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Abstract: We designed and demonstrated a portable and reusable surface plasmon resonance
(SPR) sensor based on an optical fiber-coupled Kretschmann configuration with a variable
detection limit enabled by the re-attachable gold nano-thin film. The prism angle of SPR has
been optimized to 63.5 degrees to enable the SPR sensor to operate in the near-infrared band. We
highlight the effects of the chromium to gold film thickness ratio and the prism angle on the SPR
characteristics to improve sensitivity. Both simulations and experimental results reveal that the
narrowest FWHM and deepest amplitude of the SPR curve were achieved when the chromium to
gold film thickness ratio was set to 2 nm/40 nm. Furthermore, the refractive index (RI) sensitivity
of the sensor was simulated within the RI detection range of 1.3235-1.3290, and with the
optimized SPR sensor, we obtained a record high RI sensitivity of 34,888 nm/RIU. The capability
to detect variations in saline and sucrose concentration in aqueous form has been experimentally
demonstrated, revealing a sensitivity of 455 nm/M and 3,056 nm/M over concentration ranges
of 0.10 to 0.55 M and 0.018 M to 0.053 M, respectively. The results show that the proposed
optical fiber-coupled SPR sensor with an optimized sensing chip offers high sensitivity and is
promising for a broad range of applications, including medical diagnostics, agriculture, food
safety, and environmental monitoring. The sensor’s advantages include miniaturization and
flexibility, highlighting its potential for broad and versatile use.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Surface Plasmon Resonance (SPR) is a highly sensitive optical technique for real-time detection
of minute changes in the refractive index at metal-dielectric interfaces. It has found extensive ap-
plications in biomolecular interaction monitoring and analyte detection (chemical and biological)
in liquid or gas environments [1–3]. This technique relies on the interaction between light and
free electrons within a thin metallic layer, typically composed of a noble metal. At resonance,
the incident light frequency aligns with the oscillation frequency of the electrons in the metal,
leading to a significant energy transfer and thus the decrease in the reflected light intensity. This
phenomenon signifies the generation of a surface plasmon wave through the transfer of photon
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energy into the metallic layer. Due to their chemical stability and good sensitivity to refractive
index changes, silver and gold are preferred metals for SPR [4–8].

Most SPR sensing devices are based on prism-coupling method. The conventional prism-
coupled SPR sensor benefits from high stability, high sensitivity, real-time monitoring, and
label-free detection. This type of SPR sensor offers a sensitive and label-free method to analyze
interactions between biomolecules and ligands, making it suitable for biological and chemical
sensing. Consequently, many commercialized SPR systems have demonstrated high biological
and chemical sensitivity. However, these commercialized SPR devices are bulky due to the need
for moving optics to vary the SPR angle, which is necessary to expand the dynamic range of
the sensor for a wider range of refractive index analytes. As a result, they are limited to specific
applications on a laboratory scale. Recently, the miniaturization of SPR sensors has gained
considerable interest due to the growing need for real-time, in-situ monitoring in environmental,
industrial processes, gas, food, biomedical, and healthcare applications.

Optical fiber sensors hold significant promise due to their unique advantages, such as immunity
to electromagnetic interference, high sensitivity, and compact size. These features enable their
integration into multi-fiber platforms for simultaneous detection of multiple compounds. Several
reports detail the use of fiber optic techniques to create compact SPR sensor devices, including
single mode fiber, photonic crystal fiber, nano/microfiber, and specialty fiber [9–14]. However,
optical fiber based SPR sensors often involve complex fabrication processes, such as chemical
etching, side polishing, or metallic material deposition along the fiber core. Additionally, the
metallic sensing layer deposited on the optical fiber typically has a limited lifespan influenced by
the operational environment. Harsh environments can significantly degrade the performance
of optical fiber SPR sensors due to the deterioration of the metallic sensing layer, ultimately
necessitating sensor disposal.

