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High-Sensitivity Biochemical Sensor Based
on Cylindrical Nano-Metal Particles Array

Yue Jing He

Abstract—This work proposes a novel localized surface plasmon
resonance (LSPR) biochemical sensor featuring high sensitivity
and a high resolution. The sensor was divided into two subcom-
ponents according to their distinct functions; namely, single-mode
fiber and metal array. Single-mode fibers located on the left and
right sides of the sensors function as the input and output for
optical fiber signals. A metal array comprising an arrangement
of cylindrical nanometal particles served as the detection area
of the sensor. To effectively reduce the memory capacity and
calculation time, two innovative techniques (i.e., object meshing
and boundary meshing) were integrated with the finite element
method. With the area of the triangular elements used as a basis,
the object boundary, small object, medium object, and large
objects were meshed at a ratio of 1:8:160:1600. The improved
numerical simulation methods and six design procedures were
adopted to develop and analyze the proposed LSPR biochemical
sensor. The results show that the novel LSPR biochemical sensor
outperformed two current high-performance biochemical sensors
and provided additional advantages such as short length (approx-
imately 430 pom), high resolution (approximately -120 dB), and
high sensitivity (approximately 127 604 nm/RIU).

Index Terms—Boundary meshing method, eigenmode expansion
method, finite element method, object meshing method, optical
biochemical LSPR fiber sensors, perfectly matched layer, perfectly
reflecting boundary condition.

I. INTRODUCTION

N recent years, the optical properties of surface plasmon
I resonance (SPR) have been widely utilized in various fields.
SPR waves are physical phenomena characterized by the collec-
tive oscillation of free electrons. This phenomenon is described
as follows: In some metal materials (e.g., gold, silver, and cop-
per), free electrons can absorb energy from incident rays of a
particular wavelength; when this occurs, the free electrons on
the surface of the metals oscillate collectively [1]-[2]. Accord-
ing to their transmission ability, SPR waves can be categorized
according to whether they possess transmission ability. Regard-
ing the SPR waves that possess this ability, once a metal is
excited by an incident ray, energy propagates along the surface
of the metal. This type of SPR wave is commonly used in such
fields as biological sensing, genetic engineering, and chemical
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sensing [3]-[12]. By contrast, SPR waves without transmission
ability are primarily found in nanometal particles; because these
particles are so small, they have no transmission ability. When
free electrons absorb incident rays of a particular wavelength,
collective oscillation occurs both on the surface of the nanometal
particles and also between the particles. This type of SPR wave
is also called a localized SPR (LSPR) wave. According to the
SPR principle, the higher the number of locations in a sensor
that can be used to excite a SPR wave, the more able the sensor
is in detecting changes in the refractive index of an analyte [13].
LSPR biochemical sensors outperform general SPR biochemi-
cal sensors. In addition, LSPR biochemical sensors have been
frequently used in research related to biochemical and environ-
mental sensing [14]-[21]. Using the optical properties of LSPR,
this study developed a novel LSPR biochemical sensor featuring
high sensitivity and a high resolution.

When designing and investigating elements with a large and
periodic structure, the combination of the finite element method
(FEM) and the eigenmode expansion method (EEM) can be
used as a powerful numerical simulation method. This com-
bined method was developed by the author of this study, who
has also published several studies on high-performance SPR
biochemical sensors [13], [22]. The core concept of the FEM is
based on the method of Fourier series expansion. Fourier series
expansion calculations require a sufficient number of expan-
sion bases to avoid large errors. The FEM is also affected by
this problem. Because arbitrary waveguide structures contain
many discrete guided modes and continuous radiation modes,
all of the continuous radiation modes cannot be included in nu-
merical simulations and errors are inevitable. In this study, the
perfectly matched layer (PML) and perfectly reflecting bound-
ary (PRB) were integrated with the FEM to minimize the gap
between simulation results and actual application [13]. How-
ever, a considerable drawback of using the improved FEM is
that it uses uniform triangular elements to perform meshing.
Because designing and researching SPR sensors inevitably in-
volves nanometal particles and nanoscale waveguides, effective
control of the meshing resolution is crucial for minimizing the
simulation time and required memory capacity. Therefore, in
this study, the object meshing method (OMM) and the bound-
ary meshing method (BMM) were used to improve the FEM
meshing technique.

