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I had come to an entirely erroneous conclusion, my dear Watson, how dangerous it
always is to reason from insufficient data.

Arthur Conan Doyle,
The Adventure of the Speckled Band






iX

CONTENTS

Introduction 1
1 Theory 9
1.1 Theory of light-induced elasticwaves . . . . . ... ... ...... 9
1.1.1  Generation . . . . ... ... ... 9
1.1.2 Propagation . . . . . . ... ... ... ... 13
1.1.3  Detection . . . . . ... i 19
1.1.4 Illustrative example of a one-dimensional case . . . . . . . . 21
1.2 Numerical simulations. . . . . .. ... ... ... ... . ...... 26
1.2.1  Finite-Difference Time-Domain method. . . . . . .. .. .. 26
1.2.2  Update equations for the Two Temperature Model . . . . . . 27
1.2.3  Update equations for elastics. . . . . . ... ... ... ... 31
1.2.4  Numerical dispersion and artificial damping . . . . .. . .. 34
2 Experimental methods 39
2.1 Pump-probe experiments in photoacoustics . . . . . . .. ... ... 39
2.2 Modulated asynchronous optical sampling. . . . . .. ... ... .. 41
2.2.1 Asynchronous optical sampling . . . . ... ... ... ... 41
222 Experimentalsetup . . . . . .. ... ... 42

3 Understanding photoacoustic signal formation in the presence of
transparent thin films 47
3.1 Challenge of weak signals in photoacoustic experiments . . . . . . . 47
322 Researchmethods . . . ... ... ... ... ............. 50
3.2.1 Experimental setup and samples . . . . . . .. ... .. ... 50
3.2.2 Theoretical model. . . . . .. ... ... ... ...... 51
3.3 Resultsand discussion. . . . . . . ... ... oL 55
3.3.1 Photoacoustic signals in aluminium films . . . . . ... ... 55
3.3.2 Photoacoustic signalsin gold films . . . . . ... ... ... 60
34 Conclusion. . . . . ... . 64

4 Characterization of sub-optical-wavelength structures through opti-
cally opaque films using picosecond ultrasonics 65
4.1 Ultrafast photoacoustics for metrology applications . . . . . . . . .. 66
42 Researchmethods . . . . .. ... ... ... ... ... . ..., 69

4.2.1 Experimental samples . . . ... ... ... ... ...... 69



X CONTENTS

4.2.2  Numerical simulations . . . . . ... ... ... ....... 70
43 Resultsand discussion. . . . . . ... ... 74
4.3.1 Retrieving grating pitch, duty cycle, and grating lineshape . . 74
4.3.2 Sensitivity to grating parameters. . . . . . . . . . ... ... 75
4.3.3 Detectingdefects . . . . . ... ... L. 82
44 Conclusion. . . . ... ... 82

5 Probing periodic sub-micron metal structures on transparent sub-
strates with picosecond ultrasonics 85
5.1 Introduction . . . . .. .. . ... ... 85
5.2 Experimental details and sample description. . . . . ... ... ... 86
5.3 Resultsanddiscussion. . . . . . . ... Lo .. 87
54 Conclusion. . . . .. ... 93
Bibliography 95
Summary 107
List of Publications 117

Acknowledgements 119



INTRODUCTION

The development of ultrafast pulsed lasers expanded the scope of experimental
physics by enabling the investigation of processes occurring on ultrashort timescales.
Within the femtosecond regime of light-matter interaction, many processes that hap-
pen on a picosecond timescale, such as molecular dynamics, thermal and diffusion
dynamics, relaxation processes in solids, chemical reactions, etc., can be consid-
ered effectively “frozen”, thereby enabling their direct observation [1-6]. Another
prominent ability of ultrafast lasers is the induction of rapid localized heating that
can lead to the generation of high frequency coherent acoustic phonons. Studying
the acoustic generation process and the use of light-induced acoustic pulses to probe
material properties led to a new field of research called picosecond ultrasonics (PU),
also known as ultrafast photoacoustics.

The idea of PU is shown in Fig. 1. An ultrashort laser pulse (pump) hits an
opaque material, leading to the generation of a high-frequency acoustic pulse. The
acoustic pulse propagates longitudinally into the sample. At some point, the acoustic
pulse reflects either from internal material interfaces or from the back surface of
the sample. Returning to the front surface, the acoustic pulse forms an acoustic
echo. This echo can then be detected by the second ultrashort laser pulse (probe).
By controlling the time delay between pump and probe pulses, one can investigate
the generation and propagation dynamics of light-induced acoustics.

Pioneering experiments in PU were conducted on metal films in the late 1980s [7—
9]. Since then, the technique has been developed and found applications in various
physics studies. In particular, it was used for thin film characterization [10-16],
adhesion testing [17-19], detection and imaging of buried structures [20-26], and
contrast microscopy of biological cells [27-31]. Apart from that, the development

ultrashort acoustic pulse ultrashort
pump pulse propagation <> probe pulse
generation of acoustic pulse
acoustic pulse arrival at surface
opaque film

Figure 1: Schematic of the experiment in picosecond ultrasonics.



2 INTRODUCTION

of PU contributed to studies of solid properties such as electron transport, electron-
phonon coupling, phonon-phonon scattering, etc. [32-35].

Even though the concept of the photoacoustic technique (Fig. 1) appears intuitive,
the underlying processes are far from trivial. Let us begin with the generation of
acoustic waves. The energy from a laser pulse can be transferred into coherent
vibrations of a solid in several ways. The most common one is the thermoelastic
mechanism [36]. In this case, laser energy is first converted into heat, which then
drives the rapid thermal expansion of the solid. Naturally, the shape of the resulting
acoustic pulse depends on the volume of the heated region, the heating rate, and the
material’s elastic properties. The extent of the heated region itself is determined by
the thermal properties of the solid and the penetration depth of the laser light [7, 36].
As a result, controlling the temporal profile and frequency spectrum of the generated
acoustic waves becomes challenging, since the process is strongly influenced by
the sample’s intrinsic material parameters. One way to address this challenge is to
employ photoacoustic transducers. These are typically deposited onto the sample
as additional thin layers of materials with optimal properties for acoustic wave
generation [26, 37-39]. The pump light, absorbed by these layers, excites resonant
vibrations that are subsequently coupled into an acoustic wave propagating in the
sample. Furthermore, nanostructuring the surface has emerged as a promising
method for tailoring both the frequency content and spatial distribution of the
generated acoustic waves [40—44]. The obvious drawback of such approaches is
the need to modify the sample, which undermines the non-invasive benefit of PU.
However, this limitation can be avoided by combining PU with complementary
techniques, e.g., atomic force microscopy (AFM). In this hybrid approach, the
acoustic wave is generated in the AFM tip and then coupled into the sample [44].
The AFM tip can be modified for more efficient generation of acoustics, which does
not affect experimental samples. Besides non-invasivity, this approach also allows
for a dramatic increase in lateral resolution.

Detection is another non-trivial aspect of PU. It usually relies on monitoring
changes in the optical properties of the sample induced by the propagating strain
wave. These changes are observed as transient variations in the reflectivity or
transmissivity of the probe light and usually have magnitudes on the order of 10~
or lower. Detecting such minor variations requires highly sensitive measurement
systems and, in some cases, long integration times. The quadratic frequency depen-
dence of acoustic attenuation further worsens the problem. High-frequency acoustic
waves are strongly damped, making it particularly difficult to probe deeply buried
interfaces. Several strategies have been explored to enhance detection sensitivity.

It is highly recommended to take a break every 30 minutes during long periods of sitting. Practicing
Lindy Hop swing outs is a great option to fill these breaks! Just follow this lovely couple in the corner
of the pages.
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These strategies include exploiting surface plasmon resonance effects [45-47] and
interferometry effects [48-51].

In most experiments, the quantity of interest is the strain field of acoustic
echoes. However, the experimentally measured transient reflectivity or transmissivity
represents a convoluted optical response. The detected optical signal depends not
only on the strain profile within the sample, but also on the photoelastic constants
and the optical properties of the material [36]. While optical constants can be
measured with relative ease, determining the complete set of photoelastic constants
in opaque materials remains a challenging task. This is typically achieved by fitting
numerical models to experimental photoacoustic data, which again underscores the
importance of controlling the generated strain waves.

Despite the discussed challenges of the PU technique, it remains of high interest
due to the extremely high frequencies of the generated acoustics. Those frequencies
typically belong to the GHz-THz range. High acoustic frequencies result in short
wavelengths, which potentially allows for high-resolution imaging of structures
buried below optically opaque materials. For example, at frequency 100 GHz and
speed of sound 10 km/s, the wavelength is 100 nm, which goes beyond the visible
optical range (in most solids, the speed of sound is significantly lower leading to
even shorter wavelength). Naturally, this brings extra motivation to develop PU as a
high-resolution imaging tool.

A technique closely related to PU is gigahertz scanning acoustic microscopy
(GHz-SAM) [52]. In this method, sound is generated by a piezoelectric emitter
mounted on a sapphire block. Zinc oxide (ZnO) crystals are commonly used as
piezoelectric elements since they allow operation at GHz frequencies [52, 53]. The
generated acoustic waves travel through the sapphire block and are coupled into the
sample via a coupling liquid. The sapphire/liquid interface has a concave shape that
allows focusing of the acoustic wave. The reflected acoustic wave then couples back
into the sapphire block and is detected by the same transducer. This approach can
achieve submicron resolution and is applicable in biomedical and semiconductor
metrology [54, 55]. However, the acoustic frequencies are limited to several GHz,
which remains significantly lower than the frequency range accessible with light-
induced acoustics. Additionally, the use of a coupling liquid is necessary to transmit
the generated acoustics into the sample, which may restrict the applicability of
GHz-SAM in scenarios where non-invasiveness is required.

One such case is metrology during the nanolithography process in semiconduc-
tor manufacturing. Nanolithography is a crucial technology for the production of
integrated circuits (ICs). Integrated circuits appeared as a result of the miniaturiza-
tion trend in the semiconductor industry. Since transistor size (a key component of
any electronic device) was consistently decreasing, at some point, fabricating each
transistor individually with subsequent assembly into a device became infeasible.
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Figure 2: Schematic representation of the optical nanolithography process.

Instead, electronic devices (chips) are “printed” as a single, complete entity where
all the individual elements are indistinguishable (integrated). Nowadays, this “print-
ing” approach enables the fabrication of chips with transistor densities exceeding
100MT/ mm? (MT stands for mega-transistor) [56].

The workflow of the lithographic process is shown in Fig. 2. A substrate
(usually a silicon wafer) is coated with a layer of special light-sensitive material
called photoresist. Then the substrate is illuminated with ultraviolet light through
the mask, which contains the desired pattern. This pattern is translated onto the
photoresist. The exposed areas of the photoresist change their physical properties
(specifically solubility), and at the next development step, either exposed (positive
resist) or unexposed (negative resist) areas of photoresist are removed. After that,
areas of the substrate not covered by photoresist undergo necessary processing
such as etching, deposition, or doping. At the final step (lift-off), the photoresist
is removed, yielding a patterned substrate. This process can be repeated multiple
times, depending on the design of the electronic device. Conventionally, at every
new iteration, the wafer must be well-positioned to ensure all printed layers are
aligned vertically. The requirement for alignment accuracy is determined by the
desired overlay performance, which, in modern devices, should be better than
2nm [57]. Achieving such high overlay performance requires wafer positioning
with subnanometer accuracy.

The alignment procedure is shown in Fig. 3. Special grating-type markers
are printed on the wafer in the first round of lithography. These markers are then
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Figure 3: The concept of wafer alignment metrology. A laser beam illuminates a grating-type marker.
The +1st and —1st order of diffracted light are focused onto the reference grating to create a filtered
image of the marker. The intensity of light transmitted by the reference grating exhibits an oscillatory
dependence on the wafer position, allowing for sub-nm-level positioning (adapted from [58]).

illuminated with a laser beam. The +1st and —1st diffraction orders are focused at
the detector plane and create an interference fringe pattern. This fringe pattern is
imaged onto a reference grating, and transmitted light is picked up by a detector.
The overlay of the fringe image and the reference grating, i.e., the detector signal,
depends on the absolute wafer position, resulting in a periodic alignment curve
shown in Fig. 3. The wafer position can be retrieved from the phase of this detected
signal. Consequently, the alignment accuracy is determined by how precisely the
phase can be measured, which is defined by the signal-to-noise ratio of the detected
signal. This allows subnanometer-level alignment accuracy even with the use of
micron-pitch target gratings and visible light [58].

Alignment becomes crucial to 3D-designed devices such as 3D NAND memory
chips. In the example shown in Fig. 4, the 3D NAND chip contains a multilayer
stack which forms an array of memory cells with corresponding word lines (control
gates). Word lines are connected via vertical channels to the bit line and source
line. To fabricate such a device, the alternating layers are first deposited on top of a
silicon wafer. Then, the high aspect-ratio vertical channels are etched through the
multilayered stack. To apply etching at the correct positions, one needs to detect
alignment markers through the deposited multilayered stack. Modern memory chips
can contain more than 200 layers, with a stack thickness of tens of microns [59, 60],
making optical detection of buried alignment markers more challenging. Further-
more, to protect layers during the etching process, a hard mask is usually deposited
on top of the stack. This mask typically consists of a um-thick layer of optically
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Figure 4: a) Schematic drawing of a 3D NAND device. b) Scanning electron microscope image of 3D
NAND BiCS cell (image is taken from [61]).

opaque tungsten or carbon.

Luckily, almost all solids transmit sound. Thus, picosecond ultrasonics (ultrafast
photoacoustics) has a potential to overcome the problem of alignment and imaging
through optically opaque materials. The principle of photoacoustic alignment is
similar to the one described earlier (Fig. 1) and is shown in Fig. 5. The ultrafast laser
pulse (pump) illuminates the top opaque layer and gets absorbed. Absorbed energy
is partially transferred via different physical mechanisms (depending on the material)
into an acoustic wave that propagates towards the bottom of the stack. At the bottom,
the acoustic wave reflects from the grating marker. Depending on the grating type,
the reflected acoustic wave will have a modulated wavefront or amplitude (or both)
with the periodicity of the grating marker. When the reflected acoustic wave returns
to the top surface, it causes periodic modulation of both height and optical constants
of the top layer. At this specific time delay, the surface is illuminated by the second
ultrafast laser pulse (probe). Two approaches are possible. The first one is to
illuminate the surface with a wide-area probe pulse, with a diameter larger than the
grating pitch. This pulse will diffract on the periodic perturbation of the surface,
and the alignment procedure will be similar to the one shown in Fig. 3. The second
approach involves probing the surface with a tightly focused laser pulse while
scanning the wafer’s position. This will result in periodic modulation of the reflected
light intensity, allowing for contrast imaging, which can also be modified into an
alignment procedure. As mentioned earlier, alignment targets contain micron-pitch
gratings, which can be sufficiently resolved by GHz-THz acoustics. Thus, alignment
accuracy is determined by the strength of the detected signals and measurement time.
Moreover, the imaging capability of PU should also be considered as an alternative
tool for inspection purposes, such as overlay control.

Although the described photoacoustic metrology appears to be similar to con-
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Figure 5: Schematic of photoacoustic detection of buried alignment markers. An ultrashort laser pulse
hits an opaque layer, generating an acoustic pulse. The acoustic pulse propagates into the stack and
reflects from the buried objects. A reflected acoustic pulse returns to the surface, where a delayed
optical probe pulse detects it.

ventional optical metrology, there are several fundamental differences. In photoa-
coustics, the detection of buried alignment markers is inherently more complex,
since the measurement does not access the markers directly but instead relies on
acoustic waves as intermediate carriers of information. The nature of these elastic
waves differs substantially from that of light. That results in differences in wave
propagation aspects, such as polarization modes, refraction and reflection laws, etc.
Furthermore, unlike optical metrology, which typically employs monochromatic
light, light-induced elastic waves possess a broad frequency spectrum. This spectral
broadness introduces more intricate diffraction and interference effects, making
the interpretation of acoustic signals distinct from optical ones. Finally, while the
detection step in photoacoustics remains optical, the probe pulse does not detect
the alignment marker itself but rather an “acoustic copy” of it. The efficiency of
this detection is governed by the strength of the strain-optic coupling, i.e., how
effectively strain waves induce transient refractive index changes, which varies
strongly with materials.

OUTLINE OF THE THESIS

Although the PU already has shown capability of hidden gratings detection and imag-
ing through opaque layers in the samples similar to semiconductor devices [20-23],
weak photoacoustic signals due to low amplitudes of light-induced acoustic waves
and weak strain-optic coupling, require significant measurement integration time to
achieve satisfactory signal-to-noise ratio. Due to this, for industrial applications of
PU, further studies are needed to achieve efficient acoustic generation and sensitive
acoustic detection. Additionally, there is an interest in developing high-resolution
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PU imaging that could go beyond the optical diffraction limit. This is potentially
possible since light-induced acoustics has significantly shorter wavelengths com-
pared to optical wavelengths. These problems are addressed in our studies, and the
results are summarized in this thesis.

In Chapter 1 we introduce a theoretical background of picosecond ultrasonics.
Generation, propagation, and detection of acoustic waves are discussed. We intro-
duce the governing equations, along with a numerical simulation model, which we
use to simulate photoacoustic experiments. In Chapter 2 we describe the experimen-
tal technique used in our research. The developed pump-probe experimental setup is
based on asynchronous optical sampling (ASOPS) with the ability to modulate the
repetition frequency offset, enabling better performance compared to conventional
designs that use ASOPS or a mechanical delay line. Chapter 3 presents results of
studies on how thin transparent layers deposited on top of opaque layers influence
photoacoustic signals. The deposition of thin layers typically leads to signal en-
hancement; however, the signals can be distorted due to a complex interplay of
additional optical effects that occur in such structures. In Chapter 4 we investigate
the possibility of sub-optical-wavelength grating characterization. We demonstrate
that picosecond ultrasonics is capable of retrieving grating parameters, such as
pitch, duty cycle, and grating lineshape, at grating pitches below the wavelength of
the probing light. We also address the possibility of detecting grating defects. In
Chapter 5, we examine the photoacoustic response of periodic structures to study the
correlation between excited vibration modes in those structures and their geometrical
shape.



THEORY

INTRODUCTION

Any ultrafast photoacoustic experiment involves repetitive exposure of the sample
of interest by a pair of laser pulses. The first laser pulse (pump) induces the acoustic
pulse that propagates throughout the sample, while the second time-delayed laser
pulse (probe) detects changes in the sample reflectivity caused by present acoustic
waves. Behind this seemingly simple experimental scheme, many physical processes
involved in acoustics generation and propagation occur inside the sample. These
processes, being not directly observable, determine changes in sample reflectivity,
the only quantity measured experimentally. For this reason, a proper understanding
of underlying physics is necessary to interpret experimental results correctly.

This chapter introduces theoretical models of light-induced acoustics generation,
propagation, and detection.

1.1 THEORY OF LIGHT-INDUCED ELASTIC WAVES

1.1.1 GENERATION

When a laser pulse hits a solid, the interaction between the laser field and the solid’s
electrons actually happens. If the material is absorptive (e.g. metals or semiconduc-
tors), electrons get excited to higher energy levels. The change in electron energy
distribution leads to a change in the equilibrium interatomic distance, causing in-
ternal stress. In order to release the stress, the material undergoes deformation
that launches an elastic wave. This mechanism of elastic wave generation is called
the deformation potential (DP) mechanism [62]. It takes place both in metals and
semiconductors. However, in metals, due to the ultrafast thermalization of excited
electrons with the lattice, the DP mechanism is efficient only within the first ps [63].
Afterward, the heating of the lattice gives rise to thermal stress, which becomes the




g

10 1 THEORY

dominant source of elastic wave generation in metals [62]. Since thin metal films
are studied in current research, we will focus only on the thermal (thermoelastic)
mechanism. There are other possible mechanisms of elastic wave generation, such
as the inverse piezoelectric effect and electrostriction [62]. However, materials used
in current research do not have piezoelectric properties. Regarding electrostriction,
this effect occurs only in transparent media and has low efficiency in elastic wave
generation [62].

Thermoelasticity is the volume change under the temperature variations. This
effect originates from the anharmonicity of the interatomic potential [64]. The
increase in lattice temperature increases the vibrational energy of the atoms. In the
case of an anharmonic interatomic potential, a change in vibrational energy leads
to a shift in mean interatomic distance that is observed as volume change. The
thermal strain el’j' that medium undergoes after heating (or cooling) when it reaches
equilibrium state can be linearly linked to a temperature change AT 81?]’.’ = AT,
where o; is the tensor of thermal expansion. To describe the elastodynamics of the
medium, it is more convenient to operate not with thermal strain but with thermal
stress. Thermal stress is the internal stress that evolves in the medium right after
it undergoes the temperature change. This stress is basically an “internal force”
that causes expansion or contraction of the medium under the temperature change.
Thermal stress for the isotropic medium is also linearly linked to temperature change
as

o/l = —3Ka§;AT, (1.1)

where K is the bulk modulus, o is the isotropic linear thermal expansion coefficient,
0;; is the Kronecker delta tensor. The derivation of Eq. 1.1 will be shown later in
Section 1.1.2.

From Eq. 1.1, one can see that the source of elastic waves is directly related to
the temperature change. Thus, to properly describe the generation process, one needs
to calculate temperature dynamics in the medium after a pump pulse absorption. As
mentioned earlier, the energy of a laser pulse is transferred to the electrons of the
solid. In metals, it can be interpreted as increased free electrons (electrons in the
conductance band) temperature. Afterward, hot electrons thermalize with lattice via
electron-phonon scattering. The process of energy transfer from electrons to lattice
was described by Kaganov et al. [65] considering Fermi-Dirac distribution and
Bose-Einstein distributions at different temperatures for free electrons and phonons,
respectively. In the case of lattice temperature 7; and electronic temperature 7, being
much higher than the Debye temperature 7p' and 7, — T; < T, the rate of energy

IDebye temperature is the temperature at which all the possible vibrational modes of a solid are
thermally excited.



1.1 THEORY OF LIGHT-INDUCED ELASTIC WAVES 11

transfer per unit volume from electrons to lattice can be aproximated as [65]

w2m, cfne

—G(T,—T)), _ T MeClte.
U=6{I.-1) O T,

(1.2)
Where m, is the effective electron mass, ¢, is the speed of sound?, n, is the concen-
tration of free electrons, 7, is the electron relaxation time. The constant G is called
the electron-phonon coupling constant.

Based on results derived by Kaganov, Anisimov et al. [67] introduced a two-
step model that describes electronic and lattice temperature dynamics in metals
during a short laser pulse excitation. The model proposed by Anisimov is known as
the Two Temperature Model (TTM), and it is widely used in the field of ultrafast
photoacoustics. Later on, Qiu and Tien [68] refined the existing TTM model by
solving the Boltzmann transport equation for electrons. The governing equations for
the TTM model proposed by Qiu and Tien are:

a7,
Ce(Te)W +V : Qe = _G(Te - T}) +S(X,y,z,t);
Te8§e +Qe = —ke(T., T1)VTe; (1.3)
oT;
CIW =G(T. - T)).

