Vol. 19, No. 10 | October 2021

Overview of refractive index sensors comprising photonic
crystal fibers based on the surface plasmon resonance
effect [Invited]
Chao Liu (刘 超)1*, Jingwei Lü (吕靖薇)1, Wei Liu (刘 伟)1, Famei Wang (汪发美)1, and Paul K. Chu (朱剑豪)2

1 School of Physics and Electronic Engineering, Northeast Petroleum University, Daqing 163318, China
2 Department of Physics, Department of Materials Science & Engineering, and Department of Biomedical Engineering, City University of Hong Kong,
Hong Kong, China
*Corresponding author: msm-liu@126.com
Received January 21, 2021 | Accepted March 17, 2021 | Posted Online August 26, 2021

Optical fibers have been widely applied to telecommunication, imaging, lasers, and sensing. Among the different types of
fibers, photonic crystal fibers (PCFs), also called microstructured optical fibers, characterized by air holes arranged along
the length of fibers have experienced tremendous advance due to their unique advantages. They are regarded as a desirable
platform to excite surface plasmon resonance (SPR) because of easy realization of phase matching conditions between the
fundamental core mode and the plasmonic mode, which plays a critical role in miniaturization and integration of SPR sensors. In this mini-review, the current status of PCF sensors based on SPR is summarized. The theory of SPR is discussed, and
simulation methods for PCF-SPR sensors are described. The important parameters including the refractive index detection
range, resonance wavelength, and spectral sensitivity responsible for the sensing properties of PCF-SPR sensors are
reviewed. The fabrication and the comparison of performances are also illustrated, and, finally, the challenges and future
perspectives are outlined.
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1. Introduction
Surface plasmon resonance (SPR) is a critical physical–optical
phenomenon involving excitation of electron density oscillations at metal-dielectric interfaces under the irradiation of
p-polarized light waves[1–4]. As a versatile sensing technique,
SPR has the outstanding advantage of extremely high sensitivity
to variations of the refractive index (RI) of analytes, thereby
greatly applied to biomedicine, biology, and chemistry monitoring[5–8]. The first, to the best of our knowledge, documented
observation of surface plasmons was reported in 1902 when
Wood observed narrow dark bands in the diffraction spectrum
of metallic gratings illuminated with polychromatic light[9]. SPR
excited by total internal reflection was observed by Otto[10] as
well as Kretschmann and Raether[11], and the great potential
of SPR sensing technology pertaining to detection of chemical
and biological substances has spurred growing interest[12–16].
The conventional operating platform to excite SPR is based
on the total internal reflection prism of the Kretschmann and
Otto configuration. However, the Kretschmann–Raether prism
configuration suffers from drawbacks such as bulky mechanical
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equipment, large size, and non-remote measurements, and thus
new sensing platforms with miniaturization and remote sensing
capabilities are highly desirable[17,18].
Driven by the large demand for miniaturization and integration and because optical fibers can transmit light waves based on
total internal reflection, optical fibers constitute a desirable platform to excite SPR when plasmonic materials are coated on the
surface of the fiber core[19,20]. Optical fiber sensors based on SPR
offer a number of advantages over traditional electronic sensors,
for example, high sensitivity, small size, immunity to electromagnetic interference, remote detection, and resistance against
corrosive media[21–27]. These prominent features bode well for
electromagnetic wave transmission in silica optical fibers, and,
as a result of the great efforts and developments in the past decades, the impact of optical fiber sensor technology is becoming
evident.
The recent development of optical fiber sensors coincides
with the rapid advance of micro/nano-fabrication technology
giving rise to novel photonic crystal fibers (PCFs)[28–31]. A
PCF is essentially a microstructured optical fiber consisting of
a silica core surrounded by a periodic lattice of air holes along
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the length of the fiber[29]. The PCF has become a promising
platform for SPR because of unique features that are difficult
for conventional single-mode fibers (SMFs), for instance,
single-mode operation over an extended range of operating
wavelengths[32], large mode area[33], soliton propagation and
continuum generation[34,35], as well as overall controllable
dispersion[36]. Furthermore, PCFs are attractive to SPR sensing
due to the flexible air hole arrangements; thereby, the RIs of the
core and cladding can be scientifically tuned. The working principle of PCF-SPR sensors is to fulfill the phase matching condition, i.e., the coupling of the core-guided mode and the surface
plasmon polaritons (SPPs) mode[37]. In the past decade, PCFSPR sensors have become a hot research area in the optical
sensing field, and various types of PCF-SPR sensors have been
proposed and investigated theoretically to cater to a myriad of
applications[38–43]. Based on the physical mechanisms that govern enhanced coupling between the core-guided mode and the
plasmonic mode, most of the research efforts have focused on
the following aspects: (1) broadening the RI detection range,
(2) adjusting the resonance wavelength, and (3) increasing the
sensing sensitivity.
Owing to the large impact of the technology, many papers
have been published on PCF-SPR sensors, and our current
knowledge is that the proper design and optimization determine
the sensing properties of PCF-SPR sensors, for example, in biosensing and temperature and concentration measurements. In
addition to Zhao et al., who summarized the progress of
PCF-SPR sensors in 2017 and completed an overview of chemical sensors[44], there have been other reviews on PCF-SPR
sensors with the localized SPR (LSPR) structures[45–48]. The
PCF-SPR sensors described in these articles are classified by
the microstructure of the sensors. Herein, the current status
of PCF-SPR RI sensors is reviewed. The physical principles governing SPRs are discussed, and the important simulation methods for PCF-SPR sensors are summarized. This review addresses
the desirable attributes of PCF-SPR sensors including wide RI
detection ranges, controllable resonance wavelengths, and high
sensitivity. Different PCF-SPR sensors with unique structures
and their sensing characteristics are also discussed.

2. Physical Principle of SPR
SPR is a phenomenon about optical excitation of surface plasmon waves (SPWs) by the method of attenuated total reflection
except electron excitation. Before discussing PCF-SPR sensors,
the SPR theory is described. The prism-structure model
proposed by Otto[10] and Kretschmann et al. [11] forms the basis
of PCF-SPR sensors, as shown in Fig. 1. There are two physical
concepts in SPR excitation, namely, the SPW and evanescent wave.

Fig. 1. SPR excitation by prism coupling using the Kretschmann configuration.

dielectric constants of opposite signs. The wave vector of
SPW reaches the maximum value at the interface and decays
evanescently into both media. The magnetic vector of the
SPW is perpendicular to the propagation direction of the SPW
and parallel to the plane of interface, the so-called TM-polarized
wave. The propagation constant (ksp ) of SPW propagating at the
interface between the dielectric and metal film can be defined
as[49]
ω
ksp =
c

s
r
εm εs
ω
εm n2s
=
,
εm  εs c εm  n2s

1

where εm and ns are the dielectric constant of the metal
(εm = εmr  iεmi ) and RI of the dielectric materials, respectively.
As indicated by Eq. (1), SPW is supported by the structure provided that εmr < −n2s . At optical wavelengths, this condition is
fulfilled with the aid of materials such as Au, Ag, Al, graphene,
MoS2 , TiO2 , and In2 O5 Sn (ITO)[44,50,51]. Among these plasmonic materials, Au and Ag are the most common.
Equation (1) shows that the propagation constant (ksp ) of
SPW is sensitive to the RI of the surrounding medium, and this
phenomenon can be exploited in sensing. However, it is difficult
and also inconvenient to measure and monitor the ksp value of
SPW using the current apparatus, and a more effective and
maneuverable approach to excite SPW is required.

2.2. SPR excitation by the evanescent wave
The evanescent wave is central to SPR sensing, and it is conveniently considered based on the total internal reflection.
Supposing an electromagnetic plane wave propagates in a surrounding medium, which is expressed mathematically by electric field E,
E = E0 exp jωt − k · r = E0 exp jωt − kx x − ky y − kz z,
(2)

2.1. Surface plasmon wave
The SPW is a charge-density oscillation that exists at the interface between a metal thin film and a dielectric substrate with

where E0 denotes the amplitude, ω is the angular frequency, k is
p
the wave vector, r = x,y,z is the position vector, and j = −1.

