
Optica Applicata, Vol. XLI, No. 4, 2011

Surface plasmon resonance sensor 
based on photonic crystal fiber 
filled with silver nanowires

XIANGYONG FU, YING LU*, XIAOHUI HUANG, CONGJING HAO, BAOQUN WU, JIANQUAN YAO

College of Precision Instrument and Opto-Electronics Engineering, Tianjin University, 
Tianjin 300072, P.R. China,

Key Laboratory of Opto-Electronics Information Technology (Tianjin University), 
Ministry of Education, Tianjin 300072, P.R. China

*Corresponding author: luying@tju.edu.cn

Silver nanowire filled photonic crystal fibers are proposed in this paper to achieve surface plasmon
resonance sensors and overcome the complicacy and difficulty of coating the holes in the photonic
crystal fiber. Optical field distributions of these fibers at different wavelengths are calculated and
simulated using the finite element method (FEM), and the sensing properties are discussed in both
areas of resonant wavelength and intensity detection. Numerical simulation results show that
carefully designed structure of the sensor brings about an excellent effect, with both spectral and
intensity sensitivity in the range of 4×10–5–5×10–5 RIU, better than in the case of similar structures
coated with metal film, and the fabrication is expected to be simplified.
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1. Introduction

The detection and analysis of biological materials are widely needed in many
important areas in production and daily life, such as medicine, environment,
biotechnology, food, etc. Surface plasmon resonance-based biochemical sensing
method is currently the most advanced real-time and label-free detection technology.

Surface plasmon resonance (SPR) refers to the excitation of surface plasmon
polaritons (SPPs), which are electromagnetic waves coupled with free electron density
oscillations on the surface between a metal and a dielectric medium (or air) [1]. SPPs
or surface plasmon waves (SPWs) are TM polarized electromagnetic waves and
propagate along the interface of metal and dielectric materials with electromagnetic
field decaying exponentially in both the metal and dielectric [2]. 
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Surface plasmons can be excited by light as the phase matching condition between
the exciting light and the surface plasmons is met. Commonly employed methods for
surface plasmon excitation primarily use prism coupling, planar waveguide coupling,
fiber optic coupling, and grating coupling method. The prism light coupling method
is among the earliest techniques, including the Otto [3] and Kretschmann–Reather
configuration [4, 5]. Plasmon resonance depends on the refractive index in the vicinity
of the metal film within 100 nm. When the resonance occurs, most energy of the excit-
ing light is absorbed by the surface plasmons, resulting in a sharp decrease in intensity
of incident light. The detection of biological materials bound to the metal film using
this method has unprecedented high sensitivity [6]. Progress of biological response
can be obtained by detecting the angle [6, 7], spectral [8] and phase [9, 10]
characteristics of the reflected light. For several decades of development, there have
been many practical products available used in detection of biochemical substances.
However, large size and high cost greatly limit the application range of the prism-
-coupling configuration. 

With the rapid development of optical fiber manufacturing process, the need of
miniaturization and integration in sensors promotes the research and development of
the fiber coupled plasmon resonance sensors, and many compact fiber-optic SPR
sensors have been studied, such as the metal film coated single-mode fiber, multi-mode
fiber, polarization maintaining fiber, tapered fiber, Bragg grating, etc. [11–19].
Although the use of optical fibers provides an attractive platform for the SPR sensing,
removing part cladding of the single-mode fiber by physical or chemical methods is
often needed to make the fiber in close contact with the substances under test, which
reduces the reliability of the device. However, in multimode waveguides only a certain
number of higher-order modes will be phase matched with a plasmon. Thus, sensitivity
and stability of such sensors depend crucially on launch conditions [20]. 