Where Q. is the vector of electron heat flux, C, and C; are the electron and lattice heat
capacity, k, is the electron thermal conductivity, 7, is the electron relaxation time,
and S is the source defined by laser light absorbed power density. The system 1.3
is quite intuitive. The first and last equations display the energy conservation
law for electronic and lattice subsystems, respectively, while the second equation
describes heat transport in the electronic subsystem. The difference in the TTM
model proposed by Qiu and Tien compared to the one proposed by Anisimov is
the wave-type of heat propagation (extra term T, aa -« in Eq. 1.3, hyperbolic TTM)
instead of diffusion (parabolic TTM). The wave-type of heat propagation occurs
when the characteristic heating time 7, is comparable to the electron relaxation time
T, [69]. For the ultrafast photoacoustics, 7, is related to the pump laser pulse length
which is in the order of 100 fs. Meanwhile, electron relaxation time in metals can
reach tens of femtoseconds. Thus, we will use the hyperbolic TTM in our theoretical
calculations.

Another note about Eqs. 1.3 is that heat transfer happens only through elec-
trons. This is due to relatively high electron heat conductivity compared to the
heat conductivity of the lattice [66]. The thermal conductivity of metals (which

ZSpeed of sound is calculated from Debye temperature [66]: ¢y = Tpk;,/ (67t2h3na)1/ 3, where k is
the Boltzmann constant and n, is the atomic number density.
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is dominated by electrons) is usually on the order of ~100 Wm™'K~!, while for
dielectrics (dominated by phonons) it is ~1 Wm~'K~!. However, in the case of
strong gradients of lattice temperature, it might be reasonable to consider lattice heat
transfer. This situation can occur on metal/dielectric boundaries or on the boundary
between two metals with a big difference in electron-lattice thermalization time
(electron-phonon coupling).

The electron heat capacity C, is approximated from the Sommerfeld model of
free electrons [64, 66]:

Ce = 1T, Y= n’n.k; /2Er, (1.4)

where n, is the concentration of free electrons, &, is the Boltzmann constant, and Eg
is the Fermi energy. The Sommerfeld approximation for electron heat capacity works
well for low temperatures. Otherwise, one needs to consider electron density of
states (DOS) and temperature dependence of the chemical potential [64, 70]. In our
experiments, we estimate the peak electron temperature to be below 1000 K-2000 K,
and thus apply the Sommerfeld approximation.

According to the Drude model, the electron heat conductivity can be derived
from the kinetic theory of gases [66]:

1
3
where Vg is the Fermi velocity. Qiu and Tien showed that electron heat con-
ductivity is proportional to the ratio of electron and lattice temperatures [68]:
ke = key(T;)T,/T;, where ke, is the heat conductivity at the thermal equilibrium
of electrons and lattice. The same temperature dependence can also be retrieved
from Eq. 1.5: electron relaxation time 7, is mainly determined by electron-phonon
collisions and is inversionally proportional to phonon concentration that is mean-
while proportional to lattice temperature [66]. The value of k., can be obtained

from literature as a nominal heat conductivity. With the use of Eq. 1.5, we can then
estimate the electron relaxation time:

Imk 3k
T, = e T (1.6)
n 2T VYT,

n k2T, 7,

k, —
¢ 3m,

CVit, = , (1.5)

Now, the expression for electron relaxation time can be substituted into the expres-
sion for electron-phonon coupling (Eq. 1.2) [68, 71]:

7r4(necskb)2

G=
18keq

1.7
As one can see, G does not depend on electron temperature. The constant value of
electron-phonon coupling is commonly used in theoretical studies of thermodynam-
ics in metals exposed by ultrafast laser pulses. However, it should be noted that for
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high electron temperatures (high energy laser pulses), the Sommerfeld model of free
electron gas can not accurately describe electron-phonon energy exchange. In this
case, electrons from below the Fermi level start contributing to the electron-phonon
collisions. Thus, the electron DOS needs to be taken into consideration [70, 72].

The Two Temperature Model assumes that electrons are in thermal equilibrium,
meaning that their state can be described by the Fermi-Dirac distribution function
with a specific temperature. However, the absorption of a laser pulse leads to shifting
the part of electrons from the vicinity of Fermi level towards higher energies by 1 eV-
3 eV (depending on the laser wavelength). These excited nonthermal electrons then
thermalize with the Fermi sea via electron-electron scattering. The Two Temperature
Model is valid if the electron thermalization time is shorter than electron-phonon
thermalization. Otherwise, scattering of nonequilibrium electrons can significantly
affect the rate of electron-lattice energy transfer [2, 32, 73]. The effect of nonthermal
electrons manifests at low temperatures or low laser fluence [2, 73] where the
electron thermalization time can reach picoseconds. In our experimental conditions,
the thermalization time is expected to be below 100 fs, which is shorter than the
laser pulse duration.

By solving the system of Eqs. 1.3 we can obtain the spatial and temporal
evolution of lattice temperature after pump absorption. The lattice temperature can
then be used in Eq. 1.1 to define the source of elastic waves. We will introduce the
theoretical model for elastic wave propagation in the following subsection.

1.1.2 PROPAGATION

To describe the propagation of elastic waves, we will use the theory of linear
elasticity [74], which is based on Newton’s second law and Hooke’s law. Newton’s
second law is represented by the elastodynamics equation [74]:

@_&fik
Por = ox

(1.8)

where p is the mass density, o;; is the stress tensor, v; is the velocity vector of an
infinitely small volume of the medium, and x; is the spatial coordinate vector. Here
and for the following equations, we imply Einstein summation for repeating tensor
indices. The stress tensor o;; is defined in such a way that the product o;;n;, where
nj is the unity vector, determines the specific force (Newton per area) applied to the
surface normal to the vector n;. Meanwhile, Hooke’s law links stress and strain of
the medium:

Oij = CijkI€ki, (1.9)

where c¢;ji; is the tensor of elastic constants and g;; is the strain tensor. The strain
tensor determines the relative deformation of the medium. It is linked to the vector
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of absolute displacement u; of the infinitely small volume as

1<a“"+&”f). (1.10)

&= — -
Y 2 8xj 8x,~

The tensor of elastic constants has 3* = 81 components. However, certain symmetry
considerations can be applied. Since the energy of the deformed body is a quadratic
form of strain W = ¢; i/ €; €, it should not depend on the permutation of &;; and &;.
Additionally, as one can see from Eq. 1.10, the strain tensor is symmetric. Thus, the
tensor of elastic constants has the symmetry: ¢;jx; = ¢jixy = ¢ijik = Cxiij- This reduces
the amount of independent components of ¢;j; to 21. In the current research, we
assume the medium is isotropic. In this case, the amount of independent components
of the tensor of elastic constants reduces to 2, and Hooke’s law can be written as [74]

1
Gij:K(S,‘jgkk—i-Zﬂ <£ij_35ij8kk>7 (1.11)

where K and u are bulk and shear moduli, respectively, §;; is the Kronecker delta
tensor. Note that stress is nicely separated into volumetric (first term) and shear
(second term) components.

In general, the process of medium deformation is irreversible. That means that
part of mechanical energy dissipates into heat. Phenomenologically, this can be
considered as a presence of friction forces, which are linearly dependent on velocity.
The tensor of friction stress can be defined as [74]:

. . 1.,
G;}:X&jgkk+2§ (gij36ij£kk> , (1.12)

where y and & are viscous coefficients. The dot above the strain tensor depicts a
time derivative.

To include the source of elastic waves, we need to add thermal stress o} Jh. Right
after the temperature increase, the medium is constrained with respect to its new
equilibrium state. Assuming isotropic thermal expansion, the thermal strain is

th _

g/ = —a0;jAT;, where o is the linear thermal expansion coefficient. By inserting

thermal strain into Eq. 1.11, one gets the expression for thermal stress:

1

G?h = — |:K6ij5kk +2u <6,'j — ;5ij5kk>:| aAT; = —3K(X5ijATl. (1.13)

Equations 1.8 and 1.10-1.13 already form the system that describes elastodynam-
ics, where the total stress should be considered as a sum o;; + Givj + Gl?}l. However,
this model can not fully describe the attenuation of elastic waves. The consideration



1.1 THEORY OF LIGHT-INDUCED ELASTIC WAVES 15

s1 K L ,
_/Txm\ e restoring
stress
€ij
X/ &/Ts X € )
Vau v Viscous

- L\ | stress
! 1
S2 €ij D Eij
oth th, thermal
stress

Figure 1.1: Schematics of the standard linear solid model. Total stress consists of restoring ¢'*,
viscous 6", and thermal 6" components.

of viscous stress o;; proportional to a strain rate introduces losses with quadratic
power dependence on acoustic frequency, but in several photoacoustic experiments
relaxation damping which causes deviations from a quadratic dependence was
observed [33-35, 75]. The relaxation damping behavior manifests in a noninstanta-
neous viscous stress response to the change of strain characterized by the relaxation
time 7. To include relaxation damping, we use standard linear solid (SLS), also
known as Zener model [76, 77], schematically depicted in Fig. 1.1. The spring S1
represents the static elasticity of a solid and thus is defined by bulk K and shear u
elastic moduli. The stress-strain relation in the spring S1 is described by Eq. 1.11.
Since the stress in the spring S1 originates from the response of a solid to constant
deformation, we will call it restoring stress ¢”“. Spring S2 and dashpot D form the
viscous stress 0. Without spring S2, the viscous stress would be defined just by
Eq. 1.12 with viscous constants )} and &. The spring S2 introduces a relaxation
type of acoustic attenuation. The bulk and shear moduli of the spring S2 can be
defined as y /7, and & /7, where 7, and 7 are relaxation times of volumetric and
shear deformation, respectively. The parallel connection of elements in Fig. 1.1
implies equality of strain and summation of stress values and vice versa for serial
connection. Thus, the viscous stress according to the model shown in Fig. 1.1 is
determined by the system of equations:

X § !
ol = gt 2y (81-’]- - 36ij£l£k> ,

| R .
ol = A8yl + 28 <s;;. —1s ,-e,gk> , (1.14)

Ej= El-lj + Ei/},

where €/ ; and 8;; are the strain values in the spring S2 and the dashpot D, respectively.
To make this system more practical to use, one would prefer to exclude € ; and
81/; variables and operate only with total strain €;. This can be easily done for
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non-diagonal components of o’ ; 4

S
o =2>2¢;;
A A = o)+ 16 =28&;, i#]. (1.15)
0;; = 2581/;
Meanwhile, for diagonal components of o;; ;_ ; equations become
4 2
o= (E+ 50 e (B30 )ehemmey+ lish ,_
T, 37 T, 37 1=, (1.16)
4.\ . 2. . . . ki '
o= (r+58) e+ (138 ) eh—mer . 7

Since the ratio 11 /13 is not equal to the ratio &; /&, Egs. 1.16 can not be transformed
similar to Egs. 1.15. However, the system of Egs. 1.16 must hold for any values of
€;;. This allows us to split it into two independent sets of equations:

1 /
of =M¢E; m
J tj vl vl __ : . .,
ol 1 = Gjj +—=06;; =mé&;j, i=]; (1.17)
0ij = T&;j m
and
2 / . .
J %) 2 .0 . s
v2 ) = Gi‘;' +7Gil;' = ngkkv . (1.18)
o) = Loéu G k #i.
Where the diagonal components of total viscous stress are 6} ;_; = gl}j’_l + 613.2,

Now, we have all the equations to describe elastic wave propagation with losses
in isotropic solids. The complete set of equations is

%u; do;
_ ~Te v th i ik
G[j_oij—kcrij—kcrij, p 2 an,

1 /du; Ou;
o/} = —3Ka8;;AT, A <8xj " 8xj> ’

1
of = K&;jem + 21 <8ij - 35ij8kk> :
(1.19)
0;; = Givjl + Givjzy
1, M2 v :
o;; +a6ivj = &ij,

CZ V2

) .
Gil} + acij = Cngk,k;éia

Gil}—f—fsdi‘}:zgéij. 175]
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ATTENUATION OF ELASTIC WAVES

Let us find out the attenuation behavior of elastic waves that exist in the model
described by Egs. 1.19. As an example we will consider longitudinal waves propa-
gating along the z axis. However, the same analysis is applicable for shear waves.
Considering only an &, strain component and substituting solutions in the form
a = apexp(ikz — iot) into Egs. 1.19 we can get a dispersion relation:

®? 1 —ioT

= .
e 1 —iog(1+m/M7)

(1.20)

Here, M = K + 41 /3 is the P-wave modulus, ¢;o = /M /p is the phase velocity of
a longitudinal wave in case of no attenuation, and 7, = 1, /17 is the relaxation time
of the longitudinal elastic wave. The complex wavenumber k can be represented
with real and imaginary parts: k = k' + ik”. The real part determines phase velocity,
while the imaginary part defines attenuation. In the case of low attenuation, X' > k”
holds, which in combination with Eq. 1.20 gives condition:

2
My OT xy

T+ o2 2(1+ ) 1+y2(1+2)

<1, (1.21)

where we use notations x = 1 /MT; and y = ©7;. For x < 1 condition 1.21 holds
for any y and thus for any acoustic frequency. From Eq. 1.20 the square of real part
K2 is

”n_ »’ 2 2 24,2 2>
=22 (142 (1+2)7) <1+y (1+x)+\/(1+y (14x))2+x2y2 ). (1.22)

Expanding the last equation into Taylor series for x = 0 we get:

2 2y? w27?
Via 2 <2 Y ) @ e (1.23)
2c y2+1 1+a) ‘L'l M

Therefore, the phase velocity is

®21? ®°7?
C1—C10/\/ — L nZ ~ Cl0 <1+ 2 l) . (1.24)

1+ w?t? M 2M 1+ 0?7}
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Repeating the same procedure for the imaginary part k" of the wavenumber we get:

2
"2 o 2
- 121 VU202 4252 ) =
e (1)
~ o* < ¥y 2 3y* x3>‘
2ci \(OZ+1)7 202 +1)°
(1.25)
k”ziwiz 1_3L712£. (1.26)
2pcyy 1 + 0?7} 1+ w2t uM

Now, by using the expression for phase velocity from Eq. 1.24 and considering

3 . . . S
that (\/ 1—- ax) ~ /1 — 3ax, we obtain an attenuation coefficient for longitudinal
elastic waves:

2
n2 @
= . 1.27
P 2pci (@) 1+ w?t? (1.27)
In the same way we can derive an attenuation coefficient for shear waves:
2
(0]
Bs : (1.28)

" 203 (@) 1+ 0222

where ¢ is the frequency-dependent phase velocity of a shear wave.

The two well-known intrinsic mechanisms of acoustic losses in solids are ther-
moelastic damping and phonon viscosity loss. Thermoelastic damping happens due
to temperature differences in compressed and expanded regions. The heat conduc-
tance leads to irreversible energy dissipation and, therefore, attenuation of acoustic
waves. This type of loss occurs only for longitudinal acoustic waves since shear
waves do not cause volume change. The attenuation coefficient for thermoelastic

losses is [74, 77]
2 2N\ 2
»pT (3o 4c 2
= — 1-—) o 1.29
Btherm ch <Cp ) < 3C12> ) ( )

where ¢ is the thermal conductivity and C), is the volumetric heat capacity at constant
pressure. We can see that attenuation described by Eqgs. 1.27 and 1.28 transforms
into Eq. 1.29 when the following parameter values are used in Egs. 1.19:

T1=0 = MN=oc = 71,=1=0,

30\ 2 4¢2\ 2 (1.30)
n2 %P & Cp 3012 ) é 0
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Another damping mechanism (phonon viscous loss) is caused by the interaction
of acoustic and thermal phonons via anharmonicity of the interatomic potential [77,
78]. If the mean free path of thermal phonons is much larger than the acoustic
wavelength, i.e. 0Ty, > 1, where 1, is the thermalization time of thermal phonons,
the attenuation can be viewed as collisions of acoustic phonons with thermal phonons
that are in thermal equilibrium. Otherwise, thermal phonons are considered to be
in a homogeneous oscillating strain field caused by the acoustic wave. The strain
field perturbs the phonon distribution function, meaning that the phonon gas is
out of thermal equilibrium. The thermalization process removes energy from an
acoustic wave, leading to its attenuation. The attenuation region with low acoustic
frequencies @, 3% 1 is known as the Akhiezer region. For light-induced acoustic
frequencies on the order of 100 GHz and thermalization time of several picoseconds,
the condition, 01, 3% 1 is well satisfied. Thus, we can consider the Akhiezer region
of phonon viscous loss. The attenuation coefficient in this case is [78]

EO(Dl,s/3) (I)ZTM
2pc;, 14027’

l,s

(1.31)

BAkh =

where Ej is the thermal energy density, and D is the nonlinearity constant obtained
from the third-order elastic moduli. Subscripts “/”” and “s” define longitudinal and
shear waves, respectively. Similar to thermoelastic damping, Akhiezer damping can
be modeled by using the following viscous parameters in Egs. 1.19:

N = Eo(Dy/3); Ty = Ty
n2 = Eo(Di/3)T; & = Eo(Dy/3) ;.

Thermoelastic and Akhiezer damping can be considered independently or simul-
taneously by adding the corresponding equations for viscous stress into Egs. 1.19.

(1.32)

1.1.3 DETECTION

As mentioned before, the detection of elastic waves is done by measuring the optical
reflectivity change of the sample at different time delays after illumination by the
pump. Various detection schemes can be implemented. In our experiments, the
pump and probe beams are co-aligned and focused onto the sample (see Chapter 2
for a detailed description). The detected signal is the intensity of the reflected probe
beam. Other experimental techniques might involve interferometric measurements
that detect both amplitude and phase of reflected light [79, 80]. The transient grating
experiments use two pump beams that interfere on the sample’s surface creating
periodic acoustics excitation [14, 20, 35, 81, 82]. The probe beam diffracts on this
periodic pattern, and the intensity of the first diffraction order is detected. Regardless
of the experimental technique, one needs to calculate the reflected field of the probe
pulse from the sample with known strain distribution to model the detection.
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The change of optical properties of the sample under strain carried by an elastic
wave happens due to the photoelastic effect, which relates strain with changes in
dielectric permittivity [77]:

A€;j = —€ik PkimnEmn€ljs (1.33)

where ¢;; is the nominal dielectric permittivity and p;j; is the tensor of complex
photoelastic constants. In the case of an isotropic medium, the nominal dielectric per-
mittivity is the scalar €, and the tensor p; i has only two independent components:
Py1 and Py,. Equation 1.33 can then be rewritten in the following way [36]:

A€ =
P&+ Pro(€y +£) Pyg€yxy P&y,
2
—€ Pys€yy P&y + P&+ £) Pygy; )
Pis€,; Pyy€y; Pii&;+ P&+ €)y)

(1.34)
where Py4 = (Py1 — P2) /2. The hat above the dielectric permittivity symbol desig-
nates its tensor nature.

Knowing the perturbation of dielectric permittivity, one can calculate the re-
flected field of the probe pulse. The last equation shows that under the strain field,
the medium becomes anisotropic. Furthermore, the anisotropy axes’ orientation
depends on the strain’s shear components. An additional complication comes when
the spatial inhomogeneity of strain is on the scale below the wavelength of the probe
light. In this case, one needs to solve Maxwell’s equations to obtain the reflected
field of the probe pulse. However, since the perturbation of dielectric permittivity
is usually below 0.01 % and light propagation into the absorptive sample is limited
by a couple of tens of nanometers, we approximate the reflected probe intensity
by solving a one-dimensional problem at each surface point of the sample with
subsequent incoherent integration of the reflected field over simulation domain. At
each sample’s surface point, we determine the effective refractive index variation
as a function of depth with the use of Eq. 1.34 for a given probe polarization. The
reflectivity from each point is obtained with the transfer matrix method [83], which
considers longitudinal inhomogeneities of the refractive index.

In various photoacoustic studies, the sizes of pump and probe focus spots
are significantly larger than the thickness of the sample. In this case, the whole
process is assumed to be one-dimensional, and all the model equations become
scalar [8, 11, 12, 36, 37, 84]. In particular, the change of dielectric permittivity
becomes Ae = —e2Pjpe. We can relate Ae to the change in refractive index n:

e=n’> = Ae~2nAn,

1 on (1.35)
An=——n’Ppe=—-¢.
n 211 12E 888
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The coefficient dn/de¢ is called the strain-optic coefficient and is commonly used
in photoacoustics literature. However, using the strain-optic coefficient is only
convenient for one-dimensional problems when the strain has only longitudinal
components along the elastic wave propagation.

Additional changes in reflectivity occur due to the temperature increase of
the sample. For small temperature variations, the refractive index change can be
approximated by a linear function of the temperature:

An = 3;AT = Ae = 2\/23;AT. (1.36)
Correction for thermal effects can be added to Eq. 1.34 or Eq. 1.35. It should be
noted that the electrons and lattice are not in thermal equilibrium right after pump
absorption. Furthermore, the electron temperature can reach several hundred or
even thousand Kelvin. In this case, the refractive index response can be strongly
non-linear [85] and Eqs. 1.36 are not valid. For that reason, we try to fit experimental
data to simulations only after several picoseconds when electrons are thermalized
with the lattice.

1.1.4 ILLUSTRATIVE EXAMPLE OF A ONE-DIMENSIONAL CASE

For a more intuitive understanding of the processes involved in picosecond ul-
trasonics, it is helpful to illustrate a typical light-induced acoustic pulse and its
corresponding optical response. Since this section is intended only for illustration,
we will limit ourselves to the one-dimensional case in acoustically non-dissipative
media. Furthermore, we neglect the material’s thermal conductivity and assume
that the energy from the pump pulse is instantaneously transferred to lattice heating.
These simplifications enable an analytical solution of the elastic equations, allowing
us to clearly observe how the shape of the acoustic pulse is formed.

