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Abstract

Over the past years, Surface Plasmon Resonance (SPR) has been used in various domains
including medical diagnostics, chemical and biological sensing, and environmental moni-
toring. SPR-based biosensors have more advantages than other optical biosensors due to
their rapid, label-free, and targeted detection capabilities. There have been challenges to
designing SPR biosensors with enhanced performance and improved environmental adapt-
ability, including considerations such as prism-metal bonding, biomolecule adhesion, and
oxidation protection. This paper presents sensitivity and performance enhancement in an
SPR biosensor based on Kretschmann configuration while using a low refractive index
CaF, glass prism, a zinc oxide (ZnO) layer, a gold-silver alloy (Au,;,Agy), and a single
layer of 2D graphene. Theoretical analysis shows that the use of a CaF, prism and the
alloy gives a good sensitivity of 280° /RIU. The sole addition of a ZnO layer improves this
sensitivity to 320° /RIU. Further addition of a graphene layer to make the final proposed
structure CaF,/ZnO/Au,yAgy,/graphene/SM, improves sensitivity to 340°/RIU, giving a
figure of merit value of 60.28 /RIU and a quality factor value of 102.48 /RIU. Despite sup-
porting the SPR mode and enhancing sensitivity, ZnO improves prism-alloy bonding while
graphene promises better biomolecule adhesion and improved oxidation protection. Over-
all, our proposed structure has better sensing performance compared to other designs in the
literature. The high sensitivity makes our proposed biosensor suitable for the detection of
tiny cancer bio-markers in body fluids, enabling early medical interventions.
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1 Introduction

Optical biosensors play a crucial role in chemical and biological sensing by using light and
its properties in their detection mechanism. In general, biosensors are analytical devices
that detect particular elements, called analytes, in a sample using biological recognition
components such as enzymes, antibodies, or DNA, and then they translate this informa-
tion into a quantifiable output signal (Tetyana et al. 2021). In Surface Plasmon Resonance
(SPR) biosensors, the sensing action is based on measuring a shift in refractive index in
the very near vicinity of the sensor surface due to analytes binding (Naresh and Lee 2021).
According to Homola (2003), SPR biosensors provide rapid, real-time, highly sensitive,
label-free, and targeted detection of different biomolecules. These benefits make SPR bio-
sensors superior to label-based biosensors in different fields ranging from medical diagnos-
tics, chemical and biological sensing, food quality, and environmental monitoring.

SPR refers to an optical phenomenon wherein a p-polarized light wave incident on a
metal surface induces resonance in electrons near the surface. Resonating coupling between
the incident photons and free electrons in the metal is called SPR. This resonance leads to
the generation of an oscillating charge-density and an associated evanescent electric field
(Barnes 2006; Barnes et al. 2003; Homola et al. 1999). According to Kretschmann and
Raether (1968), this resultant field, which decays exponentially, travels along an interface
of two media with opposing signs in their real dielectric constants, such as metal and die-
lectric materials. This field also penetrates evanescently into each of the two media (Gray,
2013; Homola et al. 1999).

Not all materials exhibit plasmonic properties. Rather, this phenomenon is possible in
metals with a negative real dielectric constant and a large volume of free electrons such as
gold (Au) and silver (Ag) (Homola et al. 1999). According to Otto (1968), Au has strong
chemical stability and strong oxidation resistance, whereas Ag produces smaller resonance
curves and has higher sensitivity compared to Au. These properties make Au and Ag to be
the most commonly utilized metals. Despite this, Au exhibits lower sensitivity and pro-
duces a larger resonance curve, while Ag easily oxidizes (Otto 1968; Zekriti 2021). Copper
(Cu) and aluminium (Al) also exhibit plasmonic properties, but they suffer from higher
losses which cause heavy thermal damping (Cortie et al. 2020).

Due to these challenges, different solutions have been proposed in the literature. To sup-
port the SPR mode, Mafazi et al. (2022); Nesterenko et al. (2012) used bimetallic configu-
rations such as Ag—Au, Cu—Au, and Al-Au with Au as the cover layer. Other researchers
have replaced the cover metal with a 2D material such as franckeite (Gan et al. 2019) and
graphene (Zekriti 2021) while using Ag as the primary plasmonic material. Despite sup-
porting SPR and improving oxidation protection, bimetallic structures have been shown
to produce lower sensitivity and wider resonance curves affecting sensing performance
(Mafazi et al. 2022).

Metal oxides are also used in optical biosensors because of their optical properties and
well-controlled deposition process (Kumar et al. 2018; Mostufa et al. 2022). Zinc oxide (ZnO),
in particular, has gained popularity in SPR biosensors either as a thin film in Kretschmann
configuration or as a shell in localized surface plasmon resonance (Basak et al. 2020; Kumar
et al. 2018, 2020). Notably, ZnO is the hardest material among the II-IV semiconductor com-
pounds. Furthermore, ZnO is a low-cost, biocompatible, and biodegradable material, mak-
ing it a safe choice for biosensing and bio-detection. In contrast to Au and Ag, ZnO does not
exhibit the SPR effect due to its large band gap of approximately 3.4 eV, making it transparent
to visible light. Stated differently, ZnO lacks free electrons that can couple with incident light
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in the visible range. According to Kumar et al. (2018), ZnO has a higher isoelectric point, a
larger surface-to-volume ratio, and enhances the capacity for light collection.

