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Abstract: Nanostructured plasmonic metamaterials are an excellent platform for narrowband
optical absorption, which has wide applications in sensing, filtering, modulation, and emission
tailoring. However, achieving a subnanometer absorption bandwidth for optical sensing and
dynamical control of light is still challenging. Here, we propose an asymmetric metagrating
structure and make use of the propagating surface plasmonic mode that has a small dissipation
rate, to achieve perfect optical absorption with a bandwidth of 0.28 nm near the wavelength of
1.55 μm. Our proposed structure can be used in solution environments as a chemical or
biological sensor in the visible spectral range just by changing the structural parameters. The
sensor possesses a sensitivity of 440 nm/RIU and figure of merit of 1333.33 RIU−1. In addition,
by combining an organic electro-optic material with this metagrating, our device can be
reconfigurable with a dynamic range of 15.52 dB. Therefore, our proposed metagrating
platform not only works as an ultranarrow-band absorber, but also can be employed for optical
sensing and dynamic control of light.
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction
Photonic metamaterials with micro/nanostructures have attracted intensive attention in the past
decade because the micro/nanostructured devices can control the behavior of light at or below
the wavelength scale. The flexibility in controlling the behavior of light has enabled many
optical phenomena unavailable in nature, e.g., negative-index refraction [1,2], zero-index
waveguide [3,4], electromagnetic cloaking [5], and chiral transmission [6,7], etc. To date,
numerous applications by making use of photonic metamaterials have been demonstrated,
including biosensors [8–10], optical filters [11], photodetectors [12], nanolasers [13], thin-film
plate lens [14,15], etc. In these applications, the performance is usually limited by the loss.
However, such limitation does not apply to optical absorbers as the ohmic loss of metal actually
contributes to perfect absorption.
Optical absorbers based on different physical mechanisms have been demonstrated
theoretically and experimentally in a wide spectral range. Based on the absorption bandwidth,
we can classify absorbers into broadband absorbers and narrowband absorbers. Generally,
broadband absorbers rely either on materials with large intrinsic losses that are nearly frequency
independent or on combination of multiple spectrally closely packed absorption bands.
Uniform absorption in the visible to infrared spectral range has wide applications in
thermophotovoltaics and solar harvesting. On the other hand, in many applications such as
optical sensing [8–10], modulation [16,17], and thermal emission tailoring [18–20], it is desired
to have absorption within only a narrow spectral range. Therefore, narrowband absorbers are
also of great importance and have attracted considerable attention.
To date, various platforms have been proposed to realize high-performance narrowband
optical absorption. For example, Hao et al. proposed an absorber consisting of a dielectric
spacer sandwiched by a top layer of metallic nanoparticles and a bottom layer of continuous
metallic film, and the full width at half maximum (FWHM) of the absorption band was less
than 50 nm [21]. Polyakov et al. presented a subwavelength groove nanocavity with the
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absorption bandwidth of ~30 nm [22]. A type of lithography-free light absorber consisting of
multilayered metallic and dielectric films exhibited a narrow absorption bandwidth in the near
infrared region with the FWHM of 33 nm [23]. Meng et al. designed a shallow silver grating,
which makes use of surface plasmon polaritons (SPPs) at the metal–dielectric interface, to
achieve an ultranarrow absorption bandwidth of ~0.4 nm [24]. However, most of the
narrowband absorbers could not achieve perfect optical absorption and subnanometer
absorption bandwidth simultaneously. In addition, none of them has the potential to control
light dynamically with a high speed, which may limit their applications in reconfigurable
devices like tunable filters and spatial light modulators.
In this paper, we propose an asymmetric metagrating based on a metal–insulator–metal
(MIM) structure as shown in Fig. 1(a), which can achieve perfect optical absorption with a
bandwidth as narrow as ~0.28 nm near the wavelength of 1.55 μm. The underlying mechanism
of such narrowband perfect absorption is attributed to the following two aspects: (i) the small
intrinsic loss of the surface plasmonic mode, and (ii) the destructive interference between light
reflected from the metagrating and the lower silver layer. Based on the proposed metagrating,
we designed a refractive index sensor operating at a visible wavelength with the figure of merit
of 1333.33 RIU−1 just by changing the structural parameters, which indicates that our proposed
structure can be easily reconfigured for other spectral range with similar performance.
Remarkably, combining organic electro-optic materials with our metagrating enables an
electrically reconfigurable metamaterial, where the dynamic range can reach as large as 15.52
dB. Therefore, our structure may find wide applications in biological and chemical sensing, as
well as spatial light modulation and filtering.
2. Design of ultranarrow-band absorbers
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Fig. 1. (a) Illustration of the entire device structure. (b) Cross section of the MIM structure with
dimension labels. The metal is represented by Ag (gray), and the insulator is represented by SiO 2
(yellow). (c) Simulated reflection spectrum of the proposed structure. The inset zooms in at the
reflection dip where the blue solid line and purple dashed line plot the results from FDTD and
FEM methods, respectively. (d) Simulated reflection spectra for different grating periods.

