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ABSTRACT

This paper proposes a novel design for a highly sensitive high-resolution localized surface plasmon reso-
nance (LSPR) biochemical sensor. The geometrical structure of the sensor consists of three segments. The
first segment comprises single-mode fibers located in the output and input ends of the sensor. The second
and third segments comprise rectangular nanometal arrays and serve as the analyte regions of the sen-
sor; the amount of displacement between these two segments is one rectangular nonmetal particle. We
integrated two breakthrough methods, the object meshing method and the boundary meshing method,
with the finite element method to effectively improve the accuracy of simulation outcomes and reduce
the amount of time and memory required for performing calculations. Subsequently, we constructed the
proposed LSPR biochemical sensor, and the results indicated that the proposed sensor exhibited excel-
lent geometric structure and spectral characteristics. Specifically, the sensor is short (approximately
250 wm) and features high resolution (approximately —130dB) and high sensitivity (approximately
126,849.1333 nm/RIU).

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, topics related to surface plasmon resonance
(SPR) sensors have attracted substantial attention from scientists,
and SPR sensors have been applied in various fields. Generally,
SPR sensors can be classified into two categories. The first cat-
egory comprises propagating surface plasmon resonance (PSPR)
sensors with propagation capability. In such sensors, an SPR wave
is excited, travels along the metal-analyte interface, and results
in both energy propagation and energy loss. An SPR wave forms
when the electrons in the metal absorb the energy of an incident
light at a specific wavelength; subsequently, the resonant oscil-
lation of the electrons occurs at the metal-analyte interface. The
formation of such a wave at the metal-analyte interface enables
PSPR sensors to be highly sensitive to changes in the refractive
index of an analyte. Therefore, PSPR sensors have been extensively
applied in several fields including biology, genetic engineering, and
biochemistry [1-15]. The second category comprises localized sur-
face plasmon resonance (LSPR) sensors that have no propagation
capability. Such sensors are composed of nanometer-sized metal
particles that are insufficiently large for excited LSPR wave propa-
gation. When electrons in the nanometer-sized metal particles of

* Tel.: +886 4 23924505; fax: +886 4 23926610.
E-mail address: yuejing@ncut.edu.tw

http://dx.doi.org/10.1016/j.snb.2015.05.068
0925-4005/© 2015 Elsevier B.V. All rights reserved.

an LSPR sensor absorb the energy of an incident light at a specific
wavelength, the resonant oscillation of the electrons occurs at the
metal particle-analyte interface and in the space between the metal
particles.

Consequently, an LSPR sensor with no propagation capability
features more resonance regions than does a PSPR sensor with
propagation capability; this characteristic considerably increases
the sensitivity of LSPR sensors to changes in target analytes [16-21].
Thus, LSPR sensors have been adopted in numerous fields including
chemistry, biochemical sensing, label-free detection, and optoelec-
tronics [22-31].

In our previous studies, we have applied the finite element
method (FEM) and eigenmode expansion method (EEM) to design
high-efficiency PSPR and LSPR biochemical sensors featuring vari-
ous architectures [1,16-18]. To improve the accuracy of numerical
calculation and reduce the error between simulations and prac-
tical operations, we modified the FEM by integrating it with a
perfectly matched layer (PML) and perfectly refraction boundary
(PRB). However, the FEM developed in our previous studies exhib-
ited major disadvantages. Specifically, in the current numerical
simulation methods, uniform triangular meshing is typically the
primary technique used. The process of designing PSPR and LSPR
biochemical sensors involves installing nanometer-sized metal
objects and micrometer-sized waveguide objects in sensor seg-
ments. When the uniform triangular meshing method is applied
to mesh sensor segments, to ensure that the nanometer-sized
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metal objects exhibit desirable meshing resolutions, consider-
able memory space and calculation time are wasted. Therefore,
in this paper, we propose two innovative meshing techniques,
namely, the object meshing method (OMM) and boundary mesh-
ing method (BMM). In the OMM, various resolutions can be
used to mesh objects of dissimilar sizes, thereby reducing the
amount of unnecessary meshes. In the BMM, high meshing res-
olutions are applied to the boundary between objects to accurately
identify boundary locations and object parameters. The purpose
of the present study was to design and analyze a highly sen-
sitive LSPR biochemical sensor by using FEM integrated with
OMM and BMM. The results of numerical simulations indicated
that the proposed sensor performed excellently and featured the
advantages of a short length (approximately 250 wm), high resolu-
tion (approximately —130dB), and high sensitivity (approximately
126,849.1333 nm/RIU).

