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A B S T R A C T

Double-hole optical fiber (DHF) exhibits considerable potential for sensing applications due to its distinctive 
structural characteristics. In this study, a Sagnac interference (SI) optical fiber sensor based on a corroded DHF 
shows high refractive index (RI) sensitivity, allowing for the detection of copper ions, Cu(II), at very low con-
centrations. The dependence of DHF corrosion on the birefringence and RI sensitivity are investigated by the 
optical simulation. Experimental results illustrate that the RI sensitivity reaches 3267 nm/RIU within the range 
of 1.3333–1.3743, exhibiting good linearity. A chitosan derivative (CSD) with ion-imprinted (IIM) treatment is 
coated on the surface of the corroded DHF for Cu(II) detection. It is demonstrated that within the concentration 
range of Cu(II) from 10− 15 to 10− 6 M, both the maximum and average sensitivities can reach 12.08 × 109 and 
129.96 nm/μM, respectively, without interference from other metal ions or temperature (25.3–44.0 ℃). The 
proposed corroded DHF sensor is a good candidate for RI and Cu(II) concentration detection due to its simple 
structure, high sensitivity, and selectivity.

1. Introduction

The accurate and sensitive detection of refractive index (RI) in the 
ambient environment holds great significance for chemical and biolog-
ical applications[1,2]. Compared to traditional semiconductor sensors, 
optical fiber sensors are advanced due to their small size, low cost, su-
perior performance, remote sensing capabilities, and immunity to 
electromagnetic interference[3]. A number of researches were carried 
out on surface plasma resonance (SPR) sensors and optical fiber inter-
ference sensors[4] for the detection of RI and other analytes[5]. The 
operation of optical fiber SPR sensors requires the surface coating of 
metal film to excite the surface plasmon polaritons, resulting in the use 
of noble metal materials and high prices. Moreover, the oxidation or 
damage to the noble metal films has a direct impact on the performance 
of sensors. Compared to the optical fiber SPR sensors, optical fiber 

interference sensors offer the advantages of cost-effectiveness and a long 
service life. Optical fiber interference sensors typically rely on the phase 
difference shift. With the assistance of the evanescent field, variations in 
the ambient environment, such as temperature and RI, can induce a shift 
in the phase difference, leading to a displacement of interference dips. 
Relevant research has demonstrated that reducing the distance between 
the fiber core and its surrounding medium can effectively amplify the 
evanescent field. Several microstructures were fabricated on the optical 
fiber, including tapered fiber[6], D-shape fiber[7], etched fiber Bragg 
gratings[8], and in-line interferometers[9]. However, the fabrication of 
these microstructures requires the use of sophisticated equipment, such 
as femtosecond laser ablation and optical fiber grinding platforms. This 
presents a challenge to the processing of the structures in question. 
Therefore, further research is imperative to explore the potential of an 
optical fiber RI sensor with a simple structure and exceptional 
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performance.
Recently, optical fiber Sagnac interference (SI) sensors have under-

gone extensive investigation, with a particular focus on their high sen-
sitivities and consistent performances[10,11]. Optical fiber SI sensors 
can be employed for measurement of temperature, RI, and strain
[12–14]. With special structures and the chemical or physical treat-
ments, the specific parameters can be obtained by the optical fiber SI 
sensors. Double-hole optical fiber (DHF) is a specialized type of optical 
fiber that has two holes located on the sides of its core. The short dis-
tance between the side holes and the fiber core facilitates a straight-
forward enhancement of the interaction between the evanescent field 
and matter. With different durations of corrosion using hydrofluoric 
acid, the cladding on the exterior of the side holes can be eroded to 
different degrees. Consequently, DHF is a high-quality optical fiber used 
in the fabrication of optical fiber SI sensors due to its simple structure, 
easy fabrication, and superior sensitivity. A good number of studies have 
been conducted on the corroded-DHF RI measurement in recent years
[15,16].

