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PLASMON RESONANCE
PROPERTIES OF Au, Cu, AND Ag
MULTILAYERED STRUCTURES WITH P(VDF-TrFE)

The theoretical modeling of the optical response of layered metal-polymer structures, which can
be employed as plasmonic sensors, is carried out. The calculation of their linearly polarized
light reflection is performed with the use of the well-known matriz method, which describes the
electromagnetic radiation propagation through a sequence of homogeneous flat-parallel media
layers. In this way, the attenuated total reflection curves of the structures containing metal
films (Au, Cu, or Ag) and a polymer dielectric are obtained and analyzed. A new sensor is pro-
posed, which will utilize the ferroelectric P(VDF-TrFE) copolymer separating metal films. This
might be a perspective idea for the creation of tunable plasmonic sensors. The dependencies
of the angular position of a surface plasmon resonance versus the thicknesses of structure’s
layers, as well as versus the refractive index of the medium contacting to the free surface of
a sensor, are considered. This makes it possible to carry out the approximate search for opti-
mal constructive parameters of a sensor, namely, the thicknesses of metal and polymer layers,
and to make conclusion about its resulting sensitivity and working range. It is found that the
sensors based on a single metal film and a couple of such films separated by a polymer differ
1...1.3 times in the sensitivity (single metal film demonstrates a more rapid resonant angle
shift with analyte refractive indez variation). It is established that the employment of Au, Cu,
or Ag gives no significant changes in the sensitivity of a two-metal-layer sensor with a polymer,
but the widest refractive index registration range may be expected for a Cu-based sensor.

Keywords: surface plasmon resonance, biosensor, P(VDF-TrFE), thin metal films, tunable
sensor, attenuated total reflection.

1. Introduction

Today, molecular sensors working on the principles
of utilization of the phenomenon of a surface plas-
mon resonance (SPR) on metal-dielectric interfaces
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have become widely used. The basis of their opera-
tion mechanism is the enormous sensitivity of sur-
face plasmons to the local dielectric permittivity or,
equivalently, to the refractive index of an analyte. All
the variety of different applications of such sensors
is achieved by their surface functionalization with
special substances, coatings, ligands, and so on. As
examples, SPR sensors are used to study protein-
protein interactions [1], for drug discovery [2], and
for the detection of metal ions [3]. They can provide
some additional features [4] such as the temperature
control [5].
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The production technology for SPR sensors contin-
ues to be actively developed. Scientists are looking for
new plasmonic materials [6], which can become a base
for novel devices possessing better functional charac-
teristics. A lot of new ideas of the functionalization
of sensors are theoretically and experimentally ex-
plored. Metal-insulator multilayered structures with
the coupling of plasmonic modes demonstrate the en-
hanced sensitivity due to a special spatial distribution
of the electric field and are promising for the thin ad-
sorbate film sensing [7].

In this article, we propose a new multilayered sen-
sor which is formed of metal films (Au, Cu or Ag) and
a ferroelectric P(VDF-TrFE) copolymer layer. Plas-
monic structures with the utilization of various dielec-
tric materials (e.g., HfOq, as we read in [8]) are widely
developed and tested. Aside from a low cost of the
polymer compared to oxide dielectrics, such combi-
nation may be perspective for the creation of sensors
with tunable resonant characteristics. In the litera-
ture, we can find the consideration of the magnetic
field influence on the parameters of a surface plas-
mon resonance in permalloy/noble metal films [9]. Si-
milar ideas, but for the electric field and P(VDF-
TrFE), can be of interest. The aim of the work is
a primary theoretical modeling of such sensors, cal-
culation of their plasmonic response, and comparison
with the characteristics of traditional plasmonic sens-
ing structures.

2. Methodology

The computation of the characteristics of layered
structures proposed for using as biosensors is per-
formed by the well-known matrix method whose de-
scription can be found in [10]. This method allows one
to determine the complex amplitudes of electromag-
netic (particularly, optical) waves traveling through
a sequence of plane-parallel interfacing media with
multiple reflections inside it.