TYPICAL SHAPE OF LIGHT-INDUCED STRAIN PULSES

To begin with, let us consider a scenario that may initially seem more complex than
generating an acoustic pulse on the surface of an opaque material. Specifically,
assume a double-layered sample where the bottom layer is opaque and the top layer
is transparent (see Fig. 1.2a). Both layers possess identical elastic properties and
densities, making them equivalent in terms of acoustic wave propagation. The laser
pump pulse passes through the transparent layer without any losses and is absorbed
by the opaque layer. This absorption creates an exponentially decaying temperature
profile within the optical penetration depth of the pump. The resulting temperature
increase induces thermal strain (expansion) that follows the same exponential spatial
dependence. Since thermal expansion occurs over a finite time, defined by the
speed of sound, two compression pulses are generated, propagating in opposite
directions, as illustrated in Fig. 1.2a. These strain pulses retain the spatial shape of
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Figure 1.2: Spatial profile of laser-induced strain pulses at 20 ps after excitation. a) Generation of two
compression pulses at the interface of two elastically equivalent materials. b) Strain pulse generated at
the free surface. Parameters used in simulation: refractive index of opaque material n = 1.5 4-i3.0,
longitudinal speed of sound c¢;y = 10km/s, and pump wavelength A = 800 nm.

the thermal strain but have opposite signs. From this example, we can deduce the
shape of the strain pulse generated at the free surface of an opaque material. This
situation is nearly identical to the previous one, except that the strain pulse, which
would otherwise propagate into the transparent layer, is immediately reflected at
the free surface. Upon reflection, the pulse undergoes a sign flip due to the free
boundary condition, resulting in the formation of a complex bipolar strain pulse, as
shown in Fig. 1.2b. It can also be noted that when the transparent and opaque layers
possess different elastic properties, the strain pulse propagating into the transparent
layer undergoes partial reflection at the interface between the two materials. The
amplitude and phase (sign) of the reflected pulse are determined by the acoustic
impedance mismatch at the interface [11].

The change of lattice temperature can be derived using the Beer-Lambert law
for optical absorption:

ATi(z) = we—%, (1.37)
Cio
where R is the optical intensity reflection coefficient, F' is the pump fluence, C; is
the volumetric heat capacity, and {y = Ay/47ky is the optical penetration depth
defined by optical wavelength Ay and imaginary part of refractive index xy. By
using Eq. 1.37 in the initial condition for thermal stress, one can get an analytical
solution to describe the strain field evolution shown in Fig. 1.2b [36]:

€= goe*Z/CO _ % [e*(ﬁczof)/é'o +e*‘Z*“IO’V§05gn(z— cot)|, z>0; (1.38)

where & = 3K (1 — R)F /C;§ypco. The first term in the last equation determines
nonpropagating thermal strain, and the second term corresponds to a propagating
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strain pulse. This bipolar pulse consists of two oppositely phased truncated expo-
nents with a decay length {j equal to the penetration depth of the pump. Note that the
propagating term itself consists of the two components enclosed in square brackets
in Eq. 1.38. The second component inside the brackets defines the bipolar pulse
that propagates away from the surface as shown in Fig. 1.2b. However, at time zero,
this bipolar pulse is cut in half by the free surface, and its trailing half is mirrored
over the interface with a corresponding sign flip. Therefore, the first component in
square brackets in Eq. 1.38 describes the compression pulse that propagates into the
interface before it reflects and forms the trailing half of the bipolar strain pulse.

Taking into account heat conductivity, the finite rise time of the lattice tempera-
ture due to non-instantaneous electron-phonon coupling, and acoustic attenuation,
would affect the shape of the strain pulse, leading to its temporal broadening and
smoothing. However, the present example provides a good qualitative description of
light-induced strain waves.

TYPICAL SHAPE OF AR SIGNALS

Now, let us examine the reflectivity change induced by the strain pulse described
by Eq. 1.38 as it reaches the sample surface. Consider a half-space occupied by
a solid with a known strain distribution, £(z > 0,¢). For a small perturbation of
the dielectric constant due to strain, the variation of the surface reflectance can be
obtained analytically [8, 36]:

0

o 1—A2 \de O

where ry is the unperturbed reflectance, k = 27 /A is the wavenumber of the probe
light, i = n+ ik is the complex refractive index for the probe light, and dn/de +
idKk /€ is the complex strain-optic coefficient. Since in our experiments we measure
the intensity of reflected probe light, we are more interested in the variation of
reflectivity AR /Ry, which relates to Ar/ry as

§:2Re Ar . (1.40)
Ro ro
Then, the Eq. 1.39 can be rewritten as [8, 36]
/ f(2)e(z,t)dz, (1.41)
where
. an . 81( —2/¢
f(2)=fo {88 sin (2knz — ¢) + 5g €0 (2knz — (P)} e s
(1.42)
£ :8k\/n2<n2+K2_ 1)+K2(n2—|—1<2—|—1)’ tang — K(n®+Kk*+1)

(n+1)2+x2 nn2+x2—1)
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Here, { = A /47k is the penetration depth of the probe light. From Eq. 1.41, we
see that the variation in reflectivity is determined by the integral of the strain profile
weighted by the function f(z), known as the sensitivity function. If the strain field
is a propagating strain wave, then AR(f) can be interpreted as the convolution of
the strain pulse with the sensitivity function. The sensitivity function itself is an
exponentially decaying sinusoid (see the example in Fig. 1.3). This means that the
AR(t) signal must exhibit periodic behavior, defined by the time it takes the strain
pulse to travel through one spatial period of the sinusoidal component of f(z). From
Eq. 1.42, one can find that the oscillation period in the AR(t) signal is T = A /2ncy.
The physical origin of these oscillations is the Brillouin effect. The probe light
is reflected both from the sample surface and from the moving strain pulse inside
the sample. These two reflected beams interfere, and the resulting intensity of the
reflected light varies periodically with the distance between the strain pulse and the
sample surface.

Let us calculate the variation in reflectivity using the shape of the strain pulse
obtained in the previous section. We will define ¢ = 7,y as the moment when the
strain pulse reflects off the sample surface, which is located at z = 0. Then we can
describe the strain pulse as follows:

Z+C10([ - Tref); 1< Tref-

(1.43)
Z_CIO(I_ Tref)a t 2 Tref-

g(z,t) = sgn(s)e P/ 5= {

If we now use the last equation in Egs. 1.39 and 1.40 we get

AR _Re 8ifi o

- q ﬁZ)(ﬁZ - K—/2) e (iﬁeZiknC/ome—CtoM/C + K/e_CIOI/CO>:| . (1.44)
0 _

where k' = KyA /Ay. As expected, we obtain an oscillating component defined by
the first term in the round brackets. The periodicity and damping of this oscillation
are directly inherited from the sensitivity function (Eq. 1.42) and defined by the
speed of sound and the optical properties of the solid. The second term in round
brackets of Eq. 1.41 is called the transient term. It follows the temporal shape of
the strain pulse from Eq. 1.43. In Fig. 1.4, we show a typical reflectivity change
curve, along with its transient and oscillating components. The relative contribution
of these two terms to the total signal is defined by the optical parameters of the
solid [36].
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Figure 1.3: Normalized sensitivity function f(z) calculated using the following optical parameters:
wavelength of probe light A = 400nm, refractive index for probe light 77 = 2.0 +i0.5, and strain-
optic coefficient d7i/de = 1.0 +i3.0. The dotted and dash-dotted lines represent sinusoidal and
exponentially decaying terms, respectively.
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Figure 1.4: Reflectivity change calculated with the use of the same sensitivity function as in Fig. 1.3
and the strain pulse described in Fig. 1.2b.
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1.2 NUMERICAL SIMULATIONS

1.2.1 FINITE-DIFFERENCE TIME-DOMAIN METHOD
To solve numerically Eqgs. 1.3 and Egs. 1.19 we use the finite-difference time-
domaine (FDTD) method [86, 87]. Like any finite difference method, FDTD
approximates time and spatial derivatives using finite differences. Due to the
staggering scheme proposed by Yee [86], FDTD is very convenient and intuitive
for solving hyperbolic partial differential equations (HPDE). Since wave processes
are usually described by HPDEs, FDTD has become a common tool for modeling
electromagnetic and acoustic waves.

Consider a one-dimensional physical model that contains two entities: A and B.
Suppose A and B obey the following laws:

oA _ 9B IB A
ot ox’ o Pox

One can see that these two equations can be easily transformed into well-known wave
equations: 02A/9dt> = kpd?A/dx* and 9>B/dt> = kpd?>B/dx*, where \/kp = c is
the phase velocity of wave propagation. To discretize Eqgs. 1.45, we need to sample
A and B in time and space. If the corresponding grid spacings are At and Ax, the
sampled values will be

(1.45)

A(t,x) = A(qAt,mAx) = Alg;m],  B(1,x) = B(gAt,mAx) = Blg;m].  (1.46)

Indices g and m correspond to temporal and spatial steps. If now we shift the
sampling points of B by Ar/2 and Ax/2 with respect to A as it is shown in Fig. 1.5,
we can approximate derivatives with central differences using only two sample

A
. O @)
]dB/dt A
g+1 mo«—.
l ]dA/dt
q | >
m m+1 X

Figure 1.5: A staggered sampling scheme in the one-dimensional case. The horizontal and vertical
axes represent spatial coordinates and time, respectively. Derivatives are approximated between the
sampling nodes.
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points while obtaining second-order accuracy. For the two points [g+ 1/2;m + 1]
and [g+ 1;m+ 1/2] shown in Fig. 1.5 the discretized Eqgs. 1.45 will be:

Alg+ Lim+1]—Algsm+1] _kB[q+1/2;m+3/2]—B[q+1/2;m—|—1/2]

At - Ax ’

Blg+3/2;m+1/2] —Blg+1/2;m+1/2] _pA[q+1;m—|—1]—A[q+1;m]
At B

(1.47)
From these equation we can retrieve update equations for A and B:

Alg+ 1im) = Algim] + o) (Blg+1/2m+1/2]~Blg-+1/2m—1/2),
PAt
_i_i

Blg+3/2;m+1/2] =Blg+1/2;m+1/2] A

(Alg+ 1im+1]—Alg+ 1;m)).

(1.48)
After setting the initial conditions for A[0;m] and B[1/2;m+ 1/2], further calcula-
tions are done by iteratively applying update equations.

To obtain a stable solution, the speed of wave propagation must be lower than
the slowest numerical speed (speed of information propagation). For the one-
dimensional case, this numerical speed is Ax/Az. Thus, to get a stable solution, we
therefore need to satisfy the condition: At < Ax/c. For the n-dimensional case, this
condition is known as the Courant condition [87]:

1
¢,/ f‘Ax%z
We should note that in the case of a medium with losses and dispersion, the phase

velocity is frequency-dependent. Therefore, in the condition Eq. 1.49, one should
consider the highest value of ¢ for the simulated frequency bandwidth.

At < (1.49)

1.2.2 UPDATE EQUATIONS FOR THE TWO TEMPERATURE MODEL

We can apply the sampling strategy described in the previous subsection to discretize
thermodynamic equations Eqs. 1.3. In these equations, electronic temperature 7,
and electron heat flux Q, are coupled in the same way as A and B in Egs. 1.45. Thus,
the sampling grid of Q, should be shifted relative to the sampling grid of 7, by half
of the sampling step both in time and space as it is shown for the one-dimensional
case in Fig. 1.6a. Note that in the general case, Q. has three components, and
the spatial shift for each component should be done along the corresponding axis
(Fig. 1.6b). Meanwhile, in the last equation of Egs. 1.3, the time derivative of lattice
temperature 7; is proportional to electronic temperature 7,. Hence, we spatially
colocate sampling grids for 7; and T, but stagger them in time (Fig. 1.6a).
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Each equation in Egs. 1.3 contains both physical quantities and their derivatives.
In the applied discretization scheme, the derivative is defined between every two
nodes of the sampling grid. If the physical quantity needs to be defined at the same
position as its derivative, its value can be obtained by averaging the two neighbor
nodes, e.g., T,[q;m] = (T.[qg — 1/2;m] + T,[qg + 1/2;m]) /2. Furthermore, Eqgs. 1.3
are non-linear due to temperature dependence of electron heat capacity and heat
conductivity. This results in non-linear discretized equations. However, the non-
linearity is quadratic, and discretized equations can still be solved analytically to
obtain explicit update equations:

Tlqg+1/2;mmy;m; E(\/l—i—FZ—&—l);

ATy g my;my;m;) + BT, [q + 1/2;my;my;my);
COYlqsmy + 1/2;my;m;] — DVJ%; (1.50)
COqsmy;my+1/2;my) — DV
CQO%lg;me;my;m; +1/2] — DJ*.

]

E[Q+1;mx;m}’ m]
Q:[‘]+1'mx+1/2'm}’ m]
A ]
]

Qg+ 1; mx’merl/2 my
Qg+ 1ymemy;m; +1/2

Where:
Z = R — GTi[q;my;my;mz] — S[g;my; my;m]

G
—HT} g —1/2;my;my;mg] + S Telg—1/2mgmym];

R— Qelgimy+1/2:myime] — Qglgimy — 1/2:my;m,]
= Ax (1.51)
@[q;mx;my+ 1/2;m;] — Qﬁ[q;mx;my —1/2;m]
Ay
Qilgsmy;my;m; +1/2] — Qg my;my;m, —1/2]
AZ b

_l’_

_l’_

i T g+ 1/2me+ Lymysm;] — T2 g+ 1/2;mye;my;m)

U +Tilgimy+ Limy;m ] + Tilg + Limy + 1ymymy
T2[g+1/2imemy+ Lim] — T2 g +1/2;memy;m]
U +Tilgsmysmy + Lm] + Tilg + Lmygmy + 1me] (1.52)
Tez[q+1/2;mx;my;mz+1]—Tez[q—|—1/2;mx;my;mz].
U+Tqg;me;my;m, + 1]+ Thlg+ Limgmyym, + 1]

’

Y —

J=

U = Tilq;my;my;my) + Th{q + Lsmy;mysmy
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and
_2C,-GAr E_GiAt‘
- 20,4+ GAt’ 2y
. 2GAr 8y
= = T’
2C; + GAt G- At (1.53)
o 2t — A1 g1
2T, 4+ A C2A1°
i Ak
(2T6+AI)AX,"

Figure 1.6a shows the update process described by Eqs. 1.50. The update order
is T, — T; — Q.. The temperature is defined in the center of the unit cell, while the
heat flux is on the sides. This is when the staggered scheme becomes intuitively
convenient. The difference of heat flux on the edges of a unit cell determines the
change in energy of the cell, i.e., its temperature. Meanwhile, the difference in
temperature of the two neighbor cells determines the heat flux across their common
boundary. In this discretization scheme, the grid size of each heat flux component is
one node larger along the corresponding axis, as shown in Fig. 1.6b. Note that one
only needs to add update equations for corresponding heat flux components to go
from one- to multi-dimensional cases.

Consider a boundary between two materials which, according to our sampling
scheme, coincides with the sampling nodes for the heat flux (see Fig. 1.7). In
general, there is no need to apply specific boundary conditions to material interfaces

a) b) -B-r-moa-m-o
' b ok o4 o
q+1- A - A——).‘—A ! 1 1 1
| : T i i
: . : . . v * ° * (¢] * (<] * .Te,l
—E—/'—j\‘:— ————— --F--\--- P N o}
q A A A
:- T, - 0. e =0,
70 1 @ . o IR et 80,
m m+1 —x> E ] :.ED'—): ¥
i Lopooo
Ll =T A2 X

Figure 1.6: a) A sampling scheme for temperatures and heat flux in the one-dimensional case. The
arrows visualize update procedure. b) A spatial grid (excluding time) in two- and three-dimensional
cases. Temperatures are defined in the center while heat flux components are defined at the corre-
sponding sides of the unit cell.
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© W O
T, Tb;Qb T,

Ax

Figure 1.7: Interface of two materials goes through the heat flux node. Heat fluxes at the left and right
sides must be equal.

if material constants are defined in all the nodes of the discretization grid. However,
in our case, the grid of material constants is colocated with the temperature grid but
not with the heat flux grid. To obtain material parameters between the materials grid
nodes, let us apply a heat flux continuity restriction. Consider the material interface
shown in Fig. 1.7. Let the temperature at the boundary be 7},. Then, according to
Eq. 1.3, the left-side and right-side heat fluxes can be approximated as

90 T, —
Te,le + Qe,l = _Zke,l%;

1220) T.,—T 1.54
Te,r a:J + Qe,r = _Zke,r rAx b; ( )

AT, = Te,r - Te,l-

Subscripts / and r correspond to the left and right sides of the boundary, respectively.
The heat fluxes and their rates must be equal at the left and right sides of the boundary
i.e. Q¢1 = Q. = Op. By summing the first two equations from Eqs. 1.54 we get

20 AT,
Teff—— = —kepr— 1.55
eff o, +0p off Ay (1.55)
where effective relaxation time and heat conductivity are
Te lker+Te.rkel 2ke lker
T ep — 0l%e Il kopr = —>"2—. 1.56
e ke,l + ke,r e ke,l + ke,r ( )

The edge nodes of the heat flux grid can not be calculated using update equations
(see Fig. 1.6). However, various boundary conditions according to the chosen
geometry can be applied. In our calculations, samples are usually thermally isolated
in the longitudinal direction (direction of sound propagation) and either thermally
isolated or periodically structured and assumed infinite in a transversal direction.
Isolating boundary condition implies zero heat flux across the boundary surface.
Meanwhile, in the case of periodic boundaries, the heat flux values on the edges
of the grid are calculated using the update equations and temperature values on the
opposite sides of the temperature grid.
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1.2.3 UPDATE EQUATIONS FOR ELASTICS

Due to the specific geometry of the experimental samples studied in the current
work, we consider either one or two-dimensional problems in our simulations. In
this subsection, we will show update equations for the elastic systems described by
Egs. 1.19 in a two-dimensional case. We consider an elastic wave that propagates
along the z axis, with y as the transverse coordinate. Expanding Eqs. 1.19 in
two-dimensional cartesian coordinates gives equations for stress components:

772

=Me,, + Ae, ny +—=6,, = Mé,,
m
re __ . é v2 :
O, = )Lgyy—i_Mgzu G + ¢ G = Gé.,
mn . )
G)rze =2UEy, O-V1 + - VI =TM2&z, (1.57)
m
o'l = ¢! = —3KaAT; o + ész =5e
vy = Oz Iy G e 28y,

v =V __ &
oy, + 1,6, = 28¢,,

where M = K +41/3 is the P-wave modulus and A = K —2u /3 is the Lame’s first
parameter. The equations for the strain components are:

9&y _ dvy dez _ dv: 08z _ L (dvy  dv:). (1.58)
ot dy’ ot dz’ ot dz  dy ’
and the equations for the velocity components:
v 995 9oy oy dof dar oy
Por = 7oy "oy "oy Ty oz oz (1.59)

dv, do¥ doy do Jdo! doy doy,
Por = oz Y7oz "oz Toz Ty T oy

From the equations above, we can see that upon discretization, velocity and
strain components should be staggered in time and space. Meanwhile, strain and
stress components remain colocated. A spatial sampling grid is shown in Fig. 1.8.
Diagonal components of strain and stress are placed in the center, while non-diagonal
components are defined in the corners of the unit cell. Velocity components vy and v,
are placed at the unit cell’s y and z edges, respectively. The update order is strain—
stress — velocity. We get update equations for strain by discretizing Eqs. 1.58
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according to the scheme shown in Fig. 1.8:

&ylg+1,my,m;] = &,,[q,m,,m]
+Cy(vylg+1/2,my+1/2,m;] —vy[qg+1/2,my,—1/2,m;)),

8ZZ[Q+ lamyamz] = ezz[%myamz]
+CZ(VZ[q+ l/z’myamz"i‘ 1/2] _VZ[Q+ l/z’myamz - 1/2])> (1.60)

&zlg+1,my+1/2,m.+1/2] = &:[q,my+1/2,m;+1/2]
+0.5C (vylg+1/2,my+1/2,m,+ 1] —vylqg+1/2,my+1/2,m.])
+0.5Cy (v [q+1/2,my+1,m,+1/2] —v;[g+1/2,my,m,+1/2]).

Descretizing Eqs. 1.57 provides update equations for restoring stress:

G;;[Q7myamz] = ngy[%mwmz] +Aszz[%my7mz]a
Gzrze[q?myvmz] = l‘C:yy[qamyamz] +M8zz[%my’mz], (1.61)

G;Ze{qamy+ 1/2amz+ 1/2] = 2#‘%’Z[Q7my+ 1/27mz+ 1/2]’
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Figure 1.8: A spatial sampling scheme for elastics in the two-dimensional case. Arrows represent
update equations. Numbers define update order.
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and for viscous stress:

Gyvyl lq+1,my,m;] = D)o, [q,my,mz] +Evl(8yy[41+ 1, my, m;| — &y[q,my,m]),
Gyv}?[61+ Lmy,m;| = Dglc;yz[q,my,mz] +E;(e:lg+ 1,my,m;] — &.[q,my,my]),
o2 [g-+1,my,m;] = Dy, 02 [q,my,me) + Eyy (&g + 1 my,me] — [q,my,my)),
0.2 [q+ 1,my,m;] = D307 [, my,m] + Eyy (& [q + 1,my,m] — & [q,my,m.]),

G)‘/}z[CI‘F 1amy + 1/2,mz—|— 1/2] = DVSG;Z[CIamy + I/Z,mz+ 1/2]
+Evs(&2[q +1,my+1/2,m; +1/2] — &y [q,my + 1/2,m; +1/2]).
(1.62)
Finally, from motion equations Egs. 1.59 we get update equations for velocity:
wWlg+1/2,my+1/2,m;] =vy[g—1/2,my+1/2,m,]

+A, ( )y[Q7my+1 mg] — y[%mwmz]
[%my +1 mz] G)‘z)yl [%myamz]

+0y, [ g,my+1,m;] — Gy"yz[q,my,mz]

+G [q my+ 17’"1] - G)Zf[q’my’mz])
[q

+By(0y; [g,my +1/2,m;+1/2] — 0y7[q,my+1/2,m, — 1/2]
—I-Gyz[q,my—l—l/Z,mz—l—l/Z]—Gyvz[q,my—i—l/Z,mz—l/Z]), 63
VZ[Q+1/2 m},mz—l—l/Z] :Vz[q_1/27myamz+l/2]
+A; ( 2z [%myyszFl]*Gzrze[%myymz]
+0. [‘]7myamz+1]_szzl[q,myamz]
+Gzz2[q my,m; + 1] - szzz[q,my,mz]
—I—Gth[q my,m; + 1] — th[q,my,mz])
+Bz(6 lq my+1/2 m;+1/2] - yrf[q,my—l/2,mz+l/2]
+0y,(q,my+1/2,m; +1/2] — oy [q,my —1/2,m;+1/2]).
Where the constants are
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For a given unit cell configuration, material parameters such as density and
elastic moduli are defined in the grid nodes for diagonal components of stress
and strain. To define material parameters for other spatially staggered grids, we
do arithmetic averaging for densities and harmonic averaging for elastic moduli
[88, 89]. This averaging automatically satisfies boundary conditions at material
interfaces.

Different approaches can be implemented for the boundaries at the edges of
the simulation domain: periodic boundary, perfectly matched layer, free boundary,
and fixed boundary. As mentioned in the previous subsection, we use only periodic
and free boundaries. Periodic boundary implies wrapping the domain by setting the
same values for velocities, shear strain, and shear stress on the opposite sides of the
grid. In the case of free boundaries, shear stress and shear strain are fixed to zero
values. At the same time, velocity is calculated by assuming a half value for mass
density and by considering only the first inner layer of the stress grid.

