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In this work, we design a 6-fold D-shaped photonic crystal fibre based surface plasmon
resonance sensor in detail. The sensing performance of a standard 6-fold hexagonal D-
shaped PCF-SPR sensor on a large analyte refractive index range from 1.33 to 1.48 was
numerically investigated. The numerical results obtained from the finite element
method simulations reveal the coupling relations between fundamental core mode
and three surface plasmonic modes which have different electric filed distributions for
analytes with different refractive index (RI). Two different types of SPRs, namely,
“dielectric like' resonance with low-loss peak and “plasmon like' resonance with high-
loss peak, are also found through a critical analysis on the electric field distribution
evolutions of the fibre modes. In order to reduce the negative influence from the sub-
peak of the secondary SPR on the sensor's dynamic sensing range (DSR), we found that
by adjusting the liquid analyte layer/analyte binding layer thickness from thick layer
(1500 nm) to thin layer (500 nm), the DSR can be extended by a ratio of 44.4% from
1.33-1.41 to 1.33-1.45 at the cost of a reduced maximum sensitivity from 7900 nm/RIU
to 5300 nm/RIU. Owning to the simple structure design of the proposed sensor, we
envisage that this highly sensitive D-shaped PCF-SPR sensor could be developed as a
versatile and competitive instrument with a large and flexible refractive index
detection range.

Copyright © 2019 PENERBIT AKADEMIA BARU - All rights reserved

1. Introduction

The sensing applications based on the optical excitation and detection of the surface plasmon
resonance (SPR) phenomenon have been widely studied. The fibre sensors based on SPR are proven
to be a commercial-successful technology in the field of medical diagnosis, chemical detection, bio-
chemical reaction test/recognition, food safety control, environment monitoring, etc. The high
sensitivity to the change of refractive index of the medium in contact with the surface of thin metal
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film (typically gold or silver with dielectric), has been widely utilized for those sensing applications [1-
3].

The SPR phenomenon is generally defined as the strong coupling between the electromagnetic
wave and surface plasmon wave at the interface of dielectric and metal [4]. Then optical fibre was
introduced as the dielectric medium to overcome the traditional configuration’s drawbacks. Due to
its design flexibility and compact in size [5], the metal coated optical fibres, as an idea alternative to
the prism, have been utilized to form the excitation of surface plasmons [6-8]. Therefore, low-cost,
highly integrable, miniaturization and portable optical fibre based SPR sensors have been achieved.
Recently, photonic crystal fibre (PCF) is widely used as a novel class of optical fibre for different
sensing purposes. The PCF-SPR based sensors are now widely studied because of their simple and
compact probe designed for high sensitivity, highly robust, low-cost, fast response, label-free
detection [9]. Moreover, by optimizing the structural parameters like air holes’ diameters, the
distance between two adjacent air holes, it is possible to enhance the sensitivity and the sensing
range. The hexagonal D-shaped PCF is one of the most frequently used fibre media for common PCF-
SPR sensor applications. In this paper, we numerically investigate the sensing performance of a
standard 6-fold hexagonal D-shaped PCF-SPR sensor on a large analyte refractive index range from
1.33 to 1.48. A comprehensive numerical analysis based on the finite element method (FEM) is
adopted.

2. Geometrical Structure and Numerical Analysis

The schematic of the proposed biosensor is shown in Fig. 1. It comprises of four layers of air holes
arranged in a six-fold hexagonal PCF structure of air holes diameter of d=1.2 um with a solid core.
The distance between two holes (pitch), A, is 2.5 um and the radius of the whole sensor is set as 11
um. An open D-shaped analyte channel is designed at the top part of the fibre cross-section so that
the analyte can be infused in the channel. The height of the D-shaped channel, da, is 8 um. A uniform
nano-scale gold metal film is deposited on the flat side-polished surface with its layer thickness of
tau=45 nm for surface plasmon polaritons generation. The liquid analyte layer thickness in the D-
shaped channel is considered as 1500 nm.
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Fig. 1. Cross-section of the proposed six-fold PCF-LSPR sensor
3. Analysis of Modes

It is well known that the surface plasmon mode (PM) is generated and coupled with the main
core-guided fundamental mode (FM) at particular resonant wavelength [10]. In other words, it means
that there is a light energy transfer between those two modes. At the resonance wavelength, the loss
spectra of the majority of fibre-based SPR sensors exhibit single-resonance-peak characteristic with
a sharp and deep resonance peak [11].
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Fig. 2. Light distributions in the cross-section of D-
shaped PCF-SPR sensor for different wavelengths for
the analyte Rl of n,=1.38. (a) and (d) are the FM and
PM at 600 nm (shorter wavelength with respect to the
resonance). (b) and (e) are the FM and PM at resonant
wavelength of 690 nm. (c) and (f) are the FM and PM
at 770 nm (longer wavelength with respect to the
resonance). The arrows indicate the direction of the
electric field

