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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 e cient 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 nanopatrticles 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, usindg 14&20nm nanodisks cov-
ered with much smaller (few nanometers) hydride-formind d nanoparticles. (ii)
Building on the insights gathered from the previous part, alloying o dAu through
solid-state dewetting has been investigated to replace thied nanopatrticles, yielding
more than a twofold increase in performance with comparison to (i) and 10 times
faster kinetics than its bulk equivalent (i.e. P dAu in direct LSPR). And nally (iii),

an attempt to make all depositions through the mask, which proved to be unsuc-
cessful and suggests using a hard sacri cial 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, o ering a foundation for future research and
technological development in this eld.

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 di erent 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 abdisin 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, speci cally
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 hydrogenH,) sensing [6], lever-
aging the synergistic bene ts of (i) localized surface plasmon resonance (LSPR) and
(i) rapid hydride formation materials. In other words, using chemically inert, yet
plasmonically highly active, metal nanoparticles as nanoscopic probesg 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 &f, 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 ux and reducing the di usion 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 d40nm x 20 nm
Ag nanodisks protected from oxidation by a thin layer ofSIN and covered with
very small P d nanoparticles (a few nanometers). Then, di erent aspects will be in-
vestigated, such as the possibility to use alloyed nanopatrticles likad;oAusg for the

1



1. Introduction

hydride formation, decreasing the hysteresis during the adsorption/desorption and
therefore yielding better optical contrast. To do so, we will rst start by investigat-
ing the de-wetting properties ofP dAu alloys onSiN 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 P d particles solely on theAg antenna by performing all de-
positions through the mask, reducing the inactiv® d particles to the bare minimum.

The rst 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 elds, 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 exempli ed 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
ammability range of 4 vol% to 78 vol% in air and one of the lowest minimum
ignition energies, at0:017mJ [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. Thed H reaction

is one of such and is characterized by a high dissociation e ciency, 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 dierent phases are called the alpha
( ) and the beta ( ) phases and both have di erent lattice constants [17]. At low
hydrogen pressures, we say that the metal particle is in the phase (Figure 2.1b),
which consists of hydrogen atoms entering the lattice without signicanH H
interactions, interactions between two hydrogen atoms. As the hydrogen enters
the lattice, the strain created slightly increases the lattice constant fron8:887A to
3:895A as well as reducing the energy required for another hydrogen atom to take
place next to the rst 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 from3:895A to 4:025A This is
the phase (Figure 2.1d). Following an isotherm, one observes a plateau region
during the phase transition, where both and 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 2P < 0, that is that pressure does not increase

@V T
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 eld 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 eld can be in phase coherence,
resulting in a resonant phenomenon known dsocalized surface plasmon resonance
(LSPR). This particular frequency is calledplasmon frequencyand depends on the
density of electrons, the e ective 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 e ective electron mass dependent on the material, but size
and shapes can be modi ed at will without great di culty with current nanolithog-
raphy techniques. For instanceAu nanospheres can be placed in colloidal solution

4



2. Theory

() (b)

(©) (d)

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

(a): No hydrogen, lattice constant is3:887A

(b): Hydrogen atoms start to enter the metal lattice, locally straining it around the
hydrogen atoms. Lattice constant is expanded t8:895A

(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, P d lattice constant expands from3:895A 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]

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 respectively represent
ctive positive and negative charges.

There are multiple modes of plasmon excitation, the simplest being tit#pole plas-
mon resonancewhere the collective oscillation of electrons resembles a simple dipole.
Higher-order modes, such as thquadrupole modginvolve more complex patterns
of charge distribution and can lead to di erent 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



2. Theory

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 eld is taken as constant and the problem to be solved shifts
from electrodynamics to electrostatics, simplifying signi cantly the derivations. Un-
der these circumstances, one nds the extinction and scattering e ciencies to be

Qext = 4XIm (gq) (2.1)
8
Qsca = X 4j0uj® (2.2)
wheregy = =% andx =2 a( o) = with ; and g being the dielectric constants

of the nanopartlcle and surrounding medlum respectlvely 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 di erence being the location of the hy-
drogenation. In the rst 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 P d). When hydrogen is absorbed
into the metal lattice, the particle undergoes changes in its electronic and optical
properties. In the case oPd, this change consists of two phases calledand
depending on the hydrogen concentration as shown in Figure 2.1 This absorption
a ects the particle's dielectric constant, causing a shift in its LSPR signal.

