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Graded-thickness gold layers were deposited on fused silica by combinatorial magnetron sputtering and
annealing to form nanoparticles with a laterally changing structure. The optical properties and sensing
characteristics were determined as a function of the amount of sputtered material by scanning optical
spectroscopies. The formation and sensing performance of Au nanoparticles were modeled and interpreted by
finite element electromagnetic calculations. The most sensitive regions for the optical detection of ethanol,
water, and Raman reporter molecules on the heat-treated surfaces were determined as a function of the

deposited amount of Au. For all three analytes applied, we observed the best sensing performance for an
effective deposited gold thickness of 2-3 nm. These results can be interpreted by considering the graded gold
film’s actual geometry and near-field optical properties.

1. Introduction

Gold nanoparticles (GNPs) possess unique optical, electronic, and
catalytic properties, making them ideal for nanoscale devices. Gold has
become increasingly popular in preparing nanosized devices due to its
many desirable properties, including high conductivity, biocompatibil-
ity, and ease of synthesis. This has resulted in their usage in a wide
range of applications such as bioimaging, drug delivery, sensing [11],
theranostics [2], hot electron science [3-5], thermoplasmonics [6,7],
and catalysis [8]. In nanoelectronics, GNPs have been used as compo-
nents [9] in electronic devices such as transistors, memory devices, and
Sensors.

The unique optical properties of GNPs have also been exploited
in developing plasmonic devices for sensing [1,10-12] and imaging
applications. For an isolated metal surface, a surface plasmon wave
cannot be excited directly (a grating, prism, or sharp geometric features
are needed to conserve energy and k-vector). The interaction of the
surface plasmon wave with the biomolecules at the metal surface is
detected using surface plasmon resonance (SPR) [13]. The change of
the refractive index (n) of the medium is detected as a shift in one of

the SPR parameters such as the angle [14], wavelength [15,16] or other
resonance parameters [17]. Hot carriers [5,18] have also been utilized
in such processes for varied applications [19].

When incident light interacts with metallic nanoparticles such as
gold, typically in the range of 5-100 nm in size, it results in a phe-
nomenon called localized surface plasmon resonance (LSPR), where
electrons collectively oscillate on the nanoparticle surface. This oscil-
lation can be tuned to specific wavelengths of light (1) by varying the
size, shape, and surface chemistry of the GNPs [20]. Accordingly, the
LSPR is highly sensitive to the local environment of the GNPs, includ-
ing the (anisotropic) permittivity tensor (¢) [21] and the proximity
of nearby molecules. The size and shape of the nanoparticle, along
with these factors mentioned above, play a decisive role in the A at
which LSPR occurs. Thus, adjusting the GNPs’ properties and the local
environment becomes critical in modulating the LSPR signal, leading
to increased sensitivity, spatial resolution, and lower detection limits.

LSPR can be effectively utilized for a large variety of sensing
purposes (chemical sensors, gas sensors [22-24], biosensors [25,26],
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etc.) [27-31] by measuring changes in n of the surrounding media
with high sensitivity, often using ellipsometry [32]. Such optical sen-
sor elements can be sensitive enough to be used in biosensors for
monitoring/recognition of molecular scale interactions [31]. GNPs are
particularly well suited for LSPR-based sensing due to their tunable
optical response in the visible to near-infrared range. Applications
of LSPR-based sensing using GNPs include the detection of small
molecules, proteins, and even viruses, e.g., GNPs have been used to
detect the presence of cancer biomarkers in blood [33-35], or bacteria
in water [36-39]. In addition, GNP-based LSPR has also been used
in Surface-Enhanced Raman spectroscopy (SERS) [2,40] for analyte
detection at the molecular level.

