
Optics Revista Mexicana de Fı́sica70021301 1–6 MARCH-APRIL 2024

Study of surface plasmon resonance with zirconium oxide multilayer coatings
of silver and gold films: reflection polarization modes and sensitivity
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We propose a surface plasmon resonance (SPR) sensor based on multilayer films with silver (Ag) and gold (Au) interfaces coated with a
thin layer of zirconium oxide (ZrO2) in Kretschmann configuration. A dielectric layer of ZrO2 acts as the prism coating and the second
layer is deposited after the metal film in the dielectric/metal/dielectric (DMD) system. In order to achieve the best design for the sensor,
the dependence of the sensitivity on the angle of incidence and the thickness of the alternating layer is comprehensively explored. The
polarization change results are shown with the anglesΨ and∆ which are the traditional ellipsometry measurement angles of the optical
properties of the DMD system. The advantage of Ag/ZrO2 multilayers over Au and Au/ZrO2 for SPR refractive index detection in terms of
sensitivity, as well as the Ag/ZrO2 interface offers the possibility of studies with promising features for SPR users to generalize this type of
interface. The proposed DMD sensor is expected to find application in biochemical sensing due to its resolution.
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1. Introduction

Refractive index (IR) sensing is important for biological and
chemical applications, many recent works have undertaken
the manufacturing and development of biosensors using var-
ious sensing methods [1]. Surface plasmon resonance (SPR)
is one of them [2, 3]. This method investigates a wide
range of different suspected interactions with a variety of
biomolecules in real-time without labelling [4]. The surface
plasmon (SP) is a charge density oscillation that occurs at the
interface between a noble metal, such as gold (Au) or sil-
ver (Ag) and a dielectric. So, when there is a change in the
refractive index of the dielectric medium, the SP dispersion
relation is altered. The change in refractive index alters the
characteristics of the light wave coupled to the SP and ulti-
mately changes the resonance conditions. Optical excitation
of the plasmon can be achieved through a coupler (prism,
grating, planar or cylindrical waveguide) coated with a suit-
able thin metallic film, or by direct interaction of light with
nanoparticles [5]. The bulky SPR sensors can be attributed to
the successful exploitation of the phenomenon in commercial
and industrial applications. The recognised intrinsic capabil-
ities of the technique, the versatility and adaptability of the
configuration to customer needs and the possibility of multi-
parametric sensing have contributed to its success. When a
dielectric layer is incorporated on the metal film, a waveguide
structure is created that supports both plasmonic and conven-

tional wave modes [6]. Because of the narrower waveguide
resonances compared to SPR, this structure overcomes some
of the limitations of plasmonic sensors. However, to obtain
the highest sensor sensitivity, nanometre-sized holes must be
created in the waveguide to maximise the superposition of
the zero-order waveguide mode and the material to be sensed.
We believe that a study of a comprehensive range of surface
plasmon resonance spectral data on noble metals in various
parameter spaces is an important prelude to the future ap-
plication of more sophisticated spectroscopic techniques for
the experimental determination of fundamental surface plas-
mon properties. This paper is to consider a modified type
of plasmonic waveguide sensor [7] with the noble metals Ag
and Au having a dielectric-metal-dielectric-analyte (DMDA)
[8] structure that supports conventional TM (transverse mag-
netic) plasmonic waveguide modes. The DMDA structure is
specially designed to further decrease propagation losses and
enhance the evanescent field, thus increasing the resolution
and sensitivity of the sensor.

2. Methods

We consider the DMDA structure composed of a BK7 glass
prism of refractive index (n1 = 1.515), for the Ag film:
d = 55.11 nm, εAu = −18.631 + 0.4425i and for the Au
film: d = 49.55 nm,εAu =−12.998+1.033i [9]; both films
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FIGURE 1. Structure of the multilayer sensor consisting of the prism, ZrO2, Ag/Au, ZrO2 and analyte.

with a high refractive index layer [Fig. 1b)]. As the high-
index (H) layer, we consider ZrO2 (n = 2.151) [10] at wave-
length λ = 632.8 nm, the sensing medium (analyte) used
on the transmission side depends drastically on the refractive
indexns = 1.333 [11], since the mode attenuation of the sur-
face plasmon wave (SPW) depends on the refractive index
of the analyte. The core operation of this structure is based
on the total internal reflection phenomenon. Calculations are
made with the S-matrix method [12]. We establish the opti-
mum layer thicknesses, which provide the maximum of the
field enhancement (see Fig. 2) for the last dielectric layer.

