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Indirect Nanoplasmonic Hydrogen Sensors
Rémi Fabrice R Albert

Department of Physics

Chalmers University of Technology

Abstract

The critical role of hydrogen in the global energy transition and its hazardous na-
ture underscores the importance of developing efficient and reliable hydrogen sensing
technologies. This thesis explores the advancement of a hydrogen sensing method
using indirect Localized Surface Plasmon Resonance (LSPR), where we investigate
the alloying properties of small metal nanoparticles by means of solid-state dewet-
ting. The results from this thesis project are divided into three key parts. (i) A
proof-of-concept has been realized, showing that indirect LSPR can be used as a
means of monitoring hydrogen concentrations, using Ag 140x20nm nanodisks cov-
ered with much smaller (few nanometers) hydride-forming Pd nanoparticles. (ii)
Building on the insights gathered from the previous part, alloying of PdAu through
solid-state dewetting has been investigated to replace the Pd nanoparticles, yielding
more than a twofold increase in performance with comparison to (i) and 10 times
faster kinetics than its bulk equivalent (i.e. PdAw in direct LSPR). And finally (iii),
an attempt to make all depositions through the mask, which proved to be unsuc-
cessful and suggests using a hard sacrificial mask instead of the soft PMMA-based
one used in this work. Overall, this thesis highlights the promising potential of
indirect LSPR for hydrogen sensing, offering a foundation for future research and
technological development in this field.

Keywords: Hydrogen, sensing, sensors, plasmonics.
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1

Introduction

The role of hydrogen in the global energy economy is rising quickly. As it is expected
to play a pivotal role in decarbonization of industry and in the energy transition [1,
2], it is of utmost importance to ensure a safe and steady development of hydrogen
technologies, as hydrogen is hazardous and any incident may cause casualties or at
least hinder its deployment. Consequently, fast and reliable monitoring of hydrogen
concentrations is critical.

Currently, there exists a vast amount of different techniques to detect hydrogen,
including electro-chemical, catalytic, mechanical, acoustic, thermal, resistive and
optical [3]. Each method presents unique strengths and weaknesses, but as of to-
day there is not any sensor that has successfully passed all performance bench-
marks [4]. Chemiresistive hydrogen sensors are still lagging above 1s in response
and recovery speed and struggle with sensing low levels of hydrogen. Additionally,
their robustness against change happening in their operating environment is not yet
demonstrated, regarding poisoning gases, humidity and temperature [5]. The tech-
nology of interest in this work falls under the umbrella of optical sensors, specifically
nanoplasmonic sensors. These sensors use what is called Localized Surface Plasmon
Resonance (LSPR) as a means to detect molecular interactions at the nanoscale and
have gathered increasing interest due to their quick response time, high selectivity
and potential for poisoning resistance [4].

This project aims to investigate "indirect" plasmonic hydrogen (H,) sensing [6], lever-
aging the synergistic benefits of (i) localized surface plasmon resonance (LSPR) and
(ii) rapid hydride formation materials. In other words, using chemically inert, yet
plasmonically highly active, metal nanoparticles as nanoscopic probes. Ag has been
chosen as the ideal candidate for such experiment, as it possesses one of the best
plasmonic responses due to its strong and narrow resonance peak. These probes
are designed to detect the chemical interactions of Hy with closely adjacent, much
smaller, metallic structures known for their ultra-fast hydride formation, attributed
to their high surface-area-to-volume ratio (SVR). An increase in SVR enhances ki-
netics by accelerating the hydrogen flux and reducing the diffusion path length to
the core [4, 7]. These structures will be made using Hole-mask Colloidal Lithogra-
phy (HCL) [8] and following a recipe proposed by Arturo Susarrey-Arce et al. [9].

The starting experiment is a proof-of-concept (POC), consisting of 140 nm x 20 nm
Ag nanodisks protected from oxidation by a thin layer of SiN and covered with
very small Pd nanoparticles (a few nanometers). Then, different aspects will be in-
vestigated, such as the possibility to use alloyed nanoparticles like PdrqAusy for the
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hydride formation, decreasing the hysteresis during the adsorption/desorption and
therefore yielding better optical contrast. To do so, we will first start by investigat-
ing the de-wetting properties of PdAu alloys on SiN and then attempt to combine it
with the POC. A last part of research, as a means to optimize performances, will be
to attempt to place the Pd particles solely on the Ag antenna by performing all de-
positions through the mask, reducing the inactive Pd particles to the bare minimum.

The first part of this project was to nanofabricate such structures in Chalmers’ clean-
room facilities at MC2. Then, hydrogen sensing measurements have been performed
in the Chemical Physics labs to evaluate the success of the process.
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Theory

2.1 The role of Hydrogen in modern technology

There are strong reasons to believe that hydrogen will play a major role in the future
energy transition, known as the "Hydrogen economy" [1, 2, 10]. This concept aims to
solve the energy and climatic crisis by (1) using hydrogen as a universal energy car-
rier for storing and transporting energy, and (2) decarbonizing areas that currently
do not have good low-emission alternatives. Furthermore, its multiple production
pathways make it a very strong technology regarding energy safety. It is currently
used in several fields, such as metallurgy, agriculture, and chemical manufacturing
in the form of, e.g., methanol, ammonia and hydrogen peroxide production [2].

Hydrogen can provide the energy storage to solve the intermittency issue of renew-
able electricity production, such as wind and solar energy, where the excess elec-
tricity produced during peak times can be used to produce hydrogen gas through
electrolysis. This stored hydrogen can then be converted back to electricity through
the use of fuel cells or synthetic fuels during periods of low renewable electricity
production, thus ensuring a stable and reliable base-load electricity supply with low
carbon emissions.

Novel applications of hydrogen may allow for decarbonization of the heavy-duty
transportation sector using fuel cells or synthetic gas [11], but can also be used in
metallurgy as a reducing agent, as exemplified in the process of producing what is
called "green steel", steel made with low carbon emission. It is indeed a process that
currently generates a lot of carbon emission and does not have many viable options
to reduce it except hydrogen [12, 13]. It may also be used in future applications in
aerospace and maritime industry, and pharmaceuticals [2].

