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Abstract

Plasmonic AgAl/Si3N4 sensor layer structure was deposited on a fused silica

glass slide by dual DC magnetron sputtering. The composition of the AgxAl1−x

layer was laterally graded in which x linearly changes from x = 0 to x = 1 over a

distance of 20 mm. The Si3N4 layer serves both as a resonator and a protective

layer providing homogeneous chemical properties on top of the inhomogeneous

AgAl layer. The structure was illuminated through a hemi-cylinder for variable-

angle measurements in the Kretschmann-Raether configuration using a focused

spot that enabled the change of x by moving it along the gradient of the com-

position. Optical properties of AgxAl1−x in the whole composition range were

obtained. The positions of resonant peaks were shifted by changing the angle

and the lateral position of the spot in a flow-cell configuration. The optical

sensing performance of the bilayer system was investigated for x=0 and x=1.

Based on the capabilities of ellipsometry limit of detection in refractive index

unit values of ≈ 4− 8 · 10−6 can be achieved in the resonant positions utilizing

both p- and s-polarizations. Due to the flexible tunability of the resonant wave-

lengths by moving a focused spot, the above sensitivity is available in-situ, over

the spectral range of 265-1504 nm.

Preprint submitted to Applied Surface Science August 16, 2022
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ofKeywords: Combinatorial material science, spectroscopic ellipsometry,

plasmonics, biosensing

1. Introduction

Plasmonics is the field of research and technology that introduces the inter-

actions between the electric field component of incident light and free electrons

in metallic thin films or various metallic nanostructures [1]. At the interface

of metal layers and dielectrics (e.g. air or liquids), plasmons interacting with5

light result in a surface plasmon polariton (SPP) resonance: originating from a

strongly confined surface wave that propagates along the interface and decays

exponentially in both the metal film and the dielectric ambient.

An effective method for tuning the optical response of metallic thin films

and nanostructures, i.e., to subtly customize the optimum wavelength range for10

SPP, the chemical composition of the plasmonic material is modified by alloying

various metals [2, 3, 4, 5, 6]. Originally, for SPP applications noble metals such

as Ag, Au and Pt have been the preferred choice owing to their abundant free

electrons despite the well-known optical losses introduced by interband optical

transitions [7, 8, 9]. In the past few years, however, earth-abundant metals, such15

as Al and Mg, have also been used as a new class of materials for low-optical-loss

and low-cost optical components [10]. For on-chip nanophotonics applications,

metals like Al and Cu are ideal choices since their fully complementary metal-

oxide-semiconductor (CMOS) compatibility along with their abundace on earth

result in low-cost device processing [6]. Furthermore, pertaining to the large20

free electron densities observed in metal alloys and intermetallics, they are also

promising choices as alternative plasmonic materials [7].

Alloying of metals via physical deposition methods lead to almost arbitrary

tunability regarding their optical behavior in the ultraviolet-visible-near infrared

(UV-Vis-NIR) wavelength range. This flexible control of the spectrum has also25

enabled the further development of a variety of advanced optoelectronic devices,

such as switches [11] and biosensors [12]. It has been shown earlier that alloying

2
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ofAg or Au with another metal that contributes two or three electrons per atom

to the free electron gas can significantly modify the reflection and absorption

spectra [13].30

As an example the investigation of single-phase Ag-Cu with different compo-

sition has led to the conclusion that the optical properties of these alloys could

be efficiently manipulated by the annealing temperature and the composition

thus making Ag-Cu an attractive material for plasmonics [14]. The dielectric

properties of a number of alloy systems, such as Au-Ag [3, 15], Ag-Cu [3, 14]35

and Au-Cu [3] have been examined using optical spectroscopy, and a combinato-

rial gold-aluminium (AuxAl1−x) layer has also been introduced previously [16].

Several examples for alloys with possible use in the field of plasmonics have also

been presented in Ref. [17].

Ag is routinely used in various applications due to its excellent optical and40

electrical characteristics. Ag has the most favorable properties for plasmonic

applications of any material in the VIS-NIR range [17], and is widely available.

However, the thickness and surface roughness of an Ag layer can significantly

influence these advantageous properties [18], inducing unfavorable deviations

compared to an ideal Ag layer. The island formation during thin Ag film growth45

[19] ultimately lead to a rough and semicontinuous layer with additional optical

loss due to excitation of plasmon resonances [20]. It is known that Ag follows the

Volmer–Weber growth model [21] in which the deposited Ag atoms initially form

isolated islands. As the deposition continues, these islands grow further and

eventually connect to form a semicontinuous layer. To overcome this problem, a50

1–2 nm thin germanium (Ge) layer can be deposited under the Ag layer [22, 23].