The remainder of this paper is organized as follows. Section
II presents the novel LSPR biochemical sensor and describes the
geometric components, material properties, array arrangements
of the nanometals, and operation principles of the sensors by
using 2-D and 3-D images. The principles of optics governing
LSPR posit that a sensor with more locations for exciting LSPR

0733-8724 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



3636

waves is more able to detect changes in the refractive index of
an analyte [13]. Therefore, the number of nanometal particles is
also investigated in this chapter. In addition, relevant production
techniques are investigated to ensure the successful creation of
the novel LSPR biochemical sensor.

Section III briefly introduces the FEM and explains its role
and function in designing and researching the novel LSPR bio-
chemical sensor. During the calculation process, discrete radi-
ation modes were included to minimize the difference between
the simulations and actual application. The principles of PML
and PRB are briefly described in this chapter to ensure that
the reader understands these methods, and OMM and BRM are
proposed to overcome the drawback of using uniform triangular
elements in the improved FEM. Accordingly, a detailed expla-
nation and discussion of these two methods is provided. Because
of the limited memory capacity of servers and the lengthy cal-
culation times when performing numerical simulations, errors
are inevitable; therefore, this chapter also provides a detailed
and specific description of the types of error that can be created
through using the FEM. An error-checking mechanism previ-
ously proposed by the author was adopted in this study, in which
the FEM meshing resolution was required to produce an orthog-
onality of less than —40 dB in the obtained modes [13], [22].
This chapter also investigates whether all of the objects and pa-
rameters used in creating the novel sensor could excite localized
surface plasmons. Finally, the 2-D power distribution map of the
core mode (HE;), discrete LSPR wave, and discrete radiation
modes obtained using the FEM are presented. The figures show
that SPR waves occurred on and in between the nanometal parti-
cles; such an optical property is the primary reason for the novel
LSPR biochemical sensor’s high sensitivity and resolution.

Section IV briefly introduces the EEM and its role in re-
searching and designing the novel LSPR biochemical sensor.
When designing and researching elements with a large and pe-
riodic structure, the combination of the FEM and EEM is not
only a powerful numerical simulation method, but it is currently
the only numerical simulation method available. The FEM and
Fourier series expansion work in the same manner in optical
physics as they do in pure mathematics; in mathematical opera-
tions, a sufficient number of Fourier series expansion bases must
be used to avoid errors. Consequently, EEM is faced with the
same problem. Therefore, an error-checking mechanism pre-
viously proposed by the author was used. Specifically, when
performing EEM calculations, a sufficient number of modes
must be used to control the overall energy consumption of the
biochemical sensor at less than —40 dB [13], [22].

Section V describes the approach to designing and research-
ing the novel LSPR biochemical sensor. Based on the theories
described in Sections III and IV, four procedures and two verifi-
cation mechanisms are proposed for analyzing the performance
of the proposed sensor. In addition, to ensure that LSPR waves
can be excited by the sensor, the core mode was entered through
the input terminal of the sensor before the calculations were
made, and a power distribution map was plotted on the y-z
plane. To confirm the superior performance of the proposed
sensor, two key indices (i.e., sensitivity and resolution) were
calculated using the spectral properties of the sensor. Finally, to
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Fig. 2. 2-D diagram of the sensor structure (y-z plane).

explain the novel sensor’s exceptionally high performance, the
sensor is compared with two previous sensor structures, and the
results are discussed. The two sensors are a high-performance
LSPR biochemical fiber sensor [13] and a D-shape LSPR fiber
sensor based on nanometal strips [22].

Section VI briefly reviews the OMM, BMM, four design pro-
cedures, two verification mechanisms, and framework of the
proposed LSPR biochemical sensor. The design and simulation
results presented in Section V confirm that the novel LSPR
biochemical sensor features superior performance and advanta-
geous properties such as a short length (approximately 430 pm),
high resolution (approximately —120 dB), and high sensitivity
(approximately 127 604 nm/RIU).

