Advances

ISSN 2096-4579 CN 51-1781/TN

Highly sensitive and stable probe refractometer based on configurable plasmonic
resonance with nano-modified fiber core

Jianying Jing, Kun Liu, Junfeng Jiang, Tianhua Xu, Shuang Wang and Tiegen Liu

Citation: Jing JY, Liu K, Jiang JF, Xu TH, Wang S et al. Highly sensitive and stable probe refractometer based on
configurable plasmonic resonance with nano-modified fiber core. Opto-Electron Adv 6, 220072(2023).

https://doi.org/10.29026/0ea.2023.220072

Received: 15 April 2022; Accepted: 22 August 2022; Published online: 5 December 2022

Related articles

Ultra-high resolution strain sensor network assisted with an LS-SVM based hysteresis model

Tao Liu, Hao Li, Tao He, Cunzheng Fan, Zhijun Yan, Deming Liu, Qizhen Sun
Opto-Electronic Advances 2021 4, 200037 doi: 10.29026/0ea.2021.200037

Side-polished SMS based Rl sensor employing macro-bending perfluorinated POF
Xuezhi Zhang, Boyue Yang, Junfeng Jiang, Kun Liu, Xiaojun Fan, Zhaozhu Liu, Min Peng, Guanlong Chen, Tiegen Liu
Opto-Electronic Advances 2021 4, 200041 doi: 10.29026/0ea.2021.200041

Nanobridged rhombic antennas supporting both dipolar and high-order plasmonic modes with spatially
superimposed hotspots in the mid-infrared

En-Ming You, Yiqin Chen, Jun Yi, Zhao-Dong Meng, Qian Chen, Song-Yuan Ding, Huigao Duan, Martin Moskovits, Zhong-Qun Tian
Opto-Electronic Advances 2021 4, 210076 doi: 10.29026/0ea.2021.210076

More related article in Opto-Electron Journals Group website E
E3;
Oﬁ ‘ Opto-Electronic ﬁ,*
Advances . A
V .-n. 1

http://www.oejournal.org/oea L) OE_Journal . 4 @OptoEIectronAdv



https://www.oejournal.org/oea/
https://doi.org/10.29026/oea.2023.220072
https://www.oejournal.org/article/doi/10.29026/oea.2021.200037
https://doi.org/10.29026/oea.2021.200037
https://www.oejournal.org/article/doi/10.29026/oea.2021.200041
https://doi.org/10.29026/oea.2021.200041
https://www.oejournal.org/article/doi/10.29026/oea.2021.210076
https://www.oejournal.org/article/doi/10.29026/oea.2021.210076
https://doi.org/10.29026/oea.2021.210076
https://www.oejournal.org/article/doi/10.29026/oea.2023.220072#relative-article
https://www.oejournal.org/article/doi/10.29026/oea.2023.220072#relative-article
http://www.oejournal.org/oea

Opto-Electronic Article
Advances June 2023, Vol. 6, No. 6

DOI: 10.29026/0ea.2023.220072

Highly sensitive and stable probe refractometer
based on configurable plasmonic resonance
with nano-modified fiber core

Jianying Jing!%3, Kun Liu®!23*, Junfeng Jiang!3, Tianhua Xu'?3,
Shuang Wang!23 and Tiegen Liul?3

A dispersion model is developed to provide a generic tool for configuring plasmonic resonance spectral characteristics.
The customized design of the resonance curve aiming at specific detection requirements can be achieved. According to
the model, a probe-type nano-modified fiber optic configurable plasmonic resonance (NMF-CPR) sensor with tip hot spot
enhancement is demonstrated for the measurement of the refractive index in the range of 1.3332—-1.3432 corresponding
to the low-concentration biomarker solution. The new-type sensing structure avoids excessive broadening and redshift of
the resonance dip, which provides more possibilities for the surface modification of other functional nanomaterials. The
tip hot spots in nanogaps between the Au layer and Au nanostars (AuNSs), the tip electric field enhancement of AuNSs,
and the high carrier mobility of the WSey layer synergistically and significantly enhance the sensitivity of the sensor. Ex-
perimental results show that the sensitivity and the figure of merit of the tip hot spot enhanced fiber NMF-CPR sensor
can achieve up to 2995.70 nm/RIU and 25.04 RIU™", respectively, which are 1.68 times and 1.29 times higher than those
of the conventional fiber plasmonic resonance sensor. The results achieve good agreements with numerical simulations,
demonstrate a better level compared to similar reported studies, and verify the correctness of the dispersion model. The
detection resolution of the sensor reaches up to 2.00x10-° RIU, which is obviously higher than that of the conventional
side-polished fiber plasmonic resonance sensor. This indicates a high detection accuracy of the sensor. The dense Au
layer effectively prevents the intermediate nanomaterials from shedding and chemical degradation, which enables the
sensor with high stability. Furthermore, the terminal reflective sensing structure can be used as a practical probe and can
allow a more convenient operation.

Keywords: fiber photonics sensor; customized plasmonic resonance curve; nano-modified fiber core;tip hot spot
effect; high sensitivity and stability
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Introduction ment, acceleration, rotation, strain, temperature, refract-
ive index (RI), current, magnetic field) based on the rela-
Fiber optic sensing technologies can realize the detec- tionship between the characteristics of the transmitted

tion of nearly 100 types of parameters (e.g., displace- light in the optical fiber and the surrounding
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parameters'2. These provide powerful research tools and
monitoring methods for the fields of national security,
major engineering, biomedicine, etc. Fiber optic plas-
monic resonance technologies have advantages of high
sensitivity, compact size, low cost and good flexibility,
and can achieve remote, on-line, real-time, label-free and
multi-parameter detection®*. Therefore, fiber optic plas-
monic resonance sensors have wide application pro-
spects in fields of biochemistry, environmental science
and medical science’’. However, the conventional fiber
plasmonic resonance sensor with a structure of
fiber/metal layer/sample can no longer well meet re-
quirements of the current detection. Therefore, perform-
ance enhancement methods for indicators of the conven-
tional fiber plasmonic resonance sensor, e.g., sensitivity,
detection accuracy, have been widely investigated and
are mainly categorized into the following three
branches?®.

