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Abstract: With the development of aerospace, deep-sea exploration and other technologies, the
demand for anti-electromagnetic, high-sensitivity and miniaturized sensors is increasingly urgent. In
this paper, a model of a quasi-photonic crystal fiber (Q-PCF) refractive index (RI) sensor enhanced
with surface plasmon resonance (SPR) is proposed. A stable gold film with a significant SPR effect is
applied to the two identically sized and oppositely positioned air holes of the proposed sensor, and all
air holes are filled with analyte. A detailed analysis of the mode characteristics, structural parameters
and RI sensing performance of the sensor has been carried out using the finite element method. It
has been shown that the maximum sensitivity (S) is 4977.59 nm/RIU in the RI range of 1.35–1.40,
corresponding to a resolution (R) of 2.01 × 10−5 RIU and a figure of merit (FOM) of 160.36 RIU−1.
The proposed Q-PCF sensor has unique fabrication advantages and outstanding sensing properties,
providing a new idea for biosensing, complex environment monitoring and long-range measurement,
and is of great practical value in the field of highly integrated sensing.

Keywords: photonic crystal fiber; surface plasmon resonance; SPR-Q-PCF; refractive index sensing;
finite element method

1. Introduction

In the age of information technology, the need to sense, detect and utilize information
is becoming more and more urgent. Research into areas such as bioanalysis, chemical
detection and physical field sensing has greatly contributed to the development of sensing
technology [1–3]. This has led to the creation of many sensors based primarily on thermal,
electrical and optical theories. Compared to traditional thermal and electrical sensors [4,5],
optical sensors [6] have unique advantages such as high sensitivity, high stability, real-
time detection and integration and are widely used in biomedical, aerospace, defense
and military applications. The development of optical sensing structures such as core–
shell structures [7], super-surfaces and special fiber-optic structures is flourishing. One
important branch of optical sensing is optical fiber sensing, which has been a popular
research topic for many years. There is a variety of designs to induce core modes such
as side-throwing or bending of general optical fibers, fabricating periodically arranged
metallic microstructures [8,9] and graphene [10] with voltage-modulating properties of
the dielectric constant and the preparation of structured resonant cavities at the end face
of the fiber [11] and the fabrication of probes with micro-structured arms at the tip of the
fiber [12]. However, these designs suffer from low detection sensitivity, limited RI detection
range, low design freedom and extremely high preparation technology requirements, which
greatly limit their widespread use.

Photonic crystal fibers (PCFs) are waveguides with photonic crystal properties formed
through artificially introducing different periodic arrangements of low RI media into the
optical fiber, which can be divided into index-guiding PCF and photonic band gap guiding
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PCF according to the light-guiding mechanism [13]. Since the concept of PCF was proposed
by Russel in 1992 and accepted by researchers, it has been widely used in large mode
area transmission [14], broadband single mode transmission [15] and sensing due to its
great design freedom and functionalization. And with the need for information perception
and the development of optical fiber functionality, the structure of PCFs is being designed
and manufactured functionally as required rather than strictly according to the concept of
photonic crystals [16]. Common methods of extending the functionality of PCFs include
designing different arrangements and sizes of air holes, as well as the method of filling the
air holes with materials such as liquid, gas or liquid crystal and plating metal films [17].
The expanded design of PCFs has led to the creation of many fibers with microporous
structures that have a photonic crystal-like structure and characteristics. In order to better
differentiate them from other D-type fibers, anti-resonant fibers and photonic crystal fibers,
we introduce the concept of a quasi-photonic crystal fiber (Q-PCF). Its unique properties
provide new methods and ideas for polarization regulation, high power transmission, non-
linear transmission, tunable dispersion, controlled mode field area and high birefringence
in optical fibers.

