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Abstract: In the past, perfect metamaterial absorbers (PMAs) have required nanolitho-
graphy patterning to boost broadband absoprtion. Tapered structures, in particular, are
shown to achieve close-to-unity absorption over broadband using adiabatic light cou-
pling. A nontapered PMA is desirable due to the fact that it is easier to fabricate using
regular lithography techniques. This facilitates the scalability to large-area photonic appli-
cations such as thermophotovoltaics. In this work, we propose a fully planarized design
with ultrathin metallic films for broadband PMAs. The design provides close-to-unity absor-
bance over a wide spectral range and is wavelength scalable from middle ultraviolet to long
wavelength infrared. The planarized design is extremely easy to fabricate, and it requires no
lithography nor etching. The design can be used with different moderate-extinction metals
such as tungsten, titanium, tantalum, and nickel. The physics is that the thin layer of the
moderate-extinction metal allows photons to penetrate through itself. The insertion of the di-
electric between thin metal layers is necessary to spatially separate the ultrathin metallic
thin film to boost the effect of thin-film absorption. As far as the bandwidth normalized to
center wavelength is concerned, we believe that the experimental result demonstrated here
shows the broadest bandwidth to date.

Index Terms: Metamaterials, photovoltaic, silicon nanophotonics, optical properties of
photonic materials.

1. Introduction

Perfect metamaterial absorbers (PMA) [1]-[10] have been an important research subject due to
the potential applications in diverse applications in nano-photonics [11]-[17]. These include bio-
medical optics [1], [18]; ultra-high sensitivity sensing [13]; antenna systems [15]; cloaking [12];
radar cross section (RCS) reduction [19]; thermal emitters [16]; and thermophotovoltaics (TPV)
[17]. Previously, the perfect absorption is realized by using silver (Ag), gold (Au), and aluminum
(Al) through different design methodologies. The physics behind these perfect absorbers in liter-
ature includes plasmonics, adiabatic coupling, and mode excitations. The significant effort using
silver plasmonics-based design is proposed by Atwater et al. [5]. The ultra-thin metal-dielectric-
metal configuration provides broadband absorption in the visible wavelength regime using silver
plasmonic mode excitations. Afterward, a close-to-unity absorption over broadband was proposed
by Fang et al. [9], [10] using adiabatically coupled nano-tip arrays with the aid of hyperbolic

Vol. 8, No. 1, February 2016 2200109



IEEE Photonics Journal PMAs With No Photonic Nanostructures

meta-materials (HMMs). This is the most pronounced effort for the broadband metamaterial
absorbers to date since the absorption bandwidth is unprecedentedly wide. The hyperbolic
meta-material is an artificial material with a metal-like permittivity in one direction and a dielectric-
like permittivity in another direction [20]-[32]. The physics behind the tapered hyperbolic meta-
material absorbers is that the incoming light is coupled into the tapered HMM waveguiding
structure. In order to achieve a broad absorption band, a layer-by-layer metal-dielectric nanotip
structure is used, and the photons with longer wavelengths are absorbed in the lower part of the ta-
pered HMM stack while the photons with shorter wavelengths are absorbed in the upper part of the
tapered HMM stack. The reason that a tapered structure is necessary to realize the broadband ab-
sorption is the reduction of the reflections due to the gradually varied effective index associated
with the nanotips. Only in this way, photons with different wavelengths can all be gradually coupled
into the HMM stack.

The fact that the HMM nanotip design employs a tapered sidewall to boost the absorption
may prevent the feasibility for large-area applications including thermophotovoltaics (TPV). The
fabrication of a precisely tapered structure can be time-consuming, and repeated lithography
and etching steps have to be conducted to realize such a structure using focused ion beam
(FIB) [10]. In this work, we proposed a planarized design for metamaterial absorbers. Different
from previous broadband perfect metamaterial absorber designs where high extinction metals
such as Au, Ag, and Al are used for enhanced absorption, moderate-extinction metals are used
to realize perfect absorption. The physics utilized here is the field penetration and field dissipa-
tion at the ultra-thin metallic films. In order to have this penetration effect, using moderate-
extinction metals is necessary. Since previously in literature the broadband perfect absorbers
are all realized using plasmonics, guided resonances, or adiabatic coupling in hyperbolic meta-
materials, the proposal in this work provides a novel design and new physics for the implementa-
tion of a broadband absorber. Compared to tapered HMM perfect absorbers, this design
eliminates the need for lithography and etching and, therefore, totally scalable to large-area pho-
tonic applications. Similar to nano-tip HMM PMAs proposed by Fang et al. [9], [10], our design
also possesses broad absorption bandwidth with wavelength scalability, and its broadband ab-
sorption can be tuned to cover different wavelength regimes ranging from middle ultraviolet
(MUV) to long wavelength infrared (LWIR).