The first branch is to reasonably and flexibly design
fiber substrates. Substrates can employ commercial
fibers, e.g., multi-mode fiber’, hollow-core fiber'’, multi-
core fiber!!, temperature-insensitive photonic crystal
fiber (PCF)'?, high-resolution long period fiber grating'?
and tilted fiber grating'’. Customized fiber structures,
e.g., side-polished fiber (SPF)', tapered fiber'® and U-
shaped fiber'” can also be used as substrates to increase
the leakage of the evanescent field to enhance the sensit-
ivity. The second branch is to manage the response of the
induced electromagnetic field by designing the sensing
structure'®”. Typical sensing structures include long-
range plasmonic resonance”, nearly guided wave plas-
monic resonance (NGW-PR)?, coupled plasmon wave-
guide resonance (CPWR)** and waveguide-coupled
plasmonic resonance (WC-PR)?*%. The third branch is to
employ the bimetallic layer such as Ag-Au layer®, zero-
dimensional nanomaterials (e.g., nanoparticles®,
nanoshells”’), one-dimensional nanomaterials (e.g., nan-
otubes?®, nanorods®, nanofibers®’), and two-dimension-
al nanomaterials (e.g., graphene and derivatives®!, phos-
phorene®, transition metal dichalcogenides (TMDCs)?,
MZXene?*, perovskite*) to enhance the overlap integral of
the electric field on the surface of the sensor to improve
the sensitivity®*. However, fiber plasmonic resonance
sensors in the first branch are mainly produced based on
transmission sensing structures®’ that require fusion and
customized sample cells in the detection of samples. This
is not conducive to the convenient application. In the
second branch, the sensitivity of CPWR based fiber op-

tic sensors is relatively low and the full width at half-
maximum (FWHM) of NGW-PR based and WC-PR
based fiber optic sensors is relatively large®. In the third
branch, the modification of multi-dimensional nanoma-
terials to the outer surface of sensors will greatly broaden
the FWHM (more than 200 nm'7*%) and will reduce the
detection accuracy®.

In the field of life sciences, the research on the highly
sensitive detection of biomarkers has great significance
for the early screening of major diseases such as cancer.
Fiber optic plasmonic resonance sensors are appropriate
candidates for immunosensing based on antibody-anti-
gen interactions. When the sensor is used to detect a type
of antigen, the antibody coupling agent needs to be mod-
ified on the surface of the sensor to immobilize the cor-
responding antibody. The high RI sensitivity of the
sensor can be converted into a signal response against
the microscopic interaction between the antigen and the
antibody via the coupling agent with excellent biocom-
patibility. However, the broadening and the redshift of
the resonance dip is a general phenomenon for the anti-
body-antigen modification’’. This requires that the res-
onance dip of the fiber plasmonic resonance sensor un-
modified with biomolecules is located within a short
spectral band, and the sensitivity of the sensor can be im-
proved without significantly widening the FWHM. The
signal of the resonance dip after the broadening and red-
shift will still be accurately demodulated in this way.
When the fiber plasmonic resonance sensor is used for
the immunosensing, the signal response is mainly in-
duced by the surface RI change caused by the interaction
of biomolecules*'. When the fiber sensor is used for the
direct detection of RI solutions, the signal is derived
from the variation of the volume RI*!. These indicate that
the fiber plasmonic resonance sensor is essentially a re-
fractometer’?. Nevertheless, there are few in-depth stud-
ies on the RI sensing in the range around 1.3332 corres-
ponding to low-concentration (nanogram or microgram
per milliliter) and phosphate buffer solution-prepared
biomarker solutions. Meanwhile, fiber plasmonic reson-
ance sensors are often used in the real-time multi-para-
meter detection (e.g., different types of antigens, temper-
ature) in practical applications. Each parameter corres-
ponds to an independent resonance dip, and each reson-
ance dip needs to be distributed in a separate spectral
band to avoid the interference between resonance dips.
Therefore, it is necessary to flexibly design the resonance
curve (including multiple resonance dips) to meet the
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detection requirements. An analytical model that ex-
presses the general relationship between the multi-layer
sensing configuration and spectral characteristics of the
resonance curve needs to be established.

Based on above discussions, a dispersion model that
can provide a generic tool for configuring plasmonic res-
onance spectral characteristics is proposed and de-
veloped. According to the model, a reflective nano-mod-
ified fiber optic configurable plasmonic resonance
(NMF-CPR) sensor combined with the tip hot spot ef-
fect is implemented for the measurement of the RI in the
range of 1.3332-1.3432 with an interval of 0.0025. Coat-
ing the plasmon-active nanomaterials under the Au lay-
er effectively avoids the large redshift of the resonance
dip and the excessive decrease in the detection accuracy
caused by the broadening of the FWHM, while signific-
antly enhances the sensitivity of the sensor. Additionally,
the dense Au layer prevents the oxidation and the shed-
ding of nanomaterials. This allows the sensor to detect li-
quid samples for a long time while to still keep good sta-
bility. The reflective sensing structure can be directly in-
serted into samples to achieve the rapid and convenient
detection. By establishing the quantitative relationship
between the plasmonic resonance signal and the RI of
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the sample, the concentration of the solution that causes
the change of the RI and the biochemical interaction
between the sensitive layer and the specific substance in
the solution can be quantitatively analyzed.

