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Using the finite element method (FEM), this paper presents a numerical investigation of the performance
analysis of a D-type photonic crystal fiber (D-type PCF) for refractive index sensing, based on surface plas-
mon resonance (SPR) with a planar structure made out of a metamaterial. COMSOL Multiphysics was
used to evaluate the design of the referred refractive index optical fiber sensor, with higher accuracy
and considerable economy of time and resources. A study of different metamaterials concentrations con-
formed by aluminum oxide (Al2O3) and silver (Ag) is carried out. Another structural parameters, which
influences the refractive index sensor performance, the thickness of the metamaterial, is also investi-
gated. The results indicate that the use of metamaterials provides a way of improving the performance
of SPR sensors on optical fibers and allows to tailor the working parameters of the sensor.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

In the past decade, resonant interaction between surface plas-
mons and light in metal films have introduced a revolution in high
sensitivity optical sensing. Nowadays, with the development of
improved fabrication techniques of metal-dielectric nanostruc-
tures it is possible to develop new artificial materials, such as opti-
cal metamaterials. These materials combine the properties of their
constituent materials, and open new ways to explore the interac-
tion between light and matter [1], and in particular between light
and surface plasmons. In this paper, we address the use of meta-
material films as an alternative to metal films in SPR optical fiber
sensors.

Surface plasmons generate exceptionally robust and spectrally
narrowed optical fields far beyond the diffraction limit, which are
strongly dependent on geometric parameters of the films [2] (such
as thickness) as well as the refractive index of the media surround-
ing the metal [3]. These fields can couple the optical fields guided
inside a waveguide with the exterior, thus imprinting their spectral
features and dependencies in the optical losses of the fiber. This
can be used to strongly improve the performance of optical fiber
sensors. Indeed, many configurations of fiber optic sensors are
based on SPR by removing the cladding (partial or totally) to allow
the deposition of a thin metallic layer (usually gold or silver) [1].
This film supports the excitation of SPR and their interaction with
the electromagnetic modes of the core.

There is an abundant work in literature that study different
metallic layers to optimize SPR sensors (from controlling losses,
to increasing sensor endurance, among others) [4–6]. The possible
combinations of the material layers used are not restricted to met-
als. Also materials with high refractive index (HRI) can be used to
control optical losses and the sensor operation range [7]. The main
problem with these materials or this combination of the materials
is the difficult control in the fabrication of the material films
(including their thickness and roughness) and consequently in
the control of their optical properties [8].

More recent works on SPR sensors, that combine different
materials, have begun to explore the use of optical metamaterials.
These artificial materials combine two or more materials to create
a new artificial material which exhibits optical properties that can-
not be found in naturally occurring materials and which can be
designed to attain predefined performances [9]. These properties
depend both on the optical properties of their constituent materi-
als, their relative abundance and the geometry of the nano-
structures used to combine them. This wide freedom available dur-
ing fabrication allows to develop metamaterials with almost cus-
tomized optical properties that can be used to optimize the
performance of the sensor (e.g. loss, the light wavelength range,
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the refractive index range detection, among others) to values
beyond that of conventional SPR sensors [10].

In this paper, we pursue this approach and present a sensor
based on SPR that combines a D-type PCF fiber with a metamaterial
(Al2O3 – Ag). The performance of the sensor is investigated through
simulations based on FEM using COMSOL Multiphysics [7]. The
sensor analysis is focused on the percentage of each constituent
of the metamaterials and the layer thickness, which are the main
parameters in determining their optical properties. The numerical
simulation of new sensing concepts and configurations allows to
select the ones with best performance to be fabricated, thus lead-
ing to a considerable economy of time and resources when com-
pared to an exhaustive fabrication and test of all possible designs.

2. Design and model

We consider the design of an optical sensor of refractive index
composed of a PCF fiber with D-type profile, as described in
Fig. 1. The fiber is composed by a glass core with refractive index
ng, surrounded by an array of dielectric structures (corresponding
to the holes in the PCF fiber) with refractive index equal to 1.
The refractive index ng is calculated using the Sellmeier equation
[7]. It is assumed that the space outside the fiber is filled with
the analytic medium to be studied, and having an external refrac-
tive index next. The distance between the center of the fiber and the
metamaterial layer is denoted by d – residual cladding, the thick-
ness of metamaterial layer by dm, the diameter of the holes by dhole,
and the separation of the holes by K – pitch.