102202-2

Chinese Optics Letters

Vol. 19, No. 10 | October 2021

The direction of the wave vector k is parallel to that of the wave
propagation, and its magnitude is given by
k=

q
2π
ω
k2x  k2y  k2z = n = n ,
λ
c

3

where λ and c are the wavelength and velocity in vacuum, respectively. In the Kretschmann configuration shown in Fig. 1, there
is only one traveling wave parallel to the interface:
Eev = E0 e−κy2 y exp jωt − kx x:

(4)

The amplitude of the electric field (Eev ) decays exponentially
along the vertical direction. The electric field propagates in the
direction along the metal surface, and it is called the evanescent
wave. The propagation constant of the evanescent wave kev is
given by the following expression:
kev = kx =

ω p
ε0 sin θ,
c

5

where θ is the incident angle, and ε0 refers to the dielectric constant of the prism. The penetration depth is on the order of half a
wavelength. This explains the interface sensitivity of the evanescent field because an electromagnetic field is only present close
to the interface. Therefore, slight variations of dielectric property
in the vicinity of the interface can affect this field.
SPW is not excited by an arbitrary light beam, and the phase
matching conditions must be satisfied. It is a TM-polarized
wave, so only TM polarized waves may excite SPW. The
dispersion relation of SPW exhibits a nonlinear characteristic,
and the momentum of the SPW is larger than that of light in
free space for the same frequency, resulting in momentum mismatch between the light and SPW. The mismatch may be overcome by the evanescent wave from the prism coupler. In the
prism configuration, the dispersion relation for the light wave
and metal shows an intersection and therefore, SPW may be
excited by the coupling light wave, as shown in Fig. 2.
In the three-layer system 0/1/2: prism/metal/medium geometry, as shown in Fig. 1, the reflected intensity is determined by
Fresnel equations and the reflectivity R for p-polarized light,

Fig. 3. Methodology of SPR measurement: (a) SPR spectra for different RIs
and (b) relationship between the wavelength and RI.
p

p

with Ei the incident and Er the reflected field, is given by
Eq. (6)[49]:
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where d is the thickness of the metal layer, and rik is the
reflection coefficient at the interfaces of the three-layer system
defined by
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where kz1 is the z component of the wave vector in the
metal film.
When the phase matching point between the plasmon wave
and evanescent wave is satisfied according to Eq. (9), a dip
occurs in the reflectivity curve, as shown in Fig. 3. The relationship between the resonance wavelength/angle and RI of the analyte can be described, for example, as shown in Fig. 3(b), to
enable SPR sensing of the analyte. From the perspective of
practical applications, a linear relationship between them is
preferred:
kev =

 r
ω p
ω
εm εs
:
ε0 sin α = ksp = Re
c
c εm  εs

(9)

3. Simulation, Characteristics, and Fabrication of
PCF-SPR Sensors
3.1. Simulation method for PCF-SPR sensors

Fig. 2. Dispersion relation of TM incident light coupling with SPP.

Theoretical simulation is an effective and powerful tool to evaluate the sensing performance of sensors before actual fabrication.
Since PCF-SPR sensors are complicated owing to the large number of design parameters and degree of energy coupling between
the fundamental core mode and plasmonic mode, it is crucial to
understand the detailed influence of the structural parameters of
the PCF and plasmonic materials on the optical properties of the
sensors in order to accurately predict the sensing characteristics.
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The design of a typical PCF-SPR sensor involves at least a dozen
parameters such as the air hole size, plasmonic-layer thickness,
and fiber core diameter. PCF-SPR simulation includes the process of selecting the optimal design and using models to predict
the sensing performance for each structural combination. The
primary advantage of combining computer simulation and
modal analysis is that the modeler can try different approaches
to obtain the solution for the same problem in order to design
and optimize structural parameters of the desired PCF-SPR
sensors.
According to the physics of SPR, when the phase matching
conditions in PCF-SPR sensors are achieved, the largest energy
is transferred from the fundamental core-guided mode to the
plasmonic mode, leading to loss of the transmitted energy in
fibers. Mathematically, the confinement loss αloss is often
employed to describe the sensing properties of PCF-SPR sensors, which is expressed as[52]
αloss = 8.686 ×

2π
Imneff  × 107 dB=cm,
λ

(10)

where λ denotes the incident wavelength in vacuum with a unit
of nanometer, and Imneff  is the imaginary part of the effective
RI of the core-guided mode. When the dependence of Reneff  of
SPW and the fundamental core-guided mode on wavelength λ is
plotted, phase matching conditions are fulfilled when the resonant wavelength coincides with the intersection between the
dispersion relations of the fundamental core-guided mode
and plasmonic mode. In addition, with regard to common plasmonic materials (Au, Ag), the dielectric function relations can be
obtained from the Drude models. For example, the relative permittivity of Ag (εAg ) is obtained by the extended Drude model
for wavelengths from 180 nm to 2000 nm[53,54]:
εAg ω = ε∞ 

4
Cp
σ=ε0 X

:
2
iω
ω  AP iω  Bp
p=1

(11)

In order to assess the sensing performance of PCF-SPR sensors, there are three important parameters: spectral sensitivity,
amplitude sensitivity, and RI resolution. The spectral sensitivity
[Sλ] is defined as[42,43]
Sλ =

Δλ
nm=RIU,
Δnana

where λ is the resonance wavelength, nana is the RI of the analyte,
αλ,nana  denotes the overall loss, ∂αλ,nana  is the difference of
two adjacent loss spectra at the given λ and nana , and ∂nana is the
analyte RI variation. The figure of merit (FOM) of the sensor can
be expressed as[55,56]
FOM =

ηeV · RIU−1 
,
FWHMeV

15

where η is the slope of the resonance wavelength versus RI, and
FWHM is the full width at half-maximum of the loss spectrum.
Many plasmonic PCF-SPR structures have been simulated by
various methods, and the finite element method (FEM) is the
most common method to compute the optical properties of
PCF-SPR sensors. By means of FEM, Hassani et.al.[57] have
investigated the sensitivity of two PCF-SPR sensors with/without defects with respect to the variation in the thickness of the
Au–Ag layer deposited onto the fiber surface, as shown in Fig. 4.
In the simulation, the perfectly matched layers (PMLs) are
employed to obtain the complex propagation constants, confinement losses, and dispersion curves of the core-guided mode
and plasmonic mode. Figure 4 shows that introduction of a
structural defect into the PCF cross section near the Au layer
allows one to tune the relative position of the two plasmonic
peaks. The FEM-based commercial COMSOL software is commonly implemented to investigate the guiding properties and
sensing performance of the sensor, and the RF module and wave
optics module in the COMSOL software are mainly employed in
two-dimensional (2D) simulation of PCF-SPR sensors. Because
an extra-fine mesh size is required, the number of vertices in the
structure and minimum element quality should be considered as
well. The free triangulation can be chosen to divide the mesh size
for PCF simulations due to the precise division, which further
minimizes computational errors and ensures the accuracy of
the results.
Although SPR simulation can be carried out by means of
Rsoft, Opti-FDTD software based on the finite-difference
time-domain (FDTD) method, FDTD requires solving the partial differential equations in the time domain, consequently

(12)

where Δλ is the wavelength shift, and Δnana is the RI variation.
The RI resolution (R) of the sensor is defined by[42,43]
R = Δnana Δλmin =Δλ = Δλmin =Sλ,

(13)

where the wavelength resolution can be supposed as Δλmin =
0.1 nm for most spectrometers.
The amplitude sensitivity (SA ) is expressed as[42,43]
SA λ = −

1
∂αλ,nana 
RIU−1 ,
αλ,nana  ∂nana

(14)

Fig. 4. (a) Loss spectra of two PCFs with and without defect. (b) Electronic
field distributions of the PCF with defect: insets (c) and (d) show the electronic
field distributions of the fundamental core-guided mode and higher-order
plasmonic mode at λ = 575 nm; insets (e) and (f) show the energy distribution
of the fundamental core-guided mode and fundamental plasmonic mode at
λ = 632 nm[57].
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requiring a fine mesh and occupying a great deal of computer
memory[47]. On the contrary, FEM is becoming the preferred
simulation method due to automated meshing provided by
the COMSOL software, which can determine the optical
modes with relatively small computer memory requirements.
Therefore, it is more common to adopt the FEM-based
COMSOL software to simulate PCF-SPR sensors.

