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With the booming of nanotechnology, surface plasmon resonance (SPR) technology has become one of the most
active research hotspots in optical sensing. In this work, a square-lattice photonic crystal fiber (PCF) sensor
based-SPR with indium tin oxide (ITO) coating is investigated to detect analytes with large refractive indexes
(RIs) varying from 1.380 to 1.405. To confirm the dependence of sensing characteristics on the geometrical
parameters, the finite element method (FEM) is applied to modeling and numerical simulation. The big air holes
in cladding cause a birefringence effect, which is stronger with y-polarization mode. In this way, the maximum
and average spectral sensitivity of 60,000 and 18,400 nm/RIU can be achieved with resolution in 10~ order.
Furthermore, this sensor which provides a high-sensitivity detection in large analyte RIs with near-infrared re-
gion (1500-2800 nm) shows excellent figure of merit (FOM), signal-to-noise ratio (SNR) and detection limit (DL).
There will be more extensive space and prospect for progression in biochemical safety with DNA hybridization,

blood glucose analysis and organic chemical samples detection involved.

1. Introduction

Surface plasmon resonance (SPR) technique has become a focus due
to its non-invasiveness, real-time as well as label-free monitoring [1-3]
in refractive index (RI) sensing. In essence, SPR is a critical phys-
ical-optical phenomenon involving excitation of electron density oscil-
lations at metal-dielectric interfaces under the irradiation of p-polarized
light waves [4]. Furthermore, in SPR excitation, the energy of the inci-
dent light is absorbed by the surface plasmon wave (SPW) at the
metal-dielectric interfaces, then an obvious resonant peak appears
which is sensitive to slight variations in the surroundings. Since the
propagation constant of the surface plasmon wave is mainly related to
the refractive index of the analyte, SPR is a powerful technique to
monitor analytes in real time [5,6]. The advantages of sensors are strong
ability to adapt to harsh environment, affordable for mass production,
stability and reliability. Consequently, the sensors based on SPR possess
sparkling development prospects in environmental monitoring, chemi-
cal safety control, biomedical diagnostics, gas and liquid detection, etc
[7-9]. The conventional SPR-sensing platforms are based on the prism
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coupling [10], slot waveguide [11], and fiber Bragg grating [12], which
are costly and bulky. Nevertheless, SPR sensors based optical fiber
towardly remedy above drawbacks to provide miniaturized structures
and remote sensing [13,14]. In contrast to ordinary optical fiber, pho-
tonic crystal fiber (PCF) is especially desirable by virtue of the flexible
multi-parameter functionality, portability, large effective area, high
nonlinearity and endless single-mode [15,16].

In order to improve the performance of sensors, the choice of plas-
monic materials and position of coatings are significant. To date, plen-
tiful plasmonic materials have been mentioned in existing literatures to
induce SPR. In particular, silver, copper, aluminum and gold are
uniquely favored [17,18]. Silver can offer sharper resonant peak, how-
ever, the high oxidization properties obstruct its widespread applica-
tions in the aqueous environment. Copper and aluminium suffer from
the same problem. Besides, the electrical conductivity of gold is inferior
to that of silver and hampered to excite SPR. With the emergence of
novel plasmonic materials, indium tin oxide (ITO) comes into sight and
has been paid much attention. It has preponderance of anti-oxidation,
low cost, and can control the operating wavelength in the
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near-infrared range [19,20]. This greatly overcomes troubles of con-
ventional metal materials.

Furthermore, diverse types of PCF structures have emerged such as
internal air holes coated [21,22], nanowires filling [23], external clad-
ding coated [24,25], and D-shaped structures [26]. However, internal
air holes coated or nanowires filling are incredibly hard to be achieved.
As the surface polishing technology continues to mature, the D-shaped
PCF sensing structures are charming. Compared with the entire cladding
coated, it can availably reduce the coating area to save economic cost. In
addition, the width of plasmonic film can be precisely controlled
depending on the location of the fiber core. Therefore, there is a better
SPR effect to generate between free electrons and photons, which makes
efficient sensing possible.

