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Abstract We propose a highly sensitive novel diamond ring
fiber (DRF)-based surface plasmon resonance (SPR) sensor
for refractive index sensing. Chemically active plasmonic ma-
terial (gold) layer is coated inside the large cavity of DRF, and
the analyte is infiltrated directly through the fiber instead of
selective infiltration. The light guiding properties and sensing
performances are numerically investigated using the finite el-
ement method (FEM). The proposed sensor shows a maxi-
mum wavelength and amplitude interrogation sensitivity of
6000 nm/RIU and 508 RIU−1, respectively, over the refractive
index range of 1.33–1.39. Additionally, it also shows a sensor
resolution of 1.67 × 10−5 and 1.97 × 10−5 RIU by following
the wavelength and amplitude interrogation methods, respec-
tively. The proposed diamond ring fiber has been fabricated
following the standard stack-and-draw method to show the
feasibility of the proposed sensor. Due to fabrication feasibil-
ity and promising results, the proposed DRF SPR sensor can
be an effective tool in biochemical and biological analyte
detection.

Keywords Surface plasmon resonance . Fiber optics .Optical
fiber sensor

Introduction

Surface plasmon resonance (SPR) sensor attracts much atten-
tion since last few decades due to its high sensitive nature and
broad range of sensing applications such as medical diagnos-
tics, biomolecular analyte detection, and antibody-antigen in-
teraction [1–3]. SPR refers to the resonant oscillation of free
electrons of metal and electromagnetic fields due to incident
light in a meal-dielectric interface.

In 1983, Liedberg et al. [4] reported the first prism SPR
technique for biosensing and gas detection. The prism-based
SPR sensor does give robust performance. However, its bulky
structural configuration resulting from the optical and me-
chanical components is not convenient for remote sensing
[3, 5]. To overcome the prism SPR sensor limitations, photon-
ic crystal fiber (PCF)-based SPR sensors have been proposed.
PCF is compact and miniaturize in size which benefits the
SPR sensing applications. Besides the SPR sensing, fiber or
waveguide-based refractive index (RI) sensing techniques
such as fiber Bragg grating (FBG), modal interferometer, long
period fiber grating (LPFG), and micro-ring resonator-based
sensing have been proposed [6–10]. However, only a very
narrow wavelength shift will be shown by these sensors
against the changes in analyte RI. On the contrary, SPR sensor
provides high sensitivity by showing large resonance wave-
length shift even against a very small RI difference. The first
optical fiber SPR sensor has been demonstrated by Jorgenson
[11] in 1993. Following that, various PCF SPR sensors have
been proposed to improve the SPR sensing performance. In
2006, Hassani et al. reported the microstructured optical fiber-
based SPR sensor for the first time [12]. Recently, PCF SPR
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sensors with inside metal coating and selective liquid infiltra-
tion into the air holes have been studied [13–18]. However,
their practical implementation are very challenging, especially
the process to infiltrate liquid selectively into small air holes.
To overcome the limitations, D-shaped PCF SPR sensors have
been introduced [19, 20], where metallic layer and analyte
layer are directly applied onto the flat top surface of D-
shaped PCF. Nonetheless, this requires extra effort on accurate
polishing remove the predetermined portion of PCF. In other
studies, outside metal deposition and sensing layer formation
have been proposed with irregular PCF structures [21–24].
Outside sensing layer formation paves a simple sensing pro-
cess. However, due to the irregular geometry of the micro-
structure optical fiber, fabrication of such fiber is challenging.
Also, structures with outer coating are environmentally sensi-
tive and require extra precaution in handling. Experimental
study of PCF-based SPR sensors are yet to be explored in a
large scale due to the complexity of reported fiber structures.