The advancement of industrial production has resulted in the 
discharge of a considerable quantity of deleterious metal ions, which 
have led to the contamination of drinking water and posed a significant 
risk to human health. Copper ions, Cu(II), are among the most pervasive 
and ubiquitous contaminants. Excessive intake of Cu(II) has been asso-
ciated with central nervous system damage and the onset of neurode-
generative disorders[17], such as Wilson’s disease and Alzheimer’s 
disease. According to the stipulations set forth by the World Health 
Organization (WHO) and the United States Environmental Protection 
Agency (US EPA), the maximum permissible concentrations of Cu(II) in 
potable water are 1.5 and 1.3 ppm, respectively[18]. The detection of Cu 
(II) with high sensitivity and specificity is therefore of great significance. 
As the field of chemistry has evolved, several materials have been 
identified as possessing chelating properties towards heavy metal ions. 
These include nanoparticles[19], chitosan (CS)[20–22] and DNA[23]. 
Among these materials, CS is particularly noteworthy for its high con-
tent of hydroxyl and amino groups, which confer upon it the ability to 
adsorb heavy metal ions with great efficiency. However, it lacks selec-
tivity. Several methods have been employed to investigate selectivity, 
such as, the synthesis of CS derivatives (CSD), the development of 
ion-imprinted (IIM) CS[24,25] and so on. IIM is a process in which a 
target metal ion is introduced as a template in a material. Functional 
monomers are polymerized around the target ion to form cavities that 
match its shape, size, and chemical environment. Upon removal of the 
template ions, the cavities exhibit a highly specific recognition of the 

target ions, thereby significantly enhancing the adsorption selectivity. 
Several works illustrate that IIM treatment can enhance the selective 
adsorption of CSD[26].

In this work, an optical fiber SI-based DHF sensor is proposed for the 
detection of RI and Cu(II) concentration. The impact of the geometrical 
parameters of the corroded DHF on the performance of the sensor, 
including the ellipticity of side holes, the ellipticity of the fiber core, the 
radius of side holes, and the distance between the side holes and the 
fiber core, has been investigated using optical simulation. It turns out 
that the sensor exhibits high RI sensitivity, showing a satisfactory cor-
relation between the simulation and experimental results in terms of 
birefringence and sensitivity parameters. Furthermore, a CSD was syn-
thesized and attached to the surface of the corroded DHF through the 
hydrogen bond formation. The IIM treatment was conducted on the 
surface of the corroded DHF, and the concentration of Cu(II) was 
detected subsequently. The sensor with high RI sensitivity can become a 
good candidate for low concentration Cu(II) detection due to its high 
sensitivity, selectivity, and temperature non-crosstalk.

2. Detection mechanism and experimental set-up

2.1. Detection mechanism

The fundamental principle of the optical fiber sensor is SI. Electro-
magnetic waves transmitted in an optical fiber can be decomposed into 
mutually orthogonal X-polarization mode (X-PM) and Y-polarization 
mode (Y-PM). The disparate distribution of RI in the X and Y directions 
of polarization-maintaining optical fiber (PMF) results in a discrepancy 
in mode effective RI between X-PM and Y-PM. The construction of an 
optical fiber Sagnac interferometer loop is facilitated by the utilization 
of an optical fiber coupler. The transmission intensity of an optical SI 
Sagnac interferometer loop can be mathematically expressed as[27,28]: 

T = 10 × lg[0.5 × (1 − cos(
2π
λ

× B(n) × L))],B(n) = nx − ny, (1) 

where T is the transmission intensity of an optical fiber SI loop, B is the 
birefringence of PMF, nx and ny are the effective RI of X-PM and Y-PM 
fundamental mode, respectively. The symbols λ and L represent the 
wavelength of the incident wave and the length of PMF, respectively, 
measured in meters. Lastly, the symbol n refers to the RI of the 
surroundings.

In this work, the corroded DHF can obtain the information of the 
surroundings easily. The changes in the RI of the surrounding medium 

Fig. 1. The schematic diagram of the experimental set-up.
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would significantly affect the birefringence. According to Eq. (1), the 
wavelength of interference dips could be calculated as: 

λm = [B(λ, n)⋅L]/m,m = 1, 2,3..., (2) 

where λm is the wavelength of the mth interference dips. The variation of 
the surroundings’ RI, as demonstrated in Eq. (2), can induce changes in 
birefringence, consequently leading to shifts in the wavelength of dips. 
By differentiating Eq. (2) to n, we can get: 