II. NOVEL LSPR BIOCHEMICAL SENSOR

Figs. 1-3 show the geometry of the novel LSPR biochemical
sensor. Fig. 1 is a 3-D schematic diagram of the sensor structure,
Fig. 2 is a 2-D schematic diagram of the sensor structure on the
y-z plane, and Fig. 3 is a 2-D schematic diagram of the sensor
structure on the x-y plane.

The sensor comprised two subcomponents: single-mode
fibers and a metal array. Segment (a) of Figs. 2 and 3 show
the single-mode fibers located on the left and right sides of the
sensors, which are responsible for the input and output of opti-
cal fiber signals. Segments (b) and (c) in Figs. 2 and 3 show the
metal array as an arrangement of cylindrical nanometal particles,
which serve as the detection area of the sensor. The two metal
arrays were produced using the same method: First, the optical
fiber was etched down to the core layer, forming a D-shaped
structure. Subsequently, the D-shaped structure was plated with
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Fig. 3. 2-D diagram of the sensor structure (x-y plane).

gold cylindrical nanometal arrays. The cylindrical nanometal
arrays were arranged with the center of the core layer as the
reference line, with the arrays positioned on the left and right
sides of the reference line; the duty cycle of the arrays was 0.5.
Segments (b) and (c) differ in their position relative to the central
reference line: for Segment (b), an odd number of arrays was ar-
ranged symmetrically to the left and right sides of the reference
line, whereas for Segment (c), an even number of arrays was ar-
ranged symmetrically along the reference line. In Segments (b)
and (c), the number of cylindrical nanometal particles, denoted
as IV, 1 and N, 2, respectively, was 87 and 86, respectively. The
length of Segments (b) and (c) was set equal to the length of the
cylindrical nanometal particles (A = 0.1 pm).

The structures and material parameters of the novel LSPR
biochemical sensor are shown below: a; = 2.25 ym, ap = 7.25
pm, 1y, = 0.04 pm, dpyp = 0.825 pm, ny = 1.454, ny =
1.43,n, = 1.33, Nyy1 =87, Npya = 86, A = 0.1 um, Ly = 30
pm, Ly =30 um, NP = 1850, Ly, = NP*2* A =370 um,
d, =6 pym, d, =6 pum, d. =6 pm, and n,, = 0.56246309
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+ j9.840798407 (at A = 1550 pm). The length of the sensor is
L =1L; + Ly + Ls = 430 um. The refractive index of the ana-
lyte is denoted as n,, and the metal material was composed of
gold. The relationship between the refractive index and wave-
length was obtained from a previous study [22]. In the proposed
novel, highly sensitive biochemical sensor, the sensing region
consists of Segments (b) and (c), which are arranged in a 0.5
duty cycle. The total number nanogold particles in Segments (b)
and (c) were 87 and 86, respectively. In addition, the total num-
ber for Segments (b) and (c) were 1850. Therefore, according
to the preceding explanation, the total number of nanogold par-
ticles in the sensor was 320 050 ((87 + 86) x 1850). To excite
LSPR waves, previous studies have indicated that nanometals
must have a cross-sectional size of 20-70 nm. Therefore, in this
study, the 7, of the novel LSPR biochemical sensor was set
at 0.04 pm. A series of tests confirmed that the length of the
cylindrical nanometal particles (A) was 0.1 pm. To fabricate the
novel LSPR biochemical sensor, current production techniques
were investigated; among the relevant production techniques,
the electrochemical and photochemical reduction methods in
aqueous surfactant media, porous alumina templates, polycar-
bonate membrane templates, and carbon nanotube templates
were determined to be the most suitable for fabricating the pro-
posed sensor [23].

