝜌𝐴𝑙 = 2700 kg∕m3,
𝑃𝑀𝑀𝐴 = 1190 kg∕m3 the acoustic impedance mismatch leads to 68%
eflectivity at the aluminum-PMMA interface. The thickness of the
eposited PMMA layer is around 1 μm corresponding to a roundtrip
ime more than 700 ps. Hence, there are no strain waves coupled back
nto aluminum from the PMMA layer within the measured pump-
robe delay range. In simulations P-wave modulus of PMMA is reduced
hile density is increased, both by factor 5. This results in 5 times

ower speed of sound but does not affect acoustic impedance, keeping
coustic reflectivity at the aluminum-PMMA interface the same. Thus,
he thickness of the PMMA layer can be reduced to save computational
ime.

The echo amplitude increases and the shape of the reflectivity
urves changes with the thickness of Al2O3. Strain waves generated at
he surface of the aluminum also propagate into the Al2O3 layer. After

round trip in Al2O3 the strain wave partially enters the aluminum
ilm causing an additional peak around 10–20 ps time delay. For thicker
l2O3 layers the roundtrip time is longer, resulting in an increased time
elay of this peak.

The echoes from the aluminum layer are found to increase in signal
trength for thicker Al2O3 layers. This enhancement is caused by free
urface elimination [14] and the optical effects mentioned in Section 1.
o understand the free surface effect, consider a strain pulse generated

n an aluminum film (Fig. 5(a)). After the pump absorption, two
egative counter-propagating unipolar strain pulses are generated. One
f them propagates into the sample while another one immediately re-
lects from the free surface and undergoes a sign flip [6,8]. This results
n a bipolar pulse with a negative part followed by a positive strain. If
hermal diffusion and dispersion effects are excluded, the strain pulse
as the shape of two mirrored truncated exponential functions with an
nfinite gradient in the point of symmetry. Thermal diffusion and strain
ave dispersion lead to pulse broadening and smoothing, which results

n a sine-like shape of the strain pulse. Upon the reflection from a free
urface or any interface with lower acoustic impedance material, the
ulse undergoes a sign flip. Thus, the strain distribution near the free
urface is effectively a sum of two mirrored counter-propagating pulses
ith opposite phases. Because the strain pulse generated in aluminum
as a bipolar shape, the strongest strain field in the vicinity of the
urface occurs when the leading half of the pulse is fully reflected.
t this moment the reflected part constructively interferes with the

ollowing rear half of the pulse. This can be observed in the top subplot
f Fig. 5(b) at 54 ps. However, due to the non-instantaneous transition
etween negative and positive parts of a strain pulse, the point of
aximum strain does not reach the surface. Furthermore, strain at
4

he surface is fixed to its thermal value [14]. That is why all the
urves in the top subplot of Fig. 5(b) have almost the same value
t the edges. The small deviations are caused by thermal decay in
luminum. As optical detection of the strain wave happens in a thin
ayer defined by the probe penetration depth (indicated by the green
rea in Fig. 5(b)), this situation results in a small detectable reflectivity
hange (Fig. 5(c), blue). In contrast, the presence of a transparent layer
llows the strain pulse to pass through the interface, into the Al2O3
ayer. That effectively shifts the detection region deeper into the sample
nd enhances detection sensitivity (Fig. 5(c)) [14].

The signal enhancement due to this free boundary elimination effect
ncreases with top layer thickness, but saturates when the thickness
eaches around half the strain pulse extent. In our case this happens
t 20–30 nm thickness of Al2O3, as shown by simulations (Fig. 6(a)).
owever, the experiments clearly show that the signal enhancement
ontinues beyond this saturation thickness, which points to the exis-
ence of additional effects. By including the influence of optical effects
aused by the presence of strain in the Al2O3 layer, this continued en-
ancement can be explained, and good agreement between simulation
nd experiment can be obtained (Fig. 6). Three main optical effects
re identified, namely the strain-optic effect in the Al2O3 that changes

its refractive index, the physical thickness variation of the Al2O3 layer
induced by the strain, and the coating effect of the Al2O3 layer. The
last effect means that for a given strain-induced refractive index change
in aluminum, the samples with different thicknesses of Al2O3 show
different 𝛥𝑅0∕𝑅 signal.