One of the challenges faced by SPR biosensors in recent years is to ensure maximum adhe-
sion of the plasmonic metal to the prism. Accordingly, the solution is to place an adhesion
layer between these materials. Despite this, Kumar et al. (2023) states that some adhesion lay-
ers affect a biosensor’s performance by widening the resonance curve and damping its magni-
tude, causing significant losses and lower sensitivity. Several metals such as Chromium (Cr)
and Titanium (Ti) have been used for adhesion purposes. In real-life experience, however, sev-
eral drawbacks of these metals were observed such as metal inter-diffusion and a low portion
of light being transmitted to the surface of the plasmonic layer. Moreover, the use of Cr or
Ti can be possible by considering very small thicknesses in such a way that light can easily
reach the metal surface. The use of small thicknesses affects the quality of the layer surface
and leads to the formation of nano-islands. With this effect, the deposition of Au or Ag with
a smooth surface over Cr or Ti becomes challenging. Due to its higher transparency, ZnO is
a good alternative compared to conventional materials even with larger thickness for ensuring
the adhesion of the metals to the prism.

In Mudgal et al. (2020a), an Ag-based sensor is coated with silicon nitride (Si;N,) and then
graphene. Si;N, was chosen for its anti-reflection property which is shown to improve sensi-
tivity. In a different approach, higher sensitivity in refractive index sensing can be achieved by
the use of multi-mode fiber structures as discussed in Teng et al. (2022).

From this background, we observe some shortfalls of the common structures that affect
the design of SPR biosensors. As discussed above, the conventional structures have displayed
lower sensitivity and larger resonance curves (when using Au, bimetallic structures, or adhe-
sion layers); weaker oxidation protection (when using Ag); and higher losses (when using
Cu or Al). Therefore, there is a need to design a biosensor with improved oxidation resist-
ance and better metal-prism bonding, while producing better sensing performance especially
higher sensitivity. In this work, we present a theoretical design of an SPR biosensor using a
low refractive index Calcium Flouride (CaF,) glass prism and a gold-silver alloy (Au,;yAgy).
In our design, we also include additional layers in terms of a ZnO layer between the prism
and the alloy, and a graphene layer as the alloy cover. In the physical design, we use the com-
mon Kretschmann-based prism configuration. In terms of mathematical design, we use the
Transfer Matrix Method (TMM) model implemented in MATLAB. We also use the software
Lumerical FDTD to generate electric field distribution profiles. We optimize the thickness of
each layer in our design to generate better results. Results show that despite improving prism-
alloy bonding, ZnO also supports SPR mode and improves sensitivity. Furthermore, despite
improving oxidation protection and biomolecule adhesion properties, a thin graphene film also
supports the SPR mode and enhances sensitivity. The use of a low refractive index prism and
an alloy improves sensitivity. In general, our proposed design has higher sensitivity, with bet-
ter figure of merit and quality factor.

This paper is organized as follows: Section 2 presents ‘“Theoretical modelling and design
analysis,” Section 3 presents “Results and discussion,” and finally, Section 4 concludes the

paper.
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2 Theoretical modelling and design analysis
2.1 Method of SPR excitation

Coupling between incident light and surface plasmons can only occur when the wave vec-
tor of incident light parallel to the metal-dielectric interface (designated as k,) matches
the propagation vector of surface plasmons (designated as k,,), which according to Barnes
(2006); Barnes et al. (2003); Miyazaki et al. (2017) are given as,

k, = 27”71[7 sin @ (1)
2 €nE

oA e, +ey

where 4 is the incident light wavelength, 7, is the prism’s refractive index, 6 is the inci-
dence angle. €,, and ¢, are the dielectric constants of the metal and dielectric material,
respectively.

This means, there is a need for a coupling method to achieve this matching. Homola
(2006); Miyazaki et al. (2017) state three common methods: (1) prism coupling and attenu-
ated total reflection (ATR), (2) diffraction grating method, and (3) use of optical wave-
guides. Under prism coupling, two common configurations are known: Kretschmann and
Otto configurations. The common coupling technique is prism coupling by Kretschmann
configuration, where a glass prism is positioned on top of an extremely thin metal film
and a dielectric medium (Kretschmann and Raether 1968). Otto configuration describes
another setup where the prism and the metal film are separated by an air gap or a dielectric
medium (Otto 1968). For all prism coupling methods in general, p-polarized light is inci-
dent on one side of the glass prism. Inside the prism, part of the incident light is reflected
on the other side of the prism while another portion creates the evanescent wave that pen-
etrates the thin metal film and excites surface plasmons on the outer side of the metal film.

