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Abstract—This work reports a simple optical fiber Surface Plas-
mon Resonance (SPR) sensor with ultra-high sensitivity for simul-
taneous measurement of the dual-parameter. The sensor is based
on a D-shaped fiber with a nanolayer coating of Silver (Ag) and
Hematite (α−Fe2O3). The Ag/α−Fe2O3 layer is deposited on
the longitudinal surface of residual cladding, and a Fiber Bragg
Grating (FBG) is inscribed on the single-mode fiber (SMF) for
temperature compensation. The α−Fe2O3 layer protects the Ag
layer from oxidation and effectively enhances the surface plasmon
wave while interacting with free electrons. Finite Element Method
(FEM) modeling is employed to investigate the refractive index
(RI) and temperature response of the SPR sensor. The SPR sensor
exhibits an ultra-high RI sensitivity of 8,518 nm/RIU (refractive
index unit) in the RI range of 1.33 to 1.40, and a temperature
sensitivity of −52 pm/°C in the temperature range of 20 °C to
60 °C. The SPR performance suggests that it is a potential candidate
for various applications of dual-parameter sensing.

Index Terms—SPR sensor, D-shaped fiber, FBG, hematite, silver
coating.

I. INTRODUCTION

S PR devices are gaining popularity due to their capabilities
of high sensitivity, rapid measurement speed, compactness,

and reliability. Over the decades, many SPR sensor configu-
rations [1] have been reported, and a range of biosensors and
chemical sensors have been demonstrated for commercial pur-
poses. SPR biosensors study the interaction among biomolecular
substances, which is an essential aspect for biosensing. SPRs
have been used in various fields, such as chemical/ biological
analyte sensing, medical diagnostics, and environmental moni-
toring. When a surface plasmon wave is excited, a transverse
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magnetic polarized light is generated and interacts with the
metal-dielectric interface to trigger charge density oscillations
The SPR determines the expected RI variation from the reso-
nance angle and wavelength. A thin layer of Ag typically exhibits
better detection accuracy (DA) and sensitivity than Gold (Au)
because Ag coating has a higher ratio of real and imaginary per-
mittivity and higher reflection and absorption coefficients. The
higher sensitivity of the SPR sensor depends on the relationship
between excitation frequency ω and absorption frequency ω0 of
the metal layer [2]. For example, when ω < ω0, the SPR sensor
exhibits higher sensitivity than the case when ω ≥ ω0. Brujin
et al. [3] also reported the choice for the metal layer in their SPR
to achieve the best sensitivity results and showed that Ag offers
better RI sensitivity than other metals.

SPR sensors have been widely reported for RI sensing only
[4], [5], [6], [7], [8], [9], with the dual-parameter sensing aspect
being neglected. One reason is that a single resonance SPR
sensor is unreliable for dual-parameter measurement due to
the temperature-RI crosstalk. In practical applications, dual-
parameter measurement capability is highly advantageous due
to ambient disturbances in temperature, humidity, and pressure.
RI and temperature are the most common dual parameters for
SPR sensing applications. Temperature-RI crosstalk must be
addressed for practical applications. To solve the issue, several
techniques have been employed to implement reliable SPR sen-
sors. Several SPR sensor designs have been reported for RI de-
tection with temperature compensation, such as hybrid SPR [10],
multi-channel SPR [11], photonic crystal fiber (PCF) based SPR
[12], polymer-coated side-polished SPR [13], nanolayers/wires
based SPR [14], etc. Hybrid SPR [10] is the use of a SPR
sensor in combination with another fiber optic sensor such as
Mach-Zehnder interferometer and Fabry-Perot interferometer.
Such structures can be implemented in a single optical fiber for
ease of interrogation. Channel SPR [11] is designed by adding
a sensing ‘channel’ in close proximity to the SPR sensor that
enhances the dual-parameter measurement. PCF-based SPR [12]
is capable of generating multiple SPR regions due to the multi-air
hole design of the PCF, but it is a considerably expensive device.
Polymer-coated SPR [13] has a hetero-core fiber structure that
can also be used for dual-parameter measurement. However, due
to the multimodal interference, the SPR spectrum is typically
challenging to track, and thus additional signal processing is
needed. Nanolayers/wires based SPR [14] were recently re-
ported to increase the measurement sensitivity with complex
structure designs.
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To increase the measurement sensitivity in refractive index
for SPR sensors, several D-shaped SPR sensors have been
reported with Ag and Au coatings [15], [16]. D-shaped SPR
sensor with a coating of Graphene oxide and Ag exhibited a RI
sensitivity of 833 nm/RIU [15]. Another D-shaped SPR sensor
based on Au-grating structure demonstrated a RI sensitivity of
3340 nm/RIU [16]. The use of Graphene with a metal oxide
layer on D-shaped SPR sensor improved the RI sensitivity to
5700 nm/RIU [17]. Also, a D-shaped structure with a grating of
Ag/ Au−α−Fe2O3 reported a maximum RI sensitivity of 6400
nm/RIU [18]. The inscription of the grating structure is quite
complex and requires a stringent fabrication process. With the
addition of the iron-oxides, the effective absorption coefficient
is increased so that the sensitivity of the SPR sensor is enhanced
correspondingly. In addition, these iron oxides are abundant,
non-toxic, have a high corrosion resistance, air stability and
are cost-effective, making them good candidates for better SPR
sensor inventions. Several iron-oxides [19] are formed by Ger-
manium, which includes α−Fe2O3, maghemite (γ− Fe2O3),
magnetite (Fe3O4), and others. To protect the Ag layer from
oxidation, the iron oxide film can easily be sputtered on the Ag
layer via magnetron sputtering.

