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Optimization of Sn02/Zn0O Films for Electrochromic Coloration
Efficiency

Zoltdn Lbadi!, Noor Taha Ismaeel’2, Peter Petrik!3, Mikl6s Fried!

!Institute of Technical Physics & Materials Science, Centre for Energy Research, Konkoly-
Thege Rd. 29-33, Budapest 1121, Hungary

’Institute of Microelectronics and Technology & Doctoral School on Materials Sciences and
Technologies, Obuda University, Budapest, Hungary

3Department of Electrical Engineering, University of Debrecen, Debrecen, Hungary

Electrochromic applications for metal oxides, such as smart windows and displays, have been widely
studied recently. Electrochromic films decrease the extra absorption of heat in buildings. The
electrochromic process is based on a reversible redox process and characterized by coloration
efficiency (CE). Transition metal (titanium, tungsten, nickel, vanadium, molybdenum and others)
oxide films are the most interesting and most widely studied materials for this purpose. [1]
Nevertheless, relatively few publications have studied the possible advantages (higher CE) of the
mixtures of different metal oxides as electrochromic materials. The change in light absorption for the
same electric charge represents the electrochromic effectiveness, and it can be higher in mixed metal
oxide layers.

Spectroscopic Ellipsometry (SE) has been used as an investigation method for combinatorial or pure
materials since it is a cost-effective, non-destructive and fast method for the mapping of mixed oxide
layers. A thickness map and a composition map have been achieved by the developed optical models
of the sample layers.

The objective of this work was to determine the CE and to investigate the electrochromic
effectiveness of Sn0»-ZnO mixed layers in the full compositional range. Mixed oxide layers were
prepared by reactive DC magnetron sputtering. It should be noted that we apply a combinatorial
approach for composition-graded layer deposition to allow study samples chosen from a full and
continuous SnOzx) — ZnO(—x) composition range. The deposited films were characterized using
spectroscopic ellipsometry (SE), Scanning Electron Microscopy (SEM) with Energy-Dispersive X-
ray Spectroscopy (EDS) and coloration efficiency (CE) measurements. We expected that mixing
metal oxides with different sizes in films can enhance the CE.

Metallic Sn and Zn targets were placed separately from each other, and indium-tin-oxide (ITO)-
covered glass and Si-probes on a glass substrate (30 cm x 30 cm) were moved under the two
separated targets (Sn and Zn) in a reactive argon—oxygen (Ar-O2) gas mixture (see Figure 1). The
tin-zinc oxide layers were deposited onto ITO-covered 100 x 25 mm glass surfaces. Layer
depositions were carried out by reactive sputtering in an (Ar + O2) gas mixture at a ~2 x 10 Pa base
pressure and at a ~107! Pa process pressure. The target-substrate working distance was 6 cm.
Volumetric flow rates of 30 sccm/s Ar and 70 sccm/s O were applied in the magnetron sputtering
chamber. The plasma powers of the Sn and Zn metal targets were set to 800 and 1000 W,
respectively. The samples were moved back and forth at a 25 cm/s walking speed between the Sn
and Zn targets, and a mixed oxide film was deposited onto the ITO surface. A 5 min cooling
interruption was applied after every 50 walking cycles.
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Figure 1. Target arrangement for combinatorial deposition and an insight into the chamber

Coloration Efficiency n is given by the following equation:

T:,‘
aop(y  InGE)d
6/4 Q;

(1) —
| RS
where Q; is the electrical charge inserted into the electrochromic material per unit area, AOD is
the change in optical density, Ty is the transmittance in the bleached state, and T. is the transmittance
in the colored state. The unit of CE is cm?/C (square centimeters per Coulomb).

The CE was determined in a transmission electrochemical cell (see Figure 2). The cell was filled
with 1 M lithium perchlorate (LiClO4)/propylene carbonate electrolyte. A 5 mm width masked (Sn-
Zn oxide-free) ITO strip of the slides remained above the liquid level, allowing direct electric contact
with the cell. A Pt wire counter electrode was placed into the electrolyte alongside a reference
electrode. This arrangement was a fully functional electrochromic cell. The applied current was
controlled through the cell using a Farnell U2722 Source Measurement Unit (SMU). A constant
current was applied through coloration and bleaching cycles of the electrochromic layer, and
simultaneous spectral transmission measurements were performed by using a Woollam M2000
spectroscopic ellipsometer in transmission mode.
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Figure 2: Setup for transparency measzremebnt during coloration — bleach cycles
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Figure 3: Three-dimensional diagram of CE data of Sn0»-ZnO vs. Zn % for wavelengths from 400 to 800 nm in
visible spectral range.

Figure 3 shows the 3D representation of the calculated CE data as a function of the ZnO fraction of
the film and the wavelength. Individual points were calculated from the average of three independent
measurements. The error is estimated to be 3%, calculated based on the accuracy of sample
positioning in the measuring cell and the spot size of the optical beam.



The CE maximum was found to be 29% Zn for each wavelength between 20 and 50 ¢cm2/C. This
29% 1is very close to the optimum value of 30% in the case of the TiO2-SnO2 mixture which was
investigated in our earlier paper [2]. We expected that mixing metal atoms with different diameters
in the layers can enhance the CE. This (70-30)% mixture of different metal oxides seems to be the
optimum for Li-diffusion in these sputtered materials.

The influence of mixing metal atoms with different diameters in the layers on EC behavior can be
attributed to several factors. Mixing can create new pathways for charge carriers, enhancing the
overall electrical conductivity. This increased conductivity can support faster ion intercalation and
deintercalation processes, causing quicker color changes. Mixing can alter the electronic structure of
the layer, affecting the way it absorbs and transmits light. These factors can explain the enhanced CE
values [3]

[1] Grangvist, C.G. Handbook of Inorganic Electrochromic Materials, Elsevier: Amsterdam, The
Netherlands, (1995)

[2] Noor, Taha Ismaeel ; Labadi, Zoltan ; Petrik, Peter ; Fried, Miklds, Investigation of
Electrochromic, Combinatorial TiO2-SnO2 Mixed Layers by Spectroscopic Ellipsometry Using
Different Optical Models, Materials 2023, 16(12), 4204.

