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Abstract: Spectral, spatial, and polarization selective perfect absorption of light in periodic 
metal-dielectric-metal nanoslits, each of which supporting a single electric-field anti-
symmetric surface mode, is systematically studied. Our numerical analysis shows complete 
absorption of p-polarized light associated with large magnetic field enhancement at 
wavelengths from the visible to the mid-infrared range and roles played by the geometrical 
parameters of the structure. This understanding is then applied to the design of the structure 
with multiple nanoslits in a period that exhibits complete absorption at multiple wavelengths. 
Semi-analytical expression of the zeroth mode reflectance is derived, which shows a good 
agreement with numerical simulations and yields clear insight into the underlying physics of 
light-matter interactions in the structure. 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Strong absorption of light by nanostructured materials at desired wavelengths and with a 
specific angular distribution is of great interest for photonics and optoelectronics technologies 
as it directly contributes to high sensitivity of optical sensors [1,2], high-efficiency 
photovoltaic devices and photodetectors [3–5], and provides mechanisms for spectral shaping 
of thermal emission from terrestrial heat sources [6–10]. To achieve strong light absorption, 
nanostructured materials are often designed to support either surface plasmon polaritons 
(SPPs) or surface phonon polaritons (SPhPs), which enable efficient guiding and confinement 
of light at resonant frequencies in the visible to near-infrared, and in the mid-infrared spectral 
bands, respectively. The strong interaction between light and matter via the excitation of SPPs 
and SPhPs underlies the physics of the extraordinary optical transmission [11,12] and 
resonant absorption [13–22]. It also yields a wide range of potential applications, including 
highly-sensitive optical sensors [1,23–25], efficient photovoltaic devices [4,26,27], high-
resolution and high-sensitivity spectroscopy [23,24,28,29], as well as partially-coherent 
efficient thermal emitters [7,30–33]. In order to couple the propagating light waves to the 
SPPs or SPhPs on planar surfaces, external couplers such as prisms or nanostructured 
materials are necessary since the surface waves cannot be directly excited due to their large 
lateral momenta. In the context of optical absorption via SPPs excitation, one of the most-
studied nanostructures is a metallic grating. Since the discovery of the Wood anomaly [34], 
the complete absorption of light incident upon grating structures has been extensively studied, 
both theoretically and experimentally [19,20,35]. In the metallic grating structures, the 
incident light is coupled to propagating SPPs supported at the metal-air interface via the 
momentum gain due to the periodicity of the gratings. 

When the light is coupled to the propagating SPPs, the resonant frequency is determined 
by the intrinsic plasma frequency of the material, which for metals typically lies in the UV to 
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the visible frequency range. The resonant absorption at longer wavelengths is achieved by 
either coupling to propagating SPPs supported by materials with lower bulk plasma 
frequencies [36] such as semiconductors or by coupling to localized SPPs modes, whose 
resonant frequency is tunable by nanostructure size and geometry [37,38]. Additional tuning 
of the SPPs resonant frequency can be achieved in retardation-based plasmonic structures. 
Retardation-based gratings, unlike conventional quasi-static ones, incorporate a thin dielectric 
layer, which is sandwiched between the metallic gratings and the metallic substrate. The two 
terminations of each metallic grating form a truncated metal-dielectric-metal waveguide, and 
the complete absorption is attained by coupling the light into the localized SPPs supported at 
the metal-dielectric interfaces underneath metallic gratings [39–41]. 

Another type of metal-dielectric nanostructure that exhibits the resonant absorption via the 
excitation of localized SPPs is a metallic nanoslit filled with dielectrics [42,43]. Unlike the 
grating structures mentioned above, where the localized SPPs are excited parallel to the 
surface, the nanoslit supports the localized SPPs that propagate in the depth direction of 
nanoslits, i.e., perpendicular to the surface. This enables two-dimensional spatial localization 
of energy in the absorber as well as spatial and spectral splitting of absorbed light. Previously 
[42,43], a single metal-dielectric-metal nanoslit structure was studied to demonstrate the large 
enhancement of absorption and to investigate effects of geometrical parameters of the single 
nanoslit on the enhancement of absorption at a given wavelength of incident light. Here, we 
examine periodic nanoslit structures under the incidence of broadband light in order to 
achieve complete absorption at multiple wavelengths, which is useful for optical sensors and 
light sorting. We are also interested in evaluating the effects of geometrical parameters on the 
spectral and directional reflectance or emittance of the structure for potential thermal 
applications. In this work, we systematically investigate optical absorption by a periodic 
nanoslit structure shown in Fig. 1, in which each nanoslit supports only an electric-field anti-
symmetric surface mode propagating in the depth direction of the slits, i.e., y-direction. This 
electric-field anti-symmetric surface mode is also known as the long-range SPPs excited in a 
thin metal film, which is a coupled mode of the two SPPs at the two interfaces between the 
metal film and the surroundings [44]. The difference from the long-range SPPs excited in a 
thin metal film is that the propagation direction of the anti-symmetric surface mode is 
perpendicular to the surface of the structure, thereby no optical couplers are necessary to 
couple the energy of propagating waves into this mode. By properly designing the structure, 
the perfect resonant absorption of p-polarized incident light is possible at three widely 
different wavelengths. Our focus in this paper is to engineer the complete absorption of light 
in a periodic nanoslit structure from the visible to the infrared range and to describe the 
detailed design procedure to achieve it. In our structure, the perfect absorption is not due to 
the surface-plasmon mode excited at the metal-air interface, propagating in the x-direction as 
often is the mechanism of complete absorption in metallic gratings. Moreover, we reveal the 
roles played by different geometrical parameters in attaining complete absorption and give 
physical insight by deriving the semi-analytical expression of reflectance, which can also 
serve for fast implementation of structure design. 