In this study, a highly sensitive D-shaped SPR sensor with
a Ag/α−Fe2O3 layered structure is investigated for dual-
parameter measurement via FEM simulations. The sensitivity
and DA of the SPR are tuned by optimizing the thickness
of the Ag (TAg) and α−Fe2O3 layers (TFe2O3

) and residual
cladding (Dres). The RI measurement sensitivity is drastically
improved through parametric optimization. A cascaded FBG
is included for temperature compensation along with analyte
detection. At the time of this writing, the reported SPR sensor
exhibits the highest sensitivity in RI (e.g., 8518 nm/RIU) among
the reported optical fiber-based SPR sensors for dual-parameter
measurement. Another advantage of the reported SPR sensor
is the simplicity of the SPR structure in comparison with the
grating-based Ag/ Au−α−Fe2O3 SPR sensor.

This paper is organized as follows: Section II presents SPR
structural design and working principle. Section III provides the
results and discussion, and Section IV illustrates the research
conclusions.

II. SENSOR DESIGN AND PRINCIPLE

The schematic diagram of the proposed SPR sensor is shown
in Fig. 1(a), and its longitudinal cross-section cascaded with
FBG structure can be seen in Fig. 1(b). The core and cladding
diameters of the D-shape fiber are 8.2 μm and 125 μm, respec-
tively, while Dres is taken as 100 nm. The Sellmeier equation
is used to define the wavelength-dependent RI of the core
(GeO2-doped silica) and cladding (Pure silica) by [18],

n(λ) =

√
1 +

a1λ2

λ2 − b21
+

a2λ2

λ2 − b22
+

a3λ2

λ2 − b23
(1)

where a and b are the Sellmeier coefficients for core and cladding
of the D-shaped fiber, and their values are listed in Table I. In
geometry, TFe2O3

and TAg depict the thickness of the Ag and
α−Fe2O3 layers, respectively, and W represents the width of

Fig. 1. Schematic diagram of proposed SPR sensor and its (a) Transverse
cross-section, (b) Longitudinal cross-section, (c) Mesh by COMSOL, and
(d) SPR Electric field mode at the λ0 = 1.044 μm.

TABLE I
IMPORTANT COEFFICIENTS

both layers. FBG is inscribed at a Bragg wavelength of 632 nm
for temperature compensation.

