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THE INFLUENCE OF THE STRUCTURAL PARAMETERS OF THE MATERIALS
OF THE SENSITIVE ELEMENT OF THE OPTICAL SENSOR ON ITS SENSORY
PROPERTIES

The sensor element of an optical sensor based on surface plasmon resonance is investigated in
the paper. In particular, the influence of the components of the sensor element on its sensor properties
by modeling design options. The Kretschmann configuration was chosen as the model, which is a
glass prism with a multilayer nanoscale structure applied to one face. It was established that the
material of the prism affects only the resonance angle of the structure. The thickness of nanoscale gold
and silver films varied from 1 to 100 nm. The minimum value of the coefficient was obtained when the
thickness of the gold and silver nanoscale films was 50 nm and 45 nm, respectively. The thickness of
the silicon dioxide film varied from 10 to 150 nm. In the Au — SiO2 structure, the addition of silicon
dioxide improved the optical properties of the multilayer structure. The minimum value of the
reflection coefficient has decreased, but the thickness of the silicon dioxide is 3 nm. When the
thickness of the dielectric layer increases, the optical properties of the structure deteriorate. The
structure of the sensitive element, which uses a nanosized silver film, almost does not change its
optical properties when adding a layer of SiO2, its thickness can reach 50 nm.

Keywords: Optical sensors, surface plasmon resonance, gold, silver, silicon dioxide, glass
prism.

Introduction. Real-time measurement of various physical parameters is important for
industrial, environmental, medical and chemical industries [1]. To solve these problems, optical
sensors are widely used [2]. The main advantages of these detectors are low noise and high speed.
This is due to the fact that the principle of operation of optical sensors is based on measuring the
characteristics of light radiation or its changes. An optical sensor is an electronic detector that converts
light rays into electronic signals. The measuring system consists of a sensitive element and a
measuring device [3].

In particular, optical sensors based on surface plasmon resonance (SPR) are promising [4]. The
premise design is the most common for such sensitive elements, this is due to the fact that it is cheap
to manufacture, simple to implement and practical to use [5]. This type of sensitive element consists of
a glass prism on which a multi-layered nano-sized structure is applied [6]. The multilayer structure
consists of a metal and dielectric component, which performs the function of an additional protective
layer [7]. The following materials are used to construct the sensitive element of the SPR sensor: Au,
Ag, Al, Si02, TiO2 and various polymers [8, 9, 10].

The principle of operation of such sensitive elements is that electromagnetic radiation is
directed at the face of the prism at a certain angle, which passes through it and falls on the metal layer
of a multilayer nanoscale structure, free electrons of the metal component are excited. The surface
electromagnetic wave begins to move parallel to the multilayer structure. Since the wave is at the
boundary between the conductor and the external medium (eg air, water or vacuum), these oscillations
are very sensitive to any change in this boundary, such as the adsorption of molecules on the
conducting surface. The angle of incidence of the light beam, which causes the SPR phenomenon,
depends on the optical properties of the sensitive element, a slight change in the refractive index leads
to the fact that the SPR effect does not occur. Therefore, the advantage of SPR sensors is the ability to
detect specific substances (cells, molecules, analytes) in the experimental environment [11].

The main characteristic is the minimum value of the reflection coefficient of the structure
depending on the angle of incidence. Since the conditions for the occurrence of the PPR effect are
affected by various factors, such as: the substance under investigation and its concentration, the
research environment, the materials of the sensitive element.

Since individual materials have different optical properties, the optical characteristics of such a
design depend on the interaction of its individual components with each other. Therefore, the study of
the interaction of materials with a multi-layered nanoscale structure with each other in various
combinations is an important aspect in the design of such sensors.
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This work examines a sensitive element. Since individual materials have different optical
properties, the optical characteristics of such a design depend on the interaction of its individual
components with each other and their structural parameters. In this regard, the prediction of the optical
properties of such metal-dielectric nanoscale structures must be carried out taking into account the
thickness of individual layers and the technological modes of their formation. When developing a
sensitive element for an optical sensor, it is necessary to take into account the influence of structural
elements on optical parameters with various options for combining materials of a multilayer structure.
Therefore, the study of the influence of individual components and materials of the structure is an
urgent task. Such dependencies can be obtained by modeling the optical parameters of the sensitive
sensor element using information about the optical properties of their structural components.

The purpose of the work: to study the sensory properties of various structures of the sensitive
element by modeling their optical characteristics.

Modeling methodology

Krechman's model was chosen for simulation [12]. It is based on the PPR effect and is a prism
on which a multilayer nanoscale structure is applied (Fig. 1). Modeling was carried out for the
following structures:

The first design is a prism and a sensitive element made of a nano-sized metal layer;

The second structure is the Prism and the sensitive element of the structure is a nano-sized metal
layer with an additional protective nano-sized dielectric
layer.