Results and discussions

Theoretical analyses

Principle of configuring plasmonic resonance spectral
characteristics

The disassembly of the cylindrical surface in the optical
fiber allows the plasmonic resonance at each point to be
explained by a three-layer structure, as shown in Fig.
1(a). The wavevector component of the surface plasmon
formed by the collective oscillation of free electrons on
the surface of the metal layer is described as follows™:

w Enmé
kp = 2, | SmEs 1
»= A\ re (1)

where w and ¢ represent the frequency and the speed of
the incident light (in vacuum), respectively, ¢, and &
represent dielectric constants of the metal layer and the
sample, respectively. The wavevector component of the
evanescent wave (EW), generated by the light which is
projected on the surface of the metal layer from the
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Fig. 1| (a) Schematic of the sensing structure of the conventional fiber plasmonic resonance sensor. (b) The dispersion model for configuring

plasmonic resonance spectral characteristics. (¢) Plasmonic resonance spectra stimulated by different sensing structures. (d) The variation of the

resonance wavelength with the RI of the sample layer. wp, is the plasma frequency of Au.
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substrate (assumed to be the optical fiber core), is given

as follows™:

Kew = S /Egsing, )
C

where ¢, and 0 represent the dielectric constant of the
optical fiber core and the incident angle of the incident
light, respectively. Substituting the Drude model for the
dielectric constant of a metal that ignores the damping
term &, =1 — w; /w*, where w, represents the frequency
of the surface plasmon, into Eqgs. (1) and (2) followed by
the dimensionless processing gives a convex function
(black line in Fig. 1(b)) and a proportional function (red
line in Fig. 1(b)), as expressed in Egs. (3) and (4):

k]f—w = wﬁpﬁsine : )

P
where k, = w,/c. The extreme value of Eq. (3) is

1/(1+¢,), and the slope of Eq. (4) is 1/1/e,arcsin®, re-
spectively. Plasmonic resonance is stimulated when Eq.
(3) is equal to Eq. (4). Substituting the relationship
between the angular frequency w and the wavelength A of
the incident light w=2nc/A and the relationship
between the dielectric constant ¢, and the RI #n, of the
sample ¢, = n? into the equations gives the nonlinear re-
lationship between the resonance wavelength (the min-
imum of the resonance dip, A, in Fig. 1(c)) and the RI #,
of the sample, as expressed in Eq. (5):

Ares:

P

(5)

2mc \/sosinzﬂ 12 + g,sin’6 — n?

£,8in*0 — n?

The intersection Point 1 of the two wavevector com-
ponents in Fig. 1(b) represents the above phase match-
ing condition for the stimulation of the plasmonic reson-
ance effect. Plasmon modes that satisfy the phase match-
ing condition are coupled with incident photons in the
energy. This forms surface plasmon polaritons (SPPs)
which will propagate along the upper surface of the met-
al layer®.

When the fiber optic plasmonic resonance sensor is
used for the multi-parameter detection, the transmission
spectrum contains multiple resonance dips*'. In order to
realize accurate multi-parameter detection, it is crucial to

reasonably design the sensing structure in order to avoid

https://doi.org/10.29026/0ea.2023.220072

the overlapping of resonance dips. According to above
principle of the plasmonic resonance, the extreme value
of Eq. (3) and the slope of Eq. (4) can be adjusted by in-
troducing different types of nano-mediated layer or
designing different sensing structures to achieve the plas-
monic resonance with different resonance wavelengths.
The specific position and the shift range of the reson-
ance wavelength can be obtained via Eq. (5) as plotted in
Fig. 1(d). This enables the flexible configuration of the
plasmonic resonance spectral characteristics, and thus al-
lows the customized design of the plasmonic resonance
curve.

Coating a dielectric layer with a high/complex dielec-
tric constant on the upper surface of the metal layer in
the conventional fiber plasmonic resonance sensor is
equivalent to increasing the dielectric constant of the
sample &,. The combination of the sample layer and the
dielectric layer can be regarded as a nano-modified
sample layer. This will reduce the extreme value of Eq.
(3), as shown by the magenta line in Fig. 1(b). The reson-
ance intersection will exhibit a shift from Point 1 to
Point 2 (in Fig. 1(b)), indicating that the resonance oc-
curs at a lower frequency, ie., at a larger wavelength.
Therefore, the resonance wavelength exhibits obvious
redshift (from A, to A.) compared to that of the con-
ventional fiber plasmonic resonance sensor, as shown by
the red curve in Fig. 1(c). The higher the dielectric con-
stant of the dielectric layer, the larger the redshift range
of the resonance dip. Although the dielectric layer can
enhance the overlap integral of the electric field, thereby
can improve the sensitivity, the dielectric layer also
greatly increases the radiation loss of SPPs, and the
FWHM is severely broadened***%, as shown in Fig. 1(c).
This thereby makes it difficult to accurately demodulate
the resonance wavelength, and reduces the detection ac-
curacy calculated by the reciprocal of the FWHMSY.