Assume a p-polarized incident light whose tangential field
components are continuous across the interface, and its complex
wavevector “kx” determines the surface plasmon wavevector
either by incidence angle or light wavelength. Sharma et al. [20]
explored the dielectric equation and dependencies of surface
plasmon wavevector, which deduces the dispersion relationship
for a given geometry as,

kspw =
2π

λ0

√
n2
Agn

2
α−Fe2O3

RI2ext
n2
Ag + n2

α−Fe2O3
+RIext

(2)

where λ0 represents the operating wavelength of the light source,
n denotes the refractive index, and the sub-scripts are self-
explanatory for materials. A matching condition met when there
is continuity between the longitudinal component of the light
propagation constant and surface plasmon oscillations at the
interface of dielectric and metallic layers. Permittivity of the
Ag layer is derived by using the Drude dispersion model [4],
which is used to determine the wavelength-dependent dielectric
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constant of the metal layer as,

εAg(λ) = 1− λ2λc

λ2
p (λc + iλ)

(3)

where λc and λp are the wavelengths related to collision losses
and bulk plasma frequency, respectively, and their values are
given in Table I. Querry [21] reported a wavelength-dependent
RI model to estimate the RI of α−Fe2O3. α−Fe2O3 carries
high absorption features, and is capable of preventing metal
from oxidation, i.e., α−Fe2O3 coating on Ag film eliminates
the risk of metal oxidation. For the proposed SPR sensor, the
employment of a α−Fe2O3 coating on the Ag layer prevents
the tendency of oxidation. Additionally, the α−Fe2O3 layer
enhances the extinction ratio of SPR-dip. In contrast, the SPR
sensors with a single Ag layer are unable to produce SPR-dip
with a large extinction ratio. Further, SPR-dip also depends on
the phase-matching condition between surface plasmon mode
and fundamental mode. When the phase-matching condition is
satisfied, it can be expressed as [22],

nco sin θc =

√
εextεAg

ε
ext

+ εAg
(4)

where εext is the dielectric constant of the external medium, θc
is the critical angle of the incident light, and nco denotes the
refractive index of the core.

The total transmitted power depends on the transmission func-
tion and normalized source power of p-polarized light, which can
be estimated by [18],

T = exp

(−4π

λ0
imag (neff (λ,RIs, Ts))× L

)
(5)

where, neff (λ, RIs, Ts) refers to the effective refractive index of
the fundamental mode of optical fiber, and L is the sensing length
which is taken as 1 mm. RIs and Ts represent surrounding RI
and temperature, respectively. Cascaded with the SPR sensor, an
FBG is inscribed on a SMF, which is periodically demodulated
along the core axis of the fiber. It reflects the intensity of light at
a specific wavelength and transmits the rest of the light. Thus,
the Bragg wavelength of FBG can be estimated as [23],

λFBG = 2nco
eff (λ, Ts)× Λ (Ts) (6)

where Δneffco (λ, Ts) refers to the effective index of the core
mode and Λ(Ts) denotes periodic RI modulations. Both are
sensitive to Ts change. SPR sensor performance exclusively
depends on RI sensitivity (SRI) and DA, which is fundamentally
affected by the change in wavelength and effective RI. SRI refers
to the wavelength interrogation method and can be estimated as
[12],

SRI =
Δλ0

Δneff
(7)

And temperature sensitivity ST of the given sensor can be
estimated as,

ST =
Δλ0

ΔT
(8)

The performance of the SPR sensor is mainly dependent
on SRI and DA of the SPR-sensor. Whereas DA is inversely

proportional to the full width at half maximum (FWHM), and
can be defined as [24],

DA =
1

FWHM
(9)

FWHM is measured in nm and is calculated at the resonant dip
of SPR sensor in the transmission spectrum by (5). The figure
of merit (FOM) for the proposed SPR sensor is measured as,

FOM =
Sλ

FWHM
(10)

Sλ is derived from (7) and FOM is measured in RIU−1.