To enhance the stability, sensitivity, and compact size of SPR sensors, prism-based SPR has
been integrated with optical fiber for sensing applications. This integration increases compactness
and enables potential use in liquid environments. These works reveal the possibility and potential
of creating an SPR sensor by integrating optical fiber with prism-based SPR sensors to achieve
high stability, high sensitivity, and compact, in-situ monitoring capabilities for environmental
applications [15–17].

In this paper, we have conducted simulations to optimize the prism angle for the Kretschmann
SPR structure and determine the suitable thickness and ratio of the metal layer that provides
the strongest resonance curve and narrowest FWHM. We propose and demonstrate a compact
and high-sensitivity optical fiber-coupled Kretschmann SPR sensor with a simplified fabrication
process and integrated changeable SPR sensing chips. The calculation results indicate that the
maximum RI sensitivity can reach 34,888 nm/RIU within the RI range of 1.3235-1.3290. The
proposed sensor can detect changes in the concentration of saline and sucrose solutions with
sensitivities of 455 nm/M and 3,056 nm/M over concentration ranges of 0.10 to 0.55 M and 0.018
to 0.053 M, respectively. The novelty of this work lies in the design of the prism and optical fiber
holder to create a compact optical fiber-coupled Kretschmann SPR sensor and the optimization of
multilayer metal film thickness to provide a high-sensitivity SPR sensor. This structure leverages
the sensitivity of the SPR sensor and the flexibility of optical fibers, which are key selling points.

2. Basic sensing principle of SPR sensor

The theoretical basis of surface plasmon resonance (SPR) is the interaction between an incident
electromagnetic wave and the free electrons in a metal. Optical excitation of surface plasmons is
carried out by means of the attenuated total reflection (ATR) method demonstrated by Otto and
Kretschmann [18,19]. Based on an analysis of Maxwell’s equation with appropriate boundary
conditions, the wave vector for the surface plasmon wave () and evanescent wave vector of incident
light (kEW ) that is parallel to the metal-sample interface can be expressed as ksp =

2π
λ0

√︂
εmεs
εm+εs
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and kEW =
2π
λ0

√
εp sin θ, respectively [20], where λ0 is the wavelength of light in a vacuum, εp is

dielectric constant of prism, and θ is angle of incident. εm = ε′m + iε′′m and εs = ε′s + iε′′s are the
complex dielectric constants of the metal and the sample layer, respectively.

At a specific incident angle and with a wavelength dependence of εm, the evanescent wave
vector (kEW ) matches that of the wave vector of SPW (ksp), i.e., ksp = kEW , and the SPR behavior
occurs. The energy of the incident light will be partially transferred to the SPW, resulting in a
sharp drop in the energy of the reflected light. This resonance angle (θSPR) can be described as
follows:

θSPR = sin−1
√︃

εmεs
εp(εm + εs)

. (1)

The reflectivity of the multilayer based on Kretschmann coupling configuration can be derived
from a combination of Fresnel equations and interference theory. The intensity and phase of
the reflected p-polarized light can be determined using the complex reflection coefficient of the
multilayer medium structure which can be expressed as [21]:

Rp = |rp
l |

2 , (2)

rp
l =

rp
l−1,l + rp

l+1e2itlkl⊥

1 + rp
l−1,lr

p
l+1e2itlkl⊥

; l = 1, 2, . . . ., s , (3)

where tl represents the thickness of the lth-layer, εl is the dielectric constant of the lth-layer, kl⊥ is
the orthogonal component (to the metal-sample interface) of wave vector of the incident light
in the lth layer, and c presents the speed of light in vacuum. Equations (2), (3) reveal that the
reflection coefficient (rp

l ) can be determined by the dielectric constant of each layer and the metal
film thickness.

3. Modelling and simulation results

3.1. Simulation of the layer thicknesses

To demonstrate the SPR principle of the sensor, the simulation was conducted to optimize an
appropriate incident angle, which is related to the prism angle, to achieve the SPR spectra within
the desired range of wavelength. The relationship of the composite films with the resonance
angle can be calculated using Eq. (1). In the simulation, the film thickness of chromium (Cr)
and the gold (Au) is initially set to 5 nm and 45 nm, respectively [22]. Water was chosen as the
sample layer to imitate the refractive index of an aqueous environment.

