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Abstract
Photonic crystal fibre (PCF) sensors, based on the principle of surface plasmon resonance (SPR), have broad application 
prospects in many fields such as biomedical sensing, food safety detection and chemical sensing. However, although many 
PCF-SPR sensors have been proposed, their complex structures, difficult preparation and poor sensing performance have 
severely limited the further development of this technology. In order to effectively reduce the difficulty of fibre preparation 
and improve its practicality, this paper designs a high-sensitivity ring-hole array photonic crystal fibre sensor. The sensor 
is equipped with two layers of ring-hole arrays, the optical fibre is polished into an H-shaped structure, and a gold film is 
uniformly coated on the polished surface. Simulation analysis shows that this unique structure gives the sensor an ultra-
wide detection range and excellent high sensitivity. By optimising the sensor structure, the sensing characteristics have been 
significantly improved. Specifically, the maximum wavelength sensitivity is up to 34,000 nm/RIU, the average sensitivity is 
10,833.3 nm/RIU, the minimum resolution is as low as 2.94 × 10−6 RIU−1, the detectable refractive index range is 1.36–1.42, 
and the wavelength detection range is 570 to 1300 nm. With the outstanding advantages of simple structure and high sensitiv-
ity, this sensor has great potential and value for applications in biomedical sensing, chemical sensing and many other fields.
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Introduction

Sensing technology is developing rapidly and is one of the 
three pillars of the information industry, along with communi-
cations and computing. Surface plasmon resonance is a phys-
ical-optical phenomenon in which free electrons in a metal 
absorb the energy of incident light and generate electronic 

oscillations under certain conditions. SPR is characterised by 
high-sensitivity, real-time monitoring and label-free detection, 
and is therefore widely used in many fields such as life sci-
ences, environmental monitoring and chemical research [1–4].

PCF not only retains all the advantages of conventional fibre 
optics but also overcomes their limitations, such as high trans-
mission loss and narrow single-mode wavelength range. It also 
offers benefits like reduced fibre loss and high non-linearity [5, 
6]. The benefits are significant and include cut-off-free single-
mode transmission, excellent dispersion, low bending loss, full 
wavelength transmission and high birefringence [7, 8]. The 
ability to flexibly adjust the geometry, structural parameters 
and material properties of PCFs allows researchers to tailor 
their optical properties to their own needs, which is very con-
venient for scientific research [9, 10]. PCF-SPR sensors have 
proven their value in many applications. In the biomedical 
field, it can detect cancer cells by monitoring changes in the 
refractive index of cells, which is of great importance for the 
early prevention and treatment of diseases [11]. In addition, the 
sensor is widely used in the fields of environmental protection 
[12], chemical sensing [13], food safety [14] etc., providing 
powerful technical support for environmental quality monitor-
ing, chemical composition analysis and food quality testing.
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Early SPR sensors were mainly based on prismatic struc-
ture design. Although these traditional prismatic SPR sen-
sors have the advantage of stable and reliable performance, 
they need to be equipped with a large number of mechani-
cal parts in the actual manufacturing process. This leads to 
obvious limitations in practical applications, such as large 
size, high manufacturing cost and difficulty to realise remote 
sensing functions, so it is not suitable for real-time detection 
and sensing tasks [15, 16].

With the development of technology, fibre optic sen-
sors based on the SPR principle have gradually replaced 
prismatic SPR sensors as a research hotspot in this field 
due to the significant advantages of easy miniaturisation, 
low manufacturing cost and support for real-time detection 
[17]. Among the fibre optic SPR sensors, the performance of 
PCF-SPR sensors mainly depends on the plasmonic material 
and the design of the PCF structure. Gold and silver are the 
two most commonly used plasmonic materials due to their 
stable chemical properties.