The diagram of such sequence is shown in Fig. 1.
Each layer is assumed to be homogeneous and iso-
tropic. So, its optical properties are completely de-
scribed by the complex refractive index V; = n; —ik;,
where n; are real refractive indices of the layers, and
k; are extinction coefficients. The incident wave is
considered as flat-front, monochromatic, and linearly
polarized. The general solution of Maxwell‘s equa-
tions for j-th layer consists of two sinusoidal waves

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 9

t

E
no| Ny I:> Nim | Nms1
Er
- T 1 Z
01 j1 m

Fig. 1. Illustration to the indexing of layers

traveling contrary to each other:

E (z,t) = aj exp {z (wt — 2¥sz + og)} +

+bjexp {z (wt

The constants a;, b;, o;, and §; are found from the
continuity of the boundary conditions:

- Q;TNjHﬁj)}. (1)

E(z; —0,t) = E(2; +0,t). (2)
As we will deal with relative and averaged field am-
plitudes, the time-dependent multiplicands can be ex-
cluded, and the last boundary‘s amplitude can be put
to be of a unit value. Then the following recurrent re-

lations can be derived for the sequence of layers:
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where @, are phase thicknesses, and ¢ and r are the in-
dices corresponding to the transmitted and reflected
waves, respectively. For the convenience, these rela-
tions can be arranged into matrices.

The magnetic field amplitudes can be found in a
similar way. Finally, the Poynting vector averaged
values give relations for the transmittance and re-
flectance coefficients (m is the last boundary’s index):
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Fig. 2. The structures considered at different stages of the modeling of plasmonic sensors
(by the example of Au): simple one-metal layer (a), metal with a polymer coating (b), two

metal layers separated by a polymer one (c)
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Fig. 3. ATR curves calculated for different thicknesses of Au:
p-polarization (a), s-polarization (b).
with symbols to distinguish them. TRA — total reflection angle

The curves are marked

The approach mentioned above can be successfully
applied to the case of non-right-angle input ray inci-
dence by introducing the concepts of effective refrac-
tive indices and phase thicknesses.

The key advantage of this method (besides the ease
of the addition of new layers to the model and the
interference account) is that the formalism describes
correctly non-trivial reflection cases, namely, the total
internal reflection and the attenuated total reflection
(ATR) with its specific minimum related to the sur-
face plasmon resonance phenomenon. That is why it
can be involved in calculations of the response of plas-
monic structures and the analysis of their efficiency.

The modeling of a common practical situation was
performed in the case where the layered structure on
a glass substrate slide is placed onto the reflective
face of a total internal reflection prism, while the
outer side of the structure is exposed to the influ-
ence of an analyte. The wavelength of a probe beam
was accepted to be equal to A = 625 nm. For calcu-
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lations, the optical constants n and k of gold, cop-
per, and silver were taken from [11]. The angular or
wavelength scanning is easy simulated by the vari-
ation of corresponding parameters, and the analyte
effect on the sensor is modeled by a change of the
outside medium refractive index. The changes in the
governed structure and its properties due to the fer-
roelectric P(VDF-TrFE) layer can be taken into ac-
count in the same way (keeping in mind, however,
that the electrical field application to the ferroelectric
polymer changes, in general, its dielectric permittiv-
ity tensor). As a result, the ATR-curves are theoret-
ically obtained for the further analysis.

3. Discussion

When studying the properties of improved sensors,
one should choose some known reference object to
compare the obtained results. For the start, we took
the traditional plasmonic structure in the form of a
gold film few tens nanometers in thickness, which was
deposited on a glass substrate (Fig. 2, a).

The curves of the attenuated total reflection calcu-
lated for several gold layer thicknesses are shown in
Fig. 3. The outer medium refractive index is n = 1.
One can see a minimum corresponding to the plas-
monic resonance in the case of p-polarized radiation
(a); for the s-polarization (b), there is no such effect.