Surface plasmon resonance (SPR) is a collective oscillation phenomenon that occurs
when electrons and photons strongly interact on the surface of metal [18–21]. The frequency
and intensity of SPR is remarkably sensitive to the variation of the refractive index (RI) of
the dielectric in close contact with the surface of the metal [22–26]. This effect increases
both the strength of the loss intensity of the output signal and the sensitivity of sensing and
is therefore widely used in the areas of optical fiber sensing and meta-surface sensing [27].
With its unique mode guidance mechanism and special porous structure, the Q-PCF pro-
vides a flexible solution to the phase-matching problem in conventional SPR effect-based
sensors and further extends its design freedom and suitability. Techniques to improve sens-
ing sensitivity through coating PCFs with gold, ITO, AZO, silver, graphene, graphene oxide,
etc. are commonplace and have resulted in significant performance improvements [28,29].

Currently, there are side-polishing [30,31], U-grooving [32,33], multi-core structures [34,35]
and in-hole coatings [36,37] for the bonding of metal layers to PCF. Wang et al. [38] proposed
a D-shaped fiber with a gold coating on the side-polishing surface and a liquid filling in one
of the small-sized air holes, which greatly increased the difficulty of process preparation
and added sources of error. Ding et al. [39] proposed a PCF structure with double elliptical
holes plated with gold, having a variety of air hole sizes, which is undoubtedly difficult
to achieve for current process technology. Liu et al. [40] proposed a rectangular slotted
PCF structure with a complex arrangement of air holes and a slotting method that is less
feasible in terms of process. The typical structures mentioned above are faced with the
difficulties of a complex preparation process or high technical requirements. Based on the
drawbacks of the current related research, this paper takes the in-hole gold-coated fiber as
a breakthrough and designs a double-hole gold-coated Q-PCF with larger size and fewer
influencing structural parameters. The structure has only two sizes of air holes and they
are fewer in number and larger in size. The structure enhances the coupling strength of the
core and SPP modes, improves the quality of film deposition under limited conditions, and
is more ductile and less prone to fracture than side-thrown fibers. Only the two holes in
the vertical direction are coated with a gold film, which will facilitate the strength of the
mode coupling while achieving the polarization selection characteristics. Also taking into
account the difficulties of selective filling of liquids in experiments, we filled all the holes
with analytes. The influence of structural parameters, polarization mode transmission
characteristics, RI sensitivity and other influential characteristic parameters are analyzed
using the finite element method.

2. Structural Design and Sensing Principle

We have designed a new Q-PCF structure with larger sizes and fewer characteristic
parameters as shown in Figure 1 to address some of the disadvantages of current PCF
sensors. Figure 1a shows a two-dimensional cross-sectional schematic of the Q-PCF with
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an optic-fiber waveguide of diameter D made of fused silica. The air holes in the horizontal
direction are at a distance from the core of K and have a radius of r2. The air holes in
the vertical direction are at a distance from the core of K, have a radius of r1 and are
coated with a layer of gold of thickness t on the inner wall. The other four air holes are
at a distance L from the core and have a radius r0. The air holes are filled with analytes,
either temperature-sensitive PDMS for temperature sensing, magnetic-field-sensitive MF
for magnetic field sensing or various biochemical substances such as glucose solutions,
hemoglobin, mercury-containing solutions, etc. The outermost layer is the perfect match
layer (PML), used to act as a near-ideal absorber or radiator domain. In all the study, D, K,
L and r0 are set to fixed values of 46 µm, 13 µm, 18 µm and 3.5 µm, respectively. The rest
of the crucial structural parameters r1, r2 and t are studied in a more detailed manner as
variables in the following sections. Figure 1b is a schematic diagram of a three-dimensional
section of a two-hole gold-plated Q-PCF. The base structure can be prepared in three
steps. Firstly, the prefabricated capillaries are arranged as required and then drawn to
the specified length. Then, the end face of the air hole, which does not need to be coated
with gold, is sealed and the end face of this fiber is aligned to the gold flow and uniformly
coated with a gold film of the appropriate thickness. Finally, according to the detection
requirements, the corresponding detection substance is injected into the hole and the device
is properly encapsulated.
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Figure 1. (a) The simulation cross-section of the Q-PCF. K represents the distance between the air
holes in the horizontal direction with radius r2 and the fiber core. The air hole in the vertical direction
has a radius of r1 and the inner wall is coated with a gold layer of thickness t. L represents the
distance from the fiber core to the other four air holes of radius r0. D represents the diameter of the
Q-PCF. (b) 3D schematic of the Q-PCF.