There are various different approaches to prepare plasmonic
nanoparticles for sensing including bulk chemical [11], electrochem-
ical [41], physical deposition [15,42-45], self-assembly [24], the for-
mation of nanoaggregate containers [46] or porous nanoparticles [47],
ordered adsorption, holographic methods [48], colloid chemistry [49—
53], ligand-controlled assembly [54], nanosphere assembly [55,56] and
lithography [57], composites with polymers [58], combination with
other plasmonic [59] or 2D materials [60], electron beam lithography
or ion beam methods [31]. Each method has its advantages in terms
of cost, speed, reliability, sensitivity, adjustability, etc. The sputter
deposition process utilized in this work finds application for fabricating
discontinuous multilayer thin films [61]. There is an evident change in
the Au/SiO, optical response caused by changes in system morphology,
which progresses from cluster-like systems with GNPs dispersed on the
silica surface to island-like structures with Au aggregates partially in-
terconnected. Controlling the distribution and surface concentration of
GNPs is thus a critical step in developing plasmonic nano-systems with
well-tuned optical characteristics [62]. Thermally driven generation of
gold nanoparticles for optical sensing has several advantages. (i) It is
simple, requiring only a thin gold layer’s deposition and subsequent
annealing at a few hundred °C [16,63,64]. (ii) The LSPRs can be opti-
cally generated in simple transmission cells, avoiding the application of
the Kretschmann-Raether configuration [43,65,66]. (iii) Gold is stable
with no formation of a surface oxide layer. (iv) The combinatorial
approach can efficiently be utilized in thin film technology [67]. This
process finds application even for the fabrication of discontinuous
multilayer thin films [61,68], and it may even be possible to quickly
and reproducibly scale up the production.

These structures’ physical and chemical properties have been in-
vestigated extensively [16]; however, the optical and sensing features
largely depend on the preparation parameters [69], most significantly
on the amount of deposited material before annealing. The gradient
deposition method [70,71] used in this study not only provides a tool
to ascertain the influence of the initial thickness deposited, but it can
also be a powerful concept, which enables that the location of highest
sensitivity can be found even in case of run-to-run deviations in the
sample preparation. This can be critical if the tolerance for the sample
parameters is small.

2. Experimental details

The graded-thickness Au layer was deposited on UV-grade fused
silica Corning glass substrates of dimensions 25 mm x 10 mm X
0.15 mm (length x width X thickness) purchased from Valley Design
Corp. Before deposition, the substrates were cleaned in methanol, ace-
tone, and ultrapure milli-Q water. A combinatorial device and variable
power DC magnetron sputtering were used to create the Au layers with
a thickness changing gradually from zero to 20 nm along the long edge
of the sample over a lateral distance of either 25 mm (sample ‘A’) or
20 mm (sample ‘B’) [70]. In the case of sample ‘B,’” the gold-covered
region is centered on the slide, i.e., there are uncovered regions of
2.5 mm at both ends. In the graphs shown after this, the lateral position
(X)) is also referred to as the nominal equivalent thickness (effective or
mass thickness [72]) of the gold layer denoted by d;. In the regions of
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nanoparticles, d; is the thickness of the layer that contains the deposited
amount of material in a homogeneous form.

In the combinatorial deposition process shown in Fig. 1a, a shut-
ter with a slit (2) is moving above the substrate (3), where gold
(4) is deposited from the DC magnetron source (1) with variable
power synchronized to the position of the slit. This method allows
the preparation of arbitrary thickness profiles and compositions when
two sources are applied parallelly [70], and our group has previously
shown that linear composition profiles can accurately be created using
this technique [71]. In the present case, there is only a single element
deposited; however, the method ensures that the amount of deposited
material is linearly proportional to the lateral position measured on the
substrate, which opens up innumerable opportunities for the controlled
preparation of plasmonic and resonant alloys [45,73].

Sample ‘A’ was investigated by a homemade tool, a scanning optical
reflection, and a transmission spectrometer. The setup uses an Avantes
AvaSpec-HSC1024 x 58TEC-EVO modular fiber optic spectrometer and
an AvaLight-DH-S-BAL light source. As illustrated in Fig. 1b, the fiber
from the light source (1) illuminates the sample (3) through a quartz
glass cell (2), and the fiber collecting the transmitted light (4) is
connected to the spectrometer. For ethanol vapor sensitivity measure-
ments, we let flow synthetic air (80% N,, 20% O,) through the cell at
1 1/min rate with the possibility of ethanol vapor addition from a gas
bubbler [74]. Identical concentrations of ethanol vapor were inserted
in the glass cell for 30 s, and the optical transmittance change was
measured and saved over time at different locations of the sample.

The layer structure and thickness as a function of X; were measured
by a Woollam M-2000DI rotating compensator spectroscopic ellipsome-
ter. ¥ and A spectra were measured, where rp/ry = tan(¥)exp(id).
Here, r, and r; denote the complex reflection coefficients of light
polarized parallel and perpendicular to the plane of incidence, re-
spectively. The ellipsometry measurements are visualized by plotting
the my; = tan(2¥)cos(4) Mueller matrix parameter that describes the
transformation of I 45—1I_,5 intensity differences during the interaction
with the sample (7,45 and I_,5 denote intensity values of light with
polarization rotated plus and minus 45 degrees with respect to the
plane of incidence). Furthermore, the m;; parameter (which can also
be interpreted as the diagonal element corresponding to the .S, Stokes
parameter) includes both phase and amplitude information, which is
included in a trigonometric function that eliminates phase jumps.

