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Abstract: Narrowband light absorber with multi-band plasmonic resonances is numerically
investigated for high-performance electrical manipulation via introducing the electro-optic
(EO) medium in the slit array based grating structure. A maximal absorption efficiency of
99.5% is achieved. The spectral shift sensitivity reaches 0.99 nm/V. Besides, the large
spectral intensity change is also obtained due to the use of sharp resonances, which
therefore ensures the high signal-to-noise ratio for the manipulation process. It is observed
that the strong surface plasmon resonance and the localized optical cavity modes can
introduce the differential responses for the multiple modes under the optical adjusting
process and also for the EO manipulation process. These features not only contribute to
produce the new EO modulator platforms based on the light absorbers but also pave new
ways for the cavity-enhanced high-performance EO operation. Moreover, the absorption
properties can be well maintained in a wide range of the structural parameters, indicating
the high tolerance of the fabrication process. The findings can pave new insights into the
high-performance manipulations via the narrowband absorbers with strong electromagnetic
field enhancement and hold wide applications in dynamic switching, filtering, displaying, etc.

Index Terms: Plasmonics, light absorber, electro-optic, localized optical cavity.

1. Introduction
Plasmonic resonances have been widely developed for numerous applications including solar
light harvesting and energy conversion [1]–[3], high-performance sensing and detection [4]–[7],
deep-subwavelength nano-optics [8]–[10], and nonlinear optics [11]–[13] due to the intrinsic strong
electromagnetic field enhancement via the localized electrons oscillations in the nano-structured
resonators. The light flow trapped in the resonators, usually by the metallic nano-structures, could
be transformed to the evanescent wave in the limited spatial area close to the metal surface, which
holds the great contributions for efficient light-matter interactions.
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On the other hand, plasmonic resonances and strong electromagnetic wave coupling effects
have been employed for light absorption. In 2008, perfect microwave absorption has been realized
via the design of metal-insulator-metal triple-layer meta-material [14], which was observed to
support both the electric and magnetic resonances by the split metal ring resonator and the
top and bottom metal parts separated by the middle dielectric buffer layer. Since then, perfect
absorbers have been exploited with powerful ways to enhance the electromagnetic wave trapping
and the solar energy related techniques [15]–[17], subtractive filtering [18], high signal-to-noise ratio
sensing and detection [19]–[22], and new emerged optoelectronic devices [23]–[25]. Absorbers
with broadband and narrowband are both desirable for applications. For instance, broadband
absorption, even the absorption wavelength range covering the full-spectrum of the solar energy, is
the key point for the applications in the solar energy techniques including the desalination [26] and
photo-thermal steam generation [27]–[29]. A typical way to achieve the broadband absorption is to
utilize multiple resonators combined in the unit cell to produce a series of resonances in the wide
wavelength range [25],[30]–[33], which therefore leads to the formation of an expanded spectral
absorption band. As for the narrowband absorption, several ways have been utilized to improve
the spectral quality factor. Hybridized coupling between the different resonances in the composite
structures is a common method to achieve sharp resonant absorption [34],[35]. Optical cavity
assisted metal films [36] and oblique excitation in the corrugated metal film structures [37] have
also been used for narrowband resonances. Asymmetric metallic nano-structures also produced
the sharp resonances [38], [39] due to the coupling between the resonances supported by the
adjacent resonators.

Via tuning the structural features, it is well-known that the plasmonic resonances can be arti-
ficially manipulated. Nevertheless, in contrast to the need of changing the structure parameters,
the external manipulation for the absorption properties via the optical operations could be a
better choice since it is more feasible to achieve the time-saving manipulation. For instance, due
to the polarization-dependent absorption behaviors, it is easy to artificially tune the absorption
efficiency for the absorber via changing the polarization state of the illumination source [40],[41].
Otherwise, via using the phase change materials, resonant absorption intensity can be strongly
manipulated, showing the switching operations for functional modulators [42],[43]. Nevertheless,
in these operation processes, it is not easy or unable to tune the resonant wavelengths. That is,
it is still with the need to carry out the different design and fabrication processes for the systems
worked at the different wavelength ranges.