The structure in Fig. 1 enables complete absorption of p-polarized light at desired 
wavelengths and angles of incidence and is especially attractive for the following reasons. 
First, nanoslits support the electric-field anti-symmetric surface mode, which has neither 
lower nor upper cutoff wavelength [45,46]. Thus, the resonant absorption of incident light at a 
wide range of wavelengths from the visible to the infrared is in principle possible. 
Furthermore, by scaling the geometry of an individual nanoslit, it can exhibit a large 
absorption cross-section, making possible the complete absorption of light in the structure 
with the period d comparable to the incident wavelength λ. Second, because the directions of 
the structural periodicity (x-direction) and the wave propagation in the nanoslits (y-direction) 
are decoupled, the scaling of the nanoslit depth h – which determines its resonant frequency – 
is weakly affected by the period of the 
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Fig. 1. Schematic of periodic nanoslit structure (on the right) and its cross-sectional view on 
the x-y plane (on the left). Nanoslits formed by a metallic material with dielectric function εm 
are filled with a dielectric with εd. The substrate is a material with dielectric function εIII and is 
in general different from the materials in the region II. The incident light is assumed to be on 
the x-y plane, i.e., the azimuthal angle is zero. Complete absorption is due to coupling to the 
electric-field anti-symmetric surface mode supported in nanoslits (typical field distribution of 
the y-component of the electric field is depicted), but not due to propagating SPPs at the 
surface. 

structure d. This allows to keep the metallic fraction of the surface high and makes possible to 
design the system such that it attains the complete absorption at the resonant wavelength 
while maintaining high reflectance everywhere else. Moreover, by locating multiple nanoslits 
in a period so that each nanoslit supports the resonant modes at different wavelengths, the 
structure functions as a multi-band perfect absorber, which can be used for light sorting. 

Previously [47], a bi-grating structure was proposed to achieve spectrally-selective 
absorption of incident light at two different wavelengths in each of the two slits. By using 
TM1 guided mode and far-field coupling of the scattered fields from the two slits, the large 
absorption and thus the near-unity light sorting efficiency were reported. In our structure, we 
use an electric-field anti-symmetric surface mode to achieve perfect absorption at multiple 
wavelengths. The perfect absorption at each wavelength is due to a large absorption cross-
section of each nanoslit, not due to either the near-field or far-field coupling of the two slits. 
We will show that the perfect absorption of light at widely-separated wavelengths is possible 
by using nanoslits of different heights, as well as different widths. Finally, the angular 
dependence of the structure absorptance can be tailored by exciting the propagating SPPs in 
the x-direction at the top metal-air interface by changing the periodicity without affecting 
much the resonant frequency of a nanoslit. As a result, a highly absorbing structure for an 
incident light from a given angle of incidence can turn into a highly reflective structure for the 
light at another angle of incidence. 

Unlike previously studied perfect metamaterial absorbers [21,22], this periodic nanoslit 
structure is not amenable to modeling as an effective medium and requires precise 
electromagnetic modeling that accounts for the boundary conditions on each nanoslit. 
Development of a simple semi-analytical approach to model such an absorber is therefore 
highly desirable in order to reduce the computational effort in optimizing the structure design 
for various applications and to gain physical insight into the light confinement and absorption 
process. An efficient semi-analytical forward-modeling method will also form the basis for 
machine-learning inverse-design approaches to optimize and customize multi-band absorbers 
and thermal emitters in the future. 

The paper is organized as follows. First, we outline a design procedure to create a periodic 
nanoslit structure that supports only an anti-symmetric surface mode but no oscillating mode. 
Then, following this design procedure, the perfect absorption of light at three widely different 
wavelengths from the visible to mid-infrared is numerically demonstrated. The different roles 
played by various geometrical parameters of the structure are discussed. Our analysis reveals 
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that the SPPs modes at the top metal-air interface of the structure do not contribute to the 
absorption, making complete absorption possible regardless of the structure periodicity. We 
then provide the semi-analytical expression of the zeroth mode reflectance of the periodic 
nanoslit structure. The semi-analytical expression not only allows to reveal the physical 
mechanisms underlying the perfect absorption but also simplifies and speeds up the design 
process. We discuss applications of the periodic nanoslit structure for optical phase-sensing, 
directional thermal emission, and multi-band perfect absorption. Finally, we also study the 
effects of fillets at the edges of the nanoslits on absorptance and demonstrate the perfect 
absorption even in the presence of structural degradation during fabrication processes. 

2. Design strategy to model and optimize the perfect absorber 

Figure 1 shows a schematic of the periodic nanoslit structure on which the light is incident at 
an angle θ from the air. We assume that the nanoslits are infinitely long in the z-direction, and 
the wavevector of the incident light is on the x-y plane, i.e., the azimuthal angle of the 
incident light is zero. For the p-polarized incident light, the magnetic field points in the z-
direction. We separate the structure in three regions in the y-direction as shown in Fig. 1. The 
region I ( / 2y h> ) is the air, i.e., the dielectric function is εI = 1. The region II (

/ 2 / 2h y h− ≤ ≤ ) consists of a material with dielectric function εm and nanoslits of width w 

and depth h filled by a material with dielectric function εd. Our interest especially lies in the 
case where the material filling the nanoslits is a dielectric and the material that forms 
nanoslits is a metal, i.e., Re[εd]>0 and Re[εm]<0. Thus, we hereafter refer to the materials with 
εd and εm in the region II in Fig. 1 as the dielectric and the metal, respectively. The nanoslits 
are located on top of an optically thick substrate with dielectric constant εIII. In this work, we 
only consider the case where the substrate is the same material as the metal in the region II, 
i.e., εm = εIII. However, the semi-analytical expression we derive in the later section of the 
paper is valid for general cases where the substrate is different from the materials in the 
region II. All the materials are assumed non-magnetic and their optical properties do not show 
spatial dependence and dispersion. In this work, we generally consider that the nanoslit width 
w is sufficiently small compared to the wavelength of the incident light in the free space. This 
condition is to ensure that no guided mode is supported in the nanoslit, which we will discuss 
in more detail in the next section. As we will show later in Fig. 2(b), the relation between the 
width and the incident wavelength needs to be roughly / 1 / 7w λ ≤  in the case of silicon and 
silver. 

