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Abstract: We propose a novel cavity-coupled MIM nano-hole array structure that exhibits a
tunable dual passband in the near-infrared regime. When compared with the traditional single
metal film, the designed structure provides a coupling effect between Gspp and SPP to significantly
reduce the linewidths of the two transmission peaks. We also reveal the physical origin of the
positive and negative influence of the cavity effect on the transmission of high-frequency and
low-frequency peaks. This work supplies a new modulation theory for plasmonic devices based
on the EOT phenomenon and has a wide application prospect in the fields of infrared sensor,
plasmonic filter, and hyperspectral imaging.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Plasmonics mainly concerns the interaction of light and matter limited to the wavelength or
subwavelength scale [1–5]. When the incident electromagnetic wave operates in plasmonic
nanostructures, the surface plasmons (SPs) can be excited due to the coherent oscillations of the
free electrons in the metal. These surface plasmons fall into two categories: surface plasmon
polaritons (SPPs) propagating at the metal-dielectric interface, and localized surface plasmons
(LSPs) confined around the geometry of nanostructures [6–8]. The optical properties of the
plasmonic metasurfaces such as amplitude [9], polarization [10], and phase [10,11] can be
modulated by engineering the shape, size, and material of the nanostructures. Today, these
structures attract a great deal of attention due to their thinness, which is much smaller than
the operating wavelength. This characteristic makes the plasmonic optical components and
systems easier to miniaturize and integrate. The devices prepared by the SPs principle have
broad application prospects: biochemical sensors [12,13], waveguides [14], photocatalysts [15],
surface-enhanced Raman scattering (SERS) [16,17], nanolasers [18], and energy harvester
[19,20].
The extraordinary optical transmission (EOT) through subwavelength hole arrays was first

reported by Ebbesen et al. in 1998 [21]. This transmission phenomenon produced by the
resonant coupling between the SPPs on the corrugated metal surface and the incident light
was far stronger than the prediction from classic Bethe theory. The filters prepared using this
concept have the attractive characteristics of easy integration, miniaturization, and tunability.
Some valuable related studies have been proposed [22–25]. More recently, related studies have
attempted to adapt the complex aperture shapes, combination array, and hole-filling materials to
improve the coupling efficiency between different SPP and LSP resonances and thereby affect the
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spectral response of the passband [7,22,26]. However, a high-performance plasmonic filter with
a narrower bandpass based on SPPs is still a great challenge. Furthermore, a more general theory
including a simplified design can significantly modulate and improve the optical performance of
the structure. In addition, related research usually focuses on experimental optical characteristics.
Further investigations of the physical mechanism are also necessary.

In this paper, we have studied the optical properties of metal–insulator–metal (MIM) structures
with periodic nano-hole arrays in the near-infrared (0.7–1.5 µm) region. We focus on the effect
of a novel coupling mode for transmission. When compared with the traditional single metal
film, the cavity effect brought by the MIM structure significantly reduces the full width at the
half-maximum (FWHM) ∆λ of the dual transmission passband and improves the quality factor
Q (Q=λc/∆λ, where λc is the center wavelength of the passband). It also greatly improves the
transmittance of high-frequency resonance peak. This work provides a new modulation idea for
similar plasmonic devices based on the principle of the EOT phenomenon. The characteristics
of precise modulation and thinness make our MIM composite filters ideal for integration with
appropriate photodetectors. There is high application value in fields such as infrared sensors,
plasmonic filters, and hyperspectral imaging.

2. Simulation model

The optical characteristics of the cavity-coupled nano-hole system were theoretically analyzed by
the 3D finite difference-time domain (FDTD) method using commercial software (Lumerical
FDTD Solutions). The proposed structural model is shown in Fig. 1: the two gold films sandwich
a SiO2 layer of specific thickness H, and all MIM layers patterned with hexagonal-array “etch”
holes are deposited on a quartz substrate. The upper surface of the substrate was set to the
X-Y plane with Z= 0. In the simulation process, the normal X-polarized incident light with
a wavelength range from 700 nm to 1500 nm propagates along the negative Z-direction. The
asymmetric and symmetric boundary conditions align with the X- and Y-axes, respectively. They
form the unit-cell “region” shown as the red dotted rectangle in Fig. 1. The condition of the
perfectly matched layers (PML) swaps on the Z-boundaries. The permittivity of the Au and SiO2
is extracted from the CRC and Palik model [27], respectively. The dielectric space is separated by
the two metal layers in the Z direction. Therefore, both the metal films need to have a reasonable
thickness to prevent the interfacial excitation SPP and the gap-cavity SPP from interfering with
each other across the metal barrier. Based on the relevant concept of the penetration depth [9],

