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INTRODUCTION

WHEN PICKING up an old science fiction book, readers may encounter scenes of
people conversing with computers, refrigerators ordering groceries independently,
or cars driving themselves. Today, such ideas are no longer fictional. Tools like
ChatGPT and other large language models (LLMk) enable natural language inter-
actions, the internet-of-things ([oT]) connects everyday objects to the internet and
self-driving cars, though not yet ubiquitous, are actively being tested.

These advancements, while seemingly unrelated, share a common foundation:
computer chips, also known as integrated circuit (IC)). Invented in the 1960s in what
is now known as Silicon Valley, rely on the physics of semiconductors such as
silicon, hence the valley’s name. Despite decades of evolution, the fundamental
principles governing transistors have not changed.

One consistent driver of [[(J development has been scaling. By reducing the
size of transistors within computer chips, several advantages are achieved: lower
power consumption, increased computational capabilities and a reduced cost per
transistor. This has dramatically lowered the cost of computing power and two
extremes of this have enabled two of the examples mentioned above.

At one extreme, there are miniscule, low-power chips, with just enough capabili-
ties to enable the[[dT] In addition, these chips are cheap to manufacture, allowing
many objects to be connected to the internet.

Opposed to that are the massive chips required to train [[LLMb. One example
is the NVIDIA Blackwell B100, which contains 104 x 10° transistors on a single
(monolithic) [T [1]], measuring an area of over 800 mm?. These will also cost several
tens of thousands of dollars [2]] and will consume up to 700 W [J3[]. The newest data
centres will consist of many hundreds of these chips, as the [LLMb need ever more
parameters to increase their ‘intelligence’.

The manufacturing process of chips has been refined over the years, but has
not fundamentally changed. They are made in a layer-by-layer process revolving
around (photo)-lithography, shown schematically in[Figure 1.1} This begins with
the deposition of a thin film on a wafer, a circular slab of monocrystalline silicon,
followed by a coating of photoresist. This layer chemically changes where it is
exposed to specific wavelengths of light. The design for this layer is projected onto
it, which is known as the lithographic exposure step. Either the exposed or the
unexposed areas are removed, transforming the resist layer into a mask on the
underlying thin film. Then, the exposed parts of the thin film can be removed by
etching, or ions can be implanted into them, for example. Finally, the remaining
resist is removed and the wafer is ready for the next cycle.

The minimum feature size on a chip, also known as the critical dimension (CDI),
is determined by the smallest feature that can be projected in the lithography tool,
which is given by [5]:
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Figure 1.1: The photolithography process which is repeated for all layers in the semiconductor
device, from [4].

where A is the wavelength of the light used, [NAlis the numerical aperture, and k;
is a parameter containing many factors related to the lithographic process. This
equation is a modified version of the well-known Rayleigh’s Criterion [|6]].

The newest generation of lithography tools, known as extreme ultraviolet lithog-
raphy (EUVL), uses a wavelength of 13.5 nm, compared to the previous generation’s
193 nm, to further decrease the The decrease in wavelength is, unfortunately,
accompanied by an increase in k; and a decrease in[NA] The ultimate reduction in
[CDIwas therefore significantly less than the decrease in wavelength would suggest.
The decrease in NA is mainly caused by the use of mirrors instead of lenses to
focus and guide the light. Lenses cannot be used for light with this wavelength,
as all materials absorb this light. Instead, special mirrors are used and, although
manufactured to reflect as much of 13.5 nm light as possible, they still absorb about
30 % of the incident light.

Imec’s roadmap [7]] projects a decrease in[CDlfrom approximately 22 nm today
to about 18 in 2029. After this, there is only a small reduction in the[CD|expected, to
about 10 nm to 14 nm in 2039, due to the complexity of high-volume manufacturing
and because quantum effects are expected to start having an effect. However, the
density of transistors on chips is expected to continue to increase in spite of this.
This is made possibly by changing the basic design of transistors and by using
different materials, such as 2D materials, which allow some features to be closer
to each other. For example, the area each transistor occupies can be decreased by
stacking the components of the transistor vertically. Although this requires more
production steps, the density of transistors can be increased this way, without
reducing the

Another important aspect in the lithography process, although not depicted in
is metrology. In metrology, (parts of) the[[Ch or the wafer, on which the
[[Ck are produced, are measured. For example, the thickness of layers deposited
on the wafer is measured, or the width of the lines produced via the lithographic
process. Another type of metrology is alignment metrology. Here, the position of
the wafer substrate is measured with sub-nanometre accuracy to ensure that the
features produced in every new layer are vertically aligned with the previous layers.
The position is measured using several so-called alignment markers, which are
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phase gratings etched into the wafer substrate during the production of the first
product layer.

exp(-ip(Ax))  exp(+ip(Ax))

Silicon oxide/
nitride layer
pairs

Silicon wafer — . 200 nm

5-15 ym Ax

Figure 1.2: Example of a phase grating used for alignment metrology, the grating is buried
underneath several (transparent) layers.

A sketch of such a marker is shown in[Figure 1.2 The grating period is typically
several micrometers, and, on top of the marker, several product layers are shown.
The layers are never patterned above the marker, as the marker is placed outside
the die, the area where the[[{is fabricated, in what is called the scribe lane.

The position of the grating is measured using the diffraction orders, of which
the plus and minus first order are shown in[Figure 1.2] As the grating moves by
distance Ax, in the direction perpendicular to the grating lines, as shown in the
figure, the phase of the negative and positive order diffracted fields changes. This
phase shift is exactly opposite for the negative and positive diffraction of the same
order. In the latest lithography tools [4], the relative position of the grating is found
by the interference of the negative and positive diffracted fields of the same order.
To find the absolute position, the Nonius principle can, for example, be used.

In the manufacturing process of computer memory, the manufacturers have
already made the switch to a higher-density architecture. Previously, the NAND
memory transistors would be fabricated in a matrix on a single layer. Nowadays,
the matrix is produced vertically and many of them are stacked next to each other,
as is shown in[Figure 1.3 The new architecture is therefore called 3D NAND. Today,
the total number of layers is about 300 [|8]], but is expected to exceed 1000 in a few
years [9,[10].

The production of 3D NAND is, not surprisingly, more difficult than its 2D prede-
cessor. A critical part in this process is the etching of the vertical channels through
the silicon oxide/nitride layers, which is shown schematically in To
protect the layers, a so-called hard mask is deposited on top of them. This mask is
etched very slowly compared to the oxide/nitride layers and is removed where the
channels will be etched. This happens via patterning of a resist layer on top of the
hard mask, shown in step 1 of the figure. Then, the hard mask is removed where
the resist is cleared. In the third step, the silicon oxide/nitride layers are etched
only where the hard mask is removed.

Since the channels need to connect to a wire at the bottom, shown in red in the
silicon wafer in[Figure 1.4} the positioning of the holes in the hard mask needs to
be accurate. However, the hard mask is typically opaque, and prevents light from
diffracting from the alignment markers. This prohibits accurately determining the
position of the alignment markers. In contrast, acoustic waves, or strain waves, are
not necessarily hindered and can, in fact, travel through opaque materials. This

3
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Figure 1.3: Transition of NAND memory from a planar architecture to 3D NAND, from .

insight lead to the idea to use light-induced ultrasound to detect the alignment
markers buried underneath opaque layers [[13)[14].

Photoresist — s s

Silicon oxide/
nitride layer

pairs
Silicon wafer — [ NN
1. Patterning of 2. Etching of 3. Etching through
photoresist hard mask layer pairs

Figure 1.4: Etching of channels in 3D NAND, first the photoresist is patterned, such that a
hole can be etched in the hard mask. In the last step, the silicon oxide and nitride
layers are etched where the hard mask is removed.

The process is shown in[Figure 1.5/and works as follows: First, a femtosecond
pulse illuminates the opaque layer and is (partially) absorbed. The absorbed energy
heats the opaque layer near the surface, where it starts to expand and generates a
strain wave travelling down into the layer stack (panel 1). The strain wave prop-
agates through the layer stack, towards the bottom (panel 2). At the bottom, the
strain wave reflects at different times from the grating lines and spaces etched into
the silicon wafer substrate (panel 3). In reflecting, the strain wave copies the peri-
odic shape of the marker in its wavefront and the reflected strain wave propagates
upward, to the surface. Here, it deforms the surface and, simultaneously, modifies
the optical properties. At this moment, a second pulse, known as the probe pulse,
can diffract from these modifications, as they have the same spatial periodicity as
the alignment marker (panel 4). Ideally, the position of the buried grating can thus
be determined from the diffraction of the probe pulse.

As shown in [[15,[16], this actually works! Unfortunately, the diffraction efficiency
from the strain-wave-induced grating is very low. If the diffraction is used to deter-
mine the position of the buried grating, it would result in a very rough estimate of
the position only, while a very accurate one is required. A better estimate can be
made by repeating the procedure and averaging the results. However, this takes
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Figure 1.5: The four steps of photoacoustic detection of buried alignment markers: 1. Genera-
tion, 2. Propagation, 3. Reflection, 4. Detection.

more time, much more time than is available for the alignment procedure. So, for
the photoacoustic detection of buried gratings to be viable, the diffraction efficiency
of the probe pulse should be increased.

There are, in principle, several methods to increase the diffraction. First, increas-
ing the strain wave amplitude could be considered. The diffraction efficiency scales
quadratically with the changes in reflectance, which, in turn, depends (typically)
linearly on the strain-wave amplitude. Thus, a higher strain wave amplitude can
significantly improve the diffraction efficiency. However, strain waves are generated
through a thermal process—specifically, the thermal expansion of the opaque layer
near the surface. Since the pump fluence (energy per unit area) is usually set to be
just below the damage threshold, further improvements are limited. Second, the
amplitude and shape of the strain wave, its propagation, and its reflection are also
determined by the material properties, as is explained in[Chapter 2] Unfortunately,
these are fixed as the materials used in the production of semiconductor devices
cannot be changed solely to enhance photoacoustic characteristics. Consequently,
the detection remains as the primary area where significant improvements can be
made.

This is, at the same time, a relatively unexplored area of research, as ultrafast
photoacoustics has few applications outside science. One of the few parameters that
can be changed, is the probe wavelength, making it worth investigating. Another
direction that may improve the diffraction is changing the shape of the alignment
grating, for example, by segmenting the grating lines into smaller lines and spaces.
As was found in earlier work conducted at[ARCNT]s Light-Matter Interaction group,
probing with wavelengths around surface plasmon polariton resonances (SPRk)
increases the strain-wave-induced changes in reflectance [[17]].

In[Chapter 3| we investigate the changes in reflectance and in diffraction, as func-
tion of probe wavelength, of a so-called segmented grating. This grating combines
a long-period alignment grating with a short-period grating, on which surface
plasmon polaritons (EPPk) can be excited. A sketch of such a grating is shown in
As the resonances of this grating, when covered by a 172nm layer of
gold are fairly narrow, we use an ultrafast probe pulse, tunable in the range 600 nm
to 700 nm, in combination with a monochromator consisting of a grating, lens, and
slit to detect wavelength-dependent changes in reflectance and diffraction. We find
that, in reflection, the changes induced by the longitudinal waves are about a factor
of thirty larger when probing with a wavelength close to an[SPRlcompared to a

5
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wavelength further away from the[SPRl In diffraction, we find that the strain-wave-
induced changes are up to a factor three larger than the changes in reflectance, for
the same probe wavelength.

An interesting side note is that this segmented grating can be used to excite
three[GPRb. This is a result from the (amplitude) modulation of the short-period
grating by the long-period grating. The modulation leads to sidebands in the spatial
frequency domain. It is possible to also excite GPPk on these sidebands, located
at the sum and difference spatial frequencies. As a result, the segmented grating
exhibits three[SPRE, at different wavelengths for a single angle of incidence.

430 nm
«—
Au
6.02 ym SiO,
a LLLLL .
—Hiitt s
. T
a front view b cross-section

Figure 1.6: a. Front view of the segmented grating as used in b. Cross-sectional
view of the segmented grating. Adapted from and .

However, the single-wavelength detection used in is rather time-
consuming. Hence, we built a spectrometer to simultaneously measure the (strain-
wave-induced) changes in reflectance over a broad range of wavelengths. A white
light continuum (WLJ) pulse is used to probe the sample over this range. The
details of this spectrometer, as well as the other parts of the experimental setup,
are described in

We use the new spectrometer in[Chapter 5, where we investigate the gold-covered
segmented grating, again. In addition to the three SPRb, we investigate also the
interband transition (IBTJ) of gold, at a photon energy of 2.4 eV, corresponding
to a wavelength of 520nm, by probing with wavelengths between 470 nm and
760 nm. We compare the strain-wave-induced changes measured at the to
those measured around the[[BTl Surprisingly, the strain-wave-induced changes are
comparable in amplitude near the [BTlto those near the[SPR] but their temporal
shape is different. From these measurements, one of our conclusions is that currently
the best way to determine the strain-wave-induced changes is to measure them, as
the static reflectance spectrum, for example, is not a good predictor of the strain-
wave-induced changes in reflectance.

In the last chapter, [Chapter 6] we investigate the ultrafast changes in reflectance
of a 30 nm ruthenium film. Ruthenium is gaining importance in the semiconductor
manufacturing industry. It may replace copper in the future, as the material for
thin interconnects [[19]], which are small connecting wires in a chip. In this chapter,
we combine two measurements to compare the strain-wave-induced changes in
reflectance over a range of 470 nm to 1000 nm. We find that the maximum strain-
wave frequency that can be optically detected is inversely proportional to the
penetration depth of the probe wavelength.
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ABSTRACT

This chapter provides the theoretical background for this thesis. In the
first section, we describe generation of strain waves in metal layers. First,
the absorption of an ultrashort laser pulse is described and examples of
the absorption in ruthenium layers for different wavelengths and differ-
ent layer thicknesses are shown. Second, the diffusion of energy in and
the heating of metals on an ultrafast timescale, following illumination
by an ultrashort pulse, is described using the two-temperature model.
Also, the model is used to calculate the heating in layers of ruthenium
and gold. Third, the heating of the layers causes the layers to expand
and generate strain waves, following the elastic wave equation. Using
the previously calculated temperature increases, the generation of strain
waves is calculated using a forward difference model. Again, the two
examples of ruthenium and gold are shown. Additionally, surface plas-
mon polaritons are introduced, essential to|Chapter 4 and [Chapter 5
Lastly, the generation of a white light continuum is described, used
extensively in the last two chapters of this thesis.




THEORETICAL BACKGROUND

2.1 GENERATION OF ULTRAFAST STRAIN WAVES

ULTRAFAST LASER-INDUCED STRAIN WAVES are generated by rapid heating of the
metal after illumination by an ultrashort laser pulse. To understand how and where
strain waves are generated, we investigate where in the layer the laser pulse is
absorbed, how the absorbed energy diffuses in the layer and how this influences
the heating of the layer. The heating of the layer ultimately determines how the
strain waves are generated, as explained in the end of this section.

2.1.1 Absorption in Thin Metal Layers

We start by investigating the absorption of light in multilayer systems. We only
consider linear absorption and ultimately the absorption profile as a function of
depth is of interest, which can play an important role in the generation of strain
waves.

Let us consider an electromagnetic plane wave perpendicularly incident, from
the air side, on a thin metal layer on a (transparent) substrate:

E(z,t) = Eqexp [i(koz — wt)] + c.c., (2.1)

where Ej) is the amplitude of the incident field, w is the angular frequency of the
electromagnetic field, ky = 271/A is the wave number, where A is the wavelength in
vacuum, c.c. stands for complex conjugate, which we need to add to get a real electric
field. In what follows, we drop it from notation for simplicity. Such a three-layer

system is shown in

z=0 z=d
air, n, | metal, n; substrate, 1,
rE, bE,
£ 2k, £,
5,
vy z

Figure 2.1: Schematic illustration of the three-layer system, the horizontal black arrows indi-
cate the incident, transmitted and reflected fields in the system.

At the air/metal interface, part of the wave is reflected and part is transmitted. In
general, the reflection and transmission coefficients, for the electric field, depend
on the angle of incidence, the polarization of light, and the optical properties of
both media. These coefficients can be calculated via the Fresnel equations [[20]:

nq cos ¥; + n, cos ¥ 2ny cos ¥;

o= — P2 Landt, = ! - , (2.2)
nq cos ¥; + n, cos & ®  nqycost; + n,cos vy
nq cos &; + n, cos v; 2nq cos ¥;

r, = , p = , (2.3)
11 cos ¥; + n, cos U; 1y cos ¢y + 1, cos B;

where £, , and 7, are the transmission and reflection coefficients for s- and p-
polarized light, respectively, 1, , are the (possibly complex) refractive indices
of media 1 and 2, respectively, 9;, are the angles of incidence and transmission,
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respectively. In the example above, we assume that the wave is perpendicularly
incident on the surface, so that the incident, reflected and transmitted angles are
zero, and the coefficients are identical for s- and p-polarized light.

We can include the reflected field in the notation of the field in air, for z < 0:

E(z,t) = Eqlexp(ikyz) + rexp(—ikyz)] exp(—iwt), for z < 0 (2.4)

where the second term describes the wave propagating in the —z direction and r is
the reflection coefficient, to which we will come back later. In the metal layer, we
can write the transmitted electric field as:

E(z,t) = Egtpexp [i(kiz — wt)], (2.5)

where ki = 7i1ky = (17 + ixq)kg is now a complex number, as the layer is absorb-
ing. This means that the amplitude of the electric field inside the layer decays
exponentially, as it propagates in the positive z direction, or:

E(Z, t) = E0t12 exp (—Klkoz) exp [i(nlkOZ — (J.)t)] . (26)

The penetration depth of the electric field, J, is defined as the distance it takes
for the field to decrease to 1/e of its original value, immediately behind the inter-
face. From [Equation 2.6} this distance can be easily calculated: 5, = 1/(x1kg) =
Ao/ (2mtx1). However, most of the time, we are more interested in the intensity of
the field, that is the square of the field. The intensity thus decays twice as fast, and
the penetration depth for the intensity is half of the penetration depth for the field:

_ Mo
P Amkg

(2.7)

For the rest of this thesis, we will only use the penetration depth of the intensity,
unless explicitly stated otherwise.

Were the metal layer infinitely thick, [Equation 2.6jwould give us the field inside
it, however, we are explicitly working with thin layers. So, after distance d, the wave
encounters another interface, this time with the substrate, with refractive index n,.
Similar to the first interface, part of the wave reflects and part is transmitted to the
substrate. So, the field inside the layer consists of a forward propagating (in the +z
direction) and a backward propagating wave.

The total field, both inside the layer and in the substrate, can be written, in general
terms, as:

E(z,t) = Eqlexp(ikgz) + rexp(—ikgz)] exp(—iwt), forz < 0 (2.8)
E(z,t) = [aexp(ikiz) + bexp(—ik,z)] exp(—iwt), for 0 < z < d, (2.9)
E(z,t) = texp [i(koz — wt)], forz > d. (2.10)

The question remains what the values of the coefficients r, a, b, and t are. For a simple
system such as this, consisting of only a few interfaces and layers, one can work
out the mathematics by hand. However, for a system which contains many layers,
some of them absorbing, and for oblique angles of incidence, this gets complicated
very quickly.

Ore efficient method to calculate the reflection and transmission of the multilayer
system, is the transfer-matrix method (TMM)) [21}[22]]. This method describes every
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layer in a multilayer system with a transfer matrix, containing information about
the phase the wave accumulates when propagating through the layer (and also the
absorption of the wave). Furthermore, it uses the relation between forward- and
backward propagating waves in neighbouring layers (say N — 1 and N), that can
be described by [22]]:

E} = TN—l,NE)zc\z,1 + ty n-1 B (2.11)

E = tnoanByy + inn-1E (212)

where Ef and E? the forward- and backward-propagating fields, respectively, where
the subscript denotes the layer number.

We use the[TMMIto calculate the absorption profile as a function of depth in the
layer, in ruthenium layers on a sapphire substrate. Using a wavelength of 400 nm, we
investigate the absorption in several (thin) layers. For a 30 nm layer of ruthenium,
we calculate the absorption profile for several wavelengths. The refractive index of
ruthenium, used in the following calculations, was retrieved from [23]].

0.125 A \ Wavelength: 400 nm 0-04 7 —— 400 nm
70.100 - — 5om | 0.03 - '3 600 nm
E 10 = 800 nm

nm !

;0.075 . : 1000 nm
s = 20nm |(0.02 - !
£0.050 — 30nm |
2z —— 50nm |0.01 - §s
< 0.025 ¢ i N

0.000 4 =— = 0.00 !

0 10 20 30 40 0 10 20 30 40
a Depth / nm b Depth / nm

Figure 2.2: a. Absorption of 400 nm light as function of depth in ruthenium, for different
layer thicknesses, for normal incidence. The vertical dashed line indicates the
penetration depth of 400 nm light in ruthenium, 6, = 6.68 nm. b. Absorption in
a 30nm ruthenium layer as a function of depth, for different wavelengths. The
penetration depths for the different layers are indicated by the vertical dashed
lines in the colour of the respective wavelength. Calculated with the Python[TMM]
package based on [22]].

In |Figure 2.2h, we plot the absorption of 400 nm light as a function of depth,
for five layer thicknesses, 5nm, 10nm, 20 nm, 30 nm, and 50 nm. The most notable
difference between the absorption in the different layers, is that the absorption just
behind the air/ruthenium interface differs significantly for the different thicknesses.
For a thickness of 5nm, the absorption is three times as strong near the surface
than for a thickness of 50 nm. Since the wavelength of the light is identical, the
reflection coefficient for this interface, r1,, is also equal for these layers. However,
the effect of the reflection from the second interface almost turns the layer into an
anti-reflection coating. This can also be seen in the reflectance for the 5nm layer,
listed in which is much lower than the reflectance of the other layers.
Since the penetration depth, shown in the vertical dashed line, is only 6.68 nm, this
effect is much less for the 10 nm thick layer, and almost negligible for the thicker
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layers. For 50 nm, the absorption almost follows the exponential decay described in

In[Figure 2.2b, we plot the absorption of a 30nm thick ruthenium layer, as a
function of depth for four different wavelengths, 400 nm, 600 nm, 800 nm, and
1000 nm. For 400nm, most of the energy is absorbed close to the surface. The
absorption profile becomes progressively more flat for the longer wavelengths.
This is due to the increasing penetration depth, which is also shown in the figure,
by the vertical dashed lines.

Table 2.1: Reflectance, transmittance, and absorbance of different ruthenium layers, for a
wavelength of 400 nm. Calculated via the[TMM]package [22]].

Layer Thickness | Reflectance | Transmittance | Absorbance
5nm 28.0 % 13.6 % 58.4 %
10nm 51.2% 4.55 % 44.3%
20nm 68.6 % 0.88 % 30.5%
30nm 72.7 % 0.20 % 27.1%
50 nm 73.2% 0.01% 26.8%

So, we have seen that the absorption profile can differ significantly when the
metal layer thickness changes, or when the wavelength of the light changes. Both
have a distinct effect on the generation and, as we shall see later, on the detection
of ultrafast strain waves.

2.1.2  Temperature Evolution in Thin Metal Layers

The absorption profile is an important factor in the formation of strain waves.
However, it does not explain why the generated strain waves in different metals
can be different, even if the absorption profile of the pump pulse is similar. For
that, we have to look at the processes in the material, during and immediately after
illumination by the pump pulse. In metals, we can describe the heating of the metal
following illumination, by the two-temperature model (ITTM)]).

The [TTM] 24} 25]] separates the metal into two coupled subsystems: the free
electron gas and the metal lattice. In the model, the absorbed energy is initially
deposited into the free electron gas, where the deposited energy density follows
the absorption profile of the metal. As a result, the electron gas heats up, which
drives the two subsystems out of the initial thermal equilibrium in two ways. First,
the electron gas temperature now depends on the position in the layer. Second,
the electron gas temperature is now, for most of the layer, higher than the lattice
temperature. The energy subsequently starts to redistribute (i) within the elec-
tron gas, via electron gas energy diffusion, (ii) to the lattice, via electron-phonon
coupling. In the second process, energy is transferred to the lattice by collisions
between electrons and lattice vibrations.
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In one dimension, this can be written in two coupled equations:

oT, 9 oT,
Co(T,) = = = [xe (T, Ty) g] ~G(T,~T) +5(@zt,  (213)
oT
Ciapr =G(T,=T)), (214)

where T, ; are the temperatures of the electron gas and lattice, respectively, where
the dependence on both z and ¢ is omitted in our notation, C,; is the heat capacity
of the electron gas and lattice, respectively, «, is the electron thermal conductivity,
G is the electron-phonon coupling constant and S(z, t) is the absorbed laser energy
density. The electron gas heat capacity is calculated by C.(T,) = A.T,, with A,
a constant, and the electron heat conductivity as k.(T,, T;) = koT,/T;. Typically,
the electron gas and lattice temperatures are calculated using a finite difference
method.