III. RESULT & DISCUSSION

A. Input Parameters

Wave optic module of COMSOL Multiphysics 5.6 is used
to determine variations in RIs and Ts. Fig. 1(a) shows the
geometry of the SPR sensor and is built using the following
parameters. The main components of the SPR sensor geometry
consist of core, cladding, Ag layer,α−Fe2O3 layer, analyte, and
a perfect match layer (PML), where PML defines the boundary
conditions for the precise modal solutions. A built-in function
of extremely fine meshing of elements is chosen to define
SPR boundaries, domains, and points. The meshing statistics
are defined as follows: the total vertices = 4; total domain
elements= 240; total boundary elements= 32; total elements=
19602; minimum element quality= 0.1358 and average element
quality = 0.6591; and mesh of the SPR sensor is sketched in
Fig. 1(c). The electric field mode for SPR sensor is obtained
by using FEM with TFe2O3 = 12 nm, TAg = 50 nm, W = 10
μm, Dres = 100 nm and RIs = 1.39. Equation (1) is used to
calculate the RIs of the core and cladding for SPR. Equation (2)
describes the occurrence of the SPR phenomenon when incident
wavevector and plasmon wavevector are harmonized with each
other. The energy carried by the core will be transferred to
the sensing region via the Ag/α−Fe2O3 layer. Consequently,
the strength of the evanescent field is enhanced due to the
higher absorption coefficient ofα−Fe2O3, as shown in Fig. 1(d).
Whereas a higher absorption coefficient of the metallic layer
in SPR configurations improve the strength of the evanescent
field and ensures higher sensitivity [2]. Equation (3) derives the
permittivity of Ag and (4) derives the transmission function of
the SPR sensor. A wavelength range of 0.6 μm to 1.3 μm is
used to calculate the transmission spectrum with a wavelength
step size of 0.01 nm. Dres of 100 nm is used to withstand the
conjunction between surface plasmon mode and fundamental
mode.

B. Sensor Optimization

The SPR is optimized by evaluating a few key parameters:
TAg of 50 nm is fixed. TFe2O3 is swept from 4 nm to 16 nm to
examine the influence of dip visibility and stability. As shown
in Fig. 2(a), the SPR-dip exhibits a non-symmetric feature. The
right side of the resonant dip (i.e., rising curve) shows a higher
attenuation in comparison with the left side (i.e., falling curve).
As TFe2O3 increases from 4nm to 16 nm, the strength of the
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Fig. 2. SPR sensor and FBG interference spectrum; when (a) TAg = 50 nm
and TFe2O3 is varied from 4 - 16 nm, and (b) TFe2O3 = 12 nm and TAg is varied
from 45 - 70 nm.

Fig. 3. (a) RI measurements response of proposed SPR sensor, (b) SRI of SPR
and FBG at different values of analytes.

Fig. 4. SRI and DA variations with different TFe2O3 layers.

SPR-dip increases correspondingly. However, the transmission
attenuation of the right side of the SPR-dip also increases for
higher TFe2O3, and the resonant dips are distorted Considering
the high resonant strength, low attenuation, and zero distortion,
TFe2O3 of 12 nm is chosen. Similarly, TFe2O3 of 12 nm is fixed,
and then TAg is swept from 45 nm to 75 nm. The increase of
TAg weakens the SPR-dip intensity. From Fig. 2(b), a secondary
SPR-dip is introduced by the SPR sensor when TAg reaches 60
nm, which is due to the excitation of cladding modes. TAg of
50 nm offers the best extinction ratio and visibility of SPR-dip.
FBG interference dip is derived by (6). Fig. 2(a) and (b) illustrate
that the FBG-dip remains at 632 nm at various SPR excitation
conditions, indicating that the Bragg wavelength is neither af-
fected by SPR nor RIs. Fig. 2(a), it can be seen when the SPR
dip wavelength moved towards a longer wavelength, then SPR
spectral dip further deepened with the increased TFe2O3. W =
10 μm is adjusted. However, it does not reflect any change in the
spectrum when it varies from 125 μm to 10 μm across the Dres

surface. Although, when it is chosen less than 10 μm, it reduces
the DA and shows a secondary SPR-dip which deteriorates the
light strength and does not help to radiate a stronger evanescent
field. During several iterations, the RIs value is set at 1.39.