PCF favors the confinement of light in the core, whereas the D-
type profile of the fiber promotes the interaction of the core modes
with the external medium. The interaction of the electromagnetic
modes with the external media is mediated by a metallic film that
supports surface plasmons, which improves the sensitivity of the
sensor [11]. In this paper we replace the metal with a metamaterial
film composed of thin layers (sub-wavelength) of silver and alu-
mina (see the inset of Fig. 1).

The optical properties of the metamaterial depend on the rela-
tive thickness of the silver and alumina layers. The effective refrac-
tive index of the metamaterial film can be calculated using an
effective medium approach, of which the Maxwell- Garnett Theory
(MGT) and the Bruggeman effective medium theory (BEMT) are the
most commonly used models [9]. In our case, we adopt the BEMT
since it is more adequate when the two material have quite dis-
tinct permittivity, rather than the MGT, which considers only
materials with similar permittivity,

f 1
�1 � �m
�1 þ m�m

þ f 2�2 � �m�2 þ m�m ¼ 0 ð1Þ

where em is the dielectric constant of the metamaterial, ei (i = 1, 2) is
the refractive index of each of the two types of inclusions (Ag and
Al2O3, respectively), with volume filling-ratios of f1 and f2 = 1 � f1,
respectively, and g is the form factor (g = 2 for this geometry). Other
Fig. 1. From left to right: three dimensional representation of a section of the fiber senso
the sensor indicating the position metamaterial film and a scheme of the thin metal-die
nanostructures of Al2O3 – Ag can also be used, including silver
nanowires or nanorods immersed in an alumina matrix. In these
cases, the same homogenization model can be used by replacing
the form factor gwith the appropriate value according to the geom-
etry of the nanostructures. The general optical properties obtained
for other metamaterials are alike and therefore we focus here on
the simplest form to fabricate [10].

The complex dielectric of the metamaterial results from the
combination of properties from its metal and dielectric compo-
nents. As a result, the metamaterial layer can be considered as an
artificial metal layer capable of supporting effective plasmonic
modes. Using Eq. (1) we can calculate the complex dielectric of
the metamaterial as shown in Fig. 2, for different concentrations
of Ag.

Fig. 2 shows the real (Fig. 2a) and imaginary (Fig. 2b) parts of
the dielectric for the different concentrations or fill ratios of the
Ag and Al2O3 calculated using the BEMT model. Like in the case
of a pure silver film, the metamaterial films with fill ratios up to
50% have a negative dielectric constant for the large majority of
the spectral range considered, which is a necessary condition to
support surface plasmons. In the case of a fill ration of 50%, the
metamaterial is close to a epsilon-near-zero regime, situation
where the effective medium approach may have a limited validity.

The study is based on the calculation of the guided modes tak-
ing into account both the PCF D-type fiber and the metamaterial
layer. These modes are referred as supermodes (SMs) since they
correspond to the hybridization of the individual modes of each
of the structures that compose the device taken isolated, which
in our case are the fundamental guided mode of the fiber and the
plasmon modes in the metal or metamaterial layer. All these
modes can be calculated numerically by solving the wave equation
for the Fourier components of the electric field [12]

r� ½r� Eðc;xÞ � k20~�cðc;xÞ�Eðc;xÞ ð2Þ
where x is the frequency, E(r, x) is the electric field, k0 =x/c is the
wave-number of the field mode and c is the speed of light. The term
~er represents the complex relative dielectric function written in
terms of the real part (nr’) and imaginary part (nr’’) of the refractive
index. The computer model is based on FEM implemented in COM-
SOL Multiphysics, following the method described in a previous
work [13].

The optical power flow of the guided mode is given by the real
part of the time-averaged Poynting vector

S ¼ ð1=2ÞReðexh�Þe�oz ð3Þ
whereas the sensor resolution (R) is calculated from the sensitivity
according to [14]

RðkÞ ¼ DnextDkmin

Dkpeak
ð4Þ

where a = 2nef’’k0 is known as the power absorption coefficient, kmin

is the minimum value associated with an experimental accurately
r, transverse cross-section of the fiber sensor, detail of the structure of the surface of
lectric layers that compose the metamaterial.