Before we show some results, it is important to realize that the [TM]is only a
model and has some limitations. First, it assumes that both electron gas and lattice
are thermalized, meaning that they can have a temperature assigned to them. This
is not always valid. Especially the electron gas cannot be described by the Fermi-
Dirac distribution immediately after illumination. Second, ballistic motion of hot
electrons is not included in the model, which can underestimate the depth to where
energy can penetrate near-instantaneously. This mostly effects s/p-band metals
[25]], such as Au, Ag or Cu.

As an example, we show the evolution of the electron gas and lattice temperatures
in ruthenium and gold layers, after illumination by a 400 nm, 60 fs[FWHM]pulse. For
ruthenium, the pulse fluence is 10 mJ cm—2, while in gold the fluence is 5m]J cm 2.
Despite the difference in incident fluence, the absorbed energy in both metals is
similar, as gold absorbs about 60 % at 400 nm, and ruthenium about 30 %. Both
layers are 100 nm thick and the substrate, in both cases, is sapphire. The layers
are thick enough that the absorption profile is almost an exponentially decaying
function, as discussed earlier. Ruthenium and gold are chosen as examples, not
only since they are investigated in the later chapters of this thesis, but also since
they could not show a more different response to the pulse. The electron-phonon
coupling constant in ruthenium is namely almost a factor of 100 larger than in
gold. The (material) parameters used in the calculation of the[TMM]are listed in

The electron gas and lattice temperatures at the surface of the ruthenium and
gold layer are shown in[Figure 2.3p and b, respectively. For the ruthenium layer, the
electron gas temperature rises rapidly as the pulse illuminates the layer. After that, it
starts to decay quickly, transferring its energy to the lattice. The lattice temperature
starts to rise, and after about 1.5 ps, the lattice and electron gas temperature are in
equilibrium at the surface, at about 800 K.

In gold, the electron gas temperature also starts to increase as the pulse illumi-
nates the surface. However, this temperature peaks at about 4000 K, much higher
than for ruthenium. After the peak, the electron gas starts to decay, but much slower
than in ruthenium. The transfer rate of energy from electron gas to the lattice in gold
is quite low, due to its much lower electron-phonon coupling constant, compared to
ruthenium. At 15 ps, the electron gas and lattice are almost in thermal equilibrium.
Lastly, the peak just after illumination, where the electron gas, for a short time,
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Table 2.2: Parameters used in [TTM] calculation, all constants are taken from , except
the refractive indices. These were interpolated at 400 nm, from and , for
ruthenium and gold, respectively.

Parameter Unit Ru Au
Pulse fluence, Fy Jm~2 100 50
Electron-phonon coupling constant, G | Wm=3K~1 | 185x 10 | 2.3 x 10'°
Electron specific heat constant, A, Jm3K-2 400 71
Lattice heat capacity, C; JmS3 K- | 295x10° | 2,51 x 10°
Electron heat conductivity, ko Wm—1K! 117 317
Refractive index at 400 nm, #i - 2.4 +4.6i 14+ 2.0i
- 100nm R 100 nm A
;4000_ nm Ru —_— T, | nm Au — T,
E T
izooo . .
QE) —
= T T T T T

0.0 0.5 1.0 1.5 2.0

a Time / ps
:i 800 7 — 05ps = 50ps — 05ps = 50ps
gl 600 ~1.0ps = 10.0ps || -1.0ps — 10.0ps
£ — 2.0ps — 2.0ps
v
£ 400 -
]
—~ I I T T T I I T T T

0 25 50 75 100 0O 25 50 75 100

c Depth / nm d Depth / nm

Figure 2.3: a. Calculated electron gas and lattice temperatures of a 100 nm ruthenium layer,
illuminated by a 400 nm, 60 fs pulse with a fluence of 10 mJ cm~2. b. Same as a. for
a 100nm gold layer, illuminated by similar pulse but with a fluence of 5mJ cm~2.
c. Lattice temperature for the ruthenium layer, as function of depth, for several
times. d. Same as c. but for the gold layer.

reaches a temperature over the 4000K, is an artefact of the [TMInot modelling the
ballistic electrons. If these are taken into account, it disappears [25].

In and d, we plot the lattice temperature as a function of depth
in the ruthenium and gold, respectively, for several times after excitation. For
ruthenium, already at 0.5 ps, the lattice temperature has increased drastically. Near
the surface, the temperature is then already above 600 K, and decreases as a function
of depth almost like an exponential decay. This reflects the absorption profile of the
400 nm pulse. At 1 ps, the temperature at the surface peaks, and for later times, the
energy starts to diffuse throughout the layer. For gold, at 0.5 ps, the temperature has
hardly increased, for any position in the layer. At 5 ps, the temperature has reached
400K, but is almost constant as a function of depth in the layer. This is due to the
low electron-phonon coupling constant in combination with a high electron heat
conductivity. Since the energy transfer rate from the electron gas to the lattice is low,
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it takes quite some time. During this time, the energy deposited into the electron
gas redistributes itself throughout the layer, such that the electron gas temperature
is almost constant as a function of depth. Then, the energy is transferred to the
lattice, which heats up more or less homogeneously as a function of depth.

The results show that, for some materials such as gold, the absorbed energy is
distributed within the electron gas rapidly, such that the lattice of the layer heats up
more or less homogeneously. For other materials, such as ruthenium, the increase
in lattice temperature follows the absorption profile of the laser pulse more closely.

2.1.3  Thermal Expansion

As soon as the lattice heats up, it expands. Since the lattice is a solid material, we
can use the elastic equations to describe its motion. When we assume that the layer
is heated uniformly in the directions perpendicular to the layer interfaces, and that
the layer is isotropic, we can write the elastic equations as [[12]]:

033 = (/\ + 2}1) B7733 - 3B/3ATI(Z, ), (215)
821/!33 8033
o = oz’ (2.16)

where 033 is the stress in the z-direction, A is the first Lamé parameter, y the
shear modulus, B the bulk modulus, 735 the strain in the z-direction, § the linear
expansion coefficient, AT)(z, t) the temperature increase of the lattice, p the density
of the material, and u33 the displacement in the z-direction. The first equation
shows that the stress on an infinitesimal small slice of the layer consists of the term
proportional to the strain of the slice, and of a term proportional to the change
in temperature. The second equation is a modification of Newton’s second law.
The right-hand part indicates the net stress, which is force per area, on this slice,
whereas the left part is its mass (in the form of density) and the acceleration of its
displacement. Lamé’s first parameter, A, the shear modulus, y, and the speed of
sound, v, can be calculated via:

.3

9B—-E

3B—E
== (2.18)

%:,A;M (2.19)

where B is the bulk modulus, E is the Young’s modulus, and p is the density.

At a free interface, the stress is zero, since the interface is free to move. At an
interface with another material, the stress and the displacement are continuous
over the interface.

Now, we shall consider the strain waves generated in the layers of ruthenium
and gold, with the lattice temperatures as shown previously in The
strain has been calculated using|Equation 2.15|and [Equation 2.16{using a forward
difference method. The increase in temperature is determined by subtracting the
initial temperature, 300K, from the lattice temperatures shown earlier. The strain is
calculated from the displacement using #33 = dusz/0z. Both the surface and the

(2.17)




2.1 GENERATION OF ULTRAFAST STRAIN WAVES

back interfaces are considered to be free to move, i.e., the stress is zero at those
interfaces. In we list the elastic properties for ruthenium and gold that
were used in the simulation.

Table 2.3: Elastic properties of ruthenium and gold, used to calculate the strain wave. Values

from [128]].
Parameter Unit Ruthenium Gold
Young’s modulus, E GPa 447 78
Bulk modulus, B GPa 220 220
Linear expansion coefficient, - 6.4x107% | 14.2x107°
Density, p kgm=3 | 1237 x10% | 19.3x 103
Speed of sound, v, from literature ms~! 5970 [129]] 3240 [30]
Speed of sound, from ms~1 6207 3377

— 05ps — 05ps
1.0 1.0ps |7 1.0 ps
= 2.0ps — 2.0ps
§ — 5.0ps — 5.0ps
£0.5 4 = 10.0 ps [+ = 10.0 ps
g
0.0 - 4 v d
T T T T T T T T T T
0 25 50 75 100 0 25 50 75 100
a Depth / nm b Depth / nm

Figure 2.4: a. Strain in a 100 nm ruthenium layer, calculated from the lattice temperatures

shown in|[Figure 2.3| b. Same for a 100 nm gold layer.

In and b, we plot the calculated strain in the ruthenium and gold
layers, respectively, as a function of depth at several times after illumination by
the 400 nm pulse. In the ruthenium layer, a single strain wave is generated at the
surface. Already at 0.5 ps, the strain at the surface is almost 0.5 %. This is the result
of the rapid heating of the lattice, at the surface, due to the strong electron-phonon
coupling, in combination with the zero stress condition there. This implies namely
that the strain is proportional to the increase in (lattice) temperature.

The shape of the strain wave is most clearly visible at 10 ps. Here, the strain
of the leading part (at a larger depth) is negative, which means that the lattice
is compressed, compared to its initial state. This is followed by expansion of the
lattice.

In the gold layer, the strain has a radically different profile. Not one, but two
strain waves are generated, from both the surface and the back interface, that is
also assumed to be free to move. Two waves are generated because the layer heats
up more or less homogeneously as a function of depth. The heating also happens
at a slower rate, compared to ruthenium, resulting in a less steep strain profile,
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although it is partially compensated by the lower speed of sound. The lower speed
of sound can also be observed by viewing the sharp bend of the strain wave, which
is, at 10 ps in gold at a depth of about 32 nm, while in ruthenium it is deeper, at
about 60 nm. These positions are exactly where they should be, taking into account
the speeds of sound listed in[Table 2.3]

In conclusion, we have seen that the absorption profile of the (pump) pulse,
but also the electron-phonon coupling and the thermal conductivity of the metal
determine, for a large part, the characteristics of the strain wave(s) that is generated.

2.2 OPTICAL DETECTION OF ULTRAFAST STRAIN WAVES

Strain affects the optical properties of materials. This is typically modelled as a
linear relation between change in the refractive index and the strain:

. .o
() =g + 8_17’7’ (2.20)

where 7 is the static refractive index, # is the strain and d7i/dy is commonly referred
to as the ‘strain-optic” coefficient. Not surprisingly, the strain-optic coefficient, just
as the refractive index itself, depends on the optical wavelength.

In opaque materials, the change in refractive index can only be detected if the
strain wave is close to the surface, when it is at a distance from the surface, that is
shorter than the penetration depth of the detection wavelength. Then, the change
in refractive index (slightly) changes the reflection of light, reflecting from that
surface.

If the strain-optic coefficient and the strain wave are known, the change in re-
flectance can be calculated via, for example, the For that, the layer, or a
volume near its surface, is divided into many thin slices. The thicknesses and re-
fractive indices of these slices are modified by the strain wave as it propagates in
this volume. The[TMM]is then used to calculate the change in reflectance. However,
strain-optic coefficients are, in general, not known. If they are known, then they
typically have been obtained only for a single wavelength, by fitting of the change
in reflectance, of a calculated strain wave, to the measured change in reflectance,
using the strain-wave coefficient as the fitting parameter. For most materials, the
coefficients as a function of wavelength are not known, unfortunately.

2.3 SURFACE PLASMON POLARITONS

Surface plasmon polaritons (GPTk) are quasiparticles where collective oscillations
of the free electron gas of a metal (plasmons) are coupled to an electromagnetic
wave, near the surface of a metal (interfacing with a dielectric). They are a solution
to the wave equation for electromagnetic waves, where the electric field decays
exponentially as a function of distance away from the interface of a metal (or
conductor) and a dielectric (typically air). A schematic illustration of an[SPDlis

shown in
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z dielectric, &4

X metal, &,

Figure 2.5: Schematic illustration of an[SPP] also the amplitude of the electric field in the
z-direction is shown, which decays exponentially as a function of the distance
away from the interface.

The field of an[SPPl propagating along the surface, such as shown in
is given by []31]:
Eix
E =| 0 |exp(ikyx —iwt)exp (ik]-,zz) ,wherej =d,m (2.21)
E.
where E; ,, indicates the electric field in the dielectric or metal, respectively, E; .
and E; ; denote the electric field amplitude in both media in the x and z-directions,
respectively, k, is the wave vector in the x-direction, w is the angular frequency of
the field, and kj,z is the wave vector in the z-direction, in both media. There is no
component in the y-direction. A full derivation can be found elsewhere [[31-33]].
The components of the wave vectors are given by:

€4€
m
il
kalz = €]k% — k_,zc = mk%, wherej = d, m, (223)

where ky = 271/Ag = w/c is the wave number in vacuum, €;,, = €; , + €; i the
(complex) dielectric function of the dielectric and metal, respectively, at the angular
frequency w. If we assume a real angular frequency w, a dielectric with €; = 0, and
that €] < |el’j|, then we can write the x-component of the wave vector in a real and
imaginary part:

€€,
K, = koy| =24 2.24
X 0 e;n T €d’ ( )
! 3 2 "
k// — k ( emed ) / €m (2 25)
et 2(e,)?

The real part is typically referred to as kgpp, and we would like to note that kspp > kg
by the assumptions we made earlier. Also, the existence of the imaginary part of
k, means that also the amplitude of the field of the[SPPldecays in the direction of
propagation. This is due to Ohmic losses of the electron oscillations [31]], which
result in heating of the metal.

2.3.1 Excitation of Surface Plasmon Polaritons

To excite GPPk, we need light with both the same optical frequency as the[SPPlwe
want to excite, and the same wave vector. The first is a consequence of the conser-
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vation of energy and the second a consequence of the conservation of momentum,
when we want to transfer energy from light to an[SPP] Furthermore, the incident
electric field should contain a component which is polarized perpendicular to the
metal surface. As we have seen, the wave number of the[SPDlis larger than the wave
number of light propagating in the air. However, we can create evanescent waves
with that wave vector, although they cannot propagate far and cannot carry energy.
If the wave vector of such an evanescent wave matches that of the then the
evanescent wave can transfer energy from the incident light to the

There are several ways to generate such an evanescent field, and thus to excite
BPDk. The first two involve creating an evanescent field using the total internal
reflection (TIR) of a prism, shown schematically in[Figure 2.6} The most common is
the Kretschmann geometry, where a thin metal layer is deposited on the interface
of a prism where the[TTRlis. This layer should be thin enough so that the evanescent
wave has not completely decayed, but actually extends beyond the layer, into the
air (or dielectric). However, the layer should also be thick enough such that the[SPD|
is not significantly affected the (refractive index of the) prism. In other words, the
field of the[SPPIshould not penetrate too far into the prism. The second method that
involves a prism, is the Otto geometry, where there is an air gap between the prism
and a flat metal layer. In this case, the evanescent wave does not have to penetrate
through the metal and the metal can be (infinitely) thick. However, the air gap has
to be in the order of several hundreds of nanometres, and should be constant.

z
ZL air > E, z metal > E,
X metal X air

prism prism

a Kretschmann b Otto

Figure 2.6: a. Kretschmann geometry, the[SPPl(red dashed arrow ) is generated at the air/metal
interface, by the[TIRlof the light in the prism. Also, the amplitude of electric field
of theperpendicular to the interface, E,, is schematically indicated. b. Otto
geometry, the[SPDlis generated at the air/metal interface, located a short distance
from the surface of the prism is generated at the air/metal interface, by the[TTRl

A third method to excite does not involve a prism, but instead relies on
the near-field diffraction of a grating. Consider an electromagnetic wave, with
ko = 21/Ay, incident on a metallic grating with period A, at angle ¢ with respect to
the surface normal, as shown in[Figure 2.7} The projection of the wave vector along
the surface is denoted as k, = kj sin ¢. Near the grating, the field is modulated by
the grating, with grating vector kg ing = 277/A. Due to this modulation, the field
near the grating also contains the sum- and difference spatial frequencies of k, and
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k

grating, OT integer multiples of kgp,qing. If any of these new spatial frequencies equal
the wave number of the[SPD} i.e., if:

kSPP = kx * mkgrating/ (226)

then[SPDb are excited on the grating.

a b k,
[
k.
</_\, kgrating
4—-—————-
kSPP

Figure 2.7: a. Illustration of coupling between light incident on the grating, with period A, and
an[SPP] b. Schematic depiction of the wave vectors of the incident light, grating
vector and the[SPD

The opposite also happens, in other words, energy from the can also be
coupled back to propagating light, which will be in the same direction as the
reflection. However, part of the energy of the is lost due to Ohmic losses, so
the reflectance is always lower than without[SPDb. This is typically how SPDk are
identified. Since only p-polarized light can excite[SPDb, the difference in reflectance
compared to s-polarized light can reveal surface plasmon polariton resonances

(EPR).

2.4 WHITE LIGHT GENERATION

In this section, the basic theory behind the generation of the white light continuum
(WLJ) is described. These broadband, but still short, pulses are used in this thesis
to probe the change in reflectance over a broad wavelength range simultaneously.
The implementation of [WLC pulses in the setup is described in[Section 3.4.1} This
section also contains the spectra of WLO pulses generated in various crystals.

White light continuum (WLJ) generation is a phenomenon where an ultrafast
laser pulse is spectrally broadened in a medium. The broadened pulse is still
coherent and its spectrum can span several octaves. The resulting spectrum also
depends on the optical properties of the medium, such as the absorption of the
medium for certain wavelengths.

There are multiple non-linear optical processes involved in the generation process.
The optical Kerr effect, a third-order non-linear process, plays an important role.
This effect describes the change in refractive index as function of intensity of incident
light, via the non-linear refractive index 75:

n(l) = ng + nyl, (2.27)

where 1) is the linear refractive index, and I is the intensity of the light. The non-
linear refractive index is related to the third-order nonlinear susceptibility by [134]:

3
T 42
4ngepce

1y ®), (2.28)

19



20

THEORETICAL BACKGROUND

where € is the vacuum permittivity, and c is the speed of light in vacuum. Here,
we have dropped the dependence of 1y and x® on the frequency of the incident
light, w. Note that n, itself also depends on the frequency. Typical values for the
1, in solids that are used for[NLC generation are in the order of 10~1¢ cm?> W~1. In
other words, we need a sulfficiently high intensity beam for the non-linear refractive
index to have an effect.

Let us consider pulses with a Gaussian spatial and temporal profile. The full-
width at half maximum (FEWHM)) in time and space are denoted as 7 and d, re-
spectively. The intensity, as a function of position, r and time, ¢, can be written
as:

2 2
I(r,t) = Iexp (—4 1n(2>;—2) exp (-4 ]n(2)%> ) (2.29)

where I denotes the peak intensity. The refractive index change depends linearly
on the intensity and will follow the same Gaussian spatial and temporal profile.
This has several effects on the properties of the pulse.

Due to the Gaussian spatial profile, the centre of the beam, where the intensity
is the highest, experiences a higher refractive index than the edges of the beam
(considering a positive 11, ). As a result, the central part accumulates more phase
than the sides, slowing the phase front in the middle, leading to self-focussing. The
phenomenon also used for mode-locking in laser oscillators.

Only at a particular laser power the beam starts to self-focus, and depends on
material parameters and the wavelength of the light. The threshold power can be
calculated using [[35]]:

3.8\2

P 2o
8rtngn,”

crit = (2.30)
where A is the wavelength of the light. When the power of a pulse exceeds this
threshold, the focussing leads to a self-focus some distance away. After that distance,
the light would collapse to a singularity. However, this does not happen as there
are many processes counteracting the self-focussing. In solids, the main processes
are group velocity dispersion and plasma defocussing. These effects get stronger
when the intensity increases as the beam self-focusses. At some point, there is a
balance between the self-focussing and defocussing effects. The beam will keep the
same radius for some distance. This is called filamentation. In solids, a filament can
be several millimetres long, with a diameter of several micrometers.

During filamentation, the Gaussian temporal shape of the pulse changes due to
the Kerr effect. This effect, called self-steepening, causes the pulse to become shorter
in time. The front and trailing part of the pulse experience a lower refractive index
(and group index) than the centre of the pulse and therefore propagate faster. As a
result, the trailing part will catch up with the centre and a steep slope forms at the
end of the pulse.

Finally, for white light generation, the intensity-dependent refractive index is
crucial as it leads to the phenomenon of self-phase modulation (SPM) Since the
intensity is also time-dependent, the pulse will experience a refractive index chang-
ing in time. The phase ¢ of an electric field, with a Gaussian temporal intensity
profile, propagating in a medium with nonlinear refractive index #,, can be written
as [36]]:

2rtL
¢ = —wpt + kz = —wyt + %(no +n,I(1)), (2.31)
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where wj is the central frequency, k the wave vector, z the propagation distance, L
the length of the nonlinear medium.

The instantaneous angular frequency is given by the time-derivative of the phase:

o 27tLny JI(H)
SO T T T o

It follows that lower frequencies are generated at the front of the pulse, while
higher frequencies are generated after the peak amplitude of the pulse. Typical
WL spectra have an asymmetric spectrum, this can be explained by the different
temporal shape due to the self-steepening effect [[37]].

(2.32)
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EXPERIMENTAL METHODS

ABSTRACT

This chapter describes the experimental techniques and equipment
used in this thesis. The general principle of ultrafast pump-probe exper-
iments, that forms the foundation of this work, is explained. The Astrella
amplified laser system, used to generate the high-energy fs pulses, and
the optical parametric amplifier, used to change the central wavelength
of the ultrashort pulses, are described. In the later experiments, we use
a home-built transient reflection spectrometer, that used a white light
continuum probe pulse to measure the (strain-wave-induced) changes
in reflectance over a broad wavelength range simultaneously. Finally,
the hardware of the spectrometer, its calibration and data processing,
and the generation of the white light continuum pulse are described.
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3.1 OPTICAL PUMP-PROBE MEASUREMENTS

THE MAJORITY OF experimental results, in this thesis, is obtained via pump-probe
measurements. This powerful technique uses two optical pulses to investigate
the ultrafast optical response of materials. The first, more intense pulse, known
as the ‘pump’ pulse, excites the sample. A second, weaker pulse, known as the
‘probe’ pulse, is delayed by a controlled amount of time and is used to measure
the sample’s response. By varying pump-probe delay, the dynamic changes in the
optical response can be measured. Depending on the experimental geometry, either
the reflection, transmission, or diffraction (or a combination of them) of the probe
pulse is measured by a detector.

One of the advantages of this technique is that the detector used does not need to
be particularly fast, as the time resolution of the experiment is primarily determined
by the probe pulse duration. Therefore, this technique is ideal for the investigation
of ultrafast phenomena.

This method implicitly assumes that the effect of every pump pulse is identical.
In that case, the experiment (using one pump and one probe pulse at a fixed delay)
can be repeated indefinitely. Typically, thousands of experiments are averaged to
increase the signal-to-noise ratio (ENRI). However, this fails when the sample has
not returned to its original state when a new pump pulse arrives. This can happen
when the pump pulse permanently alters (damages) the sample, or when the
sample has not cooled completely during the time between pump pulses. That will
lead to the accumulation of heat and ultimately to permanent damage.

illustrates a simple pump-probe measurement setup. A pulsed laser
generates a pulse train that is split into a ‘pump” and ‘probe’ by a beam splitter. One
part is frequency-doubled in a nonlinear optical crystal, and pumps the sample.
The path length of this part, and thus the arrival time of the pulses, can be adjusted
via the mechanical delay stage. The part transmitted by the beam splitter probes
the sample. In this example, the wavelengths of the pump and probe pulses are
different, hence a colour filter can easily separate the probe light from the pump
light. This is useful, for example, to suppress randomly scattered pump light from
entering the probe light detector.

Detector 08
Colour
Laser |Delay Stage filter < 06
< 0.4 -
=
< 0.2 1
’ 0.0 -
Probey/ Sample :
T T T :
0 20 40 60
} i b Delay time / ps

Figure 3.1: a. Illustration of pump-probe reflectance experiment. A colour filter prohibits any
pump light from reaching the detector. b. Time-dependent changes in reflectance
of a 30nm ruthenium layer on sapphire, measured with a 400 nm pump pulse,
and a 710 nm probe pulse.



3.2 REGENERATIVE LASER AMPLIFIER

Typically, the repetition rate of pump pulses is modulated by a mechanical chop-
per, so that the probe alternately samples an unperturbed, and a pumped sample.
Lock-in detection can then be used to further increase the measurement sensitivity.