To better understand the contribution of these optical effects to the
reflectivity curve, it is sufficient to decompose the total signal into
individual components. Fig. 7 shows the reflectivity change caused by
the thickness change of Al2O3 (red curve), by strain-induced refractive
index variation of Al2O3 (green curve) and by strain-induced refractive
index variation of aluminum (orange curve). A linear decomposition of
the total signal into these three components is justified as the effects
can be treated as a small perturbation of the reflectivity. The roundtrip
times in the Al and Al2O3 layers are indicated by vertical lines. The
green and red curves correspond to strain dynamics in Al2O3 and
the orange curve to strain dynamics in aluminum. After the pump
is absorbed by the aluminum film, two unipolar compressive strain
pulses are generated. One pulse propagates into the aluminum and
the other into Al2O3. The strain pulse in the Al2O3 rapidly reflects
within the layer, changing its polarity upon each reflection from the
air/Al2O3 interface. The polarity change can be observed in the red
and green curves as a decaying oscillation with the period of the Al2O3
roundtrip time. Upon each full round trip in the Al O layer the strain
2 3
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Fig. 5. Simulation of light-induced strain waves in the Al2O3/aluminum structure.
Beige filling depicts aluminum, blue – Al2O3, green – penetration depth of 780 nm probe
light into aluminum. Penetration depth is defined as 𝜆∕4𝜋𝜅, where 𝜅 is the imaginary
part of the refractive index 𝑛 = 2.65 + 8.45𝑖. (a) Strain wave evolution at increasing
time delays after pump excitation from the left in a 170 nm thick aluminum film. (b)
The strain wave shape at different time delays, around the expected return time at the
front surface. Top subplot is a bare aluminum film, bottom — with 20 nm of Al2O3.
Because of the different elastic constants of aluminum and Al2O3, the strain experiences
a discontinuity at the interface between the materials. (c) Reflectivity change around
the first echo for bare aluminum (blue) and in the presence of a 20 nm Al2O3 layer
(orange). The vertical dashed lines correspond to the time labels in (b).

pulse partially couples into the aluminum, giving rise to spikes in the
orange curve in Fig. 7. After 2–3 round trips in Al2O3, the strain energy
is almost fully transferred to the aluminum. Around 50 ps the strain
pulse that was originally propagating in the aluminum film reaches
the Al2O3/aluminum interface, which can be observed as a spike in
the orange curve. After a roundtrip in Al2O3 this pulse constructively
interferes with the following strain pulse that was propagating in Al2O3.
That interference results in a dip around 70 ps. For a more intuitive
overview of these effects, see the time-lapse animation for the case of
a 50 nm Al2O3 layer in Supplementary Movie 2.

From Fig. 7 one can see that the total signal is mostly determined
by the strain-induced refractive index modulation in aluminum. This
is because aluminum has relatively strong strain-optic coupling. For
aluminum we use the value 𝜕𝑛∕𝜕𝜀 = −29.19 − 25.15𝑖 which has the
same phase as in [36]. The amplitude of 𝜕𝑛∕𝜕𝜀 was adjusted for a
5

Fig. 6. Simulation of the first echo in the freestanding aluminum film excluding (a)
and including (b) optical effects for different Al2O3 thicknesses. Thermo-optic effects
are excluded both in (a) and (b) for clarity. Optical effects are excluded by setting the
refractive index of Al2O3 for both pump and probe to 1, and strain-optic coefficient of
Al2O3 to 0.