In recent years, many specialists and scholars put forward photonic crystal
fiber (PCF) based SPR sensors. The sensing mechanism is through coupling the leaky
core mode to the plasmon to achieve resonance sensing. The use of the photonic crystal
fiber, with its flexible design, makes it easy to equate the effective index of the core
mode to that of the material under test. Thus phase matching condition between
the core mode and the plasmon can be easily achieved at the required wavelength and
then resonance occurs. Especially, the fabrication of sensors does not need removing
cladding or tapering fibers as traditional fibers do. So there is no problem in the sensor
package. Many scientists have put forward a lot of surface plasmon resonance sensor
designs based on PCFs and plenty of simulations and calculations have been made,
showing great advantages and good application prospects of the new sensors. In 2006,
HASSANI and SKOROBOGATIY proposed PCF-based SPR sensors and optimized micro-
-fluid design concepts, and refractive index resolution of 10–4 RIU can be achieved in
the structure [21]. In 2008, HAUTAKORPI et al. proposed and numerically analyzed
a three-hole photonic crystal fiber SPR sensor, with gold film deposited on the inner
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wall of the three holes. Numerical results indicate that the optical loss of the Gaussian
guided mode can be made very small and that the refractive-index resolution for
aqueous analytes is 1×10–4 RIU [22].

Metal nanoparticles and nanowires (columns), and other nanostructures can also
be used to generate surface plasmon resonance. SPRs at visible wavelengths have been
reported in chemically grown gold “nanorods” with diameters of 20 nm [23]. Arrays
of parallel nanowires have also been suggested as suitable structures for subwave-
length imaging [24].

Surface plasmon resonance sensors based on photonic crystal fiber filled with metal
nanowires have not been reported in the literature. In this article, surface plasmon
resonance sensors based on photonic crystal fiber filled with silver nanowires have
been analyzed through the finite element method (FEM) by using COMSOL
Multiphysics software, regularity of the resonant wavelength changing with refractive
index of the sample has been numerically simulated, and resonant wavelength
detection as well as intensity detection sensitivity have also been discussed. Numerical
results show that excellent sensing characteristics of the structure can be achieved as
the radius of the silver nanowires is selected in the range of 150 nm to 300 nm, with
both spectral and intensity sensitivity in the range of 4×10–5–5×10–5 RIU, better than
the similar structures coated with metal film. Moreover, the fabrication of these
structures needs no coating process.

2. SPR sensors based on PCFs filled with silver nanowires 
of 150 nm radius 
It is very difficult to coat the holes in a photonic crystal fiber with metal film (gold or
silver film) of nanometers in thickness of nanoscale, especially for obtaining uniform
metal film. In this paper, photonic crystal fiber filled with silver nanowires is
considered as an alternative to achieve surface plasmon resonance and the sensing
properties of this kind of structure are preliminarily studied. LM-8-type photonic
crystal fiber made by NKT Company is used here, with core diameter of 8 μm, cladding
air hole diameter of 2.576 μm, and lattice pitch of 5.6 μm. 

A photonic crystal fiber selectively filled in the first layer of the holes with silver
nanowires of 150 nm radius is first calculated and studied. The fiber and silver nano-
wires are shown in Fig. 1a. Figure 1b represents the fundamental mode field distri-
bution. Refractive index of the silica glass fiber can be determined by the Sellmeier
equation, and the relative permittivity of silver (or refractive index) is taken from
an optical handbook [25].

Liquid sample is filled in all the holes and the electromagnetic mode of the sensor
fiber is solved with the finite element method (FEM) (optical field distribution of
the fundamental mode is shown in Fig. 1b, where the arrow indicates the polarization
direction of magnetic field). The attenuation constant of the fundamental mode is
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calculated for different wavelengths of incident light. The wavelength with maximal
transmission loss can be identified and light intensity detection sensitivity at different
wavelengths can also be investigated. Assume that the magnetic field solution obtained
in optical fiber can be expressed as

(1)

Here, ω is the angular frequency of light, and t denotes time. The propagation
constant β can be expressed as