However, hydrogen can be dangerous if not handled properly. Indeed it has a wide
flammability range of 4 vol% to 78 vol% in air and one of the lowest minimum
ignition energies, at 0.017m.J [14]. On top of this, being the smallest element, it is
subject to leakages and embrittlement. Ensuring a reliable monitoring of its con-
centration is of utmost importance.
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2.2 Metal Hydride Formation

Hydrogen can form bonds with most elements in the periodic table through covalent,
ionic, or hydrogen bonds. Of particular interest in this work is the formation of
metal hydrides, where hydrogen bonds with less electronegative elements, such as
metals and metalloids, acquiring a partial negative charge. The Pd — H reaction
is one of such and is characterized by a high dissociation efficiency, due to a very
low activation barrier [15, 16], combined with the ability to absorb monoatomic
hydrogen. This combination of great catalytical capabilities and storage medium
makes it an excellent candidate for the application of concern in this work. When
hydrogen atoms enter the palladium lattice, they induce strain by expanding the
lattice, increasing its lattice constant. The different phases are called the alpha
() and the beta () phases and both have different lattice constants [17]. At low
hydrogen pressures, we say that the metal particle is in the a phase (Figure 2.1b),
which consists of hydrogen atoms entering the lattice without significant H — H
interactions, interactions between two hydrogen atoms. As the hydrogen enters
the lattice, the strain created slightly increases the lattice constant from 3.887A to
3.895A as well as reducing the energy required for another hydrogen atom to take
place next to the first one, making it a more favorable location for a new hydrogen
atom to take place, which is what we call "H-H interactions". Hydrogen atoms will
then start to agglomerate and form larger patches full of hydrogen in the lattice,
eventually expanding the lattice parameter further from 3.895A to 4.025A. This is
the § phase (Figure 2.1d). Following an isotherm, one observes a plateau region
during the phase transition, where both o and /3 phases coexist (Figure 2.1c). This
presence of a plateau is necessary to represent a true physical isotherm, forced by
the criteria of intrinsic stability (%>T < 0, that is that pressure does not increase

with molar volume, and consists of a Maxwell construction. [16, 18]

2.3 Plasmonic resonance

When metal particles are scaled down to sizes comparable to electromagnetic (EM)
wavelengths, they exhibit unique optical properties known as localized surface plas-
mon resonance (LSPR). This phenomenon occurs because the EM field around these
nanoparticles is perceived as quasi-homogeneous, causing a coherent displacement of
the electron cloud relative to the metal’s positive nuclei. This displacement creates
a charge separation within the particle, which in turn generates a restoring force
due to Coulomb attraction that brings back the electrons toward the nucleus. If
the frequency is correct, restoring force and EM field can be in phase coherence,
resulting in a resonant phenomenon known as Localized surface plasmon resonance
(LSPR). This particular frequency is called plasmon frequency and depends on the
density of electrons, the effective electron mass, and the shape and size of the charge
distribution, as well as the optical properties of the surrounding medium. The den-
sity of electrons and the effective electron mass dependent on the material, but size
and shapes can be modified at will without great difficulty with current nanolithog-
raphy techniques. For instance, Au nanospheres can be placed in colloidal solution

4



2. Theory

(a) (b)

3.887A ' 3.895A

~~
e
~
~~
o
~

0006 e
10000 ®
10000 ®
0000 ®
0000 ®

0000
0000 @
0000
0000 e

Figure 2.1: Visual representation of hydrogen atoms entering the metal lattice
with increasing hydrogen pressure.

(a): No hydrogen, lattice constant is 3.887A

(b): Hydrogen atoms start to enter the metal lattice, locally straining it around the
hydrogen atoms. Lattice constant is expanded to 3.895A

(c): As hydrogen pressure increases, H-H interactions start to occur and beta phase
areas appear.

(d): Once all hydrogen atoms have taken their place in the lattice, the hydride is
fully formed and the lattice has been expanded, increasing its lattice constant. For
instance, Pd lattice constant expands from 3.895A to 4.025A.

to change the liquid color depending on their sizes, as shown in Figure 2.2.
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Figure 2.2: Colloidal dispersion of gold nanoparticles in water, displaying varied
colors due to their size-dependent plasmonic resonance. [19]

AL

Electric Field

Figure 2.3: Schematic of plasmon oscillations for nanospheres, showing the charge
separation generated by the coherent displacement of the electron cloud (blue) rela-
tive to the particle’s center (grey). Red plus signs and white e~ respectively represent
fictive positive and negative charges.

There are multiple modes of plasmon excitation, the simplest being the dipole plas-
mon resonance, where the collective oscillation of electrons resembles a simple dipole.
Higher-order modes, such as the quadrupole mode, involve more complex patterns
of charge distribution and can lead to different optical behaviors, but often have
negligible impacts in very small particles, such as these considered in this work.

Since Mie’s 1908 paper providing a solution to Maxwell’s equations describing the
extinction spectra of spherical particles of arbitrary size [20], it is possible to predict

6
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with high precision the behavior of such particles under light exposure. However,
these can become a bit complicated but fortunately for small particles, it is easy to
relate the dipole plasmon frequency of a metal nanoparticle to its dielectric constant
using some clever approximations. To do so, one can use the quasistatic approxima-
tion, where the electric field is taken as constant and the problem to be solved shifts
from electrodynamics to electrostatics, simplifying significantly the derivations. Un-
der these circumstances, one finds the extinction and scattering efficiencies to be

Qext = 4xIm(gq) (2.1)
Qsca = §$4’9d|2 (22)

where g = 252 and = 2ma(eo)'/? /A, with €; and ¢, being the dielectric constants
of the nanoparticle and surrounding medium, respectively. X is the wavelength of

the incident light, and a the particle radius.

2.4 Direct and Indirect LSPR Hydrogen sensing

LSPR can be exploited as a means of spectroscopic characterization, providing an
attractive sensing method for its sensitivity and versatility [21]. LSPR hydrogen
sensing can be direct [22] or indirect[6], the difference being the location of the hy-
drogenation. In the first case, the hydrogenation occurs in the plasmonically active
nanoparticle that will be monitored, which is typically made of a hydride-forming
material, with the most common being Palladium (Pd). When hydrogen is absorbed
into the metal lattice, the particle undergoes changes in its electronic and optical
properties. In the case of Pd, this change consists of two phases called a and £,
depending on the hydrogen concentration as shown in Figure 2.1 This absorption
affects the particle’s dielectric constant, causing a shift in its LSPR signal.

Direct sensing provides high sensitivity and specificity due to the inherent affinity of
the hydride-forming material for hydrogen. For example, palladium nanoparticles
can detect hydrogen concentrations at the ppm level [4]. However, direct sensing of-
ten suffers from issues such as hysteresis, a difference in hydrogen pressures during
absorption and desorption, leading to an ambiguous readout as the response de-
pends on sensor history. In the case of Pd, this is due to the fact that direct sensing
requires larger particles to position the plasmon peak in the visible regime, as well
as increasing optical contrast. It can, however, be solved by alloying the Pd with,
for instance, gold [23]. On the other hand, it is also possible to use such a particle
as an antenna that senses changes in the surrounding medium. Here, the nanopar-
ticle itself does not undergo hydrogenation. Instead, a secondary hydride-forming
material surrounds the highly plasmonically active nanoparticle and is responsible
for hydrogen reaction. Since it is the change in the environment and not directly
in the primary particle that is monitored, it is called "Indirect sensing'. By tai-
loring the secondary material’s properties, one can design sensors with enhanced
selectivity and response times [6]. An illustration of these two methods is depicted
in Figure 2.4.
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Direct sensing  Hydride forming
and nanoplasmonically active particle

.
. e
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Figure 2.4: Artistic representation illustrating the difference between direct and
indirect LSPR hydrogen sensing. In the direct case (top), the particle undergoing
hydride formation is also the nanoplasmonically active particle, with a color change
representing the shift in peak resonance. This particle can be made of Pd or Pt
for instance. On the other hand, the indirect method (bottom) separates the two
phenomena. The nanoplasmonically active particle does not undergo hydrogenation
and instead simply acts as an inert antenna, sensing change in its environment with
its near field. Smaller hydride-forming particles alter the local environment of the
antenna, therefore influencing its optical response.