3.2. Performance of PCF-SPR sensors
PCF-SPR sensors have attracted considerable interests, and various sensing structures have been demonstrated to deliver excellent sensing performance. The properties are described based on
the following categories: (1) RI detection including low/high RIs,
(2) controllable resonance wavelength, and (3) extremely high
sensitivity.
3.2.1. Low refractive index detection
The distinguishing feature of SPR is extremely high sensitivity to
variations in RI of the surrounding medium, and sensing applications of SPR originate from the changes of the RI caused by the
measured parameters. Hence, RI monitoring is one of the most
significant functions of PCF-SPR sensors and also fundamental
to the measurement of other parameters such as temperature,
concentration, and magnetic field.
One of the crucial issues for SPR effect excitation is to satisfy
phase matching conditions between the fundamental coreguided mode and plasmonic mode. Mathematically, phase
matching is fulfilled when the effective RIs of the above-mentioned two modes are equal at a given wavelength. Generally,
the effective RI of the fundamental core-guided mode in a
PCF is close to that of the silica core, which is higher than
1.45 in practical applications. According to the Eq. (1), the real
part of the effective RI of the SPW is approximately close to that
of the surrounding medium[37,52,57]. Therefore, it is relatively
easy to excite SPR for the analyte when the RI of the analyte
is close to that of the fiber core. Although most PCF-SPR sensors
aim at analyte detection with an RI around 1.33, there is a great
demand for PCF-SPR sensors for low RI detection in chemical
and biological analysis, including halogenated alkyl ethers, fluorinated organics, liquid carbon dioxide, aerogels, and so on.
Generally, the upper limit of RI detection for a PCF-SPR sensor is less than or equal to 1.33, and it is defined as a low RI sensor. At present, there are many applications available that need
to detect a lower RI, such as aerogel[58], halogenated ether[59],
sevoflurane[60], and pharmaceutical drugs[61]. In order to
broaden the RI detection range, a PCF-SPR probe coated with
Au nanowires has been reported to monitor the low RI of
1.27–1.36[62]. The probe possesses one large-size microfluidic
channel, which can avoid channel interference with each other.
Additionally, a dual-side-polished D-shaped PCF has been
firstly reported, to the best of our knowledge, to enable low
RI detection of 1.23–1.29 in the mid-infrared wavelength region
of 2550–2900 nm. Two large air holes in the PCF are formed to
be opening rings coated with Au layers as the analyte

channels[63]. The resonance spectra depend on the size of the
incision and exhibit tunablity with the size change from
0.872 μm to 1.428 μm. The average wavelength sensitivity of
the sensor reaches 5500 nm/RIU over all of the RI range
of 1.23–1.29, corresponding to a maximum resolution of
7.69 × 10−6 RIU. Figure 5 displays the electronic field distributions of different modes in the sensor. The largest energy is
transferred from the core-guided mode to the plasmonic mode
when both modes are strongly coupled.
Haque et al.[64] proposed a D-shaped PCF sensor based on
SPR for a wider low RI range of 1.00–1.37, and the homologous
cross section of the sensor is shown in Fig. 6(a). Plasmonic Au is
used to coat the top surface of the polished side with a TiO2 layer
between the Au and silica glass. Apart from being an adhesive
agent, TiO2 enhances the resonance effect between the coreguided fundamental and SPP modes. The fundamental property
of achieving the phase matching coupling point is explained in
Fig. 6(b). This side-polished structure coated with the composite
film is more beneficial to the detection of low RI analytes, as
shown in Figs. 6(c) and 6(d). Zeng et al.[65] designed a D-shaped
PCF sensor based on SPR for low RI monitoring. The D-shaped
structure coated with two Au nano-belts reduces the coating
area and facilitates coupling between the fundamental coreguided mode and plasmonic mode. The enhanced birefringence

Fig. 5. Electronic field distributions of the sensor for different modes: (a) for
the core-guided mode, (b) for the plasmonic mode, and (c) for the two modes
at resonance point[63].

Fig. 6. (a) Schematic illustration of the side-polished sensor. (b) Dispersion
relations and loss spectra of the sensor. (c) Resonant curves for RIs of
1.00–1.20. (d) Resonant curves for RIs of 1.21–1.37[64].
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causes a larger evanescent field in the y-polarized mode.
This sensor shows a maximum wavelength sensitivity of
12,600 nm/RIU in the RI range from 1.15 to 1.36. Chen et al.[60]
investigated a D-shaped PCF sensor based on the SPR effect, and
a large opening ring air hole coated with a 50-nm-thick Au film
is used as the analyte channel. This structure integrates advantages of a side-polished surface and opening ring channel, not
only reducing the area of Au thin film, but simplifying fabrication complexity, thereby enhancing the SPR coupling effect. By
optimizing structural parameters, the RI detection range of the
sensor is 1.20–1.29. A maximum wavelength sensitivity of
11,055 nm/RIU is obtained, corresponding to a high resolution
of 9.05 × 10−6 RIU. Recently, a series-wound PCF-SPR sensor
coated with dual Au nanowires was proposed[39]. In this structure, two Au nanowires are attached on the cladding surface of
two adjacent fibers rather than infiltrating into air holes in the
PCF. Owing to the dual-core structure, the even mode and odd
mode are excited concurrently for both x polarization and y
polarization. A maximum spectral sensitivity of 17,500 nm/RIU
is achieved in the RI range from 1.13 to 1.35, corresponding to a
resolution as high as 5.71 × 10−6 RIU. These reported sensors
exhibit a promising potential for monitoring biochemical
dynamics and environment pollutions due to ultrahigh sensitivity and fabrication simplicity[66].
3.2.2. High refractive index detection
The lower limit of RI detection greater than 1.33 is referred to
high RI PCF-SPR sensing. High RI detection is useful in determining chemo-analytes and bio-analytes such as polymethylphenyl siloxane, glucose, benzene, and DNA[67–69]. In practical
applications, the biochemical analyte is dissolved in a liquid by
an antigen-antibody interaction or protein-DNA/RNA binding
process. The molecular interactions of DNA can be detected by a
poly-L-lysine bound surface, which generally has an RI range of
1.45–1.48. Chu et al.[68] proposed a two-channel PCF-SPR sensor for multi-sensing, as shown in Fig. 7. This sensor constitutes
a D-shaped dual-core six-fold PCF and two Ag nanowires placed
on the two channels. As shown in Fig. 7(c), the resonance wavelengths for the two sensing channels are determined to be
697 nm and 780 nm, respectively. Figure 7(d) presents the light
energy flow distributions of the fundamental core-guided mode
and SPP mode. The biosensor exhibits a maximum RI sensitivity
of 3400 nm/RIU and a resolution of 2.94 × 10−5 RIU for a large
sensing range from 1.35 to 1.50, which covers most known analytes such as proteins, viruses, and DNA/RNA. Recently, graphene-modified SPR sensors have attracted much attention
due to strong pi-stacking forces and specific interaction[70,71].
Coating graphene layers on Au or Ag thin films can induce
larger SPR signal changes compared to bare metal thin films.
This is mainly due to charge transfer from graphene to the surface of metal thin film since the work function is different, and
this effect leads to strong excited electric field enhancement on
the sensor surface[71].
Besides graphene, semiconductor oxide-TiO2 has also
obtained great attention due to the enhancement for the SPR