Using a focused spot of 0.3 mm nominal diameter, the correspond-
ing thickness resolution is estimated to be between 0.24 and 0.30 nm.
Whereas the dotted line in Fig. 1c shows the mass thickness (d;)
corresponding to the deposited amount of material known from the
calibrated sputter rate, the red circles plot the thickness measured
by ellipsometry modeling the raw spectra shown in Fig. 1h by a
simplified optical model of Au/glass using references of Au [75] and
"fused silica’ from the database of the ellipsometer. Here, the ’Error of
fit’ curve shows the validity of the uniform Au layer model, i.e., the
unitless values of the square root of the sum of differences between the
measured and calculated values normalized to the standard deviations
of the measurement at each spectral point. Note that for positions below
2.5 mm, the error of fit is low as there was no Au deposited on the
surface (and it was not considered in the fits as well). The increase in
the error of fit above positions of 2.5 mm clearly shows the presence
of gold nanoparticles, i.e., a discontinuous Au film already for the as-
deposited sample. The increased error of fit in this region is because
the uniform model cannot describe the GNP structure. The uniform
layer model works well only from the lateral position at which the
error drops to nearly zero, which is close to X; = 9 mm in agreement
with other studies [76]. This location corresponds to a mass thickness
of d; = 6.5 nm on sample ‘B’, and thus may correspond to the formation
of a continuous gold film. The fact that the thickness determined from
the fit using the uniform single-layer model (red dots in Fig. 1c) is
below d; (dotted line) and it meets the zero axis at the position of
X, =5 is because the optical model in this region is not suitable for
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Fig. 1. (a) Schematic view of the micro-combinatorial sputtering method [70] including the (1) magnetron sputtering source, (2) the moving slit, (3) the substrate, and (4) a
schematic graded-thickness gold layer deposited by sputtering. (b) Configuration of the optical transmission cell with (1) the light source, (2) the glass chamber, (3) the sample with
thermally generated graded nanoparticles on a substrate, and (4) the spectrometer. (¢) Thickness (red circles), effective thickness (also called 'mass thickness’ [72]) corresponding
to the deposited amount of material (dotted line), and error of fit for the as-deposited graded Au sample ‘B’ measured by ellipsometry. (d) Change of 4 measured by ellipsometry
as a function of temperature during annealing at the A =632.9 nm and position of 8 mm on sample 'B.” (e) Schematic, (f) scanning electron microscopy (at a position of 8 mm),
and (g) optical images on the sample after annealing. (h) and (i) show ms; spectra on sample ‘B’ over the range of positions from O to 12 mm for the as-deposited and 300 °C

annealed state, respectively.

the calculation, and the result is not acceptable. Working out suitable
optical models for the ellipsometry measurements on Au NPs is a topic
of a separate publication, based on the numerous approaches available
in the literature [49,50,72].

The samples were annealed using a gradually increasing tempera-
ture of 2 °C/min up to 600 °C. Fig. 1d shows the A value measured by
ellipsometry during annealing, revealing that the transition tempera-
ture was reached during annealing and that there is no more substantial
change at temperatures above 300 °C. Figs. 1h and 1i reveal the
significant changes over the whole range, also at locations where the
layer was non-homogeneous (island-like) already before annealing. The
appearance of the plasmon-related peaks can be seen between 1 = 550 -
600 nm for locations between 2.5 mm (the beginning of the deposition)
and ~ 8 mm that spectrally broadens towards higher 4 values between
the positions of ~ 8 and 10 mm (d; = 5.5 — 7.5 nm).

The morphology of the nanoparticles (Fig. 2) was analyzed using
a Zeiss Supra Scanning Electron Microscope (SEM) at an acceleration
voltage of 5 kV. The images were analyzed using the OpenCV python
library and the ImageJ open-source software. Numerical simulations
of the optical response of the nanostructures were performed using
JCMsuite, a time-harmonic finite element (FEM) solver. Inelastic light
scattering measurements were performed using a WITec confocal Ra-
man microscope at excitation wavelengths of 1 = 532 and 633 nm with
a laser spot size of less than 1 pm?. Single Raman spectra were acquired
at different distances from the sample edge (in steps of 0.2 mm), and
each spectrum accumulated for 25 s.