NMEF-CPR sensor/Tip hot spot enhanced NMF-CPR
sensor

According to above discussions, an NMF-CPR sensor
with a new-type sensing structure of fiber core/interme-
diate layer/metal layer/sample layer is designed, as
shown in Fig. 2(a). The quality of the plasmonic reson-
ance stimulated by Au layer is ranked only second to that
of Ag layer*, but Au layer has more excellent chemical
stability than Ag layer. For the four TMDCs of MoS,,
MoSe;, WS, and WSe;, WSe; has a porous layered
structure, as seen in Fig. 2(b), with more excellent
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Fig. 2 | Schematic of the sensing structure of (a) the NMF-CPR sensor and (b) the bilayer structure of WSey in the hexagonal crystal system. (c)

Schematic of the sensing structure of the tip hot spot enhanced NMF-CPR sensor. (d) The tip electric field enhancement and the tip hot spot in

the nanogap between AuNSs and the Au layer.

physicochemical stability and photoelectric properties®.
For example, the carrier concentration and the carrier
mobility of WSe, are one to two orders of magnitude
higher than those of the other three types of TMDCs, as
shown in Table S1. This indicates that there will be more
intense carrier transfer between the intermediate layer
(i.e., WSe; layer) and the metal layer. Therefore, in this
work, Au and WSe; have been employed to construct
this type of performance enhanced fiber plasmonic res-
onance sensors. The combination of the fiber core and
the WSe; layer can be regarded as a nano-modified fiber
core. The RI of the WSe; layer is obviously higher than
that (600 nm, 1.4580*) of the silica core, so that the
nano-modified fiber core has a higher equivalent RI n,
than that of the bare fiber core, as shown in Figs. S1(a)
and S1(b). The detailed calculation for the equivalent RI
has been attached in the Supplementary file. This will
result in a higher equivalent ¢, and will reduce the slope
of Eq. (4), as shown by the blue line in Fig. 1(b). The res-
onance intersection will exhibit a shift from Point 1 to
Point 3 (in Fig. 1(b)), indicating that the resonance oc-
curs at a higher frequency, i.e., at a smaller wavelength.
Therefore, the resonance wavelength of the NMF-CPR
sensor exhibits obvious blueshift (from A,y to A..;) com-
pared to that of the conventional fiber plasmonic reson-
ance sensor, as shown by the blue curve in Fig. 1(c). The
higher the RI of the intermediate layer, the larger the
blueshift range of the resonance dip. WSe; layer as a

plasmon-active layer allows surface plasmons to propag-
ate, but does not support the existence of guided
modes®. The strong absorption of the light energy by the
WSe; layer promotes the mobility of electrons between
the WSe, layer and surface plasmons in the Au layer.
This enhances the overlap integral of the electric field on
the upper surface of the Au layer®. Therefore, the sensit-
ivity of the NMF-CPR sensor is higher than that of the
conventional fiber plasmonic resonance sensor. In addi-
tion, SPPs directly propagate at the interface between the
Au layer and the sample with smaller radiation loss and
larger propagation distance arising from the enhance-
ment of the surface field. This thereby greatly reduces the
FWHM of the sensor compared to that of the conventional
fiber plasmonic resonance sensor, as shown in Fig. 1(c).
We can achieve a higher sensitivity by doping a cer-
tain proportion of Au nanostars (AuNSs) into the WSe;
layer to construct a type of tip hot spot enhanced NMF-
CPR sensor, as shown in Fig. 2(c). The potential metallic
electromagnetic enhancers include the Au nanosphere?,
the Au nanoshell”, the Au nanorod?®, etc. Compared to
commonly used Au nanosphere, the SPPs coupling
between the inner and outer walls of the Au nanoshell
can produce an enhancement of the electric field”. Nev-
ertheless, the electric-field enhancement is more obvious
on the surface of the inner wall that is not in contact with
the sample. The anisotropy of the Au nanorod can gen-

erate transverse and longitudinal plasmonic resonance®.

220072-5
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There may be overlap and signal interference between
the resonance dips arising from above two types of res-
onance when the aspect ratio of the nanorod reaches
some specific value. The tips on arms of AuNSs in our
work can lead to a significant enhancement of the elec-
tric field”, as shown in Fig. 2(d). The tip hot spot effect
arising from the intense near-field electronic coupling
between the localized surface plasmon in AuNSs and the
conventional surface plasmon in the Au layer, leads to a
remarkable amplification of the localized electric field in-
tensity on the Au layer surface and enables the sensor to

have higher sensitivity™ .

Numerical simulations

NMEF-CPR sensor

The coupled-mode theory based finite element analysis
(FEA)* is employed to investigate spectral characterist-
ics of NMF-CPR sensors. For the same multi-layer sens-
ing structure of substrate/metal layer/dielectric
layer/sample, no matter whether the substrate is multi-
mode fiber?, SPF', tapered fiber'®, U-shaped fiber>* and
prism?*?, the developed sensors display similar variation
of sensitivity enhancement compared to the correspond-
ing conventional sensors with a sensing structure of sub-
strate/metal layer/sample. Our work is focused on the
performance variation of the sensor when different sens-
ing structures are configured. In order to obtain more
significant plasmonic resonance, the SPF, that can pro-
duce larger evanescent field leakage and provide a plane
on which complex sensing film can be flexibly con-
figured, is employed to build FEA models, as shown in
Fig. S2. The parameters used in simulations are shown in
Fig. S3 and Table S3, respectively. The mode field energy
of the fundamental mode is significantly higher than that
of the higher-order modes>. Meanwhile, the loss spec-
trum corresponding to a higher-order mode and the loss
spectrum corresponding to the fundamental mode have
little difference in the peak wavelength, as shown in Fig.
S4. The loss spectrum represents the loss caused by the
coupling of the electromagnetic field energy in the core
into SPPs due to the plasmonic resonance. The maxim-
um in the loss spectrum represents the most significant
resonance, so that the peak wavelength in the spectrum
indicates the resonance wavelength®. Therefore, the
spectral characteristics of NMF-CPR sensors can be ob-
tained from the most representative loss spectra derived

in the fundamental mode field. Simulation results are

shown in Fig. 3, Fig. S5 and Table 1. According to Eq.
(5), the binomial fitting replaces the commonly used lin-
ear fitting!” to express the relationship between the res-
onance wavelength and the RI.