As fused silica is a highly transparent material, we have approximated it as a lossless
material when performing the finite element method for analysis. The RI of fused silica can
therefore be defined according to the Sellmeier’s equation as [41]:

n2(λ) = 1 + B1λ
2

λ2−C1
+ B2λ

2

λ2−C2
+ B3λ

2

λ2−C3
(1)

B1, B2, B3, C1, C2 and C3 in Equation (1) are constants 0.6961663, 0.4079426, 0.8974794,
0.0684043, 0.1162414 and 9.896161, respectively.

The dielectric constant of the gold layer can be characterized using the Drude–Lorentz
model according to the following formula [42]:

εm = ε∞ −
ω2

D
ω(ω + jγD)

+
∆ε · Ω2

L(
ω2 − Ω2

L
)
+ jΓLω

(2)

where ε∞ is the dielectric constant at high frequency, ω is the angular frequency of the
transmitted signal, ωD is the plasma frequency of the electron. ∆ε, γD, ΩL and ΓL represent
the weighting factor, the damping frequency, the oscillator strength and the spectral width
of the Lorentz oscillator, respectively. Due to the small thickness of the gold film, we set it
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as a transition boundary condition in order to increase the speed of the calculation while
ensuring high accuracy. For the outermost layer, we use the Perfect Match layer, which is a
method used to simulate domains with open boundaries that effectively absorb outgoing
waves and avoid interference from reflections and echoes. In addition, when meshing,
all are divided into free triangular meshes, except for the mapping mesh used for the
PML layer.

Figure 2 graphically illustrates the basic principle of the in-hole gold-coated Q-PCF
to achieve sensing. When a broadband and flat-intensity light signal with polarization
characteristics is coupled into the Q-PCF, the signal at a specific frequency will excite the
SPR effect on the gold surface. The evanescent waves generated by the core mode at the
gold film interface also result in coherent oscillations of free electrons on the gold surface
in intimate touch with the analyte. At this point, most of the energy of the fundamental
mode is trapped on the gold surface, creating a loss in the output signal at that particular
frequency. The original signal with a flat intensity passes through the sensor and forms a
loss peak. The interaction of the core mode and SPP mode can also be analyzed according
to coupled mode theory [43]: {

dE1
dz + iβ1E1 = ik21E2

dE2
dz + iβ2E2 = ik12E1
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Figure 2. Schematic diagram of the sensing principle of the proposed Q-PCF. A broadband intensity-
flat signal passing through the sensor will form a loss peak at a specific frequency. The loss peaks
appear blue-shifted or red-shifted due to changes in refractive index.

E1 and E2 represent the electric field energy propagation functions of the core mode
and SPP mode, respectively. β1 and β2 represent the respective propagation constants. k21
and k12 represent the coupling coefficients between two waveguides, respectively. Mode
coupling occurs when the propagation constants of each mode in the two waveguides
are equal, and then there is a transfer of energy, and a loss peak is formed in the output
signal in the spectrum analyzer. (In general, when considering two identical waveguides,
k12 = k21). The frequency of excitation of the SPR effect on the gold layer is closely related
to the RI of the medium surrounding the film. Then, the concentration of the analyte or
changes in ambient temperature will have an effect on its RI, which in turn will cause the
loss peak to be red-shifted or blue-shifted. The cause of the change can be inferred from the
amount or direction of movement of the peak position, and then sensing can be realized.
The confinement loss of PCF can be calculated according to the effective RI of the relevant
mode, and the formula is [44]:

αloss = 8.686 × 2π
λ Im(neff)× 107

(
dB
cm

)
(4)

where Im(neff) is the imaginary part of the effective RI of the core mode. λ stands for
wavelength in nm.

The performance of a sensor is determined by the strength and sensitivity of its re-
sponse to the external environment, where sensitivity is an important parameter that
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directly indicates the responsiveness of the sensor. It can be given by the following for-
mula [45]:

Sλ =
δλpeak

n
(5)

where δλpeak represents the amount of change in the resonance wavelength (RW) and n
represents the change amount of external ambient RI.

