


will become a good in-plane electrical conductor as a result of the metal film, which would
broaden the real applications in organic solar cells, optoelectronic devices, photovoltaic cells, or
touch screens [23]. Thus, transmission of a multilayer design of broadband transparent and
high-conductive screen has been investigated recently, and high transmittance over a wide-
band spectral range was achieved. However, the strong electric fields distributed at the sides of
metallic particles, which results in poor field confinement [24], [25].

In this paper, we propose a multilayer structure with periodic nanoslit (MSPN, Au
nanoslits=Al2O3=Au film=Al2O3=Au nanoslits) arrays to achieve broadband EOT. The simulation
results reveal that MSPN achieves a broadband-enhanced transmission in infrared, and has
strong electric-field enhancements in the narrower slit region. In addition, the effects of different
structural parameters of MSPN on the transmission properties are also studied. These highly
enhanced electric fields in the narrow slit of MSPN would be useful for near-field light-harvesting
devices [7], [30], optofluidic devices [31], and sensors [5], [20].

2. Structure and Computational Method
Fig. 1 shows the proposed MSPN arrays that are composed of a pair of periodic metallic (Au) na-
noslit layer separated from a continuous gold film by two dielectric ðAl2O3Þ layers. t1 and t2 are
the thicknesses of top and bottom metallic nanoslits, respectively; d1 and d2 are the thicknesses
of upper and lower dielectric layers, respectively; h represents the thicknesses of gold film. The
nanoslits are composed of broad and narrow rectangular slits, and their dimensions are given as
displayed in the right inset of Fig. 1. The period of nanoslits in the x and y directions are denoted
by Wx and Wy , respectively. The length of the narrow slits and broad slits are fixed at 100 nm
and 50 nm, respectively. Thus, Wy is fixed at 150 nm in this study. Besides the situation of study-
ing the effect of the period Wx on the transmission of MSPN arrays, Wx is fixed at 150 nm.

In this current study, the transmission properties of MSPN are examined numerically using
three-dimensional finite element method software COMSOL Multiphysics. The minimum mesh
size of 0.672 nm is 23 times less than the minimum width (16 nm) of MSPN, which satisfies the
COMSOL stability criteria (convergence). The refractive index of the dielectric Al2O3 and the
metal Au are taken from [26] and [27], respectively. The excitation source used is a plane wave
with TE polarization along the �z direction and the magnitude of the incident electric field is set
at 1 V/m. Under y polarization, the transmission peak only appears around � ¼ 0:5 �m with a
transmittance of 0.04. At the transmission peak, enhanced electric fields appear around the cor-
ners of the slit, which is due to the localized surface plasmon resonance in slits. The optical prop-
erties of the MSPN under x polarization incident are concentrated in this paper. The infinite array
is simulated using periodic boundary conditions along the x and y directions around the unit cell.
The transmittance is defined as T ¼Pout=Pin, which is the ratio of output power to incident power.

Fig. 1. Configuration of MSPN and parameters definition, where the unit cell with the associated
geometric features is designated in the top-right inset.
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3. Results and Discussion
The transmission spectra of different structures are calculated at the wavelength ranges from
0.2 �m to 3.0 �m. The black grid line in Fig. 2 shows the simulated transmittance for MSPN
arrays with t1 ¼ t2 ¼ 40 nm, d1 ¼ d2 ¼ 16 nm, h ¼ 16 nm, and Wx ¼ 150 nm. Two peaks of
� ¼ 1:26 �m and � ¼ 1:72 �m appear in infrared and its full-width half-maximum is 0.94 �m.
Four peaks with relatively low transmittance occur in the visible region. For comparison, the
transmissions of the single seamless Au film (the third layer of MSPN, denoted by a red dot
line), the bare metal nanoslits (the first layer of MSPN, denoted by a blue triangle line), and the
top three layers of MSPN arrays consisting of metal nanoslit/dielectric/metal film (MDM, denoted
by a green triangle line) with the same structural parameters as those in MSPN arrays are also
investigated. Fig. 2 shows that, for the Au film, the transmittance is almost close to zero in the
infrared region. A broad transmission region for longer wavelength occurs for the nanoslits. A
transmittance peak at approximately � ¼ 1:54 �m occurs for MDM. At the peak, the transmit-
tance is smaller than those of the MSPN arrays. When additional nanoslit layers are added at
the bottom of the MDM structure, two transmittance peaks appear in the infrared region and the
transmittance improvement is approximately 30% with respect to the MDM structure.

To understand the transmission mechanism of MSPN arrays, we calculate the electric field
distributions and the current density in the x�y plane at the transmission peaks of the MDM
and MSPN structures, as depicted in Fig. 3(a)–(c). The color bar and the red arrow represent
electric field magnitude and the direction of current densities, respectively. For the MDM struc-
ture, the strong localized electric fields occur in the top nanoslits and the electric fields on the
metal film is relatively weak at � ¼ 1:54 �m [see Fig. 3(a)]. For MSPN arrays, on the top and
bottom nanoslit layers at � ¼ 1:26 �m and � ¼ 1:72 �m [see Fig. 3(b) and (c)], the massive con-
centrated electrons around the slits form strong oscillation and highly enhanced electric fields
occur in the narrow slit. The strong electron oscillations on the bottom nanoslits result in a larger
transmittance compared with that on the MDM structure.

