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High sensitivity cascaded helical-core fiber SPR sensors
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The distributed optical fiber surface plasmon resonance (SPR) sensors have attracted wide attention in biosensing and
chemical sensing applications. However, due to the limitation of their sensing structure, it is difficult to adjust their res-
onant wavelength and sensitivity. Here, novel and flexible cascaded helical-core fiber (HCF) SPR sensors are proposed
theoretically and experimentally for distributed sensing applications. It is shown that the resonant wavelength and sensi-
tivity of the sensors can be conveniently controlled by adjusting the twist pitch of the helical core. A high sensitivity of
11,180 nm/RIU for refractive-index measurement ranging from 1.355 to 1.365 is realized experimentally when the twist pitch
of the helical core is 1.5 mm. It is worth noting that the sensitivity can be further improved by reducing the twist pitch.
For example, the sensitivity of the sensor with a twist pitch of 1.4 mm can theoretically exceed 20,000 nm/RIU. This work
opens up a new way to implement multi-parameter or distributed measurement, especially to establish sensing networks
integrated in a single-core fiber or a multi-core fiber.
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1. Introduction

A surface plasmon resonance (SPR) sensor refers to the optic
excitation of a surface plasmon wave at the interface between
negative and positive permittivity material in bulk-optic and
fiber-optic sensing systems''). Because of the advantages of high
sensitivity and label-free sensing, it has wide applications in
physical, chemical, and biological sensing applications'®.
Compared with the bulk-optic SPR devices', fiber-optic SPR
devices have many advantages, such as miniaturization and
integration, remote sensing, and real time and in situ
monitoring[4"8].

In recent years, distributed fiber-optic SPR sensors attract
much more attention in the measurement of complex sam-
ples”. Several kinds of fibers are applied in distributed
SPR sensing, such as photonic crystal fibers!'®), single-mode
fibers (SMFs)[”’IZ], multi-mode fibers!**), polished optical
fibers!"*~'°! optical fiber tips!'"'”), and hollow-core fibers!®!,
These distributed fiber-optic SPR sensors have the capability
of multi-parameter and multi-channel sensing applications.
Due to the limitations of the sensing structure, these sensors
have difficulty modulating the resonant wavelength range. To
solve this problem, an effective method is to use cascaded fiber
Bragg gratings in an optical fiber!'>?°), but the sensitivity can
hardly be improved. For this reason, a helical core fiber (HCF)
SPR sensor was proposed in our previous work?"), which can
realize resonant wavelength modulation and improve sensitivity
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by changing the twist pitch of the helical core. Different from the
surface plasmon excited by the core mode in the common opti-
cal fiber SPR sensors, the whispering gallery modes (WGMs)
supported by the cladding of the HCF are excited, which leads
to a significant improvement in detection sensitivity.

Bending fiber SPR sensors also can realize resonant wave-
lengths and sensitivity modulation®>?*), However, the sensors
must be embedded in substrates®*?*!. Therefore, practical
applications limit their flexibility and are hardly applied to dis-
tributed sensing. Moreover, when the curvature radius of the
optical fiber is small, the sensor is also very vulnerable. In this
paper, we propose flexible cascaded HCF SPR sensors, which
have different twist pitches of the helical core used for distrib-
uted sensing applications. We can effectively modulate the res-
onant wavelength and sensitivity of every single HCF SPR sensor
through the twist pitch adjustment. Compared with general
bending fiber SPR sensors, this sensor does not need to be
packaged in a substrate, which makes it compact and flexible.
It is easy for HCFs to form a cascaded sensing structure.
Therefore, this kind of sensor has great potential in multi-
parameter and distributed measurements.

2. Sensor Principle

Figure 1(a) shows the schematic of the cascaded HCF SPR sen-
sor, including Sensor I and Sensor II. Every single HCF SPR

Chinese Optics Letters 19(9), 091201 (2021)