1.2.4 NUMERICAL DISPERSION AND ARTIFICIAL DAMPING

Applying any numerical method to solve differential equations that describe wave
propagation corrupts the dispersion and attenuation properties of the system. As a
result, the simulated wave packet undergoes a shape distortion that lacks physical
significance [90]. For instance, if the wave packet propagates in a medium with
linear dispersion, its shape must be conserved. However, the discretization of the
space and time domains used in numerical calculations introduces nonlinearity in
the dispersion relation. Thus, higher frequencies can not propagate with the same
velocity as low frequencies. This velocity difference causes oscillatory behavior
around steep edges of the wave packet, similar to the Gibbs phenomenon.

For illustrative purposes, let us see how discretization changes the dispersion
relation in the case of a one-dimensional nondissipative medium. We start with the
following system of differential equations describing an elastic wave propagation:

de _dv
, gi gz (1.65)
Mot ox

After the substitution of a planar wave in the form of A = Agexp (ikx — iwr), we get
a dispersion relation for a nondiscretized system:

—iwey = ikvg ® M
p = — = — = CJ0- (1.66)
—iﬂwvo = ik k p
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Meanwhile, the discretized system for the FDTD method, system 1.65, is
elg+1/2,m—elg—1/2,m] _vigm+1/2)—v[g,m—1/2]
Ar - Ax L6
pvigtlm+1/2]—vjgm+1/2] elg+1/2,m+1]—¢glg+1/2,m]
M At N Ax '
If we now substitute a planar wave, we get
gosin (wWAr/2)  vgsin(kAx/2)
T A Y L sin(kAy/2) A p
P vosin (@Ar/2)  gsin (kAx/2) sin(wA1/2) AP M’
M At - Ax
(1.68)

From the last equation, we can write out the frequency as a function of wavenumber:

2 ) M Ar
@ = - aresin (1 /prmn(kAx/Z)) . (1.69)

One can see that Eq. 1.69 transforms into Eq. 1.66 when the ratio Ax/Ar exactly
matches the speed of sound cjp in the media. Figure 1.9 shows dispersion curves
for different ratios Ax/Atr. We see that ®-k space is limited by the domain of the
arcsin function that corresponds to spatial and temporal Nyquist frequencies 7 /Ax
and 7/At, respectively. If Ax/Ar # cjo, the dispersion curve deviates from the
linear behavior. Furthermore, this deviation increases with spatial frequency. The
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Figure 1.9: Dispersion curves for different values of Ax/Ar.
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case of Ax/Ar < ¢y is of particular interest. As shown in Section 1.2.1, this case
violates the Courant condition Eq. 1.49, causing instability in numerical calculations.
From Fig. 1.9, we can see that at kAx = 2arcsin(y/MAr? / pAx?) temporal frequency
o reaches the Nyquist limit. This means that higher spatial frequencies in the
range 2arcsin(y/MAr? /pAx?) < kAx < T can not be correctly represented, implying
instability in numerical calculations.

Notably, the same stability criterion can be obtained by applying the Von Neu-
mann stability analysis [91] (also known as spectral stability analysis). Let us
analyze Eqs. 1.67 after substituting the following trial solutions:

€[q,m] = gA9exp(ikAxm), v[g,m] = voA? exp(ikAxm). (1.70)

Here, A is a complex amplification factor. For the system to remain stable, the
condition |A| < 1 must hold. Without loss of generality, we set ¢ = 0 and m = 0.
The system 1.67 then becomes

@(11/2 _x—l/z) _ Q(eikm/z _e—ikAx/z)7

Ax
1.71)
P Vo ikAx/2 _ €0/ ikAx 1/2
——(A—-1 =— —1 .
mat e Ax A
Multiplying these two equations yields
1 M A?
/1+I :2—4;@sin2(km/2). (1.72)

Analysis of this expression shows that |A| < 1 holds for any value of k only if
Ax/At > cjp. Conversely, if Ax/At < cjo, then |A| < 1 holds only when |kAx| <
2arcsin(y/MAr? /pAx?). This result is consistent with the dispersion curve shown
in Fig. 1.69.

The presented case serves only an illustrative purpose, as it considers a nondissi-
pative and nondispersive one-dimensional medium. A dissipative medium already
exhibits nonlinear dispersion, making analytical analysis considerably more chal-
lenging. Furthermore, in multidimensional simulations, discretization introduces
numerical directional anisotropy, meaning that the phase velocity becomes depen-
dent on the direction of wave propagation. These effects prevent the selection of an
optimized Ax/At ratio that would completely eliminate numerical dispersion effects
for all frequencies and propagation directions.

From Fig. 1.9, one can see that the deviation between the natural and numerical
dispersion curves becomes more pronounced at higher frequencies. Consequently,
one effective approach to mitigate numerical dispersion effects is to restrict the
frequency bandwidth of the simulated fields. This can be achieved by introducing
frequency-dependent “artificial attenuation” [92]. In Section 1.1.2, we introduced
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a physical model in which attenuation of elastic waves was represented through
viscous stress. In that formulation, the viscosity of the medium is governed by
viscous constants and the relaxation time. The resulting attenuation exhibits a
quadratic dependence on frequency at low frequencies, while approaching a plateau
in the high-frequency region. If we set the relaxation time 7 = 0, the attenuation
reduces to a purely quadratic frequency dependence, which is particularly effective
in suppressing high-frequency components. In the limit T — 0, the attenuation
coefficient from Eq. 1.27 becomes

2 =
B = —F5w". (1.73)
2pciy
We now introduce the attenuation length dx, defined as the propagation distance over
which the spatial Nyquist frequency component ky = 7 /Ax decays by a factor of e,
i.e., B; (kny) 6x = 1. From this condition, the viscous parameter 1, can be expressed
as

M2 [(Tcpp\2 2pci Ax?
2pci, < Ax ) * - n?  Ox (174

Figure 1.10 shows one-dimensional simulations of a light-induced strain pulse
using various values of the Ax/Ar ratio. We can see an emerging calculation instabil-
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Figure 1.10: One-dimensional simulation of light-induced strain pulse in nondissipative and nondis-
persive medium for various values of Ax/At ratio. A spatial grid spacing is fixed to Ax = 0.1 nm in

all simulation cases, while the time step is varied. The speed of sound is set to ¢;o = 10km/s. In the
simulation represented by the red curve, an artificial damping is applied with 6x = 2nm.
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ity when this ratio is slightly lower than the speed of sound (blue curve in Fig. 1.10).
In contrast, the green curve in Fig. 1.10 represents the case where Ax/At > ¢y,
showing oscillatory behavior near a steep gradient, which indicates a significant
numerical dispersion effect. However, this oscillatory behavior is effectively sup-
pressed by adding artificial attenuation with dx = 2nm, as shown by the red curve
in Fig. 1.10.
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2

EXPERIMENTAL METHODS

INTRODUCTION

In the previous chapter, we introduced the theoretical essentials of picosecond
ultrasonics. Now we can look at a practical implementation. The core of our
experimental method is pump-probe spectroscopy, which is the primary experimental
technique in picosecond ultrasonics [31, 36, 62, 94, 95]. This technique has been
developed in the last decades as a tool for time-resolved studies of ultrafast processes
such as molecular and electron dynamics, chemical Kinetics, etc. [4]. In our case,
pump laser pulses excite acoustic waves in a sample while probe pulses are used for
detection. Compared to piezo-electric actuation and detection, this approach enables
much higher frequency acoustic waves to be generated and detected. The frequency
of light-induced acoustic waves can easily exceed tens of gigahertz, while piezo-
electric emitters work in a megahertz range. Another advantage is non-invasiveness
due to contact-free interactions.

In this chapter, we describe the practical implementation of the pump-probe
technique as used in our current research.

2.1 PUMP-PROBE EXPERIMENTS IN PHOTOACOUSTICS

A typical setup for pump-probe measurements is demonstrated in Fig. 2.1a. The
setup shown is designed for photoacoustic experiments; however, the concept also
applies to other pump-probe experiments. The femtosecond laser source emits a
pulse train at a specific repetition rate, typically in the kHz-MHz range. The laser
beam is split into two arms: a pump arm and a probe arm. One usually applies
orthogonal polarization or wavelength conversion to distinguish between the pump
and probe beams, as shown in Fig. 2.1a. The pump pulse train repetitively excites

Parts of this chapter have been published in Rev. Sci. Instrum. 94, 103002 (2023) [93]
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Figure 2.1: a) Schematic of a pump-probe setup for photoacoustics. b) Photoacoustic measurements
on the 400 nm freestanding aluminium membrane. The acoustic wavepackets are visible as rapid
variations in the normalized reflectivity (AR/Ry).

specific dynamics in the sample of interest. It is important that the decay time of
excited dynamics is significantly shorter than the time gap between neighboring
pump pulses and fully reversible (i.e. the sample returns to its original state and is
not permanently modified).

Meanwhile, laser pulses from the probe arm hit the sample with a delay con-
trolled by the moving linear stage. Upon reflection from the sample, the probe pulses
are detected by a photodetector. To suppress noise, lock-in detection is usually im-
plemented by introducing a mechanical chopper in the pump arm. By observing
the photodetector signal as a function of the stage position, one can monitor the
dynamic processes that happen in the sample after pump excitation. In this scheme,
the temporal resolution is fundamentally limited only by the duration of the probe
and pump pulses.

Figure 2.1b shows a typical photoacoustic measurement obtained with the pump-
probe technique. In this case, acoustic waves are excited in 400 nm thick aluminium
freestanding membrane. Immediately after pump excitation, one observes a rapid
and substantial change in the reflectivity of the sample. This change is caused by
photo-excited electrons. Later, electrons thermalize with the lattice, leading to a
rise in temperature. Due to thermal conductivity, the lattice temperature decays
on the nanosecond timescale. This thermal effect is observed as a slowly varying
background in Fig. 2.1b. The sequence of rapid drops in reflectivity change indicates
a pump-induced strain pulse traveling back and forth in the membrane at the speed
of sound.
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Figure 2.2: Schematic depiction of asynchronous optical sampling. The pump repeats slightly faster
than half the probe repetition rate, causing an increasing pump-probe delay. Measuring the probe
intensity then recovers the ultrafast dynamics in the sample reflectivity. The dashed probe pulses are
not affected by the pump but are used for noise reduction with lock-in detection, as explained in the
setup description. Figure is taken from [93].

2.2 MODULATED ASYNCHRONOUS OPTICAL SAMPLING

The pump-probe setup with mechanical delay stage shown in Fig. 2.1a has mul-
tiple drawbacks. The length of the delay line limits the pump-probe delay range.
Furthermore, at large delay ranges, the system starts suffering from beam pointing
variation and divergence changes. Additionally, the stage movement speed limitation
does not allow fast delay scan measurements. These problems are eliminated in
the asynchronous optical sampling (ASOPS) technique [96], where two separate
but electronically synchronized lasers are used for pumping and probing. For the
current research, we developed an ASOPS-based experimental apparatus for ultra-
fast pump-probe reflectivity measurements capable of reaching shot-noise-limited
detection sensitivity. Below, we introduce technical details on the designed setup.

2.2.1 ASYNCHRONOUS OPTICAL SAMPLING

The concept of ASOPS is schematically depicted in Fig. 2.2. Each pump pulse
induces the same reflectivity change in the sample, which is detected by a probe
pulse. Because the pump repeats slightly faster than the probe, the delay between
the probe and the pump slowly increases. In this way, the fast reflectivity dynamics
are sampled at a different delay for each probe pulse. With a nominal repetition rate
fo and an offset Af, every probe pulse arrives Ar =~ Af/ fo2 later, giving an effective
delay scan speed of v = f x At = Af/ f. The delay scan speed of ASOPS typically
far exceeds that of mechanical delay lines. For example, scan speeds of 400 ns/s
and higher are readily achievable, which would require a mechanical stage moving
at 60 m/s for a single-reflection delay line.
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Usually, the pump and probe in ASOPS run at similar repetition rates. Instead,
in our setup, the pump runs at approximately half the probe repetition rate. This
allows us to use lock-in detection at half the probe repetition rate, as indicated in
Fig. 2.2, which reduces electronic noise.

In conventional ASOPS, the repetition rate offset of the pump is fixed, and
many rapidly acquired traces are averaged together. This has the disadvantage that
the resulting trace is as long as the pump pulse interval, making measurements
of a short range in time inefficient. High-speed ASOPS systems with increased
repetition rates of 1 to 10 GHz can already improve this inefficiency [97-103],
but such systems do not have the flexibility to measure longer delay times as
well. Instead, by modulating the repetition rate offset in time, the pump-probe
delay can be alternated back and forth over the range of interest. Such a modified
scanning scheme enables much greater efficiency in data collection. A similar
approach has been explored before in terahertz radiation experiments [104—106].
However, our approach does not require delay time calibration and is easy to apply to
ASOPS systems with a tunable repetition rate. An alternative efficient solution with
synchronized lasers is to measure at a small repetition rate offset, slowly scanning
the range of interest only once but with increased integration time per unit delay.
This is similar to using a mechanical delay stage in a traditional pump-probe setup
(as in Fig. 2.1a). Thus, we can apply three measurement schemes with our setup:
Modulated ASOPS (MASOPS), conventional ASOPS, and single slow scan. We
compared these three methods and found that the MASOPS scheme has the best
measurement efficiency [93].

2.2.2 EXPERIMENTAL SETUP

Our setup for measuring laser-induced ultrafast photoacoustics is sketched in Fig. 2.3.
The pump laser is a 1030 nm ytterbium fiber laser with 180 fs pulse duration at
50MHz (Menlo Systems Orange). It is electronically synchronized to the free-
running probe laser, an erbium fiber laser with 70 fs pulse duration at 100 MHz,
from which we use the 780 nm second-harmonic output (Menlo Systems C-Fiber
780). The pump and probe are collinearly focused on the sample. A beam expander
in the probe path ensures that the probe spot is smaller than the pump on the sample
(~4um vs ~ 8um, respectively).

Half of the reflected probe light is then detected in one port of a multimode
fiber-coupled balanced detector, with a reference probe beam in the other port.
An OD6 low-pass dichroic filter in the probe arm prevents any pump light from
being detected. The fast balanced detector (500 MHz, Femto HBPR) has a 5kV /A
transimpedance gain, allowing for shot-noise-limited probe detection at mW-level
intensities. In addition, a lock-in amplifier (Zurich Instruments UHFLI) filters and
amplifies the detector signal at half the probe repetition rate. The lock-in output can
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Figure 2.3: Sketch of the measurement setup. The pump and probe are collinearly focused on the
sample. Half of the reflected probe light is coupled into a multimode fiber and detected by a fast
detector, which is balanced with a reference probe beam. The detector signal is then filtered and
amplified at half the probe rate.

either be saved directly or captured by an oscilloscope for trace averaging in the case
of (M)ASOPS. Because the balanced detector also outputs a DC voltage, we can
extract the relative reflectivity change as AR /Ry = v/2 - Vrms/Vbc (see the following
section). Here, Vrums is the RMS voltage as measured by the lock-in amplifier, Vpc
is the DC voltage, AR is the absolute reflectivity change, and Ry is the reflectivity
without the pump. We assume that any pump-induced effects have vanished before
the secondary probe pulses (dashed in Fig. 2.2) are reflected.

The control electronics are shown schematically in Fig. 2.4. The pump and
probe pulses are internally detected with fast photodiodes, and their repetition rate
harmonics at 1 GHz are electronically bandpass filtered. A 20 MHz reference is
subtracted from the probe’s 1 GHz, after which the resulting 980 MHz is compared
to the pump’s 1 GHz, creating a 20 MHz intermediate frequency. This frequency is
phase-locked via a proportional-integral-derivative (PID) loop to a digitally gener-
ated 20 MHz signal, which can be frequency and/or phase modulated to provide a
modulated pump repetition rate. The PID loop with a 100 kHz bandwidth controls
the pump laser with an intracavity mirror that can be moved in large steps by a
stepper motor and fine-tuned with a piezo-element. Detecting pump and probe
phases at 1 GHz increases sensitivity, as any phase fluctuations in the fundamentals
are multiplied by the harmonic number (20 for the pump and 10 for the probe,
respectively). Furthermore, the effect of phase noise in the 20 MHz reference is
reduced by a factor of 10 as well, compared to phase detection at 100 MHz. The
complete synchronization setup is a commercial system (Menlo Systems RRE-
SYNCRO), with a jitter of 59 fs as measured by Menlo Systems. In practice, the
time resolution is limited by the 180 fs pump pulse duration, which we have verified
with a pump-probe intensity cross correlation on a two-photon GaP photodetector.
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We have added an arbitrary waveform generator (AWG, Keysight 33522B)
to allow for modulation of the frequency and phase offset. A frequency shift
Af or phase shift A of the AWG output will result in a repetition rate offset of
Af/20 or a phase shift of A@/20, respectively. Previously, the modulation was
applied as a voltage offset to the PID loop, which requires accurate voltage-to-phase
calibration [104] or a known repetitive signal [105]. Instead, in our approach, the
modulation is essentially directly applied to the 1 GHz harmonic of the pump, giving
a quantitative and calibration-free conversion to the resulting time delay scan. For
example, a 1 Hz offset of the AWG results in a delay scan speed of 1ns/s. Due to
the AC voltage limitations of the intracavity piezo-element in the pump laser, the
scan speed modulation is limited from —20 to 420 ns/s. Alternating traces of 1 ns
long can, thus, be measured at a maximum rate of 20 traces per second.

With modulated ASOPS in our experiments, the pump usually runs at +1 Hz
offset for 7/20 s and then —1 Hz offset for 7/20 s, where 7 is the measured pump-
probe delay range in nanoseconds. On average, the scan speed v is 20ns/s. The
modulation is applied via phase modulation, as frequency modulation otherwise
results in a slight timing drift after every cycle with our AWG. A triangle wave
defines the modulation waveform, with the transitions smoothed in order to prevent
sharp PID input jumps. The normalized upswing ¢ of the waveform is a piecewise

Probe Pump
780 nm 1030 nm
100 MHz 50 MHz

Intracavity piezo +
stepper motor control

]

20th harmonic Error

Reference AWG
20 MHz 20 MHz + (Af, Ag)

Figure 2.4: Block diagram of the MASOPS synchronization electronics. The pump and probe
repetition rates are compared by their 1 GHz electronic harmonics at a 20 MHz offset. The resulting
intermediate frequency is locked to the signal from an arbitrary waveform generator (AWG) via a
PID-loop that controls an intracavity mirror in the pump laser. Any desired modulation can be added
with the AWG. Figure is taken from [93].
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continuous function of the normalized time 7, given by

(1-p) =50, 0<i<T,
¢ (f) = 5% +d, T<i<1-T, 2.1)

1-¢(1-17), 1-T<i<1.

Here, 0 < p < 1 parametrizes how much of the total modulation range should be
scanned linearly, with derived parameters ® = n+2n/(1 —p), T = n/(2w), and
a= (1 — p)/2. In our experiments, we typically use p = 0.9. Since ¢(0) = 0 and
¢(1) = 1, the waveform A¢(t) for any arbitrary modulation range or modulation
rate can simply be found by scaling ¢ or 7, respectively. The waveform is then
combined with its mirror image to form the final updown modulation waveform that
can be uploaded to the arbitrary waveform generator. As the phase maps directly to
a pump-probe delay, in the analysis, the nonlinear cosine part can be interpolated
to give a linear time delay axis. The conversion between a phase shift A¢ and the
effective pump-probe delay depends on the synchronization details, but in our case,
360° results in 1 ns of delay.

The lock-in amplifier uses a fourth-order cascaded digital lowpass filter, with
its bandwidth set such that the equivalent measurement bandwidth is usually 1 THz.
Thus, it is set to 20 kHz for 20 ns/s average scan speed. The sample rate of the data
acquisition is approximately ten times higher to minimize aliasing.

EXTRACTING RELATIVE REFLECTIVITY

For a fixed pump-probe delay Ar, the probe repeats exactly twice as fast as the
pump, as indicated in Fig. 2.2. In general, the n-th probe pulse that reflects from
the sample has an intensity 7,,(t) = R(n)Eod(t — mt/2), with R(n) as the reflectivity,
E) as the incident pulse energy, 0(¢) as the Dirac delta function, and 7 as the pump
pulse interval. If the detector is linear and has infinite bandwidth, the unbalanced
voltage in the sample beam detector is simply V(¢) = S-I(z), with S being the
detector sensitivity including experimental losses. We only need to consider the
effect of a single pump pulse on the two following probe pulses since all signals are
periodic with the pump. We assume that any pump-induced reflectivity modulation
vanishes quickly so that the second probe pulse observes the unmodified reflectivity
R(1) = Ry. The first probe pulse is, however, modified and observes R(0) = Ryp+AR.
With the pump pulse arriving at t = —At, the DC voltage over the two probe pulses
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until the next pump pulse is given by

—At+1 —At+1
chzi_{t v<z>dr=5f°_£ RO RO/

SE() SEO

where we have assumed AR < Ry. We always use the unbalanced DC voltage
for Vpc, as the balanced signal has no DC component. The lock-in amplifier
demodulates at half the probe repetition rate and in phase with the probe pulse train
by multiplying the voltage with v/2cos(27¢/7) and averaging. The resulting RMS
voltage is given by

—At+71

VRMS:T2 / cos(2mt | T)V (1)dt — \@SEO [R(0) — R(1)]
At (2.3)
= V2AR(At )SEO

With balancing, Vrus is the same, but laser noise will be reduced. Note that, in
practice, the detector bandwidth is finite. However, as long as the bandwidth is
greater than 1/, Vrms remains unchanged, as the signal at half the probe repetition
rate will not be filtered out. Hence, we can reconstruct the relative reflectivity change
by AR/Roy = v/2Vrms/Voce.
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UNDERSTANDING
PHOTOACOUSTIC SIGNAL
FORMATION IN THE PRESENCE OF
TRANSPARENT THIN FILMS

INTRODUCTION

Strain-induced variation of the refractive index is the main mechanism of strain de-
tection in ultrafast 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 [108].
In this chapter, we study photoacoustic signal formation in metal covered by thin
transparent films of different thicknesses and demonstrate that in addition to bound-
ary 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.

3.1 CHALLENGE OF WEAK SIGNALS IN PHOTOACOUSTIC EX-
PERIMENTS
For the purpose of nanoscale imaging and detection through optically opaque mate-

rials, high-frequency ultrasound can become an intermediate carrier of information
about buried nanostructures [21-23, 31]. As sound frequencies on the order of

This chapter has been published in Photoacoustics 38, 100617 (2024) [107]




48 3 UNDERSTANDING PHOTOACOUSTIC SIGNAL FORMATION...

several hundred gigahertz correspond to an acoustic wavelength of only tens of
nanometers in most materials, such acoustic waves may be used for high-resolution
imaging [23, 26, 31]. Ultrafast photoacoustics (or picosecond ultrasonics) allows
generation and detection of such high-frequency acoustic waves. These laser-
induced acoustic waves propagate longitudinally into the sample and are reflected
from any internal interfaces or structures. The resulting acoustic echoes cause
refractive index variations near the surface of the sample that can be detected by a
time-delayed probe laser pulse (Fig. 3.1(a)). The imaging or detection of internal
structures of the sample of interest can be done by investigating the probe reflectivity
change AR/R dependance on the pump-probe delay [21-23].