The SPR sensor’s performance is influenced by the material choice of metal film. Metals used
in SPR applications must possess sufficient free electron density or conductivity to interact with
electromagnetic waves and generate a plasmonic field. However, not all metals are suitable for
SPR-based sensor applications; for instance, highly reactive metals like sodium (Na) and costly
indium (In) are not preferred. Additionally, metals such as silver (Ag), copper (Cu), and aluminum
(Al) are highly susceptible to oxidation [23]. Copper, the second most conductive material after
aluminum, shares a similar attenuation rate to gold (Au). Nonetheless, Cu susceptibility to
oxidation diminishes its attractiveness for researchers compared to Au [24]. In this work, Au was
chosen since it is well-known as an excellent material for SPR sensors.

In order to evaluate the theoretical reflection characteristics of the Kretschmann SPR as
presented in Fig. 1(a), simulation using the finite difference time domain method (with the
commercial FDTD solver, Lumerical© STACK Optical Solver) were performed on a multilayer
stack instead of direct calculations of Maxwell’s equations. The command from STACK optical
solver calculates the reflection and transmission of a plane wave through an arbitrary multilayer
stack using the analytic transfer matrix method. This function returns the fraction of transmitted
and reflected power (Ts, Tp, Rs, Rp), and the complex reflection and transmission coefficients (ts, tp,
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rs, rp) for both S and P polarizations. The results in Fig. 1(b) and (c) show that when considering
the resonance wavelength of SPR spectra is blue-shifted as the incident angle increases, owing to
the wavelength-dependent of dielectric constants (see Eq. (1)). To confirm the simulation results,
the SPR angle within the wavelength range of 1,000–1,600 nm were calculated by using Eq. (1),
the result showing that at the wavelength of 1,000 nm and 1,600 nm, the SPR angle is 64.0 and
62.2 degrees, respectively which is correspond with the simulation result in Fig. 1(b) and (c).
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Fig. 1. (a) Schematic of a Kretschmann configuration based SPR sensor showing the low
power of the reflected light at the resonance angle. (b) Simulation results of the reflectance
of SPR spectra as a function of wavelength with the variation of incident angle between
BK7 and Au film medium. (c) Contour plot showing the reflectance from the SPR system at
different incident angles and wavelengths.

Due to the characteristics of the broadband light source used in this work, which has a
high-power operating wavelength starting at around 1,100 nm, an incident angle of 63.5° was
chosen to operate the SPR sensor in the range of 1,100–1,600 nm. This wavelength range was
also chosen to enhance the sensitivity of the SPR sensor compared with the visible range as the
longer wavelength provides higher sensitivity [25]. The devices used in this work including the
polarization maintaining fiber and GRIN lenses are designed for the telecom-wavelengths.

3.2. Simulation for intensity interrogation

The thickness of the Au film defines the resonance conditions and the performance of the SPR
sensor [26]. When the resonance condition is fulfilled, a dip at a particular wavelength is
observed in each SPR spectra, known as the resonance wavelength. To deposit the Au film on the
amorphous substrate such as the BK7 used in this research, chromium (Cr) will be generally used
as an adhesive layer to ensure firm contact between the metallic layer and the prism. Therefore, a
very thin layer (< 10 nm) of Cr film will be deposited before the Au deposition. Past studies have
shown that the thickness of Au film directly affected the resonance conditions: SPR resonance
wavelength and full width at half-maximum (FWHM) of the SPR spectra. Although the effect of
the adhesion layer to the optical properties of the device can be ignored for most applications,
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it significantly impacts the near-field response of plasmonic sensors at the plasmon resonance.
However, detailed understanding is still lacking concerning the effect of Cr thickness and the
dependency of Cr thickness and metal film thickness on the resonance condition.