2.1. Modal structure of the metal-dielectric-metal nanoslit 

It is known that an infinitely-long slab waveguide in which claddings have a negative 
dielectric constant – a metal-dielectric-metal (MDM) waveguide – supports both oscillating 
modes and SPP modes [46] as shown in Fig. 2 (a). We only consider the symmetric 
waveguide where two metallic claddings are comprised of the same material. Oscillating 
modes in the infinitely-long MDM waveguide have propagation constants in the range 

00 d kβ ε< < , where k0 = ω/c0 is the wavenumber in a vacuum given by the frequency ω 

and the speed of light in vacuum c0. The propagation constant β is the wavenumber of the 
mode in the y-direction in Fig. 2 (a). The oscillating modes in a MDM waveguide are 
analogous to modes guided by total internal reflection in a dielectric slab waveguide, i.e., 
cladding has a positive dielectric constant, but have different mode cutoff values. Also, the 

range of propagation constant is different from that of a dielectric slab: 0 0| |m dk kε β ε< <  

and this fact allows the externally incident light to couple more efficiently to the waveguide. 
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Fig. 2. (a): Schematic of oscillating modes and surface modes propagating in the y-direction in 
an infinitely-long MDM waveguide. In oscillating modes, wave propagation is analogous to a 
mode guided by total internal reflection in a dielectric slab waveguide. For surface modes, 
typical y-component field distributions of the electric field for symmetric and anti-symmetric 
surface modes are shown. Dispersion relations of (b) lower and upper cutoff wavelengths of 
TM0 and TM1 modes, and (c) the anti-symmetric surface polariton mode in the nanoslits and 
the surface polariton mode supported by a single Si-Ag planar interface. 

The dispersion relations of the TE and TM oscillating modes are given as: 
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core and the claddings, respectively, and 0,1,2l =  . We used the superscripts d and m to 
indicate that the core and the claddings are dielectric and metallic materials, respectively. TEl 
mode has the same lower cutoff as TMl mode while they do not have an upper cutoff except 
the lowest modes TM0 that has an upper cutoff. Hence, by creating a waveguide with a 
sufficiently small width so that it does not support TM0 mode, the waveguide does not 
support TE0 mode either. Usually, higher modes are not supported either when the lower-
numbered modes are not supported. As a result, we can create a waveguide that will not 
support oscillating modes of any polarization by making the width smaller than the lower 
cutoffs of the oscillating modes. In addition to the oscillating modes, the surface polariton 
modes can be excited in the MDM waveguide under the p-polarized light illumination, as the 
core and cladding have dielectric constants of opposite sign. Surface modes are different from 

oscillating modes in that they have larger propagation constants 0d kβ ε> , and their field 

intensity exponentially decays away from the interface into both of the core and cladding. The 
surface polariton modes in infinitely-long symmetric waveguides, i.e., when two cladding 
materials are identical, can form two coupled modes as a result of interference of the modes at 
the two core-cladding interfaces in a waveguide. The electric field of such coupled mode is 
either symmetric or anti-symmetric about the center of the waveguide. Typical distributions 
of the y-component of the electric field of the symmetric and anti-symmetric surface modes 
are shown in Fig. 2 (a). It has been shown that the anti-symmetric surface mode has neither 
lower nor upper cutoff wavelengths for d mε ε<  [48], which means that for a given geometry 

of the waveguide, the anti-symmetric surface mode with any frequency is physically allowed 
to exist. This condition d mε ε< is satisfied for most combinations of dielectric and metal at 

wavelengths longer than the visible spectrum. As mentioned at the beginning of the section, 
the signs of the dielectric functions of the dielectric and metal must be opposite. In the mid-
infrared wavelength range, some polar dielectrics support bulk polaritons and their dielectric 
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functions become negative. In this range, the above condition is not satisfied, and the anti-
symmetric surface mode cannot be supported. Furthermore, the real part of the dielectric 
function can have a large positive value below the frequency of the transverse optical phonon, 
and a near zero value at above the frequency of the longitudinal optical phonon. In the former 
case, the condition d mε ε<  may not be supported depending on the choice of materials. In 

the latter case, the lower cutoff of the TM0 mode scales as min ~ / 2 / dw λ ε  and the nanoslits 

do not need to be sufficiently small compared to the wavelength of the incident light in the 
free space in order to suppress all the guided modes. 

The symmetric surface mode has a lower cutoff but no upper cutoff wavelength, i.e., there 
exists the maximum wavelength of the mode above which the symmetric surface mode 
cannot be supported for a given geometry of waveguide. However, the symmetric mode 
cannot be excited by the externally incident p-polarized light because the electric field of the 
p-polarized incident light is anti-symmetric about the center of the waveguide. Therefore, by 
reducing the waveguide width such that it is less than the cutoff wavelengths of the oscillating 
modes, the infinitely long MDM waveguide can be designed to support only the anti-
symmetric surface mode and no oscillating modes upon the externally incident p-polarized 
light. Up to this point, we discussed that we can create an infinitely-long MDM waveguide 
that only supports the anti-symmetric surface mode. Although nanoslits in Fig. 1 are different 
from an infinitely-long MDM waveguide in that they are truncated and periodic, the same 
argument about the MDM waveguide can be valid. In our structure, the dielectric and the 
metal in the region II correspond to the core and the cladding of a MDM waveguide, 
respectively, in the discussion above. First, the dispersion relation of the infinitely-long MDM 
waveguide describes the dispersion relation in the nanoslits reasonably well unless the 
nanoslit is too shallow. Second, the anti-symmetric surface mode is spatially confined in the 
lateral direction (x-direction in Fig. 1), which makes each nanoslit in the periodic structure 
independent of each other. Since the nanoslits are regarded as truncated MDM waveguides, 
the surface mode in nanoslits experiences multi-reflection at the two interfaces / 2y h= ± , and 

only constructively-interfered waves exist as standing waves. Therefore, the externally 
incident light will be strongly coupled to the anti-symmetric surface mode in nanoslits only 
when the frequencies match those of the standing waves in the nanoslits. 

