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Abstract: While a broadband metamaterial perfect absorber (MPA) has been implemented 
and proposed intensively in recent years, an ultra-broadband perfect absorber with 
polarization selectivity has not been realized in literature. In this work, we propose a 
configuration of polarization-selective (PS) MPA with ultra-wide absorption bandwidth. The 
aluminum wire grid is integrated on top of the ultrathin-metal-dielectric stacking. The 
transverse electric (TE) wave is blocked due to the requirement of zero tangential electric 
field at the metal surface. The transverse magnetic field can pass the aluminum wire-grids 
because the normal electric field can be supported by the surface charge density at the metal 
surface, and full absorption of the TM wave is accomplished by the metal-dielectric stacking 
beneath. Theoretical calculation using rigorously coupled wave analysis demonstrates the 
wavelength selectivity from λ = 1.98μm to λ = 11.74μm where the TE absorption is <0.04 
while TM absorption is >0.95, using 300 nm thick aluminum (Al) wire grid with 16-pair 
SiO2/Ti stacking. Additionally, the design is wavelength scalable by adjusting the dielectric 
thickness (tSiO2) and the wire grid period (P) and height (t). The experimental result is 
demonstrated using Al grids and Ti/SiO2, and the measured result fully supports the 
calculated prediction. 
©2017 Optical Society of America 
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1. Introduction 

Metamaterial perfect absorbers (MPA) have been a field of intensive research for many years 
due to its numerous applications in diverse fields [1–9]. These include superlenses [1], highly 
sensitive sensors [3], ultrafast modulators [4], antenna systems [5], thermal emitters [6], 
thermophotovoltaics [7], biomedical optics [10,11], and radar cross section (RCS) reduction 
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[12]. In many applications, the polarization dependent absorption is desired. The polarization 
information of the received optical signals can further increase the depth accuracy of detected 
images [13,14], and therefore, is of high interest to remote and geographical sensing, 
biomedical imaging, cyber-physical interfacing, internet of things, robotics, radar, and CMOS 
image sensors. Both narrow-band and broadband metamaterial perfect absorbers have been 
proposed and implemented. The ease of confining photons at a specific wavelength via 
various optical phenomena facilitates the implementation of narrowband MPAs, such as 
guided mode resonances [15–22], plasmonic resonances [21,23], slow-light absorption 
enhancement [24], and photonic density of states (PDOS) engineering in periodic structures 
[18,25–27]. Thus, it is relatively easier to construct a perfect absorption at narrow spectral 
range. The polarization-dependent narrowband MPAs have also been demonstrated in the 
literature [23,28–30]. Based our literature review, there has not been many efforts in realizing 
polarization-dependent ultra-broadband MPAs to date except the recent theoretical work by 
Liao et. al [31] in 2016. In [31], simulation result suggests the realization of a broadband 
polarization-dependent MPA by using varied-thickness layered metal-dielectric grating. The 
slight drawback is the absorption ripples exist in the high absorption band. In our proposal, 
we provide a different configuration with experimental verification. It will be shown that a 
wider bandwidth and higher absorption can be achieved using the proposal in this work. In 
addition, the fabrication complexity is reduced since only aluminum grid etching is necessary. 

In contrast to narrowband perfect absorption, ultra-broadband absorption can be quite 
challenging since it is difficult to find an optical absorption phenomenon that can exist 
consistently over a broad spectral range. In literature, several decent efforts have been 
proposed recently to implement the broadband MPA without polarization-selection [32–35]. 
The past efforts on purely broadband metamaterial perfect absorbers without polarization-
selection have been developed using patterned metallic grating on dielectric [15,16], metallic 
nanocones [34], and hyperbolic metamaterial (HMM) tapers [33,35]. An unprecedented 
adiabatically-coupled ultra-long tapered hyperbolic metamaterial (HMM) with a extremely 
wide absorption band were introduced by Fang et al. [35]. In this configuration, layer-by-
layer metal-dielectric tapered structure is used in order to achieve a broad absorption band. In 
this scenario, the incident photons are coupled into the metallic films from the side of the 
HMM nano-tips or nanocones, and the photons of different wavelengths are absorbed by 
different portions of the HMM stacking. In our recent publications [36], we proposed a planar 
multiple thin-metal-dielectric stack configuration for MPAs that facilitates both simple 
fabrication and broadband omnidirectional absorption comparable to tapered HMM 
absorbers. The underlying physics of field penetration and field dissipation at the ultra-thin 
metallic films has been adopted here. As compared to tapered HMM perfect absorbers 
structure, this design eradicates the need for lithography and etching processes and, therefore, 
is totally scalable to large-area photonic applications. The additional advantage of fully 
planarized structure over MPAs using photonic nanostructures includes the easy integration 
with other optical components such as filters and polarizers. The metallic thin wire-grid 
polarizer is one of the most well-known sub-wavelength optical devices that split 
orthogonally polarized electromagnetic waves into a transmitted wave and a re ected wave. 
High conductivity metals can serve the purpose of building wire-grid polarizers due to their 
large imaginary dielectric constants provides a nearly perfect electric conductor (PEC) 
boundary condition at metal-grid and air interface. These metallic grating could be used as 
polarizers [37], and could be implemented with other photonic structures such as planar 
MPAs. 

