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Abstract: The cavity resonant properties of planar metal-dielectric layered
structures with optically dense dielectric media are studied with the aim of
realizing omnidirectional and polarization-insensitive operation. The angle-
dependent coupling between free-space and cavity modes are revealed to be
a key leverage factor in realizing nearly perfect absorbers well-matched to a
wide range of incidence angles. We establish comprehensive analyses of the
relationship between the structural and optical properties by means of
theoretical modeling with numerical simulation results. The presented work
is expected to provide a simple and cost-effective solution for light
absorption and detection applications that exploit planar metal-dielectric
optical devices.
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1. Introduction

The metal-dielectric (MD) layered structures have been used for highly reflective and
transparent coatings in the area of optoelectronic and photonic applications [1]. More
recently, much attention has turned toward the understanding of the subwavelength-
perforated MD stacks as a means to support the tight localization of light based on surface
plasmon polaritons (SPPs) [2] and metamaterial properties [3, 4]. Such versatile optical
properties of the MD-layered structures can provide a promising route to manipulate the
interaction between light and matter in integrated photonic devices including perfect
absorbers [2—6], light-emitting diodes [7], photo-detectors [8], photovoltaic cells [9], and
optical filters [10].

Among many features of the MD-layered structures, the omnidirectional resonance
(ODR) has been considered as a crucial requirement for a wide acceptance angle in a number
of light absorbing and filtering applications [10—13]. Numerous investigations have focused
on achieving the ODR in metal-dielectric-metal (MDM) structures by using the radiative
SPPs with flat dispersion bands [11-13]. For such operations, the thickness of the dielectric

layer d with permittivity ¢ must be tuned to be equal to d = 4,/ (4«/; )d , where 4, is the

SPP resonance wavelength [11]. In these regards, the ODR frequency is unique for each
dielectric material, thus it is difficult to alter the resonant wavelength. One-dimensional (1D)
grating patterns can be used as a solution to provide customization of the spectral response of
the MDM structures [14]. Although the tailored multiband absorption can be realized with the
one-dimensional grating patterns when compared to the continuous and all-planar MDM
structures, these examples are limited to only one input polarization state due to the lack of
the rotational symmetry. To facilitate the ODR for both the transverse electric (TE) and
transverse magnetic (TM) polarized light, the MDM structures with two-dimensional patterns
have been proposed [2, 3, 15-17]. The two-dimensional arrays of cross-shaped and crossed-
trapezoidal patterns enable the omnidirectional absorption for both TM and TE polarizations
[2, 3]. However, the multi-step fabrication processes with subwavelength-scale feature
dimensions require precise manufacturing tolerances and might not be suitable for large-area
applications.

The aforementioned techniques mainly rely on the patterned MDM structures or require
an optimum dielectric thickness to support a flat band dispersion relationship [11-13].
However, similar results with large acceptance angles and high absorptivities have been
recently obtained through only a pair of MD layers by means of ultra-thin optical coatings of
a lossy and optically dense material (Germanium) on a metal substrate [10]. Especially,
although special optical design schemes for the flat dispersion bands were not used, wide
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acceptance angles for both TE and TM polarized light were maintained. More recently, other
reports have pointed out that the MDM triple-layer structures can support highly directional
angular absorption and emission when employing low refractive index dielectric medium [5,
18]. Based on these findings, we anticipate that the angular responses in the MD-layered
structures strongly depend on their core dielectric material properties.

In this paper, we demonstrate the omnidirectional and polarization-insensitive operation
of the MDM structures by employing an optically-dense dielectric core layer. The ODR
behaviors of cavity resonances are described in terms of the dispersion properties of radiative
waveguide modes (RWMs) whose radiated fields are oscillatory in the light incident
direction. The RWMSs (often referred to as leaky modes in the literature) can be loosely or
tightly bound by a partially reflective interface between the free-space and the MD-layered
absorbers, and their normalized absorbance can thus be raised up to around 100% under a
critical coupling condition where the internal and external losses of the thin film cavity are
equal to each other. On the basis of the critical coupling behavior, we demonstrate that the
MDM structures can serve as multiband absorbers for almost complete absorption at a wide
range of incidence angles irrespective of its polarization state.