2.2. Design of the single-mode MDM slab waveguide 

Here, we explain a design procedure of a MDM nanoslit supporting the anti-symmetric 
surface polariton mode. Figure 2 (b) shows the lower and upper cutoff wavelengths of TM0 
mode and the lower cutoff wavelength of TM1 mode for different nanoslit thickness w. The 

cutoffs are calculated from Eq. (1) by taking the limit 0β →  and 0d kβ ε→ for lower and 

upper cutoffs, respectively. Note that the mode index can be different depending on the 
definition. In fact, the TM0 mode in our definition corresponds to TM1 mode in another 
literature [49]. For the dielectric and the metallic materials, we assumed silicon and silver 
with optical properties taken from Palik [50] and Yang et al. [51], respectively, i.e., εd = εSi, 
and εm = εIII = εAg. For silicon, we take dielectric constants at the three wavelengths at which 
the structures are designed to achieve the complete absorption and do not consider the 
frequency dispersion. In Fig. 2, we used εSi = 12.75 + i0.002 which is the dielectric constant 
of silicon at λ = 1μm. As shown in Fig. 2 (b), once the width of the nanoslit w becomes 
smaller than 90nm, no oscillating mode is supported at λ = 1μm. Also, it can be seen that the 
higher and lower cutoff wavelengths of TM0 mode are inverted below the waveguide width 
around 50nm. This inversion is previously proposed as a way to scale the size of a MIM 
waveguide down to nanoscale [49]. Figure 2 (c) shows the dispersion relation of the anti-
symmetric surface mode for the same materials and for the nanoslit width w = 30nm. The 
dispersion relation for the anti-symmetric surface mode is given as [52]: 
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dielectric and the metal in the region II, respectively. The dispersion relation is solved for the 
complex propagation constant β of the anti-symmetric surface mode using the Nelder-Mead 
simplex method [53]. In Fig. 2 (c), the dispersion relation of the surface polariton wave at a 
single interface between silicon and silver is also shown for comparison. Although it is not 
shown in Fig. 2 (c), the dispersion of the anti-symmetric surface mode exists even at longer 
wavelengths than 2μm, as there is no lower cutoff. The upper cutoff of the dispersion exists at 
around λ = 585nm below which the condition d mε ε< is not satisfied. Thus, the anti-

symmetric surface mode is supported at λ = 1μm with the effective refractive index of around 
neff = 6.5. Therefore, the nanoslit that only supports the anti-symmetric surface mode at λ = 
1μm can be designed by using materials such as silicon and silver once the width of the 
nanoslit w is smaller than 90nm. As the anti-symmetric surface mode does not have a cutoff 
wavelength, one can vary the width of the nanoslit w as long as it is less than 90nm so that the 
complete absorption of light is achieved. We will show below that the same design procedure 
can be applied to design nanoslits that support only the anti-symmetric surface mode at longer 
wavelengths. 

2.3. Numerical optimization of the MDM nanoslits perfect absorber 

Guided by the above design rules, we simulated and optimized the periodic nanoslit structure 
by using the frequency domain electromagnetic wave solver based on the finite element 
method. The simulations were performed with the commercial software package COMSOL, 
using periodic boundary conditions on the two lateral sides of the periodic nanoslit structure, 
and perfect conductor boundary condition at the bottom of the optically thick substrate. 
Figure 3 shows spectral reflectance of the three designs of the structure for the p-polarized 
incident light at normal incidence. The materials for the dielectric and the metal in the region 
II and for the substrate are the same for the three structures, i.e. silicon, silver, and silver, 
respectively. For the dielectric constants of silicon, we take those at the wavelengths at which 
the complete absorption is designed to happen: εSi = 12.75 + i0.002, εSi = 11.79, and εSi = 
11.66 + i0.0004 at λ = 1μm, 2.8μm, and 10μm, respectively. The structures, which differ only 
by their geometrical parameters as shown in Fig. 3, show the complete resonant absorption of 
the p-polarized incident light at three resonant wavelengths, which lie in the visible (λ = 
1035nm), near-infrared (λ = 2.79μm) and mid-infrared (λ = 9.7μm) parts of the spectrum, 
respectively. Since the nanoslit width w of these three structures are small enough to 
eliminate the existence of oscillating modes at the resonant wavelengths, and – as we will 
discuss later – the SPPs are not excited, the complete absorption is due to the coupling to the 
anti-symmetric surface mode. Note that the period of the structures for Fig. 3 (b) and (c) is 
more than 10 times greater than the nanoslit width. The complete absorption of light even in 
these sparse nanoslit structures is due to the strong field confinement of the anti-symmetric 
surface mode and its strong coupling to the incoming free-space radiation. As the structure 
only supports the single mode, the reflectance is very high for wavelengths longer than the 
resonant absorption peak. For shorter wavelengths, higher-order surface modes, as well as 
oscillating modes, can be supported as explained later. In the periodic nanoslit structure, the 
nanoslit width, depth, and period play 
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Fig. 3. Spectral reflectance of the periodic nanoslit structure for p-polarized normally incident 
light (θ = 0). The dielectric and the metal in the region II and the substrate are silicon, silver, 
and silver, respectively. The geometrical parameters of the three structures are also shown. For 
the dielectric constants of silicon, we use: εSi = 12.75 + i0.002, εSi = 11.79, and εSi = 11.66 + 
i0.0004 for (a), (b), and (c), respectively, and frequency dispersion of silicon is not considered. 

different roles in attaining the complete absorption of light. Our analysis below reveals that 
the choice of the nanoslit depth mainly determines the resonant wavelengths of the structure, 
while the nanoslit width and the period of the structure can be further tuned to achieve perfect 
resonant absorption. 

When the surface mode is excited by the incident light, it propagates in the nanoslit in the 
y-direction in Fig. 1 and experiences multiple reflections between the two interfaces at

/ 2y h= ± . As a result, a Fabry-Perot resonant standing wave is formed. Therefore, the 

resonant wavelength is determined by the Fabry-Perot resonance condition:
2Re[ ]h nβ φ π+ = , where β is the propagation constant of the surface mode, φ is the phase 

accumulated upon reflection and n is the order of the resonance. In the designs in Fig. 3, the 
lowest order of the Fabry-Perot resonance is used to optimize the structures for complete 
absorption. This is the reason why the reflectance for longer wavelength than the resonant 
wavelength is high, while for shorter wavelengths we may expect other absorption peaks due 
to higher order resonances excitation. 