The glass prism is crucial for enabling Total Internal Reflection (TIR) which operates
on a defined incidence angle of light known as critical angle (6,) that is determined by the
properties of the prism and dielectric material. All light is transmitted with zero reflec-
tion when it strikes a prism-dielectric interface at incidence angles less than the critical
angle (0 < 6,); however, all light is reflected when light strikes this interface at incidence
angles equal to or greater than the critical angle (6 > 6,), a scenario called TIR (Knoll
1998; Miyazaki et al. 2017). The TIR angle (64;;) equals 6, and is given by, (Knoll 1998)

Oz = 0, = sin”"! \V /€, 3)

where ¢, is the dielectric constant of the prism. 77, and €, are related by 7, = \/g .

Next, when the prism is coated with a plasmonic metal (like Au or Ag) an optical phe-
nomenon known as Attenuated Total Reflection (ATR) occurs. At ATR, most of the inci-
dent light is absorbed by the metal leading to a dip on an SPR reflectivity graph. ATR
occurs at a specific incidence angle of light where resonance occurs, known as the SPR
resonance angle (65pr) (Homola 2006; Miyazaki et al. 2017).

The value of gpp can be determined from a matching relation: k; = kg,. Thus, using
definitions of k, and k, from Egs. (1) and (2), respectively, we get Ospy as, (Barnes 2006;
Barnes et al. 2003; Miyazaki et al. 2017)
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Within the context of a bio-sensing experiment, target molecules to be detected (ana-
lytes), are introduced in solution through a flow channel. These analytes interact with bio-
recognition molecules (known as ligands), which are immobilized on the sensor’s surface
within a sensing medium (SM). The presence of analytes and any subsequent interac-
tion between analytes and ligands near the sensor’s surface result in a change in refrac-
tive index. This change can be monitored using different detection techniques including:
(1) angular modulation, (2) intensity modulation, and (3) wavelength modulation (Homola
et al. 1999; Miyazaki et al. 2017). In angular modulation, for example, the shift in refrac-
tive index leads to a corresponding shift in the resonance angle and the reflectivity curve
(Homola, 2008).

2.2 Proposed design model and choice of materials

The proposed biosensor model is based on the Kretschmann configuration as shown in
Fig. 1 and its physical parameters are shown in Table 1. A discussion on the choice of
material for each layer follows.

The first layer is a glass prism. The literature presents different prism types having dif-
ferent refractive indices. According to Karki et al. (2022); Kumar et al. (2018); Uniyal
et al. (2022), a lower refractive index produces a larger resonance angle shift, producing
larger sensitivity. Due to this, we choose a CaF, prism due to its lower refractive index
(negm = 1.4329).

For the plasmonic material, we prefer an alloy due to its enhanced properties. Experi-
mental and analytical studies have shown that some metallic alloys like that of gold-sil-
ver (Au-Ag) (Cortie et al. 2020; Rioux et al. 2014) and copper—zinc (Cu—Zn) (Querry
1985) can exhibit plasmonic properties as shown in their optical properties. According to

Fig. 1 The proposed biosensor Incident Reflected
design model . .
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Table 1 Physical parameters of the proposed design model

Layer Prism Adhesion layer ~ Metal alloy Protective layer ~ Sensing medium
Material CaF, ZnO AujnAgy, Graphene Water
Refractive index ~ 1.4329  1.98 0.10393+3.9578i  3.0+1.149i 1.333

(at A = 633 nm)
Thickness (nm) - 44 35 0.34 -

Papagiannouli et al. (2013), an Au—Ag alloy has enhanced oxidation and chemical stabil-
ity due to the presence of Au atoms and produces stronger and narrower resonance curves
due to the presence of Ag atoms. Rioux et al. (2014) compares effects of percentage ratios
of Au versus Ag on optical properties of Au—Ag alloys. Different models are presented in
the literature to determine complex refractive indices and dielectric functions of Au—Ag
alloys with different composition ratios such as in Gaudry et al. (2001) and Rioux et al.
(2014). The model by Rioux et al. (2014) is a modification of the famous Drude-Lorentz
model (used for coinage metals). The modified model takes into account variations in free
electron behavior in different composition ratios and also the actual metal band structures.
In their work, Rioux et al. (2014) performed both theoretical and experimental studies to
determine refractive indices and dielectric constants for different Au—Ag alloys (including
AugAgyp, AuzpAgsg, AusgAgsg, AuggAgs, and AugyAgy,) and their results are available in
Polyanskiy, n.d.

Throughout this work, we consider only the optimal alloy thicknesses (d,,) that allow
maximum coupling between incident light and free electrons located at the metal alloy sur-
face. This can be obtained by calculating the distribution of minimum values of the reso-
nance reflectivity curve (R,,;,) which depends on Ogpg and d, .

As previously discussed, ZnO possesses favorable optical and electrical characteristics.
We add a ZnO adhesion layer (n,,, = 1.98) (Polyanskiy, n.d) between the prism and the
metal alloy. Similarly, for ZnO, we select optimized thicknesses that give R,,;,, correspond-
ing to Ogpp.