3

Nanofabrication Processes &
Characterization Methods

The main fabrication process follows a recipe taken from Arturo Susarrey-Arce et
al. [9] and is presented in Figure 3.1. Initially, the Hole-mask Colloidal Lithog-
raphy (HCL) is used only to produce the amorphous array of silver nanoparticles
(140 nm x 20 nm), and in a second time, it will be kept until the very end, after the
Pd deposition. The SiN protective layer is deposited through Reactive sputtering
or Plasma-Enhanced Chemical Vapor Deposition (PECVD). We will see later that
this is a critical part in the process and has significant impacts on the measurements.
Finally, the small Pd and PdAu nanoparticles are produced through dewetting of
thin films, ranging from 1A to 15A. If there is need to be imaged, the process is
done simultaneously on Si0y and St chips, the later being suitable for SEM imaging
as it is conductive, which Si0, is not. Afterward, the hydrogenation measurements
are carried out in the atmospheric pressure flow reactor Insplorion X1.

3.1 Hole-Mask Colloidal Lithography

The Hole-Mask Colloidal Lithography method is an ingenious process resulting in
a quasi-ordered amorphous array of nano-holes used as waste, which can in turn be
used to produce a series of nanostructures (disks, dimers, ...). The version used in
this work is presented in Figure 3.1.
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Figure 3.1: Step by step schematics of the nanofabrication process.

(a): The substrate is either composed of SiO; if the sample is intended to be used
for hydrogenation measurement, or with fused silica (Si) for SEM imaging. It was
cleaned for 5min in Acetone and IPA with sonicator before.

(b): Spin-coating of the PMMA sacrificial layer on the substrate.

(¢): drop-casting of the negatively charged PDDA layer. Blue minus signs (-) indi-
cate fictive negative charges.

(d): drop-casting of the positively charged PS beads. Red plus signs (+) indicate
fictive positive charges.

(e): 200 nm Cr evaporation on top of the PS beads.

(f): Tape-striping of the PS beads, revealing an amorphous array of nanoholes the
size the beads (140x20 nm).

(g): Oxygen plasma etching through the holes. Notice the under-etch larger than
the holes as the plasma penetrates inside.

(h): 20nm Ag evaporation. Notice the shrinking of the hole during the deposition,
effectively depositing a cone-like structure more than a disk.

(i): Lift-off of the mask, leaving an amorphous array of 140 x 20 nm Ag nanodisks.
(j): SiN protective layer deposition through reactive sputtering or PECVD. Notice
the better step coverage than for evaporation, which is especially true for PECVD.
(k): Pd nanoparticles formation through dewetting of thin film. The thin Pd film
ilsoevaporated and then annealed to enhance the dewetting phenomenon.
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3.1.1 PMMA

The first step of the process is to deposit the PMMA sacrificial layer (Figure 3.1b).
It will be used as a basis to build the mask, as it is easy to remove with solvents after-
ward. The deposition is done through spin-coating of PMMA 952 A4 at 2000 rpm
for 60s, resulting in a film of approximately 200 nm. It is then soft-baked at 170°C'
for 3min to evaporate any solvent leftover. Spin-coating enables easy and uniform
deposition of thin layers by utilizing the centrifugal force arising from high-speed
rotation. The thickness of the deposited layer can be controlled by increasing or de-
creasing the angular speed and the rotation time; a higher speed results in a thinner
layer. Following this deposition, the PMMA layer is exposed to a short 5s of Oj
plasma etch at 50 to make the surface more hydrophilic, which helps for the next
step: drop-casting.

3.1.2 Drop-casting

Drop-casting was employed to first deposit a positively-charged PDDA film onto
the PMMA (Figure 3.1c), followed by a colloidal dispersion of negatively charged
polystyrene (PS) beads with a diameter of 140 nm (Figure 3.1d). The reason for
these electric charge is twofold. First, the difference in electric charge between the
PDDA and the PS beads ensures that the beads stick to the surface throughout
the whole process. Then, the Coulombic interactions between the beads allow for
a consistent method to control the spacing between the beads, ensuring uniform
distribution. This method results in a quasi-ordered layer of PS beads, which is
crucial for the following steps.

PDDA Deposition (0.2 wt.% in water):
1. PDDA was drop-casted onto the chip for a duration of at least 1 minute to
ensure adequate adsorption and reached saturation.
2. The chip was then rinsed under a trickle of water for a few seconds to remove
excess PDDA.
3. After rinsing, the chip was vertically blow-dried to ensure uniform evaporation

of the water from the center outward, resulting in the formation of a thin layer
of PDDA.

PS Bead Deposition (140 nm@):
1. The PS beads were deposited in a similar manner, allowing 2 minutes for bead
adsorption before rinsing.
2. The critical drying step involved carefully blow-drying the chip to avoid dis-
lodging the beads. Care was taken to prevent any water droplets from return-
ing to the top of the chip after drying, as this could rinse away the beads.

3.1.3 (Cr and Ag evaporation

Once the PS beads are disposed on the surface, 20 nm of Cr are evaporated on
top of it (Figure 3.1e). The samples are then tape-stripped, effectively removing the
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PS beads from the surface (Figure 3.1f). This leaves a Cr mask filled with nano-
holes where the sacrificial layer is exposed. The tape-stripping should be performed
carefully to ensure that the Cr layer remains intact around the holes and that no
residues of PS beads are left on the surface. Following this, the sample is exposed
to Oy plasma at 50W for S5min to etch through these holes all the way down to
the substrate (Figure 3.1g). The hole-mask is now ready and Ag particles can be
evaporated through these holes in a similar manner as for the C'r(Figure 3.1h).

In the first case, the mask is lifted-off once the Ag particle have been evaporated
(Figure 3.1i). Later, all deposition, including the SiN and the Pd/PdAu, will be
deposited through the mask before lift-off.

3.1.4 Protective layer: SiN

The protective layer, crucial for preventing the Ag particles from oxidizing, is com-
posed of a thin layer of Si/N ranging from 3.5 to 14 nm depending on the measure-
ment. It has first been deposited using reactive sputtering, at a rate of 0.175 nm/s
and later with PECVD (Figure 3.1j) using the available recipe combining low and
high frequency depositions to achieve a low stress thin film. Each cycle nominally
deposits 5.58 nm of StN.