[3] Labadi, Zoltan ; Ismaeel, Noor T. ; Petrik, Péter ; Fried, Miklos, Compositional Optimization of
Sputtered SnO2/Zn0O Films for High Coloration Efficiency, INTERNATIONAL JOURNAL OF
MOLECULAR SCIENCES 25 : 19 Paper: 10801 , 11 p. (2024)
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A guide to the reactive HIiPIMS co-sputtering of Y and Ti

Ddniel Olasz'?, Gyérgy Sdfran’, Miklés Serényi-

! Institute for Technical Physics and Materials Science,
HUN-REN Centre for Energy Research, H-1121, Budapest, Hungary

2 Department of Materials Physics, E6tvos Lorand University,
Pazmany Péter Sétany 1/A, 1117, Budapest, Hungary

Introduction

Y-Ti-O ternary thin layer system has been widely studied [1] due to its microstructure, material
properties and variety of applications, such as: in oxide dispersion-strengthened (ODS) alloys [2],
resistance to radiation damage [3], nuclear waste management [4], photocatalyst [5]. Although high-
power impulse magnetron sputtering (HiPiMS) technology is well suited for reactive sputtering of
metallic targets to deposit metal oxide and nitride layers, finding the optimal sputtering parameters
for Y and Ti targets with completely different behavior in the same reactive environment can be
exciting [6]. This is greatly challenging to deposit a variable concentration Y- and Ti oxide layer,
which allows the high throughput comprehensive characterization of microstructure and materials
properties of the Y-Ti-O layer system.

Experimental

For the sputter deposition of the thin layers we used Ti and Y targets of 2 inch diameter from Kurt J.
Lesker Company with 99.995 % and 99.9 % purity, respectively. For deposition a pair of HIPSTER
1 HiPIMS power supply unit by loanautics AB (Linkoping, Sweden) was applied with the following
specifications: max. output power 1 000 W, max. output peak voltage 1 000 V, max. output peak
current 100 A, 1 to 10 000 Hz pulse frequency range and pulse duration range of 3.5 to 1 000 ps. The
target to substrate distance was 10 cm during sputtering, that was carried out in an ultra-high vacuum
(UHV) environment, with a base pressure of 2 * 10" mbar. The reactive O gas flow is controlled by
an EL-FLOW Prestige mass flow meter (Bronkhorst High-Tech) while the Ar working gas was
introduced by a needle valve. The micro-combinatorial sample preparation method [7,8] was used to
deposit a Y-Ti-O ternary layer of variable composition in the range of 5-95 at% Ti and Y content.

Results and discussion

The first characteristics that reveal significant differences in the behavior of the two targets are
obtained by measuring the voltage as a function of the plasma current. The current can be measured
through an electrode protruding into the discharge, which is inserted after the substrate has been
separated from the base plate. The measured voltage-current characteristics (Figure 1) of the
discharge differs significantly from the generally accepted Westwood equation I=(U-U, )* [9] ; a
"kink" appears as voltage increases. This is attributed to the secondary electron emission of the oxide
layer formed on the target surface. The secondary electron emission of Ti oxide is lower than that of
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pure Ti metal. On the contrary, Y-oxide emits more electrons than metallic Y. It is puzzling to find
the common vacuum conditions for the deposition of oxide layers with materials behaving so
differently. At the same time, one should both avoid the targets poisoning and control the ratio of Y
to Ti in the sputtered layer over a wide range.
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Figure 1: Voltage-current characteristics for reactive sputtering of Ti and Y. (Filled symbols indicate data
obtained at increasing current, empty symbols indicate data obtained at decreasing current.)

Another significantly different behavior of Y and Ti is shown by the hysteresis which is typical for
reactive sputtering, observed when the oxygen inflow is continuously changed. Figure 2a shows the
very different nature of the Y and Ti manifested by the reversal in direction of hysteresis between the
target voltage and the oxygen inflow.

According to our solution to prevent the yttrium target from being poisoned in the oxygen
atmosphere common for both targets, the oxygen inlet was pulsed: a 4 s 2.5 sccm O> injection period
was followed by a 2 s 0.5 sccm O: injection period, and these were repeated continuously (Figure
2b). The pulsation could be read off the pressure gauge during sputtering, indicating that the
pulsation was slow enough to cause a noticeable pressure fluctuation. As a result, the oxidation state
(oxide coverage) of the targets surface changed periodically; during one period, the hysteresis region
shown in Figure 2a is drawn out. However, this change is fast enough that the oxide coverage
characterizing the state of the targets can be considered constant on average. Conceptually, the target
oscillates between the metallic and oxide branches of the hysteresis, which results in a virtual
working point for sputtering and can provide ideal conditions for the deposition of a stoichiometric
Y-Ti-O layer.

To ensure that the two components, Y and Ti, were present in the deposited oxide layer in the
planned proportions, the targets were individually subjected to series of electrical pulses. The atomic
ratios of Y and Ti are determined by the number of pulses, assigned to each targets, in the bursts
(Figure 3). This solution was developed because of the nonlinearity of the current-voltage
characteristics of the targets, as the usual increasing power - increasing amount of material
deposition does not work due to the kinks. .However, the amount of material deposited is
proportional to the number of pulses in the series.
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Figure 2: a, Voltage versus O; inflow hysteresis for Y and Ti. b, Pulsed O; inflow as a function of time. Red
curve corresponds to the planned O inflow, while the green curve corresponds to the measured one.

By increasing the number of pulses at one target and decreasing the number of pulses at the other
target, a continuous change in concentration in the deposited layer can be achieved. The pulses are
short enough in time and high enough in frequency relative to the time of flight in the recipient that
the deposited layer has a homogeneous distribution of material (Figure 4).