2. The All-Planar Structure Based on Moderate-Extinction Metals

For the realization of the proposed planar PMAs, the selection of lower extinction metals such
as titanium (Ti), tungsten (W), and nickel (Ni) is essentially critical to have field penetration
through the ultra-thin metallic layers. The gold (Au), silver (Ag), or even aluminum (Al) in general
has higher extinction in its dielectric function, and its high extinction coefficient leads to exces-
sive reflection. For the case of Au-, Ag-, or Al- based PMAs, the physics is the mode coupling
that in turn initiates the strong absorption in the metallic materials. This is evident from the field
profiles in previous literature [9], [10] that the incoming field is penetrating into the metal film
from the side. In the case of our design using planarized metal-dielectric stacks, the field has to
penetrate the metal thin-film from the top. This means the metal extinction coefficient (k) cannot
be too large. Otherwise, significant reflection will exist even at a very thin metallic layer thick-
ness. This point will be evident below when we compare the spectral absorption for different
metals with various k values.

As illustrated in Fig. 1, the structure consists of repeated dielectric-metal stacks. The refrac-
tive index (n) and extinction coefficients (k) from Rsoft material database are used in this study
[33]. The Lorentz-Drude dielectric functions are used to describe the metal n—k in the database.
The rigorously coupled wave analysis (RCWA) using Diffractmod is used to calculate the spec-
tral absorbance. The Diffractmod is different from the traditional Fourier Modal Method (FMM) in
the aspect that the expansion basis is the eigen modes in the layered periodic waveguide struc-
tures. Using eigen modes of the structure itself to expand the solution fields is more natural.
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Fig. 1. (a) Nanotip hyperbolic metamaterial (HMM) perfect metamaterial absorber (PMA) based on
high-extinction metals such as gold (Au), silver (Ag), and aluminum (Al) [9]. (b) Proposed fully pla-
narized ultra-thin-metal PMAs based on moderate-extinction metals, such as titanium (Ti), nickel
(Ni), tungsten (W), and ruthenium (Ru).
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Fig. 2. Spectral responses of fully planarized PMAs using Ti, Ni, or Au over different wavelength
ranges. The high extinction of Au prevents the field penetration through the ultra-thin metallic films.
The wavelength scalability is from MUV to LWIR. For geometrical dimensions, (a) fyetas = 2.6 nm,
fsio2 = 91.8 nm, and fcap = 91.8 for Ti PMA. fyetas = 2 Nm, fsioo = 50 nm, and fcap = 50 nm for Ni
PMA. tvetas = 2 Nm, fsio2 = 50 nm, and fcap = 50 nm for Au PMA. (b) tvetas = 2.6 nm, tsio2 = 200 nm,
and fcap =200 nm for Ti PMA. tyeta = 2 NM, fsiop = 200 nm, and fcap = 200 nm for Ni PMA.
Metal = 2 NM, fsio2 = 200 nm, and fcap = 200 nm for Au PMA. (C) tvetas = 2 NM, tsio2 = 500 nm, and
tcap = 500 nm for Ti PMA. fyeta = 1 NM, fsi02 = 1200 nm, and tcap = 1200 nm for Ni PMA.
IMetal = 2 NM, fsip2 = 1000 nm, and fcap = 1000 nm for Au PMA. There are 16 pairs (16X) of metal-
dielectric in this calculation.

This leads to significantly improved convergence, especially in the presence of metallic layers in
the calculation domains.