The remainder of this paper is organized as follows. Section 2
comprehensively introduces the proposed LSPR biochemical sen-
sor, describing the geometrical objects, structural parameters, and
material characteristics. In addition, two-dimensional (2D) and
three-dimensional (3D) illustrations of the sensor are presented
to clarify the arrangements of the rectangular nanometal arrays
and the operational principles of the sensor. Finally, the practical
aspects of the sensor are discussed and explained.

Section 3 details the techniques (i.e., the PML, PRB, OMM, and
BMM) that were integrated with the FEM. According to mathemat-
ics, the obtained modes must be pairwise orthogonal. However,
according to a numerical simulation method, the orthogonality of
modes obtained using the FEM is never 0 because of the limited
server memory space and calculation time. In other words, calcula-
tion errors are unavoidable when the numerical simulation method
is used to perform simulation calculations. Thus, in this study,
we used our previously proposed error evaluation standard for
determining acceptable calculation errors. Specifically, the mesh-
ing resolution applied to the FEM must result in an orthogonality
value of less than —40dB for an obtained mode [16,17]. This sec-
tion also presents 2D power distribution graphs of the core modes
(HE1q), discrete LSPR waves, and discrete radiation modes solved
using the FEM. According to these graphs, the SPR phenomenon
occurred on the surface of and in the space between the metal
nanoparticles. This characteristic primarily enables the high sen-
sitivity of the proposed sensor.

Section 4 introduces the EEM, which is based on the Fourier
series expansion theory. In the simulation calculation process, the
EEM enables the optical wave to propagate energy in the biomedical
sensor. According to the Fourier series expansion principle, calcula-
tion errors are unavoidable when the amount of expansion bases is
insufficient. Therefore, according to our error evaluation standard,
the number of modes used in the EEM must be sufficient to ensure
that the overall energy loss of the sensor is less than —40dB [16,17].
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Fig. 2. 2D (Y-Z) structural illustration of LSPR biochemical fiber sensor.

Section 5 describes designing and analyzing the proposed sensor
according to six design and analytical procedures. The results of the
simulation are presented as graphs, including the graphs of excited
surface plasmon waves, sensitivity analysis, and resolution spec-
trum analysis. In addition, to investigate the excellent performance
of the proposed sensor, its architecture was compared with that of
the novel D-shape LSPR fiber sensor [18] and high-performance
LSPR biochemical fiber sensor [16].

Section 6 summarizes the proposed sensor and the innovative
OMM and BMM. The results confirmed that the proposed sensor
performed excellently and had the advantages of a short length
(approximately 250 wm), high resolution (approximately —130 dB),
and high sensitivity (approximately 126,849.1333 nm/RIU).

2. Novel LSPR biochemical sensor

The novel and highly sensitive LSPR sensor proposed in this
study comprises three structurally dissimilar segments. Figs. 1-3
illustrate the 3D, 2D (Y-Z), and 2D (X-Y) geometrical structures of
these segments, respectively. Segment (a) comprises single-mode
fibers and is located on the input and output ends of the biochem-
ical sensor. The procedures involved in constructing Segment (b)
are outlined as follows. First, an etching process was applied to
the cladding layer of the sensor by engraving a D-shaped cavity
without affecting the core layer of the sensor. Next, rectangular
nanogold particles were arranged in arrays and plated on the flat
surface of the D-shaped cavity. The line extending from the center of
the cross-sectional area of the core layer was used as the datum line
for arranging the nanometal particles; the nanogold particles were
symmetrically arranged on both sides of the datum line, and the
duty cycle was 0.5. The procedures used for constructing Segment
(c) were similar to those used for Segment (b); the two segments
differed only in the arrangements of the nanogold arrays. Specifi-
cally, in each column of Segment (b), nanogold particles summing
to an odd number were symmetrically arranged on both side of
the datum line. In each column of Segment (c), nanogold particles
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summing to an even number were symmetrically arranged on both
sides of the datum line. Segment (b) and Segment (c) functioned as
the analyte region of the proposed sensor. The operating principle
of the proposed sensor can be explained briefly as follows: first,
light source enters the sensor from the left side (Fig. 1) and excites

the LSPR phenomenon between the nanometal particles. The gener-
ation of such a phenomenon indirectly indicates that the nanometal
particles cause the input light source to consume energy. Finally,
an optical spectrum analyzer is used to measure the output light
source emitted from the right side of the sensor. Thus, the spectrum
of the sensor is obtained.

