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The effects of a silver rectangle on the transmission characteristics of surface plasmon polaritons (SPPs) that propagate
at the air–silver interface are investigated using the ﬁnite-element method. Results show that the structural parameters of
the rectangle and distance between rectangle and ﬁlm signiﬁcantly inﬂuence SPP-transmission characteristics. These
effects are due to the restriction of SPPs at the air–silver interface and resonance around the rectangle.
Keywords: surface plasmon polaritons; localized surface plasmon; waveguide; plasmonics; nanophotonics; ﬁnite-element
method

1. Introduction
Surface plasmon polaritons (SPPs) are surface electromagnetic waves of collective electron oscillations
induced by the coupling of light with surface charges,
propagating along a metal–dielectric interface, and exponentially decaying into neighboring media [1–9]. Given
that SPPs can spatially conﬁne light well beyond the
diffraction limit, SPPs can be a potential key element in
the future high-capacity photonic circuits. SPPs have also
been extensively applied in other ﬁelds, such as metamaterials [10,11], sensors [12], and modulators [13].
The propagation characteristics of SPPs on different
nanostructures have a signiﬁcant function in the applications of SPP waveguides or SPP components. To date,
numerous results have been reported about the propagation characteristics of SPPs along nanowires [14–16],
compact periodic grooves and ridges [17,18], metal
stripes [19,20], and cylindrical surface [21]. Fundamentally, the propagation characteristics of SPPs on metallic
ﬁlms with different topological shapes are important for
their usages [22–25]. Researchers have investigated the
propagation characteristics of SPPs on rough surfaces
[26], ﬂat semi-inﬁnite interfaces [27–29], and ﬁlms with
hole arrays [30–32]. For surfaces with defects (protuberances or indentations), the defects function as so-called
plasmon mirrors and ﬂashlights [33,34]. For surfaces
with corrugations or protrusions, the surface can couple
more light, and the corrugations or protrusions can have
strong electric ﬁelds around them. In addition, the propagation characteristics of SPPs on a rough surface are
more sensitive to the surrounding media than those on a
ﬂat surface. Thus, the propagation characteristics of SPPs
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on surfaces are associated with roughness measurement,
nonlinear optical property enhancement, and biosensors.
When speciﬁc metallic structures are located closely
above a metallic ﬁlm, the propagation characteristics of
SPPs on the ﬁlm are affected. In this study, the effects
of a silver rectangle on the transmission characteristics
of SPPs at the air–silver interface are investigated using
the ﬁnite-element method. Results show obvious changes
in steady-state electric-ﬁeld distributions and propagation
loss relative to those on a ﬂat ﬁlm. These results can be
attributed to the restriction [35] and resonance [36,37] of
SPPs in the resonator formed by the rectangle and ﬁlm.
In this work, effects of the structural parameters of the
rectangle and the separation between rectangle and ﬁlm
on transmission properties are investigated. In our study,
strong localized electric ﬁelds form around the rectangle
or at the space between rectangle and ﬁlm. The
improved localized electric ﬁeld can be used for
enhanced nonlinear optics [38]. The transmission characteristics of the proposed structure can also help deliver
SPPs to the ﬁlm.

2. Structure and calculation method
Figure 1 illustrates the proposed structure, i.e., a silver
rectangle above a semi-ﬁnite silver substrate. The width
and height of the silver rectangle are a and b, respectively. The distance between rectangle and interface is d.
The excitation wavelength is 0.532 μm in a vacuum. The
effective index of the SPPs that propagate along the air–
ﬁlm interface is obtained using the mode analysis of the
ﬁnite-element method software COMSOL Multiphysics
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Figure 1. Schematic of SPPs propagation along the interface of air and silver ﬁlm. A silver rectangle is located above the ﬁlm. (The
color version of this ﬁgure is included in the online version of the journal.)