Figure 3: Applied bursts on the Y (red curve) and Ti (vellow curve) targets. As illustrated by the upper and
lower images, composition change is evoked by varying the numbers of bursts: a decline in the number of Ti
bursts leads to an Y-enrichment of the deposited layer.
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Figure 4: a, Photograph of the chamber during simultaneous deposition of Y and Ti under pulsed oxygen
inlet. b, Combinatorial Y-Ti-O layer deposited with varying Y and Ti concentrations along the 25 mm Si slab.
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Spatial distribution of photoexcited electrons and holes in Cu20O/Au
multicomponent nanoparticles

David Kovacs'?, Andras Deak!, Daniel Zambo!*

Unstitute of Technical Physics and Materials Science, HUN-REN Centre for Energy Research,
Konkoly-Thege M. ut 29-33., H-1121 Budapest, Hungary

2 Department of Physical Chemistry and Materials Science, Faculty of Chemical Technology and
Biotechnology, Budapest University of Technology and Economics, Miiegyetem rkp. 3., H-1111
Budapest, Hungary

*daniel.zambo@ek.hun-ren.hu

Combining the ability of semiconductor nanoparticles (NPs) to produce photogenerated electrons
and holes, with noble metals capable of enhancing the spatial separation of charge carriers gained
tremendous attention in material science in the recent decades. Hence, countless studies have been
reported focusing on the synthesis and characterization of the photophysical and photochemical
properties of multicomponent semiconductor/metal NPs. Cuprous oxide (CuxQO) is considered an
outstanding candidate for the semiconductor component, owing to its outstanding properties
including its high charge carrier concentration, large exciton binding energy, non-toxicity, and its
band gap being active in the visible and near UV range.'= In spite of the excessive research of
multicomponent NPs, to reveal insight into the photogenerated charge carriers’ spatial distribution as
well as its influence on the photophysical and photochemical properties in Cu2O/Au multicomponent
NPs with well-controlled morphology remained unexplored. In this paper, wet-chemical syntheses
were elaborated to realize pristine CuxO NPs (Figure la-c) as well as their heterostructured
counterparts containing Au in two different arrangements: (i) individual gold nanorods (AuNRs)
were embedded inside the CuxO NPs’ center (Figure 1d-f), and (ii) gold nanograins (AuNGs) were
grown onto the surface of the CurO NPs with the same atomic quantity (Figure 1g-i). All of the three
NP systems possessed octahedral shape with ca. 140 nm base edge length and identical CuxO
content. The high morphological control enabled to reveal, how the presence and position of the Au

affect the photo-physicochemical properties of the pristine Cu>O nanooctahedra.*
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Figure 1. Representative SEM images of the nanoparticles with high magnification TEM images in the insets,
as well as atomic-resolution TEM images and elemental distribution EDS maps for the pristine (a-c), the

AuNG-decorated (d-f), and the AuNR-embedded Cu>O nanooctahedra (g-i), respectively.”

The octahedral-shaped Cu,O enclosed with (111) facets has been found to possess the highest
catalytic performance among the different morphologies.! However, the restrained mobility of the
photoexcited charge carriers associated with the vast defect states of metal-oxide semiconductors
limits their potential in catalytic applications. Direct contact with noble metals provides a platform to
overcome this limitation by separating the photoexcited electrons and holes. The aim of the study
was to untangle the distribution of the charge carriers photoexcited in the semiconductor
compartment of the NPs. To exclude the presence of hot electrons originating from the plasmonic
nature of Au, a low-energy UV flashlight with a wavelength of around 400 nm served as an
excitation source, that is off-resonant with the plasmon resonance of Au. In this case, the dominant

charge carrier generation process is addressed to the band-to-band transition in CuO.

To shed light on the nanoparticles' optical properties, absorption and excitation spectra in the UV-
Vis-NIR region as well as photoluminescence (PL) spectra and time-correlated single photon
counting (TCSPC) were recorded at 0.5 mM Cu;O concentration for each of the three nanoparticle
model systems (Figure 2). For the multicomponent NPs, both the decrease of the PL intensity and the
faster decay of the fluorescence lifetime indicate an enhanced charge carrier separation compared to

that of the pristine CuxO.
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Figure 2. Extinction (a), absorption (b), and PL (c) spectra as well as TCSPC (d) of the multicomponent NP

model systems at 0.5 mM Cu>O concentration for each measurement.”

From the absorption spectra of the pristine CuxO NPs, the band gap energy was determined by the
Tauc-plot and resulted to be 2.15 €V, which is in-line with the reported band-gap.! Additionally, the
relative work functions were determined by single-point Kelvin probe: relative to the pristine Cu,O
nanooctahedra, —150 meV and +145 meV contact potential differences were measured for the AuNG
decorated and for the AuNR-embedded Cu>O nanooctahedra, respectively. Comparing the valence
band maxima (determined by XPS) of the different Au/Cu,O NPs, 430 meV larger binding energy

was measured for the AuNR-embedded particles, indicating a higher valence band maximum for the
AuNG decorated model system. The work function of the {111) facets of Cu,O was experimentally

determined by Tan et al (4.80 €V).° Previous studies showed, that the work function of Au NPs
shows a size-dependent nature in the 3-10 nm size regime, attributed to their electrostatic interaction
with the adjacent materials: upon decreasing the size of the Au particle, its Fermi level changes from
5.3 eV (bulk Au) to 3.6 — 3.8 €V (7 nm Au grain on Si/SiO, surface).® Based on the above
considerations, the energy landscape was proposed (Figure 3). In the case of the AuNG decorated
model system, the work function decreases at the CuxO/Au interface, resulting in a downward band
bending upon the equilibration of the Fermi levels. Consequently, a Schottky barrier forms for the
holes, thus, the electrons and holes are accumulated in the AuNGs and the CuO surface,
respectively. In contrast, the equilibration of the Fermi levels in the AuNR-embedded model system

results in an upward band bending, resulting in a Schottky barrier for the electrons. Consequently,
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the electrons and holes are accumulated in the CuxO and the AuNR, respectively. This implies a
fundamentally different charge separation process in the engineered multicomponent particles

dictating the avalability of the electrons and holes in a photocatalytic reaction.
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Figure 3. Tauc plot of the pristine Cu20 NPs served to determine the bad gap energy (a). Determination of
the contact potential differences by single-point Kelvin probe (b). Valence band spectra of the multicomponent
NPs measured by XPS (c). Schematic energy landscape diagram comparing the AuNR-embedded (i and ii)
and the AuNG-decorated (iii and iv) multicomponent NPs before and after the contact, respectively.’