In order to achieve complete absorption, the incident light needs to critically couple to the 
anti-symmetric surface mode. This is primarily achieved by varying the nanoslit width, which 
changes the coupling strength of the surface waves at the two interfaces. Remember that the 
width w must be varied in the range where no oscillating mode is supported. This results in 
the variation of the surface mode dissipation, i.e. Im[β], as well as the dispersion 
characteristics of Re[β], thus shifting the resonant frequency. By varying the width as well as 
the depth of the nanoslit, one can maximize the coupling of the incident light into the 
structure, i.e., the absorption cross-section /abs incQ Iσ = , where Qabs and Iinc are the power 

absorbed by being guided in the structure through the nanoslit and the incident flux, 
respectively. Note that the cross-section σ [m] and the absorbed power Qabs [W/m] are given 
per unit length of the structure in the z-direction as we consider the two-dimensional problem 
as shown in Fig. 1. In order to achieve complete absorption in the periodic nanoslit structure, 
the absorption cross-section of each nanoslit aperture needs to be equal to or larger than the 
period of the structure dσ ≥ . The complete absorption of light even in cases where the 
structure period is more than 10 times greater than the nanoslit width (see Fig. 3) clearly 
shows that the surface mode can efficiently guide and confine the light in nanoscale volumes. 

Figures 4 (a) and (b) show the effects of the period of the structure and nanoslit width on 
the spectral reflectance of the structure, respectively. The geometrical parameters are varied 
from those of the structure in Fig. 3 (b). The variation in the period of the structure (Fig. 4 (a)) 
causes a slight shift in the resonant peak positions compared to the amount of change of the 
period. Numerical simulation showed that the shift of peak position from the resonant 
condition of the structure in Fig. 3 (b) (d = 1400nm) is linear and is estimated to be 

2/ ~ 4.8 10dλ −Δ Δ × . Thus, the reduction of the period by 100nm only shifts the resonant peak 
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by 5nm. We calculated rigorously the effective refractive index of the surface mode supported 
in the periodic nanoslit structure by the commercial software Lumerical which solves the 
electromagnetic fields based on the finite-difference time-domain (FDTD) technique. As a 
result, we confirmed that the effective refractive index does not change by the variation of the 
period, which indicates that each nanoslit acts as the independent selective absorber, and the 
variation of the propagation constant due to the interference between the neighboring 
nanoslits can be ignored. However, the linewidth Δλ of the reflectance broadens as the 
structure period decreases from Δλ ~100nm at d = 2000nm to Δλ~200nm at d = 700nm, which 
indicates the contribution from other absorbing channels. However, the variation of the period 
has little effect on the absorptance; for all the greatly varying period values in Fig. 4 (a), the 
resonant absorptance of the structure remains greater than 0.8. 

Figure 4 (b) illustrates the influence of the nanoslit width on the spectral reflectance of the 
structure. It shows that the change in the nanoslit width causes the resonant peak shift of 
almost the same amount; the change of the width is more sensitive to resonant peak position 
than the change in period. The small width limit of the dispersion relation Eq. (2) gives the 
relation between the width and the propagation constant as 2 /d mwβ ε ε≈ −  and the right-hand 

side of the equation is constant in the long wavelength limit, thereby the reduction of the 
width increases the propagation constant β. The Fabry-Perot condition for the same mode 
2Re[ ]h nβ φ π+ =  is still satisfied for an increased propagation constant β due to the decrease 

of phase pickup φ upon reflection [54]. Moreover, the solutions of Eq. (2) as well as the 
resonant wavelengths show that the overall increase of the propagation constant is achieved 
by the increase of both the effective refractive index and the resonant wavelength. It also can 
be seen that the absorptance remains larger than 0.9 for the width variation of around 20nm 
from the complete absorption condition. This offers flexibility in the structure design and 
fabrication, making it robust against manufacturing imperfections. 

In practice, three geometrical parameters need to be tuned to design a structure that attains 
the complete absorption of light. Therefore, the design of the structure requires an iterative 
procedure, which may be time-consuming when fully numerical modeling techniques are 
used. This motivated us to derive a semi-analytical expression for the reflectance, which is 
described in the following section. 

 

Fig. 4. Effects of period d and waveguide width w on the spectral reflectance for p-polarized 
normally incident light. The geometrical parameters are varied from the structure in Fig. 3 (b): 
d = 1400nm, h = 140nm, and w = 95nm. 

3. Semi-analytical model of the periodic nanoslit perfect absorber 

To verify the hypothesis that the excitation of the anti-symmetric surface mode inside the 
nanoslits is fully responsible for the perfect absorption and to rule out the absorption by SPPs 
at the absorber-air horizontal interface, we derive an explicit semi-analytical expression of the 
zeroth mode reflectance from the designed periodic nanoslit structure. Practically, the semi-
analytical expression of the reflectance of the structure makes the design procedure 
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computationally more efficient. Our semi-analytical model is derived based on prior work by 
Botten et al. [55–57], which focused on the design of electromagnetics gratings. Other 
existing semi-analytical models include those based on the modal expansion of fields [35,55–
59], the Fabry-Perot cavity models [42], and the temporal-coupled mode theory [43]. 
However, these models have been developed to study the extraordinary transmission through 
or reflection from gratings with negligible material losses inside the nanoslit, making them 
less useful for our analysis. The Fabry-Perot cavity model [42] is proposed to study 
absorption and gives a simple expression of absorption around single subwavelength nanoslit 
based on Fresnel reflection coefficients. The Fresnel reflection coefficients can be fitting 
parameters or derived from the boundary conditions. The temporal coupled mode theory [43] 
requires the determination of decay rates of each absorption channel for which numerical 
simulations are usually done. The semi-analytical model introduced here gives a simple 
expression of absorptance that only requires optical properties and geometrical parameters as 
inputs and takes the periodicity of the structure into account. 