mailto:hcdeng@guet.edu.cn
https://doi.org/10.3788/COL202119.091201

Vol. 19, No. 9 | September 2021 Chinese Optics Letters

sensor is made by a side-polishing HCF coated with a gold film Using the mode expansion and propagation (MEP) method
with a thickness of 50 nm. The HCF has only one helical period =~ and WGM:s excited by the radiation light emitted by the helical
and is formed by twisting an eccentric-core fiber (ECF), as  core!*'), we calculate the coupling efficiency between transverse
shown in Figs. 1(b) and 1(c). The coating length of the side-pol- ~ magnetic (TM) WGMs and the core mode of the output ECF
ishing area is approximately equal to the twist pitch of the HCF. [see the illustration in Fig. 2(a)]. From the calculation results
The cascaded HCF SPR sensor can be separated into two single ~ shown in Fig. 2(a), we find that only a few orders WGMs can
HCEF SPR sensors. Therefore, for simplicity, we focus on the SPR be coupled to the core of the output ECF, because these
excitation in a single HCF SPR sensor, and its working principle =~ WGMs have the similar field distribution with the core mode
can be divided into three steps. guided at the core region of the output ECF, as shown in
Firstly, a white light is incident into the input core of the Fig. 2(b) and the inset of Fig. 2(a). With the increase of twist
straight ECF, thus generating a guided-core mode. When the
core mode propagates along the helical core, the light will leak

out of the helical core and form cladding WGMs. Second, the @ o4 T T
propagation field of the cladding WGMs can easily reach the - L Smm . B ‘:".L»O",‘Eg‘di‘“e
side-polishing area. Therefore, when propagation constants of 03 {-emezonm 1 2 . Fof 1l sMed
WGMs and the surface plasmon mode (SPM) are equal or close e i i* i

to each other, the evanescent wave of the cladding WGMs can - - 4.0mm : ':':

==-=-50mm

excite the SPR at the boundary between the gold layer and sur-
rounding medium. On the other hand, unless the helical core
is close enough to the side-polishing area, the core mode guided
by the helical core is difficult to excite SPR. Therefore, for the
core mode, the ability to excite SPR is very weak. Third, after L o od & i y ol
coupling among the core mode, cladding WGMs, and SPMs Mode number 7

in the helical-core region, part of the cladding WGMs can be (b
coupled into the output core of the straight ECF to form a guid-
ing-core mode. Two cascaded sensors have a different twist

pitch, which leads to different WGMs excitation conditions.
Therefore, we can effectively control the SPR resonance effect

by twisting an ECF instead of bending an optical fiber. The res-

onant wavelength of two cascaded sensors can be separated by
adjusting the twist pitch difference between the two cascaded
Sensors.
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: Fig. 2. Calculated results for the WGMs guided in the cladding of the HCF SPR
Pl - g sensors with different twist pitches from 14 mm to 5.0 mm. (a) Coupling effi-
ciency between the output fundamental-core mode and n-order WGMs at the
Fig. 1. Cascaded HCF SPR sensor. (a) Working principle of SPR sensing. P, and wavelength of 715 nm. The illustration corresponds to field distributions of the
P, are twisting pitches of Sensor | and Sensor I, respectively. The nearest fundamental-core mode and SPM. (b) Normalized mode field distributions of

distance between the core and side-polishing surface is about 4.5 pm. the WGMs at the maximum coupling efficiency. (c) Dispersion curves for the
(b) Cross section of the HCF. The core offset @ is about 28 um. (c] RI distri- WGMs (solid lines) and the SPMs (dash lines) for different analyte RIs ranging
bution of the HCF. The numerical aperture of the fiber is 0.08. from 1.333 to 1.385.
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pitch of the HCF, the mode number of the output WGMs
decreases, resulting in an increase in the effective refractive
index (RI) of the output WGMs, as shown in Figs. 2(a) and 2(c).
The effective RI of the output WGMs is almost insensitive to the
surrounding analytes, because most of their fields are distributed
in the cladding, which is almost unaffected by the RI change of
the surrounding analytes, as shown in Fig. 2(b). However, the
SPM propagation at the side-polishing surface has a strong
evanescent field [see the illustration in Fig. 2(a)] and is very
sensitive to the RI changes of the surrounding analytes. From
Fig. 2(c), we can clearly see that with the increase of the RI of
the surrounding analytes, the dispersion curve shifts to a longer
wavelength. In our case, SPR will appear at the resonance wave-
length corresponding to the intersection of dispersion curves
between the WGM and SPM. At this point, WGM and SPM
have the same wave vector, resulting in a strong SPR excitation.
It can be inferred that the resonance wavelength not only moves
to longer wavelengths with the increase of RI of the surrounding
analytes, but also moves with the decrease of twist pitch, as
shown in Fig. 2(c). In addition, the side-polishing depth will also
affect the SPR excitation. Obviously, with the increase of the
side-polishing depth, the distance between the gold layer and
the ECF output core decreases, resulting in a decrease in the
mode order of the WGM coupled into the output core. As a
result, one can deduce that as the side-polishing depth increases,
the resonance wavelength between the WGM and SPM shifts to
shorter wavelengths, as shown in Figs. 2(a) and 2(c).