Fig. 2. Complex dielectric (a) real part and (b) imaginary part of the metamaterial for concentrations of Ag of 100% (solid curve, corresponding to pure silver), 90% (dashed
curve), 80% (dotted curve) and 70% (dash-dotted curve) 60% (dash-double dotted curve) and 50%% (small dashed curve). The equivalent curve for alumina Al2O3 is also
presented for reference (small dotted curve).
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spectral variation detection and Dkpeak is the peak wavelength of
the resonance obtained in the simulations for different values of
external refractive index (next).
3. Results

3.1. Metamaterial versus pure metal layers

In this section we compare the conventional sensor based on a
PCF D-type and a metal layer (e.g. Ag) with the version based on a
metamaterial with 20% of Al2O3 and 80% of Ag using Eq. (2) to com-
pute losses per mm, as function of the wavelength, for different
Fig. 3. (a) Loss as function of wavelength for different values of the external refractive i
with a concentration of 80% Ag and 20% Al2O3. (b) Distribution of the light in the region of
(100% and 80%) and with 1.34 RI. 3b) shows the distribution of the light in the region of th
metal/metamaterial and the coupling between the modes is higher in the metamaterial
Fig. 3a.
values of the external refractive index. The results are shown in
Fig. 3 where it is possible to identify a clear peak in losses, typical
of the SPR, which is not only strongly affected by the change in
external refractive index, but also is dramatically affected by the
replacement of the metal with a metamaterial layer. Indeed, these
results show a red-shift of the peak in wavelength for higher exter-
nal refractive index. But what is relevant is that not only the values
of the losses for metamaterials are considerably higher amounting
to 40 dB/mm (instead of 10 dB/mm obtained with a pure metal
layer) but also the operation range in wavelength is around
700 nm (instead of 550 nm obtained with a pure metal layer) for
next = 1.30. This suggests that metamaterials allow a stronger inter-
ndex, with two different layers, one with only Ag and the other with metamaterial
the center of the fiber and the metal/metamaterial film for two concentrations of Ag
e center of the fiber of the metal/metamaterial. The intensity of the light around the
than the metal, verified more loss in the metamaterial than the metal, as shown in
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action between light in the fiber and the external medium at
higher wavelengths, closer to the 850 nm optical window and
therefore are more adequate for integration in telecom optical fiber
networks. It also follows from these results that it is possible to
optimize and balance the ranges of operation of the sensor in both
wavelength and external refractive index by choosing the relative
concentration of the metal in the metamaterial and the layer thick-
ness. For example, if the sensor is to work between 600 nm and
700 nm and measure refractive indexes between 1.30 and 1.32
RIU instead of 1.35 and 1.36 RIU, then it is possible to fine tune
the concentration of Ag around 80% for optimal performance.

Considering a spectral variation of 0.1 nm that can be accurately
detected experimentally and using Eq. (3), the values of the sensi-
tivity, sensor resolution and spectral range of the refractive index
sensor with the considered metamaterial, for different ranges of
variation of the external refractive index are shown in Table 1.
We also present the equivalent results for a sensor with a layer
of pure metal. Clearly, the sensor with the metamaterial outper-
Table 1
Sensitivity, resolution and range of the wavelength values for the refractive index optical

Range of next Sensitivity (nm/RIU) Resolution

Ag Metamaterial Ag

[1.30,1.32] 1750 2300 5.88 � 10�

[1.32,1.34] 2000 2400 4.76 � 10�

[1.34,1.36] 2800 3700 3.57 � 10�

Fig. 4. (a) Loss as function of wavelength for different metamaterial filling ratios for th
region of the center of the fiber and the metamaterial film for two concentrations of Ag

Table 2
Information about the loss peak (apeak), wavelength (k), 3 dB/mm the variation of the los
information about narrow of the sensor, extracted from Fig. 4.

Concentration apeak (dB/mm) k (nm)

Al2O3 10% and Ag 90% 20.422 574
Al2O3 20% and Ag 80% 41.966 676
Al2O3 30% and Ag 70% 62.619 850
Al2O3 40% and Ag 60% 114.730 1115
forms its counterpart with pure metal in all parameters even
though the gains in resolution are marginal. As expected from
Fig. 3, the major improvements are in terms of sensitivity (over
30%) and in wavelength operation range, especially for variation
of the refractive index in the range of [1.34,1.36] where the sensor
can actually operate at 830 nm.
3.2. Loss for different concentrations of Al2O3 and Ag

The previous section demonstrated the best performance of
metamaterial sensors when compared with their metal counter-
part, and the increased freedom in designing the sensor associated
with control of the concentrations of the different materials that
compose the metamaterial, as well as the layer thickness. This sec-
tion addresses the characterization of the sensor in terms of the
first parameter. Fig. 4 and Table 2 show the light loss through
the sensor as function of the wavelength for metamaterials
with different concentrations of Ag – Al2O3. The results show a
fiber sensors based on two materials (Ag and metamaterial).