[[L⋅(
∂B(λ, n)/∂λ

∂λ
⋅
∂λ
∂n

+
∂B(λ, n)

∂n
)+B(λ, n)⋅

∂L
∂n

]⋅λ − B(λ, n)⋅L⋅
∂λ
∂n

]

/

λ2 = 0, (3) 

where ∂λ/∂n is the sensitivity of the sensor, and ∂L/∂n = 0. Through 
transforming Eq. (3), the sensitivity expression could be obtained as 
follows: 

∂λ
∂n

= λ⋅
∂B(λ, n)

∂n

/

[B(λ, n) − λ⋅
∂B(λ, n)

∂λ
], (4) 

where B(λ,n)-λ•∂B(λ,n)/∂λ is defined as the group birefringence. It can 
be inferred from Eq. (4) that the sensitivity is contingent upon the value 
of the group birefringence.

2.2. Experimental set-up and procedures

The experimental set-up for RI and Cu(II) concentration detection is 
depicted in Fig. 1. A supercontinuum light source, with a spectral width 
of 900–1700 nm, is employed as the light source. The output light is 
obtained by a Yokogawa optical spectrum analyzer with a resolution of 
0.02 nm. A 3 dB optical fiber coupler is employed to construct an optical 
fiber SI loop, which is then connected to a 15 cm DHF (Yangtze Optical 
Electronic Co., Ltd, Wuhan, Fiber model:CM00071A11A1T) with a 
corroded length of 2 cm. The corroded DHF is fixed in a PTFE cell, and 
the details of this cell are illustrated in Fig. 1. The cell provides an area 
for the fiber treatment.

The sucrose solutions were diluted to different concentrations in 
order to achieve various refractive indices for the measurement of the 
bare corroded DHF sensor. The neutral Cu(II) standard solution (1 g /L, 
15.625 mM) with pH value of 7.0 was obtained from National Center for 
Standard Materials (China) and diluted with DI water. Experimental 
data were recorded after the spectra were stable. Fig. 2 shows the 
schematic diagram of the sensor fabrication process.

2.3. Materials

Chitosan (CS) (BR, 80~95 % deacetylation), NaOH, 40 % HF, and 
CuSO4⋅5 H2O were bought from Sinopharm Chemical Reagent Co., Ltd. 

Fig. 2. The schematic diagram of the fabrication process of the sensor.

Fig. 3. (a) Simulated corroded DHF structure; (b) Meshed simulated structure; (c) X-PM and (d) Y-PM fundamental modes of electric field.
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(Shanghai, China). Ethylenediaminetetraacetic acid (EDTA), 1-ethyl-3- 
(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC), N- 
Hydroxysuccinimide (NHS), disodium phosphate, epichlorohydrin 
(ECH) were obtained from Aladdin Chemical Co., Ltd. (Shanghai, 
China). Deionized water (DI water) with a pH of 7.0 and resistivity of 
18.2 MΩ⸱cm was used through experiment. The details of the CSD syn-
thesis and fabrication process of the sensor are described in the Sup-
plementary Materials.

3. Results and discussions

3.1. The results of optical simulation

Simulation optimizations have been conducted using the COMSOL 
Multiphysics software, which employs the finite element method. The 
configuration of the simulation structure is illustrated in Fig. 3(a). The 
semi-short and semi-long axes of the fiber core are designated as r1 and 

r2, respectively. The semi-short and semi-long axes of side holes are 
designated R1 and R2, respectively. The distance between the side holes 
and fiber core is denoted as d, while the thickness of the perfect matched 
layer (PML) is defined as D= 10 μm. The PML is defined at the surface of 
the surrounding domain, and a scattering boundary condition is intro-
duced at the PML boundary. The meshed structure of the model is 
illustrated in Fig. 3(b). The meshed structure consists of 1134 domain 
elements and 136 boundary elements, with a minimum element size of 
0.039 μm and a maximum element size of 8.71 μm. The results of the 
simulations for the optical electric field of the X-PM and Y-PM funda-
mental modes in optical fiber are presented in Fig. 3(c) and (d), 
respectively. The effective RI of the X-PM and Y-PM fundamental modes 
are obtained at different surrounding refractive indices while scanning 
wavelengths of 900–1700 nm with a step size of 1 nm.