Fig. 7. (a) 2D diagram of the sensor. (b) Three-dimensional (3D) diagram of the
sensor. (c) Dispersion relations and loss spectrum of the sensor (red line represents channel 1 for na = 1.35, green line represents channel 2 for na = 1.38).
(d) Electric field distributions of the sensor for different wavelengths[68].

effect[51,72]. De et al.[73] simulated a flat fiber plasmonic sensor
with a Au-TiO2 coating by FEM. The Au-TiO2 bi-layers act as
SPR sensitive materials, which are deposited onto the upper flat
surface of the fiber. The sensor possesses an average wavelength
sensitivity of 12,172 nm/RIU in an RI range of 1.445–1.490, corresponding to a sensing resolution of 8.21 × 10−6 RIU. In addition, this sensor also has an amplitude sensitivity of 2910 RIU−1
with a resolution of 3.44 × 10−6 RIU. These excellent sensing
performances are mainly attributed to the introduction of transparent TiO2 layers with a high RI, which contributes to coupling
of the core-guided mode to the plasmonic mode. Gandhi et al.[74]
reported a D-shaped PCF micro-biosensor based on the local
SPR effect, as shown in Fig. 8. The Au layer, Au-TiO2 bi-layer,
or Au-TiO2 -grating is coated on the D-shaped PCF surface. This
sensor can enable a wide RI detection range of 1.33–1.45 and a
wide operating wavelength range of 500–2000 nm. An et al.[75]
proposed a PCF-SPR sensor for an extra-broad RI monitoring.
The PCF consists of a triangular lattice and four large-size channels. The RI detection ranges from 1.30 to 1.79, and the operating wavelength can be adjusted in the range of 1680–1870 nm,
which is the largest high RI detection range reported so far. On
the heels of the continuous development of microstructured
PCF-SPR sensors, a large number of PCF-SPR sensors have been

Fig. 8. Schematics of the 2D cross section: (a) coated with an Au layer,
(b) coated with Au and titanium dioxide layers (TiO2), and (c) coated with
the Au-TiO2 grating[74].
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designed to detect low or high RI substances, and a summary of
the PCF-SPR sensors is shown in Table 1. It is seen from Table 1
that PCF-SPR sensors with various structures are applicable for
RI detection and possess relatively high maximum wavelength
sensitivities. The smallest detectable RI is as low as 1.0, while
the largest detectable RI is up to 1.79. It is noted that excellent
sensing performances are essentially determined by PCF-SPR
structures and sensitive materials.
It should also be noted that numerous D-shaped PCF-SPR
sensors have drawn growing attention because of their unique
shapes[50,60,72,76], exhibiting great practical application potentials in RI sensing. The D-shaped fibers provide a flat plane
to deposit plasmonic materials easily, which can be prepared
by the side polishing technique[41,65,70,74]. The plasmonic materials such as multilayered composite films, nanoparticles, and
gratings can be coated adjacent to the fiber core to promote
strong interactions between the fundamental mode and plasmonic mode, thus enhancing the sensing performance and realizing low/high RI detection[77–79].
3.2.3. Broad resonance wavelength detection
SPR is an optical phenomenon involving resonance excitation of
a total internal reflection evanescent wave coupled with free
electron collective oscillations in the surface of plasmonic materials. According to the aforementioned confinement loss formula, PCF-SPR exhibits the maximum loss intensity at the
resonance wavelength corresponding to surface plasmons.
Consequently, this resonance wavelength is one of the key concepts in SPR and can be tuned if the RI of the surroundings is
varied by adjusting the geometric parameters of PCF-SPR. The
shift of the resonance wavelength can be used to sense parameters that produce slight variations in the RI boding well for
sensing applications. In reported literatures, most PCF-SPR sensors have been used for the visible and near-infrared wavelength
region[37,52] due to the wide availability of light sources. To
extend the application of SPR sensing to larger biomolecules,
it is necessary to increase the SPW probing depth, implying that
longer resonance wavelengths are required. Therefore, a large
controllable resonance wavelength range is desirable for PCFSPR sensors.
Miniaturized sensors with a simple structure, quick response,
and wide wavelength range have been proposed. An et al.[80]
presented a quasi-D-shaped PCF-SPR biosensor, as shown in
Fig. 9(a). The plasmonic materials consist of metal oxide ITO
and graphene. The operating wavelength can be controlled in
the near-infrared range from 1500 nm to 2500 nm for RI sensing. The computational results show that a maximum wavelength sensitivity of 10,693 nm/RIU can be achieved with the
corresponding resolution of 9.35 × 10−6 RIU. Liu et al.[81] developed a side-core PCF-SPR sensor with a Ag core, as shown in
Fig. 9(b). Compared with the structure of an analyte hole coated
by a nano-metal layer, different sensing properties are observed.
This structure not only is a dual-core microstructure, but also
exhibits the special phenomenon where y-polarized light facilitates detection by resonance-based RI sensing using a side core

in the x direction. The structure enhances the overlapping area
of the core and SPP modes giving rise to a maximum sensitivity
of 23,821 nm/RIU in the wavelength range of 700–2800 nm.
Haider et al.[82] analyzed a simple PCF structure-based SPR sensor, as shown in Fig. 9(c), which is capable of detecting external
analytes. Hence, detection of analytes can be carried out by
streaming them through the Au surface or simply keeping them
on the surface. The sensor operates in the wavelength range of
500–1400 nm and possesses a high amplitude sensing response
of 2843 RIU−1 . Liu et al.[83] described a PCF-SPR structure with
ITO as the sensitive material [Fig. 9(d)]. Compared to Au and
Ag, ITO is cheaper for SPR excitation. The ITO thin film can be
easily fabricated on the surface of the photonic quasi-crystal
fiber (PQF) by conventional coating methods such as chemical
vapor deposition. The theoretical wavelength sensitivity of the
sensor reaches 21,100 nm/RIU at the operating wavelength
between 1400 nm and 2200 nm, and the average wavelength sensitivity is up to 8750 nm/RIU.
Figure 9(e) presents a twin-core PCF plasmonic RI sensor
boasting a wavelength range from 1400 to 2200 nm. The wavelength interrogation method determines the maximum wavelength sensitivity of around 9000 nm/RIU for both the x- and
y-polarized modes[84]. Due to the fact that Ta2 O5 has a low
waveguide loss of 1 dB/cm at an infrared wavelength, high transparency in a wide spectrum, and the high fusion point, it is
enabled as a commendable material for fiber sensors[85,86].
Li et al.[87] designed a high-sensitivity RI sensor [shown in
Fig. 9(f)] based on Au-Ta2 O5 bilayered-coating PCF-SPR at
the near-infrared wavelength range of 1100–1700 nm. In addition, the Au and Ta2 O5 layers in the large container air holes in
the vertical direction show large differences between the liquid
containing holes and other holes in the fiber structure. Unlike
the D-shaped structures or small coating holes and liquid-filling
fiber core PCFs for high RI sensing, this sensor possesses a simple, pure silica solid core structure and offers more convenience
in the arc discharge pre-treatment. Recently, a PCF-SPR sensor
with two opening rings as analyte channels described in Fig. 9(g)
has been designed[63]. The inner walls of the opening rings are
coated with the Au film with a thickness of 42–50 nm, and the
analyte can enter the opening rings through the open slots automatically. The size of the open slots is controllable by manipulating the side-polished depth, enabling the selective detection
function. The maximum wavelength sensitivity is 5500 nm/RIU,
and the amplitude sensitivity is 333.8 RIU−1 , in addition to a
sensing resolution of 7.69 × 10−6 RIU. In this way, the resonance
wavelengths of this sensor are tuned to the mid-infrared wave
band from 2550 nm to 2900 nm. Figure 9(h) presents the schematic illustration of a unique PCF-SPR sensor[58]. This sensor
constitutes two parallel D-shaped PCFs coated with a Au layer
and operates at near-infrared wavelengths. According to the
coupled-mode theory, directional power transfer between the
two fiber cores is enhanced by resonant coupling between
the surface plasmon modes and fiber core-guided modes[88,89].
In comparison with the corresponding single D-shaped PCF, a
maximum spectral sensitivity of 13,500 nm/RIU and a
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Table 1. Refractive Index Ranges of Recently Reported Sensors.
Ref.