C. RI Measurement Response

SPR sensor is also simulated to determine RI in the range of
1.33 to 1.40 at 20 °C. When RIs varies from 1.33 to 1.40, the SPR
dip exhibits a red-shift and moves from 784.27 nm to 1129.55
nm, respectively, as shown in Fig. 3(a). Whereas the FBG-dip
remains constant at the wavelength of 632 nm, as FBG is not
affected by the RIs. Changes caused by the localization of guided
modes in the SMF, which indicates that FBG is insensitive to RIs.
The optimization of the SPR sensor has significantly enhanced
the SRI up to 8518 nm/RIU at the RI range of 1.39 to 1.40
and showed a DA of 0.006 nm−1. SPR-dip exhibits a maximum
ultra-high SRI of 8518 nm/RIU with an excellent polynomial
fitting of 0.9988, and as expected, the FBG-dip exhibits SRI of 0
nm/RI, as shown in Fig. 3(b). Fig. 4 depicts that the SPR sensor’s
SRI increases from 7096 nm/RIU to 8518 nm/RIU when TFe2O3
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TABLE II
PARAMETERS OF PROPOSED SPR SENSOR

increases from 4 to12 nm with a constant TAg of 50 nm. When
TFe2O3 increases through the range of 12 nm to 16 nm, the SRI

drops substantially to 1367 nm/RIU at RIs of 1.40. Interestingly,
there is turning point around 12 nm, typically called critical
coupling point. The regions at TFe2O3 greater and less than
12 nm are over-coupled and under-coupled, respectively. SRI

depends on the absorption coefficient of the α−Fe2O3 layer and
the critical coupling condition. Higher absorption coefficient of
α−Fe2O3 with the critical coupling state point can be obtained
by reducing the TFe2O3 to around 12 nm. The analysis helps to
determine the highest SRI with the most suitable TFe2O3 and
TAg.

On the contrary, the tendency of DA decreases from 0.025 to
0.006 nm−1 when TFe2O3 increases from 4 to 16 nm. During the
investigation, it was observed that the TFe2O3 greatly influenced
the SRI as well as DA of the proposed SPR sensor. The minimum
and maximum FOM varies from 52.1 to 77.13 RIU−1. The
essential parameters of the SPR sensor with measured values
(i.e., SRI, measurement resolution, FWHM, DA, FOM) are listed
in Table II.

D. Temperature Measurement Response

When Ts varies from 20 °C to 60 °C, the effective refractive
indices also vary due to the thermo-optic effect of the silica
cladding and doped-silica core of the SPR sensor. The refractive
index of the SPR sensor with respect to the change in Ts can be
estimated as [25],

nm (To +ΔT ) = nmTo + ξmΔT (11)

where the subscript m represents the core and cladding mode,
To is the initial temperature, ΔT is the temperature change,
ξ is the thermo-optic coefficient (∼4.1 × 10−7/°C at room
temperature [26]) with the assumption of the same values for
core and cladding. Spectral evolution consists of comparing
the SPR-dip to the FBG-dip. Both dips show responses to Ts

which is due to a slight difference between the thermo-optic
coefficient of core and cladding mode. SPR-dip produces a blue
shift, whereas FBG-dip produces a red-shift in the transmission
spectrum, which is consistent with the theory. The transmission
spectra at various ambient temperatures are shown in Fig. 5(a).
(6) estimates the FBG-dip movement with respect to the change
in Ts. The optimum thickness of a α−Fe2O3 layer of 12 nm
combined with a Ag layer of 50 nm causes weak blueshifts
of the longitudinal localized SPR mode when experiencing a
change in temperature, while the same thickness of α−Fe2O3

Fig. 5. (a) Temperature response of SPR sensor and FBG, (b) Temperature
sensitivities with linear correlation function.

with Ag causes large redshifts when a change in RIs is observed.
The redshifts are possibly due to a reduced plasmon-coupling
effect [27] with the excitonic region of α−Fe2O3. The observed
large redshifts in the SPR peak position are possibly due to
surface modification betweenα−Fe2O3 and Ag. From the insets
of Fig. 5(a), the spectral evolutions of the SPR dips and FBG
dips can both be observed with Ts change from 20 °C to 60 °C
when RIs is set at 1.39. The Blue inset represents a zoomed-in
region of the FBG-dip evolution while the pink inset represents
the SPR-dip evolution. From Fig. 5(b), the maximum temper-
ature sensitivities of −52.1 pm/°C and 10 pm/°C with linear
correlation fitting of 0.998 and 0.99 are achieved for the SPR
sensor and the FBG, respectively. The two different temperature
sensitivities can be used for temperature compensation.