3. The Proposal of Moderate-Extinction PMAs Using Successive Field
Penetrations

The spectral responses for fully-planarized PMAs implemented with different metals, including Ti,
Ni, and Au, are shown in Fig. 2. The wavelength scalability is also demonstrated from Fig. 2(a)—(c).
The higher extinction of Au prevents the possibility of fully planarized PMAs using Gold. The physi-
cal reason is that the higher-extinction metals lead to strong reflection even at an ultra-thin thick-
ness. Further reducing the thickness of high-extinction metals may alleviate this issue, but this may
lead to the need for atomic layer deposition (ALD) or molecular beam epitaxy (MBE) for the thick-
ness below 2 nm. Using e-gun evaporation or sputtering seems to be impractical for the thickness
below several nanometers. In the case of Ni, the absorption is slightly lower than Ti. The physi-
cal reason is that the extinction of nickel is slightly higher than titanium. This leads to reduced
bandwidth, evident from Fig. 2(b), where the field penetration becomes ineffective for the Ni PMA
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Fig. 3. Spectral absorbance versus wavelength for various incidence angles in the case of the tita-
nium (Ti) PMA. The geometry is the same as the Ti PMA in Fig. 2(a), i.e., imetas = 2.6 Nm,
fsioe = 91.8 nm, and icap = 91.8. There are 16 pairs (16X) of metal-dielectric in this calculation.

at A > 3 um, while the Ti PMA can sustain until A =5 pum. This point will become clearer below
when the spectral absorption versus material n—k is calculated for fully-planarized PMAs. It should
be emphasized that although lower extinction is generally preferable for our design due to lower
reflection from the metal films and easier penetration through the metal thin-films, there is slight
variation in the broadband absorption in the regime of low-extinction k values. As a result, there
are optimal values for material n—k, evident from the discussion below. The scaling toward long
wavelength is primarily by adjusting the dielectric layer thickness. The metallic layer thickness
can be kept unchanged since the ultra-thin metal layer thickness is the key to the successive field
penetrating and the absorption in the periodic dielectric-metallic layered structure. Fig. 3 shows
the spectral absorbance, at oblique incidence angles, versus wavelength for the Ti PMA in
Fig. 2(a). It can be seen that the broadband high absorption still exists for large incident angles.
The absorbance degrades to around 0.9 for the case of 60° incidence. The physical reason that
there is only slight degradation at oblique incidence is due to the fact that the broadband high ab-
sorption is based on the field penetration and absorption at the ultra-thin metal films. This phenom-
enon will not change significantly with the incident angles, and this results in reasonably high
absorption for varying incidence angles. The slight degradation of the absorption value at large inci-
dent angles is due to the effective path length for photons becomes longer in the metal-dielectric
multilayer structure. Therefore, the effective metal thickness perceived by the photons becomes
greater. In this scenario, the ultra-thin metal field penetration can slightly be affected due to the ef-
fectively greater metal film thickness.

The fact that moderate or low-extinction metals are needed is very important for the design of
fully-planarized PMAs. We investigate the effect of material n—k on the characteristics of fully-
planarized PMAs in Fig. 4. It is clear from Fig. 4(a) that when material k value becomes too
high, the absorbance begins to decrease. In this scenario, the incident field cannot penetrate
through the metal thin-film thoroughly, and the reflection is significant. For material k value that
is too low, the absorption is insufficient, and this leads to lower absorbance value. Increasing
the metal layer thickness can be a cure for excessively low k value. This is demonstrated in
Fig. 4(b), where the fyeta is increased from 2 nm to 5 nm. It can be seen that the optimal k
shifted from k = 4 toward a lower value around k = 2. Greater fyetal Value can be beneficial for
thin-film deposition since for 5 nm metal thickness, it is easier to control thin-film uniformity
using e-gun evaporator compared to the 2 nm metal thickness. Nonetheless, the material n—k is
naturally decided. As a result, the choice of n—k cannot be totally arbitrary. Based on our survey
of different metals, including Ag, Au, Al, Ni, Ti, and W, titanium (Ti) provides the best PMA
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Fig. 4. Fully planarized PMA absorbance versus the metallic material extinction coefficient (k). The
metallic refractive index (n) is set as 3. The geometry dimension is (a) fyeta = 2 NM, tsio2 = 50 Nm,
and fcap = 50 nm. (b) fyetar = 5 NM, tsiop = 50 nm, and fcap = 50 nm. There are 16 pairs (16X) of
metal-dielectric in this calculation.
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Fig. 5. (a) Fully planarized Ti PMA absorbance versus the SiO, layer thickness (isio2)-
et = 2 NM. fcap = tsioe. (b) Fully planarized Ti PMA absorbance versus the Ti layer thickness
(fvetal)- Isioz = 80 nm. fcap = 80 nm. There are 16 pairs (16X) of metal-dielectric in this calculation.

characteristics, but the optimal thickness is around 2 nm. Other new materials can be synthe-
sized and evaluated with better k value dispersion, matching to the need of a specific broad-
band absorption application. This can potentially provide thicker optimal tyeta that eliminates
the difficulty when depositing ultra-thin metallic layers.