In 2023, Ammar M. et al. designed a photonic crystal 
fibre optic sensor with a gold film on its surface [18]. The 
sensor featured an irregular wavy polishing surface and 
exhibited a maximum wavelength sensitivity of 17,500 nm/
RIU. However, the irregularity of the polishing surface 
results in an uneven distribution of the gold film on its sur-
face, which in turn affects the sensing efficiency. In 2024, 
Fei et al. designed a D-type double core with a gold film 
and ITO coated on the surface of the D-type [19], with a 
maximum wavelength sensitivity of 22,100 nm/RIU. How-
ever, the special structure of the D-type makes it difficult 
for the fibre to maintain the stability of its optical properties 
when subjected to external stress or environmental changes, 
and the efficiency of the abrupt field interactions cannot be 
guaranteed. In 2024, Luo et al. designed a photonic crystal 
fibre optic sensor with two elliptically grooved microchan-
nels [20], which can achieve dual-channel measurement 
with a maximum wavelength sensitivity of 18,000 nm/RIU. 
However, due to the excessive number of air holes inside and 
their irregular arrangement, it is very male in the manufac-
turing process and not easy to integrate and package.

In this study, an innovative ring-hole array photonic crys-
tal fibre optic sensor is designed and systematically analysed 
using the full vector finite element method. Inside the fibre, 
two layers of air holes are arranged in a circular array, which 
are polished to form an H-shaped structure and coated with a 
gold film on the polished surface. This unique design effec-
tively solves the key problems of poor structural stability, 
low-speed field propagation efficiency and the difficulty of 
integration and packaging in actual production. Simulation 
results show that the sensor has excellent sensing perfor-
mance. The data show that the sensor can detect refractive 
indices in the range of 1.36–1.42, with a maximum wave-
length sensitivity as high as 34,000 nm/RIU, a resolution 

as low as 2.94 × 10−6 RIU−1, an optimum quality factor of 
316 RIU−1 and an ultra-wide wavelength detection range of 
570–1300 nm. Based on the above performance advantages, 
the sensor has a broad application prospect in the fields of 
biomedicine, chemical sensing and food safety. For exam-
ple, in the biomedical field, the PCF can be used for early 
detection of cancer cells by accurately monitoring changes 
in the refractive index of cells. Table 1 lists the refractive 
index data of common cells in normal and cancerous states 
that can be monitored by this PCF sensor, providing strong 
support for practical applications [21].

Structure and Analysis

Figure 1a and b present the 2D and 3D cross-sectional sche-
matics of the photonic crystal fibre sensor with an annular 
hole array structure, respectively. In this study, the perfor-
mance of the sensor was analysed by numerical simulation 
using COMSOL Multiphysics v6.2 software. During the 
simulation process, the structural parameters of the sensor 
are set with a high degree of precision: the fibre radius is 
10 µm, the centre aperture radius d1 is 0.1 µm, the inner 
aperture radius d2 is 0.9 µm, the outer aperture radius d3 is 
1.2 µm, and the polishing depth d4 is 5 µm. Two gold films 
with thicknesses of 38 nm are symmetrically deposited on 
the polished surface, using either magnetron sputtering or 
chemical vapour deposition (CVD) technology. The outer-
most layer functions as a matching layer, absorbing scattered 
light during the simulation process and preventing it from 
influencing the results.

As demonstrated in Fig. 1c, the sensor is affixed to a sin-
gle-mode optical fibre at both extremities, with the droplets 
to be measured and analysed being deposited on the surface. 
In the process of actual detection, the light emitted by the 
light source is transmitted through the single-mode fibre, 
which functions as a medium for the transfer of light, and is 
then coupled into the sensor. The light then undergoes trans-
mission to the spectrometer. The spectrometer is responsible 
for the collection of data, which are subsequently transferred 
to a computer for analysis and processing.

Table 1   Refractive indexes of common cells in the normal and can-
cerous states

Cancer types Cell types Refractive 
indexes of normal 
cells

Refractive indexes 
of cancerous cells

Skin Basal 1.360 1.380
Cervical Hela 1.368 1.392
Blood Jurkat 1.376 1.390
Adrenal gland PC12 1.381 1.395
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In this study, the finite element method is utilised to system-
atically analyse the sensor characteristics. The primary mate-
rial of the sensor is silicon dioxide, and the refractive index 
of this material is wavelength-dependent. The value of this 
index can be calculated with high accuracy using the Sellmeier 
dispersion relation [22]:

This equation has the capacity to comprehensively deline-
ate the optical dispersion characteristics of silicon dioxide 
across a range of wavelengths. Consequently, it provides a 
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Fig. 1   a Cross-section of the sensor; b three-dimensional view of the sensor; c schematic diagram of the experimental setup
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theoretical foundation for the precise determination of the 
material’s optical parameters within the finite element simu-
lation. This, in turn, ensures the reliability and accuracy of 
the sensor performance analysis outcomes. The values of 
A1, A2, A3, B1, B2 and B3 are as follows: A1 = 0.6961663, 
A2 = 0.4079426, A3 = 0.8974794, B1 = 0.0684043, 
B2 = 0.1162424 and B3 = 9.896161.