In this paper, we report the integration of a thin metal based wire-grid polarizer on the 
planar MPA to harness the structural advantages of polarization selection with ultra-wide 
bandwidth offered by MPAs. Figure 1 is the schematic of the proposed design. A one-
dimensional (1D) Al grid is laid over a planar MPA structure. Planer MPA structure consists 
of 15.5 pairs of repeated dielectric-metal stacks on a Ti substrate. P, WAl and t are the period, 
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width and thickness of the metallic wire grid, respectively, to be imposed on the planar MPA 
structure. We believe the proposed polarization-dependent MPA is very useful for remote 
sensing, image reconstruction, biomedical imaging, detection, etc. 

 

Fig. 1. The three-dimensional (3D) and two-dimensional (2D) cross-section plots of the 
proposed polarization-selective (PS) metamaterial absorber (MPA). Structure parameters are 
indicated. 

2. Simulation 

 

Fig. 2. The physics and design concept of the proposed polarization-selective (PS) MPA. 
Polarization selection is achieved by integrating metal grids with planar thin metal MPA. (a) 
The selection of the TE and TM wave by high extinction metal grids. (b) Broadband 
absorption by thin-metal-dielectric stacking. (c) The PS-MPA implementation. The key to the 
seamless integration lies in the planar nature of the MPA underneath and its broadband 
omnidirectional absorption. The near-field distribution after the wave passes the metal grids 
can have multiple diffraction orders, and thus omnidirectionality of the MPA is critical. 

As illustrated in Fig. 1, the structure consists of repeated dielectric-metal stacks. The 
refractive indices (n) and extinction coefficients (k) from the RsoftTM material database [38] 
are used in this study. Since higher extinction metals like gold (Au), silver (Ag), or even 
aluminum (Al) leads to excessive reflection, moderate to lower extinction metals such as 
titanium (Ti), tungsten (W), and nickel (Ni) could be adopted for the periodic stacking of the 
ultra-thin metal and dielectric, in order to facilitate the field penetration effect in this planar 
MPA structure. On the other hand, for the wire-grid polarizer, high extinction metals such as 
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Au, Ag, Al are preferred. This is due to the high extinction metals can better approximate the 
perfect electric conductor with high surface charge density and close-to-zero skin depth. The 
minimal skin-depth is the key to the TE wave blocking in the wire grid polarizers, which are 
integrated into planar MPA design in this proposal to realize polarization-selectivity. For the 
selection of dielectric materials, lower index materials are preferred to reduce the air-
dielectric reflection. Nevertheless, in order to reduce the total device thickness, higher index 
materials can also be used with the design of anti-reflection coating (ARC) [39]. Higher 
extinction metals, instead of Ti, can also be used to reduce the required pair number for 
perfect absorption, but this is at the cost of reduced bandwidth [36]. The Ni/SiO2 data and the 
determination of the required pair number can be referred to in our past publication [40] 
where a single layer ultrathin metal absorption is shown, which can be used to estimate the 
required pair number for perfect absorption. The physics of the proposed polarization-
selective (PS) MPA is illustrated in Fig. 2. 

 

Fig. 3. The spectral response for the polarization-selective (PS) broadband MPA using Ti/SiO2 
stacking and a Al wire-grid. The period (P), fill factor (FF), aluminum grid thickness (t), oxide 
and titanium thicknesses (tSiO2, tTi) are labeled in the figure inset. The spectral absorption at 
normal incidence and at oblique incidence (60°) are shown. 15.5-pair SiO2/Ti is used. 