In view of the above, multifarious PCF-SPR sensors with D-shaped
structures and ITO films coated have been designed and investigated
successively. Huang [27] suggested a plasmonic sensor which displayed
a maximum spectral sensitivity of 6000 nm/RIU with RIs of analyte
between 1.28 and 1.34. Dash et al. [28] studied a side-polished PCF
sensor based on SPR. An optimal spectral sensitivity of 17,000 nm/RIU,
and resolution of 1.67 x 10-6 RIU were acquired when analyte Rls
changed from 1.330 to 1.350. Yang et al. [29] reported a
concave-shaped PCF-SPR sensor to detect RIs between 1.19 and 1.29
with spectral sensitivity of 1700-10700 nm/RIU. Nevertheless, these
PCF-SPR sensors are only suitable for analyte RIs less than 1.38 and
analytes with larger RIs in biochemical field are difficult to be differ-
entiated. The sensitivity is a key factor to gauge the performance of a
sensor as it reflects the degree of SPW dependence on RI variations in the
surroundings, however, the sensitivities of the aforementioned sensors
are less than 20,000 nm/RIU and not satisfactory. Therefore, in order to
expand the applications for analytes with large Rls, it is imperative to
design better sensors.

Herein, a high-sensitivity D-shaped PCF-SPR sensor with ITO coating
is designed to achieve the detection for large RI analytes in the near-
infrared range. By optimizing the structural parameters including the
size, space, position of air holes, as well as thickness and width of the
ITO film, a spectral sensitivity of 60,000 nm/RIU, average sensitivity of
18,400 nm/RIU, and homologous resolution of 1.67 x 107® RIU can be
obtained for the analyte RIs from 1.380 to 1.405 with operational
wavelength between 1500 nm and 2800 nm.
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2. Structural design and numerical simulation

The cross-sectional schematic of the recommended D-shaped PCF-
SPR sensor with the ITO coated is illustrated in Fig. 1(a). This struc-
ture has a square lattice with four different air holes and the external
cladding can be prepared by side polishing technique, which is conve-
nient for metal films to be coated. Fused silica is selected as background
material. Due to cheaper than gold or silver, indium tin oxide (ITO) is
selected the plasmonic film to control the working wavelength in near-
infrared range. The fabrication procedure is a crucial matter in any
design. The proposed D-shaped PCF can be practically fabricated such as
the standard stack-and-draw, tube stacking drilling and sol-gel methods
[30,31]. In this work, stack-and-draw technique is adopted as shown in
Fig. 1(b). Different thickness glass tubes can be obtained by stacking
solid rods and capillaries together and stretching them at a certain rate.
Combined with polishing and chemical deposition technology, ITO film
can be coated on the D-shaped PCF surface [18]. The optimal parameters
of the sensor are as follows - air hole diameters are d; = 1.0 pm, do = 1.8
pm, d3 = 2.4 pm, and d4 = 2.8 pm; pitch of two central big holes is A =
7.0 pm; distance from the center of the largest air hole is D = 3.5 pm;
thickness, width of ITO and height are T = 70 nm, L = 8.0 pm, and H =
5.2 pm. The RI of air is n = 1.0 and the background material RI of fused
silica is defined by Sellmeier equation [32,33]:
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where n and 1 represents the RI of fused silica and operating wavelength
of the incident light, respectively, and B; = 0.691663, By = 0.407934,
B3 = 0.897479, C; = 0.004679, Co = 0.013512 and C3 = 97.934003 are
the Sellmeier coefficients. The permittivity of ITO deposited on the PCF
can be calculated by the following equation [20,34]:
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where ¢ is intraband dielectric constant, I" = 0.111 eV is the damping
coefficient, and o, = 2.19 eV. Eq. (2) is based on Drude model.