The background material of DHF is silica, and the RI of silica could be 
described by the Sellmeier equation[29]: 

Fig. 4. (a) Dependence of birefringence on the distance and the radius of side holes; (b) Dependence of birefringence on the ellipticity of the fiber core and the 
side holes.

Fig. 5. (a) The dependence of sensitivities on the distance and the radius of side holes; (b) The dependence of sensitivities on the ellipticity of the fiber core and the 
side holes.
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n2
Si = 1.31552 + 6.90754

× 10− 6t+
(0.788404 + 2.35835 × 10− 5t)λ2

λ2 − (0.0110199 + 0.584758 × 10− 6t)

+
(0.91316 + 0.548368 × 10− 6t)λ2

λ2 − 100
, (5) 

where nSi
2 represents the RI of silica, and t is the temperature. The 

temperature was set at 30 ℃. The thermo-optic coefficient of silica is 
low (around − 4.2 × 10− 6 RIU/℃), thus the temperature has little in-
fluence on the simulation results. The RI of the core is set to be 0.01 
higher than that of silica.

A simulation was conducted to investigate the influence of four pa-
rameters (radius of side holes, distance between the side holes and the 
fiber core, ellipticity of fiber core, ellipticity of side holes) on the 
maximum birefringence and average sensitivity of this sensor. The 
radius of the side holes was increased from 18 μm to 23 μm in in-
crements of 0.5 μm, while the distance between the side holes and the 
fiber core was increased from 2 μm to 6.0 μm in increments of 0.4 μm. 
The ellipticity of the side holes and the fiber core ranged from 0 to 1 with 
increments of 0.1, while the semi-short axis of the fiber core was set at 
2.5 μm and that of the side holes was set at 18 μm. The average sensi-
tivity and maximum birefringence were calculated for all cases in which 
the surrounding RI increased from 1.33 to 1.37 within the wavelength 
range of 0.9–1.7 μm. The results of the simulation are presented in Fig. 4
and Fig. 5.

Fig. 4(a) and (b) demonstrate that the birefringence of the sensor is 
significantly influenced by the distance between the fiber core and side 
holes, as well as the ellipticity of the fiber core. The radius and ellipticity 
of the side holes are found to have little impact on birefringence. As the 
distance between the side holes and fiber core increases from 2 to 6 μm, 
the birefringence decreases from approximately 1.46 × 10− 4 to 
3.79 × 10− 5. In contrast, the birefringence remains relatively constant 
as the radius of side holes increases. As the ellipticity of the fiber core 
increases from 0 to 1.0, the birefringence increases from approximately 
3.5 × 10− 7 to 1.86 × 10− 5. However, the variations in the ellipticity of 
the side holes have a negligible impact on the birefringence. The 
simulation results on birefringence illustrate that, once the ellipticity of 
the fiber core is established, the radius of the side holes can be increased 
through hydrofluoric acid corrosion, thereby reducing the distance be-
tween the side holes and the fiber core. This process serves to increase 
the birefringence of the sensor.

Fig. 5(a) and (b) demonstrate how these four parameters affect the 
sensitivity of the sensor. It is also observed that the birefringence ex-
hibits a corresponding variation in response to the alterations in the 
aforementioned parameters, thereby exerting an influence on the 
calculated sensitivity. As illustrated in Fig. 5(a), the sensitivity of this 
sensor undergoes a transition from positive to negative as the distance 
between the side holes and the fiber core exceeds 2.8 μm. The primary 
reason for this phenomenon is the alteration of group birefringence to a 
negative state when the distance between the side holes and the fiber 
core exceeds 2.8 μm. Furthermore, the absolute value of sensitivity de-
creases with the increasing distance between the side holes and the fiber 
core. The maximum sensitivity reaches 2365 nm/RIU when the distance 
between the side holes and the fiber core is 2 μm and the radius of the 
side holes is 18 μm. The irregular and disorganized impact of the radius 
of the side holes on sensitivity is also a notable phenomenon. As illus-
trated in Fig. 5(b), the sensitivity remains positive when the ellipticity of 
the fiber core and the side holes are varied from 0 to 1. However, the 
impacts of the ellipticity of the fiber core and the side holes on the 
sensitivity are also irregular and disorganized. The ellipticity of the fiber 
core and the side holes is difficult to change once the optical fiber is 
fabricated, while the distance between the fiber core and side holes can 
be changed through chemical corrosion. A conclusion can be drawn that, 
once the ellipticity of the fiber core and the side holes has been estab-
lished, the distance between the side holes and the fiber core of DHF 

could be decreased through HF corrosion, thereby increasing sensitivity.