4-mercaptobenzoic acid (MBA) Raman reporter molecules were ad-
sorbed to the Au surface in the aqueous bulk phase. MBA is well suited
for testing the structure’s SERS performance due to its characteristic
vibrations and ability to form Au-S covalent bonds between the analyte
molecules and the Au surface atoms [17]. The analyte-treated sample
was prepared by immersing the substrate into 25 mM ethanolic solution
of MBA overnight, followed by rinsing with ethanol, and finally dried
by exposure to air. Ellipsometry was also used to measure the change of
ellipsometry angles due to MBA and water adsorption. For the sensing
of water adsorption, the sample surface was cooled by a Peltier cell.
The cooling was moderated in small steps to perform a full scan over
the surface of the glass slide for all temperatures and adsorption states.

3. Results and discussion

SEM images reveal a densely packed nanoparticulate gold structure
corresponding to the first few millimeters of lateral position on the
glass substrates (Figs. 2a—c). The surface density of gold particles (N)
is between 2000 and 2500 um~2 in the lateral positions below ~ 3 mm
(Fig. 2g), which corresponds to a nominal initial layer thickness of
d; ~ 2.5 nm. Since the power of the sputter source is synchronized to
the position of the slit along the substrate, i.e., to X, the volume (V) of
sputtered material is strictly linear with X, starting from d; = 0 nm at
X, =0mm to d; = 20 nm at X; = 25 mm, as it is verified by ellipsometry.
Therefore, the range of positions (X; = 1.5 — 7.5 mm) shown in
Figs. 2g and 2h corresponds to a nominal initial layer thickness range
of d; = 0.8 - 6 nm. The surface density drops quickly, changing
from 2090 pm~2 at d; = 2 nm to 88 pm~2 at d; = 4.4 nm, with a
simultaneous decrease of the ratio of covered area (f,) from 0.49 to
0.21 in the same positions. This change in the covered area agrees
with the results reported in Ref. [77]. The f, saturates at a value
close to 0.2 for X; > 4 mm (Fig. 2g), while the equivalent average
radius (R) of the nanoparticles shows a monotonous increase with X;
(Fig. 2h). The height/radius ratio (h/R) is also plotted in this graph,
with the A calculated from the equivalence of the deposited volume
(V; = d;A,, where A, denotes the unit area) and the total volume of
material contained in the nanoparticles (V = NA,h, where A » denotes
the average area per nanoisland and 4 denotes the average height of the
nanoisland). The analysis shows that the 4/R ratio gradually increases
for positions below ~ 4 mm and is nearly constant above. Thus, the
typical particle shape changes from oblate to hemispheroidal-like with
increasing lateral sample positions. The almost constant i/R ratios
above the positions of ~ 4 mm suggests that in this region, a nearly
similar (hemi) spherical shape can be assumed for the GNPs formed
after annealing. Note the abrupt increase of the estimated effective
interparticle gap for lateral sample positions above ~ 3 mm in Fig. 2h.
The gap width is a key factor in the near-field coupling of adjacent
plasmonic nanoparticles since small gaps are favorable in local electric
field intensification processes [77] for enhanced Raman scattering of
probe molecules located in the gap region.

The optical reflectance spectra were measured using the tool shown
in Fig. 1b on sample ‘A’ with a bifurcated fiber optic normal to the
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Fig. 2. (a)-(f) SEM images of thermally treated gold nanoparticles in sample ‘A’ at lateral positions (X,) of 1.0, 2.5, 3.5, 5.5, 6.5, and 7.5 mm measured along the substrate,
corresponding to mass thicknesses (d;) of 0.8, 2.0, 2.8, 4.4, 5.2, and 6.0 nm, respectively. The blue scale bars are 200 nm long in each case. (g) Number of gold nanoparticles
per pm? (red circles) and the ratio of the area covered by Au vs. lateral position (blue squares) on the substrate, with the dashed curves showing the ratio of the covered area
for h/R =1.3,0.7 and 0.4. (h) Height/radius ratio (red circles) as well as the effective radius (R,, blue squares) of the nanoparticles, and effective inter-particle gap (G,, green
triangles) as a function of the lateral position on the substrate. The solid lines are guides for the eye. The standard deviation of the GNP dimensions and the assumed error in

graphs (g) and (h) is ~ 10%.