In order to observe the excitation of the surface plasmon
polarization (SPP) in the Kretschmann configuration, polar-
ized light (λ = 632.8 nm) was incident on the DMDA layer at
the prism side in the simulation, shown in Fig. 1, correspond-
ing to the reflection behaviour. Inp-polarized light, surface
plasmons are excited at the metal-dielectric interface and res-
onance decay appears in the reflection spectrum. The simula-
tion of this process was performed to evaluate the reflectance
(Rp) using the multilayer (N − layer) model described in
reference [13]. This model defines a layered medium as a
stack of homogeneous thin films (N -layer) of thicknessdk,
permeabilityµk, the dielectric constantεk and refractive in-
dex nk are related according tonk =

√
εk for each layer

along theZ-direction. Furthermore, this model assumes that
all layers are uniform, isotropic and non-magnetic, with the
tangential components of the electric and magnetic fields at
the first boundaryZ = Z1 = 0 being related to those at the
final boundaryZ = ZN−1 by:

[
U1

V1

]
= M

[
UN−1

VN−1

]
. (1)

In Eq. (1) (U1 andV1) and (UN−1 andVN−1) are tangential
components of the electric (magnetic) field at the boundary
of the first and (N − 1)-th layer, respectively.M is known
as the characteristic matrix of the combined structure, and is
mathematically represented as follows:

M =
N−1∏

k=2

Mk =
N−1∏

k=2

[
cos βk −i sin βk/qk

−iqk sin βk cos βk

]
(2)

with

βk =
2πdk

λ
(εk − n1

2sin2 θ1)1/2, (3)

wheren1 =
√

ε1 represents the refractive index (IR) in the
incident medium (prism),λ andθ1 are the wavelength of the
polarized laser beamp and the incident angle measured rela-
tive to the normal at the prism-metal layer interface, respec-
tively, βk is the phase change found at the interface in the
layerkth andd is thickness of the layerk. However,qk is the
effective refractive index at the medium, analyte or dielectric,
film and is given by:

qk =

{
nk/ cos θk p-polarization

nk cos θk s-polarization
(4)

So it depends on whether the incident light is polarized
(parallel-p or perpendicular-s) about the incident plane. Fi-
nally, the amplitude of reflected wave (rp) andRp are given
by:

rp,s =
(M11 + M12qk)q1 − (M21 + M22qk)
(M11 + M12qk)q1 + (M21 + M22qk)

, (5)

Rp = |rp|2 (6)

In order to examine the amplitude and phase changes of
the obliquely reflected and transmitted wave within the film,
the complex amplitude (rp parallel andrs perpendicular) is
reflected obliquely and can be written in terms of their values
and angles, as follows [14]:

rp = ρpe
iφp , (7)

rs = ρse
iφs , (8)

ρp andρs are the amplitude attenuations of the wave,φp and
φs represent the electromagnetic wave phases for the parallel
p ands perpendicular components. The Kretschmann con-
figuration also provides a better signal-to-noise ratio, which
allows the surface plasmons to penetrate the sensing medium
for high interactions with the analyte, in general, Eq. (5)
represents two polarization states (p ands). A polarization
change occurs at the reflection site because of the difference
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in attenuation of amplitude and phase shift experienced by
the p ands components. The relationship between incident
and reflected polarization is represented as follows:

ρ =
rp

rs
. (9)

The polarization change after reflection from a surface is
represented by a complex reflection coefficient:

ρ = tan(Ψ)e−i∆ (10)

so

tan(Ψ) =
ρp

ρs
, ∆ = φp − φs (11)

The right-hand side of the Eq. (10) is represented as a
function f(n; k; d). Applying the ellipsometric, which is a
metrology technique that measures a polarization state upon
light reflection on a sample surface and is able to determine
a film thickness non-destructively with a high accuracy of
nanometers and is widely used to investigate the properties
of a surface and the films that covers it, with this technique
the anglesΨ and ∆ are obtained using ellipsometric mea-
surements of optical properties of a polyphase system, that is,
the refractive index of the medium, dielectric, film, dielectric
and analyte aren1, n2, n3, n4 andn5 respectively, the thick-
ness of the metal filmd2, dielectric thicknessd1 andd3 for
given values in the wavelength emitted beam and incidence
angleθk in the medium. The equation is written as follows:

ρ = f(n1, n2, n3, n4, n5, λ, d1, d2, d3, θk). (12)

The above equation can be divided into two equations for
Ψ and∆, thus:

Ψ = tan−1 |f(n1, n2, n3, n4, n5, λ, d1, d2, d3, θk)|, (13)

∆ = arg [f(n1, n2, n3, n4, n5, λ, d1, d2, d3, θk)] , (14)

where|ρ| andarg(ρ) are absolute values and argument of the
complex valueρ.