Fig. 7. Separated optical effects in aluminum with 50 nm thick Al2O3 layer. Vertical
black and red lines represent half of the roundtrip time in Al2O3 and in the whole
sample respectively. Horizontal lines indicate the vertical offset applied for clarity.

better fit with experimental results. For Al2O3 we use 𝜕𝑛∕𝜕𝜀 = −0.4
which agrees well with our experimental results. From this analysis,
the influence of the thickness change and strain-optic coupling in
Al2O3 is found to be weak, and the coating effect of the Al2O3 layer
is identified as the main reason for the optical enhancement of the
strain detection. Furthermore, as the thickness change of Al2O3 and
strain-optic effects in Al2O3 counteract each other, the coating effect
becomes even more apparent. Such a destructive interference effect is
the result of a negative strain-optic coefficient in most materials. While
the positive strain expands the Al2O3 layer, the average refractive index
of the layer is decreased due to the negative strain-optic coefficient. As
a result, the contribution of these two effects on the phase accumulation
within the Al2O3 layer is partially canceled.

4.2. Photoacoustic signals in gold films

Photoacoustic signals as observed in Al2O3/gold bi-layers are shown
in Fig. 8. In these structures, a similar signal enhancement for increas-
ing Al O layer thickness is observed, but it is accompanied by much
2 3
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Fig. 8. Measured (a) and simulated (b) reflectivity change in Al2O3/gold samples. Pump pulse energy 2 nJ. Probe wavelength 390 nm. Gold thickness 160 nm. Al2O3 thickness is
shown on the graph. A vertical offset between the different traces is applied for clarity. Optical parameters of gold used in simulation: 𝑛𝑝𝑢𝑚𝑝 = 0.24 + 6.7𝑖, 𝑛𝑝𝑟𝑜𝑏𝑒 = 1.47 + 1.94𝑖,
𝑛∕𝜕𝜀 = −0.83−1.25𝑖. The strain-optic coefficient is adjusted for better agreement with the experiments. The thermo-optic effect is neglected due to its weak presence in experiments.
ptical parameters of Al2O3: 𝑛𝑝𝑢𝑚𝑝 = 1.67, 𝑛𝑝𝑟𝑜𝑏𝑒 = 1.7, and 𝜕𝑛∕𝜕𝜀 = −0.4.
Fig. 9. Separated optical effects in gold with different thickness of Al2O3 layer. Vertical black and red lines represent half of the roundtrip time in Al2O3 and in the whole sample
respectively. Horizontal lines indicate the vertical offset applied for clarity.
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more dramatic changes in the shape of the signals as compared to the
Al2O3/aluminum bi-layers.

To begin with, the reflectivity change curve shape for thin layers
of Al2O3 requires some explanation since it strongly differs from the
aluminum case. Gold has much lower electron–phonon coupling and
higher electron heat conductivity compared to aluminum. In our sim-
ulations we used values 𝐺 = 2.45 × 1016 Wm−3K−1 and 𝑘𝑒(300K) =
315Wm−1K−1 for gold and 𝐺 = 3 × 1017 Wm−3K−1 and 𝑘𝑒(300K) =
235Wm−1K−1 for aluminum [27,28]. Those differences lead to a broad-
ening of the pump-heated region. Specifically in our case, the gold layer
becomes almost homogeneously heated, with expansion starting from
both edges. Two expansion fronts then move towards the center of the
layer at the speed of sound, forming two step-like strain pulses. The
first detected strain pulse at 50 ps is the one that is generated on the
back surface of the sample. Because it does not undergo a sign-flip
due to reflection, it has an opposite polarity compared to the first echo
pulse at 100 ps (see the time-lapse animation in Supplementary Movie
3). Thus, the reflectivity curves for 0–30 nm thick Al2O3 (Fig. 8) contain
two sequences of signals that are staggered in time, one being positive
and the other negative. The echo decay is weaker than in the case of
Al2O3/aluminum samples due to higher acoustic impedance mismatch
between gold and PMMA. For 𝜈𝐴𝑢 = 3350m∕s and 𝜌𝐴𝑢 = 19 280 kg∕m3

he reflectivity at the gold-PMMA interface is 90%. The gold viscosity
arameter 𝜂 is adjusted to a value 2 × 10−2 Pa s.