The time-dependent response is measured by changing the delay between the
pump and probe pulse. At each delay, many probe pulses are measured and aver-
aged, enabling the measurement of minute changes in the optical properties of the
sample. Typically, the path length of either the pump pulse or the probe pulse is
changed by moving the position of two mirrors, as shown in the figure. While this
allows for very small steps in path length, resulting in small adjustments in delay
time, the mechanical movement can also lead to a changing beam position at the
sample, which is undesired.

Methods to vary the optical delay between pump and probe pulse without
mechanical parts have been developed to address these issues. One of them is
asynchronous optical sampling (ASOPS) [138]], which uses two lasers, one for the
pump pulses and another for the probe pulses, running at slightly different repe-
tition rates. As it does not require a mechanical delay line, this method does not
suffer from beam pointing issues when measuring longer delay times.

shows the result of a typical pump-probe measurement. For negative
delays, the probe pulse arrives at the sample earlier than the pump pulse. Hence,
it does not see any pump-induced change if the time between two consecutive
pump-probe pair is sufficiently long for the previous pump (and probe) energy to
dissipate. At t = 0, there is a rapid change in probe reflectance as the pump pulse is
absorbed by the free electrons of the (metallic) sample. As explained in[Section 2.1}
the absorbed energy is transferred from the electron gas to the lattice. This results
in lattice heating and expansion, and the generation of a strain wave, all giving rise
to changes in the reflectance. The lattice cools on a nanosecond timescale, resulting
in a slowly decaying thermal background. The strain-wave-induced changes in
reflectance are superimposed on those caused by thermal effects. The strain waves
can be observed as rapid changes in the reflectance at 10 ps and 20 ps.

3.2 REGENERATIVE LASER AMPLIFIER

The laser system (Astrella, Coherent) generates ultrashort, high-energy pulses
by amplifying chirped pulses [|39]] from a laser oscillator, within a regenerative
cavity. [Figure 3.2)illustrates the components in the laser system and the electronics
controlling them. The output pulses of an 80 MHz Ti:sapphire oscillator (Vitara-S,
Coherent) are first stretched in a grating stretcher. The pulses are then directed into
a Z-shaped cavity (not shown in the figure) by reflecting them off the Ti:sapphire
crystal, that will amplify the pulses later.

The pulses are incident at the Brewster angle of the crystal, but are also reflected
as they are s-polarized relative to the crystal interface (vertical in the frame of
the laser). The first Pockels cell traps a single pulse in the regenerative cavity, by
switching on before a pulse passes through it. During the first pass of the pulse,
the cell changes the polarization to circular. The pulse reflects off the cavity end
mirror and passes through the Pockels cell again, while the cell remains switched
on. This second pass changes the pulse’s polarization back to linear, but now it
is rotated by 90° compared its original polarization (i.e. horizontally polarized).
The cell is then switched off, trapping the pulse inside the cavity. The pulse, still
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incident at the Brewster angle at both interfaces of the crystal, is now transmitted
without reflection losses into the Ti:sapphire crystal.

In the meantime, the Nd:YAG laser is pumping the crystal, so that the pulse
is amplified with each pass through the crystal. The pulse makes twelve round
trips in the cavity, before the second Pockels cell is switched on. Similar to the first
Pockels cell, it rotates the pulse’s polarization by 90°. As a result, the polarizing
beam splitter directs the now vertically polarized pulse into the compressor. Here,
the pulse is compressed to its original pulse length of 35 fs, but with a significantly
higher pulse energy of 6 mJ.

The timings of the Pockels cells and the Nd:YAG laser are controlled by the
Synchronous Delay Generator (EDG). It receives an 80 MHz signal from the oscil-
lator and sends out several 1 kHz signals synchronized with this. The delays of the
1kHz outputs can be adjusted individually. The also triggers the camera and
the data acquisition by the analog-to-digital converter in the computer.

The 6 m] pulses generated by the Astrella are split into two by a beam splitter,
reflecting about 85 % and transmitting the rest. The stronger, reflected part is used
to pump a three-stage optical parametric amplifier (QPA) (see[Section 3.3)), and is
ultimately used as probe.

The weaker, transmitted part is used to pump the sample. The second harmonic
of this, with a wavelength of 400nm, is generated in a B-barium borate
crystal. Several dichroic mirrors, reflecting 400 nm and transmitting 800 nm, remove
any residual 800 nm light. A mechanical chopper, locked to a 1kHz output of the
[EDd blocks every other pulse, reducing the repetition rate to 500 Hz. A computer-
controlled mechanical delay line varies the arrival time of the pump pulses with
respect to the probe pulses, by changing the path length experienced by the former.

3.2.1 Electronics of the experiment

The most important electronic components, and the connections (in black lines)
between them, of the setup are also shown in[Figure 3.2} A 1kHz output of theEDJ
triggers the electronics, such that they can measure the probe pulse. However, the
Andor Zyla camera and the[ADC (PCI-6281, National Instruments), reading out the
photodiodes, need to be triggered at different times. The camera, when triggered,
starts its acquisition for a set duration. To measure the probe pulse, it needs to be
triggered before that pulse arrives at the sensor. In contrast, the photodiodes only
produce a non-zero voltage, for some short time, after the pulse has reached their
active areas. Hence, the[ADCneeds to be triggered later than the camera. Lastly,
from the measured spectra, it is nearly impossible to determine if the sample was
either pumped or unperturbed, so this also needs to be logged.

In the experiment, these tasks are handled by a trigger box, custom-built by the
AMOLF electronic engineering department. This is done as follows: the box is first
triggered by the[SDG] a few ps before the laser pulse is amplified in the Astrella.
Then, if the chopper is in its desired state (either on or off), the trigger box outputs
a square wave with a 10 us pulse duration. The rising edge of this pulse triggers
the Andor camera and the falling edge triggers the[ADC] The (probe) laser pulse is
emitted and should be arriving at the camera and photodiodes within this interval

as is shown in the inset in
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Figure 3.2: [llustration of the Astrella laser system and the electronics controlling the laser
and triggering the setup. The voltage-time diagram indicates the square wave that
triggers the Andor Zyla camera on the rising edge and the digitizer on the falling
edge. The laser pulse arrives at the camera and the photodiodes during the trigger
pulse width.

In the experiment, typically 2000 laser pulses are measured consecutively. The
first pulse will always measure the same state of the sample, either pumped or
unperturbed and the following pulses will be alternating between these states. This
means that all the even measured pulses will have the same state, making the data
processing easier.

3.3 THREE-STAGE OPTICAL PARAMETRIC AMPLIFIER

The optical parametric amplifier (OPA]) converts the high-energy, femtosecond
pulses with a central wavelength of 800 nm to pulses with longer wavelength, tun-
able between 1150 nm and 2600 nm with pulse energies of about 600 pJ to 1200 pJ.
Parametric amplification is a second-order nonlinear process, based on three-wave
mixing. In this process, a ‘pump’ photon is split into two lower-energy photons,
whose energies combined are equal to the energy of the pump photon. Since the
energy of a photon is proportional to its frequency, we can write this as:

w, = ws + w;, where w,; > w;, (3.1)

P

where w,, is the frequency of the pump photon, and w; and w; are the frequencies
of the ‘signal” and ‘idler” photon, respectively. In addition to conservation of energy,
momentum has to be conserved as well, leading to the following condition for the
wave-vectors of these photons:

k, =k, +k;, (3.2)
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where the amplitude of the wave-vector is defined ask,, ; ; = |kp,s,i| = Ny 5,iWp,s,i/ C-
This condition is also known as phase matching and is not trivial, as most media have
a frequency-dependent refractive index, i.e., n, # ns # n;. As a result,
is not satisfied easily and just having a second-order nonlinearity is not enough for
parametric amplification.

To achieve phase-matching, birefringent nonlinear crystals, such as g-barium
borate (BBOJ) or lithium triborate (LBO), are often used. Birefringent materials
have different refractive indices for different polarizations of light. For example,
uniaxial birefringent materials have an ‘ordinary’ refractive index (n,) for light
polarized perpendicular to the optical axis. Light polarized parallel to this optical
axis experiences a different, ‘extraordinary’ refractive index (1,).

This birefringence is exploited in optical parametric amplification by using a
combination of the two orthogonal polarizations for pump, signal, and idler. One
of these polarizations is in the plane formed by the propagation direction and the
optical axis of the crystal, the other is perpendicular to this plane. The refractive
index for a combination of the pump, signal, or idler can be controlled by adjusting
the angle of the optical axis with respect to the propagation direction. By mounting
the crystal on a (motorized) rotational mount, can be satisfied for
multiple wavelengths and the can be used to generate different signal and
idler wavelengths. In Type I phase-matching, the signal and idler are polarized
in the same direction, perpendicular to the pump polarization. For femtosecond
[OPAE, typically negative uniaxial crystals are used, where 1, < n,. The pump is
then polarized along the extraordinary axis [40]]. In Type II phase-matching, the
signal and idler are orthogonally polarized, and the pump is polarized in the same
direction as either the signal or the idler. This results in four possible combinations,
all (confusingly) named Type II [41]]: pump and signal (idler) are polarized along
the extraordinary axis, and the idler (signal) along the ordinary axis. Or the pump
and signal (idler) are polarized along the ordinary and the idler (signal) along the
extraordinary axis.
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Figure 3.3: Schematic drawing of the three-stage [OPAlsystem. HWP: half-wave plate, DP:
dispersive plate, NC: nonlinear crystal.



3.4 ULTRAFAST SPECTROMETER

The optical parametric amplifier used in the experiment is a HE-TOPAS
from Light Conversion. It consists of three[OPAlstages and schematically shown
in A fraction of the input of the input pulse generates a white light
continuum (WLJ) in sapphire, which serves as the seed for the optical parametric
amplification. Before the[WL{ generation, a half-wave plate rotates the polarization
of the light by 90°, such that it is vertical and perpendicular to the pump (and
idler) polarization. This means that the HE-TOPAS uses Type II phase-matching,
with pump and idler linearly polarized along the extraordinary axes of the crystals.
This[NLd pulse is chirped by a dispersive plate. By adjusting the arrival time of
the chirped pulse with respect to the pump pulse, a different wavelength can be
parametrically amplified in nonlinear crystal 1 (NC1). The amplification occurs in
a noncollinear geometry, the signal pulse can therefore be separated easily from
the depleted pump and idler pulses.

In NC2, the signal is further amplified by a collinearly propagating pump pulse
that is removed afterwards by a dichroic mirror. A second dispersive plate separates
the signal and the idler pulses in time.

In the power amplification stage, consisting of NC3, about 90 % of the input pulse
energy is used to collinearly amplify either the signal or idler pulse. Finally, two
dichroic mirrors separate the depleted pump and idler pulses from the signal.

The maximal signal pulse energy, at a wavelength of 1.3 um is about 1.2 mJ, and
about 650 pJ for the idler, at a wavelength of 2.08 um. At other signal wavelengths,
the conversion is less efficient.

3.4 ULTRAFAST SPECTROMETER

As discussed in[Section 2.2 the detection of strain waves in materials is strongly
dependent on the probe wavelength, in particular near surface plasmon polariton
resonances (SPRb). In previous experiments [|17},42]], the probe wavelength was
adjusted by tuning the central wavelength of the output of the and only
a single (central) wavelength was measured in an experiment. The experiment
was then repeated for a different central wavelength. Additionally, the ultrashort
pulses generated by the[OPAlhave a bandwidth of approximately 15nm to 20nm,
which limited the spectral resolution of these experiments. This limitation was too
restrictive to accurately measure the surface plasmon polariton (SPP])-enhanced
reflectance changes of the segmented grating.

As a temporary solution, a monochromator was constructed using a grating, lens,
and slit, to reduce the bandwidth of the pulses after reflecting from the sample. This
improved the spectral resolution significantly, which enabled us to measure the
BPPrenhanced reflectance changes of the segmented grating (shown in[Chapter 4)).
Despite the improvement in spectral resolution, the measurements were still time-
consuming, since the experiment had to be repeated for each wavelength. However,
multiple wavelengths can in principle be measured simultaneously by using a
detector such as a linear photodiode array or a camera. By using a[WLC pulse, this
can be extended to a very broad wavelength range.

To implement this, an experimental setup was built consisting of three key com-
ponents: the[ WL generation, the spectrograph, and the detector (camera). They
are described, in the order as they are mentioned, in the following section.
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3.4.1 White Light Continuum Generation

Generating the ideal WL pulse for use as a probe is challenging, as many param-
eters influence the generated spectrum and stability. Ideally, the generated [NL{
spectrum should be flat over the region of interest and stable over time.
provides some theoretical background behind the non-linear generation process.

Finding the right generation medium

The working range of the spectrometer is approximately 450 nm to 1000 nm, hence
a pulse with a spectrum covering this wavelength range is required. The upper
limit is determined by the sensitivity of the camera: At 1000 nm, the quantum
efficiency of the Si-based complementary metal-oxide-semiconductor (CMOS])
sensor is only about 10 % and drops to zero at longer wavelengths. The lower limit
is set by the 400 nm light used to pump the sample. As it is an intense pulse, even
scattered light can saturate the camera for those wavelengths. A long-pass filter
with a cut-on wavelength of 450 nm blocks all pump light, effectively setting the
lower boundary.

10° E
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Figure 3.4: The visible part of the spectra of mPulses generated by a 1300 nm, 70 fs
pulse in[BaF,} LiF, sapphire, and [OVFES The pulse energies are specified in the
legend.

Reference discusses some potential media in which we can generate a spec-
trum that covers this range. Among them are barium fluoride (BaF,), lithium
fluoride (LiF), sapphire (Al,O53), and UV grade fused silica (UVES). For these
media, the measured visible/near-infrared (NIR]) parts of the spectra of the[NL{
pulses generated by 1300nm pulses are shown in [Figure 34]. The spectra
are relatively flat for wavelengths longer than 600 nm, but the blue parts of the
spectra differ significantly. Based on these measurements, BaF, and sapphire were
chosen as generation media. Barium fluoride generates the most blue light, down
to 400 nm, even when pumping at 1300 nm. When measuring mostly longer wave-
lengths (between 700 nm and 1000 nm), sapphire can also be used, as it generates
exceptionally stable WL pulses.



3.4 ULTRAFAST SPECTROMETER

Stability of the WLC

The spectra shown in are, unfortunately, only snapshots. Over time,
the spectrum typically degrades as damage accumulates in the medium. The rate
and extent of the degradation vary per material. For example, the[WLC|spectrum
generated in LiF degrades particularly quickly, as illustrated in [Figure 3.5 This
figure shows the spectrum of WL pulses generated in LiF crystal, recorded every
minute for 14 minutes.

To reduce these effects, we mount the crystal on a motorized stage that moves the
crystal in both x- and y-directions, at different speeds, creating Lissajous figures, as
recommended by [44]]. These figures maximize the coverage of the crystal by the
pump pulses, such that all positions get as little exposure as possible.
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Figure 3.5: The visible [NIR] part of the spectrum of the[NLCl generated by a 2 uJ, 1300 nm
pulse in a 3 mm thick LiF crystal measured over 14 minutes with 1 minute intervals.
Note that the LiF crystal is not moved during this measurement.

3.4.2  Spectrometer

A spectrometer consists of two main components: the spectrograph and the detector.
The spectrograph separates the wavelengths using a dispersive element, such as a
prism or grating and focuses them onto a detector using a lens system. Typically, the
detector consists of several smaller detectors in a line, such as a linear photodiode
array or a 2D camera sensor.

Detector

The setup and its intended uses requires that the detector has the following prop-
erties. First, and foremost, the detector needs to be able to record spectra at 1kHz,
the same rate as the probe pulses. Second, the pixel must be at least 12 bit
to be able to measure changes as small as 1073, the typical strain-wave-induced
reflectance change. Third, the detector must have the ability to record two spectra
simultaneously. This allows for referencing, reducing measurement noise.

Given these requirements, the Andor Zyla 4.2 PLUS from Oxford Instruments was
considered the most suitable choice. The Zyla 4.2 is a scientific[CMOS| camera with
2048 x 2048 pixels with 16 bit resolution. The well depth of each pixel is 3.5 x 10*
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electrons. The quantum efficiency (QF) as function of wavelength is shown in

and peaks at 560 nm with a[QE]|of 82.2 %. The[QE|is larger than 60 % for
wavelengths between 450 nm to 760 nm, making it ideal to use for visible light.
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Figure 3.6: Quantum efficiency of Andor Zyla 4.2 PLUS, adapted from [45].

The camera has features specifically convenient for use as a spectrometer. For
example, it has a multitrack mode, where multiple areas can be read out simulta-
neously. These tracks can be separated by several rows of pixels and the vertical
pixels within each area can be summed on camera.

Spectrograph

In our setup, the spectrograph consists of a blazed reflection grating and two
cylindrical lenses. The grating disperses the wavelengths, which are focused onto
the camera sensor by the two lenses. The reflection grating (GR25-0305) has 300
lines per mm, a blaze wavelength of 500 nm and a blaze angle of 4°18'. The first
cylindrical lens (f = 150 mm) focuses every wavelength onto a column of pixels in
the plane of the sensor. This lens partly determines the spectral resolution of the
camera. The second lens (f = 75 mm) is rotated by 90° with respect to the first, and
focusses the spectrum onto a number of rows on the camera. By using a second
lens for this, it is possible to change the focus such that the spectrum covers more
pixels in the vertical direction, without sacrificing spectral resolution, since the
focussing of different wavelengths onto different pixel columns is determined by
the first lens. At the sensor, the change in wavelength, A, as a function of position
on the sensor, x, can be approximated by [46]:

dA d 1
dx ~ nf = 300x 103150 x 103

=22x1075, (3.3)

where d is the period of the grating, which is the inverse of the number of lines
per mm. Furthermore, # is the diffraction order, which is 1, and f the focal distance
of the lens. This means that for a 13.3 mm wide sensor, we could measure over a
range of about 2.2 x 1072 - 13.3 x 103 m = 295.5nm.

Two spectra, the sample reflection (’signal”) and a reference, are measured si-
multaneously. They are focused onto vertically separated areas on the camera, as
shown schematically in[Figure 3.7]A. The camera reads out both areas at the same
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Figure 3.7: Illustration of the camera sensor showing two active areas (red dashed areas), a
spectrum is projected onto each area. The bottom and top halves of the sensor are
read out simultaneously, starting at the centre row.

time, with the rows within each area being summed. For each summed pixel value,
the total count is transmitted as a 32 bit integer to the computer. As a result, for
each probe pulse, the camera sends two spectra, each consisting of 2048 counts. In
the following, we will refer to the 2048 columns of pixels as just "pixels’, for brevity.

3.4.3 Calibration and Data Processing

Calibration

The spectrometer is calibrated using a didymium glass reference material (RM-
DG, Starna). The manufacturer has provided a list with the wavelengths of the
absorption peaks of the material. The spectra on the camera are calibrated by
measuring the absorbance of the reference material. The absorbance, in optical
density (OD), is defined as follows:

. Ip[i]
Ali] = log,, (m) , (34)
where i denotes the pixel number, I is the sample reflection spectrum and Iy, is
the transmission of the sample reflection spectrum through the reference material.
Both spectra are typically averaged over 10000 probe pulses and the average dark
count of each pixel of the camera is subtracted.

Figure 3.8|shows the measured absorbance as a function of pixel number of
the didymium reference material for wavelengths between 465 nm and 755 nm,
measured in one of the experiments of [Chapter 5| The pixel numbers from the
maxima of the absorption peaks (shown with red circles) and the corresponding
wavelengths are shown in[Table 3.1} The wavelengths are taken from the Certificate
of Calibration accompanying the reference material.

A linear fit through the points is ultimately used to map the pixel number to the
corresponding wavelength. The wavelengths are shown on the top horizontal axis

in[Figure 3§
Data Processing

Let us consider a typical measurement performed using the spectrometer. We
measure the change in reflectance using 2048 pixels of the camera, for delays
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Figure 3.8: Absorbance of the didymium glass reference material, measured using the spec-
trometer. The open circles indicate the maxima of the absorption peaks. The
calibrated wavelengths are shown on the top horizontal axis.

Table 3.1: Pixel numbers vs wavelength of absorption peaks. The two absorption peaks with
the longest wavelength are not captured by the spectrometer, as well as the peak
with the shortest wavelength.

Pixel number ‘ - - 49 104 506 1221 1295 1620 1727 2009 -
Wavelength / nm‘879 807 749 741 685 585 573 529 513 472 431

ranging from —20 ps to 1000 ps, with a step size of 2 ps. The delays are scanned
twice—first in ascending order, then in descending order. For each delay step, the
sample reflection spectrum and reference spectrum from 2000 probe pulses are
recorded. As mentioned earlier, each pixel returns a 32bit (=4 Byte) number to
the computer. For this single measurement, the spectrometer collects the following
amount of data:

2 spectra x 2048 pixels x 2000 pulses x 510 delay steps x 2 scans x4B (3.5)
= 33423360000B =~ 33.4 GB.

The data is saved as an unstructured binary file, with pixel counts saved in the
order they are measured. Consequently, recovering the reflectance change per
pixel at each delay step requires some preliminary knowledge. Fortunately, the
measurement software (developed by AMOLF Software Engineering) generates a
second file containing metadata, such as the number of pulses that are measured at
every delay step and the corresponding delay steps (in order). A third file may be
produced, containing data measured from other equipment, such as photodiodes.
This binary file is ordered in the same way as the file containing the spectrometer
data, but the other equipment typically returns only a single value per probe pulse,
hence this file is easier to process.

In the data processing, we take into account the following factors. They are
explained below:

1. Dark count subtraction

2. Referencing
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3. Outlier exclusion

Ina sensor, every pixel generates a small electric current, even when not
exposed to any light. This is known as dark current and results in a dark count, as
the current is converted into a number by the[ADd The dark count depends on
the exposure time. Before the actual measurement, we measure the average dark
current for each pixel and subtract this value from the pixel count recorded later.

Next, we take into account the reference spectrum of every probe pulse. We record
the spectrum of the probe pulse that is split off before reflecting from the sample,
allowing us to correct for pulse-to-pulse fluctuations in the probe spectrum. We
divide the pixel counts from the sample reflection (the ‘Signal” track) by the pixel
counts from the ‘Reference’ track. It is crucial that the Reference pixel corresponds
to the same wavelength as the Signal pixel, otherwise the referencing will introduce
extra noise.

Before starting a measurement, we ensure that both spectra are optimally aligned.
This is done using a didymium glass reference material (RM-DG, Starna) that
provides well-defined absorption lines in the visible spectrum and serves as a tool
for alignment. We focus particularly on ensuring that the two spectra have the same
spatial dispersion on the camera sensor. Any shift between the two tracks can be
corrected post-measurement, by linearly shifting the tracks with respect to each
other. We use the shift with the lowest mean squared error (MSE) between the
absorbance of the reference material measured by the two tracks.

Occasionally,[NL pulses contain significantly more or less light than the average
pulse. We exclude these ’catastrophic’ events [44]] as follows: Before calculating
the change in reflectance, we first calculate the average and the standard deviation
of the sum of the pixel count of the Reference track, using all probe pulses in the
measurement. If the sum of the pixel count of the Reference track of a single pulse
deviates more than 5 standard deviations of the average, we exclude both that pulse
and the corresponding blocked or pumped pulse.

35






SURFACE-PLASMON-ENHANCED STRAIN-WAVE-INDUCED
OPTICAL DIFFRACTION CHANGES FROM A SEGMENTED
GRATING

ABSTRACT

We report on surface plasmon polariton-enhanced, strain-wave-induced
reflection and diffraction changes on a gold-covered, segmented grat-
ing. The segmented grating has a 6020nm period, and its lines are
segmented into 7 periods of a 430 nm period grating, which allows the
excitation of surface plasmon polaritons. This grating has three sur-
face plasmon polariton resonances at different optical wavelengths, for
the same incident angle. Pump-pulse-induced strain waves are probed
by measuring reflection and diffraction of a tunable probe pulse in a
wavelength range that includes all three surface plasmon polariton
resonances. surface acoustic waves and longitudinal waves are iden-
tified. When probing close to surface plasmon polariton resonances,
the reflection changes from surface acoustic waves and longitudinal
waves are strongly enhanced by factors of 23 and 36, respectively, com-
pared with reflection changes observed when probing at off-resonance
wavelengths. The relative surface acoustic wave- and longitudinal wave-
induced diffraction changes are larger by additional factors of up to 3.3
and 2.6, respectively, compared to the reflection changes.