2. Dispersion relations of the MDM structures
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Fig. 1. (a) Schematic description of a metal-dielectric-metal (MDM) structure. The gray and
blue regions represent the metal and dielectric layers, respectively. (b) Normalized field profile
of the RWMs (two nodes within the dielectric core and thus m = 2) of the MDM structure (¢ =
20 nm, d = 300 nm) with a Si core layer (blue region). The calculated dispersion curves of TM
(blue solid lines) and TE (red dotted lines) modes supported by the MDM structure with the
core layer material of (c) SiO, and (d) Si are shown.

The dispersion relations for the MDM structure are presented to reveal the role of the material
properties on the ODR of the RWMs using the transfer matrix method (TMM) [18]. For our
purpose, it is convenient to compare the MDM structures containing a lower-n (SiO,) and
higher-n dielectric (Silicon) core medium. The dispersion curves are computed based on the
structural model schematically drawn in Fig. 1(a). The thickness of the core dielectric layer
for both cases was chosen to be d = 300 nm for this analysis to enable multiband resonance so
that we can analyze the absorption characteristics of multiple modes. The core dielectric layer
is covered by a top metal (Ag) layer whose thickness is = 20 nm and thin enough for easy
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optical coupling from the incident beam. The core dielectric layer is placed on top of a 200
nm-thick metal (Ag) bottom layer, which sufficiently blocks the substrate transmission. The
complex refractive index data of Ag, Si, and SiO, were taken from Palik [19]. We considered
the TE (TM) polarized light whose electric field £ (magnetic field H) is perpendicular to the
plane of the incidence (x-y plane). As an example, the normalized electric field profile of the
second order RWMs is plotted in Fig. 1(b) for the Ag-Si-Ag structure. The number of field
nodes at the dielectric core gives the mode order, m.

Figure 1(c) shows the calculated dispersion curves of the MDM structure with a lower-n
dielectric core medium. The incident angle corresponding to the in-plane wavevector k, is
determined by k., = (2n/1)(sinf), where 1 represents the peak wavelength. The first order
modes (m = 1) for each polarization have the identical energy (2.36 eV) at k£, = 0 (normal
incidence). As k, increases, however, they are significantly bent upward and split into two
distinct resonances with different polarizations. When the dispersion curves reach the light-
line (highly oblique incidence), the photon energies of TE and TM resonances are blue-
shifted differently to be resonant at 3.17 eV and 2.99 eV, respectively. These blue-shifts of
resonant peaks are responsible for the highly directional operation [5, 18]. On the other hand,
the MDM structure with a higher-n dielectric core layer can realize nearly flat and
polarization-independent resonances (Fig. 1(d)). In this case, the photon energies of the
RWDMs do not change significantly from normal incidence to high-grazing incidence (6~80°).
When the incident angle changes from 8 = 0° to 80°, negligible frequency shift of 1% (6.4%)
is observed for m = 8 (m = 2) located in the resonant frequency of around 3.06 eV (1.43 eV).

The reason behind the material-dependent behaviors is associated with the fact that the
group velocity decreases more rapidly with the higher-n materials [20]. It should be pointed
out that such a dramatic reduction of the group velocity appeared here and for example in [10]
can lead to the angle-insensitive absorption. In these regards, the higher-order modes exhibit
more omnidirectional resonances since the refractive index n of Si becomes larger in the
shorter wavelength region. The resonant frequency shift from 8 = 0° to 80° for different
resonances with corresponding refractive index (n) and extinction coefficient (k) of Si from
[19] are summarized in Table 1. Multiple resonances with a shorter free-spectral-range appear
for the higher-n core medium due to the increase in the effective optical path length. The
resonant frequencies and the absorptivities of such modes can be fine-tuned by changing d
and ¢, respectively, while maintaining a polarization-insensitive ODR.

