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Abstract: We propose a photonic crystal fiber surface plasmon resonance biosensor
where the plasmonic metal layer and the sensing layer are placed outside the fiber struc-
ture, which makes the sensor configuration practically simpler and the sensing process
more straightforward. Considering the long-term stability of the plasmonic performance,
copper (Cu) is used as the plasmonic material, and graphene is used to prevent Cu oxi-
dation and enhance sensing performance. Numerical investigation of guiding properties
and sensing performance is performed by using a finite-element method. The proposed
sensor shows average wavelength interrogation sensitivity of 2000 nm/refractive index
unit (RIU) over the analyte refractive indices ranging from 1.33 to 1.37, which leads to a
sensor resolution of 5 x 1075 RIU. Due to the simple structure and promising results,
the proposed sensor could be a potential candidate for detecting biomolecules, organic
chemicals, and other analytes.

Index Terms: Photonic crystal fiber, surface plasmon resonance, optical fiber sensors,
optical sensing and sensors.

1. Introduction

Surface plasmon resonance (SPR) is the collective oscillation of free electrons on metal-dielectric
interface arising from incident electro-magnetic wave. Resonance occurs when the frequency of
incoming photons and surface electrons are matched. At this resonance condition, a sharp loss
peak appears and an unknown analyte could be detected by observing the variation of loss peak
[1], [2]. Over the past few decades, SPR sensing technique has attracted much attention due to
its highly sensitive property. SPR sensors have shown huge potentials in medical diagnostics,
bio-molecular analyte detection, organic chemical detection, chemical detection, etc. [3], [4]. SPR
sensors require a metallic component carrying large amounts of free electrons. These free elec-
trons provide the real part of a negative permittivity, which is essential for plasmonic materials.
Nevertheless, metals are chemically active and prone to oxidization. Oxidization tendency, mate-
rial losses and corrosion are important factors that weaken the plasmonic property [5]. Generally,
gold (Au) and silver (Ag) are widely used as a plasmonic material for SPR sensors [5], [6]. Gold is
chemically stable in many environments (agueous environment, etc.) and shows large resonance
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peak shift. However, it has a broad resonance peak, which reduces the accuracy of analyte detec-
tion and it is lossy [7], [8]. On the contrary, the utmost conductive material, silver, shows lower
loss and sharper resonance peak compared to the other plasmonic materials. However, silver is
not chemically stable and could be oxidized easily. Silver film with graphene layer coating could
solve the oxidation problem [8], [9]. Due to fast oxidation and degradation properties of silver,
silver-graphene is not suitable for long-term plasmonic applications. Recently, Kravets et al. experi-
mentally observed that silver-graphene coated plasmonic materials property deteriorates with time.
In contrast, copper-graphene coated plasmonic property has shown long-term durability, and its
plasmonic performance is more stable, which is over a year [9]. Copper (Cu) is the second most
conductive material after silver, and it is much cheaper compared to both gold and silver. Cu mate-
rial damping rate is the same as Au, and its interband transition is also close to Au [5]. Cu oxidizes
easily hence it has not received much attention compared to Au and Ag. However, Cu oxidation
could be prevented with graphene layer coating, since graphene is mechanically strong, chemically
inert and having hexagonal lattice structure which is impermeable to gas molecules as small as he-
lium and therefore inhibits the penetration of oxygen [10], [11]. Furthermore, graphene coating ap-
plied to the metal surface can improve the sensing performance due to the -7 stacking. Besides, it
increases the absorption of analyte molecules owing to the high surface to volume ratio and pos-
sesses superior plasmonic properties that are suitable for sensing [8]-[10], [12].

Kretschmann set-up is widely used for SPR sensor where the p-polarization or transverse
magnetic (TM) light is incident on a prism coated with plasmonic materials (Au, Ag, Cu, etc.)
and excites the surface plasmon polaritons (SPP) wave [2]. In 1983, Liedberg et al. reported
SPR sensor for bio-sensing and gas detection for the first time [13]. Although the prism based
SPR sensor (Kretschmann set-up) performance is robust, its structural configuration is bulky
due to many required optical and mechanical components therefore not suitable for remote
sensing [2]. PCF based SPR sensing technique is considered a possible route to miniaturiza-
tion. PCF has been proven as a good replacement of prism, having smaller footprint, easier sys-
tem integration and cost effective. By harnessing its advantages such as small size, easier light
launching, single mode propagation and ability in controlling evanescent field penetration, PCF
turns out to be a promising candidate for SPR sensor. Recently, numerous microstructured fiber
based SPR sensors have been reported where thin plasmonic material layers are coated on the
inner walls of air-holes and liquid sample is selectively infiltrated inside these air-holes [7], [14]-
[16]. However, they are very challenging to be practically implemented. To overcome these diffi-
culties, D-shape PCF SPR sensors were proposed where one side along the fiber is polished
and where the plasmonic metal layers and sensing layer are placed on top of the polished sur-
face [17], [18]. However, accurate polishing effort is required to precisely remove a predeter-
mined portion of the PCF. Recently, PCF SPR biosensors are realized by keeping the metallic
layer (Au, Ag, etc.) and sensing layer outside the PCF structure where the air-holes with differ-
ent sizes are introduced and placed at different positions to control the light propagation in spe-
cific directions [8], [19], [20]. Nonetheless, fabrication of such irregular PCF geometry is difficult,
even with very accurate fiber preform drilling systems.