3.1.5 Nanoparticle formation

The last step of the nanofabrication is the formation of the small Pd/PdAu nanopar-
ticles (Figure 3.1k), which has been done through solid-state dewetting.

Dewetting of liquid films is a spontaneous process that is quite well understood. It
is commonly observed in solid—liquid interfaces, such as when a water film on a glass
window slowly reduces into droplets. This phenomenon is driven by surface free-
energy minimization and kinetically mediated by the hydrodynamics of the liquid.

A less intuitive phenomenon occurs when solid metallic films are reduced to very
small thicknesses, such as a few Angstroms, and heated up, even below melting
point. One can then observe what is called solid-state dewetting: a spontaneous
agglomeration of the solid thin film into an assembly of 3D crystallites [24]. Although
solid-state dewetting is less understood than liquid state dewetting, it can be used to
produced nanoparticles of diameter lying in the nanometer range [25]. Nanoparticle
sizes are influenced by (i) Annealing temperature, (ii) annealing time, and (iii)
deposited thickness. A representation of the process is shown in Figure 3.2.

For the alloying of PdAu nanoparticles, the two layers have been deposited on top
of each other with varying nominal thicknesses maintaining a relative composition
of 30% Gold and 70% Palladium. This composition has previously been found to
be optimal for reducing hysteresis while maintaining good sensitivity of plasmonic
H, sensors [26].
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(a) (b)
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Figure 3.2: Artistic representation of nanoparticle formation through solid-state
dewetting. The initial situation (a) is that of an inhomogeneous thin films, composed
of hole areas. Holes then start to expand (b) and material agglomerates (c). After
some time, the nanoparticles are formed (d). Nanoparticle sizes are influenced by
(i) Annealing temperature, (ii) annealing time, and (iii) deposited thickness.

3.2 Thin film deposition

There are several ways of depositing thin films on a sample. The methods used in
this work are Physical Vapor Deposition (PVD), in the form of reactive sputtering
and evaporation, Chemical Vapor Deposition (CVD), spin-coating and drop-casting.
PVD is a type of thin film deposition which uses solid or liquid precursors, as opposed
to CVD, which uses gases. There are several ways of achieving PVD, but all relies
on the ejection of a specific material from a target through a high vacuum onto the
substrate surface where the film is to be deposited. Means of ejecting these atoms
include resistive heating, electron beam heating, ion bombardment, or laser beam
bombardment.

3.2.1 Evaporation

Evaporation is a natural phenomenon occurring at the interface of a solid or liquid
phase with a gaseous phase, where the latter condenses and forms a thin film onto
the former. This phenomenon is further increased by greater vapor pressures of
the considered material. One such way of increasing the vapor pressure of a given
material is to heat it up, which is usually achieved through resistive or electron
beam heating. Hot metals have high vapor pressures in high vacuum and atoms are
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transported to the substrate in this way. Evaporation in this work has been achieved
using a Lesker PVD 225 e-beam evaporator. It consists of a high-energy electron
beam that is manipulated with a magnetic field to hit and heat the target, which
is composed of the metal that is wished to be deposited. The rate of deposition
and the deposited film thickness is monitored by sensing the mass variation of the
deposited film using a Quartz Crystal Microbalance (QCM).

3.2.2 Reactive sputtering

Sputtering is a vacuum process that consists in bombarding a target source material
with ions, ejecting atoms from it towards the substrate. Traditional sputtering
typically occurs in an inert gas plasma such as argon, where the ejected atoms
travel all the way to the substrate without chemical reaction. Alternatively, one
can use so-called reactive sputtering, which is a variant of traditional sputtering,
where sputtering occurs in a reactive gas atmosphere, such as Oy or N,. The atoms
leaving the target will then react with the surrounding ionized gas as they travel
from the target to the substrate and form a new compound, which then deposits on
the substrate. This is what has been used to produce Si/N in the first time, before
moving on to PECVD.

3.2.3 PECVD

Plasma-enhanced chemical vapor deposition (PECVD) is a type of chemical vapor
deposition making use of ionized gas (plasma) to deposit a thin solid film onto a
substrate. The plasma is generated by radio frequency (RF) or direct current (DC)
discharges. Atoms, or more complex molecules, from different reactants adsorb on
the surface and collide to form the combined compound. In order to produce silicon
nitride (Si3Ny), silane (SiN4) and ammonia (N H3) can be combined. PECVD is
characterized by an excellent step coverage in comparison to evaporation and sput-
tering, the ability to uniformly cover the substrate surface regardless of its topog-
raphy, which is due to the fact that gases can diffuse into crevices, around corners,
and onto all surfaces, leading to a more uniform film deposition even on complex
topographies, as opposed to the "line-of-sight" trajectory of PVD techniques.

3.3 Experimental setup

3.3.1 X1 Reactor

The main reactor used for the hydrogen measurements is a quartz tube flow reactor
(Insplorion X1). It has an effective volume of approximately 190mL and allows for
the simultaneous optical monitoring of two sensor chips at a time. It is wrapped
in a resistive heating coil to allow for temperature monitoring and control during
the experiment using a thermocouple as a feedback-loop. Mass Flow Controllers
(MFC) are used to precisely control the gas mixture injected into the reactor at
atmospheric pressure. The spectrometry measurements following the resonance peak
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of the samples (Ag/Pd and Ag/PdAu) are carried out using the M8 software from
Insplorion AB.

3.3.2 Gas protocols

Different gas protocols have been used throughout this thesis.

The final gas protocol consists of a primary heating step at 120°C' to get rid of the
water molecules present on the surface of the samples and in the chamber. It is then
followed by 5 strong H, pulses at 10 vol% to initialize the surface.

The sensing measurements consists of 10 pyramidal Hs pulses ranging from 0.06 to
1.26 vol% in Argon. Three different temperatures have been investigated; 30°C,
50°C" and 80°C.

3.4 Spectral characterization

In LSPR, one can monitor different features such as the resonant peak position,
the intensity or the centroid (center of mass) of the peak, the latter exhibiting a
superior signal-to-noise ratio [27, 28]; this is the one that will be used in this work.
Figure 3.3 depicts these different quantities.

>

Ak
AExt

FWHM, %

Extinction (%X)

Wavelength A

Figure 3.3: Schematic of the different properties that can change and be tracked
in the optical response during a LSPR measurement. One option is to monitor the
change in peak position AM,c.x, but one can also track the change in peak intensity
AFExt, and the variation of Full Width at Half Maximum (FWHM), indicating the
widening or narrowing of the peak.

3.4.1 Interpolated tracking centroid algorithm

The technique used to monitor the optical change under introduction of Hy gas in
the chamber is called Interpolated tracking centroid [27, 28] and is a more advanced
method of tracking variations in peak position than simply looking at the maximum
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value.