Fig. 1. Diagram of the designed cavity-coupled MIM nano-hole array structure. Top view
and cross-sectional view of the structure.
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we calculated that the sum maximum of penetration depth between the interfacial (including
Air/Au and SiO2/Au) SPP and the gap-cavity SPP in the gold layer is around 50 nm in the target
passband. For the above considerations, we set this value to the thickness of the metal films.
To ensure the correctness of the calculation results, the area containing the triple-layer MIM
structure uses a discrete mesh grid with a size of 2 nm×2 nm×2 nm, and we performed multiple
repeated verifications.

3. Theory analysis and numerical investigation

To better study the effect of cavity coupling on the plasmonic EOT phenomenon, we investigated
the optical properties of a non-cavity 50-nm-thick gold layer deposited on the quartz substrate
with a hexagonal nano-hole array as shown in Fig. 2(a). In the simulation calculation, we used
the radius R as an independent variable and found that the structural transmission spectrum is a
function of R and the incident wavelength with a fixed period P=800 nm and x-polarized Ein as
shown in Fig. 2(b). Interestingly, the intensity and linewidths that are equivalent to FWHM of the
two apparent transmission responses marked as T1 at high frequencies and T2 at low frequencies
are affected by the changes in hole duty cycle; however, the peak resonant positions remain
nearly constant located at specific wavelengths of 796 nm and 1129 nm. This is because the EOT
phenomenon that originates from the SPPs excited at the metal-insulator (MI) interface effectively
couples with the incident energy, and the excitation frequency of transmission-type SPPs is
modulated by the structural period, arrangement type, and material characteristics independent of
aperture radius. This property is attributed to the match between the surface plasmon dispersion
and the grating coupling momentum in the wavenumber space. We defined the peak resonance
positions of T1 and T2 as points 1 and 2 where P= 800 nm and R= 160 nm to facilitate subsequent
analysis. In order to illustrate the role of SPPs in the EOT formation process, we can express the
above relations by Eqs. (1) and (2) [9,22]:

ksp = k0
√

εmεd
εm + εd

(1)

kmode = k0 sin θ +
√

4
3
(i2 + i · j + j2) · G (2)

Equation (1) indicates the wave vector threshold of the SPs excited on theMI interface, in which
k0=w/c is the wavenumber of the free-space incident light, and εm and εd are the permittivities
of the metal and insulator medium, respectively. The source of the dielectric parameter model is
described in the previous section. Equation (2) describes the Bragg coupling condition of the
hexagonal array, where θ is the incidence angle, (i, j) represent the diffraction grating orders,
and G signifies the reciprocal lattice vector, which is equal to 2π/P. Only when ksp= kmode, the
incident light field is coupled to the SPs, and then the electromagnetic energy is trapped on the
MI interface, increasing the transmission peak [28,29].
Figure 2(c) illustrates the dispersion relationships of SPs and different-order Bragg coupling

obtained by solving Eqs. (1) and (2). In fact, it is possible for the MI interfaces on either side of the
array of holes to sustain the SPs modes, which are offset from each other by the difference in εd of
the asymmetric dielectric material directly contacting the metal layer. Therefore, the two sets of
peaks revealed by the transmission spectrum correspond to different surface excitation modes [29].
The red and blue solid lines in Fig. 2(c) are the SPPs modes propagating at the external Air-Au
interface and the internal SiO2-Au interface, respectively. The red and blue dashed lines refer to
the dispersion curves of light in vacuum and SiO2 material. The discrete wavenumber increments
of Bragg coupling with different resonance orders are represented by the green lines. Different
diffraction wave vectors of kmode(1,0)= 9.069×106 m−1 and kmode(1,1)= 1.571×107 m−1 are
derived from Eq. (2) with P=800 nm and θ=0. The intersection points I1 and I2 satisfying the
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Fig. 2. (a) Diagram of the 50-nm-thick gold layer with hexagonal nano-hole array coated
on the quartz substrate. Cross-sectional view of the structure. (b) Simulated transmission
behavior for the gold single layer with the nano-hole array as a function of wavelength
and the radius R of the hole with fixed period P= 800 nm. The points 1 and 2 indicate
the transmission peaks of T1 and T2 with P= 800 nm and R= 160 nm, respectively. (c)
The dispersion relation of SPs and different Bragg coupling orders. The wavenumber
positions of the cross points I1 and I2 satisfy the wave-vector matching condition to excite
the corresponding SPP mode. (d) The relationship between the P and transmission peak
wavelengths of T1 and T2 obtained by FDTD and fitting method with the ratio of R/P= 0.2,
respectively.