Figure 1(a) shows the device under investigation which consists of a MIM structure sitting on
silicon oxide. The MIM structure contains a SiO 2 layer sandwiched by a periodic asymmetric
Ag grating on the top and a thin Ag film at the bottom. Figure 1(b) shows a cross-sectional
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view of the structure, where the thicknesses of the three layers from top to bottom are h 1 , h 2 ,
and h 3 , respectively. In each unit cell of the Ag asymmetric grating, there are two stripes with
widths w 1 and w 2 , and the center-to-center distance between the two stripes is l. Here, the
refractive index of SiO 2 is set to be 1.442, and the complex relative permittivity of Ag is
assumed to follow the well-known Drude model, ε(ω) = ε ∞ – ω 2p /(ω2 + iωΓ 0 ), where the
parameters fitted from experiments are ε ∞ = 5.0, ω p = 9.2159 eV, and Γ 0 = 0.0212 eV [25].
Based on the phase-matching condition, the absorption wavelength λ can be determined from
2π nm

λ

sin θ +

2π N 2π neff
= ,
Λ
λ

(1)

where θ is the incident angle, n m is the refractive index of the ambient environment, n eff is the
effective refractive index of the plasmonic mode in the metagrating, Λ is the grating period,
and N is an integer. In order to evaluate the performance of the designed metagrating, we
adopted a finite-difference time-domain (FDTD) method to simulate the absorption spectrum.
The absorption performance was evaluated from the reflection of a plane wave, which is
incident on the surface of the metagrating with the electric field perpendicular to the grating
stripes as shown in Fig. 1(a). With a set of optimized parameters Λ = 1550 nm, w 1 = 220 nm,
w 2 = 550 nm, l = 800 nm, h 1 = 20 nm, h 2 = 710 nm, and h 3 = 100 nm, the simulated reflection
spectrum is shown in Fig. 1(c), where the inset is zoomed in at the narrow absorption band. It
shows clearly that the optimized metagrating absorber can achieve perfect absorption near the
wavelength of 1.55 μm with a bandwidth of ~0.28 nm. To validate the above numerical results,
we also adopted finite-element method (FEM) to calculate the reflection spectrum as shown in
the inset of Fig. 1(c) (dashed line). The perfect agreement between the FDTD and FEM results
indicates the accuracy of our numerical simulation. Figure 1(d) shows the reflection spectra for
different periods of the metagrating. The absorption wavelength increases almost linearly with
the period, which agrees with the prediction from Eq. (1).
3. Physical mechanism of ultranarrow-band absorption
MIM structures have been widely used to trap light in a sandwiched insulator layer by exciting
the surface plasmon polaritons at the top and bottom metal–insulator interfaces [23,26]. This
type of structures can be used to localize light below the diffraction limit and achieve perfect
optical absorption because of two separated metal layers. However, the quality factors (Q) of
absorption resonances from these MIM modes are usually limited to below 100 because of the
ohmic loss of the metals [23,26–29]. It should be noted that our designed MIM metagrating
structure supports a surface plasmonic mode as shown in Fig. 2(a), which is mainly confined
to the surface of the MIM structure instead of the center insulator layer. As a result, the Q factor
of absorption resonance from the surface plasmonic mode is at least one order of magnitude
higher than those of previously reported MIM structures [27–29]. Since the light is localized in
the upper part of the absorber [Fig. 2(a)], the bottom Ag layer seems to play a less important
role than the upper metagrating layer. However, after removing the bottom Ag layer, the
reflection dip disappears as shown in Fig. 2(b), which indicates the importance of the backreflection from the bottom metal layer in the formation of the localized mode.
A multi-interference model can be used to explain the physical mechanism in detail. The
incident light is diffracted into 3 different orders according to Eq. (1) (N = −1, 0, +1) after
passing through the Ag metagrating layer. Figure 2(c) uses geometric optics to illustrate the
light traveling in the insulator layer. The top Ag grating and the bottom Ag layer reflect light
back and forth in the SiO 2 layer, functioning as a Fabry–Pérot interferometer. As shown in Fig.
2(b), the top Ag grating can provide an abrupt change at the designed wavelength in the
transmission or reflection spectrum every time when light transmits through or is reflected from
it because of the Wood’s anomaly effect [30,31]. The grating also couples the waves out of the
SiO 2 layer, then the waves interfere with each other to produce a narrow reflection dip. It is
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interesting to note that the MIM metagrating absorbers can actually be regarded as the timereversed surface-emitting distributed-feedback lasers [32–34].
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Fig. 2. (a) Electric field distribution at the resonant wavelength. (b) Calculated transmission and
reflection spectra without the bottom Ag layer. (c) Illustration of the multiple interference
process with ray optics. (d) Simulated reflection spectra for structures with the SiO 2 layer
thickness h 2 from 700 nm to 2200 nm. Three resonant dips with similar high quality factors are
marked by the red rectangles.