3. Results and discussion

Results of a numerical simulation (MATLAB software) on
the reflectance of the prism coated with a dielectric film
d1(ZrO2, 5 nm) are shown in Fig. 1a); in which there is a
metallic layerd2(Ag, Au) coated with a dielectric thickness
d3(ZrO2), it is assumed that this dielectric thickness is var-
ied in order to obtain the minimum reflectivity observed for
TM polarisation, as seen in Fig. 1b). The minimum of the
reflectivity for d3 in the silver film and gold is observed in
the plasmon polarised resonance at (Rmin(Ag) = 2.525 ×
10−7, θAg = 49.054◦) and (Rmin(Au) = 7.391 × 10−5,
θAu = 47.5247◦). In the absence of analyte, the reflectiv-
ity decreases with increasing dielectric thickness, the mini-
mum reflectance is found for a thickness in the silver film of
0.196µm and in gold of 0.186µm. Usingλ = 632.8 nm
and a prismBK7 of refractive indexnp = 1.515, the op-
timum thickness of the bottom metal layerZrO2 for which
d = 5 nm,ε2 = 4.629 (see Fig. 2), for Ag is (d = 55.11 nm,
εAg = −18.631 + 0.4425i) and for Au is (d = 49.55 nm,
εAu = −12.998 + 1.033i) [9]. Observe that the SPR genera-
tion is mainly influenced by the thickness of the metals. If the
metal layer is very thin, the SPPs will be strongly damped due
to the damping of the radiation in the prism. If the metal is
very thick, the SPPs can no longer be excited effectively due
to absorption in the metal. The advantages of a lower layer
of dielectric for silver compared to gold becomes more evi-
dent by considering the SPR signals of the silver- and gold-
based composite films in general. Figure 3 shows the differ-
ent values of the refractive indices in the analytes, one can
see that the refractive index increases, as the reflectivity de-
creases, so the minimum reflectivity is observed for the ana-
lyte with ns = 1.333, for Ag film (Rmin(Ag) = 7.191×10−5,
θAg = 68.397◦) and Au found at (Rmin(Ag) = 6.888× 10−5,
θAg = 67.092◦).

FIGURE 2. a) BK7/ZrO2(5 nm)/Ag(55.11 nm)/ZrO2. b) BK7/ZrO2(5 nm)/Au(49.55 nm)/ZrO2. Reflectance versus angle of incidence curve
with different coating film thicknesses ZrO2 for Ag a) and Au b).
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FIGURE 3. a) BK7/ZrO2(5 nm)/Ag(55.11 nm)/ZrO2(196 nm)/IR b) BK7/ZrO2(5 nm)/Au(49.55 nm)/ZrO2(186 nm)/IR. Reflectance versus
angle of incidence curves for the DMD for different refractive indices of analytes.

The anglesΨ and ∆ associated with the ellipsometry
function (10) are shown Fig. 4, these figures are based on the
incidence angleθk with values for the film of Ag (d3(ZrO2) =
0.196 µm) and Au (d3(ZrO2) = 0.186 µm).

Figures 4a) and 4c) when∆ = 0 or π, light that ap-
pears linearly polarised at any azimuthal angle from the inci-
dent plane becomes linearly polarised after being reflected by
dielectric-metal-dielectric-analyte (DMDA). Hence, it would
represent a polarised surface suppression analyser, so when
∆ = π/2 or 3π/2 the major or minor axes of the polarisation
ellipse of the reflected light is linearly polarised for a certain
azimuthal angle and is aligned parallel or perpendicular to
the incident plane. Figures 4b) and 4d) iftanΨ = 1 then
Rp = Rs andρ = ei∆ the DMDA system acts as a reflection
retarder. Soρ = tan Ψ is a minimum or a maximum, this
points indicate a given DMDA system closely operates like a
suppression polarisers or p.

The SPR measurement signal depends critically on sev-
eral characteristics of the system, which is related to the re-
fractive index of the metal layer and its thickness. The refrac-
tive index of the metal influences the position of theΘSPRan-
gle and the full width at half maximum (FWHM) in SPR sig-
nal and the intensity on the resonance atΘSPR (ISPR). Gold
like silver are light-absorbing interfaces. The parts of the re-
fractive index (n = n′ + in′′) both real and imaginary deter-
mine the overall characteristics of the SPR.

For a specific incident wavelength and coupling prism,
there is a minimum ISPR and FWHM corresponding to an
optimum film thickness. The value of the angleΘ is a func-
tion of the refractive indices used in the prism, the metal
film, the dielectric layer above and below (dielectric adhe-
sive layer or layers) and also the thicknesses of the metal
film. Weak adhesion of metals such as gold and silver on
glass implies the use of an adhesion layer such as ZrO2 prior
to the deposition of the metal films, the layer below the metal
has a pronounced effect on the SPR profile and is consid-
ered thin enough to completely coat the glass substrate and
provides a solid adhesion layer for the metal film [15]. The

increase in SPR curves width (FWHM) with growing ZrO2

thickness demonstrates that the additional layer on the top
metal (Ag,Au) must be controlled to a very small thickness.
In SPR, a small value of FWHM is advantageous as it shows
the ability of the sensor to detect small changes in the refrac-
tive index of the analyte [16]. A figure of merit (FOM) was
defined by [17] to quantitatively evaluate the refractive index
sensitivity of various optical sensors [Eq. (15)], in whichm is
the slope of the linear regression for the refractive index that
depends onΘSPR/FWHM (Fig. 5). The deeper and narrower
the resonance peak, the more accurate is the determination of
theΘSPRposition.