Parts of this chapter have been published in Photoacoustics 31 (2023) 100497 [[47]]

37



38

SPP-ENHANCED STRAIN-WAVE-INDUCED DIFFRACTION CHANGES

4.1 INTRODUCTION

WAFER ALIGNMENT is a crucial step in the semiconductor device manufacturing
process. An important method to align wafers is to measure the phase difference
between, for example, the minus and plus first-order diffracted beams of a so-
called alignment grating, which is a phase grating etched into the silicon wafer.
By measuring changes in this phase difference when the wafer with the grating is
displaced along the grating vector, the position of the grating can be determined
with (sub-)nanometre accuracy [4]].

However, in semiconductor device manufacturing, many layers are deposited
onto the wafer, also covering these alignment gratings. Unfortunately, some of these
layers can be (partially) opaque to light. In that case, determining the position of
the alignment grating can become very challenging. Previously, we have shown
that such gratings, buried underneath opaque layers, can be detected using laser-
induced strain waves [|15,/16]]. In these experiments, a pump pulse excites a strain
wave near the surface, which travels downward through the stack of layers. The
strain wave reflects off the buried grating and, due to the spatially periodic topog-
raphy of the grating, becomes a strain wave ‘copy’ of the grating. The returning
grating-like strain wave deforms the surface and/or changes the refractive index,
forming a grating from which a delayed probe pulse can diffract. Although this
is a promising technique to detect alignment gratings buried underneath opaque
layers, the diffracted signal strength is currently too low for practical applications.

To increase signal strength, we recently showed that the optical detection of strain
waves on metallic gratings can be enhanced by probing near a surface plasmon
polariton resonance (GPR)) [[17]]. Surface plasmon polaritons (SPDk) are electromag-
netic waves, travelling along, and bound to, a metal/dielectric interface, coupled
to plasma oscillations of the free electrons near the surface of the metal. To excite
[BPDk, both energy and wave vector conservation is required. For a given incident
wavelength this is only achieved for a certain grating period and incident angle. The
amplitude and central wavelength of the[SPRlare changed by the material density
changes and by deformations of the grating shape, induced by strain waves. This
leads to relatively large variations in the amount of absorbed and reflected light,
thus enhancing the optical signal strength.

In this chapter, we extend this work to so-called segmented gratings. These
gratings, often used in the semiconductor manufacturing industry, are segmented
in the sense that the grating lines (ridges) are subdivided into multiple shorter
period lines and spaces (valleys). This is typically done to increase the diffraction
efficiency of specific orders [48,49].

Here, the segmented grating consists of an Au-covered, 6020 nm period alignment
grating, where each grating line is segmented into seven lines forming a 430 nm
period grating that can sustain[SPPk. This is mathematically equivalent to amplitude
modulation of a high-spatial-frequency grating by a low-spatial-frequency grating,
which leads to sidebands in the spatial frequency domain. As a result, white light
spectroscopy shows that the segmented grating has not one, but three plasmonic
resonances for a fixed angle of incidence. A tunable probe pulse is used to probe the
segmented grating in the wavelength range from 600 nm to 705 nm, which includes
the three plasmonic resonances at 611 nm, 650 nm, and 695 nm. In the experiment,
we not only measure the reflection of the probe pulse from the sample as function
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of the delay between pump and probe pulse, but also the plus and minus first-order
of the probe light diffracted off the long-period alignment grating as a function of
pump-probe delay.

Similarly to what was found in earlier experiments on non-segmented (plas-
monic) gratings [[17]], we observe several types of strain waves, such as longitudinal
waves (CWh) and surface acoustic waves (GAWE). We observe strong enhancements,
both in the strain-wave-induced reflection changes and in the strain-wave-induced
diffraction changes when tuning the probe wavelength around all three plasmonic
resonances. In reflection, the enhancement is a factor of 23 to 36, depending on the
type of strain wave, when probing with wavelengths close to the SPR|wavelength
compared with probing with off-resonance wavelengths. Diffraction measurements
show a maximum relative change that is a factor of 3.3 larger for[SAWE, compared to
the reflection measurements. Surprisingly, we find that the measured period
increases with increasing probe wavelength. Furthermore, we observe that the sign
of theGAW}nduced diffraction, changes around certain probe wavelengths. Finally,
we observe that the photo-acoustic signal associated with the longitudinal waves
change sign when probing near the[SPRk. This is caused by strain-wave-induced
changes in the position of the Our results prove that can be used to
enhance photo-acoustic signals on non-continuous, segmented gratings.

The structure of this chapter is as follows. In[Section 4.2} the experimental setup
and the segmented grating sample are briefly described. The results of white light
spectroscopy of the segmented grating are presented in[Section 4.3 In[Section 4.4}
an analysis of the white light spectroscopy results using a simple model for [SPTs
is presented. The results of the photo-acoustic experiments are presented and
discussed in[Section 4.5|and [Section 4.6} respectively. In[Section 4.A] more details
on the experimental setup can be found. In[Section 4.B] we discuss, in more detail,
the existence of the three on the segmented grating. Finally, in[Section 4.C] we
show a transient grating measurement on a flat part of the sample, where only [LWI
can be excited. The frequency of the measured strain waves matches the frequency
we assigned to the[LWlin the measurements on the grating.

4.2 EXPERIMENTAL SETUP

A schematic view of the experimental setup is shown in[Figure 4.1|(a). The sample
is illuminated by a 400 nm, 50 fs pump pulse at an incident angle of about 5° with
respect to the surface normal, which does not excite SPDk. A time-delayed probe
pulse, with a central wavelength tunable between 600 and 705 nm, is incident at
an angle of 27° with respect to the surface normal and excites at wavelengths
of approximately 611, 650, and 695 nm. After illuminating the sample, an aperture
selects one diffraction order and the light is spectrally filtered to reduce the band-
width to about 2 nm full-width at half maximum (FEWHM)]). For more details, we
refer to

The segmented grating was made by NanoPHAB BV (Eindhoven, the Nether-
lands) using e-beam lithography, and is etched into a layer of 200 nm SiO, on a Si
substrate. Using thermal evaporation, a layer of Au with a thickness of 172 nm+3 nm
is deposited onto the grating. This thickness was determined via a photo-acoustic
measurement (see[Section 4.C|for more details). The amplitude of the grating is
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Figure 4.1: (a) A schematic view of the experimental setup with the used wavelengths, indi-
cated by the differently coloured beams, [OPA} optical parametric amplifier, BBO}
B-barium borate crystal. (b) atomic-force microscopy (AFM]) micrograph of the
Au-covered segmented grating used in the experiments.

about 31nm and the duty cycle of the 430 nm grating is 44 %. An atomic-force
microscopy (AEM]) image of the Au-covered grating is shown in|Figure 4.1|(b).

4.3 WHITE LIGHT SPECTROSCOPY

White light spectroscopy of the segmented grating is performed, where the spectra
of the zeroth- (reflection), first-, and second-order diffracted beams were recorded,
for both s- and p-polarized light. Both the plus and minus orders of the non-zero
diffraction orders are recorded. In addition, these spectra were simulated using
rigorous coupled wave analysis (RCWA]) numerical calculations . The RCWA]
numerical calculations were performed with at least five hundred harmonics, to
ensure convergence. shows the measured and calculated spectra for
these orders. The reflected spectrum is shown as the ratio of the s- and p-polarized
reflected spectra, while the diffraction spectra shown are only for p-polarized light
and are normalized to the maximum of each individual spectrum. The results of
the white light spectroscopy for the plus and minus second-order diffraction are
shown for completeness only. The measured strain-wave-induced changes in the
second-order probe diffraction were also recorded but are not discussed in this

paper.
4.3.1 Reflection

(a) shows the ratio of the measured (solid line) s- and p-polarized reflec-
tion spectra. The dashed line shows the ratio of the s- and p-polarized reflection
spectra as calculated by the[RCWAIcode. We note that the[SPDk are only excited with
p-polarized light. By plotting the ratio of reflection spectra for s- and p-polarized
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Figure 4.2: Measured and calculated spectra of the specular reflection, plus and minus, first-
and second-order diffraction. (a) Measured (solid) and calculated (dashed) ratio
of the reflection spectra of s- and p-polarized incident light. (b and c¢) Measured
(solid) and calculated (dashed) individually normalized spectra of plus (red) and
minus (blue), first-(b), and second-order (c) diffraction, for p-polarized incident
light.

light, features common to both polarizations are suppressed, while are high-
lighted.

In (a), three dips, at 611, 650, and 695 nm, are visible in the measured
spectra. Each one corresponds to an which is explained in more detail in
We note again that, in contrast to these results, a non-segmented grating
typically only shows one[SPR] in lowest order [[51}[52]]. In the calculated spectrum,
three dips are also present, but at the slightly different wavelengths of 608, 650, and
688 nm. Furthermore, the shapes and depths of the dips are somewhat different.
The calculated dip at 608 nm, for example, is less deep than the measured resonance
at 611 nm. At 650 nm, the calculated dip is much deeper than measured, and the
dip at 688 nm is both narrower and deeper than the measured one. The difference
between the calculation and the measurement may be due to deviations in the
shape of the fabricated grating from the perfect rectangular shape used in the
calculations.

4.3.2 First-order diffraction

The plus (red) and minus (blue) first-order diffraction spectra for p-polarized inci-
dent light are shown in[Figure £2(b). The solid lines are the measured spectra and
the dashed lines are calculated with the[RCWA]code. The measured, plus first-order
diffraction spectrum has peaks at 613 and 654 nm, while the calculated spectrum

41



42

SPP-ENHANCED STRAIN-WAVE-INDUCED DIFFRACTION CHANGES

has peaks at 605 and 648 nm. The measured, minus first-order spectrum peaks at
645 nm and 687 nm, the calculated spectrum has peaks at 647 and 688 nm. Again,
differences between calculated and measured spectra are attributed to deviations
from a perfect rectangular shape of the grating used in the experiment.

4.3.3  Second-order diffraction

[Figure 4.2|(c) shows the plus (red) and minus (blue) second-order diffraction
spectra for p-polarized incident light. The solid lines represent the measured spectra
and the dashed lines the calculated spectra. In contrast to the first-order diffraction
spectra, only one peak is visible in the second-order spectra. This peak is at 617 nm
for the measured, and at 608 nm for the calculated plus second-order diffraction
spectrum. The calculation shows a second peak in the plus second-order
at 687 nm, which is not present in the measured spectrum. The minus first-order
has its peak at 689 nm for the measured spectrum and at 688 nm for the calculated
spectrum. As before, the difference between calculated and the measured spectra
are attributed to deviations in the shape of the fabricated grating from a perfect
rectangle. It is known that such deviations have a stronger influence on higher
diffraction orders [|53}54].

4.4 SURFACE PLASMON POLARITONS

Surface plasmon polaritons (SPPk) of a specific (optical) frequency can be excited by
light incident with a certain angle on a metallic grating, depending on the dielectric
function of the metal and, more importantly, the grating period. The segmented
grating is essentially a modulation of a short-period ‘plasmonic’ grating by a longer-
period ‘alignment’ grating. As a result, ‘sideband’ gratings exist at the difference
and the sum of the plasmonic and alignment (angular) spatial frequencies, which
are k,; and k, respectively. Visible light can excite[SPTk on the original plasmonic
grating and the difference (with angular spatial frequency ky;) and sum (with k,3)
gratings at the same incident angle of 27° with respect to the surface normal, but
for different wavelengths. shows the angular spatial frequency, associated
grating period, the GPRlwavelength calculated via[Equation 4.5 and the measured
[EPRIwavelength, for each of these three gratings. For a more elaborate description

of on the segmented grating, we would like to refer to|Section 4.B

Table 4.1: Measured and calculated[SPRlwavelengths of the ‘original’ plasmonic grating (with
angular spatial frequency k,; ) and the two ‘sideband’ gratings (k,, and k,3). The
resonance wavelengths were measured at an incident angle of about 27° and were
calculated using|Equation 4.5|for an incident angle of 27.7°.

Grating angular | Period | SPP resonance wavelength (nm)
spatial frequency | (nm) | Calculation Measurement
k= 14k, 430 650 650 + 1
kpo = 13k4 463 695 695+ 1
kps = 15k 4 401 612 611+1
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4.4.1 SPP coupling to propagating light

Surface plasmon polaritons, when propagating along a surface, can couple to free-
space light modes when a grating is present at the surface. In this subsection, we
investigate in which directions light can couple out when are propagating
along the surface of the segmented grating. This analysis is similar to that shown
in [55].

Consider a situation where an[SPDis propagating along an Au/Air interface with
a grating present, as shown in[Figure 4.3} In this situation, the SPTltravels to the
left, similar to and couples out to light propagating in free space in
the x- and positive z-direction, at an angle 6, with the z-axis, when the following
condition is met:

kspp = ko sin gout — kg. (41)

This equation is very similar to [Equation 4.5} except that here, we describe the
situation where light is coupled out.

A

kSPP

Figure 4.3: Sketch of the coupling of [SPPk to free space light modes, which propagate in
a direction with an angle 6,,,; with the z-axis and with wave vector kj using a
sub-wavelength grating with angular spatial frequency k.

As an example, let us consider[SPPk excited on the grating with angular spatial
frequency k, = kj;, incident at an angle 6;,, and propagating along the segmented
grating in the negative x-direction. In principle, three gratings with angular spatial

frequency ky;, k5, or k,3 can be used to couple to a freely propagating mode.
Using the direction of the propagating light can be calculated. If we
choose k, = k1, and by substituting kspp in [Equation 4.1{ with the expression in

Equation 4.5} the angle 6,,,; can be calculated with,

k1 sin 90 —k

. (4.2)

1= kl sin eout - kpl'

It follows that 6,,; = 6;,. The light propagates in the direction of the specular
reflection.

If light couples out using a different grating, for example, on the grating with
ke = kyp = 13k, this results in:

kl (sin 90 — sin 901“) = kpl - kp2 = 14kA - 13kA = kA' (43)

This equation can be recognized as the equation for diffraction from a phase grating
with angular spatial frequency k4. Thus, light coupled in on grating k,,, is coupled
out through the grating with angular spatial frequency k. It will propagate in
the same direction as the plus first-order diffraction from the long period grating.

Similarly, light coupled out on the grating with k, = k3 will have the same k, as
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the minus first-order diffraction from the long period grating. excited on the
sideband gratings with k,; and k3 will also couple out through the three gratings,
in directions which coincide with the diffraction orders from the long-period align-
ment grating. [Table 4.2]summarises which SPDb at the three resonance wavelengths
are allowed to ‘re-scatter’ in the direction of the lower order diffracted beams,
from the 6020 nm period alignment grating. Every can, in principle, couple to
propagating modes using the three gratings which make up the segmented grating
in lowest order.

Table 4.2:[SPP|coupling to propagating free-space propagating modes, calculated using the
grating angular spatial frequencies shown in[Table 4.T|and calculated using[Equa]
[ion 21l The propagating modes are in the same direction as the diffraction orders,
diffracted off the 6020 nm period grating. The table shows the diffraction order
and the (vacuum) wavelengths of the[SPPk which are allowed to re-scatter in the
direction of that order.

Diffraction order SPP resonance
from 6020 nm period grating | wavelengths (nm)
-2 695
-1 650 695
0 612 | 650 695
+1 612 | 650
+2 612

The re-scattered light can also interfere with light directly diffracted from the
long period grating. The EM-field experiences a phase shift when it couples to
and also when [EPDk couple to propagating waves [|56} [57]]. The exact phase
shift is, unfortunately, not a-priori known. The interference is (implicitly) taken
into account by the calculations, as it numerically solves the Maxwell Equa-
tions. Separating the contributions from the diffracted and the re-scattered light is,
however, not possible.

Looking at the results from the white light spectroscopy in[Figure 4.2} our simple
analytical model, which takes only terms of the product of the Fourier series in
lowest order into account, correctly predicts the number of peaks in each spectrum.
The central wavelengths of the calculated peaks are within 8 nm of the measured
peaks. More importantly, this analysis helps to understand how changes in the[SPRE,
induced by strain waves, can affect the diffraction from the long period grating.

4.5 RESULTs
4.5.1 Reflection measurements

shows the measured time-dependent pump-induced reflection changes,
AR/R, where Ry is the unperturbed reflection, for selected wavelengths between
600 nm and 700nm. For all wavelengths, a sharp peak or dip is seen for a time
delay around 0 ps. For longer delays, an oscillatory signal is observed, consisting of
short (< 150 ps) and long (~ 400 ps) period oscillations. The oscillation amplitude
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strongly depends on the probe wavelength. Furthermore, the short period oscilla-
tions change sign when probing with a wavelength at or just above the resonance
wavelength, compared to a probe wavelength just below the resonance wavelength.
This behaviour can most clearly be seen when comparing the trace measured using
a probe wavelength of 650 nm (the GPRl wavelength) with the one measured at
645nm. Red arrows in[Figure 4.4 indicate where this change of sign is most clearly
seen. In addition to the oscillations, there is also an ‘offset” present in the measure-
ments for delays > 0 ps. This offset appears to decay to ~ 0 % reflection change on
a timescale of several nanoseconds.

— 615nm — 650nm — 695nm
640nm — 690nm

AR/Ry | %

73 I 1 I 1 I 1

0 200 400 600 800 1000
Time / ps

Figure 4.4: Measured probe-pulse reflection changes as function of time delay between the
pump and probe pulse after excitation by the 400 nm central wavelength pump
pulse, for selected probe wavelengths. Indicated with red arrows is the change in
sign when measuring with a wavelength just below an[SPR] at 645 nm (orange
curve), compared to measuring at the[SPR] at 650 nm (green curve). Note that
sign changes can be seen for other time delays as well.

The sharp peak or dip observed around 0 ps delay time is caused by the effect
that the fast heating and cooling of the electron gas has on the similar to
what was observed in [|58}159]]. The electron gas cools by heating the lattice. This
leads to a rapid expansion of the lattice, which generates several types of strain
waves [60[]. The strain waves manifest themselves as a time-varying oscillatory
change in the optical reflection [|61}[62]]. The slowly varying offset is likely caused
by the effect that the heated (and slowly cooling) material has on the[SPRvia the
thermo-optic effect [[17]]. We cannot completely exclude the possibility that the
slowly varying offset could partially be caused by the effect of a surface acoustic
wave at an acoustic frequency well below 1 GHz, associated with the periodicity of
the alignment grating of 6020 nm. Only part of this surface-acoustic-wave period
can be measured as the maximum time delay in our setup is limited to about 1ns.
The possible contribution from this surface acoustic wave cannot be separated from
the thermally-induced change in the [SPRI

The oscillatory signal shows several periodicities and we are able to identify two
of them [17]]: [k at about 2.6 GHz, and [[W] at 9.5 GHz. are strain waves
travelling along the surface, in the direction perpendicular to the grating lines.
For our Au layer thickness, the [[Wb manifest themselves as an expansion and
contraction of the whole Au layer and have a frequency determined by the speed of
sound in Au and the layer thickness. In we explain the physical nature
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of these different waves in more detail and how the [[W affect the probe reflection
and diffraction.

a Relative change in reflection b
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Figure 4.5: (a) Plot of the measured probe pulse reflection changes as function of time delay
between the pump and probe pulse, where the slowly decaying background has
been removed, for probe wavelengths between 600 nm and 700 nm. Indicated with
black dashed lines is the increase in[SAWIlperiod for increasing probe wavelength.
(b) Ratio of measured s- and p-polarized reflection spectra.

To facilitate a comparison between the different traces, we have first removed the
slowly-decaying background from each curve. This is done by subtracting a fitted
decaying exponential function from these curves for times > 10 ps. The results are
shown as a 2D plot in[Figure 4.5(a) where we plot the relative change in reflection
AR/R, indicated by the different colours, as a function of time (horizontal axis)
after optical excitation, and as a function of probe wavelength (vertical axis). Blue
indicates a decrease and red an increase of reflection with respect to the (removed)
background. For ease of comparison, the ratio of the measured s- and p-polarized
reflection spectra is shown on the right, in[Figure 4.5(b). The figure clearly shows
that the reflection changes are strongest at probe wavelengths of 610 nm, 650 nm,
and 695 nm, which correspond to the[SPRE. Surprisingly, [Figure 4.5(a) clearly shows
that the period of the[SAW]increases with increasing probe wavelength, as indicated
by the black dashed lines.

Several oscillatory signals, with different amplitudes, frequencies, and phases,
are present in the data. To extract spectra from the strain-wave signals from the
time-domain data, we calculate the [FFT] of the curves, with the slowly-varying
background removed, zero-padded from about 1 to about 32 ns. In[Figure 4.6{(a),
we plot the amplitudes of the spectra, where the x-axis represents the strain-wave
frequency, the y-axis the probe wavelength, and where the colour represents the
amplitude of each frequency component (on a logarithmic scale). In[Figure 4.6(b),
the ratio of the s- and p-polarized reflection spectra is plotted again for comparison.
For most probe wavelengths, there is a peak around a strain-wave frequency of
2.6 GHz, which is attributed to GAWE. The frequency slightly decreases for
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Figure 4.6: (a) Plot of the fast Fourier transform (EFFT]) spectra of the measured probe pulse
reflection changes, for probe wavelengths between 600 nm and 700 nm. (b) Ratio
of measured s- and p-polarized reflection spectra.

increasing probe wavelength, which can be seen more clearly in the time-domain
data in[Figure 4.5/as an increasing oscillation period with increasing probe wave-
length. For probe wavelengths close to the[SPRb, an additional peak is observed
around 9.5 GHz, corresponding to the LWh. By comparing the [FFTlamplitudes of
the and [LW] of the measurement with the smallest reflection changes, at the
probe wavelength of 675 nm, to those of the measurement with the largest changes,
at 650 nm, we find that the SAW amplitudes are increased by a factor of about 23
and the LW]amplitudes by a factor of about 36.

In previous experiments on non-segmented gratings [|17]], a third type of strain
wave was identified, in addition to the SAW and LW. This was the (Quasi-)Normal
Mode (NM), a vibration of the grating lines, with a frequency between that of the
and [LWk. The NM was identified by its frequency [163[], and we expect a NM
frequency of about 8 GHz for the small-period grating line size of this segmented
grating. This is a higher frequency than observed in previous experiments, as the
(short-period) grating line dimensions are smaller than in the earlier experiments
[[17]]. While the amplitudes of the spectra for strain-wave frequencies between the
and [CWk are not zero, at least for probe wavelengths close to the[SPRE, there
is no clear peak around 8 GHz. Thus, these oscillatory signals cannot be attributed
to NMs, and their origin is currently not known.

4.5.2  Minus first-order diffraction measurements

In our measurements, we observe first-, and second-order probe diffraction off the
long-period alignment grating. The pump-induced relative changes in the minus
first-order diffraction efficiency of the probe, Ay/1y, where 1 is the unperturbed
diffraction efficiency, as a function of pump-probe delay time, are shown in [Fig]
[ire 27, for selected probe wavelengths. Similar to the time-dependent reflection
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measurements, a sharp peak or dip is seen for all probe wavelengths around 0 ps
time delay, and oscillatory signals with short and long periods are observed for
longer delay times. A slowly-decaying thermal background is also present. In
comparison to the reflection measurements, the strain-wave-induced changes in
diffraction, as well as the diffracted signal from the initial thermal background are
larger. In the reflection measurements, the maximum peak-to-peak change is about
2 %, while in the minus first-order diffraction the maximum peak-to-peak change
is about 5 %. For probe wavelengths close to the[SPRlwavelengths, a change in sign
is again observed for the LWl oscillations, similar to what is seen in the reflection
measurements.
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Figure 4.7: Measured changes in minus first-order probe diffraction as function of time delay
between the pump and probe pulse after excitation by the 400 nm pump pulse, for
selected probe wavelengths.

[Figure 4.8(a) shows the changes in diffraction as a function of pump-probe
delay time for all probe wavelengths, where the decaying thermal background
was removed in a similar manner as in the reflection measurements. [Figure 4.8|(b)
shows two measured spectra: the ratio of the s- and p-polarized reflection spectra
and the minus first-order diffraction spectrum, all measured for an incident angle of
27° with respect to the surface normal. As in the reflection measurements, the long
period SAW is clearly visible and has the largest amplitude. Interestingly, in contrast
to the reflection measurements, strong signals are only seen around the two longer
wavelength, at 650 and 695nm. At the shortest wavelength of 610 nm,
there is neither a peak in the diffraction spectrum (a) ), nor are there
enhanced photo-acoustic signals. Furthermore, the peak wavelengths are slightly
redshifted with respect to the peaks in the minus first-order diffraction spectrum,
which are at 645 and 687 nm, as can be seen in [Figure 4.8(b). [Figure 4.8(a) also
shows that the SAW period increases, similar as in the reflection measurements,
when the probe wavelength increases from 650 to 705 nm. Interestingly, here the
SAW also changes sign in between 660 and 675nm, which was not observed in
either the reflection measurement or in previous experiments on non-segmented
gratings [|17]]. For probe wavelengths shorter than 645 nm, the shape of the traces
remains similar, but the amplitude decreases with shorter probe wavelengths.