sample scanning through the surface (Fig. 3a). In agreement with the
ellipsometry results on sample ‘B’ (see Fig. 1i), the LSPR related peaks
appear already at X; = 4 mm (d; = 3.2 nm), which broadens towards
larger A values as X, increases. The most substantial LSPR related peak
was measured at X; = 8.5 mm (d; = 6.8 nm), while the plasmons
seem to be canceled above X; ~ 9.5 mm (d; = 7.6 nm). This is
probably due to the vanishing separation between the nanoparticles
accompanied by a more bulk-like behavior and, consequently, fading
out of the LSPR oscillations. This trend was investigated by FEM,
assuming the equivalence of the deposited volume V, = d,g” and the
total volume V; = (4/3)R3z/2 in the nanoparticles. In the calculation
shown in Fig. 3b, R = 21 nm was used as the value that most accurately
reproduced the measurement (Fig. S1), and g was set as the lateral size
of the unit cell in FEM for each X, knowing the value of d;. The effect of
the aspect ratio and the dependence of R on X; was also investigated,
revealing that the measured plasmonic features can also be reproduced
by assuming an increasing R and an 4/ R aspect ratio below 0.4; see the
R =12 - 48 nm and /R = 0.4 case in Fig. S2. In the models with aspect
ratios other than one, an elliptical shape is assumed (Figs. 3¢ and 3f).
The size, shape, and dielectric environment have been demonstrated to
affect the optical properties significantly [78-80], see also Fig. S2.
The gold nanoparticles’ sensing capabilities were investigated us-
ing calculations and measurements utilizing optical techniques with a

suitable spatial resolution to map the optical response to X; values and,
more importantly, to the deposited amount of material (d;). Figs. 3b and
3d show FEM calculations without (b) and with (d) a 2-nm overlayer
with a refractive index dispersion of n = 1.45 +0.01/4% (4 is in units of
pm) based on the model shown in Fig. 3f.

The optical transmittance measurements during ethanol sensing
were performed in the setup shown in Fig. 1b. Positions with compa-
rable steps in peak intensities were identified and plotted in Fig. 4a.
Identical concentrations of ethanol were flown through the cell while
taking spectra continuously. Fig. S3 shows the spectra recorded in real-
time while switching the ethanol vapor flow for 30 s, before and after
only the synthetic air is flowing. The dynamics of both the decreasing
and increasing signals can be followed in the whole spectra for the on
and off states of the vapor flow, respectively. The maximum drop in
intensity during sensing in Fig. 4b is plotted for the positions labeled
by numbers. The largest sensitivity can be identified for d; ~ 3.5 nm
at position Nr. 5. The wavelengths of the minimum positions (blue
triangles) show an increasing trend with an increasing slope above
d; ~ 5 nm. The spots with thicker layers tend to be associated with
slightly higher wavelengths, indicating the shift of the localized plas-
mon peaks to higher wavelengths with the increase in layer thickness
and the decrease in transmission sensitivity. This is close to the highest
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Fig. 3. (a) Reflectance spectra measured along Sample ‘B’ and (b) simulated at normal incidence using (¢) 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 n = 1.45 + 0.01/4%, where the unit of 1 is in pm. The differences between (b) and (d) are plotted in (e). The

parameters of R and h/R were set at R =21 nm and #/R = 0.8 in each case.
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dynamics.

sensitivity position measured by ellipsometry during water adsorption
(Fig. 5¢).

In Fig. 4d, we observe the change of the transmission percentage
normalized to the + = 0 s spectrum with respect to time for three
different spots, measured at specific wavelengths: Nr. 2 at 560 nm (blue
line), Nr. 5 at 580 nm (green line), and Nr. 10 at 860 nm (red line)
corresponding to the largest changes in transmission. After the onset of
ethanol at 7 = 40 s the curves follow a saturating kinetics. The lateral
position corresponding to the largest change of absorption is Nr. 5 at
X; = 4 mm (d; = 3.2 nm). This coincides with the highest sensitivity
position measured using ellipsometry during water adsorption and the
transition region from high to low surface density and high to low
surface coverage of gold nanoparticles shown in Fig. 2g. Nr. 2 (560 nm)
and Nr. 10 (860 nm) exhibit a less profound dip compared to Nr. 5,

with transmission falling slightly below 97. At X; = 4 mm, the recovery
gradually extends beyond the 60-second mark, suggesting prolonged
interactions or changes, while in the case of Nr. 2 and Nr. 10, the
recovery phase is faster, indicating a shorter interaction duration or
faster stabilization.