The structural and material parameters of the proposed sen-
sor are as follows: a;=2.25pum; ay=525um; dp=0.02pnm;
W =0.02 wm; dpmp=0.825um; ny;=1.454; ny,=143; ng=1.33;
dg=6pm; d,=6pum; dc.=6pnm; ngy=0.56246309 +;9.840798407
(A=1550 pm); Np1=171; Npp=170; A=0.1pm; L;=30pm;
L[3=30wm; N=1900; and L, =N x A =190 wm. The total length of
the sensor (L) is 250 pm (L=L; + Ly + L3 =250 wm). Gold was used to
construct the nanometal arrays. According to [ 1], refractive indices
related to wavelengths can be obtained. In the presented parame-
ters, dpy is the thickness of the PML. The numbers of rectangular
nanometal particles in each column in Segment (b) (N;;,1) and Seg-
ment (c) (Np2) are 171 and 170, respectively.

Furthermore, nq is the refractive index of a target analyte cov-
ering the surfaces of the nanometal particles. The lengths (A) of
Segment (b) and Segment (c) are both 0.1 wm, also equal to the
length of each rectangular nanometal particle. In the proposed bio-
chemical sensor, the sensing region, consisting of Segments (b)
and (c), is arranged in a 0.5 duty cycle. In addition, the total num-
ber of nanogold particles in Segments (b) and (c) is 1900. In other
words, Segments (b) and (c) each had 950 particles. According to
the preceding explanation, the total number of nanogold parti-
cles in the sensor was 323,950 ((171+170) x 950). Generally, the
cross-sectional size of a nanometal particle that triggers an LSPR
wave is approximately 20-70 nm. Thus, in the proposed sensor,
dm =0.02 pm, and wy; =0.02 wm; to repeatedly test the sensor that
excited SPR waves, the length (A) of the rectangular nanometal
particles was set as 0.1 wm. Finally, in addition to analyzing the
proposed sensor from a theoretical perspective, we investigated
its practical operations and applications. The geometric structure
of the proposed highly sensitive LSPR biochemical sensor can be
actualized using static plowing lithography technology [32].

3. Finite element method

The FEM, a numerical simulation method applied in various
engineering fields, is used to solve partial differential equations
involving boundary conditions. This method is established accord-
ing to variational principles, domain meshing, and interpolation
functions. We have detailed the FEM in our previous studies
[1,16-18]. In the design of and research on LSPR biochemical sen-
sors, the FEM is mainly applied to solve every orthogonal modal
base that exists on an X-Y plane.

In any waveguide structure, a complete orthogonal modal base
must comprise discrete guided mode and continuous radiation
modes. The previously developed FEM and EEM cannot be used to
solve continuous radiation modes. However, a highly efficient LSPR
biochemical sensor is sensitive to its geometrical structure. There-
fore, the existing FEM and EEM must be improved and modified
to reduce the error between numerical simulations and practical
operations. To create a closed, simulated environment equivalent
to an open, realistic environment, we integrated the PML and PRB
with the FEM, thereby improving the applicability and accuracy of
numerical simulations [16,17].

The FEM developed in our previous studies has severe defi-
ciencies; specifically, the uniform triangular meshing approach is
used as the core technique in the numerical simulation. Designing
PSPR and LSPR biochemical sensors involves installing nanometer-
sized metal objects and micrometer-sized waveguide objects in
sensor segments. When the uniform triangular meshing method
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is applied to mesh sensor segments, ensuring that the micrometer-
sized metal objects exhibit desirable meshing resolutions wastes
considerable memory space and calculation time on large-sized
objects. Therefore, we propose two innovative methods, the OMM
and BMM. In the OMM, various resolutions can be used to mesh
objects of dissimilar sizes, thereby reducing the amount of unnec-
essary meshes. In the BMM, high meshing resolutions are applied
to the boundary between objects to accurately identify boundary
locations, thereby improving the applicability of object parameters.

Rectangular nanometal particles were essential for improving
the sensitivity of the proposed sensor. Consequently, adequately
meshing small and large objects became a crucial consideration.
We classified the structural components of the sensor into four
categories: object boundaries, exquisite objects, moderate objects,
and rough objects. According to the proposed meshing methods,
triangles were used as the basic elements for meshing the sensor
objects, and a meshingratio of 1:3:30:240 between the rough, mod-
erate, and exquisite objects and the object boundaries was adopted.
Fig. 4 indicates that using the BMM resulted in relatively small
meshes along the boundary of each object; when the OMM was
used, objects were meshed according to their geometrical sizes.
The mesh size for metal objects was exquisite, and that for objects
in the core layer and cladding layer was moderate. A rough mesh
size was applied to objects in the analyte layer.