The algorithm starts by asking for a "guess" of the peak position Agyess, where we
expect the peak to lie, and a span S. The span is the width of the peak we want to
analyze. From there, we define \; as A\gyess —5/2, i.€., the leftmost point of the peak.
Then, the centroid, or the center of mass, of the peak is obtained by calculating the
first moment of the function defined by f(X,t) = €fi(A, t) — €pase, Where €, is a high
order polynomial fit of the data given by Eq. 3.1 and €pse = €£it(As) = €(As +.5),
or, in other words €, is the lowest value at which we start to analyze the peak.
This function essentially isolates the peak in the chosen interval.

Efit(/\yt) == sz‘+1>\i (31)
1=0

The centroid Acentroiq 1S then calculated using
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where n is the degree of the polynomial and p; is the coefficient of the i, order.

It has been shown that polynomial degrees above n = 20 do not improve results [27],
hence this is the degree that has been used in this work. A is the mean wavelength
value and o is its standard deviation, they are present because the Matlab function
used to fit the polynomial, polyfit, centers and scales the values as & = “’i‘i This
ensures that we regenerate spectral data. ’

3.4.2 Pulse Shift Extraction

To extract the centroid shift, the datapoints are first baseline corrected by linearly
interpolating the data before and after the pulse, to simulate as if there had not
been any pulse. This help account for the small drift that naturally occurs during
measurements. Once this has been done, the datapoints are averaged during the
pulse, with a dead time of 20s, which gives the value of the centroid shifts since the
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datapoints have been baseline corrected. An example of such correction is shown in
Figure 3.4.

ssssssssssssssssssssssssssssssssssssssss

Figure 3.4: Example of baseline correction for the peak shift

3.4.3 Particle Size Measurement

The quantity used to evaluate the size of all particles is called the feret diameter [29].
It is defined as the distance between two parallel tangential lines of a randomly
oriented particle and can be used to determine the particle’s perimeter, if the particle
is concave, following Cauchy’s second theorem [30]:

(Dy) = P/m (3.6)

Particle size statistics can be measured using the software ImageJ. The method
used to measure the size of the particle works by finding a way to apply a mask
on each particle, the size of this mask will then be evaluated by its size in pixels,
which has been calibrated with the scale bar available in the bottom of the image.
There are different ways of pre-processing the image to make it suitable for particle
measurement, the one used in this work is as follows:

1. Adjust the brightness and contrast to make the particles stand out as much
as possible, without loosing particles or blurring the image.

Make the image binary, i.e., purely black and white.
Apply binary median filter to remove edge noise and smooth out the particles.

Manually cut out overlaps if needed.

Cul N

Dilate or erode the particle while comparing with the original image to fit with
the initial particles as much as possible.

6. Analyze particles from the Analyze tab.
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EHT = 10.00 kv Signal A = InLens L probe = 500 A
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(a) (b)

Figure 3.5: Side by side comparison of a top-view SEM image with Pd nanopar-
ticles pre- (a) and post- (b) processing in ImagelJ for particle size analysis.
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Results

4.1 Proof-of-Concept

The first objective was to produce a proof-of-concept (POC), showing that this
technique is indeed usable for hydrogen measurements. This section will present
the different steps and considerations involved in fabricating such device, notably
the SiN protective layer thickness and deposition method, and the influence of Pd
nanoparticle size. A last part is left for investigating the hydrogenation kinetics.

4.1.1 Influence of SiN deposition

A major issue with using Ag is its propensity at forming oxides. If left exposed to
ambient air, its plasmonic response quickly degrades over time, which is why it is
usually protected by a thin layer of, for instance, SiN or SiOs[31, 32]. Therefore as
a primary experiment, samples with different thicknesses of Si/N have been exposed
to gradually increasing Oy plasma etching as a means to assess their protectivity
potential and decide upon which thickness would be sufficient for the following ex-
periments. The harsh conditions of Oy plasma allow for the emulation of a long
exposition to ambient air. One can see in Figure 4.1 that after high O, plasma
exposition, the two samples with thinner layers, (4.1a) and (4.1b), have been de-
stroyed while the two thicker (4.1c) and (4.1d) ones remained operational, albeit
weaker. Thus a thickness of around 10.5 mn, has been deemed sufficient to protect
the sensor from ambient oxidation.
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Figure 4.1: Comparison of the resistivity against Oy plasma of different sputtered
SiN thicknesses (a): 20s (3.5 nm), (b): 40s (7 nm), (c): 60s (10.5 nm), (d): 80s
(14 nm). The graphs show the extinction % for wavelength ranging from 400nm to
1000nm after different O, plasma exposition times and power. We can see that for
the strongest exposition (purple), the two thin layers (a) and (b) became unusable
while the two thicker layers (c¢) and (d) remained operational, albeit less efficient.

The quality of the protective Si/V layer has had a significant impact on the results. A
primary observation is that, for the purpose of this experiment, the sputtered SiN
failed to provide a sufficient quality film, as they exhibited a hydrogen response
even in the absence of active components. For this reason, PECVD had to be used
instead due to its ability to produce higher quality S¢/N films. Figure 4.2 compares
hydrogenation measurements of two blank samples, composed only of the amorphous
array of Ag nanoparticles and the different SiN layers, i.e., no Pd nanoparticles.
It can clearly be seen that the sample made using Sputtered Si/N does not behave
in a desirable manner. The sample reacts to hydrogen pulses, despite not having
active components (Pd nanoparticles) and, furthermore, the reaction is irreversible;
the response is asymmetrical around the pyramid pulse.
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Figure 4.2: Comparison of the effect of (a) sputtered SiN versus (b) PECVD SiN
on blank samples (without Pd nanoparticles). The centroid position is reported in
blue on the left y-axis, and hydrogen concentration is following the right y-axis in
red. Below the main graph is the corresponding temperature at each time step.

This unwanted response scales with temperature and renders the sensor unreadable
at higher temperature, if not already causing inconsistencies even at low tempera-
ture. Figure 4.3. illustrates this erratic behavior, particularly at elevated temper-
atures where the sensor completely misbehaves and to some extent also at room

temperature. The sample is composed of a nominal 40s(7 nm) of sputtered SilN
and 5 A of Pd.
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Figure 4.3: Example of bad SiN behavior at higher temperature. The sample is
composed of 40s(7 nm) of Sputtered SiN and 5 A of Pd. Unusual spikes in hydrogen
concentrations come from interference of the MFCs with other measurements in the
lab but do not affect the measurements.

