LASER-INDUCED ULTRASOUND
FOR THE DETECTION OF
BURIED MICRO- AND
NANO-STRUCTURES

Vanessa Verrina



PhD Thesis, University of Amsterdam, April 2021

Laser-induced ultrasound for the detection of buried micro- and nano-structures
Vanessa Verrina

ISBN: 978-94-92323-51-4

Cover design: Mariella Spadafora

This thesis is printed on 100% recycled paper.

W ARCNL ASML W

UNIVERSITEIT VAN AMSTERDAM

© Vanessa Verrina, 2021

The work described in this thesis was carried out at the Advanced Research Centre
for Nanolithography (ARCNL), a public-private partnership between the Univer-
sity of Amsterdam (UvA), the Vrije Universiteit Amsterdam (VU), the Nether-
lands Organisation for Scientific Research (NWO) and the semiconductor equip-
ment manufacturer ASML.



LASER-INDUCED ULTRASOUND
FOR THE DETECTION OF
BURIED MICRO- AND
NANO-STRUCTURES

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor
aan de Universiteit van Amsterdam
op gezag van de Rector Magnificus
prof. dr. ir. K.I.J. Maex
ten overstaan van een door het College voor Promoties
ingestelde commissie,
in het openbaar te verdedigen

op dinsdag 6 april 2021, te 15:00 uur

door
VANESSA VERRINA

geboren te Cosenza, Italié



PROMOTIECOMMISSIE

PROMOTOR

prof. dr. P.C.M. Planken

Co-PROMOTOR

dr. S.M. Witte

OVERIGE LEDEN

prof. dr. J.W.M. Frenken

prof. dr. A.F. Koenderink

prof. dr. J. Gomez Rivas

dr. N.J. van Druten

dr. S.F. Pereira

Universiteit van Amsterdam

Vrije Universiteit Amsterdam

Universiteit van Amsterdam

Universiteit van Amsterdam

Technische Universiteit Eindhoven

Universiteit van Amsterdam

TU Delft

FACULTEIT DER NATUURWETENSCHAPPEN, WISKUNDE EN INFORMATICA



PUBLICATIONS

THIS

THESIS IS BASED ON THE FOLLOWING PUBLICATIONS:

V. Verrina, S. Edward, H. Zhang, A. Antoncecchi, S. Witte and
P.C.M. Planken, Role of scattering by surface roughness in the pho-
toacoustic detection of hidden micro-structures, Appl. Optics (2020)

Presented in Chapter 4.
V. Verrina, S. Edward, H. Zhang, S. Witte and P.C.M. Planken,

Photoacoustic detection of low duty cycle gratings through optically
opaque layers, Appl. Phys. Lett. 117, 051104 (2020)

Presented in Chapter 5.
V. Verrina and G. de Haan, and P.C.M. Planken, Enhanced detec-

tion of laser induced-acoustic waves by Surface Plasmon Polaritons,
Manuscript in preparation (2020)

Presented in Chapter 6.



THE AUTHOR CONTRIBUTED TO THE FOLLOWING PUBLICATIONS:

1 S. Edward, H. Zhang, I. Setija, V. Verrina, A. Antoncecchi, S. Witte,
and P. Planken, Detection of Hidden Gratings through Multilayer
Nanostructures Using Light and Sound, Phys. Rev. Applied 14,
014015 (2020)

2 A. Antoncecchi, H. Zhang, S. Edward, V. Verrina, P. C. M. Planken,
and S. Witte, High-resolution microscopy through optically opaque
media using ultrafast photoacoustics, Opt. Express 28, 33937-33947
(2020)

vi



CONTENTS

1 Introduction 1
1.1 EUV Lithography . . . . . . . . . ... ... ... .. .... 4
1.2 Metrology . . . . . . .. 6
1.3 Going 3D: subsurface metrology . . . . . . .. ... ... .. 8
1.4 Laser-induced ultrasound to probe buried nanostructures . 9
1.5 Contents of this thesis . . . . . .. ... ... ... ..... 12

2 Generation and detection of laser induced acoustic waves 15

21

2.2

2.3

24

Generation of acoustic waves in metals . . . . . . .. .. .. 16
2.1.1 The Two Temperature Model . . . . . . .. ... .. 16
Optical detection of acoustic waves . . . . . . ... ... .. 17
2.2.1 Diffraction from "acoustic grating” . . . . . ... .. 18
Diffraction theory: the Fraunhofer approximation . . . . . . 18
2.3.1 Diffraction from thin sinusoidal phase grating . . . . 19
2.3.2 Diffraction efficiency as a function of the duty-cycle

of the grating . . . . ... ... .. ... ....... 21
Surface Plasmon Polaritons . . . . . ... ... ... .... 24
2.4.1 Grating-coupling of SPP . . . . . . . ... ... ... 24

vii



Contents

3 Experimental Methods 29
3.1 Nanofabrication of the buried gratings . . . .. ... .. .. 29
3.1.1 Substrate preparation . . .. .. .. ... ... ... 30
3.1.2 Electron-beam Lithography . . . .. ... ... ... 31
3.1.3 UV Lithography . .. .. .. .. ... ........ 32
3.1.4 Evaporation and lift-off . . . . ... ... ... ... 33
3.1.5 Scanning Electron Microscopy . . . . . . . ... ... 34
3.1.6  Atomic Force Microscopy . . . .. ... ... .. .. 35

3.2 Optical setups . . . . . . . ... o 37
3.2.1 High Repetition Rate Setup . . . . .. ... ... .. 37
3.2.2 Low Repetition Rate Setup . . . .. ... ... ... 38
3.2.3 Tunable Probe Setup . . . . . .. ... ... ..... 41

4 Role of scattering by surface roughness in the photoacoustic

detection of hidden micro-structures 43
4.1 Imtroduction. . . . . . . .. ... 44
4.2 Sample fabrication and optical setups . . . . ... ... .. 45
4.3 Experimental results . . . . . ... ... .. ... ...... 47
4.4 Results of the numerical calculations . . . . . ... ... .. 54
4.5 Discussion . . . . . ..o 57

4.5.1 Acoustic wave generation in Au . . . ... ... ... 57

4.5.2 ”Negative” diffracted signals: background optical fields 59
4.5.3 Comparison between LFE and HFE . . . . . .. .. 63
4.6 SUMMATY . . . . . o e 65

5 Photoacoustic detection of low duty cycle gratings through

viii



Contents

optically opaque layers 67
5.1 Imtroduction . . . . .. .. .. ... ... . 68
5.2 Experimental setup and samples fabrication . . . . . . . .. 68
5.3 Numerical calculations . . . . . ... ... ... ... .... 70
54 Results. . . .. .. o 71
5.4.1 Results of the numerical calculations . . . . . . . .. 75
5.5 Discussion . . . . ... 77
5.5.1 ”Negative” diffraction signals: Effect of background
flelds . . . . . .. 78
5.5.2  Acoustic wavesin Niand Au . .. ... ....... 78
5.5.3 Propagation of acoustic waves in glass . . . .. ... 80

5.5.4 Diffraction efficiency as a function of the duty cycle 81

5.6 Summary . . . . ... e 83

Enhanced detection of laser induced-acoustic waves by SPPs. 85

6.1 Introduction. . . ... .. .. ... ... . 86
6.2 Samples preparation and optical setup . . . . ... ... .. 87
6.3 SPP excitation on grating . . . . .. ... ... L. 90
6.4 Experimental Results. . . . ... ... ... ... ...... 92
6.5 Discussion . . . . . .. ... 99

6.5.1 Laser induced-acoustic wave generation on plasmonic
gratings . . . . . . . ..o 99

6.5.2  Shift in plasmonic resonance due to change in density 103

6.5.3 SAW signal enhancement under plasmonic resonance
conditions . . . . . . ... Lo 105

6.5.4 Phaseshift . .. ... .. ... .. ... ... ... 106

ix



Contents

6.6 Summary . . . ... 107
Bibliography 111
Summary 127
Samenvatting 131
Acknowledgements 135



INTRODUCTION

Integrated circuits (ICs) are present in many electronic devices that we
daily use, from computers to digital home appliances. An IC is a small
wafer (or chip), made of semiconductor material, usually silicon (Si), that
can hold from hundreds to billions of transistors, resistors, and capacitors.
These extremely small electronic devices can perform calculations and store
data. That is why their usage in all electronic equipment has revolutionised
the field of electronics.

The semiconductor industry has been pushing the reduction of the size
of the electronic components on a wafer since the mid-20th-century. By
scaling down the elements of the circuits, more and more transistors could
be packed on chips of the same size. Hence, smaller, faster an less expensive
circuits can be obtained by integrating a large number of tiny transistors
into a small chip.

The small size and low cost of ICs made it possible to make comput-
ers, mobile phones and other appliances that are now an essential part of
modern society.

In 1965, Gordon Moore, founder of the company Intel, predicted that
the number of transistors on a microchip would double every year [1]. Ten
years later he changed his prediction stating that the number of transistors
would double every two years [2], improving the chip’s performance.
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Figure 1.1: Count of the number of transistors per chip in the last 50 years for
different processors. Each point represents the data of a particular company. The
data are taken from [3].

Until now, Moore’s prediction, known also as Moore’s law, has been
fulfilled, but increasing the numbers of elements on a microchip further is
a challenge for the manufacturing industry.

The technique mostly used to imprint patterns on a silicon wafer is op-
tical lithography [4, 5]. Optical lithography uses light to project the image
of a mask onto a photosensitive material (photoresist) deposited on a sub-
strate. Lithography is an important part of semiconductor manufacturing
technology because it can fulfil the needs of the high volume production of
microelectronic components. In particular, it makes it possible for the fea-
ture size to became smaller and smaller, increasing the density of transistors
per unit area.

The typical lithography process (Fig. 1.2) starts with the deposition
of a thin uniform layer of photoresist on the silicon substrate. The thin
film is then exposed by illuminating it with a light pattern obtained by
transmitting through or reflecting the light off a mask, also called a reticle.
The mask contains the pattern of the structures that must be fabricated.
Often, ultraviolet (UV) light is used as a light source. The optical beam
“writes” the mask’s pattern onto the resist, by changing the solubility of



the resist in the exposed area. In the next step, development, either the
exposed part (positive tone resist) or the unexposed part (negative tone
resist) is removed. In the last step, the pattern is transferred to the silicon
wafer. There are three basic pattern transfer techniques: "wet” or ”dry”
etching, selective deposition and ion implantation [6-8]. Etching is one
of the most common pattern transfer approaches. In Fig. 1.2 we show
schematically the different steps of the lithographic process, where etching
is used as pattern transfer technique.

Resist

1) Deposition Wafer

2) Lithography

3) Etching

4) Lift-off

Figure 1.2: A simple schematic of a patterning process (Figure adapted from [9]).
(1) Deposition of a uniform resist film on the wafer. (2) Lithography step to create
a positive image of the pattern in the film. (3) Etch to transfer that pattern onto
the wafer. (4) Lift-off to remove the resist layer.

The imaging performance of a lithography system is basically deter-
mined by the resolution or critical dimension (CD). CD is the smallest
feature size the system can print on the photoresist. System resolution is
determined by the Rayleigh criterion [10],

_ kA

CD NA

(1.1)
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where A is the wavelength of the light used, NA is the numerical aper-
ture of the system and k; is known as the process factor and includes all
the process variables, such us photoresist, type of mask and its patterns.
The process factor k; has reached its practical limit at k; = 0.25 [11]. Ac-
cording to Moore’s law, CD shrinks by 30 % each generation. Improving
resolution can therefore be done by using shorter light wavelengths, increas-
ing the numerical aperture of the optical system and/or reducing k;. The
photolithography industry has been already working on reducing the light
wavelength. It started with the 436 nm of a mercury vapour lamp, and
went through 365 nm and 248 nm to today’s deep ultraviolet (DUV) 193
nm [12]. Each step has brought significant advances in resolution. More-
over, for each wavelength, several steps were taken to reduce the numerical
aperture as well. For example, the 193 nm systems were improved by im-
mersion lithography. In this technique, the medium between the focusing
lens and the wafer is a liquid, usually water. Water has a refractive index
greater than one. Thus, immersion lithography allows to use lenses with
numerical apertures greater than 1.0 (~ 1.3) [13, 14].

By putting together all these parameters, a theoretical resolution limit
of CD = 0.25 x 193 nm / 1.3 ~ 37 nm can be achieved.

1.1 EUYV Lithography

In order to make the continuation of Moore’s law possible, a shorter wave-
length must be used. This is where extreme ultraviolet (EUV) light comes
into the picture. It has a wavelength of 13.5 nm and allows to print fea-
tures about 14 times smaller than that of 193 nm, if we just consider the
wavelength.

This wavelength requires engineering adjustments in different areas.
First of all, as most materials absorb at this wavelength, traditional re-
fractive optics cannot be used. Moreover, the processes need to happen in
vacuum-based systems, and plasma sources have to be used to generate the
EUV photons for lithography.

The state-of-the-art EUV emitting source used is a laser-produced tin
(Sn) plasma. Sn droplets interact with high-intensity 10.6 pm wavelength
pulses from a COj laser [16]. The Sn atoms are ionised and a plasma is
generated. The light produced contains wavelengths in a bandwidth around

4
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Reflective mask
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Figure 1.3: Simplified schematic of an EUV lithography machine. The source
of EUV light is a plasma generated by a COs laser hitting liquid Sn droplets.
All the optics for collecting the light (collector), for sending the beam to the
mask (illumination optics) and for transferring the patterned beam to the mask

(projection optics) are made of Mo—Si multilayer mirrors, which can reflect up to
72 % of the EUV light [15].
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13.5 nm.

To achieve a reflectivity of about 70 %, multilayer Mo-Si mirrors need
to be used [17]. As shown in Fig. 1.3, the produced light is collected
and reflected by numerous multilayer mirrors. After several reflections,
this light illuminates a photomask. The reflected image of the EUV mask
is projected onto a Si wafer coated with the photoresist, using projection
optics.

Each of these steps, from plasma source to wafer stage, operates in a
H, gas atmosphere. In fact, the lifetime of the EUV optics is shortened by
debris from Sn droplets. In a Hy gas atmosphere, debris can interact with
the gas and is slowed or deflected, reducing their deposition on the optics
[18].

1.2 Metrology

In a lithography machine, the wafer is placed on a stage at a particular
position. During the numerous repetitive lithographic steps, the wafer is
moved around and images are printed on the wafer in a step-and-scan pro-
cedure. The repeatability of the placement of the wafer on the starting
position is of crucial importance. In fact, when a new resist pattern needs
to be printed on top of the previous one, the lateral position of the wafer
needs to be determined with sub-nanometer precision. The science used
in the nanolithography industry for alignment purposes is called metrol-
ogy. Metrology (from Greek pétpov (to measure) + -hoyia (suffix denoting
the study of something)) is “the science of measurement, embracing both
experimental and theoretical determinations at any level of uncertainty in
any field of science and technology,” as defined by the International Bureau
of Weights and Measures (BIPM 2004).

In nanolithography metrology is used to verify both the quality of the
mask pattern and the position of the wafer. In particular, to allow mea-
surements of the wafer’s position, many so-called alignment markers are
printed on the wafer, by etching these structures in the Si itself. Many
marker designs are possible but high precision gratings are commonly used
because of their periodic nature. The period of the gratings is often in the
range of 1-5 pm [19].

One of the techniques recently used for wafer alignment is laser-based

6
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phase-grating alignment (PGA) [20]. In this technique a grating is illumi-
nated with a laser and the diffracted beams are measured. A small transla-
tion of the wafer in the direction of the grating vector has little effect on the
diffraction efficiency. It does, however, change the optical phase-difference
between the +n® and -n* (n = 1, 2, 3,...) order diffracted beams, which
can accurately be detected by interfering the two beams.

> debactqd signal

1

Wafer stage —»>X

Figure 1.4: Sketch of a phase-grating alignment sensor (adapted from [21]). An
alignment grating is illuminated with a laser beam. The +1%¢ and —1%¢ order
interfere on a reference grating. The light transmitted by the reference grating is
measured by a detector which detects the transmitted intensity while the alignment
grating is being translated.

If we consider a grating of period d, when light is normally incident on
the grating, the diffracted light has maxima at angles 6,,, which satisfy the
well-known grating equation

dsinf, = mA, (1.2)

where 0,, is the angle between the diffracted beam and the grating’s surface
normal vector, and m is an integer representing the diffracted order of
interest. If a plane wave is incident at any arbitrary angle 6;, the grating
equation becomes:

d(sinb; — sinby,) = mA, (1.3)

The information about the relative lateral position of the wafer is encoded
in the phase of the diffracted beam. As shown in Fig. 1.4, the phase shift

7
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is measured with 2-beam interference. In fact, a shift in position of the
wafer, Az, will cause a phase shift, A¢, of the diffracted light

A
Ap = 2m7r7$, (1.4)
The phase shift is opposite for +m and -m order diffracted light. By
measuring the phase shift of the diffracted light, it is possible to retrieve

the new position of the wafer with sub-nanometer accuracy.

1.3 Going 3D: subsurface metrology

A different approach to increase the number of the elements on a chip is
to build "three dimensional” chips. Recently, manufacturers decided to
stack microcircuits on top of each other. In this way, it is possible to
have more computational power in the same area [22]. An example is 3D
NAND flash-memory, used in SSDs, or solid state drives. While planar
NAND has only one layer of memory cells situated side by side, in 3D
NAND the memory cells are stacked vertically in multiple layers (see Fig.
1.5). This means that, during the fabrication of the chips, the accuracy
with which the wafer must be positioned is very high. As the dimensions
of electronic devices get smaller, the required accuracy of a measurement
increases. Moreover, as devices continue to shrink, new processes and new
materials are introduced, resulting in additional challenges. For example,
hardmask materials like amorphous carbon were introduced for improved
pattern transfer [21]. But the real challenge comes when (partially) opaque
materials are used to fabricate the multilayer architectures, so that light
cannot penetrate them anymore, and the alignment markers are difficult to
probe. In reality, alignment gratings are etched in areas where there are no
circuits (scribe lines). Nevertheless, they get covered by all the materials
used in the fabrication processes of the computer chips. Hence, methods
need to be found that are capable of detecting micro- and nano-structures
below the surface, underneath layers that may even be optically opaque. In
addition, measurement methods should remain non-invasive, in the sense
that they should not damage the sample or otherwise influence subsequent
lithographic processing steps.
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Logic circuitry

Figure 1.5: A simple schematic of a 3D NAND structure, obtained by stacking
multiple planar 2D NAND. All types of flash-memory have two primary circuit
components: the memory array that stores the data, and the logic circuitry that
controls the flow of that data.

1.4 Laser-induced ultrasound to probe buried nanos-
tructures

Fortunately, layers that are opaque to light are often transparent to sound.
Therefore, a potentially interesting alternative to detect gratings buried un-
derneath optically opaque layers is to use laser-induced ultrasound. This
technique is based on the absorption of a picosecond or femtosecond laser
pulse which leads to the creation of acoustic waves in the tens of GHz range
[23-43]. Fundamentals of laser-induced acoustic waves have been studied
extensively in the past decades [23-26, 30, 41, 44]. Numerous studies have
led to a better understanding of the interaction between a femtosecond laser
pulse and metal layers thicknesses in the nanometer range [45-50]. The
ability of acoustic waves to propagate through layers that are not trans-
parent to light has also led to many applications, such as high-resolution
photoacoustic imaging [36-39] and material characterisation, providing in-
formation on layer thickness, sound velocity and interface properties [31—
33, 51-54]. Moreover, spatial inhomogeneity of the illuminated surface can
lead to excitation of shear waves and surface acoustic waves (SAWs) [27-

9
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29]. The transducers used in conventional ultrasonics for the generation
and detection of ultrasound can not reach these frequencies. Moreover,
a contact-free method is often needed to prevent potential damage of the
material. Ultrafast photo-acoustics is a time-domain technique with which
material parameters such as thin layer thickness, sound velocity, and inter-
face properties can be measured [31]. This method has many applications,
both in the fields of science and industry. One of the more recent potential
applications is subsurface metrology because ultrasound is able to penetrate
many materials.

In semiconductor device manufacturing, for example, subsurface metrol-

ogy is used to measure the shape and position of the wafers. Since nanome-
ter accuracy is needed, grating-shaped alignment markers are etched into
the wafer [21], as mentioned in section 1.2. In this thesis, we show how ultra-
short laser-pulse induced ultrasonics can be used to detect buried gratings
underneath opaque layers.
In Fig. 1.6 a sketch of the generation, propagation and detection of a
laser-induced acoustic wave used to probe buried periodic nanostructures is
shown. When a femtosecond pulse is focused onto the surface of an opaque
metallic material, the optical energy is initially absorbed within the opti-
cal penetration depth by the electron gas. Depending on the material, the
electron gas energy diffuses deeper into the material, while also losing en-
ergy to the lattice. As a result, the lattice temperature increases, causing
an expansion of the material. An acoustic wave is then launched, which
propagates deeper into the material. The acoustic wave is reflected back
by the ridges of the gratings first, and by the valleys of the grating later.
When the ”acoustic replica” returns to the surface, it spatially periodically
displaces the atoms at the surface and it modifies the optical properties of
the material in a thin layer near the surface. These changes can be detected
by a second laser pulse which is diffracted off this ”acoustic” grating.