A weak strain-optic coupling in many materials and low strain amplitudes
of laser-induced strain pulses lead to a very low reflectivity change obtained in
experiments. To achieve a satisfactory signal-to-noise ratio, the measurement time
needs to be long, limiting the application of photoacoustics in industry. Improving
signal levels by increasing pump pulse energy is limited by the finite optical damage
threshold of materials. In general, strategies to increase signal ideally result in a
stronger coupling between the strain wave and the probe light. Therefore, a detailed
understanding of such photoelastic interactions 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 [10—
12, 37, 49, 109]. 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 [48].
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 nanolithography. 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 [108]. We now investigate the origin of this
enhancement, and identify several contributions to the photoelastic 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.

In the presence of a transparent layer, the total AR/R signal is made up of
three contributions: a thickness change of the transparent layer, strain-induced
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refractive index variations in the transparent layer, and strain-induced refractive
index variations in the opaque layer (Fig. 3.1(b)). For small changes of reflectivity,
the total AR/R 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 AR/R 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 AR/Ry 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 interferometer (FPI)
attached to the sample. When the strain wave returns to the sample surface it
causes changes in FPI parameters, affecting the AR/Ry signals. An FPI-based
detection system can significantly enhance detection sensitivity when designed
for that purpose [48]. In our configuration, the strain wave propagates through
the entire “interferometer”. Furthermore, FPI-type sensors are used for ultrasonic
detection [110, 111] and photoacoustic imaging in biomedicine [112]. 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.

b)

Thickness
change effect

Strain-optics
of material

Substrate Substrate

Figure 3.1: The schematic of the acoustics generation and detection process in a single opaque layer a)
and a sample with a transparent top layer b).
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3.2 RESEARCH METHODS

3.2.1 EXPERIMENTAL SETUP AND SAMPLES

Experiments were performed with a setup described in Chapter 2, which incorporates
the pump-probe technique via modulated asynchronous optical sampling. The
schematic of the setup is shown in Fig. 2.3. The pump source is an Ytterbium-
doped fiber laser operating at 1030 nm wavelength, generating pulses with 180 fs
duration at 50 MHz 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 100 MHz 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 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 [96].

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 (500 MHz, 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 50 MHz
demodulation frequency.

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

The experimental samples shown in Fig. 3.2 were fabricated on glass coverslips
(borosilicate 0.5 mm). To reduce losses of strain waves due to coupling into the glass
substrate, a layer of 1 pum-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

AlO3 10-50 nm
Metal (gold/aluminium) 150-200 nm
PMMA ~1um

Figure 3.2: The schematic of an experimental sample.
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is strongly reflected from the metal-PMMA interface. The metal layers (gold and
aluminium) and transparent layers of varying thickness (Al,O3) were deposited by
electron beam physical vapor deposition (E-Flex, Polyteknik).

3.2.2 THEORETICAL MODEL

To study the process of strain waves generation and detection in bi-layered structures,
we use a physical model described in Chapter 1. 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. In this case, assuming sound propagation along the z axis, thermodynamic
equations Egs. 1.3 become:

oT, &Qe B
BQe T, 8T
3.1
+0Q. = eqT a (3.1)
cl‘;Tl G(T,—T)).

Meanwhile, in one-dimensional case system of elastic equations Eqgs. 1.19 can be
written without tensor notations:

e de  dv
(e} —Mg, E_aiz’

. __do" e LI g (3.2)
o= Th Ty Por = gz (0 0" +0").

th — _3KaAT;,

where the viscous parameters are: 11 = 1, and 7, = 12/M; (see Egs. 1.19). De-
tection of strain waves is modeled by calculating the reflectivity of the sample
with perturbated refractive index due to photoelastic and thermo-optic effects (see
Section 1.1.3):

An = 3284-3;7}. (3.3)

Physical samples are fabricated by sequential deposition of poly(methyl metha-
crylate) (PMMA), metal, and transparent layers onto glass substrates (see Fig. 3.2).
The measured time delay range is significantly 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. In dielectrics, the heat con-
ductivity is determined by heat transfer via the lattice, which is much weaker than
via free electrons in metals [118]. We, therefore, exclude heat transport effects in
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Table 3.1: Aluminium parameter values used in simulations.

f;a;rame- Description Value Units Source
TTM parameters
Electron
y volumetric heat 91.2 J/m’*K? [70]
capacity constant
Electron-phonon
G coupling 3.0 x 107 W/m’K [70]
coefficient
Electron relaxation calculated
T, time 6.45 fs from
Eq. 1.6
Electron heat
keq conductivity 235 W/mK [113]
Lattice volumetric 6 3
G . 2.4x10 J/m’K [113]
heat capacity
Elastic parameters
p Mass density 2700 kg/m? [113]
o Thermal expansion 236 x 107 1/K [113]
coefficient
K Bulk modulus 81.3 GPa [113]
M P-wave modulus 111.9 GPa [113]
n Viscous parameter 5x1073 Pas adjusted
Elastic relaxation
T . neglected ps -
time
Optical parameters
Complex refractive .
Mpump index at 1030 nm 1.40+4i9.85 - [114]
Complex refractive .
Nprobe index at 780 nm 2.65+i8.46 - [114]
Complex
strain-optic B . " B
dn/de coefficient at 29.19 —i25.16 [16]
780 nm
Complex
thermo-optic (—1.1841i1.62) x
on/oT coefficient at 1073 AS [16]
780 nm

*The magnitude of strain-optic and thermo-optic coefficients is adjusted for better
agreement with experiments keeping the ratio of real and imaginary parts.
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Table 3.2: Gold parameter values used in simulations.

Eirame— Description Value Units Source
TTM parameters
Electron
Y volumetric heat 62.7 J/m3K? [70]
capacity constant
Electron-phonon
G coupling 2.45x 1016 W/m’K [70]
coefficient
Electron relaxation calculated
Te fime 26.3 fs from
Eq. 1.6
Electron heat
keq conductivity 315 W/mK [113]
Lattice volumetric 6 3
G . 2.48 x 10 J/m’K [113]
heat capacity
Elastic parameters
P Mass density 19280 kg/m? [113]
o Thermal expansion 1.42 % 10-5 1/K [113]
coefficient
K Bulk modulus 180 GPa [113]
M P-wave modulus 217 GPa [113]
n Viscous parameter 2x 1072 Pas adjusted
Elastic relaxation
T . neglected ps -
time
Optical parameters
Complex refractive .
Mpump index at 1030 nm 0.24+i6.70 - [115]
Complex refractive .
Mprobe index at 390 nm 1.47+i1.94 - [115]
Complex
In/de Strain-optic ~0.83—i1.25 - adjusted
coefficient at
390 nm
Complex
an/dT thermo-optic neglected 1/K -

coefficient at
390 nm
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Table 3.3: PMMA parameter values used in simulations.

E;rame— Description Value Units Source
P Mass density 1190 x 5 kg/m? [116]
M P-wave modulus 9/5 GPa [116]

Table 3.4: Al,O3 parameter values used in simulations.

E:;rame— Description Value Units Source
Elastic parameters
P Mass density 3950 kg/m? [116]
K Bulk modulus 165 GPa [116]
M P-wave modulus 150 GPa [116]
n Viscous parameter neglected Pas -
Elastic relaxation
T . neglected ps -
time
Optical parameters
Complex refractive .
Mpump index at 1030 nm 1.67+1i0.0 B (7]
Complex refractive .
1 pr390 index at 390 nm 1.70+1:0.0 - [117]
Complex refractive .
npr780 index at 780 nm 1.67+10.0 - [117]
Complex
strain-optic
on/de coefficient at —0.4—-10.0 - adjusted
390 nm and
780 nm

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 Q, = 0 applied to the
dielectric-metal and metal-substrate interfaces, and initial conditions:

T,(z,t = 0) = Tj(z,1 = 0) = 300K, Q.(z,t=0)=0. (3.4

Equations Egs. 3.1 and 3.2 are solved numerically using FDTD method (see Sec-
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tion 1.2).

In this study, we consider two types of experimental samples containing alu-
minium and gold metal layers. Tables 3.1-3.4 contain material parameter values
used in simulations. Some parameter values are taken from literature; others are
either theoretically estimated or adjusted for better agreement with experiments.
Table 3.3 contains only elastic parameter values for PMMA since thermal dynamics
and optical penetration are neglected in this layer. Furthermore, mass density is
artificially increased and P-wave modulus is reduced, both by factor 5. This results
in 5 times lower speed of sound but does not affect acoustic impedance, keeping
acoustic reflectivity at the metal-PMMA interface the same. Thus, the thickness of
the PMMA layer can be reduced to save computational time. Table 3.4 contains
parameter values for Al,O3 excluding TTM parameters since thermal effects in the
oxide layer are neglected.

3.3 RESULTS AND DISCUSSION

3.3.1 PHOTOACOUSTIC SIGNALS IN ALUMINIUM FILMS

Figure 3.3a shows the reflectivity change due to laser-induced strain waves in a
170 nm thick aluminium film with Al,O3 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 Al,O3 / aluminium structure. At zero pump-probe time delay, a peak is
observed both in simulations (Fig. 3.3b) and experiments. The origin of this peak is
the thermo-optic effect and thermal strain near the surface of the alumini um film.

The experimental curves show strong echo decay caused by sound attenuation in
aluminium 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. The coupling of strain waves into the PMMA layer is also
significant. For speed of sound v4; = 6440m/s, Vpyya = 2750m/s and density
par = 2700kg/m?, ppama = 1190kg/m? the acoustic impedance mismatch leads to
68 % reflectivity at the aluminium-PMMA interface. The thickness of the deposited
PMMA layer is around 1 pm corresponding to a roundtrip time more than 700 ps.
Hence, there are no strain waves coupled back into aluminium from the PMMA
layer within the measured pump-probe delay range.

The echo amplitude increases and the shape of the reflectivity curves changes
with the thickness of Al,O3. Strain waves generated at the surface of the aluminium
also propagate into the Al,O3 layer. After a round trip in Al,O3 the strain wave
partially enters the aluminium film causing an additional peak around 10-20 ps time
delay. For thicker Al,O3 layers the roundtrip time is longer, resulting in an increased
time delay of this peak.
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The echoes from the aluminium layer are found to increase in signal strength for
thicker Al,O3 layers. This enhancement is caused by free surface elimination [108]
and the optical effects mentioned in Section 3.1. To understand the free surface effect,
consider a strain pulse generated in an aluminium film (Fig. 3.4a). After the pump
absorption, two negative counter-propagating unipolar strain pulses are generated.
One of them propagates into the sample while another one immediately reflects from
the free surface and undergoes a sign flip [8, 11]. This results in a bipolar pulse with a
negative part followed by a positive strain. If thermal diffusion and dispersion effects
are excluded, the strain pulse has the shape of two mirrored truncated exponential
functions with an infinite gradient in the point of symmetry. Thermal diffusion
and strain wave dispersion lead to pulse broadening and smoothing, which results
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Figure 3.3: Measured a) and simulated b) reflectivity change in Al,O3 / aluminium samples. Pump
pulse energy 1 nJ. Probe wavelength 780 nm. Aluminium thickness 170 nm. Al,O3 thickness is shown
on the graph in nm. A vertical offset between the different traces is applied for clarity.
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in a sine-like shape of the strain pulse. Upon the reflection from a free surface or
any interface with lower acoustic impedance material, the pulse undergoes a sign
flip. Thus, the strain distribution near the free surface is effectively a sum of two
mirrored counter-propagating pulses with opposite phases. Because the strain pulse
generated in aluminium has a bipolar shape, the strongest strain field in the vicinity
of the surface occurs when the leading half of the pulse is fully reflected. At this
moment the reflected part constructively interferes with the following rear half of
the pulse. This can be observed in the top subplot of Fig. 3.4b at 54 ps. However,
due to the non-instantaneous transition between negative and positive parts of a
strain pulse, the point of maximum strain does not reach the surface. Furthermore,
strain at the surface is fixed to its thermal value [108]. That is why all the curves
in the top subplot of Fig. 3.4b have almost the same value at the edges. The small
deviations are caused by thermal decay in aluminium. As optical detection of the
strain wave happens in a thin layer defined by the probe penetration depth (indicated
by the green area in Fig. 3.4b), this situation results in a small detectable reflectivity
change (Fig. 3.4c, blue). In contrast, the presence of a transparent layer allows the
strain pulse to pass through the interface, into the Al,O3 layer. That effectively
shifts the detection region deeper into the sample and enhances detection sensitivity
(Fig. 3.4c) [108].

The signal enhancement due to this free boundary elimination effect increases
with top layer thickness, but saturates when the thickness reaches around half the
strain pulse extent. In our case this happens at 20-30 nm thickness of Al,Os, as
shown by simulations (Fig. 3.5a). However, the experiments clearly show that the
signal enhancement continues beyond this saturation thickness, which points to the
existence of additional effects. By including the influence of optical effects caused
by the presence of strain in the Al,O3 layer, this continued enhancement can be
explained, and good agreement between simulation and experiment can be obtained
(Fig. 3.5). Three main optical effects are identified, namely the strain-optic effect in
the Al,Os3 that changes its refractive index, the physical thickness variation of the
Al O3 layer induced by the strain, and the coating effect of the Al,O3 layer. The last
effect means that for a given strain-induced refractive index change in aluminium,
the samples with different thicknesses of Al,O3 show different ARy /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.
Figure 3.6 shows the reflectivity change caused by the thickness change of Al,O3
(red curve), by strain-induced refractive index variation of Al,O3 (green curve) and
by strain-induced refractive index variation of aluminium (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 Al,O3 layers are indicated by vertical lines. The green and red curves
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Figure 3.4: Simulation of light-induced strain waves in the Al,O3 / aluminium structure. Beige filling
depicts aluminium, blue — Al,O3, green — penetration depth of 780 nm probe light into aluminium.
Penetration depth is defined as A /47K, where k 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 aluminium film. b) The strain wave shape at different time delays, around the
expected return time at the front surface. Top subplot is a bare aluminium film, bottom — with 20 nm
of Al,O3. Because of the different elastic constants of aluminium and Al,Os, the strain experiences a
discontinuity at the interface between the materials. c) Reflectivity change around the first echo for
bare aluminium (blue) and in the presence of a 20 nm Al,O3 layer (orange). The vertical dashed lines
correspond to the time labels in b).
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Figure 3.5: Simulation of the first echo in the freestanding aluminium film excluding a) and including
b) optical effects for different Al,O3 thicknesses. Thermo-optic effects are excluded both in a) and b)
for clarity. Optical effects are excluded by setting the refractive index of Al,O3 for both pump and
probe to 1, and strain-optic coefficient of Al;O3 to 0.

correspond to strain dynamics in Al;O3 and the orange curve to strain dynamics
in aluminium. After the pump is absorbed by the aluminium film, two unipolar
compressive strain pulses are generated. One pulse propagates into the aluminium
and the other into Al,O3. The strain pulse in the Al,O3 rapidly reflects within the
layer, changing its polarity upon each reflection from the air / Al,O3 interface. The
polarity change can be observed in the red and green curves as a decaying oscillation
with the period of the Al,O3 roundtrip time. Upon each full round trip in the Al,O3
layer the strain pulse partially couples into the aluminium, giving rise to spikes in the
orange curve in Fig. 3.6. After 2-3 round trips in Al,Os3, the strain energy is almost
fully transferred to the aluminium. Around 50 ps the strain pulse that was originally
propagating in the aluminium film reaches the Al,O3 / aluminium interface, which
can be observed as a spike in the orange curve. After a roundtrip in Al,Os3 this
pulse constructively interferes with the following strain pulse that was propagating
in Al,Oj3. That interference results in a dip around 70 ps.

From Fig. 3.6 one can see that the total signal is mostly determined by the strain-
induced refractive index modulation in aluminium. This is because aluminium has
relatively strong strain-optic coupling. For aluminium we use the value dn/de =
—29.19 — 25.15i which has the same phase as in [16]. The amplitude of dn/de was
adjusted for a better fit with experimental results. For Al,O3 we use dn/de = —0.4
which agrees well with our experimental results. From this analysis, the influence
of the thickness change and strain-optic coupling in Al,Oj3 is found to be weak,
and the coating effect of the Al,O3 layer is identified as the main reason for the
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Figure 3.6: Separated optical effects in aluminium with 50 nm thick Al,O3 layer. Vertical black and
red lines represent half of the roundtrip time in Al,O3 and in the whole sample respectively. Horizontal
lines indicate the vertical offset applied for clarity.

optical enhancement of the strain detection. Furthermore, as the thickness change
of Al,O3 and strain-optic effects in Al;O3 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 Al,Oj3 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 Al O3 layer is partially canceled.

3.3.2 PHOTOACOUSTIC SIGNALS IN GOLD FILMS

Photoacoustic signals as observed in Al,O3 / gold bi-layers are shown in Fig. 3.7. In
these structures, a similar signal enhancement for increasing Al,Oj3 layer thickness
is observed, but it is accompanied by much more dramatic changes in the shape of
the signals as compared to the Al,O3 / aluminium bi-layers.

To begin with, the reflectivity change curve shape for thin layers of Al,O3
requires some explanation since it strongly differs from the aluminium case. Gold
has much lower electron-phonon coupling and higher electron heat conductivity
compared to aluminium (see Tables 3.1 and 3.2). Those differences lead to a
broadening 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
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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. Thus, the reflectivity curves for 0-30 nm thick Al,O3
(Fig. 3.7) 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 Al,O3
/ aluminium samples due to higher acoustic impedance mismatch between gold
and PMMA. For v4, = 3350m/s and pa, = 19280kg/m? the reflectivity at the
gold-PMMA interface is 90 %. The gold viscosity parameter 7 is adjusted to a value
2 x 1072 Pas.

To understand the significant signal shape change that happens for layer thick-
nesses upward of 40 nm of Al,Os (Fig. 3.7), we do a signal decomposition (Fig. 3.8)
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Figure 3.7: Measured a) and simulated b) reflectivity change in Al,O3 / gold samples. Pump pulse
energy 2nJ. Probe wavelength 390 nm. Gold thickness 160 nm. Al,O3 thickness is shown on the
graph. A vertical offset between the different traces is applied for clarity.
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similar to the Al,O3 / aluminium case (Fig. 3.6).

The effect of a thickness change of Al,O3 (Fig. 3.8, red trace) has the same
behavior as in the Al;O3 / aluminium stack (Fig. 3.6). However, a sign flip of the
curve is observed at 40 nm of Al,O3. The reason for this sign flip is visualized in
Fig. 3.9, which shows the reflectivity of the Al,O3 / gold stack as a function of
Al O3 thickness. Around 35 nm the reflectivity curve has a local minimum that
corresponds to the point where the derivative crosses zero, thus changing the sign of
the reflectivity change due to layer thickness variation. The reflectivity change is
determined both by the slope of the reflectivity curve and by the total deformation,
i.e. the integral of strain. While the thickness of the Al,O3 layer does not affect
the amplitude of the strain pulse, it does influence the deformation of the layer.
As long as the Al,O3 layer thickness is smaller than the strain pulse length, the
total deformation (namely Ak in Fig. 3.9) increases with Al,O3 thickness, causing
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Figure 3.8: Separated optical effects in gold with different thickness of Al,O3 layer. Vertical black
and red lines represent half of the roundtrip time in Al;O3 and in the whole sample respectively.
Horizontal lines indicate the vertical offset applied for clarity.
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a higher reflectivity change even if the slope is the same. Furthermore, the echo
signals are defined by the AR/R value (Fig. 3.7) which depends on the nominal
reflectivity Ry and therefore also on the Al,O3 thickness. Thus, the % value
(Fig. 3.9 dash-dotted grey) gives the best intuition for the amplitude of the signals
induced by thickness change of Al,Os.

For an Al,Os3 layer thickness up to 40 nm, the strain-optic effect in Al,Os
(Fig. 3.8, green) behaves as discussed in Section 3.3.1, showing an opposite effect
on AR as the thickness changes. At layer thicknesses of 40 nm and higher, this
relation changes. At this point, the Al,O3 thickness becomes comparable to the
probe wavelength. Thus, the non-homogeneous distribution of the strain-induced
refractive index change in Al,O3 can not be approximated by an effective average
change of refractive index of the Al,O3 layer.

A similar evolution happens with the part of the signal that corresponds to
the strain-optic coupling in gold (Fig. 3.8 orange). Although, here it is due to
the complexity of the refractive index profile within the penetration depth of the
probe light in gold. Multiple strain pulses that evolve in the sample due to partial
reflections at the Al O3 / gold interface effectively create a dynamic multi-layered
stack.

From Fig. 3.8 one can see that the strain dynamics in gold is the main contri-
bution to the total signal for the 20 nm and 30 nm thick Al,Os3, while for the 40 nm
and 50 nm the total signal is mostly determined by the strain dynamics in Al;Os.
This change in the dominant mechanism responsible for a AR variation explains
the significant reflectivity curve shape change that is observed for thicker layers of
Al,O3 in Fig. 3.7. The more prominent effect of the strain dynamics in Al,O3 for
Al,O3 / gold bi-layers compared to Al,O3 / aluminium ones in the same range of
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Figure 3.9: Calculated reflectivity of the Al O3 / gold stack (black solid curve) as a function of Al,O3

thickness. The red solid curve is a thickness derivative of the reflectivity. The grey dash-doted curve
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Al O3 thickness is due to a shorter probe wavelength (390 nm vs 780 nm) and lower
strain-optic coefficient of gold (—0.83 —1.25; vs —29.19 —25.15i).

3.4 CONCLUSION

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 [108], 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 AR/R
signal depends on the thickness of the transparent layer. Through the interplay of
these different effects, the time-dependent variation in AR /Ry can display complex
structure compared to a bare metal film. Although it is impossible to observe
experimentally all three optical effects separately, theoretical calculations of the
total AR/Ry show good agreement with experimental results.
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CHARACTERIZATION OF
SUB-OPTICAL-WAVELENGTH
STRUCTURES THROUGH
OPTICALLY OPAQUE FILMS USING
PICOSECOND ULTRASONICS

INTRODUCTION

Periodic arrays of nanostructures form an important building block of modern inte-
grated circuits and photonic devices. Functionality of such devices is often critically
dependent on detailed structure. Moreover, multi-step lithographic processing re-
quires accurate metrology tools to characterize device morphology non-invasively,
often after the deposition of additional layers of material. In this chapter we show
that ultrafast picosecond ultrasonics enables accurate characterization of periodic
structures below optically opaque thin films. By optically generating and detecting
ultrahigh-frequency ultrasound at the surface of the film, we quantitatively charac-
terize the main features of subsurface gratings with linewidths down to 100 nm. We
find that the acoustic diffraction is sensitive to the shape of the grating lines at the
scale of tens of nanometers.