Direct sensing provides high sensitivity and speci city due to the inherent a nity 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 su ers from issues such as hysteresis, a di erence in hydrogen pressures during
absorption and desorption, leading to an ambiguous readout as the response de-
pends on sensor history. In the case &fd, 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 thied 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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Figure 2.4: Artistic representation illustrating the di erence 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 maded 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 eld. Smaller hydride-forming particles alter the local environment of the
antenna, therefore in uencing its optical response.
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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
(140nm x 20nm), and in a second time, it will be kept until the very end, after the
P d deposition. TheSiN 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 signi cant impacts on the measurements.
Finally, the small Pd and P dAu nanoparticles are produced through dewetting of
thin Ims, ranging from 1A to 15A. If there is need to be imaged, the process is
done simultaneously or§i0, and Si chips, the later being suitable for SEM imaging
as it is conductive, whichSiO, is not. Afterward, the hydrogenation measurements
are carried out in the atmospheric pressure ow reactor InsplorioX 1.

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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(a) Substrate (b) PMMA spin-coating (c) PDDA drop-casting
(d) PS beads drop-casting (e) Cr evaporation (f) Tape-stripping
(9) O, plasma etch (h) Ag evaporation (i) Lift-o

() SiIN deposition (k) Pd evaporation

Figure 3.1: Step by step schematics of the nanofabrication process.

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

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

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

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

(e): 200nm 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 14020 nm).

(9): 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,
e ectively depositing a cone-like structure more than a disk.

(): Lift-o of the mask, leaving an amorphous array of140x 20 nm Ag nanodisks.
(): 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 Im. The thin Pd Im
ilsoevaporated and then annealed to enhance the dewetting phenomenon.
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3.1.1 PMMA

The rst step of the process is to deposit the PMMA sacri cial 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 PMMA5 A4 at 2000rpm
for 60s, resulting in a Im of approximately 200nm. It is then soft-baked at170°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 shorbs of O,
plasma etch at50W to make the surface more hydrophilic, which helps for the next
step: drop-casting.

3.1.2 Drop-casting

Drop-casting was employed to rst deposit a positively-charged PDDA Im onto
the PMMA (Figure 3.1c), followed by a colloidal dispersion of negatively charged
polystyrene (PS) beads with a diameter oi40 nm (Figure 3.1d). The reason for
these electric charge is twofold. First, the di erence 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 surfa@) nm of Cr are evaporated on
top of it (Figure 3.1e). The samples are themape-stripped e ectively removing the
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PS beads from the surface (Figure 3.1f). This leaves@r mask lled with nano-
holes where the sacri cial 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 O, plasma at 50W for 5min to etch through these holes all the way down to
the substrate (Figure 3.1g). The hole-mask is now ready antlg particles can be
evaporated through these holes in a similar manner as for ti@r (Figure 3.1h).

In the rst case, the mask is lifted-o once the Ag particle have been evaporated
(Figure 3.1i). Later, all deposition, including theSiN and the Pd=P dAu will be
deposited through the mask before lift-o .

3.1.4 Protective layer: SiN

The protective layer, crucial for preventing theAg particles from oxidizing, is com-
posed of a thin layer ofSiN ranging from 3:5 to 14 nm depending on the measure-
ment. It has rst been deposited using reactive sputtering, at a rate dd:175nm=s
and later with PECVD (Figure 3.1j) using the available recipe combining low and
high frequency depositions to achieve a low stress thin Im. Each cycle nominally
deposits5:58 nm of SiN .

3.1.5 Nanoparticle formation

The last step of the nanofabrication is the formation of the smaf d=P dAunanopar-
ticles (Figure 3.1k), which has been done through solid-state dewetting.

Dewetting of liquid Ims is a spontaneous process that is quite well understood. It
iIs commonly observed in solid liquid interfaces, such as when a water Im 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 Ims are reduced to very
small thicknesses, such as a few Angstréms, and heated up, even below melting
point. One can then observe what is calledolid-state dewetting: a spontaneous
agglomeration of the solid thin Im 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 inuenced by (i) Annealing temperature, (i) annealing time, and (iii)
deposited thickness. A representation of the process is shown in Figure 3.2.

For the alloying of P dAu 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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