This hypothesis was also tested in the photocatalytic degradation reaction of methyl orange.
Decoration of the Cu2O nanooctahedra with small Au nanograins enabled enhanced activity and

resistance against photocorrosion compared to the AuR/Cu0 and pristine Cu2O NPs.

In conclusion, it can be declared that the presence of gold in Cu,O nanooctahedra significantly
improves the photocatalytic activity, and provides a platform to utilize a low-power UV illumination,
in which condition the pristine CuyO nanooctahedra is inactive. Furthermore, it has been shown that
besides the presence, the position of gold is also crucial from the application point of view. The
morphological arrangement of the nanograin-decorated model system provides the simultaneous
availability of both charge carriers, favoring the photocatalytic performance as well as the

photostability of the nanoparticles.
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Structural, compositional, and surface chemical diversity of well-designed metal
nanoparticles catalyzed a rapid expansion of their application potential in the recent decade.
Recently, wet-chemical synthetic methods have been improved significantly, thus, the morphology
of the nanoparticles can be varied as well as controlled ensuring the preparation of high-quality,
monodisperse particles having even exotic shapes. It has been demonstrated that noble metals,
especially Au, Pd, Pt, Ir and Ru, are promising heterogeneous and electrocatalysts both in reduction
and oxidation reactions. Although performing catalysis using non-noble metal elements has been in
the spotlight of the research, the intrinsic activity of platinum in hydrogen evolution reaction (HER)
as well as in ethanol oxidation reaction (EOR) highly exceeds that of the earth-abundant catalysts.!-?
Numerous studies aimed for untangling the shape/property correlation of mono- and bimetallic
nanoparticles in catalysis,>* while precisely controlled multimetallic colloids are much less
investigated. The reasons for this might root in the challenging synthetic procedures, the lack of
compositional control at the nanoscale restricting the exploration of the above-mentioned correlation.
Multielemental synergy at the nanoscale is a tool for amplifying the advantageous properties (optical,
electronic, etc.) of the components being in the close vicinity of each other, which can be logically
ensured in a form of a nanoparticle.

Utilization of multimetallic, noble metal-based nanoparticle catalysts requires the
consideration of various properties affecting the catalytic activity. The position of the d-band in each
metal component is of great importance in the overall electronic properties of a multicomponent
particle. This governs the intermetallic charge transport and the strength of the bonds of the
adsorbates and intermediates. Combining Au with Pd (or Pd with Pt) not solely significantly lowers
the d-band position of Pd (or Pt) manifesting in weaker chemisorption of poisonous intermediates,
but also increases the long-term stability and durability of the catalysts.> Moreover, the oxophilicity
controls the coverage of the adsorbed O species (Oaq): Pd is more oxophilic than Pt which supports
lowering the overpotential in EOR.® Additionally, incorporating Ir into the picture further contributes
to increase the CO tolerance and C-C cleavage. It is known that most of the electrooxidation
reactions are structure-sensitive which requires the proper shape control of the nanocatalyst and
prioritize core/shell structures over alloys.” Obviously, surface area, mass transport and electron
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transfer processes are closely connected highlighting the essential importance of availability of the
active sites, hence, the surface area.

Surface area in case of nanoparticles can be increased either by decreasing the particle size or
preparing porous structures. Ideally, this can be achieved by designing the multimetallic catalysts
being intrinsically porous and consisting of small sub-building blocks at the same time. The main
approach involves using micellar templates during the synthesis, which are removed post-
synthetically. Triblock copolymers are promising candidates for this purpose due to their size-
tunability and compatibility with the reaction conditions. Performing particle synthesis in the
presence of polymer micelles aids the deposition of the metals directed into the regions not occupied
by the micellar template. This results in the formation of mesopores improving the availability of
active sites and drastically increasing the surface area.®’

As a prototypical gold nanoparticle morphology, gold nanorods (AuNRs) are frequently used
as catalyst or core particle due to their plasmonic properties. We also chose AuNRs as a ‘support
particle’ to prepare tetrametallic nanorods by depositing Pd, Pt and Ir in a form of a shell around the
AuNRs.® Due to the shell formation, the longitudinal dipolar resonance of the nanorods is
significantly damped and the particles absorb in the UV-Vis-NIR wavelength region (Figure 1a).
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Figure 1. Extinction spectrum of the Au nanorods and the tetrametallic nanorods (a), structure (b) and
elemental composition (c) of Au@PdPtlt tetrametallic nanorods. Time-resolved spectra during the catalytic
reaction of p-nitrophenol (d) and methylene blue (e). Electrooxidation of ethanol (f). Adapted from Ref. 8.