(2)

where k0 = 2π /λ is the wave number with λ being the free-space wavelength, and
neff is the effective index of the mode. The decay in the power of the mode as it
propagates through the sensor fiber (toward the positive z-direction) can be described
with the formula

(3)

where P0 is the power at the reference plane z = 0. It is easy to demonstrate that
the attenuation constant α  is proportional to the imaginary part of the effective index,
and

(4)

In fact, fiber transmission loss coefficient is defined as

(5)

Fig. 1. Structure diagram of the LMA-8 PCF which is partially filled with silver nanowires (indicated by
blue dots) of 150 nm radius in the first layer of the holes (a). Optical field distribution of the fundamental
mode (b).
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From the above two equations, α loss = 10log(e)α = 4.343α can be obtained. As
can be seen, there is only a constant factor difference. For ease of understanding and
convenience, the power attenuation constant α  is used to quantify the loss of the mode,
and dB/m is still used as the unit.

For the first layer of the holes of the LMA-8 PCF being partially filled with silver
nanowires of 150 nm radius, the relationship between wavelength and attenuation
constant of the fundamental mode is shown in Fig. 2a, in which the solid and dotted
curves represent the refractive indices of the samples, which are 1.33 and 1.335,
respectively. As shown in the figure, there is a sharp loss peak in the range of
600–700 nm for each curve. That is because the resonance between the core mode and
the surface plasmon makes great energy loss of light field in the core. When the refrac-
tive index of the sample changes from 1.33 to 1.335 (Δna = 0.005), the resonance
peak shifts toward longer wavelength, and the amount of shift is about 11 nm (Δλpeak).
If the instrumental peak-wavelength resolution is assumed to be Δλmin = 0.1 nm,
the refractive index resolution of the corresponding sensor can be obtained as

(6)

Another detection method is known as the power detection at a fixed single
wavelength, which is also known as amplitude based detection method. Assume that
the wavelength of the light is λ , and the transmission length is L, and then the power
detection sensitivity for the refractive index variation Δna can be defined as

(7)
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Fig. 2. Relationship between wavelength and attenuation constant of the fundamental mode of
the LMA-8 PCF with the first layer of the holes partially filled with silver nanowires of 150 nm
radius (a). Intensity detection sensitivity curve (b).
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The sensor length L is typically limited by the modal transmission loss. A reasonable
choice of a sensor length is L = 1/α (λ, na). Such choice of a sensor length results in
a simple definition of sensitivity for the small changes in the analyte refractive index [26]

(8)

In Figure 2b we present the amplitude sensitivity curve of the computed PCF-based
SPR sensor filled with silver nanowires of 150 nm radius. As can be seen in the diagram,
the maximal sensitivity is achieved at 680 nm and equals 208 RIU–1. It is typically
a safe assumption that a 1% change in the transmitted intensity can be detected reliably,
which leads to the sensor resolution of 4.8×10–5 RIU.

3. SPR sensors based on PCFs filled with silver nanowires 
of 50 nm and 300 nm radii
For the radius of silver nanowires changing to 50 nm, attenuation spectrum of
the fundamental mode and the amplitude detection sensitivity curve are shown in
Fig. 3a and 3b, respectively. As shown in Fig. 3a, there are two close-set resonance
peaks and both of them are not sharp enough and not sensitive to the variation of
the sample refractive index. Amplitude detection sensitivity is not high enough,
either. In our opinion, there is a degenerate SPW mode around the silver nanowires.
If the nanowires are large enough, the evanescent waves inside the silver nanowires
do not overlap. As the nanowire thickness decreases, the evanescent waves of
the otherwise decoupled modes begin to overlap, and the degenerate SPW mode
therefore splits into two different modes.