3.2. The characteristics of the Cu(II)-sensitive material

FTIR analysis of CS and EDTA-CS revealed functional groups in the 
materials, as illustrated in Fig. 6. Compared between the FTIR curves of 
CS and EDTA-CS, the appearance of the peak at 1578 cm− 1 of EDTA-CS 
corresponds to the stretching vibration absorption of unsaturated double 
bonds C––O or C––N. The synthesis of EDTA-CS contributes to the 
introduction of carboxyl groups, thereby enhancing the chelating ca-
pacity for Cu(II).

3.3. RI test

The detection performances of this bare corroded DHF are investi-
gated for RI, and the results are presented in Fig. 7. The transmission 
spectrum shows two interference dips, as shown in Fig. 7, with extinc-
tion ratios of approximately 14 dB and a free spectral range of 
235.52 nm when the bare corroded DHF is placed in the air. Upon im-
mersion of the bare corroded DHF in DI water, both interference dips 
exhibit a shift towards longer wavelengths. The extinction ratios vary to 
approximately 12 dB and the free spectral range expands to 430.36 nm. 

Fig. 6. FTIR analysis of the CS and EDTA-CS.

Fig. 7. The transmission spectra of corroded DHF in ambient air and DI water.
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From Eq. (2), the birefringence of a SI sensor can be calculated as 
follows: 

B = λm⋅λm+1/[(λm+1 − λm)⋅L], (6) 

Upon immersion in water, the bare sensor exhibits two dips at 
1162.44 nm and 1591.34 nm, which are labeled as Dip 1 and Dip 2, 
respectively. The length of this sensor is approximately 3 cm. According 
to Eq. (6), the birefringence can be calculated as 1.433 × 10− 4. The 
simulation results demonstrate that when the distance between the fiber 
core and side holes is 2 μm, and the radius of the side holes is 23 μm, the 
simulated birefringence approximates 1.44 × 10− 4. This indicates that 
the experimental and simulation results are in good agreement.

As illustrated in Fig. 8(a), both dips exhibit a redshift as the RI 

increased from 1.3333 to 1.3743. As illustrated in Fig. 8(b), the fitting 
equations of Dip 1 and Dip 2 are y = 3267x-3184 and y = 2617x-1893, 
with R² of 0.9897 and 0.9947, respectively. The RI sensitivities of Dip 1 
and Dip 2 are 3267 and 2167 nm/RIU, respectively.

The limit of detection (LOD) for the linearity response sensor is 
defined as LODRI= α/S, where LODRI represents the LOD for RI detec-
tion, α denotes the resolution of the detector and S stands for the 
sensitivity of the sensor. The resolution of the detector in this experi-
ment was set to 0.02 nm. The LODs are thus concluded to be 6 μRIU for 
Dip 1 and 8 μRIU for Dip 2, respectively.

The comparison of the sensitivities of this work with those of pre-
vious research is shown in Table 1. The proposed method, with its simple 
structure, shows higher sensitivity compared to other researches (ref.
[30–33]), making it a promising candidate for the RI measurement.

3.4. Cu(II) concentration detection

Before the detection, the sensor should be calibrated. The sensor is 
immersed in DI water with a pH of 7.0 until the spectrum became stable. 
The spectrum is considered to be the spectrum when no Cu(II) are pre-
sent. As illustrated in Fig. 9(a), when the corroded DHF is coated with an 
EDTA-CS-ECH film, only a single interference dip is observed in the 
transmission spectrum, with an extinction ratio of approximately 15 dB. 
The transmission spectra obtained from the sensor with different Cu(II) 
concentrations are illustrated in Fig. 9(b). The interference dip shifts 
towards longer wavelengths. The extinction ratio decreases as the Cu(II) 
concentration increases from 10− 15 M to 10− 6 M. This phenomenon can 
be attributed to the EDTA-CS attached to the surface of the corroded 
DHF, which can chelate Cu(II). This process contributes to an increased 
RI around the sensor, resulting in a redshift of the SI dip. Fig. S4 illus-
trates the wavelength shift value changes with the immersion time when 
the Cu(II) concentration is 10− 9 M. After 10 minutes, the transmission 

Fig. 8. (a) The transmission spectra of corroded DHF in solutions with different RI; (b) The corresponding fitting curves of Dip1 and Dip 2, respectively.