10
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Figure 1.6: A sketch of the generation, propagation and detection of laser-induced
acoustic waves used to detect buried gratings underneath an opaque layer. a)
A fs laser pulse (pump) is focused onto the surface of an opaque material. The
optical energy is absorbed within the penetration depth. b) An acoustic wave is
launched which can travel deep into the material. ¢) The acoustic wave travelling
into the layer will be reflected back from the interface. d) The reflected acoustic
wave approaching the surface will have a spatial modulation which is a replica of
the buried grating topography. e) The surface will be displaced by the arriving
acoustic wave and optical properties of the material will also be modified. Either
replica of the buried grating will diffract a second, delayed fs pulse (probe).
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1.5 Contents of this thesis

This thesis mostly describes experiments aimed at understanding the gen-
eration and detection of these ultrahigh frequency sound waves for the
detection of buried gratings.

In Chapter 2, the generation and detection of laser-induced acoustic
waves is introduced. The generation of acoustic waves in metals is discussed
by starting from the Two Temperature Model (TTM). The TTM allows us
to model the laser energy absorption by the electron gas of the metal and
the subsequent energy transfer to the lattice via electron-phonon coupling.
The temperature increase of the lattice causes an expansion of the metal
layer. When a grating is hidden below this layer, an acoustic replica of
that grating will reach the surface of the sample. This spatially modulated
acoustic wave is detected by diffraction of the probe beam. The detection is
described using diffraction theory, both for low and high duty cycle gratings.
Finally, a simple model of surface plasmon polaritons is described, as surface
plasmon polaritons are shown to enhance the optical sensitivity to acoustic
waves in gold.

In Chapter 3, all the experimental techniques used for the fabrication
and characterisation of the samples used in this work are listed and ex-
plained. In particular, electron beam and UV lithography have been used
to fabricate the gratings used in Chapter 4 and Chapter 5. Two different
microscopy techniques were used, namely Scanning Electron Microscopy
and Atomic Force Microscopy. Finally, the optical setups are introduced.
A classical pump-probe scheme has been used to perform time-resolved
measurements. Three different lasers were used: a low fluence Ti:sapphire
laser, for the experiments described in Chapter 4 and Chapter 5; a high
fluence Ti:sapphire laser for the experiments described in Chapter 4; and
a low repetition rate Ti:sapphire laser with tunable probe pulse for the
experiments described in Chapter 6.

In Chapter 4, we show how high-frequency laser-induced ultrasound
can be used for detection of micro-gratings buried underneath optically
opaque layers by using two different optical setups, namely a low fluence
laser system and a high fluence laser system. Gratings with a 10 nm ampli-
tude, buried underneath an opaque metal layer, were detected by observing
diffraction from the spatially periodic replica reaching the surface/interface.

12
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The acoustic wave generated at the surface propagates towards the grating
and is reflected back. Here, the displacement created by the arrival of the
acoustic wave creates a grating with an amplitude in the picometer range
that can be detected by diffracting a time-delayed optical pulse off this grat-
ing. While measuring with the low fluence system, we find that both the
shape and amplitude of the time-dependent diffracted signal are strongly
influenced by the presence of a coherent background optical field created
by scattering of the probe pulses by surface roughness. This field coher-
ently adds up to the optical field diffracted by the acoustic-wave induced
interface grating, amplifying the originally weak signal so that it becomes
measurable. Our measurements show that, while using low fluence laser
systems for photoacoustic experiments, scattering by interface roughness
must be taken into account and can even be used to amplify the weak field
diffracted off the grating-shaped acoustic wave.

In Chapter 5, we focus on the limits of the technique by studying what
the narrowest grating lines are that can still be detected. We do this by
keeping the grating period the same while decreasing the duty-cycle of
the grating. We find that we can still detect buried optical gratings with
linewidths as narrow as 75 nm using this technique. During our research, we
found that both the shape and amplitude of the time-dependent diffracted
signal are strongly influenced by the presence of a coherent background
optical field created by scattering of the probe pulses by surface roughness.
This field coherently adds up to the optical field diffracted by the acoustic-
wave induced interface grating, amplifying the originally weak signal so
that it becomes measurable. As a result the measured diffraction signal
strength shows a linear dependence on grating duty-cycle rather than the
expected quadratic one.

In Chapter 6, we study the detection of laser-induced acoustic waves on
a plasmonic grating. In our experiments we use a gold grating fabricated
on top of a SiO, substrate. Pump-probe measurements were performed on
the grating, where the probe beam was tuned around the SPP resonance
wavelength of 650 nm. Our results show that we are able to induce at
least three different types of acoustic oscillations simultaneously on this
structures, namely surface waves (SAWs), quasi-normal modes (NMs) and
longitudinal acoustic waves (LWs). We observe an enhancement of the
optical reflection changes due to the SAW at the SPP resonance, whilst the

13



1. Introduction

optical response to the other two acoustic modes reaches a maximum on
the slope of the SPP resonance.

14



In this Chapter we briefly introduce the physical mechanisms involved in
the generation and detection of longitudinal acoustic waves by means of
ultrashort laser pulses. Laser ultrasonics has been a subject of numerous
studies [23-36, 38, 40-42, 55]. It is a widely used technique due to the many
possible applications, in particular for studies of ultrafast phenomena and
non-destructive characterisation of materials [31, 52-54]. Acoustic pulses
of a few to hundreds of picoseconds duration, with frequencies in the GHz
range, can be created using ultrashort optical pulses. When a pulsed laser
beam, called pump, is focused onto the surface of an opaque solid, some
of the optical energy is absorbed within a depth approximately equal to
the optical absorption depth, and converted to heat. The production of
heat results in an increase of the lattice temperature, which leads to an
expansion of the lattice. The expansion launches an acoustic wave propa-
gating into the material. Sub-surface structures or interfaces can reflect the
acoustic wave back to the surface. There, the acoustic wave displaces the
surface and-or changes the optical constants of the material. This can be
detected by illuminating the sample with a second ultrashort pulse, called
probe, focused onto the same spot on the sample. By changing the time
delay between the two beams, the time-dependent changes in the amplitude
and/or phase of the reflectivity of the probe light can be measured.

15



2. Generation and detection of laser induced acoustic waves

2.1 Generation of acoustic waves in metals

Ultrafast laser ultrasonics is often applied to thin metal films.

For a metal, the optical energy is absorbed by the electron gas within the
optical penetration depth of the metal, which is typically on the order of a
few tens of nanometers, in the first 200 fs.

The electrons around the Fermi level are excited to higher available states.
After the electron gas thermalization, two phenomena occur: the electron
gas energy diffuses deeper into the sample and it is transferred to the lattice,
through electron-phonon interaction. This transfer typically happens on a
time scale of less then 10 ps and the rate of the heat transfer to the lattice
is determined by the electron-phonon coupling constant.

The response to ultrashort laser pulses of the electron gas and the lattice
can be described by means of the Two Temperature Model (TTM).

2.1.1 The Two Temperature Model

The TTM [56, 57] assumes that there are two different subsystems, the elec-
tron gas and the lattice, each with a different time-dependent temperature,
T and T;, respectively. Here, the electron gas is assumed to be thermalized
at all times during and after the excitation.

The temporal and spatial evolution of T, and 7; can be calculated by using
two coupled partial differential equations, as first proposed by Anisimov et
al. [58]. In one dimension, z, they can be written as [59],

T, 9 (, 9L\ .
)G = 5 () ~oT =Ty + G0, ()
o1,
Ci(Ty) 5, = 9(Te = T, (2.2)

where C,(T,) and Cj(1}) are the electron and lattice heat capacities ex-
pressed in Jm™3K™!, respectively. k. is the electron gas thermal conduc-
tivity, g the electron-phonon coupling constant, and the source term S(z,t)
is the absorbed pump power density.

According to this model, the electron gas initially absorbs part of the op-
tical energy, increasing the T,. As the electron gas cools, the energy is
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2.2. Optical detection of acoustic waves

transferred to the lattice until the electron gas and the lattice are in equi-
librium, meaning T, = T;. The stronger the electron-phonon constant, the
faster the cooling.

For metals with a relatively small electron-phonon coupling constant,
such as gold and silver, the electron gas energy has time to diffuse deep
into the film ( ~ 150 nm [60]) as the electron gas releases its energy to the
lattice. The electron gas cooling time in metals like gold and silver is less
than 10 ps.

For films thinner than 150 nm, the layer thus heats up more or less homo-
geneously. This gives rise to an acoustic wave in the form of a periodically
expanding and contracting layer in a direction perpendicular to the sample
surface. The rapid expansion/contraction of the layer can be described as
two counter propagating acoustic waves, each with a wavelength that is
twice the layer thickness (corresponding to a frequency of tens of GHz).
For metals with a large electron-phonon coupling constant, such as plat-
inum and nickel, only a thin layer heats up and electron energy diffuses
only a few tens of nm. The electron gas rapidly cools to the lattice in less
than 2 ps, with subsequent little energy diffusion. Here acoustic waves with
much higher frequencies (greater than 100 GHz) can be generated.

2.2 Optical detection of acoustic waves

In a pump-probe scheme, a second, delayed probe beam is used to detect the
pump-induced changes in the material. Two different possible mechanisms
can influence the reflected probe field when in the presence of a pump-
induced ultrasound wave. The first mechanism is due to the displacement
of the surface of the sample. In general, when the high frequency acous-
tic wave reaches the surface it will displace the atoms. This gives rise to
a change in the phase of the reflected probe pulse [35, 61]. The second
mechanism is related to a local change in the optical constants of the mate-
rial [62]. Changes in material density induced by the sound wave will lead
to a local transient variation of the refractive index of the material. This
mechanism is known as strain-optic effect, where the change of the mate-
rial’s permittivity is due to a mechanical strain [32, 63]. But the reflected
probe electric field can be also affected by a change in temperature inside
the material. This mechanism, known as thermo-optic effect, is due to a
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2. Generation and detection of laser induced acoustic waves

change in refractive index in response to the temperature increase of the
lattice. Strain- and thermo-optic effects can in principle influence both the
intensity and the phase of the reflected probe beam.

2.2.1 Diffraction from ”acoustic grating”

In our experiments, buried gratings with nanometer amplitudes buried un-
derneath thin (75-500 nm) metal layers were employed. The returning
acoustic wave whose wavefront has the topography of the buried grating
imprinted on it, has a spatially periodic delay in the acoustic arrival time,
or phase. For the metals we used (gold and nickel), the returning acous-
tic wave generates displacement of the atoms at the interface. For nickel,
the strain-optic effect is also present. In order to detect the return of the
laser-induced grating-shaped acoustic wave at the metal/glass interface,
the energy of the probe beam diffracted off the resulting interface grating
present at the interface was measured.

2.3 Diffraction theory: the Fraunhofer approxi-
mation

Diffraction from displacement gratings can be described by using Fraun-
hofer diffraction theory. Fraunhofer diffraction is an approximation valid
when both the incident and the diffracted waves are effectively plane waves.
This is true when the distance between the source and the diffracting aper-
ture and the distance from the aperture to the receiving point are big
enough for the curvature of the incident and diffracted wave to be neglected
[64]. When either the source or the receiving point is close enough to the
diffracting aperture, the curvature of the wave is significant and the Fresnel
diffraction must be used [64]. In practice, the Fraunhofer approximation
can be applied in the far field. In general, one can state that Fraunhofer
diffraction occurs when
LZ

2— 2.3
2>2—, (2.3)

where z is the observation distance, L is the dimension of the aperture and
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2.8. Diffraction theory: the Fraunhofer approximation

A is the incident wavelength. Under these conditions, the observed field
strength can be found from a Fourier transform of the aperture distribu-
tion itself. In [64], Goodman derives the expression for the electric field
U in the far-field of an aperture source. For an aperture with aperture
function U(&,n,z = 0), the field U(z,y, z) in the far-field of the aperture

can be written as [64],

zkz A

2= (2% 4y?)
Ule,y,2) = ———— / U(&n, = 0)e” 2Tt dedn.  (2.4)

This expression is the 2D spatial Fourier transform of the aperture distri-
bution, evaluated at spatial frequencies f, = z/(Az) and f, = y/(\z).

2.3.1 Diffraction from thin sinusoidal phase grating

l
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Figure 2.1: Example of a sine phase grating with grating period A (spatial fre-
quency fo = 1/A), amplitude m/2, and multiplied by a rect function rect(£/£).
The dashed line is a grating with the same rect function, but with the phase
grating shifted by —&.
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2. Generation and detection of laser induced acoustic waves

A transmission function t4 can be defined, which is the ratio of the
complex field immediately behind a screen to that of the field incident on
the screen. If the incident field has amplitude 1 and is incident normally
on the screen (so no phase variation across the aperture for the incident
beam) then we can write: t4(&,v) = U(&, v,z = 0).

A thin sinusiodal phase grating, with dimensions ¢ in the ¢ and 7-direction,
can be defined by the amplitude transmission function

A(€,7) = exp [i72 sin(2r fo(€ + go))] rect @) rect @) @25

where fy is the spatial frequency of the grating, and where —& is the
distance over which the grating has been displaced compared to the original
position (§y =0). m is the peak-to-valley variation of the phase.

To obtain the Fourier transform of equation (2.5), we simplify the function
using the so-called Jacobi-Anger expansion [65],

exp {22 sin (27 fo& ] Z Jq ( ) e?2mafo, (2.6)

q=—00

where J; is the Bessel function of the first kind, order g.
The Fourier transform of this is,

i J, (”21) ei27rqfo§] Z J( ) —qfo, fy). (2.7

g=—00 g=—o00

and

FTfta ()] = 3 J( ) (0(Fs — afo)] [£F,] exp (i2mafoco) . (2.8)

q=—00

The diffraction efficiency of the thin sinusoidal phase grating can be found
by squaring the coefficients in Eq. 2.8. Thus, for the ¢-th order of this
grating, the diffraction efficiency is

g = Jg (m/2), (2.9)

where m is the amplitude of the grating expressed as peak-to-peak variation
of the phase.

20



2.8. Diffraction theory: the Fraunhofer approximation

Diffraction from a displaced grating

If we explicitly look at the terms ¢ =1 and ¢ =-1, we obtain:

ikz it (22 +y?)
Uger(@,y,2) = oy Ji (2) CLU(fz — fo)] [01,)
exp '(]:'27T‘fko(§02)+ , (2.10)
ikz ige (2 +y
Ups(9,2) == o ('3 ) 10 + S0 64,

exp (—i27 fo&o) -

The phase terms, exp (£i27 fp&p), are opposite in phase as expected.

With a simple variable transformation (o = & + A/4, with A = 1/fo), we
can turn the sine-wave grating into a cosine-wave grating. For éo =0, a
non-displaced cosine grating is observed which gives, in fact, expressions
for the field where the phases of the -1%* and +1°! order diffracted fields are

the same, as expected.

2.3.2 Diffraction efficiency as a function of the duty-cycle
of the grating

In Chapter 5, we describe experiments on photo-acoustic detection of low
duty cycle (< 50%) buried gratings. For this research, it is useful to have
expressions describing the diffraction efficiency from such gratings.

To describe the dependence of the diffraction efficiency of a grating on its
duty cycle and amplitude, Chang et al. [66] introduced a binary diffraction
model. The model assumes a grating with a binary amplitude, which trans-
lates into a binary shift in the phase of the reflected light, when comparing
light reflected off the ridges and the valleys of the grating. This grating
can be described as an infinite train of rectangular pulses with a uniform
width. The incident wavelength must be much smaller than the period of
the grating (9) so that the scalar approximation can be applied.

According to the Fraunhofer diffraction theory, the far-field diffraction
wavefront is the Fourier transform of the original wavefront.
The far-field wavefront function of a normally incident planar wavefront on

top of a grating can be expressed as [66],
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2. Generation and detection of laser induced acoustic waves

[v

Figure 2.2: Complex wavefront of a binary grating, where b is the linewidth and
S is the period of the grating (figure adapted from [66]).

U— A + [A1 cos(yp) — Ao]D + iA; sin(y) D, m =0
a [A1 cos(v)) — Ao]D(mD) + iAy sin(¢)D(mD), m = +1,42, ...,
(2.11)

where m is the diffraction order; Ag and A; are the amplitudes of the
reflectance of the peaks and the valleys of the grating, respectively; 1 is
the phase difference between the light reflected from the valleys and from
the ridges of the grating; D is the duty cycle of the grating expressed as
the ratio D = b/S, with S the period of the grating (see Fig. 2.2).

The diffraction efficiency 7 is defined as the ratio between the intensity
of the diffracted light U and that of the incident light Up:

_|up
T= 062

(2.12)

For nonzero diffraction orders, assuming the intensity of the incident light
is one, one has:

Nlmzo = [A§ + A} — 240 A1 cos ] D?sinc?(mD). (2.13)

For the samples used in our experiments, the same material was deposited
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2.8. Diffraction theory: the Fraunhofer approximation

on both the valleys and the peaks of the grating. Thus, in our case, Ag =
A; = A and Eq. 2.13 becomes:

Nlmzo = 2A%(1 — cos 1) D*sinc?(mD). (2.14)

In case of small duty cycles (D << 0.5), the diffraction efficiency can be
approximated by,

Nlmo = 2A%(1 — cos ) D2 (2.15)

For later use in this thesis, it is important to notice that this equation shows
that the diffraction efficiency has a quadratic dependence on the duty cycle
of the gratings.

Moreover, for small values of 1, we can rewrite Eq. 2.15 as

2
Nlmzo = 2A2D2%. (2.16)

As 1 is proportional to the amplitude of the grating, one can conclude
that the diffraction efficiency scales quadratically with the amplitude of
the grating as well.
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2. Generation and detection of laser induced acoustic waves

2.4 Surface Plasmon Polaritons

Interaction between metals and electromagnetic waves can be described by
the Drude model [67]. According to this simple model, the optical prop-
erties of a metal can be explained by looking at the metals as a collection
of immobile positively charged ions on a lattice and a gas of free electrons
which can move. At the interface between a metal and air, a mixture of
electromagnetic waves and electron oscillations can exist that can propa-
gate along the interface which are called Surface Plasmon Polaritons (SPPs)
[68, 69]. The surface charge density oscillations associated with SPPs can
give rise to optical near-fields which are spatially confined near the metal
surface, as shown in Fig. 2.3(a). The strength of the electric field de-
creases exponentially in a direction perpendicular to the interface, both in
the metal and in the dielectric (Fig. 2.3(b)).

One can consider SPPs as transverse waves propagating along a metal-
dielectric interface and evanescently decaying in the direction perpendicular
to it. Solving Maxwell’s equations with the right boundary conditions, the
dispersion relation of SPP can be derived as [70],

w €1€2
k ==,/ ) 2.17
| SPP| c\ e+ e ( )

where kgpp is the SPP wave vector, parallel to the interface; e; and es

are the permittivities of the dielectric and the metal, respectively and for
simplicity we assume that they are real; w is the angular frequency; c is
the speed of light in vacuum.

2.4.1 Grating-coupling of SPP

The dispersion relation of a surface plasmon at a metal/dielectric interface
is schematically shown in Fig. 2.3(c). The black dashed curve represents the
dispersion relation in Eq. 2.17, where only the real part of the permittivity
of the metal is taken into account. w = ck, represents the dispersion rela-
tion of light, propagating along the z-direction in air. At a given frequency
of the incident light wg, the length of wavevector kspp of the plasmon is
always greater than that of light in air, kg. Thus, in order to excite a SPP
using light we need to increase its wavevector. This is possible only in
configurations where wavevector-matching between the incident light and
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Figure 2.3: (a) Schematic of the SPP mode excited at the metal/dielectric inter-
face. (b) The evanescent fields in the perpendicular direction decay exponentially
both in the dielectric and in the metal. (c¢) The dispersion curve of a SPP mode.
The mode clearly lies below the light line w = ck,, which means that a momentum
mismatch has to be overcome in order to couple light to an SPP mode.
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2. Generation and detection of laser induced acoustic waves

SPP is provided. One of the methods to provide the required additional
momentum is to generate the SPP at the interface of a medium with a
refractive index greater than 1. For this, a glass prism can be used, either
in the Otto [69, 71] or in the Kretschmann configuration [69, 72].

Another method to excite SPP is to "deform” the metal surface with a
periodic corrugation, namely a grating [68, 73, 74]. A grating has a fixed
wavevector kg that can be added (or subtracted) from the incident light
wave-vector

kg = — (2.18)

where D is the period of the grating.
Thus, the SPP-grating coupling can be expressed as [68]

ko % kg = kspp, (2.19)

where ko = % sin 0 is the wavevector of the incident light and 6 is the angle
of incidence with respect to the surface normal; ksgpp is the wavevector of
the surface plasmon.

Using 2.18, we obtain

%sinQiN%T = kspp, (2.20)
where N = 1, 2,3... and kgpp given by 2.17. As shown in Fig. 2.5, the
SPP travels along the air/metal interface in the z-direction, either forward
(b) or backward (a). In this thesis, N = 1.