We assume that the p-polarized light (with the magnetic field in the z-direction) is incident 
on the structure at an angle θ as shown in Fig. 1. In this case, the magnetic field has only the 
z-component (Hx = Hy = 0), and all the other field components can be written as functions of 
Hz. When the nanoslit width w is much smaller than the incident wavelength so that no 

oscillating modes with propagation constants satisfying the condition 00 d kβ ε< <  are 

supported, the electromagnetic field in the region II of Fig. 1 is described only by that of the 
anti-symmetric surface mode. Under this condition, the magnetic fields in the three regions of 
the structure can be written down as: 

 
I I I
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z p p
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H x y e r u x e y h
∞

− − −

=−∞

= + ≥  (3) 

 ( , ) ( sin( ) cos( )) ( ) / 2 / 2II II
zH x y a y b y u x h y hβ β= + − ≤ ≤  (4) 

 , ( /2)( , ) ( ) / 2
III
p yik y hIII III

z p p
p

H x y t u x e y h
∞

− +

=−∞

= ≤ −  (5) 

where , , 0 sin 2 /I III
p x p xk k k p dθ π= = + , 2 2

, 0 ,( )I I
p y p xk k k= −  and 2 2

, 0 ,( )III III
p y III p xk k kε= −  are the 

x- and y-components of the wavevectors in regions I and III, respectively. k0 = ω/c0 where ω 
is the frequency of the incident light and c0 is the speed of light in vacuum. rp and tp are the 
reflection and transmission coefficients at the interfaces between the regions I and II, and 
between the regions II and III for the diffraction order p, respectively. ( )i

pu x is the field 

distribution along the x-direction in the region i (i = I, II, III). In the regions I and III, the 

fields are expanded in the plane wave basis, i.e., ,( ) ( ) /
I
p xik xI III

p pu x u x e d= =  . In the region II, 

the field distribution ( )IIu x is obtained by solving the Helmholtz equation: 
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where the wavevector ( )k x  and the Heaviside step function ( )x wΘ −  are given as: 
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The Helmholtz equation is a second-order partial differential equation, thus the solution can 
be expressed by two linearly independent functions θ(x) and ψ(x) under the boundary 
conditions at x = 0 and x = w as well as the periodicity of the structure. The solutions are: 

 ( ) ( ) ( )IIu x x xθ γψ= +  (8) 

where 
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where 2 2
0

d
x dk kε β= −  and 2 2

0
m
x mk kε β= −  are the x-component of the wavevector in the 

dielectric and metal in the region II, respectively, for the anti-symmetric surface mode with 

the propagation constant β, and 0 sin( ( )) / ( )ik de d dθγ θ ψ= −  is introduced due to the periodic 

boundary condition. 
The reflection and transmission coefficients as well as the field amplitudes a and b can be 

uniquely determined by imposing the boundary conditions at the two interfaces / 2y h=  and 

/ 2y h= − . In general, the reflectance of the light is given as the sum of all of the diffraction 

orders. However, in the structure of our interest, only the zeroth diffracted wave (i.e., with p = 
0) is non-evanescent. Therefore, the contribution to the reflectance of the structure in the far-
field solely comes from the zeroth mode of the reflection coefficient r0. The two boundary 
conditions at the two interfaces / 2y h=  and / 2y h= − give the four algebraic equations. 

Then, we can solve these to determine coefficient a and b in Eq. (4). Using the obtained 
coefficients, we can determine the reflection coefficient r0 as: 
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The propagation constant β can be obtained by solving the dispersion relation that, in its 
general form, depends on the periodicity of the structure. However, it is well approximated by 
the dispersion relation of the infinitely-long single metal-dielectric-metal waveguide Eq. (2), 
as the skin depth of the anti-symmetric mode is much smaller than the distance between two 
nanoslits, such that each nanoslit is effectively isolated from adjacent nanoslits. The 
propagation constant β of the anti-symmetric surface mode obtained from Eq. (2) is inserted 
into Eq. (11), and the reflectance of the structure for the p-polarized incident light is obtained 

as 
2

0R r= . Since the magnetic field near the surface at y = h/2 exhibits strong local spatial 
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variations, the summation up to around p = 30 is necessary to achieve the convergence of the 
reflectance. 

The spectral reflectance of the structure in Fig. 3 (b) calculated with the finite-element 
method (blue dots) is compared to the predictions obtained by the semi-analytical expression 
Eq. (11) with the propagation constants obtained by solving Eq. (2) (red line). The result is 
shown in Fig. 5 (a). It can be seen that the semi-analytical model predicts a slightly blue 
shifted peak position by about 40nm. We found that the effective refractive index of the 
surface mode obtained from the solution of the dispersion relation in Eq. (2) is slightly 
different from that obtained by the rigorous FDTD simulation. Remember that the dispersion 
relation Eq. (2) is strictly valid for an infinitely-long single MDM waveguide while our 
structure is composed of periodic truncated MDM nanoslits [58]. We calculated rigorously 
the effective refractive index of the surface mode supported in the periodic nanoslits by the 
FDTD technique. We used the same boundary conditions as mentioned for the finite-element 
method. In fact, the propagation constant obtained by Eq. (2) differs by the amount of Δneff 
~0.02 compared to the rigorous numerical result obtained by the mode expansion in FDTD 
simulation, which caused the shift of resonant peak. The semi-analytical expression using the 
propagation constant β calculated by the FDTD method as input is shown in the green line in 
Fig. 5 (a) and shows a good agreement with the numerical simulation. It is considered that the 
deviation in β is due to a shallow depth of the nanoslit, which leads to the approximation of 
the propagation constant by the solution of Eq. (2) less accurate. However, as the nanoslit 
depth becomes longer, the solution of the dispersion relation Eq. (2) is a good approximation 
to the actual effective refractive index. In fact, Fig. 5 (b) shows the spectral reflectance of the 
structure in Fig. 3 (c) and the semi-analytical expression with the solution of Eq. (2) as an 
input shows a good agreement with the numerical result by the finite element method. Thus, 
we conclude that the perfect absorption of light is indeed due to the critical coupling to the 
anti-symmetric surface mode, and the semi-analytical model shows a good agreement with 
the numerical simulation. However, one should note that the use of the propagation constant 
obtained by Eq. (2) to the model is invalid when the nanoslit depth is too shallow. In fact, this 
point is also mentioned in the modeling of extraordinary transmission through nanoslits [58]. 