The shell of the monodisperse tetrametallic particles shows high micro- and mesoporosity (Figure
1b) and contains the metals in a layered form (Figure 1c). The particles were tested in three catalytic
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model reactions: (i) conversion of p-nitrophenol to p-aminophenol (Figure 1d), (ii) N-demethylation
of methylene blue dye (Figure 1e), and (iii) ethanol electrooxidation reaction (Figure 1f).®

While the first two reactions occur in solution (namely catalyzed by dispersed colloidal
particles) and can be monitored in time by spectroscopy, EOR is a heterogeneous electrocatalytic
process required the fabrication of a working electrode by depositing the multimetallic nanorods on
ITO substrate. All reactions take place at ambient conditions without external trigger (e.g. heat, light)
and the particles were found to be robust, recyclable without changing their original morphology.®
For EOR, the effect of the catalyst loading on the mass activity was also tested: the lower the loading
the higher the mass activity and the low loading (equals to 74 ug/cm?) enables to perform the
reaction at low overpotential (Figure 1f).

The efficiency and performance of the rod-shaped tetrametallic particles inspired the
extension of the research by investigating the effect of the core particle’s morphology on the
catalytic activity.? It is known that the optical, electronic, and catalytic properties of noble metal
particles strongly depend on their size and shape. The aim was to compare the heterogenous and
electrocatalytic performance of the multimetallic particles which have identical surface chemistry,
elemental composition and core particle’s volume but their morphology significantly differs:
isometric gold nanospheres and symmetry-broken shapes (nanorod, nanoprism, nanooctahedron and
nanobipyramid) were synthesized and used to carry the trimetallic porous shell.
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Figure 2. Extinction spectra of the gold core particles with different morphologies (a). SEM images of the
cores and core/shell particles color coded the same way as in the spectra (b). Time-dependent p-nitrophenol

reduction and the corresponding rate constants (c). Best and worst performing particle shapes in MOR (d),
EOR (e) and FAOR (f). Adapted from Ref. 9.

For this comparison, the key requirement is to prepare high-quality and monodisperse particle to
avoid the distorting effect of any biproducts. Figure 2a shows the extinction spectra of the Au core
particles clearly demonstrating their outstanding shape purity. SEM images of the core and core/shell



particles prove their excellent quality and the porous nature of the tetrametallic particles (Figure 2b).°
Since the particle solutions were prepared in a way that their total metal concentrations were set
identical, the shape-dependent catalyic performance could be tested in p-nitrophenol reduction and
methanol/ethanol/formic acid electrooxidation. All test reactions were carried out at ambient
temperature and pressure without the use of external trigger (heat, light). Temporal monitoring the
degradation of p-nitrophenol revealed the inevitable role of the morphology on the catalytic reaction
rate: while spherical particles converts the p-NP the slowest, symmetry-broken particles show higher
activity, especially the bipyramidal morphology surpasses the others (Figure 2¢). While similar (but
not the same) trend can be seen in electrooxidation reactions, different particle shapes perform
differently in MOR, EOR and FAOR. In MOR and EOR (Figure 2d,e), tetrametallic nanoprisms
were found to be superior. The mass transport limitations can also be lowered by using nanoprisms
in MOR (Figure 2d). Interestingly, the best performing electrocatalyts in formic acid oxidation are
the tetremetallic bipyramids (Figure 2f), however, the prisms perform also well.?

There might be different processes and properties governing the shape-dependent activity. It
is important, however, that the multimetallic shell formation endows the particles with highly
negative surface charge, which can be attributed to the intraparticle charge transport upon
equilibration of the Fermi levels of the different metals. Nevertheless, different surface facets also
play an important role in the resistancy of the catalyst against CO poisoning. Moreover, the enhanced
surface area of the porous particles is of central importance. To determine the surface area
differences, the electrocatalyitically active surface area (ECSA) of the tetrametallic nanoparticles
with different morphologies was calculated based on the double layer capacitances (Figure 3a)
measured electrochemichemically.
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Figure 3. Electrochemical measurements for determining the double layer capacitance of the particles with
different shapes (a). Calculated ECSA values for the tetrametallic nanoparticles (b). Adapted from Ref. 9.

It was found that the nanospheres have the lowest ECSA, while nanorods and bipyramids show the
highest surface area (Figure 3b). Considering the fact that the nanoprims perform well in
electrooxidation reaction, the ECSA itself does not explain the correation between the morphology
and catalytic activity. This underlines the importance of preparing properly designed nanoparticles



with tailored shape for the specific, desired application. Nonetheless, symmetry-breaking is a perfect
tool to enhance the activity of the noble metal nanocatalysts.’

Keywords: multimetallic nanocatalyst, symmetry-breaking, electrocatalysis, heterogeneous catalysis
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Non-destructive techniques are important methods to use during all stages of the thin film processes.
Spectroscopic Ellipsometry (SE) is one of such methods.

SE is a non-destructive, noninvasive and non-intrusive optical technique. It is a technique that
measures the change in polarization state of the measurement beam induced by reflection from or
transmission though the sample. Ellipsometry measures the amplitude ratio (tan y) and phase
difference (A) between the parallel (p) and normal (s) polarizations. During data analysis,
information about the system under the study is obtained by fitting measured ellipsometric spectra to
optical and structural models, as ellipsometry does not give a direct information of the sample in
consideration.

The purpose of this work is to make a well calibrated prototype optical mapping tool for thin film
measurements using only cheap parts such as an LCD monitor and a pinhole camera [1-3] with
CMOS Sensor with Integrated 4-Directional Wire Grid Polarizer Array (Sony's IMX250MYR
CMOS), shown in Fig.2. Our arrangement shows similarity to the solution of Bakker et al [4], using
a computer screen as a light source and a webcam as a detector in an imaging off-null ellipsometer.
During the conventional ellipsometric mapping, the data collection is relatively slower and use a
scanned small spot, while our new optical mapping tool from cheap parts measures a big area in one
shot. Specifically, in this paper the special focus is on a newly developed calibration method. The
thickness map result is independently cross checked using a commercial Woollam M2000
ellipsometer and the agreement is within 1 nm, which makes our optical mapping tool a good
candidate for industrial purposes.