We show in Fig. 2.5 a schematic of the coupling of SPPs using gratings.
The red curves represent the dispersion relation of the SPP propagating
along the metal surface in the +1 or -1 direction. Given a grating with
wavevector kg, we indicate with the blue lines the brillouin zones due to
scattering by the grating, corresponding to N = +1. The black, dashed
line is the dispersion curve of the incident light. The grey lines represent
the resultant dispersion when the grating vector is added/subtracted from
the incident light. We can see how k, assist to satisfy the SPP excitation
at two frequencies, w_; and wy;. Considering an angle of incidence 6, the
direction of propagation of the SPP for the two cases is shown if Figs. 2.5
(b) and (c).
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Figure 2.5: Schematic of the excitation of SPPs on a grating. In (a), the z-
component of the incident light, k., is shown with the dashed black line. The
scattering of light by the grating is represented by the grey lines, k, + k, and
ke — kg. SPPs are excited at frequencies where these lines intersect the SPP
dispersion curves, —kgp, and +kspp. In (b) and (c) the direction of propagation
of SPPs on a grating for the two incident light frequencies, w_; (a) and wy; (b)
is shown.
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EXPERIMENTAL
METHODS

This Chapter describes the experimental methods used for the fabrication
and characterisation of the samples used in the measurements discussed in
this thesis. They include preparation of the substrates, electron beam (e-
beam) and UV lithography, subsequent metal evaporation, and microscopy
techniques used to characterise the fabricated nanostructures. These sam-
ples are then used in time-resolved electron dynamics and photoacoustics
measurements using pump-probe setups. This Chapter is in part based on
and borrows from [75, 76].

3.1 Nanofabrication of the buried gratings

In most of the work described in this thesis, we focus on metal nano- and
micro-gratings buried underneath layers of optically opaque materials. In
principle, buried gratings can be made by etching them in Si followed by
the deposition of a gold layer on top of the grating. In doing this, however,
the gold surface topography will simply follow the grating topography and
a full gold grating would be the result. In real semiconductor device manu-
facturing, deposition steps are often followed by polishing steps to remove
this residual topography. Such a procedure is beyond the capabilities of
our cleanroom facilities, and we therefore decided to make "buried” grat-
ings in a different way. Our samples are fabricated by first depositing a
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1st order
Probe diffraction

Figure 3.1: Pump-probe on buried grating.

flat gold layer on glass, followed by the fabrication of a grating, using e-
beam lithography, on top of this layer. By now performing the pump-probe
measurements from the glass side (Fig. 5.1 ) the gratings are optically invis-
ible to the laser pulses and can be considered "buried”. Most importantly,
since at this interface the gold is essentially flat, we avoid any residual to-
pography grating which could lead to a relatively strong constant optical
diffraction. Note that at the glass/Au interface there will also be interface
roughness. This roughness, however, will scatter light into all directions,
whereas a grating, even when its amplitude is considerably smaller than the
roughness, will diffract light into a few particular diffraction orders only.

3.1.1 Substrate preparation

The fabrication of our samples starts with the choice of the right substrate.
We chose glass, because it is transparent to the wavelengths of our laser
(400 and 800 nm) and cheap. All the buried gratings used in this work
were fabricated on 175 pm thick glass substrates.

The first step is to clean the substrates. After a few minutes of soni-
cation in water, they are dipped in a base piranha solution. It is a 5:1:1
mixture of water (H,O), ammonium hydroxide (NH,OH) and hydrogen
peroxide (HyO,) at 75 °C, used to clean organic residues off substrates.
Because the mixture is a strong oxidizing agent, it will remove most or-
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3.1. Nanofabrication of the buried gratings

ganic matter. After rinsing it in abundant distilled water, the substrates
are dried and ready to be used.

The second step is to spincoat electron-beam sensitive resists onto the
glass substrate. Spin coating is one of the most common techniques for
applying thin films to substrates. One of the advantages of spin coating
is its repeatability. Moreover, it can produce uniform films, from a few
nanometres to a few microns in thickness, on a flat substrate, in a very short
time. A small amount of resist is applied at the center of the substrate. The
substrate is then rotated at high speed in order to homogeneously spread
the coating material by centrifugal force. Rotation is continued while the
fluid spins off the edges of the substrate, until the desired thickness of the
film is achieved. The obtained thickness depends on the angular speed of
spinning: the higher the speed, the thinner the film.

In this thesis we use a lift-off process using a bilayer of PMMA (poly
methylmethacrylate) and copolymer MMA (8.5) (methyl methacrylate) as
high-resolution positive-tone resists. Using the bilayer, an undercut profile
is achieved after development. For the bottom layer we chose MMA, which
has a lower molecular weight than PMMA. It will be the ”sacrificial” layer.
In fact, by exposing both layers with the same dose in the e-beam litho-
graphic machine, MMA will became more soluble than PMMA and, during
the development step, it will dissolve faster. So the pattern written in the
PMMA will give the real size of the nanostructure, while the MMA layer is
there only to achieve the undercut. The MMA /PMMA bilayers are usually
used in electron-beam lithography for lift-off of metallic structures. For
good lift-off an undercut resist profile is needed. In this way the coating of
the sidewall of the resist when metal is evaporated is minimised. A good
estimation in order to have undercut is that the lower layer of resist should
be twice the thickness of the metal we want to deposit.

3.1.2 Electron-beam Lithography

Electron-beam lithography (EBL) is a powerful technique for creating nanos-
tructures that are too small to be fabricated with conventional photolithog-
raphy. State of the art EBL systems can achieve resolutions of a few
nanometres. However, the main limitation of EBL is exposure speed, be-
cause it takes a long time to write high resolution patterns. Electron beam
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lithography operation is based on the same principles as SEM and TEM.
In EBL, a finely focused electron beam with a Gaussian profile is used to
expose electron-sensitive resist in a desired pattern. The technique works
by moving the highly focused electron beam over a sample to write out the
designed pattern. In our case, since we are writing long lines (2 mm), we
chose a different operation mode in which the beam is fixed and the stage
is moving at a speed < 1 mm/s. In this work, EBL was performed using
the Raith Voyager at the Amsterdam NanoLab (AMOLF). The system was
operated at 50 kV with different expose doses, depending on the size of the
grating lines. We used 600 pC/cm? for the 1 m and 500 nm lines and 700
pC/em? for the 250, 125 and 75 nm lines. The writing time was 2 hours
for a 2x2 mm? grating. During the development step, the exposed sample
is immersed in Pentyl acetate (C;H;4,O5) which can dissolve both MMA
and PMMA, for 90 seconds. To achieve a successful lift-off, it is extremely
important to clean the area on which the metal will be deposited from any
residual MMA. For this reason, the sample is subsequently rinsed in Methyl
Isobutyl Ketone (MIBK):Isopropyl Alcohol (IPA) = 9:1 and later in IPA
for a few seconds.

3.1.3 UV Lithography

The samples used in Chapter 4 were fabricated by using UV Lithography
(UVL). This technique uses UV light to write patterns onto a photoresist.
UVL allows to achieve pattern resolutions <1pm and to write areas as
big as 6 inches. There are different techniques for transferring the pattern
onto the photoresist. The most common technique uses a photomask. A
UV photomask is made from a transparent material, typically fused silica,
in which the pattern is engraved. The substrate is then exposed through
the photomask to a UV light source. The resist, S1805, was spin-coated
onto the substrate for approximately 45 seconds at 2000 rpm. The resist-
coated sample was then exposed with UV light through the mask containing
the grating pattern for 2-3 seconds. The exposure wavelength is 385 nm,
and the system operated at 25 mW of optical power. The resist is then
developed in Ma-D 533-S, for approximately 30 seconds.

Since the lines of our gratings are as wide as 6 pm, the EBL resolution
is not needed for patterning this kind of structures. Moreover, by using
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3.1. Nanofabrication of the buried gratings

UVL the patterning time is reduced so that bigger areas can be written in
less time. In this work, UV lithography was performed by using the Suss
MABAG6 Mask aligner in the Amsterdam NanoLab (AMOLF).

3.1.4 Evaporation and lift-off

Thermal evaporation is a thin-film physical vapour deposition (PVD) tech-
nique that is commonly used in nanofabrication.
Fig. 3.2 shows the schematic of the thermal evaporation process. Ther-
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Figure 3.2: Schematic of thermal evaporation.

mal Evaporation is done by heating a solid material inside a high vacuum
chamber, reaching a temperature which produces some vapour pressure.
The material is placed in "boats”, which are tungsten or molybdenum cru-
cibles, some distance below the sample target. A current heats the boat and
the metal inside of it, to the metal’s melting point. The metal vapour rises
towards the substrates which are held upside-down at the top of the cham-
ber. High vacuum conditions with a pressure range of 107% to 10~7 mbar
are required for metal particles to travel directly to the substrate without
colliding with any residual background gases. Typical deposition rates for
evaporation are 0.1 nm/s to 1 nm/s, which is relatively low compared to
other thin film deposition techniques. The method is not expensive, and it
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is versatile as a variety of metals can be used as target. In this work, we
used thermal evaporation for the deposition of gold layers.

For materials with a higher melting point, such as nickel, Electron-Beam
Physical Vapor Deposition (EBPVD) was used. It is a form of physical
vapour deposition in which the source material is targeted under high vac-
uum conditions with a high-energy electron beam which is able to achieve
rapid melting and evaporation of the target materials. The target atoms
then coat the substrate on which we want to deposit the thin metal layer.
With EBPVD significantly higher deposition rates can be reached [77].
After metal deposition, since we are using positive tone resists, we need
to lift-off the patterned resist left on the substrate. Lift-off refers to the
process of washing away the resist leaving behind the metal film only in
the patterned area. We chose as solvent Anisole (C;HgO). The sample is
immersed in the solvent, together with a stir bar, and placed on a magnetic
hot plate at 60 °C for 30 - 40 minutes. As soon as the resist layer is removed
(lift-off), the sample is cleaned in IPA and dried.

3.1.5 Scanning Electron Microscopy

After fabrication, the quality of the samples and the size of the nanos-
tructures were checked by using different microscopy tools. One of them
is Scanning Electron Microscopy (SEM). The electron microscope was de-
veloped to image structures smaller then the visible wavelengths of light
used in the optical microscopes. In fact, high energy electrons have much
shorter wavelengths, enabling nanometer resolution. SEM can create im-
ages by scanning an electron beam on a surface. Electrons are produced at
the top of the chamber and accelerated downward. A system of lenses and
apertures directs and focuses the beam onto the surface. When the electron
beam hits the surface of the sample, it penetrates up to a few microns, de-
pending on the accelerating voltage and the density of the sample. During
the contact, scattered electrons, including secondary and back-scattered
electrons as well as X-rays can be released from the surface of the sam-
ple. The scatter patterns give us information on size, shape, texture and
composition of the sample. A variety of detectors are used to attract the
different types of scattered electrons, such as In-Lens, In-Column, and Ev-
erhart—Thornley Detector Systems [78]. They convert the collected signals
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into images. For conventional imaging in the SEM, specimens must be
electrically conductive, at least at the surface, and electrically grounded to
prevent the accumulation of electrostatic charge. In this work, SEM analy-
sis was performed by using the FEI Verios 460 in the Amsterdam NanoLab
(AMOLF). In our analysis, we used both secondary and back-scattered
electrons.

In Fig. 3.3 we show an example of two SEM measurements of Au gratings.

(a) (b)

Figure 3.3: (a) SEM measurement of a 6 um period, 40 nm amplitude and 1 pm
linewidth Au grating. This is an overview of the array. (b) SEM measurements
on a single line for the 6 ym period, 40 nm amplitude and 75 nm linewidth Au
grating. Both gratings were fabricated on a 90 nm thick Au layer deposited on
the glass substrate.

3.1.6 Atomic Force Microscopy

In order to measure the topography and the roughness of our samples,
atomic force microscopy (AFM) measurements were performed.

AFM is a high-resolution scanning probe microscopy tool which can
measure material properties, such as height, surface roughness, and fric-
tion, with a mechanical cantilever. An AFM images the topography of a
sample surface by scanning the cantilever on a sample surface. As the tip
approaches the surface, attractive or repulsive forces between the surface
and the tip will deflect the cantilever towards or away from the surface,
respectively.

In the contact mode, the tip which scans the sample is in close contact
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Figure 3.4: (a) 3D AFM image of a 6 pm period, 40 nm amplitude and 1pm
linewidth Ni grating. (b) The height profile of the grating.

with the surface. The force on the tip is repulsive. In contact mode AFM
the deflection of the cantilever is sensed and compared in a DC feedback
amplifier to some desired value of deflection.

When tip contact might alter the sample, the non-contact mode can be
used. In this mode the tip is 50 - 150 Angstrom above the sample surface.
Attractive Van der Waals forces acting between the tip and the sample
are detected, and topographic images are constructed by scanning the tip
above the surface.

In both cases, a laser beam is reflected off the flat top part of the cantilever.
The direction of the reflected beam will change at any cantilever deflection.
A position-sensitive photodiode can be used to track these changes. The
tip-sample force (F') is given by Hooke’s law [79]:

F=—ks, (3.1)

where k is the spring constant (stiffness) of the cantilever and d. is the
cantilever deflection. The force is constantly measured during the scan
and by using a feedback loop to control the force or the height of the tip
above the surface, the AFM can generate an accurate topographic map of
the surface. An example of an AFM measurement on a low duty cycle Ni
grating, fabricated on a 200 nm thick Ni layer, is shown in Fig. 3.4 .
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3.2 Optical setups

Generation and detection of acoustic waves in metal layers by using a pump-
probe setup have been already performed in the past [see 23, 24, 33, 80—
83, for example]. The general principle of a time-resolved measurement is
shown in Fig. 3.5. A more energetic laser pulse, called the pump, hits the
sample, changing some material properties. A second, weaker pulse, called
the probe, arrives on the sample, on the same position, after an adjustable
time delay. By observing the transmission/reflection of the probe as a func-
tion of the time delay, it is possible to obtain information on the processes
initiated by the pump pulses. The probe signal is typically averaged over
many pulses, so that a fast photodetector is not required. The temporal
resolution is fundamentally limited only by the pulse duration of pump and
probe pulses.

The experiments described in this thesis were performed in three dif-
ferent optical setups.

delay detector

k\
pump N\
A\
sample
probe [\ P

Figure 3.5: Schematic of a pump-probe setup.

3.2.1 High Repetition Rate Setup

Part of our experiments were performed using the pump-probe setup schemat-
ically shown in Fig. 3.6.
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The laser is a Ti:Sapphire oscillator (Femtolasers XL500) generating 70 fs
pulses at a repetition rate of 5.1 MHz, centered at a wavelength of 800 nm.
The laser output is split into two using a 90/10 beamsplitter. The stronger
beam passes through a mechanical chopper which modulates the beam at
6 kHz and is subsequently frequency doubled in a 200 pm S-barium borate
(BBO) crystal to generate 400 nm pump pulses. The other, 800 nm beam
is used as the probe. The time delay between pump and probe is varied by
changing the optical path length with a mechanical delay stage on which
two mirrors are mounted in a retro-reflecting geometry. The two beams re-
combine on a dichroic mirror in a collinear geometry and are then focused
onto the same spot on the sample by a 100 mm focal length lens. The
first-order diffracted probe beam is measured by a Si photodiode and the
photodiode signal is sent to a lock-in amplifier that uses a 6 kHz reference
signal from the mechanical chopper.

The pump beam has a spot size of 50 pm diameter on the sample and
a pulse energy from 8 to 20 nJ, depending on the experiment. The probe
has a spot size of 40 pm diameter and its pulse energy is kept constant at
about 12 nJ. Note that for a pump-probe experiment, the power in the
probe is unusually high, even higher than the pump power. The reason for
this is that in this experiment we want to detect the buried grating through
diffraction by the acoustic replica. Anticipating weak signals, every attempt
was made to enhance the signal, including using a very strong probe pulse.
However, the reflectivity of the metals used in this work at 800 nm is much
higher than at 400 nm, so the influence of a higher probe fluence on the
generated acoustic wave by the pump is expected to be small. The sample
is mounted on a motorised translation stage which provides motion on three
dimensions with a precision of 0.1 pm.

3.2.2 Low Repetition Rate Setup

The other setup follows a pump-probe scheme as well but with a different
laser system (see Fig. 3.7). A Ti:sapphire multi-pass amplifier is used,
which generates 30 fs pulses with a repetition rate of 1 kHz and with a
wavelength centered at 800 nm. The output is split in two parts by a
95/5 beamsplitter. The stronger part is frequency doubled with a 100 pm
thick BBO crystal to generate 400 nm pump pulses. The pump pulses are
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Figure 3.6: Schematic of the experimental setup. The output from a 5.1 MHz
repetition rate Ti:sapphire laser oscillator with a central wavelength of 800 nm is
split into two parts. One beam is frequency doubled to a wavelength of 400 nm
by a BBO crystal and modulated by a mechanical chopper at 6 kHz. This beam
constitutes the pump beam. The other beam with a central wavelength of 800
nm is the probe beam. The two beams are focused onto the sample on the same
spot. The pump-induced first-order diffracted probe beam is measured by a silicon
photodiode.
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Figure 3.7: Schematic of the low repetition rate setup. The output from a 1 kHz
repetition rate Ti:sapphire multi-pass amplifier with a central wavelength of 800
nm is split into two parts. One beam is frequency doubled to a wavelength of 400
nm by a BBO crystal and modulated by a mechanical chopper at 500 Hz. This
beam constitutes the pump beam. The other beam with a central wavelength of
800 nm is the probe beam. The two beams are focused onto the sample on the
same spot. The pump-induced first-order diffracted probe beam is measured by a
silicon photodiode.
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then modulated at 500 Hz by a mechanical chopper. The pump diameter
is about 500 pm pulse energy ranges from 61J to 8 uJ depending on the
sample. The probe diameter is 250 pm and the probe pulse energy is kept
constant at 211J. The detection scheme is kept the same as the previous
setup but, since no lock-in amplifier is used in this case, the signal recorded
when the chopper is blocking the pump is subtracted from the signal when
the pump beam is transmitted.

3.2.3 Tunable Probe Setup

For the experiments described in Chapter 6, a tunable probe setup was
employed. A schematic of this setup is shown in Fig. 3.8. The pump-probe
setup is built around a Ti:sapphire amplifier (Astrella, Coherent), which
generates 35 fs pulses with a repetition rate of 1 kHz and a central wave-
length of 800 nm. 90 % of the output of the laser is sent into a High Energy
Travelling-wave Optical Parametric Amplifier (HE-TOPAS), a commercial
device produced by Light Conversion. This device is able to make the out-
put of the laser tunable, through a second order nonlinear process. The
HE-TOPAS converts the wavelength of the laser from 800 nm to a tunable
range of 1150 to 2400 nm. It is frequency doubled with a 100 pm thick
BBO crystal and pulses with a wavelength in the range of 600-700 nm are
used as probe pulses. The remaining 10 % of the laser output is used as
pump beam, after frequency doubling in a BBO crystal to generate 400 nm
pump pulses. The pump pulses are modulated at a frequency of 500 Hz
with a mechanical chopper synchronised to the 1 KHz repetition rate of
the laser. The time delay between the pump and probe beams is obtained
by sending the pump to a mechanical translation stage on which two mir-
rors are mounted in a retroreflecting geometry, to change the optical path
length. The pump beam has a spot size of 400 pm and a pulse energy of
6 nJ, after the chopper. The probe beam has a spot size of 80 pm and a
pulse energy of =~ 0.3 pJ. As for the Low Repetition Rate Setup, the pump
signal recorded when the beam is blocked by the chopper is subtracted from
the signal when the pump beam is transmitted. The sample is mounted
on a rotational stage on top of a translation stage, which can translate the
sample in the x,y, and z direction.
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Figure 3.8: Schematic of the tunable probe setup. The output from a 1 kHz
repetition rate Ti:sapphire amplifier with a central wavelength of 800 nm is split
into two parts. One beam is frequency doubled to a wavelength of 400 nm by
a BBO crystal and modulated by a mechanical chopper at 500 Hz. This beam
constitutes the pump beam. The other beam is sent into a HE-TOPAS to generate
a pulse tunable from 1200 to 1400 nm. The output is frequency doubled by a
BBO crystal to generate pulses with a wavelength from 600 to 700 nm. This beam
constitutes the probe beam. The two beams are focused onto the sample on the
same spot. The specular reflected beam is measured by a silicon photodiode.
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ROLE OF SCATTERING
BY SURFACE
ROUGHNESS IN THE
PHOTOACQUSTIC
DETECTION OF HIDDEN

MICRO-STRUCTURES *

In this Chapter, we present an experimental study in which we compare two
different pump-probe setups to generate and detect high-frequency laser-
induced ultrasound for the detection of gratings buried underneath optically
opaque metal layers. One system is built around a high fluence, low repe-
tition rate femtosecond laser (1 kHz) and the other around a low fluence,
high repetition rate femtosecond laser (5.1 MHz). We find that the signal
diffracted by the acoustic replica of the grating as a function of pump-probe
time delay is very different for the two setups used. We attribute this differ-
ence to the presence of a constant background field due to optical scattering
by interface roughness. In the low fluence setup the optical field diffracted
by the acoustic replica is significantly weaker than the background opti-
cal field, with which it can destructively or constructively interfere. For
the right phase difference between the optical fields, this can lead to a
significant enhancement or attenuation of the weak field diffracted off the
grating-shaped acoustic waves. For the high fluence system, the situation is
reversed because the field diffracted off the acoustic wave-induced grating

*This chapter has been published in a slightly modified form as Appl. Opt. 59,
9499-9509 (2020).
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of hidden micro-structures

is significantly larger than the background optical field. Our measurements
show that optical scattering by interface roughness must be taken into
account to properly explain experiments on laser-induced ultrasound per-
formed with high repetition rate lasers systems and can be used to enhance
signal strength.