This method has led to a reduced surface roughness value and a decreased

percolation threshold for Ag nanofilms (the latter being 10-20 nm typically

without the additional Ge layer [24]). However, Ge has high absorption in the

visible wavelength range which subsequently leads to a reduced transmittance.55

To address this situation the deposition of an ultra thin and smooth Ag film

has been reported previously [25], which shows both low optical loss and low

electrical resistance. This film has been made by involving the co-deposition of

3
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ofonly a small amount of Al during Ag deposition without any wetting layer. In

the same study it has been found that the incorporation of a small amount of60

Al suppressed the 3D island growth of Ag and resulted in the formation of an

ultra thin layer with a reduced surface roughness of 1 nm and also a reduced

percolation threshold of 6 nm. As a promising application, ion-implanted Al-Ag

bimetallic substrate has been proposed as an excellent tool for surface enhanced

fluorescence (SEF) measurement [26].65

Al layer with a high reflectivity throughout the Vis spectral range has been

used in optical reflector applications [27]. An Al-Ag alloy-film is also a highly

reflective coating which can be used for solar reflectors [28]. The effect of Al

on the optical properties of Ag has also been investigated in a 500-nm layer

deposited on silicon surface [29]. In the same work a slight blue-shift of the bulk70

plasma frequency has been observed with increasing Al ratio. It has also been

shown that a 7-nm Al-doped Ag film remains stable under ambient conditions

for over six months without any protective layer [30]. Al-doped Ag offers ad-

ditional benefits when compared to pure Ag, such as ultrathin film formation,

enhanced thermal and long-term stability, better adhesion with substrates, and75

improved 3D nanostructure coverage [31, 30]. In addition, its optical loss can

be further reduced by a simple annealing treatment. It has also been shown

that the central position of the interband transition around 1.5 eV is tunable

with variable annealing temperatures and different Ag concentrations in Al-Ag

alloys [32, 33]. All these merits facilitate the fabrication of high-performance Al80

plasmonic structures [34, 35] along with long range surface plasmon polariton

(LR-SPP) waveguides [30].

In this paper, we introduce a thin and smooth combinatorial AgxAl1−x alloy

film with x including the whole composition range 0 ≤ x ≤ 1 deposited by dual

DC magnetron sputtering using a scaled-up device [36]. The optical properties85

of the deposited AgxAl1−x alloy film were characterized by variable angle spec-

troscopic ellipsometry (VASE) in a wide wavelength (λ) range. The intermetal-

lic layer was realized on a fused silica (FS) substrate and it was subsequently

covered with a radio-frequency (RF) sputtered Si3N4 layer. This additional

4
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oflayer serves dual purposes acting as a protecting layer preventing the interac-90

tion between the metal layer/air interface and as a waveguide layer to realize

a coupled plasmon-waveguide resonator (CPWR) structure [37, 38, 39, 40] in

the Kretschmann-Raether (KR) configuration [41]. In this study, the emerging

resonance peaks were investigated both theoretically and experimentally. Based

on the calculations it was predicted that it is possible to precisely measure the95

refractive index change of liquids from ultraviolet wavelengths (ca. 260 nm)

up to the near infrared range (ca. 1500 nm) by using a single compositionally

graded sample.

It was also shown that on a single sample not only the composition of the

intermetallic layer but also its thickness can be controlled in the range of 15 nm100

(Al-side) to 40 nm (Ag-side) for realizing a tunable plasmonic sensor structure.

By moving the spot and changing the angle of incidence we realized a ”scanning

resonance” tool in which the wavelength position of sensitivity maxima can be

scanned and adjusted during the in-situ measurement, resulting in a quantitative

”high-sensitivity” spectroscopy method.105

To our knowledge this is the first time that both the lateral thickness and

the composition change was manipulated in a controlled way in a combinatorial

thin film. It is also the first time that such a structure is used in a sensor

structure the properties of which can be varied by laterally moving a focused

spot over the interface in a KR configuration. More specifically, we show that110

not only the composition of the intermetallic layer but also its thickness can

be controlled in the range of 15 nm (Al-side) to 40 nm (Ag-side) for realizing

a tunable plasmonic sensor structure. By moving the spot and changing the

angle of incidence this is the first time that a ”scanning resonance” tool is

realized in which the wavelength position of sensitivity maxima can be scanned115

and adjusted during the in-situ measurement, resulting in a quantitative ”high-

sensitivity” spectroscopy method. Our result can also be considered as a proof

of concept, based on which a family of sophisticated plasmonic sensors can be

built with modulation capabilities

5
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of2. Materials and Methods120

2.1. Deposition of the combinatorial sensor structure

Combinatorial AgxAl1−x alloy film was deposited on a 25 mm × 10 mm

(width × length) and 150±25 µm thin UV-grade FS substrate (purchased from

Valley Design Corp) by ”single-sample” micro-combinatory at room tempera-

ture. The deposition resulted in a layer with gradient composition of AgxAl1−x125

with x ranging in 0 ≤ x ≤ 1. The 25 mm long substrate exhibits a 20 mm long

gradient AgxAl1−x track enclosed between 2.5 mm long lead-in sections of one

target’s flux.