We know two industrial systems which are capable to measure big (square meter size) samples:
Semilab FPT system (https://semilab.com/hu/product/799/fpt) and the Woollam AccuMap
(https://www.jawoollam.com/download/pdfs/accumap-se-brochure.pdf) system. Both systems use
“traditional” SE device (100 kUSD price) in special big moving/scanning system, measuring point-
by-point the big samples. The Woollam brochure writes that "Data Acquisition Rate: < 6 seconds per
point (includes time for movement to new point, automated alignment, and data collection)" so it can
measure one big area during several 10 minutes. Our system can measure within seconds during one
shot

The new concept of the non-collimated beam ellipsometer prototype is set up as shown in Fig. 1

A LED-LCD monitor (or a TV), see Fig. 1 a) (C) serves the polarized RGB colored light (aee the
built-in polarizer sheet, number 4 in Fig. 1 b) and a polarization sensitive camera behind a pinhole
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(7&8) together. The LCD monitor (Dell UltraSharp™ U2412M, GB-LED) is used in a 45-degree
rotated position, measured by a digital angle gauge with 0.1 deg precision. In straight-through
position, we can detect the extinction of the polarization sensitive camera better than 1072,

The polarization sensitive camera sensor (The Imaging Source Company’s DYK 33UX250 USB 3.0
Polarsens camera), see in Fig. 1 a) (A) and in Fig. 2, serves the polarization state data, from 0, 45, 90,
135-degree rotation positions (plus 3 RGB colors in each position). This arrangement is equal to a
conventional static photometric rotating analyzer ellipsometer.

The sample is illuminated by a non-collimated light through a fixed polarizer at an azimuth of 45
degrees to the plane of incidence. The reflected light passes through a virtual “rotating analyzer” and
the intensity is captured by a two-dimensional position sensitive photodetector system at four
different angular positions of the analyzer.

~.._ LCD Monitor (Side View) Polarization
Sensitive Camera

Figure 1. (a) Experimental set-up: A) Polarization sensitive camera B) Sample + Sample holder C) LCD
monitor rotated into 45° position — Upper-left: the pinhole in front of the camera (b) Schematics of the
non-collimated beam ellipsometer: 1) Light source 2) Vertical polarizer 3) Liquid crystal cell 4)
Horizontal polarizer - (C) 5) Sample - (B) 6) Sample holder 7) Pinhole (sub-mm size) 8) Camera sensor (A)
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Figure 2. Schematic structure of a 2/3 inch Sony CMOS Pregius Polarsens sensor (IMX250MZR) a). Camera
sensor b). Polarizer array matched to detector pixels c). Unit cell (Super pixel)

Minimum 3 different analyzer positions are required. These four polarization states (intensity) data
(at 0, 45, 90, 135-degree rotation positions) are enough (the fourth date is good to reduce the error) to
determine the ellipsometric angles: y and A. Our camera serves the data for 3 colors, so we have 3x2

measured y and A.

Schematic structure of a 2/3-inch Sony CMOS Pregius Polarsens sensor (IMX250MZR) is shown in
Fig. 2 b) and c¢). The main advantage of the assembly is that no moving parts in the system!).
It is a common scientific practice to check any device or a setup for an accuracy and precision and

trying to correct any errors or malfunctions on the setup through calibration and comparing with
other corresponding standard models. Accordingly, a direct monitor measurement is taken in our
setup and we noticed, rather confirmed, that we need error correction and calibration of the

experiment setup.

Polarization Sensitive
Camera

230

60cm

Figure 3. Schematic drawing of the direct ellipsometric measurement of monitor.

Theoretically, perfect linearly polarized light is coming from the monitor at 3 different (red, green,
blue) light-bands. We directed the camera to the monitor performing a direct ellipsometric
measurement without a sample, see Fig. 3. If we have an ideal sample which do not change the
polarization state then we measure tan y and cos A values to 1 in each point. This measurement
shows the fact that a point-by-point p-correction calibration is needed.

Figure 4 shows the result of direct-monitor measurements, tan y and cos A values for each color,
Red, Blue and Green. The systematic alterations from 1 in the maps show systemat-ic measurement
errors in our optical mapping tool that justify the need for a special calibration.
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Figure 4. 3D Experimental results of tan  and cos A values for each color from the direct monitor
measurement. Note that, the x and y-axes our figures represent the pixel group in the sample, 51x32 and the
z-axis (color band) shows the range of the measurement values in each corresponding category, depending
on the type of the map.

Three Si02/Si samples of nominally 40, 60 and 100 nm thickness were used for the calibration
process and another nominally 80 nm SiO2/Si sample was analyzed using the calibration values from
the three oxide samples. The experimental data is collected for each three oxide samples and then,
six different positions of each sample was used in the calibration process. The experimental figures
shown in this paper are mostly deduced by excluding pixels with high MSE values that deviate the
results from the true expected values, prioritizing points of only low MSE. Figure 5 (b) shows the
MSE-map of the central 20x15 cm part where the measurement proved to be reliable.
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Figure 5. (a). Merged MSE full map (b). Low MSE pixels map

Monitor-correction are calculated using the following equation:

Popt=Pmeas* Pmonitor (different for each point and each wavelength)
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where pop: is the measured value with perfect light source, pmess is the actually measured value and
Pmonitor 18 the p-correction. We measure three SiO»/Si samples with different thicknesses. We
determine 3*N*2 y and A (where N is the number of different wavelengths, presently 3) and we
should calculate (fit) 2¥N+3+1 unknown calibration values for a full calibration: N*real (pmonitor) and
N*im(pmonitor) + 3 thicknesses + 1 actual angle of incidence in each points and each wavelengths.
Each thickness and angle-of-incidence in the sample depends only on location, but the p-corrections

(Pmonitor) are location and wavelength dependents. This implies p-corrections give more insight on the
nature and status of the sample measurement.