4.1 Introduction

We recently showed that laser-induced ultrasound can be employed for the
detection of micro- and nano- structures buried underneath metal layers
[84]. With this technique, we were able to detect gratings underneath
optically opaque layers and dielectric multi-layers, even after propagation
of the acoustic wave through as many as 2x20 dielectric layers.

Here, we show how light scattered by interface/surface roughness can
influence the shape and amplitude of the time dependent diffracted sig-
nal in ultrafast photoacoustics experiments to detect micro-gratings buried
underneath opaque layers. As we found that the pump-pulse fluence is an
important parameter in our experiments we used two different lasers with
accompanying setups, one for low-fluence experiments (LFE), the other for
high-fluence experiments (HFE). For our experiments, 6 pm period, 50 %
duty cycle gold (Au) gratings were fabricated on top of a single metal layer
deposited on glass. A 400 nm wavelength pump pulse generates ultrahigh-
frequency longitudinal acoustic waves near the glass/metal interface which
travel deeper into the Au and reflect off the grating. The topography of the
grating is thus encoded on the phase of the acoustic wave and is detected
at the glass/metal interface by diffraction of a 800 nm wavelength probe
pulse. Surprisingly, we find that the signals measured in the two setups
look very different, even though experiments were performed on the same
sample. For example, despite the fact that in both cases the timing of
the acoustic peaks is more or less the same, the signals measured in the
HFE are all positive, while the signals measured in the LFE periodically
drop below the background level. We show that these and other observa-
tions can be explained by the presence of a coherent optical field caused
by scattering due to interface roughness which interferes with the optical
field diffracted off the acoustic wave-induced gratings. For the right op-
tical phase difference, the relatively strong background field can enhance
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(coherently amplify) the weak field diffracted by the acoustic wave-induced
grating. Our experiments are in excellent agreement with numerical simula-
tions which can predict the exact shape of the signals measured both in the
HFE and in the LFE. Our results show the importance of interface/surface
roughness in understanding the results obtained using a low fluence, high
repetition rate femtosecond laser for ultrafast photo-acoustic detection of
nano-structures buried below optically opaque layers.

4.2 Sample fabrication and optical setups

Samples were made by first depositing a flat metallic layer on a glass sub-
strate, followed by fabrication of a grating on top of the metallic layer. By
performing the pump-probe measurement from the glass side, the grating
is optically invisible to both the pump and the probe pulses and can be
considered "buried”. This can be seen in the inset of Fig. 4.1. All the
samples were made on chemically cleaned 176 pm thick glass substrates.
The gold (Au) layers were deposited by thermal evaporation. All gratings
employed in the experiments were fabricated using UV lithography. Each
grating has a period of 6 um, a 50 % duty cycle and an amplitude of 10 nm.
The three samples employed in this work only differ in the thickness of the
flat Au layer, (85, 141 and 522 nm).

Our experiments were performed in a pump-probe setup shown in Fig.
4.1. Two different setups were used, employing a low fluence laser system
and a high fluence laser system. We define the fluence of the laser system
as the ratio between the pulse energy and the focal spot of the beam. The
first setup is built around a low fluence Ti:Sapphire laser which generates
70 fs pulses at a high repetition rate of 5.1 MHz. Here the pump beam has
a diameter of 50 pm on the sample and a pulse energy ranging from 8 nJ to
15 nJ, depending on the experiment. The probe has a diameter of 40 pm on
the sample and its pulse energy was kept constant at approximately 12 nJ.
The pulse energies generated by this system are relatively low and we will
refer to experiments performed with this laser as low-fluence experiments,
or LFE.

The second is built around a high fluence, amplified Ti:Sapphire laser
which generates 30 fs pulses at a low repetition rate of 1 kHz. Here, the
pump diameter is approximately 500 pm and pump pulse energies range
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Figure 4.1: Schematic of the two experimental setups. In both setups, a pump-
probe scheme was employed. The output from a 1 kHz or 5.1 MHz repetition rate
Ti:sapphire laser with a central wavelength of 800 nm is split into two parts. One
beam (pump) is frequency doubled to a wavelength of 400 nm by a BBO crystal
and modulated by a mechanical chopper at 6 kHz. The other beam (probe) has
a central wavelength of 800 nm. The pump-induced first-order diffracted probe
beam is measured by a silicon photodiode. The photodiode has a bandwidth of 50
kHz. For the LFE, the photodiode signal is sent to a lock-in amplifier, which uses a
reference signal from the chopper. We show in the inset a schematic of the sample.
We pump and probe from the glass side. Thus, the measured total diffracted signal
is due to diffraction off the interface grating and off the strain-optic gratings in
glass.

from 61J to 8 uJ depending on the sample. The probe has a diameter of
250 pm on the sample and the probe pulse energy was kept constant at
21J. The pulse energies generated by this system are higher and we will
refer to experiments performed with this laser as high-fluence experiments,
or HFE.

In both setups, the 800 nm wavelength output is split in two parts. The
stronger arm is frequency-doubled to generate 400 nm wavelength pulses
and is used as pump beam. The weaker arm is time-delayed using an
optical delay line formed by a retroreflecting pair of mirrors mounted on a
mechanical translation stage, and is used as probe beam.

We would like to point out that in wafer alignment applications, the
pump fluence is often maximized to values just below the damage thresh-

46



4.3.  Experimental results

old to maximize the strength of the diffraction signal. In principle, both
high and low fluences can be obtained with one laser, by simply changing
the focal diameter of the beam. However, there are two reasons why we
nonetheless have used two different laser systems in these experiments. The
first is that the highest fluence that we can obtain with the low-fluence,
high-repetition-rate system is limited by thermal damage, preventing us
from reaching the fluence levels reached in the HFE. The second is that,
whereas it is tempting to think that the HFE is better than the LFE be-
cause it can generate stronger acoustic waves, the sensitivity with which
these waves can be detected is limited compared to what is possible in the
LFE. The reason for this is that in the LFE the much higher repetition
rate of the laser (5.1 MHz) allows for laser amplitude modulation at fre-
quencies (we use 6 kHz) where lock-in amplification of the electronic signal
from the photodiode detector can significantly enhance the detection sen-
sitivity. In the end, for wafer alignment applications in the semiconductor
manufacturing industry, sensitivity is of paramount importance. However,
even without additional contributions to the detected light, such as light
scattering by surface roughness, it would be nontrivial to predict a priori
which system is best for alignment applications. As we will show below,
light scattering by surface roughness can occur, it interferes with the light
diffracted by acoustic-wave-induced gratings, and the extent to which it
thus influences the time-dependent shape of the photoacoustic signals de-
pends on the pump fluence.

Finally, we note that in both HFE and LFE, it is expected that the
frequency of the generated sound waves neither depends on the fluence,
nor on the repetition rate of the laser. The shape and, thus, the frequency
contents of the sound wave is primarily determined by the diffusion depth
of the electron-energy, which is the same for both LFE and HFE.

4.3 Experimental results

In Figs. 4.2(a) and 4.3(a) (green curves, top panels) we plot the diffracted
probe beam signal as a function of the pump-probe delay, measured for the
Au grating fabricated on a 85 nm thick Au layer for the LFE and HFE,
respectively. In both setups, the signal is first composed of a sharp peak at
zero delay. This peak is the result of a grating in the electron temperature
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Figure 4.2: Diffracted probe beam signal measured for the 50 % duty-cycle, 10 nm
amplitude Au gratings in the LFE. Top panels: experimental results (green curves)
and calculated total signal (dashed black curves). Bottom panels: numerical cal-
culations of the diffracted signals taking into account only surface displacement at
the glass/Au interface (blue curves) or only diffraction from the acoustic waves in
glass (red curves). We show the results for: Au grating fabricated on a (a) 85 nm
Au layer, (b) a 141 nm Au layer and (c) a 522 nm Au layer.
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Figure 4.3: Same as Fig. 4.2 but measured in the HFE.
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near the glass/Au interface which leads to diffraction of the probe beam
and has been measured before [85]. A few tens of picoseconds later, an
oscillatory signal with a period of 50 + 2 ps is observed. The oscillation
appears to last several hundreds of picoseconds for the measurements per-
formed with the LFE (green curve in Fig. 4.2(a)) measurement, while it
decays faster for the HFE (green curve in Fig. 4.3(a)). A first observation is
that the signal shapes measured in the two setups are remarkably different
in spite of the fact that both signals were obtained by measuring on the
same sample. In particular, we observe "negative” values for the diffracted
signal measured in the LFE.

In Figs. 4.2(b) and 4.3(b) (green curves, top panels) we show the mea-
surements for the 50 % duty-cycle grating fabricated on a 141 nm thick Au
layer. As before, a small hot electron dynamics peak at zero time delay
is observed. Here, the strength of the electron dynamics signal is smaller
than for the grating fabricated on a 85 nm Au layer, since the electron
gas temperature grating is weaker for thicker Au layers [85]. A few tens of
picoseconds later, an oscillatory signal with a period of 80 4 2 ps is seen.
Compared to the previous measurements, the oscillation appears to decay
faster in both the LFE and HFE. Here too, we observe "negative” values
for the diffracted signal for the LFE (green curve in Fig. 4.2(b)).

In Figs. 4.2(c) and 4.3(c) (green curves, top panels) we show the mea-
surements for the 50 % duty-cycle grating fabricated on a 522 nm thick Au
layer. Here, the electronic peak around delay zero is not detected. For the
first 170 ps no diffracted signal is observed. After this, a diffracted signal
can be seen, which rises to a maximum at a delay of 285 + 2 ps. A second
peak is seen around 570 4+ 2 ps time delay. A faster oscillating signal is
superimposed on top of the acoustic echoes with a period of about 50 4 2
ps. As before, we observe "negative” values for the diffracted signal for the
LFE (green curve in Fig. 4.2(c)).

A somewhat unexpected observation we made during the experiments
in the LFE on the 522 nm Au sample, is that the amplitude of the mea-
sured signal varies when measuring on different spots on the same sample.
Moreover, the signal can even change sign, as if multiplied by ~ -1. We
will explain this in more detail in section 4.5. This behaviour is absent for
the measurements taken in the HFE, where intensity variations were seen
of only 10-20 %.
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In a series of measurements, we recorded the diffracted signal at dif-
ferent positions above the buried grating fabricated on the 522 nm thick
Au layer. The thickest sample was chosen here to avoid any effects which
could arise from direct optical diffraction from the buried grating. Taking
the 13 nm penetration depth of the 800 nm light into account, and in view
of the small signals that we measure, this cannot a priori be excluded for
the thinnest 85 nm thick sample. We first measured the diffracted signal
on one particular spot, which we consider the "zero position” (x¢) (Fig.
4.4(a), top panel). When the sample is horizontally translated, in the di-
rection perpendicular to the grating’s lines, by 50 pm (Fig. 4.4(a), bottom
panel), corresponding to the diameter of the probe beam, or more, the mea-
sured signal can change sign compared to the measurement at the previous
position. A similar observation is made when we move the sample 50 pm in
the vertical direction, parallel to the grating lines, as shown in Figs. 4.4(b).

We note, however, that the signals plotted in Figs. 4.4(a) and (b) were
chosen precisely because in these cases, when the sample was moved, the
signals flipped sign. To investigate whether these changes were random or
not, we also performed a scan of the sample by recording the diffracted
signal while moving the sample in steps of 50 pm, in both horizontal and
vertical directions. In Fig. 4.5(a) we plot the strength of the first diffraction
peak (corresponding to a time delay of 285 ps) as a function of the position
on the sample. The red dots represent the horizontal scan, where the first
data point correspond to the ”zero position” (xg). The blue dots represent
the vertical scan, where the first data point correspond to the position yg.
The path followed during the scan is shown with the coloured arrows in
the inset (Fig. 4.5(b)). We can clearly see from this plot that the sign and
amplitude of the signal seems to vary quite randomly.

When scanning in the area corresponding to the intersection between
the horizontal and the vertical scans, a stronger variation in the intensity
of the diffracted signal is detected. This increase is most likely due to the
presence of dust particles trapped between the Au layer and the glass sub-
strate, as observed with a microscope camera. The dust particles give rise
to an increased amount of scattered light [86]. As we will discuss below, the
results for the LFE can only be explained by taking the optical interference
between the field diffracted by the acoustic wave-induced interface grating,
the strain-optic grating propagating in glass and an additional background
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Figure 4.4: Diffracted signal recorded at different positions above the buried grat-
ing fabricated on the 522 nm thick Au layer. (a) Shows the two extreme cases,
where a flip in sign is observed during the horizontal scan of the sample. (b) Shows
the same for the vertical scan.
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Figure 4.5: (a) Intensity of the first echo (corresponding to a time delay of 285 ps)
as a function of the position on the sample. The red dots represent the horizontal
scan and the blue dots the vertical scan. The yellow area contains the negative
values, while the green one contains the positive values. The path followed during
the scan is schematically shown with the coloured arrows in the inset (b).
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Figure 4.6: (a) AFM measurement on the glass side of the interface glass/Au. The
roughness is 0.45 nm (RMS value). (b) AFM measurement on the Au side of the
interface glass/Au. The roughness is 0.60 nm (RMS value). When deposited on a
smooth substrate, the Au tend to follow the topography of the substrate. There-
fore, the measured roughness values for glass and Au are in reasonable agreement.
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field into account. The most likely source of this field is optical scattering
by the roughness of the metal film at the glass/Au interface.

Reflection of light from rough surfaces has been used in the past for
characterisation of surface topography [87-90]. Scattering from surfaces
with a root-mean-square roughness amplitude in the range of a few nm,
was measured before [89]. In order to measure the roughness of the Au
layer at the glass/metal interface, the Au layer was peeled from the glass
substrate by using standard tape in order to obtain a free standing Au sur-
face. In this way, we were able to measure roughness on both the Au side
and the glass side of the interface. It is well known that thin Au films have
a weak adhesion to inert and commonly used glass substrates [91]. There-
fore, by applying a piece of tape onto the sample, it was easy to completely
peel the Au layer from the substrate. An Atomic Force Microscopy (AFM)
measurement of this layer was then performed. For comparison, an AFM
measurement was also performed on the glass surface. In Fig. 4.6(a) and
(b) we show the AFM results for the two surfaces. We measure a RMS
roughness value, R4, with values of Ry = 0.60 nm for Au and of R, = 0.45
nm for the glass substrate. The two values are in reasonable agreement.
Basically, the roughness of the substrate translates into a similar rough-
ness for the deposited metal layer, although the two surfaces look different.
In fact, the evaporated Au has a polycrystalline nature, while the glass is
an amorphous material. The RMS amplitude roughness of the interface is
small and thus gives rise to a weak background field only. However, the
amplitude of this field is within an order of magnitude of the amplitude of
the field diffracted by the acoustic-wave-induced grating as we will show
later. This means that interference between the two fields can have a signif-
icant effect on the amplitude and shape of the time-dependent diffraction
signals.

4.4 Results of the numerical calculations

To better understand our measurements, numerical calculations were per-
formed. The 2D numerical model we used was developed by H. Zhang et
al. [92]. It takes into account all the steps involved in a typical photo-
acoustic experiment, such as generation, propagation and detection of the
acoustic waves. As for the detection part, diffraction of light off the acous-
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tic wave-induced interface grating at the glass/metal interface, and off the
acoustic grating propagating inside the glass (strain-optic scattering [93])
were both taken into account. In separate photo-acoustic experiment on
simple, flat gold layers, material parameters were extracted by fitting the
model to the measurements. The same parameter values were then used
to fit the model to the measurements shown in Figs. 4.2 and 4.3. The
fitting procedure used to extract the material parameters for the single flat
gold layers is extensively described in [92]. In the LFE case, a relatively
strong constant optical field is added to the diffracted fields off the acoustic
gratings before the calculation of the diffraction efficiency, representing the
background field present in our experiments.

In Figs. 4.2 and 4.3 (black dashed curves), we plot the diffracted signals,
calculated for the 10 nm Au gratings on a 85, 141 and 522 nm thick Au
layer measured in both the LFE and the HFE, respectively. Parameters
were manually adjusted until the best fit between the measurements and
the calculations was obtained and kept constant for both the setups.

In Figs. 4.2(a) and 4.3(a), the calculations show long-lasting oscillating
signals with a period of about 50 ps for the grating fabricated on the 85
nm thick Au layer. The calculations are in good agreement with the exper-
imental results. In the bottom panels of Figs. 4.2(a) and 4.3(a), we plot
the calculated diffracted signal from only the displacement at the glass/Au
interface (blue curve) and from only the strain-optic grating propagating
inside the glass (red curve). The latter effect can be viewed as diffraction
from spatially periodic changes in the material density induced by the prop-
agating, spatially periodic sound wave. This leads to a spatially periodic,
propagating, transient variation of the refractive index of the glass. Such a
propagating, spatially periodic refractive index constitutes a grating from
which the probe can diffract. The calculated curves clearly show that the
signal is dominated by the latter contribution.

In Figs. 4.2(b) and 4.3(b) (black dashed curves), we plot the diffracted
signals, calculated for the grating on the 141 nm thick Au layer. The
calculations also show oscillating signals with a period of approximately 80
ps, in good agreement with the measured signals. There is some mismatch
between the measured and calculated diffraction signal strength, especially
for longer delays. In the bottom panels of Figs. 4.2(b) and 4.3(b), we
plot again the calculated diffracted signals from only surface displacement
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(blue curve), and from only the strain-optic grating propagating inside the
glass (red curve). In contrast to the calculations shown for the 85 nm thick
Au layer, here we find that the displacement of the atoms at the glass/Au
interface provides the strongest contribution to the measured signals.

In Figs. 4.2(c) and 4.3(c) (black dashed curves), we plot the diffracted
signals, calculated for the 522 nm thick Au layer. The calculations show
oscillating signals with a period of approximately 285 ps, in good agree-
ment with the measured signals. In the bottom panels of Figs. 4.2(c) and
4.3(c), we plot again the calculated diffracted signals from only the acoustic
wave-induced interface grating (blue curve), and from only the strain-optic
grating propagating inside the glass (red curve). Note that for this sample,
the bigger spacing between the two echoes allows us to identify both con-
tributions in the measurements more easily. The strain-optic contribution
appears as a faster oscillating signal superimposed on top of the acoustic
wave-induced interface displacement signal. To simulate the signals mea-
sured, a relatively strong constant optical field was added along the first
order diffraction direction, representing the background field present in our
experiments. For consistency, the value of the background field was kept
the same for the two systems. It has a constant value, corresponding to an
intensity on the detector, Ip, which is a fraction of the intensity incident on
the sample, I;yc. Here we have Ip/Iinyec = 5 X 1079, for all three samples.

(@) (b)

LFE HFE

= | | -120 |
g 120
o
= -8
cC
] 5/pm 28|pm
g -135
O =20 i
©
o
0
[a)

“2r 1 1 1 -150 1 1

0 6 12 18 0 6 12 18
Distance (um) Distance (um)

Figure 4.7: Displacement at the glass/Au interface for the 522 nm sample, cal-
culated at a delay of 285 ps, as a function of the position along the direction
perpendicular to the grating lines in the (a) LFE and (b) HFE.

To estimate typical surface displacement amplitudes near the glass/Au
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interface, we plot in Fig. 4.7 the calculated displacement of the interface
for the 10 nm grating fabricated on a 522 nm thick Au layer, calculated at
a pump-probe delay of 285 ps delay, corresponding to the arrival time of
the first echo (indicated by the grey dashed line in Fig. 4.4(a) and (b)).
285 ps is the time at which the diffracted signal due to the displacement
is found to be the largest in the calculations. At this time delay, the
acoustic wave has completed one round trip inside the 522 nm Au, and the
grating-shaped displacement at the glass-Au interface has the same phase
as the buried grating. Here, three unit cells are shown, where one unit cell
has a width of 6 um. Fig. 4.7(a) shows the interface displacement profile
calculated using the LFE parameters and Fig. 4.7(b) the HFE parameters.
In both figures, the displacement profile is superimposed on the expansion
of the whole Au layer due to heating, which explains the negative offset
in the displacement values. However, only the grating-shaped interface
displacement profile contributes to the diffraction efficiency. We obtain
a peak-to-valley amplitude of the acoustic wave-induced interface grating
value of 5 pm for the LFE. For the HFE, where the pump fluence is more
than five times bigger then the LFE, the peak-to-valley amplitude of the
acoustic wave-induced grating at the interface glass/Au is 28 pm.