A stainless steel UHV system by dual DC magnetron sputtering was used

which is a scaled-up device [36] originally developed for synthesizing micro-130

combinatorial transmission electron microscopy samples. The present arrange-

ment sweeps a shutter with a 1 mm × 10 mm slot in fine steps above the

substrate meanwhile the power of the two magnetron sources is regulated in

sync with the slot movement (Fig. 1). As the slot passes over the substrate, the

fluence of Ag gradually decreases from 100% to 0%, while that of Al increases135

from 0% to 100%, which creates the required gradient of the composition. The

maximum values of the applied power for the Ag and Al targets were 150 W and

330 W, respectively. The variable thickness was also achieved by the fine regula-

tion of the slot movement. The capability of ”single-sample” micro-combinatory

has been demonstrated for amorphous SixGe1−x thin layers recently [42, 43]. In140

these works, excellent composition linearity has been found along the sample

position.

The main advantages of the combinatorial deposition technique are the fol-

lowing: (i) The deposited layer is prepared in one process step which assures

that all the parameters of the sample preparation and also the substrate proper-145

tied are the same - except for the modulated parameter (the composition and/or

thickness). (ii) The optical measurement and the evaluation are also easier and

more efficient, since they can automatically be performed by a lateral scan over

the sample surface. The evaluation process also supports a single-process in-

6
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Figure 1: a) Deposition of the combinatorial AgxAl1−x layer and Si3N4 layer on the top of

it. b) Simulated spectra with x = 0, 1 (pure Al and Ag, respectively) at different angles of

incidence in the KR-configuration (inset figure). Solid lines show TMM simulated results,

while discrete points show FEM calculations. Black dashed curves depict the spectra for a

structure without the combinatorial AgAl layer (i.e., only Si3N4 layer is present with thickness

values of 180 nm and 250 nm, respectively).

7
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ofterpretation. (iii) The combinatorial technique also allows the characterization150

of larger modulations and unexpected variations of the properties without any

assumption of the lateral dependence.

The deposition of the Si3N4 cover layer was realized by RF sputtering, the

variable thickness (from 180 nm to 250 nm) of this layer was achieved by the

careful regulation of the linear movement of a cover-plate over the sample. To155

minimize the disadvantageous effect of air on the metallic combinatorial layer,

RF sputtering was applied immediately after the AgxAl1−x alloy film deposition.

2.2. Simulated optical spectra

In order to achieve the best sensitivity in the KR-configuration, optical sim-

ulations were carried out to optimize the thicknesses of both the AgxAl1−x (at160

x = 0, 1) alloy film and the Si3N4 film prior to the layer deposition. These

simulations were implemented using the transfer matrix (TMM) and finite el-

ement (FEM) methods. The TMM calculations were conducted via the com-

mercial software CompleteEASE, and the FEM calculations were carried out

using COMSOL Multiphysics. For both implementations, the optical spectra165

were calculated in the λ-range of 250 nm-1690 nm and angles of incidence (θ)

of 45◦-75◦. The dielectric functions ε = ε1 − iε2 [= N2 = (n− ik)2] of Ag and

Al are imported from Ref. [44].

The optimized thicknesses were carefully chosen to fulfill all the advantages

of the layer system: (i) realization of multiple resonance peaks in the wavelength170

spectra at a single angle of incidence (AOI), (ii) emergence of resonance peaks

of both p- and s-polarization and also (iii) the possible realization of narrower

resonance peaks (compared to a single metallic layer) is also possible. (iv)

The solely changing parameter along the sample is the chemical composition

of the AgxAl1−x layer. The properties of the Si3N4-liquid interface remain the175

same, thus the adsorption of biological molecules would not be influenced by

the different composition. Si3N4 is a widely used material due to its excellent

thermal and chemical stability with a large bandgap of ≈ 5 eV [45, 46], also

being used for biosensor applications [47].