In this paper, a new type of microstructured fiber which is
referred to as DRF-based SPR sensor has been proposed [25].
This fiber is fabricated using the conventional stack-and-draw
fiber drawing method. DRF provides relatively large cavities
as compared to those reported PCFs which eases the metal
coating process. Due to the large cavity of DRF, homogeneous
metal coating onto the surface of the cavity can be done by
high pressure chemical vapor deposition (CVD) technique
[26, 27]. Apart from the advantage of having large cavities,
DRF SPR sensor does not require selective infiltration of an-
alyte. The proposed DRF SPR sensor shows high sensitivity
in both wavelength and amplitude interrogation methods.
Using the proposed sensor, unknown analytes could be detect-
ed following the flow cell analyte continuing process [28].

Structural Design and Theoretical Modeling

Cross-sectional view of the proposed DRF SPR sensor is
shown in Fig. 1a. DRF is an all-silica fiber which is having
a ring capillary with the thickness, tr = 0.94 μm, to support the
core in the middle along the fiber. The core size of the fiber,
dcore, is measuring at 3.23 μm. Gold metal layer with the
thickness, tgold = 50 nm, is coated on the inner wall of the ring
capillary. Analyte is infiltrated into both of the DRF’s cavities,
small one with the diameter d1 = 21.36 μm and the large one
with the diameter d2 = 46 μm. The refractive index of silica,
nsilica, is obtained according to the operating wavelength, λ
following Sellmeier equation [29]. The dielectric constant of
gold is determined by using the Drude-Lorentz model [30]
with the equation as shown in Eq. (1):

εAu ¼ ε∞−
ω2
D

ω ωþ jγDð Þ −
Δε:Ω2

L

ω2−Ω2
L

� �þ jΓLω
ð1Þ

where εAu is the permittivity of the gold material and ε∞ is
the permittivity at high frequency with the value of 5.9673. ω
is the angular frequency which can be expressed as ω = 2πc/λ
where c is the velocity of light in vacuum. ωD is the plasma
frequency in which ωD/2π = 2113.6 THz whereas γD is the
damping frequency in which γD/2π = 15.92 THz. The value of
the weighting factor Δε is 1.09. Spectral width and oscillator
strength of the Lorentz oscillators are expressed as ΓL/
2π = 104.86 and ΩL/2π = 650.07 THz, respectively.

Commercially available COMSOL MULTIPHYSICS™
software utilizing finite element method (FEM) is used to
investigate the light guiding properties and sensing perfor-
mances of the proposed sensor. The circular perfectly matched
layer (PML) boundary condition has been considered to ab-
sorb the scattered light towards the surface.

The possible experiment setup for DRF SPR sensor is dem-
onstrated in Fig. 1b. Supercontinuum laser source could be
used to launch the incident light into the sensor via single-
mode polarization-maintaining fiber (PMF) and aligned to
the sensor through butt-coupling. The output from the sensor
will be analyzed by the optical spectrum analyzer (OSA).

Results and Discussion of the Proposed DRF SPR
Sensor

The fabrication of the proposed DRF is based on conventional
stack-and-draw method [31] where two glass tubes have been
selected for stacking the preform of DRF, first one with inner
to outer diameter of 17.5 mm/25 mm, used as the jacket tube
and second one measuring 18 mm/20 mm, to be pulled into
capillaries with smaller outer diameter of 8.12 mm. One of
those capillaries was inserted into the jacket tube. Its position
was fixed by two pieces of short length capillaries at both
ends. A silica rod was then inserted into the central space
formed by the stacked capillaries. DRF preform was annealed

a

b

Fig. 1 a Cross-section of the proposed sensor. b Schematic diagram of
the experimental setup
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at 1800 °C to join the surface of the long capillary and silica
rod. The preform was then pulled into cane measuring 1 mm
in diameter at the temperature of 1930 °C. The drawing speed
of 1.6 m/min was determined based on the conservation of
mass equation. Pressure was carefully applied into the long
capillary to ensure the position of silica rod at the middle of
the cane. The structure of the cane was checked under micro-
scope throughout the whole cane pulling process. First few
meters of the cane are those with three-ring structure resulting
from the aforementioned supporting short capillaries. The
canes were collected after the one-ring DRF structure was
produced. The cane was then inserted into two consecutive
larger capillaries to form a double-jacketed cane. With draw-
ing speed of around 1.5 m/min and temperature of around
1850 °C, it was drawn into DRF measuring 125 μm in diam-
eter. The diameter of the DRF was chosen to be 125 μm for
easier splicing with the standard single-mode fiber. The scan-
ning electron microscope (SEM) image of the fabricated DRF
is shown in Fig. 2. The fabricated DRF is the same as the
desired structure with measured parameters of dcore = 6.68,
d1 = 35.1, d2 = 90.2, and tr = 2.51 μm.