It is found that the electric field intensity in the sample
on the surface of the NMF-CPR sensor can reach up to
55.22 V/m, which is 1.45 times higher than that (38.17
V/m) of the conventional fiber plasmonic resonance
sensor and this indicates an obvious enhancement of the
surface field. Compared to the conventional fiber plas-
monic resonance sensor, the initial loss peak (the loss
peak corresponding to the RI of the pure water i.e.,
1.3332) of the NMF-CPR sensor exhibits blueshift and
narrowing. As the thickness of the Au layer increases, the
initial loss peak of the NMF-CPR sensor exhibits red-
shift, the FWHM becomes larger, and the average sensit-
ivity (the average of the sensitivity corresponding to five
RI points of each sensor) of the sensor increases and is
higher than that of the conventional fiber plasmonic res-
onance sensor. As the thickness of WSe; layer increases,
the average sensitivity of the sensor is improved. This
demonstrates a greater contribution of WSe; layer to the
sensitivity enhancement. Above results agree well with
theoretical analyses. The NMF-CPR sensor with a WSe;
layer of 10 nm and an Au layer of 50 nm shows the
highest figure of merit (FOM, calculated via dividing the
average sensitivity by the FWHM?®®) of 32.12 RIU~! which
is 1.30 times higher than that (24.71 RIU™) of the con-
ventional fiber plasmonic resonance sensor with an Au
layer of 50 nm only.

Tip hot spot enhanced NMF-CPR sensor

As shown in Fig. 4(a) and 4(b), the electric field on the
surface of the tip hot spot enhanced NMF-CPR sensor
approximately obeys a normal distribution, and the peak
electric field reaches 77.38 V/m which is 2.03 times high-
er than that (38.17 V/m) of the conventional fiber plas-
monic resonance sensor with an Au layer of 50 nm. In
the reported research works®”’, Au nanoparticles were
modified on the outer surface of the Au layer. The strong
enhancement of the electric field intensity was mainly
generated in nanogaps between Au nanoparticles and the
Au layer, but could not be sufficiently used to detect ex-
ternal samples. In our research work, AuNSs are located
at the bottom of the Au layer. A small part of the en-
hanced electric field energy generated by the intense
coupling between AuNSs and the Au layer is attenuated
when passing through the Au layer, but most of the
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Fig. 3 | (a) The localized mode field distribution of the NMF-CPR sensor with a WSe; layer of 10 nm and an Au layer of 50 nm. Inset: the overall

mode field distribution around the fiber core. (b) The vertical electric field distribution of the NMF-CPR sensor. Inset: the electric field distribution

of the conventional fiber plasmonic resonance sensor with an Au layer of 50 nm. (c) Initial loss peaks of NMF-CPR sensors with different thick-

nesses of Au layers. Inset: binomial fitting curves of resonance wavelengths and RI points. The tangent slope of each point on the curve repres-

ents the sensitivity of the sensor at the corresponding RI point. (d) The sensitivity of NMF-CPR sensors with different thicknesses of Au layers

corresponding to each RI. Inset: the sensitivity of conventional fiber plasmonic resonance sensors with different thicknesses of Au layers.

Table 1 | Simulation results of spectral characteristics of sensors.

WSe» Au layer Resonance wavelength FWHM Average sensitivity FOM
Type of sensor

layer (nm) (nm) (nm)? (nm)? (nm) (RIU-")

40 612 59.86 1400.05 23.39

Conventional fiber plasmonic
- 50 635 72.84 1800.14 24.71
resonance sensor

60 647 87.54 2000.05 22.85

8 50 628 65.26 2080.07 31.87

40 605 56.32 1640.07 29.12

NMF-CPR sensor 10 50 631 68.04 2185.67 32.12

60 645 81.82 2314.33 28.29

12 50 635 70.09 2244.05 32.02

Tip hot spot enhanced NMF-CPR sensor 10 50 702 88.55 3200.11 36.14

a The values of the resonance wavelength and the FWHM in the table correspond to the initial loss peak.

energy reaches the upper surface of the Au layer to dir-
ectly detect the sample. Therefore, the electronic coup-
ling is fully and effectively utilized.

It can also be found from Fig. 4(c) and 4(d) that the
initial loss peak of the sensor displays broadening and

great redshift compared to the conventional fiber plas-

monic resonance sensor. The average sensitivity and the
FOM of the sensor can reach up to 3200.11 nm/RIU and
36.14 RIU", respectively, which are 1.78 times and 1.46
times higher than those (1800.14 nm/RIU and 24.71
RIU-!) of the conventional fiber plasmonic resonance
results indicate the

sensor, respectively. Above
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Fig. 4 | (a) The mode field distribution, (b) the horizontal electric field distribution on the upper surface, (c) loss spectra and (d) the sensitivity at

each RI point of the tip hot spot enhanced NMF-CPR sensor with a WSe; layer of 10 nm, AuNSs of 40 nm, and an Au layer of 50 nm. The inset

in (a) is an enlarged view of the mode field distribution around AuNSs. The color legend has been adjusted so that the electronic coupling is more

clearly represented. The inset in (d) is the binomial fitting curve of resonance wavelengths and RI points. The tangent slope of each point on the

curve represents the sensitivity of the sensor at the corresponding RI point.

contribution of AuNSs array to the sensitivity enhance-

ment of the sensor.