The dielectric constant of gold can be determined by 
means of the Drude-Lorentz model [23]:

In this text, the symbol εAu is employed to denote the 
dielectric constant of gold. The high-frequency dielectric 
constant, denoted ε∞, is specified as 5.9673. The value of 
the weighing factor is thus determined to be equal to 1.09 
times the unit of angular frequency, denoted here by the 
letter “ω”. The plasma frequency, denoted here by the letter 
“ωD”, and the damping frequency, denoted here by the let-
ter “γD”, are thus defined as the values of the corresponding 
functions. The term “ΩL” is an abbreviation for “oscillator 
strength”, and “ΓL” is an abbreviation for “spectral width”. 
The specific values of the aforementioned quantities are as 
follows: ωD = 4227.2π THz, γD = 31.84π THz, ΩL = 1300.14π 
THz and ΓL = 209.72π THz.

Results and Discussion

Subsequent to the finalisation of the preliminary structural 
design, a systematic optimisation process was initiated for 
the primary structural parameters of the sensor. The initial 
step in this process is the precise calibration of the thickness 
of the gold film. In accordance with the principles of surface 
plasmon resonance (SPR), when light waves are transmitted 
along an optical fibre and interact with a metal film layer, 
the free electrons within the metal film generate collective 
oscillations due to excitation by the electromagnetic field of 
the light wave. These oscillations in turn excite the surface 
plasma wave. As the core medium for energy conversion, the 
thickness of the gold film has a direct impact on the energy 
coupling efficiency between the photonic crystal fibre. Minor 
alterations to the film thickness can therefore have a substan-
tial effect on the performance of the sensor.

During the optimisation process, eight discrete param-
eters (ranging from 26 to 40 nm) were selected for study, 
since the sensor is unable to effectively stimulate the SPR 
effect when the gold film is thinner than 26 nm or thicker 
than 40 nm. The loss spectral data shown in Fig. 2a and b 
indicate that there are significant differences in the absorp-
tion and scattering characteristics of the light waves with 
different thicknesses of the gold film. Furthermore, the peak 
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positions, bandwidths and intensities of the spectral curves 
all show regular changes. A more detailed analysis of the 
sensitivity comparison curves in Fig. 2c reveals that the 
sensitivity of the sensor exhibits an increase followed by 
a decrease as the thickness of the gold film is increased. It 
is notable that at a gold film thickness of 38 nm, the sensor 
sensitivity reaches its peak value. This parameter is thus 
identified as the optimal solution for subsequent studies.

The subsequent stage is to enter the specialisation phase 
of the centre aperture radius. The central aperture radius, 
being the core structural element of photonic crystal fibre, 
exerts a pivotal influence on the sensor performance by 
modifying the light propagation path and mode distribu-
tion within the fibre. In accordance with the optical theory 
of fibre optics, the alteration of the aperture size is known 
to effect a change in the effective refractive index distribu-
tion within the fibre’s cross-section. This, in turn, has the 
capacity to regulate the degree of binding and transmission 
characteristics of the light field. The aforementioned change 
in optical characteristics is directly related to the sensitiv-
ity of the sensor, the resonance wavelength and other core 
performance indicators.

This study involved a comparative analysis of five typical 
parameters: 0 µm, 0.05 µm, 0.1 µm, 0.15 µm and 0.2 µm. 
As illustrated in Fig. 3a, the loss spectrum reveals that the 
resonance wavelength and loss intensity of the sensor fluc-
tuate considerably with the central aperture radius. Reduc-
ing the aperture radius enhances the interaction between 
the light field and the core material, causing the loss peak 
to shift towards shorter wavelengths. Conversely, increas-
ing the aperture radius causes the light field distribution to 
become more dispersed, resulting in significant changes to 
the shape and position of the loss peak. A more detailed 
analysis of the performance comparison curves in Fig. 3b 
shows that the sensing sensitivity is at its best when the 
central aperture radius is 0.1 µm. Based on the available 
evidence, 0.1 µm is determined to be the optimal central 
aperture radius parameter.