3. Experimental Methods

The sensing experimental setup is shown in Fig. 3. The two cas-
caded HCF SPR sensors were encapsulated in two separate
micro-fluid chambers, respectively. As shown in the inset of
Fig. 3, by monitoring the output power, the input and output
ends of the ECF are spliced to an SMF through core alignment
by using a common manual mode fiber splicer. The spectrum
range of the input light of the supercontinuum source (SuperK
compact, from NKT Photonics) is from 450 nm to 2400 nm. The
output spectrum was monitored by a spectrum analyzer
(AQ6373, from Yokokawa). In the sensing process, the different
analyte samples were injected into the two separate micro-fluid
chambers by two injection pumps connected to the inlet ends,

s o
,\;fM

Supercontinuum

source

Fig. 3. Schematic of the proposed experimental setup of HCF SPR sensing.
The inset shows a photograph of fusion splicing between the SMF and the ECF.
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respectively. After flowing through the sensing area of the
HCEF SPR sensor, the analyte was finally collected by a waste con-
tainer connected to the outlet end. In our case, the RI of all of the
analyte samples was measured using an Abbé refractometer
(GDA-2S, from Gold), and the temperature of the sensor was
maintained to be better than 0.1°C by a temperature control
device.

4. Results and Discussion

To analyze sensing characteristics of one single HCF SPR sensor,
one of the two cascaded HCF SPR sensors is made active, while
another one is put into the air, which is inactive for RI sensing.
Figures 4(a)-4(c) show the experiment results of RI sensing of
the active HCF SPR sensors with different twist pitches. We also
calculate the normalized transmission spectra of the p-polarized
multiple WGMs propagating in the cladding of the HCF SPR
sensing region using the transfer matrix method!**), as shown
in Figs. 4(d)-4(f). As the RI of the analyte increases, the SPR res-
onance dip of the normalized output spectra shifts toward longer
wavelengths. It is important to note that the resonance wave-
length at the dip increases with the decrease of the twist pitch,
and the increasing trend becomes obvious. In other words, the
sensing sensitivity increases rapidly as the twist pitch decreases.

By comparing Figs. 4(a)-4(c) and 4(d)-4(f), except for the
resonance depth, the theoretical calculation results are in good
agreement with the experimental results. The reason is that, in
practical terms, optical fiber twisting will lead to optical loss,
especially when the twist pitch becomes smaller. As seen from
Figs. 4(a)-4(c), it can be clearly observed that the resonance
depth decreases rapidly for a small twist pitch, but decreases very
slowly for a long twist pitch. Due to the limitation of the theo-
retical model of the equivalent two-dimensional (2D) bending
waveguide!"), we can only consider the optical loss at the side-
polishing area, while neglecting the optical loss in other areas.
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Fig. & Normalized experimental spectra measured in samples with Ris varied
from 1.333 to 1.385 for two cascaded HCF SPR sensors when one sensor is
in air and the other sensor has different twist pitches. (a) P = 14 mm.
(b) P =20 mm. (c) P =35 mm. (d)-(f] Corresponding calculation results
of a single HCF SPR sensor. The arrow indicates the changing direction of
the resonance depth.
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Therefore, the model of the equivalent 2D bending waveguide
based on WGM can well describe the sensing characteristics
of the SPR dip varying with the RI or twist pitch, but the
ability to calculate resonance depth is poor, as shown in
Figs. 4(a)-4(c).

In our case, for the two cascaded HCF SPR sensors, the twist
pitch of the first sensor (Sensor I) is greater than or equal to
3.5 mm, and the twist pitch of the second sensor (Sensor II)
is less than or equal to 2.0 mm. When both sensors are active,
different from the single activated sensor [see Figs. 4(a)-4(c)],
the twist pitch difference of the two sensors leads to SPR spec-
trum separation to generate two dips, as shown in Figs. 5(a)-
5(f). The two sensors also have the same sensing characteristics.
The resonance wavelength at the SPR dip increases with increase
of the RI of the analyte or decrease of the twist pitch of the HCF.
However, two small twist pitch differences, such as less than or
equal to 1.5 mm, might lead to a reduction in separation between
the two SPR resonance dips and cause a merger of the SPR spec-
tra, as shown in Figs. 5(a), 5(b), and 6(a). For a great twist pitch
difference, such as greater than 2.0 mm, two well-separated and
distinct SPR spectra are obtained, as shown in Figs. 5(c)-5(f) and
6(b). Therefore, the sensing measurement range is limited by
the twist pitch difference between the two cascaded HCF SPR
sensors or the measurement of RIs. For example, for two cas-
caded HCF SPR sensors with a twist pitch difference of 1.5 mm,
the SPR spectra of the two sensors completely overlap in the
same analyte sensing, as shown in Fig. 6(a). When the RI of
the sensing analyte of Sensor I is less than or equal to 1.333,
the minimum RI measured by Sensor II should be greater than
1.345, as shown in Fig. 5(a). On the other hand, the maximum
value of the RI sensed by Sensor I may be less than 1.365 when
the RI of the analyte for Sensor II is greater than or equal to
1.365, as shown in Fig. 5(b).