4.5 Discussion

4.5.1 Acoustic wave generation in Au

Time-resolved measurements of transient reflectivities on thin Au layers as
a function of layer thickness have been described before [59, 60, 94]. The
thickness of the Au layer, however, also plays a role in the acoustic wave
generation mechanism. While for the thinner Au layers (85 and 141 nm),
the whole layer is rapidly and homogeneously heated up, for the thicker
Au layer (522 nm) this is no longer the case. Instead, the acoustic wave
generated within a finite depth of about 200 - 300 nm from the interface
will propagate into the material until it reaches the buried grating at the
Au/air interface. Here, the acoustic wave is reflected back with a delay
between the part reflected off the valleys and the ridges of the grating. As
a result, the acoustic wavefront becomes spatially modulated. The arrival
time of the first echo corresponds roughly to the round-trip time in the 522
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nm thick Au layer. It can be calculated as T' = 2 /v, where [ is the layer
thickness and v is the speed of sound in the metal. Assuming a longitudinal
velocity of 3.2 km/s [53], the round-trip time is expected to be &~ 303 ps.
Finally, once the reflected acoustic wave reaches the glass/Au interface, it
displaces the Au atoms in a spatially periodic manner. We can detect this
grating by diffraction of a probe pulse.

As we can see from the simulations shown in Figs. 4.2 and 4.3 (bottom
panels) the total diffracted signal predominantly consists of two different
contributions. The blue curves represent the diffracted probe beam from
the acoustic wave-induced interface grating at the glass/Au interface. The
red curves, instead, represent optical diffraction from the strain-optic wave
that has partially entered the glass and continues to propagate [44, 92, 93,
95-97]. The total oscillatory signal is due to the interference between the
different contributions to the diffracted signal. These include, for example,
the background optical field, the probe beam diffracting off the strain-
optic grating propagating in the glass, and the transmitted probe beam
reflecting back at the glass/metal interface and diffracting again from the
strain-optic gratings in glass. As was pointed out in [97], the latter is also
often referred to as Brillouin scattering. The period of this oscillation is
given by T' = A/ (2nvcosf) [93]. Here, X is the probe wavelength, n is the
refractive index of the glass at this wavelength, v is the speed of sound
in glass, and # is the angle of incidence, measured inside the glass. For
glass, v & 5.7 km/s and n = 1.5. In our experiments, §=14.5° inside the
glass for the LFE and #=2.0° in the HFE. We then obtain an oscillation
period of 50.4 ps for the measurements in the LFE and of 46.7 ps for the
measurements taken in the HFE. This period is close to the period of the
acoustic oscillations for the grating fabricated on 85 nm Au of 50 + 2 ps for
the LFE (see Fig. 4.2(a)) and of 46 & 2 ps for the HFE (see Fig. 4.3(a)).
The contribution from the strain-optic effect in the glass is weaker for the
measurements on the 141 nm and 522 nm thick Au layers (see Figs. 4.2
and 4.3, (b) to (c)). For the grating fabricated on 522 nm thick Au, the
contribution due to the strain-optic effect is a more clearly visible lower
amplitude oscillation superimposed on the slower acoustic wave-induced
displacement diffraction peaks (see Figs. 4.2(c) and 4.3(c)).
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4.5.2 ”Negative” diffracted signals: background optical fields

The clearest difference between measurements taken in the HFE and in the
LFE is that in the first case the measured diffracted signal is all positive,
while in the latter it drops below the background level seen at negative
delays. This can only be explained if we can assume that another, coherent
scattered optical field is present, which interferes with the field diffracted
by the acoustic wave. Heterodyning of a weak optical field is a widely
used technique to improve the sensitivity to small signals. It is achieved
by applying on the same photodetector an additional optical field of higher
amplitude. The interference between the two fields leads to amplification
of the weak field. The source of the second stronger field can be the same
laser source [43], a second laser beam [98] but also light scattered from
reflecting interfaces of the sample [44, 97].

The optical phase difference between the two diffracted fields will de-
termine the extent to which the interference is constructive/destructive.
For illustrative purposes only, we will assume that the acoustic wave gives
rise to only one diffracted field at a time. Denoting the additional back-
ground diffracted optical electric field Ebei(“’t_]z"?), the field diffracted by
the acoustic wave Eacej(m*k'ﬂ‘b), and the sum of the two fields Fi; =
Epetwt=km) 4 B elwt=ki+¢)  we can write for the total optical power S
incident on the Si detector,

S o |Eiot|? = E} 4+ E2, + 2FyF,e. cos(¢), (4.1)

where ¢ is a pump-probe delay-dependent difference in phase between the
two fields, and where we have suppressed the time dependence of the am-
plitudes. It is important to realise that in the LFE the pump pulse train
is modulated with a mechanical chopper. Lock-in detection ensures that
probe signal components on the detector which are not modulated by the
pump beam will be removed by the lock-in amplifier. This means that, in
principle, only terms containing F,. in Eq. (4.1) are observed in our mea-
surements. When the background optical field amplitude Ej is constant
and has an amplitude much bigger than the field diffracted by the acoustic
wave Ey. (Ep > E,), the Ef term in Eq. (4.1) serves as a constant back-
ground signal level around which the 2E,E,. cos(¢) term oscillates when
¢ periodically changes. Lock-in detection ensures that E,? is not directly
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observed and that when the coherent sum of the two fields drops below the
background field strength, this is seen as a negative signal.

The above description of the effect of the background optical electric
field gives a plausible physical explanation for the observation that the
diffracted signals drop below the level seen for negative delays. However,
it ignores the fact that, as we explained in section 4.5.1, every time the
acoustic wave reaches the glass/metal interface, part of the wave is period-
ically transmitted into the glass where each acoustic wave also gives rise to
an additional time-dependent diffraction signal. This means that in reality,
the field . is composed of several contributions, Fg, ek (k=1,2,..), each

with a different amplitude F,., and a time-dependent phase difference ¢y,

Cl
with respect to the background field Ejp. Fortunately, using the full numer-
ical model to describe the generation, propagation and optical detection of
the acoustic waves, all these waves are automatically taken into account,
as mentioned before.

The optical phase difference between the two diffracted fields will deter-
mine whether the interference is constructive or destructive. Destructive
interference leads to less light on the detector which, after lock-in ampli-
fication, manifests itself as a negative signal. There are several possible
sources of background light in our experiments, which we will discuss next,

schematically represented in Fig. 4.8.

Probe pulse +1 Diffraction Probe pulse
Scattering
Probe pulse +1 Diffraction
.‘ ‘. '. '. .
(@ (b) (c)

Figure 4.8: Schematic representation of the possible sources of background light
in our experiments. (a) Direct optical diffraction from the buried grating. (b)
Optical diffraction from thermal grating. (c) Scattering by interface roughness.
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A. Direct optical diffraction from the buried grating.

In principle, for thin layers of Au (thickness < 100 nm), probe light could
still penetrate the layer and diffract off the buried grating (see Fig. 4.8A).
This diffracted light travels back again through the layer producing a back-
ground field on the detector. This may seem surprising in view of the
penetration depth of 800 nm light in Au (approx. 13 nm [59]). For such
a penetration depth, after traversing the Au layer twice, the signal atten-
uation would lead to only a weak diffracted signal. For the 141 nm and
especially for the 522 nm samples, direct optical diffraction off the buried
gratings becomes vanishingly small and is thus unlikely to be the source
of the background field. Moreover, direct optical diffraction is unlikely to
be the cause of the background field. Fig. 4.5(a) clearly shows the ran-
dom nature of the sign and amplitude of the diffracted signals when the
sample is scanned in the x and y directions. This randomness is caused by
a random difference between the phase of light diffracted by the acoustic
wave-induced grating and the background optical field. As the light di-
rectly diffracted off the buried grating would always have the same phase
as the acoustic wave-induced interface grating, the optical phase difference
between the light diffracted by both gratings would not change.

B. Optical diffraction from thermal grating.

When the pump pulse energy is deposited into the material, a thermal
grating can be created due to the presence of the buried grating, which
gives rise to a periodic variation in Au thickness. As shown in Fig. 4.8B,
the areas above the valleys of the grating, where the total metal thickness
is the lowest, will reach a higher lattice temperature. The areas above
the ridges of the grating will have a lower lattice temperature. The initial
amplitude of this temperature grating at the interface, AT, is thus deter-
mined by the difference between the temperatures above the valleys and
the ridges of the grating. Heating of the layer leads to changes in the com-
plex dielectric function of the metal. A grating in the temperature thus
leads to a grating in the dielectric function. From this grating, a probe
pulse can be diffracted. In the LFE, the high repetition rate of the system
may lead to a cumulative effect so that, when the next probe pulse arrives
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at the interface, the energy deposited in the metal layer by the previous
pump pulse has not yet completely dissipated into the substrate and/or has
not been completely washed out by lateral heat diffusion. Thus, a weak
quasi-static thermal grating could be present at the interface which will
diffract the probe pulse. However, also diffraction by a thermal grating is
unlikely to be the cause of the background field, as a thermal grating would
always have the same phase as the acoustic wave-induced interface grating
and would thus not give rise to the strong, random position dependence
seen in our measurement. This is supported by our observation that the
background field is also clearly present for the gratings on thicker Au layers
(522 nm). For this layer, the thickness difference above the valleys and the
ridges of the 10 nm amplitude grating becomes relatively small and is thus
less likely to lead to a thermal grating. We note that the absence of a ther-
mal grating in our experiments may be a consequence of the modestly high
repetition rate of our LFE of 5.1 MHz. Often, mode locked lasers have a
repetition rate of 75 to 100 MHz, which would make thermal gratings more
likely as there is less time for the heat to diffuse into the substrate during
the time between two laser pulses.

C. Scattering by interface roughness.

The sign change of the measured diffracted signals as a function of the
position of the probe beam onto the sample (see Section 4.3) can only be
explained in relation to the nature of the glass/Au interface. The Au layers
on which our gratings are fabricated were deposited by thermal evapora-
tion. This technique generates poly-crystalline Au layers with a more or less
random distribution of Au crystal sizes and orientations [99]. This means
that, as shown in Fig. 4.6 and discussed in section 4.3, the glass/metal
interface has a certain roughness of R, = 0.60 nm, which is about two or-
der of magnitude larger than the amplitude of the acoustic wave-induced
interface grating. Rough surfaces, however, scatter light into all directions
(see Fig. 4.8C), whereas a grating, even when its amplitude is considerably
smaller than the roughness, diffracts and thus confines light into a few par-
ticular diffraction orders only. Nevertheless, a significant background signal
was observed in our setup. The light scattered from the surface will have
a random phase [100]. Moreover, since roughness has a random character,
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the scattered light will have a different phase when the interface is illumi-
nated at different positions. This is why our probe beam can detect these
phase changes only when the sample is translated over a sufficiently large
distance to ”"see” a statistically different area of the sample. The difference
in phase between the two optical fields varies in a random fashion when the
beam illuminates different areas, and thus so does the interference between
the fields scattered by these two sources.

4.5.3 Comparison between LFE and HFE

Now that we understand why the signals measured in the LFE and in
the HFE are different, a comparison between the results obtained in the
two different setups can be made. We assume the background scattered
field amplitude to be time-independent in both setups. Suppose that 7, is
the efficiency with which the surface roughness scatters the incident probe
light onto the detector. The efficiency 7., with which the acoustic wave-
induced grating diffracts the incident probe light, depends on the square
of the amplitude u of the grating which, in turn, scales linearly with the
pump fluence F,,,

2 _ 2
Ngr X U° = CFpu,

(4.2)

with C' a constant of proportionality. The ratio of the two can be written
as,

ne _ CFL,

4.3
PR (4.3)

Since 7 is independent of the pump fluence, this equation clearly shows
that the ratio of the light diffracted by the grating and the light scattered
by the surface roughness, scales with the square of the pump fluence. Thus,
for increasing pump fluence diffraction by the grating increases relative to
scattering by surface roughness.

The difference in the calculated acoustic grating amplitude for the 522
nm sample in the LFE and in the HFE (shown in Fig. 4.7) can be estimated
by comparing the fluence of the pump beams for the two different setups.
The fluence used for this particular sample is approximately 7+ 1 J/m? in
the LFE and 35 + 3 J/m? in the HFE, giving a ratio of about 5. The ratio
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between the amplitudes of the acoustic wave calculated for the HFE and
in the LFE is =~ 5.6, close to the ratio between the two fluences. Taking
Eq. 4.5.3 into account, the latter number leads to a diffraction efficiency
(ignoring the background optical field) of nyrr ~ 3lnrrpr. Using the
expression for the diffraction efficiency of a binary grating [66], we calculate
the diffraction efficiencies of acoustic wave-induced gratings at the interfaces
of the three samples used in this work to be in the order of ~ 10~7 for the
HFE and ~ 10~ for the LFE. Thus, we can conclude that the background
signal (surface roughness scattering efficiency of 5x1077) strongly shapes
the measured signals in the LFE, while it can be neglected in the HFE.
In general, it is difficult to predict which system is better for the detec-
tion of buried gratings using laser-induced ultrasound. High fluence, low-
repetition rate lasers are capable of generating strong ultrasound pulses,
but have relatively high pulse-to-pulse intensity fluctuations which leads
to fluctuating signals and lower detection sensitivity. In addition, high
fluences can more easily lead to optical damage when focusing the beam
tightly onto the samples, which has to be avoided at all cost. Low fluence
systems have smaller pulse-to-pulse fluctuations and the pulse train can be
modulated, facilitating the use of lock-in detection schemes that enhance
detection sensitivity. This may offset signal reduction due to the relatively
low peak power of the pulse. However, these arguments implicitly assume
that in both cases the detected signals are not significantly affected by the
change in repetition rate and fluence, and that changing either only has an
effect on signal strength. Our results show that this assumption no longer
holds. This is due to the presence of light scattering by interface roughness
which scales differently with laser power than the photoacoustic signal.
Despite the fact that in the HFE it is possible to generate stronger
acoustic gratings at the glass/metal interface, from an application point
of view the LFE may be a better candidate for the detection of periodic
micro-structures buried underneath optically opaque materials. One of the
advantages of using the LFE is that, due to the higher repetition rate of
the laser, a good signal-to-noise ratio is achievable in less time. In our
case, measuring with the LFE allowed us to reduce the acquisition time
compared to the HFE. The presence of a strong static background field
can attenuate the signal but can also, for the right optical phase difference
between the diffracted and scattered fields, amplify the weak acoustic wave-
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induced optical signals, making it easier to detect the hidden structures.

4.6 Summary

We have shown that different femtosecond laser systems can be used to gen-
erate ultrahigh frequency acoustic waves for the detection of periodic micro-
structures buried underneath optically opaque layers. In our experiments,
diffraction from the "acoustic replica” of the gratings at the glass/metal
interface has been measured. We observe that the shapes of the signals
measured in the LFE and in the HFE are remarkably different despite the
fact that the signals were obtained by measuring on the same sample. This
observation can be explained by the presence of a coherent background op-
tical field due to scattering from the interface roughness at the glass/Au
interface. In the LFE, this background optical field is significantly stronger
than the strength of the optical field diffracted by the acoustic wave. In-
terference between the two changes the shape of the diffracted signal as a
function of the pump-probe time delay and can cause the signal to drop
below the level observed at negative delays when the interference is destruc-
tive. In spite of the smaller amplitude of the acoustic grating induced with
the LFE, the high repetition rate of the laser system allows us to improve
the signal-to-noise ratio, reducing the acquisition time.
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PHOTOACOUSTIC
DETECT ON OF LOW
DUTY CYCL GRATI GS
THROUGH OPTICALLY

OPAQUE LAYERS *

In this Chapter we report on the use of ultra-high frequency photo-acoustics
to detect gratings with line widths as narrow as 75 nm, buried underneath
optically opaque metal layers. In our experiments we use gratings fabri-
cated on top of a metal layer on glass and we optically pump and probe
the sample from the glass side. Our results show that buried gratings can
be detected by observing diffraction from the spatially periodic acoustic
replica of the buried grating at the glass/metal interface and from replicas
of the acoustic wave inside the glass substrate. Surprisingly, the measured
diffraction signals drop below the signal levels present for negative delays
and show a linear dependence on grating duty cycle rather than the ex-
pected quadratic one. We find that this is due to the presence of a coherent
background optical field which interferes with, and coherently amplifies the
weaker fields diffracted off the grating-shaped acoustic waves. Our mea-
surements show that ultra-high frequency photo-acoustics is a promising
technique for detection of sub-wavelength periodic nanostructures.

*This chapter has been published in a slightly modified form as Appl. Phys. Lett.
117, 051104 (2020)
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opaque layers

5.1 Introduction

We have showed how laser-induced ultrasound with frequencies of tens to
hundreds of GHz can be used to detect gratings buried below optically
opaque layers. The gratings, however, all had fairly large linewidths of
3pum. Little is known about the ability of the technique to detect buried
gratings with much narrower linewidths. In principle, ultra-high frequency
acoustic waves can have wavelengths in the tens to hundreds of nanometer
range, considerably shorter than the wavelengths of visible light, and should
thus also be sensitive to the presence of very narrow grating lines.

Here, we show that ultrafast photo-acoustics can be used to detect low-
duty cycle gratings, buried underneath an opaque layer, with duty cycles
as low as 1.3 %, corresponding to a linewidth of 75 nm. For our experi-
ments 6 pm period metal gratings with different duty cycles were fabricated
on top of a single metal layer deposited on glass. Viewed from the glass
side, the grating is essentially invisible and can be considered ”buried”.
Ultrahigh-frequency sound waves, generated by a 400 nm pump pulse near
the glass/metal interface, reflect off the buried grating and are detected at
the same interface by diffraction of a 800 nm probe pulse. Surprisingly,
we observe that the measured diffracted signals periodically drop below
the background signal level and that the dependence of the diffracted sig-
nal strength on duty cycle shows a near-linear, rather than the expected
quadratic dependence. We show that both these observations can be ex-
plained by the presence of a coherent background scattered/diffracted op-
tical field which interferes with the optical fields diffracted off the acoustic-
wave-induced grating. Our experiments are in excellent agreement with nu-
merical simulations that take the generation, propagation, diffraction and
optical detection of the acoustic waves into account. The results illustrate
the potential of ultrafast photo-acoustics to detect nanostructures buried
below optically opaque layers for the semiconductor device manufacturing
industry.

5.2 Experimental setup and samples fabrication

Our experiments were performed using the pump-probe setup schematically
shown in Fig. 3.6 in Chapter 3.
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Figure 5.1: (a) Schematic of the sample geometry. A 400 nm pump pulse illu-
minates a Au layer from the glass side. A 800 nm probe pulse is diffracted from
the ”acoustic replica” of the buried grating at the glass/Au interface. (b) SEM
images of the 16.7% and 1.3 % duty cycle gratings, corresponding to 1 pm and 75
nm linewidths, respectively.
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Our samples are fabricated by first depositing a flat gold (Au) layer on
glass, followed by the fabrication of a grating, using e-beam lithography,
on top of this layer. By now performing the pump-probe measurements
from the glass side (Fig. 5.1(a)) the gratings are optically invisible to the
laser pulses and can be considered "buried”. Most importantly, since at
this interface the Au is essentially flat, we avoid any residual topography
grating which could lead to a relatively strong constant optical diffraction.

Two sets of five different Au gratings were fabricated, one set on a 90
nm thick flat Au layer, the the other on a 142 nm thick flat Au layer. All
five gratings in a set have an amplitude of 44 nm, a period of 6 pm, but
different duty cycles of 1.3 %, 2.1 %, 4.2 %, 8.3 % and 16.7 %, corresponding
to ridge line widths of 75 nm, 125 nm, 250 nm, 500 nm and 1 pm, respec-
tively. Scanning Electron Microscope (SEM) images of two gratings with
linewidths of 1 pm and 75 nm are shown in Fig. 5.1(b). For comparison, we
also fabricated a nickel (Ni) grating on a 200 nm thick flat Ni layer. The
amplitude of this grating is 40 nm, the period is 6 pm and the duty cycle
is 8.3 %, corresponding to a 500 nm linewidth.

5.3 Numerical calculations

In order to confirm that our interpretation of the measurements is correct,
we also performed extensive calculations of the diffracted signal. For this,
we use the numerical model developed by Hao Zhang et al. [92]. This is
a 2D numerical model which contains all the steps involved in a typical
photo-acoustic experiment, such as generation, propagation and detection
of the acoustic waves. It also includes relaxational acoustic damping. In
the model, equations are solved by the 2D Finite Difference Time-Domain
(FDTD) method. The calculated diffraction signal is compared with the
pump-probe experimental results. The temporal and spatial evolution of
the lattice temperature is obtained using the well-known two-temperature
model [56-59, 94|, which acts as a source term in the equation of motion
for the sound propagation. The model also includes diffraction of light off
the displacement grating at the glass/metal interface, and off the acoustic
grating propagating inside the glass by considering the strain-optic effect.
In our case, a relatively strong constant optical field is also added to all
diffracted fields, representing the background field present in our experi-
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ments. The background field is presumably caused by light scattering due
to interface roughness. This field is taken to be approximately two orders of
magnitude stronger than the optical fields diffracted by the acoustic waves.