The finite element method (FEM) based on COMSOL software is
utilized to study the sensing performance of the D-shaped PCF-SPR
sensor [35]. During our research, a circular perfectly matched layer
(C-PML) as absorbing boundary condition is established by
two-dimensional modeling, which is engaged to dwindle unnecessary

Fig. 1. (a) Cross-sectional view of the D-shaped PCF-SPR sensor; (b) The stacked preform of presented PCF; (c) The schematic of recommended SPR setup.
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electromagnetic reflection [36]. Virtually, the C-PML domain function is
used for steady-state control equation. For a mode with certain oper-
ating frequency, light can be absolutely confined inside the fiber core to
propagate. In the simulation process, the convergence tests are carried
out by optimizing the mesh size and C-PML thickness to produce more
accurate results. The computational area is divided by ultra-refined
triangular grid, which contains 14,642 domain units and 1079 bound-
ary units. This precise and detailed division makes it easier to identify
suitable modes. The energy can be infiltrated from the core to cladding
territory because the finite number of air cavities for the PCF is
considered as the confinement loss (CL), which can be stated by the
equation as follows [37,38]:

N Im(nq[/) 4
LC<dB/cm) —4071><W><107 3)

where )\ stands for the wavelength of free space and Im [ng] is the
imaginary part of the refractive index. Excitation of surface plasmon is
characterized by calculating the confinement loss of the optical fiber and
the set-up is presented in Fig. 1(b). Wideband light is emitted by the
laser through a single-mode fiber to irradiate the D-shaped PCF. When
the analyte RIs are changed due to adsorbed species, phase matching of
the core-guided mode and SPP mode is affected consequently producing
blue-shift or red-shift that is monitored by an optical spectrum analyzer
(OSA) and analyzed by a computer.

3. Results and discussion

Fig. 2(A) describes the confinement loss and electric field distribu-
tion of the x- and y-polarization modes with the analyte RIs varying from
1.380 to 1.385. Compared to the x-polarization mode, the CL increases
first and then decreases for y-polarization mode with the wavelength
increasing [39,40]. When the analyte RIs are changed from 1.380 to
1.385, there is a horizontal shift for CL peaks. In comparison, the
x-polarization mode will not appear. From the perspective of electric
field distribution, in the y-polarization mode, more energy is transferred
from the core to ITO film surface to produce stronger coupling effect.
Therefore, in the subsequent analysis, the y-polarization mode is
selected to evaluate the characteristics of the D-shaped PCF-SPR sensor.

The dispersion relations of the SPP mode, core-guided mode, and CL
with dependence on wavelength are visually presented in Fig. 2(B). The
distribution of three electric fields reveals that the majority of the energy
is concentrated on the core (inset (a)) and ITO film surface (inset (b))
resulting in energy coupling between them (inset (c)). The real parts of
the effective indexes of the core-guided mode and SPP mode are shown
as orange and blue lines, respectively. As the wavelength increases
gradually, Re (n.f) of two modes decreases at different rates and both
have the same Re (ne¢) at 2310 nm. The relationship between the CL and
wavelength is indicated by the purple line and the maximum loss peak
appears at the intersection of the two curves. The results show that the
two modes satisfy the phase matching conditions to generate SPR effect.

The resonant wavelength of the PCF-based SPR sensor is sensitive to
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the structural parameters and the effects are investigated for the analyte
RI of ny = 1.380. The dependence of the CL spectra on resonant wave-
length with different air holes is shown in Fig. 3. With the d; increasing,
the offset in the CL peaks is quite small and hardly changes, indicating
that the change of d; has little effect on light transmission from fiber core
to ITO layer. When dj is changed from 1.4 pm to 1.8 pm, the CL peaks
show an upward trend and become sharper. It is explained that a larger
d, can reduce the effective RI difference between cladding and core, and
enables more incident light to propagate in the core.