The result of the angle-of-incidence calibration is shown in Figure 6. Using the same criterions (low
MSE, smooth map), we refined the angle-of-incidence map (Fig. 8 b) from the angle-of-incidence
full map (Fig. 8 a). As it can be seen in Figure 8 (b), the angle-of-incidence varies smoothly across
the surface, which agrees with the theoretical values. This refined angle-of-incidence map was used
later to evaluate the nominally 80 nm SiO»/Si sample thickness map.
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Figure 6. a). Angle of incidence full map b). Angle of incidence with high MSE pixels removed

The same calibration process resulted the thickness maps of our calibration oxide samples
(nominally 40, 60 and 100 nm thickness) which are shown in Figure 7.

- Thickness (nm)

- 105
98.3

Figure 7. Thickness maps of nominally 40 nm, 60 nm and 100 nm of SiO,/Si samples (low MSE areas) from the
refined central 20x15 cm part.
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Figure 8. The calibrated pmonitor values. Left column: real pmonitor, rigth column: phase shift-correction in rad.
Upper row: blue (450 nm), Middle row: green (550 nm), Lower row: red (650 nm)

The calibrated pmonitor Values for the specific setting of the device are also mapped, see Figure 8.
These values differ only by less than 0.3 from the ideal values, so we can use them to evaluate
independent measurements.

We used a nominally 80 nm thick, 20 cm diameter SiO2/Si sample to check the results of the
calibration. We used the calibrated pmonitor values to correct the measured ellipsometric angles and
used the corrected values to determine the thickness map. The thickness map of the 80 nm oxide
sample in Figure 9 (b) appears to be smooth enough. Note, that one color in Figure 9 is only 0.5 nm.
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Figure 9. (a) Nominally 80 nm oxide sample thickness map by Wollam M2000 SE (Note, that our M2000 can

map only the central 14 cm diameter area of the 20 cm diameter sample (b) Thickness map of same SiO2/Si
sample 20x15 cm area by the non-collimated, calibrated mapping tool.

An independent checking measurement of the same sample was also made by the Wollam M2000
ellipsometer, as shown in the Figure 9 (a). The agreement of the thickness measurement made
between our non-collimated ellipsometer after correction, and the conventional Wollam M2000
ellipsometer is only within 1 nm, which is a good agreement.
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Determination of solid-liquid adhesion work in a direct and absolute manner by
the Capillary Bridge Probe

N. Nagy

Institute of Technical Physics and Materials Science, HUN-REN Centre for Energy Research, Konkoly-Thege
M. ut 29-33., H-1121 Budapest, Hungary

The need of the determination of solid-liquid adhesion work is as old as Dupré’s definition of
the reversible work of adhesion. In addition to its scientific importance, this quantity is a critical
factor affecting product quality and performance in many industrial fields. In general, it plays crucial
role if the liquid should completely cover a solid surface (e.g. coatings, paints, inks, lubricants,
adhesives, pesticides) or, on the contrary, the liquid should not remain on the surface at all (liquid
repellency, anti-icing, etc.).

According to Dupré’s definition, the adhesion work is the reversible thermodynamic work
required to separate unit area of two phases in contact. Applying this definition to solid and liquid
phases, the solid-liquid adhesion work (W,) can be written as

W, =y — (¥se — ¥sv) D

where yrr is liquid’s surface tension, ysz is solid-liquid interfacial tension, and ysy is the surface free
energy of the solid. The last two quantities cannot be measured directly. However, their difference is
included in the Young equation, which describes the condition for equilibrium of the contact line at
the solid-liquid-vapor interface:

Ysy —¥sp~ Yo cosd — 0 ()

where 4 is the contact angle at the contact line. The combination of these two equations eliminates
the unknown difference term and results in the Young—Dupré equation:

W, =y (1 +cosd) (3)

which relates the measured contact angle to adhesion work. Traditionally, the work of solid-liquid
adhesion has been determined through the measurement of contact angle. This contact angle based
approach is very convenient and effective, however, it raises several theoretical and practical
questions.

During a measurement cycle of capillary bridge probe, the capillary force is measured as a
function of the change of bridge length that is as a function of the vertical displacement of the
cylinder.

This work is only spent on changing the interfacial areas, if gravitational force is negligible. During
approach and retraction, both the area of the liquid-vapor interface (4) and that of the solid-liquid
interface (B) change. Consequently, the energy balance can be written as

—[FdZ =AA -y, +AB - (ys,—vsy) (4)

where F is the measured capillary force, Z is the displacement of the cylinder, 44 is the change of
interfacial area between the liquid and vapor phase, and 4B is the area change between the solid and
the liquid, see Fig. 1. (The value of 44 and 4B are also dependent on the start and end points of the
interval (z-range), over which the integration is performed.)

After rearranging Equation (4), the difference term in the bracket can be expressed as:

) [F as+ad vy
(yse— }’_'rl:f:I S (5)



Symposium on Materials Science, Matrahaza, Hungary, October 9-11, 2024

One can substitute this experimentally otherwise unattainable term into the definition of adhesion

work (Eq. (1)). Furthermore, considering that the net force and the displacement have only z-
component, the vector notation can be omitted.

@ '
_ glass pinned
cylinder contact
/Iine‘
capillary solid

bridge By \surface
-— - = <=

e Approach
~500 1 Retraction 7

0.6 0.8 10 1.2
Bridge length, mm
Figure 1. (a) Schematics of the measurement steps. The liquid bridge is formed from a pedant drop.
The contact line advances and recedes on the investigated surface, as the bridge length is decreased
and then increased. During the length change, the image of the liquid bridge is captured and the
capillary force is measured. The z axis is the axis of cylindrical symmetry. (b) Capillary force as a
function of the bridge length measured on a hydrophilic (Si3sNa) surface. The insets show captured
images of the water capillary bridge. The diameter of the cylinder is 2 mm.

—~
O
~

=300 A

-400

Capillary force, uN

This resulting formula gives the value of the solid-liquid adhesion work without the need of
including any contact angle in the equation:

JFdz+a4-

We=yw +—— (6)

Integration between the start and end points of approach and retraction gives the mechanical work
done in the advancing and receding phases, respectively. The change of interfacial areas can be
determined by simple image analysis in cylindrically symmetric case. Therefore, the solid-liquid

adhesion work can be calculated according to Equation (6) for both the advancing and receding
contact lines.