Table 1. ODR frequency shift at 80° and the optical constants of Si

Mode ODR frequency Optical constants of Si
order (m) shift at 80° (%) n k

2 6.4 3.63 0.03
3 53 3.82 0.014
4 42 4.05 0.034
5 32 433 0.075
6 23 4.66 0.14
7 1.5 5.05 0.22
8 1 5.55 0.36

3. Theories for MD-layered structures as perfect absorbers

We now provide a theoretical model to discuss the absorption behaviors of the MD-layered
structures. The conceptual diagram is schematically illustrated in Fig. 2(a). The amplitudes of
the incident (coupled) and reflected (circulated) waves for the free-space (cavity) zone are
denoted by a; (by) and b; (a,), respectively. The incident field at the coupling section (top
mirror layer) is partially reflected and transmitted by a factor of r (reflectivity) and x
(transmissivity or fractional radiative loss through a top mirror), respectively. The light-
absorber interaction can be described by the scattering matrix relation as follows [21]:
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The coupled wave b, undergoes a fractional field decay through the lossy structure and thus
the circulated wave a, is given by

a,=Ce"b,, (2

where C and ¢ is the inner circulation amplitude factor and total phase shift per cavity round-
trip. Using Eq. (1) and (2), the reflected wave b; can be written in the following form:

= Ce”
1—r"Ce?’

| 3

For the convenience of implementing numerical results, we replace the inner circulation
factor C to be (1-a*)"°, where a represents fractional absorptive loss per round-trip and will
be obtained by numerical simulation. There is no transmission through the bottom metal
layer, so that the absorptivity can be defined to be 4 = 1-|b;|* for unit incidence (a, = 1). With
the relation |x|* + |/{* = 1 from unitary matrix, the absorbtivity 4 at resonance can be expressed
in terms of the cavity losses as follows:

A=1-|p[ =o' (1—a2)(1—zc2)—1)72. @)

The radiative and absorptive losses arise mainly from the partial transmissions by the top
mirror layer (x) and the lossy materials (), respectively. When satisfying the critical coupling
condition, where x matches with a in Eq. (4), it gives complete destructive interference
between ra; and ka,, and then realizes a perfect absorption state (4 = 1). This design concept
has been implemented in the perfect absorbers employing a pair of MD layers [6], optical
antennas [22], and thermal emitters [23].
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Fig. 2. (a) Theoretical model describing the coupling and absorption procedures of the MD-
layered structures. Cavity losses and absortivity 4 under normal incidence for (b) the Si-core
double-layer structures (# = 0) as a fuction of dielectric thickness d and (c) triple-layer
structures (d = 40 nm) as a function of the top metal thickness z. The blue and red solid lines in
the upper panels indicate the radiative (x) and absorptive (a) losses per round-trip,
respectively. The absorptivity 4 (lower panels) is calculated based on the FDTD method (gray
solid lines) and the theoretical model (gray dotted lines).

We perform finite-difference time-domain (FDTD) simulations with the same optical
constants used in the TMM calculations to verify the critical coupling concepts. In these
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simulations, a fundamental mode (m = 0) with a relatively thin dielectric (Si) layer is
considered to avoid complexities (the mode number m indicates the number of field nodes at
the dielectric region). A plane-wave source is set to be incident on the top mirror surface for
calculating the absorptivity 4 at resonance. The in-plane Bloch boundary condition produces
the wave vector components corresponding to the incident angles. The cavity quality factor
(Q) is calculated to determine a total fractional power loss per round-trip (2n/Q) and then
decomposed into its absorptive and radiative components to evaluate a and x, respectively.
The obtained values of a and « are also used for the verification with Eq. (4).

Figures 2(b) and 2(c) present the calculated cavity losses and the absorptivity 4 from our
theoretical model (Eq. (4) in comparison with FDTD simulations for the MD double-layer
and MDM triple-layer absorbers. For the double-layer structures, the values of x and a rely
only on the optical constants 7, k (depending on 1) of the dispersive materials and are difficult
to control in practice. Although the values of # and & can be tuned by introducing free carrier
dispersion and absorption, their tuning ranges are limited to below a few percent [24]. For this
reason, the resonant wavelength should be properly tuned to obtain k¥ = a by changing the
core dielectric thickness d as shown in Fig. 2(b). The double-layer absorber with d = 2 nm
thickness functions as a nearly perfect absorber at the wavelength of ~365 nm. At this point,
the value of x reaches its minimum due to high index contrast. The highest refractive index
contrast between the air and the Si material occurs at the wavelength of ~370 nm where n =
~6.83 and k = ~2 according to Palik’s data [19]. The extremely thin dielectric thickness d
compared to the resonant wavelength is mainly due to the non-trivial reflection phase shifts
(different from O or ) at the interface between the free-space and the lossy dielectric medium,
where n and k& values are comparable to each other [6].