wave-vector matching condition ksp= kmode exhibit excitation frequencies f I1=4.196×1014 Hz and
f I2=2.910×1014 Hz that generate SPPs on Air-Au and SiO2-Au surfaces, respectively. Therefore,
the EOT peak wavelengths of the T1 and T2 modes are λ1(1,0)= 715 nm and λ2(1,0)= 1031 nm,
corresponding to the previous simulation values of 796 nm and 1129 nm. Obviously, the peak
wavelengths predicted by Eq. (2) appear at shorter wavelength positions, which is the result of
neglecting the resonance phase shift caused by the in-hole coupling effects and the associated
scattering losses [29]. To effectively predict the resonance peak position λr of each transmission
mode, we propose the concept of effective refractive index Neff=ksp/k0 and add a phase correction
∆ϕ to the constructed mathematical model, which is expressed as Eq. (3):

λr =
Neff · P√

4
3 (i2 + i · j + j2) +

∆ϕ
2π

(3)

Naturally, since the diffraction order can be obtained from the dispersion relation, as long as
we know the trend of Neff and ∆ϕ, we can quickly solve for λr. Taking as an example, the two
transmission relationships of T1 extracted by periodic scanning with the condition of R/P= 0.2
shown in Fig. 2(d), we get the exact values of Neff and ∆ϕ/2π when P=700 nm (1.031 and
-0.155) and P=1100 nm (1.011 and -0.111) from Eqs. (1)–(3). Hence, the phase shift ∆ϕ and the
effective refractive index Neff of other periods in the T1 mode can be obtained by linear fitting,
and then all the resonant wavelengths λrs in the desired working band will be calculated. Of
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course, the same calculation method can be applied to the T2 mode. The relationships between
the simulated peak positions and the corresponding λrs acquired by fitting are also illustrated in
Fig. 2(d). It is clear that the results of T1 and T2 modes calculated by the two methods are in
good agreement. The positive correlation between P and λr represented by Eq. (3) can explain
the linear redshift phenomenon of the resonant wavelengths with periodic modulation. Therefore,
within a reasonable range, this fitting theory is a fast and convenient way to obtain the peak
solution of the relevant model, avoiding large amounts of repeated simulations.
The near-field distributions around holes excited at the two transmission peaks of T1 and

T2 are necessary to further illustrate the nature of the resonant hole excitations. As shown in
Figs. 3(a) and 3(b), when P= 800 nm and R= 160 nm, the relative magnetic field energy |H/H0 |

2

on the X-Z plane is mainly confined to the Air-Au and SiO2-Au interfaces, and the corresponding
decay length is significantly shorter in the metal than in the dielectric. This indicates that the
SPP modes are excited by the coupling of the incident energy with the periodic nanohole array.
Furthermore, the maximum electric field enhancement is observed near the hole edges as shown
in Figs. 3(c) and 3(d), because the charge accumulation associated with dipolar excitation is the
largest at these locations [30,31]. Of course, the relative electric field distributions |E/E0 | of LSPs
in the two modes behave differently. The strongest field enhancement is localized around the top
of the opening of the hole at the wavelength of feature point 1 but occurs near the bottom of the
hole at point 2. This difference also corresponds to the generation surface of the particular SPP
mode. The LSP phenomenon at the edges of the holes acts as an effective dipole scatterer, which
can re-excite surface waves along the hole wall in the Z-direction, thereby enhancing the coupling
between the holes and SPP. This view is confirmed by the Ez-field distribution of Figs. 3(e)
and 3(f) in the hole located at the middle of the thickness of the metal layer (Z=25 nm) on the
X-Y plane. There is a clear surface wave flowing toward the inner side wall of the hole, with a
dipole-like radiation pattern. Therefore, we speculate that the essence of the EOT phenomenon
is the joint coupling of the SPP formed at the interface and the side-wall modes excited by LSP.