Table 1 
Comparison of the sensitivities of this work with those of previous works.

Sensor structures Maximum 
sensitivities 
(nm/RIU)

Detection 
principles

References

U-bend single mode fiber in 
optical free quency 
domain reflectometry

39.08 Multimodel 
interference

[30]

Gold film-coated tapered 
single-mode fiber

2021.07 MZI [31]

Double-Peanut and Er- 
Doped Fiber Taper 
Structure

441.56 MZI [32]

Gold coated photonic 
crystal fiber sandwiched 
by two collapsed 
multimode fiber

1947.405 SPR in Mach- 
Zehnder 
interference (MZI)

[33]

Corroded DHF 3266.76 SI This work

Fig. 9. (a) Transmission spectrum of corroded DHF coating by EDTA-CS-ECH in the air; (b) Transmission spectra of corroded DHF coating by EDTA-CS-ECH in Cu(II) 
solutions with different concentrations.
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spectrum became stable.
The LOD was determined by utilizing the Langmuir isotherm model, 

which is expressed as follows[34]: 

Δλ = Δλmax⋅K⋅C/(1+K⋅C),

where Δλ represents the wavelength shift, Δλmax denotes the maximum 
wavelength shift when the film is saturated with adsorbed Cu(II), and K 
represents the equilibrium binding constant under steady-state condi-
tions. The fitting curve based on the Langmuir model, which is shown in 
Fig. 10(a), illustrates a good fit. The Δλmax and K values of the Langmuir 
isotherm model are 175 nm and 3, respectively. Moreover, the fabri-
cated sensor exhibited a higher sensitivity towards lower Cu(II) con-
centrations, while the sensitivity gradually decreased as the 
concentration of Cu(II) increased. In the concentration range of 
10− 9~1 μM, the maximum sensitivity is 12.08 × 109 nm/μM, and the 
average sensitivity is 129.96 nm/μM. The fitting equation is depicted in 
Fig. 10(b), demonstrating a strong linear fit with an R2 value of 0.9919. 
The shift of the SI dip is approximately 12.81 nm when the concentra-
tion of Cu(II) increases tenfold.

For the Langmuir isotherm model response sensor, the LOD is 
defined as follows[35]: 

LODCu(II) = α/[K⋅(Δλmax − α)],

where LODCu(II) represents the LOD for the Cu(II) detection, α denotes 
the resolution of the detector, and K and Δλmax are the parameters of the 
fitting function. In this experiment, the detector resolution was set to 
0.02 nm. The LOD of this sensor is calculated as 4.27 × 10− 5 μM.

The reusability and repeatability of this sensor are tested. The result 

Fig. 10. (a) The obtained fitting curve between the shift of dip and the Cu(II) concentration with the Langmuir isotherm model; (b) The corresponding fitting curve 
between the shift of dip and logarithm of the Cu(II) concentration.

Fig. 11. (a) The test result of reusability of the sensor; (b) The test result of repeatability of the sensor.

Fig. 12. Wavelength shift when the sensor immersed in 1 μM metal ions so-
lutions, respectively.

Q. Chen et al.                                                                                                                                                                                                                                    Sensors and Actuators: B. Chemical 436 (2025) 137692 

7 



is shown in Fig. 11. As shown in Fig. 11(a), when the sensor is immersed 
in the solution containing 10− 15 M Cu(II), the wavelength shift is 
12.10 nm. Before the second detection, the sensor is treated with 1 mM 
HCl for 20 minutes. The maximum wavelength shift in the second 
detection is 11.76 nm, which shows a slight difference (0.34 nm) 
compared to that of the first detection. As shown in Fig. 11(b), the 
relative standard deviations (RSD) are 3.6 %, 1.4 %, and 3.0 % when the 
Cu(II) concentration is 10− 15, 10− 14, and 10− 13 M respectively, illus-
trating the detection results are accuracy and the sensor is repeatable.