The important advantage of the proposed MDM triple-layer structures is that we can
readily manipulate x regardless of the dielectric core material properties by changing the
thickness of the top metal layer, ¢ (Fig. 2(c)). As ¢ increases from 0 nm, the resonant modes
become more tightly confined within the dielectric core layer (r increases) and hence x
decreases by the relation |«* + |r|* = 1. In contrast, a is nearly constant and independent of .
The parameter x can thus be manipulated to match with o at £ = 28 nm, where the resonant
wavelength is at around 650 nm. At this critical coupling condition (x = o = 0.42), the
absorptivity calculated from the FDTD method reaches its maximum value of 0.996 (gray
solid line). These results are well-consistent with the predictions from the theoretical model
(gray dotted line). We also point out that the radiative loss x varies considerably depending on
either the angle of incidence or its polarization state. As an example, the value of x for an
oblique incidence of 40° becomes 0.37 and 0.47 for TE and TM polarization, respectively,
and they differ from the normal incidence case (x = 0.42).

4. Numerical simulations on multiband perfect absorbers

In the rest of this paper, we primarily focus our discussions on the silicon-cored multiband
MDM absorbers with d = 300 nm. Based on the critical coupling concepts, we describe how
much absorption (absorptivity 4) occurs in terms of the incident angle, polarization state, and
mode orders m. To determine the absorptivity A, we solved the Fresnel coefficients for
multilayer systems. Figures 3(a) and 3(b) present the absorption spectra as a function of the
top metal thickness ¢ at the particular incident angles of 0°, 40°, 80° (denoted in each map)
with different input polarizations. The spectral range is from 400 nm to 1000 nm, where the
six resonant modes (m = 2~7) dominantly appear.

We first discuss the mode order-dependent absorption characteristics at normal incidence,
where the TE and TM modes are equivalent to each other due to the rotational symmetry (left
panels in Figs. 3(a) and 3(b)). We note that the lower order modes (m = 2, 3, 4) suffer higher
x (over-coupling regime) due to their less confinement within the core layer than the higher
order modes (for example, m = 5, 6, 7). In this regard, the low-order resonances require
thicker ¢ to reach a critical coupling condition (x = a) for better absorption characteristics. On
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the contrary, the higher order modes (m = 5, 6, 7) lie in the under-coupling regimes (k<o)
even without the top metal layer. Therefore, as the parameter ¢ increases, the higher order
modes become more under-coupled and exhibit less absorption. With a proper choice of the
parameter ¢, the proposed structures can act as multiband perfect absorbers (peak 4>0.99)
whose individual resonances cover a wide range of wavelengths.

The light absorption is also affected by the incident angle and polarization, as can be seen
in the center and right panels of Figs. 3(a) and 3(b). As the incident angle varies from 40° to
80°, the optimum ¢ for the TM polarization increases from 18 to 27.5 nm. In contrast, the
optimal absorption point for TE polarization is shifted to smaller ¢. This is because the TM
(TE) modes have higher (lower) x for oblique incidence than normal incidence. For the
incident angle of 80°, however, the existence of top metal layer merely downgrades the
absorption of TE modes, since all of these TE modes fall into the under-coupling regime even
without a top metal layer. Our analysis aimed at predicting near-perfect absorption conditions
can be useful to further understand the reason why the recently reported triple-layer structures
should behave as perfect absorbers [5].