Taking into account the possibility that Au;jAg,, may still be somewhat susceptible to
oxidation, we propose the addition of a graphene layer on top of the alloy. According to
Zekriti (2021), graphene has a very low permeability which allows even a very thick gra-
phene layer to protect Ag from oxidation without affecting resolution. Numerical analysis
by Zekriti (2021) shows that graphene produces a sharp reflectivity curve compared to Au.
Kumar et al. (2023) adds that there is a need to improve the adsorption of biomolecules to
the SM as the attachment of some bio-sensing molecules to some sensor surfaces is a chal-
lenge. Furthermore, Song et al. (2010) and Homola (2003) discuss the excellent adsorption
characteristics of graphene. This means graphene can serve as an absorption enhancement
material, oxidation protection material, and sensitivity enhancement material. Piliarik and
Homola (2009) mentions the visible range refractive index of graphene as

n,=3+i(C/3)A 5)
where C = 5.446 pm~! and A is the incident light wavelength. The thickness of graphene
with L layers is d, = L X 0.34 nm.

For SM we use water (n,, = 1.333) (Polyanskiy, n.d). To decide sensitivity, we use a theo-
retical shift in the refractive index of the SM as Ang,, = 0.005. Hossain et al. (2020) gives a
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detailed study for determining Ang,, after the addition of solutes and biomolecules with differ-
ent concentrations.

2.3 Transfer matrix method (TMM)

Transfer Matrix Method (TMM) is a matrix-based analytical model used to describe the
behavior and propagation of EM and acoustic waves through a multi-layer structure. Accord-
ing to Oliveira et al. (2019), TMM is derived from solutions of Maxwell’s and Fresnel wave
equations. Fresnel equations describe how light waves reflect, refract, and transmit at an inter-
face between two media, while Maxwell’s equations describe EM field continuity across dif-
ferent layers (Oliveira et al. 2019). We model our biosensor as a structure with 0 to N parallel
layers in a 3D Cartesian plane system. Each layer j (where j=0,..., N) has refractive index n,,
dielectric constant ;, and thickness d;. Each layer has its thickness increasing along the posi-
tive z-axis of the Cartesian plane, and this z-axis is normal to interface planes of the layers.
We consider layer 0 as a prism and layer N as SM, thus, z increases from the prism to the SM.
The wave vector in the positive z-direction, &, is given by (Oliveira et al. 2019; Ong et al.

2006; Zekriti et al. 2015)
2 )
k= 7”\/% () (6)

where A and 0 are wavelength and incidence angle of incident light respectively, while g,
and ¢; are dielectric constants of Oth and jth layers respectively.

Fresnel transmission coefficients, 7, ;, and Fresnel reflection coefficients, r; ,

kzi kzi kzi kz/
’id‘(?ﬁ;)/(z*?j) @

iy =1+r; (8)

are obtained as

The above coefficients can be used to calculate a transition matrix between any two layers i
and j, denoted M, ;, and a propagation matrix in a medium j, denoted P;, as,

ij°
1 1 r;
Mw:z(r.. f) ©)

ij L

ik d
e 0
Py= < 0 ksl > (10)

Given fields of the incident and reflected light at layer 0 as H,; and H,, . respectively, and

0,1 o,r

that field of transmitted light at layer N is H, , a relation between these fields can be given by
a product of transition and propagation matrices, M; ; and P, respectively, as

T ) =My P M, P, ... Py_ My_ =5 11
<H ) 0101M 205 .. Py My 1,N<HNJ o\ Hy, (11)

0,i

where S y is a 2 X 2 matrix,
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NTEN
S = 11 P12 ) 12
oN < S21 S (12)
From Egs. (11) and (12), we get reflection (r, ) and transmission (¢, y) coefficients of
the whole multi-layer structure as,

Ton = Ho’r = & (13)
7 Hy, Sy
HN,t 1

foy = = < 14
N Hy;, Sy 14

2.4 Performance metrics

Different metrics are used to analyze the performance of an SPR-based biosensor. To begin
with, reflectivity and transmissivity, when light strikes the surface of the biosensor, part of
it is transmitted through the biosensor to cause the SPR phenomenon, while a portion is
reflected. The ratio of reflected light versus incident light is called reflectivity (R), whereas
the ratio of transmitted light versus incident light is called transmissivity (7). considering
an N-layer biosensor, reflectivity and transmissivity are obtained from reflection and trans-
mission coefficients (Egs. (13) and (14), respectively) as, (Oliveira et al. 2019; Ong et al.
2006; Zekriti et al. 2015)

R=|ron|’ (15)

T = |ton] (16)

Sensitivity (Sy) is the ratio of the shift in resonance angle (Afgpg) to the change in the
refractive index (An) of the SM given as, (Homola 2006; Tetyana et al. 2021)
_ Abgpr

S =

1
= (17)

In an N-layer biosensor, the Field Enhancement (FE) factor gives the ratio of the inten-
sity of electric field (|E|2) or magnetic field (|H|2) at the sensing interface (N — 1/N), to
the intensity at the first interface (0/1). Electric and magnetic field values are related to
the transmission coefficient (f) of the biosensor by the ratio of real values of dielectric con-
stants of layer 0 and layer N (g, and €, respectively), as follows, (Kumar et al. 2018; Ong
et al. 2006)

2

&
=2 (18)
Ey

E(N/N —1)
EO/1)

2 H,(N/N - 1)

H,(0/1)

&
FE=‘ =

EN

Full Width at Half Maximum (FWHM) shows the width of the reflectivity dip at a posi-
tion where reflectivity is half of its maximum value. A smaller FWHM helps achieve better
sensitivity and resolution.
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Detection Accuracy (DA) is the inverse value of FWHM. A higher DA signifies a nar-
rower FWHM. (Maharana et al. 2015).