8
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ofThe optimal thickness value of the Ag layer was fixed at 40 nm (the reported180

optimal thickness for Au in most research papers [48]), whereas in the case of

Al it was fixed at 15 nm due to its higher absorption [49]. The variation in the

thickness of the Si3N4 layer (dSiN = 250 nm and 180 nm for x = 0 and 1 ,

respectively) was chosen in order to shift the spectral positions of the resonance

peaks, thus realizing sensitive regions in the widest spectral domain possible.185

The simulated Ψ = tan−1(|rp|/|rs|) spectra for x= 0, 1 in the KR-configuration

are presented in the bottom part of Fig. 1. Here Ψ denotes one of the ellip-

sometric angles, while rp and rs are the amplitude reflection coefficients for p-

and s-polarizations, respectively. It is notable that narrow resonance peaks with

both polarizations emerge for both x = 0 (pure Al) and 1 (pure Ag) and their190

spectral positions vary from UV (in case of Al) to the NIR range. It is impor-

tant to emphasize that SPPs cannot be enhanced below ≈ 300 nm in case of

Ag due to its interband transitions. However, for Al the interband transition

is a spectrally localized band around 800 nm and surface plasmon resonances

can be realized at wavelengths higher or shorter than this value [50, 49]. The195

dashed black lines in Fig. 1 show the TMM-simulated spectra for the scenario

when the combinatorial AgxAl1−x is not present (dAgxAl1−x
= 0), emphasizing

the profound effect of the metallic layer.

Further simulation calculations and results are also included in the Support-

ing information of present study.200

2.3. Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is an attractive tool for thin film character-

ization [51]. This method is based on the measurement of both the amplitude-

and phase changes of the light, which is detected after its reflection on the sur-

face of a sample. From a measurement the ellipsometric angles, Ψ and ∆ are205

usually presented being defined by ρ = tanΨ exp(i∆) = rp/rs, where ρ is the

complex reflectance ratio [52]. The angles Ψ and ∆ are related to the amplitude

ratio and the phase difference between p- and s-polarized light, respectively.

The 25 mm × 10 mm sample was placed in a home-built KR-cell which

9
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ofconsists of a FS hemicylinder. Using SE and KR-configuration together is a210

popular method with applications mainly in studies of real-time biological pro-

cesses [53, 54]. Previously it was demonstrated that by using the same setup

with a dielectric Bloch-multilayer structure, the ultraviolet wavelength range is

also accessible in the reflected spectra [55]. The sample was scanned by a Wool-

lam M-2000DI rotating compensator spectroscopic ellipsometer with a focused215

spot that was moved along the center line, parallel to the long edge of the sam-

ple. The measurements were carried out using a lateral resolution of 1 mm. The

plane of incidence was parallel to the short edge, and the AOI was varied be-

tween 45◦ and 75◦. The corresponding size of the focused spot was 0.3 mm wide

and 0.6− 0.9 mm long. The measurement time was a few seconds for one point220

and one AOI in the whole wavelength range of 250 nm -1690 nm. As a result

of the applied technique we obtained, within reasonable time, high-resolution

and high-accuracy maps of optical properties as a function of composition and

wavelength. The spectral resolution bandwidth is around 5 nm and 10 nm in

the UV/Vis and in the near infrared wavelength ranges, respectively. The spec-225

tral density of the experimental data points is about 1.6 nm and 3.4 nm in the

UV/Vis and in the near infrared wavelength ranges, respectively.

The optical properties and thicknesses of the combinatoral metal layer was

calculated from the measured spectra detected by SE in the KR-configuration.

This method is of superior sensitivity [56] when compared to a simple mea-230

surement as illustrated with the calculated differential spectra in Fig. 2. Here

the difference spectra of Ψ are presented for a 1-nm-change in the Al (15 nm

→ 16 nm) and Ag (35 nm → 36 nm) layers. It is notable that the spectral

changes are significantly larger for the KR-configuration, thus measuring the

optical properties in the KR-setup is definitely advantageous.235

An optical model of multiple layers was constructed for an appropriate sam-

ple analysis. First, the optical properties of the Si3N4 layer were calculated

by using the n(λ) = A + B/λ2 + C/λ4 Cauchy-dispersion approach. Here λ

corresponds to the incident wave in vacuum in unit of µm, the parameter A is

dimensionless, while B and C are in the units of µm2 and µm4, respectively.

10
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Figure 2: The simulated effect of a 1-nm thickness change in the AgxAl1−x layer at x = 0

using reflection configurations measuring from a) the ambient and b) from the substrate (KR-

configuration).