4.3. A two-dimensional structure composed of a rectangle and metallic ﬁlm is proposed. The perfect matching
layers are set as boundary conditions, and the minimum
grid size used in all calculations is 0.2 nm. Steady-state
electric-ﬁeld distributions and transmittance coefﬁcients
are used to study the effects of silver rectangle on the
transmission characteristics of SPPs on metallic ﬁlm
using COMSOL Multiphysics. The magnitude of total
electric ﬁeld is used in the steady-state electric-ﬁeld distributions. We set two ports at which the SPPs are
sequentially excited and received in COMSOL Multiphysics to calculate transmittance, which corresponds to
the “S21” element in the scattering matrix [39]. Transmittance coefﬁcients are deﬁned as T = S/S0, where S is the
power ﬂow over location P (a plane set at a distance of
10 μm away from the center of rectangle) of ﬁlm with
rectangle, and S0 is the power ﬂow over the location P
of ﬁlm without the rectangle. Thus, ohmic loss along the
propagation direction at the air–silver interface can be
neglected. When power ﬂow through location P is calculated, the integral is from the ﬁlm to the height at which
the electric ﬁeld drops to 1/e. The complex refractive
index of silver is adopted from Ref. [40].
When the excitation wavelength is equal to
0.532 μm, the effective refractive index of the SPPs on
the ﬂat silver ﬁlm is 1.0452 – 0.0015i, which is calculated using the mode analysis of COMSOL software.
Thus, the wavelength of SPPs is 0.509 μm, and the propagation length is 27.735 μm. The effective refractive
index is set at the input port, which is 2 μm away from
the center of the rectangle and can generate propagating
SPPs with wavelength λ0 = 0.509 μm at the ﬁlm. The
electric ﬁeld of the SPPs is TM polarized and exponentially decays from the surface [1]. Given the large propagation loss of electromagnetic wave in the metal, the
electric-ﬁeld amplitudes decay faster (exponential attenuation constant α = 3.971 × 107 m−1) than those in air
(exponential attenuation constant α = 3.886 × 106 m−1).
Thus, electric-ﬁeld intensity decays in the form exp(−αx)
and the energy intensity decays as exp(−2αx), where x is
penetration length in air.

3. Results and discussion
3.1. Effect of distance d between rectangle and ﬁlm
on transmission
To determine the effect of distance d between rectangle
and ﬁlm on the transmission characteristics of SPPs, the
transmittance coefﬁcients of the proposed structure are
calculated with different d values from 0 nm to 200 nm
at a = b = 20, 40, 60, 80, and 100 nm. As shown in
Figure 2(a), a transmittance valley can be observed at
approximately d = 5 nm. With further increased d
beyond 5 nm, transmittance coefﬁcients rapidly increase.
When d is > 100 nm, transmittance coefﬁcients do not
vary signiﬁcantly with increased d. In addition, the proposed structure with a large a or b (a = b) generates
small transmittance.
To understand the mechanism in Figure 2(a), the
steady-state electric-ﬁeld distributions for different values
of distance d at a = b = 60 nm are calculated. Figure 2(b)
shows the plot of the steady-state electric-ﬁeld distribution of the proposed structure at d = 0 nm. A strong electric ﬁeld occurs on the left side of the rectangle and
many SPPs are reﬂected back. Figure 2(c) plots the
steady-state electric-ﬁeld distribution of the proposed
structure at d = 6 nm, which corresponds to the valley of
transmittance spectrum in Figure 2(a). A strong electric
ﬁeld occurs in the space between rectangle and ﬁlm.
When SPPs transmit the rectangle, SPPs propagate not
only from the top surface of the rectangle but also from
the space between rectangle and ﬁlm. The wavelength of
SPPs on the top surface of the rectangle and its wave
vector are the same as those at the ﬁlm, i.e.,
λ0 = 0.509 μm and k0 = 2π/λ0, respectively. The wavelength λ1 of SPPs between rectangle and ﬁlm strongly
depends on the distance between them. Transmission
peaks or valleys are due to the relation
2a ¼ N  k1 =2 ¼ p=ðk1 Þ  N ;

(1)

where N is an integer. The transmission peak occurs when
N is even and the valley has an odd N value. For example,
at the peak of a = b = 100 nm and d = 4 nm in Figure 2(a),
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Figure 2. (a) Calculated transmittances of the proposed structure with different d values for different a = b. The inset represents the
transmittance for d ranging from 0 nm to 25 nm with higher resolution. The cyan solid lines are the ﬁtting using Equation (3) from
d = 12 nm to d = 200 nm. (b)–(e) Steady-state electric-ﬁeld distributions of the proposed structure for a = b = 60 nm at different d
values: (b) d = 0 nm, (c) d = 6 nm, (d) d = 30 nm, and (e) d = 80 nm. (The color version of this ﬁgure is included in the online
version of the journal.)