As ds is increased to d4, the coupling effect between the core-guided
mode and SPP mode becomes worse and the CL peaks decrease gradu-
ally. According to the longitudinal offset of the CL peaks, the variation of
air holes ds has a greater impact on energy transmission. The reason is
that the smaller air holes near the core is, the more convenient it is for
the energy to obtain a larger storage space, and there will be more en-
ergy transferred to matal surface to produce resonant effect. Thus, the
optimal air holes parameters are selected as follows: d; = 1.0 pm, dy =
1.8 pm, d3 = 2.4 pm, and d4 = 2.8 pm.

Fig. 4 (a)-(c) exhibit the CL spectra for different values of pitch A
between ds, distance d4 from the center D, and height of ITO film away
from center H, respectively. As shown in Fig. 4(a), the resonant peaks
ascend by degrees when A changes from 6.2 pm to 7.0 pm. Coupling
between the core-guided mode and SPP mode will occur by modulating
the distance between the large air holes (ds) on both sides of the fiber
core. Therefore, a larger A provides more space for energy to focus on
the core. Fig. 4(b) illustrates the effects of different D values on CL peaks,
which is the largest for D = 3.5 pm. This indicates that phase matching of
the two modes is improved with D increasing. Further analysis shows
that a larger D increases the mode field area and contributes to the en-
ergy distribution in the fiber core. When H is between 5.2 pm and 5.6
pm, the dependence of the CL spectra on wavelength is reflected in Fig. 4
(c). With H values enlarging, the CL peaks decrease gradually. It shows
that a smaller H is more beneficial to the energy to be transferred from
fiber core to ITO film surface, so that phase matching conditions can be
better satisfied. The reason is that when the polishing surface is lower
and closer to the fiber core, it is more convenient for the incident light to
propagate between fiber core and ITO film. As a result, the two modes
can stimulate each other to produce stronger resonant effect.

Fig. 5(a) and (b) present the variations in the CL spectra for different
ITO film thicknesses and widths, respectively. As shown in Fig. 5(a),
when the thickness of the ITO film (T) increases from 70 nm to 90 nm,
the CL peaks decrease gradually and also widen, in addition to a red-shift
in the CL spectra, which is attributed to that the Re (nef) of the core-
guided mode is nearly unchanged, while the Re (n¢¢) of SPP mode in-
creases. Thus, it is indicated that a thinner ITO film is more favorable to
the energy of fiber core to reduce damping and facilitate energy transfer
to produce a strong coupling effect. The relationship between the CL and
wavelength is shown in Fig. 5(b) for different ITO film widths (L). As the
width increases, the resonant effect weakens and the CL peaks decrease.
This manifests that an excessively large width limits the energy trans-
mission from core to ITO film surface. Therefore, it is no need to deposit

Fig. 2. (A) CL and electric field distribution of the x-
polarization mode and y-polarization mode for ana-
lyte RIs of 1.380-1.385; (B) Dispersion relations of
the SPP mode (blue), core-guided mode (orange), and
confinement loss (purple) with wavelength depen-
dence (Muir = 1, Napa = 1.38,d; = 1.0 pm, do = 1.8 pm,
d3=2.4pm,ds =28 pm,A=7.0y,D=3.5pm, T =
70 nm, L = 8.0 pm, and H = 5.2 pm). (For interpre-
tation of the references to colour in this figure legend,
the reader is referred to the Web version of this
article.)
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the plasmonic sensing materials on the whole D-shaped platform, only SPR is sensitive to tiny RI variations near the surroundings (analy-
need to deposit a part of the length according to the location of the core. tes). Because Re (neg) of the SPP mode depends on the analyte RIs, a
This can save the fabrication cost and prompt resonant effect to reach small variation for analyte RI will change Re (nf) of the SPP mode and
the best state. resonant wavelength. The proposed PCF-SPR sensor can effectively
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Fig. 5. The variations of CL spectra with different ITO film (a) thicknesses (T) and (b) widths (L) (rtair = 1, Napa = 1.38, dy = 1.0 pm, dy = 1.8 pm, d3 = 2.4 pm, d4 =

28 uym, A =7.0 4, D =3.5pm, T=70 nm, L = 8.0 pm, and H = 5.2 pm).

monitor high RI analytes. In general, the lower limit of RI detection
greater than 1.33 is referred to high RI sensing, which can be applied to
biomedical and chemical safety fields such as DNA hybridization, blood
glucose analysis and organic chemical samples detection [41-43].