In this work, we studied the effect of the Cr film thickness on the performance of the SPR,
especially for sensing applications. A four-layer stack of materials from bottom to top, including
BK7 prism, Cr, Au, and water, was used in the simulation. To study the effect of Cr to the SPR
spectra, Cr thickness varied from 1 nm to 10 nm in 1 nm increments. The results in Fig. 2(a)
show that the thinnest Cr layer (1 nm) provides the deepest dip and narrowest FHWM of the
resonance. An increase in Cr thickness from 1 nm to 2 nm results in a decrease in the SPR
depth by approximately two orders of magnitude. Furthermore, when the Cr film thickness
increases from 1 nm to 10 nm, the reflectance of the SPR dip gradually increases. As the dip
at a resonance wavelength of SPR spectra corresponds to the resonance between the incident
electromagnetic wave and the plasmon wave on metal surface, lower reflectance of the SPR dip
indicates a stronger resonance. Based on the simulation results, the Cr thin film with a thickness
of 1 nm provides the pronounced resonance, making them ideal candidates for highly sensitive
sensing applications. This is because the Cr is a poor plasmonic material resulting in high optical
losses. Moreover, its placement at the Au/dielectric interface would position Cr at the location of
the largest optical fields. Therefore, the increasing of Cr layer which has a poor plasmonic metal
results in a large decrease in the propagation distance of the plasmon wave. Thus, the thicker Cr
interface layer leads to shallower SPR dip depth. However, in practice, depositing a thin film with
1 nm precision is challenging to control due to equipment limitations, and a very thin adhesive
layer can cause poor adhesion between the substrate and the metal film. Therefore, the Cr with
thickness of 2 nm was chosen for this research as it provides the deepest SPR dip with a narrower
FWHM compared to thicker Cr layer.
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Fig. 2. Simulation results showing the effect of the Cr layer thickness on Au metal based
SPR resonance spectra when the thickness of Cr varied from 1 to 10 nm with 1 nm increments.
(b) Effect of the Au film thickness on the SPR resonance spectra when the Cr thickness was
fixed at 2 nm and the Au thickness varied from 20 to 90 nm.

The effect of Au film thickness on the SPR spectra was also studied by setting the thickness of
Cr layer to 2 nm. Figure 2(b) reveals the relationship between the SPR resonance spectrum and
the thickness of Au layer from 20 nm to 90 nm in 5 nm increments. As the Au film thickness
increases from 20 nm to 90 nm, the SPR spectra gradually blue-shift, and the SPR dip depth
increases until the Au thickness reaches 40 nm. Then, the SPR dip depth starts to decrease when
the Au thickness exceeds 40 nm. The variation in a dip of SPR depth (reflectance) and FWHM is
owing to the coupling between the incident electromagnetic wave and the plasmon wave, which
is related to the thickness of the Au film. A very thin Au film leads to high loss and low coupling
between the electromagnetic wave and the plasmon wave due to the small amount of the electron
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in the thin Au film. Conversely, the evanescent wave of incident light can hardly penetrate a
very thick Au film (thickness >45 nm), leading to poor interaction between the electromagnetic
wave and the plasmon wave. At a thick Au film, the SPR excitation became less efficient due to
the electron absorption by the metal itself, thus inhibiting the SPR effect. The Au film with a
thickness of 40 nm shows the deepest and narrowest SPR dip, indicating high performance of the
SPR sensor.

The sensitivity (S) and figure of merits (FOM) values of the sensor, which are directly related
to determining the performance of the sensor, can be calculated according to the formulas given
below [27]:

S =
∆λ
∆n

, (4)

FOM =
S

FWHM
, (5)

where ∆λ corresponds to the shift in the resonance wavelength and ∆n is the change in the
refractive index of the sample.

Regarding Eq. (4) and (5), the higher sensitivity and smaller FWHM lead to higher accuracy
and FOM, resulting in high sensitivity performance of the sensor. Thus, to achieve a high
sensitivity SPR sensor, Au film with a thickness of 40 nm appears to be an optimal thickness.
Therefore, in this research, a 2 nm Cr and 40 nm Au multilayer is the optimal design to obtain the
best trade-off between sensitivity and FOM of the sensor.