It is worth reviewing the physics behind the highly-conductive metal wire grids. 
According to Maxwell’s boundary conditions: In the absence of any static charge density at 
the interface between metal and dielectric, tangential electric field component is continuous at 
the interface, i.e, the tangential component of electrical field at the metal surface (Etm) is equal 
to tangential component of electrical field at the air surface (Eta). 

 tm taE E=  (1) 

Therefore, for TE polarization, the electric field is all at the tangential direction, and once the 
wave passes through the highly conductive metal grids, the electric field is forced to zero due 
to the requirement of zero electric field at the metal interior. On the other hand, the metal can 
support surface charge, and thus the normal component of the electric field does not have to 
vanish at air-metal boundary. The normal electric field satisfies 

 0 na smEε ρ=  (2) 

at air-metal interface. Ena is the normal component of the electric field in air, and ρsm is the 
metal surface charge density. 

The simulation conducted here is based upon rigorous coupled wave analysis (RCWA). 
The RCWA is a numerical method that is classically applied in solving scattering from 
periodic structures in computational electromagnetism. Spectral absorbance is calculated in 
our analysis by RCWA with DiffractmodTM. The eigenmodes of the layered periodic 
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waveguide structures are the expansion bases in the software, and therefore the bases are 
quite different from the traditional Fourier Modal Method (FMM). It is more natural to 
employ eigenmodes of the periodic structure itself to expand the solution fields, and this 
extensively improves convergence especially in the presence of metallic layers in the 
calculation domains. 

Figure 3 shows the spectral absorption for the proposed wire-grid MPA. It is shown that 
strong polarization dependence is established by using a highly-conductive metal grid on top 
of the ultrathin metal-dielectric stacking. The spectral absorption of the TE wave is around 
0.03, while the spectral absorption of the TM wave is around 0.98. Further decreased of the 
TE absorption can be done by replacing Al with Au or Ag, but Au and Ag are not compatible 
with silicon IC processing and thus preventing the photonics/electronics integration in silicon 
photonics platform. The physics associated with the polarization selectivity has been 
explained using the boundary conditions of Maxwell’s equations in the previous paragraph, 
and the broadband absorption is based on the field penetration phenomenon in the ultrathin 
metallic films [36]. It is interesting to note that the selection of the ultrathin metal in metal-
dielectric stacking should be moderate-extinction metals to realize field penetration while for 
the selection of the metal wire grid, high extinction metals should be used. The angular 
absorption is shown in Fig. 3(b). It can be seen that the polarization-selective absorption can 
persist until 60° incidence angle. This is because the underlying MPA possesses a wide 
receiving angle, and the wire-grid polarizer does not degrade significantly with incidence 
angles until 60°. The physics behind broadband wide-angle MPAs has been explained in [36], 
and the physics behind wide-angle wire-grid polarizers is explained in [41]. In current design, 
we use periodic stacking for Ti/SiO2 MPA, and aperiodic design can further increase the 
polarization-selective absorption bandwidth. 

The change of the polarization-selective absorption with varied geometry is shown in Fig. 
4. In fact, the proposed design has large geometrical dimension tolerance where wideband 
polarization-selective absorption can exist for a broad range of geometrical parameters. 
Figure 4(a) shows the polarization-selective absorption dependence on the oxide spacer 
thickness (tSiO2) in the MPA. The design guideline for thin-metal MPAs has been discussed in 
[36] regarding tSiO2 and tTi. The increase of tSiO2 leads to the absorption band being shifted to 
longer wavelength. On the other hand, the wire-grid polarizer possesses very broadband 
width, evident from RCWA [37] and from many commercially available modules. The 
bandwidth of the polarizer can be easily designed to >10μm due to the physics behind the 
polarization selection using wire-grids only weakly depends on wavelength. As a result, in 
Fig. 4(a) polarizer bandwidth is not a limiting factor, and as the MPA absorption bandwidth is 
shifted toward longer wavelength by increasing tSiO2, the polarization-selective absorption 
band is shifted accordingly achieving wavelength scalability. It is also worth to mention that 
for the case of tSiO2 = 500nm in Fig. 4(a), an ultra-broadband polarization-selective absorption 
is demonstrated from λ = 1.98μm to λ = 11.74μm where the TE absorption is <0.04 while TM 
absorption is >0.95. In Fig. 4(b), the dependence of polarization-selective absorption on the 
aluminum grating fill factor (FF) is shown. For gradually increased FF, the TM absorption 
can decrease due to the slits between the Al grating becomes too narrow for transmission. On 
the other hand, TE blocked transmission/absorption is not affected by the increased FF. In 
Figs. 4(c) and 4(d), the dependencies of polarization-selective absorption on the Al wire-grid 
period (P) and thickness (t) are studied. It is observed that the proposed design is robust 
against geometrical parameters where the variation in P from 400nm to 1μm and the change 
in t from 100nm to 500nm do not significantly alter the TE and TM absorption. 
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Fig. 4. The variation of the polarization-selective absorption with different geometrical 
parameters. The baseline parameters are tSiO2 = 80nm, tTi = 2nm, P = 400nm, FF = 0.25, t = 
300nm. 15.5-pair SiO2/Ti is used. The variation of the geometrical parameters is labeled in the 
legends. (a) Sweep on the dielectric spacer thickness in bottom MPA (tSiO2). (c) Sweep on the 
aluminum wire grid fill factor (FF). (c) Sweep on the aluminum wire grid period (P). (d) 
Sweep on the aluminum wire grid thickness (t). 