Electromagnetic radiation passes through the prism
with a specified length of electromagnetic radiation and its
angle of incidence. The light that falls on the boundary of
the distribution of the prism - metal, excites the molecules
found in the air. An additional dielectric layer serves to
protect the metal film from the influence of the molecules
of the substance under study and improves the optical
properties of the system.

The reflection coefficient for such a structure in
accordance with is determined by the ratio [13]:
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Figure 1 — Kretschman's model R=
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where K is the wave vector, d is the thickness of the metal layer, rj; is the reflection coefficient at the
interface between the two media.
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where, € is the dielectric constant of the medium, i, j = 1, 2, 3, depending on the medium.
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where ko = w/c, SIN¥ is the sine of the incidence angle, p of polarized light.

Simulation input data. The following materials SiO,, MgF, were used to analyze the influence
of the refractive index of the prism during modeling. Gold (Au) and silver (Ag) are used as a thin
metal layer. The thickness of the metal layer varied from 1 to 100 nm. Silicon dioxide (SiO,) was
chosen as an additional dielectric component. This is due to its structural and technological features.
The thickness of the additional dielectric layer varied from 1 to 150 nm. The dielectric constants of the
materials are listed in Table 1 [14]. Laser radiation with a wavelength of A = 633nm is used as a source
of external electromagnetic (EM) radiation.

Winspall software (Resonant Technologies GmbH) [15] was used for simulation. It was tested
and confirmed experimentally in the laboratory of the Max Planck Institute (MPI, Framersheim,
Germany.

Hetmanchuk V., Machulianskyi O.



14 "I[IEPCIIEKTUBHI TEXHOJIOIII TA ITIPUJIAZIA . JTyyvk, 2023. Bunyck Ne22

Table 1 — Optical parameters of the components of the sensitive element

Prism Metal Dielectric
Material | n k Material | n k Material | n
MgF2 1,38 |0 Au 0,178 | 3,07 | SiO2 1,51
Sio2 151 |0 Ag 0,151 | 3,97

Research results and discussion of results. For the first structure (a prism and a sensitive
element made of a nano-sized metal layer), modeling of structures using metal films of gold or silver
was carried out. The minimum values of the reflection coefficient were obtained for structures with a
gold film thickness of 50 nm. and silver - 45 nm. In fig. 2 shows examples of the dependence of the
reflection coefficient on the angle of incidence of electromagnetic radiation with different prism
materials for a structure with a nanosized gold film. And in fig. 3 shows examples of the
corresponding dependence for a structure based on a metallic layer of silver.

Analysis of the curves shown in fig. 2 and fig. 3 shows that for a structure based on a SiO2
prism, the value of the plasmon resonance formation angle is smaller than for a MgF2 prism. Silver-
based structures are characterized by lower values of the reflection coefficient than gold-based
structures. The numerical values of these parameters are presented in Table 2. The values of the
reflection coefficient on the straight sections of the curves for the silver-based structure are greater by
0.2 than for the gold-based structure.
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Figure 2 — Dependence of the reflection coefficient on the angle of incidence of electromagnetic
radiation for the first design based on a 50 nm thick gold film with different prism materials

For the second design (prism and sensitive element of the structure, a nano-sized metal layer
with an additional protective nano-sized dielectric layer), the structures were modeled using metal
films of gold or silver, on which an additional dielectric layer of silicon dioxide was applied. The
minimum values of the reflection coefficient were obtained for the structures of a nanoscale gold film
50 nm thick, with a silicon dioxide layer 3 nm thick, or a silver nanoscale film 45 nm thick, with a
silicon dioxide layer 50 nm thick.

In fig. 4 shows the dependence of the change in the reflection coefficient on the angle of
incidence of laser radiation, for a metal-dielectric structure based on Au-SiO2, with different prism
materials.
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Figure 3 — Dependence of the reflection coefficient on the angle of incidence of electromagnetic
radiation for the first design based on a 45 nm thick silver film with different prism materials
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Figure 4 — Dependence of the reflection coefficient on the angle of incidence of electromagnetic
radiation for the second design based on a 50 nm thick gold film, with an additional 3 nm thick
silicon dioxide dielectric layer, with different prism materials

Analysis of the curve shown in fig. 4 shows that for a structure based on a thin film of gold, an
additional dielectric layer of silicon dioxide reduces the minimum value of the reflection coefficient,
and its value in the sections of the curves before and after the PPR effect, the resonance angle
increased.
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Figure 5 — Dependence of the reflection coefficient on the angle of incidence of electromagnetic
radiation for the second design based on a silver film 45 nm thick, with an additional dielectric layer
of silicon dioxide 50 nm thick, with different prism materials

For structures based on silver, the dependence of which the image in fig. 5, an additional silicon
dielectric layer with a thickness of 50 nm has a minimal effect on the optical properties. Thus, the
value of the reflection coefficient during the formation of the PPR is of the order of one ten-
thousandth of a unit, and in the segments before and after the effect of the PPR, the change is
insignificant. However, the resonance angle has increased significantly. The numerical values of these
parameters are presented in Table 2.