Characteristic

Refractive Index Range

Max. Sensitivity (nm/RIU)

Resolution (RIU)

[88]

Birefringence PCF

1.00–1.43

6300

1.58 × 10−5

[76]

D-shaped PCF

1.18–1.36

20,000

5.00 × 10−6

[90]

Concave-shaped PCF

1.19–1.29

10,700

9.34 × 10−5

[60]

D-shaped PCF

1.20–1.29

11,055

9.05 × 10−6

[66]

Microchannel PCF

1.22–1.37

51,000

1.96 × 10−6

[62]

Gold-nanowire-coated PCF

1.27–1.36

6000

2.8 × 10−5

[77]

D-shaped PCF

1.27–1.32

10,493

9.53 × 10−6

[91]

Gold-coated PCF

1.29–1.49

4156

2.41 × 10−5

[92]

PCF with circular air holes

1.32–1.43

30,500 (x), 41,500 (y)

3.28 × 10−6 (x), 2.41 × 10−6 (y)

[40]

PCF with exposed core

1.33–1.42

13,500

7.41 × 10−6

[78]

Graphene-based D-shaped PCF

1.33–1.37

3700

2.7 × 10−5

[93]

Copper-graphene-based PCF

1.33–1.37

2000

5.0 × 10−5

[94]

External gold-layer-coated PCF

1.33–1.37

4000

2.50 × 10−5

Str. Diagram

(Continued)
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Table 1. (Continued )
Ref.

Characteristic

Refractive Index Range

Max. Sensitivity (nm/RIU)

Resolution (RIU)

[95]

Hexagonal sensor

1.33–1.42

11,000

9.10 × 10−6

[96]

PCF with exposed core

1.33–1.42

16,400

6.1 × 10−6

[97]

Au-coated dual-core PCF

1.33–1.51

6021

1.66 × 10−5

[98]

Hollow core Ag-coated PCF

1.36–1.37

4200

2.38 × 10−5

[79]

D-shaped PCF coated with gratings

1.36–1.38

3340

Not applicable

[99]

Eight-fold eccentric core PQF

1.38–1.413

96,667

1.034 × 10−6

[100]

Flattened PCF

1.49–1.54

4782

2.09 × 10−5

[75]

Four large channels

1.63–1.79

3233

3.09 × 10−5

Str. Diagram

resolution of 7.41 × 10−6 RIU are achieved for the wavelength
range between 720 and 1680 nm. The parallel D-shaped PCFSPR sensor has large potential in pharmaceutical inspection
and pharmaceutical leakage monitoring.
Plasmonics technology has been improved, and more PCFSPR sensors are produced to operate in different wavelength
ranges. A comparison of recently reported PCF-SPR sensors
and their characteristics are presented in Table 2. The resonance
wavelength in various PCF-SPR sensors can be easily tuned to
the near-infrared or mid-infrared region from the visible region
by means of optimizing PCF structures and plasmonic materials
such as Au, Ag, graphene, and ITO. In addition, it is worth noting that D-shaped PCF-SPR sensors exhibit particular flexibility
in resonance wavelength tunability.
3.2.4. Extremely high-sensitivity detection
The demand for SPR-based sensors with higher sensitivity, better precision, and faster response is increasing. In this respect,
high sensitivity is one of the goals in the design and fabrication
of PCF-SPR sensors. The spectral sensitivity and amplitude

Fig. 9. Typical cross-sectional views of various PCF-SPR sensors. (a) Graphene
over ITO coated PQF[80]; (b) a Ag core[81]; (c) hexagonal structure consisting of
two air hole rings with a central air hole[82]; (d) eccentric core PQF with ITO
coating[83]; (e) twin-core PCF with Au coating[84]; (f) analyte filling with
Au-Ta2O5 coating[87]; (g) two open-ring channels with Au coating[63]; (h) two
parallel D-shaped structures[58].

102202-9

Chinese Optics Letters

Vol. 19, No. 10 | October 2021
Table 2. Comparison of the Wavelength Ranges of Recently Reported Sensors.
Ref.

Characteristic

Wavelength Range (nm)

Max. Sensitivity (nm/RIU)

Resolution (RIU)

[40]

PCF with exposed core

460–620

13,500

/

[78]

Graphene-coated D-shaped PCF

480–650

3700

2.7 × 10−5

[101]

Hollow core PCF with silver nanowires

560–610

14,240

/

[50]

Hollow core D-shaped PCF

550–750

2900

/

[86]

Multichannel PCF

550–950

4600

2 × 10−5

[72]

D-shaped PCF

550–1770

46,000

2.2 × 10−6

[102]

Dual-core PCF

600–1200

28,000

3.57 × 10−6

[103]

Square array PCF

630–1180

7250

1.38 × 10−5

[104]

Bilaterally gold-coated PCF

1000–3400

30,000

3.33 × 10−6

[41]

ITO-coated D-shaped PCF

1200–2250

15,000

6.67 × 10−6

[83]

PCF with eccentric core

1400–2200

21,000

4.74 × 10−6

[105]

ITO-coated D-shaped PCF

1870–2300

17,000

5.8 × 10−6

[60]

D-shaped PCF with open ring

2300–2850

11,055

9.05 × 10−6

sensitivity are employed to evaluate the sensing characteristics,
and the performance is affected by the air hole arrangement,
plasmonic materials, and layer thickness. Highly sensitive sensors can be designed by optimizing the structural parameters
and air hole configurations in the PCFs. The plasmonic sensors
such as dual-side-polished structures[106,107], microchannel
incorporated D-shaped Au-grating structures[79], and H-shaped
structures[108] have been innovatively explored by the FEM-

Str. Diagram

based COMSOL Multiphysics software. Owing to the convenient simulation software, the sensing performance of the sensors
with complicated structures can be numerically calculated.
Among them, the PCF-SPR sensor with U-shaped grooves
coated with Ag-graphene exhibits a maximum spectral sensitivity of 12,600 nm/RIU in the RI range of 1.33–1.41[108]. Graphene
protects Ag from oxidation, and these side-polished structures
have advantages such as easy coating with Au films and outside
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sensing channels, rendering them ideal in real-time
sensing[109,110].
Han et al. studied a high-sensitivity plasmonic sensor based
on an H-shaped PCF[111]. The H-shaped grooves coated with
Au film in the proposed PCF serve as the analyte channels
and contact with the analyte directly. The depth and width of
the grooves are 34 μm and 4 μm, respectively. It is relatively easy
to create this kind of groove structure by using laser ablation and
focused ion beams. Therefore, this structure not only reduces the
manufacturing process of the sensors, but also provides reusable
possibilities compared to other structures. The RI detection of
the sensor is 1.33–1.49, and a maximum sensitivity of
25,900 nm/RIU is obtained in the RI range of 1.47–1.48. With
regard to the popular D-shaped PCF-SPR sensors, although the
maximum spectral sensitivity and average sensitivity increase
with the width of the Au film in a certain range, an excessively
large width leads to coupling of the core mode and higher-order
SPP mode, resulting in multi-peak interference in the detection
band affecting the sensing effectiveness. By optimizing the width
of the Au film, the diameter of the air holes, and the thickness of
the Au film, a maximum spectral sensitivity of 34,000 nm/RIU
and an average sensitivity of 10,250 nm/RIU are accomplished[112]. Recently, an air core PCF-based plasmonic sensor
has been investigated by FEM, and the core of the PCF is
infiltrated with the analyte through an open-side channel.
The spectral sensitivity and resolution are 11,700 nm/RIU
and 8.55 × 10−6 RIU, respectively[113]. In order to improve the
detection efficiency, a dual-channel PCF-SPR sensor has been
proposed. By optimizing the dielectric layer, the detecting ability
of the channels is improved, and the wavelength sensitivities of
two simultaneous channels approach 11,600 nm/RIU and
10,600 nm/RIU, respectively[106]. An octagonal PCF-based
SPR RI sensor has been designed to monitor the moisture content in transformer oil, and graphene is used as the plasmonic

