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Abstract A highly sensitive dual-core photonic crystal fiber
based on a surface plasmon resonance (PCF-SPR) biosensor
with a silver-graphene layer is described. The silver layer with
a graphene coating not only prevents oxidation of the silver
layer but also can improve the silver sensing performance due
to the large surface-to-volume ratio of graphene. The dual-
core PCF-SPR biosensor is numerically analyzed by the
finite-element method (FEM). An average spectral sensitivity
of 4350 nm/refractive index unit (RIU) in the sensing range
between 1.39 and 1.42 and maximum spectral sensitivity of
10,000 nm/RIU in the sensing range between 1.43 and 1.46
are obtained, corresponding to a high resolution of 1 x 107
RIU as a biosensor. Our analysis shows that the optical spectra
of the PCF-SPR biosensor can be optimized by varying the
structural parameters of the structure, suggesting promising
applications in biological and biochemical detection.
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Introduction

Surface plasmon resonance (SPR) is a physical phenomenon
in which a propagating evanescent electromagnetic wave is
generated by oscillation of free electrons at a metal surface
under the appropriate conditions [1]. Owing to the high sen-
sitivity, sensing techniques based on SPR have recently un-
dergone remarkable development in fields such as environ-
mental monitoring, biotechnology, medical diagnostics, and
food safety [2, 3]. In SPR-based sensors, the Kretschmann
configuration is commonly used in which a thin metallic layer
is deposited directly on a coupling prism [4]. However, the
Kretschmann configuration is bulky and not suitable for re-
mote and real-time sensing [5]. In order to overcome the lim-
itation, SPR sensors with optical fibers have been proposed as
they have advantages over prism-based SPR sensors, for in-
stance, simple structure, small size, remote sensing capability,
continuous analysis, and so on [6, 7]. In particular, SPR sen-
sors with photonic crystal fiber (PCF) SPR, which have
attracted much interest due to the flexibility in structural de-
sign, high sensitivity, and immunity to electromagnetic inter-
ference, have been numerically analyzed by the loss spectrum
analysis method based on the coupled mode theory [8, 9].

In recent years, much effort has been devoted to the design
of PCF-SPR biosensors because of applications such as anal-
ysis of biomolecular interactions (BIA) and detection of
chemical and biological analytes [10-13]. Hassani et al.
[14-16] proposed SPR sensors with two different structures
based on PCF, analyzed the design principles with metallic
coatings in biosensing applications, and achieved a refractive
index resolution of 107 refractive index unit (RIU). X. Yu
et al. [17] described a PCF-SPR in which a gold layer was
coated onto the micro-channels of the sensor. Rifat et al. [18]
proposed a simple liquid core PCF plasmonic biosensor with
selectively filled analyte channels and observed enhanced
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coupling between the surface plasmon polariton (SPP) mode
and core-guided mode. This sensor showed a maximum spec-
tral sensitivity of about 3000 nm/RIU in the refractive index
sensing range between 1.46 and 1.49 corresponding to a res-
olution as high as 2.4 x 107> RIU.

In this study, we describe and numerically analyze a dual-
core PCF-SPR biosensor with a silver-graphene layer as the
sensitive materials. The resonance peak of silver is very sharp
and may offer higher detection accuracy than gold. However,
silver is chemically unstable under ambient conditions. In or-
der to prevent oxidation and corrosion of silver and increase
the surface-to-volume ratio, a graphene coating is introduced.
Our analysis shows an average sensitivity of 4350 nm/RIU in
the sensing range from 1.39 to 1.42, maximum spectral sensi-
tivity of 10,000 nm/RIU from 1.43 to 1.46, as well as high
linearity, corresponding to a high resolution of 1 x 10°° RIU.