Table 2 — Values of resonance angle and reflection coefficient for structures

Gold Gold - silicon dioxide
Prism Reflection Excitation angle Reflection Excitation angle
material coefficient coefficient
MgF, 0,015 51 0,006 53
SiO, 0,019 41 0,004 43
Silver Silver - Silicon dioxide
Prism Reflection Excitation angle Reflection Excitation angle
material coefficient coefficient
MgF, 0,007 50 0,002 70
SiO, 0,002 40,5 0,0001 57

Conclusions. The influence of the material of the prism and the additional dielectric layer on
the optical properties of the sensitive element of the optical sensor has been established. The material
of the prism affects only the resonance angle of the structure. For the SiO,-based structure, it decreases
by about 10 degrees relative to the values for the MgF,-based structure.

An additional dielectric layer based on silicon dioxide improves the optical properties of the
system. Thus, the minimum reflection coefficient decreased by approximately 3 times compared to
structures with metal films. The lowest value of the reflection coefficient is observed for a structure
based on silver with a thickness of 45 nm, with a prism based on SiO,, and a dielectric component of
the same material with a thickness of 50 nm, it is 0.0001.

The thickness of the additional dielectric layer of silicon dioxide for structures based on gold
nanoscale films is 3 nm, and for such structures based on silver 50 nm, respectively. But gold has a
high affinity for human cells and does not undergo oxidation, so it can be used in the medical field.
Silver-based structures allow you to apply a large protective layer of silicon dioxide, but are
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vulnerable to oxidation, so such structures can be used in aggressive environments, for example, in the
chemical, environmental and industrial sectors.

The research used macroscopic values of the parameters of the nanoscale components of the
structure, but it is known that their real parameters differ significantly from the macroscopic ones.

To increase the accuracy of the simulation of the metal-dielectric structure in further studies, it
will be necessary to take into account dimensional changes in the optical parameters of the nanoscale
metal component [16].
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I'ermanuyk BikTop, Mauyasiacbkuii Qnekcanap
HamionansHuii TeXHIYHAN YHIBEpcUTeT YKpainu "KuiBCbKUH TOMITEXHITHUMA IHCTUTYT iMEHI [rops
Cikopcbkoro"

BIIVIUB CTPYKTYPHUX ITAPAMETPIB IIPU3MOBOI'O OIITUYHOI'O JATYUKA HA
HOTr0 CEHCOPHI BJIACTUBOCTI

Y pobomi Oocnidoceno cencopHuii enemenm ONMUYHO2O0 OAMHYUKA HA OCHOBI NOBEPXHEBO20
NJIA3MOHHO20 pe30HAHC). 30Kpema, 6NIu8 KOMHOHEHMI8 CEHCOPHO20 eleMeHMAd HA U020 CEHCOPHI
61ACMUBOCMI  WLIAXOM MOOENIOBAHHST KOHCMPYKIMUGHUX —6apianmie. 3a Mmodenv 0yia obpana
Kougicypayisn Kpeumana, sxa s61ic cobow0 CKIAHY HPUSMY 3 HAHECEHOW HA OO0HY 2paHell
bazamowiapo8y HAHOPO3IMIpHY CmpyKmypy. Bcmarnosneno, wjo mamepian npusmu 6NIUBAE NUULe HA
Ppe30oHaHcHull Kym KoHcmpykyii. Toeuwuna HAHOPOIMIPHUX NIAIBOK 3040Ma Ma Cpibna 3MIHIEANACs 610
1 00 100 um. Minimanshe 3navenns Koeghiyicuma Oyi0 OMmpuMano npu MosujuHi 3010moi ma cpionol
HanoposmipHux naieox 50 um i 45 Hm 6ionogiono. Toswurna naigku OioKCUOY KPeMHIIO 3MIHIO8ANACH
6i0 10 0o 150 um. YV cmpyxmypi Au — SiO, dodasannsi 0iokcudy Kpemmuilo NOKPAWUIO ONMUYHI
enacmugocmi  baecamowiaposoi  cmpykmypu. Minimarehe 3HauenHs  Koeiyienma  8i06umms
3MEHWUNOCL, NPOme MOBUWUHA OTOKCUOY KpeMHito cmanosums 3 HM. Tlpu 30inbuenni mosuwunu wapy
OiefleKmpuxa, ONMmMuYHi 61acCMuU8ocmi cmpykmypu nozipuiyromscs. Cmpykmypa 4ymiueozo eiemeHmad,
8 AKIU BUKOPUCTNOBYEMbCS HAHOPO3MIPHA NAIBKA CPIOAA, Matidice He 3MIHIOE ONMUYHUX 61aCmMUgocmen
npu doodasanni wapy SiO2, 020 moswuna modice docseamu 50 Hm.

Kntouoei cnosa: Onmuuni ceHcopu, noGepxHesull NIA3MOHHUL PE3OHAHC, 3070MO, Ccpibio,
O0IOKCUO KDEMHIIO, CKISAHA NPUMA.
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