This chapter has been published in Nano Lett. 25, 8909-8914 (2025) [119]
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4.1 ULTRAFAST PHOTOACOUSTICS FOR METROLOGY APPLI-
CATIONS

Lithographic fabrication of nanostructures is the core technology driving integrated
circuit (IC) manufacturing. The miniaturization of electronics and development of
increasingly powerful computing systems is made possible by continuous improve-
ments in IC technology. Modern IC designs feature complex three-dimensional
nanostructures, which require extremely precise lithography. Reliable manufactur-
ing is therefore critically dependent on sub-nanometer-level positioning accuracy, as
well as measurement methods to quantitatively characterize fabricated nanostruc-
tures [58, 120]. This field of semiconductor metrology involves characterization of
the fabricated nanostructures in between lithography steps and on the completed
devices, but also covers methods that ensure accurate positioning of the silicon
wafers before printing, and position verification of the printed features relative to
previously printed layers. Such methods are known as wafer alignment and overlay
metrology, and are typically performed on dedicated markers printed near the actual
devices [58]. These markers are typically periodic structures such as diffraction
gratings, as they have a distinct and efficient optical response. In semiconductor
metrology, optical methods are preferred because they are fast and non-invasive.
However, as structures become much smaller than an optical wavelength, and IC
designs increasingly contain materials that are optically opaque, such optical meth-
ods are reaching their limits in terms of resolution and contrast. While alignment
and overlay metrology can in principle be performed on larger structures that are
optically detectable, their accuracy improves for smaller feature sizes. Importantly,
as metrology markers are typically printed in the first lithography step, they may
become covered by large amounts of material during fabrication of complex multi-
layer devices such as 3D-NAND memory. To realize the ambitious scaling of IC
device size and complexity pursued by the semiconductor industry, the development
of new metrology concepts that are effective for optically opaque 3D nanostructures
becomes crucial [120].

In this chapter, we demonstrate the potential of ultrafast-laser-driven photoa-
coustics, also known as picosecond ultrasonics, for metrology on sub-optical-
wavelength markers, through layers of optically opaque material. When a fem-
tosecond laser pulse strikes a partially absorbing surface, the interaction with
electrons and subsequent electron-phonon coupling results in the generation of
coherent acoustic phonons with extremely high frequencies, approaching the THz
range [7, 62, 84, 121-123]. These coherent acoustic phonons form a localized
wavepacket that travels into the material at the speed of sound. Upon propagation,
internal interfaces and structures give rise to reflection and diffraction [14, 26, 121].
As such high-frequency wavepackets can contain wavelength components well be-
low 100 nm, efficient diffraction from structures in the 10-100 nm range can occur.
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When the diffracted wavepackets return to the surface, they can be characterized
optically through their influence on the surface reflectivity, using a time-delayed
probe laser pulse [36, 62, 123].

Picosecond ultrasonics has been used to study thin-film layer properties [8, 14—
16, 124], detection of buried structures [21, 24], and as a contrast mechanism for
microscopy [23, 25, 27, 28]. We now show that the technology can be extended
to characterize far-sub-optical-wavelength structures, by analyzing the temporal
structure of the diffracted wavepackets that return to the surface.

We perform a series of experiments in which we generate and detect such
acoustic pulses inside layers of zirconium with different periodic nanostructures
patterned on the back surface. We detect the reflected and diffracted ultrasound
wavepackets, and retrieve the properties of the nanostructures from these signals.
By comparing the experimental observations to simulation results, we can retrieve
structural parameters and nanoscale shape variations of the markers.

The concept of picosecond ultrasonics on nanoscale buried periodic markers is
shown in Figure 4.1. The sample is a uniform layer of opaque material with etched
grating on the back surface. The thickness of the layer and the pitch of the grating
are on the order of several hundreds of nanometers. For clarity, we will refer to
the etched and unprocessed areas of the grating as lines and valleys, respectively.
Pump and probe pulses from two separate but electronically synchronized lasers are
focused into micron-sized spots onto the flat top surface of the sample (Figure 4.1a).
The relative time delay between pump and probe pulses is scanned electronically,
and probe reflectivity is detected with shot-noise-limited sensitivity through balanced
detection and lock-in amplification [93]. Details of the experimental setup are given
in the Section 2.2.2.

Measuring probe reflectivity within a certain pump-probe time-delay range gives
a specific reflectivity change pattern determined by the buried grating (Figure 4.1b).
Two-dimensional finite-difference time-domain (FDTD) simulations of the generated
and propagating strain profiles [35] are shown in Figure 4.1c for different times after
excitation by the pump pulse. For details on numerical simulation approach see
Section 4.2.2.

As illustrated in Figure 4.1c, the pump pulse initially induces a planar longitudi-
nal strain pulse that propagates towards the buried grating. Upon reflection from
the grating, two time-separated groups of strain pulses are formed by the reflection
from the lines and valleys (marked by 1 and 2). In addition, diffraction from the
line edges leads to curved wavefronts around those edges. Reflection from the top
surface leads to a second roundtrip of the strain pulses, which is largely a copy of
the first roundtrip, with one important difference: the diffracted part of the acoustic
strain wave from the line now couples into the space, and vice versa. The expected
normalized reflectivity change AR/Ry at the surface is plotted in Figure 4.1b. Five
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distinct peaks can be identified, which correspond to the different strain wave com-
ponents from lines and valleys returning to the surface, as numbered in Figure 4.1c.
Whereas peaks 1,3 and 2,5 correspond to the first and second roundtrips on lines
and valleys, peak 4 results from the line edge diffraction described above. This
“diffraction echo” is specifically sensitive to the shape of the grating lines, as will be
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Figure 4.1: Concept of photoacoustics on nanoscale buried gratings. a) Cross-section sketch of
the interaction with pump and probe beams. b) Simulated reflectivity change vs time. c) Four
consecutive snapshots of the simulation of light-induced strain waves in the structure. The longitudinal
strain component & is displayed, with red and blue colors indicating positive and negative strain,
respectively. Black arrows indicate the direction of wave propagation. At 25 ps, a planar strain pulse
is traveling towards the back surface of the sample. At 60 ps, two groups of strain pulses are seen
returning to the surface, resulting from the splitting of the initial planar pulse by the first reflection
from grating lines and valleys. Numbered arrows correspond to the peaks in the reflectivity change.
One can also see the lateral diffraction of the strain pulse indicated by a tilted arrow. At 110 ps, the
first group of pulses reaches the grating line again. Due to lateral broadening, part of the strain pulses
couples into the valleys. In the same way, the second group of pulses partially reflects from the lines.
As a result, after the second reflection from the grating (150 ps) there is an additional strain pulse
labeled by arrow 4. The constant strain at the top surface of the sample is caused by thermal expansion
of the sample.
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shown below.

The time dependence of AR/Ry can thus be used to retrieve structural properties.
As the roundtrip time delay encodes layer thickness [8, 14, 15] and local thickness
variation [23], the time delay between peaks 1 and 2 encodes grating line height. If
the wavelength of the strain wave is much shorter than the grating linewidth, the
ratio of signals 1 and 2 can directly be interpreted as the duty cycle of the grating, i.e.
the relative width of lines and valleys. However, as the finite acoustic wavelength
leads to diffraction, this also affects the reflected wave from lines and valleys in a
different way. As can already be seen at = 60 ps in Figure 4.1c¢, edge diffraction in
the valley leads to part of the strain pulse being strongly diffracted, which results
in a reduction of the signal returning from the valley relative to the line, such that
this second peak will be weaker than the first for a grating with 50 % duty cycle.
Through this mechanism, the detected signal is sensitive to the pitch of the grating.
In addition, grating pitch determines the relative amount of coupling of strain waves
between lines and spaces. This effect makes the amplitude of the diffraction peak
dependent on grating pitch.

Given this sensitivity to grating parameters, a logical question is whether quanti-
tative retrieval of those parameters from the measured time-dependent AR /R signals
is possible. A complicating factor for such quantitative retrieval is that in addition
to the grating parameters, the resulting AR/Ry signal is strongly influenced by the
elastic, optical, and thermodynamic properties of the material. These properties
determine the process of strain pulse generation and propagation, as well as the
sample’s optical response to a given strain distribution near the top surface. However,
if these material properties are known, numerical simulations of the photoacoustic
interactions [35, 107] can quantitatively predict the time-dependence of AR/Ry in
the presence of a grating structure. Such models can then be used to solve the inverse
problem of retrieving the structural properties of the buried features. The accuracy of
such a procedure naturally depends on the completeness of the model and the quality
of the data, but especially on the sensitivity to the nanoscale structural properties.
To address these aspects, we performed systematic experiments and simulations on
a range of different nanostructures.

4.2 RESEARCH METHODS

4.2.1 EXPERIMENTAL SAMPLES

For the experiments, a series of 10 x 10 um gratings with various pitches and
duty cycles were milled in the 400 nm thick zirconium freestanding membrane
with the use of a gallium focused ion beam (FEI Helios NanoLab 600). A typical
photoacoustic response is shown in Figure 4.2a. For reference, a measurement at an
unstructured part of the Zr membrane is shown as the blue trace, showing two clear
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echo signals that correspond to consecutive roundtrips of the acoustic wavepacket.
The orange trace is the result of a measurement at the location of a grating with
600 nm pitch and 50 % duty cycle. The measurement clearly shows the expected
five peaks as discussed above. A scanning electron microscope (SEM) image of the
grating, recorded from the patterned side, is shown in Figure 4.2b.

4.2.2 NUMERICAL SIMULATIONS

In the chosen geometry where the optical spots are significantly larger than the
grating period and the probe spot is smaller than the pump (see Figure 4.1a for
typical numbers), we can consider homogeneous acoustic excitation and detection
across the probe spot. Such a geometry allows the simulation of a single grating
period with homogeneous pump excitation and periodic lateral boundary conditions.
The theoretical model and numerical simulation approach are explained in detail in
Chapter 1.

In order to perform simulations, we need to know material properties. To retrieve
unknown photoacoustic properties of zirconium, we first fit the measurements taken
on the unprocessed membrane to our numerical model (see Chapter 1) with the use
of a non-linear least squares algorithm (Fig. 4.3). The retrieved material parameters
are then used to simulate the expected measurement response in the presence of the
grating structures. These parameters are the refractive index at probe wavelength,
the photoelastic constants, the viscous coefficients, and the elastic relaxation time
(see Table 4.1). Other parameters are either taken from the literature or theoretically
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Figure 4.2: a) Experimentally observed time-dependent reflectivity variation for a flat 400 nm thick
freestanding membrane of Zr and the film with imprinted 600 nm pitch and 50 % duty cycle grating.
Initially, measurements contain a significant thermal background that is caused by nanosecond-scaled
temperature dynamics in the sample. This thermal background is removed by 15 GHz high-pass
filtering (for more details see Section 4.2.2). Five peaks are visible in the signal from the grating,
which correspond to the expectation from simulations. b) SEM image of a 600 nm pitch grating milled
into a Zr film.
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Table 4.1: Best-fit parameter values on 400 nm thick flat Zr membrane
Parameter Explanation Value Units
Nprobe Complex refractive index at 780 nm 4.4741i3.26 -
Py Complex photoelastic constant —0.021+410.128 -
P Viscous parameter 1.14 x 1072 Pas
T Elastic relaxation time 2.46 ps

estimated (see Table 4.2).

Since the focus spots of the pump and probe are much bigger than the thickness
of the membrane, we consider a one-dimensional problem for the fitting procedure.
In this case, we can fit only two (1; and 1) out of four (11, 12, i, and §;) viscous
parameters (see Eqs 1.19). For further two-dimensional simulations of the patterned
membrane, we assume 1, = X, i.e., £ =0and 7, = 7, = 7.

Table 4.2: Zirconium parameter values used in simulations

f’;rame— Explanation Value Units Source
Electron calculated
Y volumetric heat 89.5 J/m3K? from
capacity constant Eq. 1.4
Electron-phonon calculated
G coupling 7.74 % 1018 W/m*K from
coefficient Eq. 1.7
Electron relaxation calculated
T, time 0.65 fs from
Eq. 1.6
Electron heat
keg conductivity 22.6 W/mK [113]
Lattice volumetric 6 3
G . 1.8 x 10 J/m’K [125]
heat capacity
P Mass density 6505 kg/m? [125]
o Thermal expansion 5.69 % 10-6 1/K [125]
coefficient
K Bulk modulus 91.7 GPa [125]
u Shear modulus 32.8 GPa [125]
. Complex refractive 416+ 3.84 B [126]

index at 1030 nm
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A one-dimensional fitting also retrieves only one (P,) out of two photoelastic
constants (see Eq. 1.34). However, for two-dimensional simulations of samples
with periodic structuring, knowledge of P;; photoelastic constant is not necessary.
Let us consider the y axis oriented along the grating vector and the z axis oriented
along laser/acoustics propagation. The strain tensor then contains only &, €., and
€, components and the tensor of strain-induced change of dielectric permittivity
(Eq. 1.34) becomes:

Plz(eyy +SZZ) 0 0
Aé = —€} 0 P&y + Piag, Py, . @)
0 P44£yz PlZSyy +P118ZZ

A perturbed dielectric tensor is then é = €l + A€, where I is the identity matrix.
Phase velocity (refractive index) and polarization of optical waves in solids for
a given propagation direction can be found by solving eigenvalues/eigenvector
problem [127]:

1

BD—s(s-ﬁD) =D, (4.2)

where s is the normalized wavevector, D = éF is the electric displacement vector,
and [3' = ¢! is the tensor of dielectric non-permittivity. In case of propagation
along the z axis, s = (0,0,1) and D = (D,,Dy,0). Then, Eq. 4.2 gives two pairs of
eigenvalues and eigenvectors:

nt =1/Bu, D = (1,0,0); 423)
n% =1/Byy, D, =(0,1,0). 4.4)

We can see that two eigen polarizations are coaligned with x and y axes. By
substituting Eq. 4.1 into Eq. 4.3 we get the refractive index for x-polarized light:

n? = €+ Aey. (4.5)
Small variations of refractive index can then be defined as

AEX_X I’l(3)P12 ngPlz
An, ~ 0 =— > &y — > &, 4.6)

where n% = €. In the same way by substituting Eq. 4.1 into Eq. 4.4 we can derive
the change of refractive index for y-polarized light:

1 A€?
An, ~ — SE—. T 4.7
& 2ng [ o € + A€, @
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One can notice that A€, component has the second-order effect on the change of
refractive index and thus can be neglected:

3 3
N Agyy _ _n0P11 _ nyPr2

Ay 52 By (4.8)

Equations 4.6 and 4.8 define refractive index changes for two orthogonal polariza-
tions of the probe light. However, since we consider periodic structures and simulate
one grating period with periodic lateral boundary conditions, a certain symmetry
of the strain profile along the y axis is implied. In particular, the integral of both
components €,, and &, within a period of the grating along the y axis is zero. This
means that €, strain component does not contribute to reflectivity change and can
be excluded from Egs. 4.6 and 4.8. The change of refractive index can then be
considered polarization-independent and calculated similarly to a one-dimensional
case:

3
I’lOP12
- 72 &z

Figure 4.3a shows the raw experimental data for a flat Zr membrane with a
thickness of 400 nm that was used in the fitting procedure. Significant reflectivity
drop at time delay # = 0 is caused by the high temperature of the electron subsystem,
which undergoes instant heating upon pump pulse absorption. Within several
picoseconds, the electron subsystem thermalizes with the lattice, leading to strain
wave generation and thermally induced reflectivity change. The thermal effect is
observed as a slowly decaying background in Fig. 4.3a. Since only signals caused
by strain waves are relevant, we remove the thermal background by applying a
zero-phase high pass filtering with 15 GHz cutoff frequency. The filtered signals
and fitted curve are shown in Fig. 4.3b.

An = (4.9)
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Or 4l
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Figure 4.3: a) Experimental measurement performed on 400 nm thick flat Zr membrane. b) Experi-
mental curve after applying 15 GHz high-pass filtering and best-fit simulation curve.
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Figure 4.4: Experimental results and simulations for 50 % duty cycle gratings with a) 600 nm and b)
400 nm pitch. The red arrow highlights the diffraction peak, of which the timing is influenced by the
grating lineshape (see text for details).

4.3 RESULTS AND DISCUSSION

4.3.1 RETRIEVING GRATING PITCH, DUTY CYCLE, AND GRATING LINE-
SHAPE

In Figure 4.4 we show measured and simulated reflectivity curves for 600 nm and
400 nm pitch gratings, both with 50 % duty cycle. The simulations show a clear
sensitivity to the structural properties, and the best match between simulation and
experiment is found for grating linewidths of 264 nm and 164 nm respectively. A
further analysis of the sensitivity of these experiments to pitch and duty cycle is
given in Section 4.3.2 (Fig. 4.6). The observed correspondence between simulations
and measurements shows the ability to quantitatively determine structural properties
of such buried nanostructures using picosecond ultrasonics.

However, in the results of Fig. 4.4 some discrepancy between theory and mea-
surements remains. In particular, the timing of the diffraction echo (peak 4) does
not match the expectation for the 600 nm pitch grating, and simulations show that
this timing is not sensitive to the grating pitch and linewidth (see Fig. 4.6). As this
particular peak originates from acoustic diffraction at the line edges, we therefore
hypothesize that the diffraction echo shape and timing is sensitive to the exact shape
of the buried features. While the simulations shown in Fig. 4.4 assumed grating lines
with a rectangular profile, the finite spot of the focused ion beam and redeposition
effects during the milling process typically result in a non-rectangular profile of the
fabricated patterns.

To investigate this possibility, we measured the AR/R response of multiple
gratings with varying parameters and performed simulations that include varying
lineshapes, which we compared to SEM cross sections of the gratings. We fabricated
a set of 600 nm pitch gratings with nominal linewidths 100 nm, 200 nm and 300 nm,
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as well as 400 nm and 800 nm pitch gratings with 50 % duty cycle. All gratings were
fabricated on the same freestanding Zr membrane. The resulting signals are shown
in Fig. 4.5a, together with the fit results. As a reference for the lineshape model,
side-view images of the fabricated structures were recorded by milling a rectangular
aperture through the membrane near the side of each structure and taking an SEM
image at oblique angle (Fig. 4.5b). The oblique SEM viewing angle did not allow
a quantitative comparison, as the exact viewing angle could not be calibrated and
the resolution was limited in this configuration. Nevertheless, these images clearly
show more rounded lineshapes, with significant variations for different linewidths,
and consistent sidewall angles.

To assess the sensitivity of the photoacoustic response to such shapes, we expand
the simulations to model the grating sides with a smoother lineshape consistent with
the shapes seen in the SEM images. This lineshape is an inverted isosceles trapezoid
with rounded corners which is parametrized by base angle and radii of top and
bottom curvatures. Figure 4.5¢ shows the optimized shape for each grating, while
the corresponding simulated AR /Ry signals for all these structures are overlaid with
the measured data in Fig. 4.5a. For comparison, the grey traces correspond to the
best-matching simulations when assuming rectangular lineshapes. For all signals,
the improvement resulting from the optimized lineshapes is clear, especially around
the diffraction echo, which is indicated by the red arrow in each trace. A general
observation is that the simulated signals using the optimized lineshape accurately
predict the timing of the diffraction echo. Thus, the measured time dependence
of AR/Ry indeed contains sufficient information to determine both the grating
parameters and the lineshapes. Overall, very good agreement is obtained between
simulation and experiment. This agreement persists even for the narrowest lines
used in these experiments, with a width of only 100 nm. Using a parametrization
of the nanostructures, such as the rounded trapezoid-type lineshapes discussed
above, enables a fitting procedure to determine the lineshape that best matches the
experimental data (see Section 4.3.2, Fig. 4.8). We find that other parametrizations
can be used in a similar way, such as a sigmoidal lineshape (see Section 4.3.2,
Fig. 4.9).

4.3.2 SENSITIVITY TO GRATING PARAMETERS

Figure 4.6 shows measured signals from a grating with a nominal pitch of 600 nm
and 50 % duty cycle, together with simulation results for different pitches and duty
cycles, assuming a rectangular profile of grating lines. In Fig. 4.6a, simulations with
varying pitch are compared to the data, and it can be concluded that the sensitivity
to pitch is limited, although a variation of 60 nm leads to a detectable difference in
signal. Pitch mainly affects the amplitude of the diffraction peak. The sensitivity to
duty cycle is much higher, having a strong effect on the relative height of peaks 1
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Figure 4.5: Sensitivity to nanoscale shape variations. a) AR/Ry traces for various values of pitch and duty cycle. Blue curves represent experimental

measurements, grey - best-matching simulations with rectangular lineshapes, and orange

- simulations with rounded lineshapes. Orange curves show

reasonably better agreement with experimental measurements, especially around the diffraction peak (depicted by red arrows). b) SEM images of gratings
cross sections taken at an oblique angle. Significant deviations from the rectangular shape of grating lines are observed. c) Rounded profiles of grating lines

used to simulate orange traces in a).
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Figure 4.6: Dependence of the time-dependent reflectivity on pitch and linewidth of the grating. a)
Simulated reflectivity change curves for different pitch (values indicated in the legend). The linewidth
is fixed at 264 nm. b) Simulated reflectivity change curves for different linewidths (values indicated in
the legend). The pitch is fixed at 600 nm.




A

78 4 CHARACTERIZATION OF SUB-OPTICAL-WAVELENGTH STRUCTURES...

and 2. Comparing simulation results to the experimental data, the 30 nm variations
shown in Fig. 4.6b are readily discernible.

However, one can see from Fig. 4.6 that the discrepancy between theory and
measurements can not be fully eliminated by adjusting only the pitch and linewidth
of the grating. The disagreement is the strongest for the longer delay when the
acoustics diffraction plays a significant role. A particular mismatch is the wrong
timing of the diffraction peak highlighted in Fig. 4.6a. We hypothesize that the shape
of the grating lines affects the shape of later echoes. The simplest modification of
the grating lineshape is to introduce the inclination of the side walls of the lines.
Figure 4.7 shows the reflectivity curves for different inclination angles. Note that for
different inclination angles, the duty cycle of the grating was adjusted (Fig. 4.7b) to
maintain the correct ratio of the amplitudes of the first two echoes. One can see that
the inclination of the line walls changes the reflectivity curves. For an inclination of
70 degrees, the shape of the diffraction peak is very close to the one measured in the
experiment. However, the mismatch in the amplitude of the echo 3 remains.