Fig. 10. (a) General setup for practical sensing; (b) amplitude sensitivity
curves of the moisture-monitoring sensor for the x-polarized mode; (c) amplitude sensitivity curves of the moisture-monitoring sensor for the y-polarized
mode (d = 0.76 μm, n = 1.330–1.340, dc = 0.3 μm, tg = 40.12 nm, and
Λ = 0.8 μm)[114].

material[114], as shown in Fig. 10. The maximum amplitude sensitivities are 31,240 RIU−1 and 30,830 RIU−1 for the x-polarized
and y-polarized modes, respectively, which are the largest highamplitude sensitivities reported up to now. The sensor also
shows an FOM of 5000. Such highly sensitive sensors exhibit
great application potential in demand for monitoring steam
quality and biomolecular concentration.
Recently, an RI biosensor comprising a PCF-SPR has been
studied, and Au nano-film is selected as the active material[115].
The thickness of the Au layer has a large impact on the sensitivity. The maximum spectral sensitivity of 45,003.05 nm/RIU is
observed for the RI range from 1.33 to 1.40, and the PCF also
exhibits a high birefringence of 1.9 × 102 . The extremely high
sensitivity makes it suitable for functional biological environments. In addition, a D-shaped PCF-SPR sensor has been
designed by introducing TiO2 -Au-graphene hybrid plasmonic
materials[116]. The graphene is deposited on Au film to contribute adsorption of biomolecules on the surface. In their work, a
maximum wavelength sensitivity of 48,900 nm/RIU is achieved,
and the average sensitivity is up to 13,112.5 nm/RIU over all of
the RI range between 1.32 and 1.40. The maximum resolution of
the wavelength sensitivity is approximately 7.6 × 10−6 RIU,
exhibiting powerful ability to detect small variations of the RI.
The sensor presents a high amplitude sensitivity of 738.74 RIU−1
and a maximum FOM of 611.25 RIU−1 . The promising outcome
renders it a potential sensor for organic and biomolecules. As the
aforementioned micro-biosensor with the Au-TiO2 -grating as
the plasmonic material[74], the sensor possesses a maximum
wavelength sensitivity of 75,000 nm/RIU in a wide RI range
of 1.33–1.45, and the corresponding resonance wavelength
ranges from 500 to 2000 nm. The discrete metallic gratings
on the D-shaped surface reinforce the LSPR effect and improve
electron ionization, consequently resulting in a large mode field
distribution and an enhanced spectral sensitivity.
In order to enhance SPR sensitivity, it is fundamentally
necessary to improve interaction between the fundamental
core-guided mode and plasmonic mode. One of the effective
approaches attempted is under the assistance of dual-parallel
PCF-SPR sensors. A symmetrical dual-beam D-shaped PCFSPR sensor has been developed[89]. The average wavelength
sensitivity of 14,660 nm/RIU is achieved in the RI range of
1.36–1.41, and the corresponding resolution approaches
6.82 × 10−6 RIU. As a comparison, they calculated the sensing
properties of the single fiber with the same D-shaped structural
parameters. The average spectral sensitivity and average resolution of the single D-shaped sensor are 4740 nm/RIU and 2.11 ×
10−5 RIU in the RI range of 1.36–1.41. The comparison implies
that the average sensitivity of the symmetrical dual D-shaped
fiber is three times larger than that of the single D-shaped fiber.
Hence, the enhanced sensing performance of the PCF-SPR sensor is mainly attributed to the directional energy coupling
between the two fibers. Table 3 compares the characteristics
of the selected high sensitivity of recently reported PCF-SPR
sensors. It is found from Table 3 that numerous highly sensitive
PCF-SPR sensors have been proposed and designed in recent
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Table 3. Comparison of the Characteristics of Selected High Sensitivity of PCF-SPR Sensors Reported Recently.
Ref.

Fiber Type

Refractive Index
Range

Wavelength Range
(nm)

Max. Sensitivity
(nm/RIU)

Resolution
(RIU)

Amp. Sensitivity
(RIU−1)

[117]

Dual-channel PCF

1.33–1.40

500–1000

11,600

8.62 × 10−6

N/A

[113]

PCF with air core

1.33–1.41

800–1700

11,700

8.55 × 10−6

159.70

[89]

Dual D-shaped
PCF

1.36–1.41

640–1040

14,600

6.82 × 10−6

1222

[118]

Multi-analyte PCF

1.34–1.41

560–990

18,000

5.56 × 10−6

427

[119]

D-shaped PCF

1.35–1.38

1200–2400

18,900

5.29 × 10−6

/

[120]

Gold-coated PCF

1.33–1.40

550–1200

19,000

5.26 × 10−6

985

[121]

D-shaped PCF

1.33–13.4

500–900

21,700

4.61 × 10−5

/

[122]

TiO2 -Au-coated
PCF

1.32–1.40

600–1080

23,000

4.34 × 10−6

/

[111]

H-shaped PCF

1.33–1.49

800–2000

25,900

3.86 × 10−6

N/A

[123]

D-shaped PCF

1.33–1.43

600–1100

31,600

3.16 × 10−6

550

[112]

D-shaped PQF

1.415–1.427

1400–1700

34,000

2.94 × 10−6

N/A

[115]

Gold-coated PCF

1.33–1.40

1520–1670

48,269

2.07 × 10−6

N/A

[116]

D-shaped PCF

1.32–1.40

410–1790

48,900

2.04 × 10−6

738.74

[124]

Dual-core PCF

1.29–1.39

1200–3500

116,000

8.65 × 10−7

2320
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years. The maximum wavelength sensitivity is up to 11,000–
116,000 nm/RIU with a higher resolution of 10−6 , displaying
great application potential in bio-sensing.

3.3. Fabrication of PCF-SPR sensors
PCFs consist of a periodical arrangement of micro-capillaries
that form the fiber cladding around a solid or hollow defect core.
Fabrication of PCF-SPR sensors involves two aspects of manufacturing PCF and producing plasmonic nanomaterials.
Advances pertaining to the manufacturing and post-processing
technology of optical fibers have spurred substantial development in techniques such as extrusion, casting/molding,
mechanical drilling, and stack-and-draw. The stack-and-draw
technique invented by Birks et al. in 1996 and shown in
Fig. 11 is the most versatile and flexible fabrication technique
for PCFs due to the remarkable advantage of flexible preform
manufacturing[125]. The PCF preform consists of dozens of
capillary silica tubes and rods in terms of the desired structure.
After the fabrication of the preform, it is necessary to draw down
the preform size by using an optical fiber drawing tower,
remarkably extending the preform length while keeping the
cross-sectional diameter decreased from 20 mm to 80–200 μm.
The stack-and-draw method offers advantages such as the low
cost and flexibility to fabricate a large variety of PCFs for different applications. However, it is not easy to produce high-quality
plasmonic nanomaterials inside the PCF, and there are alternative methods to prepare plasmonic materials.