The subsequent procedure entailed the optimisation of 
the radius of the outer stomata. As illustrated in Fig. 4, three 
parameters were selected for investigation: 1.2 µm, 1.3 µm 
and 1.4 µm. Fig. 4a and b illustrate the loss spectrum and 
wavelength sensitivity of the sensor relative to the aperture 
radius, respectively. The data demonstrate that the wave-
length sensitivity of the sensor exhibits a maximum at an 
outer aperture radius of 1.2 µm, thereby demonstrating supe-
rior sensing performance in comparison to other parameters. 
Consequently, 1.2 µm was identified as the radius parameter 
of the outer aperture in the subsequent optimisation process 
Fig. 5.

In conclusion, the optimisation of the polishing depth of 
H-type photonic crystal fibre is undertaken. The polishing 
depth is a pivotal parameter that exerts a significant influence 
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Fig. 2   a, b Loss spectra for different gold film thicknesses; c comparison of sensitivity at different gold film thicknesses

Fig. 3   a Loss spectra at different central stomatal radii; b comparison of sensitivity at different centre stomatal radii
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on the optical performance of the sensor. It primarily affects 
the sensor’s sensing capability towards the target material by 
modifying the distribution characteristics of the abrupt field. 
Surface plasmon resonance theory posits that alterations 
in polishing depth result in modifications to the interaction 
region between the fibre surface and the external environment. 
These alterations directly impact the coupling efficiency of 
the swiftly passing field and the external material, exerting a 
substantial influence on the sensitivity and detection range of 
the sensor. The results of the simulation analysis demonstrate 
that a specific grinding depth threshold exists. Exceeding this 
threshold results in the sensor’s inability to stimulate the SPR 
effect, thereby leading to the failure of the sensing function.

In light of the theoretical analysis and simulation conclu-
sions outlined above, two polishing depths, 5 µm and 5.5 µm, 
have been selected for comparative study in this stage of the 
research. As demonstrated in Fig. 6, the comparison data 
indicates that the sensor’s sensitivity attains its optimal level 
at a polishing depth of 5 µm. In comparison with a polishing 
depth of 5.5 µm, the former exhibits substantial advantages 
with respect to the excitation efficiency of the SPR effect 
and the intensity of the interaction between light and the 
material. Consequently, 5 µm is designated as the polishing 
depth parameter for the ensuing study.

Following a series of optimisation procedures, the fun-
damental structural parameters of the photonic crystal fibre 

Fig. 4   a Loss spectra for different radii of outer air holes; b Comparison of sensitivity at different radii of outer air holes

Fig. 5   a Loss spectra under different sizes of inner air holes; b comparison of sensitivity at different medial stomatal radii
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optic sensor have been ascertained. The thickness of the gold 
layer (tAu) has been established at 38 nm, the radius of the 
central aperture (d1) at 0.1 µm, the radius of the inner aper-
ture (d2) at 0.9 µm, and the radius of the outer aperture (d3) 
at 1.2 µm, depth of polishing (d4) 5 µm.

The wavelength range is constrained to the interval 
between 500 and 1600 nm, in comparison with the standard 
wavelength range of fibre optic sensors. The spectral region 

in which the majority of fibre optic sensors exhibit excellent 
transmission characteristics, high sensitivity and optimal 
performance is covered by this band. Through the imple-
mentation of systematic simulation, it has been determined 
that the designed sensors demonstrate optimal sensing per-
formance when the operating wavelength is within the range 
of 570–1300 nm. The key indexes of the sensors, including 
loss spectral characteristics and wavelength sensitivity, are 
also found to be within the optimal state. This provides a 
reliable parameter basis for the subsequent experimental 
validation and practical application of the sensors.