Next, the sensing performance of the sensor based on the optimal structure was simulated, and
the results are shown in Fig. 3, where (a) shows the transmission spectra of the sensor at different
sample refractive indies (RIs) from 1.3235-1.3290. The simulation results show that the SPR
resonance wavelength is increased with the increasing of the sample RI. The RI sensitivity of
the optimized SPR sensor was calculated (using Eq. (4)) to be 34,888 nm/RIU as presented in
Fig. 3(b). The calculation of the RI sensitivity from the simulation result based on the optimized
angle of prism and the thickness of Cr and Au film showing that the SPR sensor can provide a
high RI sensitivity of 34,888 nm/RIU.
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Fig. 3. (a) Simulation result of the RI sensing performance of the optimized SPR sensor.
(b) The relationship between the SPR resonance wavelength from the simulation and the
refractive index of the sample, displaying linearly fitted data with a sensitivity of 34,888
nm/RIU.

4. Optical fiber coupled SPR sensor structure

The proposed optical fiber coupled SPR sensor is illustrated in Fig. 4 (a-b) This optimized incident
angle of 63.5° was used to design the prism for the SPR setup, as illustrated in Fig. 4(a). A
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white light source from a supercontinuum laser (SuperK EXTREME (EXU-6), NKT Photonics)
was used, along with a polarization maintaining (PM) optical fiber collimator, to guide the light
beam to a prism. Due to the unpolarized nature of the light from super continuum source, the
PM fiber was used together with the polarization controller to tune the polarization of the input
light of the SPR system to be P-polarization. To ensure that the input light from the PM fiber
is P-polarized when entering the SPR system, the slow axis of the PM fiber (panda) is aligned
parallel to the plane of incidence. The SPR spectrum is monitored in real-time as the input light’s
polarization is adjusted using the polarization controller, as illustrated in Fig. 2. The deepest dip
in the SPR spectrum occurs when the input light is P-polarized. The PM fiber collimator used in
this research features a 1.8 mm diameter GRIN lenses, a working distance of 15± 5 cm, and a
beam diameter of ≤ 0.5 mm (50-1550PM-FC, Thorlabs, USA). The prism used in this research
is a BK7 glass prism with a prism angle of 53° and the other two corners of prism have an angle
of 63.5°, as presented in Fig. 4(a). A re-attachable chromium (Cr) and gold (Au) nano-film SPR
sensing chip, with Cr and Au thicknesses of 2 nm and 40 nm, respectively, was deposited onto a
5 mm× 5 mm× 0.1 mm BK7 coverslip using an e-beam evaporation system. A single-mode
optical fiber collimator with the same specifications as the PM fiber collimator was used to collect
the reflected light from the prism. Then, the output signal from the single-mode optical fiber
collimator was delivered to the optical spectrum analyzer (AQ6370D, Yokogawa, Japan).
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Sensed 
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Surface plasmon 
waves
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Fig. 4. (a) Schematic of the prism design based on the simulation result for the proposed
optical fiber-coupled Kretschmann SPR sensor. (b) The proposed optical fiber-coupled
Kretschmann SPR sensing system, including the supercontinuum light source and the optical
spectrum analyzer.

To confirm the thickness of the metal film deposited on the BK7 cover slip, the step height of
the Cr - Au film on the chip was measured with an atomic force microscope (AFM) (NX10, Park
System), operating in true non-contact mode using a silicon tip. The AFM analysis, conducted
over a 90× 20 µm2 area, revealed an average step height of 41.9 nm for the Cr - Au film, as
illustrated in Fig. 5. Although, the sample exhibited nearly uniform morphology, some molecular
clusters were present. These clusters, which occurred during the preparation of the thin film,
caused some high hills in certain areas. The smoother surface roughness of metal film results in
stronger coupling between the electromagnetic wave and plasmon wave. Thus, the roughness of
the surfaces of the metal depositions has been preliminarily analyzed by using the same AFM
instrument. The scans have been realized in non-contact mode using a silicon tip with a spring
constant of 37 N/m and a typical cantilever tip radius ROD of 6 nm. The typical surface root
mean square (RMS) roughness, evaluated on extended regions of 1800 µm2, is of the order of 4.9
nm. These values of RMS roughness are typical of metal depositions over glass substrates.