Now using PECVD SiN, we can observe the influence of the thickness of the pro-
tective layer. The new measurements are made with three different thicknesses,
corresponding to 1 (thin), 2 (intermediate) and 3 (thick) cycles of the low stress MF
StN PECVD recipe available at MC2. A recipe working as a combination of LF
and HF depositions applied successively in cycles. Each cycle nominally produces
a thin 5.6 nm SN layer with low stress. We have observed two major phenomena:
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First, a too thin SiN layer fails to protect the sensor from baseline drifts due to
temperature. As shown in Figure 4.4, measurements at low temperature (a) are
satisfactory, but as temperature increases to (b) 50°C' and (c) 80°C', the thinner
layers start to irreversibly blueshift.
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Figure 4.4: Peak shift AX of 1 (5.6 nm), 2 (11.2 nm) and 3 (16.7 nm) cycles of
PECVD SiN for each time step and centered on the hydrogen pulses at (a) 30°C,
(b) 50°C and (c) 80°C. The thin layer (red) irreversibly blueshifts with increasing

temperature.
Samples: 140x20 nm Ag, 1 - 3 cycles of PECVD SiN, 10 A of Pd

Upon closer examination, the second observation one can make is that the thicker
SiN layer provides a lower response compared to the intermediate thickness. This
phenomenon can be explained as since the sensitivity of the Ag particles to changes
in the surrounding environment decreases with distance, the Pd particles being
located further from the silver antenna will have a lesser effect on the near-field of
the Ag particle and thus provide a lower general response. This effect is evident
when comparing the responses shown in Figure 4.5.

22



4. Results

—+— 1 cycle (~5.6nm)
004 - 2 cycles (~11.2nm)
—+— 3 cycles (~16.7nm)

—F 1 cycle (~5.6nm)

004 —F— 2 cycles (~11.2nm)
—F- 3 cycles (~16.7nm) (b)

°
8

°

8

°
2

Absolute peak shift AA (nm)
S
Absolute peak shift AA (nm)
S

2
°

0.00
0063 013 028 060 060 028 013  0.06 0063 013 028 060

1.26 1.26 0.60 0.28 013 0.06
Hydrogen pulses (%)

1.26 1.26
ydrogen pulses (%)

cle (~5.6nm)

%
cycles (~11.2nm)
cycles (~16.7nm) (C)

tobh

°
8

I

Absolute peak shift AA (nm)
S S
o

000
0063 013 028 060 126 126 060 028 013 006
Hydrogen pulses (%)

Figure 4.5: 1 (5.6 nm), 2 (11.2 nm), and 3 (16.7 nm) cycles of PECVD SiN
exposed at (a) 30°C, (b) 50°C, and (c) 80°C. The thin layer (red) is unstable with
increasing temperature, and the thick layer (green) has lower response than the
thinner layers.

Samples: 140x20 nm Ag, 1 - 3 cycles of PECVD SiN, 10 A of Pd

With an adequate Si/N thickness, set at 2 cycles of PECVD, i.e., 11.2 nm, we can
see that the temperature does not affect the sensor’s response significantly, neither
in magnitude nor in shape, as shown in Figure 4.6.
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Figure 4.6: Peak shifts after different hydrogen pulses on 10 A of Pd with 2 cycles
(11.2 nm) of PECVD SiN at (red) 30°C, (blue) 50°C' and (green) 80°C'. Response
is stable with increasing temperature.

However, using PECVD poses further issues when depositing through the mask, as
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it could not consistently withstand temperatures of 170°C', which will be addressed
in Section 4.3.

4.1.2 Influence of Pd nanoparticle sizes

The size of the Pd nanoparticles has a direct consequence on sensor response.
Smaller particles are expected to exhibit faster hydrogenation kinetics due to their
higher surface area-to-volume ratio, which facilitates quicker hydrogen adsorption
and desorption processes. Conversely, larger particles tend to provide greater opti-
cal contrast, as each particle covers a larger area and therefore scatters more light.
Top-view images of the different deposition thicknesses are shown in Figure 4.7. The
thickness corresponds to the nominal value of Pd that has been deposited before
dewetting, and a thicker layer is expected to produce larger particles after dewetting.
From now on, all deposited thicknesses of Pd and PdAu will be nominal.

EHT = 10.00 KV Signal A = InLens i EHT = 10.00 kV Signal A = InLens 1 Prob 500 pA
WD = 39mm Mag = 35000 K X Tobe = F———  wo-42mm Mag = 350.00 K X robe= 900p

. kY "
EHT =10.00 kV Signal A= InLens IProbo= 500 " EHT = 10.00 kV Signal A= InLens I Probe= 500 pA
WD= 4.1 mm Mag = 350.00 KX robe= PA }—| WD= 3.9 mm Mag = 350.00 K X rove= P

Figure 4.7: Top-view SEM images of Ag nanodisks ~ 140 nm in diameter covered
with small Pd nanoparticles. The different figures show how the Pd nanoparticle
size and distribution vary with different nominal deposited thicknesses of (a) 3 A,
(b) 5 A, (c) 10 A and (d) 15 A. Tmages were taken on a Zeiss Gemini 2.

The particle size statistics depending on the nominal deposited thickness of Pd are
presented in Table 4.1 along with the images used for such analysis in Figure 4.8. The
smallest deposition (3 A) did not provide sufficient resolution in the SEM imaging
to properly analyze the particle size, but indicated particle sizes around 5 nm and
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below. Notably, the thickest deposition of 15 A showed a large standard deviation,
which is due to the fact that particle more poorly dewetted and formed elongated
particles reaching up to 57.55 nm in Feret diameter.

Pd thickness [A] ‘ Mean [nm] Std [nm] Min [nm] Max [nm]
3 <5 / / /

) 4.99 2.29 1.16 11.97
10 7.06 3.05 1.47 15.5
15 16.43 10.15 2.34 D7.55

Table 4.1: Particle feret & statistics as a function of nominal deposited thickness.
The thinnest Pd thickness (3A
did not provide satisfying images and was evaluated to have average size below
5 nm.

EHT = 10.00 kV Signal A = InLens 1 prob 5004 i EHT = 10.00 kV Signal A = InLens
WD = 3.9 mm Mag = 1000.00 K X Tobe s S00p — wD= 42mm Mag = 1263.81K X 1Probe = 500 pA

EHT = 10.00 kV Signal A = InLens m EHT =10.00kV Signal A = InLens
WD = 4.1mm Mag = 1181.34 KX e WD = 3.9 mm Mag = 1000.00 K X

Figure 4.8: Top-view SEM images with high magnification of the small Pd
nanoparticles. The different figures show how the particle sizes and distribution
vary with different nominal deposited thicknesses of (a) 3 A, (b) 5 A, (¢) 10 A and
(d) 15 A. Note the difference in magnification (Mag=...). Images were taken on a
Zeiss Gemini 2.

Finally, the combined peak shift performances of each evaluated thickness is pre-
sented in Figure 4.9. It can clearly be seen that there exist an optimum thickness
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lying at 10 A. This can be due to the fact that when the Pd layer gets too thick and
covers more area, it changes the refractive index, thus shifting the resonance peak
and interfering too much with the Ag particle own plasmonic resonance, reducing
performances considerably.