the corresponding effective index and SPP wavelength are
n1 = 4.6760 – 0.0847i and λ1 = 0.114 μm. Thus, N = 4,
which satisﬁes Equation (1). Figure 2(d) and (e) shows the
steady-state electric-ﬁeld distribution of the proposed
structure at d = 30 nm and d = 80 nm, respectively. A
strong electric ﬁeld occurs not only in the space between
rectangle and ﬁlm but also around the rectangle.
The above descriptions indicate that the energy of
SPPs that contributes to transmittance is mainly energy
transmitted from the space between rectangle and substrate. If the silver rectangle approaches the substrate, the
decay rate of the electric ﬁeld in air would differ from
that without the rectangle. Thus, factor t is introduced,
and the energy intensity decays as a function of exp
(−2tα). The Poynting vector S transmitted from the space
between rectangle and ﬁlm is
Zd
S¼

E02 expð2taxÞdx ¼ E02

1 expð2tadÞ
;
2ta

(2)

0

where E0 is the electric-ﬁeld intensity on the surface of
ﬁlm without rectangle. Transmittance as a function of
the space distance d is
S
E2 1  expð2tadÞ
þB
þB¼ 0
S0
2ta
S0
1  expð2tad Þ
E2
¼A
þ B; A ¼ 0 ;
t
2S0 a

T¼

(3)

where A is a constant parameter associated with the
incident ﬁeld. The scattering electric ﬁeld couples with
the electric ﬁeld of SPPs propagating at the ﬁlm, which
affects the magnitude of the SPP electric ﬁeld and the
transmittance. We ascribe the scattering effect to B as a
compensation factor. The cyan curves from d = 12 nm in
Figure 2 are the ﬁtting of the transmittance coefﬁcients

Figure 3. Calculated transmittances of the proposed structure
for different a as a function of b with (a) d = 0 nm, (b)
d = 30 nm. (The color version of this ﬁgure is included in the
online version of the journal.)
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Figure 4. Calculated transmittances of the proposed structure for different b as a function of a with (a) d = 0 nm, (b) d = 30 nm. (c)
The Fourier transform for b = 100 nm with d = 30 nm. (d) Distributions of steady-state electric ﬁeld (color bar) and energy ﬂow (red
arrows) at a = 780 nm and b = 100 nm with d = 30 nm. (The color version of this ﬁgure is included in the online version of the journal.)

using Equation (3), which agree with the transmittance
from numerical calculations. We ﬁt the curve from
d = 12 nm, which guarantees decay of the electric ﬁeld
away from the metallic surface and that the analytical
model can ﬁt the transmittances well with different d values. When a and b increase from a = b = 20 nm to
a = b = 100 nm, t monotonically increases from 2.8182
to 4.4487. Increased t indicates that rectangles with larger dimensions lead to a stronger localization of electric
ﬁelds in the space between rectangle and ﬁlm. At the
same time, B monotonically decreases from 0.9931 to
−0.2954. Decreased B indicates that rectangles with
larger dimensions lead to weaker scattering.
3.2. Effect of height b of rectangle on transmission
To determine the effect of silver rectangle height b on
the transmission characteristics of SPPs on a silver ﬁlm,
b increases from 10 nm to 200 nm with ﬁxed a = 20, 40,
60, 80, and 100 nm. When the separation between
rectangle and ﬁlm is zero, SPPs are transmitted from the