The main response of a plasmonic sensor to analyte
composition changes is the shift of the resonant an-
gle. So, for the effective and precise sensor function-
ing, a well-defined resonant dip on its ATR-curve is
required. In spite of the tendency of such a dip to de-
crease in depth, as the refractive index of the analyte
increases, it is logical to choose a metal layer thick-
ness appropriate to provide the resonance amplitude
as large as possible at the starting point (n = 1). This
is the first step. Second, if the resonant dip is located
not far from the angle of total internal reflection at

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 9



Plasmon Resonance Properties

o4
N

%

[6,] w
2N
1 1
1 1

a
o

%

SPR angle position, deg.
e B
[o:] ©
1
1

S »
o ~
1 1

1

FAN | %

S
15
1

IS
iN

v 1 LR

T 1
0 10 20 30 40

LI O BT [ SO R FR R PR
50 60 70 80 90 100 110 120

Au thickness, nm.

Fig. 4. Plasmonic resonance position versus the Au layer

thickness

n = 1, this leaves a wider range for its swing under
working conditions. The dependence of the resonance
position on the gold layer thickness is presented in
Fig. 4. Third, the thicker the metal layer, the higher
the cost and duration of the fabrication. These crite-
ria prompt one to choose the Au layer thickness of
about 50 nm as the optimal value for the wide-range
plasmonic sensor development.

Similar estimates for Cu and Ag give 30 nm and
40 nm, respectively.

For these three metals at the mentioned thick-
nesses, we have modeled the plasmonic response. Fi-
gure 5 shows how the resonant “antipeak” travels, as
the refractive index of the medium varies. It is seen
that the inclinations of the graphs are slightly differ-
ent. Their value allow us to conclude that the sen-
sor sensitivities (near n = 1.3) are approximately
120 deg/RIU for Au film, 92 deg/RIU for Ag, and
80 deg/RIU for Cu one, where RIU is Refractive In-
dex Unit. These curves also relate sensor’s operating
range to the measurement apparatus geometry. For
example, if the maximum accessible angle of the light
internal reflection is ¥,.x = 80°, the refractive in-
dex in the interval 1.0...1.4 can be registered (more
precise values vary from graph to graph).

The next intermediate step in the sensor develop-
ment is the deposition of a P(VDF-TrFE) copolymer
layer onto the free metal surface (Fig. 2, b). It can
play a chemically protective role (similar to the avail-
able approaches utilizing the oxide dielectric cover-
ing [12] to preserve the plasmonic metal film from
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Fig. 5. SPR angle dependences on the outer medium refrac-
tive index in the cases of Au, Cu, and Ag single layer on glass
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Fig. 6. ATR curves calculated for different thicknesses of the
P(VDF-TrFE) layer on the top of a 50-nm-thick Au layer: p-
polarization (a), s-polarization (b). The curves are marked
with symbols to distinguish them. TRA — total reflection angle

a degradation [13]), as well as be used for a modifi-
cation of sensor’s characterictics. Figure 6 might be
interesting to watch the consequent complication of
ATR-curves (the refractive index of the outer medium
is 1). One can find some additional minima on them,
having the interference origin. The resonant angles
now occupy an area predominantly from ¥ = 75°
and higher.

At the next step, the theoretical model involves
the second metal layer as well, placed on the top of
the polymer (Fig. 2, ¢). The case of the same mate-
rial and thickness of two metal layers was selected for
consideration. The results of the simulation of ATR-
curves for different polymer thicknesses are presented
in Fig. 7.
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Fig. 8. SPR angles for different polymer thicknesses in the

structures with two 50-nm Au layers

Similar to the previous case, the plasmonic reso-
nant peak for these structures is located at the do-
main with a relatively high angle (9spr > 70° for the
polymer thickness above 300 nm), and they are pos-
sess a more round and smooth shape. In spite of this,
the more careful and accurate numerical processing
of the curves is needed to achieve the required sen-
sor precision, in comparison to the case of a single
metal layer. The overall sensitivity improvement may
be reached due to a more extended evanescent wave
localization zone. This takes place in the case of mul-
tilayered structures with surface plasmons from the
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Fig. 9. SPR angle dependences on the outer medium refrac-
tive index in the cases of Au, Cu, and Ag double-layer sensors
with P(VDF-TrFE)

interaction of different interfaces [7]. But this ques-
tion needs to additionally compute a spatial distribu-
tion of the electromagnetic field. Moreover, the inter-
ference in the polymer layer contributes to the for-
mation of extrema of the curves. This may be used
for the control over the tunable parameters of sensors
(especially, over the recording of additional auxiliary
ATR-curves in s-polarized light).