[Figure 4.9)(a) shows the amplitude of the [FFT] of the strain-wave signals, as a
function of strain-wave frequency and probe wavelength. (b) shows the
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Figure 4.8: (a) Plot of the measured changes in minus first-order diffraction of probe light as
function of time delay between pump and probe pulse, where the slowly decay-
ing background is removed, for probe wavelengths between 600 nm and 705 nm.
Indicated with black dashed lines is the increase inperiod for increasing
probe wavelength. (b) The ratio of measured s- and p-polarized reflection spectra
and the minus first-order diffraction spectrum.

reflection spectrum and the minus first-order diffraction spectrum. At all probe
wavelengths, the peaks due to the and the LWk are clearly observed at 2.6
and 9.5 GHz, respectively. For probe wavelengths around the two longer wave-
length [SPRE, between 640 and 655 nm, and between 690 and 695 nm, there are also
strain waves observed with a frequency between 6.0 and 7.5 GHz. As discussed
in[Section 4.5.1} these frequencies have not yet been identified. We note that the
measured frequency associated with the [[Wh, hints at a small shift from about
9.9 GHz to about 9.2 GHz, when the probe wavelength is increased from 665 nm
to 680 nm. Finally, we compared the FETlamplitudes of the SAW and LWl with the
largest changes in the minus first-order diffraction, at a probe wavelength of 700 nm,
with the[FFTlamplitudes of the measurement with the largest reflection changes,
measured at 650 nm. We find that the SAW induced diffraction change is enhanced
by an additional factor of about 2.4 and by a factor of about 2 for the LW. We note
this is an enhancement in the relative change in diffraction, but that the absolute
intensity of the diffracted light is at least one order of magnitude smaller than that
of the reflection.

4.5.3  Plus first-order diffraction measurements

The strain-wave-induced changes in the plus first-order diffraction are very similar
to those in the minus first-order diffraction. Therefore, (a) directly
shows the measured plus first-order diffraction changes as function of delay time
for probe wavelengths between 600 nm and 700 nm, where the background has
been removed in a similar manner as in previous 2D plots. [Figure 4.10|(b) shows the
ratio of the s- and p-polarized reflection spectra and the plus first-order diffraction
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Figure 4.9: (a) Plot of the[FFT]of the measured changes in minus first-order diffraction of
probe light, for probe wavelengths between 600 nm and 705nm. (b) The ratio of
measured s- and p-polarized reflection spectra and the minus first-order diffraction
spectrum.

spectrum. When looking at how the diffraction changes between different probe
wavelengths, we observe a similar trend as in the minus first-order diffraction
measurements. For example, in the plus first-order diffraction measurements, a
sign change of the is observed, between the two shorter wavelength [SPR, at
620 nm and at 640 nm. In the minus first-order measurements, two sign changes
are also observed, the first at 660 nm and the second at 680 nm, again in between
two[SPRlwavelengths. We also note that the minus first-order diffraction spectrum
has peaks at the two longer wavelengths, at 645nm and 687 nm, whereas the
plus first-order spectrum has peaks around the two shorter [SPR|wavelengths, at
613 nm and 654 nm. Furthermore, the measurements with the probe wavelengths
of 660 nm and 670 nm are completely opposite in sign, as is more clearly shown in
IFig 4

The[FETl of the plus first-order time-dependent diffraction signals is shown in
[Figure 4.12)(a).[Figure 4.12|(b) shows the reflection spectrum and the spectrum of
the plus first-order diffracted beam. In [Figure 4.12(a), at all probe wavelengths,
signals at the two frequencies corresponding to the[SAWE and the[LWk are observed.
Again, there are also still unidentified contributions to the signal at frequencies
between 6 and 7.5 GHz. Similar to the minus first-order diffraction measurements,
we see a hint of a shift in the frequency of the [[W] signal, when probing with a
wavelength between the wavelengths, between 625 and 645nm. Here, the
frequency shifts from about 9.9 to 9.4 GHz. The enhancement, when we compare
the[FFTlamplitudes of the measurement with the largest plus first-order diffraction
changes, at 670 nm, with the [FETlamplitudes of the largest reflection changes (at a
probe wavelength of 650 nm), is a factor of about 3.3 for the SAW and a factor of
about 2.6 for the LW. Again, we note that these are measured as relative changes and
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Figure 4.10: (a) Plot of the measured changes in plus first-order diffraction of probe light
as function of time delay between pump and probe pulse, where the slowly
decaying background is removed, for probe wavelengths between 600 nm and
700 nm. Indicated with black dashed lines is the increase in frequency
for increasing probe wavelength. (b) The ratio of measured s- and p-polarized
reflection spectra and the plus first-order diffraction spectrum.

that the intensity of the diffracted light is at least one order of magnitude smaller
than the intensity of the reflection.

4.6 DISCUSSION

In the experiments, we see two different dominant strain-wave frequencies, at about
2.6 and 9.5 GHz. As in our previous experiments, where we probed around aSPR|
with a non-segmented Au grating of similar Au layer thickness [[17]], we attribute
the two frequencies to Surface Acoustic Waves (SAWE), excited on the short-period
grating(s), and Longitudinal Waves (L), respectively. In the first part of this
section, we discuss the generation and physical properties of the different waves. In
the second part, we discuss how these strain waves can influence the probe signal.

4.6.1 Strain waves

Surface acoustic waves

Surface acoustic waves travel along a surface, and can be optically excited if there
are spatially periodic inhomogeneities in either the excitation profile orin
the surface topography [[60]]. In similar, earlier experiments, we have concluded
that the excited are likely to be shear waves [[17]. This may have been wrong.
The observed may in fact be Rayleigh waves. These propagate along the
free surface of a solid, with a phase velocity typically somewhat lower than the
transverse speed of sound [[67]. Furthermore, they have both a longitudinal and a
transversal motion component and their amplitude typically decays exponentially
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Figure 4.11: Comparison of the measured changes in plus first-order diffraction of probe
wavelengths 660 nm and 670 nm, where the slowly-decaying background is re-
moved, as function of pump-probe delay time.

with depth, at least for a single thick layer of material. The precise nature of these
waves on our segmented grating containing multiple layers is currently not known.

In all experiments, we observe a SAW frequency of around 2.6 GHz. The time-
domain data show that the SAW period is shorter for shorter probe wavelengths,
and longer for longer probe wavelengths. This is indicated by black dashed lines in
[Figure 4.5p, [Figure 4.8p, and [Figure 4.10p. This is also observed in the second-order
diffraction measurements (not shown). This behaviour was not seen in our earlier
experiments on non-segmented gratings [|17]]. We note that the excitation condi-
tions for the excitation of strain waves with the 400 nm pump pulse are identical
for all measurements across different reflection and diffraction orders. However,
rigorous numerical simulations are necessary to further investigate the different
SAW frequencies. These simulations should include the excitation by the 400 nm
pump pulse using near-field calculations, 2D election-energy diffusion, the time-
dependent strain-wave formation and propagation on these square-wave gratings,
and the diffraction of the probe pulse. This is currently beyond the scope of this
paper in which we want to focus on[LWk that may be used to detect buried gratings.

Longitudinal waves

Longitudinal waves are strain waves travelling between the free surface of the
grating and the Au/SiO, interface. Due to the relatively large penetration depth of
energy in the Au layer [|15,/68], the 173 nm + 3 nm thick Au layer heats up relatively
homogeneously, even though the optical penetration depth is only a fraction of the
layer thickness. The homogeneous heating leads to the generation of two strain
waves, one at the Air/Au interface and another at the Au/SiO, interface, travelling in
opposite direction. These two counter-propagating strain waves result in a standing
wave, causing the layer to expand and contract. The frequency of the cycle of
expansion and contraction is determined by dividing the speed of sound in Au
by twice the thickness of the layer, v, /2d},yer, as both strain waves need to travel
back to the same interface where they are generated. A measurement (shown in
Section 4.C)) on an unstructured part of the sample, where only LWk are excited,
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Figure 4.12: (a) Plot of the [FFT] of the measured changes in plus first-order diffraction of
probe light, for probe wavelengths between 600 nm and 705nm. (b) The ratio of
measured s- and p-polarized reflection spectra and the plus first-order diffraction
spectrum.

shows a frequency of 9.3 GHz + 0.2 GHz. This matches with the peak at a frequency
of about 9.5 GHz, supporting the identification of these waves as[CWk.

4.6.2 Strain-wave-induced reflection and diffraction changes

Most types of strain waves change the density of the material as they propagate. In
this case, strain waves change the material density of the Au and, as the electrons
respond quasi-instantaneously [69], also the electron density, N,. The change in
electron density will shift the plasma frequency, given by w, = (€N, /eqgm)'/?,
where e is the electron charge, € is the vacuum permittivity, and m the effective
electron mass. The shifting plasma frequency changes the relative permittivity of
Au, and, according to[Equation 4.4} the wavevector and the resonance wavelength
of the[SPPlas well. Thus, strain waves can shift the central wavelength of an[SPRI
69H72]]. They may also change the grating shape, such as its amplitude or grating
line width.

As explained in [|17]], a strain wave affecting the central wavelength of an[SPRlcan
be recognized by a change in sign (or a 7r-phase shift) in the measured oscillation,
when comparing a trace measured using a probe wavelength just below an[SPR|
with one equal to or just longer than the SPRlwavelength. This behaviour is also
present in the segmented grating experiment for the frequencies associated with
[CWE, and is indicated by red arrows in [Figure 4.4]and [Figure 4.7} for the measured
probe reflection and minus first-order diffraction changes, respectively. However,
in the 2D plots, this is not clearly visible, as the[LW] oscillations are superimposed
on the SAW oscillations, which are stronger. By spectrally filtering the obtained
[EET]spectra of the reflection and first-order diffraction changes to remove the SAW
and transforming the filtered spectra back to the time domain, the sign changes
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of these oscillations become more clearly visible. We have used a bandpass filter
with a cut-on frequency of 8.5 GHz, just below the frequencies associated with the
LWk at 9.5 GHz, and a cut-off frequency of 75 GHz, to suppress noise. Furthermore,
the applied bandpass filter has sharp, but smooth transitions near the cut-on and
cut-off frequencies, to reduce filtering artefacts.
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Figure 4.13: (a) Plot of the bandpass filtered changes in reflection, as function of time delay
between pump and probe pulse, for probe wavelengths between 600 nm and
700nm. Cut-on frequency: 8.5 GHz, cut-off frequency: 75 GHz. (b) The ratio of
measured s- and p-polarized reflection spectra.

[Figure 4.13((a) and|Figure 4.14)(a) show the bandpass filtered, time-dependent sig-
nals for all probe wavelengths, for the reflection and the plus first-order diffraction,
respectively. Again, [Figure 4.13|(b) shows the reflection spectrum and [Figure 4.14(b)
shows both the reflection and plus first-order diffraction spectra. Starting with the
filtered reflection changes ([Figure 4.13|(a)), we observe two clear sign changes, at
probe wavelengths of 650 nm and 695 nm, and a third, much fainter one at 615 nm.
These probe wavelengths are equal to, or just longer than, the PRl wavelengths
of 611 nm, 650 nm, and 695 nm. In[Figure 4.74} where the filtered plus first-order
signals are shown, four sign changes are observed, at the probe wavelengths of
610nm, 625nm, 650 nm, and 665 nm. Of these, 610 nm and 650 nm are very close
to BPRE, but the other two are not. Furthermore, the absence of sign changes for
the bandpass filtered signals in the probe wavelength range of 680 nm to 700 nm is
also surprising. In[Section 4.4} we have explained that the peaks in the diffraction
spectra can be explained by the multiple angular spatial frequencies present in the
segmented grating, if we assume thatSPDk excited through one grating can couple
out through another. In our analysis, SPPk do not couple out in the direction of the
plus first-order diffraction spectrum for wavelengths between 680 nm and 700 nm.
Thus, at wavelengths where we observe a sign change associated with an[SPRlin
the reflection measurements, we do not always observe this change in sign in the
plus first-order diffraction at the same probe wavelengths. A similar behaviour
is observed in the bandpass filtered minus first-order signals (not shown) in the
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Figure 4.14: (a) Plot of the bandpass filtered changes in plus first-order diffraction, as function
of time delay between pump and probe pulse, for probe wavelengths between
600nm and 700 nm. Cut-on frequency: 8.5 GHz, cut-off frequency: 75 GHz. (b)
The ratio of measured s- and p-polarized reflection spectra and the plus first-order
diffraction spectrum.

wavelength range of 610 nm to 630 nm, where the reflection measurements show a
sign change.

When comparing the starting phases of identical probe wavelengths of the band-
pass filtered reflection and plus first-order diffraction signals, we observe another
interesting feature. For example, the signal at the probe wavelength of 645 nm starts
with a relative decrease in reflection, but shows an increase in the plus first-order
diffraction. At 650 nm, where the sign is changed in both reflection and plus first-
order diffraction, the reflection increases and the plus first-order decreases. This
inverse behaviour of reflection and diffraction signals at the same wavelength is
also observed near the probe wavelengths of 615nm in the plus first-order diffrac-
tion and near the sign changes at 650 nm and 695 nm of the minus first-order (not
shown). Thus, for [[Wk, we see that an decrease in reflection correlates with an
increase in diffraction for probe wavelengths near[SPRk, and we conclude that the
reflection decreases and the diffraction increases as more light is coupled to[SPDk,
for probe wavelengths close to[SPRk. We note that the relative changes in diffraction
can be greater than the relative changes in reflection, but that the absolute changes
in reflection are larger, as the unperturbed reflection is much larger than the un-
perturbed diffraction efficiency. For example, at the probe wavelength of 655 nm,
the measured, unperturbed reflection at this wavelength is about 70 % and the
measured, unperturbed diffraction efficiency, 77y, is about 3 %. Furthermore, the
diffraction efficiency changes drastically as the probe wavelength changes, meaning
that the large relative changes in diffraction, at probe wavelengths 670 nm and
675nm are not as large as those around 655 nm, in absolute terms.

Strain waves can also affect the reflection and diffraction due to changes of
the grating shape. If the grating shape change is known, the resulting changes
in reflection and diffraction can also be calculated with the code. As an
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Figure 4.15: Calculated relative reflection and diffraction changes for a 100 pm increase in
grating amplitude, as a function of probe wavelength.

example, shows the calculated, relative change in reflection and first-
order diffraction as a function of wavelength, assuming a 100 pm increase in grating
amplitude. The increase in grating amplitude yields a decrease in reflection, for
all wavelengths. Furthermore, the decrease is largest at about 613 nm, 652 nm, and
690 nm. These are just a bit longer than the GPRlwavelengths calculated with the
[RCWAIcode at 608 nm, 650 nm, and 688 nm. For the minus first-order diffraction, the
diffraction increases for all wavelengths calculated, and the relative increase peaks
at 660 nm and 700 nm, where the calculated, absolute diffraction efficiency is very
low (see (b)). Similar peaks are observed around 617 nm and 670 nm in
the relative change in plus first-order diffraction efficiency. Again, the calculated,
absolute diffraction efficiency is very low for these wavelengths. Surprisingly, the
change in plus first-order diffraction quickly becomes negative for wavelengths
longer than 677 nm.

It is unlikely that actual strain waves will uniformly change the grating amplitude,
as we have used in the calculations, but the calculations illustrate that a grating
deformation can result in opposite behaviour at different probe wavelengths within
the same (non-zero) diffraction order. In other words, the effect of a grating shape
change, in this example a height increase, does not give a diffraction increase for
all wavelengths. For a more detailed understanding, finite element methods could
potentially be used to calculate (time-dependent) grating deformations, which
could be used as input for[RCWAIcalculations to determine the changes in reflection
and diffraction, perhaps even including the change in permittivity induced by
strain.

4.7 CONCLUSION

We have studied the strain-wave-induced reflection and diffraction changes of a
segmented grating, as a function of pump-probe delay time. The segmented grating
consists of a short-period grating modulated by a longer-period grating, leading to
two sidebands in the spatial frequency domain around the angular spatial frequency
of the short-period grating. can be excited on the small-period grating and
on the two ‘sideband’ gratings, leading to three separate [SPRk. The presence of



4.A EXPERIMENTAL SETUP

three gratings leads to strongly enhanced diffraction off the longer-period grating,
for wavelengths close to the SPRIwavelengths. This is caused by [EPDb re-scattering
light in the same direction as light directly diffracted off the longer-period grating.

The time-dependent, strain-wave-induced reflection and diffraction changes
were studied using probe light with wavelengths covering the three[SPRE on the
segmented grating. In reflection, the strongest strain-wave-induced oscillatory
signals were observed at the[SPRlwavelengths. and [LWk were identified by
their frequency. In reflection, the enhancement when probing near[SPRlwavelengths
was about a factor of 23 for and 36 for [[Whk, respectively. In the first-order
diffraction measurements, oscillatory signals similar to the reflection measurements
were observed, but the relative changes of the diffraction signals were larger by
a factor of 3.3 for[GAWS and by a factor of 2.6 for[LWk, compared to the reflection
measurements.

4.A EXPERIMENTAL SETUP

A schematic view of the experimental setup is shown in [Figure 4.T[(a). The output
of an amplified Ti:Sapphire laser system (Astrella, Coherent) with a repetition rate
of 1kHz, a pulse length of about 35fs, a central wavelength of 800 nm and a pulse
energy of 6 m] is split into two beams using an 85:15 (R:T) beam splitter.

The transmitted, weaker part of the beam is frequency doubled to 400 nm using
a[BBOcrystal. It is reflected by several dichroic mirrors to filter out residual 800 nm
light and passes a computer-controlled variable optical delay line. A mechanical
chopper, synchronized with the 1 kHz pulse train, blocks every other pulse, reduc-
ing the repetition rate to 500 Hz. A lens is used to weakly focus the light onto the
sample, such that the spot diameter is about 500 pm. The pump light is p-polarized,
perpendicular to the grating lines, and incident at an angle of about 7° with respect
to the surface normal. The pump light does ot excite [SPPk.

The reflected, stronger part of the output of the laser system is used as input for
a three-stage optical parametric amplifier (OPA, TOPAS, Light Conversion). We
tune the output of the[OPAlin a range from 1200 to 1410 nm. Another[BBOlcrystal is
used to frequency-double this to a range of 600 to 705 nm. Using a lens (f = 20 cm),
the probe beam is weakly focused onto the sample, to an elliptic spot with axes
of about 140 pm and 80 pum. The probe light is also p-polarized and incident at an
angle of approximately 27° with respect to the surface normal. For this incident
angle, the probe pulse excites on the sample at wavelengths of approximately
611 nm, 650 nm, and 695 nm. The fluence of the pump pulse is 8.5m] cm™~2, about
60 % of the energy is absorbed by the sample.

The probe beam diffracts off the 6020 nm period grating and several diffraction
orders are present. An aperture selects one order, which is collimated by a lens and
is used to illuminate a blazed grating (GR25-1205, Thorlabs). The diffracted light
is focused onto a movable slit. Using the slit, only a 1.5nm to 2.0 nm wide band
of wavelengths is transmitted to the photodiode detector (PDA100A2, Thorlabs),
out of the full 15nm [FWHM]bandwidth of the frequency-doubled pulses from
the OPA. As an example, [Figure 4.16|shows the unfiltered spectrum of a 687 nm
central wavelength pulse from the frequency-doubled[OPAloutput, together with six
filtered probe spectra, all normalized to their individual maximum. The (specular)
reflected, and the plus and minus first-order diffracted beams were measured as
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a function of time delay between the pump and probe pulses. Within the broad
spectrum of the probe pulse, of which the central wavelength is varied through
adjustment of the OPA, five to six wavelength intervals of 2nm are sequentially
measured. The energy of the probe pulse was adjusted when the central wavelength
of the output of the was changed, but was kept constant when measuring
within the bandwidth of the frequency-doubled output of the OPA.
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Figure 4.16: Example of the unfiltered probe spectrum (red line), with a 687 nm central wave-
length, together with six probe spectra, obtained by filtering the original probe
spectrum. All curves have been normalized to their maximum.

White light spectroscopy is performed using a fibre-coupled broadband white
light source (AVALIGHT-HAL-S-MINI, Avantes) and a fibre-coupled spectrometer
(AVASPEC-ULS-RS-TEC, Avantes). The light, coming from the white light source,
is collimated (in free space), and passes through a wire-grid polarizer. It is focussed
onto the sample, at an angle of about 27°, similar to the incident angle of the probe
pulse in the photo-acoustic experiments. The polarizer allows us to investigate
the difference between s- and p-polarized incident light, as only p-polarized light
can excite GPPk. Using an aperture, a single diffraction order is selected, that is
collimated and coupled into the fibre going to the spectrometer.

4.B LIGHT COUPLING TO SURFACE PLASMON POLARITONS

In Au, the angular wave number of BPPk, kgpp = lkgppl, for optical frequencies
corresponding to a wavelength of 600 nm or longer, can be approximated by [31]]:

(4.4)

!
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where w is the optical angular frequency, c the speed of light, €}, , is the real part of
the permittivity of Au at w, and €, is the permittivity of the environment, which
iS €any = 1 for air.

shows a drawing of how[SPDk are excited using a grating. Propagating
light, incident at angle 6;,, with respect to the surface normal, can be coupled to
if the following condition is met [31]]:

kSPP = ko sin ein + mkg, (45)
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where kj sin 6,, = k, is the projection of the wavevector of the incident light, k,
onto the sample surface, ky = lkol = 27t/ is the wavenumber, kg =2 /Ag is the
angular spatial frequency of the grating with period A,, and m is an integer. For our
sub-wavelength period plasmonic gratings and used wavelengths, usually m = —1.
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Figure 4.17: Schematic drawing of the excitation of[SPDb by light, incident at an angle 6 with
the z-axis, and with wave vector k( using a sub-wavelength grating with angular
spatial frequency k. k, is the projection of ky onto the surface.

The segmented grating consists of a plasmonic grating (A, = 27t/k,; = 430nm)
and is modulated by an alignment grating (A4 = 271/k4 = 6020nm = 14A,,;). The
height of such a segmented grating as a function of the position x, assuming a50%
duty cycle and a perfect square grating, can be written as:

fo®) = T4 1) (14 1), (46)
where
=ty S
n:l, 5,
+1 forlAy <x<(+3 )Apl, (47)
forx = —lApl,
-1 for (I + 2)A 1<x< (l+1)Ap1,
wherel =0,+1,+42, -+ in all cases,
and
4 sin(nk4x)
Jat) =5 n=1 5, )

(4.8)

+1 forlAy <x< (I+ 2)AA,
forx = —IAA,

-1 for (I + —)AA <x < (I+ 1Ay,

where! = 0,+1,+2, -+ in all cases,
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are the Fourier series describing the square gratings with angular spatial frequen-
cies k,; and k4, respectively. By using only the lowest order terms of both series,

can be approximated by:

h 4 4
fsg(x) = 1[1 + p sin(kplx)][l + p sin(kax)] =
= Z[l + %Sin(kplx) + %sin(kAx) (4.9)
1
+ n—z sin(kplx) sin(ksx)].

Here, the first two sines after the last equal sign represent the original gratings.
The cross-term is the result of the modulation (multiplication) of the plasmonic
grating by the alignment grating. This term can be rewritten as:

1
sin(kplx) sin(kyx) = E{cos[(kA - kpl)x] (4.10)

- cos[(kpl +kq)x]}.

The modulation thus leads to two additional angular spatial frequencies, k,, =
lka —ky1l and k,3 = lk,1 + kal. This is mathematically similar to the generation of
sidebands in radio-frequency amplitude modulation. Furthermore, as k,; = 14k,
(i.e. the plasmonic angular spatial frequency is the 14" harmonic of the alignment
angular spatial frequency), the sidebands are at k,, = 13k, and k3 = 15k4, which
can also been seen as the 13" and 15t harmonic of the alignment angular spatial
frequency.

Light can couple in on all gratings present at the Au surface, as long as
holds. For the segmented grating, this means that light can couple to
using the three gratings with angular spatial frequencies k1, k5, and k3.

Using and using the permittivity for Au, calculated from the n-
and k-values obtained via ellipsometry, light with a wavelength of 650 nm couples
to on the grating with angular spatial frequency k,; (which is the original,
non-segmented plasmonic grating) for an incident angle of 27.7°, with respect to
the surface normal. Using this incident angle, the wavelengths required to couple
light to on the two other plasmonic ‘sideband” gratings can be calculated.
For the same incident angle, this leads toEPRlwavelengths at 612nm (for k,,) and
695nm (for ky3). lists the grating spatial frequencies expressed in terms
of the long period alignment grating k4, the corresponding spatial period, and the
calculated and measured wavelength.