Figs. 5-7 illustrate the results of various modes solved using
the modified FEM. Fig. 5(a) and (b) depicts the core mode (HE{;)
and discrete radiation mode in Segment (a), respectively. Fig. 6(a)
and (b) shows the discrete LSPR wave and discrete radiation mode
in Segment (b), respectively. Fig. 6(a) indicates that the SPR phe-
nomenon occurred on the surface of each nanometal particle and
in the space between the particles. Fig. 7(a) and (b) illustrates the
discrete LSPR wave and discrete radiation mode in Segment (c),
respectively. The discrete LSPR waves in Segment (b) and Segment
(c) exhibited similar SPR patterns (Fig. 7(a)). According to the phys-
ical properties of LSPR, a sensor is highly sensitive to changes in the
analyte concentration when the analyte region contains numerous
sites that can excite surface plasmons. Consequently, this char-
acteristic enables the proposed sensor to exhibit high sensitivity
[16-21]. According to mathematics, the obtained modes must be
pairwise orthogonal; that is, the orthogonality of the modes must
be 0. However, according to the numerical simulation method, the
orthogonality of modes solved using the FEM is never O because
of limited server memory and calculation time. In other words,
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Fig. 4. Sizes of meshes in boundary meshing and object meshing.
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Fig. 5. 2D power distribution graph of Segment (a); (a) core mode (HE;;) and (b)
radiation mode.

calculation errors are unavoidable when the numerical simulation
method is used to perform simulation calculations.

Thus, this study adopted the previously proposed error evalu-
ation standard; that is, the meshing resolution applied to the FEM
must result in an orthogonality value of less than —40dB [16,17].
During the initial stage of sensor design and simulation, a rational
meshing resolution was estimated for solving guided modes in the
sensor segments. Next, the orthogonality of the obtained guided
modes was calculated. When the orthogonality value exceeded
—40dB, the meshing resolution was increased, and the aforemen-
tioned process was repeated. The meshing ratio of 1:3:30:240 was
applied to mesh objects of dissimilar sizes in the sensor, and the
orthogonality of 100 guided modes was calculated (Fig. 8). The
results indicated that the meshing ratio resulted in orthogonality
values of less than —40 dB. Therefore, the calculation errors were
acceptable.

4. Eigenmode expansion method

During the design of the proposed sensor, the EEM was
employed to ensure that the guided modes solved using the FEM
can propagate energy in sensor segments. The structure of the pro-
posed sensor comprises one SMF segment and two rectangular
nanometal array segments with dissimilar pattern arrangements.
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In the EEM, each column of the segments was considered a uniform
guided mode with a fixed refractive index. According to Fig. 9 illus-
trated in [17], the interface between Segment (K — 1) and Segment
(K) is denoted as Junction (Jx_q). From a mathematical perspec-
tive, the EEM is based on the theory of Fourier series expansion,
and Junction (Ji_1) is the location at which to execute the Fourier
series expansion. According to this theory, calculation errors are
inevitable when the number of expansion bases is insufficient.
Furthermore, incorporating all modal bases in the sensor struc-
ture into the numerical simulation is impossible because of the
limited server memory and time required for calculation. There-
fore, power loss occurs each time the EEM is executed during the
numerical simulation process. Thus, according to the previously
proposed error evaluation standard, the number of modes used in
the EEM must be sufficient to ensure that the overall sensor energy
loss is less than —40dB [16,17]. During the initial sensor design
and simulation, a rational number of modes for executing the EEM
was estimated for mode solving. Subsequently, the overall energy
loss of the obtained modes was calculated. When the overall energy
loss exceeded —40 dB, the number of modes was increased, and the
aforementioned procedures were repeated again. For the proposed
sensor, a total of 100 modes were used, and the overall energy loss
was less than —40dB (Fig. 9).
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Fig. 7. 2D power distribution graph of Segment (c); (a) LSPR wave and (b) radiation
mode.
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5. Design and simulation

According to the geometrical structure of the proposed sensor
and to the aforementioned theories, we applied the following six
procedures for conducting numerical simulations and performance
analysis:

1. The FEM was used to solve 100 guided modes on the X-Y plane
of the sensor.

2. The orthogonality values of the 100 guided modes were verified
to determine whether they were less than —40 dB.

3. The EEM was adopted to calculate the energy propagation of the
100 guided modes.

4. Whether the overall power loss during EEM operation was less
than —40 dB was verified.

5. The optical spectrum and resolution of the sensor were calcu-
lated.

6. The sensor sensitivity to changes in the refractive index of an
analyte was determined according to the calculation result of
the optical spectrum.