DA = 1/FWHM (19)

In SPR biosensors, Signal to Noise Ratio (SNR) is given by, (Akib et al. 2021; Kumar
et al. 2020)

(20)

Figure of merit (FoM) is a measure used to quantify the performance of an SPR biosen-
sor. FoM is represented as the ratio of sensitivity to FWHM, (Akib et al. 2021)

S
FOM = FW;M 1)

Lastly, Quality Factor (QF) is another measure used to quantify the performance of SPR
biosensors and is dependent on SNR and sensitivity as follows, (Akib et al. 2021).

QOF =SNR XS, (22)

3 Results and discussion

In this section, we present simulation results showing the performance of the proposed
designs.

3.1 Performance and selection of glass prism

Different glass prisms from the literature (CaF,, BK7, SF10, and LASF9) were consid-
ered to check performance with Au—Ag alloy in a conventional configuration of Prism/
Au,Agy/SM. For each prism, we present performance results obtained using an optimized
thickness of the alloy. Figure 2a shows reflectivity curves for the different prisms, whereas
Fig. 2b shows variations in sensitivity and FoM against the refractive indices of the prisms.
Table 2 presents all simulation results for prism selection.

To begin with, Fig. 2a shows that as the refractive index of the glass prism (n,)
increases, the resonance angle (6gpp) shifts to smaller values. This trend agrees with litera-
ture such as (Karki et al. 2022; Uniyal et al. 2022) who also found that a lower index prism
gives a larger resonance angle. In general, the choice of prism helps determine the reso-
nance angle. Secondly, as the refractive index of the glass prism (n,) increases, FWHM
becomes smaller. We observe larger FWHM in configuration with CaF, (nq,m= 1.4329).
FWHM tends to decrease as we shift towards LASF9 (1, yqro= 1.8449). Similarly, Karki
et al. (2022); Kumar et al. (2018); Uniyal et al. (2022) also show that high refractive index
prisms produce narrow and sharp resonance curves.

From Fig. 2b, we observe that as the refractive index increases, sensitivity also decreases
causing a decrease in FoM. The decrease in sensitivity is due to a decrease in resonance
shift over the different glass prisms. From Table 2 results, we also observe a decrease in
the optimum alloy thicknesses. From these results, we therefore select CaF, because it has
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Fig.2 a Reflectivity curves for different glass prisms with Au,;jAgy, alloy. b Variations in sensitivity and
FoM over different prism refractive indices

Table 2 Performance of different glass prisms with Auj,Agg, alloy of different optimized thicknesses

(dangy)-
Note: Refractive indices of prisms obtained from (Moznuzzaman et al. 2021; Polyanskiy, n.d)

Prism (n,) aoy (M) Bgp(®)  Bspp2(")  ABgpr(®) FWHM () Sy (°/RIU) FoM (/RIU)
CaF, (14329) 47 803 817 14 371 280 75.47
BK7 (15151) 45 694 701 0.7 271 140 51.66
SFI10(1.7230) 41 556  56.1 0.5 242 100 4132
LASF9 (1.8449) 39 503 50.7 0.4 2.02 80 39.60

better performance in terms of: larger resonance shift (Afgp, = 1.4°), highest sensitivity
(Sy = 280° /RIU) and largest figure of merit (FoM = 75.47 /RIU).

3.2 Performance and selection of Au-Ag alloy

As previously discussed, the optical characteristics of Au—Ag alloys vary according to
their composition ratios. Here, we consider the alloys: Au,,Aggg, AuzgAgsy, AusgAgs,
AusgAgsy and AugpAgy,. Note that in Au,Ag,g notation, x and /00-x represent composi-
tion percentages of Au and Ag respectively. Figure 3 illustrates the real permittivity values
(Re(g,,)) and imaginary permittivity values (Im(e,,)) for the Au—Ag alloys at 633 nm as the
percentage portion of Ag increases while the percentage portion of Au decreases.

We use the configuration CaF,/Au,Ag,,.,/SM with varying alloy compositions and
optimized alloy thicknesses to observe performance of the different alloys. Figure 4 shows
reflectivity and field enhancement (FE) graphs for the different Au—Ag alloys. This figure
shows that, as the composition percentage of Au and Ag (henceforth denoted Au% and
Ag% respectively) varies, they affect the performance of our structure. According to Alis-
sawi et al. (2013), adjusting the percentage ratios of composition elements influences an
alloy’s optical and electrochemical properties.
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Fig.3 Permittivity of Au—Ag -13 T T T T T 2.6
alloys at 633 nm with increasing 4
portion of Ag Re(sm) {24
135} ” - il - Im(sm)
12.2
14 F 12
:E 14.5 = :E
® 416 E
“15F 114
11.2
-15.5F
11
\
16 . .. m 0.8
0 10 20 30 40 50 60 70 80 90 100
Portion of Ag in Au-Ag Alloy (%)
b
@ 1 (®) T T T T T
20
— AugAg,, ’ﬂ
-eenAu, Ag, o H ‘.
1sh [TAYs0R950 i !
zo. 5 ——Au3Ag,, 1 “
To 8 — Au;Ady, R
% w ot !
xo4r ‘
03f 1
02} 5
. . . . o . . .
60 65 70 75 80 85 920 60 65 70 75 80 85 90
Incident Angle (°) Incident Angle (°)