For this investigation a 100-nm-thin Si3N4 layer was deposited on a Si substrate

and was measured by SE. The calculated parameter values (A = 1.903, B =

0.007 and C = 0.0005) were then fixed during further data analysis. The opti-

cal properties of the AgxAl1−x layer were described by the Drude-Lorentz (DL)

oscillator model [57, 58]. The formalism for the Drude term in the DL model

was given by Ref. [59]

ε(E) = εDrude(E) + εLorentz(E) =
−ℏ2

ε0ρ(τE2 + iℏE)
+

ALjBLjELj

E2
Lj − E2 − iEBLj

,

where ρ [Ω · cm], τ [s], ℏ [eV · s] and ε0 [F · cm−1] are the resistivity, the mean

scattering time, the reduced Planck’s constant and the permittivity of the free
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ofspace, respectively. In the second term AL, BL and EL are the dimensionless

amplitude, the broadening and the central energy (both in eV) of the Lorentzian

oscillator. Here j denotes the jth oscillator. During the fit process it was

found that for the Ag-rich layers an approach using Gauss-oscillators gave better

results [60]. The shape of εGauss(E) was then defined as

εGauss(E)=AGj ·
[
ΓGj

(
E−EGj

σGj

)
+ΓGj

(
E+EGj

σGj

)
+i

(
exp

{
−
(

E−EGj
σGj

)2
}
−exp

{
−
(

E+EGj
σGj

)2
})]

,

where E is the photon energy of incident light in eV, σG = BrG/2
√

( ln 2).

Here, AG is the amplitude, EG is the center energy in eV and BrG is the

broadening in eV. ΓG is a convergence series that produces a line shape for ε1

in a Kramers-Kronig consistent manner [61].

During the data evaluation the sensitive oscillator parameters and thick-

nesses of the top two layers were fitted. The fitted values were calculated by

minimizing the root mean square error (RMSE) defined by Ref. [62]

RMSE =

√√√√√ 1

2M − P − 1

M∑

j=1



(
∆meas

j −∆calc
j

σmeas
∆j

)2

+

(
Ψmeas

j −Ψcalc
j

σmeas
Ψj

)2

,

(1)

where M is the number of wavelengths, P denotes the number of unknown240

parameters, while the subscripts ’meas’ and ’calc’ indicate the measured and

calculated values. Here σ is the standard deviation of the measured values. A

global fit on random grid with Levenberg-Marquardt algorithm [63] was used

for obtaining the global minimum during the fitting process.

The RMSE values were carefully investigated and compared for both the245

Lorentzian- and Gaussian-approaches and it was found that starting from the

Al side (x = 0) to x ≈ 0.4 the Drude-Lorentz model produces better results.

2.4. Transmission electron microscopy

The microstructure of the sensor was investigated by transmission electron

microscopy (TEM), high resolution TEM (HRTEM), scanning TEM (STEM),250
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ofhigh angle annular dark field (HAADF) and energy dispersive X-ray spectrome-

try (EDS) modes by means of a FEI Titan Themis 200 kV spherical aberration

(Cs) corrected TEM with 0.09 nm HRTEM and 0.16 nm STEM resolution. The

composition of the samples was measured by STEM-EDS and elemental maps

were obtained by spectrum imaging with 4 Thermo-Fischer ”Super X G1” EDS255

detectors built in the microscope column.

3. Results and discussion

3.1. Properties of the AgxAl1−x layer characterized by SE and TEM

TEM measurements were carried out on FIB cross section lamellae prepared

at four selected positions along the combinatorial sample, representing different260

x compositions and thicknesses of the AgxAl1−x and Si3N4 layers. Fig. 3

represents the TEM results achieved at a position of 9.5 mm along the sample

(x ≈ 0.65).

TEM and SEM HAADF micrographs of the cross-section of the sample taken

at the above position shown in Figs. 3a and 3b revealed a thickness of 32 nm265

and 225 nm for the AgxAl1−x and Si3N4 layers, respectively. EDS measurement

of the AgxAl1−x layer at the same position showed a composition of Ag/Al =

65/35 in terms of atomic percent. The elemental map and an EDS line-scan

across the layer system including silica/AgxAl1−x/Si3N4/C+Pt(C) is shown in

Figs. 3c and 3d. In the line-scan, HAADF appearing in black shows the Z-270

contrast change across the layers.