(RIU) Range k (nm)

Metamaterial Ag Metamaterial

5 4.35 � 10�5 500–530 670–710
5 4.17 � 10�5 530–580 710–755
5 2.70 � 10�5 580–640 755–830

e PCF D-type configuration with next = 1.30 RIU. (b) Distribution of the light in the
(75% and 65%).

s (Dk), low and high wavelength with variation of loss 3 dB (kL and kH, respectively)

Dk (dB/mm) kL (nm) kH (nm) kH–kL (nm)

17.422 566.47 581.88 15.41
38.966 670.87 682.09 11.22
59.619 834.40 864.10 29.70
111.730 1069.00 1159.91 90.91



Fig. 5. Loss as function of wavelength for different thicknesses of the metamaterial
PCF D-type configuration fiber with next = 1.32 RIU and Ag = 90%.

Fig. 6. The loss peak as function of the relative concentration and thickness of the
metamaterial with next = 1.30 RIU.
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red-shift in wavelength of the resonance peak for decreasing
concentrations of Ag similar to those reported in previous
studies [7].

From Table 2 we conclude that metamaterials with higher con-
centrations of Ag produce narrower resonance peaks, an effect
which is especially noticeable for Ag concentration above of 70%.
This puts a lower limit to the concentration of Ag, since below this
value one obtains wide resonance peaks and strong losses, thus
resulting in feeble optical signal and low signal to noise ratios.
The best sensing performance occurs for a metamaterial with
20% of Al2O3 and 80% the Ag, where the resonance peak is relatively
narrow and losses are not excessive. The transition between a nar-
row and broad resonance identifiable in the loss spectrum
described in Fig. 4a for metamaterial with increased Al2O3

concentrations can be explained in terms of the imaginary part
of the dielectric constant illustrated in Fig. 2b. For pure silver, the
imaginary part for wavelengths above 0.3 lm grows monotoni-
cally, resulting in a narrow SPR resonance at lower wavelengths.
For metamaterial with higher concentrations of Al2O3, we notice
the existence of a feature similar to a concave protuberance in
the spectrum of the imaginary part of the dielectric constant,
which allows more wavelengths to be near SPR resonance, thus
broadening the loss peak observed in figure Fig. 4a and blue
shifting it.

Fig. 4b shows the distribution of the light in the region of the
center of the fiber and the metamaterial film for two concentra-
tions of Ag (75% and 65%). The behavior of the light for both con-
centrations is similar, but the wavelength in the transition of the
light occurs in a different wavelength range, which is in accordance
with respective spectral profile of Fig. 4a.

3.3. Loss for different thicknesses of the metamaterial

In this section we address the characterization of the
metamaterial sensor in terms of the layer thickness. The
metamaterial thickness is strongly constrained not only by
fabrication limitations, but also by the validity of the homoge-
nization model used to compute the optical properties of the
metamaterial (see Eq. (1) and the fill ratio f) and ultimately
by the physical limitations of the nanoscale components of
the metamaterial to respond collectively to the optical field
and behave as a single bulk synthetic optical material. For
example, if we consider the layered medium chosen in this
article it is not possible to have metamaterial layers of
thicknesses of about a few atoms as it would in the case of a
pure metal. Indeed, in such case it would be impossible to pile
up sufficient layers of both Ag and Al2O3 to obtain an intended
value of relative concentration. This could however be overcome
by considering other types of metamaterials, such as those
composed of metal nanodisks embedded in a dielectric matrix
[10] which would be able to cover the entire range of metal
and dielectric concentrations, even for layers with atomic thick-
nesses, by adjusting the radius and average distance between
the metal disks. Then the homogenization model would still
be valid but with a different value of form factor f.