5.4 Results

In Fig. 5.2, we plot the first-order diffracted probe signal as a function of
the delay between pump and probe pulses for the five Au gratings fabri-
cated on a 90 nm thick Au layer. While performing these measurements,
a significant variation of the diffracted signal strength was observed as a
function of position on top of the buried grating. This variation is caused
by interference with an optical field resulting from scattering by interface
roughness. The phase of this scattered field is random, resulting in a varia-
tion of the signal with position. Therefore, for every sample, care was taken
to choose a position on the sample where the signal is maximum. However,
we point out that due to the statistical nature of the phase of the randomly
scattered light, there is some uncertainty whether such a chosen maximum
is an absolute maximum rather than a local maximum.

The signals shown in Fig. 5.2 are composed of a small sharp peak at zero
delay for the 1 pm, 500 nm and 250 nm linewidth gratings. We were not able
to resolve this peak for the 125 nm and 75 nm linewidth samples because
of the reduced signal-to-noise ratio. This peak is the result of a grating
in the electron temperature near the interface which leads to diffraction of
the probe beam [85]. A few tens of picoseconds later, an oscillatory signal
with a period of 50 4+ 2 ps becomes apparent, lasting several hundreds of
picoseconds. The amplitude of the oscillation decreases with the duty cycle
of the gratings but, remarkably, a signal is still observed for the 1.3 % duty
cycle grating where the lines are only 75 nm wide.

A surprising observation is that the diffracted signal drops below the
signal level measured for negative time delays. The reason for this is that
a background optical field, presumably caused by scattering of the probe
electric field by surface roughness, is also present. As we will argue be-
low, the probe electric field diffracted by the acoustic grating can destruc-
tively /constructively interfere with this background electric field, giving
rise to an effective increase or decrease of the signal on the photodiode.

For comparison, we also performed measurements on a buried grating
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Figure 5.2: The measured first-order diffracted probe signal as a function of pump-

probe time delay for the five Au gratings fabricated on a 90 nm thick Au layer. The

linewidths of the gratings vary from 75 nm to 1 pm. The period of all gratings

is 6pm and the amplitude is 44 nm. The dashed curves are the numerically

calculated diffraction signals as a function of pump-probe delay. In the bottom
panel numerical calculations of the diffracted signals as a function of pump-probe

time delay are shown taking only surface displacement at the glass/Au interface

into account (black line) or only diffraction off the acoustic waves in glass (red

line).
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Figure 5.3: Measured first-order diffracted signal as a function of the pump-probe
time delay between pump and probe for a 6 pm period, 40 nm amplitude and 500
nm linewidth Ni grating, fabricated on a 200 nm thick Ni layer (red curve). The
black curve is a smoothed version of the red curve.

made of a different metal. We choose Ni for the layer and the grating
because it has an electron-phonon coupling constant ¢ more than an order
of magnitude larger than that of Au [59]. In Fig. 5.3 we plot the diffracted
signal as a function of the pump-probe delay for the Ni grating, which has
period of 6 pm and a linewidth of 500 nm. As the more noisy nature of the
measurement suggests, the signal was significant smaller than the signal
measured for the buried Au grating with the same 500 nm linewidth. For
the Ni sample, around delay zero no diffraction peak due to a grating in
the electron temperature was observed. Starting at a delay of about 60 ps,
an oscillating signal with a period of about 5042 ps appears that has some
resemblance to the signal obtained for the buried Au gratings. However,
here, the first oscillation has a somewhat different, sharper, appearance
than the subsequent oscillations compared to the signals shown for Au.
Note that, here too, we observe that the diffracted signal drops below the
signal level for negative delays.

In order to check if the thickness of the Au layer influences the measure-
ments, we also measured on a similar set of gratings fabricated on a thicker
Au layer of 142 nm. In Fig. 5.4 we plot the diffracted signal measured as a
function of the pump-probe delay for the five different gratings (linewidths
of 1um, 500 nm, 250 nm, 125 nm and 75 nm). In contrast to the mea-
surements performed on the gratings on the 90 nm thick Au layer, here
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Figure 5.4: The measured first-order diffracted probe signal as a function of pump-
probe time delay for the five Au gratings fabricated on a 142 nm thick Au layer.
The linewidths of the gratings vary from 75 nm to 1 um. The period of all gratings
is 6 pm and the amplitude is 44 nm. The coloured curves are the measurements and
the dashed curves are the numerically calculated diffraction signals as a function
of pump-probe delay. In the bottom panel numerical calculations of the diffracted
signals as a function of pump-probe time delay are shown taking only surface
displacement at the glass/Au interface into account (black line) or only diffraction
off the acoustic waves in glass (red line).
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we observe a longer oscillation period of about 89 4 3 ps, and a somewhat
faster signal decay. Around zero delay, hints of a diffraction peak caused by
an electron temperature grating are visible but the smaller signal-to-noise
ratio does not allow us to state this with certainty. We note that a weaker
diffraction signal due to heating of the electron gas is expected here, since
the electron gas temperature grating is weaker for a thicker Au layer [85].

As we can observe in the measurements, the diffracted signal strength
decreases with the duty cycle. To quantify this trend, we plot in Fig. 5.5(a)
and (b) the peak-to-peak amplitude of the first acoustic reflection as a func-
tion of the duty cycle of the five gratings deposited on 90 nm Au layer and
on 142 nm respectively. The data have been normalised by dividing all
diffracted signals by the value for the 16.7 %duty cycle (1 um linewidth)
sample. As Chang et al. showed, for nonzero diffraction orders, the diffrac-
tion efficiency of a binary grating should be proportional to the square of
the duty cycle, for low values of the duty cycle [66]. Surprisingly, in our
experiment we find that the signal does not scale quadratically with the
duty cycle. We observe a dependence that is closer to a linear dependence,
indicated by the dashed line.

5.4.1 Results of the numerical calculations

In Fig. 5.2 (black dashed curves), we plot the diffracted signals, calculated
for a 44 nm Au grating on a 90 nm thick Au layer where the grating lines
are 1um, 500 nm, 250 nm, 125 nm and 75 nm wide. Calculations were
first carried out for the samples with the 1 pm linewidth as these provided
the strongest signals. Parameters were manually adjusted until the best fit
between the measurements and the calculations was obtained for the first
diffraction peak. Then, without changing parameter values, calculations
were performed for the lower duty cycle gratings as well. In all calculations
shown, the signal levels for negative delay caused by the presence of the
background field were subtracted from the calculations. This is done to
mimic the suppression of signals by the lock-in that are not modulated
by the pump beam. After this subtraction, all curves were normalised by
dividing them by the maximum value calculated for the 16.7% duty cycle
grating (1pm linewidth). The calculations show oscillatory long-lasting
signals with a period of about 50 ps for all gratings. The amplitudes of the
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Figure 5.5: (a) Normalised diffracted signal, taken here as the amplitude of the first
positive diffraction peak, as function of duty cycle (expressed as a ratio), measured
(black dots) and numerically calculated (blue dots) for a 44 nm Au grating on a
90 nm Au layer on glass. (b) Normalised diffracted signal as function of duty
cycle, measured (black dots) and numerically calculated (blue dots) for a 44 nm
Au grating on a 142 nm Au layer on glass. The dashed line represents a linear
dependence, the red line a quadratic one. The plots are in double logarithmic
scale. Here the duty cycle of the grating is expressed as the ratio between the
linewidth and the period of the gratings.
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signals decrease with the duty cycle of the gratings and all calculations are
in good agreement with the experimental results. In the bottom panel of
Fig. 5.2, we plot the calculated diffracted signal from only the Au surface
displacement at the interface glass/Au (black curve) and from only the
acoustic grating propagating inside the glass (strain, red curve), for the
1pm linewidth sample. Here too, the same constant background field as
used in the full calculations is assumed to be present. The calculated curves
clearly show that the signal is dominated by the strain contribution.

In Fig. 5.4 (black dashed curves), we plot the diffracted signals, calcu-
lated for the 142 nm thick Au layer. The calculations show oscillating sig-
nals with the same shape as the measured signals. However, whereas there
is a good agreement between the calculated amplitudes for the 1 pm, 500
nm, and 75 nm linewidth gratings, the calculated amplitudes are smaller
than the measured ones for the 125 nm and 250 nm linewidth samples. We
currently do not know what the origin of this discrepancy is. In the bottom
panel of Fig. 5.4, we plot the calculated diffracted signals from only surface
displacement (black curve), and from only the acoustic grating propagating
inside the glass (red curve) for the 1 pum linewidth sample. Again the same
constant background field as used in the full calculations is assumed to be
present. In contrast to the calculations shown for the 90 nm thick Au layer,
here we find that the displacement of the atoms at the glass/Au interface
provides the strongest contribution to the measured signals. This differ-
ence is most likely caused by the fact that for the 90 nm thick Au layer,
grating-shaped acoustic waves are partially transmitted into the glass with
a periodicity that nearly matches the oscillation period T associated with
diffraction off the acoustic gratings in glass. This is not the case for the
142 nm thick layer due to the longer acoustic round-trip time in the layer.

5.5 Discussion

Our experimental results have some salient features that we wish to address
below, such as the observation that the diffracted signal drops below the
background level and the dependence of the strength of the diffracted signal
on grating duty cycle.
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5.5.1 ”Negative” diffraction signals: Effect of background
fields

A peculiar feature of our experiments is that we observe diffraction signals
that drop below the background levels. As already explained in Chapter 4,
we can assume that another, coherent scattered optical field is present, and
this field can interfere with the field diffracted by the acoustic wave. The
origin of this background field is scattering by interface roughness present
near the glass/metal interface. The optical phase difference between the
two diffracted fields will determine the extent to which the interference is
constructive/destructive.

The above description of the effect of the background optical electric
field gives a plausible physical explanation for the observation that the
diffracted signals drop below the level seen for negative delays. However, it
ignores the fact that, as we will explain in section 5.5.3, every time the sound
wave reaches the glass/metal interface, part of the wave is periodically
transmitted into the glass where each acoustic wave also gives rise to an
additional time-dependent diffraction signal. This means that in reality, the
field F,. is composed of several contributions, E,, ¢'** (k=1,2,..) each with
a time-dependent phase difference ¢ with respect to the background field
Ey. Fortunately, using a full numerical model to describe the generation,
propagation and optical detection of the acoustic waves, all these waves are
automatically taking into account as we will show in section 5.4.1.

5.5.2 Acoustic waves in Ni and Au

To better understand the experimental results, we first have to explain how
high frequency (~ 10 - 100 GHz) sound waves are generated in these metals.
In Ni, the optical absorption depth of light with a wavelength of 400 nm
is about 12 nm [59]. The absorption of the pump pulse by the electron
gas in this layer leads to a rapid rise of the electron gas temperature. In
principle, the electron gas energy can diffuse out of the penetration depth
region, deeper into the metal [60]. However, in Ni the electron-phonon
coupling constant is large, g = 36 x 10 Wm=3K-! [101]. This gives rise
to rapid cooling of the electron gas and associated heating of the lattice,
before the deposited energy has had the time to diffuse much deeper into
the metal. Rapid heating and subsequent expansion of the lattice launches
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a sound wave that propagates inside the metal. The buried grating reflects
the acoustic wave back to the glass/Ni interface.

Due to the shape of the buried grating (see Fig. 5.1(a)), the sound
wave takes longer to return when it reflects off the ridges of the grating
compared to when it reflects off the valleys. As a result, the acoustic
wavefront becomes spatially modulated. When the acoustic wave reaches
the glass/Ni interface, it displaces the atoms in a spatially periodic manner
with an amplitude of a few tens of picometers. We can detect this "acoustic
replica” of the buried grating by diffraction of a probe pulse. For a 200 nm
thick Ni layer, the round-trip time of the acoustic wave can be calculated as
T = 2l /v, where [ is the layer thickness and v is the speed of sound in the
metal. Assuming a longitudinal velocity of 6.04 km/s [102], the round-trip
time is expected to be 66.2 ps. In our Ni measurement shown in Fig. 5.3,
however, the period of the oscillatory signal is about 50 + 2 ps. Therefore,
although it is tempting to attribute the oscillations observed after the first
echo (Fig. 5.3) to the sound wave packet bouncing back and forth inside
the Ni layer, there is a different explanation for these oscillations, as we
will show in the next section.

For Au gratings on Au layers, the generation of acoustic waves occurs
in a similar fashion. However, Au has a much smaller electron-phonon
coupling constant [59, 94] than Ni. Whereas the penetration depth of 400
nm light in Au is only slightly larger than in Ni (about 16 nm), the electron
gas energy in Au rapidly diffuses deeper into the metal before the electron
gas has had the time to significantly cool through heating of the lattice. In
fact, when a single thin layer (less than 150 nm) of Au is illuminated by an
ultrashort pulse, the whole layer is rapidly and more or less homogeneously
heated up. Rapid heating of the lattice leads to an oscillatory expansion
and contraction of the layer in a direction perpendicular to the surface.
Because of the "softness” of the glass, the atoms at the glass/Au interface
have some freedom to move in a direction perpendicular to the interface.
This means such an expansion/contraction of the lattice can be seen as a
standing wave formed by the addition of two counter propagating acoustic
waves, each having a wavelength corresponding to twice the thickness of
the metal. Writing w1 (¢) and wug(t) for the time-dependent displacements of
Au surface above the ridges and the valleys of the grating respectively, an
acoustic grating and, thus, diffraction would be present only when Au(t) =
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u1(t) — ua(t) # 0. The rise of the first peak of the oscillation we observe
in our measurements then corresponds to a growing value of |Au(t)|. Note
that Awu(t) can change from positive to negative values and vice versa,
which will lead to periodic inversions of the grating and thus to m phase
shifts of the diffracted fields.

5.5.3 Propagation of acoustic waves in glass

Surprisingly, for the Au gratings on 90 nm Au on glass, the oscillations
initially seem to grow in amplitude somewhat before slowly decaying for
longer time delays. The period of these oscillations is around 50 + 2 ps and
is similar to the oscillation period observed for Ni in Fig. 5.2(b). In fact, the
prolonged ringing of the Au layer is due to the so-called Brillouin scattering
[44, 93]. Each time the acoustic wave in the metal reaches the glass/metal
interface, part of the grating-shaped acoustic wave can penetrate the glass
substrate. In the glass, the acoustic grating modifies the optical refractive-
index and thus forms a refractive-index grating from which the probe pulse
can diffract. When the first acoustic reflection off the buried grating has
reached the interface, it is partially transmitted into the glass where it
continues to propagate away from the interface. When the probe pulse is
incident on this ”acoustic grating”, it will diffract into the direction of the
Si detector. However, part of the probe beam will continue to propagate
to the glass/metal interface and reflect back. Due to the propagation of
the probe beam to the interface and back, a phase difference between the
two diffracted beams is created. This leads to constructive/destructive
interference and thus to a signal that oscillates with the distance between
the acoustic wave grating in the glass and the glass/metal interface. The
period of this oscillation is given by T' = A/ (2nvcosf) [103]. Here, X is the
probe wavelength, n is the refractive index of the glass at this wavelength,
v is the speed of sound in glass, and 6 is the angle of incidence, measured
inside the glass. For glass, v ~ 5.24 km/s [95], n = 1.5 and in our experiment
0=14.5°. We then obtain an oscillation period of 52.6 ps. This period is
close to the period seen in the diffracted signals for the gratings on 90 nm
Au and on 200 nm Ni. A striking difference between the time-dependent
diffraction for the gratings on the 90 nm layer and the 142 nm thick Au
layers is that for the latter, the ~ 50 ps period oscillatory signal caused
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by diffraction from the strain grating propagating in glass is more or less
absent in the measurements. This strongly suggests that for the 142 nm
thick layer, the contribution to the diffraction of the acoustic wave in glass
is smaller than the contribution from the acoustic wave-induced atomic
displacement at the glass/Au interface. This is supported by numerical
calculations of the diffracted signals.

5.5.4 Diffraction efficiency as a function of the duty cycle

Now that we understand our experimental data and we are able to interpret
them, we can also understand why the diffraction signal does not scale
quadratically with the duty cycle of the gratings. The diffraction efficiency
of a diffracted order is a value which expresses the capability of the grating
to diffract light in that order. It is defined as the ratio between the power
of the diffracted light beam to that of the incident beam. As already shown
by Chang et al. [66], for nonzero diffraction orders (m#£0) the diffraction
efficiency for a binary grating can be written as

Nlmzo = 24%(1 — cos 1) D?sinc?(mD), (5.1)

where A corresponds to the amplitude of the reflectance of the metal of the
grating (A = 0 for no reflection, A = 1 for perfect reflection). v represents
the phase difference between light reflected from the valleys and the peaks
of the grating. D is the duty cycle of the grating, here expressed as the
ratio between the linewidth and the period of the gratings. For small values
of D, the efficiency of the first diffracted order (m=1) can be approximated
by,

n~ 2A%(1 — cos ) D?. (5.2)
Eq. (5.2) clearly shows that the diffraction efficiency should have a quadratic
dependence on the duty cycle of the grating. In Figs. 5.5(a) and (b), this
quadratic dependence is illustrated by the red line. However the mea-
sured diffracted signal strength versus duty cycle is closer to a linear than
a quadratic dependence. This can be understood by first realising that
E2, 7. From Eq. 5.2 we obtain E2, o 1 o< D? and thus F,. o< D. Due to
the presence of the background diffracted field, the ¢-dependent oscillatory
part of the total optical power discussed in section 5.5.1 is not proportional
to E2,, but to the cross-term, 2E,F,.cos(¢) o< D and it dominates the

ac)
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measured signal because Ej > F,.. In other words, due to the background
diffracted field Ej, the diffracted signal measured by the photo-diode and
filtered by the lock-in amplifier should scale linearly with duty cycle, in
agreement with our measurements. We note, however, that Eq. 5.2 is valid
for binary (square wave) gratings only. According to diffraction theory,
when the size of an object becomes comparable or smaller than the wave-
length of the wave, diffraction becomes significant [64]. The acoustic wave
that diffracts off the narrow lines has spread out by the time it reaches
the interface and the grating can no longer be considered a binary grating.
Thus, in our experiments, for grating lines on the order of or smaller than
the acoustic wavelength, which is 180 nm for the 90 nm Au layer and 282 nm
for the 142 nm Au layer, the acoustic gratings at the interface glass/metal
should not be square-wave-like replicas of the buried ones anymore for the
thinnest grating lines. As a result, for the lowest duty cycle samples, it
is not directly obvious that this linear trend should still hold. However,
full numerical calculations that take acoustic diffraction into account also
show that the diffracted signal versus duty cycle remains close to a linear
dependence, as shown by blue dots in Fig. 5.5. The calculated interface
displacement profiles (not shown here) deviate somewhat from the ideal
binary shape due acoustic diffraction, especially for the lowest duty cycle
gratings. However, these changes have little effect on the diffracted signal
strength.

It is interesting to get an estimate of the amplitudes of the glass/Au
interface displacement gratings and of the corresponding first-order diffrac-
tion efficiencies of these gratings, assuming no background field would be
present and ignoring deviations from the shape of a perfect binary grating.
From the numerical calculations, we find that the estimated peak-to-valley
amplitude of the gratings fabricated on the 90 nm thick Au layer ranges
from 14.1 pm for the 75 nm linewidth sample, to 52.6 pm for the 1pm
linewidth sample. Using Eq. (5.2) this gives us estimated diffraction ef-
ficiencies n from ~ 1.72 x 107! to ~ 4.07 x 1078 respectively. For the
142 nm thick Au sample, the amplitude of the interface displacement grat-
ings is slightly smaller, ranging from 8.6 to 33.5 pm for the 75 nm and 1 pm
linewidth samples respectively. Again using Eq. (5.2), we estimate that this
corresponds to diffraction efficiencies of ~ 6.4 x 1072 and ~ 1.7 x 1078.
These calculated diffraction efficiencies are quite small and would be chal-
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lenging to measure, especially for the 75 nm linewidth samples. Fortunately,
we are still able to detect the buried gratings due to the presence of the
scattered background optical field, which coherently amplifies the optical
signal diffracted by the acoustic wave.

5.6 Summary

We have shown that ultrahigh-frequency sound waves, generated with fem-
tosecond laser pulses, can be used to detect gratings buried underneath
optically opaque layers. In our experiments these sound waves are reflected
off the buried grating and acquire a spatially periodic acoustic phase. When
these acoustic waves reach the glass/metal interface they displace the atoms
at the interface thereby forming a grating that can be detected by diffrac-
tion of a delayed probe pulse. By varying the duty cycle of the gratings
we have shown that gratings with linewidths as narrow as 75 nm can be
detected. We find that the diffracted signals are composed of contributions
from the grating-shaped acoustic waves in the metal and from diffraction
caused by the strain grating travelling in glass. Our results show a sur-
prising decrease in the measured diffracted signal to values below the level
seen for negative delays. We attribute this to the presence of a coherent
background optical field that interferes with the optical fields diffracted by
the acoustic waves in the metal and the glass, and thus also enhances the
diffracted signals. As a result, the predicted diffracted signal strength as
a function of duty cycle changes from a quadratic dependence to a linear
dependence. The results illustrate the potential of ultrafast photoacoustics
to detect gratings with narrow lines buried below optically opaque layers.
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In this Chapter we present a wavelength-dependent study on the detection
of laser-induced acoustic waves on a plasmonic grating. In our experiments
we use gold gratings fabricated on top of a SiO, substrate. This grating
has a Surface Plasmon Polariton (SPP) resonance at 650 nm. Pump-probe
measurements were performed on the grating, where the probe beam was
tuned around the SPP resonance wavelength. Our results show that we
are able to induce at least three different types of acoustic oscillations
simultaneously, namely surface acoustic waves (SAWs), quasi-normal modes
(NMs) and longitudinal acoustic waves (LWs). As a consequence, density
variations caused by the acoustic waves lead to an electron density change
which can shift the SPP resonance of the grating. We also observe an
enhancement of the SAW signal at the SPP resonance, whilst the other two
modes reach a maximum on the slopes of the SPP resonance. Our results
show that SPPs can be used to enhance the reflection changes caused by

laser-induced acoustic waves.
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6. Enhanced detection of laser induced-acoustic waves by SPPs.