The thicknesses of the combinatorial metal layer and the Si3N4 films were

characterized by SE measurements in the KR-configuration and by TEM mea-

surements. The result of this analysis is shown in Fig. 4a. It is very conclusive

that the measured thickness values from the SE and TEM investigations are in275

excellent agreement, while they are also close to the planned values along the

samples. Besides the thickness values the compositions of Al and Ag were also

obtained by TEM. The results presented in Fig. 4b indicate that the planned

linearity of composition dependence was successfully achieved.
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Figure 3: Cross section TEM of the sample at the position of Ag/Al=65/35 at%. (a,b) TEM

and SEM HAADF image, respectively, (c) Colored EDS elemental map of the cross section

of the sample, (d) A line-scan of the compositional changes (at%) across the layer system:

Silica/AgxAl1−x/Si3N4/C+PtC.

3.2. Composition dependence of the optical properties of the AgxAl1−x layer280

SE investigation of the AgxAl1−x/Si3N4 structure was carried out parallel to

the long edge of the sample with a lateral resolution of 1 mm in the KR-cell filled

with air. The measured Ψ-spectra at θ = 47◦ is presented in Fig. 5a across the

λ range of 250–1690 nm. From this investigation, significant spectral changes

are obtained regarding the positions and the FWHM values of the resonances285

indicating the huge effect of the variable metal composition. Detailed Ψ spectra

were also captured for θ = 45–55◦ and presented at x ≈ 0 and 1 in Fig. 5b. The
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Figure 4: a) Measured AgxAl1−x and Si3N4 thicknesses along the sample from TEM and SE

experiments. The dashed lines denote the desired trends. b) Measured position-dependence

of the AgxAl1−x composition by TEM-FIB investigations.

AOI step in these figures is 0.2◦.

The significance of shifting the spectral position of the resonance peaks by

simply changing the position of the light spot along the sample can be advanta-290

geous for optical sensing arrangements where the angle of incidence cannot be

changed. In the case of pure Ag it is also true that regardless the incidence an-

gle, resonance peak positions have a lower limit regarding the accessible smallest

wavelength value which can be further reduced only by modulating its optical

properties. Also, the change of angle usually deteriorates the broadening to295

a larger extent than the change of composition. Finally, there are wavelength

ranges that are not accessible by changing the angle if incidence.

The composition dependent dielectric functions were calculated from the

fitted (Ψ,∆) spectra that were measured in the KR-cell (Typical spectra are

shown in Fig. 5c). In this analysis the oscillator parameter values and the300

thicknesses of the AgxAl1−x/Si3N4 layers were fitted. The obtained complex

dielectric functions are presented in Fig. 6. In Figs. 6a and 6b optical functions

from x ≈ 1 to x ≈ 0.4 are depicted. It is to be noted that ε2 increases when x

decreases. This can be explained by the increasing amount of the Al impurities

(greater electron scattering due to compositional disorder in the system) [29, 64].305
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Figure 5: a) Measured Ψ-spectra along the combinatorial sample in the wavelength range of

250− 1690 nm and at θ = 47◦. b) Measured Ψ-spectra at x ≈ 0 and 1 (Al and Ag in the top

and bottom figures, respectively), at θ = 45◦-55◦. c) Typical measured Ψ and ∆ spectra at

θ = 47◦ with fitted curves.

The blue-shift of the interband transitions by decreasing x is also a well-known

effect [64] as well as the appearance of a new ε2-peak near 500 nm. This latter

phenomenon can be attributed to new interband transitions [65].

Starting from the Al-rich side (x ≈ 0), a significant change in ε2 can be

observed once again. Here, the ε2-peak shifts toward the smaller wavelengths310

as well and it can be noticed that in the NIR wavelength range the value of ε2

decreases by the increasing value of x. In fact, the interband transition peak

shifts from 740 nm (x ≈ 0) to 485 nm (x ≈ 0.35).

For the elucidation of these results it is vital to emphasize that not only

the composition x but also the thickness of the combinatorial layer changes,315
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Figure 6: a) and c) ε1, b) and d) ε2 values from SE measurements in the KR cell.

which bears a huge effect on the optical properties [66, 67, 68]. Besides the

crystallites/grain shape and size of metal films, it is well-known that thickness

can also significantly influence the optical properties when it is smaller than

approximately 50 nm [69]. This effect can be attributed to the fact that the

typical value of the average path of free electrons in Ag (l = 4.375 · 10−8 m320

[70]) is then comparable to the typical size of the crystallites. Consequently the

grains size affects the average free path of the electrons and for this reason the

values of and the so called free electron effect will be observable [71].

Meanwhile, it has also been shown previously that the circumstances of Al

layer deposition via various techniques also have a profound influence on the325

dielectric function of the film since it can influence the typical grain size within

a wide range (ca. 10-50 nm) [72, 73, 74].