 

Fig. 5. Comparison of spectral reflectance between the numerical simulation (dots) and the 
semi-analytical results (solid lines) obtained by Eq. (11) for: (a) structure shown in Fig. 2 (b) 
and (b) structure shown in Fig. 2 (c). For (a), the propagation constant β is calculated by two 
methods: the solution of Eq. (2). (red line) and the rigorous mode expansion in FDTD 
simulation (green line) and for (b), the solution of Eq. (2) is used. 

4. Results and discussion 

The surface mode supported in the periodic nanoslit structure can achieve the large 
enhancement of electric and magnetic fields in the nanoslit. As shown in Fig. 6 (a), the 
structure in Fig. 3 (b) can achieve more than 30 (10) times enhancement in the magnetic 
(electric) field magnitude inside the nanoslit when normalized by the incident magnetic 
(electric) field at the resonant wavelength λ = 2.79μm. This translates into over 900 (100)-fold 
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enhancement in the corresponding field intensities. The corresponding Q factor or the 
absorption resonance is estimated to be ~20, or equivalently Γ/ω0 ~0.05 where Γ and ω0 are 
the linewidth and the resonant frequency in the spectrum shown in Fig. 3 (b). The Q factors of 
the resonances in Fig. 3 (a) and (c) are ~24 and ~37, respectively. These Q factors are slightly 
better than previously reported plasmonic perfect absorbers in the visible (Q~20) [60], and in 
the near infrared (Q~5) [25] but smaller than ultra-narrow band absorbers which reported the 
quality factor over 60 [61–65]. The mechanisms of the ultra-narrow bandwidth include but 
not limited to the use of SPPs close to the light line where the dissipative loss of SPPs 
becomes small [61], the coupling of diffracted wave into localized SPPs [62], the Fano 
resonance between two localized SPP modes supported at asymmetric metallic ellipsoids 
[63], and the hybrid mode of two SPPs supported by two different nanostructures [64]. The 
use of the anti-symmetric surface mode supported between two silver nanodisks also yielded 
the ultra-narrow band absorber [65]. 

The large enhancement in the magnetic field in the nanoslit is due to the excitation of anti-
parallel current in the two metallic materials that sandwich the dielectric material of the 
nanoslit. This creates a virtual current loop around the nanoslit as shown by the arrows in Fig. 
6 (a). A virtual current loop is known to cause a large magnetic response [66,67]. This large 
magnetic response can find applications based on optical magnetism including sensing [68]. 
The Poynting vector plot in Fig. 6 (a) (white arrows) illustrates the optical power flow 
pathway through the absorber and reveals how the incident light, which comes from a larger 
area, is strongly squeezed into the nanoslit and absorbed into the metal and substrate. 

The periodic nanoslit structure designed as a perfect absorber for p-polarized light exhibits 
strong polarization selectivity. Figure 6 (b) shows the spectral reflectance of the structure 
shown in Fig. 3 (b) for s- (red line) and p- (blue line) polarized normally incident light. The 
spectral reflectance for the s-polarized light is close to that of the bulk silver surface since no 
mode is excited in the nanoslit and the areal coverage of the dielectric in Fig. 3 (b) is very low 
(w/d = 6.7%). This drastic difference between the two polarizations combined with the large 
field enhancement can find applications in sensing such as surface-enhanced Raman 
spectroscopy or phase-sensing using the spectroscopic ellipsometry [62,69,70]. Moreover, the 
small areal coverage of the dielectric gives the structure good thermal stability due to efficient 
heat dissipation through the metal and substrate. 

Furthermore, the angular spectrum of reflectance can also be tailored. Although the 
structure is designed in such a way that supports only the single anti-symmetric surface mode 
inside the nanoslit, the SPPs can still be supported at the surface of the structure via the lateral 
momentum gain due to the periodicity. However, at longer wavelengths, noble metals are low 
loss reflectors. Thus, the propagation length of SPPs at the surface is long enough so that the 
excited surface plasmons will mostly be scattered back to the free-space rather than 
dissipated. Therefore, by varying the period of the structure, one can excite the SPPs at the 
surface for the incident light from a given angle of incidence and make the structure reflective 
for the light coming from this angle. This means that a good absorber at the resonant 
wavelength can turn into a good reflector for a given angle of incidence without affecting 
much the absorption spectrum for other angles. The resonant condition of the SPPs is given as 

0 sin 2 /SPk k j dθ π= +  where SPk  is the wavevector of the SPPs in x-direction and j is an 

integer. As the frequency of interest is much smaller than the plasma frequency of silver, the 
surface plasmons mode is close to the light line, i.e., kSP~k0. Therefore, the resonant condition 
of the SPPs excitation is approximated as sin 1 /j dθ λ≈ − . We see from this equation that 

the structure in Fig. 3 (a) does not have a real-valued solution. Therefore, the SPPs at the 
surface are not supported in the structure Fig. 3 (a). Combined with the fact that the nanoslit 
width is much smaller than the wavelength, the nanoslit functions as an isotropic absorber at 
the resonant wavelength as shown 
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Fig. 6. Applications of periodic nanoslit structures (a) Electric and magnetic field enhancement 
(heat maps) at the resonant wavelength of the structure in Fig. 3 (b). The distribution of the 
Poynting vector is shown as white arrows in the magnetic field plot on the left. The electric 
current density vector is shown as white arrows in the electric field plot on the right. The 
vectors are normalized and thus the length of the vectors indicates only the direction, but not 
the magnitude. (b) Polarization selectivity of spectral reflectance for normal incident light; (c) 
Angular spectrum of the absorptance (emittance) of the three structures in Fig. 3 at the 
corresponding resonant frequencies. 

in Fig. 6 (c). For the structure in Fig. 3 (b) and (c), the SPPs can be excited at the incident 
angles θ = 83° and θ = 38°, respectively which agrees well with the shunt in absorptance in 
the angular distributions shown in Fig. 6 (c). Thus, by varying the period, one can design 
either a directional absorber or an isotropic absorber. 