In this work, we propose and numerically demonstrate a facile strategy for the multi-band high-
performance electric-adjusting platform via using a narrowband light absorber, which ensures the
high absorption and the strong local field enhancement by the plasmonic cavity resonances. In
contrast to the complex structural features formed by the multiple metallic layers or resonators in
the previous reports [25],[38],[44], only a slit cavity assisted metal grating is used to produce the
plasmonic resonances and realize the light flow confinement. Otherwise, the absorber is an open
system due to the transparent dielectric medium used as the cover film, which therefore enables
the highly spectral ratio for the absorption and reflective states at the operation or the standby
states. These findings are impressive for applications in active optoelectronic devices.

2. Geometric Parameters and Simulation Methods
Herein, we use a metal-dielectric composite structure to act as the narrowband absorber. As shown
in Fig. 1(a), the absorber only consists of triple layers, the bottom substrate of metal film grating with
nano-slits array, the middle packing layer of the EO medium, the top transparent conducting layer of
the indium tin oxides (ITO) film. Via tuning the applied voltage, the EO medium can be changed to
then introduce the related spectral response. Silver with a relative low absorption loss is chosen as
the metal substrate and the plasmonic material. Lithium tantalite (LiTaO3) is used as the functional
layer since its refractive index n can be artificially changed following the relationship n = n0 +
0.5n0

3Eη due to the Pockels effect [45],[46]. The ordinary index of LiTaO3 is n0 = 2.175 under the
x-polarized (TM polarization) illumination. The electric field E is related to the applied voltage Va
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Fig. 1. (a) Schematic diagram of the narrowband plasmonic absorber and the electro-optic manipula-
tion. (b) Spectral reflection, transmission, absorption of the absorber.

and the film thickness of the EO is defined as tEO. η is the EO efficiency. All the computations
are carried out via using the finite-difference time-domain method. The dielectric permittivity of the
silver is obtained from the experimental data [47]. In the simulation, the spectral reflection R(λ) and
transmission T(λ) are obtained directly via the monitors. The spectral absorption A(λ) is calculated
via the definition of A(λ) = 1 - R(λ) - T(λ). In order to wholly cancel the transmission, the film
thickness of the silver is set to be 300 nm. Paired nano-slits with the height h and the displacement
distance δ are introduced to locate in the surface of the silver to form the plasmonic cavity structure.
The period P of the array is set to be 600 nm. The h and δ are both equal to 100 nm. The width of the
nano-slit is set to be 10 nm. The thicknesses of the EO film and the ITO layer are 50 nm. It should
be noted that the nano-slits can be realized via the standard atomic layer lithography technique
[48], super-resolution laser lithography [49], and the cascade domino lithography [50], which have
been developed in these years and demonstrated for sub-5 nm nano-gap and slit fabrication. For
instance, split-wedge antennas with sub-5 nm nano-gaps were realized based on these techniques
[48], [51].

Fig. 1(b) shows the spectral R, T, A of the absorber under normal incidence. It is observed
that the light transmission is close to 0, indicating the extremely transmission inhibition. Two sharp
reflection dips are observed at the shorter wavelength range. One anti-reflection band occurs at
the longer wavelength range. In the other spectral range, the reflection is close to 1. Moreover,
the spectral curve is flat, indicating a large spectral ratio for the anti-reflection and high reflection
ranges. As a result, a tri-band absorption phenomenon is achieved in a near-zero absorption
spectral range. At λ1 = 0.831 μm, the A reaches 99.5%. The spectral Q factor is up to 88.4.
At λ2 = 0.992 μm, the A reaches 97.5%. The spectral Q factor is still up to 66.1. At λ3 = 2.682 μm,
the A reaches 85.6%. The spectral Q factor is 16.9. These features indicate the achievement of the
three-band resonant absorption.

3. Results, Analysis and Discussion
For the resonant absorption peaks (λ1-λ3), the normalized electric and magnetic field intensity
distributions are shown in Fig. 2. For the absorption peak at λ1, the electric field is strongly located
in the slit areas and the magnetic field is located on the surface areas (Fig. 2(a)), which indicate
the excitation of the propagating surface plasmon resonance by the metal grating. At λ2 and λ3, the
electric and magnetic fields are both confined in the slit areas. For the former one, the field patterns
are clearly observed with two parts as shown in Fig. 2(b). The field patterns seem to be only one
part for the latter one. These characteristics confirm the excitation of the 2th and 1th cavity modes
[52]–[56] via the nano-slit assisted metal grating structure for the resonant absorption at λ2 and λ3,
respectively.