The fits in Figs. 4.6 and 4.7 show the clear limitations when comparing experi-
mental data with rectangular or trapezoidal lineshapes. As shown in Section 4.3.1,
including the rounded shapes at the top and bottom corners of the grating lines leads
to a much more accurate fit to the experimental data. To assess the sensitivity to
these structural parameters, Fig. 4.8 shows the effect of a variation of each parameter
separately. In each panel, the green trace represents the best fit to the data, while the
red and orange curves show the effect of increasing or decreasing the value of one
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3
-1 Simul ions
(inclination angle, Deg)
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T — 80 — 60
1 1 1 1 1 1
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b)
90 80 70 60
Figure 4.7: a) Dependence of the time-dependent reflectivity curves on the inclination of grating line

walls. The peak associated with acoustic diffraction is most sensitive to small lineshape variations. b)
Profiles of grating lines used in simulations.
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Figure 4.8: Sensitivity of simulated reflectivity curves of a nominal 600 nm pitch grating with 300 nm
linewidth to grating parameter variations. Each subplot represents variations in one grating parameter
depicted in the legend. Blue curves represent experimental measurements. Green curves show the
simulation with optimal grating parameters. Orange and red curves show simulations with deviations
in grating parameters from optimal values. Inclination angle is the angle of the sidewalls (where 90
degrees corresponds to a rectangular lineshape). R1 is the radius of curvature of the top corners of the
lines, while R2 is the radius of curvature of the bottom corners. See Fig. 4.5 in Section 4.3.1 for a
graphical representation.
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parameter by an amount that leads to a clear deviation from an optimal fit. From
these traces, it can be seen that the sensitivity to each parameter is in the range of
20-60 nm for our Zr samples. The sensitivity to a change in sidewall angles seems
to be on the order of 10 degrees, although this parameter is not fully independent of
the curvatures and line height: for the present fit, a sidewall angle above 65 degrees
would not be realistic, as it would not be possible to parametrize a lineshape with
the optimized curvatures, line height and line width using such steep angles. While
the multi-parameter nature of the fits makes it challenging to define error bars on
each individual parameter, Fig. 4.8 shows that each parameter has a distinct effect
on the overall time-dependent reflectivity signal, giving further confidence in the
uniqueness of the fits.

As an alternative, intuitive way to parametrize such rounded gratings, we also
considered a sigmoidal lineshape of the form:

1
e (5)

m

(4.10)

in which xj is the center position of the edge, and the parameter m controls the
amount of smoothing of the edge (with m — 0 describing a step-like edge, and larger
m values correspond to increased smoothing). Simulations with various amounts
of curvature are shown in Fig. 4.9. One can see that the inclination of line walls
and the rounding of line edges helps both with the time position of the diffraction
peak and the amplitude of the peak 3. While these simulations are illustrative, the
chosen sigmoidal lineshape links the inclination and roundness of edges, limiting
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Figure 4.9: a) Dependence of the time-dependent reflectivity curves on the m parameter of the grating
lineshape. Rounded lineshapes give better agreement with experiments than just inclined line walls. b)
Profiles of grating lines used in simulations.
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the freedom of fitting. Even better agreement between theory and experiments is
achieved (see Section 4.3.1 and Fig. 4.8) by independently adjusting the inclination
and roundness of the edges, although this sigmoidal shape already provides a simple
and intuitive lineshape model.
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Figure 4.10: Sensitivity to grating defects. a) Schematics of the simulated gratings with defects. b)-d)
Comparison of reflectivity curves obtained from the ideal grating and the grating containing a defect.
e)-f) Comparison of signals from gratings with defects and ideal gratings with adjusted linewidth.
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4.3.3 DETECTING DEFECTS

In the present work, the measured AR /Ry signals were averaged over the spatial scale
of the probe spot, which in principle limits the reconstruction ability to either periodic
or isolated nanostructures. However, picosecond ultrasonics can be expected to be
sensitive to defects in a perfect periodic structure as well, as such defects affect the
acoustic diffraction as well. To explore this possibility, we performed simulations
in which we introduce defects into a periodic pattern. Three different types of
defects are investigated, as shown in Figure 4.10a, where a single grating line is
either missing completely, 50 % narrower, or 50 % shallower than intended. In all
cases, we assume a FWHM probe spot diameter of 2 um. Figures 4.10b-d show
the resulting reflectivity signals compared to the defect-free case. Each of these
defects leads to a distinct difference in signal, with a magnitude that can readily be
detected with the measurement sensitivity of our system. Importantly, the defect-
induced signal shape cannot be mimicked by a change in the various fit parameters.
Examples of such parameter adjustments are shown in Figures 4.10e,f, where a
fit was attempted to a defect-free grating with an adjusted duty cycle to correct
for the defect-induced signal shape change. While such a parameter adjustment
can correct for the height of some of the echoes (in this case the first two), the fit
quality is significantly reduced. We therefore conclude that picosecond ultrasonics
can be used to identify the presence of defects in nanoscale structures as well. A
smaller probe spot would sample a reduced number of grating lines, which would
further increase the sensitivity to nanoscale defects and isolated structures. Using
more advanced parametrization, it should be feasible to characterize the shape of the
defects. By developing more advanced measurement concepts based on e.g. detailed
sampling of the acoustic diffraction as a function of spatial position, we expect that
the approach extends to more complex 3D nanostructures as well.

4.4 CONCLUSION

From the analysis of present experiments and a comparison with simulations for
a range of different grating parameters, we conclude that we can retrieve pitch,
linewidth and lineshape features with a sensitivity in the range of tens of nanometers.
We also have shown the possibility of defect detection in such structures. It is worth
noting that this has been achieved using infrared light with a wavelength of 780 nm,
which exceeded the pitch of the detected gratings, and optical spot diameters of
2-4 um. The sensitivity to nanoscale structural features results from the extremely
short acoustic wavelengths propagating in the material. In the case of Zr, the central
wavelength of the optically generated acoustic wavepacket was around 150 nm. The
frequency content of the thermoelastically generated phonon wavepacket is mainly
determined by the optical absorption depth and electron transport properties of the
material. In many materials, particularly optically opaque ones, such high-frequency
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phonon wavepackets can then be generated with appropriate pump beam properties.
Therefore, picosecond ultrasonics has significant potential as a metrology tool for
optically opaque nanostructures.
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PROBING PERIODIC SUB-MICRON
METAL STRUCTURES ON
TRANSPARENT SUBSTRATES WITH
PICOSECOND ULTRASONICS

5.1 INTRODUCTION

As demonstrated in Chapter 4, picosecond ultrasonics shows strong potential for
imaging nanostructures hidden beneath optically opaque materials. The core princi-
ple of the method is that the presence of a nanostructure beneath the opaque layer
produces a unique transient reflectivity time trace. Light-induced acoustic waves
undergo multiple reflections from the buried structures, which results in unique
acoustic diffraction components. Those diffraction components are specific to the
geometry of nanostructures. As a result, their amplitude and time of arrival at the
top surface differs per sample, causing variations in the AR/R signals. Through
comprehensive numerical modeling, one can fit the shape and dimensional parame-
ters of the underlying nanostructures to achieve agreement between simulated and
experimentally obtained AR/Ry traces. However, this approach has an obvious
drawback. It requires significant computational resources to perform the fitting
procedure. This naturally raises the question of whether structural information can
be extracted directly from the measured transient reflectivity, without resorting to
full-scale fitting.

Another related question is whether the method can also be applied to directly
observable structures. Such structures may be deposited on the surface of a sample
or covered by thick transparent layers. Direct excitation by the pump beam induces
vibrations in these structures, which can subsequently be detected by the probe
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Figure 5.1: a) Schematic of the 1951 USAF resolution test chart used in experimental studies. b) Two
experimental schemes of measurements on patterned and unpatterned sides of the resolution target.
The pump beam homogeneously illuminates the entire group of lines, while the probe beam is focused
on the central line of the group.

beam. The vibration frequencies depend on the material, dimensions, shape, and
surrounding environment of the structures [40—42, 128, 129]. With prior knowledge
of the material properties, structural information should be extractable in a manner
analogous to the approach outlined in Chapter 4.

In this chapter, we investigate the correlation between the measured transient
reflectivity and the period of metal gratings deposited on a glass substrate.

5.2 EXPERIMENTAL DETAILS AND SAMPLE DESCRIPTION

We use a positive resolution test target Edmund USAF 1951 (Fig. 5.1a) as an
experimental sample. This test target is a 1.5 mm thick glass substrate with deposited
chromium line triplets (groups) of various widths. We studied the groups with the
highest density of line pairs, namely 406, 456, 512, 575 and 645 line pairs per mm,
that corresponds to 1232, 1096, 978, 870 and 775 nm width of the individual lines,
respectively. The spacing between lines is equal to the linewidth. Line thickness is
around 50 nm and the line length is 5 times larger than its width.

The details on the experimental pump-probe setup are described in Chapter 2.
The measurement schemes are shown in Fig. 5.1b. Generation and detection were
performed on the patterned and unpatterned (through the glass) sides of the sample.
In both cases, the pump beam is weakly focused to illuminate the entire line triplet.
This implies homogeneous excitation of each line, resulting in in-phase vibrations
of the triplet. The probe beam is focused onto the central line of the triplet and has

approximately 1 um 1/e? radius.
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5.3 RESULTS AND DISCUSSION

As shown in Fig. 5.1, the line triplets have a square shape. The pump focus spot is
adjusted to fully cover the entire triplet, ensuring homogeneous illumination of the
line surfaces. The pump pulse energy is absorbed by the electrons in the chromium
lines and subsequently transferred to the lattice as heat. This increase in lattice
temperature induces thermal stress, which is then released in the form of acoustic
vibrations. Due to the low thickness of the lines and the high electronic thermal
conductivity, the temperature distribution within each line can be considered uniform.
As aresult, the lines undergo periodic contractions and expansions along their length,
width, and height. These oscillations are coupled through Poisson’s ratio, giving rise
to complex vibrational modes. Some of these modes can be detected by transient
reflectivity measurements [41, 128].

Figure 5.2 presents reflectivity change signals measured from the unpatterned
side of the sample at five different line triplets. The signals consist of a slowly
decaying thermal background, with superimposed AR oscillations on timescales of
~ 45ps and several hundred picoseconds. The high-frequency oscillations arise
from the Brillouin effect. Vibrations of the photoexcited chromium lines generate
strain pulses that propagate into the glass substrate. Interference between probe light

x1073
Number of line pairs
1.4 H — 645 — 456
575 — 406
— 512
1.2
o
x 1.0
o
<
0.8 |
0.6
04 1 1 1 1 1 1 1

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Pump-probe delay (ns)

Figure 5.2: Measurements of reflectivity change on the unpatterned side of the sample. Strong
Brillouin oscillations are visible superimposed on a low frequency signal. A vertical offset between
the different traces is applied for clarity.
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reflected from the chromium lines and probe light reflected from the propagating in
glass strain pulse produces oscillatory reflectivity variations. For normal incidence,
the frequency of these oscillations is given by f = 2nc/A =2-1.47-5800/780 =
21.9GHz, where n is the refractive index, c is the speed of sound, and A is the
wavelength of the probe light. This value agrees well with the experimentally
obtained spectra shown in Fig. 5.3. As seen in Fig. 5.2, the Brillouin oscillations
gradually decay and nearly vanish around 1.75 ns, which is caused by the limited
coherence length of the probe light. For a 100 fs probe pulse, the coherence length in
glass is ~ 20um, corresponding to approximately twice the distance a sound wave
travels in 1.75 ns.

The low-frequency components (1-10 GHz, Fig. 5.3) originate from vibrations
of the lines themselves. Due to strong attenuation from coupling into the glass
substrate, these modes exhibit significant spectral broadening, preventing the clear
observation of individual frequency components, except for a distinct peak around
2 GHz. The position of this peak shows a linear dependence on the line density
(Fig. 5.4). From the slope of this dependence, an effective propagation speed of
3290 m/s is extracted. This value is substantially lower than the longitudinal sound
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Figure 5.3: FFT spectra of signals shown in Fig. 5.2. To eliminate the strong DC component caused
by a thermal background, the mean was subtracted from the signals before applying the FFT. Zero
padding and Blackman windowing were also applied. The frequencies of vibrational modes are located
in 1-10 GHz range. Brillouin components are detected around 22 GHz for all line groups.
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Figure 5.4: Frequency of the spectrum peak near 2 GHz (from Fig. 5.3) vs density of line pairs. In
Fig. 5.3, positions of spectral peaks can be obtained with an accuracy not lower than the width of the
spectral peak at 95 % level. These confidence intervals are represented by error bars. The orange line
is the linear fit. Fitted parameters: slope — 3290 m/s and offset — 0.1 GHz.

velocity in chromium (6600 m/s), indicating that these modes cannot be attributed
to simple width-wise contractions and expansions. Instead, they correspond to
more complex vibrational modes. Since the frequencies of such modes depend
not only on linewidth but also on other parameters including line length, thickness,
and the acoustic impedance contrast between substrate and lines, extracting precise
information about linewidth is not feasible. Additional complications arise from the
strong attenuation of line vibrations through acoustic coupling into the substrate,
which further broadens spectral components and obscures fine spectral features.

An alternative approach to retrieving linewidth from measured transient reflectiv-
ity is to examine specific features in the time domain of the signals. In Fig. 5.2, the
low-frequency modulation exhibits an oscillatory behavior, but lacks a well-defined
harmonic structure. Of particular interest is the drop in the AR signal occurring at
a delay time of 100-200 ps. Due to the superimposed Brillouin oscillations, it is
challenging to precisely determine the timing of this reflectivity drop. To address
this, we performed measurements on the patterned side of the sample, where the line
triplets are directly exposed to the pump and probe beams. The resulting transient
reflectivity traces are shown in Fig. 5.5. In these traces, Brillouin oscillations are
largely suppressed because the chromium lines block most of the probe light from
penetrating the glass substrate. While the low-frequency modulation is also less
pronounced, the reflectivity drop around 150 ps is clearly observed. This timing
can be interpreted as the moment when the line reaches its maximum width. Fol-
lowing pump excitation, expansion waves are launched from all edges of each line.
Each line experiences three pairs of such waves along its three axes, traveling in
opposite directions. The line continues to expand until the expansion waves reach
the opposing edges, at which point they reflect from the free surfaces and convert
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into contraction waves. Therefore, we hypothesize that the reflectivity drop around
150 ps corresponds to the arrival of expansion waves at the edges along the width of
the chromium line. The slope from the linear fit in Fig. 5.6 provides the speed of this
expansion wave, yielding a value of 6410 m/s, which is close to the longitudinal
sound velocity in chromium. The slight discrepancy can be attributed to the fact
that the expansion wave in this case is not a pure longitudinal wave, due to the finite
thickness of the chromium line and consecutive boundary effects. Another notable
feature of the linear fit in Fig. 5.6 is the vertical offset of 137 nm, indicating that, for
all linewidths, the reflectivity drop occurs approximately 21 ps earlier than expected.
The origin of this time shift remains unclear.

Figure 5.7 presents overlapping measurements taken from the patterned and un-
patterned sides of the sample. Apart from the Brillouin oscillations, the traces agree
well during the first 200 ps. However, at longer time delays, significant deviations
appear between measurements from opposite sides of the sample, with stronger
deviations observed for higher line densities (narrower lines). These differences
are most likely caused by the detection of acoustic waves propagating in the glass
substrate. When probing from the unpatterned side, the light is focused through
the glass substrate. The strain distribution in the acoustic wave propagating in the
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Figure 5.5: Measurements of reflectivity change on the patterned side of the sample. Brillouin
oscillations are still visible, but their amplitude is much smaller. A vertical offset between the different
traces is applied for clarity.
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Figure 5.6: Time delay of the reflectivity drop (see Fig. 5.5) vs linewidth (blue dots). The time delay
is obtained by applying 50 GHz lowpass zero-phase filtering and locating the maximum value in
100-200 ps window. In the vicinity of these maxima, the filtered curves exhibit a bell-shaped profile
with a width of approximately 20 ps, as represented in this figure by the error bars. The orange line is
the linear fit. Fitted parameters: slope — 6410 m/s and offset — 137 nm.

glass already exhibits a complex spatial structure due to the non-trivial geometry
of the acoustic transducer (line triplets). Moreover, this wave packet propagates
through the probe’s focal region over a distance exceeding the Rayleigh length. The
acousto-optic interaction of such a complex strain field with a non-planar light wave
results in additional reflectivity modulation beyond the Brillouin oscillations.
Together with the transient reflectivity, Fig. 5.7 also presents a simulation of
the influence of a relative change in width of the central line of the triplet. The
two-dimensional numerical simulations were performed under the assumption of
infinitely long lines of the triplets, using the numerical approach described in
Chapter 1. The relative width change was calculated by integrating the longitudinal
strain component &,, across the width of the lines and averaging along their height.
As shown in Fig. 5.7, all three traces exhibit significant disagreement for the highest
line density. However, in the other two cases, the simulated curves show reasonably
good agreement with the signals measured from the patterned side of the glass. A
notable feature is a 20 ps shift of the simulated drop at around 150 ps relative to the
experimental signals. This shift coincides with the vertical offset of the linear fit
showed in Fig. 5.6. The similarity between simulated and experimental curves raises
the question of the physical origin of the measured reflectivity change. Specifically,
whether the signal originates from optical modifications in the chromium lines
induced by the photoelastic effect, or from a purely geometrical mechanism, i.e.,
modulation of the effective reflection area due to linewidth vibrations. In our
simulations, a two-dimensional approximation results in the neglect of elastic waves
generated at the short edges of the lines and propagating along their length. However,
such waves should be considered, as for the narrowest lines, they are expected to
reach the center of the line around 300 ps, which falls within the experimental
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Figure 5.7: Overlapped traces of transient reflectivity measurements on patterned and unpatterned
sides, together with simulated variation of the width of the central line of the triplet. The amplitude of
the traces was adjusted for easier comparison.

measurement window. This could account for the discrepancy observed between
simulation and experiment for the 645 lp/mm triplet in Fig. 5.7. To test whether our
measurements are sensitive to elastic waves propagating along the lines, we repeated
the experiment on the 645 lp/mm triplet with the probe beam displaced by 1 um
from the line center along its length. The resulting signals were indistinguishable
from those obtained at the center of the line. This observation suggests that our
measurements are not sensitive to elastic waves propagating along the line length.
It further supports the conclusion that the origin of the reflectivity change is most
likely a geometrical modification of the line shape. Since the probe beam was
circularly polarized, coupling to the orthogonal strain components &, and &, should
occur with equal efficiency. If the strain component €., associated with waves
propagating along the line length is undetectable, then &, should likewise remain
undetectable under these conditions. We therefore hypothesize that the detected
signals primarily arise from variations in linewidth. Because the probe focus spot is
larger than the linewidth, the measurement is sensitive to transverse expansions and
contractions, while displacements along the line length remain undetected. Even
when the probe beam was shifted by 1 um toward the short edge of the line, the focus
spot still remained within the linewidth, thereby preventing detection of longitudinal
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expansion.

5.4 CONCLUSION

The present study investigated whether the current PU technique can characterize
isolated, sub-optical-wavelength structures without relying on complete numerical
modeling and subsequent fitting to experimental data, as was done in Chapter 4.
Experiments on an optical resolution test target revealed apparent differences in
the measured photoacoustic response between groups with different line pair den-
sities. Specific signal features, such as frequency components and time domain
signatures, exhibited a linear dependence on line pair density. This linear trend
suggests promise for retrieving grating parameters from measured signals. However,
practical challenges remain in the calibration procedure. This study focused only on
the retrieval of grating linewidth. Other geometric parameters of the grating were
not investigated and could substantially influence the photoacoustic response. Con-
sequently, to reliably extract complete grating parameters, full numerical simulation
(preferably 3D) followed by fitting to experimental data appears necessary.

Moreover, the effect of acoustic coupling between neighboring lines is of interest
for further study. Exploring this phenomenon could clarify the technique’s ability to
distinguish isolated elements from closely spaced groups.
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SUMMARY

P1COSECOND ULTRASONICS FOR NANOSCALE SUBSURFACE
STRUCTURAL CHARACTERIZATION

Picosecond ultrasonics (PU), also known as ultrafast photoacoustics, is a pump-
probe experimental technique that utilizes laser-generated acoustic waves in the
gigahertz to terahertz frequency range. In this method, an ultrashort laser pulse
(pump) irradiates an opaque material, causing localized heating and rapid thermal
expansion, which generates an acoustic wave. This wave propagates through the
sample, reflects from internal interfaces, and returns to the surface, where it is
detected by a time-delayed probe pulse. By systematically varying the temporal
delay between the pump and probe pulses, one can investigate the generation,
propagation, and reflection dynamics of the acoustic waves with sub-picosecond
temporal resolution.

The picosecond timescale of acoustic generation enables several significant op-
portunities. Firstly, it generates ultrahigh-frequency acoustic modes, corresponding
to acoustic wavelengths on the order of 100 nm. This short wavelength promises
successful application of PU in high-resolution metrology. In particular, it has
already been implemented as a tool for characterizing thin films and evaluating
interfacial adhesion. Meanwhile, the detection and imaging of buried structures are
in the active research and development phase. Secondly, PU provides an opportunity
for exploring fundamental processes in solids governed by electron dynamics, such
as electron transport and electron-phonon coupling, which is of high interest in
fundamental physics studies.

In this thesis, we focus on exploiting PU for the detection and imaging of buried
nanostructures. Despite the demonstrated potential for high-resolution imaging,
several challenges remain. These include improving the signal-to-noise ratio in
photoacoustic measurements, enabling the detection of complex (non-binary) and
three-dimensional nanostructures, and overcoming the spatial resolution limits
imposed by optical diffraction. Although light-induced acoustic waves can possess
much shorter wavelengths than light itself, current implementations of PU remain
constrained by optical probing methods. In this work, we address these challenges
and propose approaches to advance the capabilities of PU for nanoscale detection
and imaging.
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In Chapter 1, we give an overview of the theory of light-induced elastic waves
and their detection. We also present a numerical simulation model that we use
in our studies to gain insights into physical processes occurring in photoacoustic
experiments.

To perform experimental studies, we developed an asynchronous optical sam-
pling (ASOPS) based pump-probe setup, as presented in Chapter 2. In our setup, we
modified the ASOPS scheme by introducing a modulation of the frequency offset
between the repetition rates of the pump and probe lasers. This modification results
in higher measurement efficiency compared to traditional ASOPS and mechanical
delay scan methods.

In Chapter 3, we address the problem of weak measured signals in photoacoustic
experiments. Previous studies have demonstrated that thin transparent layers placed
on top of the sample can enhance the detection efficiency of light-induced acoustic
waves. This enhancement occurs because these layers eliminate the free-boundary
constraint at the surface of opaque materials. However, the presence of these
transparent layers significantly affects both the generation and detection of elastic
waves, leading to a complex temporal photoacoustic response. In this chapter,
our goal is to develop a detailed understanding of how signals are formed in such
samples. We demonstrate that, in addition to the purely mechanical enhancement
resulting from the elimination of the free-boundary constraint, the transparent layer
introduces extra optical effects. These additional effects originate from the coating
effect of the transparent layer and elastic wave coupling into this layer. For materials
with weak strain-optic coupling, these additional optical contributions can play a
dominant role in shaping the overall photoacoustic response.