To understand the significant signal shape change that happens for
ayer thicknesses upward of 40 nm of Al2O3 (Fig. 8), we do a signal
6

ecomposition (Fig. 9) similar to the Al2O3/aluminum case (Fig. 7).
The effect of a thickness change of Al2O3 (Fig. 9, red trace) has the
ame behavior as in the Al2O3/aluminum stack (Fig. 7). However, a
ign flip of the curve is observed at 40 nm of Al2O3. The reason for
his sign flip is visualized in Fig. 10, which shows the reflectivity of
he Al2O3/gold stack as a function of Al2O3 thickness. Around 35 nm
he reflectivity curve has a local minimum that corresponds to the
oint where the derivative crosses zero, thus changing the sign of the
eflectivity change due to layer thickness variation. The reflectivity
hange is determined both by the slope of the reflectivity curve and
y the total deformation, i.e. the integral of strain. While the thickness
f the Al2O3 layer does not affect the amplitude of the strain pulse, it
oes influence the deformation of the layer. As long as the Al2O3 layer
hickness is smaller than the strain pulse length, the total deformation
namely 𝛥ℎ in Fig. 10) increases with Al2O3 thickness, causing a higher
eflectivity change even if the slope is the same. Furthermore, the echo
ignals are defined by the 𝛥𝑅∕𝑅0 value (Fig. 8) which depends on the
ominal reflectivity 𝑅0 and therefore also on the Al2O3 thickness. Thus,
he 𝛥𝑅∕𝑅0

𝜀 value (Fig. 10 dash-dotted gray) gives the best intuition for
the amplitude of the signals induced by thickness change of Al2O3.

For an Al2O3 layer thickness up to 40 nm, the strain-optic effect in
l2O3 (Fig. 9, green) behaves as discussed in Paragraph 4.1, showing
n opposite effect on 𝛥𝑅 as the thickness changes. At layer thicknesses
f 40 nm and higher, this relation changes. At this point, the Al2O3

thickness becomes comparable to the probe wavelength. Thus, the non-
homogeneous distribution of the strain-induced refractive index change
in Al2O3 cannot be approximated by an effective average change of

refractive index of the Al2O3 layer.
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Fig. 10. Calculated reflectivity of the Al2O3/gold stack (black solid curve) as a function
f Al2O3 thickness. The red solid curve is a thickness derivative of the reflectivity. The
ray dash-dotted curve shows the arbitrarily y-scaled 𝛥𝑅∕𝑅0

𝜀
value ( 𝑑𝑅
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=
𝛥𝑅∕𝑅0

𝜀
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A similar evolution happens with the part of the signal that corre-
ponds to the strain-optic coupling in gold (Fig. 9 orange). Although,
ere it is due to the complexity of the refractive index profile within
he penetration depth of the probe light in gold. Multiple strain pulses
hat evolve in the sample due to partial reflections at the Al2O3/gold

interface effectively create a dynamic multi-layered stack (see Supple-
mentary Movie 4).

From Fig. 9 one can see that the strain dynamics in gold is the main
contribution to the total signal for the 20 nm and 30 nm thick Al2O3,
while for the 40 nm and 50 nm the total signal is mostly determined by
the strain dynamics in Al2O3. This change in the dominant mechanism
responsible for a 𝛥𝑅 variation explains the significant reflectivity curve
shape change that is observed for thicker layers of Al2O3 in Fig. 8. The
more prominent effect of the strain dynamics in Al2O3 for Al2O3/gold
bi-layers compared to Al2O3/aluminum ones in the same range of Al2O3
thickness is due to a shorter probe wavelength (390 nm vs 780 nm) and
lower strain-optic coefficient of gold (−0.83 − 1.25𝑗 vs −29.19 − 25.15𝑖).