Au are deposited onto the inner walls of air holes. Figure 12(a)
presents the schematic illustration of HPCVD, and Fig. 12(b)
displays the image of hexagonal Si tubes in a PCF. Figure 12(c)
presents an image of a Au nanoparticles array within a 1.6 μm
diameter capillary. Figure 12(d) displays the formation of an
80-nm-thick Au film on a Si tube. Based on the HPCVD technique, Au, Ag, and other plasmonic materials can be successfully
grown on the inner walls of air holes inside PCFs, realizing a
customized film function.
PCF-SPR sensors have benefited from high-pressure chemical
deposition by coating plasmonic nanoparticles (Au, Ag) inside
the holes of PCFs. However, the high-pressure (10–100 MPa)
environment and additional heat treatment with a temperature
of 200°C are generally required, which will have adverse effects
on the mechanical stability of the fiber. The metal layer is realized only for the length of 15 cm with an approximately 50 μm
channel diameter and after a 2 h incubation period. In addition,
such a particle coating is homogeneous for 5–6 cm in the middle
section of the PCF, since covering gradients are induced by
depletion of particles. In 2010, Csaki et. al.[127] reported a
cost-effective and innovative nanoparticle-layer deposition
technique for preparation of well-defined Au nanoparticles
inside the channels of PCFs with a suspended-core structure, as
shown in Fig. 13. This method utilizes a combination of microfluidics and the self-assembled monolayer technique, leading to

3.3.1. Infiltration of plasmonic materials into PCF
PCF-SPR involves coupling between the fundamental coreguided mode and plasmonic mode. In order to obtain excellent
sensing properties, the alternative approach is to enhance the
interaction between the two modes by controlling the distance
between them. One strategy is to introduce plasmonic materials
such as nanowires, nanofilms, and nanoparticles into the air
channels in PCFs. High-pressure chemical vapor deposition
(HPCVD) suggested by Sazio et al.[126] in 2006 provides an
effective technique for nanomaterial infiltration into the channels of PCFs. The air holes in the PCFs can be regarded as chemical micro-reactors, in which nanoscale materials such as Ag and

Fig. 11. Illustration of the stack-and-draw method for PCF fabrication[125].

Fig. 12. (a) Schematic illustration of HPCVD. (b) Si tubes in a PCF (scale bar:
1 mm). (c) Image of Au nanoparticles array within a 1.6 μm capillary. (d) Image
of Au film grown on the inner wall of the Si tube inside PCF (scale bar:
2 μm)[126].

Fig. 13. (a) Schematic of suspended-core fiber front view with Au nanoparticles coating. (b) and (c) SEM images of the inner walls of the suspended-core
fiber coated with Au nanoparticles (30 nm diameter spheres): (b) an overview
and (c) a zoomed image[127].
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a longitudinal homogeneous particle density as long as several
meters. A sensitivity of a 30 nm Au-particle-modified
suspended-core fiber is determined to be approximately
78 nm/RIU. By depositing the metallic layers and/or semiconductors inside PCFs, the functionalized PCF can be engineered
to exhibit optical properties and application ranges of RI sensing
and surface-enhanced Raman spectroscopy[128–130]. Zhang et al.
proposed a large suspended-core PCF-SPR sensor, and the Ag
layer as the sensitive material is prepared by using the dynamic
chemical liquid phase deposition method[131]. Figure 14 depicts
the structure and cross-section images of the fiber with a 700 μm
outer diameter. A liquid phase deposition method is employed
to coat the Ag layer on the inner surface of the fiber. The ammoniated Ag solution is prepared by mixing 5% AgNO3 solution
with equal volumes of 4% KOH solution and 25% NH3 · H2 O
of an appropriate volume. The reducer is a 5% glucose solution.
The coating process can be completed within 2 min. The morphologies of the Ag interface adjacent to the silica fiber core are
shown in Figs. 15(a)–15(c), which reveal that the Ag-layer thicknesses of the three fibers are about 54 nm, 66 nm, and 83 nm,
respectively. The sensor coated with 83-nm-thick Ag exhibits a
higher sensitivity of 2664 nm/RIU, which is approximately 10
times larger than those of suspended-core fiber sensors with
metal nanoparticle functionalization. The sensor has the same
order of magnitude sensitivity as conventional solid-core fibers
and hollow core SPR sensors.
Due to a smaller effective modal scattering area of the
suspended-core fiber, it is regarded as an excellent platform with
regard to sensing. Doherty et al. investigated the nanoparticlefunctionalized suspended-core fiber that can be applied to the
highly integrated opto-fluidic platform for efficient RI sensing[132]. The schematic of the suspended-core fibers containing
immobilized plasmonic nanoparticles surrounding the core is
depicted in Fig. 16. The Au nanoparticle densities are controlled

by nanoparticle-layer deposition, which is dynamic low-pressure chemical deposition combined with modification of the
interior channel surfaces as adhesive layers for the Au nanoparticles[127,133]. The SPR film is formed when the Au nanoparticle
solution is introduced through the inner wall of the functionalized channels at a small flow rate. The dependency of the resonance wavelength shift on the analyte RI is obtained for a density
of 22 Au nanoparticles=μm2 and a fiber length of 4 mm. The RI
sensitivity of the sensor is measured to be 167 nm/RIU for an
aqueous analyte when the fiber interior is functionalized with
Au nano-spheres. The fundamental working principle of Au
nanoparticle-enhanced suspended-core fibers relies on the coupling effect of the propagating core-guided mode with the local
SPR of Au nanoparticles.
The micro-holes inside PCFs can be infiltrated with plasmonic nanomaterials including Au, Ag, graphene, and TiO2
to excite the SPR to broaden the potential application of sensors.
Molten Au can be infiltrated into air holes in PCFs by the pressure-assisted method[134], and Fig. 17 shows the procedure of the
spliced-fiber pressure-filling method. After fabricating the silica
capillary (outer/inner radius: 100/40 μm) by the optical fiber
drawing process, a 2-cm-long Au wire (radius: 25 μm) is inserted
manually into the silica capillary, leaving a fresh and clean end
face for slicing. The end portion of the silica capillary is cleaved

Fig. 16. (a) Schematic of the plasmonic nanoparticle-functionalized suspended-core fiber and (b) SEM image of the microstructured section of
the fiber[132].

Fig. 14. (a) Structure of the SPR sensor and (b) microscopic image of the
cross section of the fabricated suspended-core fiber[131].

Fig. 15. SEM images of the cross section of the sputtered fibers[131]: (a) for
∼54 nm Ag film, (b) for ∼66 nm Ag film, and (c) for ∼83 nm Ag film[131].

Fig. 17. (a) Spliced-fiber pressure-filling technique and (b) optical side views
of the splices (left-hand column) and SEM images of the cleaved end-faces
(right-hand column); (c) solid-core PCF with all its channels filled with Au,
(d) PCF in which only two channels are filled with Au, (e) modified step index
fiber with a parallel Au nanowire[134].
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and spliced into a silica PCF by a splicing machine. By carefully
adjusting the splicing parameters, the fiber is placed in a vertical
furnace with the spliced section in the center and heated to the
Au melting temperature. Argon gas is introduced to a pressure
of several hundred bars to push the molten Au into the second
end of the capillary. The important condition is that the Au glug
and hollow channels in the PCF are in perfect alignment. The
typical optical micrographs and scanning electron microscopy
(SEM) images of the fibers are shown in Fig. 17(b). For instance,
a solid-core PCF with the air hole radius of 0.5 μm and air hole
pitch of 3 μm can be completely filled with Au under the pressure of 50 bar, as shown in Fig. 17(c). The spliced-fiber pressurefilling technique is appropriate for non-wetting materials such
as Au, Ag, Ga, Ge, as well as chalcogenide glasses[135,136], which
have melting temperatures lower than the softening temperature
of silica. The splice-filling technique is more flexible and safer,
thus facilitating filling of the selective channels compared to the
pressure-cell-filling technique[137–140]. Nanowires can also be
integrated into optical fibers by the co-drawing method to pump
metals into the hollow channels of PCFs in the plasmonic fiber
structure. Tuniz et al. have reported drawn metamaterials comprising microstructured indium-filled polymethylmethacrylate
(PMMA) fibers[141]. Markos et al. prepared a hybrid polymerchalcogenide PCF with integrated As2 S3 glass nanofilms at
the inner surface of the air channels of the PMMA PCF[142].

Fig. 18. (a) D-shaped model. (b) SEM image of the PCF before polishing.
(c) Cross section of the Au-coated D-shaped PCF. (d) Side-polished surface
of the D-shaped PCF with a Au coating. (e) Schematic diagram of the real-time
online measurement system[121].

Fig. 19. (a) Structure of the sensor. (b) Schematic diagram of the simulated
model. (c) Transmitted light microscopic image. (d) Reflected light microscopic image[143].