The calculated PRl wavelengths are close to the measured ones. The incident
angle used in the calculation (27.7°) is slightly different from the incident angle in
the measurement (27°). This difference may be due to the fact that, strictly speaking,

is only valid for flat surfaces and is only a good approximation for
grating amplitudes smaller than about 7 nm [[33]].

4.C TRANSIENT GRATING MEASUREMENT

Since we had some doubts about the accuracy with which the thickness of the
Au layer was initially determined, an additional measurement on the flat part
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Figure 4.18: Measured time-dependent diffracted signal from an unstructured part of the
sample, after excitation by two synchronized 400 nm pulses, creating a transient
grating. The measured diffraction is normalized to the electron peak at 0 ps delay.

of the sample, where no grating is present, was performed. shows

the measured, normalized, time-dependent diffraction, #, of a 655 nm pulse, after
excitation by two 400 nm pump pulses. These pulses create a transient grating at the
sample, with a pitch of about 3 pm. The measurement shows an oscillatory signal

with a period of 107 ps + 2 ps, corresponding to a frequency of 9.3 GHz + 0.2 GHz.

This corresponds to the[[W]frequency measured at the segmented grating. We are
thus led to conclude that the thickness of the Au layer is 172nm + 3nm, assuming
the speed of sound in the layer is still 3240 ms~!, rather than the 192 nm that was
measured using a profiler (Tencor P-7, KLA).

61






WAVELENGTH-DEPENDENT OPTICAL DETECTION OF
STRAIN WAVES NEAR INTRINSIC AND ARTIFICIAL
OPTICAL RESONANCES

ABSTRACT

Laser-induced, ultrafast strain waves are potentially interesting for sub-
surface metrology in the semiconductor industry. These waves are com-
monly detected by measuring their effect on the reflectance of a material.
The changes in reflectance are typically small, making detection difficult.
In this letter, we compare the strain-wave-induced changes in reflectance
at and around an interband transition and a surface plasmon polari-
ton resonance. Both are present on an Au-covered segmented grating,
at different wavelengths. Using a white light continuum probe pulse,
we measure the ultrafast reflectance changes over a broad wavelength
range. We find that the strain-wave-induced changes at the interband
transition are only about 37 % smaller than those measured with probe
wavelengths close to a surface plasmon polariton resonance. This con-
trasts with the different appearance of the surface plasmon polariton
resonance and the interband transition in the static reflectance spectrum
of the sample. Our results show that the static reflectance spectrum is
not a good predictor for the strain-wave-induced reflectance changes
and emphasize the importance of experiments to find the optimum
wavelength to detect strain waves.

This chapter has been published, in modified form, in Optics Letters, Vol. 50, Issue 5, 1445-1448 (2025) [[18]
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5.1 INTRODUCTION

ULTRAFAST STRAIN WAVES, generated and detected with ultrashort optical pulses
[[12} 62]], can penetrate optically opaque layers to measure layer thickness [73]]
and detect subsurface structures [74} 75]]. This hybrid optical and acoustic tech-
nology is a promising candidate for subsurface metrology in the semiconductor
manufacturing industry, for example, for wafer alignment [4, |15]]. Unfortunately,
achieving the signal-to-noise ratio (ENR]) required for the detection of strain waves
in these applications is challenging. Strain waves can dynamically alter the complex
refractive index of a material and, thus, its reflectance, which can be measured
using an ultrashort laser pulse. However, the magnitude of these changes may be
small or even non-existent for specific probe wavelength and acoustic frequency
combinations [[76]].

Interestingly, strain-wave-induced reflectance changes can non-trivially depend
on the probe wavelength, which may provide an easy path towards increasing
signal strength. Probing with wavelengths close to the interband transition (IBT]) in
aluminium, for example, has shown to dramatically modify the strain-wave-induced
reflectance changes [|77]]. A similar, strong wavelength dependence in the detection
of strain waves has also been observed when probing close to surface plasmon
polariton resonances (SPRb). Surface plasmon polaritons are collective oscillations
of free electrons in a metal, coupled to an electromagnetic wave. They can be used
to enhance the detection of strain waves on, for example, flat surfaces [|78}[79]] or
metallic gratings [[17]]. Although the latter require on surface modifications, they
have an advantage over the intrinsic[[BTt They can be tailored to be resonant for a
specific (optical) wavelength range.

For metrology applications, however, a quantitative analysis of the enhancements
due to the naturally occurring [BTk and the “artificial’ is essential. This is
challenging, as it should ideally be conducted using a single sample under the
same experimental conditions. Such a comparison is also interesting because the
two resonances manifest themselves differently in the linear reflectance spectrum of
gold. The[[BTlshows up as a gradually decreasing reflectance when the wavelength
decreases from 600 nm to 475 nm, while the[SPRlhas a sharp dip in the reflectance.

In this chapter, we show the strain-wave-induced changes in reflectance of an Au-
covered segmented grating, for probe wavelengths between 465 nm and 755 nm.
This wavelength range simultaneously covers the [BTl of Au at approximately
520nm (2.4eV, [80]) and three at 615nm, 652 nm, and 695nm [47]] (2.0eV,
1.9eV, and 1.78 eV, respectively).

We observe time-dependent oscillatory changes in reflectance near both the [BTI
and near the[SPRb, that correspond to a 9.5 GHz longitudinal wave (LW]) excited by
the pump pulse. The largest change in the reflectance is measured on the slope of the
at a wavelength of 649 nm. Near the [[BT] the amplitude of the reflectance has
a maximum at a probe wavelength of 510nm (2.43 eV), and the amplitude is about
37 % smaller than that measured close to the This difference in the strain-
wave-induced reflectance changes measured around the and [BTl contrasts
with the large difference in shape of the static reflectance spectrum around these
optical resonances. It shows that for resonances that have different physical origins,
the static reflectance spectrum is not a good predictor of the relative strength
of the optical changes induced by the strain waves. It thus highlights the need
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to perform wavelength-dependent measurements to maximize the strain-wave-
induced reflectance changes.

5.2 EXPERIMENTAL METHODS

The sample is a segmented grating, similar to what is sometimes used in the
semiconductor industry for wafer alignment. The grating is covered by 172 nm of
Au, and is shown schematically in[Figure 5.1B and C. The segmented grating is
a short-period grating (Agpp = 430nm), capable of sustaining surface plasmon
polaritons (BPDk) in the visible, amplitude modulated with a long-period grating
(A = 6020nm). Due to the amplitude modulation, the grating also contains ”side-
band gratings” at the sum and difference spatial frequencies of the two gratings
[47]]. At these sidebands, can also be excited, giving a total of three[SPR, at
615nm, 652 nm, and 695 nm, in line with earlier experiments, for p-polarized light
with an angle of incidence ([AQI) of 26° with respect to the surface normal. The
can be seen as dips in the reflectance of the sample as shown in[Figure 5.6B.

In the experiments, 400 nm pulses, with a peak fluence of about 6.2m] cm~2,
generate strain waves in the sample. The pump polarization is parallel to the grating
lines and cannot excite[SPTk on the sample.

The 1200 nm output of an optical parametric amplifier ([QPA]) is focussed into
a 2mm thick barium fluoride (BaF,) crystal to generate a white light contin-
uum (WLJ) probe pulse. shows a part of the spectrum of a typical
WL pulse. A broadband beam splitter, reflecting about 70 %, splits the [NL{ into
two, where the transmitted part is measured as a reference spectrum. The reflected
part is focussed onto the sample, such that the probe spot diameter is about 6.5
times smaller than the pump. The probe[AOTlis about 26° with respect to the surface
normal, in the plane perpendicular to the grating lines, as shown schematically
in[Figure 5.1B. The reflection from the sample is collimated and measured by the
spectrometer. Any probe light diffracted from the sample is blocked. The spectrom-
eter is build around a high-speed camera (Andor Zyla 4.2 PLUS, Oxford
Instruments). More information about the setup can be found in and

about the data processing in

5.3 RESULTS AND DISCUSSION

In [Figure 5.2)A, we plot the pump-induced relative changes in reflectance as a
function of probe wavelength, for pump-probe delays between —5 ps and +10 ps
In this time window, the large and rapid changes in reflectance, followed by a
slower decay, are caused by electron gas heating and cooling [24]]. We note that a
clear positive chirp is visible, as there is a wavelength-dependent shift in time of
the abrupt reflectance change toward more negative delays, for decreasing probe
wavelength.

Despite the chirp, the individual wavelength components are still able to probe
a rapid (rise time <300 fs) change in reflectance when the pump pulse arrives. For
the shortest wavelengths, up to 510 nm, the reflectance rapidly increases by up to
25 %, and then decays almost linearly to an increase of about 2.5 % at 10 ps. For
wavelengths between 510 nm and 600 nm, the reflectance initially decreases by up to
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Figure 5.1: A. Visible part of the[WLC|spectrum, the shaded area indicates the wavelength
range used in the experiments. B. Front view of the segmented grating, on which
the probe light is incident. C. Schematic cross-section of the sample.

15 %, before recovering to a decrease of about 1 %, which is consistent with earlier
results [25)[81]]. The zero-crossing between the positive and negative changes in
reflectance shifts from 510 nm to 500 nm in this time interval. The change in sign
of the reflectance change as a function of wavelength around the[[BT} is caused by
Fermi smearing [25)/81-84].

For wavelengths longer than 600 nm, the initial change in reflectance is still
negative, but its amplitude decreases with increasing wavelength: The effects of
Fermi smearing decrease as the photon energies become (much) smaller than the
[BTthreshold energy . Furthermore, the initial reflectance change appears to
recover faster for longer wavelengths.

The heating of the electron gas also affects the three GPRE: shows
both the static reflectance spectrum, and the reflectance spectrum 500 fs after the
pump pulse, for wavelengths between 590 nm and 715 nm. The absorption dips in
the reflectance spectrum become a bit more shallow and their central wavelengths
shift to slightly longer wavelengths, as is shown in the inset. The change in shape is
commonly attributed to a change in the imaginary part of the dielectric function of
the metal, whereas the shift is attributed to a change in the real part 86]].
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Figure 5.2: A. Relative change in reflectance as function of pump-probe time delay and probe
wavelength. B. Part of the static and pumped (delay 500 fs) reflectance spectrum,
normalized by the reference spectrum. The inset highlights the change in shape
and central wavelength of the[SPRI

After a few ps, the changes have mostly decayed, the residual change in reflectance
is due to the lattice heating.

The remaining energy in the lattice dissipates into the substrate over several
nanoseconds, resulting in a slowly decreasing reflectance change, present at all
wavelengths. This thermal background masks the fast strain-wave-induced re-
flectance changes. To show these, we filter the reflectance changes using an 8th_order
high-pass zero-phase digital Butterworth filter, with a cut-off frequency of 6 GHz.
This also removes the low-frequency surface acoustic wave (SAW]) as we focus
only on the LWk.

shows the filtered reflectance changes as a function of probe wave-
length and pump-probe delay time, on a timescale of 700 ps. Strain-wave-induced
oscillations in the reflectance, with a period of 105 ps, are visible for probe wave-
lengths shorter than 550 nm and near the three[SPRE, at 615 nm, 650 nm, and 695 nm.
The oscillation period of 105 ps matches the roundtrip time of the longitudinal
acoustic wave in the 172 nm thick Au layer [47]]. Around all three SPRE, the phase
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Figure 5.3: High-pass filtered reflectance changes for p-polarized probe light as a function of
pump-probe time delay and probe wavelength. A 5 x 5 smoothing filter has been

applied.

of the oscillation changes abruptly when the wavelength changes from below to
above each resonance. Interestingly, a similar phase jump is present near the [BT}
at about 500 nm.
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Figure 5.4: High-pass filtered reflectance changes of selected wavelengths, the shaded area
indicates the minimum and maximum values of the 5 wavelengths closest to the
indicated wavelength. The curves are offset for visibility.

In[Figure 5.4, we plot the reflectance changes as a function of delay time for probe
wavelengths of 480 nm, 520 nm, 648 nm, and 655nm. Each curve is the average
of five wavelengths closest to, and including, the indicated wavelength, and the
maximum and minimum values within those pixels are shown by the shaded areas.
The figure highlights that the oscillations of the reflectance changes measured on
either side of the resonance or transition have an almost opposite phase.

For small delays (< 250 ps), the reflectance change at 648 nm is a more or less
triangularly shaped wave, indicating that it consists of the fundamental longitudinal
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mode and odd higher modes [|87]]. Only the odd modes are excited because the
thermal stress in the layer is nearly constant as a function of depth [88]]. The latter
is caused by the rapid transfer of absorbed energy from close to the surface, deeper
into the layer due to ballistic electron transport and electron energy diffusion [[25]].
Interestingly, the reflectance change measured at 520 nm, with photon energies just
below the [BTlthreshold energy, has a different temporal shape.
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Figure 5.5: Amplitude of the reflectance changes in the first 300 ps as a function of strain-wave
frequency and probe wavelength. A 5 x 5 smoothing filter has been applied.

Figure 5.5/ shows the fast Fourier transform (EFT]) of the first 300 ps of the re-

flectance changes of all measured wavelengths, for p-polarized light. A Hann win-
dow is used to reduce windowing artefacts. We measure the highest amplitude for
the fundamental [LWlfrequency of 9.5 GHz at 649 nm, on the short-wavelength side
of the strongest[SPRlat 650 nm. The strain-wave-induced reflectance changes at the
other two also show a larger amplitude on the short-wavelength side.

Naively, we would expect a 77 phase shift when comparing the probe wavelengths
below and above the[SPRk. Instead, we measure a 0.777 phase shift, for each of the
three resonances. The most likely explanation for this is that the strain wave changes
the complex dielectric function by some complex value de. The real part of e affects
the central wavelength of the A shifting central wavelength can result in
opposite reflectance changes on either side of the[SPRk. This would imply that the
phase changes by exactly 7t over the However, the imaginary part of de results
in a change in reflectance that is symmetric around the central wavelength of the
[[78]]. The combined contribution of de can result in an apparent total change
less than 7.

Near the[[BT] the fundamental mode reaches its highest amplitude at 510nm
(2.43eV), corresponding to a photon energy approximately equal to the[[BTlthresh-
old energy of 2.4 eV. Interestingly, the strain-wave-induced changes are about 37 %
smaller for wavelengths at and close to the [BTl than for those near the largest[SPRI
(at 649 nm). This is in remarkable contrast with the reflectance changes induced by
the electron dynamics immediately following the pump pulse illumination. There,
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the reflectance changes near the[[BT]are significantly larger than those near any of
the[SPRb.

The third- and fifth-order harmonic modes, at frequencies of 28.5GHz and
47 GHz, respectively, have the largest amplitude reflectance changes at 510 nm.
The amplitude at this probe wavelength, relative to the first-order mode, is much
higher than near any of the[SPRb.
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Figure 5.6: A. Amplitude of reflectance changes induced by the 9.5 GHz strain wave, for s-
and p-polarized probe light. A moving average has been applied using 2 neigh-
bouring values. B. The static reflectance, for s- and p-polarized light, as a function

of wavelength, for an[AQI|of 26°, see also

For s- and p-polarized probe light, we plot in[Figure 5.6A the FETlamplitude of
the reflectance changes at 9.5 GHz as a function of probe wavelength. The changes
in reflectance for s-polarized light in the time domain are shown in [Section 5.C}
As mentioned before, significant reflection changes occur near the for p-
polarized light and are, as expected, absent for s-polarized light. Around the [BT]
strain-wave-induced reflectance changes are present for both polarizations.

In[Figure 5.6B, we plot the static reflectance of the sample for s- and p-polarized
light. The[SPRE, visible as dips in the p-polarized reflectance spectrum, coincide with
the regions of enhanced strain-wave-induced reflectance changes. Upon careful
inspection, these changes peak at wavelengths that are actually on the slope of the
dips. However, near the[[BT] such sharp features are absent in the static reflectance
spectra, yet large strain-wave-induced changes are measured there.

5.4 CONCLUSION

The results show that the shape of the static linear reflectance spectrum around
and [BTlis not a good predictor of the amplitude of the strain-wave-induced
reflectance changes. Whereas the are sharp and the[[BTImanifests itself as a
more gradual change in reflectance, the strain-wave-induced reflectance changes
are only about 37 % smaller near the[[BT] compared to the amplitude near the SPRk.
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However, the temporal shape of the reflectance changes is significantly different
when probing around the[[BTlcompared to the[SPRE. In absence of a model that can
accurately predict these signals, the conclusion is that wavelength-dependent mea-
surements are required to determine the maximum strain-wave-induced reflectance
changes when resonances of a different nature are present.

5.A EXPERIMENTAL SETUP

The setup is shown schematically in[Figure 5.7} The output of a Ti:sapphire amplified
laser system (Astrella-USP, Coherent) with a central wavelength of 800 nm, pulse
energy of 6.3 mJ, pulse duration of 35fs, and a repetition rate of 1kHz is split into
two using a 85:15 (R:T) beam splitter. The transmitted part is used as pump and is
frequency-doubled using a S-barium borate (BBQ) crystal. Remaining 800 nm light
is removed via several dichroic mirrors, high-reflective only for 400 nm. The pump
laser wavelength of 400 nm was chosen as gold absorbs this wavelength much
stronger than 800 nm, the fundamental laser wavelength. A computer-controlled
delay line (M-521.D, Physik Instrumente) varies the arrival time of the pump pulses
at the sample. A mechanical chopper, synchronized to the pulse train, blocks
every other shot, reducing the repetition rate to 500 Hz. The pulses are weakly
focussed onto the sample, incident at an angle of about 6° with respect to the
surface normal of the sample. The spots are slightly elliptical, with full-width at
half maximum (EWHM]) axes of 380 wm and 300 pm. The pump pulse polarization
is parallel to the grating lines of the sample, such that they cannot excite[SPDb. The
pump peak fluence is 6.2 m] cm~2, about 60 % is absorbed. When all the absorbed
energy is converted into heat, the 172 nm Au layer will expand by 212 pm (or about
0.12%).

The stronger, reflected part of the output of the laser pumps a three-stage optical
parametric amplifier (OPA, TOPAS-HE, Light Conversion). The output wavelength
of the[OPAlis set to 1200 nm. The pulse energy of the output is reduced to a few pJ,
by reflecting the beam off several beam splitters. A GaAs wafer, used as a long-pass
filter, removes any remaining visible light from the pulses and a half-wave plate
controls the polarization of the pulses. The pulses are focussed by a 100 mm focal
distance lens into a 2 mm thick [BaF,| crystal, creating a single filament. [BaF, was
chosen for its ability to also generate wavelengths in the blue region [43[]. The
crystal is moved in a plane perpendicular to the beam direction in Lissajous figures,
to avoid the accumulation of damage at a single position inside the crystal and to
slow the degradation of the[WLOspectrum [44]. The WL is collimated using a
75mm achromatic lens. A wire-grid polarizer (WP25M-UB,Thorlabs) removes any
unwanted polarization. The transmitted part of a beam splitter (BST-10, Thorlabs)
is measured by the spectrometer as a reference. The reflected part is focussed onto
the sample by an achromatic lens (focal distance 200 mm). The spot size has a
[FWHM)] diameter of 45 pm.

In the spectrometer, light diffracts off a blazed grating (GR25-0305, Thorlabs) with
300 lines per mm. The diffracted light is focussed onto the complementary metal-
oxide-semiconductor (CMQOS) sensor (Andor Zyla 4.2 Plus, Oxford Instruments) by
a system of two cylindrical lenses. The light is focussed by the first lens (f = 75 mm)
in the horizontal direction, where the wavelengths are dispersed due to the grating.
The axis of curvature of the second lens (f = 50 mm) is rotated by 90° with respect
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Figure 5.7: BS 1: 85:15 (R:T) 800 nm beam splitter, BS 2: broadband 70:30 (R:T) beam splitter,
: barium fluoride, BBO]: B-barium borate, FL: Long-pass filter (Thorlabs,
FEL-450).

to the first. This lens focusses the light onto several pixels in the vertical direction,
where the wavelengths are not dispersed. After each exposure, the camera sums
the intensity counts of each column of these pixels and the results are sent to the
computer afterwards. The two active area consists of 2048 columns of 30 pixels in
height, so ultimately 2048 numbers are sent to the computer. This increases the
total amount of light that can be measured and therefore increases the SNRlof the
measured spectra.

The spectrometer records spectra with 2048 pixels between 468 nm and 755 nm.
The pump wavelength (400 nm) is outside this range and a long-pass (with a cut-
off wavelength of 450 nm) filter (FEL-450, Thorlabs), placed before the diffraction
grating, blocks any scattered pump light.

5.B DATA PROCESSING

The sample reflectance spectrum and the reference spectrum are measured for each
probe pulse simultaneously, by using two vertically separated active areas on the
camera sensor. We divide the reflection spectrum by the reference, to correct for any
spectral fluctuations in the[WLC To minimize the pixel-to-pixel mismatch between
the two spectra, we numerically shift one with respect to the other. The optimal
shift is found by minimizing the mean square difference between the absorption
spectra of a reference material (RM-DG, Starna) measured by the two spectrometer
channels. This reference material is also used to calibrate the wavelength axis
of the measurements. The relative change in reflectance is calculated from two
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consecutive probe pulses, one after excitation of the sample with a pump pulse,
the other without.

The measurements are taken in a 'slow-scanning’ approach, where the spectra of
2000 probe shots are recorded at a position of the delay line. The delay line then
proceeds to the next position. These 2000 recorded spectra result in 1000 spectra
of relative changes in reflectance, which are then averaged. The range of delays is
scanned twicefirst in ascending order, and then in descending order. The presented
relative changes in reflection are the average of the two scans.

Outlier[NLd probe pulses, characterized by a spectrum with significantly more
or less light than average, are excluded from the data set. To identify these outliers,
the counts of all pixels in a single reference spectrum are summed. The mean and
standard deviation of these summed counts are then calculated across all acquired
reference spectra of that measurement (where all delays are scanned twice).

The outliers are discarded if the sum of counts of the reference spectrum deviates
by more than five times the standard deviation of the mean. Since this can happen
to either the probe pulse that measures the reflectance of the pumped sample or
the unperturbed sample, both are excluded. The average reflectance change for that
position is then calculated using the remaining spectra.

5.Cc  S-POLARIZED PROBE
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Figure 5.8: High-pass filtered reflectance changes for s-polarized probe light as function of
pump-probe delay and wavelength. A 5 x 5 uniform filter has been applied.

shows the high-pass (cut-off frequency 6 GHz) filtered reflectance
changes measured with s-polarized light. The pump fluence is equal to the other
measurements, at 9.0mJ cm~2. As expected, no strain-wave-induced reflectance
changes are observed near the wavelengths where, for p-polarized light, [SPDb are
excited. The [[Wk are measured only near the [BT} and only for the first 200 ps.
We have identified two possible causes responsible for the absence of clear strain-
wave-induced changes for delays larger than 200 ps. Firstly, the amplitude of the
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strain-wave-induced relative reflectance changes is lower for s-polarized light,
causing the signal at longer time delays to become indistinguishable from noise.
Secondly, there is less reference light since the transmission of the used beam splitter
(BST10, Thorlabs) is different for s- and p-polarization. Lower reference light affects
the achievable ENRInegatively. Nevertheless, in the first 200 ps, the temporal shape
of the reflectance changes resembles that observed with p-polarized light.

5.0 CALCULATION OF REFLECTANCE SPECTRUM
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Figure 5.9: Plot of the calculated reflectance, at an angle of incidence of 26° with respect to the
surface normal, for p-polarized light of the segmented grating (green), obtained
by multiplying the measured ratio of reflectances of the segmented grating and a
flat part of Au (blue) with the calculated reflectance of Au (orange).

The reflectance spectrum of the segmented grating, for p-polarized light, is shown
in green in[Figure 5.9} It was calculated by measuring the ratio of the reflectance of
the Au-covered segmented grating and the reflectance of a flat part of the sample,
also covered by the same layer of Au. This measurement was performed in the same
setup as described earlier, but without any pump light. For wavelengths longer than
700 nm, the ratio is slightly larger than 100 %, most likely due to a small change in
alignment from moving the sample vertically, such that a flat part of the sample
could be exposed to the probe light. This ratio is shown in[Figure 5.9)in blue. To
find the true reflectance of the segmented grating, we multiplied the measured
ratio with the calculated reflectance of Au. The reflectance of Au was calculated
using the Fresnel equation for p-polarized light at an angle of incidence of 26° using
n and k values from [|89]].

shows the same as|[Figure 5.9 but for s-polarized light. The ratio of
reflectance of the segmented grating and the reflectance of a flat part were measured
on a different, linear spectroscopy setup. This setup consists of a fibre-coupled
halogen light source and a fibre-coupled spectrometer (AVASPEC-ULS2048CL-
EVO, Avantes). For s-polarized light, the difference between the reflectance of the
grating and the flat part comes from light diffracted off the grating.
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Figure 5.10: Plot of the calculated reflectance, at an angle of incidence of 26° with respect
to the surface normal, for s-polarized light of the segmented grating (green),
obtained by multiplying the measured ratio of reflectances of the segmented
grating and a flat part of Au (blue) with the calculated reflectance of Au (orange).