Fig. 5(a) shows the spectral absorbance contour plot versus SiO, dielectric layer thickness
(fsio2) for Ti planar PMAs. It can be seen from Fig. 5(a) that when fsj02 is gradually increased,
the wide absorption band is gradually shifted toward longer wavelengths. Additionally, at
lsio2 < 10 nm, the wide absorption band can disappear. This is due to the fact that in this case,
the metallic thin-layers are too closely spaced and in the extreme case at f5i0. = 0 nm, the bulk
property of the metal will be seen. In this case, an ultra-thin metallic PMA no longer exists. Another
explanation for the absence of the wide absorption band at t5;0, < 10 nm is along the line of the
cancelation of the reflected wave. The reflected wave from each interface, in fact, cancels each
other due to the phase differences. This phenomenon results in a very low reflectance and a very
high absorbance for the fully planarized PMAs proposed here. For the case of fsio2 < 10 nm, the
destructive interference condition for the reflected waves can no longer be supported in the target
wavelength range for a specific PMA design. The quarter-wavelength tsioo. can be beneficial for the
cancelation of the reflected waves by the adjacent metallic thin-layers. In this regard, tsip2 < 10 nm
is too thin for the wavelength range from 0.3 um to 2.6 um. Fig. 5(b) shows the spectral absorbance
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Fig. 6. Spectral absorption of various metals implemented into 16-pair (16x) fully planarized
PMAs. The SiO, thickness (fsio2) is uniformly 30 nm, and the metal thickness (fyietas =2 nm) is
2 nm. fcap =40 nm.

contour plots versus metallic layer thickness (tveta) for Ti planar PMAs. It can be seen that at a
thicker metal layer thickness, the wide absorption band again gradually disappears. This is due to
the fact that at greater fyetal, the field penetration is no longer pronounced. Similarly, in the extreme
case of very large fyetal, the bulk property of the metallic material is seen. This happens when fyetal
is greater than the skin depth of the metallic material used in the perfect metamaterial absorber.

4. Experimental Result Using Ti/SiO, Perfect Metamaterial Absorbers

The preliminary experiment effort has been established to investigate the broadband character-
istics for the fully planarized PMAs. The alternating metal/SiO, stacking is deposited for different
metallic materials including Ni, Ti, and Al, as shown in Fig. 6. A silicon wafer is used as the
substrate. For the samples in Figs. 6 and 7, a 200 nm metallic layer is deposited on top of the
silicon substrate to prevent any transmission into the substrate and to serve as a bottom plate.
For the case of Fig. 6, zero transmission is measured. Nevertheless, for the case of Fig. 7, we
see slight transmission around 8% from A = 1500 nm to A = 2600 nm. As a result, a metallic
layer is deposited on the backside of the Si wafer to eliminate the wave escape. In fact, this is
unnecessary if the 200 nm metal layer on top of the Si wafer is further increased in thickness.
The fabrication does not count on lithography or reactive ion etching (RIE) of any kinds. The multi-
target electron-gun (e-gun) evaporation is used to deposit Ni, Ti, Al, and SiO. The deposition pres-
sure is around 3 x 1076 torr, and no heating to the substrate is applied during the deposition. The
deposited metal thickness is 2 nm, which is a very thin thickness for e-run evaporators, and, there-
fore, the uniformity is certainly not very satisfactory. The measurement of the absorbance is
achieved by using a Hitachi U-4100 ultraviolet-visible-near-infrared (UV-VIS-NIR) spectrome-
ter with an integration sphere. The light source is a quickly mountable type deuterium lamp
for the ultraviolet region and a 50 W halogen lamp for the visible-near-infrared region. The
pre-monochromator is Littrow monochromator using a diffraction grating, and the main mono-
chromator is also of the grating type with two switchable diffraction gratings. The detector is
photomultiplier for the UV-VIS region and a cooling type PbS photoconductive detector for the
NIR region.