3.3.2. Preparation of plasmonic materials on PCFs
From the perspective of fabrication of PCF-SPR sensors, it is easier and more convenient to deposit plasmonic layers on the outside of the PCFs compared to coating plasmonic materials onto
the inner wall of air holes of the PCFs. Therefore, the partial
cladding is etched or side-polished to enhance the evanescent
field for SPR excitation. Wang et al. have theoretically and
experimentally studied a PCF sensor based on SPR[121]. An endlessly single-mode (ESM)-12 PCF with a hexagonal structure is
selected, which is an all-glass endless SMF with a standard cladding diameter of 125 μm. The ESM-12 fiber is side-polished to
be D-shaped and coated with a sputtered Au thin film with a
thickness of 45 nm. During side polishing, an additional weight
is applied to straighten the PCF and provides a compatible polishing force to increase the polishing speed and system stability.
The cross-section and side-polished plane of the D-shaped PCF
are shown in Figs. 18(a)–18(e). A spectral sensitivity as high as
21,700 nm/RIU is obtained for the RI between 1.33 and 1.34.
Additionally, graphene can enhance the evanescent field to
excite SPR in the presence of Au thin film. A similar PCFSPR sensor structure and the microscopic images are shown
in Fig. 19[143]. A 35-nm-thick Au thin film is successfully fabricated on the exposed core of the PCF by electron beam evaporation. The exposed core fiber is coated with the Au film and
graphene at the notch, and the liquid to be measured covers graphene. Owing to the feasibility of different transfer methods of
graphene, graphene is coated on the PCF by the pull-up method.
The concentration of graphene (1–10 layers) in ethanol dispersions is 1 mg/mL in the experiment. Consequently, a sensitivity

improvement of 390 nm/RIU is obtained due to graphene
introduction.
PCFs can be coated with plasmonic nanoparticles, and the
SPR response and detection sensitivity can be significantly
enhanced by the electric field coupling effect between the metal
nanoparticles and PCFs[144]. Wang et al.[145] proposed an optical
fiber biosensor based on Au nanoparticles and protein, and a comodified Au-film-coated PCF for human immunoglobulin G
(IgG) detection has been prepared. The end face microscope diagram of the PCF and the fusing splice images of the multimode
fiber (MMF) PCF are shown in Figs. 20(a) and 20(b). In order to

Fig. 20. (a) End face microscope diagram of PCF. (b) Fusing splice image of
MMF-PCF. (c) Schematic diagrams of surface functionalization and immunesensing process. (d) SEM of Au film on the fiber. (e) Optical properties of the
sensor in the immobilization and human IgG[145].
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Table 4. Comparisons of Plasmonic PCF Sensors.
Ref.

Fiber Type

Sensing Region

Detection Range

Sensitivity

[145]

MMF-PCF

Protein A/Au NPs/Au film

1–15 μg/mL

3915 nm/RIU

[146]

MMF-PCF-MMF

Au/PDMS film

1.33–1.39 RIU

4613.73 nm/RIU

[147]

SMF-MMF-PCF

Collapsed region

με0–5000

−2.21 pm/με

[148]

GO-coated PCF

Collapsed regions

με0–1000

3.1 pm/με

[149]

Ferrofluid-coated PCF

Fiber taper

100–600 Gs

16.04 pm/με

[150]

V-shaped PCF

Au film

1.333–1.385 RIU

3376 nm/RIU

[151]

Exposed-core PCF

Ag film

1.33–1.37 RIU

1800 nm/RIU

[152]

D-shaped PCF

Au film

1.40–1.42 RIU

7381 nm/RIU

[153]

D-shaped PCF

Au film

1.3388–1.3638 RIU

2336.2 nm/RIU

[154]

Hollow-core PCF

Ag nanoparticles

Not applicable

10−10 mol=L

[155]

Suspended-core PCF

Ag core/gold shell

Not applicable

10−7 –10−5 mol=L

[156]

Hollow core PCF

Au nanoparticles

Not applicable

200 μg/mL

[157]

D-shaped MMF

Au film

1.343–1.373 RIU

3513.3 nm/RIU

[158]

Hollow core PCF

Ag nanoparticles

Not applicable

300 cells/mL

obtain a uniform Au film, a fiber rotating device is adopted to
rotate the fiber continuously during the coating process.
Figure 20(c) shows the schematic diagram of the PCF sensor
with Au film and Au nanoparticle modification. The SEM image
of the Au film on the fiber sensor surface is shown in Fig. 20(d).
The resonant wavelength variation under different concentrations of human IgG for the protein A-Au nanoparticles-AuPCF sensor is shown in Fig. 20(e). The detection limit of human
IgG based on the protein A-Au nanoparticles-Au-PCF sensor is
37 ng/mL. The RI sensitivity of the sensor reaches 3915 nm/RIU,
which is nearly 1.6 times higher than that of the Au-coated PCF
sensor without Au nanoparticles. In addition, different PCF
structures such as metal-filled PCFs, metal-coated PCFs, and
nanoparticles-based plasmonic PCFs have been designed to
improve the sensing response, and Table 4 summarizes the main
characteristics of these plasmonic PCF devices. It is seen from
Table 4 that PCF sensors based on the SPR effect have been successfully used to detect temperature, strain, magnetic field,
human IgG, and cell concentrations, exhibiting much better performances. The sensors consist of single PCFs coated with plasmonic nanomaterials and can also be composed of SMF/MMF
and PCF.

4. Conclusion and Perspectives
PCF-SPR sensors are receiving increasing attention because of
better merits compared to the conventional prism-type SPR
configuration, so that extremely high sensitivity can be obtained

based on SPR. There has been tremendous progress in theoretical simulation and experimental fabrication of PCF-SPR sensors. Based on FEM, PCF-SPR sensors with various structures
have been designed and evaluated numerically, for instance,
side-polished, dual-core cladding with open rings, and dualbeam, liquid-filled cladding coated by plasmonic nanomaterials.
These PCF-SPR sensors deliver excellent performance theoretically such as the wide RI detection range of 1.0–1.79, high wavelength sensitivity up to 116,000 nm/RIU, and wide operating
wavelength ranges spanning the visible to mid-infrared regime
and have enormous potential in bio-sensing, medicine, biology,
and trace analysis.
However, not all aspects of PCF-SPR sensors are well understood. Most of the efforts have been devoted to numerical calculation and simulation of the PCF-SPR sensor design. There
are a few key barriers that are preventing more widespread
implementation. The biggest obstacle is concerned with the
fabrication of PCF-SPR sensors, especially deposition of highquality plasmonic materials on the air hole inner walls inside
the PCFs. Theoretical calculation shows that performances of
the sensors depend on parameters such as the air hole size, plasmonic material thickness, and fiber core diameters. In addition,
although plasmonic materials can be filled in the air hole channels in the PCFs by high-pressure chemical deposition, hightemperature pressure injection, and pressure-assisted splicing
techniques, these techniques are quite complex from the manufacturing perspective, and more efforts are needed to develop
simple and reliable fabrication techniques for plasmonic
materials.
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Spurred by advances in micro-fabrication technology, sensitive
plasmonic materials can be deposited by advanced surface micro/
nano-manufacturing techniques to produce high-performance
PCF-SPR sensors. Among the different structures, the D-shaped
PCFs have large potential from the viewpoint of fabrication. The
D-shaped PCF-SPR sensors possess the advantage of relatively
easy side polishing, and plasmonic materials can be fabricated
by physical deposition techniques such as RF/DC magnetron
sputtering, electron beam evaporation, and chemical synthesis.
The sensitive metal layer can be coated adjacent to the core of
the PCFs to promote the interactions with the analyte and
enhance the sensing performance. In addition, alternative plasmonic materials like graphene, bornene, MoS2 , and other 2D
materials with unique physical properties are being explored
and expected to improve PCF-SPR sensors in specific applications. The field of PCF-SPR sensing is vibrant, and a better fundamental understanding and continuous technological advances
will expedite commercial development.
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