The above process can be better understood by considering only the main waves marked by
the blue light rays in Fig. 2(c). The magnitude of any other light rays is actually much smaller
because of multiple diffraction. Therefore, the final electric field above the grating is the sum
of the multiple diffracted waves emerging from the MIM structure, which can be expressed as

E =E0 ReiϕR + E0 t00e

iϕt00

ei 2 knh2 reiϕr t00 e

iϕt00

+ E0 t01e

iϕt01

 2knh2
⋅ exp  i
 cos θ

 iϕr iϕt01
 re t01e + ..., (2)


where t pq and φ tpq are respectively the amplitude and phase of the transmission coefficient
between the pth and qth order. R and φ R are respectively the amplitude and phase of the
reflection coefficient without the bottom Ag layer. r and φ r are respectively the amplitude and
phase of the reflection coefficient of the bottom Ag layer.
According to Eq. (2), the reflection spectrum is expected to respond periodically as the SiO 2
layer thickness h 2 varies, which is also a characteristic of the Fabry–Pérot interferometers. We
verified this phenomenon by investigating the resonance dip for different h 2 . As shown in Fig.
2(d), the narrow dip with a similar high Q factor appears when h 2 is 710, 1450, and 2160 nm
(marked by the red rectangles), which are near multiples of 710 nm.
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4. Applications in sensing and modulation
4.1 Chemical and biological sensing
In most sensing applications based on resonance shifts, sensitivity and resolution are two most
important metrics. Sensors with high sensitivity show large resonance shifts with a small
refractive index change, which requires the optical mode to have a large overlap with the
analyte. Sensors with high resolution can resolve small resonance variations, which requires a
narrow FWHM of the optical mode. Here, the designed metagrating possesses an ultranarrow
absorption bandwidth, and the optical mode at the absorption resonance resides almost fully in
the sensed medium instead of the spacer between the two metal layers [Fig. 2(a)]. Therefore,
our proposed metagrating structure is an ideal candidate for optical sensing. Considering that
most chemical and biological sensors are solution-based and water absorbs light significantly
in the communication band, we redesigned the metagrating to work near the wavelength of 773
nm, where water induces much lower absorption losses.
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Fig. 3. (a) Illustration of the device for sensing application. (b) Simulated reflection spectrum
with the resonant wavelength 772.84 nm in the visible range. The inset shows the electric field
distribution of the resonant mode. (c) Simulated reflection spectra for a device immersed in
solutions of different refractive indices. (d) Absorption dip wavelength as a function of the
ambient refractive index.