Fig. 3. (a) and (b) Longitudinal relative magnetic-field energy distributions at the wave-
lengths of T1’s and T2’s transmission peaks when R is 160 nm and P is 800 nm. The color
bars stand for the normalized magnetic energy intensity. (c) and (d) Longitudinal relative
electric-field intensity distributions at points 1 and 2, respectively. The color bars stand for
the normalized electric field intensity. (e) and (f) The relative electric field Ez distributions
at points 1 and 2, respectively, on the X–Y plane with Z=25 nm. The color bars stand for the
normalized electric field Ez intensity.
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In the previous section, we discussed the EOT phenomenon of a gold film with hexagonal
nano-hole array, and we noticed that its characteristic spectrum shows poor transmittance and
wide FWHM value in T1 mode. In order to improve the spectral performance, we have improved
the single-layer metal design to a MIM resonance structure coated on the quartz substrate, which
consists of 50 nm thickness on both the top and bottom Au layer, and an initial value of H=50
nm thickness for the middle SiO2 gap with patterned nano-hole array as shown in Fig. 1. For
the purpose of comparison with the previous study, we scanned the radius R of the nanoholes
at fixed P=800 nm and obtained the transmission performance under the influence of R and
incident wavelength for the composite structure shown in Fig. 4(a). The evident difference from
Fig. 2(b) is that a transmission valley marked as A1 appears, which causes the T1 mode to split
and significantly reduces the linewidth of the main peak and increases its transmittance. The A1
resonance state is actually caused by the Gap SPP (Gspp), which will be discussed later. It is
not difficult to understand that the shift of T1 and T2 resonance peak positions is attributed to
the phase shift caused by the coupling of Gspp with the original SPP modes. To reflect these
characteristics directly, we compared the spectral behaviors between the single-layer metal and
the MIM structure with hole radius of R=160 nm at a fixed period (P= 800 nm) as shown in
Fig. 4(b). The spectral transmission linewidth (74 nm) of the MIM structure in the T1 mode
reduces by 2/3 compared to the single-layer metal (228.7 nm), and the quality factor Q increases
from 3.48 to 10.53. At the same time, the transmittance of the main peak increased by 23.6%.
The absorption curve of the MIM structure with R=160 nm and P= 800 nm as shown in Fig. 4(b)
reveals that the nature of the A1 mode is a strong energy localization and absorption caused by
the gap’s cavity effect. In addition, the excitation process of SPP requires the participation of
metallic materials, so that the T1 and T2 transmission modes inevitably produce some by-products
of absorption loss. It is foreseeable that as the hole radius R continues to increase, more and more
light fields are coupled into the hole, and the transmittance of the side peak becomes stronger
and cannot be ignored, leading to significant crosstalk. Therefore, the ratio R/P is adopted as 0.2,
which is a trade-off between linewidth optimization and side peak suppression.

In fact, the Gspp excited on the two SiO2-Au interfaces forms a standing wave along the SiO2
gap of the MIM structure between the SiO2-Air boundaries in A1 mode, and the electric energy
has a transverse nodal arrangement consisting of alternating bright and dark regions as shown
in Fig. 4(c). Hence, the MIM structure is equivalent to the role of a transverse Fabry-Perot
(F-P) cavity [32–34], providing a unique modulation method. The excitation state of Gspp can
be described using the waveguide model and dispersion relationship given by Eqs. (4) and (5)
[35–38]:

2βL + ∆ϕ′ = 2
√
m2 + n2π (4)

εdkm + εmkd tanh(
kd
2
H) = 0 (5)

where β is the wave vector of the Gspp, L= P-2R is the transverse length of the F-P cavity, ∆ϕ´
is the round-trip phase shift of the reflection at the two end-face boundaries, and m and n are
the resonant orders, which denote the number of intensity antinodes (or nodes) in the X- and
Y-directions, respectively. The parameters kd and km are defined as kd = (β2 − εdk20)

1/2 and
km = (β2 − εmk20)