This ability to independently tailor the spectral and angular reflectance is due to the 
orthogonality of the propagation directions of the SPPs in the nanoslit and on top of the 
structure. Owing to the reciprocity between the absorptance and emittance of a surface at a 
given frequency and angle in thermal equilibrium (i.e., Kirchhoff’s law), periodic nanoslit 
structures can find applications as partially-coherent thermal emitters [8,71–74]. The angular 
emittance of the structure in Fig. 3 (b) shows directionality in the normal direction. This could 
be especially useful for applications such as thermophotovoltaics (TPV) where a high 
emittance to large angles leads to radiative losses due to small view factor [75–80]. Moreover, 
it is known that the absorption cross section becomes large for directional absorbers [43,81]. 
This is considered to be the reason why the design in Fig. 3 (b) can attain the complete 
absorption for the period that is 20 times greater than the nanoslit width. Finally, the structure 
shows high reflectance for longer wavelengths than the resonant wavelength since we excite 
the anti-symmetric surface mode at the lowest order of the Fabry-Perot resonance. This is 
especially important for engineering thermal emitters for TPV and partially-coherent thermal 
infrared sources as the structure does not exhibit emission at longer wavelengths, which 
would otherwise result in the efficiency loss and contamination of the thermal emission 
spectrum. 

The strong confinement of the anti-symmetric surface mode results in the complete 
absorption of light that is incident from more than 10 times greater area than the nanoslit 
width, and the spatial confinement in the lateral direction makes each nanoslit independent of 
each other. This fact allows us to create the structure that attains complete absorption of light 
at multiple wavelengths by inserting two (or more) nanoslits supporting different resonant 
wavelengths within one period of the structure. Figure 7 (a) shows the same nanoslit structure 
as in Fig. 1 except two nanoslits are located in one period. The nanoslits are designed so that 
they support resonant frequencies at around 2.4μm and 4μm, respectively. The spectral 
reflectance of the p-polarized normally incident light is shown in Fig. 7 (b). As shown, the 
structure achieves the complete absorption of light at around the two chosen wavelengths. 
The magnetic field distributions normalized by the incident magnetic field in the structure at 
the two wavelengths are shown in Fig. 7 (c). It is observed that the magnetic field is 
selectively enhanced at the two nanoslits at the two resonant wavelengths, respectively. As 
each nanoslit is independent of each other, one can create multi-band absorbers as far as each 
nanoslit is capable of absorbing all the incident light in one period. Thus, the structure can 
find applications in spatial and spectral light separation [47]. Our simulation shows that two 
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spectra that are separated by more than 1μm in wavelength can also be sorted by designing 
the structure appropriately. 

In actual fabrication, the edges at the top and bottom of the nanoslit structure would have 
fillets depending on the resolution of fabrication methods and the material properties. We also 
investigated the effects of fillets on spectral absorptance. Figure 8 shows the spectral 
absorptance of the periodic nanoslit structure with the same geometrical parameters as those 
in Fig. 3 (b) but with fillets of the radius w/3 at the four edges of the nanoslit as shown in the 
inset of Fig. 8. The structure shows the complete absorption of light even in the presence of 
the fillets. The resonant wavelength is blue shifted, likely due to an effectively wider nanoslit 
width as we discussed in Fig. 4 (b). The Q-factor of the resonance is found to be ~20, which 
did not change from that without the fillets. Therefore, the existence of fillets does not 
degrade either the spectral absorptance or the Q factor, which demonstrates the robustness of 
the structure for actual applications. 

 

Fig. 7. Complete absorption of light at two different wavelengths supported by two nanoslits. 
(a) A schematic of the two-nanoslit structure. (b) The spatial distribution of magnetic field 
normalized by the incident magnetic field at the two resonant wavelengths. (c) The 
corresponding dual-band reflectance spectrum. For the dielectric constant of silicon, we used 
εSi = 11.79. 

 

Fig. 8. Spectral reflectance of periodic nanoslit structure for normally incident p-polarized light 
with realistic fillets at the edges of the nanoslit. The geometrical parameter, as well as 
materials, are the same as those in the structure in Fig. 3 (b). The radius of the fillets is w/3. 

5. Conclusions 

In conclusion, we investigated the optical absorption of the periodic nanoslit structure 
supporting the single electric-field anti-symmetric surface mode. We demonstrated that 
perfect absorption of p-polarized light can be achieved at different wavelengths from the 
visible to the mid-infrared just by varying geometrical parameters. The perfect absorption of 
light into the nanoslits with the width more than 10 times smaller than the period is revealed 
to emerge due to the creation of virtual current loop around the nanoslit, which enhances the 
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magnetic response of the structure drastically. We studied the different roles played by the 
periodicity, width, and the depth of the nanoslit in manipulating the spectral characteristics of 
the absorber. The resonant frequency is mainly determined by the nanoslit depth due to the 
excitation of the Fabry-Perot resonance in the vertical direction, while the nanoslit width and 
the structure period can be tuned to achieve the perfect absorption at the chosen resonant 
frequency. We showed that the SPPs at the surface is not responsible for the absorption, and 
thus can be used for tailoring the angular distribution of reflectance, or – by reciprocity – of 
thermal emittance. We developed the semi-analytical model that provides the physical 
explanation of the perfect absorption and can also be used for the fast implementation of the 
structure forward and inverse design and optimization. The periodic nanoslit structure can be 
a platform for optical sensing and polarization control due to its clear contrast of spectral 
reflectance between the two polarizations and strong field enhancement. Moreover, the 
structure can be designed as a multi-band perfect absorber for p-polarized light, which 
realizes optical sensing of multiple components in one platform and allows for the spatial and 
spectral light sorting into nano-scale areas. Finally, a large areal coverage of flat metal 
surfaces, as well as the tunability of the angular reflectance, make the structure a good 
directional thermal emitter with suppressed long-wavelength parasitic emittance, which 
shows promise for thermophotovoltaics and thermal infrared sources development. 
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