As mentioned above, with the increasing of the RI of the
analyte or decreasing of the twist pitch of the HCF, the bending
loss induced by optical fiber twisting results in reduction in
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Fig. 5. Normalized experimental spectra of two cascaded HCF SPR sensors
with different twist pitches (P) when the sample Rl of one sensor is adjustable
and the sample RI of the other sensor is fixed. (a) and (b) Sensor | with
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resonance depth and spectral broadening. Therefore, the mea-
surement limit is affected by the decrease of twist pitch. In
Figs. 5(c) and 5(e), we can find that the maximum value of
the RI measured by Sensor IT at 1.5 mm and 1.4 mm twist pitches
may be less than 1.375 and 1.365, respectively. However, with an
increasing twist pitch, it can enlarge the measurement range but
decrease the sensitivity. From Figs. 5(b), 5(d), and 5(f), we can
clearly see that the resonant depth of Sensor I with a twist pitch
of greater than 3 mm has little change in the RI measurement
from 1.333 to 1.385. At the same time, movement of the reso-
nance dip reduces compared with Sensor II.

Figures 7(a) and 7(b) show experimental and theoretical
results of resonant wavelength and average sensitivity of
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Fig. 7. Sensing characteristics of the cascaded HCF SPR sensor. (a) The res-
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samples from 1.333 to 1.385. (b) Average sensitivity curves changing with a
twist pitch in low and high RI measurements. Note that the low Rl ranges from
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cascaded HCF SPR sensors changing with the twist pitch in RI
measurements, respectively. The calculated results agree very
well with experiment results, which provide a theoretical basis
for analyzing HCF SPR sensors by using WGMs. Both the
resonant wavelength and average sensitivity decrease rapidly
with the increase of twist pitch, which exhibits an exponential
decay function relationship. In our case, the maximum and min-
imum values of average sensitivity are 11,180 nm/RIU and
5160 nm/RIU in a high RI measured by Sensor II with twist
pitches of 1.5 mm and 2.0 mm, respectively. The sensitivity of
Sensor II can be further improved by decreasing the twist pitch
of the sensor. For example, the sensitivity of the sensor with a
twist pitch of 1.4 mm can be over 20,000 nm/RIU theoretically.
Compared with Sensor II, the twist pitch of Sensor I is longer,
which leads to the decrease of its average sensitivity ranging
from 2110 nm/RIU to 3360 nm/RIU. In distributed RI mea-
surements, as mentioned above, Sensor II has high sensitivity,
but its RI measurement range is limited. On the contrary,
the sensitivity of Sensor I is lower, but the measuring range is
wider. In addition, the sensitivity in high RI measurement is
always higher than that in low RI measurement, as shown in
Fig. 7(b).

5. Conclusions

In summary, a cascaded SPR sensor based on a side-polishing
HCF for the RI measurement is proposed and demonstrated
theoretically and experimentally. The sensor consists of two cas-
caded HCF SPR sensors, whose resonant wavelength and sensi-
tivity can be modulated effectively by adjusting the twist pitch
of the HCF. The sensor can be used to achieve distributed RI
measurements, but note that one should choose an appropriate
twist pitch difference between two cascaded HCF SPR sensors
to avoid a merger of the SPR spectra. The experiment results
show that the theoretical method based on WGMs can analyze
resonant wavelength changes accurately. The experimental sen-
sitivity of the sensor with twist pitch of 1.5 mm can reach up to
11,180 nm/RIU for RI measurements ranging from 1.355 to
1.365. It is worth noting that the sensitivity can be further
improved by decreasing the twist pitch, such as over
20,000 nm/RIU for a sensor with a twist pitch of 1.4 mm theo-
retically. The sensor can be integrated in sensing networks or
a micro-fluidic chip, used for multi-parameter or distributed
measurement, and may also be widely used in biological and
chemical sensing applications.
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