There are several criteria for the choice of a
P(VDF-TrFE) thickness. First, it is necessary to pro-
vide a wide range for the resonant dip traveling to-
ward large angles of the light incidence on ATR-
curves. This limits the maximum allowable thickness
at 200 nm (as a last resort, no more than 300 nm). Se-
cond (optional) — to have any interference extrema
within the recorded curve area. This may be actual
for tunable sensors, satisfied, when the polymer thick-
ness is 300 nm and more. Third, the application of
a voltage to the metal layers (using them as elec-
trodes) must have possibly a strong effect on SPR
conditions. Assuming that the main mechanism is a
piezoelectric extension of the polymer layer, one can
choose a value within 200...300 nm from the graph
presented in Fig. 8. This graph shows the SPR peak
position versus the polymer thickness in the struc-
tures under study. Thus, summing up, the 200-nm
thickness of P(VDF-TrFE) can be chosen as the op-
timal value.

We recall that the above-mentioned thicknesses
correspond to the sensor containing two 50-nm Au
layers. For other metals — 30-nm Cu and 40-nm Ag —
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a similar reasoning leads to the choice of 250-nm and
250-nm P(VDF-TrFE) layers.

The dependence of the SPR angle on the analyte re-
fractive index was computed for the structures based
on all these three metals. Corresponding graphs are
presented in Fig. 9.

One can see from this figure that the accessible
ranges to measure refractive indices are different for
these three cases. The plasmonic peak of the Au-
based structure disappears already at n = 1.4. The
sensor with the widest range (as expected from the
corresponding graph extrapolation) is constructed on
the base of copper. Then the silver-based one follows.
Exploiting them allows registering the local refractive
index changes up to n = 1.5, even more. We note
that the inclination of the graphs is approximately
the same, namely, 80 ...86 deg/RIU in the vicinity of
n = 1.3. This indicates similar sensitivities of such
sensors. However, they are lower in comparison to
single-layer structures.

4. Conclusions

Thus, the matrix method describing the propaga-
tion of electromagnetic radiation in a sequence of
flat-parallel layers can be applied to the development
of plasmonic resonant sensors. From this viewpoint,
metals such as gold, copper, and silver, which are
used in plasmonics, differ from one another only in
optical constants n and k (i.e., complex refractive
index). Calculations show that, in the films of each
of these metals, the plasmon resonance phenomena
manifest themselves approximately to the same ex-
tent. So, all they can be utilized as materials for
biochemical sensors.

The maximum value of the resonant absorption of
optical radiation by a single metal layer (when the
refractive index of the medium forming the interface
with its surface is equal to 1) is reached, when the
thickness of Au is about 50 nm, Cu — 30 nm, and
Ag — 40 nm. These values can be chosen as optimal.

The passage from the single-metal-layer struc-
ture to a double-metal-layer one, which includes
the P(VDF-TrFE) separating layer, gives, up to 1.4
times, a decrease of the SPR angle sensitivity to
changes in the refractive index of an analyte (over-
all sensor’s sensitivity, though, may be higher due to
a wider zone of the interaction between the electrical
field of a plasmon and the medium, but achieving this

ISSN 2071-0194. Ukr. J. Phys. 2023. Vol. 68, No. 9

requires a careful optimization of the structure). But
such structure might potentially be used for tun-
able plasmonic sensors with driven resonant charac-
teristics. Preferable values of the P(VDF-TrFE) layer
thickness are 200 nm for an Au-based sensor and 250
for Cu- and Ag-based ones.
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IIJTABMOHHO-PE3OHAHCHI
BJIACTUBOCTI BATATOIIIAPOBUX CTPYKTYP
HA OCHOBI Au, Cu, Ag TA P(VDF-TtFE)