Geometry of a Dual-Core PCF-SPR Biosensor

The cross section of the proposed dual-core PCF-SPR biosen-
sor is depicted in Fig. 1. The biosensor consists of two layers
of air holes with different sizes arranged in an alternate way,
and the central analyte channels are coated with a silver-
graphene sensing layer. This structure couples the core-
guided mode and plasmonic mode at the interface of silver-
graphene and the analyte. The thickness of the silver and
graphene layer is set as 75, = 40 nm and 7, = 4 nm, respec-
tively. The dielectric constant of silver in the visible and near-
IR region is defined by the Drude model [19]:

w2

- (1)

) =S o)

where £,,=9.84, w,=1.36x10'°, and w, = 1.018 x 10'*. The
complex refractive index of graphene is described by the
following equation [10]:
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Fig. 1 Cross section of the dual-core PCF-SPR biosensor
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The pitch size of the cladding air hole is A=2 um, the
diameter of the small air holes is d, = 0.54, and the diameter
of the central analyte channel and large air holes is
d.=d; =0.8A. The refractive index (n.) of the analyte flowing
through the channel ranges from 1.39 to 1.46, and n, = 1.0 is
the refractive index of the air. The refractive index of silica
glass is given by the Sellmeier dispersion relation [20].

2 . 0.6961663\7 N 0.4079426\ N 0.897479\>
A2=(0.0684043)  A2—(0.1162414)  X>—(9.896161)*
(3)

The propagation loss is proportional to the imaginary part
of the effective index and can be expressed as [21]

Qoss = 40m-Im(negr ) / (In(10)A)~8.686 X ko-Im(nesr)(dB/m)
(4)

where nqg= [k is the effective index of the guide mode, A is
the free-space wavelength, and ko = 27/ is the vacuum wave-
number. Excitation of surface plasmon can be characterized
by calculating the loss of the optical fiber.

Analysis and Discussion

In this work, we use the 2D simulation mode analysis and the
electromagnetic mode of the biosensor is solved by the finite-
element method (FEM) using COMSOL Multiphysics soft-
ware [19]. When the propagation loss of the core mode is
utilized to evaluate the biosensing properties, a perfectly
matched layer (PML) boundary condition is considered at
numerical calculation zone edges [22]. Figure 2 shows the
optical field distribution of the fundamental modes: (a) even
mode for x-polarization, (b) odd mode for x-polarization, (c)
even mode for y-polarization, and (d) odd mode for y-polari-
zation, and the arrows represent the direction of the electric
field. In the dual-core PCF-SPR biosensor, the even mode and
odd mode for x-polarization and y-polarization are excited at
the same time when energy goes into the fiber core. The total
mode field can be regarded as a superposition of the even
mode and odd mode for the two polarization directions.
Most of the energy is gathered in the dual core by the cladding
air holes, and only a fraction of the energy penetrates the
silver-graphene-coated channel to excite the plasmon mode.
The internal and external silver-graphene-coated surface can
excite the plasmon mode, and the plasmon mode excited by
the internal surface is more intense. Therefore, excitation of
the plasmon mode on the metal surface is more intense in the
low-refractive-index interface than in the high-refractive-
index interface. Excitation of the plasmon mode is related to
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Fig.2 Optical field distribution of the fundamental modes: a even mode for x-polarization, b odd mode for x-polarization, ¢ even mode for

y-polarization, and d odd mode for y-polarization

the change in the refractive index of the adjacent analyte. In
the following numerical analysis, we focus on the even mode
for y-polarization to evaluate the performance of the dual-core
PCF-SPR biosensor.

Figure 3 shows the distribution of the refractive index of
the biosensor. The blue line represents the propagation loss of
the fundamental mode effective index, the black line repre-
sents the real part of the fundamental mode effective index,
and the green line represents the dispersion relations of the
surface plasmon mode. The imaginary part of the refractive
index shows a sharp peak when the incident wavelength is
860 nm. The real part of the mode effective refractive index
in the plural form shows the concept of the refractive index in
the usual sense, and the imaginary part describes the mode
loss. An obvious electromagnetic field overlap between the
fundamental mode and surface plasmon mode is observed,
and the phase matching coupling phenomenon is confirmed
by the coincidence of the loss peak and intersection between
the dispersion relations of the fundamental mode and surface
plasmon mode as shown by point (m) in Fig. 3. Inset (a)