The CL spectra for the variations of analyte RIs from 1.380 to 1.405
are shown in Fig. 6(a), and the resonant wavelength shows a blue-shift.
As shown in Fig. 2(b), the curve slope for Re (ne) of the SPP mode is
larger than that of the core-guided mode. With the analyte RIs
increasing, the position of curve representing the Re (n.) of core-guided
mode is almost unchanged, while the position of the curve representing
Re (nefr) of the SPP mode gradually moves towards to the short wave-
length direction, resulting in a blue shift for the intersection of the two
curves under each RI. Since the intersection of two modes refers to the
phase matching point, the corresponding positions are resonant wave-
length and resonant peak. Therefore, with the increase of analyte RIs,
the resonant wavelength and resonant peak also exhibit a trend of blue
shift [5]. Fig. 6(c-h) shows the distribution of energy fields under the
different resonant wavelengths when the analyte RIs change from 1.380
to 1.405. It is indicated that the energy transmission is the largest and
the resonance between two modes is the strongest with the RI analyte of
1.380. However, in combination with Fig. 6(a), when the analyte Rls
change from 1.380 to 1.385, the offset of the resonant wavelength is the
smallest and sensitivity is the lowest.

The sensitivity is calculated by the wavelength interrogation method
as shown below [44]:

S; (nmRIU™") = Alpear /An,, 4)
where Alpeqx is the shift of the resonant peak position and An, is the
variation of adjacent analyte RIs (0.005). For RI variations from 1.380 to
1.385, 1.385 to 1.390, 1.390 to 1.395, 1.395 to 1.400, and 1.400 to
1.405, the changes in the resonant wavelength are 10 nm, 20 nm, 50 nm,
80 nm, and 300 nm and the corresponding wavelength sensitivities are
2000 nm/RIU, 4000 nm/RIU, 10,000 nm/RIU, 16,000 nm/RIU and
60,000 nm/RIU as shown in Fig. 6(b). The proposed D-shaped PCF-SPR
sensor exhibits a maximum spectral sensitivity of 60,000 nm/RIU and
average sensitivity of 18,400 nm/RIU.

Supposing that the minimum wavelength resolution is Adpin, = 0.1
nm, the analyte RI resolution of the sensor can be calculated by
Ref. [45]:

R(RIU) = An, X Admin/Adpe ®)

The results shows that a maximum RI resolution of proposed sensor is
1.67 x 107 RIU for analyte RIs between 1.400 and 1.405. Additionally,
polynomial fit of the resonant wavelengths with analyte Rls in Fig. 7(a)
reveal an R-square value of 0.99213 and Fig. 7(b) shows the histogram

Fig. 6. (a) CL spectra of the sensor for different analyte RIs; (b) The dependence of sensitivity on analyte RIs; (c-h) Energy filed distribution of analyte RIs from 1.380
to 1.405 in the resonant wavelengths (na;, = 1, d; = 1.0 pm, dp = 1.8 pm, d3 = 2.4 pm, d4 = 2.8 pm, A = 7.0 p, D = 3.5 ym, T =70 nm, L = 8.0 pm, and H = 5.2 pm).
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distributions between resonant wavelengths and analyte RIs.