At � ¼ 1:26 �m [see Fig. 3(b)], electric currents are parallel on the top and the bottom nanoslit
layers. This mode is called electric resonances (sometimes referred to as symmetric mode). At
� ¼ 1:72 �m [see Fig. 3(c)], the electric currents on the top and bottom nanoslit layers are
anti-parallel. This mode can be considered as magnetic resonances (asymmetric mode). The mag-
netic mode can form a circulating current loop and lead to an enhanced magnetic field, which is
mainly attributed to the strong coupling between the top and the bottom metallic layers. According
to the equivalent R, C, L circuits, the magnetic resonant wavelength can be given as a formula of
�m ¼ 2�c

ffiffiffiffiffiffiffiffiffiffiffiffiffi
LmCm

p
, where c refers to the speed of light in a vacuum, and Lm and Cm are the

Fig. 2. Transmission spectra of the multilayer structure with periodic nanoslit (MSPN), the single
seamless Au film, the bare metal nanoslits, and the top three layers consisting of metal nanoslit/
dielectric/metal film (MDM). Au film, nanoslits, and MDM structures are inserted.
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inductance and the capacitance of metal, respectively [28]. For MSPN, the top and bottom nanoslits
can be taken as two parallel-plate capacitor. For approximation, we obtain Lm ¼ �ðt1 þ t2ÞWx=Wy ,
and Cm ¼ "WxWy=4�ðd1 þ d2 þ hÞ, where � and " is the permeability and the permittivity, respec-
tively. Combining the equations for Lm and Cm into �m shows that the resonance wavelength �m

is proportional to

�m / Wx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðt1 þ t2Þ=ðd1 þ d2 þ hÞ

p
: (1)

To investigate the effect of thickness of dielectric layers on the transmittance of MSPN arrays,
d1 and d2 are varied synchronously from 16 nm to 40 nm with fixed geometric parameters
t1 ¼ t2 ¼ 40 nm, h ¼ 16 nm, and Wx ¼ 150 nm. Fig. 4(a) shows that the wavelength of electric
resonant mode red shifts, and wavelength of magnetic resonant mode blue shifts as d1 and d2
increase. As d1 and d2 increase, the electric field couplings between the film and the nanoslit
layer weaken, which increases the effective electron oscillation depth in z direction. As a result,
the effective length to depth aspect ratio of the electron oscillation in the nanoslit layers de-
crease, and lead to the red shift of the wavelength of the electric mode. According to (1), the in-
crease of d1 and d2 lead to the blue shift of the magnetic mode. The two transmission peaks
overlap to produce a high transmittance over a broadband range. Layers with accurate and
identical thickness are difficult to fabricate experimentally. Thus, we study the effect of the

Fig. 3. Electric field distributions and the normalized current densities at peaks in the x�y plane for
MDM [(a) � ¼ 1:54 �m] and MSPN [(b) � ¼ 1:26 �m, (c) 1.72 �m]. The electric field distributions
magnitude and the direction of current densities are denoted by the color bar and the arrows,
respectively.

Fig. 4. Transmission spectra of MSPN with (a) d1 and d2 varied synchronously and (b) d2 varied only.
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thickness of the bottom dielectric layer d2 on the transmittance of MSPN arrays with fixed d1.
Fig. 4(b) exhibits the transmission spectra with fixed d1 ¼ 16 nm and varied d2 from 12 nm to
24 nm. The electric resonant peak red shifts and the magnetic resonant peak blue shifts as d2
increases, which has similar trends as those in Fig. 4(a).

Analogously, we studied the effects of the thickness of the nanoslit layer on the transmission
of MSPN arrays with fixed d1 ¼ d2 ¼ 16 nm, h ¼ 16 nm, and Wx ¼ 150 nm. As shown in Fig. 5(a),
with the synchronous increase of t1 and t2, the electric resonant peak exhibits red shift on account
of the extended electron oscillation in the longitudinal direction; the magnetic resonant peak red
shifts according to (1). Then, we fixed the thickness of the top nanoslit layer and studied the effect
of the thickness of the bottom nanoslit layer on the transmission properties of MSPN arrays.
Similarly, Fig. 5(a) and (b) shows that both the electric mode and the magnetic mode red shift as
t2 increases.

To explore how the thickness of the metallic layer h affects the transmission properties of
MSPN arrays, h is increased from 16 nm to 28 nm at fixed t1 ¼ t2 ¼ 40 nm, d1 ¼ d2 ¼ 16 nm,
and Wx ¼ 150 nm, as illustrated in Fig. 6. As h increases, the transmission peak caused by
magnetic resonance exhibits an evident blue shift according to (1), whereas the transmission
peak caused by electric resonance corresponds to a slight red shift.