As postulated by the surface plasmon resonance theory, 
a unique energy coupling mechanism is triggered at the 
interface of the gold film medium in the photonic crystal 
fibre sensor. This is the result of the fundamental mode 
in the fibre core meeting the phase-matching condition 
with the surface dissociative polariton (SPP) mode. At this 
time, the electromagnetic field of the light wave excites 
the free electrons on the metal surface, thereby generating 
collective oscillations and forming SPP modes propagating 
along the interface. A portion of the energy in the funda-
mental mode is transferred to the SPP modes through the 
swift field coupling, resulting in significant energy loss 
within the fibre core.

In the process of characterising the energy loss of the 
fundamental mode, the constrained loss of the funda-
mental mode can be quantified by a specific formula, the 
expression of which is as follows [24]:

Fig. 6   Loss spectra at different depths of abrasion

Fig. 7   Base mode and SPP 
mode loss curves of the sensor 
for refractive index n = 1.41: 
a fundamental modes in 
y-polarisation; b SPP mode; c 
SPR mode
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In the context of optical fibre theory, the wavelength of 
the incident light, denoted by λ, and the imaginary part of 
the effective refractive index of the optical fibre fundamen-
tal mode, denoted by Im(neff), are fundamental parameters.

As illustrated in Fig.  7, the dispersion profile and 
loss profile of the sensor surface plasmon resonance 
are shown for an analyte refractive index of n = 1.41. As 
the incident wavelength increases, the effective refrac-
tive indices of the fundamental mode and the real part 
of the SPP mode both tend to decrease and intersect at a 
wavelength of 915 nm, which marks the phase-matching 
condition. When the wavelength is less than 915 nm, 
the effective refractive index of the fundamental mode 
is lower than that of the SPP mode. In accordance with 
the SPR effect, the energy in the core is transferred to 
the metal surface through abrupt field coupling, resulting 

(3)CL(dB∕cm) = 8.686 ×
2�

�
× Im

(

neff
)

× 104
in a significant increase in core energy loss. Conversely, 
when λ > 915 nm, the effective refractive index of the 
fundamental mode is lower than that of the SPP mode.

When the wavelength is greater than 915 nm, the effec-
tive refractive index of the fundamental mode is higher 
than that of the surface plasmon polariton (SPP) mode. 
This results in the energy on the metal surface starting to 
be transferred back to the core in the reverse direction. 
This, in turn, leads to a decrease in the energy loss of 
the core.

The insets (a) and (b) illustrate the electric field dis-
tributions of the fundamental mode and the SPP mode 
of the core, respectively, and the inset (c) demonstrates 
the electric field distributions of the two in the resonant 
coupling state. A comparison of insets (a) and (c) reveals 
that in the absence of the resonance condition, the incident 
light energy is predominantly confined to the interior of 
the fibre core. Conversely, when resonant coupling occurs, 

Fig. 8   a Loss spectra for RIs between 1.36 and 1.42; b polynomial fit of the resonance wavelengths; c resolution of the sensor; d FOM for differ-
ent analytes’ RI



10621Plasmonics (2025) 20:10613–10623	

a portion of the energy is successfully transferred to the 
metal surface. This observation provides a tangible vali-
dation of the energy transfer process initiated by the SPR 
effect, thereby establishing the foundation for visualising 
the sensor’s operational mechanism.

The wavelength sensitivity, which is a significant per-
formance indicator of the sensor, can be calculated using 
Eq. (4). This equation describes the variation of the reso-
nance wavelength with the refractive index [25]:

It is imperative to note that the term “Δλ” denotes the 
discrepancy in resonance wavelength, while “Δn” signifies 
the variation in the change in refractive index of the analyte.

Wavelength resolution (R), as a core parameter of sen-
sor performance, comprehensively characterises the optical 
sensing properties of a sensor. This parameter intuitively 
reflects the sensitivity of the sensor to small wavelength 
shifts and its ability to resolve small changes in the refractive 
index of the analysed substance. It is important to note that a 
lower value of wavelength resolution means that the sensor 
has a smaller perception threshold for changes in the refrac-
tive index of the analysed substance and is able to detect 

(4)S(�, n) =
Δ�

�n
(nm∕RIU)

smaller changes in physical quantities, which are calculated 
as follows [26]:

In addition to wavelength resolution, the quality factor 
(FOM), also known as the figure of merit, is an equally 
important indicator of instrument performance. The pur-
pose of this parameter is to visualise the instrument’s 
ability to resolve weak optical signals. This is achieved 
by quantifying the ratio between wavelength sensitivity 