Experimental results

NME-CPR sensor

Experimental results are shown in Fig. 5, Fig. S6 and Ta-
ble 2. Both the normalized reflectivity and the loss spec-
trum represent the loss of the optical field energy in the
fiber caused by the stimulation of the plasmonic reson-
ance. Compared to the conventional fiber plasmonic res-
onance sensor, the initial resonance dip (the resonance
dip corresponding to the RI of the pure water i.e.,
1.3332) of the NMF-CPR sensor exhibits blueshift and
narrowing. As the thickness of the Au layer increases, the
initial resonance dip exhibits redshift, the FWHM be-
comes large, and the average sensitivity of the sensor in-
creases and is higher than that of the conventional fiber
plasmonic resonance sensor. However, when the thick-
ness of the Au layer is close to or larger than the penetra-
tion depth (on the order of hundreds of nanometers*') of
the evanescent field generated by the incident light in the
fiber, SPPs cannot be formed on the upper surface of the

Au layer. The sensor will no longer be able to detect the

RI change in the sample. Above results achieve a good
agreement with numerical simulations. The FOM (26.79
RIU-!) of the NMF-CPR sensor with a WSe; layer of 10
nm and an Au layer of 50 nm is 1.39 times higher than
that (19.34 RIU-!) of the conventional fiber plasmonic
resonance sensor with an Au layer of 50 nm.

It can also be found that as the external RI increases,
the sensitivity of the sensor is improved. This is because
the RI matching degree between the nano-modified fiber
core and the sample layer is enhanced due to the incre-
ment of the RI of the sample layer. When the RI of the
sample layer is close to that of the modified fiber core, a
symmetric plasmonic resonance excitation configura-
tion is generated on both sides of the Au layer™. In the
meantime, the attenuation of SPPs is decreased and the
electric field intensity of SPPs is enhanced. This results in
a larger electric field penetration depth and a longer
propagation distance of SPPs*. The sensor will thus have
the capability to detect a smaller change in the RI of the
sample, i.e., the sensitivity of the sensor is enhanced. A
reported FEA work® has shown that the sensitivity of the
sensor can achieve as high as 5673 nm/RIU when the ex-
ternal refractive index reaches a range of 1.37-1.40 which
is close to that (600 nm, 1.4580%) of the silica fiber core.
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Fig. 5| (a) Initial resonance dips of NMF-CPR sensors with different thicknesses of Au layers. Inset: binomial fitting curves of resonance

wavelengths and RI points. The tangent slope of each point on the curve represents the sensitivity of the sensor at the corresponding RI point.

(b) The sensitivity of NMF-CPR sensors with different thicknesses of Au layers corresponding to each RI. Inset: the sensitivity of conventional

fiber plasmonic resonance sensors with different thicknesses of Au layers.

Table 2 | Experimental results of spectral characteristics of sensors.

Au layer Resonance Average FOM
Type of sensor WSe3 layer (nm) FWHM (nm)2 o
(nm) wavelength (nm)? sensitivity (nm) (RIU-")
40 573.32 71.29 1241.66 17.42
Conventional fiber plasmonic

- 50 587.09 92.43 1787.93 19.34

resonance sensor
60 603.03 113.56 197411 17.38
40 561.66 58.59 1618.90 27.63
NMF-CPR sensor Approximately 10 nm 50 577.59 75.65 2026.45 26.79
60 593.24 96.42 2278.47 23.63
WSey : AuNSs =5 : 1 584.25 90.24 2142.07 23.74

Tip hot spot enhanced

P P WSe; : AuNSs =4 : 1 50 599.29 100.35 2492.58 24.84

NMF-CPR sensor
WSe, : AuNSs =3 : 1 609.25 119.62 2995.70 25.04

a The values of the resonance wavelength and the FWHM in the table correspond to the initial resonance dip.

Meanwhile, Eq. (5) is a concave function, as seen in Fig.
1(d). The tangent slope of each point on the curve rep-
resents the sensitivity of the sensor at the corresponding
RI point, and is improved with the increment of the RI.

This supports the above discussion.

Tip hot spot enhanced NMF-CPR sensor

The scattering of the light by AuNSs will increase the
FWHM of the sensor and will reduce the detection ac-
curacy®. The sensitivity of the NMF-CPR sensor with a
WSe; layer of 10 nm and an Au layer of 50 nm is relat-
ively high, and its FWHM is moderate. Therefore, the
thickness of the Au layer in the tip hot spot enhanced
NMF-CPR sensor is 50 nm. Spectral characteristics of
sensors with different volume proportions of WSe; and
AuNSs (WSe; : AuNSs) are investigated. As shown in
Fig. 6(a—c) and Fig. S7, with the increment of the doping
proportion of AuNSs, the resonance dip of the sensor ex-
hibits redshift and broadening. The sensitivity and the
FOM of the sensor can achieve up to 2995.70 nm/RIU

and 25.04 RIU-, respectively, which are 1.68 times and
1.29 times higher than those (1787.93 nm/RIU and 19.34
RIU™) of the conventional fiber plasmonic resonance
sensor with an Au layer of 50 nm, respectively. When the
doping proportion is 3 : 1, the FOM of the sensor is not
enhanced obviously but the FWHM is significantly
broadened. Therefore, 3 © 1 is the optimum doping pro-
portion. Although the FWHM of the tip hot spot en-
hanced NMF-CPR sensor is larger than that of the con-
ventional fiber plasmonic resonance sensor, the reson-
ance wavelength of the tip hot spot enhanced NMF-CPR
sensor can still be accurately demodulated, as shown in
Fig. 6(d). The wavelength resolution in the demodula-
tion system is considered as the three-fold standard devi-
ation of the resonance wavelength, as seen in Fig. 6(d).
The detection resolution of the sensor is calculated by di-
viding the wavelength resolution (30=0.06 nm) by the
average sensitivity (2995.70 nm/RIU)®, and it reaches up
to 2.00x10-° RIU. For the same plasmonic resonance