In addition, we study the effect of the period Wx on the transmission of MSPN arrays with
fixed t1 ¼ t2 ¼ 40 nm, d1 ¼ d2 ¼ 16 nm, and h ¼ 16 nm. As presented in Fig. 7, both electric
and magnetic mode exhibit red shift linearly as Wx increases. The red-shift of the electric mode

Fig. 5. Transmission spectra of MSPN with (a) t1 and t2 varied synchronously and (b) t2 varied only.

Fig. 6. Transmission spectra of MSPN with different h values.
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is due to the extension of effective electron oscillation length in x direction. The red-shift of the
magnetic mode is due to the linear increases of Lm and Cm.

The MSPN arrays is composed of two separated nanoslits, so the displacement between two
nanoslit layers along the x and y directions is inevitable during experimentation. To demonstrate
the effect of the displacement, the transmission spectra of different relative displacements are
discussed with t1 ¼ t2 ¼ 40 nm, d1 ¼ d2 ¼ 16 nm, h ¼ 16 nm, and Wx ¼ 150 nm. Fig. 8(a) illus-
trates the displacement �x between the top (blue) and bottom (gray) nanoslit layers along the
x direction. Fig. 8(b) shows that the lateral displacement does not affect the transmission proper-
ties obviously. We calculate the electric field profile and the Poynting vector in x�z plane at
� ¼ 1:26 �m, as shown in Fig. 8(c). Additional results show that the electric field distributions are
not influenced by the relative displacements and energy flows from the top open nanoslits.

Fig. 7. Transmission spectra of MSPN with different Wx values.

Fig. 8. (a) and (d) �x and �y represents the displacement between top (blue) and bottom (gray)
nanoslits in x -axis (y -axis). (b) and (e) Transmission spectra of different displacements. (c) and
(f) Electric field magnitude (color bar) and Poynting vector (red arrows) at � ¼ 1:26 �m with different
�x ð�yÞ.
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Moreover, energy cross the center metal and emit through the bottom nanoslits, regardless of
the position of the nanoslits. Fig. 8(d) illustrates the displacement �y between the top (blue) and
bottom (gray) nanoslit layers along the y direction. Fig. 8(e) shows that the transmittance spectra
are not dependent on �y . The electric field distributions and energy is hardly affected by the dis-
placement �y , as displayed in Fig. 8(f).

To study how the nanoslit layer mismatching influences the transmission property, we replace
the bottom nanoslits with a triangular nanohole, a circular nanohole, and a rectangular nano-
hole. The simulated transmission spectra are indicated in Fig. 9(a). MSPN arrays have parame-
ters of t1 ¼ t2 ¼ 40 nm, d1 ¼ d2 ¼ 16 nm, h ¼ 16 nm, and Wx ¼ 150 nm. The air area of
different kinds of nanoholes corresponds to the nanoslits. Fig. 9(a) shows that the transmittance
of the structures with nanohole layer is notably lower than that of MSPN arrays in infrared, and
even smaller than that of MDM. MSPN arrays can be represented as a two-port equivalent cir-
cuit, which is formed by an input transmission line (the top half structure) with the characteristic
impedance Zo and an output finite transmission line (the bottom half structure) terminated by a
load impedance ZL, as depicted in Fig. 9(b). Based on transmission line theory [21], [29], a
structure presents the highest power and the ideal transmission effectiveness when the load im-
pedance and the characteristic impedance match each other. Thus, when the shape of the top
layer is identical to the bottom, the device exhibits matching impedance Zo ¼ ZL, which en-
hances the electric field intensity and maximizes the transmittance. As a result, MSPN offers a
higher transmittance than the multilayer structure with nanoholes in infrared.

4. Conclusion
In summary, a multilayer structure (Au nanoslits=Al2O3=Au film=Al2O3=Au nanoslits) is proposed
to achieve broadband EOT in infrared. The transmission spectra and the electric field distribu-
tion of MSPN are investigated using the finite element method to understand the resonant
broadband EOT mechanism. Results indicate that MSPN offers strong electric field enhance-
ments in the narrower slit, and a high broadband transmission occur in infrared because of the
excitation of the electric resonances and magnetic resonances, which is distinct from [22]; more-
over, its transmission properties are strongly dependent on the structural parameters such as
the thickness of metallic nanoslits, dielectric layer, and metal film. The shape of bottom layer
also significantly influences transmission performance. More importantly, MSPN is not sensitive
to the relative displacement between the top and bottom nanoslits, which is a highlight of MSPN
arrays. These results could be applied in near-field light-harvesting devices, optofluidic devices,
sensors, and touch-screen techniques. It could also deepen our understanding of the transmis-
sion properties of multilayer structures.

Fig. 9. (a) Simulated transmission spectra of MSPN with diverse bottom layers. (b) Equivalent
transmission-line network of MSPN.
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