Based on this plasmonic cavity resonances assisted light absorber, we further investigate the
artificially tunable features via using the applied voltage Va, which could lead to the influence on
the EO film. As the applied voltage varies, the index of the surrounding medium alters. As a result,
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Fig. 2. (a)-(c) Normalized electric (top) and magnetic (bottom) field intensity distributions for the
resonant absorption peaks at λ1-λ3, respectively.

Fig. 3. (a) Spectral evolution for the absorption under a tuning of the voltage. (b) Plotted wavelength
positions for the peaks at λ1-λ3 as a function of the input voltage. (c) Absorption efficiency for the peaks
during the manipulation process.

the resonant wavelengths can show high sensitivity to the change by the strong localized field
enhancement. As shown in Fig. 3(a), the resonant absorption peaks show continuous red-shifts
when the applied voltage Va is increased from 0 to 200 V. Fig. 3(b) shows the plotted wavelength
positions of the tri-band absorption peaks as a function of the input voltage. In the tuning range, the
positions for these peaks can be linearly fitted. As a result, the spectral tunable sensitivity S can
be defined as δλ/δVa. The spectral wavelength shift S for these peaks reach 0.15 nm/V, 0.34 nm/V
and 0.99 nm/V. It is observed that the sensitivity for the resonant peaks (λ2, λ3) enabled by the
plasmonic cavity modes are much higher than the propagating surface plasmon based resonant
band (λ1).

In order to achieve a better description for this spectral shift related EO modulation performance,
we then use a wavelength-free sensitivity Sλ, which is defined as Sλ = δλ/λ/δVa. The modulation
sensitivity is Sλ1 = 1.8×10-4, Sλ2 = 3.4 × 10-4, and Sλ3 = 3.7×10-4 for the tri-band peaks at λ1-λ3,
respectively. The results also confirm the strongly improved modulation sensitivity for the cavity
resonances based absorption peaks. During the modulation of the operation positions, the spectral
absorption efficiency for the peaks is also considered. As shown in Fig. 3(c), the absorption values
seem to be insensitive to the voltage. Only a slight intensity fluctuation occurs. It confirms the high
stability of the high absorption during the manipulation operation for this absorber platform.
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Fig. 4. (a), (b) Plotted spectral intensity changes as a function of the wavelengths after the voltage
increased to 10 V and 50 V in comparison with that of the origin curve without the voltage operation,
respectively.

Fig. 5. Absorption curves for the absorber formed under different values of the δ (a) and slit height (b).

During the EO manipulation process, another factor for the performance could be considered
besides the spectral shift sensitivity. The related intensity changes or differences are very significant
during the tuning operation at the resonant wavelengths, which can hold the high signal-to-noise
ratio for the operations. Herein, we take the spectral intensity difference by the definition of δA = AVa

- A0. The high δA can ensure the large signal-to-noise ratio for the manipulation. Fig. 4(a) shows
the absorption difference intensity for the system after adding a voltage of 10 V. The curve clearly
presents the high intensity changes for the tri-band absorption. In particular, the intensity change is
close to 20% for the absorption peaks at λ1 and λ2 due to the sharp resonant modes. For the case
by using an applied voltage of 50 V, the spectral intensity curve shows a much higher difference in
comparison with the system before the EO manipulation. For instance, at λ2, the intensity change
reaches 79% (Fig. 4(b)). These features indicate the highly spectral intensity changes can be
achieved simultaneously with the spectral shift by the EO manipulation.

Following, the absorption properties under the different structural parameters and the electro-
magnetic excitations are investigated. Fig. 5(a) shows the absorption curves under different values
of the displacement δ for the two slits. It is observed that the sharp resonant absorption bands
can be well maintained in a wide range of the δ. Nevertheless, the absorption peak at the shorter
wavelength range becomes weak and even be disappeared when the δ is up to 300 nm. With
increase the height of the nano-slits from 0 nm to 100 nm (Fig. 5(b)), the absorption curves are
observed to be changed noticeably. No absorption peak is observed when there is no slit in the
structure. The absorption peak at the longer wavelength range shows a continuous red shift with
the increase of the height. This mainly results from the cavity mode occurred at the wavelengths
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Fig. 6. Absorption evolution under a tuning of the thickness of the EO film (a), the lattice period of the
grating (b), and the number of the slits (c).

related to the slit’s height. The sharp absorption peaks seem to be very sensitive to the height due
to the higher order cavity mode with the need of the suitable height for the resonance [53],[55],[56].
For instance, the 2th mode can be efficiently excited when the height is close to 50 nm or 100 nm.
These findings suggest the high stability and high tunability for the absorption behaviors via the
different parameters.