3.5. Interferences

The selective detection of metal ions is a crucial aspect for the pro-
posed sensor. In this study, the interferences of other metal ions of the 
optical fiber sensor were investigated. It is shown in Fig. 12 that the 
spectrum exhibits a slight redshift when 1 μM of Ni(II), Zn(II), Hg(II), 
Mg(II), Na(I), Pb(II), and Ca(II) are added to the solution. The spectra in 
Fig. 12 demonstrate that, the dip shifts are 129.96, 3.92, 17.84, 15.72, 
17.78, 12.98, 16.20, and 14.20 nm for the 1 μM Cu(II), Ni(II), Zn(II), Hg 
(II), Mg(II), Na(I), Pb(II), and Ca(II) solutions, respectively. The 
maximum selective factor reaches 33. The CSD film can chelate other 
metal ions, while the Cu(II) IIM treatment of the CSD film enhances the 
Cu(II) complexation ability of CSD.

Optical fiber based on SI is typically vulnerable to temperature- 
related fluctuations due to the photothermal effect of PMF. The depen-
dence of wavelength shifts on temperature is investigated. The experi-
mental set-up for the temperature test is illustrated in Fig. S5. As shown 
in Fig. 13(a), the spectra exhibit no obvious change as the temperature 
increases from 25.3 ℃ to 44.0 ℃. The maximum wavelength shift is 
2.4 nm. The mean and standard deviation values of floating is 0.52 nm 
and σ= 1.17 nm, respectively, illustrating that temperature has little 
influence on the sensor. The temperature-insensitive property 

undoubtedly benefits the detection of RI and Cu(II). The DHF lacks stress 
rods, which makes the sensor less sensitive to temperature variations.

The comparison of the sensor structure, functional material, con-
centration range, LOD, and sensitivity of this work with those of pre-
vious research is shown in Table 2. Compared with other works from ref
[36–38], this designed sensor has the advantages of high sensitivity, low 
LOD, and simple structure, making it a good candidate for Cu(II) 
detection.

4. Conclusion

In this study, a sensitive corroded DHF sensor was designed based on 
SI. Optical simulation illustrated that the corrosion of DHF can enlarge 
the birefringence and RI sensitivity. Experimental results illustrated that 
the maximum RI sensitivity reached 3266.76 nm/RIU with good line-
arity, and the birefringence reached 1.433 × 10− 4. The EDTA-CS film 
with IIM treatment was coated on the corroded DHF for the selective and 
sensitive detection of Cu(II). Experimental results showed that the 
average sensitivity for Cu(II) detection reached 129.96 nm/μM in the 
range of 10− 15~10− 6 M without the interference of other metal ions. 
There is also no temperature crosstalk in the range of 25.3–44.0 ℃. The 
proposed sensor showed excellent performance through the simulation 
to experiment.
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Fig. 13. (a) Transmission spectra obtained from the sensor at different temperatures; (b) The dependence of wavelength shifts on temperature.

Table 2 
Comparison of the sensor structure, functional materials, concentration range, LODCu(II), and sensitivity of this work with those of previous works.

Sensor structure Functional materials Concentration 
range

LODCu(II) Sensitivity reference

Single mode fiber-photonic crystal fiber-single mode fiber 
structure for MZI excitation

CS crosslinked by epichlorohydrin 5 μM− 1 mM 0.57 μM 0.0632 nm/μM [37]

Tapered multimode fiber for MZI excitation Polydopaminemaleic acid 10− 14− 10− 6 M 8 × 10− 6 μM 185 nm/μM [36]
Multimode fiber with a core diameter of 600 μm coated with 

gold film for SPR excitation
Graphene oxide and Ni2+-imprinted 
chitosan

5 μM− 1.7 mM 4 × 10− 2 μM 5.22 nm/[lg(mg/ 
L)]

[38]

Corroded double holes fiber for Sagnac interference excitation Chitosan derivative with ion- 
imprinted

10− 15− 10− 6 M 4.27 × 10− 5 

μM
129.96 nm/μM This 

work
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