In this paper, a more realistic and practically simple PCF SPR biosensor is proposed. Copper
is utilized in PCF SPR sensor for the first time due to its long-term stable sensing performance
and graphene is used to prevent copper oxidation and enhance the sensor performance. Copper-
graphene layer and sensing layer are placed outside the fiber structure to eliminate liquid infiltra-
tion and metal coating problem. Owing to the external sensing layer, the analyte can be detected
by simply flowing it through or dripped on the outer surface of Cu and graphene layers.

2. Structural Design and Numerical Analysis

Cross-sections of the PCF stacked preform and proposed sensor is shown in Fig. 1(a) and (b),
respectively. Fig. 1(c) shows the experimental setup of the proposed sensor where light from a
supercontinuum source is coupled to the circular PCF structure. A circular sample holder is con-
sidered surrounding the PCF structure. Analyte sample IN and OUT is maintained through a
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Fig. 1. Cross-section of the proposed (a) PCF's stacked preform, (b) sensor, and (c) schematic
diagram of the experimental set-up.

pump. Finally, the transmitted light is coupled to the optical spectrum analyzer (OSA) for the
analysis. Considering the central air hole, proposed PCF consists of three hexagonal rings
where the air-holes are similar. In the second ring (blue dash line) along the horizontal row of
the central hole, the two opposite sides of air-holes are scaled down to allow light propagating
through their surrounding silica area. Scaled down holes are placed close to the plasmonic Cu
surface to accelerate the excitation of the free electrons. The scaled down air-holes also facili-
tate coupling of phase-matched core-guided mode and surface plasmon polaritons (SPP) mode.
In Fig. 1(b), two adjacent air-holes are placed with uniform distance (pitch size) A =2 ym, and
the air-hole diameter is, d = 0.50A. The scaled down air-holes diameter is d, = 0.30A. Owing
two small air-holes, by introducing thicker wall capillaries, proposed PCF could be fabricated
easily by using the standard stack-and-draw method. The refractive index (RI) of fused silica fol-
lows Sellmeier equation [7]. Outside the fiber structure, Cu layer of thickness t = 30 nm is used.
Cu layer could be deposited using electron-beam evaporation method [9]. The complex Rl prop-
erty of Cu has been adopted from [21]. On top of the Cu layer, graphene layer thickness has
been calculated by f;, =0.34 nm x L (L=1,2,3,...), where L is the number of layers. By using
transfer printing process and chemical vapor deposition (CVD) process, monolayer or multilayer
graphene can be directly grown or deposited on the Cu surface [9], [12]. The complex RI of gra-
phene is determined from the equation ny = 3 + iC1\/3, where X is the vacuum wavelength in
pm and constant Cy ~ 5.446 um~" [8]. The fiber structure is surrounded by the analyte to be
detected. The guiding properties and the sensing performances are investigated using FEM
based commercial software known as COMSOL. Perfectly matched layer (PML) is used as a ra-
diation absorber which absorbs the scattered or radiated light towards the surface. Convergence
test also carried out by optimizing the mesh size and PML thickness, which leads to calculate
the accurate results.

3. Results and Discussions

PCF SPR sensors performance depends on the evanescent field which is due to light propaga-
tion through the core. Stronger modal field is desired to ensure interaction with the sensing layer
(analyte) for better sensing performance. The modal analysis of the proposed sensor has been
carried out in the xy-plane while light is propagating in the z-direction. The y-component mode
is used for the following work due to the larger evanescent field, stronger interaction with the
analytes, and higher loss depth as compared to the x-component mode. Resonance occurs
when the real effective index (nes) of core-guided mode is matched with the real (ne) value of
SPP mode. At resonance, core-guided mode is coupled to the plasmonic mode, resulting in a
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Fig. 2. Dispersion relations of core guided mode (green, maroon), SPP mode (blue, magenta), and
loss spectra (black, red). (Inset a, c) Field distribution of the core-guided mode. (Inset b, d) Field
distribution of the plasmonic mode for analyte Rl n, = 1.33 and 1.37, respectively.
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Fig. 3. (a) Fundamental loss spectrum with the variation of analyte Rl from 1.33 to 1.37. (b) Linear
fit of the resonant wavelength with respect to analyte Rl changes (d. = 0.30A, d =0.504,
t =30 nm, and t; = 0.34 nm (monolayer)).