(5)R =
Δna × Δλmin

Δλpeak
=

Δλmin

Sλ
(RIU)

Table 2   Comparison of the 
performance of our and similar 
sensors reported recently

Refs. Detection 

Range

WS 

(nm/RIU)

R(RIU) Structure

Diagram

[27] 1.38-1.42 22100 4.5×10
-6

[28] 1.33-1.34 20000 5×10
-6

[29] 1.375-1.4 20000 5×10
-6

[30] 1.31-1.35 25000 4×10
-6

This work 1.36-1.42 34000 2.94×10
-6

Table 3   Sensing performance parameters of the sensor

Refractive index of the 
analyte

Resonance wave-
length (nm)

Wavelength sensitivity 
(WS, nm/RIU)

1.36 600 1800
1.37 618 2000
1.38 638 9600
1.39 734 10,000
1.40 834 8300
1.41 917 34,000
1.42 1257 ––––-
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and half-width (FWHM). It is generally accepted that a 
larger FOM value indicates that the instrument is capable 
of achieving higher detection accuracy and lower detec-
tion limit under equivalent conditions. The mathematical 
expression for this relationship is as follows [21]:

As illustrated in Fig. 8a, the loss spectral character-
istics of the sensor are demonstrated. It has been estab-
lished that the loss spectrum demonstrates a substantial 
increase in redshift with rising peaks as the analyte refrac-
tive index rises. This phenomenon is attributed to the pos-
itive correlation between the effective refractive index 
of the surface plasmon polariton mode and the analyte 
refractive index, while the effective refractive index of 
the fibre optic substrate mode remains relatively stable.

As illustrated in Fig. 8b, the polynomial fitting results 
for the resonance wavelength demonstrate a high degree 
of correlation, as evidenced by a coefficient of determina-
tion (R2) of approximately 0.98, which signifies a robust 
fit. According to Eq. (4), the sensor demonstrates optimal 
sensing performance within the RI detection interval of 
1.36–1.42, exhibiting a maximum sensitivity of 34,000 nm/
RIU and an average sensitivity of 10,833.3 nm/RIU. Fur-
thermore, the sensor demonstrates a high level of resolu-
tion, calculated according to Eq. (5), with a minimum reso-
lution of 2.94 × 10−6 (Fig. 8c). As demonstrated in Fig. 8d, 
the quality factor (FOM) is calculated to be 316 RIU−1 at 
RI = 1.42, as per Eq. (6). The data presented herein dem-
onstrate that the sensor exhibits significant advantages in 
terms of sensing performance and demonstrates consider-
able potential for application.

In order to visualise the performance advantages of the 
present sensor, a systematic comparison of its key perfor-
mance parameters with those of similar PCF-SPR sensors 
in the literature is presented in Table 2. The results show 
that, compared with the reported research results, the H-type 
PCF-SPR sensor with annular aperture array designed in 
this study exhibits significant advantages in the core indexes 
such as sensitivity, detection range and resolution, which 
fully confirms its excellent sensing characteristics and tech-
nological innovation. Table 3 shows the sensing performance 
parameters of the sensor, which can used to calculate the 
average sensitivity of 10,833.3 nm/RIU.

Conclusion

This study presents a highly sensitive PCF-SPR sensor with 
H-shaped annular hole array structure, and its coupling char-
acteristics and sensing performance were analysed using 

(6)FOM =
Sλ

FWHM

(

RIU−1
)

the finite element method. By systematically optimising the 
structural parameters, the sensing sensitivity of the sensor was 
remarkably increased. In the refractive index range of 1.36 to 
1.42, a maximum wavelength sensitivity of 34,000 nm/RIU 
and an average sensitivity of 10,833.3 nm/RIU are achieved, 
coresponding to a resolution of 2.94 × 10−6 RIU. This sensor 
can be used to monitor and analyse biological molecules, cells 
and biomedical field for disease diagnosis. For instance, the 
sensor can monitor dynamic changes in the refractive index 
of cells such as Basal, Hela, Jurkat and PC12 in real time, 
providing reliable evidence for the early diagnosis of cancer.
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