5. Conclusions

The effect of transparent nanolayers on the optical detection of
light-induced strain waves has been systematically studied. We showed
that, in addition to signal enhancements caused by free boundary
effects [14], the presence of a transparent layer introduces several
additional optical phenomena that influence the detection sensitivity.
These optical effects were classified into three types: the coating effect
of the transparent layer, the strain-optic effect in the transparent layer,
and a physical thickness variation of the transparent layer induced by
the strain. It was shown that the relative contribution of each type of
these optical effects to the total 𝛥𝑅∕𝑅0 signal depends on the thickness
of the transparent layer. Through the interplay of these different effects,
the time-dependent variation in 𝛥𝑅∕𝑅0 can display complex structure
compared to a bare metal film. Although it is impossible to observe ex-
perimentally all three optical effects separately, theoretical calculations
of the total 𝛥𝑅∕𝑅0 show good agreement with experimental results.

CRediT authorship contribution statement

Maksym Illienko: Writing – original draft, Validation, Software,
Methodology, Investigation, Formal analysis, Data curation, Concep-
tualization. Matthias C. Velsink: Writing – review & editing, Vali-
dation, Software, Methodology, Data curation, Conceptualization. Ste-
fan Witte: Writing – review & editing, Validation, Supervision, Re-
sources, Project administration, Methodology, Investigation, Funding
acquisition, Conceptualization.
7

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

We acknowledge the support from the European Research Council
(ERC-CoG 864016, project 3D-VIEW), and the Dutch Research Coun-
cil NWO (TTW-HTSM 17960, project Orpheus). This work was con-
ducted at the Advanced Research Center for Nanolithography, a public–
private partnership between the University of Amsterdam (UvA), Vrije
Universiteit Amsterdam (VU), Rijksuniversiteit Groningen (RUG), the
Dutch Research Council (NWO), and the semiconductor equipment
manufacturer ASML.

We thank Paul Planken, Komal Chaudhary, and Irwan Setija for
helpful discussions.

Appendix A. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.pacs.2024.100617.

References

[1] S. Edward, H. Zhang, I. Setija, V. Verrina, A. Antoncecchi, S. Witte, P. Planken,
Detection of hidden gratings through multilayer nanostructures using light
and sound, Phys. Rev. A 14 (1) (2020) 014015, http://dx.doi.org/10.1103/
PhysRevApplied.14.014015.

[2] V. Verrina, S. Edward, H. Zhang, S. Witte, P.C.M. Planken, Photoacoustic
detection of low duty cycle gratings through optically opaque layers, Appl. Phys.
Lett. 117 (5) (2020) 051104, http://dx.doi.org/10.1063/5.0016078.

[3] A. Antoncecchi, H. Zhang, S. Edward, V. Verrina, P.C.M. Planken, S. Witte,
High-resolution microscopy through optically opaque media using ultrafast
photoacoustics, Opt. Express 28 (23) (2020) 33937–33947, http://dx.doi.org/
10.1364/OE.405875.

[4] B. Audoin, Principles and advances in ultrafast photoacoustics; applications to
imaging cell mechanics and to probing cell nanostructure, Photoacoustics 31
(2023) 100496, http://dx.doi.org/10.1016/j.pacs.2023.100496.

[5] B.C. Daly, N.C.R. Holme, T. Buma, C. Branciard, T.B. Norris, D.M. Tennant,
J.A. Taylor, J.E. Bower, S. Pau, Imaging nanostructures with coherent phonon
pulses, Appl. Phys. Lett. 84 (25) (2004) 5180–5182, http://dx.doi.org/10.1063/
1.1764599.

[6] C. Thomsen, H.T. Grahn, H.J. Maris, J. Tauc, Surface generation and detection
of phonons by picosecond light pulses, Phys. Rev. B 34 (6) (1986) 4129–4138,
http://dx.doi.org/10.1103/PhysRevB.34.4129.

[7] O.B. Wright, T. Hyoguchi, Ultrafast vibration and laser acoustics in thin trans-
parent films, Opt. Lett. 16 (19) (1991) 1529–1531, http://dx.doi.org/10.1364/
OL.16.001529.

[8] O. Wright, Thickness and sound velocity measurement in thin transparent films
with laser picosecond acoustics, J. Appl. Phys. 71 (4) (1992) 1617–1629, http:
//dx.doi.org/10.1063/1.351218.