According to the measured Ψ-spectra and the results from the optical anal-

ysis, layers with compositions x ≈ 0.40, 0.45 and 0.50 have the most different
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offeatures among the measured points. In this x-range dielectric functions were330

described either by a single Drude-oscillator (x ≈ 0.4) or with a Drude-Gauss

approach (x ≈ 0.45, 0.50). This phenomenon in the mentioned x composition

range may be attributed to the phase changes described in Ref. [75].

For planar SPR applications a quality factor can be defined as QSPP = ε21/ε2

[76] (SPP stands for surface plasmon polariton). Calculation of QSPP can be335

useful for identifying the most sensitive x composition for a given wavelength

range. From Ref. [17] it is evident that among various candidates Ag has the

highest QSPP value ranging up to λ = 10 µm. However, for UV applications

Al is the best choice, QAl
SPP being between 10 and 100 in this wavelength range.

This value is highly dependent on the layer thickness of the metal layer due to340

its effect on the optical losses. However, it is apparent from Fig. 7c that the

value QAl
SPP ≈ 100 can be achieved. For Ag the QSPP value is approximately

three times higher in the IR range with respect to Al (Fig. 7a). It can be

noticed that the highest QSPP values were achieved for x ≈ 1. However, for

x ≈ 0.95 the decrease in QSPP can be still tolerated.345

In Figs. 7b and 7d the x composition dependence of the Im{−1/ε} =

ε2/(ε
2
1 + ε22) energy loss function is depicted that can be used for indicating the

existence of electronic collective oscillators. The maximum of the Im{−1/ε}
value indicates plasma resonances in the materials [65] near to the interband

transitions at 325 nm in Ag (x = 1). By decreasing x the value of the maximum350

decreases and its spectral position is blue-shifted. These trends in the results are

similar to the ones that have been found for Ag-Al [77, 64] and for Ag-Cu alloys

earlier [14]. Starting from x = 0 (Al) Im{−1/ε} is increasing with x, which is an

opposite effect than in previous results [32]. However, in the same study it was

found that by increasing the layer thickness, Im{−1/ε} also increases, which in355

this case seems to be the dominant effect.

3.3. AgxAl1−x layer for optical sensor applications

The fabricated sensor structure has optimized thicknesses only at composi-

tions x = 0 (pure Al) and x = 1 (pure Ag), because the optical properties of
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Figure 7: a) and c) Calculated QSPP , b) and d) calculated Im{−1/ε} values from SE mea-

surements. Note that the layer thickness is not constant for the different compositions.

these pure phases were considered to be more reliable than the references for360

mixed phases. After the determination of the optical properties for all the x

values, it would be possible to optimize the lateral thickness profile, but our

one-sample combinatorial device is currently only optimized for linearly graded

compositions and thicknesses. The utilization of both arbitrary composition

and thickness profiles can be a next step in the development process, published365

in a following paper.

To demonstrate the sensitivities of the ellipsometic angles at both x = 0 and

x = 1, results from TMM-calculations are presented in Fig. 8. The spectral

differences in both Ψ and ∆ were calculated in the wavelength range of 250–

1700 nm and the AOI range of 40–75◦. The shift in the spectra stemmed from370

a ∆nair = 10−3 refractive index change in the ambient air. Sensitive regions

emerge for both layer structures making them ideal candidates for gas-sensing

applications. (The differences in the spectra presented in Figs. 1 and 8 are
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ofdue to the different nFS values being used in the simulations. For Fig. 1

nFS = 1.5 without any dispersion, while for Fig. 8 nFS was described by using375

the Sellmeier term imported from Ref. [55]. The origin of the resonance peaks

are the same as described earlier, however, their spectral positions are slightly

shifted.)

Figure 8: TMM-calculated differences in (Ψ,∆) spectra for a ∆nair = 10−3 change. Sub-

figures a) and b) stand for Al, while sub-figures c) and d) for Ag.

The same calculations were also computed in an aqueous ambient for θ = 65–

75◦ (Fig. 9). Here, the refractive index of water (nwater) was chosen to be380

1.312 and its change was ∆nwater = 10−4. A theoretical limit of detection

(LOD) value was estimated (by using a typical noise value σmeas from a real

measurement) from these results as the smallest detectable bulk refractive index

change using the expression LOD = 3 ·σmeas/S. Here, S denotes the sensitivity

defined as S = ∆∆/∆nwater. (Since the sensitivity of ∆ is usually higher385

than that of Ψ, thus in this analysis all values were calculated using the phase

information.) The calculated LOD values for the Al and Ag sample positions

20



Journal Pre-proof

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Jo
ur

na
l P

re
-p

ro
ofare LODAl = 5.0 · 10−6 and LODAg = 2.5 · 10−6 in refractive index units (RIU),

respectively. From these results we can conclude that the realized structure

is an excellent candidate for biosensing applications, with resonance peaks at390

multiple spectral positions, which opens further possibilities in the domain of

investigations of real-time protein adsorption.