top surface of the rectangle. When the separation
between rectangle and ﬁlm is greater than zero, SPPs are
transmitted not only from the top surface of the rectangle
but also from the space between rectangle and ﬁlm.
Figure 3(a) shows the transmittance for d = 0 nm.
Transmittances dramatically decrease with increased b. A
larger b introduces a large reﬂection and results in small
transmittance. Smaller a can transmit both from the top
of the rectangle and directly through the rectangle. When
b is close to zero, most of the energy is transmitted from
the top of the rectangle. With increased b, energy transmitted from the top decreases and energy transmitted
through the rectangle increases. This mechanism causes
the valley at b = 56 nm and the valley at b = 80 nm for
a = 40 nm. Figure 3(b) shows the transmittances for
d = 30 nm. Similar to Figure 3(a), transmittances dramatically decrease. When d > 0, energy transmitted from
the space between rectangle and ﬁlm does not depend on
the rectangle size, resulting in the slower decreasing rate
in Figure 3(b) compared with that in Figure 3(a). The
valleys at small b values of a = 80 and 100 nm are due
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to the resonance of SPPs in the space between rectangle
and ﬁlm, which satisﬁes Equation (1) and N = 1. In addition, the mechanism of the valley at b = 168 nm with
a = 20 nm is similar to that at d = 0, and SPPs have
three ways of transmitting energy: the top of the rectangle, the space between rectangle and metallic ﬁlm, and
directly through the rectangle.
3.3. Effect of width a of rectangle on transmission
To determine the effect of silver rectangle width a on the
transmission characteristics of SPPs on metallic ﬁlm, a is
increased from 100 nm to 1200 nm with ﬁxed b = 20, 40,
60, 80, and 100 nm. Figure 4(a) shows that for d = 0 nm,
transmittance periodically varies with increased a. The
periods of b = 20, 40, 60, 80, and 100 nm are approximately 250 nm. The SPPs propagate along the metallic
surface and on the top of the rectangle, with a corresponding SPP wavelength λ0 = 0.509 μm. The period is close to
half of λ0, consistent with the momentum-matching relation. For rectangles with smaller b, SPPs are easy to be
coupled between the metallic ﬁlm and the top surface of
rectangle, resulting in a larger transmittance. Figure 4(b)
shows the transmittance curves with d = 30 nm. The
transmittances vary in speciﬁc periods. The periods of
transmittances of b = 100 nm obtained by Fourier transform are P1 = 730 nm, P2 = 225 nm, P3 = 195 nm,
P4 = 154 nm, and P5 = 133 nm, as shown in Figure 4(c).
In the proposed structure, the space between rectangle and
ﬁlm can be considered as a metal–insulator–metal (MIM)
waveguide with two ends open to the ﬁlm. The effective
index of the TM0 mode of the MIM waveguide with
b = 100 nm is n1 = 1.6930 – 0.0114i at an excitation
wavelength of 0.532 μm. Thus, the wavelength of SPPs in
the waveguide is λ1 = 0.314 μm. For a larger d, the SPPs
propagating on the top of the rectangle are coupled from
position A, as shown in Figure 4(d), which is stronger
than that of d = 0 nm. Thus, the SPPs propagating on the
top of the rectangle contribute to the transmission characteristics in Figure 4(b). As aforementioned, the wavelength of SPPs on the top of the rectangle is
λ0 = 0.509 μm. When resonance occurs around the rectangle, it satisﬁes a = N · P (N = 1, 2, 3...). P1 = 3λ0/2 = 5λ1/
2, which is close to the common multiple of the half of λ0
and the half of λ1. Thus, the main period in Figure 4(b) is
due to the combined contribution of SPPs on the top of
the rectangle and the SPPs in the space between rectangle
and ﬁlm. P2 = λ0/2 and P4 = λ1/2, which are due to the
resonance of SPPs on the top surface of rectangle and
space between rectangle and ﬁlm, respectively. P3 = 2λ0/
2 − 2λ1/2 corresponds to the further increase of a from
which the resonance of SPPs between rectangle and ﬁlm
occurs to which the resonance of SPPs on the top of the
rectangle appears. P5 = 4λ1/2 − 2λ0/2, which corresponds
to the further increase of a from which the resonance of
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SPPs on the top of the rectangle occurs to which the
resonance of SPPs between rectangle and ﬁlm appears.
Periods can be obtained similarly for other b values.
Therefore, periods in the transmittance spectra are due to
SPP resonance on the top surface of the rectangle, in the
space between rectangle and ﬁlm, or both. When d > 0,
SPPs are coupled from the bottom of the rectangle. Propagation in the vertical direction generates an additional
phase difference affecting the superposition between SPPs
from the rectangle top and SPPs from the space between
rectangle and ﬁlm. Additional phase difference decreases
with decreased b, which leads to the transmittance
increase in Figure 4(b).

4. Conclusions
The effects of silver rectangle on the transmission
characteristics of SPPs on a silver ﬁlm are investigated
using the ﬁnite-element method. Given the resonances of
SPPs on the rectangle and in the space between rectangle
and ﬁlm, transmission valleys occur in the transmission
spectra at which enhanced electric ﬁelds appear between
rectangle and surface. The SPPs are also coupled with
the upper facet of the rectangle, where it propagates even
for a relatively large distance between rectangle and
interface, as well as for a large height of rectangles. The
transmission properties of SPPs on silver ﬁlm are also
strongly affected by the structural parameters of the silver rectangle and the separation between rectangle and
ﬁlm. Results reveal that the enhanced electric ﬁeld
caused by the resonance around the rectangle can be
applied to enhance nonlinear optics and can help in the
applications of SPPs delivery. The coupling mechanism
is also suitable for different wavelengths and different
substrate materials.
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