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Numerical analysis of a Kretschmann surface plasmon
resonance sensor with silver/TiO,/BaTiOs/silver/graphene

for refractive index sensing
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The sensitivity of a Kretschmann surface plasmon resonance (SPR) sensor was analyzed. The Kretschmann setup had

multiple layers, a BK7 prism, silver, barium titanate (BaTiO3), titanium dioxide (Ti0O,), and graphene. The BaTiO; and

TiO, coatings were sandwiched between two silver layers. The sensitivity of 260°/RIU has been achieved. The gra-

phene layers are added to the configuration to improve sensitivity and as a bio-compatibility agent. This configuration

can be used for biochemical sensors.
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Surface plasmon resonance (SPR) sensors have many
applications in various fields of pathogens detection,
medical diagnostics, and bio-markers analysis''™). SPR
sensors can characterize and detect biomolecules with
high sensitivity. These SPR sensors monitor the changes
in the refractive index at the metal-dielectric interface of
the sensors. Minor changes in the refractive index change
the resonance conditions and cause a shift in the recorded
SPR signal™®,

SPR is a powerful tool for chemical and biomedical
applications. The resonant energy coupling between the
incident light and the metal-dielectric boundary plas-
mons is affected by the changes in the refractive index of
the external environment. Surface plasmons are the co-
herent oscillations of free electrons on a two-media in-
terface with opposite signs of dielectric permittivity. The
surface plasmons have an electric field that peaks at the
interface and then exponentially decays with distance.
Surface plasmons require transverse magnetic (TM) light
for excitation since the plasmons are TM!!. Direct light
cannot excite surface plasmons. The used incident light
must have more momentum to achieve phase matching
and excite the surface plasmons. To achieve momentum
matching, prisms, fiber gratings, and waveguides can be
used™. In the Kretschmann configuration, the light inci-
dent on the prism experiences attenuated total reflection
(ATR), and an evanescent field forms on the thin metal-
lic dielectric layer.

Silver, gold, aluminium, and copper have been used as
plasmonic materials. Gold is useful due to its resistance
to oxidization and corrosion™”. However, gold can show
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low detection accuracy and wider resonance curves. Sil-
ver needs prior treatments to limit oxidization, but its
narrow resonance curves are valuable in practice. With
protective layers, sliver can be used more in SPR bio-
sensors'>”. Plasmonic metals have poor adsorbability,
and biomolecules show poor attachment to the metal
interface of the sensor. Thus, two-dimensional (2D) ma-
terials can enhance the sensors’ response to analytes.

Graphene is a common 2D material for enhancing
SPR biosensor performance because of its charge carrier
mobility and rich 7 conjugation structure. Due to its high
surface-to-volume ratio, graphene can adsorb the ana-
lytes’ biomolecule!'”). Graphene coatings can accom-
modate biological tissue samples and DNA/RNA. Gra-
phene is a strong material with good flexibility, broad-
band absorption, and high transparency in the visible
range of the spectrum. Graphene has been used in SPR
sensors for frolic acid protein detection and showed a
limit of detection of 5fM!"!. Theoretical analysis
showed that using ZnO with graphene on gold coated
prism can achieve a sensitivity of 187.43°/RIU"). An-
ti-fouling coatings may be needed to ensure better per-
formance for these sensors. However, 2D materials like
graphene can cause unneeded energy loss due to their
large extinction coefficient, resulting in wider SPR
curves and shallower resonance dips.

Using metal oxide can improve SPR biosensors’ sen-
sitivity due to the enhanced intensity of the evanescent
field. The titanium dioxide (TiO,) has good chemical
stability and a higher refractive index. Thus, it has been
used to enhance SPR sensors’ performance. A D-shaped
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fiber SPR sensor with gold/TiO, coatings was shown to
have a theoretical maximum sensitivity of up to
30 000 nm/RIUM?. The barium titanate (BaTiOs) has a
high refractive index and minimum loss with a 50%—
70% porosity. The average pore size is 30 pm in diame-
ter. BaTiO; was shown not to exhibit short-term toxicity,
which can be useful for biosensing applications!'?).
Theoretical work showed that the sensitivity of a Kret-
schmann setup with silver/BaTiO; could reach
257°/RIUM,

BaTiO; and TiO, were used in this proposed sensor
between two layers of silver to improve its sensitivity.
The use of two layers of sliver showed better sensitivity
when the BaTiO; and TiO, coatings were used. A gra-
phene layer was used on the sensor to enhance its ad-
sorption of biomolecules. Silver was used due to its
sharp resonance dips as well. Numerical analysis using
finite-difference-time-domain methods in a COMSOL
platform was used to study the performance of the sens-
ing structure.

The proposed sensor has six layers. The first layer is a
BK7 prism. BK prism has limited dynamic range, yet
they show good sensitivity and reflectivity. The dynamic
range of a sensor is the range of refractive index changes
that can be detected using angle interrogation'>"'"). The
second layer is silver. The refractive index of silver can
be obtained by Drude’s model'®'”). Silver was chosen
due to its sharp resonance dips.