Figure 9: TMM-calculated differences in (Ψ,∆) spectra for a ∆nwater = 10−4 change. Sub-

figures a) and b) stand for Al, while sub-figures c) and d) for Ag.

Measurements at x = 0 and 1 were also carried out for demonstrating the

sensitivity of the structure at θ = 73◦ (Figs. 10c and 10d). Solutions of high-

purity deinonized (DI) water and isopropanol (VWR Chemicals) with various395

concentrations (2.5%, 5%, 7.5% and 10%) were introduced to the flow cell, with

different refractive indices of n2.5%...10%
isoprop. = 1.3324, 1.3339, 1.3356, 1.3376 and

1.3390, respectively (obtained from refractometric measurements at λ = 632 nm

and at room temperature). In the following, subscripts 1, 2, 3, and 4 are used

to label the refractive indices of various concentrations of 2.5%, 5%, 7.5% and400

10%, respectively. The difference spectra measured in the KR-cell are presented
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ofin Figs. 10c and 10d for both ellipsometric angles. It is evident that ∆ is more

sensitive than Ψ, since the change is almost one-order of magnitude larger. For

n21 = 1.6×10−3 RIU the biggest ∆∆Ag
21 difference for x = 1 is 70.05◦ positioned

at λ = 535.4 nm, and ∆∆Al
21 = 36.38◦ at λ = 685.7 nm. From these results the405

LODmeas
Ag can be estimated to be 4.1 · 10−6 RIU and LODmeas

Al = 7.9 · 10−6 RIU.

The TMM-simulated results (Figs. 10a and 10b] show similar sensitivities.

However, regarding the peak for x = 1 near λ ≈ 1000 nm and for the UV-peaks

for x = 0, higher sensing performance are predicted by the numerical calcula-

tions. This decrease in the performance can be attributed to various effects such410

as the emerging depolarization stemming from e.g., the angular spread of the

incident light [55] or the inhomogeneity of layer thicknesses/compositions (e.g.,

latter being ≈ 1.5 % for AgxAl1−x thin film) of the combinatorial layers un-

der the light spot. Besides that the non-optimal performance of the deuterium

lamp at these wavelengths also can have a significant effect on the sensitivities.415

Typical depolarization spectra from measurement are depicted in Fig. 6S.
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Figure 10: Difference of simulated [a) and b)] and measured [c) and d)] Ψ and ∆ spectra at

compositions x = 0 and 1 for various DI water-isopropanol solution ambient. ∆nj1 denotes

the refractive index difference at λ = 632 nm (j = 2, 3, 4).
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ofConclusions

In this study a combinatorial thin layer structure was introduced which is

capable of the optical detection of minute changes in the refractive index of gas

or liquid ambient. The combinatorial sample consists of an AgxAl1−x/Si3N4420

layer structure which was deposited on a FS glass slide by dual DC magnetron

sputtering. It was shown that not only the composition can be covered in

the whole range of (0 ≤ x ≤ 1), but also the thickness of the AgxAl1−x and

Si3N4 layers can be tuned along a single sample. The optical properties of the

combinatorial layer were characterized by KR SE from which the composition425

dependent trends in both ε1 and ε2 were obtained. These changes agree well

with previously reported literatures; although this is the first study where ε is

reported in the whole x range.

The sensing properties of the structure were also investigated numerically

(at composition values of x = 0 and 1) for gas sensing applications and for430

biosensing applications in a liquid ambient. Based on the results it was verified

that the realized structure is capable of highly sensitive detection in the UV-

Vis-NIR wavelength ranges at a single AOI. Ellipsometric phase-sensitive mea-

surements were also carried out from which detection limit values of 4.1 · 10−6

RIU and 7.9 · 10−6 RIU were measured at the Ag- and Al-sides of the chip. Our435

multi-spot, multi-angle tool with the compositionally graded surface realizes a

”scanning resonant wavelength” capability, in which the spectral position of the

highest sensitivity can be adjusted during the in-situ measurement.
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HIGHLIGHTS 

- Combinatorial layer structure for phase-sensitive optical detection 

- Combinatorial technique for changing both the composition and the layer thickness 

- Limit of detection of 10-6 in refractive index units at each wavelength from ≈260 to 

≈1500 nm 

- Adjustable resonant peak positions by the angle and the spot location 

- Demonstration in ellipsometric Kretchmann-Raether configuration 
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