6.1 Introduction

Laser-induced acoustic waves can be detected by measuring changes in op-
tical properties, such as reflection or transmission [25] or diffraction from
laser-induced acoustic gratings [75, 76, 84, 104]. Changes in optical reflec-
tion caused by acoustic waves are usually very small. Despite the attempt
to increase the signal-to-noise ratio by using lock-in detection, as we have
shown in Chapter 5, the first-order diffraction efficiencies of the glass/Au
interface displacement gratings range between 107'2 and 10~7. In this
Chapter, we focus on a method to enhance photoacoustic signal strength.
Surface Plasmon Polaritons (SPPs) may give us an opportunity to achieve
this. SPPs have proven to be a powerful tool to study the acoustic response
of metallic nanoparticles and thin films [105-112]. Usually, the plasmonic
enhancement of an acoustic signal is caused by a shift of the SPP resonance
due to acoustic wave-induced shift of the dielectric function. This occurs
for example, in metallic nano-particles where the electron density changes
due to the “breathing” of the metallic nanoparticle in response to the rapid
heating of the lattice [111, 113, 114]. This change in electron density can
result in a change of the plasma frequency and thus the dielectric function.
Numerical calculations on signal strength enhancement using a plasmonic
grating have been performed before [106, 115]. They show that, under plas-
monic resonance conditions, the optical response of an acoustic cavity or
grating to an acoustic wave can increase by an order of magnitude. The
photoacoustic response of metallic periodic arrays of stripes attached to
the surface of a substrate and illuminated by an ultrashort laser has been
studied in the past [116-118]. When an illuminated surface has such spatial
inhomogeneities, shear waves and surface acoustic waves (SAWs) can be ex-
cited, or guided modes such as Lamb waves [118-124]. Depending on which
combination of metal and substrate is chosen, other acoustic modes can be
excited as well. These acoustic modes are known as flexural and longitudi-
nal modes of the grating lines, also called “normal modes” [52, 116, 125].
However, the acoustic signals measured in the past were quite weak, giving
optical reflection changes with a magnitude of AR/R ~ 107

Here, we show a wavelength-dependence study on the detection of laser-
induced acoustic waves on a plasmonic grating. For our experiments, 440
nm period, 71 % duty cycle, 47 nm amplitude gold (Au) gratings were
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fabricated on top of a SiO, substrate. A 400 nm wavelength pulse was
used as a pump. Optical reflection changes of a second, delayed probe
pulse with a wavelength tunable from 600 to 700 nm around the plasmonic
resonance at 650 nm, were measured. Our results show that we can induce
at least three different types of oscillations simultaneously, namely SAWs,
quasi-normal modes (NMs) and longitudinal acoustic waves (LWs). An
enhancement of the optical reflection changes due to SAWs at the SPP
resonance is observed, whilst optical reflection changes due to the other
two acoustic modes reach a maximum on the slopes of the SPP resonance
wavelength. In addition, we find a phase shift of the optical reflection
changes induced by the three measured acoustic oscillations as a function
of the probe wavelength. The NM and LW signal oscillations show a =7
phase shift in the range of 600-700 nm, going from below to above the SPP
resonance wavelength of 650 nm. Using a simulated typical value for the
lattice expansion, we were able to calculate a reflection change induced by
the shift of the SPP resonance as a function of the electron density. This
acoustically induced shift in the SPP resonance results in reflection changes
which match our data well, and also explains the phase shift we measure for
the optical reflection changes induced by the LW and NM. For the optical
reflection changes due to SAW, the phase shift is less well understood.
Our results show that plasmonic structures can be employed for enhancing
photoacoustic detection signals by measuring optical reflection changes on
and around the SPP resonance.

6.2 Samples preparation and optical setup

The grating substrate used in this work was made by nanoPHAB B.V.
(Eindhoven, NL). It consists of a 200 nm thick SiO, layer on a Si substrate.
The grating pattern is etched into the SiO, layer (see Fig. 6.1(a)). Then,
Au layers were deposited onto the grating surface in the AMOLF NanoLab.
These metal films where deposited by thermal evaporation in a vacuum
chamber, as described in 3.1.4, at an evaporation rate of 11&/5. Three
different thicknesses were used for the Au layers, namely 100, 136 and 177
nm (see Fig. 6.1(b)). After metal deposition, the period of the grating
is 440 nm and the amplitude 47 nm. The duty cycle of the Au grating
is approximately 71 %. Surface characterisation of the gratings was done
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Figure 6.1: Schematic representation of the grating sample used in the work de-
scribed in this chapter, before (a) and after (b) metal deposition. The Au layers
have a thickness of d = 100, 136 and 177 nm. The period of the grating is 440 nm
and the amplitude 47 nm. The duty cycle of the grating is ~ 71 %.

using both SEM and AFM. Fig. 6.2 shows a SEM measurement of the
grating etched in SiO,, before Au deposition. Before deposition, the grating
has a period of 440 nm and a duty cycle of 58 %. After metal deposition,
the width of the grating lines increases. Consequently, the duty cycle of
the grating increased to ~ 71%. In Fig. 6.3 an example of an AFM
measurement on the grating after metal deposition is shown. AFM imaging
is necessary to measure the amplitude and the period of the gratings. We
can see from Fig. 6.4 that all four gratings used in this work have a similar
height profile (amplitude ~ 47 nm) and period (=~ 440 nm).

The optical setup used in this work is described in more detail in 3.2.3.
It is built around an amplified Ti:Sapphire laser which generates 35 fs laser
pulses with a repetition rate of 1 kHz and a central wavelength of 800
nm. The scheme used is a classical pump-probe scheme. The 800 nm
wavelength output is split into two parts. The stronger arm is frequency-
doubled to generate 400 nm wavelength pulses and is used as a pump beam.
The weaker arm is time-delayed using an optical delay line formed by a
retroreflecting pair of mirrors mounted on a mechanical translation stage,
and is used as a probe beam. The probe can be tuned from 600 to 700 nm.
Here, the pump diameter is approximately 400 pm and the pump pulse
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6.2. Samples preparation and optical setup

Figure 6.2: SEM image of the grating etched in the SiO, layer.

(a) (b)

Figure 6.3: AFM image of the grating after the deposition of 177 nm of Au, shown
in 2D (a) and in pseudo-3D (b). The periodicity of the grating is 440 nm and the
amplitude is 47 nm.
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Figure 6.4: Height profiles of the three gratings used in this work.

energy is 6 1J. The probe has a diameter of 80 pym on the sample and the
probe pulse energy is kept constant at 0.3 j1J.

6.3 SPP excitation on grating

As explained in Section 2.4.1, SPPs do not normally couple to free-space
propagating electromagnetic waves. In the presence of a grating, SPPs
can be excited when the appropriate phasematching condition is fulfilled
[73]. Phasematching is obtained when the wave vector of the external field
projected on the grating combined with the grating wave vector matches
the wave vector of the SPP. By choosing the right grating wave vector and
frequency of the incident light, it is possible to determine the direction of
propagation of the SPP. In our case, the SPP propagates in the opposite
direction with respect to the z-component of the incident field (see Fig.
6.5). This can be expressed as,

kg — k" = kspp (6.1)

inc _ W o; _ 27 _w €1€2
where k"¢ = £sinf, kg = 35 and kspp = % P

quency of the incident light and 6 is the angle of incidence defined as the

Here w is the fre-

angle with respect to the surface normal. D is the period of the grating. €;
and e are the permettivities of the dielectric and the metal, respectively
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inc
kx

Figure 6.5: Schematic of SPP propagating in the opposite direction with respect
to the x-component of the incident field.

and for simplicity we assume that they are real. Thus, Eq. 6.1 becomes

2w . w €1€2
2 Zgne=2,/ , 6.2
D c St c\Ve+e (6.2)

At the air/metal interface, €3 > €; and, thus, 6?522 ~ 1. We can rewrite
Eq. 6.2 as
2r w w
— — —sinf =~ —. 6.3
D c c (6:3)

Eq. 6.3 can be finally expressed as a function of the incident angle 0 as

A
0 =arcsin | — —1). 4
arcsin (D ) (6.4)

Now, knowing the period of the grating and the wavelength of the incident
light, the right angle needs to be chosen in order to excite a SPP on the
grating.

In our experiments, we choose the grating with the period of 440 nm to
be resonant at 650 nm. In that case, the angle of incidence must be around
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28°.

6.4 Experimental Results

The first step is to experimentally determine the angle of incidence at which
the plasmonic resonance is excited for an incident wavelength of 650 nm on
the 440 nm period grating.

22 24 26 28 30

o(°)

Figure 6.6: Reflection of the 650 nm probe light from the 100 nm thick Au grating
as a function of the angle of incidence.

The reflection of the 650 nm probe beam was measured as a function
of the incident angle. When a SPP is excited, the reflection of the incident
light has a minimum. As we show in Fig. 6.6, the minimum in reflection
appears at 25 + 1°. The difference with the predicted value of 28° may be
related to the values of ez used in the calculation and/or by small errors
in the measurement of the angle of incidence. It is also known that the
SPP resonance wavelength changes with the grating amplitude, which is
not contained by Eq. 6.9. Thus, the angle of incidence of the probe beam
was fixed at around 25° for the experiments. For the pump beam, the
angle of incidence was kept constant, at around 15°, for all the experiments
described below. The 400 nm wavelength pump beam does not excite SPPs.

In Fig. 6.7 we plot the measured pump-induced probe reflection changes
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as a function of time delay between pump and probe. The probe wavelength
was tuned in a range around the plasmonic resonance wavelength, namely
from 600 to 700 nm. Here, we show the results for the grating covered by
a 100 nm thick Au layer.

d=100 nm

e 600 nm

e 610 nm

e 620 nm

— e 630 nm
3\0, e 640 nm
o 650 nm
< e 660 nm
g e 670 nm
680 nm

e 690 nm

700 nm

I I I I
0 250 500 750 1000
Time (ps)

Figure 6.7: Probe reflection change as a function of the pump-probe time delay,
measured on the 100 nm thick Au grating for 11 different wavelengths.

At the plasmonic resonance (A = 650 nm, yellow-green curve) we observe
the maximum reflection change. At delay t = 0, when the pump and the
probe overlap in time, a sharp decrease in reflection AR/Ry is observed,
related to the heating of the electron gas [85]. On this time scale, the
signal is dominated by the electron dynamics. In fact, the probe photon
energy range we use is between 1.7 and 2 eV, thus below the interband
transition threshold for Au. In this range, Hohlfeld et al. calculated that
for increasing electron temperature, T, the reflection decreases [126]. In our
case, not only T, increases but also interband transitions are possible due
to the perturbations caused by the presence of the pump beam. Therefore,
the calculations by Hohlfeld are probably not the whole story. During the
next couple of ps, when the electron gas releases its energy to the lattice,
the abrupt decrease is followed by a smooth increase. The signal returns
to its unperturbed state on a time scale > 1 ns.

For time scales longer than 10 ps, a damped oscillatory signal becomes
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apparent with a periodicity of 350 4+ 20 ps, corresponding to a frequency
of ~ 2.8 GHz. This is most likely the result of a surface acoustic wave
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Figure 6.8: (a) Probe reflection change as a function of the pump-probe time delay
on the 100 nm thick grating measured at different probe wavelengths indicated in
the figure. (b) The amplitude of the FFT calculated from the measured signals.
A peak at =~ 2.8 GHz is present for all the measurements, which we tentatively
attribute to the SAW.

(SAW) with a wave vector determined by the grating period [124]. As we
will show later, the phase of the SAW seems to gradually vary between
0 to 0.7w, for different wavelengths. The oscillations are superimposed
on a slow increase in signal intensity due to the Au layer heating. we
note that our interest lies mostly in the oscillations observed between 50
and 1000 ps. The heating contribution is a fairly well known function of
time. Therefore, we subtracted the thermal contribution from the overall
signal by subtracting an exponential function. In Fig. 6.8 (a) we show the
same results, now leaving out the electronic peak and after removing the
slowly varying background due to the heating of the Au layer. We then
performed a Fast Fourier Transform (FFT) of these signals in order to see
which frequencies are present in the signal. In Fig. 6.8 (b) we show the
signal amplitude as a function of the frequency of the oscillatory part of
the signal. As can be clearly seen, the main frequency present is at 2.8
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GHz, which we attribute to a SAW and which will be discussed further in
Section 6.5.1. We also observe a shoulder around 1.5 GHz and a multitude
of smaller peaks after the SAW peak, of (mostly) unknown origin.

d=136 nm
? - e 600nm
i - pefes Vo R ey - = 3 ~ : ° 610 nm
- - e 620 nm
’\3 -2 - e 630nm
> e 640 nm
o : 650
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0 200 400 600 800 1000
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Figure 6.9: Probe reflection change as a function of the pump-probe time delay,
measured on the 136 nm thick Au grating for 11 different wavelengths ranging
from 600 to 700 nm.

In order to check if the thickness of the Au layer affects the acoustic
wave generation, we deposited a thicker layer of Au onto the same grating.
The previous Au layer was removed with a wet etchant and a 136 nm thick
Au layer was subsequently thermally evaporated on top of the bare grating.

Fig. 6.9 shows the measured reflection changes as a function of time
delay between pump and probe for this sample at different wavelengths.
As in the previous case, we first observe a peak at zero delay due to the
increase of the electron gas temperature in the first few ps. It is followed
by an oscillatory signal which is composed of more than one oscillation, in
contrast with the single oscillation observed in Fig. 6.7. We can clearly
distinguish a slow oscillation with a periodicity of about 350 ps, again,
presumably due to the SAW. Faster oscillations are superimposed on the
SAW which are more or less visible in all the measurements.

In Fig. 6.10 (a) we show the measured reflection changes as a function
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6. Enhanced detection of laser induced-acoustic waves by SPPs.

of the pump-probe time delay with the exponential trend removed. A FF'T
was performed on the data, to better characterise both the nature and the
number of oscillations. In Fig. 6.10 (b), the amplitude of the FFT as
a function of the frequency is plotted. Here, we can clearly see that at

(a) (b)
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Figure 6.10: (a) Probe reflection change as a function of the pump-probe time delay
on the 136 nm thick grating measured at different probe wavelengths indicated in
the figure. (b) The amplitude of the FFT of the measured signals. Three peaks at
~ 2.8, 6.9 and 12.1 GHz are present for all the measurements, which we attribute
to SAW, NM and LW, respectively.

least three frequencies are present. We have a first main peak at around
2.8 GHz which we attribute to the SAW. A second peak at 6.9 GHz is
observed. Finally, two smaller peaks at around 9.8 (indicated by the black
solid line) and 12.1 GHz are observed. The 12.1 GHz peak most likely
corresponds to the oscillation frequency of the whole Au layer, which we
call the longitudinal wave (LW). In fact, it can be calculated as T = 21 /v,
where [ is the layer thickness and v is the speed of sound in the metal.
Assuming a longitudinal velocity of 3.2 km/s [53], the round-trip time is
expected to be =~ 85 ps, which correspond to a frequency of ~ 11.8 GHz.
We will discuss the nature of these oscillations in more detail in the next
section. Note that these faster oscillations are opposite in phase when going
from below to above the SPP resonance. This can be clearly seen in the
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first 100 ps. The nature of the oscillation at 9.8 GHz is still not understood.
As in the previous sample, we see a shoulder around 1.5 GHz.
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Figure 6.11: Probe reflection change as a function of the pump-probe time delay,
measured on the 177 nm thick Au grating for 11 different wavelengths ranging
from 600 to 700 nm.

In order to confirm the nature of the oscillation at 6.9 GHz, we decided
to make a third thicker sample. By using the same technique, a 177 nm Au
layer was deposited onto the bare grating. Fig. 6.11 shows the reflection
changes as a function of the time delay between pump and probe measured
for the 177 nm sample at different wavelengths. As in the previous case,
we can clearly see that the signal is composed of more than one oscillation.
In Fig. 6.12 (a) we show the results for different probe wavelengths, after
removing the decaying thermal background.

From the FFT shown in 6.12(b), we see that the signal is composed
of three main different oscillations. We have again the 2.8 GHz peak, due
to the SAW, and a 6.9 GHz peak, most likely corresponding to the NM,
which is a vibration of the grating line along a direction parallel to the
surface and perpendicular to the line. The third peak at around 9.3 GHz is
most probably due to the longitudinal oscillation of the 177 nm Au layer.
It can be calculated as T = 2[/v, where [ is the layer thickness and v
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is the speed of sound in the metal. Assuming a longitudinal velocity of
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Figure 6.12: (a) Probe reflection change as a function of the pump-probe time delay
on the 177 nm thick grating, measured at different probe wavelengths indicated in
the figure. (b) The amplitude of the FFT of the measured signals. Three peaks
at ~ 2.8, 6.9 and 9.3 GHz are present for all the measurements, corresponding to
the a SAW, a NM and a LW, respectively.

3.2 km/s [53], the round-trip time is expected to be ~ 110.6 ps, which
corresponds to a frequency of ~ 9.1 GHz. As in the previous cases, a
shoulder around 1.5 GHz and a multitude of smaller peaks are present. It
is immediately clear in Fig. 6.12 (a) that the fast oscillations are opposite in
phase for wavelengths above the plasmonic resonance (650 nm, red curve)
when compared to wavelengths below the plasmonic resonance.
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6.5 Discussion

6.5.1 Laser induced-acoustic wave generation on plasmonic
gratings

If the surface of an absorbing material is illuminated by a short laser pulse,
both bulk and surface waves can be generated by thermal expansion of the
material. From Figs. 6.8 (b), 6.10 (b) and 6.12 (b), we are able to attribute
tentatively 3 oscillation frequencies to just as many acoustic modes. In
what follows, we will treat the measured signals as consisting of the sum of
three sine waves, each with a frequency corresponding to that of the three
oscillations observed in the measured signals.

We have investigated the frequencies of these oscillations and their de-
pendence on the sample thickness, which we will discuss next.

Surface Acoustic Waves

The strongest contribution to the acoustic signal is the oscillation present at
2.8 GHz. We attribute this oscillation to a surface acoustic wave (SAW).
When an intense laser pulse is focused on a modulated surface, it can
generate a kind of SAW called a Rayleigh surface wave [127]. They are
waves which propagate at the surface of the sample and their influence
extends into the substrate. The frequency of this SAW is determined by
the grating spatial period D and the surface sound velocity (or Rayleigh
velocity), vs [23]. The oscillation period can be expressed as

Ts = D/vs. (6.5)

For Au, vs= 1172 m/s [128] and the period of our grating is 440 nm. Thus,
the period of the SAWs excited on our sample is calculated to be T =~ 375ps.
This value is in reasonable agreement with the experimental value that we
can extract from our measurements of T = 350 4+ 20ps. Moreover, many
studies have been performed on SAWSs generated by periodic structures
in picosecond ultrasound experiments [96, 116]. In particular, they show
that Rayleigh SAWs are observed when the loss of acoustic energy into the
substrate is low.

In our case, the substrate is Au itself since the Au layer covers both the
valleys and the ridges of the grating. This causes only a low radiation loss
into the substrate and the Rayleigh wave can be observed.
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It is important to notice that the observed oscillations are caused by two
counter propagating waves which form a standing wave in the area excited
by the pump. These waves can propagate into the regions adjacent to the
spot. In this work, we have not measured the change in optical reflectivity
in a position some distance away from the pump spot.

Normal Modes

Besides surface waves, the normal modes of the individual metallic bars
can be also excited. The displacements associated with these modes, their
amplitude, and their frequencies depend both on the cross section of the
bars and on the excitation process but they do not depend on the period
of the grating. We consider the case where the length L of the grating
line greatly exceeds its cross section a, thus L/a > 1. We also assume,
for simplicity, that the metallic bars are suspended in air and are not in
contact with the substrate. In this case, when the grating line is excited by
a thermal pulse, only two modes are excited: the extensional and breathing
modes of the line [129]. The extensional modes are well studied [52, 116,
125] and consist of an expansion along the length of the line. In contrast,
the breathing modes consist in an expansion along the short side of the
line. We show a schematic representation of the two modes in Fig. 6.13.