Figure 5 plots the field profiles for various field components at λ = 5μm for the geometry 
in Fig. 3(a). We can see that the penetration of the TM wave into the stacking of ultrathin Ti 
and dielectric. On the other hand, the TE wave is blocked by the Al metal grids and not able 
to reach the Ti/SiO2 stacking. Slight encroachment of the field intensity into Al grids can be 
observed in Fig. 5(d), and this reflects the physical reason that 3% absorption can still be 
observed for the TE wave in Fig. 3. Perfect electric conductors can totally eliminate the 
residual absorption. Using Ag or Au can certainly be beneficial in this regard but leads to 
contamination in silicon IC processing. 
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Fig. 5. The TE/TM field profiles for the polarization-selective broadband MPA at λ = 5μm. 
The field amplitude at harmonic steady state for various field components (Ex, Ey, Hy, Hz) are 
plotted. The geometry is the same as Fig. 3(a). 

3. Experiment 

A bare silicon wafer is used for the deposition of 500nm Ti bottom layer. After that, 15 
alternating pairs of SiO2/Ti layers are deposited on this Ti bottom layer, starting from SiO2 
deposition. One more layer of SiO2 is also deposited at the top of this planar MPA structure, 
and thus totally 15.5 pairs of SiO2/Ti is deposited. AST PEVA 600I electron gun (e-gun) 
evaporators are used for the deposition of the SiO2/Ti based MPA structure. The deposition 
pressure of 3 × 10−6 and 5 × 10−6 torr without substrate heating is maintained for the 
deposition of Ti and SiO2 films, respectively. The deposition rate for Ti and SiO2 films via e-
gun evaporation have been reported as 0.5nm/sec for Ti and 0.2nm/sec for SiO2, respectively. 
Deposition pressure and rate play a vital role for the optimization of the surface roughness 
and thin film morphology. Furthermore, molecular beam epitaxy (MBE), atomic layer 
deposition (ALD), and metalorganic chemical vapor deposition (MOCVD) could be 
employed for a fully smooth film. A 500nm Ti layer is deposited on the wafer backside to 
eliminate any residual transmittance. 
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Fig. 6. (a) The normal incidence spectral absorption of the polarization-selective broadband 
MPA in the UV-VIS-NIR regime. (b) The normal incidence spectral absorption from λ = 
1.24μm to λ = 10μm spectrum using FTIR. The geometry is P = 1μm, FF = 0.3, tTi = 2nm, tSiO2 
= 80nm. The aluminum grid thickness (t) is 300nm. 15.5 pairs of Ti/SiO2 are used. (c) The 
schematic diagram of UV-VIS-NIR and (d) the schematic diagram of FTIR measurement 

For the metallic grid polarizer, a 300nm Al layer is deposited on this planar MPA 
structure via e-gun evaporation. Afterward, e-beam lithography with LeicaTM Weprint 200 E-
Beam stepper is used for exposure. SumitomoTM NEB-22 negative-tone resist with resolution 
~100nm is employed. The development of the exposed resist is by tetramethylammonium 
hydroxide (TMAH). After development, the etching of the Al grid is achieved by ICP etching 
using Lam Research TM TCP 9600SE using mixture of Cl2 and BCl3. The resist removal is 
done by FusionTM Ozone 200 AC/II Asher and then by the solution consisting of 8% H2SO4 
and 4% H2O2 at 45°C for 120 seconds. Afterward, acetone, isopropyl alcohol (IPA), and 
deionized (DI) water clean is conducted to fully remove the resist. Measurement of the 
absorbance is done by measuring the reflectance (R) and the transmittance (T), and then the 
absorbance (A) is calculated by A = 1-R-T. The Hitachi U-4100 UV-VIS-NIR spectrometer 
and the BrukerTM IFS 66v/S Fourier transform infrared (FTIR) spectroscopy are used for this 
purpose. 