III. FINITE ELEMENT METHOD

The FEM is a powerful numerical calculation method for
locating guided modes along a cross-section of waveguides of
any shape. The FEM incorporates the variational principle, do-
main meshing, and interpolation as core methods [24]-[28].
Mathematically, when solving partial differential equations with
boundary conditions, all mathematical solutions are orthogonal;
in other words, the mathematical solutions have an orthogonal-
ity of 1 only with themselves, and the orthogonality between any
two mathematical solutions is 0. According to the optical wave-
guide principle, in an arbitrary waveguide structure, complete
modal solutions must contain both discrete guided modes and
continuous radiation modes [13], [29]-[36]. When performing
numerical simulations, including all of the continuous radiation
modes is impossible because the number of modes is consid-
erably high; consequently, errors are inevitable when using the
FEM to solve the modes. To address this problem, the authors
of this study proposed a method from their previous study, in
which PML and PRB were integrated with the FEM [13], [36].
Because the PRB can be used to convert continuous radiation
modes into discrete radiation modes, which causes a loss of en-
ergy when contact is made with the PMLs, a closed simulation
space can be transformed into an open space, minimizing the
difference between the simulation results and actual application.
Based on the above interpretation, the scale of d,, d;,, and d.
cannot be too small to influence the guided modes. In addition,
in order to reduce the cost of the simulation time and mem-
ory, the scale of d,, dy,, and d. also cannot be too large. These
three parameters were tested repeatedly. Finally, d, = 6 pm,
dy, = 6 pm, and d. = 6 pm were used in this novel sensor. Re-
garding the meshing resolution, the improved FEM has a serious
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Fig. 5. 2-D image of the power distribution of Segment (a); (a) core mode
(HE11); and (b) discrete radiation mode.

problem resulting primarily from the FEM employing a meshing
technique in which uniform triangular elements are used. Many
biochemical sensors contain nanoscale metal particles and mi-
croscale waveguides. Given that the meshing technique uses
uniform triangular elements, a considerable amount of mem-
ory and calculation time is wasted when performing meshing
and calculations while ensuring that the nanometals achieve a
favorable meshing resolution. Therefore, when performing cal-
culations with the FEM, controlling of meshing resolution is
crucial. To solve this problem, this study adopted the OMM
and BMM [36]. The primary function of the OMM is to pro-
vide a means for designers to assign an appropriate but dynamic
number of meshing triangles and resolutions to different sen-
sor components. The primary function of the BMM is to pro-
vide a higher meshing resolution for the boundaries between the
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objects in a sensor, enabling the FEM to be used to locate objects
more accurately. This enables the accurate material parameters
of the various objects to be used.

The proposed LSPR biochemical sensors could be divided
into four structure types according to their object boundary
and size (i.e., small, medium, or large). Based on the detailed
descriptions provided above, and the area of the triangular el-
ement as the meshing reference, the object boundary, small
object, medium object, and large objects were meshed at a ratio
of 1:8:160:1600. Fig. 4 shows the meshing result. The figure
shows that the BMM produced the smallest meshed grids for
all object boundaries. Conversely, the OMM used the geomet-
ric sizes as the meshing standard, and the metal particles, core
layer, and cladding layer were meshed into sizes described as
small (exquisite), medium (moderate), and large (rough) [36].

Fig. 5 shows the results of the guided modes in Fig. 3(a),
which were solved using the improved FEM; Fig. 5(a) and (b)
respectively show the core mode (HE;;) and discrete radiation
mode in Segment (a). Fig. 6 shows the results of the guided
modes shown in Fig. 3(b), which were also solved using the
improved FEM; Fig. 6(a) and (b) respectively present the dis-
crete LSPR wave and discrete radiation mode in Segment(b).
Fig. 6(a) shows that that the SPR wave exists both in the cylin-
drical nanometal particles and between them. Fig. 7 shows the
results of the guided modes in Fig. 3(c), which were solved us-
ing the improved FEM; Fig. 7(a) and (b) respectively show the
discrete LSPR wave and discrete radiation mode in Segment(c).
The SPR phenomenon in Segment (b) also appears in Fig. 7(a).
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Fig. 8.  Cylindrical nanometal array of HE1; in Segment (b), which was used

to excite the LSPR wave.

According to the physical properties of the LSPR, the higher
the number of locations of an SPR wave that can be excited, the
more able a sensor is for detecting changes in the concentration
of analytes; this is the primary reason for the high sensitiv-
ity exhibited in the proposed LSPR biochemical sensor. Fig. 8
shows the cylindrical nanometal arrangement in Segment (b)
and Fig. 6(a) shows a 2-D image of the power distribution of
an excited LSPR wave. Fig. 8 confirms that £, and F,, which
are electric field components of HE;, excited a 40-nm-radius
dipole-like LSPR wave on the metal cylinder. A similar physi-
cal phenomenon appears in Figs. 9 and 7(a), validating the high
sensitivity and resolution of the proposed LSPR biochemical
Sensor.