displays the electric field distributions of the plasmonic mode,
and light is confined on the surface of the silver-graphene-
coated channel. Inset (b) presents the electric field distribu-
tions of the fundamental mode, and light is confined all to the
dual core outside the resonant wavelength. Most of the energy
is confined to the dual core, and only a part of the energy
penetrates the silver-graphene-coated channel to the plasmon
mode, as shown in inset (c) in Fig. 3. The energy loss of the
core-guided mode is mainly because excitation generates the
surface plasmon mode illustrating that the core-guided mode
and plasma mode produce a resonance at 860 nm. The bio-
sensor presents a plurality of formats because of the different
propagation constants. The modes transferred to the core of
the fiber are likely to meet the phase-matching condition and
produce class surface plasma oscillations. Therefore, the
resonance wavelengths of different modes are different [23].
The thickness of the metal film is the most important factor
that affects the half width and amplitude of the resonant peak.
The influence of different silver layer thicknesses on the bio-
sensor performance is systemically investigated. The
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simulation results for the propagation loss of the fundamental
mode for different silver layer thicknesses are shown in Fig. 4.
The resonance wavelength moves towards a longer wave-
length, and the intensity of the resonance peaks decreases
gradually with increasing film thicknesses from 30 to 50 nm.
Since the silver layer is coated on the surface of the center
core, it means that more core energy is transferred to the SPW
energy leading to stronger coupling efficiency. The increase in
the overall effective index of the waveguide shifts the reso-
nance to a longer wavelength. In addition, the resonance depth
decreases while the half width of the resonant peak and loss at
the off-resonance wavelength increase with increasing silver
layer thicknesses throughout the calculated thickness range.
Figure 5 presents the loss spectra of the core mode for
different core sizes. The resonance peak shifts to a longer
wavelength, and the resonance depth increases for 7. between
0.75 and 0.85 when all the other structural parameters are kept
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Fig. 4 Changes in the loss spectra of the plasmon peaks when the
biosensor is coated with silver layers with different thicknesses
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constant. An increase in the propagation loss of the core-
guided mode can be observed for a larger central hole. It can
be explained by the fact that a larger hole in the center makes
the metallic surface closer to the mode field. Therefore, the
contact area between the mode field and metallic surface in-
creased and more light is in turn coupled to the metallic sur-
face, thus introducing more propagation losses. The increase
in ., also leads to a red shift in the resonance wavelength.
The fundamental mode loss spectra for different analytes
are shown in Fig. 6a. The resonance peak shifts to a longer
wavelength when the analyte refractive index is between 1.39
and 1.42. The resonance peak and depth increase gradually as
the refractive index of the analyte increases. Since absorption
by the silver layer depends on the refractive index of the am-
bient medium, the shift in the absorption wavelength can be
detected even when the change in the refractive index of the
analyte is very small [22]. Sensitivity can be enhanced by
utilizing the refractive index of the analyte [20], and we
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Fig.5 Loss spectra of the fundamental mode for different sizes of core 7,
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Fig. 6 a Loss spectra of the fundamental mode for the biosensor for different analytes and b linear fitting lines of the fundamental mode resonance

wavelength versus analyte RI between 1.39 and 1.42

investigate the sensitivity of the PCF-SPR biosensor in the
refractive index range of 1.39—1.42. The corresponding linear
fitting curve of the resonance wavelength in relation to the
refractive index of the analyte is presented in Fig. 6b. The
fitting formula can be expressed by

A (nm) = 4350n-5320.5,1.39<n,<1.42 (5)

where ) is the resonance wavelength of the biosensor and 7 is
the refractive index of the analyte. The slope of the equation
reveals an average sensitivity of 4350 nm/RIU in the relevant
sensing range. The adjusted R-square value of A is 0.99698
indicating high linearity. The wavelength resolution of the
detector is assumed to be A\, =0.1 nm, and the refractive
index resolution of the biosensor can be defined as [24]

R= A”aA)\min/A)\peak
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Hence, the peak shift here is estimated to be about
AXpeak = 50 nm according to Fig. 6a. When the variation in
the analyte refractive index is An, = 0.01, the sensitivity of the
PCF-SPR biosensor is approximately 4350 nm/RIU for re-
fractive indexes between 1.39 and 1.42, giving rise to a reso-
lution of 2 x 107° RIU.