FOM =
m (degreeRIU−1)

FWHM (degree)
(15)

Both parameters are obtained by changing the dielec-
tric medium in contact with the SPR interface. Fig-
ure 3 shows the resulting SPR curves when the mul-
tilayer interfaces ZrO2(5 nm)/Ag/ZrO2(0.196 µm) and
ZrO2(5 nm)/Au/ZrO2(0.186 µm) are in contact with solu-
tions of increasing refractive indices. The FWHM and ISPR
are not strongly influenced by increase in the dielectric con-
stant. Gold-based SPR interfaces on the other hand, show
significant changes in the ISPR [Fig. 3b)]. In addition, due
to the larger changes of theΘ, the detectable refractive in-
dex range decreases with ZrO2/Au and becomes more pro-
nounced in the ZrO2/Au/ZrO2 interface. This is the result
of the deeper probing depth of the silver-based SPR inter-
faces [18]. A stronger evanescent field implies a larger detec-
tion region, which is important for monitoring biomolecular
interactions of analytes and larger analytes with immobilised
species on the surface. Therefore, the FOM is obtained more
accurately by determining the linear regression slopem in
the graph∆ΘSPR/FWHM versus the refractive index of the di-
electric medium (Fig. 5). A linear relationship is observed
in all cases with a minimum sensitivity of50.619RIU−1 for
ZrO2/Au/ZrO2 and the higher sensitivity of148.77RIU−1

for ZrO2/Ag/ZrO2.
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FIGURE 4. Multilayer SPR simulation curves at different thicknesses of ZrO2 with analyte for the angle of incidence in phase dependence∆
and angle of incidence in amplitude dependenceΨ for Ag and Au. a) and b) Silver: BK7/ZrO2(5 nm)/Ag(55.11 nm)/ZrO2(196 nm)/analyte,
c) and d) Gold: BK7/ZrO2(5 nm)/Au(49.55 nm)/ZrO2(186 nm)/analyte.

FIGURE 5. Change in the ratio∆ΘSPR/FWHM with increasing re-
fractive index of the dielectric medium: ZrO2(5 nm)/Ag(55.11 nm)
(squares), ZrO2(5 nm)/Ag(55.11 nm)/ZrO2(196 nm)
(circles), ZrO2(5 nm)/Au(49.55 nm) (diamonds) and
ZrO2(5 nm)/Au(49.55 nm)/ZrO2(186 nm) (asterisk).

4. Conclusions

The multilayer SPR sensors ZrO2/Ag/ZrO2 and
ZrO2/Au/ZrO2 were investigated theoretically. The effect

of the metal and dielectric layers on the optical properties
of the film structure has been analysed and discussed. The
thicknesses of Ag and Au metal layer with ZrO2 film play an
important role in the refractive index sensitivity and improve
the SPR characteristics. The simulation work showed that
the characterisation for the polarisation state of the DMDA
multilayer reflected radiation under the polariton resonance
condition presented remarkable behaviours that are classified
in the complex plane of the ellipsometry equation. These
behaviours are observed in the amplitudeΨ and phase∆
curves. For∆ = 0 or π, the light that appears linearly
polarised at any azimuth angle from the incident plane is lin-
early polarised after being reflected by DMDA, which would
represent a polarised surface suppression analyser. Then if
∆ = π/2 or 3π/2 the major or minor axes of the polarisation
ellipse of the reflected light are linearly polarised for a cer-
tain azimuth angle and also aligned parallel or perpendicular
to the plane of incidence. FortanΨ = 1, Rp = Rs and
ρ = ei∆, the DMDA system acts as a reflection retarder.
So, ρ = tanΨ is a minimum or a maximum, these points
indicate a given DMDA system that approximately behaves
like a suppression polarisers or p. The results show that the
FOM with the optimised ZrO2 coating layer thicknesses for
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Ag and Au were 0.196µm and 0.186µm, respectively. The
multilayer DMDA coating presented a minimum sensitivity
of 50.619RIU−1 for ZrO2/Au/ZrO2 and the higher sensi-

tivity of 148.77RIU−1 for ZrO2/Ag/ZrO2 with promising
features for SPR users to generalize this type of interfaces.
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