BROADBAND OPTICAL DETECTION OF STRAIN WAVESIN A
THIN RUTHENIUM FILM

ABSTRACT

Optical detection of ultrafast strain waves is difficult, as the wavelength-
dependent optical response to these waves is not known for many ma-
terials. Here, we investigate the strain-wave-induced changes in re-
flectance of a 30 nm ruthenium layer for wavelengths between 475nm
and 1000 nm using an ultrafast spectrometer. For wavelengths shorter
than 900 nm, a train of individual strain-wave-induced changes in re-
flectance is observed. These changes become shorter and sharper in
time, as the probe wavelength decreases. Consequently, the peak of
the spectrum of the reflectance change induced by the first strain-wave
reflection shifts to higher frequencies for shorter probe wavelengths. We
find that the maximum detectable strain-wave frequency is inversely
proportional to the optical penetration depth of the probe wavelength.
Surprisingly, gaps are measured for some strain-wave frequencies at
specific probe wavelengths, even though these frequencies are below
the maximum detectable frequency.

A manuscript based on this chapter is in preparation.
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6.1 INTRODUCTION

RutHENIUM (Ru) is a relatively new material in the semiconductor industry. It is a
candidate to replace copper as a material for interconnects, the ‘wires’ connecting
transistors and different layers in semiconductor chips. Copper suffers from ‘grain-
iness’, as these interconnects become more narrow (< 20nm), which increases
resistivity [90]]. Ruthenium suffers less from this problem and has, for these narrow
wires, a lower resistivity than copper [[19} 91]]. Furthermore, ruthenium may be used
as a selective etch masks (hard mask) in semiconductor device manufacturing, to
protect areas from being etched [92-94]].

In both cases, a relatively thick (> 50nm) layer of ruthenium may be deposited
onto the wafer on which semiconductor devices are fabricated, covering the wafer
completely. Unfortunately, such ruthenium layers are opaque for most wavelengths.
This can make optical metrology, especially alignment metrology, of these wafers
challenging.

In alignment metrology, the position of the wafer is determined using several
‘alignment markers’, just before exposure in a photolithography machine. The
position of these markers is determined with sub-nanometre accuracy via the
diffraction of (visible) light [4]].

It has been shown that such gratings, buried underneath opaque layers, can be
optically detected with the help of ultrafast laser-induced strain waves [|15} |16]].
One of the main challenges here is the optical detection of the strain waves with a
sufficiently high signal-to-noise ratio (GNR]) in a limited amount of time. In general,
increasing the can be done by either decreasing noise or increasing signal.
One method to increase the[SNRlin the optical detection of strain waves, is to probe
with wavelengths close to optical resonances. These resonances, such as surface
plasmon polariton resonances (SPRk) [|17, 47, 78] or etalons [[95], can increase the
change in reflectance induced by the strain wave, when it is close to the surface of
the opaque layer.

Improving the optical response to strain waves starts with selecting the ‘proper’
probe wavelength, where the change in reflectance, induced by the strain wave,
is largest. Although there is some research on the behaviour of ruthenium under
femtosecond illumination [96-100]], there is no study of the broadband optical
response of ruthenium to ultrafast strain waves. The best way to determine the
proper probe wavelength is through experiments, as the linear optical reflection
spectrum is not a good predictor for the strength of the strain-wave-induced change
in reflectance [[18]].

Here, we present a study of the strain-wave-induced changes in reflectance,
as a function of probe wavelength and pump-probe delay time, of an approx-
imately 30nm thick ruthenium layer on sapphire, for two wavelength ranges,
namely from 475nm to 760nm and from 730nm to 1000nm. We find that the
strain-wave-induced reflectance changes show a strong dependence on the opti-
cal probe wavelength. Not only the amplitude but also the temporal shape of the
induced changes varies with probe wavelength. For probe wavelengths shorter
than 900 nm, we observe a train of strain-wave-induced changes in reflectance,
spaced 10 ps apart, while for the longer probe wavelengths, the change more or less
resembles a damped sinus. The changes in reflectance become shorter and sharper
in time, for shorter probe wavelengths. This is also reflected in the spectrum of
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the in reflectance induced by the first reflection of the strain wave, which contains
higher frequencies when measured at shorter probe wavelengths. We find that the
maximum detectable frequency, as a function of probe wavelength, more or less
corresponds to the time it takes for the strain wave to propagate over a distance
that corresponds to the optical penetration depth. Lastly, we find that the spectrum
contains some gaps, most notably at a probe wavelength of 600 nm, where the
frequencies below 150 GHz are only very weakly present.

6.2 METHODS

An amplified laser system (Astrella, Coherent) generates a 1 kHz pulse train con-
sisting of 35 fs, 6 m] pulses with a central wavelength of 800 nm. This pulse train is
split into two beams by an 85 : 15 (R:T) beam splitter.

The weaker part is frequency-doubled by a -barium borate (BBOJ) crystal, such
that its central wavelength is 400 nm, and is used to pump the sample. Every other
pulse is blocked by an optical chopper, synchronized to the pulse train, such that
the repetition rate is reduced to 500 Hz. A mechanical delay line (M-521.D, Physik
Instrumente) varies the optical path length of the pump pulse. The pump pulse
polarization is vertical with respect to the laser table and is weakly focussed onto
the sample. The full-width at half maximum (EWHM]) axes of the elliptic spot are
400 um and 500 pm. The pump peak fluence is 9.4 mJ cm 2.

The stronger part, reflected by the beam splitter, pumps a three-stage optical
parametric amplifier (TOPAS-HE, Light-Conversion). About 1 ] to 2 puJ
of the [OPAls signal pulse, tuned to 1200nm, is used to generate a white light
continuum (WLJ) in either a barium fluoride or a sapphire crystal. Barium
fluoride is used for wavelengths between 470 nm and 760 nm [43]]. For the longer-
wavelength measurements, a sapphire crystal was used to generate the [NLC probe
pulse. For this wavelength range, using sapphire results in less pulse-to-pulse
fluctuations in spectrum and intensity, compared to [BaF,] After the generation
crystal, the[N¥Ldpulse is collimated and focussed onto the sample, with an angle of
incidence of about 25° with respect to the surface normal. The pulse is horizontally
polarized, i.e., in the plane formed by the surface normal of the sample and the
propagation direction of the probe pulse. The[FIWHM]spot size of the probe pulse
on the sample is approximately circular with a diameter of about 45 pm.

After the sample, the reflected probe pulse is collimated and measured by the
spectrometer. The spectrometer consists of a grating with 300 lines per mm and
a lens system, comprising two cylindrical lenses, with an effective focal distance
of 75 mm that focusses the dispersed pulse onto a camera (Andor Zyla 4.2 Plus,
Oxford Instruments). A reference measurement of the[NLClis recorded by the same
spectrometer, but at a different active area on the camera. For this, part of the[NL{
pulse is split off using a beam splitter, before it probes the sample. More details can
be found elsewhere [|18]].

When the crystal that is used to generate the[WL{is changed, the spectrometer
grating is rotated to ensure that the wavelength range of interest is captured by
the camera. Also, the beam splitter that splits the reference from the probe beam is
swapped and the spectrometer is calibrated again. [Table 6.1lists the wavelength
ranges and the configurations that are used.
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Table 6.1: Configuration of the experimental setup for the different wavelength ranges.
Wavelength range ‘Crystal (thickness) ‘ Beam splitter (R:T)
470nm to 760nm |[BaF,] (2 mm) Thorlabs BST10 (70:30)
730nm to 1000 nm | Sapphire (5 mm) Thorlabs UFBS8020 (80:20)

The ruthenium film was deposited onto a sapphire substrate, via magnetron sput-
tering at an argon plasma pressure of 2 x 103 mbar, with a rate of approximately
0.25nms~'. The substrate was chemically cleaned using a solution of ammonium
hydroxide (NH,OH) and hydrogen peroxide in water and, subsequently, rinsed in
isopropanol and dried using N, gas.

6.3 RESULTS

Ruthenium has a strong electron-phonon coupling constant [|101},/102]], which means
that the most of the pump pulse energy, initially absorbed by the free electron gas,
is transferred to the lattice within the first picosecond after illumination with
the pump pulse. We present and briefly discuss the pump-induced changes in
reflectance during the first few picoseconds after illumination in[Section 6.A] The
rapid transfer of energy to the lattice results in (i) limited initial energy diffusion
deeper into the layer, as most of the energy is deposited close to the surface as a
result from the short penetration depth of the pump light, and (ii) the generation
of very-high-frequency strain waves at the surface and back interface of the layer.
The amplitude of the strain wave generated at the surface is much larger than that
of the strain wave generated at the back surface due to the short penetration depth
of the 400 nm pump wavelength and the limited energy diffusion of the electron
gas during the first picoseconds.

In[Figure 6.1} we show the measured relative changes in reflectance, averaged
over a 2.1 nm wide band, as a function of pump-probe delay, at probe wavelengths
of 500 nm, 700 nm, and 900 nm. The measurements are shifted in time such that
the onset of the initial changes is at 0 ps. The reflectance for 700 nm and 900 nm
increases abruptly at 0 ps pump-probe delay time, while the reflectance at 500 nm
abruptly decreases and also recovers immediately. These changes are mostly related
to the electron dynamics and are discussed in[Section 6.A} After the rapid increase,
the reflectance at 700 nm and 900 nm decays exponentially, on a timescale of about
40 ps, from values of about 2 % and 4.2 %, to 1.2 % and 3 %, respectively. This is the
result of the redistribution of energy within the ruthenium layer, via electron gas
diffusion, from near the surface, where most of the energy is initially deposited,
deeper into the layer. The reflectance at 500 nm is, however, mostly constant in time,
at a level slightly lower than its static reflectance. Furthermore, the exponential
decay is absent.

At 11 ps, all three wavelengths show a rapid change in reflectance. For 900 nm, the
change is a decrease in reflectance lasting a few picoseconds, superimposed on the
exponential decay. For 700 nm, the change is bipolar: first a decrease in reflectance,
followed by an increase, relative to the exponential decay. At 500 nm, the change
consists of two small increases in the reflectance, with a dip in the middle. These
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Figure 6.1: Changes in reflectance of a 30 nm ruthenium film as a function of delay with a
400 nm pump pulse, for three probe wavelengths of 500 nm, 700 nm, and 900 nm.

rapid changes are induced by a strain wave, generated by the thermal expansion
of the hot lattice, returning to the surface, where it was generated, after being
(partially) reflected at the back interface of the ruthenium layer and the sapphire
substrate.

A similar rapid change in reflectance is visible at 21 ps for probe wavelengths
of 700nm and 900 nm. These changes are again caused by the strain wave as it
has completed its second round trip. The amplitude of the changes is smaller, as
the strain wave is, again, only partially reflected at the back interface. From the
roundtrip time of 10.0 ps and the speed of sound of ruthenium of 5970ms~! [29],
we calculate a layer thickness of 29.9 nm, close to the value of the intended 30 nm
thickness.

To investigate the probe-wavelength-dependence of the strain-wave-induced
changes in reflectance, we remove the thermal background by fitting an expo-
nential decay to the change in reflectance for every measured probe wavelength.
In and b, we plot the strain-wave-induced changes in reflectance as a
function of time, on the horizontal axis, and as a function of probe wavelength,
on the vertical axis, obtained from the long-wavelength measurement (a) and
short-wavelength measurement (b). A decrease in reflectance is indicated by the
colour blue, white indicates little or no change and red indicates an increase in
reflectance. The amplitudes shown in panel a (and c) are multiplied by a factor
of 1.36 to account for an apparent difference in pump fluence, see [Section 6.C] for
more information.

In[Figure 6.2k and b, we again observe the first reflection of the strain wave at
around 11 ps. For a probe wavelength of 1000 nm, the strain wave induces a decrease
in reflectance, lasting about 4 ps, centred at 11 ps. The duration of this decrease in
reflectance gradually becomes shorter for shorter probe wavelengths. At 760 nm,
the shortest wavelength shown in panel a, the strain-wave-induced decrease in
reflectance only lasts about 2 ps. For the shorter probe wavelengths shown in panel
b, this trend continues: the induced change in reflectance becomes sharper and
shorter for shorter wavelengths. In addition to this, the strain-wave-induced change
in reflectance becomes gradually asymmetric for probe wavelengths shorter than
860 nm. The reflectance change is almost bipolar between 750 nm and 620 nm. For
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probe wavelengths short than 620 nm, an increase in reflectance is observed before
the rapid decrease centred at 11 ps. Furthermore, the amplitude of this change
at 11 ps also decreases for shorter probe wavelengths. At 500 nm, the change in
reflectance only consists of two positive shoulders, at about 9.5 ps and 12 ps, this

can be seen best in [Figure 6.1
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Figure 6.2: a and b: Measured strain-wave-induced changes in reflectance of a 30 nm thick
layer of ruthenium on sapphire, after removing the thermal background. ¢ and d:
Mamphtudes of a time interval around the first strain-wave-induced change in
reflectance, at 11 ps, shown in a and b. This interval, from 5 ps to 17 ps, is indicated
by the vertical black dashed lines in a and b. The white dots indicate the frequency
with the highest amplitude for every wavelength. The amplitudes in a and c are

multiplied by a factor of 1.36, see

We use a fast Fourier transform (FET]) algorithm to calculate the Fourier transform
of the time-dependent change in reflectance in an interval centred at 11 ps, the
middle of the strain-wave-induced change in reflectance, for all probe wavelengths.
This interval starts at 5 ps and ends at 17 ps, is shown with two dashed vertical
lines in [Figure 6.2] A Hann window is used to reduce windowing effects in the
Fourier transform.

and d show the amplitude of the Fourier transform as a function of
frequency on the horizontal axis, and of probe wavelength on the vertical axis.
The amplitude is shown in a logarithmic colour scale, shown above the plot. The
frequency with the highest amplitude is indicated with a white dot, for every
probe wavelength. At a probe wavelength of 1000 nm, the spectrum of the strain-
wave-induced change in reflectance peaks at approximately 80 GHz and extends to
400 GHz. As the probe wavelength decreases, the peak of the spectrum shifts to
higher frequencies. At 760 nm, at the intersection between the two sets of measure-
ments, the calculated spectrum peaks at 150 GHz. Between 590 nm and 700 nm, the
highest frequencies contained in the high-frequency tail even approach 800 GHz. It
is important to note that these changes are correlated with the probe wavelength,
as the same strain wave is probed by every wavelength.

The peak of the spectrum reaches its highest frequency of 300 GHz around 560 nm.
However, the maximum spectral amplitude starts decreasing for probe wavelengths
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shorter than 650 nm, corresponding to smaller strain-wave-induced changes in
reflectance. Surprisingly, there are several gaps in the strain-wave spectrum for
these shorter wavelengths. The first gap is at the lowest frequencies, below 150 GHz,
for probe wavelengths between 590 nm and 620 nm. The second gap is present at
200 GHz, for wavelengths shorter than 540 nm. This shows that there is not a simple
relation between optical probe wavelength and the magnitude of the strain-wave-
induced changes in reflectance.

Finally, we note that the noise floor at the longer probe wavelengths, especially
in panel c of[Figure 6.2} is higher than for the shorter wavelengths. This is mainly
due to the low quantum efficiency of the silicon complementary metal-oxide-
semiconductor (CMOGS]) camera used in the spectrometer, which results in a lower
[SNRIfor the longer wavelengths.

The Fourier transform of the full time interval is shown in[Section 6.B] It contains
the same frequencies, but the spectrum is now modulated at 100 GHz, due to the
second and third reflections of the strain wave that arrive at 10 ps intervals.

6.4 DISCUSSION

The maximum optically detectable strain-wave frequency is, according to [|103]],
given by either the Brillouin frequency or by a frequency inversely proportional to
the penetration depth of the probe wavelength. We will first discuss the Brillouin
oscillation and frequency.

We assume an infinitely short, plane, strain wave is propagating in a transparent,
isotropic material, with a (real) refractive index n. A probe pulse, with wavelength
Ap, is (at normal incidence) incident on the strain wave and is partially reflected.
The reflected field is constant, if the strain wave does not change while it propagates.
A detector, only sensitive to the intensity of the reflected probe pulse, then measures
a signal constant in time. However, typically we measure a strain wave in a layer,
where the surface also reflects part of the light. The probe reflection from the
surface interferes with the probe reflection from the strain wave and changes the
measured intensity. Since the strain wave moves at the speed of sound, v,, in the
material, the path length of the probe’s reflection off the strain wave changes too,
with twice the speed of sound, as the probe has to travel to and from the strain
wave. When the path length difference equals one wavelength in the material, Ay/#n,
the phase of the probe’s reflection is the same, and the reflections constructively
interfere. The time it takes for the intensity to complete one period of oscillation,
the Brillouin oscillation period, is then given by tgz = Ay/ (2nv;). This also implies
that the Brillouin oscillation frequency, fz = 2nv,/Ap, is the only frequency that is
measured, and is independent of the shape of the strain wave.

Now, consider a material that strongly absorbs, and in which light has a finite
penetration depth. In this case, we can only measure the strain wave if it is inside the
optical penetration depth at the probe wavelength, §, in the material. Furthermore,
the distance of the strain wave to the surface not only influences the phase of the
field reflected from the strain wave, but also the amplitude of this field. Again, we
consider an infinitely short strain wave. Assuming a relatively long penetration
depth, this very-high-frequency strain wave will result in a change in reflectance
that is ‘smeared’ out in time. In contrast, a probe pulse with a short penetration
depth only measures the strain wave if it is very close to the surface, resulting in a
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short time when the reflectance is affected by the strain wave. So, the time it takes
for the infinitely short strain wave to propagate through this volume determines
the maximum frequency with which we can detect the strain wave. This frequency
is then given by f,, = v,/6,,.

o —

Frequency / GHz
Normalized |AR/Ry(f)|

500 600 700 800 900 1000
Wavelength / nm

Figure 6.3: Strain-wave amplitude, normalized to the maximum amplitude for every wave-
length, as a function of frequency (vertical) and wavelength (horizontal). The
spectra are smoothed in the horizontal direction by a moving average over 10
spectra. The Brillouin frequency, fg, (black line) and the frequency associated with
the penetration depth, f,, (red line) are calculated using the refractive index of
ruthenium taken from .

In we plot the amplitude of the Fourier transform of the first strain-
wave-induced change reflectance as a function of probe wavelength and frequency,
similar to c and d, but mirrored and rotated. For each optical probe
wavelength, we have normalized the spectrum to the maximum amplitude of that
probe wavelength. As a result, we can more easily compare the differences in
the strain-wave spectra measured at different probe wavelengths. The spectra are
smoothed by applying a moving average over 10 spectra in the horizontal direction.
On top of these spectra, the Brillouin frequency, f3, and the frequency associated
with the penetration depth, f, are plotted as a function of probe wavelength, in
black and red, respectively. These are calculated using the complex refractive index,
i, given by and the speed of sound, v, = 5970 m s~1 taken from . As can
be seen, the frequency associated with the penetration depth more or less follows
the envelope of the measured strain-wave frequencies, showing that the optical
penetration depth is what limits the highest detectable strain-wave frequency.

We would like to point out that the largest strain-wave-induced changes in
reflectance are not necessarily measured at the shortest probe wavelengths. For
example, in[Figure 6.21, it seems that the highest frequencies are observed between
600 nm and 700 nm, but this mainly caused by the larger amplitude of the strain-
wave-induced at those wavelengths, compared to the shortest wavelengths. Both
fp and f,, are calculated without knowledge of the (probe-wavelength dependent)
‘strain-optic’ coefficient, d7i/ 9y, where 7 is the strain.
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Independent of that, it sometimes may be beneficial to probe (a bit) deeper into
the material. Consider the stress in the material, in the direction perpendicular to
the surface, [|100]]:

Uz = Ustr — Uthermal/ (6'1)
Ostr = A+ 2,”)772/ (62)

where 0, is the stress associated with the strain, oy,ema the thermal stress, A the
Lamé’s first parameter, y the shear modulus, and 7 the strain. At a free surface, the
stress o, must be zero [|12]], in that case, the stress induced from strain equals the
thermal stress. Moreover, the thermal stress only varies slowly in time, meaning
that the amplitude of the strain wave is zero at the surface. This results also in an
almost perfect reflection of the strain wave at a free surface. So, it may be beneficial
to probe with wavelengths that penetrate a bit deeper into the material, or to change
the free surface to an interface, with different boundary conditions [[104f], though
this may result in a lower maximum strain-wave frequency that can be detected.

Finally, there are some gaps in the spectrum, which are visible in[Figure 6.3]at,
for example, the low frequencies, for probe wavelengths around 600 nm, or at the
frequencies around 200 GHz for probe wavelengths between 480 nm and 550 nm.
Furthermore, we find that the vanishing of the amplitude of the low strain-wave
frequencies around a probe wavelength of 600 nm is accompanied by a phase shift
of the low-frequency components, when comparing the phase of these frequencies
for probe wavelengths above and below 600 nm.

We plot the high-pass and low-pass filtered changes in reflectance as function
of time (horizontal) and probe wavelength (vertical), for the short-wavelength
set of measurements, in[Figure 6.4]a and b, respectively. The changes are shown
in a linear colour scale shown next to panels a and b. An 8t"-order, zero-phase,
digital filter is used, with cut-on and cut-off frequencies of 150 GHz, which is in
the gap between the first and second peak of the spectrum, as seen in[Figure 6.8}
In panel a, the high-pass filtered changes are becoming sharper for the shorter
probe wavelengths, since higher strain-wave frequencies are detected. However, in
panel b, the phase of the (slow) oscillation changes at a probe wavelength around
600 nm. This is indicated by black dashed lines, which follow the peaks and valleys
of the low-frequency oscillatory change in reflectance.

We speculate that both the vanishing amplitude at and the change in phase for
certain strain-wave frequencies may be related to what is described in [76]]. In that
article, the authors describe the relation between the measured strain-wave-induced
changes in reflectance as a function of strain-wave frequency and the frequency
components of the strain wave with a frequency-dependent transfer function. This
transfer function depends on the wave number of the optical probe, wave number
of the strain wave in the medium, the dielectric function of the medium and its
derivative with respect to strain. In their description, the transfer function, for all
strain-wave frequencies, is always a purely imaginary number. So, for a fixed probe
wavelength, the transfer function, for increasing strain-wave frequency, may cross
zero and continue on the other side of the imaginary axis. This would result in a
rt-phase shift for the higher frequencies, for which the transfer function amplitude
is larger than zero. Conversely, the same may happen when the probe wavelength
is varied, for a fixed strain-wave frequency.
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Figure 6.4: a. High-pass filtered (cut-on frequency: 150 GHz) strain-wave-induced changes
in reflectance for the short-wavelength set of measurements. b. Low-pass filtered
(cut-off frequency: 150 GHz) strain-wave-induced changes. The black dashed lines
show the change in the phase of the low-frequency oscillations around 600 nm.

6.5 CONCLUSIONS

We have measured the ultrafast strain-wave-induced changes in reflectance of a
30nm ruthenium layer on a sapphire substrate, as a function pump-probe de-
lay time and probe wavelength. Two sets of measurements were conducted, one
for wavelengths between 480 nm and 760 nm, the other for wavelengths between
730nm and 1000 nm. For all probe wavelengths, we detect strain-wave-induced
changes in reflectance, with a period of 10 ps. The strain-wave-induced changes are
slow oscillations with a 10 ps period for the wavelengths around 1000 nm. But for
wavelengths shorter than 900 nm, a train of isolated strain-wave-induced changes
in reflectance is measured, spaced 10 ps apart. These individual pulses contain
frequencies up to 800 GHz, for wavelengths around than 650 nm. However, the
amplitude of the changes in reflectance decreases for wavelengths shorter than
600nm. Furthermore, we find that the maximum detectable frequency, as func-
tion of probe wavelength, corresponds to the time it takes for the strain wave to
propagate through the optical penetration depth at that probe wavelength. Fi-
nally, we observe some frequency components that have a very low amplitude.
Most notably, almost no strain-wave-induced change in reflectance is measured
for strain-wave frequencies below 150 GHz for probe wavelengths around 600 nm.
This absence of signal is accompanied by a phase shift, when we compare the
low-frequency changes in the reflectance at probe wavelengths above and below
the probe wavelength of 600 nm.