The fundamental mode loss spectra for different analytes
are shown in Fig. 7a. The resonance peak shifts to a longer
wavelength when the analyte refractive index is between 1.43
and 1.46. The resonance peak and depth increase gradually as
the refractive index of the analyte increases. We investigate
the sensitivity of the PCF-SPR biosensor in the analyte refrac-
tive index range of 1.43 to 1.46, and the corresponding linear
fitting curve of the resonance wavelength in relation to the
refractive index is presented in Fig. 7b. The fitting formula
can be expressed by

A (nm) = 9200n—12214, 1.43<n,<1.46 (7)

1250 T T T T T T T

®  Resonant wavelength(nm)
Linear Fit of Resonant wavelength

12001

1 n
1200

1000 1100
Wavelength(nm)

(a)

700 800 900 1300 1400

1430 1435 1440 1445 1450 1455 1.460
Refractive index(RIU)

(b)

Fig. 7 a Loss spectra of the fundamental mode for the biosensor for different analytes and b linear fitting lines of the fundamental mode resonance

wavelength versus analyte RI between 1.43 and 1.46
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Fig. 8 Peak loss (black) of the fundamental mode for the dual-core
PCF-SPR biosensor and FWHM (blue) on the analyte RI

where A is the resonance wavelength of the biosensor and 7 is
the refractive index of the analyte. The slope of the equation
reveals an average sensitivity of 9200 nm/RIU in the relevant
sensing range. The adjusted R-square value of X is 0.99864
indicating high linearity. In the wavelength interrogation
mode, variations in the refractive index of the analyte can be
obtained by measuring the spectral peak displacement and the
spectral sensitivity S is expressed as [25]

_ A>\peal<

ny

S(\)

(nm/RIU) (8)

The peak shift in this work is estimated to be about
AMpeak = 100 nm according to Fig. 7a. The wavelength reso-
lution of the detector is assumed to be A, = 0.1 nm. When
the variation in the analyte refractive index is An, =0.01, the
maximum spectral sensitivity of the PCF-SPR biosensor is
10,000 nm/RIU for refractive indexes between 1.43 and 1.46
resulting in a resolution of 1 x 107° RIU.

Besides the sensitivity, dynamic operation range, linearity,
and resolution, the full width at half maxima (FWHM) is a
crucial parameter of a biosensor [26]. In a practical SPR sens-
ing system, a smaller FWHM is favorable as the spectral noise
is filtered more effectively [27, 28]. The FWHM results in not
only smaller spectral deviation from the actual center of the
resonant wavelength but also suppression of the non-
resonance propagation loss [29]. The FWHM and resonant
mode loss in the sensing range of 1.39-1.46 are presented in
Fig. 8. The minimum FWHM is only 26.5 nm for n, = 1.43.
The resonant losses of the fundamental mode and SPP mode
vary contrarily with an increasing analyte refractive index, and
finally, they coincide with each other [30].

The proposed dual-core PCF-SPR biosensor here exhibits a
great sensitivity to the refractive index of the surrounding
medium. For the same refractive index dynamic detection
ranges of 1.39—-1.42 and 1.43—1.46, our dual-core PCF-SPR
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biosensor possesses spectral sensitivity values of 4350 and
10,000 nm/RIU higher than 2929.39 and 9231.27 nm/RIU
described in ref. [20]. This maximum sensitivity value of
10,000 nm/RIU is an order of magnitude higher than 1000,
3000, and 4600 nm/RIU reported in refs. [18, 3231-].
Furthermore, the proposed biosensor in this work displays
prominent characteristics of the higher resolution of 1 x 10™°
RIU, which is better than the resolution of 1 x 10~* RIU and
3.03 x 107 RIU reported in [8, 21]. Based on the compari-
sons, it can be concluded that the sensing performance of the
SPR sensors is enhanced by optimizing the dual-core PCF
structure. The stronger power transfer between the two fiber
cores is enhanced by the resonant coupling between the sur-
face plasmon modes and the fiber core-guided modes.

Conclusion

A dual-core PCF-SPR biosensor with a silver-graphene sens-
ing layer is described and analyzed. The silver layer with a
graphene coating not only prevents oxidation of silver but also
can improve the silver sensing performance due to a large
surface-to-volume ratio. The coupling properties and sensing
performance are numerically simulated by the finite-element
method (FEM). The core-guided mode effective index and
surface plasma mode are sensitive to the refractive index of
the analyte. An average sensitivity of 4350 nm/RIU in the
sensing range between 1.39 and 1.42, a maximum spectral
sensitivity of 10,000 nm/RIU in the sensing range from 1.43
to 1.46, high linearity, and a high resolution of 1 x 10°° RTU
are achieved. On account of the promising results and simple
sensing scheme, the biosensor has many potential applications
in biological and biochemical sensing.
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