When the radius of silver nanowires increases to 300 nm, the corresponding
fundamental mode attenuation spectrum and amplitude detection sensitivity curve can
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Fig. 3. Relationship between wavelength and attenuation constant of fundamental mode of the LMA-8
PCF with the first layer of the holes partially filled with silver nanowires of 50 nm radius (a). Intensity
detection sensitivity curve (b).
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be obtained, as shown in Figs. 4a and 4b, respectively. When the refractive index of
the sample changes from 1.33 to 1.335 (Δna = 0.005), the resonance peak shifts toward
longer wavelength, and 13 nm of red shift (Δλpeak) can be achieved, corresponding to
the spectral resolution of refractive index of 3.85×10–5 RIU. The maximal amplitude
sensitivity is achieved at 700 nm and equals 220 RIU–1. It is also assumed that
a 1% change in the transmitted intensity can be detected reliably, leading to the sensor
resolution of 4.8×10–5 RIU. A slight improvement is achieved compared with
the radius of 150 nm.

After several calculations, the relationship between the refractive index resolution
of spectral detection and the radius of silver nanowires is shown in Fig. 5. In
the diagram, we can see the refractive index resolution is improved as the radius of
silver nanowires increases within the radius range of 100–300 nm. For larger size of
nanowires, the index resolution is no longer improved, or even decreased.
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PCF with the first layer of the holes partially filled with silver nanowires of 50 nm radius (a). Intensity
detection sensitivity curve (b).
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Fig. 5. Relationship between the refractive index resolution of spectral detection and the radius of silver
nanowires.
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Intensity detection sensitivity curve corresponding to the PCF filled with different
sizes of silver nanowires is plotted in Fig. 6. The maximal amplitude sensitivity also
increases as the radius of silver nanowires increases, and starts to decrease down to
a certain range, which is similar to the resolution of spectral detection.

4. SPR sensors based on PCFs filled with silver nanowires 
of 150 nm radius in the second layer of holes

From the contents mentioned above, we can see that fiber loss is quite large with silver
nanowires filled in the first layer of the holes, which greatly limits the length of
the sensing fiber (less than 1 mm). In order to reduce the transmission loss, silver
nanowires are selectively filled in the second layer of holes, which is shown in Fig. 7a.
Figure 7b represents the fundamental mode field distribution.
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Fig. 7. Structure diagram of the LMA-8 PCF which is partially filled with silver nanowires (indicated by
blue dots) of 150 nm radius in the second layer of the holes (a). Optical field distribution of fundamental
mode (b).
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The relationship between wavelength λ and attenuation constant of the fundamental
mode α is shown in Fig. 8a, in which the solid and dotted curves represent the refractive
indices of the samples, which are 1.33 and 1.335, respectively. When the refractive
index of the sample changes from 1.33 to 1.335(Δna = 0.005), 11 nm of red shift
(Δλpeak) of the resonance peak can be achieved, corresponding to the spectral detection
resolution of 4.55×10–5 RIU. The maximal amplitude sensitivity is achieved at 680 nm
and equals 203 RIU–1. It is also assumed that a 1% change in the transmitted intensity
can be detected reliably leading to the sensor resolution of 4.9×10–5 RIU. It is clear
that the fiber loss is largely reduced, as the silver nanowires are filled in the second
layer of holes, and the sensor can reach an order of magnitude of 2–3 cm in length,
while maintaining similar sensitivity.

5. Summary
Surface plasmon resonance sensors based on photonic crystal fibers filled with silver
nanowires of different sizes have been analyzed through the finite element method
(FEM) by using COMSOL Multiphysics software and the sensing properties are dis-
cussed in both areas of resonant wavelength and intensity detection. Numerical results
show that excellent sensing characteristics of the structure can be achieved as the radius
of the silver nanowires is selected in the range from 150 to 300 nm, with both spectral
and intensity sensitivity in the range of 4×10–5–5×10–5 RIU. Moreover, the fabrication
of these sensor structures needs no coating process. 

It is also found that the sensors with silver nanowires filled in the second layer of
holes can reach 2–3 cm in length, while having high sensing sensitivity
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