1/2. In the A1 resonance state at point 3, both the SPP induced by the top and
bottom interfaces of the MIM structure and the radiation pattern in the hole have all disappeared.
At this time, the energy carrier is Gspp, which is localized in the F-P cavity as shown in Fig. 4(c).
The relative electric field distributions and Poynting vectors in Fig. 4(d) are calculated in the
center thickness X-Y plane (Z=75 nm) of the dielectric gap, which directly reflects the Gspp
field resonance order as (2,2) and immediately describes the energy flowing from the hole to the
F-P cavity as forming an internal circulation. By combining the Eqs. (4) and (5), we calculated
the effective refractive index Neff´=2.14 (Neff´ is defined as β/k0) and the additional phase shift
∆ϕ´/2π=0.41 in the MIM cavity at point 3. Based on the above theory, we can clearly explain the
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Fig. 4. (a) Simulated transmission behavior for the MIM structure with the nano-hole array
as a function of wavelength and the radius R of the hole with fixed period P= 800 nm. The
black and white dashed curves indicate the locations of A1 resonance and transmission
with R=160 nm, respectively. The cross points 3 to 5 reflect the three transmission extreme
values of A1, T1, and T2. (b) Under the condition of R=160 nm and P=800 nm, the
transmission spectra of the single-layer metal and the MIM structure with nano-hole array
show a clear difference, and the corresponding absorption curve of the MIM structure is
also exhibited. (c) Longitudinal relative magnetic-field energy distribution at point 3. The
color bar stands for the normalized magnetic energy intensity. (d) The relative electric-field
intensity distributions on the X-Y plane with Z=75 nm at point 3. The color bar stands for
the normalized electric field intensity, and the black arrows represent the Poynting vectors.
The outline of the nanohole is marked by a white dotted line.

blue shift phenomenon of A1 mode in the radius modulation process in Fig. 4(a): As the radius
R of the nanohole gets larger, the resonance length L of the F-P cavity becomes shorter. The
changes in ∆ϕ´ are actually rather subtle in this process, and there is a tendency to maintain the
resonance order (m=2, n=2) at the resonant wavelength of A1 mode. Thus, we can predict that
the resonant wavenumber (β) will increase due to the decrease of L, and the peak frequency of
the Gspp mode will shift toward the short-wave direction.

We will clarify the specific influence of the MIM cavity effect on the two transmission modes.
The significant reduction in the linewidth of T1 is attributed to the strong absorption caused
by the energy localization of Gspp (2,2) in A1, which causes the spectral transmission to drop
sharply and also significantly affects the quality factor. At the peak frequency of T1 at point
4, the Gspp mode located in the gap cavity is in the transition process from the (2,2) to the
(2,3) order. The unstable Gspp (2,3) basically shows a resonance integer order between adjacent
holes and is coupled with Air-Au SPP (1,0). This coupling effect significantly enhances the
radiant energy in the hole as shown in Fig. 5(a) and improves the spectral transmittance of the
structure. Figure 5(c) shows the arrangement of the electric field response in the center plane of
the gap thickness (Z=75 nm) and shows that the energy flows from the gap cavity through the
end-face boundary into the hole, which also confirms the statement that Gspp can gain the T1
transmission. At the T2 peak frequency corresponding to point 5, SiO2-Au SPP (1,0) is still the
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origin of induced transmission as shown in Fig. 5(b), but this spectral position is far from the
adjacent stable Gspp resonance frequency. In this case, the field distribution in the dielectric gap
during the cavity-to-hole transition process will cause a forced resonance in the F-P cavity due to
the mismatch of wave vectors. Naturally, the energy flowing into the cavity cannot be enhanced
by resonance, but instead gradually disappears in the cavity due to the damping loss. Therefore,
the gap cavity is equivalent to a loss device, which plays a negative role in T2 mode. For this
reason, the attenuation of the T2 transmission is steeper, resulting in the linewidth decreasing
from 79.3 to 38.7, and the Q value increasing from 14.2 to 28.1. Figure 5(d) shows the specific
process of energy entering into the MIM cavity from the hole and eventually dissipating in the
cavity, which is consistent with the above theory.