sharp loss peak which is called the phase matching point. The phase matching condition of the
proposed sensor is shown in Fig. 2. At analyte Rl (n,) 1.33, phase matching is found to be at
600 nm, while at Rl 1.37, it shifts towards the longer wavelength and appears at 680 nm wave-
length. In Fig. 2, core-guided fundamental mode field distribution is shown in inset (a, c), where
the core-mode and plasmonic mode are coupled together. Inset (b, d) of Fig. 2 shows the plas-
monic mode field distribution. The phase matching coupling is verified by the coincidence of the
resonant peak and the intersection between the dispersion relations of the core-guided mode
and SPP mode. The confinement loss is obtained from, a(dB/cm)=8.686 x (27/\)Im(nex) x 104,
where Im(nes) is the imaginary part of effective mode index, and X is the wavelength in microme-
ters. Fig. 2 also indicates phase matching wavelength changes with analyte RIl. The small
change of analyte RI strongly affects Re(ne) of the vicinity dielectric-metal surface plasmonic
mode and changes the phase matching wavelength. The effect of analyte Rl on the loss spec-
trum is shown in Fig. 3.

In Fig. 3(a), with analyte Rl 1.33, resonance peak appears at 600 nm wavelength with the loss
depth of 48 dB/cm. Due to the change of analyte RI from 1.33 to 1.37 (with iteration of 0.01), loss
peak shifts towards longer wavelengths and loss depth increases simultaneously. Due to in-
crease of analyte R, the difference between core Rl and analyte Rl is decreased, which leads to
increase of light penetration through the cladding region. Maximum loss depth of 120 dB/cm is
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Fig. 4. Amplitude sensitivity spectrum with varying analyte RI 1.33-1.36.

found at resonant wavelength 680 nm when the analyte Rl is 1.37, which indicates the maximum
energy transferred from the core-guided mode to the SPP mode, resulting in a sharp resonance
peak at Rl 1.37. In Fig. 3(b) shows the loss peak effects owing to analyte Rl changes and also
shows the linear resonant wavelength shift where linear regression R? is 1. Using the wavelength
interrogation method, proposed sensor shows sensitivity and sensor resolution of 2000 nm/RIU
and 5 x 10~® RIU, respectively (by assuming the wavelength resolution is 0.1 nm), which is com-
parable with the results reported in [16] and [19]. Alternatively, amplitude or phase interrogation
sensing scheme could be used, where only measurement at single wavelength is needed for an-
alyte detection. It is simple and cost effective since it does not required spectral manipulation [7],
[19]. The amplitude sensitivity is shown in Fig. 4 by varying the analyte RI.
Amplitude sensitivity is given in the following equation [7]:

1 9a(A na)
a(A, ng)  0Ong

Sa(N)[RIUTY = (1)

where da(\, ng) is the difference between two adjacent loss spectrum due to a small change in
analyte RI. a(, n,) is the overall loss, and dn, is the change of analyte RI. The amplitude sensi-
tivity of the proposed sensor increases with higher analyte RI, as shown in Fig. 4. The interaction
between evanescent field and plasmon mode increases with the increase of analyte RI. Maxi-
mum sensitivity of 140 RIU~" is achieved with analyte RI 1.36, which gives the sensor resolution
of 7.1 x 10~ RIU, considering minimum 1% transmitted intensity can be detected precisely. Ad-
ditionally, amplitude sensitivities 98, 130, and 137 RIU~" are achieved for the analyte Rl of 1.33,
1.34, and 1.35, respectively.

Besides the effects of analyte RI, copper layer thickness also has significant effects on the
sensing performance, as shown in Fig. 5. Fig. 5(a) shows the loss value increases with the de-
crease of Cu thickness and the resonant wavelength is red shifted. However, after surpassing a
certain thickness level, as Cu thickness decreases, loss value decreases and exhibits wider res-
onance curve.