[9] O.B. Wright, Laser picosecond acoustics in double-layer transparent films, Opt.
Lett., OL 20 (6) (1995) 632–634, http://dx.doi.org/10.1364/OL.20.000632.

[10] V. Gusev, Laser hypersonics in fundamental and applied research, Acust. Acta
Acust. 82 (1 Suppl.) (1996) S37–S45.

[11] P. Babilotte, P. Ruello, D. Mounier, T. Pezeril, G. Vaudel, M. Edely, J.-M. Breteau,
V. Gusev, K. Blary, Femtosecond laser generation and detection of high-frequency
acoustic phonons in GaAs semiconductors, Phys. Rev. B 81 (24) (2010) 245207,
http://dx.doi.org/10.1103/PhysRevB.81.245207.

[12] A. Devos, J.-F. Robillard, R. Côte, P. Emery, High-laser-wavelength sensitivity of
the picosecond ultrasonic response in transparent thin films, Phys. Rev. B 74 (6)
(2006) 064114, http://dx.doi.org/10.1103/PhysRevB.74.064114.

[13] Y. Li, Q. Miao, A.V. Nurmikko, H.J. Maris, Picosecond ultrasonic measurements
using an optical cavity, J. Appl. Phys. 105 (8) (2009) 083516, http://dx.doi.org/
10.1063/1.3095470.

[14] H. Zhang, A. Antoncecchi, S. Edward, P. Planken, S. Witte, Enhancing the
detection of laser-excited strain waves via transparent nanolayers, Phys. Rev.
B 104 (20) (2021) 205416, http://dx.doi.org/10.1103/PhysRevB.104.205416.

https://doi.org/10.1016/j.pacs.2024.100617
http://dx.doi.org/10.1103/PhysRevApplied.14.014015
http://dx.doi.org/10.1103/PhysRevApplied.14.014015
http://dx.doi.org/10.1103/PhysRevApplied.14.014015
http://dx.doi.org/10.1063/5.0016078
http://dx.doi.org/10.1364/OE.405875
http://dx.doi.org/10.1364/OE.405875
http://dx.doi.org/10.1364/OE.405875
http://dx.doi.org/10.1016/j.pacs.2023.100496
http://dx.doi.org/10.1063/1.1764599
http://dx.doi.org/10.1063/1.1764599
http://dx.doi.org/10.1063/1.1764599
http://dx.doi.org/10.1103/PhysRevB.34.4129
http://dx.doi.org/10.1364/OL.16.001529
http://dx.doi.org/10.1364/OL.16.001529
http://dx.doi.org/10.1364/OL.16.001529
http://dx.doi.org/10.1063/1.351218
http://dx.doi.org/10.1063/1.351218
http://dx.doi.org/10.1063/1.351218
http://dx.doi.org/10.1364/OL.20.000632
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb10
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb10
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb10
http://dx.doi.org/10.1103/PhysRevB.81.245207
http://dx.doi.org/10.1103/PhysRevB.74.064114
http://dx.doi.org/10.1063/1.3095470
http://dx.doi.org/10.1063/1.3095470
http://dx.doi.org/10.1063/1.3095470
http://dx.doi.org/10.1103/PhysRevB.104.205416


Photoacoustics 38 (2024) 100617M. Illienko et al.
[15] C. Koch, Coated fiber-optic hydrophone for ultrasonic measurement, Ultrasonics
34 (6) (1996) 687–689, http://dx.doi.org/10.1016/0041-624X(96)00066-2.

[16] V. Wilkens, C. Koch, Optical multilayer detection array for fast ultrasonic field
mapping, Opt. Lett. 24 (15) (1999) 1026–1028, http://dx.doi.org/10.1364/ol.24.
001026.

[17] E. Zhang, J. Laufer, P. Beard, Backward-mode multiwavelength photoacoustic
scanner using a planar Fabry-Perot polymer film ultrasound sensor for high-
resolution three-dimensional imaging of biological tissues, Appl. Opt. 47 (4)
(2008) 561–577, http://dx.doi.org/10.1364/AO.47.000561.