For practical applications, the absorption efficiency of the photoactive dielectric core layer
(Si layer) should be considered. For example, the proposed structures with the modes of m =
2, 3 at around 650 and 850 nm wavelengths can be applied to the optical data storage and
short-range optical communications. We performed FDTD simulations to evaluate the
absorption efficiency in each layer of the MDM structure. When the critical coupling
condition is satisfied, the photoactive absorption efficiencies for m = 2 and 3 at normal
incidence are estimated to be 0.27 and 0.50, respectively.

Furthermore, we examine how the top metal layer influences the isotropic angular
responses for both polarizations. For this purpose, we show the contour plots of the light
absorption spectra versus the incident angle for the TE (Fig. 4(a)) and TM modes (Fig. 4(b))
with different 7 of 0, 15, 30 nm (denoted in each panel). The maximum extent of the incident
angle, defined here as 6, is 80° for these calculations. We do not consider the case where the
incident angle is larger than 80° because of the effect of SPPs at large oblique incident angles.
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Fig. 3. Calculated (a) TE and (b) TM absorption spectra as a function of top metal thickness ¢
for the Si-core MDM structure (4 = 300 nm) at the incident angle of 0°, 40°, and 80°. The
color bar on the right side of the figure provides color codes for absorptivity. The optimum
values (#) achieving near-perfect absorption for the RWMs (m = 2, 4) are displayed (star) in
each panel.
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As shown in the center panels of Figs. 4(a) and 4(b), the low order modes (m = 2, 3) under
a proper coupling condition with # = 15 nm maintain highly efficient absorption less sensitive
to the incident angle as well as the input polarization. On the other hand, the angular
responses at £ = 0 and 30 nm exhibit largely unbalanced distribution and sensitively dependent
on their polarization. To be noticed, some TM modes (¢ = 15 nm for m = 4, 5) exhibit highly
efficient and nearly isotropic responses. However, the corresponding TE modes have
relatively weak and non-isotropic responses. In the context of the above results, the thickness
of the top metal layer plays a critical role in enhancing the light absorption from the MDM
structures. It also controls the dependence on the incident angle and polarization.
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Fig. 4. Calculated (a) TE and (b) TM absorption spectra as a function of the incident angle for
the Si-core MDM structures (4 = 300 nm) with different # of 0 nm, 15 nm, and 30 nm. The star
symbol in the center panels indicate the critical angles (optimal absorption points).

5. Angular response analysis

To further understand the angular absorption behavior discussed in the last section, we define
and quantify the angular absorption uniformity and similarity between each polarization. The
figure of merit for the highly efficient and angle-independent absorption is the average
absorptivity over an incidence angular range, defined here as isotropic factor (/F)

IFF M = J‘:io AT (9)d6 /6, , where ATF™)(@) is the angular absorptivity profile for a

given m-th order TE (TM) mode. Likewise, the similarities and resemblance between the TE
and TM responses can be measured by the overlap integral between the TE and TM

responses, defined here as cross polarization coupling XPC, = I::O A" (6) 4™ (8)d8/ 6, for

a given mode. Since these quantities account for overall absorption efficiency, the incident
light can be perfectly absorbed in all direction irrespective of its input polarization provided
that the /F and XPC are designed to be close to unity.

The relation between /F and ¢ is described in the upper panels of Fig. 5 to identify the
exact value of ¢ permitting the optimal /F for each resonance (m = 2, 3, 4). From these results,
the maximum /F of TE (TM) mode is estimated to be 0.95 (0.97) at ¢ of 12 nm (20 nm), 0.94
(0.98) at ¢ of 10 nm (18 nm) and 0.94 (0.99) at ¢ of 2 nm (14 nm) for m = 2, 3 and 4,
respectively. The polar plots of the angular responses for the TM modes under the optimum
IF conditions are shown in the insets within the upper panels of Fig. 5. It is shown that the
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maximally absorbed angle of incidence (referred to here as a critical angle) with the perfect
absorption (4>0.99) appear near the middle-angle regions and the value of 4 is well
maintained above 0.9 for all incident angles. Similar behaviors are also observed for the TE
modes. The MDM structures can also be designed to improve the XPC parameter for the
given mode order of m = 2, 3, and 4, as shown in the lower panels of Fig. 5. The high XPC
values of around 0.9 are obtained for m = 2, 3 and 4 with different ¢ of 16, 14 and 10 nm,
respectively, and the angular distributions for both polarizations are similar to each other
(insets in the lower panels of Fig. 5). It is worthwhile to note that the XPC peaks are located
in the middle of the /F peaks and their critical angles appear close to the normal incidence.
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Fig. 5. Isotropic factor (/F) for each polarization and cross polarization coupling (XPC) of the
Si-core MDM structures (d = 300 nm). The /F (upper panels) and XPC (lower panels) as a
function of the top metal thickness ¢ are plotted in left, center, and right panels for m = 2, 3,
and 4, respectively. Polar plots are displayed in the insets at each optimal condition. In each
panel, the red and blue curves represent the results for the TE and TM modes.