The thickness of the SiOs layer in Fig. 6 is chosen to be 30 nm for Ni, Ti, and Al samples. It can
be seen from Fig. 6 that Ti and Ni samples provide decent broadband absorption characteristics.
As far as the absorption bandwidth normalized to the center wavelength is concerned, we believe
the measured result here is the broadest bandwidth PMAs experimentally demonstrated to date [5],
[9], [10]. For the Al sample, the extinction coefficient of Al is excessively high for implementing per-
fect absorption using a planarized structure. Strong reflection exists for Al thin-film, especially
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Fig. 7. Spectral response of 16-pair (16X) Ti fully planarized PMAs for SiO, thickness of fgioo =
80 nm and Ti thickness of fyeta =2 Nm. fcap = 80 nm. The AFM images and root-mean-square
(RMS) roughness at different stages of deposition are also provided.

beyond A =1 um. In Fig. 7, the SiO, thickness is increased to fsiop = 80 nm to further boost the
absorption, suggested by the simulation result in Fig. 2(a). sio, = 80 nm is more suitable for the
wave interference and the field penetration if the target wavelength is chosen as from visible to
near infrared, i.e. A =0.4 um— 1.2 um. The slight degradation of the measured absorbance
from the perfect close-to-unity value is due to the finite surface roughness for e-gun deposited
films. In addition to the absorbance data, the surface morphology data is also provided with
atomic force microscope (AFM) images and the corresponding root-mean-square (RMS) rough-
ness values in Fig. 7. The AFM images show the surface morphology for the Ti films of different
thickness and for the top surface of the finished 16-pair stack. The surface roughness increases
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with the number of the deposited pairs, and this results in a slight deviation of the experimental re-
sults from the calculated ones. The surface roughness leads to random light scattering that can
degrade the designed field penetration and absorption. In this case, there can be non-negligible
non-specular diffraction power, which increases the reflection at certain wavelengths. As a result,
the pure phenomenon of 1-D field penetration through the ultra-thin metallic films is affected, and
this leads to a lowered absorbance value. Nonetheless, the measured high absorption indicates
the proposed fully planarized design can in fact tolerate large process deviations and surface
roughness. To have more uniform ultra-thin metallic thin layers and unity absorption over broad-
band, atomic layer deposition (ALD), metalorganic chemical vapor deposition (MOCVD), or molecu-
lar beam epitaxy (MBE) can be used for Ti thin-layer deposition. Unfortunately, although the
available ALD in our nano-fabrication facility allows for Ti, titanium nitride (TiN), hafnium oxide
(HfOy), and aluminum oxide (Al,O3) deposition, it is not allowed to load samples with Ti thin films
into the HfO, chamber. As a result, we use evaporated Ti and SiO, as an example, to demon-
strate the effectiveness of our design. It should be emphasized that the robustness to the process
and geometry variation is very important for nano-photonic applications. From this point of
view, one-dimensional planar structures proposed in this work are preferable, compared to the
two-dimensional nano-structured metamaterial stacks since the quasi-guided mode excitations in
two-dimensional photonic nanostructures can depend more on the dimension and geometry.

5. Conclusion

In this work, we propose a fully planarized perfect metamaterial absorber, which is beneficial for
a wide range of photonic applications due to the elimination of the need for lithography and
etching, the scalability for large-area device fabrications, the wavelength scalability, and the
simple numerical analysis. The key requirement for the realization of such a structure is identi-
fied as the moderate-extinction coefficient for the metallic materials. The high-extinction metal
such as gold (Au), silver (Ag), or aluminum (Al), leads to excessive reflection even at an ultra-
thin thickness. On the other hand, many refractory metals suitable for thermophotovoltaics
(TPV), such as tungsten (W), titanium (Ti), and tantalum (Ta), exhibit moderate extinction coeffi-
cients, and can be used for the realization of fully planarized PMAs. The analysis using rigor-
ously coupled wave analysis (RCWA) clearly demonstrates the wavelength scalability of our
designs. The material n—k criterion is investigated, and it is concluded that the k values in the
range of 3 are the most suitable for the planar PMAs realized with 2 nm metal thin-film. The un-
derlying physics can be explained using the successive field penetration and field absorption,
provided that the metallic layer thickness is smaller than its skin depth. The experimental result
using Ti/SiO, stacking clearly demonstrates the physical principles, and in fact the proposed de-
sign works very well in practice. The future effort will be devoted to the improvement of the thin-
film morphology and uniformity. We believe the experimental result here provides a broadest
bandwidth PMA to date.
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