[18] H. Zhang, A. Antoncecchi, S. Edward, I. Setija, P. Planken, S. Witte, Unraveling
phononic, optoacoustic, and mechanical properties of metals with light-driven
hypersound, Phys. Rev. A 13 (1) (2020) 014010, http://dx.doi.org/10.1103/
PhysRevApplied.13.014010.

[19] K. Yee, Numerical solution of initial boundary value problems involving
Maxwell’s equations in isotropic media, IEEE Trans. Antennas and Propagation
14 (3) (1966) 302–307, http://dx.doi.org/10.1109/TAP.1966.1138693.

[20] D.M. Sullivan, Electromagnetic Simulation Using the FDTD Method, Wiley-IEEE
Press, 2000.

[21] P. Moczo, J. Kristek, V. Vavryčuk, R.J. Archuleta, L. Halada, 3D heterogeneous
staggered-grid finite-difference modeling of seismic motion with volume har-
monic and arithmetic averaging of elastic moduli and densities, Bull. Seismol.
Soc. Am. 92 (8) (2002) 3042–3066, http://dx.doi.org/10.1785/0120010167.

[22] C. Zeng, J. Xia, R.D. Miller, G.P. Tsoflias, An improved vacuum formulation for
2D finite-difference modeling of Rayleigh waves including surface topography
and internal discontinuities, Geophysics 77 (1) (2012) T1–T9, http://dx.doi.org/
10.1190/geo2011-0067.1.

[23] O.B. Wright, Ultrafast nonequilibrium stress generation in gold and silver, Phys.
Rev. B 49 (14) (1994) 9985–9988, http://dx.doi.org/10.1103/PhysRevB.49.9985.

[24] M. Kaganov, Relaxation between electrons and the crystalline lattice, Sov.
Phys.—JETP 4 (2) (1957) 173–178.

[25] S.I. Anisimov, B.L. Kapeliovich, T.L. Perel’Man, Electron emission from metal
surfaces exposed to ultrashort laser pulses, Sov. Phys.—JETP 39 (1974) 375–377.

[26] T.Q. Qiu, C.L. Tien, Heat transfer mechanisms during short-pulse laser heating
of metals, J. Heat Transfer 115 (4) (1993) 835–841, http://dx.doi.org/10.1115/
1.2911377.

[27] Z. Lin, L.V. Zhigilei, V. Celli, Electron-phonon coupling and electron heat capacity
of metals under conditions of strong electron-phonon nonequilibrium, Phys. Rev.
B 77 (7) (2008) 075133, http://dx.doi.org/10.1103/PhysRevB.77.075133.

[28] D.E. Gray, American Institute of Physics Handbook, third ed., McGraw-Hill, 1972.
[29] N.W. Ashcroft, N.D. Mermin, Solid State Physics, Holt, Rinehart and Winston,

1976.
[30] P. Frank, Fundamentals of Heat and Mass Transfer, sixth ed., John Wiley,

Hoboken, NJ, 2007.
[31] L.D. Landau, E.M. Lifshitz, A.M. Kosevich, L.P. Pitaevskii, Theory of Elasticity:

Volume 7, Elsevier, 1986.
[32] L. Anand, S. Govindjee, Continuum Mechanics of Solids, Oxford University Press,

2020.
[33] S.J. Byrnes, Multilayer optical calculations, 2020, http://dx.doi.org/10.48550/

arXiv.1603.02720, arXiv. arXiv:1603.02720.
8

[34] M.C. Velsink, M. Illienko, P. Sudera, S. Witte, Optimizing pump–probe reflectivity
measurements of ultrafast photoacoustics with modulated asynchronous optical
sampling, Rev. Sci. Instrum. 94 (10) (2023) 103002, http://dx.doi.org/10.1063/
5.0155006.