To assemble the proposed optical fiber-coupled Kretschmann SPR structure, the prism and
optical fiber collimator holder were designed and created using a 3D printer with polylactide
(PLA) material. Based on the specification of the fiber collimator with a beam diameter of ≤
0.5 mm, a misalignment of 1.0 mm can cause more than 50% coupling loss. Thus, the holder
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Fig. 5. Step height of Cr+Au film on the BK7 cover slip measured by AFM showing the
step height of 41.9 nm.

Fig. 6. (a) A 3D model design of the prism and optical fiber collimator holder used for
aligning the input and output fibers with 3 degrees of freedom adjustment. (b) Photographs
of the experimental setup to test and manufacture the optical fiber-coupled Kretschmann SPR
sensor based on wavelength detection. (c) A compact optical fiber-coupled Kretschmann
SPR sensor. (d) Experimental setup to demonstrate the concentration sensitivity of the
proposed sensor for saline and sucrose solution.

was designed to precisely align the input and output optical fiber collimators with the prism.
As demonstrated in Fig. 6(a), the holder was designed to integrate three micrometers. Two
micrometers were used to adjust the height and the left-right tilt of the prism to match the
reflection plane. In addition, the other micrometer, facing the front of the holder, was used to
adjust the front-back tilt of the prism. Moreover, this holder design combines the 3D-printed
springs with real springs to increase the flexibility of the prism height adjustment. Due to the
unpolarized nature of the broadband light source, a polarization controller was added between
the light source and the SPR system to ensure the polarization of the input signal is P-polarized.
A photograph of the developed optical fiber-coupled Kretschmann SPR system in Fig. 6(b) shows
the entire sensing system.
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In the experiment, the custom-made prism had an isosceles triangular base with angles of
53°, 63.5°, and 63.5°, corresponding to a base size of 10 mm ×10 mm× 8.92 mm and a height
of 10 mm. The BK7 coverslip with an Au thin film with a total thickness of ∼ 42 nm (SPR
sensing chip), was attached to the 8.92 mm side of the prism using matching index liquid (IML
150, Edmund: Norland). The collimated P-polarized optical signal, emerging from the fiber
collimator lens, strikes the SPR sensing chip at an angle of 63.5°, which is greater than the angle
for TIR (see Fig. 4(a)). After reflecting off the SPR sensing chip, the beam is coupled through
the output collimating lens into the optical fiber.

To ensure the maximum coupling between the input light and the output light through the
optical fiber collimator, the optical fiber-coupled Kretschmann SPR sensing system was tested on
the holder by dropping the deionized (DI) water onto the sensing chip. Then, the holder has been
adjusted, and the SPR signal was monitored until the maximum coupling is achieved. A compact
optical fiber-coupled Kretschmann SPR sensing device was assembled by gluing the optical fiber
collimator on the side of the prism as shown in Fig. 6(c). The sensing chip was encapsulated to
ensure the stable attachment with the prism before using it as a sensor for the aqueous solution
(Fig. 6(d)).

5. Optical fiber-coupled Kretschmann SPR sensor characterizations and dis-
cussions

When the SPR Au sensing chip is exposed to an aqueous solution, the light source launched into
the prism produces an evanescent field that excites a surface plasmon wave at the metal-prism
interface, resulting in the attenuation of the reflected signal. As the incident angle of the input
light is fixed by the angle of the prism, the coupling of the evanescent optical field into the
generated surface plasmon wave strongly depends on the wavelength of the input optical signal,
the sample refractive index, the ambient temperature, and the metallic layer properties (thickness,
pattern, etc.). The spectral reflectance of the SPR sensor is then evaluated by an optical spectrum
analyzer (OSA) at the monitoring end.