Figure 3(a) illustrates the sensing application, which shares a similar configuration with the
metagrating working near 1550 nm. The device is immersed in a solution with a refractive
index of n sol ≈ 1.33 for chemical and biological sensing. Figure 3(b) is the simulated reflection
spectrum for the optimized structure with parameters Λ = 580 nm, h 1 = 20 nm, h 2 = 510 nm,
w 1 = 200 nm, w 2 = 140 nm, and l = 270 nm. The reflection spectrum shows that the optimized
metagrating can have perfect optical absorption with a bandwidth as narrow as 0.33 nm. This
indicates that the ultranarrow dip can be obtained at other wavelengths by optimizing the
structural parameters. Since the light is trapped in the ambient medium above the top Ag grating
[Fig. 3(b) inset], the metagrating should possess high sensitivity to the ambient refractive index
change. The dependence of the absorption spectra on n sol is provided in Fig. 3(c). As the
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ambient refractive index changes from 1.329 to 1.332, the absorption dip has an obvious shift,
while the FWHM of the dip maintains at ~0.3 nm and the maximal absorption reaches near
unity. Figure 3(d) plots the absorption dip wavelength as a function of the ambient refractive
index, showing a linear relationship which is desired for sensing applications. To characterize
the performance of the metagrating, we define the sensitivity as S = ∆λ/∆n and the figure of
merit (FOM) as S/FWHM. The sensitivity of our device can reach 440 nm/RIU in solution and
1440 nm/RIU in air, and the FOM can reach 1333.33 RIU−1 in solution and 5142.86 RIU−1 in
air at the respective working wavelengths of 773 nm and 1550 nm. These values are higher than
those of recently proposed sensors [28,35].
4.2 Electro-optic modulation
Reconfigurable metamaterials for dynamic control of electromagnetic waves are highly desired
in many applications such as tunable filters and modulators. Various approaches like embedded
varactors [36], phase-change media [16,37], liquid crystals [38,39], electrical modulation with
graphene [17,40], and electro-optomechanical metamaterials [41,42] have been employed to
achieve dynamic control of light. However, tuning, switching, and modulating metamaterial
properties in the visible and near-infrared range with a large dynamic range remain major
technological challenges.
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Fig. 4. (a) Illustration of the device for electro-optic modulation. (b) Electric field distribution
with a constant voltage applied to the electrodes. The arrows indicate the direction of the electric
field. (c) Simulated reflection spectra for a device under different applied voltages. (d)
Reflectivity at the wavelength of 1.5508 μm for the device in (c) under different applied voltages.

Here, we propose to achieve dynamic control of light with our metagrating as shown in Fig.
4(a), where the wide and narrow grating stripes are connected to two different voltages. The
device is covered by an electro-optic polymer capable for high-speed modulation with a large
second-order nonlinear coefficient of 200 pm/V [43,44] and modulation speed over 40 GHz.
Figure 4(b) shows the electric field profile when a voltage is applied across the two types of
grating stripes. The electro-optic effect arises due to the asymmetric design of the grating
structure, because the contribution from the electric field pointing to the left does not fully
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cancel with that pointing to the right. Note that the previously proposed structure in [24], albeit
possessing an ultranarrow bandwidth, is not suitable for high-speed electro-optic modulation.
Figure 4(c) shows the reflection spectra of the metagrating with optimized parameters Λ = 923
nm, h 1 = 30 nm, h 2 = 600 nm, w 1 = 200 nm, w 2 = 400 nm, and l = 400 nm, where lines of
different colors represent different applied voltages. We also numerically calculated the
reflectivity at the fixed wavelength of 1.5508 μm under different applied voltages as shown in
Fig. 4(d). We find that the modulation depth at the wavelength of 1.5508 μm in our device can
reach 15.52 dB [Fig. 4(c)], which is larger than those of recently demonstrated spatial light
modulators [45–47]. Therefore, our proposed device is a promising candidate for dynamic
control of light to work as a high-speed tunable filter or a spatial electro-optic modulator.
5. Conclusion
In conclusion, we have proposed and designed a MIM structure to achieve nearly perfect
ultranarrow-band optical absorption in both the near-infrared and visible spectral regions. The
bandwidths of the absorption dip are ~0.28 nm and ~0.33 nm at the respective working
wavelengths of 1550 nm and 773 nm. The MIM structure takes the bottom metal layer as a
reflector and modifies the supported plasmonic mode such that it is localized to the upper metal
layer. The ultranarrow band of optical absorption by this structure is attributed to the multiple
interference of the diffracted waves. The proposed structure is highly sensitive to variations of
the ambient refractive index, predicting a sensitivity and figure of merit of 440 nm/RIU and
1333.33 RIU−1, respectively, in solution near the wavelength of 773 nm. The structure can also
be employed to realize electro-optic modulation with a modulation depth up to 15.52 dB.
Therefore, the MIM metagrating structure investigated in this work has great potential for a
wide range of applications including biological or chemical sensing, spatial light filtering, and
high-speed modulation.
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