Fig.4 a Reflectivity, and b Field Enhancement (FE) of different Au—Ag alloys with optimized alloy thick-
nesses

From Fig. 4a we see that while Ag% increases, the resonance angle slowly shifts to
lower values. AugyAg;, has a resonance at 81.8°, while Au;yAgy, has a resonance at 80.3°.
Homola et al. (1999) states that pure Au has a larger resonance angle compared to pure Ag.
This is because of variations in the optical properties of these metals. In terms of alloys,
as the composition of one metal increases, the alloy tends to have optical behavior closer
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to that of the dominant metal. Despite this, our results show resonance angles are within a
smaller range since resonance angles are usually dependent on prism and SM, which in this
case are the same.

Figure 4b shows how Ag% affects the FE of the structure. We observe that this FE
depends on the amount of Ag in the alloy, with significant differences for high Ag propor-
tions (from 70% to 90%) and low Ag proportions (from 10% to 50%). The effect of the
permittivity was discussed in depth by Raether (1988) who demonstrated that the FE in the
Kretschmann configuration is proportional to |Re(em)|2 /Im(g,,). This FE follows approx-
imately the same trends as the real and imaginary parts of the alloy’s permittivity (see
Fig. 3). In fact, for lower proportions of Ag, |Re(em)| and Im(sm) increase with an increase
in Ag%. This proportionality of increase in both |Re(em)| and Im(em) compensates the
effect of these terms on each other which makes the FE relatively stable at lower Ag% val-
ues. However, for higher proportions of silver, |Re(em)| increases while Im(e,,) decreases,
hence increasing the FE at the metal/SM interface. This is why we observe higher FE
results in structures with Au;;Ag;, and AugyAgo.

Figure 5 shows variations in sensitivity and FWHM as Ag% increases. This figure
shows that all alloys considered here give better sensitivity. The sensitivity behavior of
an SPR sensor to bulk refractive index change is discussed in depth by Homola (2006)
and calculated by using perturbation theory. From this work, it is observed that sensitiv-
ity depends on the metal’s permittivity, resonance angle location, and metal thickness.
Higher resonance angle and optimized metal thickness lead to better sensitivity. Based on
this and as follows from Fig. 5, we observe that as Ag% goes from 10% to 70%, sensitiv-
ity decreases significantly. This can be attributed mainly to the change in the permittivity
causing resonance angle shift to lower angles, while the optimal thicknesses are almost the
same. However, for Ag% equal to 90%, sensitivity reaches 280° /RIU. This is because the
optimal alloy thickness in this case (47 nm) leading to better coupling efficiency is greater
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than the optimal thicknesses corresponding to the other Ag proportions. In addition, the
use of a prism with a low refractive index is another factor that leads to these enhanced
sensitivity values. In comparison, Aug,Ag;, has the highest sensitivity (300°/RIU) fol-
lowed by Au,,Agg, (280° /RIU).

Furthermore, Fig. 5 shows that an increase in Ag% causes a decrease in FWHM.
AugyAg;, (with Ag% of 10%) has the largest FWHM of 7.44°, while Au,,Agy, (With Ag%
of 90%) exhibits the lowest FWHM of 3.71°. As previously discussed, pure Ag produces
smaller FWHM and better sensitivity than Au. Thus, it is reasonable to observe that an
increase in the Ag portion in the alloys causes a decrease in the FWHM. Considering
all sensing performance results, Au;;Agy, gives good sensitivity (280°/RIU), the small-
est FWHM (3.71°), the highest FoM (75.47/RIU), and the best FE factor (20.2). Table 3
shows all performance results for the different Au—Ag alloys.

3.3 Performance analysis while using adhesion and protective layers

We study the impact of each proposed additional layer (ZnO and graphene) by using four
proposed design structures shown in Fig. 6.

Structure 1 has Au;jAgy, alloy in a conventional Kretschmann configuration with CaF,
prism and water as SM. This design is modified by the addition of graphene as a protective
and adsorption layer to give structure 2, and the addition of ZnO as an adhesion layer to
give structure 3. Lastly, structure 4 consists addition of both ZnO and graphene. Optimized
thicknesses for these layers are presented in Table 4.

Figure 7 shows graphs of reflectivity and FE for the proposed structures. These graphs
show that the use of alloy and CaF, prism in design 1 produces resonance at 80.3°, with
FWHM of 3.71° and FE of 20.2. With the addition of a graphene layer on top of the alloy
(making structure 2), the resonance position changes to 81.0° while FWHM increases to
4.25° and FE decreases to 14.6. The high refractive index of graphene allows it to alter the
propagation of surface plasmons thus shifting the resonance angle. In addition, graphene
provides a conductive and high surface area for efficient binding of biomolecules, hence
improving sensitivity. Despite this, increasing the number of graphene layers increases
absorption properties in the structure causing further drop in FE and further widening of
FWHM. Due to this, we limit our selection to one layer of graphene.