Resolution is often used as a measure of the smallest change that a sensor can detect.
For the Q-PCF sensor proposed in this paper, it is determined by the minimum resolution
of the spectrum analyzer and the sensitivity of the proposed structure, expressed by the
following equation [46]:

R = δλmin
S (6)

where δλmin denotes the minimum resolution of a general spectrum analyzer and is taken
to be 0.1 nm in the calculation.

The figure of merit (FOM) is closely related to the full width of half peak (FWHM) of
the loss peak and the sensitivity of the sensor. Usually, a higher-quality factor means better
performance of the sensor and is calculated as follows [47]:

FOM = Sλ
FWHM (7)

In this paper, we perform a mode analysis of the proposed fiber based on finite
element methods. Due to the symmetrical distribution of the gold film, the structure has
a centrosymmetric character. The horizontal direction is not equivalent to the vertical
direction. So, it is necessary to carry out a comparative analysis of the fundamental modes
for both polarization states. The loss spectra of X-polarized (X-pol) and Y-polarized (Y-pol)
and the corresponding electric field energy distribution at the maximum loss are shown
in Figure 3. The inner wall of the hole in vertical direction is coated with a gold film and
the Y-pol signal at 622 nm excites a strong SPR effect on the gold surface, causing a partial
transfer of energy from the core to the gold surface and generating a loss of 489.3 dB/cm.
However, there is no metal layer in horizontal air hole. So, no significant SPR is excited in
the wavelength range of 500–800 nm, and only part of the reflected electric field component
through the hole produces a weak SPR phenomenon on the gold surface, with a maximum
loss of 11.4 dB/cm at 622 nm. In addition, the trend of the real part of effective RI for
the Y-pol mode is given in Figure 3. It can be clearly seen that at the strongest coupling
frequency, the real part of effective RI undergoes an abrupt change and has an overall
S-shape.
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3. Analysis of Local Structure Parameters

PCFs are at the forefront of research and hotspots in the field of optical fibers for reasons
such as superior physical properties, high stability and a very high level of design freedom.
PCF structures are increasingly being designed functionally according to requirements
rather than according to a strict photonic crystal concept. PCF waveguides transform
external information into optical signal to achieve sensing, which greatly improves sensing
sensitivity while placing higher requirements on structural size. It is therefore beneficial to
investigate the variation trend of the output signal with the relevant structural parameters
to offer a research reference for the design of a high-quality sensor with high confidence
and sensitivity, as well as a reference for process error analysis [48,49].

3.1. Basic Model Exploration

In the structural design of this paper, we have sought to simplify the model as much
as possible to improve the processability possibilities, resulting in three basic structural
design ideas. Figure 4a shows the loss spectra of the three models, corresponding to the
structures (b), (c) and (d), respectively. Their corresponding electric field distribution at the
maximum loss are (e), (f) and (g), respectively. The maximum mode coupling wavelength
of model No. 1 and model No. 2 is 622 nm, and the corresponding loss is 489.3 dB/cm and
469.9 dB/cm. And the electric field energy at this frequency is concentrated on the core and
gold film surface, indicating that the air holes of radius r0 have a weak influence on the
transmission of the signal. To enhance the binding capacity of the core mode and reduce
the number of modes, model No. 1 has more potential for application. The maximum loss
of model No. 3 is 176.4 dB/cm, and the corresponding wavelength is 629 nm. Compared
with the structure of double-hole coating, the coupling frequency has a red-shift. As the
thickness and structure of the gold film remain unchanged, the propagation constant of
the SPP mode on the gold surface remains constant. The reason for the red-shift is that
the single-hole coating changes the propagation constant of the Y-pol mode, which in turn
changes the coupling frequency [49]. Through comparing models No. 2 and No. 3, it can
be seen that dual-hole coating can effectively enhance the response of the sensor to the
external environment. In summary, we choose model No. 1 as the prototype of the Q-PCF
structure designed in this paper and carry out subsequent structural parameter research
based on this prototype.
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(a) shows the loss spectra corresponding to the three models, and the three models are shown in
(b–d), respectively. The electric field distributions of the corresponding coupled modes at their peaks
are shown in (e–g), respectively.
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3.2. Radius of Hole in Vertical Direction