Besides the sensitivity, the figure of merit (FOM), signal-to-noise
ratio (SNR), and detection limit (DL) are derived according to the
following relationships [46]:

FOM =5 6)
FWHM
Aires
‘R —=
SNR = Fwrm @)
FWHM
(€))

L=
1.5(SNR)**’

where FWHM is the full-width at half-maximum of the CL peak and A,eg
represents the variation of the resonant wavelength. The best FOM of
95.81 RIU™! and SNR of 0.48 are achieved for an analyte RI of 1.400,
and the changes in the FWAM, FOM, SNR and DL of the PCF-SPR sensor
are displayed in Fig. 8 (a)-(d). In addition, the variations of the resonant
wavelength (A4.s), spectral sensitivity, resolution, FWHM, FOM, SNR,
and DL for the analyte RIs range of 1.380-1.405 are summarized in
Table 1, which better illustrates extraordinary sensing characteristics of
the recommended sensor.

Table 2 compares the optical properties of PCF-SPR sensors recently
studied. The choice of plasmonic materials is very important to the
sensing performance. The table lists a series of sensors with conventional
gold, silver, copper and aluminum, as well as novel ITO materials as the
sensing layers coated on the surface of the PCF. Compared with the
previously proposed sensors, this sensor can detect large RI analytes in a
wider near-infrared wavelength region with higher sensitivity. There-
fore, the proposed sensor can be applied in chemical safety and
biomedical detection fields, displaying greater advantages and inesti-
mable potentials.

4. Conclusion

In summary, the novel PCF-SPR sensor is proposed and investigated
in near-infrared region, and large RIs detection and high sensitivity are
obtained. To improve the coupling strength between the core-guided
mode and SPP mode, the D-shaped structure is adopted and analyzed
by FEM and C-PML methods. Moreover, ITO is selected as the plasmonic
sensing material to control the operating wavelength within 1500
nm-2800 nm. Our analysis reveals a maximum spectral sensitivity of
60,000 nm/RIU, average spectral sensitivity of 18,400 nm/RIU and
corresponding resolution of 1.67 x 107® RIU with analyte RIs varying
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Fig. 8. Properties of the PCF-SPR sensor: (a) FWHM, (b) FOM, and (c) SNR, (d) DL.
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Table 1

Properties of the sensor for different analyte RIs.
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Analyte RI Alres (nm) Sensitivity (nm/RIU) Resolution (RIU™1) FWHM FOM (RIU™ 1) SNR Detection limit
1.380 10 2000 5.00 x 107° 0.5436 3.68 0.02 984.12
1.385 20 4000 2.50 x 107° 0.5432 7.36 0.04 826.78
1.390 50 10,000 1.00 x 107¢ 0.5676 17.62 0.09 694.60
1.395 80 16,000 6.25 x 10°° 0.6045 26.47 0.13 668.16
1.400 300 60,000 1.67 x 10°° 0.6263 95.81 0.48 501.84
Table 2

Performance comparisons with recently reported sensors.

Ref. Characteristics Wav. range (nm) RI range Sens. (nm/RIU) Str. diagram
[471 Gold-deposited D-shaped sensor 1400-1800 1.36-1.38 3340
[48] Silver-continuous grating sensor 505-793 1.33-1.36 13,600
[49] Copper-based SPR biosensor 530-780 1.33-1.37 2000
[50] Aluminium-coated PCF-SPR sensor 1700-2000 1.32-1.34 5000
[27] ITO-layer plasmonic sensor 1300-2100 1.28-1.34 6000
[16] PCF sensor with ITO coatings 1200-2250 1.22-1.33 15,000
[19] SPR sensor with ITO coated in holes 1370-1650 1.33-1.35 2000
[51] PCF-SPR sensor with ITO coated externally 1380-2260 1.26-1.38 35,000
This work High-sensitive sensor detecting large Rls 1500-2800 1.38-1.405 60,000
from 1.380 to 1.405. This unique structure has important technical Acknowledgments

significance and application potentials for the detection of high RI
substances in chemical safety and biomedical monitoring fields.
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