The critical angles (maximally absorbed angle of incidence) and angular responses of each
polarization for the case of m = 2 are demonstrated as a function of ¢ in Figs. 6(a) and 6(b),
respectively, to further understand the role of the critical angles on the angular responses. As
can be seen in Fig. 6(a), the critical angles vary considerably by modifying ¢ for both
polarizations. As ¢ increases from 0 to 14 nm, the critical angles decrease from 80° to 30° for
the TE modes (red curve in Fig. 6(a)). In contrast, when implementing the thicker top metal
layer with ¢ from 18 to 28 nm, the critical angles of the TM modes increase from 32° to 8§0°.
For the range of + = 0~14 nm (¢ = 18~28 nm), the TM (TE) modes exhibit relatively less
efficient and more directional operation (e.g. # = 8 nm for TM and ¢ = 28 nm for TE in Fig.
6(b)). The reason behind this opposite trend is that the radiation losses (x) of the TE and TM
modes oppositely behave with respect to 4 at a given ¢ (see Fig. 3).

As an example, let us consider the most isotropic responses (I/F~1) at = 12 and 20 nm for
the TE and TM mode, respectively (Fig. 6(b)). At each point, the critical angle is estimated to
be ~45°. In the region ranging from 0° to ~45°, the TE modes are over-coupled (x>a),
whereas the TM modes are under-coupled (k<a). Therefore, if we decrease x (increase ¢ from
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12 nm) for TE and increase « (decrease ¢ from 20 nm) for TM, the critical angles of the TE
and TM modes become smaller than ~45°. Under an intermediate value of # = 16 nm, the
critical angles of both polarizations are eventually close to each other (normal incidence) and
their angular responses also become highly efficient.

In this section, we found that the critical angles of each resonance can be properly
designed to either enhance the uniformity of the angular responses or reduce the polarization
dependence by manipulating the top metal thickness . The operation principles of the MDM
absorbing structures studied here can shed light on the mechanisms underlying the optical
angular responses of more general electromagnetic wave absorbers such as planar and
perforated structures.
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Fig. 6. (a) Critical angles of the second-order TE and TM resonances (m = 2) for the Si-cored
MDM structures (¢ = 300 nm) when varying the top metal thickness # from 0 to 28 nm. The
red and blue lines indicate TE and TM modes, respectively. (b) Angular absortivity profiles of
each polarization for six different top metal thicknesses: 8, 12, 16, 20, 24, and 28 nm.

6. Conclusion

We have demonstrated that a planar metal-dielectric layered structure can be used for a
multiband absorber with omnidirectional and polarization-insensitive characteristics. Due to
the slower group velocities from an optically dense dielectric medium, the cavity resonant
frequencies can remain nearly identical in all receiving-directions regardless of the input
polarization. The light absorption behaviors against the angle of incidence and the
polarization state are elucidated using an analogy with the well-known critical coupling
concepts. We establish a theoretical model with numerical verification to reveal the role of
the thin top metal layer on the highly efficient and near-isotropic absorption features. The
operation mechanisms for the suggested wide-angle perfect absorption can be extended to
further understand the angular responses of various kinds of light absorbers including simple
planar structures as well as perforated plasmonic and metamaterial devices. The proposed
metal-dielectric absorbing structures can pave the way for numerous applications such as
photo-detectors, optical filters and photovoltaic cells due to their structural simplicity and
functional versatility.
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