1.26 %
0.60 %
0.28 %
0.13 %
0.063 %

0.04

prsds

Peak shift AA (nm)

°
o
=

0.00

1A 3A 10A 15A

5R
Pd Thickness

Figure 4.9: Change in centroid position for deposited Pd thicknesses ranging from
1 A to 15 A at 30°C. The different colors show each concentration of Hs pulse that
has been used.

4.2 Alloying of PdAu

4.2.1 Different layer depositions

In the case of PdAu alloy, two different deposition methods have been investigated
for each nominal thickness: whether Palladium or Gold was deposited first. Three
different nominal thickness combinations have been used, keeping a composition
ratio of PdsgAusg: 1 A of Au with 3 A of Pd, 3 A of Au with 7 A of Pd, and 6 A of
Au with 14 A of Pd. The nomenclature used for indicating which element has been

deposited first is %, i.e., TA of Pd deposited on top of 3A of Au would be
7A Pd

3A Au’

written
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Figure 4.10: Visual representation of the two different PdAu deposition layouts
used in this work. One material is deposited first onto the St N protective layer, and
the second layer is deposited afterward. Bear in mind that these are inhomogeneous
films, due to the small scale and the deposition method (e-beam evaporation). The

nomenclature used is (a): ;8;2%, (b): ?7’8;2‘23.

The order of the depositions proved to be much more important than originally
expected. Indeed, analyzing the values reported in Table 4.2, we can see that the
mean feret diameter of the particles is close to 4 times bigger when the Gold is
deposited on top of the Palladium, and the size distribution is also larger, as shown
with the larger relative standard deviation. This difference is likely due to the
different wetting properties of Pd and Au with SiN, with Au known for having
a higher surface diffusivity than Pd, leading to the formation of larger voids in
the case where Pd is deposited first [33, 34]. These properties are linked to their
surface and interfacial energies with Si/V, which can be measured using Atomic
Force Microscopy (AFM) or Focused Ion Beam (FIB) [35]. This difference in size
unsurprisingly has had a significant impact on sensing performance. Indeed, the

response results of ;ﬁ ﬁff and ‘3‘2 ’;Z are shown in Figure 4.11.

Deposition order | Mean [nm] Std [nm] Min [nm] Max [nm]
Ty 3275 0.996 (30.4%)  1.569 7.443
s 11.815 5739 (48.6%) 2027  32.429

Table 4.2: Particle feret & statistics as a function of nominal deposited thickness
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Figure 4.11: Peak shifts after different hydrogen pulses on (red) ;é ZZ (blue) ;ﬁ iz

with 2 cycles (11.2 nm) of PECVD SiN at 30°C. Notice the significant difference
in response. This is likely due to the different sizes shown in Table 4.2.

4.2.2 TEM composition imaging

A primary objective is to assess whether the particles have alloyed at all, or if each
material has agglomerated on its own and formed a mixture of distinct Pd and
Au particles, possibly of different sizes. TEM measurements were conducted to
investigate such matter. In Figure 4.12, the EDX maps of b Au(M) and a Pd(L)
show very similar areas of interest, indicating the presence of both Pd and Awu in
the same regions. Thus, we conclude that the particles have indeed alloyed.

Figure 4.12: TEM EDX mapping of (a) Pd(L) and (b) Au(M). Images were taken

on samples made specifically for TEM measurements with % deposited on Si/N.

Analyzing the compositions, several points have been found showing compositions
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relatively close to the expected Pd7oAusg. Albeit not exactly as hoped, these results
remain encouraging considering the small scale and the measurements uncertainties.
Compositions of three different points are reported in Table 4.3

‘ Element Atomic % Uncertainty %

Point 1| Pd(L)  87.89 12.75
Au(M)  12.10 5.60
Point 2 | Pd(L)  84.59 13.12
Au(M)  15.40 5.85
Point 3| Pd(L)  80.80 8.56
Au(M)  19.19 4.26

Table 4.3: TEM EDX quantification results of several points

Due to the very small scales at play, it proved challenging to obtain high-quality
composition measurements. Nonetheless, these results indicate that at least some
regions have alloyed. As shown in Table 4.3, there are several areas with presence of
both Palladium and Gold in compositions relatively close to the expected 70% Pd
and 30% Awu. The overlap in the Au and Pd maps of Figure 4.12 further supports the
alloying conclusion. Although preliminary, these findings suggest that the alloying
process is effective. Further measurements on that topic could include longer TEM
measurements or Atomic Probe Tomography.

4.2.3 Comparing with pure Pd

The best results for PdAu were obtained with 14 A of Pd deposited on top of 4 A
of Au. The combined thickness of Pd and Aw is significantly higher than the best
results obtained with pure Pd, at 10 A. As shown in Table 4.2, the dewetting
properties are greatly changed in this configuration, where Pd on top of Au leads
to smaller particles than with the same total thickness if it were pure Pd. It is
therefore not surprising that, to achieve same particle sizes with PdAu, the total
thickness should be higher. One significant difference between the pure Pd samples
and the alloyed PdAu, is that the first redshifts in presence of H,, while the latter
blueshifts. It has not been fully understood the reason for such behavior.
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Figure 4.13: Peak shift AX of (red) 10A of Pd and (blue) ?ﬁﬁ with 11.2 nm of
PECVD SiN for each time step exposed and centered on the hydrogen pulses at
(a) 30°C, (b) 50°C, and (c) 80°C. See the difference in magnitudes between the
pure Pd (red) and the PdAu (blue). Especially at low temperature. Note that the
responses differ in the sense that pure Pd induces a red shift in the response upon

hydrogen exposition while PdAu blueshifts.

Comparing the response magnitudes, PdAu has a much greater performance, espe-
cially at low temperature (30°C'), where it more than doubled the achieved response
with pure Pd, as shown in Figure 4.14a. However, PdAu is much more sensitive to
temperature, and quickly goes down to similar performances than pure Pd at 80°C'.
A closer look on the influence of temperature on PdAw is shown in Figure 4.15,
where we clearly see the reduction in performance with increasing temperature.
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Figure 4.14: Absolute peak shift AX of (red) 10A of Pd and (blue) ﬁxfj with
11.2 nm of PECVD SiN for each hydrogen concentration exposed at (a) 30°C, (b)
50°C, and (c) 80°C'. See the difference in magnitudes between the pure Pd (red) and
the PdAu (blue). Especially at low temperature. Note that the responses differ in
the sense that pure Pd induces a red shift in the response upon hydrogen exposition

while PdAwu blueshifts.
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Figure 4.15: Peak shifts after different hydrogen pulses on 14 A of Pd deposited
on top of 6 A of Au with 2 cycles (11.2 nm) of PECVD SiN at (red) 30°C, (blue)
50°C" and (green) 80°C'. The peak shift response greatly reduces with increasing
temperature.
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4.2.4 Kinetics of PdAu compared with its bulk equivalent