Figure 7(a) shows the experimental result of the SPR spectra when DI water was dropped on
the sensing chip. The resonance wavelength is located at 1,117 nm, which is 27 nm different
from the calculated resonance wavelength of 1,144 nm. This discrepancy can be attributed to
misalignment between the sensing chip and the prism, as the chip floats on the matching index
liquid, causing a deviation in the incident angle at the prism-Au interface. A 0.1° difference in
the incident angle leads to a change in resonance wavelength of approximately 25 nm. Moreover,
the difference in the depth of the SPR dip at the resonance wavelength between the experimental
and calculated results is caused by the quality of the metal film. Smoother surface roughness
results in stronger coupling between the electromagnetic wave and the plasmon wave, leading
to a deeper SPR dip. Therefore, improving the metal film’s surface roughness can enhance the
depth of the SPR dip at the resonance wavelength.

To demonstrate the concept of a compact optical fiber-coupled Kretschmann SPR sensor, the
RI detection performance of the sensor was investigated using saline and sucrose solutions. The
saline solution was prepared by dissolving NaCl in DI water at different concentrations ranging
from 0.10 to 0.55 mol/L (M). Based on the calculation of RI sensitivity in Fig. 3(a-b), the RI
detection range of the proposed SPR sensor is RI= 1.3235-1.3290. Thus, the saline concentration
of 0.10 to 0.55 M was used to fit within the RI detection range of the sensor.

In the experiments, the sensor was immersed in saline solutions of different concentrations,
and the SPR spectra were recorded for each concentration. The SPR spectra with different
concentrations of saline solution are illustrated in Fig. 7(b). The results show that the resonance
wavelength of SPR spectra increases with an increase in saline concentration. The sensitivity of
the sensing device was analyzed by fitting the resonance wavelength of the SPR dip at each saline
concentration. An asymmetric SPR sensor response curve-fitting equation was used to determine
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Fig. 7. The SPR reflectance as a function of wavelength for (a) DI water and (b) the saline
solution (NaCl) at various concentrations. (c) The relationship between the SPR resonance
wavelength and saline concentration, showing linearly fitted data with a sensitivity of 455
nm/M. (d) The SPR reflectance as a function of wavelength for sucrose solution. (e) The
relationship between the SPR resonance wavelength and saline concentration, showing
linearly fitted data with a sensitivity of 3056 nm/M.

the SPR resonance wavelength [28]. The results in Fig. 7(c) reveal the spectral response at
different saline concentrations. By fitting the wavelength dip and the saline concentration with a
linear fit, a slope of 455±31 nm/M was calculated with an R2 of 0.97188.

To further evaluate the performance of the proposed SPR sensor, sucrose solutions were also
used to determine the sensor’s sensitivity. The sucrose solution was prepared by dissolving
sucrose in DI water at different concentrations that match the RI detection range of the proposed
SPR sensor of 1.3235-1.3290. Thus, the sucrose concentration of 0.018 M - 0.053 M was used in
this experiment. The sensor was immersed in the sucrose solutions of different concentrations,
and the SPR spectra for each concentration are presented in Fig. 7(d). The concentration
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sensitivity of the sensor was analyzed using the same method as for the saline concentration. The
results in Fig. 7(e) reveal the spectral response at different sucrose concentrations and the linear
fitting provides the sucrose concentration sensitivity of 3056±175 nm/M with an R2 of 0.98067.

The limit of detection (LOD) of the proposed sensor can be calculated by using the equation:
LOD = ∆λ

S where ∆λ denotes the spectrometer’s wavelength resolution and S indicates the
sensor’s sensitivity. When the wavelength resolution of the spectrometer is 0.1 nm are 2.2× 10−4

M−1 and 3.3× 10−5 M−1 for saline and sucrose solution respectively.
Subsequently, the temperature detection performance of the sensor was investigated. The

sensor was immersed in DI water. The different temperature was applied to the DI water by using
the hot plate. So that the temperature was varied in the range of 10-45 °C, and the thermocouple
was placed next to the sensor to ensure the accurate temperature that applied to the sensor. The
transmission spectra were recorded every 5 °C. The experimental result in Fig. 8(a) showing that
the SPR wavelength is decreased with the increase of temperature. The fitted relationship between
temperature and resonance wavelength is shown in Fig. 8(b) which reveals the temperature
sensitivity of 1.00 ± 0.04 nm/°C with an R2 of 0.98393. The low temperature sensitivity of
the sensor can be used to be the background sensitivity of the sensor when working in real
environments.