The measurement results along with the corresponding calculated results are shown in 
Fig. 6. The Period P = 1μm, the aluminum grid thickness is t = 300nm, and the fill factor is 
FF = 0.3. 15.5 pairs of Ti/SiO2 are deposited with tSiO2 = 80nm and tTi = 2nm. Further increase 
in tSiO2 can shift the MPA absorption bandwidth to longer wavelength regimes. The 
absorption bandwidth for the PS-MPA with tSiO2 = 80nm is from λ = 4μm to λ = 8μm. The 
measurement is firstly done on UV-VIS-NIR spectral range at λ = 300nm to λ = 2600nm. 
Since the absorption bandwidth is primarily at λ>3μm, the UV-VIS-NIR data is mainly 
supplementary but useful to check the correctness of the result. TE and TM polarizations are 
used to excite the proposed structure. It can be seen from Fig. 6(a) that the TE absorption 
gradually decreases when λ is approaching 2.6μm. The FTIR result in Fig. 6(b) further 
demonstrates the decent polarization selectivity of this proposal, where the measured TE 
absorption is suppressed to <0.1 for λ = 4μm to λ = 10μm, and the measured TM absorption is 
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>0.9 from λ = 4μm to λ = 7.54μm. It can be seen that the simulated and measured responses 
have close match except that the measured TE absorption is slightly higher than the calculated 
ones at λ<4μm, and the measured TM absorption is slightly higher than the calculated ones at 
λ>6μm. The higher measured TM absorption at λ>6μm is due to the light trapping effect 
associated with the ultrathin metallic films. The roughness of the e-gun evaporated ultra-thin 
metal and dielectric films leads to random light scattering and thus near-field absorption 
enhancement [40]. The higher measured TE absorption is due to the top and sidewall 
roughness at the aluminum wire-grids that similarly enhances the residual absorption for TE 
incidence. For longer wavelengths at λ>4μm, this TE absorption enhancement effect becomes 
less important because the gradually increased Al extinction coefficients (k) with wavelength 
lead to very high reflection even at the rough surface. The measurement set-up is illustrated in 
Figs. 6(c) and 6(d). It is worth to note that the current Al wire-grid has P = 1μm, and thus for 
λ>1μm the non-specular diffraction orders are evanescent modes. This point is very clear for 
those familiar with the coupled-wave analysis [37,38]. Since the polarization-selective 
absorption bandwidth is from λ = 4μm to λ = 8μm, integration sphere is totally not necessary. 
For improved performance, if desired, Ag or Au can be used with some risk of silicon 
contamination during IC processing. 

4. Conclusion 

For the first time, we experimentally demonstrate the ultra-broadband polarization-selective 
(PS) MPA. Our proposed design encapsulates advantages of polarization selection of wire 
grid structure as well as the simple planar configuration of MPA structures. At ultrathin metal 
thickness, the physics of field penetration does not change significantly with wavelength and 
thus contributes to an ultra-broadband absorption. Furthermore, the polarization selection due 
to Maxwell’s boundary condition at the metal/air interface of the metallic wire-grid can 
persist over a very broad spectral range. Therefore, the metallic wire grid can be perfectly 
integrated with the thin-metal planar MPA design and leads to polarization-selective 
broadband absorption. The simulation results using wave optics RCWA calculation shows the 
proposed configuration can indeed be employed to realize strong polarization-selectivity. The 
absorption for TE incidence is <0.05 while the absorption for TM incidence is as high as 
>0.98, over λ = 1.48μm to λ = 4.27μm for tSiO2 = 80nm, P = 400nm, t = 300nm, and FF = 
0.25. Further increase in bandwidth is done by using tSiO2 = 500nm where the polarization-
selective absorption band spans from λ = 1.98μm to λ = 11.74μm with TM absorption >0.95 
and TE absorption <0.04. Further decrease in TE absorption can be easily done by using Ag 
or Au but with the risk of silicon contamination. The measured result using UV-VIS-NIR and 
FTIR is consistent with the calculation result, and thus it is proved that the metallic wire grid 
ultrathin metal MPA can be truly polarization-selective over a broad spectral range with 
practical feasibility. We believe the proposed polarization-selective ultra-broadband MPA is 
never realized experimentally in literature, and the usefulness of this proposal can lie in 
remote sensing, biomedical imaging, energy harvesting, optical metrology and 
instrumentation. 
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