When solving partial differential equations, once a bound-
ary condition has been set, all mathematical solutions are or-
thogonal; in other words, the mathematical solutions have an
orthogonality of 1 only with themselves, and the orthogonality
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Fig. 9. Cylindrical nanometal array of HE;; in Segment (c), which was used

to excite the LSPR wave.

between any two mathematical solutions is 0. However, because
of limited server memory capacity and calculation time when
performing numerical simulations, achieving an orthogonality
of 0 is impossible; thus, errors are unavoidable when using the
FEM. In this study, an error-verification mechanism previously
proposed by the author [13], [36] was used (i.e., the meshing res-
olution used in the FEM must produce an orthogonality below
—40 dB). The design and simulation process involved selecting a
reasonable meshing resolution before calculating the numerical
solutions (i.e., the modes). Subsequently, the orthogonality cal-
culations were performed to determine whether the modes met
the verification standard (i.e., whether the errors were within an
acceptable range. In cases where the errors exceeded the range,
the meshing resolution was increased and the procedure was re-
peated. For the proposed LSPR biochemical sensor, the meshing
ratio of 1:8:160:1600 was used. Fig. 10 shows the orthogonality
of 100 modes, verifying that a meshing ratio of 1:8:160:1600
satisfies the verification mechanism stipulating an orthogonality
requirement of below —40 dB.

IV. EIGENMODE EXPANSION METHOD

When designing the LSPR biochemical sensor, the EEM en-
abled the guided modes, which were obtained using the FEM, to
transfer energy within the sensor components. The novel LSPR
biochemical sensor contained a single-mode fiber component
as well as a cylindrical nanometal array component with two
cylindrical nanometal array arrangements. The EEM algorithm
treated each component as a uniform waveguide with a fixed
refractive index, in which each component was considered a
segment. Segment (K-1) contacted Segment (K) at junction
(Jx—1) [13], [36]-[42]. From a purely mathematical perspective,
the EEM acted as a Fourier series expansion method, and every
junction location in the sensor represented the area within which
Fourier series expansion was performed. The Fourier series ex-
pansion principle posits that an insufficient number of expan-
sion bases results in errors. Because of limited server memory
capacity and calculation time when performing numerical sim-
ulations, including all of the modes (bases) is impossible. How-
ever, when an insufficient number of modes was used, power
loss occurred every time the EEM was executed. Therefore, an
error-verification mechanism previously proposed by the author
was employed to test whether the number of modes in the EEM
was sufficient to achieve a sensor energy consumption below —
40 dB [13], [36]. During the design and subsequent simulations
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of the proposed LSPR biochemical sensor, an appropriate num-
ber of modes was selected, and calculations were performed to
determine the overall energy consumption of the modes. The
number of modes was increased if the energy loss failed to meet
the accepted standard set by the verification mechanism, and
the procedure was repeated until the errors were within an ac-
ceptable range. To design the novel LSPR biochemical sensor,
100 modes were used and the overall energy consumption was
calculated (see Fig. 11). The results show that this number of
modes was sufficient to satisfy the error verification standard
(i.e., the overall energy consumption was less than —40 dB).

V. DESIGN AND SIMULATION

Based on the geometry of the novel LSPR biochemical sensor
and adopting the theories described in Sections III and IV, four
procedures and two verification mechanisms were proposed and
applied to perform the numerical simulations and analyze the
effectiveness of the proposed sensor. The procedures and ver-
ification mechanisms are described as follows: (1) locate 100
guided modes on the x-y plane using the FEM; (2) verify whether
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x-axes were enlarged at a ratio of 37:430 and 23:220, respectively.