The SEM image of the fabricated sample was imported into
COMSOLMULTIPHYSICS™ software and a thin gold layer
(50 nm) was applied onto the inner surface of the round cavity.
The cavities were filled with analyte of refractive index (RI) na
and the structure is ready to be analyzed theoretically as the
proposed DRF SPR sensor.

DRF SPR sensor is working based on the principle of in-
teraction between evanescent field and the gold layer.
Evanescent field produces from the core-guided light pene-
trates into the air cavity where the gold layer is coated.
Resonance will be occurred while the real part of neff of the
core-guided mode and surface plasmon polaritons (SPP)
mode is mathematically same. Core-guided mode is coupled

to the SPP mode at a resonance condition which is called the
phase-matching point and produces a sharp loss peak.

Figure 3 shows the phase-matching condition of the pro-
posed sensor. As shown in Fig. 3a, the sensor shows higher
resonance loss peak using y-polarized fundamental mode as
compared to that of x-polarized fundamental mode.
Figures 3b, c show the y-polarized core mode and x-
polarized core mode, respectively. Obviously, the y-
component electric field is stronger in the sensing layer due
to the fact that it is refracted towards the metal surface. Hence,
later in this work, y-polarized light is considered. Figure 3d
shows the SPP mode on the surface of the metal. With the
analyte RI of 1.33, phase matching was found at λ = 620 nm
where the dispersion relations of core-guided mode and SPP
mode intersects and resonance peak loss occurs. The confine-
ment loss was calculated by following the equation α(dB/
cm) = 8.686 × (2π/λ)Im(neff) × 104 [18], where Im(neff) is
the imaginary part of the effective mode index and λ is
expressed in the unit of micrometer. Largest energy is trans-
ferred to SPP mode from the core-guided mode at this phase-
matching point. Both of the modes are strongly coupled as
shown in Fig. 3e.

Fig. 2 SEM image of the fabricated DRF

Fig. 3 a Dispersion relations of core-guided modes and SPP mode with
analyte RI of 1.33. Electric field distributions of the b y-polarized core
mode, c x-polarized core mode, d y-polarized plasmon mode at
λ = 580 nm, and e y-polarized core mode at λ = 620 nm (phase-
matching point)
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Real part in the effective refractive index of the SPP mode
is strongly affected by the RI of analyte, resulting in the
change of phase-matching wavelength with a small change
in analyte RI. Figure 4a shows the effect of analyte RI on
the loss spectrum. Increasing analyte RI will shift the SPP
curve in Fig. 3a towards higher value collectively. This shifts
the resonance peak loss towards longer wavelength. The in-
crease in analyte RI also decreases the core-cladding index
contrast which leads to higher light penetration to the cladding
region. Hence, loss depth is increasing with the higher analyte
RI. A minimum propagation loss of 154 dB/cm is achieved at
na = 1.33 while the maximum propagation loss is 548 dB/cm
at na = 1.39. A maximum resonance wavelength shift from
750 to 810 nm (60 nm) is found when the analyte RI is varied
from 1.38 to 1.39. This allows the proposed sensor to have a
maximum wavelength sensitivity of 6000 nm/RIU, which is
higher than the reported PCF SPR sensors [15, 17, 18]. It also
shows the sensor resolution of 1.67 × 10−5 RIU (by assuming
minimum spectral resolution of 0.1 nm). Wavelength interro-
gation sensitivity is determined by the following Eq. 2;