Y poboTi mpoBEIEHO TEOPETUYHE MOJIEJIIOBAHHS OIITUYHOTO BiJl-
YKy IIapyBaTUX METAJOIOJIMEPHUX CTPYKTYD, SKi MOXKYTH
OyTH BUKODHCTaHI fK IIJIa3MOHHI ceHcopu. Po3paxyHok Binbu-
BaHHS HUMH JIiHIFHOIO IIOJISIPU30BAHOIO CBITJIa IIPOBOJUBCS 3
BUKOPHUCTaHHSM BiJJOMOrO MaTPUYHOTO METOJY, L0 OIHUCYE IO-
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IIUPEHHsT €JIeKTPOMATHITHOIO BUIIPOMIHIOBAHHS Yepe3 IIOCJIi-
JIOBHICTB OJIHOPIJIHMX IIJIOCKOIIapaJeJIbHUX IIapiB CepPeIOBHUIIL.
Takum 9rHOM OTPHMAHO Ta IPOAHAII30BAHO KPUBI IOPYIIEHO-
o IMOBHOI'O BHYTPIIIIHBOIO BiJIOMBaHHSI CTPYKTYP, IO MIiCTITH
metanesi mwiiBkn (Au, Cu a6o Ag) Ta moNiMEpHU Ji€JIEeKTPHUK.
3amponoHOBAHO HOBUIl CEHCOD, AKUI MATHME B CBOEMY CKJIAJL
cerneroesiekTpuaauit Konosimep P(VDF-TrFE), mo poszisnse
Merasesi miiBku. lle Moxe OyTH IIE€PCHEKTHUBHOIO ife€ro HJst
CTBOPEHHSI DEryJjbOBaHUX IJIA3MOHHHUX ceHcopiB. PosrisnyTo
3aJIe2KHOCT] KyTOBOI'O ITOJIOXKEHHSI IIOBEPXHEBOIO IIA3MOHHOTO
PE30HAHCY BiJl TOBIIMHHU IIAPiB CTPYKTYPH, & TAKOXK Bij 1O-
Ka3HUKa 3aJIOMJICHHSI CEPEIOBUINA, sIKe KOHTAKTYE 3 BIJIHLHOIO
nmoBepxHeio ceHcopa. lle mosBosmio 3aificuuTu HaOIUXKEHUNH
MOIIYK ONTUMAaJIbHUX KOHCTPYKTHBHHX IIapaMeTPiB ceHcopa, a
came, TOBINWHE METAJIEBUX 1 IMOIMEpHHX mIapiB, Ta 3poburu
BHUCHOBKH IIPO IX DPe3yJIbTYIO4Yy 4yTJIMBICTH i poboumil Jiana-
30H. BusiBjieno, mo ceHcopu Ha OCHOBi OfHi€l MeTasIeBOl IITiB-
KU Ta Iapu IJIiBOK, PO3/IJIEHUX ITOJiMEPOM, BiJIPI3HAIOTHCS 3a
qyTiusictio B 1 ... 1,3 pasu (oguHapHa MeTaJsieBa IJIIBKa JEeMOH-
CcTpye OimbII IIBUAKAN PE30HAHCHUN 3CYB KyTa IIPHU 3MiHi ToKa-
3HUKa 3aJIOMJIEHHSI JOCJIIPKYBaHOI pevdoBHHHM). BcranosieHo,
o Bukopucranas Au, Cu abo Ag He J1ae CyTTEBUX BiIMiHHO-
cTeil y 4yTJIMBOCTI CEHCOpa 3 JIBOMa MeTAaJIEBUMH IIapaMu Ta
OJTIIMEPOM, aJjie HaMIIUPIIOro Jialta3oHy peecTpalil MOKa3HU-
Ka 3aJIOMJIEHHSI CepeJl HUX MOXKHa O4iKyBaTH BiJ| CEHCOpa Ha
ocuosi Cu.

Katowoei c.ao6a: MOBEPXHEBHI IIJIa3MOHHUI pe3oHaHC, 6io-
cercop, P(VDF-TrFE), Tonki MeTaseBi IUIiBKU, HACTPOIOBAHMIA
CEHCOP, MOpYIIEeHEe [TOBHE BHYTPIIIHE BiAOMBAHHS.
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