these guided modes have an overall energy consumption below
—40 dB; (3) calculate the energy transferred by the 100 guided
modes by using the EEM; (4) verify that the overall power loss
when executing the EEM is below —40 dB; (5) produce an op-
tical spectrum diagram for the LSPR biochemical sensor and
calculate its resolution; and (6) analyze the ability of the sen-
sor to detect changes in the refractive index of analytes based
on the results from Step 5 [36]. To verify the sensitivity and
resolution of the proposed LSPR biochemical sensor in excit-
ing LSPR waves, the core mode depicted in Fig. 5 was used.
Fig. 1 shows the incident LSPR wave that entered the sensor
through the input terminal; subsequently, the transfer of energy
by the sensor was calculated, the results of which are shown in
Fig. 12(a). To enable clear observation of the LSPR wave from
Fig. 12(a), the region marked as “View A” was enlarged and
shown in Fig. 12(b). The enlargement ratio between Fig. 12(a)
and (b) is 23:220 for the black and 37:430 for the red.

Using the spectral properties of the sensors enabled identi-
fying the two critical indicators (i.e., sensitivity and resolution)
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for evaluating sensors. Subsequently, the energy transferred by
the novel LSPR biochemical sensor was calculated by dividing
the input energy by the output energy [13] (see Fig. 13). Fig. 13
shows the changes in spectral curve of the novel LSPR biochem-
ical sensor as the refractive index of the analyte changes from
n, = 1.3294 to n, = 1.3306. The results show that when the
wavelength A = 1550 nm, the sensor resolution was —120 dB.
Based on the data in Fig. 13, the changes in the resonance wave-
length of the sensor resulting from changes in the refractive
index of the analytes can be easily detected and are depicted
in Fig. 14, in which the resonance wavelength curve of the
proposed LSPR biochemical sensor are shown when the re-
fractive index of the analyte was changed from n, = 1.3294 to
n, = 1.3306. The resonance wavelength of the proposed LSPR
biochemical sensor increased from 1.473437 to 1.626562 pm.
In other words, the sensitivity of the sensor was calculated, and
the results are shown as follows:

1.626562 — 1.473437
1.3306 — 1.3294

~ 127604 (%) .

Sensitivity ~

(D

3641

When the electrons in nanometal materials absorb incident
rays of a particular wavelength, collective oscillation occurs
on the surface and between the nanometal particles. Compared
with regular SPR sensors, which possess transmission ability,
the proposed LSPR biochemical sensor possesses a higher num-
ber of resonance areas. This physical property enhanced the
sensor’s ability to detect changes in the analytes [13]. In other
words, increasing the number of nanometal particles in the LSPR
enhanced its sensitivity. Compared with the two current high-
performance biochemical sensors, the novel LSPR biochemical
sensor contained 320 050 (i.e., (87 + 86) x 1850) particles
and achieved a sensitivity of approximately 127 604 nm/RIU;
the novel and high-performance LSPR biochemical fiber sensor
containing 24 000 particles achieved a sensitivity of approxi-
mately 93987 nm/RIU) [13]; and the novel D-shape LSPR fiber
sensor containing 1614 particles achieved a sensitivity of ap-
proximately 20 183.333 nm/RIU [22]. The simulation results
show that the short length (approximately 430 pm), high reso-
lution (approximately —120 dB), and high sensitivity (approxi-
mately 127 604 nm/RIU) of the novel LSPR biochemical sensor
are advantageous.

VI. CONCLUSION

Because the improved FEM was faced with problems after
integrating the PML and PRB, two innovative techniques (i.e.,
the OMM and BMM) were introduced in this study as a means
to improve the meshing technique and to design the novel LSPR
biochemical sensor. Such techniques involve dividing the sen-
sors into four structure types according to their object boundary
and size (i.e., small, medium, and large). With the area of the
triangular elements used as a basis, the object boundaries, small
objects, medium objects, and large objects were meshed at aratio
of 1:8:160:1600. Applying the described techniques markedly
reduced the memory capacity and time spent performing calcu-
lations. Four procedures and two verification mechanisms were
proposed and applied to perform numerical simulations and an-
alyze the effectiveness of the proposed sensor. The results show
that the proposed LSPR biochemical sensor not only outper-
formed two current high-performance biochemical sensors, but
also featured advantages such as short length (approximately
430 pm), high resolution (approximately —120 dB) and high
sensitivity (approximately 127 604 nm/RIU).
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