At the analyte Rl 1.34, maximum loss value of 48 dB/cm is achieved for Cu thickness of 30 nm
at 600 nm wavelength and decreases significantly to 19 dB/cm and resonant wavelength shifts
to 630 nm when t = 50 nm. By using wavelength interrogation, the sensitivities are 2000, 2000,
1800, and 1500 nm/RIU when the Cu thicknesses are 20, 30, 40, and 50 nm, respectively. Thicker
Cu layer introduces more damping which causes the evanescent field penetration towards the
surface and the presence of surface plasmons on the sensing layer weakened significantly. The
same scenario also observed for amplitude sensitivity, shown in Fig. 5(b). The maximum amplitude

sensitivity 98 RIU~" is achieved at 640 nm wavelength when the Cu thickness is 30 nm. When the
Cu thickness is increased to 50 nm, amplitude sensitivity decreases gradually to 87 RIU™', and
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Fig. 5. (a) Loss spectrum and (b) amplitude sensitivity effects with varying Cu thickness 20 to 50 nm
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Fig. 6. Comparison of amplitude sensitivity with graphene coated Cu and Ag layer, setting
ng = 1.33, d; = 0.30A, d = 0.50A, t = t,g = 30 nm, and t; = 0.34 nm.

resonant wavelength shifts towards the longer wavelength 670 nm. In contrast, at t = 20 nm, sen-

sor shows the amplitude sensitivity of 66 RIU~" with broaden amplitude peak. The maximum ampli-
tude sensitivity leads to sensor resolution of 1 x 10~ RIU.

Typically, silver has been widely used as a plasmonic material due to its low material losses and
sharper resonance peak. As a comparison, amplitude sensitivity for Cu-graphene and Ag-graphene
combinations of the proposed sensor is shown in Fig. 6. Ag-graphene and Cu-graphene sensors
achieved amplitude sensitivities of 117 and 98 RIU~', respectively. Although Ag-graphene shows
slightly higher amplitude sensitivity as compared to Cu-graphene, yet Cu-graphene combination
has even sharper resonance peak with more stable plasmonic performance in the long term [9].

Additionally, graphene has significant effects on sensing performance. Due to its large sur-
face to volume ratio, it interacts with the analytes on the surface resulting in increased sensing
performance. The effects of the number of graphene layers on the sensing performance are
shown in Fig. 7. In Fig. 7(a), loss depth decreases gradually with the increase of graphene
layers and analyte RI. At analyte Rl 1.33, the sensor shows red shift of resonant wavelength
and the loss value decreases gradually from 48 to 35 dB/cm when thickness of graphene is in-
creased from single layer (f; = 0.34 nm x 1) to five layers (f{; = 0.34 nm x 5), respectively.

According to Fig. 7(b), amplitude sensitivity also decreases from 98 to 60 RIU~" with the in-
crease of graphene layer from 1 to 5, respectively. Due to damping effect of graphene layer,
loss depth and amplitude sensitivity is decreased with the increase of graphene layer thickness.
As the graphene is mechanically strong and chemically inert, a single or double layer should be
able to prevent the oxidation.
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Fig. 8. Loss spectrum with varying (a) scaled-down air-hole diameter d; and (b) surrounding air-hole
diameter d (setting analyte n, = 1.33, t = 30 nm, and f; = 0.34 nm).

Further studies have been performed to structural parameters such as scaled-down air-holes
diameter (d;) and the surrounding air-holes diameter (d) to observe the plasmonic excitation
(see Fig. 8). Other structural parameters (t =30 nm and f; = 0.34 nm) are kept constant. As
shown is Fig. 8(a), loss peaks are shifted towards the longer wavelengths and the loss depths
increased gradually as d; values are increased. The scaled-down air-hole is optimized as
d. = 0.30A. If the diameter is reduced further, light will propagate entirely in the core which will
decrease intensity of the evanescent field (which overlaps the metal-dielectric interface). As a
result, sensing performance will diminish. If the air-hole diameter d; is increased, it will reduce
the effective index of core. Therefore, it will reduce light guidance along the core and spread out
over the cladding region. It also effects on the sensing performance. By considering all issues
d. = 0.30A is optimized. Fig. 8(b) shows, with increase of outer air-hole size (d), loss peak
maintains resonant wavelength 600 nm while the loss depth decreases significantly, which indi-
cates light is more confined in the core. The optimized air-holes diameter d is 0.50A. Further-
more, low loss value opens the possibility to work with long-haul fiber optic systems to generate
the measurable signal which helps to detect the analytes easily.

4. Conclusion

In summary, a simple, novel Copper-graphene based PCF SPR sensor has been proposed.
Guiding properties and sensing performance of the proposed sensor are numerically investi-
gated by FEM. Proposed sensor shows the maximum wavelength interrogation sensitivity of
2000 nm/RIU and achieved the sensor resolution of 5 x 10~° RIU. Furthermore, it shows the
amplitude sensitivity of 140 RIU~" with the sensor resolution 7.1 x 10~ RIU. The proposed sen-
sor structure is simpler among the reported PCF SPR sensors which could be realized using
the standard stack-and-draw fabrication method and the sputtering, CVD deposition method.
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