sensor, the sensitivity in different external RI ranges is
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distinctly different®’. The sensitivity corresponding to an
external RI range close to the RI of the substrate is high-
er than that corresponding to other RI ranges®. There-
fore, the reported research works on the RI sensing in
similar RI ranges using fiber plasmonic resonance
sensors have been listed in Table 3. The comparison
shows that the sensitivity of the tip hot spot enhanced
NMF-CPR sensor in this work is slightly higher than that
in ref.® but is obviously higher than those in refs.®-%,
The detection resolution of the sensor is approximately
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one order of magnitude higher than those (1.25x10
RIU, 2.16x10* RIU and 9.60x10-5 RIU, the wavelength
resolution of the spectrometer is 0.27 nm) reported in
ref.3. This indicates that the sensitivity of the sensor is
improved while the sensor still has a high detection ac-
curacy. Furthermore, the reflective sensing structure in
this work allows lower cost, simpler fabrication and
more convenient operation.

Additionally, the stability of the tip hot spot enhanced
NMEF-CPR sensor is investigated. Coating the dielectric
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Fig. 6 | (a) Initial resonance dips of tip hot spot enhanced NMF-CPR sensors with different doping proportions (WSez : AuNSs). Inset: reson-

ance spectra of the sensor with a doping proportion of 3 : 1. (b) The sensitivity of tip hot spot enhanced NMF-CPR sensors with different doping
proportions corresponding to each RI. The average sensitivity of the sensors is 2142.07 nm/RIU, 2492.58 nm/RIU and 2995.70 nm/RIU, respect-

ively. Inset: binomial fitting curves of resonance wavelengths and RI points. The tangent slope of each point on the curve represents the sensitiv-

ity of the sensor at the corresponding RI point. (¢) The FWHM of initial resonance dips and the FOM of the sensors with different doping propor-

tions. (d) Monitoring of the resonance wavelength of the tip hot spot enhanced NMF-CPR sensor with a doping proportion of 3 : 1.

Table 3 | Comparison between the study in this work and reported works at similar Rl ranges.

Sensing structure Rl range Sensitivity (hm/RIU) Reference Year
SPF/MgF2/Ag/sample 1.33-1.34 2812.50 ref.®3 2021
Double-SPF/Au/sample 1.33-1.34 1320 ref.5 2021
SPF/Au-Cu/sample 1.333-1.357 425 ref.® 2020
SPF/Ag/sample 1.333-1.345 2166.67 ref.® 2019
SPF/Ag-graphene oxide/sample 1.30-1.34 833.33 ref.57 2019
Side-polished PCF/Au/sample 1.33-1.34 1800 ref.% 2017
SPF/Photoresist buffer/Au/sample 1.332-1.352 2533 ref.%® 2011
Fiber/WSe,@AuNSs/Au/sample 1.3332-1.3432 2995.70 Our work
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layer on the upper surface of the plasmonic resonance
sensor will cause the dielectric nanomaterials to easily
fall off during the detection of liquid samples, which will
lead to the change of the resonance wavelength and will
reduce the stability of the sensor. The intermediate layer
is under the Au layer in the tip hot spot enhanced NMF-
CPR sensor in this work. The dense Au layer can avoid
the shedding and the denaturation of the intermediate
layer. The sensor has been used to detect pure water for
15 minutes, and the resonance wavelength is kept within
in a stable range, as shown in Fig. 6(d). This manifests
that the sensor possesses excellent stability.

Conclusions

A dispersion model is developed to provide a general
principle for the customized design of the plasmonic res-
onance curve according to specific detection require-
ments. According to the model, a tip hot spot enhanced
reflective NMF-CPR sensor is proposed and applied to
the measurement of the RI in a low range. Firstly, spec-
tral characteristics of the NMF-CPR sensors are simu-
lated based on the FEA. It is shown that the sensitivity
and the FOM of the tip hot spot enhanced NMF-CPR
sensor reach 3200.11 nm/RIU and 36.14 RIU}, respect-
ively, which are increased by 77.78% and 46.26% com-
pared to those of the conventional fiber plasmonic reson-
ance sensor. Secondly, the tip hot spot enhanced NMF-
CPR sensor is practically implemented. Experimental
results show that the sensitivity and the FOM of the
sensor reach 2995.70 nm/RIU and 25.04 RIU}, respect-
ively, which are increased by 67.55% and 29.47% com-
pared to those of the conventional fiber plasmonic reson-
ance sensor. Thirdly, the wavelength resolution in the
demodulation system and the detection resolution of the
tip hot spot enhanced NMF-CPR sensor are up to 0.02
nm and 2.00x10~> RIU, respectively. This suggests that
the sensor still has a high detection accuracy while the
sensitivity is significantly improved. Furthermore, the
dense and uniform Au layer directly detects the sample,
which avoids the drift of the resonance dip caused by the
shedding of the modified nanomaterials. This thereby
improves the stability of the sensor. The proposed sensor
also provides better performance and easier operation
compared to the reported works. The developed sensor
in this work can be used as a highly sensitive refracto-
meter and shows promising prospects for future applica-
tions in the scenarios of disease early screening, food

safety detection and marine environmental monitoring.