E. Simultaneous Measurement of Dual-Parameter

It can be inferred from RI and temperature measurements;
the resonant dips produce different responses to RIs and Ts.
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TABLE III
SPR - COMPARISON

Thus, RI and temperature measurements can be segregated via
a sensitivity matrix equation which is typically used for the
measurement of two or more parameters simultaneously. The
sensitivity matrix for SPR sensor with cascaded FBG can be
estimated by [28],[

ΔRI
ΔT

]
=

[
σRI,SPR σT ,SPR

σRI,FBG σT ,FBG

]−1 [
ΔλSPR

ΔλFBG

]
(12)

[
ΔRI
ΔT

]
=

[
8518 −52.10
0 10

]−1 [
ΔλSPR

ΔλFBG

]
(13)

where σRI,SPR, σRI,FBG, σT,SPR, and σT,FBG are sensitivity
coefficients of RI and temperature for the SPR sensor and FBG,
respectively. ΔRI and ΔT represent changes in RI and tem-
perature, respectively. ΔλSPR and ΔλFBG represent changes
in SPR-dip and FBG-dip, respectively. The measurement res-
olutions of 1.17 × 10−6 RIU and 1.9 × 10−1°C for RI and
temperature are obtained with a 0.01 nm tracing wavelength
limit.

F. SPR Comparison and Potential Applications

It can be inferred from the results that the deposition of
α−Fe2O3 on Ag in a layered SPR sensor can substantially
enhance the sensitivity and generate an SPR dip with a large
extinction ratio. The simple SPR sensor also has the advantage
of ease of fabrication, user-reconfigurable, and mass production
capability in comparison with the reported complex structures
[12], [16], [18]. Table III lists various reported SPR sensors and
compares the sensitivity, RI measurement range, measurement
resolution, and method of fabrication. It can be summarized that
the reported SPR sensor has a simple structure, dual-parameter
sensing capability with a wide range of RI detection capability,
and the highest measurement sensitivity. In addition, the reported
sensor exhibits a high measurement resolution for RI.

SPR sensor cascaded with FBG offers a broader RI detection
range, i.e., 1.33 to 1.40, and the temperature detection range is
from 20 °C to 60 °C. The broad RI range covers a wide variety of
chemical and biomedical analytes for dual-parameter detection.
For example: It can use to examine chemical solutions such as,
Alcohol (RIs-1.33), methyl (RIs-1.33), Ether (RIs-1.35), ace-
tone (RIs-1.36), propylene (RIs-1.36), ethanol (RIs-1.361), hex-
ane (RIs-1.37), acetic acid (RIs-1.37), trichlorofluoromethane
(RIs-1.37), heptane (RIs-1.38), kerosene (RIs-1.39), silicone oil

(RIs-1.393), and it is equally capable for testing of various
diseases in the biomedical domain such as, plasma (RIs-1.34),
tuberculosis (RIs-1.345 to 1.349), white blood cell (RIs-1.36),
skin cell (RIs-1.36 to 1.38), cervical cell (RIs-1.368 to 1.392),
blood cells (RIs-1.376 to 1.390), breast cancer cell (RIs-1.385
to 1.401), etc.

IV. CONCLUSION

In summary, a simple optical fiber SPR sensor with ultra-
high sensitivity is reported. SPR sensor consists of a segment of
D-shaped fiber coating with Ag/α−Fe2O3. The dual-parameter
analysis is carried out via FEM. TAg, TFe2O3, W, and Dres are
major parameters of SPR which has been optimized in this study.
The optimization of the SPR sensor dramatically influences the
SRI, DA, FOM, and measurement resolution. α−Fe2O3 plays
a vital role in preventing the oxidation of Ag and generating
a solid evanescent field in the sensing region with improved
visibility of the resonant dip. A maximum SRI of 8518 nm/RIU
is achieved in the RI range of 1.33 to 1.40 with R2 = 0.9988
using the polynomial fitting. The reported SPR sensor with dual-
parameter measurement capability is a potential candidate for
various chemical and biomedical applications.
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