Fig. 6(a) shows the absorption evolution for the system by tuning the thickness of the EO film
from 30 nm to 80 nm. It is observed that the main features including the high absorption efficiency
and the narrowband modes are maintained very well in a wide range of the film thickness. That is,
the resonant absorption behaviors mainly result from the plasmonic resonances by the metal slit
cavities, suggesting the relatively weak relevant to the EO film. As shown in Fig. 6(b), the resonant
absorption can also be well retained when the lattice period is increased from 450 nm to 700 nm.
That is, the absorption spectrum can be achieved in a wide range of the lattice size. The absorption
curves of the flat metal-dielectric structure, without the slits, and the structure with only one slit in the
unit cell are shown in Fig. 6(c). It is observed that rather weak absorption for the flat film structure
due to the high reflection by the metal film substrate. For the system formed by one slit in the unit
cell, tri-band absorption is also observed. Nevertheless, the absorption at the shorter wavelength
range is both less than 80% despite it is very larger for the peak at the longer wavelength range.
The results also confirm that the introduced nano-slits in the metal film are with strong contribution
to the high absorption for the multi-band absorber. With increasing the number of the slits from one
to four, two main features can be observed. The second absorption band becomes stronger and
stronger. Moreover, it is splited into two sub-peaks. Otherwise, the spectral red-shift is obtained.
These mainly result from the formation of the de-generation of resonant modes by the coupled
cavities. Therefore, the number of the slits can also introduce new approaches for the manipulation
for the absorption behaviors.

Fig. 7(a) shows the absorption evolution as a function of the incident angle under the TM
polarization (electric field along x-direction). Via tuning the angle from 0o to 60o, the mapping
picture shows three main features. One is the highly stability of the positions for the absorption
bands at λ2 and λ3. The other is the strong dispersion of the absorption at λ1, which is changed to
be two bands under the oblique excitation. This behavior mainly results from the dispersion of the
surface plasmon polaritons by the metal film under the grating coupling condition. Moreover, it also
interacts with the 2th cavity mode under the large angle close to 30o. The third one is the slightly
weakened absorption efficiency for the peaks under a large angle above 50o. These features
confirm the differential responses for the modes. For instance, it is angle insensitive for the cavity
modes based absorption peaks. Nevertheless, it is angle sensitive for the propagating surface
plasmon resonance based absorption band. The differential phenomenon can pave a way to tune
the resonant absorption peaks separately. The polarization-dependant absorption is observed for
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Fig. 7. Absorption mapping for the absorber via tuning the incident angle and the polarization angle.

the grating based absorber via tuning the polarization angle as shown in Fig. 7(b). The absorption
efficiency for the tri-band continuously becomes weak when the polarization angle is increased
from 0o (TM) to 90o (TE). This mainly results from the low-symmetry of the grating structure. The
absorption efficiency can be theoretically modeled by the classical Malus law as a function of the
polarization state.

4. Conclusion
In summary, we have proposed and numerically demonstrated a facile strategy for achieving light
absorber based EO modulator. Thanks to the strongly localized electromagnetic field effects by the
plasmonic cavities in the metal film, a tri-band near-infrared absorber with a maximal absorption
efficiency of 99.5% is achieved. Meanwhile, due to the introduction of the EO medium in the reso-
nant structure, high-performance EO modulation is realized. The spectral shift sensitivity reaches
0.99 nm/V during the electrical adjusting operation. Simultaneously, the absorption can be kept in
a high level. Besides the high spectral shift sensitivity, the large spectral intensity change is also
obtained due to the sharp resonances, which therefore ensures the high signal-to-noise ratio for the
manipulation process. These features not only introduce the new EO modulator platform but also
pave new ways for the cavity-enhanced high-performance EO operation. Moreover, the absorption
properties can be well maintained in a wide range for the structural parameters, indicating the high
tolerance of the fabrication process. These impressive results can hold wide applications for the
anti-reflective and high absorption EO adjusting components, the artificial light flow filtering and
switching operations, etc.
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