There were two different layers of silver used in this
experiment. The first silver layer has a 50 nm thickness,
and the second has a thickness of 10 nm. The refractive

index of BaTiOj; is 2.404 3 in the visible spectrum region.

The thickness of the BaTiO; layer chosen here is 5 nm.
The refractive index of the 2-nm-thick TiO, layer is 2.41.
The last layer used is graphene, with a thickness of
0.34 nm per layer. The refractive index of the graphene
is 3+ic/3A, with ¢=5.44 pm™'*?. The structure of the
proposed sensor is shown in Fig.1. The simulation was
conducted in COMSOL using a multilayer prism setup
for angle interrogation.

The sensing principle of SPR sensors is based on the
interaction of the intended analyte with sensing layers.
The resultant refractive index change in the sensing me-
dium causes a change in the resonance conditions of the
plasmons. When the p-polarized monochromatic light
reflects off the metal-dielectric surface of a prism, an
evanescent wave is generated on that interface along the
plasmonic metal layer propagating with the refractive
index of the sensed analyte of 1.353—1.358. The sensi-
tivity of the proposed sensor is Af/An, which is the ratio
of the total angle shift (A#) divided and the difference in
the refractive index Anl'>**,

The aim of choosing the layers of the sensing system
is to improve the sensitivity for biochemical sensing.
Fig.2 shows the reflectance of the sensing systems as the
analyte's refractive index varies within 1.353—1.358.
The reflectance has a sharp dip at the resonance angle.
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As the BaTiOs, TiO,, and graphene layers are added, the
shift in angle gets larger even though the refractive index
remains the same. The total angle shift is 1.3° for the
six-layer system.

The total angle shift was 0.9° when silver was used, as
shown in Tab.1. A regular SPR sensor can be built by a
prism, a plasmonic thin metal layer, and an analyte layer.
However, the addition of graphene and BaTiO;, and
TiO, improves the sensitivity of the setup. The choice of
additional materials and the order of layers improved the
sensor’s sensitivity.

In Fig.2, the sensor’s sensitivity was investigated as a
function of the refractive index. The total angle of reso-
nance shift was for the change in the refractive index of
1.330—1.360. The sensor in the Kretschmann configura-
tion uses angular measurements. The changes in the re-
fractive index cause a change in the refractive of the
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Fig.1 Reflectance versus angle of incidence with dif-
ferent layer configurations for (a) Ag/Ag, (b)
Ag/BaTiOs/Ag, (c) Ag/BaTiOs;/Ag/graphene, and (d)
Ag/BaTiO3/TiO2/Ag/graphene

metal-dielectric surface. The subsequent change in the
plasmon’s wave vector plasmons changes the angle at
which the incident light coincides with the wave vector
of the plasmons. This angular shift is used to detect the
presence of the analyte. Fig.2 shows that the sensitivity
of the six-layer system increases until it reaches 260 at
the refractive index range within 1.355—1.358. The sen-
sitivity at the refractive index range of 1.333 is 200. As
the refractive index of the analyte increases, the sensitiv-
ity increases.
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Fig.2 Variation of sensitivity with respect to analyte
refractive index

Tab.1 Sensitivity of the sensor with different layer
configurations at refractive index of 1.353 and 1.358

Angle Sensitivity

Fig1 Layer shift ) (/RIU)
(a) Ag/Ag 0.9 180
(b) Ag/BaTiOs/Ag 1.0 200
(c) Ag/BaTiOs/Ag/graphene 1.1 220
(d) Ag/BaTiOs/TiO,/Ag/graphene 1.3 260

Fig.3 shows the effect of the graphene layers. More
graphene layers result in higher minimum reflectivity
and full width at half maximum. The increases are due to
increased energy confinement in these added layers. The
graphene layers are needed for their biocompatibility for
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biochemical sensing. In experimental setups, care must
be taken to limit the number of graphene layers used to
avoid the effects of energy confinement.
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Fig.3 Reflectance versus angle of incidence with dif-
ferent graphene layers at wavelength of 633 nm

Electric field distribution is shown in Fig.4. The ap-
plication of the sensing layers affects the electric field at
the metal-dielectric interface. The electric field is in-
creased by inserting those layers. The field reaches up to
105 at the analyte interface. This enhancement is due to
the oscillation of the free electrons in Refs.[23] and [24].
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Fig.4 Electric field distribution at resonance angle of
SP wave in the proposed sensor at wavelength of
633 nm (Inset: zoomed section of the electric field)

In this letter, an SPR sensor was developed to detect
refractive index changes using silver graphene, BaTiO;,
and TiO,. A Kretschmann configuration with angular
interrogation was numerically analyzed. The sensor
showed a shifting resonance dip with an increasing re-
fractive index and sensitivity of 260°. The addition of
graphene layers caused an increase in minimum reflec-
tivity.
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