Results of structure 3 show that the addition of a ZnO layer between the prism and
alloy changes the resonance position to 81.3°. Furthermore, FE decreases from 20.2 to
17.3. This is due to the high refractive index property of ZnO as well. In addition, ZnO
widens FWHM from 3.71° to 4.8°. In structure 4, we observe the effects of adding both the
ZnO layer and the graphene layer in the same biosensor design. Results show a significant
change in resonance position to 82.0°, while FWHM widens further to 5.64°. The increase
in sensing layers causes a drop in the FE factor to 12.6.

It is worth noting that in structures 1 and 2 the excitation of SPR is ensured via the total
internal reflection that light undergoes in the prism. However, in structures 3 and 4 the gen-
eration of the SPR at the metal alloy surface is performed after passing through the ZnO
layer where an amount of light remains confined and back-coupled to radiation loss. Hence,
the use of ZnO gives lower FE in comparison with the former case. On the other hand, the
effect of graphene that was observed in structures 2 and 4 is similar in both cases.

We also draw the attention of the readers that the thicknesses in each design are selected
after performing several simulations in such a way that a maximum coupling between
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Fig.6 Proposed designs: a structure 1, b structure 2, ¢ structure 3, and d structure 4

Table 4 Proposed design

Desi Configurati
structures with optimized layer esen onfighration
thicknesses 1 CaF,/Au;yAgyy (47 nm)/SM
2 CaF,/Au, Agy, (49 nm)/Graphene (0.34 nm)/SM
3 CaF,/ZnO (44 nm)/Au,,Agy, (35 nm)/SM
4 CaF,/ZnO (44 nm)/Au ,Agy, (35 nm)/Graphene
(0.34 nm)/SM
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Fig.7 a Reflectivity, and b FE graphs of the proposed structures

incident light and free electrons on the alloy surface can be obtained. This is the reason
why the R, ;, of the four designs reaches zero.

Figure 8 shows the reflectivity curves of the proposed structures and their correspond-
ing curve shifts due to a change in the SM’s refractive index of Angy; = 0.005. Magnitudes
of resonance angle shifts and corresponding sensitivity values are also indicated. From our
results, structure 1 produces the lowest angular shift of 1.4° corresponding to sensitivity of
280° /RIU. The addition of different layers improves this sensitivity such as the addition of
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Fig.8 Reflectivity shift due to change in refractive index of the sensing medium (Angy; = 0.005) for the
proposed structures: a structure 1, b structure 2, ¢ structure 3, and d structure 4

graphene producing 300° /RIU (structure 2) and the addition of ZnO producing 320° /RIU
(structure 3). Finally, the addition of ZnO and graphene in the same design produces a
sensitivity of 340° /RIU (structure 4). These high sensitivity values are due to the different
layers including the use of low index CaF, prism and the alloy.

Table 5 shows all simulation results of the proposed structures. By comparison, struc-
ture 1 has better FoM (75.47/RIU), QF (105.88 /RIU), and FE (20.2); but a sensitivity of
280° /RIU. Structure 4 has the highest sensitivity (340°/RIU); but the lowest FE factor
(12.6) due to the additional layers. Despite reducing FE, we emphasize the importance of
graphene and ZnO on the biosensor.

As previously discussed, the advantage of using pure Ag in SPR biosensors is that it
possesses a narrow FWHM, and it produces better sensitivity; but Ag has poor chemical
stability. Since then, bimetallic configurations have attracted a lot of interest as a good
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approach to improving the stability of Ag-based biosensors. Meanwhile, the use of Au as
a protective layer can, at the same time, enhance the sensitivity and ensure higher stabil-
ity. Now, in this study, we have proposed the use of Au—Ag alloys as the new approach to
improve the chemical stability of Ag which is proportional to the amount of Au in the alloy.
After performing several simulations to compare the effect of Au proportion on the sensi-
tivity of the sensor, we judge that the use of only 10% of Au gives the best performance
characteristics concerning higher proportions. In such a situation, the chemical stability
will not be enhanced significantly. This is the reason why in our final proposed design we
use graphene as a protective layer to ensure better stability. Similarly and as previously
discussed, the interaction between the prism and the alloy is enhanced by the use of ZnO
which has been shown to improve sensitivity as well. In this consideration, we therefore
propose structure 4 as the best design.

3.4 Electric field distribution profile

The absolute electric field intensity (|E|?) profile demonstrates the behavior of the electric
field along each layer in a multilayer biosensor structure. In this work, we use Lumerical
FDTD software to obtain field profiles. Figure 9 shows the obtained results at correspond-
ing resonance angles plotted against normal distance (z) for the proposed structures. As fol-
lows from the figure, we observe an enhanced electric field at the sensing interface of each
structure, which is important for high-precision sensing applications. Structure 1 exhibits
the highest value of the maximum field followed by structure 3. This can be explained by
the presence of ZnO in structure 3 which leads to a back-coupled radiation loss. On the
other hand, the addition of graphene reduces the field intensity at the sensing interface,
which is due mainly to the absorption of light by graphene.