Sλ λð Þ ¼ Δλpeak

Δna
ð2Þ

where Δλpeak is the peak shift and Δna is the variation in
analyte RI. For the analyte RI of 1.33, 1.34, 1.35, 1.36, 1.37,
and 1.38, the resonance loss peaks are found at the wavelength
of 620, 630, 650, 680, 710, and 750 nm, respectively. This
indicates that the wavelength sensitivities of 1000, 2000,
3000, 3000, and 4000 nm/RIU are achieved when the changes
in analyte RI are 1.33–1.34, 1.34–1.35, 1.35–1.36, 1.36–1.37,
and 1.37–1.38, respectively. Proposed sensor shows an aver-
age wavelength sensitivity of 3107 nm/RIU and the polyno-
mial regression of resonant wavelength R2 is 0.9987, which
indicates the good fitting of the sensing performance (Fig. 4b).
For the practical detection of analytes, self-calibration is need-
ed with respect to RI range.

Compared to wavelength interrogation method, amplitude
interrogation method is easier and cost effective since it re-
quires measurement only at a specific wavelength [18].

Amplitude interrogation sensitivity is obtained from Eq. 3.

SA λð Þ RIU−1� � ¼ −
1

α λ; nað Þ
∂α λ; nað Þ

∂na
ð3Þ

where ∂α(λ, na)is the difference between two adjacent loss
spectrum caused by the small change in analyte RI and ∂na
and α(λ, na) are the overall loss. Increasing in analyte RI in-
creases the amplitude sensitivity as shown in Fig. 5 due to the
higher interaction between the evanescent field and SPP
mode. The proposed sensor shows the maximum amplitude
sensitivity of 508 RIU−1 at analyte RI of 1.38, which is com-
parable to reported works [14, 18], with simple sensor struc-
ture. Amplitude sensitivity of 120, 162, 204, 275, and
368 RIU−1 are demonstrated while the analyte RI’s are 1.33,
1.34, 1.35, 1.36, and 1.37, respectively. It also shows the max-
imum sensor resolution of 1.97 × 10−5 RIU (considering am-
plitude sensitivity of 508 RIU−1) by assuming minimum 1%
change of transmitted intensity could be detected accurately.

Sensing performance of the proposed sensor is influenced
by the thickness of gold layer because it has significant impact
on the surface plasmon wave excitation. Figure 6 shows the
variation of loss spectrum for analyte RI of 1.33 and 1.34 with
varying gold thickness (other parameters are kept constant).

Using wavelength interrogation method, the proposed sen-
sor shows the same sensitivity of 10 nm/RIU at the tg of 50,
60, and 70 nm. However, the phase-matching wavelengths are
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shifted towards the longer wavelength since the effective re-
fractive index of SPPmode bound in gold layer is higher when
tg is increased. Thicker gold layer has more damping loss.
Also, the loss depth is decreasing with the increasing of tg
because thicker gold layer reduce the penetration of core-
guided mode into cladding. Considering the signal-to-noise
ratio, gold thickness is chosen to be 50 nm for the proposed
sensor.

Conclusion

In this work, we numerically investigated the DRF based SPR
sensor, where the DRF is fabricated following the standard
stack-and-draw fiber drawing method. The ease fabrication
of DRF shows the feasibility to implement the DRF SPR
sensor practically. DRF SPR sensor provides protected sens-
ing medium with two large cavities where both cavities can be
infiltrated by analyte. The proposed sensor shows an average
wavelength sensitivity of 3107 nm/RIU, over the sensing RI
range of 1.33–1.39. It demonstrates the maximumwavelength
sensitivity of 6000 nm/RIU with the sensor resolution as high
as 1.67 × 10−5 RIU. Additionally, maximum amplitude sensi-
tivity is demonstrated to be 508 RIU−1 with resolution of
1.97 × 10−5 RIU. The results demonstrated the feasibility of
DRF based SPR sensor towards an integrated SPR sensor as a
lab-on-a-fiber technology for the real-time diagnostic purpose.
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