One of the motivations for using indirect LSPR is the use of rapid hydride forming
particles, thus hopefully improving the kinetics of the system. To assess this result,
we can compare the indirect method utilizing PdAu alloy with its bulk, direct,
equivalent. The latter is composed of 210 x 25 nm PdrqAusy nanodisks. Comparing
the responses using the Fast-Switch Mini Reactor developed by Iwan Darmadi during
its PhD thesis [36], which allows for fast gas filling of the chamber, we see that
the Ag indirect samples have much faster kinetics, as shown in Figure 4.16. The
protocol was very similar than the one used in the X1 reactor except that the only
temperature evaluated was 30°C. The response time is assessed by taking the mean
value before and during the pulse, and extracting the time it takes to reach 90% of
the difference between these two values. This time is called tgy and is a common
way to evaluate sensor response. The direct method yielded around 28s to reach tgq
while the direct method yielded 3s, which is around 10 times better and proves that
indirect LSPR can be used as a means to improve kinetics.
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Figure 4.16: Side by side comparison of indirect and direct LSPR hydrogen sensing
of PdAu alloy at 30°C for kinetics analysis. (a) and (b) show the optical response
of ;éij, and (c) and (d) show the optical response of 210x25 nm PdAu disks.
Comparing (b) and(d), it can clearly be seen that the indirect method is much

faster.

4.3 Through-Mask Pd Deposition

A last area of research from this thesis was to investigate Pd depositions through
the mask, reducing the amount of Pd particles on the sample to the bare minimum.
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This could further increase the rapidity of hydrogen intake, as there would not be
any inactive Pd hydrogenation. There is a possibility that it would also change the
dewetting process as each particle would have its own Pd thin film isolated from the
others.

One area of concern in the current process is that the SiN is deposited at 300°C
using PECVD. This temperature is much higher than what PMMA can withstand
and the mask would collapse at such temperature. It has then been reduced to
170°C" but still remained inconsistent and cracks occurred in the mask as shown
in Figure 4.17, misaligning the Ag particles with the holes and making further
depositions impossible. Furthermore, due to the excellent step coverage of PECVD,
the SiN covers the sides of the holes and make the mask much harder to lift-off.
Even after a full day in mr-Rem 700 (Microresist Technology GmbH) and another
full day in Acetone, it was not properly lifted-off. Sonicator was then successively
used for bmin in Remover, Acetone and Isopropanol, but the particles were severely
damaged. It is likely due to the prolonged exposition to lift-off agents and perhaps
also to the Sonicator. The damaged particles are shown in Figure 4.18

20um EHT=1000KV SignalA=inLens  Date:16 Apr 2024 |
— WD= 4.1 mm Mag= 300X Time 13:55:01 A

Figure 4.17: Top-view SEM image of the mask prior to lift-off. Cracks can be seen
appearing in the mask after PECVD Si/N deposition at 170°C'.

100 nm EHT = 10.00 kV SignalA=lInLens  Date :16 Apr2024 ~
1 wo= a1mm Mag= 150.00KX  Time 13:48:47 =

Figure 4.18: Top-view SEM image of a damaged Ag particle after PECVD SiN
deposition at 170°C" and long lift-off.
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Despite unsuccessful, it can be concluded that a different process would be more
suited for the purpose of depositing Pd through the mask. One good candidate
is the use of a Cr hard sacrificial layer, as propose by Arturo Susarrey-Arce et
al. [9], but it involves using hazardous chemicals for the Cr etching and has not
been explored in this thesis. Another option would be to operate the PECV D at
even lower temperatures, although it could potentially compromise the quality of
the SiN film and it has not been investigated in this thesis either.
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Conclusion

The results from this Master’s thesis project demonstrate that indirect LSPR can
be effectively utilized for hydrogen sensing, offering improved kinetics compared to
the direct bulk equivalent, particularly for PdAu alloys.

The research highlighted the limitations of sputtered Si/N for depositing the pro-
tective layer; therefore PECV D is recommended for depositing the protective layer
instead. It has been shown that a thinner protective layer enhances the response
but makes the sensor more sensitive to temperature and may not efficiently protect
against oxidation in ambient air when Ag plasmonic probes are used. Optimal Pd
deposited thickness for nanoparticle formation through solid-state dewetting was
found at 10A, annealed at 500°C' for 18 H. This yielded an average nanoparticle size
of 7.06 + 3.05 nm. Furthermore and most interestingly, it has been shown that the
formation of PdAu nanoparticles through solid-state dewetting seems to be effective
and provides twice better sensing performance than pure Pd, albeit with reduced
thermal resistance. Its hydrogen sorption kinetics are significantly faster than the
bulk equivalent in direct LSPR, showcasing a tenfold improvement. Additionally,
it was observed that the order of depositions for PdAu had a significant impact on
the resulting particle size, likely due to the different wetting properties of Pd and
Au with SiN. Depositing Au first resulted in smaller particles, whereas when Pd
was first, particles were larger. For the sake of this experiment, depositing Aw first
resulted in better results.

Lastly, attempting to make all depositions through the mask at 170°C' is not reliable
due to the temperature sensitivity of PM M A. It has been suggested to update the
process for a hard sacrificial layer instead, such as C'r.
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Future work

The findings of this thesis open several pathways for further investigation, each with
the potential to significantly enhance the performance and understanding of hydro-
gen sensors using LSPR.

1. Optimization of working device
On one hand, improving the currently working devices could be done through
investigating different annealing times and temperatures to refine nanoparticle
size distribution and surface coverage. Additionally, finalizing the deposition
through the mask would also likely improve performance, although it is un-
sure to what extent, as one reason for this approach is to minimize the amount
of hydrogen absorbed by inactive Pd particles, but the required quantity of
hydrogen is already very small. The impact of varying the size of Ag par-
ticles also presents an unexplored opportunity for improvement. A control
experiment of Ag particles without Si/V could be useful for understanding the
phenomenon that happens when the SiN layer is very thin with increasing
temperature. Faceting of the Pd particles could also be an interesting aspect
to investigate [37].

2. Advance alloying through solid-state dewetting
The promising results from alloying through solid-state dewetting of PdAu
suggest that more complex deposition layouts could yield further improve-
ments. Longer TEM measurements are definitely required to better assess
alloy compositions. Atomic Probe Tomography could also be an option to
consider for that matter due to the small scales at play. Measurement of
Pd/SiN, interfacial energy could provide further insight on the solid state
dewetting process, which can be achieved with AFM or FIB [35].

3. Refine kinetic studies and isotherm analysis
More detailed kinetic studies are needed to understand the sensing dynamics
fully. Investigating whether there is hysteresis in the isotherm responses of
these materials would also add valuable data to the field.

4. Theoretical understanding of spectral shift mechanisms
An unresolved question is the understanding of the mechanisms behind the
observed redshift and blueshift in spectral responses between pure Pd and
PdAu alloy. Some Pd samples also exhibit blueshift and the reason has not
yet been understood.
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