The penetration depth (PD) of the field in the SM is another parameter to be taken into
account in the estimation of the sensing performance of any SPR sensor. PD can be defined
as the distance at which the field decays to 1/e (or approximately 37%) of its maximum
value (Homola 2003). From our results, we find that the PD of the field is not significantly

(@ (b)

;(5) CaF, |AuAg SM 15} CaF, |AuAg graphene SM
~_15 10
T PD___ W 1 |
5 [fsp= 80-3° I ? O5pg=81:0°
0 N 0 ;i
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o 15 & 10
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Fig.9 Electric field intensity distribution profiles of the proposed structures: a structure 1, b structure 2, ¢
structure 3, and d structure 4
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affected by the inclusion of ZnO, graphene, or both of them. This is because in this study
we considered the use of only one layer of graphene with a thickness of 0.34 nm and the
use of the ZnO layer is located between the prism and the metal alloy surface which makes
it far from the metal/SM interface.

Figure 10 presents the field profiles as a function of incidence angle and normal dis-
tance (z). In each plot, we observe the surface plasmon mode occurring at the correspond-
ing resonance angles. Furthermore, the PD and TIR angle are also shown. As previously
discussed, 0 is dependent on the prism and dielectric material properties. According to
Eq. (3), and considering €, = €g,,, we obtain 8, = 68.5° for all structures. In our results,
we observe resonance at angles above the TIR angle.

3.5 Comparison with other theoretical results

In this work, we have presented a theoretical study of different SPR biosensor designs from
which we have recommended one final design structure. The main objective of this work
is to present a high-performing structure, especially with high sensitivity. High sensitivity
has a direct effect on other biosensor performance metrics like specificity, detection limit,
dynamic range, and response time. In this regard, in Table 6 we compare the sensitivity

(a) CaF,/Au,Agq,/SM (b) CaF,/Au,Agy,/graphene/SM
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Fig. 10 Electric field intensity distribution profiles of the proposed structures as a function of incidence
angle and normal distance (z): a structure 1, b structure 2, ¢ structure 3, and d structure 4
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Table 6 Comparison in sensitivity of the proposed structure versus other structures in literature

References of structure Configuration Sy (°/RIU)
Kumar et al. (2023) BK7/MgO/Ag/BP/SM 234
Singh et al. (2021) CaF,/ZnO/Au/BlueP-MoS,/SM 235
Kumar et al. (2018) BK7/ ZnO/Ag/Au/graphene/SM 76
Kumar et al. (2020) BK7/Zn0O/Ag/BaTiOs/graphene/SM 157
Basak et al. (2020) SF10/ZnO/Au/WSe,/BP/SM 102
Mostufa et al. (2022) BK?7/ TiO,/Au/graphene /SM 293
Raikwar et al. (2021) BK7/TiO,/Au/MXene/Sb/SM 224.26
Singh et al. (2023) CaF,/Ag/ Fe,04/Ni/Sb/SM 204
Karki et al. (2022) BK7/Ag/ZnS/graphene/SM 292.8
Dai et al. (2019) BK7/Ag/SnSe/SM 178
Gan et al. (2019) BK7/Ag/tranckeite/SM 188
Jia et al. (2022) BK7/Au/GeS/SM 260
Proposed CaF,/ZnO/Au, Agyy/graphene/SM 340

performance of our proposed design (structure 4) to different theoretical design structures
provided in the literature.

According to these results, it is evident that our proposed structure exhibits the highest
sensitivity (340°/RIU). High sensitivity is a very crucial parameter in different applica-
tions especially the detection of tiny cancer bio-markers. High sensitivity allows observa-
tion of very small concentrations of these bio-markers in body fluids which enables early
diagnosis thus allowing early cancer treatment intervention.

4 Conclusion

Various materials and methods have been suggested to improve the performance of SPR-
based biosensors. In this work, we have presented sensitivity and performance enhance-
ment using a low refractive index CaF, glass prism, a gold-silver alloy (Au,yAgy,), and
additional layers in terms of ZnO and 2D graphene. Apart from supporting SPR and
enhancing sensitivity, the use of ZnO is to improve adhesion between the prism and alloy,
while graphene promises better biomolecule adhesion and improved biostability. Our final
proposed structure, having the configuration CaF,/ZnO/Au,,Ag,,/graphene/SM, has the
highest sensitivity (340° /RIU), high figure of merit (60.28 /RIU), and a high quality factor
(102.48 /RIU). Sensitivity directly affects other performance metrics such as specificity,
detection limit, dynamic range, and response time. Therefore, the high sensitivity of our
proposed biosensor makes it suitable for the detection of tiny cancer bio-markers in body
fluids. These markers can be detected even in very small concentrations, enabling early
diagnosis and early medical interventions. Practical steps to realize the biosensor chip in
real life have also been presented. Further research can focus on increasing field enhance-
ment and surface plasmon penetration depth.
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