In this study, in order to enhance the strength of the mode coupling, gold films are
applied to the inner walls of the two air holes closest to the fiber core and the holes are
filled with analyte. The Y-pol mode excites a significant SPR effect on the inner wall of
the vertically oriented gold-coated air hole. Hence, it is essential to study the effect of the
size of the air holes coated with gold film on the SPR effect. When the distance K between
the air hole in this direction and the center of the core is fixed at 13 µm, r1 increases from
5.2 µm to 8.8 µm in steps of 0.6 µm, corresponding to the loss spectrum illustrated in
Figure 5a,b, which clearly show that the maximum loss of the Y-pol mode increases from
80.87 dB/cm to 671.12 dB/cm as r1 increases, and the RW blue-shifts slightly from 626 nm
to 618 nm. These studies have shown that a larger radius means that the closer the gold
film is to the core and the coupling coefficient between the two modes changes, resulting in
stronger mode coupling, the more energy transfer from the core to the gold surface and the
greater the losses in the fundamental mode at the resonant frequency. To ensure that the
response of this structure is sufficiently strong and stable, r1 is therefore set to 8.2 µm in the
later study.
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3.3. Radius of Hole in Horizontal Direction

The inner walls of the horizontally oriented air holes are not coated with any metal
layer, so that no energy is strongly coupled in that direction. The air holes in the horizontal
direction are then filled with analyte and act only as a low-RI medium to reduce the effective
RI around the core, which has a binding effect on the core mode. To further investigate the
effect of its size on the transmission of the Y-pol mode, the loss spectra corresponding to
an increase in r2 from 5.2 µm to 8.8 µm in steps of 0.6 µm are plotted in Figure 6a, and no
significant change in the loss spectra can be seen. The RW and maximum loss of the loss
peak are presented in Figure 6b. With the increase of r2, the RW is basically maintained at
622 nm, mainly because the structure of the gold film does not change, making the SPP
mode stable and still able to strongly couple with the Y-pol mode at the same frequency.
The maximum loss gradually increases with r2 from 335.82 dB/cm to 516.76 dB/cm. This is
due to the fact that the increased diameter of the air holes in the horizontal direction causes
a certain squeeze on the mode distribution of the core, allowing more energy to come closer
to the gold film in the vertical direction and generating a stronger energy transfer.
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3.4. Thickness of Gold Film

The gold film is in direct exposure to the analyte and influences the transmission of
the guiding modes, and therefore plays an intermediary role in the proposed sensor. The
sensing principle of the proposed sensor is based on the variation of the loss spectrum,
which is essentially due to the excitation of the SPR effect on the gold film surface by the
Y-pol mode at a specific frequency, and a part of the evanescent wave that excites the SPR
on another gold film surface, resulting in most of the energy of the fiber core mode being
bound to the gold film. The gold film is seen as a waveguide, and energy transfer will
occur when the propagation constant of the SPP mode that can be stably present on its
surface is equal to that of the core mode’s where mode coupling occurs [50,51]. A superior
gold film thickness is therefore essential to improve the response strength and sensitivity
of the sensor. Increasing the gold film thickness from 30 nm to 60 nm in steps of 5 nm
corresponds to the loss spectrum shown in Figure 7a. Figure 7b shows the variation of the
RW and maximum loss value of the loss peak for different gold film thickness conditions.
As the thickness of the gold film increases, the RW red-shifts from 622 nm to 750 nm and
the maximum loss is reduced from 489.34 dB/cm to 50.52 dB/cm. For the same increase
in thickness, the RW red-shifts more and more slowly and the maximum loss decreases
less and less. The motion state of the free electrons affects the frequency of mode coupling
closely related to the thickness of the film. Light signals at low frequencies are more likely
to excite the SPR effect on thick film surfaces [52,53]. Since the larger the loss value of the
loss peak, the smaller the FWHM will be more favorable for spectral analysis, t = 30 nm
will be chosen as the basic parameter setting for subsequent studies.
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4. Study of RI Sensing Characteristics