In Chapter 4, we study the possibility of overcoming optical resolution limits on
imaging of buried structures. The optical detection of acoustic waves partially levels
out the advantage of the extremely short wavelength of acoustic waves generated by
sub-picosecond laser pulses. Although the longitudinal resolution of the PU-based
measurement technique can reach the nanometer level, the lateral resolution is still
limited by the size of the focus spot of the probe pulse. However, we demonstrate
that nanoscale spatial information is also encoded in the temporal variations of
measured reflectivity through the diffraction and scattering of acoustic waves on
internal structures. In this chapter, we use PU to characterize the main features of
subsurface grating with linewidth down to 100 nm. We manage to retrieve not only
grating parameters such as pitch and duty cycle, but also estimate the shape of the
grating lines.

Lastly, in Chapter 5, we examine the photoacoustic response of directly exposed
periodic structures. Upon pump excitation, these structures exhibit vibrational
modes whose frequency spectra are governed by their geometrical parameters. A
distinct correlation is observed between the frequency components and the grating
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period. However, further investigation is required to enable the precise quantitative
retrieval of grating properties.
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110 SUMMARY

ULTRASNEL ULTRAGELUID VOOR HET KARAKTERISEREN
VAN ONDOORZICHTIGE STRUCTUREN OP NANOSCHAAL

Picoseconde-ultrasoontechnologie (PU), ook bekend als ultrasnelle fotoakoestiek, is
een pump-probe-experimentele techniek die gebruikmaakt van lasergegenereerde
akoestische golven in het frequentiebereik van gigahertz tot terahertz. Bij deze
methode bestraalt een ultrakorte laserpuls (pump) een ondoorzichtig materiaal, waar-
door lokale verhitting en snelle thermische uitzetting optreden, wat een akoestische
golf genereert. Deze golf verspreidt zich door het materiaal, wordt gereflecteerd door
interne grensvlakken en keert terug naar het oppervlak, waar hij wordt gedetecteerd
door een in de tijd vertraagde probe-puls. Door de tijdsvertraging tussen de pump-
en probe-pulsen systematisch te variéren, kan men de dynamica van de generatie,
de verspreiding en de reflectie van de akoestische golven onderzoeken met een
tijdsresolutie van minder dan een picoseconde.

De picoseconde-tijdschaal van deze vorm van akoestische generatie biedt ver-
schillende belangrijke mogelijkheden. Ten eerste genereert het ultrahoge frequentie
akoestische modi, die overeenkomen met akoestische golflengten in de orde van 100
nm. Deze korte golfiengte belooft een succesvolle toepassing van PU in metrologie
met hoge resolutie. Het is met name al geimplementeerd als een hulpmiddel voor
het karakteriseren van dunne films en het evalueren van interfaciale hechting. On-
dertussen bevinden de detectie en beeldvorming van verborgen structuren zich in de
actieve onderzoeks- en ontwikkelingsfase. Ten tweede biedt PU de mogelijkheid om
fundamentele processen in vaste stoffen te onderzoeken die worden beheerst door
elektronendynamica, zoals elektronentransport en elektron-fononkoppeling, wat van
groot belang is voor fundamentele natuurkundige studies. In dit proefschrift richten
we ons op het gebruik van PU voor de detectie en beeldvorming van verborgen
nanostructuren. Ondanks het aangetoonde potentieel voor beeldvorming met hoge
resolutie, blijven er nog verschillende uitdagingen bestaan. Deze omvatten het
verbeteren van de signaal-ruisverhouding in foto-akoestische metingen, het mogelijk
maken van de detectie van complexe (niet-binaire) en driedimensionale nanostructu-
ren, en het overwinnen van de ruimtelijke resolutielimieten die worden opgelegd
door optische diffractie. Hoewel door licht geinduceerde akoestische golven veel
kortere golflengten kunnen hebben dan licht zelf, blijven de huidige implementaties
van PU beperkt door optische meetmethoden. In dit werk gaan we deze uitdagingen
aan en stellen we benaderingen voor om de mogelijkheden van PU voor detectie en
beeldvorming op nanoschaal te verbeteren.

In Hoofdstuk 1 geven we een overzicht van de theorie van door licht geinduceerde
elastische golven en de detectie daarvan. We presenteren ook een numeriek simula-
tiemodel dat we in onze studies gebruiken om inzicht te krijgen in fysische processen
die zich voordoen in foto-akoestische experimenten.

Om experimentele studies uit te voeren, hebben we een op asynchrone optische
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sampling (ASOPS) gebaseerde pump-probe-opstelling ontwikkeld, zoals gepresen-
teerd in Hoofdstuk 2. In onze opstelling hebben we het ASOPS-schema aangepast
door een modulatie van de frequentie-offset tussen de herhalingsfrequenties van
de pump- en probe-lasers in te voeren. Deze aanpassing resulteert in een hogere
meetefficiéntie in vergelijking met traditionele ASOPS- en mechanische vertragings-
scanmethoden.

In Hoofdstuk 3 behandelen we het probleem van zwakke gemeten signalen in
foto-akoestische experimenten. Eerdere studies hebben aangetoond dat dunne
transparante lagen bovenop het materiaal de detectie-efficiéntie van door licht
geinduceerde akoestische golven kunnen verbeteren. Deze verbetering vindt plaats
omdat deze lagen de vrije uitzetting van aan het oppervlak van ondoorzichtige
materialen beperken. De aanwezigheid van deze transparante lagen heeft echter
een aanzienlijke invloed op zowel het genereren als het detecteren van elastische
golven, wat leidt tot een complexe temporele foto-akoestische respons. In dit hoofd-
stuk willen we een gedetailleerd inzicht krijgen in hoe signalen in dergelijke lagen
worden gevormd. We tonen aan dat, naast de puur mechanische verbetering als
gevolg van het wegvallen van de vrije uitzetting, de transparante laag extra optische
effecten introduceert. Deze extra effecten zijn het gevolg van het coatingeffect van
de transparante laag en de koppeling van elastische golven aan deze laag. Voor
materialen waarvoor het effect van de elastische uitwijking op het probe-licht zwak
is kunnen deze extra optische bijdragen een dominante rol spelen bij het vormgeven
van de totale foto-akoestische respons.

In Hoofdstuk 4 bestuderen we de mogelijkheid om de optische resolutielimieten
bij het in beeld brengen van structuren onder het oppervlak te overwinnen. De
optische detectie van akoestische golven doet het voordeel van de extreem korte
golflengte van akoestische golven die worden gegenereerd door sub-picoseconde
laserpulsen gedeeltelijk teniet. Hoewel de longitudinale resolutie van de op PU
gebaseerde meettechniek het nanometerniveau kan bereiken, wordt de laterale
resolutie nog steeds beperkt door de grootte van het brandpunt van het probe-licht.
We tonen echter aan dat nanoscopische ruimtelijke informatie ook gecodeerd is in
de temporele variaties van de gemeten reflectiviteit door de diffractie en verstrooiing
van akoestische golven op interne structuren. In dit hoofdstuk gebruiken we PU om
de belangrijkste kenmerken van ondergrondse tralies met een lijnbreedte tot 100 nm
te karakteriseren. We slagen erin om niet alleen tralie-eigenschappen zoals pitch en
duty cycle te achterhalen, maar ook de vorm van de lijnen van het tralie te schatten.

Ten slotte onderzoeken we in Hoofdstuk 5 de foto-akoestische respons van direct
blootgestelde periodieke structuren. Bij pump-excitatie vertonen deze structuren
trillingsmodi waarvan de frequentiespectra worden bepaald door hun geometrische
parameters. Er wordt een duidelijke correlatie waargenomen tussen de frequentie-
componenten en de periode van het tralie. Er is echter verder onderzoek nodig om
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de tralie-eigenschappen nauwkeurig kwantitatief te kunnen achterhalen.



SUMMARY 113

[TikocekyH1HA YIBTPA3BYKOBa CIIEKTPOCKOIIIS /I BU3HAUEH-
H$l XapaKTEPUCTUK HAHOPO3MIPHUX I11/IIIOBEPXHEBUX CTPYKTYP

[TikocekyHHa yiabrpassykosa ciiekrpockorist (PU) - 1ie ekcriepuMenTaibaa
METOJINKA, Ha OCHOBI «HAKAYKa-30HJ» CIEKTPOCKOMIl 3 PO3JJIEHHAM Yy Yaci
(time-resolved pump-probe spectroscopy). V miii MeTouIi HaIKOPOTKHii CyOIi-
KOCEKYH/IHUI JIa3epHuil iMmysibe (HaKadKa) OMPOMIHIOE HEIPO30pHil MaTepiad,
CIIPUYHUHSIIOUN JIOKA/JIbHE HArpiBaHHsA. B pe3yabrari TenmoBoro po3mmpeHHs,
10 BijI0yBa€ThCs MPOTATOM JIEKIIIBKOX MMKOCEKYH/I, F€HEPYETHCA aKyCTUIHA
xBwig 3 vactoroio B ['T'n-TT'nm miamazoni. s xBuas mommproeTbes Kpisb
eKCIIEPUMEHTAIbHUN 3Pa30K, BiMOMBAETHCS Bifl BHYTPIIIHIX CTPYKYP 1 mOBep-
TaEThCA 0 MMOBEPXHI 3pa3Ka, JIe PEECTPYETHCS 3aTPUMAHUM Y Yaci 30HIYIOUNM
CyOTIKOCEKYHTHUM JIA3EPHUM IMITYIHCOM. 3MIHIOIOYTH YaCOBY 3aTPUMKY MiK
iMIIyTbcaMy HaKaYKW Ta 30HIY, MOYXKHA JIOCTIIZKYBATH IMPOIECH TeHeparlil,
IOIMIUPEHHA Ta Bi,Z[‘6I/ITTH AKYCTUYIHUX XBUJIb. HpI/I IbOMY HaJIKOPOTKa TpUBa-
JIICTD 30HIYIOUNX JIA3EPHUX IMITYJIbCIB JO3BOJIAE JOCATATH CyOIMKOCEKYHIHY
PO3/IJIbHY 3JIaTHICTb.

[Tikocekyuauuit 1acoBuit Macirad reHepariii aKyCTUIHUX XBUIb BiIKPUBAE
HU3KY BaxKJIMBUX MoxkjauBocreil. [lo-niepine, Bin 3abe3neuye 30y 2KEHHS BUCO-
KOYaCTOTHUX aKYCTUYHUX MOJI, IO BiJAIOBIIAIOTH JTOBXKUHAM XBUJIb MOPSIIKY
100 um. Taka KOpOTKa JOBXKUHA XBUJII POOUTH MOXKJIUBUM 3acTocyBanusd PU y
METPOJIOTIT BUCOKOI PO3/IJIbHOT 31aTHOCTI. 30KpeMa, METO/] B2K€ BUKOPUCTOBY-
€ThCsl JIJIsl BUBHAYEHHS XapaKTePUCTUK TOHKUX IIJIIBOK 1 OI[IHIOBaHHS 1X are3il.
OHOYACHO BeIyThCsl AKTUBHI JOCJIHPKEHHS B HAIIPSIMKY JIETEKTYBAHHS Ta
Bisyautizariii cTpyKTyp, MOKpPUTHUX Hempozopumu marepiasamu. [lo-mapyre, PU
HAJIA€ MOXKJIUBICTD JOCJIRKYBaTH (hyHIAMEHTAIbHI IPOIECH B TBEPUX TijIax,
CIIPUYNHEHI eJIEKTPOHHOIO AMHAMIKOIO, HAIIPHUKJIAI, TEeIJIOMPOBiaHICTE abo
€JIEKTPOH-(DOHOHHY B3aE€MO/IIIO.

Y nmcepTarllii ocHOBHA yBara 3ocepezkena Ha sukopucrtanni PU g mere-
KTYBaHHs Ta Bizyasiizalil HAHOCTPYKTYD, MOKPUTHUX HEIIPO30PUM MaTepiajloM.
HesBazkaroun Ha pomeMOHCTPOBaHY MOTeHIINHY 31aTHICTE PU 10 MeTpostorii
BUCOKOI PO3JIIJILHOI 3/]J@THOCTI, TI€BHI TPYJIHOII 3aJIUIIAI0THCS aKTyaJbHUMMU.
Cepen Hux: migsuiieHHs BigHomenns: curtas/mym y PU BumiproBanHsX;
JIETEKTYyBaHHs CKIaHUX (HeOIHAPHUX) 1 TPUBUMIPDHUX HAHOCTPYKTYD; a Ta-
KOK TIOJIOJIAHHST OOMEXKEHb PO3/IIbHOI 3aTHOCTI, 00yMOBICHUX IU(MPAKITIEIO
cBiTia. Xoda CBITVIOIHyKOBaHI aKyCTHUYHI XBIJI MOXKYTh MATH 3HAYHO KO-
POTIIT JIOBYXKWHU XBWJIb HIXK caMe CBITJ/IO, PO3MIJIbHA 3JaTHICTH CYyJYacHUX
peamizamiit PU moci obMerkeHa ONTHUYHUMEI METOJAAMU 30HAyBaHHsI. Y poboTi
PO3IJIIHYTI 3a3HaYeH] MPOOIeMU Ta 3aPOIOHOBAHI iIXOMH JIJIsT POSITHPEHHST
MoxJmBoctelt PU y nerekTyBanHi Ta Bidyastizallil Ha HAHOMACIITAOHOMY PiBHI.
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Y pozaini 1 momaHo Oryisy Teopii CBITJIOIHIYKOBAHUX aKyCTUIHUX XBUJIb 1
METO/IiB 1X JIeTeKTyBaHHs. TAKO0XK IIPEJICTABIEHO MOJIED JIJIs YUCJIOBUX CHMY-
JISITH, SIKY BUKOPUCTAHO JJIsi aHAJII3y (bI3MIHUX MPOIECIB, M0 BiI0YBAOTHCS
y PU ekcunepumentax. [Ist mpoBemeHHs eKCIEPUMEHTAIBHUX JIOC/Ii2KEHD
pPO3pO0JIeHA «HAKAYKA-30H/» YCTAHOBKA Ha OCHOBI METOJy aCHHXPOHHOI OIITH-
guol Bubipku (asynchronous optical sampling ASOPS). V wamiii cucremi
cxemy ASOPS 6ys1o MondikoBaHO NIISIXOM BBEIEHHS MOJYJISII PO3CTPOMKA
Mi2K 9aCTOTaAMM ITOBTOPEHHS IMITyIbCiB HaKadKu Ta 30HTY. g moaudikaris
miaBUIye epeKTUBHICTh BUMIPIOBAHDb MMOPIBHAHO 3 TPASUIIHHIMEI METOJAMHU
ASOPS abo BukopucTaHHSIM ONTHYHUX JIiHIH 3aTpuMku. ExcriepumenTaabHa
YCTaHOBKA OTMCAaHA B PO3ILI 2.

Y pozaiii 3 po3mIsIacThes MpodIeMa CJIa0KOl aMILIITYIN JeTEeKTOBa-
unx curHaiiB y PU ekcnepumentax. Ilonepesmmi moctikeHHs TOKa3a/Id, M0
TOHKI IIPO30Pi IMapu JlieJIeKTPUKa, HAHECEHI Ha TMOBEPXHIO 3Pa3Ka, MOXKYThb
miABUNILYBaTU e(PEeKTUBHICTD JeTEKTYBAHHS CBIT/IOIHIYKOBAHUX aKyCTUIHIX
xBUJIb. lle 3yMOBJIEHO 3MIHOIO 'PAHUYHUX YMOB JIJIs AKYCTUIHOI XBUJI HA
IOBepxHi Hempo3oporo marepiasay. IIpore HagBHICTD MPO30PUX IIAPIB CYyTTE-
BO BILUIMBAE sIK HA MEHEPAIlio, TaK 1 Ha JETEKTYyBaHHs IPYKHUX XBUWIb, 110
MPU3BOJUTE JIO 3HATHUX 3MiH (POPMU eKCIIePUMEHTAIbHIX CUTHAJIB. MeToro
IIBOTO PO3IINY € JOCTiIKeHHsI (pOpMyBaHHA (POTOAKYCTUIHUX CUTHAJIB Y
Takux 3paszkax. [lokazano, 1o, OKpiM MiICUIEHHST CUTHAJIIB, CIPUIUHEHOTO
3MIHOIO TPAHUYHUX YMOB, IIPO30PHIL AP BHOCUTH JIOJIATKOBI ONITHYHI e(DeKTH.
IIi edpexTn 3ymoBeHi iHTEepdEPEHITIEIO CBITIIA ¥ TPO30POMY IIIapi, a TaKOXK
GOTONPYKHUMHI BJIACTUBOCTSMEU caMoro mapy. Jlas marepiasiB 3i ciabkum
IPY>KHBO-OITUIHUM 3B’SI3KOM I[i ONTHYHI BHECKU MOXKYTh JIOMIHYBATH Y
dopmyBaHHi POTOAKYCTHIHUX CUTHAJIIB.

Y pozmiii 4 po3rJIsiHYTO MOYKJIUBICTE TOJOJIAHHST ONTUIHUX ODOMEXKEHb
IpoCcTOpPoBOI po3aiibHOI 3aarHocTi PU. OnrudHuii mporec JeTeKTyBaHHsT
JaCTKOBO HIBEJIIOE MEPEBATrW HAI3BUYANHO KOPOTKUX JOBXKHUH aKYCTHUTHIX
XBHUJIb, 1[0 T€HEPYIOTHCs CYOIIKOCEKYHIHUMHU JIA3EPHUMHU IMITYJILCAME. XO04a,
MTO3JIOB2KHS PO3JIiJIbHA 37aTHICTh MeToanKu PU MoxKe JocaraTu HAaHOMETPIB,
[orepevHa PO3/IiJibHA 3JATHICTH BCE IIe 0OMEXKYETHCS PO3MipoM (HPOKYCHOT
IUISIMA 30H/IyIOYOTO JIa3€pHOro mpomens. Mu moka3zyemo, mo indgopmartis
PO HAHOMACIITAOHY T€OMETPil0 BHYTPINIHIX CTPYKTYP TAKOXK KOIYETbCH
Yy YaCcOBHUX 3MiHAX BUMIpSIHOI BiAOWMBHOI 3/aTHOCTI 3aBIdIKNA JUQPPAKIIl Ta
PO3CIIOBAaHHIO aKyCTUYHUX XBWIb. ¥ oMy po3ait PU BukopucToByeThCs
JIJIsI BUSHAYUEHHS XapaKTEePUCTUK ITiIOBEPXHEBUX I'PATOK 13 XapaKTepHUMHA
poamipamu Bix 100 M. Ham Brasocs me Jjiniiie BUBHAYUTH TapaMeTPH I'PATOK,
Taki gK Iepiofl i CKBAaXKHICTb, aJjie # OMHUTHU MoIepedHnit Tpodiab JTiHii
I'PaToOK.
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Y poznaiii 5 gociimkeno sukopuctanag PU na Binkputux rparkax. [licas
OIPOMIHEHHS IMITYJIbCOM HAKA4YKNM B TAKUX I'PATKax 30Y/KYIOThCS BJIACHI
NPY2KHI KOJIUBAaHHs, YACTOTHI CIEKTPHU AKUX BU3HAYAIOTHCS M€OMETPUIHUMMU
mapaMeTpaMy I'paToK. BUSBIEHO UiTKY KOPEJSIN0 Mi2K JaCTOTHUMH KOMIIO-
HEeHTaMU Ta 1epiojioMm rparok. IIpore, misg TOYHOro KiJIbKiCHOTO BU3HAYEHHS
mapaMeTpiB I'paToK HEOOXiAHI MOJAIBIIN JOCIKEeHHSI.
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[linkom MoxkMBO, 51 6 He OYyB Tam, e s 3apa3, 0e3 MOIX HEMOBIPHUX
mikiibHuX BunTesiB. Ceprito Bikroposuay ta Harasie Bosiogumupisao, st
0e3MeKHO BIAIHUI BAM 32 Ti 3aXOILIIO0Yl YPOKHU (Di3UKM Ta MATEMAaTUKH, STKi
MHOXKUJITU MO€ OarkaHHs nmopuHyTu ryubiine B HayKy. Okpemo Bisiunuit Bam,
JItoamuito I'puropisao, 3a Te, 10 ga/u MeHI HaHEOOXiJHINI 1HCTPYMEHT,
3aBJIAKN SIKOMY S BIIKPUB CBIT.

Haocranok xo4ay noasikyBatu cBoiM pimuum. Hacamiepea cBoim 6aTbram.
Mawmo i Tary, aakyio BaM 3a Bce! Bu 3pocTuin MeHe 3 GarkKaHHSM JaTH
MeHi HafiKpaile i g He MOXKy Iie He BimuyBaru. Bu HaBumim meHe caMOCTifiHO
Oy/yBaTH CBOE IIACIUBE KUTTs He3aJIe2KHO Bij 00cTBUH. I, MOXK/IUBO, 11€ 1 €
Hafikparie, 1o MoxKe 6yTu y Jioaunu. Taty, Tu 6yB MOIM MEPIIUM BYUTEJIEM
disukn. Tu O6paB MeHe, 30BCiM MaJIOro, 0 cebe B IKOJY, Jie TH KOJIUCDH
[pAIIOBaB, 1 MOKa3yBaB MeHi pisHOMaHITHI (hizudHi memoHcTparii. AGCOTIOTHO
HIYOTO HE PO3YMIIOYH, ajle HEMMOBIPHO BparkeHWH, g JUBUBCS Ha IITYIHI
O/IMCKaBKU 1 B MOIil TOJIOBI 3’sBJIsijioCst Bee Oifibiiie utanb ‘gomy?” i “sax?”.
XTO3Ha, MOXKJIMBO B Ti MOMEHTH B MEHi I IOYaJia 3apO2KyBaTHUCh IIKABICTh
PO HABKOJIUIIHIN CBIT Ta IPO Te fK BiH BiamToBanuil. Mamo, Tu 3aBKIn
Bipmia B Miit ycrix i mpomosxkyern 1e podbutu. Kpim Toro, cBoiM npukjiamom
eHePIriiffHOCTI 1 3aB3ATOCTI CBOEIO pOOOTOIO TH HE 3aJIUIIAEIT MeHI BHOOPY, OKPIM
sIK pobutn Tak camo. JIsakyro Tobi 3a Te, mo tu Taka kpyral:) Cesa, 6Gpare,
JIAKYIO, 110 He Ja€mn darbkaM HyAbryBaru. CHo/liBaioch, CKOPO 3MOXKEMO
baunTuch vacrime. gKyro, BCiM CBOIM PiTHUM 3a MiATPUMKY Ta ITOCTIHHMI
MIIHU 3B’130K HE3BAKAIOYN HA BEJIMKY BiICTAHD MiXK HAMH.
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