Fig. 8. (a) Experimental results of temperature sensing performance of the sensor. (b)
The relationship between the SPR resonance wavelength and ambient temperature, showing
linearly fitted data with a sensitivity of 1 nm/°C.

Above are the performance metrics of the sensor, which we compared with the recently
published optical fiber SPR sensors. It can be seen from Table 1 that the proposed SPR sensor
outperforms the other optical fiber-based SPR sensors.

In comparison to other optical fiber-based SPR sensors, the proposed sensor offers numerous
advantages. Firstly, it employs compact size with disposable sensing chips, enabling its utilization
as a platform for remotely sensing and measuring various compounds with diverse sensing
chips. Secondly, while conventional optical fiber SPR sensors possess a restricted measurement
range, the proposed sensor features a broad and customizable measurement range, determined by
the chosen chip substrate material. By elevating the refractive index of the substrate, a wider
measurement range can be achieved. Thirdly, the sensitivity of the proposed sensor can be
controlled by the refractive index of the selected substrate on the sensor chip and the wavelength
of the light source. Fourthly, by using the proposed SPR sensing system, motorized stages
used for conventional SPR systems are not needed. As the stability of the conventional SPR
system is based on the stability of the motorized stages, which is the most expensive part, the
system demonstrated in this manuscript does not require any scanning system. Hence, it can
offer more reliable stability with a compact size. Consequently, the sensor exhibits very high
sensitivity compared to the conventional SPR sensors. These distinctive characteristics make
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Table 1. Performance comparison of the proposed fiber-coupled Kretschmann SPR sensor with
other SPR sensors

Sensing structure Target Analyte Sensitivity Wavelength Year Reference
SPR based Polymer-tipped

optical fiber (PTOF)
coated with a gold film
and a Barium Titanate

(BaTiO3)

RI range:
6,710 nm/RIU 800–1,400 nm 2019 [29]

1.33-1.34

SPR and PCF
RI range:

13,000 nm/RIU 500–1,100 nm 2020 [30]
1.33-1.37

SPR PCF/Ag
nanowires

RI range:
10,286 nm/RIU 700–1,200 nm 2020 [31]

1.32-1.38

SPR PCF/Au layer
RI range:

13,592 nm/RIU 500–1,000 nm 2020 [32]
1.3323-1.3359

SPR and dual-core
D-Formed PCF

RI range:
18,800 nm/RIU 500–1,100 nm 2022 [33]

1.40-1.45

This work
RI range:

34,888 nm/RIU 1,000–1,550 nm 2024 -
1.3235-1.3290

the proposed optical fiber-coupled Kretschmann SPR sensor particularly suitable for various
sensing applications in remote area, including environmental monitoring and the detection of
Greenhouse gas in aqueous or Greenhouse gas in deep ocean.

6. Conclusions

In this work, we propose and experimentally demonstrate a novel compact and flexible dynamic
range optical fiber-coupled Kretschmann SPR device featuring a re-attachable gold nano-thin
film SPR sensing chip. Intensive simulations were conducted to optimize dependency of Cr layer
thickness on Au metal based SPR, illustrating the conditions necessary for achieving high depth
with a small FWHM of the SPR spectra, resulting in high sensor sensitivity. The sensor exhibited
a high RI sensitivity of 34,888 nm/RIU within the RI range of 1.3235-1.3290.

Experimental demonstrations showed the sensor’s capability to detect variations in saline and
sucrose concentrations in aqueous form, revealing sensitivities of 455 nm/M and 3,056 nm/M
over concentration ranges of 0.10 to 0.55 M and 0.018 to 0.053 M, respectively. This is the first
demonstration of a compact and flexible SPR sensor. The developed sensing system has shown
precise alignment of the input and output fiber collimators with the prism, indicating potential
for packaging the SPR sensing head for waterproof operation in the future.
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