Fig. 5 describes the attenuation through the fiber as function
of the wavelength for different values of the thickness of the
metamaterial (dm) and shows a slight red-shift in wavelength
when the thickness of the metal is increased, although for large
thicknesses of the metal the shift is smaller than for short
thicknesses. The decreased of the dm shows an increase of the
intensity of the loss, phenomenon observed in pure metals
[7]. This suggests that it is possible to do some fine tuning of
the sensor performance (such as the operation range and
the amount of losses) by adjusting the thickness of the
metamaterial.
3.4. Optimization of the sensor

The two previous sections have shown that it is possible to
improve the performance of the sensor by controlling both the
concentration of Ag and thickness of the metamaterial. In this sec-
tion we combined those results and discuss how they can be used
to design a sensor with optimized performance. In particular, it
was concluded that the increase in losses associated with decreas-
ing the metal concentration could be partially compensated with
an increase in layer thickness. On the other hand, both a decrease
in metal concentration and an increase in layer thickness would
contribute to a red shift of the peak towards the 850 nm. These
considerations suggest that the best design parameters to consider
when optimizing the sensor performance are on one hand the layer
thickness and on the other the amount of metal per area of the
metamaterial film, rather than the actual concentration of metal.
A good estimate of the amount of metal per area can be obtained
by the product between the thickness of the layer and the concen-
tration of Ag in the metamaterial, designated by rAg = %Ag � dm.



Fig. 7. The wavelength peak of the loss as function of the relative concentration and
thickness of the metamaterial for next = 1.30.
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In Fig. 6 we have plotted the amount of losses of the resonance
peak for different values of the product between Ag concentration
and thickness. Clearly, the wide majority of these points fall along
the same trend line thus supporting our hypothesis. This shows
that the relevant parameter is the total cross section between the
optical field and the atoms of metal as the former crosses the layer.
In other words, the losses are approximately determined by the
amount of metal atoms that interact with the field per unit area
and are somewhat independent of whether they are all concen-
trated in a single metal layer or distributed along the metamaterial.
Therefore, the main effect of the metamaterial, when compared to
a film of pure metal with the same amount of atoms per unit of
surface (and hence with a different thickness) is to red shift the
peak of the SPR resonance.

To verify this second conclusion, we plotted in Fig. 7 the peak
wavelength as a function of rAg. In this case, the points correspond-
ing to different thicknesses fall on similar, yet parallel, trend lines.

The conclusions resulted from Fig. 6 and Fig. 7 can now be used
in the design and optimization of the sensor by allowing to choose
the thickness of the metamaterial and concentration of Ag that
yield the best performance for a given spectral range of operation,
as well as, for a specific range of measurement of next. For example,
to measure an external refractive index around 1.30 RIU using a
sensor operating around 700 nm, it is possible to use Fig. 7 to select
a metamaterial thickness of, for instance, 70 nm corresponding to
rAg�55 nm and a concentration of the Ag of 79% = rAg/dm = 55/70.
The level of the losses at the peak can be estimated from Fig 6 to
be about 30 dB/nm. For different ranges of next, we need to consider
the effect of the external refractive index in the sensor perfor-
mance as illustrated in Fig. 4.

4. Conclusions

COMSOL Multiphysics was used to evaluate the design of an
optical sensor of refractive index with higher accuracy and consid-
erable economy of time and resources. The sensor design was com-
posed of a PCF D-type fiber with metamaterial layer and
demonstrated the possibility of controlling the losses and opera-
tion wavelength of the sensor over a wide range by changing the
relative fraction of the different materials that compose the
metamaterial.
From Table 2 we conclude that metamaterials with higher con-
centrations of Ag produce narrower resonance peaks, an effect
which is especially noticeable for Ag concentration above 70%. This
puts a lower limit to the concentration of Ag, as below this value,
one obtains wide resonance peaks and strong losses, thus resulting
in feeble optical signal and low signal to noise ratios. Fig. 6 and
Fig. 7 permit to design and optimize the sensor by allowing to
choose the thickness and concentration of Ag that yield the best
performance for a given spectral range of operation, as well as,
for a specific range of measurement of next.

These results indicate that the use of metamaterials provides
not only a way of improving the performance of SPR sensors on
optical fibers, but also to adequately control and customize the
performance characteristics of the sensor. In practice, the metama-
terial works as an artificial metal with optical properties that can-
not be found in natural materials and can be customized to design
specifications of the sensor. The analysis of the results provides a
method of optimization for choosing the best metamaterial param-
eters that can be applied in the engineering of this types of sensors.
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