We can get some idea of the frequency of these modes by looking at the
well-known modes of cylindrical metal bars. It is important to realise that
the model described in [129] refers to gold cylindrical nanorods in solution.
In our case, the gold lines are rectangular and attached to a substrate.
These differences may significantly change the nature and the period of the
breathing modes. The periods of the extensional and breathing modes are
given by the following formulas [129]:

Text = i , (6.6)
(2n+1)E/p
2R
T = —. .
br wvl (6 7)

Here, L is the length of the line, F is the Young’s modulus of Au, which
describes the stiffness of a solid material [130]. p is the density of the
material and R is the radius of the cylinder. 1 depends on the Poisson
ratio for Au, which is the ratio between the axial and the lateral strain at
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the same point in the material [130]. v; is the longitudinal speed of sound
in the metal. Now, knowing that the length of our grating lines is L ~ 2

R
-«—>
> <>
Extensional mode Breathing mode

Figure 6.13: Schematic representation of the extensional and breathing modes of
a grating line.

mm, by inserting the Au constants’ values in Eq. 6.6, we get a period of
Tert = 3.21s. This period is too long to be detected on the time scale of
our experiments (= 1 ns).

As for the ”breathing” mode, considering a linewidth of [ = DC x D =
312.4 nm, where DC' is the duty cycle of the grating expressed as a ratio
and D is the period of the grating, we can calculate a period T}, =~ 143.3
ps by using Eq. 6.7. The calculated value is in good agreement with the
oscillation frequency at 6.9 GHz present in all our measurements, which
corresponds to a period of T' = 148 ps. However, this agreement might be
fortuitous due to the obvious differences between cylinders and rectangular
bars.

Nonetheless, some support for the interpretation of the oscillation as a
quasi-normal mode is given in [125], where they show that for Au bars on
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top of a fused quartz substrate, the normal mode for a 40 nm amplitude,
400 nm period grating should oscillate with a frequency of 7.8 GHz. In
our case, if we extrapolate from their data to a grating amplitude of 47
nm, we find an normal mode frequency of 7.1 GHz. This is close to the
measured frequency (6.9 GHz) of our normal mode. However, in our case
the substrate is the same material as the grating lines and so again, care
should be taken not to over-interpret the agreement.

Longitudinal waves

As we already explained in Chapter 5, Au has a relatively small electron-
phonon coupling constant [59, 94]. In Au, the electron gas energy rapidly
diffuses deeper into the metal before the electron gas has had the time
to significantly cool through heating of the lattice. In fact, when a sin-
gle thin layer (less than 200 nm) of Au is illuminated by an ultrashort
pulse, the whole layer is rapidly and more or less homogeneously heated
up. Rapid heating of the lattice leads to an oscillatory expansion and
contraction of the layer in a direction perpendicular to the surface. Such
an expansion/contraction of the lattice can be seen as a standing acoustic
wave formed by the addition of two counter propagating acoustic waves,
each having a wavelength corresponding to twice the thickness of the layer.
Thus, the frequency of these longitudinal oscillations is related to the thick-
ness of the Au layer d. We can calculate the period of these oscillations
as the ratio between the distance travelled by the acoustic wave and the
longitudinal speed of sound in Au, v;:

2
- =

T; (6.8)
For Au, v;=3.24 km/s. We can now calculate the oscillation frequency
corresponding to the longitudinal echoes for each of the samples discussed
in this work. For the 100 nm thick Au layer, we have an oscillation period of
T; ~ 61.7 ps, corresponding to an oscillation frequency of 16.2 GHz. These
oscillations are not observed in the FFT analysis, as shown in Fig. 6.8(b).
We think that this is because the amplitude of this oscillation is too small
when compared to the amplitude of the surface wave. In fact, by carefully
looking at the curves away from the plasmonic resonance in 6.8(a), such as
630 (cyano curve), 640 (green curve) and 660 (brown curve) nm, the hint
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of an oscillation with a period of about 60 ps period is visible in the first
100 ps.

For the 136 nm thick Au layer, we expect an oscillation with a period of
T; ~ 82.4 ps, corresponding to an oscillation frequency of 12.1 GHz. This
oscillation is present in the FFT analysis, as shown in Fig. 6.10(b).

The same applies for the 177 nm thick Au layer, where an oscillation
with a period of T; ~ 107.3 ps is expected. This period corresponds to an
oscillation frequency of 9.3 GHz, which we can clearly see in Fig. 6.12(b)
for all the wavelengths.

Other acoustic modes

By looking at the FFT analysis of the measured signals, it is clear that
those signals are composed of more than three oscillations. In fact, aside
from the three main peaks described before, a small, low frequency peak
is present at ~ 1.5 GHz, for all the samples (see Fig.s 6.7(b), 6.9(b) and
6.11(b)). At this time of writing, we have not yet been able to determine
if this is a real oscillation or perhaps a numerical artefact. Moreover, this
oscillation seems to display a small frequency shift as a function of the
wavelength, which we can currently not explain.

Finally, several small peaks are present in the FFT analysis as well.
Their origin is currently not understood but they may be related to more
complicated acoustic (eigen) modes of the system.

6.5.2 Shift in plasmonic resonance due to change in density

From Eq. 6.2, we can rewrite the condition to excite a SPP at the metal/air
interface which propagates in the opposite direction to the horizontal com-
ponent of the wave vector of the incident light as,

B . €1
A=D <sm0 + Py 1> , (6.9)

where D is the period of the grating, 6 is the angle of incidence, €; is the
dielectric constant of the metal, e = 1 is the dielectric constant of the air.
From the Drude model [69], the real part of the dielectric function, €1 (w),
of the free electron gas in a noble metal can be expressed as:

w2

— p
€1 (CU) = €0 — m (610)
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Table 6.1: Au Optical Constants.

Constant Description Unit Value
€co Contribution to € by bound electrons - 9.84[132]
€0 Vacuum permittivity Fm~! 8.85x 10712
y Electron collision frequency eV 0.072132]
n Electron density m~3 5 x10%8
e Electron charge C 1.60 x 10719
m Effective mass kg 9.11x1073!

Here €4 is the contribution to the dielectric constant that contains the
contribution of the bound electrons [69, 70, 131, 132]. + is the electron col-
lision frequency. It can be written as v = 1/7, where 7 is the time between
collisions of the free electron gas. w, is the so-called plasma frequency of
the free electrons and is given by

ne?
wp = o’ (6.11)
where n is the electron gas density, e is the electron charge, m is the effective
electron mass, €y is the vacuum permittivity.

When an acoustic wave travels through a material, a change in the
density of the material is observed. The density change results in a change
in the electron density which leads to a change of the dielectric function of
the material and a shift of the plasmon resonance wavelength.

We can use the Drude-model to estimate e€; as a function of electron
density n by using 6.10. In fact, using the numerical model described in
[92], it is possible to calculate the total expansion of the Au layer when,
for example, a longitudinal acoustic wave passes through it. Under these
conditions, we can calculate the new electron density n’ as n’ = nﬁdAd.
For a Au layer of thickness d = 177 nm a maximum expansion/contraction
of the layer Ad = 4+ 250 pm is expected.

We can now calculate €; and the changed permittivity €] by using the
values for the Au optical constants shown in Tab. 6.1. Then, from Eq.
6.9, the maximum shift in the plasmonic resonance wavelength due to the
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acoustic wave can be calculated. We find,

AXpaz = A(n') — A(n) = 0.051 nm (Contraction),

AXpaz = AM(n') — A(n) = —0.051 nm (Expansion).

In order to achieve the measured reflection change of AR = 0.5 %, we
calculate that a shift in the plasmonic resonance wavelength of approxi-
mately 0.059 nm in both directions is needed. This value is in good agree-
ment with the one we derive from Eq. 6.9. This makes it plausible that the
reflection changes we observe can be attributed to acoustic-wave-induced
electron-density changes that lead to a shift of the SPP resonance.

6.5.3 SAW signal enhancement under plasmonic resonance
conditions

As we can see in Figs. 6.8(b), 6.10(b) and 6.12(b), the amplitude of the
SAW peak is biggest at 650 nm, thus, when the probe is resonant with the
plasmonic resonance. To better visualise this behaviour, we analyse one of
the three samples where the three oscillations are clearly present, namely
the 177 nm thick Au grating. In Fig. 6.14 we plot the amplitude of the
FFT peaks as a function of the probe wavelength for the three frequencies.
The figure clearly shows how the amplitude of the optical response to the
SAW is enhanced under SPP resonance conditions. The optical response
to the other two modes, the LW and the NM, is instead suppressed at the
plasmonic resonance wavelength. In fact, at this wavelength the signals
change sign which means that, at the resonance, the magnitude becomes
very small. On the other hand, the LW and the NM show an enhance-
ment on the wings of the plasmonic curve. A similar behaviour has been
observed in the past. In [108], Chen et al. performed an angle-dependent
study around the plasmon resonance angle on a thin Bismuth layer in the
Kretschmann geometry. They also found that the longitudinal acoustic
echoes are strongest in the wings of the plasmon resonance.
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Figure 6.14: Amplitude of the main FFT peaks (2.8, 6.9 and 9.3 GHz) as a function
of the probe wavelength for the 177 nm thick Au grating.

6.5.4 Phase shift

In Fig. 6.15 we plot the phase of the SAW, the NM and the LW signals mea-
sured for the 177 nm thick grating as a function of the probe wavelength.

We observe a phase difference of approximately 7 for both the LW and
the NM on opposite sides of the longitudinal plasmon band. This agrees
with the assumption that the signal arises from a time-dependent, oscilla-
tory shift in the position of the plasmon band [129]. As we have shown
in Section 6.5.2, the electron density changes due to the acoustic waves in
the metal grating. This change in electron density results in a change of
the plasma frequency and, thus, of the dielectric function and, ultimately,
a reflection change that is positive or negative depending on whether the
probe wavelength is above or below the SPP resonance. For the SAW, the
phase of the measured photoacoustic signals shows a more complicated be-
haviour as a function of the probe wavelength. This behaviour is currently
not understood.
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Figure 6.15: Phase of the SAW, the NM and the LW generated onto and into the
177 nm thick grating as a function of the probe wavelength.

6.6 Summary

We have shown how a SPP resonance can be used to enhance the strength
of photoacoustic signals. In our experiments, a SAW, NM and LW were ex-
cited simultaneously in a plasmonic Au grating. As a consequence, density
variations caused by the acoustic waves lead to an electron density change
which can shift the SPP resonance of the grating. We see that the ampli-
tude of the optical response to the SAW reaches a maximum at the SSP
resonance wavelength. At this wavelength the optical response to the NM
and LW shows a minimum instead but its amplitude is higher at the wings
of the plasmonic curve, where the reflection changes the most. Although
the results are interesting, it is clear that more work must be done on the
interpretation of the data. For example, the current interpretation of the
measured shift of the plasmonic resonance is based on the assumption that
this is caused by changes in the electron density. However, acoustic wave-
induced changes in the dimensions of the grating (e.g., a change in grating
line width) as a mechanism for the shift of the SPP resonance cannot be
ruled out. This should be a topic for further studies. Nevertheless, we
were able to detect photoacoustic signals via reflection changes on the or-
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der of 1072. In addition, our technique may be used to suppress one of the
other modes by choosing the right wavelength. We believe that this tech-
nique may be used to enhance the detection sensitivity in photo-acoustics

experiments.
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SUMMARY

Laser-induced ultrasound for the detection
of buried micro- and nano-structures

The biggest challenge for the semiconductor industry nowadays is to
reduce the size of the electronic components on a chip, to keep Moore’s
law going. In order to fabricate as many components as possible on a
chip, important technological steps have been made. For example, recently
manufactures decided to stack memory cells vertically on top of each other,
giving rise to the so called 3D-NAND memory. During the fabrication of
a 3D-NAND chip by means of photolithography, wafer alignment makes
it often necessary to detect micro- and nano-structures, usually gratings
buried underneath many layers. One of the techniques used for probing
these structures is to illuminate the gratings with a laser and measure the
diffracted beams. By looking at the optical phase-difference between the
+n'" and -n** (n =1, 2, 3,...) diffracted beams, it is possible to retrieve
the position of the gratings with sub-nanometer accuracy. However, when
optically opaque layers cover the grating, light cannot be used to detect the
gratings. Fortunately, layers that are opaque to light are often transparent
to sound waves.

In this thesis the use of laser-induced ultrasound is described to detect
gratings buried underneath optically opaque materials. The experimental
setups used are based on a pump-probe scheme. When an opaque material
is illuminated at the surface by a femtosecond pump pulse, an acoustic wave
is generated that can travel deeper into the material, also through layers
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that are opaque to light. When the sound wave reaches the hidden grating,
the acoustic wave is reflected back with a wavefront resembling the shape
of the hidden grating. When the ”acoustic replica” of the grating returns
to the surface, it spatially and periodically displaces the atoms or changes
the optical properties of the material near the surface. These changes can
be detected by a second, delayed probe pulse which is diffracted off the
acoustic grating. Thus, the measurement of a diffracted signal indicates
the presence of a buried grating.

The results of this work can be divided in two parts, one described in
Chapters 4 and 5 and one described in Chapter 6. In Chapter 4, laser-
induced ultrasound was used to probe micro-gratings buried underneath
metallic layers by using two different laser systems, namely a low-fluence
femtosecond laser and a high-fluence femtosecond laser. Buried gratings
with 10 nm amplitude and 6 pm period were detected by measuring diffrac-
tion from an acoustic replica with an amplitude in the picometer range. We
find an important difference between the experiments done in the two differ-
ent setups. When measuring with the low fluence laser system, we observe
that the measured diffracted signal is strongly influenced by the presence
of a coherent background optical field generated by random scattering of
the probe beam by interface roughness. Added to the weak optical field
diffracted by the acoustic replica, the background optical field "amplifies”
the originally weak signal, facilitating the detection process. This makes
the low fluence laser system a better candidate to be used for detection
of hidden structures. In Chapter 5, we analyse the limits of the technique
by reducing the size of the grating lines and, thus, the duty cycle of the
gratings. The grating line width was reduced by keeping the period and
the amplitude of the grating fixed. We find that grating lines as narrow as
75 nm can still be detected by using the low-fluence laser system. In fact,
the weak signal diffracted off a low duty cycle acoustic grating can be am-
plified by the presence of the scattered optical background field mentioned
above. Moreover, we find that the background field causes the diffracted
signal strength to show a linear dependence on the grating duty cycle rather
than the quadratic one expected from literature. In the second part of the
thesis, described in Chapter 6, plasmonic gratings were used in the de-
tection of laser-induced acoustic waves. Pump-probe measurements were
performed on a plasmonic grating, by tuning the probe wavelength around
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the SPP resonance of about 650 nm. It was shown that at least three differ-
ent acoustic waves were induced simultaneously, namely a surface acoustic
wave (SAW), a quasi-normal mode (NM) and longitudinal acoustic waves
(LWs). Moreover, an enhancement of the optical response of the grating
to acoustic waves was observed for the SAW at the plasmonic resonance.
In contrast, the optical response to the other two acoustic modes is lower
at the resonance and reaches a maximum on the slopes of the resonance.
Thus, it is clear that a plasmonic resonance may be used to enhance the
detection of laser-induced acoustic waves.

In summary, this work shows that laser-induced acoustic waves can be
used as a non-invasive, non-contact method to detect micro- and nano-
structures buried underneath optically opaque materials. We also show
that the photoacoustic signal strength, which is usually very small, can be
enhanced by either optical scattering by interface roughness, or by employ-
ing plasmonic structures.
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SAMENVATTING

Laser-geinduceerd ultrasoon geluid voor de-
tectie van verborgen micro- en nano-structuren

Momenteel is een van de grootste uitdagingen voor de halfgeleider-
industrie het verkleinen van de elektronische componenten op een computer
chip, om zo de wet van Moore in stand te houden. Om zoveel mogelijk com-
ponenten op een chip te laten passen, zijn er veel belangrijke technologische
vorderingen gemaakt. Een van de recente ontwikkelingen is bijvoorbeeld
het verticaal stapelen van geheugencellen. Dit heeft geleid tot de zogehe-
ten 3D-NAND geheugenchips. Tijdens de fabricage van een 3D-NAND chip
door middel van fotolithografie, maakt waferuitlijning het vaak noodzake-
lijk om micro- en nanostructuren te kunnen detecteren. Deze structuren
zijn meestal tralies en liggen begraven onder meerdere lagen. Fen van de
technieken om deze structuren waar te nemen, maakt gebruik van belich-
ting van het tralie met een laser, waarna de gediffracteerde bundels gemeten
worden. Door te kijken naar het optische fase-verschil tussen de 4+n-de en
-n-de gediffracteerde bundel (n = 1, 2, 3...), is het mogelijk om de positie
van het tralie te bepalen met een sub-nanometer nauwkeurigheid. Echter,
als optische niet-transparante lagen bovenop het tralie liggen, kan licht niet
gebruikt worden om het tralie te detecteren. Desalniettemin zijn lagen die
niet transparant zijn voor licht vaak wel transparant voor geluid.

In dit proefschrift wordt het gebruik van laser-geinduceerd ultrasoon
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geluid voor de detectie van optisch verborgen tralies beschreven. De ex-
perimentele geometrie die gebruikt wordt om dit voor elkaar te krijgen, is
een pomp-probe geometrie. Wanneer een niet-transparant materiaal be-
licht wordt aan het oppervlak met een femtoseconde pomp-puls, wordt er
een akoestische golf gegenereerd die diep in het materiaal kan doordringen.
Deze akoestische golf gaat bovendien door de optische niet-transparante
lagen heen. Zodra de geluidsgolf het verborgen tralie bereikt, zal de ge-
luidsgolf reflecteren met een golffront dat overeenkomt met de vorm van
het verborgen tralie. Wanneer de ”akoestische kopie” van het tralie het
oppervlak bereikt, zal het ruimtelijk periodiek het oppervlak verplaatsen
en/of de optische eigenschappen van het materiaal veranderen in de buurt
van het oppervlak. Deze veranderingen kunnen gedecteerd worden door
een tweede vertraagde probe-puls die gediffracteerd wordt aan het akoes-
tische tralie. Kortom, het meten van een gediffracteerd signaal geeft de
aanwezigheid van een verborgen tralie aan.

De resultaten van het hier gepresenteerde werk kunnen verdeeld worden
in twee delen: een deel daarvan is beschreven in hoofdstuk 4 en hoofdstuk 5,
en een deel is beschreven in hoofdstuk 6. In hoofdstuk 4 wordt er besproken
hoe laser-geinduceerd ultrasoon geluid gebruikt wordt voor het onderzoe-
ken van micro-tralies verborgen onder metaallagen door middel van twee
verschillende lasersystemen. Dit zijn een lage- en een hoge-fluentie femto-
seconde laser. Tralies met een amplitude van 10 nm en een periode van
6 pm worden gedetecteerd door het meten van diffractie aan de akoesti-
sche kopie van het tralie met een amplitude van tientallen picometers. Er
is een belangrijk verschil ontdekt tussen de metingen die gedaan zijn met
beide systemen. Wanneer er gemeten wordt met het lage-fluentie lasersys-
teem, wordt er geobserveerd dat het gemeten gediffracteerde signaal sterk
beinvloed wordt door de aanwezigheid van een coherent optisch achtergrond
veld gegenereerd door het willekeurig verstrooien van de probe bundel aan
de oppervlakteruwheid. In aanwezigheid van de aan de akoestische kopie
gediffracteerde probe bundel zal het optische achtergrondveld het originele
zwakke signaal "versterken”. Dit faciliteert de detectie hiervan. Hierdoor
is het lage-fluentie laser systeem een betere kandidaat voor de detectie van
verborgen structuren. In hoofdstuk 5 worden de limieten van deze techniek
geanalyzeerd door middel van het verlagen van de dikte van de tralielijnen.
Dit verlaagt ook de zogeheten ”duty cycle”. De tralielijnen zijn dunner ge-
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maakt terwijl de periode en de amplitude van de tralie gelijk zijn gebleven.
We vonden dat tralielijnen zo dun als 75 nm nog steeds gedetecteerd kunnen
worden met behulp van het lage-fluentie systeem. Het zwakke signaal, ge-
diffracteerd aan het lage duty cycle akoestische tralie wordt versterkt door
de aanwezigheid van een verstrooid optisch achtergrondveld, zoals hierbo-
ven uitgelegd. Bovendien is er gemeten dat het achtergrondveld ervoor
zorgt dat de gediffracteerde signaalsterkte een lineair verband laat zien
met de tralie duty cycle, in tegenstelling tot het kwadratische verband dat
voorspeld wordt in de literatuur. In het tweede deel van het proefschrift,
zoals beschreven in hoofdstuk 6, zijn er plasmonische tralies gebruikt voor
de detectie van laser-geinduceerde akoestische golven. Er zijn pomp-probe
metingen gedaan aan een plasmonisch tralie, door de probe golflengte te
variéren rondom de SPP resonantie bij een golflengte van ongeveer 650 nm.
Hier laten we zien dat we tenminste drie akoestische golven tegelijk lan-
ceren, namelijk een akoestische oppervlakte golf (Surface Acoustic Wave,
SAW), een quasi-normale modus golf (Quasi-Normal mode, NM) een een
longitudinale akoestische golf (Longitudinal wave, LW). Verder is een ver-
sterking van de optische respons van het tralie als gevolg van de akoestische
golf gemeten voor de SAW op de plasmonische resonantie. De optische res-
pons voor de andere twee akoestische golven is verzwakt op resonantie en
bereikt een maximum op de flanken van de resonantie. Het is duidelijk dat
een plasmonische resonantie gebruikt kan worden voor het versterken van
de detectie van laser-geinduceerde akoestische golven.
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