[35] P.A. Elzinga, F.E. Lytle, Y. Jian, G.B. King, N.M. Laurendeau, Pump/probe
spectroscopy by asynchronous optical sampling, Appl. Spectrosc. 41 (1) (1987)
2–4, http://dx.doi.org/10.1366/0003702874868025.

[36] H. Zhang, A. Antoncecchi, S. Edward, P. Planken, S. Witte, Ultrafast laser-induced
guided elastic waves in a freestanding aluminum membrane, Phys. Rev. B 103
(6) (2021) 064303, http://dx.doi.org/10.1103/PhysRevB.103.064303.

Maksym Illienko received a M.Sc. degree in Applied
Physics at Taras Shevchenko National University of Kyiv,
Ukraine. Currently, he is a Ph.D. candidate at the Advanced
Research Center for Nanolithography, Amsterdam, The
Netherlands. His research interest includes acousto-optics
and photo-acoustics for imaging and metrology.

Matthias Velsink received his M.Sc. degree in Applied
Physics from the University of Twente, Enschede, The
Netherlands. There, he focused on optical wavefront shaping
in both the spatial and temporal domain. He is now a Ph.D.
student at the Advanced Research Center for Nanolithog-
raphy, Amsterdam, The Netherlands, where his primary
research interest is metrology through opaque layers using
ultrafast laser-induced photoacoustics.

Stefan Witte is group leader and head of the metrology
department at the Advanced Research Center for Nano-
lithography, and an associate professor in physics at the
Vrije Universiteit Amsterdam, The Netherlands. He received
his Ph.D. in 2007 from the Vrije Universiteit Amsterdam and
did postdoctoral work at the VU and at JILA, University
of Colorado. His present research interests include photo-
acoustics for imaging and metrology, coherent diffractive
imaging, high-harmonic generation and its applications, and
ultrafast laser technology.

http://dx.doi.org/10.1016/0041-624X(96)00066-2
http://dx.doi.org/10.1364/ol.24.001026
http://dx.doi.org/10.1364/ol.24.001026
http://dx.doi.org/10.1364/ol.24.001026
http://dx.doi.org/10.1364/AO.47.000561
http://dx.doi.org/10.1103/PhysRevApplied.13.014010
http://dx.doi.org/10.1103/PhysRevApplied.13.014010
http://dx.doi.org/10.1103/PhysRevApplied.13.014010
http://dx.doi.org/10.1109/TAP.1966.1138693
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb20
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb20
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb20
http://dx.doi.org/10.1785/0120010167
http://dx.doi.org/10.1190/geo2011-0067.1
http://dx.doi.org/10.1190/geo2011-0067.1
http://dx.doi.org/10.1190/geo2011-0067.1
http://dx.doi.org/10.1103/PhysRevB.49.9985
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb24
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb24
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb24
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb25
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb25
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb25
http://dx.doi.org/10.1115/1.2911377
http://dx.doi.org/10.1115/1.2911377
http://dx.doi.org/10.1115/1.2911377
http://dx.doi.org/10.1103/PhysRevB.77.075133
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb28
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb29
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb29
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb29
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb30
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb30
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb30
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb31
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb31
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb31
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb32
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb32
http://refhub.elsevier.com/S2213-5979(24)00034-X/sb32
http://dx.doi.org/10.48550/arXiv.1603.02720
http://dx.doi.org/10.48550/arXiv.1603.02720
http://dx.doi.org/10.48550/arXiv.1603.02720
http://arxiv.org/abs/1603.02720
http://dx.doi.org/10.1063/5.0155006
http://dx.doi.org/10.1063/5.0155006
http://dx.doi.org/10.1063/5.0155006
http://dx.doi.org/10.1366/0003702874868025
http://dx.doi.org/10.1103/PhysRevB.103.064303

	Understanding photoacoustic signal formation in the presence of transparent thin films
	Introduction
	Theoretical model
	Generation of strain waves
	Propagation of strain waves
	Detection of strain waves

	Experimental setup and samples
	Results and Discussion
	Photoacoustic signals in aluminum films
	Photoacoustic signals in gold films

	Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A. Supplementary data
	References