In conclusion, there is a century-old need for directly measured adhesion work values. The
method determines the solid-liquid adhesion work directly and both for advancing and receding
scenarios without any model assumptions. In advancing situation, the adhesion work quantifies the
driving force behind spreading, while it gives the work required to remove the liquid from a unit of
solid surface in receding case. The presented method provides an absolute, thermodynamic quantity,
hence it is insensitive to the measurement parameters, and furthermore the resulting values can be
used directly for further calculations, e.g. in the various surface free energy models. The method can

be applied easily using commercial tensiometers equipped with an optional commercial camera
module or with a laboratory-built one.
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Optimized Sensing on Gold Nanoparticles Created by Graded-Layer Magnetron
Sputtering and Annealing
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Gold nanoparticles (GNPs) possess optical properties making them especially suitable for
plasmonic sensing. They are less than pristine, however, when it comes to the most common
methods for fabricating them. These methodologies—electrochemical deposition, chemical methods,
and physical vapor deposition—almost always yield GNPs with a uniform layer of gold. We know
from working with metal nanoparticles in general that the optical properties of a particle are not just
a function of the material, but also of its structure. That is why this work aims to methodically vary
the deposition thickness, and the subsequent annealing (heating) of the deposited material to explore
the three-dimensional structural evolution of GNPs [1:2. The GNPs produced because of these
explorations have been used to perform a series of optical characterizations that themselves serve as
a basis for understanding the appearance and disappearance of the GNPs' optical sensing capabilities.
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Figure 1: (a) Schematic view of the micro-combinatorial sputtering method ! (b) Configuration of the optical
transmission cell. (c) Thickness (red circles), effective thickness®! corresponding to the deposited amount of
material (dotted line), and error of fit for the as-deposited graded Au sample measured by ellipsometry. (d)
Change of A measured by ellipsometry as a function of temperature during annealing at the A = 632.9 nm
and position of 8 mm on sample (e) Schematic, (f) SEM (at a position of 8 mm), and (g) optical images on the
sample after annealing. (h) and (i) show m33 spectra on sample over the range of positions from 0 to 12 mm
for the as deposited and 300 °C annealed state, respectively.

A graded-layer deposition approach was employed, where gold thickness varied from 0 to 20 nm
across the substrate. After thermal annealing, the gold layers self-assembled into nanoparticles,
forming distinct size and spacing distributions along the substrate 3. At thin deposited layers (~1-2
nm), the nanoparticles were small and well-dispersed. At 3—7 nm, the particles coalesced into
interconnected island-like structures. Beyond 7 nm, a continuous gold film formed, and the
plasmonic properties of the system were reduced (Fig. 1). Scanning electron microscopy (SEM) was
used to confirm that the mass thickness of deposition affected particle shape: the particle shape
transitioned from oblate to hemispherical as thickness (and deposited mass) increased, affecting the
near-field optics. The electron oscillation that resulted in the appearance of the local surface plasmon
resonance (LSPR) peak was timelined to the onset of a hydrodynamic regime in finite element
method (FEM) calculations [®). Ellipsometry and transmission spectroscopy were used to analyse the
optical response of the layers. The LSPR effect was observed, where electrons oscillated collectively
at specific wavelengths depending on nanoparticle size and spacing. The LSPR peak appeared at
~550-600 nm for thinner layers (2—4 nm effective thickness). For thicker layers (>7 nm), LSPR
diminished, indicating a loss of discrete plasmonic behaviour (Fig. 2). The experimental results were
validated by FEM simulations predicting similar trends.
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Figure 2: Reflectance spectra measured along the sample and (b) simulated at normal incidence using (c) a
FEM model. (d) Reflectance spectra calculated for the same structure with (f) a model using an overlayer with
a thickness of 2 nm and 7=1.45+0.01/.#, where the unit of Ais in um. The differences between (b) and (d) are
plotted in (e).

We also conducted systematic evaluations of ethanol, water, and Raman reporter molecules as test
analytes, correlating sensing efficiency with the deposited gold thickness and nanoparticle
morphology. Optical transmittance spectroscopy was used to show that the refractive index altered
upon ethanol and water adsorption, shifting the LSPR peak accordingly ). The best performance
was recorded at a gold thickness of ~3.2 nm. This was the transition region where the nanoparticles
were still discrete but had strong plasmonic coupling. Above ~ 7 nm, the sensing capability declined,
as we moved into a region that behaved more like bulk gold and had less plasmonic enhancement.
Surface-enhanced Raman Spectroscopy (SERS) was then used to probe our system and to see if we
could take advantage of the intense electric fields to observe molecular signals. The most intense
signals were recorded at 1.6-2 nm gold thickness, under the same conditions where we were getting
near-field enhancement. The interparticle gap, most importantly its ratio to the particle size, was also
critical.

FEM calculations were performed to model the optical responses of gold gratings under various
conditions. We were able to successfully corroborate with the simulations the limits of detection
based on the geometry of the nanoparticles and the changes in refractive index. We confirmed the
shifts in the LSPR peak as a function of the size, spacing, and environmental refractive index of the
nanoparticles, along with the surface coverage effects on resonance behaviour and the enhancement
factors for SERS-based molecular detection. This research demonstrated that the combinatorial



sputtering technique can theoretically be applied to the scalable, precise, and reproducible fabrication
of optimized gas and molecular sensors based on plasmonic structures. Optimized gold nanoparticle
thicknesses of about 2-3 nm offered the best overall performance. These research findings also have
implications for bimolecular (virus, protein) detection applications. Therefore, the anisotropic control
of the GNPs along with the precise control of the gap widths significantly enhances the gas and
molecular detection capabilities of the plasmonic sensors.
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