Fig. 5. (a) and (b) Longitudinal relative magnetic-field energy distributions at point 4 and
point 5, respectively. The color bars stand for the normalized magnetic energy intensity. (c)
and (d) The relative electric-field intensity distributions on the X-Y plane with Z=75 nm
at point 4 and point 5, respectively. The color bar stands for the normalized electric field
intensity, and the black arrows represent the Poynting vectors. The outline of the nanohole is
marked by a white dotted line.

Finally, we discuss the optimization of the dielectric-cavity thickness H. From Eq. (5), we
can infer that tuning the thickness of the dielectric gap can change the resonant wave vector
β and reshape the spectral response. Furthermore, Fig. 6(a) depicts the different behaviors of
five transmission plots with H increasing from 30 to 70 nm. When H< 50 nm, there are both
Gspp (2,2) and Gspp (2,3) modes in the transmission spectra marked by red and black dotted
arrows, respectively. As H increases, the corresponding characteristic solution β in the MIM
cavity becomes larger, making the two transmission valleys continuously blue-shift. However,
unless H= 50 nm, there will be multiple side peaks or excessive noise in the T1 band. When H>
50 nm, the A1 absorption gradually works around the T1 peak. Unfortunately, the Gspp (2,2)
resonance mode at this time cannot perfectly cancel out the transmission excited by Air-Au SPP
(1,0), resulting in the high intensity of the side peak. A similar phenomenon will occur when
the duty cycle R/P is too large. Figure 6(b) shows the stable Gspp (2,2) and Gspp (2,3) modes’
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electric field and energy flow distributions at the center thickness of the gap where P= 800 nm,
R= 160 nm, and H= 40 nm. It is worth noting that in the absorption mode with stable Gspp,
there is almost no radiation pattern in the hole, which is the exact opposite of the transmission
mode. The physical mechanism of the former two modes is similar to the A1 mode at point 3
and is not repeated here. Additionally, when the structural period is tuned with a constant ratio
of R/P=0.2, the peak wavelengths of corresponding spectral curves, which display stable and
similar waveforms, can be modulated as shown in Fig. 6(c). This result suggests that the two
transmission peaks that maintain narrow linewidths can be controlled simultaneously by shifting
the period into two focused infrared operating bands, thereby generating a dual infrared response
band device. The extreme wavelengths of T1, A1, and T2 with different periods can also be
quickly solved by the linear fitting method mentioned above. However, the calculation formula
of the A1’s resonance wavelength is converted to λG = 2Neff

′ · L/(
√
m2 + n2 − ∆ϕ′/2π). The

parameter pair (Neff´, ∆ϕ´/2π) of the gap cavity in Gspp (2,2) mode is obtained with Eqs. (4) and
(5) as (2.185, 0.420) with P=700 nm and (2.072, 0.391) with P=1100 nm. The simulated and
fitted results shown in Fig. 6(d) are in good agreement.

Fig. 6. (a) The transmission behaviors of the proposed structure with H increasing from
30 to 70 nm at fixed P= 800 nm and R/P=0.2. The red and black dotted arrows indicate
the resonance positions of Gspp(2,2) and Gspp(2,3). (b) The relative electric-field intensity
distributions of Gspp(2,3) and Gspp(2,2) at the center thickness of the gap with H=40
nm. The color bar stands for the normalized electric field intensity, and its upper limit
is |E/E0 |=12. The black arrows represent the Poynting vectors. (c) The dependence of
transmission on the P of the proposed structure in the passband with fixed H=50 nm and the
ratio of R/P=0.2. (d) The relationship between the P and extreme wavelength of T1, A1, and
T2 obtained by FDTD and fitting method with the ratio of R/P= 0.2, respectively.
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4. Conclusion

In summary, we have investigated a promising plasmonic filter of MIM structure with a nano-hole
array in the working region of 0.7–1.5 µm, which provides a coupling effect between the SPP
mode on the MI interface and Gspp in the gap cavity. Based on the cavity effect, the optical
characteristics of dual passbands show significant improvement in linewidth and quality factor
compared to the single metal film. The influence of the transverse F-P cavity on the transmittance
was also discussed, which includes the energy gain to the high-frequency T1 peak and the induced
additional losses for the low-frequency T2 peak. In addition, we provided optimized results for
the nano-hole radius R and the gap-layer thickness H to further promote the noise suppression
at high-frequency transmission. The advantages of periodic modulation, miniaturization, and
simple hole shape are suitable for integration with photodetectors.
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