Materials and methods

Materials and reagents

The multimode fiber with a 600-um silica core and 630-
um plastic cladding, and a numerical aperture of 0.37 is
purchased from Yangtze Optical Fibre and Cable Joint
Stock Corp., Ltd. Wuhan, China. Hydrogen peroxide
(HO,, 30% wt.%), concentrated sulfuric acid (H,SOy,
98% wt.%) and Poly(diallyldimethylammonium chlor-
ide) (PDDA, 20 wt.%) are purchased from Aladdin
Corp., Ltd. Shanghai, China. WSe; nanosheets disper-
sion (1 layer-10 layers, lateral size: 50 nm-1000 nm, 0.5
mg/mL) and AuNSs dispersion (diameter: 40 nm-45 nm,
0.1 mg/mL) are purchased from Nanjing 2DNANO
Tech. Corp., Ltd. Nanjing, China.

Fabrication of the NMF-CPR sensor

An endpoint-reflective fiber structure, that allows dual
stimulation of the plasmonic resonance (stimulated by
the incident light and the reflected light, respectively)
and convenient detection, is used to construct sensors.
The cladding at the ends of the fiber is removed as
shown in Fig. S8(a-i), and the reflection area is separated
from the sensing area to avoid the interference. A
grinder has been utilized to grind the end face of the
fiber into a plane, as shown in Fig. S9(a). An Ag layer of
200 nm is used as the reflector due to its higher reflect-
ance (in Fig. S9(b)), and is sputtered on the reflection
area followed by sputtering an Au layer of 5 nm to avoid
the oxidation of the Ag layer, as shown in Fig. S8(a-ii).
The sputtering of metal layers is achieved by a magnet-
ron sputtering apparatus (MSP-3200, Shenyang LiNing
Institute of Vacuum Technology, Shenyang, China). The
thicknesses of metal layers are controlled by the crystal-
calibrated sputtering rate and the sputtering time. A
single Au layer is sputtered on the sensing area to com-
plete the fabrication of the conventional fiber plasmonic
resonance sensor. Figure S9(c) and S9(d) indicate that
the Au layer is dense, uniform and smooth.

The sensing area is immersed in the piranha solution
(H;0, : HSO4= 1 : 3, v/v) for 30 minutes to complete
surface hydroxylation and then immersed in 1 mg/mL
PDDA solution for 30 minutes to make the area posit-
ively charged. A flat, dense and uniform WSe; layer is
the key factor to obtain the high-quality plasmonic res-
onance. Otherwise, the non-uniform WSe, flakes will in-
crease the radiation damping of SPPs and will thereby
broaden the FWHM of the resonance curve. Therefore,
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the ultrasonic treatment of WSe; nanosheets is required
to guarantee the nanosheets to have a smaller and uni-
form size for better film-forming quality. As shown in
Fig. S10(a) and S10(b), sizes of ultrasonic-dispersed
WSe, nanosheets are in the order of hundreds of nano-
meters, and nanosheets are negatively charged. The sens-
ing area is immersed in WSe; dispersion for 60 minutes,
and the WSe; nanosheets can be evenly attached to the
surface of the area under the adsorption of positive and
negative charges, as shown in Fig. S8(a-iii). The sensing
area is rinsed with deionized water to remove the unat-
tached WSe, and then dried. Due to the saturation of the
electrostatic adsorption, the thickness of the WSe; layer
can only be roughly adjusted in a small range around 10
nm by controlling the immersion time. Therefore, NMF-
CPR sensors with WSe; layers of approximately 10 nm
have been developed in this work. An Au layer is
sputtered on the surface of the WSe;,-coated sensing area
to complete the fabrication of the NMF-CPR sensor, as
shown in Fig. S8(a-iv). The realistic image of the NMF-
CPR sensor is shown in Fig. S8(b-i). The scanning elec-
tron microscope (SEM) images of the surface and the
cross section of the sensing area of the NMF-CPR sensor
with a WSe;, layer of approximately 10 nm and an Au
layer of approximately 50 nm are shown in Fig. S10(c)
and S10(d).

Fabrication of the tip hot spot enhanced NMF-CPR
sensor

The fabrication of the tip hot spot enhanced NMF-CPR
sensor is similar to that of the NMF-CPR sensor, as
shown in Fig. S8(a-iii) and S8(a-iv). Figure S11(a) and
S11(b) indicate that sizes of AuNSs are in the order of
tens of nanometers which is smaller than those of WSe,
nanosheets, and AuNSs are positively charged. AuNSs
can be evenly attached to the surface of negatively
charged WSe, nanosheets, and there are still a large
number of hydroxyl groups in the mixture of WSe,
nanosheets and AuNSs (WSe,@AuNSs), as shown in Fig.
S11(c) and S11(d). Therefore, the WSe,@AuNSs can also
be attached to the PDDA functionalized fiber surface.
The realistic image of the tip hot spot enhanced NMF-
CPR sensor is shown in Fig. S8(b-ii). Specific fabrication
processes of sensors are shown in Fig. S12.

Demodulation system
The demodulation system for the RI measurement is
shown in Fig. S13. The light emitted from the light

https://doi.org/10.29026/0ea.2023.220072

source (DH-2000, Ocean Insight, Inc. Florida, USA)
enters the fiber optic sensor through a Y-type fiber patch
cord. Then the light is reflected by the Ag reflector, and
is collected by the spectrometer (Maya2000 Pro, Ocean
Insight, Inc. Florida, USA). The insertion of the sensor
into RI solutions prepared by glycerol and the withdraw-
al are controlled by a dip coater (SYDC-100, Shanghai
SanYan Technology Corp., Ltd. Shanghai, China). The
spectral signal is processed by the all-phase low-pass fil-
tering algorithm®, and the resonance wavelength is in-
terrogated by the weighted wavelength algorithm”™ in a
real-time manner, as shown in Fig. S14. The experiment
for the measurement of the RI is carried out at a con-
stant room temperature of 25 °C to exclude the influ-
ence of the temperature disturbance on the detection ac-
curacy of the sensor.
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