A different behavior can be observed for MBA molecules covalently
bonded to the surface, as measured by ellipsometry (Fig. 5a). This trend
is also reproduced by simulations in Figs. 3d and 3e. The observed
difference indicates that in the case of ethanol and water sensing, the
molecules do not uniformly cover the surface thus contrary to the case
of the covalently bonded MBA molecules.

The positions of highest Raman sensitivity (Figs. 5b and 5d) on
the MBA-covered samples are different from those measured by ellip-
sometry (Fig. 5a). In the case of Raman sensing it is around 1-2 mm
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from the wafer’s edge for both excitation wavelengths and MBA-related
Raman peaks appearing at 1074 cm~! and 1586 cm~!. Nevertheless,
the high peak sensitivity region of the Raman measurement is close
to that of the optical gas sensing positions of Figs. 4b and 5c. This
region (d; = 1.6 nm) of the sample is clearly in the range of the
highest surface density of gold nanoparticles and the highest ratio of
covered surface area (Fig. 2g). Also, this region can be described with
small interparticle gaps of a few nm (see Fig. 2h), and accordingly,
with significant near-field coupling between adjacent gold particles
leading to considerable local electric field intensification beneficial for
Raman scattering enhancement [77]. Although in our case detailed
calculations were not performed for such parameters, we refer to the
results of 3D-FDTD simulations reported in Ref. [77], which show
local electric field intensity enhancements of ~ 103, and thus SERS
enhancement factors of ~ 10°, at the plasmon resonance frequency, for
an ensamble of hemispherical gold nanoparticles with surface coverage
of ca. 60% and small interparticle gaps of a few nanometres. The
resonance wavelength of the system in our case appears at around
570 nm (see Figs. 4b and 5a), for the positions of maximum Raman
intensities, that is in consistence with the plasmon resonance frequency
reported in Ref. [77] for nanoparticulate gold films with comparable
geometry.

This sample region 1-2 nm from the wafer’s edge dominates Raman
scattering for both excitation wavelengths of 532 nm (Figs. 5b and S5a)
and 633 nm (Figs. 5d and S5b), although for 532 nm excitation, a
broad background is visible (Fig. S5a), which is missing for the 633-
nm case (Fig. S5b). On the other hand, there is a striking difference in
the Raman scattering intensities corresponding to the wavenumbers of
1074 cm™! and 1586 cm™! for excitation at 532 nm, while at the laser
wavelength of 633 nm, similar peak intensities can be observed. These
trends suggest differences in plasmon in-resonance conditions upon
excitation, i.e., difference in SERS enhancement processes for the two

characteristic Raman lines when the laser wavelength is switched from
532 nm to 633 nm. Selective Raman enhancement was also reported
for, e.g., graphene [81] and MoS, [82] sheets as SERS probes settled in
plasmonic nanostructures.

4. Conclusions

To optimize the plasmonic properties for molecule sensing, Au
nanoparticles with progressively varying properties were created on
fused silica substrates by DC magnetron sputtering followed by an-
nealing. Using a gradient (combinatorial) technique, the amount of
deposited material linearly changed with the position measured along
the substrate. Scanning optical spectroscopies were used to characterize
the optical and sensing properties as a function of equivalent deposited
thickness d;. The best gas sensing (Figs. 4b and 5c) positions were
found for d; values of 2-4 nm, explained by the high surface density
of gold particles and the high ratio of covered area in this region. The
covalently bonded MBA molecules can most sensitively be detected
at the highest plasmon peak region of d; ¥ 7 nm when using ellip-
sometry (Fig. 5a). However, the most sensitive region for the Raman
measurement of the MBA molecules is at d; ~ 1.6 nm (Figs. 5b and
5d). The formation and sensing performance of the layers were mod-
eled and explained using finite element calculations. We have shown
that our combinatorial sputtering method for arbitrary thickness and
composition profiles can accurately and quickly locate optimal sensing
parameters. It supports the discussion of theoretical and experimental
considerations due to the large amount of data generated by quick
optical scanning. It is suitable for the high throughput testing of new
materials and structures and for creating experimental databases for
theoretical analysis and machine learning.
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