The RI sensor designed in this paper is based on the coupling frequency of the fiber
core mode to the SPP mode being sensitive to the RI variation of the analyte within the
air holes. Changes in RI can be caused by the change of physical field or by the change
of material type or concentration [54–57]. Through the previous structural parameter
studies, a superior structural parameter was chosen to carry out an RI sensitivity study on
the model, which will facilitate the study of the scope of sensing of the proposed sensor
and the variation of the various performance parameters within that range [58–62]. In
addition, it could provide a reference for selective use in the detection of certain substances
in specific RI ranges. The variation of the loss spectra as the RI of the analyte increases
from 1.35 to 1.4 in increments of 0.01 is shown in Figure 8a. Figure 8b provides a detailed
analysis of the variation in RW and maximum loss. As the RI increases, the corresponding
losses are 134.42 dB/cm, 179.38 dB/cm, 259.75 dB/cm, 481.07 dB/cm, 418.26 dB/cm
and 380.58 dB/cm, showing an increasing trend followed by a decreasing trend. The
corresponding RWs are 544 nm, 566 nm, 591 nm, 622 nm, 662 nm and 710 nm, showing an
increasing red-shift. The change in RI of the object to be measured affects the dynamic state
of the free electrons on the gold surface, resulting in a change in the propagation constant
of the SPP mode, which further affects the resonance frequency of the excited SPR effect.
Ultimately, the coupling strength and frequency of the Y-pol and SPP modes are affected to
varying degrees by changes in the RI of the analyte.

Through fitting a curve to the change in RW and obtaining the derivative, a linear
relationship between RI sensitivity and RI is obtained, as shown in Figure 9. The RI
sensitivity increases from 1588.13 nm/RIU to 4977.59 nm/RIU as the RI of the analyte
increases in the range 1.35–1.40. In addition, the six characteristic RIs corresponding to the
loss peaks FWHM of 45.12 nm, 39.34 nm, 30.53 nm, 15.33 nm, 23.37 nm and 31.04 are shown
in Figure 9. The trend of the FWHM is opposite to that of the maximum loss, showing
a decreasing trend followed by an increasing trend. The FOMs for analytes with RIs of
1.35, 1.38 and 1.40 are 35.2 RIU−1, 237.59 RIU−1 and 160.36 RIU−1, respectively. It shows
that in a high-RI environment, although the sensor has a high sensitivity, the characteristic
peaks appear to be broadened, which in turn affects the FOM of the detection. Furthermore,
when the minimum resolution of the spectrum analyzer is determined, the resolution of the
sensor is determined only by the RI sensitivity, and the higher the sensitivity, the higher the
resolution. The sensor resolution is 2.01 × 10−5 RIU when the RI is 1.40. From the variation
trend of the loss spectra information shown in Figure 9, it is clear that the RI detection range
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of the designed sensor is not limited to 1.35–1.40 and can be further expanded through
tuning the structural parameters to both sides.
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Some typical PCF sensor structures are listed in Table 1, and their RI detection range
and maximum sensitivity are compared [60–67]. It can be seen that our designed structure
has significant performance advantages.

Table 1. Comparison of refractive index sensing performance of some typical structures.

Structure
Schematic
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5. Conclusions

A new type of in-hole gold-coated Q-PCF is proposed in this paper. The sensor
offers significant advantages in preparation and material sensing performance compared
to another in-hole coated PCF and side-throw PCFs. After optimizing the structural
parameters, a maximum RI sensitivity of 4977.59 nm/RIU is realized in the RI range of
1.35–1.40, providing a resolution of 2.01 × 10−5 RIU and FOM of 160.36 RIU−1. The
unique and simple structure of the proposed Q-PCF greatly improves the properties of
optical fiber sensing and expands its application scenarios, which provides a new way
of thinking and implementation for direct and indirect measurement and monitoring
for complex environments and has a potentially scalable value. Metamaterials such as
vanadium oxide, graphene or Dirac semimetals can also be used in future research for PCF
sensing, which will be a hot research area where optical sensing is combined with electricity
and thermodynamics.
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