According to the geometrical structural parameters and mate-
rial parameters mentioned in Section 2, these six procedures were
applied to solve the core mode (HE;) of Segment (a), as shown
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in Fig. 5(a). Furthermore, to verify that the proposed sensor can
excite LSPR waves, the core mode was input into the sensor from
its left end (Fig. 1), and the energy propagation in the entire sen-
sor was calculated (Fig. 10(a)). To enable clear observation of the
LSPR waves, the View A region shown in Fig. 10(a) is magnified in
Fig. 10(b), and the ratio scales of the z-axis (red) and y-axis (black)
are 14:115 and 13:115, respectively.

Resolution and sensitivity are essential indicators of sensor
performance, which can be easily determined using the spectral
characteristics of the sensors [1,16-18]. In the present study, we
applied the formula mentioned in previous studies to calculate
the optical spectrum of the proposed sensor. Fig. 11 illustrates the
change in the optical spectrum of the proposed sensor when the
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Fig. 11. Change in optical spectrum of the proposed sensor when the analyte refrac-
tive index changed from 1.32925 to 1.33075.
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analyte refractive index (nq) changed from 1.32925 to 1.33075.
When the design wavelength (A) was 1550 nm, the resolution of
the sensor was —130dB (Fig. 11). According to Fig. 11, the rela-
tionship between the sensor resonance wavelength and the change
in the analyte refractive index was determined easily (Fig. 12);
when the analyte refractive index (nq) changed from 1.32925 to
1.33075, the sensor resonance wavelength shifted from 1.4542966
to 1.6445703 pm. According to Fig. 12, the sensitivity of the pro-
posed sensor can be estimated using the following formula:

1.6445703 — 1.4542966
1.33075 - 1.32925

~ 126, 849.13333 (E)

Sensitivity ~ RIU

When the electrons in the nanometal particles of LSPR sensors
absorb the energy of an incident light at a specific wavelength, the
resonance oscillation of the elections occurs at the particle-analyte
interface and in the space between the particles. Consequently, an
LSPR sensor contains more resonance regions than does a PSPR
sensor. This characteristic considerably increases the sensitivity
of the LSPR sensor to changes in target analytes. Specifically, an
LSPR sensor is highly sensitive when it contains many nanometal
particles. The architecture of the proposed sensor was compared
with that of two existing sensors. The proposed sensor com-
prised 323,950 ((171+170) x 950) nanometal particles, and its
sensitivity was approximately 126,849.13333 nm/RIU. The novel
D-shape LSPR fiber sensor contained 1614 nanometal particles
and had a sensitivity of approximately 20,183.33 nm/RIU [18].
The novel and high-performance LSPR biochemical fiber sensor
contained 24,000 nanometal particles and had a sensitivity of
approximately 93,987 nm/RIU [16]. The simulation results indi-
cated that the proposed sensor performed excellently and featured
the advantages of a short length (approximately 250 wm), high
resolution (approximately —130 dB), and high sensitivity (approx-
imately 126,849.1333 nm/RIU).

6. Conclusion

The novel and highly sensitive LSPR biochemical sensor
proposed in this study comprises three structurally dissimilar seg-
ments, namely, one SMF segment and two rectangular nanometal
array segments with distinct pattern arrangements. Furthermore,
our previously developed FEM, in which the PML and PRB were
incorporated, was integrated with the OMM and BMM to improve
the meshing techniques. The rectangular nanometal particles
in the proposed sensor were key factors for improving sensor

sensitivity. In addition, adequately meshing small- and large-sized
objects was an essential aspect for developing the proposed sen-
sor. Consequently, the structure of the proposed sensor was divided
into object boundaries, exquisite objects, moderate objects, and
rough objects. Triangles were used as the basic elements for mesh-
ing the sensor objects, and a meshing ratio of 1:3:30:240 among the
rough, moderate, and exquisite objects and object boundaries was
adopted. The results indicated that the modified FEM effectively
facilitated reducing the time and memory required for simulation
calculations. According to the geometrical structure of the pro-
posed sensor and relevant theories, six procedures were applied
to conduct numerical simulation and performance analysis. The
results showed that compared with the other two highly efficient
biochemical sensors, the proposed sensor performed excellently
and featured advantages such as a short length (approximately
250 pm), high resolution (approximately —130dB), and high sen-
sitivity (approximately 126,849.1333 nm/RIU).
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