6.A ELECTRON DYNAMICS

Ultrafast strain waves are generated by the rapid expansion of the ruthenium layer
due to heating of the metal lattice after illumination with the pump pulse. The
pump pulse energy is initially absorbed by the free electron gas and is transferred
to the lattice via electron-phonon coupling. In this section, we probe the reflectance
during the first few picoseconds after illumination, where the electron dynamics
are expected to be strongest.
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We plot the pump-induced changes in reflectance as a function of pump-probe
delay, for four probe wavelengths, 480 nm, 580 nm, 650 nm, and 730 nm, in
fire 6.5a. The measured changes in reflectance are shifted in time such that the
onset of the changes is approximately the same, i.e., the chirp in the white light
probe pulse has been corrected afterwards.

The reflectance of the shortest probe wavelength shown, 480 nm, initially de-
creases and reaches a minimum of about 0.2 % lower than its static reflectance at
about 200 fs. After that, the change in reflectance becomes positive and reaches a
constant value of 0.1 % at 500 fs. At 580 nm, the change in reflectance also reaches a
minimum at 200 fs, at —0.7 %. It recovers slightly, but the change remains negative
at about —0.4 % after the minimum. At 650 nm, the reflectance shown a similar
change as at 480 nm, although the change in reflectance is about 0.5 % after 1 ps. The
change in reflectance at 730 nm is strictly positive. However, at 200 fs, the change
shows a ‘wobble’, before increasing to its maximum value of 1.2 % at 1 ps.
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Figure 6.5: a. Measured changes in reflection of the 30 nm ruthenium layer as a function of
pump-probe delay, for probe wavelengths of 730 nm, 650 nm, 580 nm, and 480 nm.
b. Same for probe wavelengths of 100 nm, 900 nm, 800 nm, and 750 nm, which
were obtained in a separate measurement.

In[Figure 6.5b, the changes in reflectance as a function of pump-probe delay, of
four longer probe wavelengths, of 750 nm, 800 nm, 900 nm, and 1000 nm, are plot-
ted. The reflectance at 750 nm increases gradually, until it reaches a level about 2 %
higher than the static reflectance. The reflectance for the longest wavelengths,
800nm, 900nm, and 1000nm increases more abruptly and almost like a step-
function when the ruthenium is illuminated by the pump pulse. The reflectance
reaches a constant level of 2.2 %, 2.8 %, and 4.7 % for wavelengths of 800 nm, 900 nm,
and 1000 nm, respectively.

The wavelengths, shown in [Figure 6.5, have been selected as they are repre-
sentative of four regimes observed in the full measurement, which is shown in
[Figure 6.6h. Here, the changes in reflectance, as a function of pump-probe delay
(horizontal axis) and probe wavelength (vertical axis), are shown in colour. Red in-
dicates an increase in reflectance, blue a decrease in reflectance and white indicates
little or no change. Also, the chirp of the[WLC pulse has been corrected by fitting a
fifth-order polynomial to the onset of the change for each probe wavelength. This
onset is defined as the first point to cross the threshold of 5% of the maximum
amplitude of the change in reflectance for that probe wavelength. The first regime,
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Figure 6.6: Changes in reflectance as a function of probe wavelength and pump-probe delay
time, where the chirp is removed. Panel a shows the short-wavelength measure-
ment, panel b the long-wavelength measurement.

represented by 480 nm, contains the shortest probe wavelengths up to 490 nm and
shows, initially, a decrease in reflectance. After the initial decrease, the reflectance
for these wavelengths recovers to a slight increase. The second regime contains
wavelengths between 490 nm and 630 nm, which show a strictly negative change
in reflectance. The third regime contains wavelengths between 630 nm and 690 nm
that show a similar change in reflectance as the first regime, initially negative but
later positive. The change in reflectance of wavelengths longer than 690 nm, in the
fourth regime, is only positive. Also, the longer wavelengths shown in [Figure 6.6p
belong to this regime.

The evolution of the temperature in metals, shortly after illumination by an
intense fs pulse, is often described by the two-temperature model (ITTM]) [24]]. In
this model, the free electron gas and the metal crystal lattice are treated as separate
but coupled thermodynamic systems, each with its own temperature, T, and T},
respectively. The laser energy is absorbed by the electron gas and transferred to the
lattice via electron-phonon scattering. The[[TM] in one dimension, can be written
as a function of two coupled heat equations as [24]]:

oT, 0 oT
Ce(Te)a—: == (Ke(Te, T,)a—;) —G(T,—T;) +S(z,t), (6.3)
oT
C’a_tl =G(T,-T). (6.4)

Here, C, and C; are the heat capacities of the electron gas and lattice, respectively,
x, is the electron thermal conductivity, G is the electron-phonon coupling constant
and S(z, t) is the absorbed laser energy density.

This system is solved numerically, using a forward difference method. The layer is
treated as free standing and Neumann boundary conditions (no heat flux through
the boundaries) are used. The electron heat capacity as a function of electron gas
temperature and the electron thermal conductivity as function of electron gas and
lattice temperatures are taken from [[102]. The electron-phonon coupling constant
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G = 1.85x 10" Wm~3 K~ is taken from [26]]. By multiplying the absorption profile
as a function of depth with a Gaussian intensity distribution in time, the absorbed
pump laser energy is calculated. The absorption profile is calculated with the
transfer-matrix method (TMM]) python package [22]] for a 30 nm ruthenium thin
film on a sapphire substrate. The 7, k values of Ru are obtained via ellipsometry of
a Ru layer deposited using the same process as is used here. The Gaussian intensity
distribution has a [FWHM] pulse length of 60 fs, peaks at 250 fs, and has a (peak)
fluence of 9.4 mJ cm~2, matching the experimental parameters.
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Figure 6.7: a. Calculated electron (solid lines) and lattice (dashed lines) temperatures as
function of time at the surface and, b. as a function of depth for t = 289fs and t =
920 fs. The vertical dashed lines in a. indicate the peak of the electron temperature
att = 289 fs (orange dashed line) and the moment the lattice and electron gas are
in thermal equilibrium at the surface, at t = 920 fs (green dashed line).

shows the calculated electron gas and lattice temperature at the
surface of the Ru layer, as a function of time. The electron temperature at the surface
peaks at 289 fs, only 40 fs after the peak of the laser pulse, at 2770 K. After this, the
electron temperature decreases rapidly as energy is transferred to the lattice, as the
electron-phonon coupling in Ru is very strong. As a result, the lattice temperature
increases by almost 400K in the 500 fs after the peak of the laser pulse. At the
surface, the lattice and electron gas are in local thermal equilibrium after 920fs,
at a temperature of 630 K. The deposited energy is still mainly concentrated near
the surface, where most of the pulse energy is absorbed. From this moment on,
the energy will be distributed evenly throughout the layer, by the electron gas,
as the lattice does not conduct heat in this formulation of the[TTM] (see Equation
[Equation 6.4). As a result, the electron gas temperature is higher than the lattice
temperature, near the back interface of the layer, while it is lower than the lattice
temperature near the surface of the layer. This can be seen in[Figure 6.7p, where the
electron gas and lattice temperatures as a function of depth are plotted, at 289 fs and
920 fs. At the surface, the electron gas and lattice temperatures are in equilibrium,
but deeper in the layer the electron temperature is still higher.

When comparing the electron and lattice temperatures at the surface, shown
in with the measured changes in reflectance, shown in it
is remarkable that, for wavelengths longer than ~ 700 nm, the drastic increase in
electron temperature is not reflected in the change in reflectance. For the shorter
wavelengths, this typical ‘electron’ peak in the reflectance appears to be present. This
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appears to be in agreement with results from XUV Optics group at the University
of Twente [96]].

Finally, the lattice temperature distribution within the layer, as a function of
time, also determines how the strain waves are generated. As soon as the lattice
temperature starts to increase, the lattice starts to expand. Only the surface and
the interface with the substrate are free to move, hence that is where strain waves
will be generated. The lattice temperature from the surface increases from its initial
temperature (300 K) to almost 700K in about 500 fs. The surface will thus rapidly
start to expand and generates a high-frequency strain wave. The back interface, in
the same time, reaches a lattice temperature of just over 400K, and also generates
a strain wave, but with a lower amplitude compared to the one generated at the
surface.

6.B  FOURIER TRANSFORM OF FULL TIME INTERVAL

AR/Ry(t) | % AR/Ry(f) / Arb. unit
—0.2 0.0 0.2 102 10~
1000 -
900
£ ]
= 1
< 800
50
§
T) 700 ]
5
= 600 -
500
— 77—
10 20 30 0 250 500 750 1000
Delay / ps Frequency / GHz

Figure 6.8: a and b: Measured strain-wave-induced changes in reflectance of a 30 nm thick
layer of ruthenium on sapphire, after removing the thermal background. ¢ and d:
[FFTlamplitudes of the full time interval shown in a and b. The amplitudes in a

and c are multiplied by a factor of 1.36, see

The [FFT of the 35 ps interval is shown in It largely resembles the
spectrum of the first echo , but is modulated by 100 GHz, due to the
10 ps roundtrip time. Nonetheless, frequency components up to 600 GHz are still
visible for probe wavelengths around 650 nm.

6.C SCALING OF THE LONGER-WAVELENGTH MEASUREMENT

There is a distinct difference in the amplitude of the changes in reflectance between
the short-wavelength measurement, for wavelengths between 408 nm and 760 nm,
and the long-wavelength measurement, between 730 nm and 1000 nm. By scaling
the latter by a factor of 1.36, the measurements overlap quite well, as can be seen

in|Figure 6.9p and b. In[Figure 6.9, the change in reflectance, including thermal



6.C SCALING OF THE LONGER-WAVELENGTH MEASUREMENT

background, is shown for a probe wavelength of 740 nm from the short- and long-
wavelength, in blue and orange, respectively. [Figure 6.9p, shows the background-
removed changes in reflectance, induced by the strain wave, for probe wavelengths
730nm, 740 nm, and 750 nm. The short-wavelength measurement is shown in blue
and the long-wavelength measurement is shown in orange. The difference between
the two sets of measurements are very small.
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Figure 6.9: a. Comparison between the change in reflectance measured at 740 nm from the
short-wavelength measurement (blue) and measured at the same wavelength
from the long-wavelength measurement (orange), that is scaled by 1.36. b. Com-
parison between the strain-wave-induced reflectance changes at 730 nm, 740 nm,
and 750 nm from the short- (blue) and long-wavelength (orange) measurement.
The data from the long-wavelength measurement is scaled by 1.36, again. The
curves are offset for visibility.
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SUMMARY

BROADBAND OPTICAL DETECTION OF ULTRAFAST STRAIN WAVES IN METALS

The transistors in semiconductor devices are expected to continue to decrease in
size and both the transistors and the devices are expected to increase in complexity,
in the coming years. Since these devices are produced layer-by-layer, the vertical
alignment of the features in every layer, with respect to the layer below it, is crucial
to make working devices. To align the layers as well as possible, the position and
deformation of the wafer is measured just before the patterns are transferred to the
layer via lithographic exposure. The wafer is aligned by measuring the position of
several alignment markers, which are gratings etched into the silicon wafer, with
(sub-)nanometre accuracy via the diffraction of visible light.

In some production process steps, for example in the production of 3D NAND,
a thick, opaque layer is deposited onto the wafer, also covering the alignment
markers. This layer prohibits the diffraction of light from the original markers, since
they are buried underneath the opaque layers. As a result, their position cannot be
determined with the required accuracy.

It has been demonstrated that ultrafast, laser-induced strain waves can be used
to detect the alignment grating buried underneath opaque layers. This works as
follows: A strain wave is generated at the surface of the opaque layer, by rapid
heating of the volume near the surface following absorption of a femtosecond laser
pulse. The strain wave propagates down through the opaque layer, and through
the product layers below it, towards the buried grating. There, it reflects, copying
the shape, and in particular the spatial periodicity, of the buried grating onto its
wavefront. The reflected strain wave propagates up through all layers. At the surface
of the opaque layer, the wave modifies the optical properties and also deforms the
surface, with the same spatial periodicity as the buried grating. A time-delayed
probe pulse can diffract from these periodic modifications, and thus the buried
grating can be detected.

The diffraction efficiency is unfortunately too low for the practical application
of this method to detect buried gratings. Since the generation of strain waves is
limited by the materials used in the production of semiconductors, which cannot
be changed, only the detection of strain waves can be improved. In this thesis, we
present research into improving the optical detection of ultrafast strain waves in
the metals gold and ruthenium, by investigating the wavelength dependence of
the detection process.

In the surface plasmon polariton-enhancement of the strain-wave-
induced changes in diffraction and reflectance of a gold-covered, segmented grat-
ing are investigated. The segmented grating combines the previously discovered
enhancement of strain-wave-induced reflectance changes of a plasmonic grat-
ing, with a long-period alignment grating. In practice, the segmented grating is a
sub-wavelength-period grating that is amplitude modulated with a longer-period
grating. Surprisingly, the spatially modulated grating leads to three surface plas-
mon polariton resonances, as the spatial frequency sidebands can also be used to
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generate surface plasmon polaritons. By using a tunable probe pulse, the strain-
wave-induced changes in reflectance and diffraction of the segmented grating are
measured as a function of probe wavelength. Probing with wavelengths close to
the resonances results in changes in reflectance, induced by longitudinal strain
waves, that are up to a factor of 36 larger than at wavelengths far away from the
resonances. In diffraction, the changes are up to an additional factor of 2.6 larger
than in reflection.

Detection of strain waves by changing the optical wavelength of the probe pulse
is rather time-consuming and limited in spectral resolution. To investigate the
wavelength-dependence of optical strain-wave detection more efficiently, an ultra-
fast reflection spectrometer was build. The spectrometer uses a white light contin-
uum probe pulse to simultaneously measure the (strain-wave-induced) reflectance
changes over a range of about 300 nm.[Chapter 3|describes the spectrometer, includ-
ing the laser system used to generate the ultrashort laser pulses. The spectrometer
decreases the required measurement time drastically, while also improving spectral
resolution, compared to the previous single-wavelength measurements.

In[Chapter 5] the spectrometer is used to measure strain-wave-induced changes
in reflectance of the gold-covered, segmented grating, for wavelengths between
470nm and 760 nm. This range includes the three surface plasmon polariton res-
onances, but also includes the s/p- to d-band interband transition of gold, for
wavelengths around 520 nm. We find that the strain-wave-induced changes in re-
flectance for probe wavelengths near the interband transition were, surprisingly,
almost as large as those near the surface plasmon polariton resonances. This is
somewhat unexpected, as there are large differences in the reflection spectrum be-
tween wavelengths near the surface plasmon polariton resonances and around the
interband transition. Near the surface plasmon polariton resonances, the reflectance
rapidly changes as a function of wavelength, but near the interband transition, the
reflectance only gradually increases with wavelength.

Finally, the wavelength-dependence of the optical detection of ultrafast strain
waves in a 30 nm ruthenium layer is investigated and presented in[Chapter 6] For
this, two sets of measurement, for probe wavelengths between 470 nm and 760 nm
and between 730 nm and 1000 nm, were combined. We find that the strain-wave-
induced changes become sharper and shorter as the probe wavelength decreases.
This corresponds to an increase of the maximum strain-wave frequency that can be
optically detected, for shorter probe wavelengths. We find that this frequency is
inversely proportional to the optical penetration depth of the probe wavelength.
Surprisingly, there are some gaps in the measured strain-wave spectrum. For strain-
wave frequencies lower than 150 GHz, no changes are measured for probe wave-
lengths around 650 nm. Similarly, there are no changes for frequencies around
200 GHz for wavelengths between 475 nm and 545 nm. The absence of changes for
these frequencies at probe wavelengths is accompanied by a change in phase for
frequencies lower than 200 GHz at wavelengths shorter than 580 nm.

In conclusion, the results presented in this thesis show that the optical response of
metals, such as gold and ruthenium, to strain waves strongly depends on the optical
wavelength that is used to probe the strain waves. Furthermore, we have shown that
it typically is not possible to predict the strength of the optical response from the
reflectance spectrum, which highlights the importance of wavelength-dependent
experiments.



SAMENVATTING

BREEDBANDIGE OPTISCHE DETECTIE VAN ULTRASNELLE AKOESTISCHE GOL-
VEN IN METALEN

De verwachting is dat transistoren in halfgeleiderproducten de komende jaren ver-
der zullen krimpen. Tegelijkertijd zullen dat zowel de transistoren als de producten
in complexiteit toenemen. Aangezien deze producten laag voor laag op een wafer
worden gefabriceerd, is de onderlinge verticale uitlijning van deze lagen essentieel
voor het fabriceren van werkende producten. Om de lagen zo goed mogelijk uit te
lijnen, worden de positie en vervorming van de wafer opgemeten. Dit gebeurt net
voordat de patronen van de te fabriceren laag op de wafer worden overbracht in
de belichtingsstap van het fotolithografische proces. Voor de uitlijning wordt de
positie van meerdere zogenoemde “uitlijningsmarkeringen’ (alignment markers),
dit zijn tralies geétst in de wafer, met nanometer precisie gemeten via de diffractie
van zichtbaar light aan deze markeringen.

Tijdens het productieproces van sommige producttypes, zoals bijvoorbeeld
3D NAND, wordt er een (relatief) dikke, ondoorzichtige laag op de wafer ge-
deponeerd, die ook de uitlijningsmarkeringen bedekt. Deze laag verhindert de
diffractie van licht aan de originele markeringen, aangezien die bedolven zijn door
de ondoorzichtige laag. Hierdoor kan de positie van de markeringen niet met de
benodigde precisie bepaald worden.

Het is reeds gedemonstreerd dat ultrasnelle akoestische golven, opgewekt met
ultrakorte laserpulsen, kunnen worden gebruikt om de bedolven markeringen te
detecteren. Dit werkt als volgt: De akoestische golf wordt aan het oppervlak van de
ondoorzichtige laag opgewekt, door de snelle verhitting van dit volume door ab-
sorptie van een femtoseconde laserpuls. De golf propageert naar beneden, richting
de markering, door de ondoorzichtige laag en de overige lagen van het product.
Wanneer de akoestische golf bij de markering is, zal deze reflecteren, waarbij de
vorm van de markering, en met name de ruimtelijke periodiciteit, in het gereflec-
teerde golffront wordt gekopieerd. De gereflecteerde golf propageert vervolgens
terug naar boven. De golf, wanneer deze aan het oppervlak van de ondoorzich-
tige laag is, verandert de optische eigenschappen en vervormt het oppervlak, met
dezelfde ruimtelijke periodiciteit als de bedolven markering. De diffractie van een
tijdsvertraagde tweede puls aan deze periodische veranderingen kan vervolgens
worden gebruikt om het verborgen tralie te detecteren.

De diffractieéfficientie is, helaas, te laag om deze methode in de praktijk toe te
passen. Aangezien de generatie van de akoestische golven is gelimiteerd door de
gebruikte materialen, die niet zomaar gewijzigd kunnen worden, kan alleen de
detectie van de akoestische golven worden verbeterd. In dit proefschrift presenteren
we onderzoek naar het verbeteren van de optische detectie van ultrasnelle akoesti-
sche golven in de metalen goud en ruthenium, door de golflengteafthankelijkheid
van het detectieproces te onderzoeken.

In[Chapter 4 wordt de versterking van veranderingen, veroorzaakt door akoesti-
sche golven, in reflectie en diffractie, via oppervlakte-plasmon-polariton-resonanties,
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aan een met goud bedekt en gesegmenteerd tralie onderzocht. Het gesegmenteerde
tralie combineert de eerder ontdekte versterking van reflectieveranderingen, ver-
oorzaakt door akoestische golven, van een plasmonisch tralie met een tralie met
een langere periode, zoals gebruikt als uitlijningsmarkeringen. In de praktijk is
het gesegmenteerde tralie een tralie met een zeer korte periode, dat amplitude-
gemoduleerd wordt met een tralie met een langere periode. Verrassend genoeg
leidt de amplitudemodulatie tot drie oppervlakte-plasmon-polariton-resonantie,
aangezien de ruimtelijke frequentiezijpanden, die door de modulatie zijn ontstaan,
ook kunnen worden gebruikt om oppervlakte-plasmon-polaritonen op te wekken.
De veranderingen in reflectie en diffractie, veroorzaakt door de akoestische golven,
worden gemeten als functie van de sondegolflengte, met behulp van een in golf-
lengte afstembare sondepuls. Voor sondegolflengtes die dicht bij de golflengtes van
de resonanties liggen, zijn de veranderingen in reflectie die veroorzaakt worden
door longitudinale akoestische golven tot 36 keer groter dan de veranderingen
voor golflengtes ver weg van de resonanties. Voor de diffractiemetingen zijn de
veranderingen nog tot 2.6 keer groter vergeleken met de reflectiemetingen.

Het meten van de golflengteafhankelijkheid van de detectie van akoestische
golven door het veranderen van de golflengte van de sondepuls is helaas tijds-
intensief, daarnaast is de spectrale resolutie van deze methode beperkt. Om de
golflengteafthankelijkheid efficiénter te meten, is er een spectrometer ontworpen en
gebouwd die de ultrasnelle reflectieveranderingen kan meten. Deze spectrometer
gebruikt een witlichtcontinuumpuls om reflectieveranderingen (veroorzaakt door
de akoestische golven) over een bereik van 300 nm gelijktijdig te meten. In[Chapter 3]
wordt deze spectrometer en het lasersysteem, dat gebruikt wordt om de ultrakorte
pulsen te genereren, beschreven. De spectrometer verkort de meettijd drastisch en
verbeterd de spectrale resolutie in vergelijking met de eerder meetmethode.

In[Chapter 5| wordt de spectrometer voor het eerst gebruikt om de veranderin-
gen in reflectie, veroorzaakt door akoestische golven, van het met goud bedekte
gesegmenteerde tralie te meten, voor golflengtes tussen 470nm en 760 nm. Dit
golflengtebereik omvat de drie oppervlakte-plasmon-polariton-resonanties, maar
omvat ook de elektronische interbandovergang van de s/p- naar de d-band in
goud, die plaatsvindt voor golflengtes rondom 520 nm. De gemeten veranderin-
gen in reflectie, veroorzaakt door akoestische golven, voor golflengtes rondom
de interbandovergang waren verrassend genoeg bijna net zo groot als de geme-
ten veranderingen rondom de oppervlakte-plasmon-polariton-resonanties. Dit is
enigszins onverwacht, aangezien er grote verschillen zijn in het reflectiespectrum
tussen de oppervlakte-plasmon-polariton-resonanties en de interbandovergang.
Rondom de oppervlakte-plasmon-polariton-resonanties verandert de reflectie zeer
snel, als functie van de golflengte, maar in de buurt van de interbandovergang
neemt de reflectie slechts geleidelijk toe met de golflengte.

Als laatste wordt de golflengteafhankelijkheid van de optische detectie van ul-
trasnelle akoestische golven in een 30 nm dikke ruthenium laag onderzocht en
dit wordt in[Chapter 6|gepresenteerd. In dit hoofdstuk worden twee meetreeksen
gecombineerd tot een meetbereik van 470 nm tot 1000 nm. De gemeten reflectie-
veranderingen, veroorzaakt door akoestische golven, worden scherper en korter
naar mate de sondegolflengte korter wordt. Dit komt overeen met een toename
van de maximale frequentie van de akoestische golven die gedetecteerd kan wor-
den, voor kortere sondegolflengtes. We stellen vast dat deze frequentie omgekeerd
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evenredig is aan de optische penetratiediepte van de gebruikte sondegolflengte.
Verrassend genoeg worden er voor sommige golflengtes bij bepaalde frequenties
(lager dan de maximale frequentie) geen veranderingen gemeten. Voor frequenties
lager dan 150 GHz worden er bijvoorbeeld geen veranderingen gemeten voor golf-
lengtes rondom 650 nm. Hetzelfde geldt voor frequenties rondom 200 GHz voor
golflengtes tussen 475 nm en 545 nm. De afwezigheid van veranderingen voor deze
frequenties gaat gepaard met een verandering in de fase van de gemeten frequenties
korter dan 200 GHz voor golflengtes korter dan 580 nm.

Tot slot laten de resultaten die in dit proefschrift worden gepresenteerd zien dat
de optische reactie van metalen, zoals goud en ruthenium, op akoestische golven
sterk afhankelijk is van de golflengte waarmee de golven worden gesondeerd.
Daarnaast hebben we aangetoond dat het doorgaans niet mogelijk is de sterkte
van de optische reactie te voorspellen op basis van het reflectiespectrum, wat het
belang van golflengteafhankelijke experimenten onderstreept.
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