The formation of the PM is shown in Figs. 2. The refractive index of the liquid analyte is considered
as n,=1.38. Figures 2 illustrate both the distribution of the light energy flow of the FM [Figs. 2 (a), 2
(b) and 2 (c)] and the PM [Figs. 2 (d), 2 (e) and 2 (f)] of the proposed sensor at 600 nm. Here, the
arrows indicate the direction of the electric field. Figures 2 (d), 2 (e) and 2 (f) show the formation of
the PM for all three wavelengths, viz., shorter, equal and longer with respect to the resonant
wavelength. In Figs. 2 (b), a week surface plasmon resonance can be observed at the inference
between the thin gold film and the dielectric (optical fibre). From Figs. 2 (a) to 2 (c), it is clear to show
a full process of SPR.
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Fig. 3. The confinement loss, dispersion relations of
FM and PM of the D-shaped hexagonal PCF-SPR
sensor for an analyte Rl of 1.38

Figure 3 shows the confinement loss spectrum (solid curve), dispersion relations of the FM
(dashed curve) and PM (dot-dashed curve) for the D-shaped hexagonal PCF-SPR sensor when the Rl
of an analyte is 1.38. As it is illustrated in Fig. 3, a sharp and deep single resonance peak has been
obtained by proposed sensor for n,=1.38 at the resonance wavelength of 690 nm.
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However, for higher refractive index analyte range of 1.46, two resonance peaks are found in the
confinement loss spectrum at their resonance wavelengths of 1337.5 nm and 1515 nm as shown in
Fig. 4.
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Fig. 4. The confinement loss, dispersion relations of FM and PM of

the D-shaped hexagonal PCF-SPR sensor for analyte Rl n,=1.46

For a large range of analyte R, there are two different types of SPRs for the proposed D-shaped
hexagonal PCF-SPR sensor, the “dielectric-like' SPR and the “plasmon-like' SPR, respectively. In
literature, they are also named as ‘incomplete coupling’ and ‘complete coupling’ [12-14]. Therefore,
the phase matching conditions for them are found to be different with each other as well. For lower
Rl of analyte, as its resonance wavelength is usually located at shorter wavelength region, the
“dielectric-like' SPR will occur with the phase matching condition of the equality between the real
parts of effective refractive indices (nef) for FM and the PM at upper boundary of gold film surface.
On the other hand, for higher Rl analytes, as their resonance wavelengths are usually located at
longer wavelength region, the ‘plasmon-like’ SPR will occur at the surface of gold film.

4. Sensing Performance

In the sensing process, to obtain a better performance of a refractive index based SPR fibre
sensor, the energy transferred to the PM is required to be extremely sensitive to the Rl changes of
the aqueous analyte [15]. When there are small Rl changes in the analyte due to
chemical/biochemical interactions, the real part of the nest of the PM should shift its position with
respect to the light signal wavelength. As a consequence, the resonant wavelength occurring at the
phase matching condition will also have a significant shift accordingly.

From Figs. 5 (a), we can observe only one single resonance peak for analyte Rl ranges from 1.33
to 1.41 within the wavelength range from 0.5 um to 1.0 um. Here, the confinement loss increases as
the Rl of the analyte is increased. It should be noted that, due to the increasing high loss of the
designed fibre and the existence of a secondary SPR caused by FM and hybrid PM in the longer
wavelength, the loss peaks for RI=1.42 and 1.43 become more and more blunt and broad. As a result,
the resonance peak can hardly be obtained and observed by using a spectrometer. Then, Fig. 5 (b)
shows the trend for the family of the confinement loss curves of the analyte's Rl in the range of 1.42
to 1.48 with dual resonance peaks in the wavelength bandwidth of 0.9 um from 0.9 um to 1.8 um.
Due to the existence of SPR between fundamental core mode and hybrid surface plasmon, a sub-
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peak is observed from the confinement loss spectra. As the secondary SPR always occurs at the longer
wavelength, it is a “plasmon-like' SPR with very high loss. In practical, because of the limitation on
observation bandwidth of an optical spectrometer, we highly expect there would be only one single
resonant peak for one analyte Rl value. Therefore, in the detection process, dual-peaks characteristic
will cause errors in the measurement within the certain sensing bandwidth. It is clear that the
uniqueness and accuracy of single peak measurement cannot be guaranteed by the proposed sensor
for Rl of any analyte higher than 1.41 due to the overlap of two resonance peaks. This drawback limits
the proposed sensor’s detection range and sensing performance.
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Fig. 5. The loss spectra for the analyte refractive index (na)
varying from (a) 1.33 to 1.43 in steps of 0.01 and (b) 1.42 to
1.48 in steps of 0.01

By introducing the wavelength interrogation method, the sensitivity of the sensor can be
calculated in nm/RIU. For example, in Fig. 5 (a), the wavelength shifts between the confinement loss
peaks for Rl 1.40 and 1.41 is 79 nm. Hence, the sensitivity of the PCF-SPR sensor for the analyte Rl
change from 1.40 to 1.41 is calculated as 7900 nm/RIU.
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5. Conclusion

In this paper, we have investigated a common D-shaped hexagonal photonic crystal for larger
refractive index detection range. The numerical results show that the proposed sensor could achieve
a maximum sensitivity of 7900 nm/RIU (Rl =1.33 to 1.41), 5300 nm/RIU (Rl =1.33 to 1.45) with thick
analyte binding layer of 1500 nm and thin analyte binding layer of 500 nm, respectively. From the
simulation results, we have observed that two different types of SPRs named as ‘dielectric-like’ SPR
with low loss and ‘plasmon-like’ SPR with high loss. As the D-shaped hexagonal PCF-SPR sensor is one
of the most promising and fabricable SPR sensors, we believe that it could be a potential sensing
device for large range of analyte refractive index detection.
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